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In soil dynamics we distinguish between loosening and load-
bearing processes. Load-bearing processes which can occur under
agricuitural rollers, wheels, and tyres are dealt with in this
dissertation.

We classify rollers, wheels, and tyres and treat some general as-
pects o©f these devices. Fundamentals ©of lpad-bearing processes,
i.e. Kkinematic, dynamic, and soll physical aspects are discussed
also.

Not only soll characteristics concerning load-bearing processes
are dealt with but also the suitability of these characteristics
for use In predictlon methods. Special attention has been pald to
predicting some process aspecis of a towed tyre under different
soll conditions and In different soil types. Under laboratory
condltions the use of characterizing processes (gone, vane, and
falling welght) and empirical prediction methods resulted In
accurate predictieons of rolling resistance, rut depth, and com-
paction caused by a towed tyre.
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1
Het nauwkeurig voorspellen van rolweerstand, insporing en ver-
dichting bi)] het berijden van homogene grond Is mogellijk met
,emplrische voorspelllngsmethoden.

DIt proefschrift

2
Insporing Is nlet altljd een geschikte maat veoor verdichting.
Dit proefschrift

3
Voor het weergeven van de karakteristlieken wvan landbouwbanden
dient een "standaard" ontwikkeld te worden.
Dit proefschrift

4
De benutting van het voor bloegwerk beschikbare trekkervermogen
kan nog verbeterd worden.

Dit proefschrlft

&
indien het gewenst s bovenover te rijden bij de hoofdgrond-
bewerking dienen er grondbewerkingswerktuigen ter beschikking te
komen die een kerende werklng hebben en door de aftakas worden
aangedreven.

8
De speciflieke ploegweerstand neemt af blj een toename van de
werkbreedte van een ploeg.

-
Voor ploegwerkzaamheden 1s een s!ipregeling een goede aanvulling
op de weerstandsregeling.

8
Het gebruik van een schi]fkouter bi]J het voorste ploeglichaam
vere(st een langer pioegframe en een grotere hefkracht.

g
Een wenteiploeg, gebouwd volgens het bouwdoossysteem, verelst een
wentelsysteem dat het wentelen over 180 graden Kan ondersteunen.




10
Bij onderzoek naar verdlchtlng van bewerkte ondergrond behoort de
Invioed van de massa van de bouwvoor niet verwaar loosd te worden.

AR
Het gebruik wvan geptlieerd zaalzaad komt de zaadverdeiing ten
goede biJ het zaalen van bleten.

12
BijJ het ontwerpen van frames voor landbouwwerktulgen met een
lange gebrulksduur, dient meer aandacht geschonken te worden aan
het optreden van vermcelidheldsverschi Jnselen.

13
Het wvermlnderen wvan de hoeveelheld spuitviceistof In de ge-
wasbescherming dient samen te gaan met een beter gebruik wvan
persooni ) Jke beschermingsmiddelen.

14
Conus, shear vane en valgewlicht zI Jn brulkbare hulpmiddelen bi]
het karakterliseren van mechanische eigenschappen van grond.
Dit proefschrift

15
Bt} het ontwlkkelen van een bewerkbaarheldstest verdient het
aanbeveling het onderzoek te concentreren op methoden, die geba-
seerd zl jn op verkruimeling.
Dit proefschrlift

18
De invioed van de gelaagde opbouw van grond (toplaag, bouwvoor,
ploegzool, ondergrond) op afsteunende processen is nog onvoldoen-
de onderzocht,
DIt proefschrilft

F.G.J. TiJ)ink
Load-bear ing processes (in agricultural wheel-soil systems
wageningen, 13 januar| 1888
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CHAPTER 1

INTRODLUCTION

Research In agricultural soll mechanlcs focused first on scolil
loosening processes. Sclentlifl¢ papers on load-bearing processes
have been published In falr amounts since the early 1950s. Gen-
erally these papers only deal with one single aspect of a par-
ticular load-bearling process.

Load~-bearing processes c¢an be Induced by rollers, wheels, tyres,
penetrating bodles, sllding and shearing bodies, or tracks. Agri-
cultural tractlon and transport devices generally have rolling

machine parts that touch the soll directly. Therefore, this
dissertation concentrates on systems with +rolilers, wheels, or
tyres.

The aim of this study Is to cover fundamental, characterlizing,
and predicting aspects of |oad-bearling processes in agricultural
wheel-s0lil systems.

A classification of agrilcultural rolliers, wheels, and tyres Is
presented in chapter 2.

Process fundamentals are kinematic, dynamlic, and soll physical
aspects. The klinematlic and dynamic aspects are discussed as
fol lows:

- the Kinematli¢cs of the roller, wheel, or tyre (3.1.)

- the movements th the contact area (3.2.)

- the subsurface movements (3.3.)

- the dynamlics of a roller, wheel, or tyre (4.1.)

- the stresses Iin the c¢contact area (4.2.)

- the stresses In the soll {(4.3.)

The kKinematics of the "wheel" concentrates on wheel slip, meas-
uring methods for slip, and wheal slip during ploughing. Several
parameters that affect the kinematic and dynamic aspects are
dliscussed also.

Soll characteristics concerning l|load-bearlhg processes are
dlscussed |In chapter 5. Special attentlon Is paid to character-
lzing processes (6.4.). We have made comparisons of dlfferent
characterlizing processes In order to chocse those tests wlith
which maxIimum informatlion about the s¢ll can be obtained wlth a
minimum of tests.

Predictlon methods have been divided Into:

- comparative methods (6.1.)

- empirlical methods (B.2.)

— approximate methods (6.3.)

- exact methods (6.4.)

13



The relatlonshlips between s0il characteristics and process as-
pects have been tested for their suitability to predict process
aspects. Predictions concentrate on predicting rolllng resis-
tance, rut depth, and soll compaction due to the passing of a
towed tyre.

Chapter 7 deafs wlth the soll physical aspects of load-bearing
processes. Both the influence of soll physical properties on
mechanical preopertlies and the Influence of soll|l mechanical prop-
erties on physical propertles are discussed. The former concen-
trates on the Influence of soll aggregate dlameter and soil alr,
while the latter pays speclal attention to tilllability.

14



CHAPTER 2

AGRICULTURAL ROLLERS, WHEELS, AND TYRES

A distinction needs to be made between rollers and wheels. There-
fore, It Is necessary to give some definitions before a classifl-
cation can be made. Rollers have as most Important functlons:
pressing and flrming of the surface soll. The most Important
characteristic of wheels Is their transport functlion. So a roll-
Ing device, with a narrow width relative to the dlameter, Is
called roller when It Is used for flrming a strip of soll. The
same device |Is called wheel |f It has a transport function.

2.1. ROLLERS

Rollers can be dlivided Iinto two groups: roller-packers and
relier-harrows. Roller-packers have as most Important functions:
pressing and firming of soll. Roller-harrcws are the intermedi-
ates between rol |er—-packers and harrows. Rellers are often compo-
nents of seed-bed preparing combinations.

2.1.1. ROLLER-PACKERS

Rollers can have one or more sections. A sectlion conslsts of an
operating part that has been mounted on a rectangular frame. An
operating part can have one or more elements. Maln parameters of
agricultural roller-packers have been given by Schilllling (19862),
Bernack| et al. (1872), and Estler et al. (1984).

2.1.1.1. SINGLE ROLLER~PACKERS

These have operating parts with only one element. Plane rollers
have smooth cylindrical elements. The light plane rollers are
used for flirming and smoothing of arable land. Clods are crushed
to some extent and pressed into the soll. Narrow plane rollers,
often fltted wlith semi-tyres, are used In drilis to flrm ¢the
saed-bed. The heavy plane rollers are used on grassland for
recompaction after frost damage. Driven plane rollers are used as

16



part of disinfectlon egulpment for scil. Rollers fitted with
prickers can be used for malntenance of sports flelds.

A  sheep-foot roller can be used for the puddling of wet rice
flelds. Sometimes a mudreoller Is used for this (Scheltema, 1974).

2.1.1.2. COMPOSED ROLLER-PACKERS

The sectlions of these rollers are composed of a number of el-
ements whilch are either rings or discs. The elements can move
Independent|ly of each other.

Smeooth rilng rollers. This type of roller leaves a rougher soll
surface than a plane roller. As a result there |s |ess danger of
erosion.

Serrated rollars. Serrated rings have better ground contact than
smooth rings. These rollers are often used in grass seeders.

Toothed rolilers have crust-breaking quallties.

Cambridge rollers conslst of smooth rings and flat-toothed discs
of greater diameter set alternately. The toothed disc can rotate
freely of the ring hub. Sllight dlfferences In number of revoclu-
tlens of rings and dlscs, resulting from dlfferent dlameters,
cause the Cambridge rollers to be self-cleaning. Compared wlth
smooth ring rollers Cambridge rollers crush soil clods more
Intensively and firm the soll more deeply, leaving shallow crev-
lces on the surface and a slightly pulverlzed soll.

Crosk!it! rollers consist of rings secured to the periphery with
several lateral lugs. Crosklll rollers provide aggressive brea-
kIing and crushing of clods and a somewhat shallower packlng than
Cambr idge rollers. Simllarly to the Cambridge roller the Croskill
rings can be separated by toothed dlscs.

Fyrrow packers. The above-mentloned rol ler-packers cah hot acce-
lerate the process of soll settlement. The use of very heavy
packers_ for this purpose would cause better packing of solil
sublayers, but the top soll would be packed too strongly.

Furrow packers are used when there |s not enough time for natural
80l | settlement between ploughing and seed-bed preparation. Work-
lhg elements are narrow wedge rings, smcocoth or toothed, set on
spokes. The ring penetrates easlly Into the soil to a depth of
ten or more centimeters and flrms the lower soll layers. The
upper soll layer remalns |cose and can even be pulverlzed addl-
tlonatly by the ring spokes. Furrow packers are often used In
comblinatlion with ploughs.
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2.1.2. ROLLER-HARRCWS

These rollers have no pronounced packlng task, but are used for
sol |l ¢crushing.

Roller-crumbiers or string-rollers form a thin well-pulverized
surface on top of a slightly packed layer. Especially the roller-
crumblers with small dlameters have good crushing qualltlies.
Reller—-crumblers generally are components of combined tlllage
implements and are avaijable in many designs and constructlons,

Rotary harrows wlth splked teeth or knives move llke rollers, but
according to their effects they should be classifled as harrows.

2.2. WHEELS

The wheel, one of the greatest |Inventlons of manklind, meant a big
step forward in transportation. Archaeclogical evidence Indlicates
that . the essentlially wheel|-l11ke form was Invented In Sumer In
anclent Mesopotamla around 3500 BC., The first wheels were sol id-
disc wheels of wood with a 0.50 - 1.00 m diameter and a width of
0.10 - 0.15 m. They were towed by oxen.

Even the earliest wheels were fltted with a kind of wearling
surface (tyre). Copper was the flrst product used for thls pur-
pose (Frettag, 1979). The spoked wheel| towed by horses appeared
around 2000 BC.

The first-known concept of a powered vehlcle is a drawing of a
wind-powered vehicle, made by Valturo In 1472. In the 18th cen-
tury the first attempts were made to create steam-powered ve-
hlcles.

The use of powered wheels in agriculture was much encouraged by
the Inventlion of the interna) combustion englne. The first agri-
cuiturai tractors had smooth steel wheels and therefore, had
severe wheel~sl|llp problems. The wheels were fltted with a few
lugs to lower wheel slip. In the early 1900s wheels were avall-
able with dlfferent lug patterns.

After the Introduction of tractor and implement tyres |In the
early 1930s, the rigld (steel) wheels almost completely dlsap-
peared from agricultural machlines. In moedern agriculture wheeled
agricultural tractors are fltted with pneumatic tyres. Sometimes
a remainder of the days before the agricultural pneumatic tyres
is fltted to the tractor in addltlon to the drilven wheel. One of
the remainders Is the strake : a device to Improve tractlion under
poor surface condltions on cohesive solls. Cage wheels can be
used to reduce compaction of the seed-bed durlng seeding opera-
tlons. A similtar construction known as puddle wheels c¢an be used
in paddy fleld preparatlion because of thelr puddlling effect.
Sometimes steel wheels are used for depth contrel of tlllage
toois, but in general the steel wheel has only a supplementary
task.

For transport purposes the rigid wheel has been aimost completely
replaced by wheels with pneumatic tyres.

17



2.3. TYRES

2.3.1. HIGHLIGHTS IN TYRE DEVELOPMENT

The first patent describing a pneumatlc tyre was granted to R.W.
Thompson Iin 1845 and the flrst practlical tyred wheel was devel-
oped by J.B. Dunlop In 1888. HIs tyre was fliltted on a bicycle
wheel. Further development resulted in passenger car tyres at the
turn of the century and availablllty of truck tyres in the early
1920s.

Because operating condltions in agriculture are consliderably more
rligorous than on the reoad |t was not untll the early 193038 that
tyres wlth an adequate fleld performance were generally avall-
able., The first tractor rear tyres were introduced by Fyrestone

and Continental, whille Duniop Introduced the first impliement
tyre.

A  further highllight In history of agricultural tyres was the
Ilntroduction of the radlal-ply tractor rear tyre by Plrelll about
1857 .

Other Important factors in the development of modern low pressure
tyres are: - the use of nylon as carcass materlal

- wlde base rims
- tubeless tyres,

2.3.2. TYRE CONSTRUCTION
Flg. 2.1 shows the most Important compohents of a pneumatic tyre.

The carcass consists of cord lavers (plles) faid In speclfic
directions. The flexlble carcass carrles the |[nflation stresses
and glves strength to the tyre. Carcass strength depends on the
properties of the cords used, the angle between the cord layers,
and the number of plles In the carcass.

Ooriglinatly the tenslie strength of the carcass was speciflied by
menticonling the number of plles of cotton. Later on other ma-
terlals wlth a higher tenslle strength than cotton were used In
tyre conhstructlion, and therefore the strength is glven in ply-
ratling (PR)}. This is an index of tyre strength to cotton strength
and does not necessarlly state the number of pllies. PR-values do
not give informatlon about the allowed driving speed. In the near
future PR will be replaced by a Load Index (L/) and a Speed
Symbo!. These new marks have been standardized in the E.E.C. for
agricuftural tyres, tyres for passenger cars, and truck tyres.
The first tyres with these new marks are altready on the market.
More detalils about L/ and Speed Symbols are glven |In sectlon
2.3.3.

Detal led Information about materlats and thelr propertles can be
found In Clark (1971a).

Conventlonal tyres have a cross ply constructlon. Successlve cord
layers of thls tyre type cross each other at an angle of about 60
to 80 degrees (Flg. 2.2). The cords of radial-ply tyres run

18




raditally from bead to bead. A stlff belt for Improved stability
has been added to radial tyres. This constructlon makes for
relatively flexible sidewalls together with a well-braced tread.

The bead must keep the inflated tyre on the rim seat and press
the tyre against the rim flanges. Therefore, the bead usually has
a coil of steel bead wlres.

The sidewall protects the carcass. The rubber of the sldewall
must have excellent resistance agalnst fatigue and aging.

The tread |s bonded to the carcass and the pattern Is moulded In
the tread. Tyre operating performance and driving qualities aiso
depend on the type of tread pattern.

tread

Carcass

sidewall

bead

bead wires

Flg. 2.1, Mafin components of a tyre.

' ///«\\ \\(/\\
. Qn\\\ AR \" 3
P 42N
\\\\\\\\ \\\\\\\

radial ply cross ply

Filg. 2.2. Ply construction of tyres.
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2.3.3. TYRE SIZE SPECIFICATION

The size of the early agricultural tyres was specifled by queting
the sectlon width b and the nominal rim diameter d, both spec-
Ifled In Inches (Flg. 2.3). These tyres had an aspect ratlo h/b
of about 1.0. An 11=-36 tyre had a sectlon width of 11 Inches and
a rim dlameter of 386 Inches. This resulted In an approximate
overall dliameter D of  + 2h = 58 Inches.

Introductlion of the extra wide base rim In the middle of the
19605 resulted in a wider cross sectlon b for the same sectlon
helght h, and therefore the aspect ratlo h/b decreased from about
1.0 to about 0.85. The new sectlon width was added to the Indica-
tlon: 12.4/11-36.

Nowadays the olid sectlon width has dlisappeared from the size
deslgnation so that the tyre size 12.4/11-36 Is now specified as
12.4-36.

The development of tyres wlith even lower aspect ratlos resulted
In the inclusion of the aspect ratio in the tyre designation:
9.0/75-18.

At present there are many tyre slze speclflcations In agricul-
ture. The reason Is the continual Introductlion of new types of
agricultural tyres and the use of tyres from other flelds of
appllcation in agriculture.

' i

Flg. 2.3. Tyre and rim description.

b = tyre section wildth J = tyre deflection
D = overall! tyre dlameter h = tyre sectlon height
d = rim diameter r'= statl/c loaded radius

20




Recently standards for tyre slze, Load Index (L/), and Speed
Symbol|l have been accepted within the E.E.C.

Load |Index indicates the allowed tyre load Wy in a number code.
Tyre catalogues generally contaln tables with L/ and Wy,

L{ can have vaiues between O and 209; corresponding W, values
range from 450 N tg 185,000 N. The relationshlp between Wp and L/
can be expressed as:

(L1/80)
Wap = 450.10

Speed symbols up until 40 Km/h are Important for agricultural
purposes. The speed symbol for thils fleld of appllication |Is the
letter A and a number between 1 and 8. This number multiplied by 5
shows the allowed driving speed. A8, for example, means an al low-
ed driving speed of 30 km/h,.

Although there was no agreement about a symbol for Inflatlon
pressure, some manufacturers nowadays mark thelr tyres with a
symbo! for this aspect as well. Inftation pressure |Is marked by

one, two, or three stars. One star means that the allowed tyre
load Is based on an inflation pressure of 1.6 bar. At two or
three stars a!llowed |cads are based on inflatlon pressures of 2.4
bar and 3.2 bar respectively.

Fig. 2.4 shows an example of the marks that can be found on a
modern West European tractor rear tyre:

18.4 R 38 1498 A8 *

Where,
18.4 = tyre wldth of 18.4 [nches (=45.7 cm)
R = Radlal tyre; Cross ply tyres do not have letter R
38 = rim dlameter of 38 inches (=96.5 cm)
146 = Load index: maxIimum al lowed load aof 30 kN
A8 = maximum al lowed driving speed of 40 km/h

al lowed load Is based on an inflatlon pressure of
1.6 bar.

Filg. 2.4, Indlcations on a modern West European tractor tyre.
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2.3.4. TYRES USED IN AGRICULTURE

A wide varlety of tyre types and slzes |s available. Each type
has Its own special fields of application. The tread pattern is
based on the functlonal requlrements of the tyre and Is therefore
a good visual guide to the expected use of the tyre.
Ident|fication of the varlous types of agricultural tyres bhas
been facilttated by the adoption of a unlform code-marking system
{(Table 2.1). 7This code has been Inltiated in the USA by the Tyre
and Rim Association and has been adopted by the American Soclety
of Agricultural Engineers (ASAE) and the European Tyre and RIm
Technlical Organlzation (ETRTO). The Intentlon was to stamp the
code on each tyre, but In practice the manufacturers marked
thelr tyres with trade names. Sometimes the code marking Is given
In manufacturers’ catalogues beneath the trade ldentifications.

A more simple ldentliflcatlion code Is used In West Germany. Trac-
tor rear tyres have the code AS (Ackerschlepper). The codes AW
(Ackerwagen) and AM (Ackermachine) are used for implement tyres.
Tracter front tyres have the code AS-Front.

Table 2.1. iInternational tyre code.

tyre type code marking
Rear Tractor: Reguiar Agriculture Ry
Rice and Cane Ra
Industrial and Sand Rz
Industrial-Lug Type R4
Frent Tractor: Single RIb Fq
Regular Agriculture Fz
Industrial RIb Fg
Garden Tractor: Regular Garden Gy
Intermedlate Tread Gp
Rib Tread Ggy
Implement: RIb Tread I 4
Utility l2
Traction Implement I
P lough 4
Plough ls
Smooth Tread lg
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2.3.4.1. TYRES FOR DRIVEN WHEELS (Tractor Rear)

Tyvres for driven wheel!s generally have a V-shaped tread pattern.
The normal directlion of rotation of these tyres Is such that |In
the "footprint" the top of the V points in opposlte travelling
direction, Sometimes the rotatlon dlrectlion for driven front
tyres is reversed to prevent excessive wear In road traffic.
Tread patterns can be classified into groups with almost equal
characterlstlics. These tread pattern groups are dlscussed below.

Conventlonal fleid tread pattern (Ryq)

This iIs a general purpose open centre tread for maximum self-
cleaning. Tread denslity |s about 30 %. One manufacturer suppllies
a variant with a lug angle of 67 degrees instead of the normally
used angle of 40 to 45 degrees.

Conventlional field-road tread pattern (Rq}

Tyres wlth an Increased tread denslty (of about 50 %) are useful
when the tractor Is often driven on the road. The lugs are wider
in the middle than on the sides of the tread. These tyres are
intended for use on grassland farms and on non-coheslve solls.

Half-high tread pattern (Rq)

Tyres wlth lugs which are about 30 % hlgher than those of tyres
with a conventlonal field tread have been designed for use on
cohesive solls. Modern tyres of this type often have a radlal-ply
construction and are also usefu! when much time needs to be spent
on the roead.

High-speed road-fieild tread pattern (Ry)

A tread wlth many !ow lugs characterizes tyres which can be uysed
when the tractor Is driven at a speed which Is higher than the
normal maximum of 40 km/h for agricultural tyres. Also, these
tyres are useful on non-cohesive solls when relatlively tow pulls
are needed.

High-lugged tread pattern (Rg)

Tyres with extra high, often curved, lugs and a low tread denslty
are Intended for use on very wet and c¢chesive soils. On the road
they have uncomfortable driving quallties and excesslve wear.
Harvesters are often fitted with these tyres.

Sports Flelds tread pattern (Rgj)

Tyres with a contlinuous low tread pattern cause 1l1ttle turf
disturbance Ih recreational grassfields. The self-cleaning abll-
ity and the power output of tyres with thls tread are relatively
Tow.

industrial-lugged tread pattern (Rg}

Tyres with a high tread density (of about 70 %) are mainiy in-
tended for road work, but perform well off the road when high
pulls are net required. Besldes, these tyres can be used to
advantage for earth-maving and in mlning operatlions.
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2.3.4.2. TYRES FOR UNDRIVEN STEERED WHEELS (Tractor Front)

Tractor front tyres generally have high clrcumferentlal ribs to
provide easy steering and rasistance to side slipping. Sometimes
tractor front wheels are fltted with tyres having a sports fleld
tread pattern.

Single RIib (Fy)

Marked by a smooth tread and having one circumferentlial rib, thls
tyre has been especlally deslghed for use in extreme mud condl-
tions found In wet rice and cane flelds.

In the Netherlands some potato planters have been fltted with
these tyres.

Regutar RIb (Fp)

These tyres have one to three itongltudinal ribs. Sometimes there
are "climbling lugs" on the shoulders to make it easler to get out
of a furrow.

fndustrial RIb (F3)

Front tyres with five longitudinal ribs and a wider tread than
the previously mentloned two types of patterns, characterize this
tyre.

2.3.4.3. TYRES FOR GARDEN TRACTORS

Reguilar Garden (Gq)

Thls (s generally a small-sized tyre wlth conventlonal field or
fleld-road tread. There are sometimes narrow connectlions between
the lugs to prevent grass from windlng around the tyres.

Intermediate Garden (G3)
This s a tyre with a tread pattern similar to the sports fleld
tread (R3).

Garden Rib (Gg)

This tyre has a ribbed tread pattern for use on front wheels.
Compared wlth a normal front tyre (F4,Fp,F3) this tyre has a
wlder tread for better flotatlion on soft wet tawns or on loose
solls.

2.3.4.4, |IMPLEMENT TYRES

Usually the tread of an Implement tyre Is rather wide because of
the followlhg requlirements:

- low inflatlon pressure for good field performance

- small dliameter for low traller platform height

- high load-carrying capacity.

tmplement RIib (14q)
A general purpcse Implement tread has several lengitudinal ribs
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for good direction stablllty and limited side sllp; A varlant Is
the tyre with serrated grooves for use on non-cocheslive solls and
when much reoad trafflc is necessary.

Implement Utiiity (lg)
This tread is similar to the sperts fleld tread (R3).

Tractlon Implement (l3)

Tyres of ground-driven Implements usually have a conventicnal
fleld or a conventlonal fleld-road tread pattern. The dlrectlion
of rotation Is opposlte to the one of driven tractor rear tyres.

Plough{l4,'5)

Here we deal wlith a tyre for the rear or tall wheel of ploughs.
The tread has two (l4) or three (lg) heavy ribs. This tyre runs
In the plough furrow at an angle of about 15 to 3C degrees. One
shoulder takes the vertlcal stress due to Ioad and the other one
takes the side stress from ploughs on the vertical side of the
furrow.

2.3.4.5. FARM UTILITY TYRES

This group contalns tyres for small agricultural equlpment such
as hay tedders, elevators, and wheel-barrows. These tyres are
avalilable in many different tread patterns.

2.3.4.6. SEMI-TYRES

These special tyres are used wlthout effective pressure and, as a
consequence, are highly flexlble and self-cleaning. The tread has
ribs or very small lugs. Seml|l-tyres are used on narrow rollers of
seed drills and on wheels of Inter-row cultlivation Implements.

2.3.4.7. OTHER TYRES USED IN AGRICULTURE

Tyres, originally deslgned for other flelds of application, are
also used tn agriculture. Farm waggons are scmetimes fitted with
second-hand tyres from passenger cars and trucks. Sometimes, when
high lcad-carrylng capacitles are requlred earth-mover tyres,
alrcraft tyres or terra tyres are used

Earth-mover tyres are flexlible and have a high load-capacity at a
refatively low inflation pressure. Earth-mover tyres used in
agriculture are generally of the flotatlon~type (Es): moulded
wlth longltudinal ribs or with a sports fleld pattern.

Alrcraft tyres usually have a wide tread, a high load-carrylng

capacity and are retatively cheap. They have a stlff carcass and
a rather round cross section. Therefore, aircraft tyres generally
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show lower field performance than tyres designed for agricultural
purposes. Size speclflicatlion deviates from normal agricultural
specification. When aircraft tyres are remoulded wlith an agricul-
tural tread pattern, they normally get an agricultural tyre slze
speclflcation.

Terra tyres have been developed especlally for applicatlons where
very high flotation properties are requlired. In comparlisen with
conventional tyres they have a wlder cross section, a larger air
volume, a more flexible carcass, and they operate at lower Iinfla-
tlon pressures. Because of the high flotatlion effect they have a
rather good go-anywhere performance. The tread pattern of terra
tyres |Is available In dlifferent designs: smooth, ribbed and
lugged. They can be used, depending on tyre slize and loading, at
Inflatlon pressures of 0.35 bar and higher. Tyre slze speclfica-
tion |Is different from normal agricultural Indlications. In the
Nether lands some heavy self-propelled slurry tanks, comblne har-
vesters, and sugar beet harvesters are fitted with terra tyres.
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CHAPTER 3

KINEMATIC ASPECTS OF LOAD-BEARING PROCESSES

3.1. STATE OF MOVEMENT OF A ROLLER, WHEEL, OR TYRE

A rolter, wheel, or tyre can have two basic velocltles: angular
velocity &« and forward velocity v (Fig. 3.1). Moving traction and
transport devices can be In five different situations:

- free rolling: the rolling clrcumference |Is equal to 2nr,
- slip: the rolling clrcumference < 2Nrg

- skld (negatlive slip): the rolling circumference > 2T,
- 100 % sllp: when w « O and v = 0O

- 100 % skld: whenh «w = 0 anhd v £ 0.

In normal road and field traffic a tractlion device always has
travel reductlion and a transport device skids. Free roilling Is
aonly possible when internal reslstance and metlon resistance are
neglligible. At 100 % skid the behaviour of a transport device
will have propertlies of a bulldozing blade. A tractlion device at
100 % slip In the flelid digs itself more deeply Into the ground.

Roller/ Wheel

Filg. 3.1. Principal veloclties of rollers, wheels, and tyres,
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3.1.1. SLIP

Stip I8 the relative movement In the direction of travel at the
mutyal contact surface of the traction or transport device and
the surface which supports it (ASAE Standard $296.2; Hahn et al.,
1984). Travel reductlion Is deflned as one minus the ratioc of
distance travelled per revelutlon of the tractlion device to the
roliing circumference under the specified zero condltlions. Slip
and travel! reduction are often used syhonymously, and are fre-
quentiy expressed In percentages.

Slip 3 (Bock, 1952; S&hne, 1952) |Is deflned as:

S ®mM mmmm———— == ] = m———— [3.1]

where, s, = real travelled distance
Sy = traveltied distance at zero sllip.
Slip can also be defined Iin velocltles (Bailey et al., 1874):

S m o——m—— [3.2]

where, & = angular velocity of the tractlion device
v = |linear veloclty of the tractlon device
rq = rolling radlus under specifled zero condition.

Analyses of Sdhne (1969) and Steiner (1979) show that wheel slip
of a tyre on deformable soitl Is composed of three components:

- tangentlal carcass and lug deformatlion

- tangentlial soil deformatlion

- slipping In the contact area.

