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Jhe L e AN TV T [ yrahle Tups Af the Ygdds
Fie .ioatinge roator
< s .- -

A e e
PO B

Jilin Tnlvoersits 27 Teckhnolorv, Trancehun, Silin, L0, 7.
'l
1. carer Yigragned e tinevntics and 4rnacifrc of tve

sadde el with et Te 1 ics renetrnting into and o ~onine
0:t oo snil operpenticilarty, The caleculation nf the

ele~tris conzuter shovs t At for the requiremr £ on
serta n trastive force t.e -heel s-ould 'nve .eryair
sinta e 3 toat Yt iag v e optimal toactive ‘eienerr,

e ex: erirent on t:e srecific test bench 4 ned by the
4 thar ahows: this tyre of whieel hns a less ' 'ing resis-
tornce a0 o2 iher trnctive efficienc-,

*..
¢ /s

Te rigid luagged meel is the “riven wheel adopted widelw
b “ve waddr tractnrs in Thina. Be-~ause the 1dhesive
rerfor-ance of +.i3 whrel i3 not good, and the rolling
reJigtance i5 'arzer, the efficiencv of the wheel is much
lower. “he ap:enrance of the paddxr field boat *“ractor maves
+re —=nciine posses less moving resistance., The reason is
t 2t **e boat 1as a large bottom area which creatlv
decreaces the proind npressure and cea1ses A sma'l sin'-ape,
it the sa-e ti=e die to the luhrication of water, the
“riction coerfficient of 8liding “etween the botto~ of hont
ant *re surface layver of the paddy field is also small,
But its ‘rivine gear---lugged wheel itself stil]l has the
problem that the rolling resistance is large. or exanple,
the boat tractor---"‘ubei-12 weighs P11 v, the weight
distributed only on bottom is 540 g, and on the wheels
is 21 =g, 3But the sliding resistance of hoat is snlv 73 p
. 1nd the rolling resistance of the wheels reach even 307 ‘o,
"he rolling resistance is so large that wheels are not able
to offer erough tractive force and the efficiency is rery
. low. This neuns a waste of oil and non-econonics of t*e
nroluction,

AD-P004 283

p to now, the research of this rigid wheel is mnde nninly
20 tue netnod of selecting the geometric shape of the lug,
riichk -eeps s0il Trom being Aug up and decrenses tte rnlline
resirtarnce, The lugs fixed on the wheel rmove in different
trochoids, which decides that the lur-s have to co~nact “he
soil no matter whatever reo~etric shene and 1up anple are
wiopted. The rrent ~ajority holds that the co-naction of

the o] b~ <heel 12 just the main remson ca'icin~ rolline
resistnnce.

"hiz noper stidies the wheel with mov-tie lurs which nene-
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Flize =1 Tipld o wicel with mccrable Tu oo
. oroller on the connectin”T rod of 1o R A

‘. connecting rod of lu- ‘.81 ne 2ranve
fiving c .ute plnate €, d~iyan nvle
7. chute “. rib plate of lug

1. 1-00 31 ci4 whieel with movable 1a7s
Yu Je Jus ool J. €oge 4, ¢’ ain

1.

d . fized srencret 7, Apiven axle 7, crain
“. 8o-rnckert e ~ibh ulate of 19
inca e tre 1 e etrates ‘ntn 39171 nepnendicaiaply the
Wf rovder of o paction *0 ooil i¢ raatls 3 snnaeee fnd
trn total et okt nf orve trhantsr o tapgaTren a1 he #ha
Larttarm of thae hnat,

1. Mie “ine~ntic: 0 tia dhaal n-o b e ahaea A Ehe rane
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e Yiner-*i s acin Aaf the ayle ~erntre of the lura nf this
wree] 1% *ro~ -iis, Tha lo-i af all roints on the lug in

3011 are ! i*, "hen the lup moves nerpendicn’arlsy
in soil. The -ine~n*icsg enintinn of any -~oint 7 on tre lur

im0 -g YO - ! sin@ N

Yoo = 2 (' - * - Coﬂo v Ny
wrere e io the distance from point ' to the nper o% the
tug, 1 is t-e radius of the wheel, i.e. the Aistance fronm
.6 wheel certre to the axle rentre of the lug. @ is the
ancle tarning from the lowest position of the wheel lug: it
is positive when the lug peretrates into 80il, anA negative
when out fror soil.

sccording to different slips the ~otion of lug in soil ray
be divided into three cnses: it billdnzes the soil twice,
once, or it does not bulldoze the 80il as stown in Tir, ?
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‘here tie dotted lines represent the b.lidozed snil on tae
first time, . represents the snil shear~d and vnresg-ed
bac“%ward, x represents the soil bdbulldozed or “'e secnn * nme,

. bviously, there n.st be a certain critical si’ryémh. he -
the wheel rolls with a slightly smaller slip tYan i* “"e "o
bulldozes s0il twice, and the lug bulldozes snil onY« ~-~
with A slightly larger alip than it. dets can Sa et

vy the following enuntion, Tt is more co-nlicated aiy ¢ >
be solved Ly the electric co~m™

(1~8) (cos™ (1=8) +cos” (.Rgﬁ)_ 2§ -5 -‘IZ—EFE o] (2)

There also exists a certain critical slipdwti. The lug
bulldozes soil once with a slightly amaller slip than ft.
and does not bulldoze soil with a slightly larger s8lip thar
it. {diritt can be determined by

Centy =H/R ‘3
2. The dynanics performance of the wheel with movable lugre

1) The derivation of the Arawbar pull of the wheel wit*
~ovable lugs

The horizontal forward thrust of the soil against = single
lug can be calculated by

P = Vbh! N@®) +2cbh/N($) ‘0

where | is the specific weight of soil, @ is the anple of
friction, C is the coefficient of cohesion, b is the wiAdAth
of lug, h is the depth of the sinkage of lug, N(¢ ) is the
flow value and equal to ¢t "74‘¢/?§.

To eep the penetrating lugs from interfering each sther
when they act on soil, the slip should be confined wis»< -

the necessary limit
where H is the sinkage of the wheel, ' is *he number c- the
movable lugs of the wheel.

.e can calculate the average tractive force Py of n sin-le
lug, then the tractive force Px of the wheel is

B -Nf, 3
The result of calculstion by the electric computer shows
that the maximum-drawbar pull and the optimal tractive
efficiency of the wheel exist only when the slip is between
Owitz and juin . Hence here we only jintroduce the formula in
which the slip is between duitz: AnA duritr . hrough derivation
we obtain the equation as follows

R <[} ) { (17 -21RJR7 ) (3c08™ (1-8) - cos’ (B0y) 3 [F-F ¢
-2uR R ) v§(R-1),[ZRE-} LT ((1-1)(3e0s™ (1-6)
-co.*(ain)]45&J26-6’7/5§H-H‘} (7
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The rolling resistance Pjat of snil to the wheel is mainly
from the three respects, i.e. the bulldozing resistance Fy
the resistance Iy; of the friction and adhere of soil, the
resistance of P;y of the compaction of s0il due to the
thic<ness of the luga. Hence

Pfug 'Pﬂ ’P}) *Pp (8)
where By,='2IN@®){ (cos™ (Bll)-cos™(1-8)] (K -24R+3R? ) +B(H-R)
J2R-HT -, [25- 57 (21-65-2R)} + BEE [N@){ (cos )

—cos™(1-8)) (=) + JorH-1T - 25T R

)
Pf"z’% 13 (28-RD)
l *"
3"35n+151§!1—8)

where M is the friction coefficient of soil, K is the
bearing coefficient, t is the thickness of the lug.