3.1.1.1. ZERO-SLIP CONDITIONS

For a flexible device such as a pneumatic tyre it is difficult to
define zero slip and no one has been able to determine the exact
posltion of the zero-slip polnt. The problem Is that there |is
always relative movement In the mutual contact area when a ve-
hicle system is In motion., Usling the stip formuias has the fol-
lewing problems: rg, can not be measured directly and sg can not
be measured at zero slip. According to Glll and Van den Berg
(1967) the problem of measuring wheel slip |Is a problem of de-
fining and measuring zZero slip.

Flg. 3.2 shows the princlple path of gross traction T/ro .,
with T = torqgue, and pull P to sllp after Schitring (1968). Slip
Is equal to zero somewhere between T/ro = 0 and P = 0. The exact
place of the zero-slip point Is unknown, but according to Sdhne
it is somewhat closer to the towed poslitlion (T/rh = 0) than to
the self-propelled position (P = 0) because of the flow of soll
particles Ih the run-1ln zone of the tyre,
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Flg. 3.2. Principal path of gross traction and putl! to siip
(Schtring, 1968).

The 2ero condltion generally is a performance condltlon or Is
calculated from performance conditions. Conditlons used to deflne
zZzero slilp are: the self-propeiied position, the towed poslition,
and the polint halfway between the self-propelled posltlion and the
towed poslition. Other zero condltlons may be used, but no other
practical solutions have been found in (lterature. The specific
Zzero condltlons chosen should always be mentioned.

Self-propeifed posftion (SPP)

The SPP on a hard surface was used by Wismer and Luth (1873},
Melzer (1976), and others. Terpstra and van Maanen (1972) used
the SPP on a grass-fleld as zero condltion. Balley et al. (1974},
Dwyer et al. (1974), Gee-Clough et al. (1977), and many others
used the SPP on the test surface.

The distance between SPP and towed point (TP) on the slip axis
will be longer when the fleld conditions get worse. The defini-
tion sllp Is zero In the SPP willl then be undesirable. A slngle
wheel operating In the SPP oh a fleld, where the performance
condltions change gradually from good to bad, only has to over-
come an |hcreasing rolling resistance. If even In the worst
conditlons sllp |Is supposed to be zero as long as P = 0O the
wheel can not get stuck. However, a splnning wheel has 100 % sllp
and stll]l P = 0.

On sandy ioam wlth a molsture content of 23.5 % Holm (1968)
measured with a 12.4/11-28 buffed tyre that puil was zero at 15 %
silp (ro calculated from tyre deflectlon measurements). At a
molsture content of 16.5 % and a somewhat |ower wheel load he
found zero pull at zero sliip.

Steinkampf (1971) shows the Influence of the way of deter-
mining rotiing radlus rg on the pull and reollling reslistance
curves, In Fig. 3.3 curve P, which can be compared with Holm's
curve (1969), has a value of P = 0 at § = 15 % (rolllng radlus
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roz = 0.78 calculated from tyre deflectlion measurements). Calcu-
lating the rolling radius from the rollling circunference |In the
SPP, glves a value of rgqy = 0.87 m and the path of pull and
roelltng reslistance versus sllp would be like Py and R,.
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Fig. 3.3. iInfiuence of rollling radlus on put! and roiiing reslis-
tance curves (Stelnkampf, 1971).

Gee-Clough et al. (1978) found nearly 10 percent higher no-
sllp speeds on the reocad than in the fleld. These dl|fferences must
be due malnly to slip when the tractor s in the self-propellling
position In the fleld.

We drove an unballasted tractor under dilfferent good driving

conditions on grassland (Wagenlngen sand), on a malze stubblie
fleld (Wageningen sand), and on concrete. The distance of 20 tyre
revolutions was measured while we were driving at 2000 rpm In 6
di fferent gears.
At an Inflation pressure p; = 0.8 bar the ratio travelled dis-
tance grass/concrete had values ranging from 0.981 to 0.98%8. On
the stubble fleld the ratio travelled distance stubble/concrete
varied from Q.863 to 0.999. At p; = 1.5 bar this ratlo had values
rangling from 0.975 to 0.990., On concrete the ratlo distance
travelled of p) = 0.8 bar to p| = 1.5 bar varied from 0.978 to
0.981. The average travelled distances In the fleld were shorter
than on concrete: 1.2 % and 1.5 % on grassliand and stubbleflelds
respectively.

The preceding results show clearly that the SPP as zero condl-
tlon is only useful under good tractlon conditlions. The use of
the SPP as zero condition under less Ideal traction c¢ondltions
may glve misleading and even useless results. The best SPP as
zero condltion 1s the one measured on a hard surface.
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Towed position (TP)

Analogous t0 the self-propelled poslition the use of the towed
polnt as zero siip condition Is reallistic under good traction
conditions. The use of the TP as zero condltion under |less ideal
tractlon conditions Is undeslirable. The most useful TP as zero
condition Is the one measured on a hard surface.

The polnt halfway between SPP and TP

Bock (1952) measured pull versus slip of & tractor Iin the fleld.
As travelled distance he used s, In n revolutlions at zero silip,
the mean of the self-propelled distance sq¢ and the distance
travelled s; when towed by another tractor.

Thus sy = (59 + sp)/2.

At the Technical Unlverslty of Munich (Steiner, 1978 and 1979)
and the FAL of Braunschwelg-V&lkenrode (Stelnkampf, 1971), the
rolling radlus ro, of a tyre was found by Iteratlon to that value
for which the |Inear regression |lnes through measuring points of
gross tractlon and pull Intersect the siip-axls at equal dis-
tances from zero (Flg. 3.4).

The advantage of choostng the zero-~slip condition at the point
hal fway between the SPP and the TP, above the zero condltlions
measured at SPP and TP, Is that this polint Is nearest to the
theoretical zero condltion.

UsTirg P
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Filg. 3.4. Positlion of the zero-slip polnt (Steiner, 1978).

The way of determlining the zero-slip condition used In Munich and
Braunschweig-vVolkenrode |Is, in theory, better than Bock's method
because of the absence of front tyres using a single-wheel
tester, but has as a disadvantage the need of very advanced test
equipment. The presence of front tyvres In the method of Bock can
be the reason that there |s still a force (In the horlzontal
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directlon at s,. Under good tractlon condlitlons this force can be
neglected. Under worse conditlons this force can cause small
deviatlions from the theoretical zero-s!ip polnt. The advantage of
the method of Bock is its simplliclty of making measurements and
calculatlions.

3.1.1.2, MEASURING METHODS FOR SLIP

There are many known sllip-measuring methods. Two groups can be
distingulshed: methods measuring Instantaneous sllp and methods
measuring mean sllp over a travelled distance.

Measuring Instantaneous silip

To measure |Instantaneous slip advanced measurlng equipment |Is
needed. In wheel testers as used by IMAG in Wageningen (Werk-
hoven, 1975) and NTML In Auburn (Bailley et al., 1974) electreonic

pulses for forward veloclty and angular veloclty, processed by a
computer, can glve Instantanecus values of siip. Thansandote et
al.{(1977) wused a milcrowave Doppler radar to measure the true
ground veloclty of the tractor and the circumferential veloclty
of the driven wheel. They concluded that the Doppler radar slip
monltor seems (o be feasible as a practlical device for use on
agricultural tractors. Since the late 19708 Doppler radar sensors
are beling Installed In auvtomatic sprayer control systems. In such
a system the radar sensor, mounted on the tractor, s used for
measuring the true driving speed. If the forward speed c¢hanges,
the control system automaticalty alters the sprayer settings to
malntaln the target appllication rate. Slnce the early 1980s many
makes of tractors can be equipped, standard or as an optinal,
with a tractor monltor. Such an instrument can display the true
driving speed or the sllp percentage of the driven wheels.

A new generatlon Dopplar radar sensors was |ntroduced in 1985,
According to Kellermann (1985) these sensors can achleve an
accuracy of + 1 %. Bell and Isensee (1987) found a much lower
accuracy In farm fileids.

A radar sensor must be mounted on the tractor so that It is
pointing to the ground at a correct angle. This angle is cruclal
concerning the accuracy of the instrument: a change in this angle
resulits In a deviation of about 1 % per degree (Schmltt, 1986).

A tractor |inkage-control system wlth slip control was Intro-
duced at the 1985 agricultural machinery show "Agritechnica"” in
Frangfurt. In this system (Flg. 3.5), the electronics calculate
slip by measuring the true speed of the tractor with a Doppler
sensor’ and the theoretical (no sllp) speed by measuring a shaft
rotatlion In the flnal drive., Durlng ploughing operatlions the
electronic draft contreol system operates up untll the pre-set
slip ceillng (of 15 % slip). I1f slip exceeds this |IImlt ploughing
depth [s controlled by the stip control which glves a slgnal to
ralse the plough In order to reduce wheel slip. The number of
centimeters the plough |Is ralsed is less than 10 percent of
ploughing depth. According to Hesse (1986) thils system saves fuel
and time at ploughling.
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Fig. 3.5. Electronlc |inkage-contro! system with addiltlonal sl!llip
control (Bosch).

Mean siip over a travelled distance

The most popular methced of measurlng slip Is the one that
measures the travelled distance s, In n revolutions and compares
thls with the travelled distance s, under the zero condlition. A
variation on this Is counting the revolutions withln a certaln
distance. Sometimes electronic equipment is used for counting the
number of tyre revolutions.

For our Investigation of slip during ploughling on farms, we
needed a sl lp measuring method wlth the following gualltles:

- easy to use and transport

- easy to fit up

- non-time-consuming for the farmer.
Except providinhg the self-propelted position, none of the methods
from literature meet the first two requirements. Because measure-
ments under bad fleld conditions were also envisaged, the SPP as
zero condition was not useful. It would also have cost the
farmer too much time. $So we had to flhd a new method for our
measurements.

Tyre manufacturers provide tables with tyre dlimensions. From
tables glven by Continental, Dunlop, Fulda, B.F. Goodrich, Good
Year, Xleber, MIichelln, Trelleborg, Velth, and Vredesteln, tyre
dliameter O and the rolling circumference RC, under the zero
condltion on a hard testsurface were used. For 288 tractor rear
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tyres the ratlo RC,/D was calculated. This resulted In a mean
value of 3.000 with a standard deviatlien of 0.032. So sllp can
also be deflned as:
S u 1 = == m 1 = == [3.31
3D 8r

where, s, = the actual travelled distance per revelution
D = the tyre diameter
r = the tyre radius.

The calculated rolling clrcumference values (using RC,=3D) fltted
the manufacturers values (r=0.997) very well. The largest devl-
atlons were + 2.5 %. These maximum deviations declined |inearly
with increasing siip from + 2.5 % at 5 = 0 % to O % at § = 100 %.
To calculate slip with formula 3.3 the tyre dlameter D or radius
r and the travelled distance per revolution have to be known. I'n
practice thls means measuring the radius of the tyre and the
travelled distance In n revolutlons.

The rollling circumferences RCg, glven In manufacturers’
tables, are determined when the wheel Is self~-propelling on a
hard surface wlth a load equal to half of the maxIimum Iload and
an appropriate Inftation pressure. At a maximum load the rollling
circumference c¢an deviate 1 to 2 %, depending on tyre construc-
tion. Our measurements with a 13.6-38 cross ply tyre at different
Inflatlon pressures on concrete and sand show |lttle difference
between calculated slip with formula 3.3 (S = 1 = 5,/6r) and
calculated slip with § = 1 - Sa/Sg (see Table 3.1). For practlical
purposes there Is no need to correct formula 3.3 because of the
use of a lower or higher infiation pressure than the inflatlion
pressure used In the manufacturers’ RCqy-determinations. In gen-
eral It s clear that measuring siip while using formula 3.3 Is a
simple and rather accurate method.

Table 3.1. Siilp values calculated under different conditions with
two different siip calculating formulas.

Slip A In % SlIp B in %
concrete concrete sand sand
p|=0.8 bar p|=1.5 bar p,;=0.8 bar p;=1.5 bar
10.00 9.18 11.086 8.68 10.15
30.00C 29.36 30.82 28.98 30.12
A: calculated with § = 1 - 5,/6r
B: calculated with § = 1 - 8,/84,

[ 1 Is also posslible to measure sllp with a statlonary cine-
camera. The cline-camera Is Installed In the fleld as follows: the
camera-lens must be at axle-=-helght of the wheel and the viewing
direction perpendicular to the travelling direction.

Because only relative values of slzes and distances are needed an
approprlate size of prolJection ¢an be chosen for lllustration of
the results. On the flIlm screen tyre radlus r, travelled distance
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of the axle, and the rotated angle of the wheel can be measured.
From the travelled dlstance and the angle of rotatlon the
travel led distance sy, per revolution |Is calculiated. Substitution
of sa and r In 3.3 glves the sllp percentage.

We drove a tractor at different siip-levels on Wageningen sand.
Slip was measured by a 16 mm clne-camera; the travelled distance
In ten wheel revolutlions was measured simultaneously. Table 3.2.
shows the results of the two methods used. The conclusion is that
sllp can be measured wlth a clne-camera, provided the camera has
been Installed correctly.

Tabie 3.2. Comparison of three s|ip-measyring methods used on
Wageningen sand.

Track Slip A Slip B Stip ¢
1 8.4 % 7.6 % 8.1 %
2 15.7 % 15.0 % 15.3 %
3 24.8 % 24.2 % 23.8 %

A: s, and r measured in the fleld; S calculated with
8§ = (1 - 5,/6r).100 %

B: s, and s, measyred In the fleld; § calculated with
§ = (1 - 55/55).100 %

C: sa and r measured on film-screen; § caiculated with
S = (1 - s4/6r).100 %.

In princliple two frames sufflce when the clne-camera method is
used. So we triled sllip measuring with 35 mm color-sllides. At a
concrete test surface the color-slide method was tested for
different camera-Ilenses (50 mm, 85 mm, 106 mm and 135 mm focal
distance) and viewlng posltions. The best measuring procedure was
the following:

- a camera with a 50mm lens was mounted at axlie height (on a
tripod)
- & distance of 8 meters was kept between the camera and the
track
- the camera viewling direction was perpeandicular to the
dlirection of travellling
- the fliIrst sllide was taken at the moment that the wheel
came completely In the plcture
- the second sl|lde was taken Just before the wheel dlisap-
peared from the plcture.
We measured r and sy at the screen (color-siide method) and at
the test surface and compared them afterwards. The color-slilde
method showed maxImum absolute deviations In slip percentages of
+ 2.5 % slip. The mean values for sl|ip measured at the screen and
at the test surface were equal. So fer practical purposes the
color-silde method Is accurate enough.
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3.1.1.3. WHEEL SLIP DURING PLOUGHING

There Is much discusslion about wheel slip but information on slip
In normal fteld work seems to be lacking completely. There 13

some |lterature about sl ip measurements taken durling ploughing
demonstrations in West Germany (Traulsen and Splngles, 1878) and
Great Brlitain (N.N., 19B0 and 1981a). Some results of these

demonstrations can be found |In Table 3.3 and 3.4,

Table 3.3. Slip during ploughing demenstration with 11 four-
whee! drive tractors In West Germany ( Traulsen and
Spingles, 18978).

tractor lowest slip % highest slip % mean slip %
front wheel 14 39 24
rear wheeal 13 31 22

Tabie 3.4. Some results from Tractor at Work Events (N.N., 1980

and 198f1a).
tractor year lowest htghest mean number of
slip % slip % slip % entrants
two-whee!l drive 1980 13.4 28.0 17.1 9
two-wheel drive 1981 11.8 19.4 16.3 3
four-whee| drive 1980 8.0 18.4 12.2 25
four-wheel drive 1981 6.9 16.9 13.2 24

These ploughing demonstrations give llttle Information about slip
during regular farm work, because all tools are working under the
same fleld conditions and because the participants are well-
prepared manufacturers or Importers of tractors.

To collect more information about siip on the farm, we meas-
ured wheel sllp during ploughing operations In 1892 different
ptaces all over the Netherlands. For thils slip measuring it was
necessary to develop a new measuring method., The flrst |dea was
to measure slip “"at a distance", because we did not want the
ploughing behaviour of the farmer to be Influenced by our pres-
ence. Thus the cine-camera method was born. Because the cine-
camera method |s rather expensive and its use time-consuming, we
declded to use the color-sllde method.

During spring 1980 we drove around in the Dutch regions wlth
light solls untll we saw a ploughling farmer. With hils permlisslion,
siip was measured with the color-slide method. Driving speed,
ploughing depth, ploughing width, driving condltions, and type of
tractor, plough and tyres were also recorded.

It soon became clear that the ploughling behaviour of the farmer
was not notably Influenced by the presence of the measuring team.
Therefore, and also because the color-sllde method was time-
consuming, the measurements of tyre radlus and distance travelled
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on the heavy solls were carrled out on the spot. Sllp measure-
ments on heavy solls were taken In autumn 1880. At that time the
measuring programme was extended with tyre Inflation pressures.
Detalled Informatlon about ploughing depth, ploughlng speed, and
tyre Inflation pressures 1s glven Iin Ti)ink and Den Haan (1981).
On  llght solls, ploughed In spring, 100 sl lp measurements were
taken. In autumn slip was measured on heavy soils In 89 places.
The observed values for wheel slip have been plotted and are
shown as a cumulative curve In Fig. 3.6. The median slip value is
14.6 % on light soils and 17.0 % on heavy soils. The highest
measured stip on light and heavy solls Is 64 % and 37 % respect-
Ively. In spring as well as in autumn more than 860 % of the
participating farmers plough with s1ip values between 10 % and 20
%. On the llght soiis 23 % of the farmers pliough with more than
20 % sl lp and even 33 % do this on heavy solls.

The wheel-slip measurements have also been analysed wlith re-

spect to tyre construction. Some results of this analyslis are
shown In Table 3.5.
Tractors equipped with radial tyres had lower siip values on both
types of soil. These differences between slip values of tractors
with radlal and those wlth cross ply tyres are not only due to
tyre type. Among the group of tractors with radial tyres were
many new and heavy tractors with a well-ad)usted tractor-plough
comblnation, SO It is a combinatlion of factors that leads to the
lower sl|ilp values of tractors fltted with radial tyres.

The investigation of Tl]JInk and den Haan (1981) concluded that
a lot of farmers can plough with lower s|ip values provided they
pay attentlon to the causes of wheel sllip.

100 -
%
80+
60 4
3]
c —— =Light soils, ploughed in spring
= / ——= =Heavy soils, pioughed in gutumn
5 /
o 401 /
o
@
=
201
0 = L T T v T — T T T 1
0 10 20 30 40 50 % 60

Slip
Filg. 3.6. Wheel siip during ploughing on farms.
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Table 3.5. Wheel! sitip during ploughling In relation to tyre con-
struction.

soll type percentage mean slip mean slip

radlal tyres radial tyres % cross ply tyres %
light 26 13.7 22.8
heavy 37 16.1 20.1

3.1.2. MOVEMENTS OF A POINT AT THE RIM OF A ROLLER OR WHEEL
3.1.2.1. TRAJECTORY OF A POINT AT THE RIM OF A ROLLER OR WHEEL
Séhne (1952) has given a description of the trajectory of a point
at the rim of a rigld wheel. Such a point of a free-rolling wheel
on a rilgld surface has the followling motlon parameters (Fig.
3.7):

X = roy Wt - slnat)

Y = rg (1 = cosat) [3.4]
where, rg = radlus of the wheel & = angular veloclty
rgwt = forward travelled distance t = time

The rigid wheel on the rigld surface can also have a slip §. The
parameters for a slipplng wheel are:

X =ro [(1 - Skt - slnat]
Y = rn (1 -~ cosawt) [3.5]

The forward-travelled distance of the axle |s now:
re(l - St = (1 - S)ve.

Flg. 3.7 shows remarkable changes In the tra)ectory because of
sllp and skid.

Y
A
’__—-—'-'-_-__ ,’_ "--.__---- aty -~ -“— ----
C /’_’ ”, e \\I s“\ /,a ’.r’
IS A e ‘(_B /’ 2\ . el -~
—— e o _.|> . ‘|>. - At -——_— - - | &_ _——
\\ rd ‘l’ L ~ N Vi
N4 ! A Joe N N
\\[// i . SN
- . ' A - A 4
X (1+0.251271ry 2, {1-025)2TTry v

Fig. 3.7. Trajectory of a point at the rim of a rilgid wheel on a
hard surface. Asfree rolling, B=s!ipping whee! (8=25 %), C=skid-
ding wheel| (8=2-25 %).
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3.1.2.2. VELOCITY OF A POINT AT THE RiM OF A ROLLER OR WHEEL

A moving wheel with a radius ro and n revolutions per second, has
a theoretical forward veloclty vy = 2T rgn and an actual forward
veloclty vg = (1 - S)2Wroan. The effective radius re 1Is the
actual disptaced distance s, per clircumference divided by 2W(ASAE
Standard 296.2;:HMahn et al., 1984). In a formula:

sa (1 - S)2mrg
Fg = —— = ————m———— Do = (1 - SHrg [3.6]
2T 27T

This means that rg<rg for a slipplng wheel and rg>rg for a skidd-
ing wheel. A whee! with a radlius rg moves without siip, with the
same n, on an imaginary plane., The point where this plane touches
the equivalent wheel Is the Iinstantaneocus centre of rotation l.
All the points of this wheel rotate around this instantaneous
centre |.

1t is possible by means of this Instantaneous centre of rotation
! and by using instantaneous kinematics to give the direction and
the length of the absolute veloclty vectors of points at the rim
of a wheel. This is shown In Fig. 3.8. Note the Influence of slip
and skid on the velocity vectors.

All the polnts at the rim of a skidding wheel have a forward
velocity above zero. A slipping wheel has two zones. The upper
one wlith forward veloclities above zero, while in the lower zone
It Is the opposite.

3.2. MOVEMENTS IN THE CONTACT AREA
3.2.1. TYRE DEFORMAT IONS

A tyre under a static load shows radial deformation and sidewall
bulglng, while a moving tyre can show tangentlial carcass and lug
deformations.

3.2.1.1. RADIAL TYRE DEFORMATION AND SIDEWALL BULGING

In general radial tyre deformation is accompanled by slidewall
bulging. Measurements of Knight and Green {1962) show deflection
and slidewall!l bulging of a moving tyre on surfaces ranging from
firm to soft (Fig. 3.9).

In addltion to Inward carcass deformation (deflectlion) there
can be outward defermation. Flg. 3.10 shows radial carcass defor-
mation versus rotation angie ¢of a radiai and cross ply tyre. The
radlal tyre has an outward deformation in a rotation angle range
from about 220 to 140 degrees. Thls outward deformation can be
explalined as follows. The cross ply tyre shows only inward defor-
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Fig. 3.8. Length and direction of velocity vectors of points at
the rim of a wheel.
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- piz 207 bar
unloaded

Fig. 3.9. Tyre deflection and sidewall bulging at different |In-
flation pressures oh (a) asphalt-paved concrete, (b) sand, and
(c) slit (Knight and Green, 1962)}.
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Fig. 3.10. Radial carcass deformations of a cross ply and a
radlal tyre (Stelner, 1979).

matlon. Therefore, |lts carcass will be shortened. The radial tyre
has a stiff belt In the tangential directlon. This belt distri-
butes the deformatlons over the whole circumference and |Is be-
cause of its stiffness the cause of the outward carcass deforma-
tion,

Mostly radial deformation is measured In a statlc situation and
is called deflectlond . Tyre deflectlon has been measured by
Hofferberth and Relnhold (1969), Sitkel (1969), Sonhen (1970),
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and others. Static tyre deflection depends on Inflatlon pressure,
load, tyre construction, and on the character of the supporting
surface. Sonnen measured remarkable dlfferences In the deflection
curves for loading and unloading. Sltkei (1969) measured tyre
deflection and sinkage. Tyre deflection decreases wlth increasing
sinkage (Flg. 3.11).

50 x B.SkN:p;=0.8bar
mm 0 65kN :p;=0.8bar
40 ] * 65kN:p;= 1.2bar
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]
@
®
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Y - - - v : : —
0 20 40 60 80 100 120 mm 140
Sinkage

Fig. 3.11. influence of sinkage on tyre deflection (Sitkel,
1969} .

Max imum allowed tyre deflection

The maxIimum allowed tyre deflection (J/h)max can be calculated
from manufacturers’ tables.

Sitkel (1969) found 4&/h = 0.15 at maximum load for cross ply
tractor rear tyres. From technlcal Informatlon from Continental,
Krick {(1969) calculated that (J/h)max lies between 0.13 and 0.17.
Terpstra (1978) based hls calculations of (§/h)max on Information
from European and Amer lcan tyre manufacturers. He found values
between 0.14 and 0.20. According to Inns and Kilgour (1978)
maximum deflection of agricultural tractor and Implement tyres is
limited to about 18 % to 20 % of the sectlon helght A In order to
prevent carcass damage.

Deflection models and geometry of the contact area

Bekker (1956) has provided a mathematical tyre deflectlon model,
Furthermore, he assumes that the contact area A may be determlned
as an area of a rectangle reduced by 15 %. In a formula:

A= 0.,85/.8B £3.7]
where, A the area

{ = the length of the contact area
B = the width of the c¢ontact area.
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Flg. 3.12. Tyre deflection mode! of Krick.

Krick (1969) has provided a more simple model for deflectlon.
He assumes that the shape of a tyre is a torus. This Implies that
the contact area is elliptical on a flrm surface (Flg. 3.12).
When deflection starts the arcs ABC and DBF, respectively In and
perpendicular to the direction of travel, are compressed to the
chords AEC and DEF or the chords AEC and DEF elongate sidewards.
The true 1lengths |le between the original chords and the arcs.
The differences between the original chords and the arcs are
relatively small| because of the large dlameters D and d. Thus the
arcs ABC and DBF are equalized to the chords A4EC and DEF respect-
Ively. The el lipse has the followlng half axes:

=\Vbos - 52

a2
b od -

The contact area A =1TVDJ - 82 VQE - g2
can, because of J2<<df«<<D3 be written as:

A =T YDad2 [3.8]
This calculated relation between deflection and contact area
correlates well with the measured relation. According to Pailnter
(1981) the chords AEC and DEF cah be approximated by the arcs ABC
and DBF for small deflections . The ellipse now has half axes:

a = pD/2 arccos(1 - 24/D)

b = d/2 arccos{1 - 24/d)
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and an area
A = (TT/4).D.d.arccos(1 - 24/D).arccos(1 - 28/d) [3.9]

Although the formulas 3.8 and 3.9 are both based on the same
deflectlon model, formula 3.8 Is easler to use.

3.2.1.2. TANGENTIAL CARCASS AND LUG DEFORMAT IONS

Tangential carcass deformations are not only deformations In the
sense of stralns, but are relative displacements In relation to a
filxed system of coordlinates as well. Displacement depends on tyre
constructlion, load, Inflatlon pressure, and torque. Flg. 3.13
shows that tangentlal carcass deformation is almost symmetrical
for a towed wheel (T = O) and that the radial tyre shows dis-
placement all over the ¢lrcumference, while the cross ply tyre
has half a clrcumference free from retative displacement. Calcu-
lations were made of the shortenling of the carcass (see Table
3.8). The shortening of the cross ply carcass is about three
times as much as the one of the radlal tyre carcass. The carcass
shortening of the radlal tyre decreases when a torque |s applied.

Tabie 3.6. Tangentlal! strains of tyre carcass (Stelner, 1979).

tyre infilation load carcass shortening
pressure {(KN) = e
(bar} at T=0 Nm at T= 3000 Nm
13.6-28 0.8 10 32.3 mm 32.5 mm
13.6R28 0.8 10 10.1 mm 8.8 mm

True measurements of tangential lug deformatlions are unknown
and difflcult to make., Relative displacement of lugs Iin the
mutual contact area conslists of lug bending and carcass deforma-
tion. Measurements of lug movements in the mutual contact area
were made by Cegnhar and Faustl (1961), Wann and Reed (1962}, and
Stelner (1978). The most complicated method of determining lug
movement Is used by Stelner. He has drawn longltudinal tyre
sections by usling castlings of the contact areas. He found a
nearly |lnear relatton between tangential lug displacement and
the lug’'s longltudinal posttion in the contact area. Cegnar and
Faust! used high-precision optical equipment, whereas Wann and

Reed used scratch plates and a "bar table". Both the optical
method and the bar table method showed a curved relation between
tangential lug displacement and the |ug’'s longitudlinal position

In  the contact area (Flg. 3.14a). A comparlson of the measured
and the theoretical curves shows that the fugs, when entering the
contact area, follow the carcass with a certain delay due to lug-
to-surface friction. When the lugs leave the contact area, their
relative dlisplacement is greater due to their elastic reactlon.
This behaviour agrees with observatlions of the dlrectlon of lug
movement made by Anslow and Warriiow (18682). The optical and the
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Fig. 3.13. Tangentlal carcass deformation of a cross ply and a
radial tyre (Stelner, 1979)}.
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Fig. 3.14. Tangentlal lug displacement In the contact area of a
polnt 10 mm from the centre plane of a cross ply tyre (a), and
(b) total tangential lug displacement at different points of the
cross section of a cross ply and a radlal tyre.
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bar tablie method also measure the tangentlal lug displacement at
dlfferent polints of the cross section. Flg. 3.14b shows the path
¢of the total tangential lug displacement versus the width of the
contact area. The total displacement is a measure for the energy
lost in frictlon per wheel revolution, and Is therefore a measure
for wear. So Flg. 3.14b plctures tyre wear across the wldth. The
area under the curve of the radlal tyre was found to be 268 %
smaller than the one of the cross ply tyre. Total lug displace-
ment was higher at low inflatlon pressures than at high inflation
pressures in the scratch plate tests. These results agree with
the practical experience that radlal tyres wear less than cross
ply tyres and that wear is higher at low Inflatlon pressures.

3.2.1.3. INFLUENCE OF TYRE DEFORMATIONS ON SLIP

Oonly tyre deformatlions In the mutual contact area can Influence
slip. ©On a firm surface, slip Is influenced by carcass and Ilug
deformation, Using hls drawings of longltudinal tyre sectlons
Steiner measured sllp values due to tyre deformations of 7.54 %
and 5§.15 % of a cross ply and a radlal tyre respectively (see
Table 3.7). Stip is influenced more by lug deformations than by
carcass deformations. Estimates of sllip components on a deform-
able soll were also made. These show that the Influence of tyre
deformations on slip should not be neglected and that radlal
tyres have |lower sliIp percentages due to fewer tyre deformatlions.

Table 3.7. Measured s!ip components on a filrm surface and esti-
mated slip components on a deformable soll (Stelner,

1979).
Slip caused by

carcass tug sol | sllpping in total
Tyre defor- defor- defor- the contact

matlon mation matlion area
13.6-28 1.86 % 8.7 %  ~——mm  emee—-- 7.54 %
13.86R28 0.55 % 4.3 %  memmm=m | mm— 5.156 %
13.8-28 1.2 % 4.3 % 8.0 % 7.6 % 21.0 %
13.6R28 0.4 % 2.6 % 7.5 % 7.5 % 18.0 %

3.2.2. MOVEMENTS OF A POINT AT THE CIRCUMFERENCE OF A ROLLER,
WHEEL, OR TYRE DURING MOTION IN THE MUTUAL CONTACT AREA

The tra)ectory of a point at the rim of a roller or wheel durlng
motion In the contact area on a rigid surface can be descrlbed by
formuia 3.5. A rigid wheel with a radius r, and meoving with n
revolutions per second on a rigld surface, has a theoretical
travelled distance Sgn = 27 rgn. SOhne (1952) neglects tangentlal
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tyre deformatlions and therefore assumes that tyres only deform In
the radlal direction. The tra)ectory of a point at the clrcumfer-
ance of a tyre on a deformable surface can now be written as:

X = rg.{1 - Sg).ot - r.sinat
y = I'q — r.cosat [3.10]
where, r = ro - &,
dr = radlal tyre deformation

St = (s¢h - 8)/s¢n
When we take tangentlal deformatlon J¢ iInto account, the for-
mulas change into:

X = ra.{1 = §¢).wt = r.sinat + d¢.cosot
[=] t t
y = ro - r.coswt - dg¢.sinat [3.11]

The formulas for a point at the inside of the tyre carcass are:

X = rg.{(1 = §g).wt = (r + h).sinet + di.cosat
y m rg = {r + h).cosat - d.sinet [3.12]

where, h = the distance bhetween the Inslde of the carcass and the
lug face,

Stelner (1979) calculates the parameters of a polnt at the lug
face as follows: starting with a polnt (x3,¥2) at the Inside of
the carcass, he assumes that the lug Is perpendicular to the |Ine
through the nearest measuring polnts (xq,yq1) and (xg3,¥3) at the
Ins|lde of the carcass. There are measuring polnts at each 2.5
degrees. The directlion of the lug Is:

tan | = (y3 - ¥1)/(xq - x3)
So the parameters of a point at the iug face are:

X = Xg = h-S|I'I¢|_
YL = Y2 - h-COS‘X-L [3.13]

These calculations do not take the bending of the Ilugs Into
account.

3.2.3. TRAJECTORIES OF SOIL PARTICLES IN THE CONTACT AREA BETWEEN
THE SOIL AND A ROLLER, A WHEEL, OR A TYRE

Poletayev (1984) used the angle between the dlrection of the
veloclty vector and the radlal at a pelnt on a wheel rim to
demarcate dlfferent zones In the wheel-soll Interface.
Theoretical analyses of tangentlal displacement of a soll par-
ticle at the rim circumference were made by Janosl (1862), Onafe-
ko and Reece (1967), and Wong and Reece (1967a,1987b).

wong (1967) determined the path of particles, on a clay soll,
Infltuenced by a roller (Fig. 3.15). The particles were flrst
pushed forward and up In a stralght 1Ilne by the oncoming roller.
They were then shlfted backwards In a clrcle. After the roller

47



! f i - .
) f ) e

negative slip negative slip positive slip positive slip

no rut left permanent rut no rut left permanent rut

Ffg. 3.15. Movement of a solil materlal! point reftative to the
untouched soll, due to a roller passing from left to right.
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Fig. 3.16. Movements of sol! under the action of towed and driven
tyres (Sbhne, 1952).
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had passed by the particles were at the sameg vertical level as In
their initial poslticon because of the incompressibllity of the
soll wused. The flnal posltlions of soil surface particles were
ahead of their Inltlal posltlions when a towed roller was used,
while the final positioens of the particles were behind thelr
Inttlal positlions when a driven roller was used.

S&8hne (1952) showed the trajectory of s0il between the lugs of
a tyre and of soll particles at the soll-lug Interface (See Flg.
3.18).

We determined the trajectories of soll surface particles be-
neath a towed tyre from ocur measurements of three-dimenslonal
soli deformation. Flg. 3.21 shows two such trajectories of soll
surface particles Iinh the central longittudinal section of the ruts
formed by a towed tyre In Schinnen sllt loam and in Wagenlngen
sllty clay loam. These trajectorles dlffer from the ones found by
Wong because we used deformable soils and a deflecting tyre.

Besides a vertical displacement [/, there (s a resulting hori-

zontal dlsplacement J/n In deformable solls. We placed small dots
at the soil surface In our soll bln Investigations. The dots were
placed in such places that after passing of the tyre, the dots
were |n the central longltudinal sectlion of the rut. The posl-
tlens o©of the dots were measured, In horlzontal and vertlcal
dlirection, before and after the flrst and second passing of a
towed tyre. In the test flive different solls were used at differ-
ent molsture contents and buik densities.
In Flg. 3.17 the resulting horlzontal displacement J, has been
piotted versus the verticai dispiacement [, of soil surface
particles In the central longltudinal section of the formed rut.
The vertical displacements are equal to the sinkage In the centre
of the rut. The 48 measuring polnts fit a power function rather
well (re=0.98). |t Is remarkablte that the ratle J,/Jy Increases
wlth increasing rut depth. This must be due to the presence of a
rigid hottom at 15 cm depth. The soil under the tyre can move
less easily downwards at an Increase of rut depth and therefore
wlll move more In a forward directlion. Flnally It Is ¢clear that
horizontal displacement can not be neglected, especially when
deep ruts are formed.
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3.3. SUBSURFACE MOVEMENTS

The most simple two-dimensional movement is the ¢cne under infl-
nltely wide rollers because of the absence of a sldeward move-

ment. Soil under a wheel or a tyre can escape sldeways. This
sldeward transport does not exist In the central longitudinal
section of the formed rut. It |Is also posslble to show the two-

dimenslional deformation In the ¢cross section of the rut. This Is
already a projection of a three-dimensional deformaticen on a flat
plane.

3.3.1. SOIL MOVEMENTSE UNDER ROLLERS

When rollers are conslidered as iInflhitely wilde rollers we have a
true two-dimenslional problem.

3.3.1.1. DISTRIBUTION OF SOIL VELOCITIES RELATIVE TO THE CENTRE
OF A ROLLER

Wong (1967) used the principle of continuity of flow for rollers
at incompressible scils. When a rotler 1s moving and tn equlliib-
rium the soll| surface, after passing of this roller, has to be at
the same l|level as the undisturbed soill In front of the roller.
Flg. 3.18a shows a horizontal distribution of soll velocitles
under the centre of a slipping rolfler. The relative velocity of
the soil Iin front of the roller, where the soll Is not Ihfluenced
by the roller, Ils uniformly distributed down the depth of the
soll and equal to the forward veloclity v of the axle. The dis-
tribution of velocities beneath the axle requlires sinkage of the
roller. The hlgher the slip of the roller the higher the sinkage
must be. Sitnce the flnal level must be equal to the Inltlal level
In front of the roller, It Is necessary that the slipping roller
affects rut recovery.

The use of the princliple of contlnulty of flow for a towed roller
glves a veloclty distribution as shown in Fig. 3.18b. Such a
distributlon requlres no sinkage of the roller.

{a) (b}

at positive slip at negative slip
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Flg. 3.18a,b. Velocity profilfes deduced from contlnulty consider-
atlions.

51



3.3.1.2. FLOW ZONES UNDER ROLLERS

Flow patterns under rcllers have been photographically determlned
by Wong and Reece (1866), and Wong (1967). Thelr observatlons on
Ihcompressible soils show that there are normally two flow zZones
beneath a towed or a driven roller: a forward zone a and a
backward zone b (Flg. 3.19a+b). The zones degenerate Into a
slngle backward flow zone at 100 % slip (Flg. 3.198¢). It Is
Interesting that the locked roller |Is converted as a backward
raked blade to a vertical blade made of soil (Flg. 3.1%8d).
The boundaries of the flow zones are parts of logarlthmic spirals
in sand. In clay, those boundaries are sectlons of clrcles.
Increasing the load of the towed roller leads to:
- Increased skld values
- growth of the flow zohes a and b
- moving of the boundary between the two zones In the direc-
tion of travel
For a driven roller an Increasing load at equal sllp results In:
= more sinkage of the roller and, therefore, more rut recov-
ary
- growth of the zones a and b
- moving of the boundary between these two zones [n the
direction of travel.

3.3.2. SOIL MOVEMENTS UNDER WHEELS

A difference between a conventlionatl wheel and the Infinitely wide
rol (er Is that It Is possible for the soll to flow sidewards
under a wheel, but not under a roller.

Wong (1967) studled the flow patterns under narrow wheels In
Incompressible sand. These exper ments show that even under a
narrow whee! soll has two distinct flow zones In the longitudinal
section. These two zones have boundarles with simllar character-
istics as those beneath rollers. Rut recovery under narrow wheels
grows with Increasing wheel width and slip. Longltudinal and
sideward flows occur together. The relative extent of the two
mechanlsms depends on the degree of slip and on wheel width.
Comparlsons of the profllies of ruts and heaves left by a driven
whee! and a narrow plate In an lhcompressible so0ll show that:

- the |Influence of the plate goes further sideways. The
reason |Is that altl the scil under a plate flows sldewards,

whille the soll under a wheel also flows forwards and
backwards.

- rut recovery I|s higher In the middie of the rut than on
the sides.

- the heaves on the border of the wheel rut are higher.
So the s0i! under a whee| does not flow In the same way as under
a plate.
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Fig. 3.19. Flow zones In sand under (a}) a towed whee!, ¢b) a
a

driven roller, (c) a driven roller at 100 % silp, and (d)
locked whee! with 100 % skid (Wong, 1967).

3.3.3. SOIL. MOVEMENTS UNDER A TYRE

Measurements of soll deformatlion due to the passing of a towed
tyre have been made by Tl]JInk et al. {(1988). From these measure-
ments we took the central longltudinal sections (Flg. 3.20).
These deformations agree wlth visuallzatlons of the deformatlons
under a tyre, glven by SOhne (1856). Wageningen sllity clay loam
compacts strongly under the actlon of the towed +tyre, whille
Schinnen sitt loam shows more deformatlions and less compaction.

The measurements of Séhne (1952) Indlcate that the horlzontal
dlisplacement under a tyre decreases with depth. Giiemeroth (1853)
measured photographically the trajectories of soil particles
under the actlon of a tractor In the field. He found that the
horizontal movements decrease more with depth than the vertical
movements.

The trajectories of scll particles at the surface and at 0.05
m and 0.10 m depth were determined from our longltudinal sectlons
of the ruts formed by a towed tyre (Fig. 3.20). The resulting
trajectories (Flg. 3.21) have a dlfferent shape for each of the
two types of solls. It is also Interesting that the shape of the
tra)ectories c¢hanges wlth depth. The different shapes of the
trajectories must be due to the dlfferent shapes and extents of
the flow zones.
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Fig. 3.20a,b. Deformation of soll under the tyre centre plane.
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5 om and 10 c¢m depth due to a towed tyre passing from left to
right.
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CHAPTER 4

DYNAMIC ASPECTS OF LOAD-BEARING PROCESSES

4.1, FORCES, MOMENTS, AND STRESSES ON ROLLERS, WHEELS, AND TYRES

There are three forces and three moments acting from the ground
on a tyre.

Fy Is the longitudinal, Fy Ils the cornering (=lateral), and Fj,
the normal cocmpohent of the force from the ground to the tyre.
The force F,, is important for steered wheels, but will not be

discussed in thils chapter.

The overturning moment Ty |s the moment of force about the X-axis
acting on the tyre from the road. The moment about the Y-axis is
called relling resistance moment T,,. Aligning torque 7, Is the
moment about the Z-axlis acting on ¥he tyre. A driving torque T
about the rotation axis of the tyre produces a force that can
accelerate or decelerate the vehicle.

4.1.1. MECHANICAL EQUILIBRIUM CF RCLLERS, WHEELS, AND TYRES

The forces, torques, and stresses acting on a roller, wheel, or
tyre on a horizontal soil surface are ||l lustrated in Fig. 4.1,

(al (b} e)
w w W

-
=7, »;f =T el
‘ 0‘ ! \ agiel
Fig. 4.1. Forces, torques, and stresses on {(a) a driven rolier,

(b)) a towed tvre, and (¢) a driven tyre on deformabie soll.
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Reoller and rigid wheel

The equlllbrium of a stationary moving roller or riglid wheel on
horlzontal soll surface can be described by means of the follow-
Ing equations:

W = ¥ vertical components of 0 + vertlical componhents af T, (4.1]
P = 3 horlzontal . ofo; + horizontal s ofrp, [4.2]
T =Xr.o [4.3]
For a towed roller or wheel, Input torque 7 = 0 and, therefore,

shear stresses must occur in forward as well| as backward direc-
tion. The rolllng resistance of a towed roller or wheel can be
equallzed to the towing force (equation 4.2).

For a driven roller or wheel rolling resistance Is more complex
and can be lllustrated by means of an energy balance:

Input = Output + Loss.
Accarding to Corcoran (1979) energy components can be based on
unlt wheet travel and unit ground travel.

Based on unit whee!l travel the components of the energy balance
are:

lnput = T/ {rg.-W)
ocutput = P{1-8)/W
loss = rolling resistance energy = (T-P.rg)/rg.W

Based on unlt ground travel the components are:

Input = T/lrg(1-8).¥1
output = P/W
loss = rolltng resistance energy = (T-P.rg)/ra.W

Pneumatic tyres

The equatlions for P and W are the same as those for rollers and
wheels. Because of the tyre deflection the equatlon for T
changes. Because of this deflection the normal stresses ¢ con-
tribute to the torque 7 and the equation for the torque now
becomes:

T = 3 r.(components of o3 and T, that are perpendicular to r).

Components of roilling resistance
Rolling resistance deflnes the total amount of energy lost and Iis
composed of several components:
- rut forming In the soll
- friction between the rolling device and the travetlling sur-
face caused by sllding
- hysteresis In +tyre materijals due to deflections when the
tyre Is rolling
- resistance due to air circutating Inside the tyre
- fan effect of the rotating wheel on the outside alr
- frictlion of the wheel bearings.
The last three components are of secondary Importance and can be
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neglected for agricultural purposes. On the road 80 to 85 % of
the energy losses are due to internal hystereslis of tyre ma-
terlals.

4.1.2. TRACTIVE PERFORMANCE

Tractive performance of +tractors and single wheels has been
measured by many researchers. The presentation of the results in
performance curves is sometimes confusing and, therefore, an
analysis will be given of the mest commeon tyre performance pres-
entations.

4.1.2.1. ANALYSIS

The tractive performance of tracters have been measured by Bock
(1953), Terpstra and van Maanen (1972), and others. Thelr results
have been presented generally In pull-slip curves. Their presen-
tatlons glive Informatlon about the (drawbar) pul! at dlfferent
sllp wvalues, but no Iinformation about the efficlency of the
operation. Because of weight transfer during the measurements it
is difficult to transfer the characteristics Into other tractors.
When tyres are tested with a single wheel tester It ls gen-

erally poessible to measure input tordue, pull, and sltip. The
resulits of single wheel tests can be used for every tractor.
Traction performance presentations (Flig. 4.2) of such tests can
have the followling coefficients:

- pull coefficient A= P/W

- tractive efflciency: ratio between cutput and input

[}=P.v/T.W]

- gross traction ratio M= U/W ; where U = T/rg

- rolling resistance coefficlent fF= R/W
The pull coefflcient wversus slip combined with the tractive
efficlency wversus slip make it possible to chose a tvyre that has
a high efficiency at the pulls needed. Sometimes efficiency and
siip are plotted versus pull.
The rollling resistance coefflicient and the gross tractien ratio
are sometimes glven in the presentatlions. This is rather con-
fusing because It suggests that gross tractlion and rolling resis-

tance of driven tyres can be measured. It alse can give the
Impression that there are two horizontal forces In the tyre-solil
contact area: gross tractlon {(thrust) In a forward direction and

a rolllng resistance force in the opposite direction. Accordling
te Schuring (1268) these forces do not exist In the soll-tyre
interface.
The most Iimportant aspects of tyre performance on farms are:

- for towed tyres: rolling reslistance

- for driven tyres: pull, tractive efficliency, and slip.
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Fig. 4.2. Traction performance of a tractor tyre.

4.1.2.2. TOWED TYRES

The most important aspect of a towed tyre Iis the force needed teo
overcome motion resistance. This motion resistance can be equal-
|zed to the towed force. In this dlissertation the terms "rellling
resistance™ and "motlon reslistance" are synonymous.

The reolling resistance depends on many parameters; the maln ones
are: tyre construction, tyre dimenslens, Inflation pressure,
wheel| |oad, surface conditlons, and travelllnhg speed.

Tvre construction has a slgnificant Influence on the rolling
reslstance. It Is Known of automoblle tyreées that radial tyres
have lower rolllng resistance than cross ply tyres (Clark,
1971a). Radlal tractor rear tyres also have |lower rolling resis-
tance (Stelner and SOhne, 1979).

A larger number of carcass plles and thicker treads tends to
increase the rolling resistance because of hligher hysteresls
losses. The type of rubber compound also affects rolling resis-
tance.

Tyre width and diameter influence rollling resistance as well.
Increasing the tyre width, at a constant tyre load and inflation
pressure, results In a decrease of rolling resistance. On a rigid
road the influence of the tyre dlameter on rolllng resistance Is
negligible. In field condltlons the Influence of the tyre dlam-
eter can be considerable {Inns and Kl lgour, 1978).

58



Inflation pressure affects tyre flexiblllty. Based on measure-
ments of Perdok (1978) fig. 4.3 was plotted. Thils flgure shows
that rolllng reslistance on a concrete surface decreases with
fncreasing Inflation pressure. On deformable soll high Inflatfon
pressure results In increased ground penetration work and there-
fore higher rolllng resistance. Conversely, lower Inflation
pressure, whille decreasing ground penetration, increases the
deflectlon of the tyre and hence hysteresls losses. S0 there must
be an optimum Inflatton pressure for a particular surface condi-
tion. Because of this interactlon It is possible that lowly
Inflated and excesslvely overloaded tyres have higher rolllng
resistance on the road than In the fileld.

Whee! Ioad affects tyre deflectlion and surface penetration. In-
creasing the wheel [(oad resuits In an Increase In rolling resis-
tance (Fig. 4.3).

Surface condiltions have influence on rolling resistance. On a

hard, smooth, and dry surface rolling resistance Is conslderably
lower than on a freshly ploughed fleld.

3800
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> field
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Fig. 4.3. Rolling reslstance of a 13-16 agricuitural Impiement
tyre on the road and !n the fleld at different !nflation press-
ures and whee! loads.
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Travelllng speed can also affect rolling resistance.

On a rigid road relling resistance Increases wlith Increasing
speed (Clark, 1971a). Steiner and S8hne (1979) found a nearly
constant rolling resistance for a tractor rear tyre on the road
at a speed ranging from 1 to 3 m/s.

Measurements in the fleld by Stelnkampf (1975) show Increasing
rolling resistance at Increasing speed.

4.1.2.3. DRIVEN TYRES

Important aspects of the performance of driven tyres are pull
coefficient and tractlive efflclency. These aspects depend on
parameters such as: silp, surface condlitlons, tyre load, Infla-
tion pressure, load ratlo, tyre tread pattern, Iug parameters,
tyre construction, tyre dimensicons, driving speed, and direction
of rotation.

Pull coefflcients and tractlve efflclencies of driven tyres have
been publlished by Taylor and Willlams (1959), Forrest et al.
(1962), Taylor (1973,1976), Dwyer et al. (1874), Stelnkampf
(1975,1981a+h), Stelner (1978,1979), Biller and Steinkampf

(1978), and many cthers.

Siip

Slip has great Influence on tractive performance. The pull coef-
ficient generally Increases with Increasing slip. Tractlve effli-
clency first Increases with slip untll a maximum |Is reached and
then decreases wlth further [ncreasing slip. The slip value at
which maxImum efficiency occurs depends strongly o©on surface con-
ditions.

Surface conditlon

The soll is the most Important factor affecting the pull coeffi-
cient (Domler and Willams, 1978).

Fleld conditlons are classified in the Handbook of Agricultural
Tyre Performance (Dwyer et al., 1974a) as follows: good, average,
poor, and bad. Under these condlitlons the Cone Index has a value
of 2000 KN/m2, 400 kN/m2,250 kN/m?, and 150 kN/m? respectlively.
Based on measurements of Dwyer et al. (1974), Stelner
(1878,1979), and Stelnkampf (1975,1981 a+b) we can glve the
followlng values for sllp and pull coefficient at maxIimum trac-
tive efflciency under different field condltlions {Table 4.1).

Table 4.1, Slip and pul! coefflicient at maximum tractive effli-
clency and at 20 % stip.

field max. effi- slip at Xat ?max Zat 20% slip
condltlion c!ency(?max) 7max

good 0.82 0.08 0.28 0.51

average Q.68 .10 0.28 0.41

bad 0.53 0.16 0.21 0.23
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Tractive efflclency is highest on rigid surfaces and decreases
wlth increasing deformability of the scll surface. The pull
coefflcient also decreases with worsenlng surface condltlons.

Tvre l(oad

Under good and average conditions increasing the wheel load
generally results In better tractive performance. Under bad con-
dltiens there Is no significant Influence of wheel load on trac-
tlve performance,

Tyre Inflation pressure

Under good and average conditions decreasing the Inflatlion press-
ure creates a larger contact area. This resulits In better tyre
performance. At sinkage due to high slip and under bad condltlions
the Iinfluence of decreasing tyre inflation is less because the
tyre becomes more rigld In retation to the soll.

Load ratio

The Icad ratioc is the ratio of the wheel load to the maximum
al lowed wheel load. The load ratlo can be Increased by decreasing
the tyre In¥lation pressure or by Increasing the tyre l|oad. Under
good and average condltions Increasing the load ratlo results In
better tyre performance. Thls effect Is more Influenced by tyre
Inflatlion than by wheel load (Flg. 4.4). Under worse condltlons
the Influence of the load ratlo Is less clear.
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pressure p; (W = constant) (Stelner, 1978).
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Tread pattern

The main agricultural tread patterns are Regular Agricultural
(R1), Hligh-Lugged (Rp), Sportsfleld (Rg), and Industrlial Lugged
{Rg4).

Me:surements by Terpstra (1973), Taylor (1978), and Steinkampf
(1981) lead to the followling conclusions. Under good and average
conditions the Rj; generally performs best, especially at hligh
sllp values. The Ry |s superlor on wet, coheslive solls. Under
good condltlons Ry performs less well than Rqy. The performance of
the Rg and R4 types can nearly equal the one of Ry, when oper-
atlng under good conditlons at low slilp values. When high pulls
are needed R3 and R4y are [ess useful. Ry and Ry have the highest
tyre wear. Ra Is Intended for use on grass fields, whllie Rq |Is
used when almost all trafflc takes place on the road.

Lug parameters

Maln lug parameters are lug helght, lug angle, and lug spacing.
Tractor rear tyres generally have a lug angle of about 45 de-
grees. One manufacturer suppllies tyres with a lug angle of 67
degrees., Thils diIfference th fug angle Is not |lkely to have a
significant (influence on tyre tractlive performance (Taylor,
1973).

{a) tyre 16.9-30 [b) tyre16.9-30
wheel load W=15887 N wheel load W=15887 N
intlation pressure.p;=1.1bar : inflation pressure:p;= 14 bar
< 0.8 R x 0.8
I N z
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= ' ~. radial - ; x
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Fig. 4.5, Tractive performances of radtal, c¢ross ply, and high
lugged tractor rear tyres under good (a}) and poor (b) tractlon
conditions (Stelnkampf, 1974).
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Under good condlitions the number of lugs (lug spacling) has no
significant Influence on tyre performance elther (Taylor, 1974).
However, under bad condltions the self-cleaning abll ity of tyres

with small iug spaces decreases, resulting In worse tractive
performance,

According to Gee-Clough et al. (1877a) maxIimum tractive effi-
clency |s independent of lug helght. Furthermore, they found that
the pull coefflcient decreased when the Ilug helight increased
beyond 20 mm. Gil! and van den Berg (1987) state that hligh lugs

decrease efflciency, but that they may be required under poor
tractlon conditions in order to increase maximum pull.

Terpstra (1973) and Stelnkampf (1974,1975,1881) found that high-
lugged tyres (Rp) result in better tractlive performance than
regular agricultural tyres, when operatling on wet, coheslve solls
(Flg 4.5).

Radial and cross ply construction

Radlal tyres generally are characterl|zed by better tractive per-
formance than c¢ross plles when the condltions are relatively
good. Under bad condltions the differences in tractive afficlency
are small, but the radlal tyre stlii1 has a higher pull coeffi-
clent. Steinkampf (1981a+b) found great dlfferences between tyres

tvre 18.4-34

08- wheel load W=14600N
= inflation pressure: g, = 1.1bar
& 074
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T 064
[4]
s X
2 05-

0.4 1
o~ n
_ 03
§ —— 162km/h
3 021 ——--13g9 *
T —-—5.05 *
¢ o1
0
2
£ 9 . . . . .

0 10 20 30 40 % 50

slip §

Flg. 4.6. Tractive performance of a 18.4-34 tractor rear tyre at
differant driving speeds.
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in the groups of radials and cross plles as well. The tractive
performance of a good radial tyre can be 25 % better than the one
of a bad cross ply; on the other hand, the tractive performance
of a good cross ply can be as much as 14 % better than the cone of
a bad radial one.

Tyre dtameter and wlidth

Increasing the diameter and Increasing the wldth both result In a
small Improvement of tractive performance. The effect of width |Is
more pronounced than the effect of dlameter.

Driving speed

Under poor driving condltions Stelnkampf (1975) measured the
performance of a 18.4-34 tractor rear tyre at driving speeds of
1.82, 3.99 and 6.05 km/h. An Increase tnh speed resulted In a
decrease of pull coefficlent and tractlive efficiency (Flg. 4.8).
These resulits only show a tendency and they need to be proved for
tyres driven at higher speeds and under better field conditlons.

Dilrection of rotatlion

Sometimes the directlon of the rotatlion of front tyres of four-
wheel drive tractors Is reversed In order to decrease tyre wear.
Reversed rotation directlicon results In a longer |Ife of the front
tyres when much road travel |s done (Bliler, 1883).

Blller and Steinkampf (1878) found that the direction of rotation
hardly Influenced tractlve performance under good driving condi-
tlens. Under less ldeal condltlons the performance ¢f the re-
versed tyres decreased.

The choice between low front tyre wear (reversed mcunting) and
best tractive performance under bad condlitions (normal mounting)
wlll depend on the use of the tractor.

Tvre wear

Tyre wear results In a decrease of lug height and an increase |In
the area of the lug faces. Therefore, on dry roads tyre perform-
ance Increases with Increasing tyre wear. In the fleld starting
tyre wear has no pronounced influence on tractlve performance.
When driving conditlions are poor tyre wear can result in a worse
performance.

4.1.2.4. TRACTOR TRACTIVE PERFORMANCE

Tractlve performance depends on the tractor type, the traction
propertlies of the tyres, the welght, and the surface conditions.

Tractor type
The tractor type includes the number of driven axles and weight
distributlion. There are 4 tractor types avallable:

- TWD : a two-wheel drive tractor wlith driven rear tyres
and towed front tyres
- FWDa : a four-wheel drive tractor wlith driven front

tyres that are smaller in diameter and width com-
pared to the driven rear tyres
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- FWDb : a four-wheel drive tractor witth driven front
tyres that have equal width and a smaller diameter
than the driven rear tyres

— FWDc : a four-wheel drive tractor wlth driven front
tyres that are equal to the drlven rear tyres

The rear tyres of a FWD perform better than the front tyres.
Dwyer et al. {(1977) found the pull for a 13.6-38 tyre to be
approx imately 7 % higher when the tractor was passing In the same
track for the second time. This multi-pass behaviour also re-
sulted in about 5 % higher maxImum efflclency.