2) The maximum-drawbar pull Prpme 0f the wheel with movable
lugs

The drawbar pull of the wheel Psp 1i8s equal to the difference
of Px from Pua«t.It is easy to obtain the maximum-drawbar
pull of the wheel in different depth of the sinkage by means
of the electric computer. Pig. 3 shows B-Ph.“-S'curves with
three different atructuro-pni:::ﬁ:fs.
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Tl s - -8 o rvea »* varinius conft irotorn
rarameter of tie vhenl
cuarve 1. R = 37¢- RN
cirve C. 2 = 47 o= R
carve 3. R o= 47¢m = 10
The curves show that the maximun-drawbnar pills ~re Aifferant
with the di“ferent sinage nnd correspondent s'i -, The

larger the sintage, the larger the maximum--Arawbsr pull, =n”
the larger the slip is. Tf other conditions are te nane ~nd
the number of the lug is fixed while the r~adins g© the whee!
increases, the maximun-drawbar pull decreanges., "he rasalt i~
contrary to that of the tire wheel., ™he itanee between twn
near punching holes is 7Tg = 7?7 1-§ sind f i no*
ctinged and 7 gets larger and t-en the relevant =iin got-
staller, Oxcertainly gets larger. This "n es the aren
decresses on whicn the wheel ac*s ner unit Jength nf 30i’.
And then the obtained thrust from the soil is s=nller, 7°

R and ! become larger at the sane time, tre distance between
two near lugs <eeps apnroxirmately constant, and the chansre
of 3k is not very large, then Nigees increases with 7,

3% T™e optimal tractive efficiency of the wheel! with ~ovable
lugs

The formula for calculating the tractive efficiency of this
wheel is

The external rolling efficiency of the wheel can be obtained

by  Nyee ™h . The internal rolling efficiencv of the
wheel ‘can bé represented by f ., = _ﬂ;ﬁ'_m . And the
,.. L3

slipping efficiency is Qs""'s.
There are two ways to seek the maximum-tractive efficiencv,
Pirst, to a given sink, changing the s8lip of the wheel, we
crn seek the slip with which the wheel has the maximum-
tractive efficiency, and the relevant drawbar pull can be
also obtained. i/here Yy, 1i8 the function of slip §. Cecon?,
to a gciven requirement of drawbar pull, changing thre depth
of the sinkage and slip with which the wheel has the
maximum-tractive efficiency. !'/here 1. is the function of
the sin%age ! and thre slip §, g

some discussions belony to the first. It is obvi-us thnt
the ranges to see the optimume by these two wavs are
different. In practice, the paddy field floating tractor
should deterrine the optimal sinvage of the w-eel accordire
to required drawbar pull, Fig.4 _;ives t e curven n-a-q”-n,
calaulated by the electric computer in those twa wavs
mentioned above with some civen soil-narametara, “or
instance, by the first wav, if 7 = licn, § =N, 7777, wae
obtain Ywe = 0,837, "wp = PE AT, “v the second wav,

if Twp = R, 40%z, we obtain e 17,77cr, FuN,2730 aps g

« 0,5752, Tre ~eaning of curve 2, t-erefnre, is tret +o g
a -iven drawbar 11l the curve s4ows the opti-nl denth

of the sinkage of the wheel {.e, tn thisg renrirarent of the
drawbar pull, the wheel hns the on*imal treactive efficienc~

ol S e coing

e A v sz

T e

Gt e e

T ol




601
notils s.n.
?I?
L)
(1]
[
{
Z oS
k i o
Re %' 0w $ ® 5 2 qH
(l’; {cm)
a9
o2
\\,
031
5 4
# Fig.4 curves of maximum tractive efficiencv
] . Curve 1. maximum tractive efficiency vs.
corresponding drawbar pull, slip
at a given sinkage
Curve °, maximum tractive efficiency vs. i
corresnonding sin nge,slin at a
riven drawbar pull
3. Zxperiment snd conclusions
A wheel wa: ~anufactured with the design nrinciple in Wig. !
1-2. The wheel was te-ted on the specific Aevice shown in !
rig.%. i
The device iz able to 1. adjuat xnd fix the sinkage of the

tested wheel, 2, control the slip, 3. test the axle-torque
of the t sted wheel, 4. te t the rrawbar pull, 5, tast the i
*i~q1 force of the soil against the tested wheel,




/
I3
-

3

/jgzjl" ¢
Pig.5 test set

1. tested wheel 2. full electric bridre for
neaguring the tortue of the axle %, chain

4, gear box output t. winch for controlling
alip ¢. pull-compression sensor for measuring
Draw~bar forces (not including resistance of
the test set’ . roller 8, pull-comvression
sensor for measuring the vertical reaction of
the so0il O, urper chasis of the test set

10. s8liding Joint for trans~itting horizontal
forces 11. rail 12. small wheel of the teast
set 15, set for adjusting t-e sintage of the
tested wheel

The practised tractive efficiency of the tested wheel can
be tested nand calculated by

{ = M_ = e |
o 4 Huuh (Ma-Myy) x

"""m.- B Yut

The result of the oxperiment is shown in Fig.6 and Mig.7.
The tested curves of a wheel with hyperboloid lugs are
included in these figures. From which we can see:

(10)

1) The theoretical curves of the drawbar pull and the
tractive efficiency of the wheel with movable lugs which
penetrate and leave the soil perpendicularly are higher
than the other tested curves and they have some "advance".
simutaneously. This ic because of the result by simplifving
the formula of plasticity.
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Pig.fs curvea »f efficiency vs. slip

1. exrerimental tractive efficiency of the rigin

wheel with movable lugs
. erxperimental tractive efficiency of the ririA

wheel with hvperboloidrl lugs

’, theoretical efficiency cirve of the ririd
wherl with movable lugs

4, experimental rolling efficiency curve nf the
riri4 wheel with movable Jlugs

. experimental rolling efficienc~ curve of the
r'rpid wheel with hyperboloidal lues

T.e rolling and tractive efficiencies of the wheel with
tae ~ovable 11-s are higher than that of the wheel with
.'pertoloidal 1ucs, This is obvious when the slip is
le-17 5, 'ithout the internal friction its tractive
efficiencr would be hi ther in l4-17§, Vence, it is
i rortant to decreagse the internal friaction of this wheel.

S Tre curves (1) (4 show that the external rolling
“ffi~iAancy of the former is hi-her thnn that of the Intter
.. 17<184%, which is the easential reason tnt the former
tractive efficiency is higher,

4% .ith tne 1 ae slip, the drawhbar ~ull of the “heel ith
ovable 1wt is rre~ter,
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Fig.?7 curves of force V3 slip

1. experimental curve of Arawbar pull of ri~i{A
wheel with movable lugs

2. experimental curve of drawbar »ull of ripiA
wheel with hvperboloidal lu~s

3. experimental curve of the vertical co~mpressgive
force to the soil by the rigid whee'! with
movable lugs

4, experimental curve of the vertical cownressaive
force to the s0il by the rigid wheel with
hyperboloidal lugs

5. curve of theoretical Arawbar pull - * the
rigid wheel with movable lugs

5) The compactive force of the wheel with movable lucs to
the s0il is much smaller than that of the wheel with
hyperboloidal lugs. The wheel has a higher externa’ rolling
and tractive efficiency just due to the small compict loss
of the soil.

The Ind

This paper studies some problems about the large rolling
resistance of the driving wheel of the paddy field floatinp
tractor. According to the point of view that the rolling
resistance comes mainly from the compaction of soil b~ Yupe,
the paper analvses the kinematics and the Avnamics of the
wheel with the movable lupgs. Some evperi~ent has been ~n-e,
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c.,nel sith  ovabiae Vore S ap than Ehad A€ the Mol
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"0 2 siven ran..re-ent of tle drawbar - 11 an op*timal
de;tt of tte sint:ge cnn he 5o ht by +*he electric rorruter,
ithotoie dept:, t'e wl.eel hag the optimal tractive
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effi(enc .,

It s'.ould be pointed 01t t at e o the novable Tups the
atruct .re of t'.e wheel in rore cn plicated. And some
irternal friction lasses genernted b the —ovakle lugs,
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AN INveSTiGATION OF THE DRIVING WHEEL THRUGT OF PADDY FIELD TRACTORS

Deng Znuorong ; Youg Shucheng

The Chinese Society of Axricultursl Machinery , Beijing , China
The Tractor Research Institute of China , Luoyan , Heman , China
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In this paper, the producing process of the driving wheel thrust of
paddy fleld tractor ir snalyzed through experiments sade in a soil bin.
In essence, it is @ process in which the vheel lugs are moved sgainst
the goil so that the s0il in the neighbourhood of contact surface is
cozpressed and sheared. The amethods for predicting the driving uheel
thrust and the lug motion trajectory of paddy fleld tractor are proposed.
The predicted values of the thrust are compared with those obtained
through experisents. It showvs that the predicted thrust agrees fairly
satisfactorily vith the seasured results.