Dwyer and Pearscon (1978) compared a TWD and a FWD in the fleld.
The difference In performance between the two tractors was
greater than was expected from the multi-pass effect. The reason
must be the zero-sllp condltlon used, and the fact that the FWD
welghed more than the TWD. To make more realistic comparisons, we
have made recalculatlioens, using Dwyer and Pearson’s results. The
per formances of the tractor types compared with respect to max]-
mum drawbar power per unlt tractor welght, show that the FWD with
unequal wheels performs on the average 2.1 % better than the TwD,
white ¢the FWD wlth equal wheels performs on the average 8.7 %
better than the TWD.

Welght distribution also affects tractor tractlve performance. A
TWD generalily has a statlc welght distributlion of about 35:85.
This means that 35 % of the tractor welght acts on the front axle
and 66 % on the rear axle. At a dynamlc weight distribution of
15 : B85 a TWD performs somewhat better than at a distribution of
35 : 65 (Steinkampf, 1977).

Sbhne and Bolling (1981) compared three FWD types at dlfferent
dynamic welight distributions. They show welght distributions for
optimum tractor tractive performance (Table 4.2). Type 2 performs
better than type 1, and almost equally to type 3.

Table 4.2. Dynamlc welght distribution for optimum tractor
performance (8bhne and Bollilng, 1987).

Tractor type welght distributlion
1: FWD a 32 : 68
2: FWD b 45 : 55
3: FWD ¢ 50 : 50
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Single and dual wheels

At a glven slip and dynamlc load, the pull of a single tyre |is
practically the same as the onhe of a dual system (Balley and
Burt, 1981). Because duals have greater load-carrying capaclty
than a single tyre they can develop greater pull If thelr greater
load-carrylng capaclty |s used. The tractive efflclency of a
slingle +tyre is sllightly higher than the one of the dual system.
On sand, putll coefflclent and tractive efflclency of duals de-
crease wlth increasing spacing between duals (Melzer and Knlght,
1973).
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Welght
Many researchers glve formulas for the optimum ratio of welght to
avallable power (Table 4.3).

Table 4.3. Welght to power ratio for optimum tractor tractlive

performance.
tractor type formula references
TWD W/Pg = 1.17/v Reece (1970)
FWD W/Pe = 0.82/v Reece (1970)
FWD Wa/P = 1.50/v Brixlus and Zoz (1978)
TWD and FWD Wa/P = 1,33/v Hofman (1977)
TWD and FwD Wa/P = 1.78/v Dwyer (1978)
TWD W/iPa = 1.2/v Me lborg and Perdok {(1979)
P = power avallable for a driven axle (kW)
Pa = engline power (kW) v = drlving speed {(m/s)
W = tractor welght (kN) Wy = welght on driven axle (kN)

We can see from these formulas that at the same welght to power
ratio a TWD needs a higher veloclty than a FWD for optimum per-
formance. The drawback of all these formulas Is that they are
valld under one particular conditlon only. Nelther do those
formulas take Into account the influence of slip and fleld condl-
tlons on the welght needed for optimum performance. The Influence
of slip on the welght to power ratio has been shown by Stelnkampf
(1976).

To calgculate the optimum welght to power ratlio for dlfferent
flaid condltlions, valocitias, and tractor types It |s necessary
to use a more detaliled formula:

PQ - Pt + Pf + Pr [4.4]
where, Peg effective englne power (kW)
transmission power [Py = (1-74)Pg]
transmission efflclency

front axle power (KW)
rear axle power (kW)

]
[
" nswaA

For a TWD this formula changes Into:

TWp.v
Pa = (1 - 7t)Pe + PWg.v 4+ ——-5———— [4.5]
where, P = rolling resistance coefflclent
We¢ = dynamic front axle load (kN)
¥Wr = dynamic rear axle load (kN)
v = veloclty
X = pull coefflclent
7 = tractive efflclency
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For a FWD formula 4.4. changes Into:
Pe = (1 - 7t)Pe + ———— + ————— [4.6]

where, ¥,

12
»
1

pull coeffliclient 18t pass
pull coefficlent 2nd pass
tractive efflclency 1st pass
tractive efficiency 2nd pass

Calculations of optimum tractor - tiliage Implement comblna-
tions have been presented by Jahns and Steinkampf (1882), and
Schdfer(1883).

For optimum performance the ratlo of welght on driving axle to
englne power generally lles -under 900 N/kW. Tractors avallable In
the Netherlands generally have a tractor weight to engine power
ratlo between 500 and 700 N/kW. About two thirds of the welght of
a TWD acts on the rear axle. At the often used ploughing veloc-
Ities of § to 7 km/h the standard avatlable weight to power ratio
Is not optimal. Therefore, the transfer as well as the adding of
welght are important for optimum tractive performance durlng
ploughing operations. The ratle Wua/Ps can also be enlarged by
ballasting walghts and filling the tyres wlth water.

When the tractor is driven In the furrow when the ploughing Is
done with a mouldboard plough, the largest allowed tyre width Iis
13.6, 16.9, or 18.4 Inches dependlng on ploughing width. There-
fore, the load-carryling capacity of the rear tyres determlnes up
to which engline power TWD can be used and when FWD |s needed for
optimum performance. Tabile 4.4 shows the maxIimum TWD engine power
that can be used for different tyre sizes and at certaln welght
to power ratios. The maximum power at a2 load to power ratlo of
Wa/Pa = 900 N/KW Is also the heaviest TWD that can be lcaded to
900 N/kW.

Table 4.4, Maximum allowed engine power (kW) of TWD at dlfferent
fevels of welght to power ratio for 3 ¢tyre sizes.
lnflatlon pressure 1.0 bar; load ratlo 120 %.

Tyre Size 600 700 800 900
13.6-38 51 44 38 34
18.9-30 68 &6 49 44
16.9-38 74 63 55 43
18.4-30 80 89 80 53
18.4-38 90 77 68 60
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4.1.2.5. PLOUGHING CAPACITY

One of the main tractlon aspects of a tractor is the steady pull
needed for ploughlng. To Know more about ploughing capacity on
farms we measured ploughing capacity durlng our silp measurements
(see also 3.1.1.3).

Ploughing capacity was calculated with the following formula:

1000.v.b.d
C ™ ——mmee———
Fa
where, ¢ = ploughing capaclty (m3/kwh)

v = ploughing veloclty (km/h)
b = ploughing width {m)
d = ploughing depth {m)
Py w avallabie effectlve engine power of the tractor (kW)

The results of our measurements have been plotted in Flg. 4.7,
This fligurea shows that the ploughling capaclty was generally
higher on light sollis than on heavy solls. It Is amazing that the
lowest and the highest capacity were equal on both soll types.
The ploughing capaclties varied from 11.4 to 64.6 m3/kWh. The
median value on light solls was 30.0 m3/kWh. On heavy solls this
was 24.0 m3/kwh. The gercentage measurements at a ploughing
capaclty below 18.0 m¥/kKWh was 13 and 15 for light and heavy
solls respectively. On the light solls the ploughing capaclty of
35 % of the particlipating farmers was above 36.0 m3/kwh. On heavy
solls this was true for only 15 % of the farmers.
The median ploughing depth was 25 ¢m on both |Ilght and heavy
solls. At a ploughing resistance of 25 kN/m2 for Ilght solls and
75 KN/m2 for heavy slolls, the energy needed for ploughing has
bheen calculated. The medlian avallable tractor energy has been
caiculated from the median values of ploughling capaclty and
ploughing depth. A comparlson of the needed and avallable energy
(Table 4.5) shows that there Is twlce as much tractor energy
avallable than |Is needed for ploughing.
The main reason for the sometimes low ploughing capaclty Is the
Inefflicient use of the avaltabte tractor englne power. This Is
generally due to several ©f the following aspects: wheel sllip,
tractor load and welght transfer, traction conditions, tyre as-
pects, tractor-plough combination, ploughling width, ploughling
depth, veloclty, and adjustment of the plough.
A good tractor enpgtne lcad at hsavy ploughing Includes an englne
speed of 30 % of the rated engine speed and & torque of 90 % of
torque at rated englne speed. This means that the tractor englne
load (A ) equals 81 % of the power at rated englne speed. Durling
ploughing on farms the values were generally |ower due to non
optimal settings of tractor, plough, and tractor-plough comblna-
tion,
In West Germany a common flgure for caiculating is A = 83 %
(Renius, 1985). Rutharford (1973} found A values between 44 %
and 87 % when ploughlng was done on farms,

We may conclude that there Is a great potentlial for Improve-
ments of ploughling capacity.
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Table 4.5. Energy during ploughing on farms.

calculated medlian energy
needed for ploughing (KWh/ha)

llght soflis 17.4
heavy solls §2.1

100 -
%

light soils
80 1

measurements

0 T T T r T

medlan avallable
energy (kWh/ha)

83.3
104.2

0 10 20 30 40 50 B0 m3/kWh

ploughing capacity

Flg. 4.7. Ploughing capacity on Dutch farms In 1980.
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4.2. STRESSES |IN THE CONTACT AREA

Radial {(normai) stresses and tangential (shear) stresses gen-
erally occur in the contact area bhetween the so0ll and a towed or
dr lven device.

Stresses can be measured by maklng use of pressure transducers In
the soll or by pressure cells embedded in the wheel perliphery.
The dlsadvantage of usling pressure transducers in the soll s
that they can move durlng the compacting process and, therefore,
can provide erroneous Informatlion. All researchers referred to In
section 4.2 have used pressure cel|s embedded In the wheel perl-
phery.

4.2.1. STRESSES |IN THE CONTACT AREA BETWEEN SOIL AND RIGID WHEEL
OR ROLLER

Hegedus (1965) measured normal stress distribution In the soill-
wheel interface and the influence of wheel load and slip on this
distribution (Flg. 4.8). The distributlon of both normal and
shear stresses In the soil-wheel interface has been measured by
Onafeke and Reece (1967) and Krick (1969). Wong and Reece
(1967a,1967b) and Wong (1967,1978) relate stress distribution to
flow zones beneath rollers and wheels.

(a) {b]

b=76¢cm

5=100%

5:=56%
5=0%

W=227N
W=454N

W=680N
W=907N -10° o 10°

-10° ge  10°

Flg. 4.8. Normal pressure distributlons under a wheel! on dry
sand.

(a) non-siip with locad as parameter

(b) constant foad with slip as parameter.
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4.2.1.1. RADIAL STRESS DISTRIBUTION

Maximum radlal stress does nhot occur at the point beneath the
axle as suggested by the plate sinkage analogy (Bekker, 1956). It
actually occurs In front of the wheel axle and shlfts forward at
increasing sllp. Maximum radial stress occurs at the polnt where
the two soll fallure zones beneath the wheel Joln each other.
Increasing the wheel load results In an Increase Iin maxIimum
radial stress. At the edge of the wheel rim there Is a concentra-
tion of stress which decreases at increasing slip (Table 4.8).

Table 4.6. Ratio of maximum radial stress (g at the edge of the
whee! rim to maximum radlal stress Oy In the middie of
the whee! rim (Krick, 1969).

4.2.1.2. TANGENTIAL STRESS DISTRIBUTION

At the translition polnt (polnt A In Flg 3.19a) of a towed wheel
shear stress changes |ts dlrectleon; having occurred in the dlrec-
tlon opposlte to wheel rotatlon (positive), it now occurs In the
same dlrection In which the wheel rotates (negative).

In zone a (Flg. 3.19a+b) shear stress occurs In forward direction
(posltive)., Beneath a towed wheel (Flg. 3.12a) the soll moves
forward slowly between A and £ while the wheel moves forward
relatively fast. Therefore, shear stress occurs In the direction
of wheel rotation (negative). Shear stress In the two zones
occurs In opposite directlons. These findings agree wlith the
requirement that the sum of the moments equals zero.

Beneath a drliven wheel both soil and wheel rim move backward |In
zone b (Fig. 3.19¢). The wheel moves faster than the soll, and
therefore, shear stress In zonhe b occurs in forward dlrection
(pesltive).

4.2.2. STRESSES IN THE TYRE CONTACT AREA

The essentlal difference between a rigld wheel and a pneumatic
tyre s the flexiblllty of the tyre. When the tyre moves on soft
soll there generally wil|l be an equllibrium between the tyre-
defiecting forces and the rut-forming forces,.
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4.2.2.1. AVERAGE CONTACT PRESSURE
Average contact pressure is defined as: pp = W/A [4.7]

average contact pressure

w vertical wheel Iload

A area of the tyre-road interface
In terra mechanlcs this average contact pressure |Is often given
as sum of tyre Inflatlon pressure p| and a pressure p, for car-
cass stiffness:

where, pn

Pm = Dy + Pg [4.8]

Average contact pressure onh a rigid surface
This pressure depends on Inflatlon pressure, wheel load, and tyre
parameters.

An Increase in Inflatlon pressure (at a c<onstant wheel load)}
results In a decrease of carcass stlffness pressure po. An In-
crease in wheel load (at a constant p|) results in a small in-

crease in pg (S&4hne, 1852).

The dynamic contact area of a tyre Is larger than the static
contact area (Van den Berg and GlII, 1982).

Tractor tyres wlth a closed centre tread have a higher average
contact pressure than tyres wlth an open centre tread (Sdhne,
1962).

Krick (192689) tested smooth tractor rear tyres, at nominal wheel
load, over an Inflation pressure range from 0.8 to 2.0 bar. He
found a constant carcass stiffness pressure pc of about 0.45 bar.
Steiner and S&hne (1979) tested several lugged tractor rear tyres
of different sizes and construction. They found the following
empirical equatlions for the average contact pressure:

Cross ply tractor rear tyres:

Pm =~ 1.128 + 0.6885p| + 0.009% - 0.004D [4.9]
Radial tractor rear tyres: )
Pm = 2.677 + 0.5756p + 0.011W - 0.018D [4.10]
where, p, = average contact pressure (bar)
p) = tyre Inflatlon pressure (bar)
W = wheel load (kN)
D = tyre dlameter (cm).

Average contact pressure on deformable soil

Contact pressure is generally smaller on deformakle soll than oh
a rigid surface because the contact area is enlarged when ruts
are formed.

When a tyre passes In a track for the second time wheel slnkage
Is generally lower than when |t does so In the first pass. When
the tyre passes for the second time the contact area Is smaller
and the average contact pressure |s therefore higher than when
the tyre passes for the first time.

Average contact pressure on deformable soll can be remarkably
lower than Inflatlon pressure (Baganz and Kunath, 1863; sSéhne
1952 and 1963). Formula 4.8. Is therefore not very useful for
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fleld trafflc.

4.2.2,2. RADIAL STRESS DISTRIBUTION

Smooth tyre on a rigid surface

Normal stress distributions In longltudinal and lateral direc-
tlons have been glven by Van den Berg and Gil! (1962), Clarck
{1871b), and Van Eildik Thieme and Pace)ka (1971). Shear peaks
occur at the edges (Flg. 4.9). Stress Increases fast on the front
slde of the tyre, but decreases also fast at the end of the
contact area.

Smooth tyre on deformable soll

on  soft soll normal stress dlstribution Is more unlform in both
longitudinal and lateral dlrectlions (Fig. 4.9). At high slip
values there are an Inltlal and a terminal peak in the longltudi-
nal stress distributlion measured In the ¢centre line of the tyre
(Flg. 4.10)

Lugged tyre on deformabile solli

Trabblc et al. (1859) and Llang and Yung (1986) measured normal
pressure distributlon across the lug face, on the undertread, and
on the leading and trailing lug face. An Increase In infiation
pressure resulted in an increase Iin normal pressures In the
middle of the tyre and a decrease in normal pressures at the
edges of the tyre circumference. Normal pressure on the |eading
lug face and the undertread Increased at higher pull, while
normal pressure on the lug face and the tralllng side decreased.

4.2.2.3. SHEAR STRESS DISTRIBUTION

Measurements of shear stress in the tyre contact area have been
made by Liang and Yung (1866), Krilck (19698), Van Eldik Thleme and
Pace]ka (1971), and Clarck (1971b).

Smooth tyre on a rigid surface

Shear stresses generally show peaks on the edges of the contact
area. An Increase In Inflatlon pressure Increases the maxIimum
shear stress (Clark, 1971b).

Shear stress becomes posltive by means of the action of a driving
torque. Maximum shear stress moves backward wlth Increasing drilv-
ing tordque. The stress peak becomes negative as a result of the
action of a breaklng torque.

Smooth tyre on deformable soli

in longltudinal as well as lateral direction stress distribution
for tyres Is more unlform than for rigld wheels (Klrck,1969}.
There Is stlll a stress Increase towards the edge of the tyre at
small slip values, but at high sllp this disappears. Stress peaks
have been observed In the middlie of the tyre at hlgh wheel slip
(Fig. 4.10).
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Lugged tyre on deformable solls

Shear stress oh the lug face, the undertread, the leading Ilug
slde, and the trailing lug side have been measured by Liang and
Yung (1968) for a 11 - 28 tractor rear tyre used onh sand.
Stresses were measured at two pulls. An increase In pull resulted
In a decrease in shear stress on the lug face and the lug slides,
whlle shear stress on the undertread |Increased.

(a) (b}
siress directly under axle stress under centre
bar bar
firm sand
21 " firm
1.4 '
07 07 soft
soft clay
0 T e T o4 T T T T
10 5 0 5 10em 30 15 0 15 cm
lateral distance from centre front rear

length

Fig. 4.9.a,b. Lateral and longltudal stress dlstribution under a
11-38 towed smooth tyre at an Inflatlion pressure of 1 bar
(VandenBerg and Giiil, 1962).

wheel load 5450 N
slip 40 %

tangential stress

radial stress

7104 "[00
90°

Flg. 4.10. Radlial! and tangential stress distribution under a
smooth 171.5-15 tyre at 40 % slip (Krick, 1969).
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4.3. STRESSES IN THE SOIiL

Soli compaction durlng agricultural field traffic Is a result of
stresses under tyres, wheels, and rollers.
Te gain a better understanding of this problem, especially In
order to predlict sell compaction due to agricultural fleld traf-
fle, it Is Important to know more about:

- stress distribution under the tyres

- the parameters that affect this stress distributlion

- the resulting compaction of the scil and the parameters

that affect this.

4.3.1. STRESS DISTRIBUTION IN THE SOIL UNDER TYRES, WHEELS, AND
ROLLERS

Many theorlies about stress distibution under tyres are based on
the equatlons of Bousslnesq that describe stress distribution
wlithin isotroplc and elastic materlals such as steel. The princl-
pal stress (J.) In a volume element, Induced by a polnt load (p)
actling perpendlicularily on the flat boundary of a seml-Infinlte
mass, can be calculated wlth:

3p
Tp = —————- cos & [4.11]
2%1r
where, + = the distance between the volume element and the polnt
load
& = the angle between the vertical |Ine and the dlrectlion

of the polint load.

Civll engineers found that stress distribution in soll deviated
from the one In a homogeneous |sotroplc mass. The more piastic
the soll |Is, the larger these deviations wil| be.

Fréhlich (1934) Introduced the concentration factor ¥ In  for-

mula 4.11 to account for the Influence of soll plasticity on
stress dtitstribution:
Op = —aee—e (cos 8 V-2 [4.12]
2nr

For V= 3 the stress distributlion Is identical to Bousslinesqg's
formula for an elastlc Isotroplec mass. A concentration factor for
Va=4to V=6 is common for solls.

During agricultural fleld traffic load transfer does not occur at
one polint, but in a finlte contact area. Assuming that a tyre-

soll system equals a unlformly loaded circle, Frdhlich (1934)
calculated stresses 05:
Oz = ppi1 - cos")oc ) [4.13]
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where, o = half top angle of a cone whilch has Its top In the
polnt (In the scil In question and the area of the
clrcle as Its base.
Pm = mean pressure in the contact area.

S6hne (1953a) glves a numer ¢ summation procedure. He dlivides the
elliptical tyre-soll contact area [nto 25 elemants of equal slze.
The Iload on each element is considered to be a vertlical polint
load. The stress In a point A in the soll can be estimated as
follows:
for all the elemants the stress In point A is calculated
with the point-load method. By summoning all these contrl-
butlons t¢ the stress in A, an estimation of the principal
stress In A |Is found.
In thls way Séhne calculated many pressure distributions of
agricultural tyres under different soll| condlitieons. The results
of these calculations can be shown In pressure bulbs (curves of
equal prinelpal stress). Flg. 4.1t shows calculated pressure
bulbs under a tractor tyre for different soll conditlons.
Actually pressures measured by Reaves and Cooper (1960), and
Grecenke (1967) are very simliar to the computed distributions of
S&éhne.

tyre : 136 R28
inflation pressure P = 0.9 bar
wheel load :W = 10kN

R R By e g0
TSR M SS'.QI LA O .@rﬁ?{'\’—.ﬂ:ma

normal sail (¥ =5) soft soil (V=6 )

Flg. 4.11. Calculated curves of equal! pressure o; (pressure bulbs)
under a tractor rear tyre for different sol! conditions.

Bekker (1956) assumes that the tyre-scll system equals a strip
load acting on a semi-infinlte elast!i¢c medlum. The width of the
strip load Is the tyre width., The siress V on the strip load Is
the mean normal stress In the tyre-soll Interface.
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The major princlipal stress follows:
v
gy = " (F+ singd)

where, g = the angle (in radians) between the lines that connect
the polnt constdered with the slides of the strip 1oad
In a vertical plane.

From thls equation Bekker assimilated the followlng rule of
thumb: at a depth egual to the width of the loaded strip, the
stress under the center of the strip load Is about half of the
stress on the strip load. Compared wlth the method of S&hne, the
apprecach of Bekker results In values which are too hligh.

4.3.2. PARAMETERS THAT AFFECT THE STRESS DISTRIBUTION UNDER
AGRICULTURAL DRIVING EQUIPMENT

Not only the sol| but also the technical concept of the machinery
affects stress distribution.

The concept of agricultural tractlon and transport devices with
pneumatic tyres has changed drastically durlng the fast 30 yvears.
The mean engine power of the tractors Increased by more than 300
%. The ratlo tractor welght to engine power decreased with a
factor of about 1.5. Therefore the driving speed of tractors at
work Increased. The mean welght of tractors more than doubled.

By Increasing tractor power the tractor type changed from two-
wheel drive (TWD) to four-wheel drive (FWD). By Increasling trac-
ter power the load-carryling capaclty of the transport devices
Increased.

Numer ical data of these developments have been given by Danfors
{1980), Sdhne (1980), So6hne and 8Boflling (1981), Perdok and Terp-
stra (1983), and Reanius (1986).

4.3.2.1. SOIL PARAMETERS

Soil properties Influence stress distribution in the soll under-
neath the tyres. In the theories based on the Boussinesdq egua-
tlons, soll propertlies are characterlized by the concentration

factor v . For agricultural scllis ¥ has values between 4 and &
This implles that solls are suppesed to be Isotropic.

In agricultural solils two or more layers can be distingulished:
top soll, ploughling layer, plough sole, and subsoil. Most likely
thls layered structure of s0ll will Influence the actual sStress
distributlon.
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4.3.2.2. TRAILER TYRE CONCEPT

Tyre parameters like Inflation pressure (p,), wheel load (W),
tyre dimensions, and singlesdual mounting Influence pressure
distribution.

Fig. 4.12 shows pressure bulbs under three contact areas accord-
lng to Bolling and Sbhne (1982). From this figure we can see
that:

- the tyre with the lowest load has the smallest volume
Inslde the pressure bulbs.

- lncreasing the wheel load, at constant contact surface
pressure, results In an Increase |Ih volume Inside the
pressure bulbs.

- equal wheel loads result In almost equa! reach (in depth)
of the pressure bulbs.

Figure 4.13 shows three tyre concepts at a constant wheel load W.
A greater tyre width or double mounting results In less sinkage
of the wheel and therefore less compacticen nhear the surface. The
pressure-bulbs of the three concepts reach nearly at equal depth
Inte the subsoll.

Modern tyre agricultural transport devices have, despite thelr
modern concept, pressure bulbs that reach deeply Into the solil.
The reason Is that much heavier I|cads are applied.

2,
5 !‘(
e g Lt
S . 1
contact area 1000 cm? 2000 em? 1000 cm?
inflation pressure 1 bar 1 bar 2 bar
wheel load 10 kN 20 kN 20 kN

Fig. 4.12. Pressure bulbs under three contact areas.
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4,.3.2.3. TRACTOR TYPE

Increasing tractor power generally implles that tractor welght
Increases. To suppert thls heavier welght, the tractor needs
tyres with larger dimensions.

A limlting factor In [nhcreasling tractor tyre width is the width
of the open furrow during Iin-furrow ploughling. Therefore at
greater tractor power the front axle load increases. To prevent
the front wheel rolling resistance from getting too hligh and to
Improve the welght-pull ratlo, driven front wheels may be used.
For these four-wheel drive tractors (FWD-tractors) different
types are avallable. The pull-siip behaviour of these types has
been dlscussed In sectlion 4.1.2.4.

Bolling and S6hne (1982) present calculated pressure bulbs under
ohe TWD and two FWD tractors (Fig. 4.14). We can see that, des-
plte larger tyre dimensions, the pressure bulbs reach more deeply
when tractor power is Increased. This 1s malnly due to the In-
crease of tractor weight at increasing tractor power. The back-
ward bend In the pressure buibs is caused by the pulling force.
To calculate these distributlons advanced computing programmes
and extensive calculation faclllitles are needed.

170-20 AW 10-18 AW 170-20AW 10-18 AW

soil depth

Filg. 4.13. Calculated pressure buibs under tyres with 7.0 kKN axlie
loads. From left to right: narrow tyres, wide tyres, and dua!
traltier tyres at Inflation pressures of 3.0, 1.5 and 0©.74 bar
respectively (Sbhne, 1953a).

79



W=3600 N $=-2% W=10810 N 5=23%

(a)
\[’ : \. i \LS‘:";'-\%E}‘:\\
W=9320N 5=17%
(b)
(c)

Filg. 4.14.a~c. Pressure bulbs under three tractors.
(a) 30 kW Two-wheea! cdrive tractor

(b) 60 kw Four-wheel drive tractor

(c) 90 kW Four-whee! drive tractor.
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CHAPTER &

SOIL CHARACTERISTICS CONCERNING LOAD-BEARING PROCESSES

5.1. RELATIONSHIPS BETWEEN "TREATMENT"™ AND "BEHAVIOUR" OF SOIL

The compactlion behaviour of a scll depends on prior processes to
which the solil has been subjected. |f these prior processes are
known they c¢an be used as a basls for prediction of subsequent
behavicour (Koolen, 18977).
The treatment of the soll may comprise a serles of tillage ¢per-
atlons, changes in temperature, changes in moisture content, etc.
In a wuniaxial compressicon test the behaviour of Lexkesveer
sandy loam was tested for repeated compresslons while the soll
was subjected to different treatments between the compresslions.
Cylinders (81 mm In diameter and with a height of 50 mm) were
filied with about 300 grammes of s¢if. The samples were com-
pressed with a hydraulic press at a speed of 2 mm/s up to press-
ures of 1.5 and 4.0 bar.
The test consisted of 4 serles. Each series had a molsture con-
tent range between 10 and 21 percent water content by weight. To

get the same starting position for all cylinders, they were
precompressed at 0.5 bar.
Serles 1: repeated compressions were made with negligible In-

tervals between the compressions. Series 1a was |ocaded
15 times to 1.5 bar; series 1b 15 times to 4.0 bar.

Series 2: the scil samples were compressed to 4.0 bar and there
was a rest-period of 3.5 days. Serles 2a was loaded 5
times to 4.0 bar with a rest-period of 3.5 days be-
tween compresslons; series 2b was l|loaded 15 times to
4.0 bar with a rest-period of 3.5 days after every 3
compressions.

Series 3: the samples were compressed to 4.0 bar followed by a

rest-perliod of 7 days.
Serles 3a was loaded § times to 4.0 bar with a rest-
perlod of 7 days after every compression; series 3b
was l|loaded 15 times to 4.0 bar with a rest-period of 7
days after every 3 compressions.

Series 4: llke 3, but during the rest-pericd the soil sample
was subjected to a drying/wetting cycle. We used the
following procedure during a drying/wetting cycle:
after compression the samplies were dried In an oven at
105 ©C during 0.5 hour. The samples were dried after-
wards during one day at room temperature. After one
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day the samples were rewetted with crushed Ice to the
orliginal molsture content.

The results of these tests are given in Fig. &.1. From these
results we can see that In the dry area {(under 16 % m.c.) salls
do not behave differently as a resuilt of the different treat-
ments. In the molsture content range above 18 % soll behaviour
depends on the treatment.

From the series 2 and 3 we can see that a rest-period between
compressions results Iln a higher compressiblility of the soll,
This can be explalined by the phenomenon of entrapped alr. When a
soll is compressed alr pressure builds up in this entrapped alrt
before the density of saturation |Is reached. This phenomenon of
"entrapped alr" has been mentioned by Faure (1980). When the
rest-period between compressions is long encugh the air pressure
In the sampie wlill return t¢ normal values. During the next
compression this soil can be compressed further than when a rest-
period between the compressicons Is lacking. There is no dliffer-
ence In soll behaviour when the rest-period lasts 3.5 or 7 days.
Series 4 shows less compactlion of the samples (in the range >16 %
m.c.) when they are subjected to a drying/wetting cycle in  the
rest-period. Because of this drylng/wetting cycle this soll part-
ly regains Its resistance to compaction. A clear explanation of
this phenomenon Is difflcult to glve. Swelling and shrinking
processes are not llkely to be the cause because this soll hardly
has a swelllng and shrinkling capacity.

In the field scoll Is exposed to natural forces like freezing
and thawing, and shrinking and swelling as a conseguence of
drying and wettlng respectively.

The results of studies on the persistence of compactlion after
freezing and thawing are contradictory. Krumbach and White (1964)
reported decreased bulk densities on a freezing surface soll of
Celina 1loam In Michlgan, Wittsell and Hobbs (1965) found a de-
crease of bulk density after 1 year of freezing and thawing |In
the 2.5 to 10 cm and the 18 to 25 cm layer of a ccompacted silt
[ocam.

More recent research results tend to disagree with the above
results. In Sweden wheel-Induced scil compaction persisted under
freezlng and thawlng (Danfors, 1874). Mech €t al.(1967) found
that on a compacted silt loam Iin Washington crop yleld problems
persisted over a four-year perfod, even though extreme frost
heaving took place. Njés (1978) found on loam and clay-locam solls
an effect of autumn compactlon on the yield of cereals In Norway.
Compactlions made in spring resulted In signiflicant yleld reduc-
tions even after two years. Blake et al. {1976) noted no change
in bulk density below the plough layer over a nine-year period In
Nicolliet clay loam in Minnesota. Nelither c¢rop nher the soil water
content In the frozen period affected the compacted subsoll.

From these studies we can conciude that 1n the top sotl), freezling
and thawing can reduce soll compaction because of lateral soll
displacements and a small overburden. Compaction in the subseoll
{belcw the plough layer} persists even after freezing.
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Filg. 5.1. Behaviour of Lexkesveer loam In uniaxial compression
tests during different treatments. Series 1 (o), Seriles 2 (4).
series 3 (A ), and series 4 (o ) after 15 lpadings to 4.0 bar.

Shrinklng and swellling, as a result of changes in the molsture
content, depend malnly on the type and proportlion of ¢lay in the
sell. Upon swelling there |Is an Iincrease In soil porosity. After
excessive shrinkage, many cracks are formed In the soil. These
cracks facilitate water Inflltratlion and root penetration. Solls
with a high sand content have a small capaclty for shrinking.
Wetting and drying do not seem to alleviate soil compaction.
Porosities hardly changed in the compacted zone of a silt loam
with a naturally compacted layer (Mech et al, 1967). Van Quwer-
kerk (1968) observed the effect of time and wetting and drying on
soll porosity Iin a sandy lcam. The surface porosity gradually
decreased due to natural forces. Where the subsoil had an artlfl-
clially compacted layer, poroslty did not increase with time.
Vomocli |l and Flocher {(1965) found on Yoio loam (20 percent clay of
which 75 percent montmorlllonite) that had been artificlally
compacted, a perslstance of the compaction effect desplte many
periods of wetting and drying.
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§.2. CHARACTERIZING PRCPERTIES USED IN SOiL SCIENCE

So!l texture

The compactibllity of a soll depends on Its particle size dis~
tribution (Boedman and Constantin, 1965; van der Watt, 1969;
Chancellor, 1978). Statlc compresslon tests show that the highest
compaction  occurs in soils with almost equal amounts o©of the
various particle size classes. An explanation for this has beéen
glven by Bodman and Constantin (1985). Hligh soil compaction can
only be obtained If ccarse sand s present In falr amounts.
Porosities and range of pore spaces tend to be higher tn clay
soils than in sandy solls. Koolen and Kulpers (1983) give credit
for this to "the stronger tendency of clay to form aggregates".

Molsture content

The influence of molsture content on soll compaction Is shown in
Fig. 5.2a. We can see from these unlaxlial-compresslion curves that
for dry sclls porosity continues to decrease at increasing press-
ure. Within the limits of 10 to 19 percent moisture content there
is & strong increase In compactlibillity when moisture content
increases. When the moisture content exceeds 19 percent the
curves have a different shape because the compressed soil comes
near to the saturation llne. Fig. 5.2b shows the relatlon between
poroslity and water content at dlfferent pressure levels., The
curve AB of the figure shows the water-fillied part of the pore

space. The soll can be compacted tc this [Imit only by short
compression actions. | f compression to this Iimlt lasts for some
time water wll! be squeezed cut of the soll.

Amir et atl. (1978) used these data of S&éhne for calculatlions. In

the range ©of 10 to 20 percent moisture content they calculated a
highly signlflcant relaticonshlp between porosity, pressure, and
soll moisture content:

N = Ap - Bplnp - Cplng

where N = porosity (%)
An,Bn, and C, are constants
p = pressure
e =a moisture content (% by volume)

Alr content

Filg. 6.1 and 5.2 show that the compactlion curves do not reach the
saturation line; this |Is caused by entrapped air. DuUuring compres-
slon o©of a soll sample ailr flows cut. Not all alr can escape
freely. Entrapped alir can be compressed. After unloadling the
compressed air may cause a rebound of the sofl.

The Influence of soil alr on rebound will be discussed |In section
7.1.2.

wWhen it becomes possible for the air to flow out completely the
compaction curve touches the saturatlion |ine (Faure, 1980). Dur-

Ing compresslion tests there is a normal amount of entrapped air
of about 5 percent.
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Filg. §.2.a,b. Soll compactibllity as affected by moisture content
(Sbhne, 1858).

Lime content

Proctor tests carried out by Kezdi (1968) and Sommer (1972)
showed a decrease of compactibility if more |ime was added. The
molisture content at which highest compactions occurred also In-
creased. For a clay loam Sommer found that maximum compacticon and
the moisture content at which this is obtained changed by |Iiming
the soll with about 2 percent by volume and 2 percent by welght
respectively. According to Kezdi these phenomena can be explalned
by the change In soill structure caused by liming: water is needed
for hydration and the mobility of ccagulated particlies decreases.

Organlc matter

Organic matter increases soil strength under wet condltlions. At a
low soll molsture content resistance to compaction Is higher In
solls containing a normal amount of corganic matter than Iin solls
contalning a large amount of organic matter. So, during drying,
compaction resistance Iincreases most in soils laow  In  organic
matter (Kuipers, 1958).

Water suction (pF)

Soll water suction In comblnation with saturation degree Is an
impertant soll strength factor. The pF-curve is sensitlive to soll
structure. During compression aggregates flatten at the contact
points and the size of pores between the aggregates decreases.
Fig. 5.3 shows pF-curves of samples from the plough sole and from
the subsoil of Winnigstedt slit loam {Moreno et al, 1874). The
curves at p=0 bar represent undisturbed soll samples. The p=14
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curves represent the same samples after statlc compaction at 14
bar and successlive equlllbration to the different suctlons. These
pF-curves show that, below pF2.4, the water content of the undlis-
turbed samples from the plough sole |Is fower than the water con-
tent of those from the subsoll; above pF2.4 the opposite Is
true.

The curves for p=14 bar are almost equal for the plough sole and
the subscil. Below pF2.4 the statlc compactlion results In a
decrease of the water content; whlle an increase has been found
between pF 2.4 and 3.7. Above pF3.7 statlc compaction has no
effect on the water content.

Kuipers (1966) also found a decrease of water content (by weight)
at pF2.0 after compaction, but after loosening the compressed
soll, the water content at pF2.0 increased to higher values than
before compaction.
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5.3. MECHANICAL PROPERTI!ES

The soil mechanical propertles comprise the geometrical changes
{compaction, deformation, and failure) that a loaded scil volume
element (Flg. 5.4) will show for all possible values of Oy, Op
and 0-3 .

The most Important mechanical properties of l|cad-bearing process-
es are compactibillity, deformability, and reslistance against
shear fallure,

5.3.1. COMPACTIBILITY

The lIcading of soll during soil tillage and agricultural fleld
traffic Is a retatively quick type aof transient loading. There-
fore, we can safely assume that the developed pore-water press-

ures will not have sufficlient time to dissipate and that the role
of water in the soll can be limited to its effect on soll
strength.

5.3.1.1. MEASURES FOR COMPACT ION

Compacticn can be expressed In volumetric properties of solld,
liquid, and gas phases:

Porosity of a soill volume element is the ratio of volume of pores
(water + alir) to the total volume of the element. It Is expressed
as a percentage or as a fraction. Porostty has the advantage of
being dlmensionless and iIndependent of particle denslty. Other
names for porosity are pore space and total pore space.

Vold ratlio (e) Is the total volume of pores dlvided by the total
volume of sollds. According to Karafliath and Nowatzkl (1878) veld
ratio |Is easlier to handle than porosity when the volume of the
sollds remains essentially constant for a given |Initial total
volume of soll scollds whereas with porosity both the volume of
volds and the total volume change.

Dry bulk density (§q ) IS the weight of solids ftnh a2 unlt of
volume. |t Is usually expressed in g/cm:3 or kg/ms. For the inter-
pretation of dry bulk density we need to know the speciflc den-
slty of the solids.

Bulk weight volume (BWV) Is 1/)4 (cm3sg).

The relationships between these guantlities are gliven In Fig. 5.5.
Beslides changes In volumetric guantities compaction Is o¢ften
associated with Increased penetration resistance and changes In
pore structure properties such as reduction of conductivity, dlf-
fusiveness and permeability by water and air.
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Fig. §.5. interrefationships between pore space (F), vold ratio
(e), butk welght volume (BWVY) and dry bulk density (fg)-

§.3.1.2, MEASURING COMPACTIBILITY

The process of sofl compaction s generally expressed |In terms of
stress-straln relationships:

state of strailn = f (state of stress).

The stresses 03, Uz, 03, and thelr directions change during load-
ing:

state of strain = f ( Oi(t) N O'Z(t) + §3(t) ).

After some simplifications (Koolen and Kulpers,1983) this formula
may be wrltten as:

(BWV)g = £ C Tyey - Oacey -

This function can be measured In a trlaxlal test. In a triaxial
apparatus a cylindrical soll sample Is enclosed by a cylindrical
rubber membrane and rigld top and bottom plates (Fig. &.6). The
enclosed sample |Is placed In & rigld transparant cylinder and Is
surrounded by water. The pressure (Q03) In this water can be
measured and regulated. Through a loading ram on the top-ptate
can be changed and measured. By varylng 037 and U3 every desired
combinatlion of stresses can be examined., Trlaxlal tests show that
at any moment BWYV 1s only determlined by Uy and J3. So the formula
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can be written as:
BWY = f (07,03).

By definlitlion Oy = 1/3 (0y +02 + ga) and Tyax = 1/2(07 -03).
Substitutlon results In an other function:

BWV = F (o-m,Tmax)-

For a partlcular soll at & particular molsture content both f and
F can be determined.

In the (Up., Thmax,BWV) space the compaction surface can be
represented as BWV = F (0, Thax): F can be determined from a
series of triaxial tests with different paths of &7 and O3.
During such measurements the compressive stresses can be separ-
ated from shear stresses. When 07 is kept equal to 03 then Thay =
0; Increase of U7 and decrease of U3 can be regulated in such a
way that O, stays constant. At a certaln moment |t appears that
U7 does not increase any further with further ram movement, and
at the same time sample volume and, therefore, BWY do not change
anymore., This slituatlion Is called "critical state". In critical
state distortion contlnues at constant O, Tphax and BWV. Along
the critical state |Ine, Thayx/Oy is constant. This behaviour Is
described In the "critical state scoil mechanics" (CSSM). CSSM has
been developed at Cambrldge by Roscoe and colleagues and has been
described by Schoflield and Wroth (1968). There is evidence that
CSSM can be applied to unsaturated agricultural soils {(Kurtay and
Reece (1970); Hettlaratchl and Q’'Cailaghan (1980)).

Trlaxlal measurements of critical states can be found |n Balley
and VandenBerg (1968), and Kumar and Weber (1974).

ram applying 07,

e
NI T top plate
\ ;%i:t\ PP
N8k 2]
\ oyt —— rubber membrane
e =N
—- ~e=1] water
— —— —
§ N .
- = soil sample
= =
N — 3 g \ \
| it A DVF O-ring
§ I |
N «— water under
b
////// pressure applying U3

Flg. 5§.6. Triaxlal apparatus.
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In the (BWV, 0%.03) space the compactlon surface can be repre-
sented as BWV = f(oﬁ, O3).
Compaction caused by agricultural activities will be along the
surface f between the critical state Ililne and the IIne for com-
pactlon at a constant diameter of the sample. For a number of
constant values of 0g/07, f was calculated from the functions F
published by Balley and Vandenberg, and Dunlap and Weber. From
these calculations, made by Koolen and Kuipers (1983), and Koolen
and Vaandrager (1984), we can conclude that 03 only has [ittle
Influence on the major principal stress-pore space relationshlip
(see Flg. 8§.7).
In agricultural operations (Fg3/0y generally is 0.5 (Koolen, 1974).
So so0il compactlibll |ty can be represented by a relatlion between
T and deqree of compaction. For this no triaxal test |s needed;
unlaxial compression |8 sufficient.
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Unlaxial compression test

During a unlaxlial compression test (see Filg. 65.8) a soll sample
in a rigld cylinder Is compacted under a downward moving plston.
Thne stress on the plston and the sample volume are recorded
continyously. Generally the plston moves gradually downward at a
constant speed. The ratlo of sample height to sample dlameter
should be rather small to keep the friction between the cyllnder

wall and the soil negligible. A suitable ratio can be found from
the formula (Koolen, 1874):

On (D/h) - 2Ktand
e (D7h) + 2Ktand
where: (¢ = mean normal stress on top of the sample
Ob = mean normal stress at the bottom of the sample
D = inner dliameter of the cyl |Inder.
h = actual helght of the soll In the cylInder
tand =

coefficlent of frictlion between the cyllinder wall
and the soll

K = 0a/07 In “Ideal" unlaxlal compression, without
wall friction. tn general K = 0.5,
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Load-sinkage relation-
ship In an uniaxial compression
test with repeated loadings and
unifoadings (S6hne, 1952).

Flg. 5.8. Unlaxlal compression Flg. 5.9.
test.
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5.3.1.3. THE INFLUENCE OF REPEATED LOADING, LOADING SPEED, AND
VIBRATIONS ON COMPACTIBILITY

Repeated loading

Agricultural fleld trafflc is a process of loading, and several
unloadings and reloadlngs.

In uniaxial compression tests the path of unioading and re-
loading, In a pressure — slnkage relationship, shows a hysteresis
effect (see Fig. 5.9). Such hysteresis effects were found by
S6hne (1951,1852,1958), and Yong and Warkentin (19€6,1975). This
hysteresis effect occurs Inh many materials; Nadal {(1950) shows
the same effect in metals.

After reloading the sample behaves |In the same way as it would
have done If the last (re)lcading was continued without un-
loading.

A uniaxlal compression test with several cycles of unloading and
reloading shows that compagtion continues. Every relocading re-
sults In extra compaction. This extra compaction decreases with
number of locadings. S8hne (1956) found that further compressibil-
ity was stlll| possible after 10 reloadings with noc rest-period
between the unlocading and the next reloading (see Fig. §.10).

In the fleld there Is generally a rest-perlod between successive
reloadings. During this rest-period the s¢ll ¢an regenerate. | f
there Is entrapped air In the soil during lcading, the alr press-
ure can equalize In the rest-periced. Durtng the next reloading
the s0lil can be further compressed than when the rest-perlod Is
negliglible (see Section §.1).

I1f there 1s a dryling-wetting cycle during the rest-perliod the
compressibility of the soll Is lower (see Sectlion 5.1). Durlng
our measurements we found sti!!l additional compaction after 15
re-toadings.

Rebound

A toaded soll sample w!il rebound when the sample Is uniocaded. A
rebound has two components: elastic recovery and creep. Elastic
recovery occurs immediately at unlcading. Creep increases with
time {(see Flg. 5.11).

Elastic recovery depends on soll type, seoll density, and meisture

content. In soil samples where alir was entrapped during loadling
we found an Increase Iin elastic recovery (see Section 7.1.2).
Creep veloclty decreases with time. Creep values can well be

higher than elastic recovery.
We found that rebound can decrease bulk density up to 0.1 g/cma.

Loading speed

in uniaxlal compression tests using Lexkesveer loam, we found nho
difference in compactiblillity between |padling speeds of 0.25 mm/s
and 3.0 mm/s. S&hne (1953a) found a difference in pore space of
about 0.5 % between load|Ing speeds of 20 mm/s and 120 mm/s. These
speed effects, measured in unlaxial compression tests, are much
lower than those found in the field under rollers and tyres; see
Baganz (1963/1964), Abaoba (1969), Sitkel and Fekete (1875},
Steinkamp (1975), and Karczewskl| (1978).
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Vibrations

Vikrations can cause compaction in two ways: by means of stress
changes and acceleration effects (Wu, 1971).

Stress c¢hanges due to vibrations, can compact s¢ll In the same
way as repeated loadings do. There are hardly measurements known
about the compacting effect of stress changes due to vibrations
under machinery with pneumatic tyres.

Compactlien by acceleration can occur when the upward acceleration
af soil particles, caused by vibrations, exceeds the acceleration
of gravity; soil particles have the cpportunity to fall freely
and become very densely packed. This effect will only occur in
solls with negligible cohesieon. The acceleration effect Is used
to advantage In hlighway construction and underwater foundation
constructions |ike the "Oosterschelde-dam" In the Netherlands.
We know that crawler-tractors can highly compact sandy solls.
Further research Is needed, before we can make statements onh
vibrating effects of agricultural machinery with pneumatic tyres
on compaction.

5.3.2. DEFORMAEBILITY

The Ioading of soll by tyres, wheels, and rollers |s generally
accompanied by soll defoermation. The degree of deformation de-
pends on the load, molsture content, sol!l density, and loadling
speed,

Soil deformaticon occurs In a vertical plane A through the tyre
center In the dlirectlon of travel. The changlhg positlon of
polnts at the seoil surface in this plane were observed in soll
bin investigations. During these tests the vehlcle parameters
(tyre, lpoad, speed, inflation pressure) were kept constant. The
soil conditlons were varied in a broad range. Flg. 3.17 shows
horizontal displacement of polnts at the soll surface Iin plane A
versus the accompanying vertical displacement (sinkage). After
two runs with a towed tyre we could see that large sinkages were

accompanied by large horlizontal displacements at the soll sur-
face.

For driven tyres the displacements are backwards because of tyre
slip. At nermat pull there Is 15 - 20 % siip. This means a

backward movement of about 0.25 m for the present tractor tyres.
These movements decrease wlth depth.

In another vertical! plane B, through the tyre center and |Its
whee!| axle, there is also soii deformation. In wet or dense solis

deformation will take place at constant volume and soil! will
bulge beslide the tyre. Under drier or looser condltiens the
deformation will be accompanled by compaction and there wll}! be

little or no bulging beside the tyre (Kulpers, 1970).

Fig. &5£.12 shows two cross sections of our scil bin tests. Fig.
5.12a shows plane B for a dense soil after one and two tyre
passes. There Is no bulging. Flg. &.12b shows bulging In a
softer solil.

An elementary treatment of deformation has been glven by Koofen
and Kulpers {(1983).
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{a]l Lexkesveer

moisture content:17.06%
pore space: 459 % first pass

-2.5cm

{b) Schinnen

moisture content: 26.53%
pore space : 471%

original surface

’ T
Fig. §.12. Cross sectlons of ruts formed by a 7-12 tmplement
tyre with an axle load of 4874 N. The area above the origlinal

surface Is bulged because of the action of the tyre.

65.3.3. RESISTANCE AGAINST SHEAR

According to the well-known law of Coulomb, shear stress at
fallure (T§) Is composed of a cohesion and a friction part:

Tf=c+ O‘tany’

where, T¢ = shear stress at fallure
¢ = coheslon

g = normal stress on the fallure plane
f = angle of Internal frictlion.

For tyre-sol! studles not only shear strength T} s impartant,
but also the whole shear deformatlion process.

Shear deformation proceeds as fol lows: with Increasing shear
stress elastic and plastic deformation occurs first until maximum
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plastic deformatlion has been achleved and then shear fallure
planes are formed. At thls polnt shear stress has Its maximum
value: shear strength T}. After this polnt shear stress decreases
and reaches a residual level due to soil-to-soll frictlon.

Fig. 5.13a+c show schematlc shear deformation curves for (cohe-~

slonless) sand and coheslve natural soil. Flg. 56.13b+d show
Coulomb’s law for these examples in graphs. The shape of the
stress deformatlon curves depends on soll type, bulk density,
(al (b}
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Fig. 5.13. Shear stress - shear deformatlon relationships for

pure sand (&), for cohesive soil! (¢), for coheslive soll under
different conditions (e), and at different shear areas (f).
Coulomb‘s lines for pure sand (b) and for cohesive sol! (b).
(Sbhne and Stubenbbck, 1978)
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moisture content, and the area of the shear falflure plane. FlIg.
5.13e shows schematically shear deformatlon curves for dry, lcose
and dense, coheslve soll with equal molsture content and for dry
and wet cohesive soils of equal denslty. For dense, cohesive soll
with a moderate molsture content shear deformation curves are
glven at two dlfferent areas of shear planes (Fig. 5.13f).

§.4. CHARACTERI|ZATION PROCESSES

During passing of a wheel the state of stress and straln varles
continuously. This makes |t very difflcult to relate the process-
es to speciflc mechanical properties. Research workers therefore
often use simpler but comparable processes induced by measuring
devices as a method of characterization. A probiem wlth thls
method of characterlizatlion is that there are many different tests
In common use. In sectlon 5.4.2 results of comparisons of differ-
ent methods are shown and discussed. It is clear that iif two
tests are highly correlated It Is enough to use one of them to
characterlize soll behaviour.

Cone penetration tests

With a cone penetration test resistance to penetration, as a
composite soil property, can be measured and described rapldly
and In sltu.

This test glves no speclflc soll values such as angle of frilec-
tlon, coheslon, or coefflclient of soil-matal friction. Because
the results are Influenced by the cone type and method used, a
standardizatlion of cone type and method |Is needed for comparing
measurements.

A wldely accepted cone penetrometer Is the one standardized by
ASAE (Fig. 5.14). ASAE Standard $313.1 {(Hahn et al., 1984) spec-
ifles two standard 30 degrees cone slzes (20.27 and 12.83 mm base
dlameter) wlth &a smooth finlsh (83 microlnches maximum) and a
penetration veloclty of 30.5 mm/s.

Cone resistance |Is usually expressed as the quotlent of penetra-
tion force and the base area, called cone index (/). Cone base
slze should always be stated.

C! strongly depends on many factors other than bulk denslty. The
most Important of the factors are soll molsture content, type of
soll, and pore space. Chancellor (1976) gives examples of rela-
tionships between C/ and dry bulk denslity obtalned by several
Investigators. . in these examples the relationshilps vary from
almost 1inear to strongly curved. Chessners et al. (1972) show
that aven when the same soll and the sama moisture content are
used the relatlionshlp between £/ en bulk denslty can be different
for soll compacted In the laboratory and soil compacted In the
field.

Despite its |I|Imltatlions C/ Is frequently used for comparative
Indlcattons of scll condltlons because of the ease and rapldity
wlith which numerous measurements can be made, With the newly
developed electronic recording hand-held pehetrometer which can
be I[lhked to a programmable calculator, C/ can be measured more
eas|ly stiil.
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Fig. 5.14. ASAE standard cone penetrometer (Hahn et al., 1984).

Torsional shear tests

These tests may be grouped according to the type of shearling
device, namely vane, annulus, cylinder, or plate wlth grousers
(Flg. 5.15}).

The vane shear test is a quick test that can be carried out below
the soll surface. The helght to dlameter ratio Is normally be-
tween 4:1 and 2:1 (Karafiath and Nowatzkl, 1978). An annulus wlth
grousers on the bottom (Bekker, 1969) can be pressed Ihto the
s0l | surface, ioaded vertically and rotated. A miniature annulus
shear test Instrument is the "Torvane" made by Solltest Inc. (NN
1971).

{a) {b) (c)

(d}
@

Flg. 5.15.a-d. Torslonal shear devices.
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A shear annulus of two concentric cyllinders with radial grousers
has been shown by S4hne (1953b), and Dwyer et al. (1974b).

In all torslional shear measuring devices for field use there is
uncertainty as to the actual plane of shearing.

Falfing welght

To measure the response of soll to vertical impact we used a
falling welght., The soll measurement s the depth of a hole
formed by a cyllindrical iron weight (10 kg, 99,1t mm dlameter},
which was allowed to fall freely onto the scoil surface from a
height of 1.0 m. To prevent the welght from tilting as it col-

lided with the so6ll| surface, it was dropped through a perspex
pipe having an Inside diameter of 99.8 mm, whlch was placed on
the soll surface. The plpe wall was perforated to prevent a

bulld-up of alr pressure In front of the falling welght.

§£.4.1., COMPARISON OF DIFFERENT CONES

Important aspects of a cone are the base area, the cone surface
roughness, and the tip angle.

Two base areas have been standardized: ASAE(A) with a 3.23 sg.cm
and ASAE(B) wlth a 1.39 sq.cm base area. The area of the A-type
Is a facteor 2.5 higher than the one of the B-type. In soll bins
we measured penetration resistance with both cones, from § to 15
¢m depth. Each soll biln was prepared In such a way that a very

200
2N
w
<
(7]
< 150+
[\F]
2
3
[ =4
S
= 100+
£ ASAE (A} =1.889 ASAE (B)-1.148
[ .
a r =0.99
50 1
0 : . : : : , .
a 50 100 150 200 250 300 N 350

penetration force ASAE (A)

Fig. 5.16. Relatlonship between penetration force measured wlth
ASAE(A) cohe and ASAE(B) cone.
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unlform solil condition was achleved over the whole bin. We exam-
ined flve soll types (see Table 5.1) whose water content and
porosity we had varled. The measurements show (Fig. 5.168) that
the vertical force of the ASAE(A) cone was a factor 1.9 higher
than the one of the ASAE(B)-cone. So €/ decreases with increasing
cone base area. Schothorst (1974) found the same effect for cones
with a 80° tip angle, To avoid confuslion It |Is desirable to state
the size of the cone used.

Gl (1868) shows that teflon coated cones have fower C/ values
than steel cones. Therefore, it Is advisable to use standard
cone-roughness and materlal: A|S| 416 stainiess steel, machlned

to a smooth finlsh (62 microlnches maximum).

The use of a 30° cone tip angle |Is widely accepted. Qccaslonally,
however, cone measurements with other angles are reported. To
give an indicatlon of the Influence of the cone tilp angle on the
results of cone Index measurements and to promote the use of a
30° angle In The Netherlands, TIlJInk and Vaandrager (1983) meas-
ured C/, averaged over the layer between 5 cm and 15 cm depth,
with tip angles of 159, 30°, 609,809, and 180° (a!l with the same
base area), on 67 dlfferent agricultural flelds. Each coneg index
value was the mean of flve measurements. The measurements showed
signlficant differences In C/ values at dlfferent tip angles. The
C! values at a 30° tip angle were significantiy the lowest. For
each fleld the mean of all cone index values, (rrespective of tip
angle, was calculated and called the overall cone Index. The
results have been presented In a graph glving C//(overallC!) as a
function of the tip angle to which C/ applles (Flg. 5.17). The
standard deviation of C//{overaliC/} at a given tip angle was, on
the average 15 % of the mean value at that tip angle, and was
minimal (9.7%) at 30°. This variablllty Is malnly due to the
heterogenelty of each fleld: standard deviations within each set
of flve single measurements ranged from 7 % to 20 % of the mean
of the flve measurements.

cl
averall CI

0 15 30 60 90 180
cone tip angle,degrees

Fig. 5.17. Relatlonship between cone tip angle and Cl/overall C/
(TiJink and Vaandrager, 1983).
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Koolen and Vaandrager(1984) replaced the C//{(overaliC/) scale by
ct/ct at 309. With this curve (Flg. 5.18) It Is possible to
"translate" cone measurements at unusual tip angles into 30° tip
angle measurements.

Desplte the possibllity of converting cone |ndex measurements at
an unusual base area tip angie Into standard C/ measurements, It
s better to use a standard cone.

Far Interpretation of C/ measurements the cone type (the base
area and the tip angle) and the units In which C/! is expressed
should always be mentioned.

‘g 27 183
s 15
= 106 5
3, &0
o . . . : .
0 15 30 60 90 180

cone tip angle,degrees

Flg. 5§.18. Graph to transform C! at cone angles other than 30°
Into Ci at 30° cone angle (Koolen and Vaandrager, 1984).

5.4.2. COMPARISON OF CONE PENETROMETER, MICRO-PENETROMETER, VANE,
AND TORVANE

To Iinvestligate ¢the relationships between characterization
methods, based on different processes, four different tests were
carried out In 15 differently prepared soll bins. In each bin

saolil bulk density, water content, and pore space were very homo-
geneous. We wused five soll types (see Table 5.1) whose water
content and poroslity we had varled as Indicated In Table 5.2.

Cone penetration resistance was measured with a spring-type hand-
operated penetrometer whlich recorded cone reslistance as a func-
tlon of depth. The cone used was a ASAE standard cone A with a
tip angle of 30° and a base area of 3.2 cm2. The mean cohe |ndex
(C!) was calculated as the quotitent of the mean reslistance over
the 5 to 15 cm depth layer and the base area of the cone. In each
bin ten single cone penetration measurements were made. Each

value mentioned In table 5.2, is the mean of ten single C/
measurements. Micro-penetrometer tests were carried out with a
"Solltest"™ pocket penetrometer (N.N. 1971). In each bln tests

were carried out ten times, Torsional shear tests were carrled
out with a "Pllcon"dlrect-reading hand vane tester (Serota and
Jangle,1972) wlth a 33 mm dlameter shear vane and with a "Soll-
test Torvane” micro-annulus shear test Instrument (N.N. 1971).
Both shear tests were carrled out ten times in each soll bin,
Table 5.2. shows the data of the measurements.
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Table 5.1. Soil description.