4

e

»

INTRODUCTION

One of the main problems of paddy tractor is thai the driving wheel sust
be suitable to the condition of paddy field. Although a lot of tractors
have been used in paddy field, their traction efficiency have not been
satisfactory. The powver loss of the driving vheels accounts for nearly
6% of the total loss. Thus, it is seen that the traction efficliency
should be improved and more suitable types and parameters of the tractor
vheels in design need to be provided. For this reason, a thorough
study of the intersction between the paddy soil and driving vheel of
paddy field tractor should be made in order to understend the producing
process of thrust and rolling resistance.

This paper attempts to snalyse the producing process of the driving
vheel thrust of paddy tractor through observation in the soil din and to
propose accurats sethods based on this analysis for caloulating it in
design.

THE PROPERTY OF PADDY 30IL

The property of paddy soil is different from the dry field soil as &
result of planting rice for sany years. Since the goil property is
closely related to wheel performance, the relevent parts of sechanical
property of paddy soil are roughly described as follow:

The agrotechnique of rice requires s large amount of weter to be kept in
the field for s long time. This cauges the paddy field to have a
desper and soft soil layer. Depending on the groundwater level, the
tise of planting rice and the kind of soil, two cases of the soil
generally existed beneath the soft soil layer. One case is that the




s0il forms a hardened layer and the other does not. The strength of
soft soil layer is very weak but the adhesion is great. These soil
conditions and the particular requirements of cultivation in paddy field
make 1t difficult to design high efficiency driving vheels.

The pressure-sinkage relationships of paddy soil are varied. But vhen
ploving field, the preasure-sinkage curve is generally displayed as
Fig.1.

N
5 soft top, soft bottoms
L Y)
< soft top,
B‘? | bardened bottos
o ®
56
s '
£,
L 5 r0 £ 20
sinkage z(cm.)
Fig. 1 Pressure-sinkage curves of s plate for

a peddy soil

According to the seasured data of paddy soil in the field and using the
effective portion of the pressure-sinkage curves, the relationship of
these two parsmeters could be described by the following equation based
on the requirement of simple and practical application(t].

p-k,ok" (1)
vhere p-plate pressure, (kgf/ca’)
s-plate sinkage,(cm)
k) -coefficient of soil sinkage,(kgf/cw?)
kz-coefficient of soil sinkage,(ca')

Due to the effect of soil consolidation, the water ocontent and density
of peddy soil are different in respective layers. It cauges the
cohesion, intermal friction angle, adhesion etc.to be varied vith soil
dopth. The curves of cohesion and internal friction angle vs soil
depth are shown in Fig.2,
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F1¢.2 Coefficientofr cohesion and internal frietion
angle vs suil depth




Hovever, the coefficient of cohesion has a close relationship with the
pressure-sinkage relat*ion. It could be described by the following
equation:

ceaptu (2)

where c-coefficient of soil cobesion,(kgf/ce”)
s~proportion oconstant
u~coefficient of soil cohesion in the surface
layer, (kgf/ca?)

OBSERVATION AND ANALYSIS OF THE BEHAVIORS
--QE_DRIVING WHEEL [N PADDY 0IL

Since the thrust of e driving vheel of psddy tractor is sainly produced
by the interaction betwean the soil and wheel lugs, the study of the
producing process of s vheel thrust would be the study of the producing
process of the lug thrust. Therefore the behavior of driving wvheel
lugs in soil was observated firstly.

1. OBSERVATION EQUIPMENT AKD METHOD

The equipsent is cosposed of a soil hin, s carriage and power unit. On
the carriage is mounted a slip oontrol mechanisa for the driving vheel
soving at a definite slippege. Some ballasts vers used as the vertical
load applied on the driving vheel. In one side of the so0il bin there
19 & glass vindow.

The so0il in the soil bin was picked froa a nature paddy field vhoase
particle sise distribution is shown in Table 1,

Table 1. The soil partical distribution in the soil bin

Soil particle Distribution(%)
dia. (mm)
Cultivation Bottoa :
layer layer 2
> 0.05 ) s ;
0.005 ~ 0,01 12 n §
O.GH ~ O.WS % 2‘ 1
< 0.001 20 9

The s0il was laid and compacted in the soil bin layer upon layer just
iike real peddy field, and then water was poured into the soil bin,

On the side surfece of the eoil against the glass vindow, vhite lattioces
and points vere drawm.

The dimensions of the vheel used in the test are showm in Table 2.
whea the driving wheel moves against the glass vindov with a oertain
slippage, the lug motion snd soil displacement vere photographed.
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test wvheel

glase vindow

Fig. > Sketch of the test devics

Table 2. The dimenaions of the test vheel

wheel dianeter 75 (cm) Lug driving eide angle 25(deg)
Wheel wvidth 10({cm) Lug front side angle 10(deg)
Lug length 10 (cm) Lug angle 9 deg)
Lug height 7.25 (cm) Number of lugs 9

Lug top face width 2 (cm)

2, RESULTS OF OBSERVATION AND ANALYSIS

In Fig. {~6. 1is shown either s single lug or serval lugs of wheel
soving in paddy soil, the soil in the neighbourhood of lugs has a regular
sovesent. The intersction between the driving vheel lug and the paddy
s0il is similar to that of a retaining wall. The vheel lugs are
applied upon by passive pressure. But the problem is the changes of
the soil slip region due to the effect of lug location and tractive force.
when the lug enters into action and applies & force to the soil, the
s0il particles in the neighbourhood of lug are moved against each other
in which local compression and shear will occur, With the force
increasing the movesent of soil particles is increaged and then proceed
to develop a continuous slip face in the direction of lov resistance.
vhen the lug force is higher than the soil beering caspacity, the soil
vill be failed and lugs sink again. In other words, the rotation of
the ubeel causes the vertical load of lugs eatering into the soil to be
increased and they sove dowmwards again until reaching the equilibrius,
although the traction force is very smsall. But at any lug locatioa,
the soil had besn reached the state of plastic equilibriua wvhich causes
the slip face to be produced. It can be seen during the test.

However, the lug lying over the instantanecus rotation cemter moves
dowuards and forwards so that the soil under the driving side of lugs is
compressed dowmwards and forma two slip regions. This is similar to
the state in which the plate is spplieda force at a certain angle.

Vith the rotation of wheel, lugs lying bslow the instantansous center
sove dowmwards and backvards. The soil under the driving side of lug

is compressed downwards and is sheared bmckwards. Only one slip face
exists. This {s shown in Pig. 7.
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Fig. 4 Movementof tne paddy soil particles under the
action of a single lug wvith slippage 25%

Fig. 5 Movement of the paddy soil particles under the
action of driving vheel lugs vith slippage 25%

Fig. 6 Photographs of the driving vheel lug soved
in paddy soil with slippage 25%
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Fig. 7 Slip faces of the peddy soil under the «ction
of driving vheel in various ;ositions.

Fros observation, the shape of alip face which is developed in the paddy
s0il under the action of each lug is curving snu approximates to a
loga-ithaic spiral. But vhen the lug top face moves at the bottos of
cultivation layer, the slip face is developed along the top of botton
layer. It {s noteworthy that as the . ug is moving in soil, the soll
beside both lug lateral sides vill alsc proauce alip faces. But their
curvatures are Bore gentle.

Froa above analysis, it could be seen that the thrust producing process
of a paddy tractor driving vheel 1s & process in which the vheel luge are
soving against the soil so that the soil in the neighbourhood of contact
surfece is compressed and sheared. Therefore, the thrust of s driving
wvheel will depond on the shear chgrscterictic of paddy soil.