Molsture
sSoll % of minerals % of soll PHko| econtent
at pF2
{100 cm
<2 2-184 18-50f Humus CaCo3 suctlion),
%
wWageningen
sllity clay loam, 36 27 21 2.3 3.3 7.4 27.3
Lexkesveer loam, 15 12 17 1.6 10. 4 7.2 20.2
Schlnnen
silt loam, 17 14 57 2.1 2.9 7.2 27.2
Ede sand, 3.6 2.5 4.5 3.6 - 4.4 17.4
Almkerk
silty clay. 40 24 24 1.2 0.1 6.8 26.9
Table §.2. Measuremants of solfl characteristics
Bin sSoll* MC P o] ciM sy 52 T
NR. % vol.% (kPa) (kPa) (kPa) (kPa) (kPa)
1 L 16.96 43 .1 782 1.28 3.4 4.8 22.4
2 L 17.16 40.4 833 1.69 4.3 8.1 25.8
3 L 20.18 39.7 497 0.84 2.7 3.7 26.7
4 A 24.79 53.4 539 0.78 3.3 4.8 22.7
5 A 24 .47 48.1 761 1.17 5.4 6.9 40.0
6 A 26.66 46.1 532 0.75 3.9 4.8 30.5
7 W 22.85 52.4 700 1.18 4.0 5.7 25.6
8 w 23.12 48.5 870 1.83 8.6 9.5 44.9
9 w 27.58 48 .2 438 0.58 3.1 3.8 25.3
io S 19.786 47.5 779 1.13 3.4 4.6 18.0
1 S 20.05 42.8 1122 2.01 5.0 6.9 26.3
12 S 26.83 42 .7 237 0.23 1.1 1.8 12.4
13 E 18.47 4.3 821 1.32 3.0 4.1 12. 8
14 E 16.24 44 .1 996 1.64 3.8 5.7 13.2
15 E 19.24 45.9 696 0.93 2.2 3.8 12.3

*: soll type (sea Table 5.1)

MC = molsture content by welght

P = poroslty

C! = cone Index measured with ASAE type A

CiM = cone Index measured with Mlcro-penetrometer
S¢ = shear strength in the 0 - 4 cm layer

82 = shear strength in the 3 - 7 cm layer

T = Torvane shear strength.
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By means of Il1inear regression analysis, the correlation coeffi-
clents (r) were determined between the s0ll characterlistlics: cone
Index (C!), mlcro-penetrometer cone Index (C/M), vane shear
strength In the O - 4 cm layer (54}, vane shear strength over the
3 - 7 cm iayer (Sz), and Torvane sirength (7). See Table 5.3.
High correlation between two tests means that it |1s enough to use
one of the two tests to characterize the soll conditions. At a
low correlatlon between two tests the second test gives extra
Information about the soll condition. We can conclude that for
laboratory samples |t is enough to measure C/ and T, or C/M and
T. |In the fleld the best measurements are ¢! and Sp. Because of
the enormous varlations In the 0 to 1 cm top layer C/M, T, and 5y
are less usefuyl.

Table 5.3. Correlation coefficlents (r) showing the |lnear rela-
tionship between soll characteristics.

Ct - CiM r = 0.98 Sy - Sp r = 0.98
cl - 8y r = 0.83 Sy - T r = 0.83
ct - S, ro=0.71 $p - T r = 0.75
cl -7 r=o0.14
CIM ~ Sy r = 0.73
CiM - Sy r = 0.81
CiM - T r = 0.30

e e Y o8 T —— 8 Sy T ot M S o o T o i S oy W e o B e

65.4.3. RELATIONSHIPS BETWEEN CONE-PENETROMETER, SHEAR VANE, AND
FALLING WEIGHT

In our soll bin Investigations, aimed at predicting the rolilng
resistance of a wheel, the depth of the rut, and sol!l compaction,
we used the following solil characterization tests: cone Index
(C/), vane shear strength (Sp), depth of hole formed by a falllng
weight (D), and cone Index measured In the hole (C/g). See Fig.
5.19. To predict the behaviour of the wheel-soll system at the
second wheel pass we also measured C/, D, and Sz in the flirst
rut.

Between C/, Clg, D, S we found the linear correlation coeffi-
clents shown In Table §.4.

la} l (b) {c] 6} (d) l

Flg. §.19, Soill measurements: a) cone reslistance; b) shear by
vane; ¢} depth of hole formed by a falling welght; d) conhe reslis-
tance below the hole formed by a falilng welght.
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The comblnatlion of C/, Clg, and D proved to be sultable for
predicting rolllng resistance, soil compactlion, and ruth depth In
the first and second pass of a wheel (see chapter 6.2.2).

Tabie 5.4. Correlation coefficients (r) showing the relationship
between the d!fferent soll characteristics used.

cl - Ctg r= 0.96
c! - D r = =0.78
crH - 38 r = .36
Cl¢- D r = -0.75
Cff—- Sz r = 0.95
D - S r = -0.73
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CHAPTER &

RELATIONSHIPS BETWEEN SOIL CHARACTERISTICS AND PROCESS ASPECTS
AND THEIR SUITABILITY TO PREDICT PROCESS ASPECTS

It Is useful to predlict certaln aspects of the processes Ilnvolved
In agricultural fleld traffic. It Is particularly useful to
predict required pull {rolling resistance), compaction, and rut
depth.

To predict a process, we need data on the characteristics of the

wheel, the behaviour of the wheel, and the soll. Data on tyre
characteristics and the kinematic and dynamic aspects of tyre
behaviour are dlscussed in sectlons 2 through 4. Soll charac-

teristics concernling toad-bearing processes are discussed |[n

sectlon 5.

Two general catagories of predictlion methods can be distinguished

{Koolen, 1977):

a) methods that are mainly based on observations of relationships
between characterlstics and process aspsects and

b) methods that are mainly based on khowledge of the mechanlsm of
the process under conslderation.

The flrst category Is the most important and may be dlivided Into:

comparative methods and methods using empirical formulas or

graphs.

A method from the second category Is called exact when thils

method uses a hypothetlical mechanism almest equal to the mechan-

ism that Is simulated. When thls Is not the case, the method Is

called approximate.

6.1. COMPARATIVE METHODS

These methods start with the assumption that a tyre-process
aspect y depends on characteristics xy,..... »Xp Of soll and tyre
which can be expressed by the followlng formula:

y = f (Xq,..... 2 Xnd,
Where, f Is the way y depends on Xjy,....,Xp.
Even when f Is unknown these methods can be used because a once
observed value y at certain values of x4q,...,X5, WIill be found
agaln when the same values of x4,....Xn occur again. Thls means
that soils which have equal soll mechanical propertlies will show

edqual behaviour In the s¢ll-wheel process.
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Rolling reslistance as process characteristlic depends strongily on
the soll mechanical property known as cone |ndex (Cl/}. Table 6.1
shows examples of the same rolling resistance at equal cone index
values. These examples are from the Investligations reported In
6.2.2.1.

Table 6.1. Equal behaviour at equal soli mechanical properties.

Sol | pore space motsture cone Index Ry Ro

(%) content (%) {MPa) {N) (N)
Schinnen 47.8 17.97 0.95 225 221
Wageningen 42 .2 16.98 0.90 223 221

Ry = Rollling resistance in the first pass
Rp = Rolling resistance In the second pass

§.2. EMPIRICAL METHODS

These methods use emplrical relationships, formulas, or graphs.
It Is assumed that a process aspect y |s dependent on character-
Istics Xq,....,Xpn:

Where, f represents the way In which y depends on Kqseoons v Xn -

The predliction function f is known to such an extent that y can
be calculated for any arbitrary values of x¢,..... Xp (within
certaln Iitmits).

Methods that use relationships between soil characteristics and
process aspects are not intended to be dimenslonally correct.
These methods only try to find relationships that can be used for
predictlion purposes. Section 6.2.2. deals with these methods.
Emplirical methods based on dimenslonal analysls use retlatlonships
between soll characterlistics and process aspects as well. The
main dlfference, compared to the methods from 6.2.2, is that
attempts are made to formulate dimenslonally correct prediction
functions.

6.2.1, EMPIRICAL GRAPHS

Examples of empirical graphs are presented by Zoz (1972), and
Witney and Oskoul (1982).

Zoz (1972) presents a chart that may be used to determine the
expected drawbar horse power, travel speed and travel reduction
aof any two-wheel drive tractor under varlous soil conditlons.
This graphical solutlion Is based on average tyre performance for
single tyres on four surfaces. Three welght transfer coefficlents
are used for each soll type. This predictor does not require
actual tractor specificatlons such as tyre slzes, tyre Inflatlon

106



|

pressures and front-axle load. Only a reasonable relationship
between tractor weight and tyre size is necessary. Therefore, the
accuracy of predictlion will generally not be very high.

At the Edinburgh School of Agriculture a ploughing performance
predlctor nomograph has been devised by Witney and Oskoul (1982}.
This chart, one of the results of a flve-year research programme
on tractor power selactlon for ploughling, elimlinates laborious
calculations to find the most efflclent tractor/plough combina-
tlion for any speciflc conditlons, The predictor uses three plough
body types, three compactlion levels of the top layer, six soil
types, three tractlon effliclency levels, and several possiblli-
ltles of depth of cut, width of cut, and drawbar power.

The chart can be used in several ways. It shows the work rate
obtalnable and the sensitivity of the power requlrements to
changes In the various characteristlcs of a particular pilough.
Specific |tems such as the best plough type, travel! speed and
best working depth can be selected by trial and error. In agril-
culturai fleld practice this chart can be used to examlhe the
existing ploughing procedure. This predictor Is most accurate
when the soll moisture content is close to fleld capaclity and the
compaction level agrees wlth the one of medium |loam solls.

6.2.2. EMPIRICAL METHODS USING RELATIONSHIPS BETWEEN SOIL CHARAC-
TERISTICS AND PROCESS ASPECTS

The main characteristics of a towed tyre-soil system are rolling
resistance of the wheel, depth of the rut, and scll compaction
caused by the wheel., The numerlical value of these characteristics
depends not onty on tyre parameters, such as slze, vertical load

exerted by the wheel on the soll, inflation pressure, and forward
speed, but also on propertles of the soll. A wide range of me-
thods to predict the value of these characteristics from tyre
parameters and soll properties are mentioned In | lterature.

Usually, these methods are intended for a range of tyre slzes,
vertical l1oads and Inflation pressures. Very often, verliflicatlion
of predictlions Is |Imited to one or two typical soll types whose
poroslty and moisture content were almost always constant. More-
over only a slngle characteristic to express soll propertles
(e.g., cone Index) or a comblination of very few soll character-
Istlcs selected a priorl are used.

In the investigation presented In this paragraph, tyre parameters
were kept constant, and soll types and condltlons varled con-
slderably. DIlfferent measurements of soll mechanical propertles
were carried ocut to predict rolling resistance, rut depth, and
compaction under a wide range of soil conditions for the particu-
lar tyre parameters tested.

In these tests, the soll was moving instead of the wheel axis.
The wheel was suspended In a rigld frame that had been bullt over
a set of fixed ralls. Soil bins had been pirepared In a separate
building and were transported to a carrlage which could be pulled
along the ralls by an etectrically-powered cable winch. The
linear dimenslions of the tyre tested were about half of those of
current agricultural traller tyres. The depth of the soll In the
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Ry = 204.ci-1.42 with r=0.98 (for all bins) [6.3]

Ry = 206.ci~1-42 with r=0.99 (for all blns except Ede Sands).
[6.4]

The two measuring programmes together result In:

Ry = 203.cs=1.43 with r=0.97 [6.5]

Thls analysls shows a high degree of correlatlion between C/ and
Ry in flve solls and under a variety of soil condlitions. Under
all forty-two soll conditions the wheel parameters were kept

constant. The slightly dlfferent behaviour of Ede Sand Is in |lne
with the fact that cone Index readings for these Dbins differed
from the readings for the other blns (see Tljlnk and Koolen,
1985).

Tyre vrollling reslistance in the second pass (Rp) correlates well
with C/, Clg, and Clp:

For Almkerk, Lexkesveer, Schinnen, and Wageningen solls:

Rp = 161.¢/~1.20 with r=0.92 [6.6]
Ry = 181.Cig~1.32 wlth r=0.96 [6.71
Ry = 208.c/,=1.23 with re=0.97 [6.8]

For all examlned sofls:

Rp = 157.cy1.21 with re0.92 [6.9]
Ry = 1756.C15~1-34 it

2 . § with r=0.95 [6.10]
Ry = t198.c/,~1.23 with re=0.94 [6.11]

Where, Ro = measured rolting resistance in the second pass (N)
ci = measured cone Index prior to the flrst pass (MPa)
Clg = cone Index measured In the hole formed by a falling
welght (MPa); see chapter 5.4,
C/lyr = cone index measured In the rut prior to the sec-
ond pass (MPa).

For all solls the highest correlatlon was found between Ap and
Cfg (Flg. 6.3). In attempts to find Ilnear relatlionships between
the wheel system and sol| characteristics, the followlng derlved
values were trled:

1/ci2

1/C142

Cig.D2,




Moreover, multiple regression was apptied.
In the flrst pass the best linear relationships for rolling
resistance were found wlth 1/7¢i2 (Flg. 6.4):

Ry = 109 + 96.1012 (1/Ci12) with r=0.98 [6.12]

In the second pass 1/C!f2 correlated siightly better with Rp
than 1/C12:

Rp = 98 + 82.1012 (1/C1.2) with r=0.96 [6.13]
Ry = 89 + 85.1012 (1/¢c12) with r=0.93 [6.14]

Flg. 6.5 shows the relatlionship between 1/le2 and Rp.

We can see from this investigation that In a wide range of
soils and soll conditlons, there is a high correlation between
cone Index and tyre rolling resistance. We may conclude that
rolling resistance can be predlicted accurately in uniform solls.

141
MPa{ * all dots:R,=175-C1; 134 (r z0.95)

1.2
closed dots only:R2=181-CIf°1~32 (r=0.96)
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Flg. 6.3. Rolling resistance In the second pass refated to Clg.
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6.2.2.2. RELATIONSHIPS BETWEEN SOIL CHARACTERISTICS AND SQIL COM-
PACTION DUE TO WHEEL ACTION

In the investligatlions dlscussed above, soil compaction due to
wheel action was also measured. Dimenslons of the rut left by the
tyre and changes In surface helght near the rut were measured
with a proflle gauge consisting of a row of 51 vertical needles
each set 10 mm apart. The row of needles could be placed above
the soil perpendicularly to the directlion of wheel travel, so
that the shape of the surface under the row could be measured by
lowering the needles untll they touched the sol| and by measuring
the slinkage of all needles. The measurements were taken at a
fixed place In the bin before the flrst and after each tyre pass,
and were presented graphlcally. We determined the difference be-
tween the inltial surface area of a vertical ¢ross sectlion of the
bln and the surface area of the cross sectlon after each tyre
pass from these Jgraphs. The d|fference |Is equal to the area lost
Ih compaction due to wheel actlon (see Flg. 6.8).

Data on soll compaction and soll properties were analysed.
Hligh correlations were found between soil| compactlion and the seoll
characteristics C/.D2 and CIf.Dz:

A,y =-68.9 + 0.18cs.D2 r=0.94 [6.151
Apgy = -8.3 4+ 0.13¢c1;.02 re0.97 [6.16]
A A142 = -8.2 + 0.21C1.D2 r=0.85 (6.171]
A pis2 = -4.8 + 0.18¢14.02 r=0.95 {6.18]
where, A Al = 8¢l compaction In the flrst pass_expressed as
the cross-sectlional area lost (cm?).
A « soll compactlon In two passes expressed as
Al+2
cross—sectlional area lost (cm2)
o] = measured cone |ndex (MPa)
Clg = cone Index measured under holes formed by a
falling weight (MPa}
D = depth of the hole formed by the falilng welght

prior to the first pass {(mm).

With eguatlions 6.158 and 6.17 soil compactlion was calculated.
Figures 6.7 and 6.8 show the relationships between measured and

Fig. 6.6. Decrease of soll! area in a vertical cross section of
the rut, due to compaction of soll by the whee!. This decrease
equals the dotted area minus the sum of the hatched areas.
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calcuiated soil compaction. From this It seems that soill compac-
tion due to wheel actlion can be predicted satisfactorily from the
soll measurements C/, C/g, and D.

Sometimes It Is thought that rut depth Is a measure for soll
compaction (Boels, 1978). Anh analysis of data on rut depths and
soll compactlions showed a peor relatlionship between these charac-
teristics (see Flg. 8.9). This poor correlation |s due to the
buliging of soll beslide the rut. For the wheel passes with negll-
gible bulging, high correlations (r=0.99) between rut depth and
soll compaction were found.
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Flg. 6.9. Relatlonship betwesen soll compaction In cross-sectional
area Iost due to wheel! action in flrst pass, AA,, and In first
and second passes, AA1+2. and rut depth after first pass, dy, and
after second pass, dp.
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6.2.2.3. RELATICNSHIPS BETWEEN SOIL CHARACTERISTICS AND RUT
DEPTH

Accurate preadictions of rut depth are not known from |[[terature.
In our Investigatlions rut depth was measured in the centre of the
rut as the d|fference between the initlal soill helght and final
soll helght.

The use of relatlively |ndependent soll characterlistics C/! and D
resulted in good predictions of rut depth:

dy = -0.85 + 2.85C/~2 4+ 0.028D2 r=0.98 [6.19]
dg = -0.01 + 5.01C/~2 + 0.018D% r=0.99 [6.20]
where, ¢y = rut depth after the first pass (mm)

dg = rut depth after the second pass (mm)

Cl = cone |ndex prilor to first pass (MPa)

D = depth of hole formed by the fallling welght prior

to the flrst pass (mm).

Fig. 6.10 and .11 show the retationships between measured and
calculated rut depths after the first and the second pass of the
wheel .

6.2.3. EMPIRICAL FORMULAS BASED ON DIMENS IONAL ANALYSES

Emplrical formulas for tyre performance predictions often are the
result of dimenslional analyses. Thils method evolives from con-
sideration of the variables of the problem and the dimensions of
these varlables. To apply dimensional analysis [t |s necessary to
determine the varlables and thelr basic dimenslons. Application
of the Buckingham Pl-theorem leads to a set of dimensionless
parameters. The number of parameters generally |Is decreased by
reducling the domain of the problem. In tests the relatlionshlips
between characteristics of the tyre and the scoil reactlons can be
evaluated In terms of dimensionless characteristics. The rela-
tlonships obtalned can be used to predict tyre and soll behav-
four.

6.2.3.1. PREDICTING OFF THE ROAD TYRE ROLLING RESISTANCE

Emplirical predicting formulas for tyre rolling resistance have
been reviewed and examined wlth data presented in this dlsserta-
tlon and wlth data published by Perdok (1978) and Lumkes and
Perdok (1981).



REV IEW :

Freltag (1965) used the method of dimensional analysis to model
the tyre-soll system. Tyre-soll system varliables identified by
Freltag are presented In Table 6.2. Three basic dimenslions are
indicated and according to the Buckingham Pi-theorem, the number
of varliables can be reduced by three. The Pl-terms which were
der ived are presented in Table 6.3.

The functlional relationship between the Pl-terms is:

P/W.R/W,T/Id.W,z/d = F(,8,8,b/d,hid,8/h,c.a8w ., ¥a3w,g.d/v2e)

Terms that inciude frictlon angle, ccheslon and speciflc weight
can be omltted when the cone Index (C/) and the gradient of ccne
Index (G) are used to characterlize cohesive solls (clay) and
frictional soll (sand) respectively. The infiuence of driving
speed and (h/d) has been considered Insignificant. 1 f, In addl-
tion, a constant degree of slip |Is supposed to occur, the funec-
tional relation Is reduced to:

P/W,RIW,T/d.W,z/d = £(CI.d2/W,b/d,87h0) for clay and
P/W.R/W,T/d.W.2/d = £'(G.d2/W, b/d,d/h) for sand.

Table 6.2. Tyre-soll system varlfables used by Freltag.

INDEPENDENT VAR I|ABLES

Soll
Internal friction angle g -
Cohesion c FL—2
Speciflic welght Y FL™3
Penetratlon reslistance cl FL—2
Tyre
Diameter d L
Section width b L
Section helight h L
Def lectlon E) L
System
Load W F
Translaticnal speed v LT-1
Slip S -
Tyre-soll friction M -
Acceleration due to gravity g LT-2
DEPENDENT VARIABLES
PuUll P F
Roliling resistance R F
Torque T FL
Sinkage z L




Table 6.3. Pl terms used by Freitag.

o —— > ] . o " o M S —— —

Ty = P/W Ty = R/IW T3 = T/d.W T4 = z/d Tig =M

g = ¢ Ty = § g = b/d g = hid rt1g= 8/h

g = ¢.d2/W Typ= ¥a3/W Tyz= C/.d2/W TTqq = g.d/v2

Freitag developed two dimensionless prediction terms (moblllIty
numbers) for treadliess, two-ply tyres with clrcular-shaped cross
sectlons:

Clay mobl| Ity number Ng = (C!.b.d/W).(d/h)0-5
Sand mobl ity number Ng = (G(b.d)3/2/w) . (drm)

Relatlonships between mobitlity numbers and tyre performance were
presented.

Turnage (1972) extended the clay mobility number (Ngs), proposed
by Freltag, wlth an addltional factor {(1/{1+b/2d)) to take the
cross-sectional shape (circufar or rectangular) Into account:

M= (Cl.b.dmw).(87m0-5 (1/(1+b72d))

The shape of the refationships between prediction terms and
relling resistance coefficlent are presented in Flg. 6.12.a+b.
Wismer and Luth (1973) used an approach similar to the one used
by Freltag and Turnage and developed a dimensionless wheel nume-
rle (Cp) for a tyre moving Ih coheslve-fricticnhal soll:

Ch = C/.b.d/¥
This wheel numeric was related to rolling resistance by
R/W = (1.2/Ch) + 0.04 [6.21]

The shape of the relatlonshlp Is given In Flg. 6.12.c. This
formula has been adopted by the American Socliety of Agricultural
Englneers: ASAE Data 230.4 (Hahn et al.,1984), and canh be applied
to cohesive frictlional soils of moderate compactibility and to
tyres operating at Inflatlion pressures that produce radlat tyre
def lections of approximately 20 percent of the undeffiected tyre
section height. Typlcal tyre dimensions are a section width to
diameter - ratio (b/d) of 0.3 and a rolling radius to dlameter
ratlic of 0.475,
Values of C, for typlcal surfaces are:

80 -~ hard soilis

30 - firm solls

20 - tilled soils

15 - soft, sandy solls



(a)

0.301
3 0.20 1 clay
0.10 1
0 . T r T , .
0 S 10 15 20 25 30
CIbd .[i]”"’_
w h 1+b/2d
% 0.20 1 sand
[ 4
0.10 1
0 T T T T T T T 1
0 0 20 30 40 S0 60 70 80
6loa)™” &
w h
060 -
E (c)
=
2
L
= 040
3
[¥]
a
o
c
2
.g 0.20 4 cohesive frictional seil
[H]
£
3
0 T T Al T Al T 1
0 10 20 30 40 S0 60 70
. . Clbd
" Tw

Fig. 6.12. Rolllng resistance coefficlent of a towed tyre related
to clay mobl ity number (a), sand mobility number (L), and wheel
numeric (c}.
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Dwyer et al. (1975) and Gee-Clough et at. (1978) Investigated the
fleld performance of tractor rear tyres ranging In size from
12.4-36 to 18.4-38. The followling prediction functlion for rolling
reslstance was proposed:

R/W = (0.287/M) + 0.049 [6.22]

To Include the effect of tyre constructlion, Mc Alllster (19883)
proposed the following relatlonshlps:

for cross ply tyres: R/W = {0,323/M) + 0.054 [6.23]
and for radlal tyres R/W = (D0.321/M) + 0.037 [6.24]
ANALYSIS:

In the investigations, described In sectlion 6.2.2, tyre and sys-
tem parameters were kept constant. So, the parameters b, d, W and
é/h are constants. Moblil ity numbers change Into:

No = aq.Cl
M = as.Cl
where, aq and ap are constants.

in Fig. 6.1 the relationship between cone index (C/) and rolling
resistance is presented. We may conctude that mobl |ty numbers,
used at constant tyre and system parameters, accurately predict
tyre rotfting resistance.

wWhen tyre deflectlion measured Iin a test bin (Sa) was used aimost
equal correlations between mobillity number M and rolling resis-
tance were found. The use of the actual tyre deflection (5a) did
not Improve the accuracy of prediction.

The drawback of mobll Ity numbers (No and M) and wheel numer (¢
(Cr) Is that they have no |lhear relationship with rolllng resis-
tance (see Fig. 6.12). Nelther do they include the effect of tyre
construction (cross ply or radlal) and tread pattern. To get
iinear relationships |t can be useful to use ¢!=2 |nstead of Ci
(see Flg. 6.4},

Equations 6.21, 6.22, and 6.23 were examined using data from our
sol | bin experiments (see Tijink and Koolen (1988) for soll
condlitiens, soill characterlistlics and resutts of wheel-scll system
measurements). Using equation 6.21 the accuracy of predliction was
poor (Ftg. 6.13) although tyre dimensions agreed with the spec-
I1filcatlons mentloned by Wismer and Luth. In FIg. 68.14 calculated
relling resistance, using eguation 6.22, is plotted versus meas-
ured rolling resistance. The same poor result was ¢obtalned. Mc
Allister's predictlion formula for cross ply tyres (equatlion B.23)
also resulted In poor predictions of rollling reslistance (see Flg.
6.15).
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The differences between these predictlon equations and the poor
accuracy they achleved In predicting rolling resistance In test
bins demonstrate that every equation has a Ilimited fleld of
application and that those equation cannot be extrapcolated wlith
conflidence. The different equations were developed from Investl-
gatlions with different tyres. Freltag used 4 different tyres with
diameters rangling from 0.36 m to 0.72 m. These were all tread-
less, thin-walled, cross ply tyres with two-ply rating. Equatlion
6.22 was based on exper iments wlth tractor rear tyres rangling
from 1.45 m to 1.75 m dlameter. Thlis expresslion was valld for
stubble, ploughed and cultlivated flelds only (r=0.73). Dry grass
flelds and flelds with a loose, wet, top laver showed slignifi-
cantly different results. In Mc Alllster‘s experiments tyre diam-
eter ranged from 0.8 m to 0.95 m. Measured rolling reslistance
values In Fig. 6.13 to 6.15 have been determined usling an imple-
ment tyre with a diameter of 0.67 m.
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measured rolling resistance, Ay

Fig. 6.13. Re/atlon between calculated rolling reslstance, calcu-
lated using equ. 6.271 proposed by Wismer and Luth, and measured
roiting resistance (R;) of a 7.00-12 /mplement tyre.
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Fig. 6.15. Rela-
tlon between calcu-
lated rolllng resis-
tance,  calculated
using equ. 6.23 pro-
posed by McAlllster,
and measured rollling
reslstance (R;) of a
7.00-12 implement
tyre.
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Predicting terms can be improved by using emplrical methods In
strongly reduced domains. Some examples are glven below, usling
exper imental data presented in section 6.2.2 and data published
by Perdock (1978).

The domaln of the problem can be reduced strongly by the use of
the same tyre-system settings in the same fleld at two different
times. ©On both days rolling resistance was measured at four
Inflatlon pressure levels. Only soll condltlons dlffered on these
days. Llnear relatlonships between reolling reslstance measured
on two days are presented In Tabhle 6.4,

Table 6.4. Coefflclient of [linear correlation between rollling
resl/stance on 2 different days In the same fleld and
with the same tyre-system settings.

- P 1 o e T e T  t B e e Y D M i e Y S D S S SO i St Sl S e e S e P T

tyre Rday 1 - Rgay 2
13-18 Iimplement r=0.99
12-38 Treadless tractor rear r=0,95
16-15.5 Implement r=0.99
16=-20 Implement r=1.00
20-22.5 Implement r=0,94

Another example of a very reduced domaln Is a test carrled out
under one fleld condlition with only variable levels of tyre
inflatlon pressure. This resulted In high Ilnear correftatlions
between R/W and p (Tabkle 6.5).

Table 6.5. Linear correiations between rolllng resistance coeffi-
clent (R/W) and tyre Inflation pressure (p).

tyre wheel load

wheel load al lowed
at p; used

13-16 Imp | ement Q.99 0.98 1.09 - 1.57

12-38 Treadless 0.99 0.89 1.12 - 1.78
Tractor Rear

16-16.5 Impiement 0.98 0.99 0.99 - 1.78

16=-20 Implement 0.99 0.98 0.79 - 1.28

20-22.5 Implement 0.99 o.M 0.64 -~ 1.68

High linear correlations between rofling resistance R and w2 were
also found In our analyses. The variables Inflatlion pressure p
and wheel| |oad were comblned to p..Wz. Fig. 6.16 shows the rela-
tionshlp between p|.W2 and R for a 13-16 Implement tyre |In a
particular flefd. A high degree of correlation (r=0.99) between
p|.W2 and A was found. For the other tyres simllar correlatlions
were found.

We may conclude that the term p|.W2 can be applled to make accu-
rate predictions of rolling resistance In a restricted domain.

If rolllng resistance R Is a function of p,.w2 , then the coeffl-
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tyre:13-16 Implement

140
10'2.N3m2
120 |
100 1

80 1

piw2

60 1

-12 2

R=0043-10"“p;w*“-30.9 (r=099)
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0 1000 2000 3000 N 4000
rolling resistance, R

Flg. 6.16. Relatlon between p,Wz and roltilng resistance measured in
a particufar fleld.

cient of rolling resistance is a functlion of p|.¥W.
To achlieve dimensionless prediction numbers, we developed
terms |lke:

(P -W)/(CI2.b.dY, (p;-W)/(CI%.h.d), (py.W)/(CI2.R2),
(0] .W.h)/(CIZ2.63), (p|.W.b)/(CI2.h2.d), (p|.W.B)/(CI% h.a2),
(p)-W.bY/(C12.03), (p,.W.B)/(CI2.b2.d), etc.

Iln order to decrease the number of varliables, the domain was
reduced by choosing only one sail condlition. For the tyres tested
the dimenslonless term (p|.W)/(C12.b.d) achleved the hlghest
accuracy |n predlicting the rolling resistance coefflclent (see
Fig. 6.17).

Despite the high accuracy achieved In Flg. 6.17 it must be clear
that more tyre varilables are necessary when an universal predlic-
tion term Is wanted. 1t Is not enough to characterlize a tyre with
b, d, h, W and &/h or with b, d, h, W and pp. Additional terms
should be used {(for tyre construction, tyre flexibillty, and
tread pattern) or the applicatlion of the predictlon term Is
[Imited to a particular domain,
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Filg. 6.17. Relatlon between rolling resistance coefflcient and

the dimenslionless term (p,W)/CIzbd for implement tyres In a
particular fleld.

6.2.3.2. PREDICTING TYRE ROLLING RESISTANCE ON A HARD SURFACE

Stelner and 3SO0hne (1979) measured tyre rolling resistance of
towed tractor rear tyres on a concrete surface. The test tyres
were slzed from 11-28 to 16.9-38 and 18.4-28. Both cross ply and

radilal tyres were examlned. It was found that the Influence of
driving speed can be neglected Iin the range from 0.8 to 3 m/s.
All rolling resistance measurements were made at a driving speed

of 0.8 m/s. This proved that tyre roliling resistance on a con-
crete surface Is a function of tyre inflatlon pressure (p,),
wheel load (W), tyre dimenslions, tyre construction, and ply
rating.

For equal ply rating and construction: R/W = f(p,.W.b.d.h)

Several dimensionless terms were determined. The dimensionliess
term bW/h3p| correlated hlighest with measured values of rolling
res|stance coefficients. For six-ply agricultural rear tyres the
followlng equations were found:

Cross ply tyres: R/W = 1.27 + 0.85(oW/h3p|) (%) wlith r=0.85

[6.25]
Radlal tyres: R/W = 1.33 + 0.40(bW/h3p|) (%) with r=0.57
[6.26]
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Perdok (1978) and Lumkes and Perdok (1981) publlished data on
rolllng resistance of some cross ply Implement tyres. An analysis
of these data is presented here.

As expected from section 6.2.3.1, the equations 6.25 and 6.285
could not be extrapolated satisfactoriily to impiement tyres. How-
ever, a good prediction of rolllng resistance of the tested
impiement tyre was possible, using the dimensionless term bw1h3p|
{(see Flg. 6.18). The predictlion functlon found can be expressed
as follows:

R/W = 0.46 + 0.83(bW/h3p|) (%) with r=0.97 [6.27]

where, R rolling resistance (N)

W = vertical whee!lcad (N)

b = tyre section width {(m)

h = tyre sectlon height {(m)

p| = tyre Inflation pressure (N/m2).

We may conclude that for tyres with_equal construction and ply
rating the dimensionless term bW/h3p| is useful for predicting
tyre rolling resistance on a hard surface.

51 RIW=046+083 (6W/h7p;} (r=07)
T g
5 8
5 4
(4]
E= A
g 3
[3]
@
[#]
c
g
2 tyre: e =13-16
4 +=20-225
E‘ 11 x =16-20
£ 0:16-155
0 : : . : ,
o 1 2 3 L4 5

bwindp i

Flg. 6.18. Relatlion _between rolling resistance coeffliclients and
predicting term bW/h3p, using four implement tyres on & concrete
surface. Lines A and B are relationships found by Stelner and
Sbhne (1979) for six-ply tractor rear tyres.

127



6.3. APPROXIMATE METHODS

Approximate methods to predict off-the-road wheel performance are
generally based on pressure-sinkage relatlonships.

Bernsteln (1913) stated that rol!ling reslistance of a wheel is due
to the vertical work done in rut formlng. Predictlions have been
based on the pressure-sinkage relatlonships of a rectangular
plate:

p = k.zN
where, p = pressure on the plate
= modulus of sol |l deformatlion

slnkage
exponent of deformatlon.

INX

Bernstein found n = 0.5 for agricultural scils. The parameter &«
proved to be dependent on plate dimensions.

Bekker (1956, 1960, 1968) used the Bernsteln theory to predict
rolling resistance. To get independent parameters Bekker proposed
that the modulus of soil deaformatlion has two components; K. |Is
the cohesl|ve component and kg the frictional component:

kK = kg/b + kg

Bekker's pressure-sinkage retlationship of a rectangular plate
states that:

p = (kg/b + kg)zl

To obtaln values for Kk, and kg, penetration tests with different
plate width b are needed.

Assuming that rolling resistance Is equal to vertlical work deone
In rut formling and that soll reaction, at a polnt In the contact
area, is always radlal to the wheel and equal to the pressure
under a vertical plate at the same depth, Bekker formulated the
following rolling resistance expression:

blke/b + kg) v (2n+2/2n+1)

n o+ 1 b(Kg/b + kg)d©:-5(3 - n)

To determlne ground pressure (pg) under a tyre Bekker proposed to
use the folilowing expression:

pg=p| + P

where, p| = Inflation pressure of the tyre
Pe = carcass stiffness.

[blp| + pc)1in+1d/n
Ralling reslistance now becomes: A = —c——emmmmccmcemreerm————
(kg + bkg)1/M(n + 1)
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Uffelmann (1981) also assumed that the soll reaction |Is radlal to
the wheel and that the roltiing resistance Is equal to vertilcal
work done., The pressure beneath a track is expressed as:

p = 5.7¢c
whare, ¢ = gohaslon of the sol .,

Uffelmann’s rolllng resistance equatlion for towed rigid wheels
Is:

R = W2/5,7cbd

In fact this |Is a speclal case of Bekker's theory with n=0 and
D=kc/b + Kd‘

Wills et al.(1985) Investigated the valldlity of the Bekker the-
ories. They found that:
- rolling resistance |Is not only due to vertical work done
- the assumption of a pure radlal sclt reaction Is not cor-
rect
~- N Is & soll parameter
- ke kg and k are dependent on plate dimensions.

In his theory Gee-Clough (1976,1979) Included the effects of sllip
and deep sinkage on rollling resistance of rigld wheels In sand.
He proposed to determine soll slinkage parameters from measure-
ments wlith a wheel of known dimensions. This principle Is the
basls of the "Wheel| Bevameter". |t Is less difficult to determine
the Bekker 5011 parameters wlth the "Wheel Bevameter“. The soll
reaction under a "Wheel Bevameter” |s more simliar to the one
under a wheel than to the one under a strip footing.

To make the Bekker theory appllicable to pneumatic tyres, Perdok
{1978) assumed that a flexlible tyre of a defined size behaves
llke a rigld wheel of a larger diameter (see Flg. 6.19). A defor-
mation factor C was introduced:

D* = c.D

where, D* = alternative rigld wheel dlameter
D = tyre dlameter.

The deformaticon factor depends on Inflatlon pressure, wheei |ocad,
and soil conditions. Full-sized rigid wheels were used as “Wheel
Bevameter"”.

The "Whee! Bevameter" glves better predictions than the plate

s Inkage tests. It also makes the pressure~-sinkage method more
emplrical.
Koolen (1978) glves an approximate method for soil compaction

under a towed tyre. His theory is based on the hypothesis that
the compaction of a volume element of scil under a certaln tyre
for a certaln soll and wheel load can be predicted by unlaxlal
compresslion of a sample of that soll (Flg. 6.20). In this uni-
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axlal compression test the plston pressure Is egqual to the Infla-
tlon pressure plus some correctlons that should be applled to
obtaln the same compactlon as the volume element of scoll under
the wheel.
Correctlons are to be made for:

- carcass stiffness of the tyre

- unegqual pressure distributton In the contact area

- sheatr stress fh the contact area

- decrease of pressure wlth depth

- area of the contact surface

- bulging of soll beside the tyre

- wall frictlion In the compresslon test.

Stienstra (1978) investigated the sum of correctlions to be made
for a soll sampie at 5 cm depth in the longltudinat centre plane
of a rut formed by a tyre with an Inflatlon pressure of 2.3 bar

and a wheel l|locad of 30 KN. In the uniaxlal compresslion test a
pressure of 7.1 bar was needed to achieve the same compaction.
So, in thlis case, the sum of the corrections had a value of 3.8
bar.

’«‘m SR

ﬁﬁ \\"(" ¥

tyre inflation pressure
+ corrections

Fig. 6.20. Approximate compaction mode!.
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6.4. EXACT METHODS

Exact methods try to model soll deformation In a mathematical
way. Two approaches to predlict sotl-whee! behavicur have been
adopted: the sllp-IlIine method and the finite element method.

6.4.1. SLIP-LINE METHODS

In the longltudinal plane of a wheel-s0]l system two flelds of
soil fallure were found by Wong and Reece (1966,1967). A math-
ematical model based on |limit equllibrium was used to predict the
stress dlistribution under two-dimensional wheels. Good agreement
between measured and predicted values was achleved.

The model assumes an [(ncompressible medium and is therefore not
adequate for predlicting soll compaction due to wheel actlion.
Karaflath and Nowatzkl {(1978) showed simllar fallure zones. Thelr
solutlons assumed that a rut was formed. However, thls can not be
comblned with plalin strain and an Incompressible med|um,

6.4.2. FINITE ELEMENT METHODS

Perumpral et al.(1971) adopted the finlte element method (FEM) to
predict wheel-soll behaviour. The FEM assumes linear stress-
straln relatlonships. Solls do not satisfy this assumption.
Therefore, a varlable elastic modulus for the so0il was assumed.
S¢, each finite element was glven such dlfferent elastic values
that the non-lInear stress-straln curve was approximated, Strict-
ly speaklng this Is Incorrect. Yong and Fattah (1978) used a
similar method. Wheel performance was predicted In terms of
energy components as a function of wheel slip. Investigations
wlth tyres operating on an undeformable surface were made by Yong
et al.{(1978) to Include tyre deformatlion in the prediction model.
Although attemps have been made to apply the FEM to flexlible
wheels, the FEM-approach Is two-dimensional and therefore Iless
useful in predicting wheel and tyre performance In fleld oper-
atlons, where bulging occurs beside the wheel.

6.5. CLOSING REMARKS ON PREDICTION METHODS

With empirical methods wheel-soll characterlistics can be predict-
ed accurately In unlform solls. The relationships discussed In
section 6.2.2 show that easlly obtalinable soll c¢haracteristics
can be used for these predictlons.

Ih agricultural fleld practice soll condltlions usually vary with
depth. Therefore, further studlies should be made to account for
so0il variations.

Under uniform soil conditions dimensionally correct eamplrical
methods can also achleve a high degree of accuracy In predictions
(see sectlon 6.2.3).
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Approximate methods can Improve the understanding of the mech-
anism. The complexlty ¢f such methods Increases encrmously the
more similar the model |s to the practical situation. Accuracy Is
hlgher when the model becomes more empirical.

In practice exact methods are difficult to apply because
appropriate ways of describing the mechanical properties of soll
are not avallable. Further lnvestigatlons into the mechanlical
behaviour of soll are needed before computer-based solutlicons can
be expeacted to become adequate.

The attraction of exact methods |Is their abllity to predict the
state of stress In the entlire soll during the passing of a wheel.

Comparative and emplrical methods proved to be the easlest and
most realistic approaches to predict wheel-soll behaviour under
practical condltlions. These methods do not Improve the under-
standing of the wheel-soll|l mechanism.

Further development of approximate and exact methods IS needed
for a better understanding of the processes. This, In turn, will
make It possible to choose better process aspects which can then
be used In empirical predicticeon methods.
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CHAPTER 7

SOIL PHYSICAL ASPECTS OF LOAD~-BEARING PROCESSES

The physical properties of a soll can change due to load-bearing

processes. On the other hand soll physical propertles Influence

the mechanical behaviour of a scoil.

For a glven soll with speciflc Intrinsic propertlies (particle

size distribution, types of minerais, organic matter content,

et¢c.) Important physlical factors on the micro level are:

- pore space and the distribution of pore sizes

- the distributlion of soll particles within the soll

- s0il water content and the distribution of water within the
soll

- s0ll air content and the distribution of alr within the soil

- points of contact: number of contacts, bonds, and distributlons
of these bonds.

These propertlies, so-called mlcro-factors, can be changed not

only by tlllage processes but also by natural forces (freezing,

thawing, etc). Tillage processes Influence the mechanlical prop-

erties of the soll as well.,

Iin general farmers are not Interested in micro-factors, but In

soll qualltles such as: pF-curves, water and gas conductlvitles,

thermal properties, penetratlion resistance, erodibllity, till-

ablllty, etc. From this point of view soll mechanical properties

can be seen as soll qualities as well.

The micro-factors can be seen as the Interface between tlllage

processes anhd soll qualltles.

Kooclen (1986) deals wlth the relationships between micro-factors,

soll mechanical propertles, mechantcal processes, and process

effects.

in thls chapter we discuss the influence of some physical prop-

ertles on mechanical propertles and the Influence of mechanlical

treatment on physical propertles.

7.1. THE INFLUENCE OF PHYSICAL PRCPERTIES ON MECHAN ICAL
PROPERTIES

Soil mechanlical properties often are divided Into compactiblllity,
deformabl |l lty, and breakablllty.

Koolen (1386) who uses a more fundamental approach dlistingulishes
between stable and unstable behaviour. The behaviour of a process
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Is called stable if the process tends to occur throughout the
entlire soti. An example of stable behaviour |s the compaction of
loose soll. Unstable bebhaviour occurs when the process has a
tendency to concentrate on a spot. Unstable behaviour occurs on
the spots where sail breaklng starts.

In practice physical soil degradation generally Is not only
assoclated wlth the effects of increased bulk density but also
with those of large soll deformations that occur when the soll
volume remains almost constant. Compactibllity and deformability
are therefore Important mechanical properties In relation to sotl
physlical degradation.

A simple test to measure compactibillty Is the unlaxial compres-
sion test. This test and the test facllity parameters that in-
fluence thls test have been discussed In section 5.3.

Soils used In unlaxial compression tests generally have been
sleved. Depending on the screens used the soll sample can have a
small or a wide aggregate dlameter range. For soll samples this
may result In different bulk denslties during filllng and/or a
different number ©of contact points between aggregates. A differ-
ent number of contact points between aggregates may result In a
different compactiblllity. To Investigate a possible effect of
aggregate dlameter on compactidllity, wuniaxlial compresslion tests
were carried out for different aggregate diameter classes and
mixtures of aggregate diameter classes. Section 7.1.1 deals wlth
these tests.

In unlaxlal compression tests on a soil wlth speciflc Intrinsic
propertles (particle slze distribution, typa of minerals, organlic
matter content, etc) the moisture content Is probably the major
strength-determining factor for compactiblllty. Koolen (1986)
distingulshes between dry compaction and wet compaction. After
dry compaction the jinitial structure is at least locally pre-
served In the compacted soll. Durlng wet compactlion of soil, the
bulk denslty Increase is limited by partial water saturatlon. In
this flnal phase of wet compaction alr may be entrapped. in this
entrapped alr pressure may build up. When the soll |s unloaded
this alr pressure may contribute to rebound. Unlaxial compression
tests have been carrled out investigate the Influence of soll alr
on rebound. These tests are dlscussed in 7.1.2.

7.1.1. THE INFLUENCE OF AGGREGATE DIAMETER ON UNIAXIAL COMPRES-
SIBILITY.

The unlaxlal compression behaviour of soil samples with dlfferent
aggregate dlameters has been examined for two solls as follows:
Wageningen sllty clay I|cam and Lexkesveer loam were passed
through a 10 mm screen. After having been dried at room tempe-
rature to a molsture content below the hygroscoplc point, each
soil was sleved Into 3 aggregate diameter classes:

3.0 - 3.4 mm

4.0 — 4.8 mm

6.8 — 8.0 mm.
Aggregate portlons of t kg were placed on soll water suctlon bins
at a value of pF2.0. One day later suctions were decreased to
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pF1.0, pF1.5, pF1.7, and pF2.0. After 5 days the aggregates were
taken from the suction bins and measurements of scil molsture
content were made. By mixling scolls from those different suctlion
bins a range of molsture contents was made. Flve days were
allowed to equllibrate. Cylinders (50 mm high and 81 mm in diam-
eter) were carefully fllled with a spoon. On top of the soll
sample a 152.81 gram pliston was placed. Uniaxlal compressions
were carrled out at a piston speed of 3 mm/sec untll| a pressure
of 5 bar was reached. Pressure sinkage curves were recorded,
After testing the samples were oven dried durilng flve days (at
105°C) to make soll molsture content determinations.

Both solls were tested In the molsture content range from the
hygroscoplc point to pF2.0. For both scils the following aggre-
gate slze classes and mixtures were tested:

Class l: 3.0 - 3.4 mm In dlameter

Class 11 4.0 -« 4.8 mm In dlameter

Class Itt: 6.8 = 8.0mm |h dlameter

Mixture 1: 80% (by welght) 3.0-3.4 mm and 50% 4.0-4.8 mm
Mixture |1 50% (by welght) 3.0-3.4 mm and 50% 6.8-8.0 mm
Mixture 11! 33.3% (by welght) 3.0-3.4 mm, 33.3% 4.0-4.8 mm, and

33.3% 6.8-8.0 mm.
Aggregates from the three classes have an outside area ratlo of
1 : 1.9 : 5.4, Aggregate volume has a ratlo of 1 : 2.8 : 12.4.

Before the uniaxlal compression tests were carried out deter-
minations were made of pore space of aggregates from the differ—
ent classes. For both solls and each aggregate dlameter class,
aggregate pore space was determined (10 fold) on air dry aggre-
gates with the "petroieum method”. The petroieum method Is de-
scribed In Mcintlire and Stirk (19564). Table 7.1. shows the re-
sults of these determinations.

Table 7.1. Pore space of alr dry aggregates from three diameter
classes of Wageningen and lLexkesveer solls.

solt diameter pore space standard
(mm) (%) deviation
Wageningen 3.0-3.4 33.91 0.52
Wagen|ngen 4.0-4.8 33.91 0.38
wWageningen 6.8-8.0 33.91 0.34
Lexkesveer 3.0-3.4 34.56 0.39
Lexkesveer 4.0-4.8 34.65 0.43
Lexkesveer 6.8~-8.0 34.78 0.867

We may conclude that there Is no dlfference In aggregate pore
space between the aggregate slze classes tested. So the dlffer-
ences found in the unlaxlal compresslion tests are not due to
differences |In aggregate pore space.

From the unlaxial compresslon curves sample helghts at (7 values
of O, 0.5, 1.0, 2.5, and §.0 bar were obtained. For these gy
values the relatlonships between void ratlo (e) and soil moisture
content will be discussed below. Flg. 7.1 and 7.2 show these
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rejatlionships for two classes and one mixture.

For both the soills vold ratlo during filllng Increases with
Increasing molsture content. This effect is due to clod forming
as the cylinders are filied with a spoon. In the molsture content
ranges tested, the void ratico increased from 1.74 to 2.19 and
from 1.99 to 3.10 for Lexkesveer and Wagenlngen soll respective-
ly. The void ratlo Increase during flllilng was hlghest for Wage-
ningen soll because this so0ll has a stronger tendency to form
clods. At the highest moisture content tested aggregate class |
showed a stronger cloddliness resulting In higher void ratio
values. Compared with aggregate classes the mixtures showed lower
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vold ratlo values durling fllling. When the moisture content
Increases the difference disappeared gradually due to clod
forming. The Ilower volid ratico of dry mixtures could have been
expected because it Is known that a denser packlhg c¢an be
achleved with dlfferent dlameters.

The compaction of a relatively dry sample starts as dry com-
paction but with Increasing pressure compactlion It can change
Into wet compaction. The |lne that represents 10 volume percent
alr content was chosen more or less arbltrarlly as translitlon
between the dry and wet compaction areas.

in the wet compaction area there is no difference In behaviour
between aggregate classes and/or mixtures. In this area aggre-
gates have been damaged to such an extent that they almost dlisap-
pear.

Inh  the dry compaction area |t seems sometimes that a certaln
aggregate class has more resistance to compaction than another
one. For exampte, In the moisture content range between 7 % and
15 % Lexkesveer class | shows for the pressures appllied a some-
what higher pore ratio level compared to class |IIl. The values
for class || |le between those of the other classes. These small
differences, however, are not dus to aggregate slze but to dlf-
ferences In packling durilng filling. Samples with denser packling
during flllling have somewhat higher void ratlo values during
compaction. When the moisture content Increases these differences
disappear both during filling and durlng compactlion. The Wagenln-
gen soll class |11 has in the moisture content range between 12 %
and 20 % a somewhat denser packing during fllling and therefore
somewhat higher vold ratloc values during compaction than the
other classes. Also these small differences dlsappear when the
molsture content Increases in this soil. At the lower molsture
contents the mixtures have lower vold ratio values durling com-
paction, but these dlfferences also dlsappear when the molsture
content Increases.

From these tests we may conclude that aggregate size bhas no
Influence on unlaxlial compactiblllty., This can be explalned by
the stable behaviour of the compactlon process as described by
Koolen (1988). The weakest spot Is compacted flrst and gets
stronger. Compaction stops at thlis spot and starts at the second
weakest spot. In thls way compaction will occur throughout the
entire soll.

For both s0i1s the relationship between critical pressure and
molsture content has been calculated from the uniaxlal compres-
sions (Fig. 7.3). Crltical pressure Is the value of the applled
pressure at the moment that the critical pore space is reached.
Kuipers (1959) deflnes critical pore space as the pore space at
which there I3 an air content of 10 % at the pF2 molsture con-
tent. Critical pore space Is reached at void ratlo values of 0.71
and 0.92 for Lexkesveer and Wageningen $o0l1 respectively. The
difference between the two lines in Fig. 7.3 |Is comparable to the
differences In moisture content at pF2. These comparable equat
shapes of the curves of these solls agree with the results of
unlaxital compression tests carried out by Koolen (1974) for the
same sells. At pF2 both soils have a critical pressure of 1.2
bar. For fleld trafflc Flg. 7.3 means that the critical pore
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space will be reached at the same tyre settings( inflatlon pres-
sure, wheel load, speed, etc.) for both soils. Fig. 7.3 shows as
well that soll molsture content Is the most Important soll physl|-
cal aspect of compactibllIty.

30
L)
N S W pF, Wageningen
c
g
[=)
s 20f— ——— PFjLexkesveer
g Wageningen
I
g
Lexkesveer
10 1
g

0 1 2 3 &  Sbarb
critical pressure

Filg. 7.3. Critical! pressure-moisture content relationship for
“texkesveer® and "Wageningen” In unilaxial compression tests.

7.1.2. THE INFLUENCE OF SOIL AIR ON REBOUND

Séhne (1952,1956) observed rebound {(elastlic recovery) |In repeated
unlaxial compressicn tests of soll samples. Yong and Warkentlin
(1965) show a model for scoll behaviour during loading and unload-
ing (Flg. 7.4 and 7.5). In thils dissertation the elastlic recovery
during unlioading (a In Flg. 7.4) wlll| be called rebound and the
relaxatlion (b In Fig. 7.4) wlll| be called creep.

A hysteresls effect during the uniocading and reloading of soll
was found not only by Séhne but also by Yong and Warkentin.
Simllar effects for metals have been presented by Nadal (1950).
Stone and Larson (1980) measured rebound on 60 gramme soil
samples wlth a dlameter of 5.65 cm. A statlc l|load was applled
until sample volume and soil water suctlon were constant. This
took about half an hour. The total recovery was measured by
reducing- the I|cad and holding the new 1oad wuntlil the sample
helght did not change anymore. In_these tests the total recovery
usually was ess than 0.056 grlcm3 dry bulk density change. No
relationship between total recovery and moisture content was
found. The tests proved that the clay content was an Important
factor of total recovery. Because Stone and Larson’'s experiments
used relatively long lasting static (cadlings, there Is no evli-
dence of a possible Influence of entrapped air on the recovery.
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Neither Séhne’'s nor Yong and Warkentin‘s experiments mention the
possible influence of soll alr on rebound.

To become better Informed ahout rebound and the Influence of
soll alr on this phenomenon, sSeveral serles of untaxlal compres-
slon tests were carrled out with three soll|l types. Rebound was
measured at dilfferent Ioading speeds, so0oll molsture contents, and
In sell samples of varying dimensions.

Durilng unlaxlal compression a pressure-sinkage curve was rec-
orded. An example of a pressure-sinkage curve Is glven In Fig,
7.6. Distance a in the pressure-sinkage relatlionshlp Is rebound.
Distance b can be seen as creep during relaxation of the weak
spring that was placed between piston and pressure transducer.

To measure creep the soll sample was placed on a mlcrometer
stand.

Some samples were vacuum saturated and locaded to 0.5 bar with a
plston wlth a dlameter that was much smatler than the sample
dlameter.

The solls tested were Lexkesveer loam, Almkerk sllity clay, and
Boskoop peat. Lexkesveer and Almkerk were passed through a 3 mm
screen; for the Boskoop scoll a § mn screen was used. A molsture
content range was made to correspond to the most commen fileld
moistyure contents of these solls.

Samples with dlameters of 8 ¢m, 18 cm, 30 ¢m, and 40 cm were
tested at a compression speed of 3 mm/s. All samples had a dlam-
eter to helght ratio between 1.6 and 1.0. No signiflicant dlffer-
ences th compactlion and rebound were found for the dlfferent soll
samplie dimensions. Therefore, in the other tests only sample
cylinders with a helght of 50 mm and an inslide dlameter of 81 mm
were used.

Precompressing to 0.5 bar and subsequent reloading to 4.0 bar
resulted Iin rebounds aimost equal to those occuring when com-
presslion was Increased to 4.0 bar wlthout precompactlion.

Flg. 7.7 shows the rebound for the Lexkesveer and Boskoop soll at
two pressure levels and the different air contents of the solls,.
Soll samples wera loaded to 0.5 bar, unloaded, and reloaded to
4.0 bar. The compresslion speed was 0.26 mm/s. In both solils the
rebound Increased when the pressure was Increased. For Lexkesveer
soll the rebound Increased when the alr content was decreased. At
a pressyre of 0.5 bar this increase In rebound was less pro-
nounced than at 4.0 bar. When the air content exceeded 20 % the
Boskoop soil showed an Increase In rebound when the alr content
decreased. Below an content of 20 % rebound decreased when the
alr content decreased. The vacuum-saturated samples showed a
rebound level that was almost aqual to the cone of samples with a
high alr content., Reloading to 4.0 bar was Impossible for the two
samples from both soils with the lowest air content at 0.5 bar.
In these samples water was squeezed out at a pressure below 1
hbar. This resulted In such a fast pressure i(ncrease In time that
loading could not be stopped at exactly 4.0 bar. For one peat
sample 1n Flg. 7.7. & negative alr content was calculated. This
was due to water that was sgqueezed out temporarily during com-
presslion and that was abscrbed agaln by the soll sampla durlng

creep.
No difference in behaviour was found between compresslion speeds
of 0.25 mm/s and 3 mn/s for the Lexkesveer soll. At an alr
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content above about 5 % by volume the Boskoop sol | showed higher
rebound values after the faster compression (Flg. 7.8). This Is
normal behaviour of fibrous materlals. At a low air content the
sol| particles can move easily because of the hlgh water content.
Filg. 7.9 shows the rebound-air content retatlionships for the
three soils tested. All samples were precompacted at 0.5 bar and
subsequentiy loaded to 4.0 bar. The compression speed was 3 mm/s.
It seems that the Boskoop soil behaves very differentiy from the
Lexkasveer and Almkerk sott.