THRUST CALCULATION

Empirical equations say be used to calculate the thrust. It is sisple
and couvenieat in calculation so that it should be developed continuously.
Hovever, using the principle of soil prussure to derive the models, wve
vill be able to integrete the calculation of thrust and rolling
resistance and widen the limitation of application and analyse the
intersction between the driving vheel and soil. Although the principle
of solil pressure used to calculate the thrust is very complex, it ir
still considered as s feasible wethod connected vith the particularity

of paddy scil because the digital cosputer has videly been used recently.

The evaluation of soil passive pressure by the logarithesic spiral sethod
has been studied by many resssrchers.(2) (31(#1(S1(81(7] This method
assunes the slip face to be composed of s logaritheic spirsl and a plane
section, 1t approximates to the shape of slip face of the paddy soil
applied by lugs, but in a given goil its pole location is different due

to the lug moving. In respect to the driving side of lug, vhen it
soves belov the instantaneous rotation center the assusption of the
logarithmic spirsl pole locates on the redius of lug top face approximates
fairly to the real situstion according to our experisents as Fig.8.

Thus, this sssumption could be used in calculating the lug force.
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<J practical
v - slip face
___ apsumed plip face

Fig. 8 The practical and assumed alip face of pardy soil.

It aust be pointed cut that the s0il charscteristiosvill be a main
factor vhen calculating. In our tests it is found that the deviation
of calculated value, neglecting the varistions of evlil paraseters, is
larger then that of the slip face shape sssumed in calculation vhich
deviates fros the real shape slightly. Thersfore, to evaluate accu-
rately the thrust of paddy field driving vheel using the logarithaic
spirsl sethod, ve sust consider the varigtion of soil parsasters.

fros the above reason, lugs location must be decided first in calculating
their forces. It is worth noticing thet ths motion trajeciory of wheel
lugs may be a cycloid or not. It vill depend on the soil characteri-
stics and construction. In respect of s driving wvheel of paddy trector
vith high lugs and wide piteh, its instentaneous rotation oceater lies on
the lovest lug first. When front lugs are moving at tne depth vhere
the vertical soll reaction forces ci 1 equalise the vheel load, the
instanteneous rotation center moves onto the froat adjacent lug. But
this lug also sinks since the vheel rotation csuses its vertical load to
be increased. Thus, the soving trajectory of lugs 3s neither o
cycloid nor a circle. Since the strength of peddy eolil differs in
different layer, the sinkage of the front sdjacent lug onto vhich the
instantanecus rotation center begin to sove is different. It i showm
that the moving trajectory of lugs is correlated wvith the soil characte-
rictics.

*
3

Fig. 9 Sochematic diagres of test vheel
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Assuming that the location of lovest lug lies on the origin of coordi-
nate,Fig.9, the moving trasjectory of lugs say be expreseed as followvs:

XeXotrain( 10 -v- @) (3)
YT -r cos{ 16 -4-9')
vhere 0.0175 R¢( 1 -4 )
Ie = 0. =
Yo-Rooa[(N-1)0-9] W
vhen (N-1)0< < (R-1)0+1p,
and

Xo= 0.0175RY( 1-§) (5)
Yo = 2o - Zyjmp)* R cos( BO - )

vhen (E-1)0+¢, SYPENO

P — Rotation engle of wheel (deg)

J-— Averuge slippage based on the outeide diameter
of vheel

® — Center angle between two adjecent lugs (deg)

r — Radius of a point on wheel lug (cm)

Xe» Yo — Wheel ocenter loestion in the coordimate (em)

R — Ubheel outside radius (ems)

o’ -~ Angle betwestu the radiuses of a point and the lug
top fece (deg)

i «= Ordimal ousber of lugs as shown im Fig.9

N = Ordinal :hr of wvheel rotation period, i.e.

od

LN 'Y
<64
A
L X-¥N

(
Zy,{ — Sinkage of the ith lug at the rotation angle V¥ (cm)
vhea the froat sdjeceat lugs
move to the location vhere the sua of the vertieal
components of goil resction foroes applied on #0 lug
sides equals serv. It say be ocaloulated approxi-
satly by the following equation;

l{l. [k, (ok'(z°’d°)¢1)+2u] [san( Agv)= tan ) ou(cgvv‘)] ( 1-0""/')
- 143Gy 000(olg-¢) } sinw=0 (6)

vhere
B ~ Lug leagth (ca)
{ — Prictioa angle of the peddy eoil and the lug
side (deg)
C, - 801l edhesion (kgt/ca®)
w =~ Lug angle (deg)
1y -- The contact height of a lug side and soil (om)
L <-- Length of face, may be taken
L «2R(1-§)eini@/2) (em)
K - 81ip coefficieat of sheer-displacement curves (oa)
iy — Lug slip displecenent, say be taken

,on{stao-ren’ -u":}:“l-l—]omg

[ )
=0.0173(1-§)[V, +6-ten"’ Usfl-gen 8]} (en)
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-
tan’ _$1-8)-008 @ __ 001 rotation angle vhem #1 lug
sin @ moves to the location vhere its

alip displacesent equals serv.{degd
d, =0.5B sin(2 sin” BLOSW -y, ) cosw — Height of the
R

#1 lug top face middle point,
vhen = \p, (cm)
When the nusber of lug, radius of ris and lug e inaresse, Y, would
have a tendency towards sero sand the sotion trajectory of lug would have
s tendency towards a cyaloid.

2, and 2y ; could be calculated by the method based on the equilibriue of
tBe ool load G and the wertical comonest of soil forces Py, t.0.

Ge3P, ¢

It should be pointed out thet the lug location in soil are differeat.
Sowe lugs are over the instantaneous rotation center of vheel and some
lugs below 1it. In the forser case, the lug driving side applies the
vertical load to the soil and the lug top face applies both vertical
load and horisontal force to the soil. But in the latter case, they
are reverse.

Acoording to the obeervation, it may be found that the soil alip face is
developed backwards and dowwards since the lug driving side applies
vertical load to the soil. Howsver, if horisontal force is spplied %o
soll additionally, the location of slip face would be higher than
forsey, as Pig.10.

Pig. 10 81ip faces of the paddy soil wnder the astion
of driving wheel.

This causes the soil bearing ospacity to be reduced even though in the
sese depth snd leads to the lug sinking sgain until the vestieal ece-
ponent of soil pessive pressure can equal the load on the lug driving
side. This is the sain factor causing the vheel slip siakuge.

For this reason, its effect should be oonsidered in caloulating lug
force,i.e. vhen lugs are belov the instentesecus rotation esmter of !
vhoel, the soil passive pressure should be used to calsulate their i
driving side foros amd the pressure-sinkage relatioaship aight be used i
to calculate the foree of their top face. Othervise, they should b i
reversed.
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It vill be geen that the thrust P, of the paddy tractor driving vheels
is the sum of effective horhouu! ocosponents of forces applied on the
luge ineide the soil.

Pq «2Pq,1

The average thrust of paddy driving vheel epproxisstes the thrust vhen
one lug locates at the placs, vhere it is in front of the lovest
position about §/8 vheel rotation angle. Calculating the avezage
thrust, the following equation might be used.

S8inee I(4.),(pe70/8)~20 ,

Pqav. " 1%‘,{[.“'.kz(lo's"‘)n)ozﬂ[l Ly unauuum.”.ool(ﬂ'-’/zi

- -1 kp Ly
(1-e J/K)}.% 2 Ly u‘.h(zo )(1- —;T— sinfly

(kzLp sinf)?
. —&-’-li—)n-rl/‘) oolpn mﬁutnﬁ
2y el lp siel, (g lnsaf) )

m‘u-gmmélal@nlaww- «h

- Rake angle of the lug driving side,
=90- ((1-7/8)0+0¢, (dog)
== Rake e of the lug top faee,
;&-7{:.: . (deg)
- ) o of the ris chord bestween scent .
R o(1-110/8)¢ /2 (deg) “ 1w
8 « R{ 00e(0/8)-c0s[(1-7/8)6]} (cn)

T = R 008(8/8)-Ry cos(10-0%) {om)

d =0.5 B sin[(1-7/8)6+2 ua"(J..gth)]mw (cw)
Lg = 0.50' 1_ Ly sin (on?

lnehy (.u(./zf &, )4"'.13(0/2-05)] (u))

Ly == ¥44th of the lug top face (om

Rg — Ris redius (om

n' — Nusber of the laternal shearing faces of each lug, be
Saken the value of 2 ( for single luge wheel) or 1.5 { for
dual lugs vheel)

3 — The ordinal number of front luge

3= n{otafo-tan-! L= l-am] . sin(10-y)

.o.ows(a-S)[y.(z-a)o.m" JJ;&.L'-.M]} ¢ (Pem/8)

bintoa =
Liag ® L3 , (=0 )
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For the verification of above analysis, experisents had been carried
out in a soil bin, The test vheel is the same as that used in
observation, however, on the lugs are sounted senaors. The {nforsa-
tion of sensors are stored in a tape recorder and calculated vith
digital computer,

The tast s0il is the same as that used in obesrvation too. The soil
parameters are shown in Table 3. The wvheel load is 135 kgf.

The results of experiment and calculated value are shown in Pig.11.

It 1s found that the calculated valueg of thrust agrees fairly satis-
factorily vith the seasured resultas.

Table 3. Soil parameters

Surfece 3.8 37.2 %
Vater content cultivation layer 329 4.8 %
Coefficient of soil sinkage, k, 0.38%7 (k;f/cnz)
Coefficient of soil sinkege, kg 0.1351 (ca™")

Proportion constant of soil cohesion m 0.0963
Soil cohesion in the surface layer, u 0,07% (kgt/c-z)
Soil adhesion, C 0.09 (kgf/ce?)

e,av.
Slip coefficient of shear-displacesent

curve, ‘..y. 0.4 (c.)
Friction angle of peddy soil-lug side, {'". 8 (deg)
Vet density, (.“. .23 (g/ed)

Internal friction angle of soil, ..y, 17 (deg)

“WGI.USXO!L

1. The produsing proosss of the driving wheel thrust of paddy trector
is & process in wvhich the wheel lugs are woved againct the soil so that
the soil in the neighbourhood of contact surfece is compressed and
sheared. TFor s given paddy driving vheel, the thrust depends on the
shear characteristics of soll.

2. The paddy field soil is nonhosogenecus, the water coateat, cohesion,
adhesion, internal friciion angle, wet demsity and friction angle of
interface are different in respective soil layers.

3. The wotion trajectory of paddy vheel lugs may be a cycloid or not,
it depends on the s0il characteristics,vheel structure and paraseters.

4. The wain factor of slip sinkege of paddy driving vheel is the soil
slip face woves upwards vhich causss the soll bearing cepacity to be

T T r——




reduced.

$. Mhen designing the driving vheel of paddy field tractor, the
calculation sethod derived by suthors say be used to obtain a better
predicating vheel thrust.

———— Calculating value

s — A Messured value
(average of nine
lugo)

§F

Soil bearing force P, (kgf)

]
°

Tractive force Py {xgr)

Thrust Pq (gt}

Moving direction driving wheel thrust Pq

—~
3 s
°

. . Pq.ay =159. 5kgf

soil bearing
force,single
lug Py 4

thrust,single lug
Pq"

tractive force,
single lug Py 4

' 20

‘o Y (dep)

o l0
I Vheel rotation angle

Fig. 11 Comparison of the calculating value of thrust,
tractive force, soil bearing force and those
ol weagured values
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N MOBILITY OF THE SMALL COMBINE(TRACK TYPE) ON SOFT GROUND

AD-P004 285

-RELATIONSHIP BETWEEN THE POSITION OF THE CENTER OF GRAVITY
AND THE MOBILITY-

Haruo ESAKI
Institute of Agr.Eng.,UNIVERSITY OF TSUKUBA, JAPAN

(/— ABSTRACT

Y; East Asia, approximately one million small-sized rice
combines have been used on paddy fields. The objective of this
study is to carry out fundamental investigations on the mobi-
lity of small combines associated with ch.nges in the position
of the center of gravity. The relationship between the posi-
tion of the center of gravity and the performance of the com-
bine in straight and circular drive was analysed.

INTRODUCTION

There are approximately three million and five hundred thou-
sand combines in the world. Two million and five hundred thou-
sand combines of the general type have been used on upland
fields in the USA, Europe, USSR and other countries. One mil-
lion small rice combines with cutter bar of less than 1.5m in

width have been used in East Asia, elgecinlly in Japan (Fig.l).

More than eighty percent of small combines(app. 0.8 million)
are two-row rice combines with a cutter bar approximately 0.7m
long. The grain tank or grain platform which can carry several
bags of grain is located on the right side of these combines.
ese small combines(Japanese type combine, J.T.combine) are
primarily used to harvest rice in paddy fields on soft ground.
Therefore these machines are equipped with crawlers and are
designed so that the mean ground contact pressure is as low as
possible. The mean ground contact pressure of the J.T.combine
ranges from 15kPa to 25kPa (0.15- 0.25kgf/cw?’]l. To decrease the
contact pressure, the ground contact area should be widened,

Fig.1 Japanese type combine.
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but the outer area of the two crawlers should be narrower than
the cutter bar length. As a result the crawlers are compara-
tively longer. The ratio of the length L (cm) to the width W
(cm) of a crawler ranges from 3.2 to 3.5.

The weight of the J.T.combine G (kg) ranges between 400kg
and 3000kg. Since the weight of the combine increases with the
length of the cutter bar W (cm),

C = 2W - 550 (1)

The mean weight of the two-row combine 1is 850&;.

The position of the static center of gravity of the J.T.com-
bine is comparstively high with values of G:(cm) ranging from
0.55L to 0.9L, when the ground contact length of the crawler
L (cm) is taken into account. This position of the static cen-
ter of gravity is much higher than that of other track laying
vehicles, oucg as bulldozers for which values of G:ranging be-
tween 0.2L and 0.3L are recorded.

In this report, the center line of the ground contact length
of the crawler is referred to as the X-X axis, the center line
of the two crawlers is the Y-Y axis, the point of intersection
of the two lines is the origin of the coordinate axis, and the
vertical axis from the point of intersection is the Z-Z axis.

The center of gravity is usually located in front of the X-X
axis with values of Gy(cm) ranging from -0.05L to 0.25L, and
on the left side of the Y-Y axis with values of Gx(cm) ranging
from -0.1B to 0.08B, where B (cm) is the distance between the
center line of the two crawlers (Fig.2). The two-row rice
J.T.combine is comparatively light. weighing 500~1200kg, and
it is able to run on paddy fields with soft ground. Since the
grain tank located on the right side of the vehicle is able to
carry 100 to 300kg of paddy, thus the position of the dynamic
center of gravity shows a much wider range of variation than
the static center of gravity.

BJECTIVE

The purgo.e of this study is to evaluate the mobility of the
small combine(J.T.combine) on paddy fields with soft ground
depending on the changes of the position of the center of grav-
ity. In this report the performance of the vehicle will be ana-
lysed in straight and circular drive.

~LAY 1 Y

The following three vehicles were used in the experiments.
1) Reconstructed vehicle based on the design of the Japanese
type combine, and where the position of the center of gravity
g.n be easily changed by adjusting the weight on the main

rame.

2) Model | scaled down to 0.44L and 0.27W from the ground con-
t:ctllcn;th L and width W of the original combine, respec-
tively.

3) Model I scaled down to (0.26~0.43)L and (0.30~0.41)W from
those of the original combines (Table 1).
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Table 1. Main specifications of tested
track of vehicles.

Combine and Models ! Two-row| Model IiMode!l 11
combine

Cutterbar width m)0.75 - -

Weight kg | 640 33 22

wWidth of track,w @ |0.27 0.073 0.08-0.11
Length of track,L m|0.81 0.36 0.21-0.135
Ground contact pressure kPa |15 9 S

Pitch of lug,P [ ] 75 18 24
Distance betwecn the cm |72 30 24

center of the crawlers,B

ROAD BED

The first vehicle was tested on a hard surface(concrete road
bed) as a standard road, as well as on upland fields and paddy
fields where the field conditions are controlled by the plow-
ing depth, number of packerrings and moisture content. Model
vehicles were tested in a soilbin filled uniformly with soil,
which was tilled and hardened for every test.