Te wunderstand thils behaviour which occurs when the scoil alr
content Is tow and to find the Influence of entrapped alr on
rebound, rebound was expressed as the difference In soll alr

content between loading to 4.0 bar and after rebound. For the
three solls calcuiated rebound {expressed Iin volume percent alr)

Boskoop sail

0 loaded to 0.5bar; @ vacuum saturated
and loaded to 0.5 bar

+ loaded te 0.5 bar,unloaded,and reloaded to 4.0bar

0.05- Lexkesveer 50fl
3 + loaded to 0.5 bar; @ vacuum saturated
g/cm and loaded to 0.5 bar
A loaded to 0.5 bar,unloaded,and reloaded to 4 .0bar
0.04 4
> 003+ .
<
o
c
=2
Q
i
0.024 N
[
0.02-

0 8 16 24 32 40 L8 56
vol.% air

Fig. 7.7. Rebound-alr content relationshilp for “Boskoop” and
"Laxkasveer” solls at two stress levels.
Compression speed = 0.25 mm/s; cylinder dlameter = 81 mm.
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Fig. 7.8, Rebound-alr content relationshlp for "Boskoop” soll at
two compression speeds. Precompaction stress = 0.5 bar; com-
paction stress = 4.0 bar; cyllnder diameter = 81 mm.
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was plotted against measured alr content after unfoadlng (Fig.
7.10). The stralght lines represent voiume changes expected at
the Indicated pressure increases of the entrapped alr. An Inter-
section of a rebound curve with the line p=2 bar means that the
volume of alr after unicading had to be compressed to a pressure
which is 2 bar hilgher during compression to account for the
volume decrease., We can see that for Almkerk and Lexkesveer
solls higher pressures In smaller quantlitlies of entrapped air can
account for the Increased rebound. The Boskoop soll showed the
same effect ©of an Increased rebound and an Increasing pressure of
the entrapped air when the air content was hlgher than about 10
%. When the air content was l1ower rebound decreased. This de-
crease must be explalined as follows: when alr pressure Increases
soll water wlil be squeezed out more easlly. For Boskoop soil
this means that a further Increase In alr pressure does not seem
to occur when the alr pressure exceeds 2 bar because water is
squeezed out. Flg. 7.10 seems to suggest that the pressure ' In-
crease wlthin the entrapped alir was hligher than 4.0 bar. However,
thils Is nhot possible because such pressures were not applled. At
4.0 bar loading water was squeezed out of the samples that had
been positioned on the left slde of the 4 bar alr pressure In-

crease |ine. A part of this water was sgueezed out temporarlly
81 p air =4 bar
p air=Zbar
p air=1bar
71 // p air =0.5bar

pair =0.1bar

A volume % air
o

14 Almkerk
Lexkesveer
0 T T x . . .
0 5 10 15 20 25 30 35 40 45

vol.% air after unloading

Filg. 7.10. Rebound (expressed as change In alr content) after
loading to 4.0 bar for three sofls. Samples are unlaxfally pre-
compacted at C.5 bar and subsequently loaded to 4.0 bar. Compres-
slon speed = 3 mm/s.

144




during compression and absorbed again during rebound and creep.
Because of this sponge-like behaviour we can not make exact
calculaticns of maximum pressures built up within the entrapped
air.

wWe can conclude that a bulld up of alr pressure gan ogccur
whlch can Influence rebound considerably when alr Is entrapped
during the fina! part of a compression process.
Total recovery (rebound + creep} is much higher than rebound.
Fig. 7.11 shows rebound and total recovery of the Boskocop soil
after 1 hour for dlifferent soll alr contents.
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Fig. 7.11. Rebound and total recovery after one hour for “Bos-
koop” soll. Samples are untaxlally precompacted at 0.5 bar and
subsequently foaded to 4.0 bar. Compression speed = 3 mm/$.
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7.2. THE INFLUENCE OF MECHANICAL TREATMENT ON PHYSICAL PROPERTIES

Mechanlical treatment of the soll by wheels results In compactlon
and/or deformation, Because of thls treatment micro-factors and
soll qualitles can change. Changes on the micro level Influence
soll qualities such as pF-curves and conductivities. A review of
the Influence of mechanlical treatment on micro-factors and soil
qualitlies Is given In 7.2.1.

In arable farming it Is Important to know the influence of soll
compaction on subsequent tlllage operations. The major soll mech-
anical quality that can change due to compaction is tillability.
To Investigate the Influence of soll compaction on tillabitlity a
test iIs needed that can characterlze this influence. Tlllablllty,
tillability tests, and attempts to use the unconflned compression
test to characterize tillabllity are discussed In 7.2.2.

7.2.1. THE INFLUENCE OF MECHANICAL TREATMENT ON MICRO-FACTORS AND
SOIL QUALITIES

On the macro level compaction reduces pore space. On the micro-
level this pore space reduction iIs at the expense of the largest
pores (Sommer et al., 1972; Sommer et al.,1975; Maldl and FlIsch-
beck, 1985), This effect is strongest durlng wet compaction. Table
7.2 shows the Influence of autumn ploughling on pore slize dlis-
tributions under dry and wet soll) condltlons,

Table 7.2. The Influence of ploughlng conditlons on pore slze
distributions (after Mald! and Flschbeck, 1985)

Depth top soll pltough sole

(0 - 35 cm) {35 - 40 cm)
Ploughing Adry Awet Adry Awet
Vol. % pores>10 u 11.2 6.5 7.9 6.0
Vol. % pores 10 - 0.2 & 14.0 13.0 11.3 11.8
Vol. % pores <0.2 u 17.6 21.3 22.2 22.2

Adry = autumn ploughed under dry soll conditlons
Awet = autumn ploughed under wet soll conditions

Pores >10u are Important for ailr conductivity. After wet plough-
ing the content of these pores was lower than after dry plough-
ing; In the top soll this amounted to a reduction to 58 % and in
the plough pan to 76 % of the values measured after dry plough-
ing. This reduced alr conductlvity.

The pores 10 - 0.2 determine the amount of water avallable for
plrants. Compared to dry condlitlions the amount of available water
decreased In the top soll after ploughling under wet conditlions.
Water in pores <0.2 % is not avallakble for plants. The content of
pores <« 0.2M increased strongly 1n the top soll after ploughing
under wet conditions as well.

A wet compacted soil has a higher content of unavallable water
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and a lower content of pores for alr conductivity. This means
that such a soil |s wetter and colder than a dry compacted soll.

Maidl and Fischbeck (1985} also examlned the Influence of
these differences In pore slze distributions, due to ploughing
under wet and dry conditlions, on plant growth. Thelr investiga-
tion proved that the decrease of yleld after wet compaction was
mainly due to an insufficient suppliy of nitrogen. The decrease of
N supply after wet compaction Iindicates a lower N minerallzation
due to lower soll temperature, and higher gaseous N losses (denl-
trification) due to lower air conductivity.

Inter-particle bonds not arising from water suction can be
destroyed at large deformations. The strength of these bonds
influences the water sucticon - melsture content relationship.
Dawldowsk | and Koolen (1987) applled triaxial tests to fleld
samples of Wagenlingen silty clay locam. The sample volume was
almost constant during deformation. Samples were deformed to 50 %
of the original sample helghts. Many bonds were destroyed by the
deforming and smearing action of the test, resuliting in a strong
Iincrease in water suctlien. Compared with undeformed samples, the
samples tested showed higher values for volumetric shrinkage and
dry tenslle strength.

Influences of compaction on pF-curves have been reported by
Warkentin (1971), Sommer et al. (1972), and Moreno et al. (1974).
Koclen (1978) found that the precompaction molisture content
greatly Influences molisture contents at pF2.0 and pF2.7.

7.2.2. TILLABILITY

Tillability |Iis defined as the degree of ease with which a soil
may be manipulated for a specific purpose (ASAE Engeneering
Practice ASAE EP291.1, Hahn et al. 1984).

In agricultural fleld practice farmers declide on how to till from
aexper lence. However, thelr experience does not sufflice when they
need to choose new Implements and when they find themselves In
unknown sltuations. Also, fleld experlence Is not easy to convey.
To obtain an objective approach to tillablility, a measurable par-
ameter of tillabllity, and therefore a tillabllity test s
needed .

7.2.2.1. TILLABILITY TEST

To develop a tillabllity test |t ls necessary to take the fol low-

Ing facteors Into account:

- the initial sel! condition. This condition depends on soll
physical propertles and the history of the soll.

- the type of tlllage operation. Primary titlage and fleld traf-
flc have other demands than secondary tlillage operatlons.
In this dlssertation we concentrate tillablllity on seed-bed
preparation In spring.

- the processes that occur. In tillage operations we should
distinguish between Iintended processes and accldental pro-
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cesses. In seed=-bed preparation the majJor Intended process Is
"erumbling". Thls process |s accompanlied by the accldental
process of “"compactlion”. TIillablfiity tests should concentrate
on tha major intended process, but must also take Into account
the major accidental process.

~ the energy needed for the tillage operation. Energy needed for
tillage is asscclated with energy needed for tlllage processes
and for locomotion of the tractor on the fleld. Gross energy
consumption Is the amount of energy needed for both tillage
processes and tractor |ccomotion. Net energy consumption only
deals wlth the energy needed for the tlilage process (for
Instance draft).

In the Netherlands soll conditions generally are too wet In the
period before seed-bed preparatlion. Therefore, tillabilty re-
search has concentrated on the upper tlllage |Imits.

It Is advisable to increase the ratio net energy consumptlon to
gross energy consumption. Ultimately tlllabll ity depends not
only on the results of the tillage operations but also on the
energy requlred. An optimum ratlio of tiliage results to energy
consumptlion |s pursued.

Energy Is not yast a lIimlting factor. Therefore, the Interest in
tiliabl ity nowadays is lIimited to a tillabllty test that indi-
cates whether or not the soil can be tilled In order to achieve
the intended results. In times of energy scarclty the tillabll-
Ity test should alse pay much attentlon to the energy aspects.

- the Intended t!llage resuits. The Dutch farmer ls generally
mostly Interested |In the results of the ¢tllilage operatlions.
Therefore criteria for the results of tillage operations are
required In order to determine tillabllity. Tillage criterla
have been published In "TIllage Advice" for cereals (Andringa
et al, 1979), sugar beets (Perdok et al, 1974a), and potatoes
(van Glist et al, 1975).

- the tilliage Impilement to be used. The tillage Implement should
alse be considered because of the energy consumption and the
kind of the work expected. The capacity of the tillage imple-
ment can also play an Important part In farm management decl-
slons.

7.2.2.2. TILLABILITY TESTS BASED ON PROCESSES OTHER THAN
CRUMBL I NG

Boekel (1977) tried to relate soll tillability to deformablllty
measured wlith a piasticity meter. The pressure that |s heeded to

force the soll through a small nozzle |Is measured wlth this
Instrument. The requlred pressure is lower for a wet plastic soil
than for a dry crumbly soil. It is proposed that this Is a

measure for crumbling. This test is not sulitable for field
samples and does not account for the effect of pore space on
titlabl||ty.

Havinga and Perdok (1989) developed a tillabillty test that
relates tilllablllity to mechanical propertles of solls. The com-
pressibiilty of lcose sofl Is chosen as major process. The ap-
plled pressure Is a measure for the energy consumption. In this
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test air permeablllty I1s measured as a functlion of soll moisture

content and applled pressure. Perdok et al. (1974b) discovered
that 20 flelds could be tllled for potato seed-bed preparation at
a worklng depth of 8 cm, when their solls stltil had an air

permeabllity of at least 100 cm2x10-10 after having been loaded
to 4 bar. Aggregates ranglhg from 2.8 - 4.0 nm were used for
these tests . This means that the soll structure was not taken
Into account. Because this test uses compressiblllity as a major
process It can alseo be used to predict field trafficcability
(Perdok, 1976).

Koenigs (1976) determined the upper tillage limit with a micre
tillage test. To carry out this test a small saucer Is fllled
with a thin layer of soll| aggregates (2-4 mm fractlon). WIlth a

hammer a sliding actlon (micro tillage) is applied to the soll In
the saucer. After the micro tlllage the pull that Is needed for
moving a spatula through the soll s measured. in a range wlth

increasing moisture contents the draft for the spatula abruptiy
increased from a certain moisture content on. Koenlgs considers
thls molsture content minus one percent as the upper tlilage
Ilimlt for spring seed-bed preparation.

After some preliminary tests Wageningen slity clay loam was uni-
axlally compressed to three pore space levels over a wide range
of meolsture contents. Having been drled these samples were

10001
N/mm
(A [P P=35%
:P=l.0%
——-— :P=45%

500 -

draft for spatula

250 1

25 % 30
meisture centent

Flg. 7.12. Behaviour of precompacted “Wagenlngen” slility clay /loam
at three pore space levels in a micro ti!llage test.
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crushed and sieved. For each sample the 3.4-4.8 mm fractlon was
rewetted to the molsture content before compresslion., After one
day of equillbration these aggregates were used in a micro tlll-
age test. The relatlonships between spatula draft and molsture
content are shown In Fig. 7.12. For the three pore space levels
tested the draft for the spatula suddenly Increased. It Is re-
markable that for each Initial pore space level thls sudden
Increase occurs at the same molisture content. This means that
this upper tillage limit is independent of pore space at precom-
paction.

Nelther does thils test use fleld samples. The micro tlllage with
the hammer and the draft measurement with the spatula depend on
the person who does the test. Some other drawbacks of thls test
are that soll sometimes sticks to the hammer and that scll may
curl up when wet cohesive.

7.2.2.3. TILLABILITY TESTS BASED ON CRUMBL ING PROCESSES

These tests try to determine the intensity of crumbling. Further-
more, the energy needed for this crumbling can be megasured. In
fleid practice the most interesting aspects of spring seed-bed
preparation are Indeed crumb|ing and the energy needed for the
tillage operation. Therefore, It Is attractlive to use these
methods to characterlze fleld processes.

Koolen (1977) used a pendulum-type impact machine to measure
tillage process aspects on soll blocks in the laboratery. For
each test he measured the volume and the mean aggregate slze of
the loosened soll, and the energy consumption. Although his test
showed good results for soll blocks prepared in the laboratory It
Is difflcult to use It for undisturbed fleld samples.

For our examination the unconflned compression test has been
chosen to characterize the crumbl Ing process. In an unconfined
compresslon test a soil! sample Is made to fall between two plates
(Flg. 7.13). At the moment of fallure, the sample shortenling
expressed as a fraction of Initlal helght (£§ ) and the prevai-
Ilng fallure stress (0 qmax) are measured. The failure strain £¢
represents the soll deformation that occurs before failure. This
means that £ gives an Indicatlon of breakablllty and therefore
of crumbling as well. The unconflned compressive strength (Opax)
Is a measure of the energy consumption.

Koolen (1973 and 1878) successfully used the unconflined compres-—
slen test to characterlze soll mechanlical propertles.

wWhen taboratory samples are used the Influence of bulk denslty on
the crumbling process can be examlned by adjusting dlfferent
levels of pore space. The unconflined compression test can also be
applied to field samples.

180




Fig. 7.13. Unconfined compression test.

TESTS OF LABORATORY SAMPLES

At two pore space levels unconflned compression tests were
carrled out not only to determine the relaticonship between £¢ and
moisture content, but also the one between Ophayx and moisture
content. A jaw crusher was used to determine crumbiing at these
pore spaces and molsture contents. In both experiments Wageningen
sllty clay loam and Lexkesveer |oam were used. The scoll melsture
content range was chosen between molsture content at pF2 and half
of this molsture content. Two pore space levels were made compar-
able to fleld pore space levels that can be found In spring.

Soll samples were prepared as follows: the dry soils were passed
through a 3 mm screen and subsequently wetted to the deslired
molisture content ranges. After equilibration the soil was com-
pressed Ilh ecylinders wlith an Inside diameter of 50 mm and a
height of 100 mm. The Inside walls of the cylinder were greased
with sillicon grease. The compressions were made in layers of 20
mm. The diameter to height ratic of the samples was 0.5 in order
to minimize the Influence of friction between plates and sample
during unconflned compression (Keolen, 1978). Before unconfined
compressions were made the samples had two days to equllibrate,
From the unconflned compression tests, made at a pliston speed of
10 mm/min, £f and Tpay Were determined. After the tests the soll
moisture content was measured.

The tests with the jJaw crusher were made as follows: the two
solls and the soi! preparation method used were the same as those
used for the unconfined compresslion tests. The cy! Inders used had
an inside diameter and a height of 50 mm. Having been compressed
to the deslred pore space the samples had two days to equl-
llbrate. The jaw crusher {(Fig. 7.14) has a bin with one movable
wall (d)Y. A handle is used to oscllitate the movable wall. The
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Fig. 7.14. Jaw crusher.

outlet (f) Is adjustable between O and 200 mm. The oscillating
movement o©f the movable wall can be adjusted by the amp!litude of
the oscillation and by the angle o hetween the movable wall and
the opposite wall. After three test serles the following settings
were used:
~ a width of the outlet of 11.5 mm
— an angle o ranging from 21 to 59 degrees for the
Lexkesveer solil
~ during the first five oscillations of the Wageningen
soll the angle & was 32 to 41 degrees (to avoid too
hligh pressures on the soll samples); the next oscili-
latlons were made at an angl!e ranging from 21 to 59
degrees.
The aggregates were sieved directly after thhe tests.

From the wuncenflined compression tests curved relationships
have been found between £¢ and moisture content (Fig. 7.15 and
7.18). At increasing melsture content soil deformation hefore
breaking increases. The |owest pore space leve! shows higher Es¢
values for both solis. This Is due to the lower amount of weak
zones In the most compacted solil.

Fallure stress Opn,y, shows a |lnear decrease with Increasing
moisture content. So under wet ceonditlons these solls need less
energy to break than under dry conditions.

In the molisture content ranges tested, the Wageningen soll showed

higher levels of £; and Oy, compared to Lexkesveer soil. So the
Wageningen sol!l is harder to break and more energy is needed for
this breaking. This agrees wilth the practical experience that
this heavier soll Is less easy to tili.
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The measurements with the jaw crusher showed a sudden decrease
of the amount of s0il released from the crusher outlet at In-
creaslihg meisture content (see Fig. 7.17 and 7.18). At the same
motlsture content the Mass Median Dlameter (MMD) of the soil that
passed through the Jaw crusher strongly Increased. The moisture
content at which these sudden changes occured can be consldered
the upper tillage |IImlit. For Wageningen silty clay loam the upper
titiage 1imit lles for both pore spaces at a moisture content of
about 21 %. Thls agrees wlith the tests caried out with the mlcro
tiltage test according to Keoenlgs (Filg. 7.12). The upper tlllage
limtt for Lexkesveer |les between a molsture content of 18 % and
19 %. Because of the low numher of measurements made at these
melsture contents It was not possible to make a more preclse
estmation.
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Fig. 7.16. Unconflned compresslon behaviour of “Lexkesveer~™ loam.
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sl

soil passed through jaw crusher

From the tests applled to laboratory samples of Wagenlingen
Ity clay locam and Lexkesveer |oam we can conclude that:
pore space Influences crumbilhg In a soll=breaking pro-
cess. A loose soll crumbles more strongly than a dense soll.
an unconfined compression test can be used to Investigate the
Iinfluence of soll compaction on breakabillty.

fallure straln £¢ and fallure stress Qpay 90 not give an Indi-
cation of the upper tillage limit. £; gives an indicatlon of
the breakling senslitivity of a soil and Opay Indicates the
amount of energy needed for breaking.

In a sojl=breaking process crumbling decreases at |[ncreasing
moisture content.

the molisture content at the upper tillage timit |s almoest equal
for the pore spaces tested, although the results of the crum-
bling tillage operation differ at these pore spaces.
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Flg. 7.17. Behaviour of "Wageningen” soll! at two pore space le-
vels In a Jjaw crusher.
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Fig. 7.18. Behaviour of "lLexkesveer” soil! at two pore space Jle-
vels In a Jaw crusher.

TESTS OF FIELD SAMPLES

To Include soll fleld structure In tillabillity tests prellminary
investigatlions were made on the possiblities to use field samples
for the unconflned compression test.
The first three serles of 80 samples each were used to determine:
- a procedure for taklng the field samples
- a procedure for the unconfined compression test with fleld
samples.

The second siIx serles were used to Investigate the reaction of
the unconfined compression values to changes in weather condli-
tilons, The fleld samples were taken during the months of March
and Aprli 18980 on an autumn-ploughed field. The soll can be
classified between the Wagenlngen and the Lexkesveer soll.
The cylinders used have an Inslde dlameter and a height of S0 mm.
Before samples were taken the cylinder Inslide walls were ol led.
For each serles samples were taken from B places in the field
from the furrow sllce and from the Junctlon area between furrow
slices. The soil for seed-bed preparatlion comes for the greater
part from the furrow slices. In the first two serles half of the
samples were taken from the Junctlon area to get an ldea of the
di fferences between furrow slices and the junctlon area between
the furrow sllices. All the other samples were taken from the
furrow slices.
For sampling the following rules and procedures were used:
— ¢racks In the soll were avolded.
- ¢ylinders were not allowed to be +twlsted during sampling,

because twlsting can create breaking surfaces resulting In
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smalier £; values. When the cylInder was pushed far enough Into
the soll It was Iifted with a spade, and trimmed with a knlife.
- on sampling the soll was compressed. Therefore only samples
wlth a decrease In helght of less than 0.5 cm were accepted.
- the thin dry top layer of about 1 cm in thickness was removed
before samples were taken.

The mean molsture content in furrow slices Is higher than In the
Junction area. This difference Is just below slgniflcance for the
first serles and signlficant (95 % probabillty) for the second
series. The mean difference has a value of 1 - 1.5 percent by
welght. The average pore space was about 5§ percent hlgher In the
Junction area. This could have been expected because thils soll
was loosened from the furrow sl lces by weathering.

To obtaln a helght to dlameter ratlo of 2 In the unconflned
compresslion test two samples were been put on top of sach other
according to Koolen (1978). Before testing the samples were
weighed. The sample palrs were composed of two samples with
almost equal welght. Thils was done to avold that samples with
very dlifferent pore space were used as a sample pair In the
unconfinad compression test.

In the fleld the molsture content Increases wlith depth. There-
fore, soil samples topslides are drlier and more c¢rumbly than
bottomsldes. So there are three ways to comblne the sample pairs:
- loose/loose: the upslide of the first sample agalnst the upside
of the second sample,
- lovse/firm: the upslide of the flrst sample against the under-
side of the second sample.
- filrm/firm: the underslide of the flrst sample against the under-
slde of the second sample.
In the samplie helght values which exIst at the beginning ©of the
unconfined compresslion tests, the decrease In sample helight which
occurs when the samples are pushed out of the cylinders is ac-
counted for.
In the dlifferent combinations no significant dlfferences were
found in molisture content and pore space. So the dlfferences
found as a result of unconfined compression are due to the method
used. For each serles the l1oose/loose method resulted In the
lowest values for mean fallure straln Ef and mean unconfined
compress|ve strengthip,,. The flrm/firm method showed the highest
values while the loose/flrm method resulted in Intermedlate
values. The differences between loose/loose and flrm/flrm are
significant (85 % probablility) but no significant differences
were found between loose/loose and loose/firm and between
loose/firm and firm/flrm. Compared wlth the flirm/flrm method the
standard deviation of Efg Is a factor 2.5 lower In the
loose/loose method. For Tpay standard deviations are almost egqual
for loose/loose and firm/firm. |t I8 remarkable that the standard
deviation values for Ef are almost constant for atl the serles
wlithin a scil. Standard deviation increases for a*,,,,x when the
soll becomes drier. The standard deviation of £; was almost equal
for a serles of fileild sampies (loose/loose methed) and a serles
of laboratory samples. Forﬁaax the laboratory samples had a
factor 3 lower standard deviatlon than the field samples
{loose/loose)., Flg. 7.19 shows the Ehax - molsture content rela-
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tionship for a lpose/loose serles. This clearly shows the dIffl-
culties that arise when fleld samples are used Instead of labora-
tory samples (Flig. 7.15 and 7.16).
The crack formation differed for the dlfferent combinations. In
the loose/loose method crack formatlon always occurred In  the
middlie of the sample palirs. This could have been expected because
this part Is driest and has more weak zones. Crack formatiaon for
the filrm/firm method always started on top or at the bottom of
the sample pairs. In the loose/flrm method crack formation could
start everywhere.

The Ef values for furrow slices and the Junction area are not
significantly different for the three methods. The unconflined
compressive stength values are much lower for the junctlon area.

This could be expected because thils weathered soll is easy to
crumble. Further sampling concentrated on furrow sllces because
of the reported differences and the knowledge that the soll for

the seed-bed comes mostly from the furrow slices.

Six serles of forty samples each were taken from the furrow
slices on six different dates. The course of the unconflned
compression values (loose/loose method) Is compared with the
¢l imate diagram. The climate dliagram (Flg. 7.20) shows that 1930
had a wet spring. There was a dry perlod between 10 and 18 April,.
In this period a sesd-bed could dry encugh In order to be pre-
pared for potatoes. Flg. 7.20 shows the course of £¢ and Tpax in
time as wall. We can see that the unconflned compression values
tend to follow the drying of the fleld top layer. Even when the
condltions are known at which this soil reaches the upper tillage
limlt, we can draw no conclusions about the date In the spring of
1880 on which a seed-bed for potatces could have been prepared.
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Fig. 7.19. Unconflined compressive strength of flel!d samples.
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Flrst, the following questlions are to be answered:

- are the sampling depth and the thickness of the tep tayer that
ls needed for the seed-bed equal?

- has the dry layver that was removed been taken |Into account?

- have cracks been avolided?

The thickness of the top laver that Is used to prepara a seed-bed
has two components: the layer that Is used for surface levellling
and the thickness of the loose layer that is needed for the seed-
bed. The thickness of the levelling laver can be calculated using
a rellefmeter (Kulpers, 1857). For a level fleld a loose top
layer of 8 cm Is needed for potatoes (Kouwenhoven, 1974). For our
test fleld the necessary sampling depth Is estimated at 10.8 cm
(2.8 cm of levelling layer and 8 c¢cm for the seed-bed)., Our sam-
pling depth was 9 cm: 1.5 cm for the removed top layer, 2 cm for
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Flg. 7.20. Course of climate and the unconflned compression cha-
racteristics of fileld samples.
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trimmling, ©O.5 cm compression during sampling, and 5 cm cylInder
helght. This means that the helght and dliameter of our cylinders
were 1.8 cm too small.

From the tests with fleld samples we can conclude that:

fleld samples can be used for unconflned compressions tests.
for high accuracles a standard sampling method Is necassary.
sampl ing depth depends on roughness of the fleld, the needed
thickness of the seed-bed, the compressib||ity of the soll, and
the thickness of the removed dry top laver.

the highest accuracy in unconfined compresslion tests is achiev-
ed when two samplies are combined with the upsides against each
other (loose/loose method).

the course of&s and Tyax tend to follow the dryling of a fleld
soll.
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CHAPTER 8

SUMMARY

In scoil dynamics we distlngulsh between loosenlng and locad-
bearlng processes. This dlissertation deals with load-bearing
processes under agricultural rollers, wheels, and tyres.
Agricultural rollers, wheels, and tyres have been classifled. In
additlon some general aspects of these devices are presented.
This report presents the fundamentals of load-bearling preocesses,
|l.e. kinematic, dynamic, and sol| physical aspects. Kinematic and
dynaml¢c aspects are discussed on three levels: device (reoller,
wheel, or tyre), contact area, and soll under the device. Physli-
cal properties of a soi! can change due to load-bearing pro-
cesses. ©On the other hand the soll physical properties Influence
the mechanlical behaviour of a scoil. In the section on soil physi-
cal aspects we have paid speclal attentlen to the influence of
aggregate dlameter and soil alr on compresslion behaviour of soil
and to tillabillity.

Scoil characteristlcs concerning load-bearing processes are pre-
sented. Different tests that were used to characterlze soll
mechanlical behaviour are compared. Relatlonshlips between soil
characteristics and process aspects and thelr suitabillty to
predict process aspects are discussed. Contributlions are made to
the predictlon of some process aspects of a towed tyre under
dlifferent scil condltlions and in different soll types. Under
laboratory conditlons the use of characterlzing processes (cone,
vane, and falling welght) and empirical predictlion methods re-
sulted |n accurate predlictions of rollling resistance, rut depth,
and compaction caused by a towed tyre.
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CHAPTER 9

SAMENVATTING

Iln de gronddynamlca onderscheidt men losmakende en afsteunende
processen. Bl ) het rl)den over grond treden afsteunende processen
op onder rotlen, wlielen en banden, Dit proefschrift behandelt
afsteunende processen onder rollen, wielen en banden In de land-
bouw.

In deze dissertatlie worden een indeling en enkele algemene aspec-
ten gepresenteard van In de landbouw voorkomende rollen, wlelen
en banden.

De grondsiagen van afsteunende processen worden behandeid: kine-
matische, dynamische en bodemfyslische aspecten. Da bespreklng van
kKinematlische en dynamlsche aspecten vindt plaats op drile ni-
veau's: werkend deel (reol, wlel of band), contactviak en de grond
onder het werkend deel.

Bodemfyslche ailgenschappenh kunnen veranderen als gevolg van af-
steunende processen. Anderzl Jds hebben bodemfys|sche eigenschap-
pen invioed op het mechanische gedrag van grend. In het hoofdstuk
over bodemfysische aspecten kril jgen met name aandacht: bewerk-
paarheld van grond en de Inviced van aggregaat dlameter en bodem-
fucht op het verdichtingsgedrag van grond.

Bodemkarakter |stlieken, die verband houden met afsteunende proces-
sen worden gepresenteerd. Verschlillende voor het karakteriseren
van het mechanisch gedrag van grond gebrulkte testen worden
vergeleken. De betrekkingen tussen bodemkarakteristleken en pro-
cesaspecten worden behandeld. Evenals de mogell Jkheld om deze
betrekkIngen te gebrulken In voorspellingsmethoden. Er worden
nleuwe bl Jdragen geleverd aan de voorspelling van enkele proces-
aspecten van een getrokken band. Nauwkeurige voorspellingen van
rolweerstand, Inspering en verdichting waren moge!l JK met behulp
van karakter|serende processen {(conus, vane en valgewicht) en
empirische voorspellingsmethodan.
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