The shearing stress r , coefficient of cohesion C, angle of
frictione and soil hardness (kPa), moisture content, liquid
limit and plastic limit of soil were determined (Table 2).

Table 2. Characteristics of road bed

Ivat of tept_ 97 | 5. I (. 2 Jp 1
Tested vehicies Combine] Wode 1 1 4C-mb1ne ICombine
Mrad Ded ,r .. u.r. u.r.
Meistare F8t.u LV . [ & - 7 47
Toetlilient cf
ohesior, \Pa| 19 a2 4 L]
wale ol lis tion, @ deg 19 6 15 23
Sheati'y s'ress xPra P4 ] 4% 19 .12
Laguird [1mst (W) % [} Te -
Piast: . iiast (%3 B A} [ %] 1 -
Suii hardness APe | 390 - - - 10— 120~
R . . _238) 9w ) 190 »0

P.F.: Paddy field, S.B.: Soil Bin, U.F.: Upland field

IHE CENTER OF GRAVITY OF THE VERICLES

The determination of the C.G.ratio(é,, ¢ty and &: ) which is
defined in the next equations enables to compare the position
of the center of gravity of the various vehicles and the values
obtained are based on the calculation of the ground contact
length L and width W of the crawler.

bo- 25100 (2), & = ©x100 (1), k= FE2100 (D) (2)

where ¢, ranges from -251 to 251, ¢y ranges from -30% to 30%
and {: ranges from 55 to 901 (Table 3, .Fig.2).

R e, 42
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Range of C.G. '
of J.T.combine ."'

)

i Range of C.G.
! tor test
)

i — - -

Fig.2 The position of the centar
of gravity.

Table 3. Center of gravity of tested vehicles

C.0.0ATI0| § =Gy /B x100% [{y =G, /L x100% [§, =G, /L n100e
TEST VENICLR .
J.T.combine -10~9 -1~22 3590
Combine 22.5 2% o2} -3 ~4 1) 69
(1979) 237 22 28
Model 1 0 222 +44 Y. ] 42 33 &7
1990}
Wodel I 0 #12.5 G 210 #21 ]
(1981)
Cosbine el al2.$ 0«1l 81} sS

A28 229

Coubine 0 210 420 0 ar2.8 [ ]
{1992) _423
wodel LI v ) 56 60 8)
Coubine O sl) 223 0 a1} 29 5
Coubine 0 210 220 0 a12.% 9
JA080)

VEHICLE PERFORMANCE IN STRAIGHT DRIVE

When the combine is unable to move in a straight line, the
operator must steer several times the vehicle to cut the crops
in rows, even if the machine is equipped with automatic con-
trol units. Such operation is associated with considerable
mental and physical stress.

The relationship betwsen the C.G.ratio and the performance
of the vehicle in straight drive was analysed. When the teated
vehicle runs without requiring any steering over a certain
distance, sometimes there is & left or right turn with a ra-
dius R (m) depending on the position of the C.G. and the con-
ditions of the road bed (Fig.3). The value of the curve radius
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Left 4 Right

ratio #» is defined in the next equa-
tion, based on the distance between
the center lines of the two crawlers
B (cm). When the tested vehicle runs
in a straight line, the value of »
is 0 and when the absolute value of
» is larger than 0, straight drive
performance is not satisfactory.
b« 2 %100 (1) %)

Forward slippage of the crawler was
observed in straight run and the
cause of this phenomenon, as well as
the relationship between the slippage
and the position of the C.G. or the
value of » 1is discussed in the
following section.

Fig.3 Radius of curve
in straight drive.

v f v o th

osition of C.G.
When the center of gravity i{s situated on the Y-Y axis, the

vehicle runs straight, even on paddy fields or on a hard road
bed. This also applies when the C.G. is situated in front or
in rear of X-X axis.

When the absolute value of & exceeds 10X, implying that the
C.G. is situated on the right or left hand side of the Y-Y
axis, straight drive performance is impaired.

For instance, when the vehicle runs on a hard road, concrete
road or hard upland fields, where the soil hardness is 980kPa
{10kgf/cm?}, and the value of ¢« of the vehicle is above 10%,
the value of &y ranges from -151 to 151, and the vehicle tends
to make a curve to the left, although the C.G. is on the right
hand side of the vehicle. When the value of &y is above 201,
namely implying that the C.G. is situated forward remarkably,
the vehicle tends to make a curve to the right, toward the
side where tne crawler is overloaded.

When the vehicle runs on soft paddy fields, where the soil
hardness ranges from 100kPa to 300kPa {l~3kgf/cm?), the vehicle
tends to make a curve toward the side where the crawler ir
overloaded, although the N
C.G. is situated forward (xW)

or backward (Fig.4). Sr Very soft field
aQ

Forward slippage and o £4F ‘_[ Soft field
straight drive o 2t

The crawler of the J.T. s
combine consi :ts of an ]
endless rubber track with §
inner steel plates and 9.7
steel wires. The rubber > 1 8
track bends due to the A
pressure from the track é -8} &= 1W-2Y%
wheels. At the level of {ﬂ, 3 3 [N T VA W U |
the first track wheel, - . | »

% -0 ] |

the rubber track bends C.G.ratio §, (V)

along the arc of circle

drawn by the track wheel,

and then the head of the Fig.4 Relation between C.G.ratio {, and
curve radius ratio p (straight drive).
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lugs of the track is widened and comes in contact with the road
bed over a wider distance P+ AP (cm) than the pitch of the lug
P (cm), and the distance between the other lugs under the track
whecl may become wider due to the pressure of the track wheel

(Fig.S).
] v |
¢ |

Pe AP

Fig.5 Porward ulippage.

When the vehicle runs on a hard surface, deformation of sur-
face due to the lugs is minimum, and the increase in the dis-
tance between the lugs may lead to forward slippage. However
vhen the vehicle runs on a soft field, the traction of the
track exerts s pressure on the soil, and backward slippage may
occur, and the distance between the lugs may decrease. Back-
ward slippage has not been ob-
served in the straight drive test

even on paddy fields with soft W g= -ﬂ_i!u.m o)
ground. The distance of forward -
slippage on a hard surface was .
longer then that of slippage on >asb - -—P
soft ground. The value of the 9
alipg:ge ratio » (Z) is defined g
in t next equation, ™ 8
-
wetZFx00 (» W} tardbed /0
where ZIP(cm) is the theoretical g :O\ 2/
running distance and ZP+ AP (m) Z 19} ‘\2 _o¥ upland
is the distance actually measured. jeld
When the position of the center & X
: of srlvlty moves forward and back- E“_ -
* vard, the slippage ratio shows ) Paddy field
d minor variations on fields with
o soft ground such as paddy fields, —a a0

but when the C.G. is situated far '

from the X-X axis, the value of - » 2 »

*s become larger on a hard sur- C.G.ratio &y (Vi 1
face (Fig.6).

Fig.6 Forward alippage ratio in

relation to §, .




Wwhen the pesitien o

t the ¢

there are few variaticns in
weight of the load on the right crawler is reduced, the slip-

page o~f the right crawler increases (Fig.7).
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. shifts to the left and right,
w on soft ground, but when the
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Due to differences {n the value of y between the right and
left crawlers, the vehicle makes a left or right curve. When
the value of » of the right crawler is larger than that of the
left crawler, the vehicle turns to the left (Fig.B8). :
The forward slippage of the crawler is affected by the per- ‘
formance of the vehicle on the road bed including the shearing :
stress r kPa (kgf/cm?} which may be determined by the next equa-
tion.
r= C + étane® (5)
where C is the coefficient of cohesion of soil kPalkgf/cm?), ¢
is the angle of friction of soil and & is the ground contact
pressure of the vehicle, the average value being 15kPa(0.15kgf
/cw?}). The smaller the value of r , the larger the forward slip-
page when the performance on soil is compared (Fig.9).

15

-
. \
a -
o | ® Upland
-~ field
bt S
S
-
Y
-t
k' A
- L paddy | N
: field
l -
L)
[ 1 1. 1 J
] 10 Yo ] » o

Shearing stress f kb,

F13.9 Relationship between mean
furward slippage ratio vy and
shearing stress 7 of soil.

Power requirement in straight drive

The power requlirement of the tested vehicle(J.T.combine:
weight, 640kg) varies depending on the coefficient of running
resistance « of the crawler. For example the value of s was

_ 15 /
Tl s=emkg $
z Upland field

9

T

v B

/q) @ Concrete hed
/&
-

U VD N N N U T G |

0 02 04 08 o8 19

Speedt of vehicle VvV (m/S) i

Pawer requirement
-
»
T r v r ‘ LA g

b
)
F19.10 Power requirement of J.T.combine "
in straight drive. {




following equation (Fig.10).

N = uwg-G-V
where N (kW) is the power requirement
equal to 9.8m/s, G (kg) is the weight

[ —
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equal tg 0.11x10" on a hard road bed,

0.21x1 on upland fields. This value

while » was equal to
can be calculated by the

(6)
of the crawlers, g is
of the vehicles and V

(m/s) is the speed in straight drive.

The power requirement on a concrete road N: (kW) and on upland
fields N2(kW) is shown in the equation.

Ni= 0.69V , No= 1,32V (7)

The power requirement of the right crawler increases, while
that of the le?t crawler decreases, when the position of the
C.G. shifts to the right (Fig.ll).

When the position o’ the C.G. shifts forward or backward,
the power requirement increases slightly more than when the
C.G. is located at the origin of the coordinate axis (lig.12).

s s
. 1
. V=028% |
(6 - Very soft F.
ot x -~ i fr F
- — .
N 3 : "{./A 5 Very so
£t X ooh” W/
- H . ) S Rd
i 5 ,//4/“,?;,‘;'- N ot A
"6 : "‘) : °
" / [ = Sm

» / -
c A ')
i )/@n:;u_b-d_ °

3 ¢ fnd
[ %] L]
F I ‘ §.

'
=1 : 3
1]
2 .,'A_J_J__L_l_q__L_;_l_J 2 P WP TS WS W |
& N - ¢ " ¥ -1 0 " 2 »
C.G.ratio § , (%) C.G.ratio E, (%)

Fig.1! Power requirement of right Fig.12 Horsepower of crawlers in

track in relation to the chanqges
in the position of the center of
gravity.

straight drive in relation to the
position of the center of gravity.

VEHICLE PERFORMANCE IN CIRCULAR DRIVE

Small combines must turn frequen’® to harvest rice in small-
sized paddy fields as those in Japan. For example the two-row
Japanese type combine turns approximately seventy times to
harvest rice on paddy fields, s.lhl(SOHKZOD) in size, which
tend to prevail in Japan. Since the Japanese type combine has
to turn in the corner of paddy fields with the smallest turn-
ing radius, one of the crawlers is completely braked in the
circular drive.

The effect of the position of the center of gravity on the
turning radius, slippntc of track and the power requirement in
circular drive was analysed {n this report.

The position of the center of turning C.T.(Tx,Ty) on the X-Y
plane indicates the value of the turning radius of the vehicle.
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The value of the C.T.ratio(",7y ) is defined in the following
equations to compare it with the C.G.ratio (Fig.l3).

-

F1g.13 Circular drive of vehicle.

Relation between the position of the C.GC. and C.T.

e ideal position of t center of turn s that corre-
sponding to the center of the braked track n the vehicle
turns with one of the crawlers being braked completely.

Actually the position of the center of turning corresponds
to the distance from the center of the braked track depending

on the position of the C.G. and the condition of the fields
(Fig.14).

Y
l

Center of
gravity
r—————

' °
..iox

x

Center of turning on
various road bedg

Canter of turning on

paddy .
|

l

-+

|
- 1:
|
I
»

|-
|
|

rig.14 Relationship between the position of the center of gravity
and the center of turning.

T
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Shift of the center of the gravity in front or behind the X-X
axis{Relation between [, and ¥ )
“"When the center ol gravity Is situated in front or behind the
X-X axis, the center of turnlnf is also situated in front or
behind the X-X axis respectively, regardless of the conditions
of the road bed. The relationship between the value of ¢, and
7y is shown in the next equation (Fig.15).

Yymw Ey+ 2.5 (8)

When the center of gr.vlcy shifts forward and backward, the
center of turning shifts to the right or the left, along with
shifting forward or backward. The value of %« increases when
the value of soil hardness decreases.

The value of ™ is maximum when that of {, ranges from 0 to
101. When the center of gravity is situated near the center of
the crawlers, the center of turning may be at a distance from
the Y-Y ax{s. But when the center of gravity {s distant from
the X-X axis, the center of turning comes close to the Y-Y

axis (Fig.l16).

%5}
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C.G.ratfo §y (V)

Fig.15 Center of turning ratio "y
in relation to the center of gravity
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Fig.16 Center of turning ratiow,
in relation to the center of gravity
ratio §y
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Lateral displacement of the center of gravity to the right or
Teft (Relation between tx and % )
" When the center of gravity moves horizontally, the position

of the center of turning chnnsel considerably depending on the
conditions of the soil or road bed. The center of turning be-
comes distant from the Y-Y axis, when the vehicle runs on soft
ground, where slippage is likely to occur. The value of ™ be-
comes larger in proportion to the shift of the center of gravi-
ty from the center of the braked crawler, particularly when ;
the vehicle runs on paddy fields (Fig.17). The value of w is 3
not appreciably large, rnngln{ from -10X to 101, and the val- ;
ues of &x and vy wmay change independently (Fig.18).
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Pig.17 Center of turning ratio Mx
in relation tu the center of gravity
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The sliEgage of the track
e changes In the position of the center of turning were

analysed to develop a method to enable to evaluate the mobili-
ty or the turning performance of the track, and relationships
between the changes of the position of the center of gravity
and of the center of turning could be demonstrated. However
the turning performance of a vehicle does not depend solely
upon the position of the center of turning.

As shown in Fig.13, both the driving crawler and the braked
crawler are describing circles when slipping on the soil.

The turning radius (m) of the braked crawler is defined by
the length of a perpendicular line joining the center of turm-
1n5 to the center line of the braked crawler, and the turning
radius Rp(m) of the driving crawler may be expressed as Ryg+ B
(m). The number of lug-marks (n) of the driving crswler in one
circle multiplied by the pitch of the lug P (m) is the theo-
retical turning circle of the driving crawler as defined in
the equation.

n.-P = 2n(Rg + B) + Sp (9)
where Sg(m) is the amount of slippage of the driving crawler
in a circle.

The amount of slippage of the braked crawler Sy (m) and of
the driving crawler S, (m) in a circle may be determined and
expressed in the next equations:

Se = 27Rp , Sp = 2R, (10)
where Rpo(m) is the assumed slippage radius of the driving
cravler.

The slippage ratio of the
driving crawler », and of
the braked crawler »; may be

s
S
o]

€= -\ I-'

defined in the next equations: £,=0Y

vy - S ._%9.2' ar

0 n- n- [}

) an ! :‘
S - LT

SR EE~ & » /
Relation between the posi [ 2ol )
tion of the center ol gravi- i , e
ty and the slippage of the u.r ’

cravier

ppage increases with
the softness of the field
ground or road bed. The
slippage of the crawler is
particularly significant,

Slippage ratio of crawler sy .,y (V)
-]
T

I

when the center of gravity - “‘ﬁt—_c
shows s lateral displacement i - H.B. (%) \H.B (rg)
to the right or left from R ———————
the center line of the two 3 - ¢ 0 B
crawlers, hence the slippage C.G.ratfo €5 (V)

of the unloaded

cravler i»

larger than that of the
loaded crawler. For example,
the value of the slippage
ratio of the braked crawler
vp i8 o,ual to 102 and sy

1s 251 for a C.C.ratio ¢«

Fi1g.19 Slippage ratio of crawlers in
circular drive.

P.F.:paddy field, U.F.:upland field
and K.D.:concrete bed, B:braked crawler
and D:Ariving crawler.
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of 151. When the center of b
gravity shifts to the opposite i
side and &x =-15I, the value »

of the slippage ratio of the
braked cravler becomes as
large as vg =507, in spite of
the neillglble amount of slip-
page of the driving crawler
and »p is upgroxtnatcly equal
to 51 when the vehicle runs on
paddy fields (Fig.19).

Forward and backward shifts
of the center of gravity do . ¢ 1 E. .
not affect apprcctably the €.G.ratlo £y

value of the slippage ratio
(Fig.20). Fig.20 sSlippage ratio of crawlers in

circular drive.

S!ippage ratio
]

Power requirement in circular drive

The shalt torque s measured by placing a strain gauge on
the final drive shaft of the track. The srivtng torque was
measured in the driving crawler shaft, and the resistance of
the track was measured in the braked crawler shaft.

The conditions of the road bed affected appreciably the pow-
er requirement in general, although there were few differences
between paddy flelds(soil hardness:0.25MPa) and upland fields
(s0il hardness:1.1MPa) in the tests of the J.T.combine.

The power requirement increased with the increase in the
weight of the load of the driving crawler (Fig.2l). The maxi-
mum values of the turning torque were recorded when the center
of gravity was located near the center of the X-X axis, that
is to say, vhen §, ranged between 0 and 10X (Fig.22).
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;

536

Track slippage and tractive power

e values of the driving torque of the track are closely
related to the -ligpa;c of the track. The vehicle can make a
circular drive with low driving power on a hard road bed,
where slippage of the track is negligible. But on a soft and
slippery ground such as that of paddy fields, the vehicle is
often unable to turn smoothly, due to the lack of sdequate
turning torque associated with the slippage. When the vehicle
turns to the right, the left crawler is the driving crawler,
and in this case, if the center of gravity shifts to the right,
the slippage is considerable. As a result the value of the
drivini torque does not increase, and the vehicle can not turn

y

proper (Fig.23).
(8 .- |"
wr Paddy F. ;
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Fig.23 Relationship between the slippage
rattio of the 4riving track and the turning
torque, and tractive force.

CONCLUSION

The position of the center of gravity of the track-laying
small combine shows a wide range of variation when the vehicle
runs on paddy fields for harvesting rice. Therefore the rela-
tionship between the position of the center of gravity and the
wobility of the track was analysed and the following results
were obtained:

axis, the
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2. When the absolute value of ¢, exceeds 10X, straight drive
performance becomes difficult and the vehicle tends to make a
curve to the side where the crawler i{s overloaded on paddz.
fields. On a hard surface, the vehicle makes & curve to t
side where the crawler is unloaded, when the value of {, ranges
from -151 to 151, and the vehicle makes a curve to the left
when the value of ¢y exceeds 201.

3. Forward slippage of the track was observed in straight
drive, wvhen the center of grnvity shifted to the left and
right. The difference in slippage between the two crawlers,
was responsible for the lateral displacement of the vehicle
in straight drive.

4. When the center of gravity is located on the right side,
the power reqirement of the right crawler may increase, while
that of the left crawler decreases.

5. The position of the center of turning becomes distant from
the Y-Y axis, when the center of gravity becomes distant from
the braked crawler.

6. The amount of slippage of the unloaded crawler is larger
than that of the loaded crawler.

7. The power required for turning increases with the weight of
the load on the driving crawler.

8. When the center of grnvity is situated near the braked
crawler, slippage of the vehicle is likely to occur and the
vehicle may not be able to turn properly.

A s e &

"k

Shift of the center of gravity forward or backward:

I Forwafa'slisﬁn;e ofMgﬁi track of the vehlcle occurs on a
hard surface, en the center of gravity shifts forward.

2. In straight drive, when the center of gravity is sicuated
forward or backward, horsepower of the vuhicle is a little
larger than when the center of gravity is situated in the
center of the track.

3. The center of turning may shift forward or backward along
with the position of the center of gravity.

4. The center of turning may shift toward the Y-Y axis when
the center of gravity moves forward and backward. The distance
of the center of turning from the Y-Y axis is maximum, When
the center of gravity is situated on the X-X axis.

5. There is little difference in the backward slippage between
the two crawlers even if the center of gravity shifts forward
or backward.

6. Maximum values of the turni torque are observed when the
center of gravity is situated slightly in front of the X-X
axis.

NOMENCLATURE

Distance between the center line of the two crawlers, ca

Coefficient of cohesion, kPas

Weight of tested vehicle, kg

Distance between the center of gravity and the Y-Y axis, ce

Distance between the center of gravity and the X-X axis, cm 1
Position of the center of gravity, cm %
Ground contact length of track, cm

Horsepower, kW !

i A = Ground contact area of track, cw®
[
C
G

(2]
<
6 83 8 % 8 08




537

n = Number of track lugs in one circle,

P = Pitch of lugs, cm

AP = Slippage of lug-pitch, cm

R = Radius of curve in straight drive, m

Rg = Turning radius of braked cravler, m

Ro = Assumed slippage radius of driving cravler, m

Sg = Length of slip of braked crawler in one circle, m

S * Length of slip of driving cravwler in one circle, m

Tx = Distance between the center of turning and the Y-Y axis, cm
Ty = Distance between the center of turning and the X-X axis, cm
V e Speed of vehicle, m/s

Wideh of track, cm

§ = Ground bearing contact pressure, kPa
7. Wy * Center of turning ratio, 2

# ® Coefficient of running resistance,
vg = Slippage ratio of braked crawler, %
vo » Slippage ratio of driving crawler, I
v = Forward slippage ratio,

tx, 8y, €z = Center of gravity ratio, 1

@ = Curve radius ratio, I

r = Shearing stress, kPs

® = Angle of friction, °

'
£
!
$
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THE STRESS~-STRAIN-TIME GRAPH OF RHEOLOGICAL SOILS AND
ITS APPLICATION

“’ PAN JUN-ZHENG®
m CHINESE SOCIETY OF AGRICULTURAL MACHINERY, BEIJING, CHINA

N . :

The Burgers model (Pig.1) and its modified fora

have generally been considered as the rheological

model of claysy soils since 1950's thro

tests and analyses (1-41), The corresponding G,
rheological equation is —

= 1
-t /T
O R NIRRT I S
' where 7 - strain

T~ stress n

c G, G - moduli of elasticity T
L . coefficients of viscosity

< T - retardation time of Voigt body, T=1/g rig.1

\Bix samples of pldd{ soils from four provinces in South
®

China have been collected and tested. The Burgers model is
accepted as the general model of these clayey ‘011'.§EZ-~\,\
seans of orthogonal tests and variance analyses, it fs

found that the effect of soil conditions (mechanical
composition, water content, dulk density) on rheological
parameters G, , G,%,andy is particularly significant,

while that of load conditions (load value,
shape and sise of dearing surface) is not
significant (8-11). The rheological pars- 7
meters, therefore, are constants for the ’
same 80il conditions. Besed on the recorded |
rhool:gic-x curves (PFig.2) of the soil and

the calculated values of rheological
paramsters, sufficient data are odbtained for
predicting the sinkage of vehicles or the L_‘_,_ﬁ,,____»_t
resistance against soil-cutting elements

and improving their performance. Mg.2

Accordi to the above statement, the stress-strain-time
greph (Pig.3) of the rheoclogical soil characterised by the
clayey paddy soils in South China with definite soil
conditions will de established as follows:

When the stress is constant, the rh.olosicll curve of the
s0il mentioned above is shown as in Mg.2.

Vhen the stress is kept within a certain limit, such as
from %, tov, , & rheological surface (Fig.3) is generated

*Professor, Department of Agricultural Mechanisation,
Jiangsu Institute of Technology, Zhenjiang, Jiangsu,
People's Republic of China.
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by the rheological curves in a three-dimensional
stree-strain-time lglco. All the stress-strain-time
relations that may happen can be defined on this surface.

Thus, the author proposes that this frn h be named the
stress-strain-time graph of the rheological soils.

Fig.3 shows:

(1) When the time t is constant and is equal to t;=t, (=0),
1,, &) «ceot. Successively, the grojoctionl of the lines of
intersection of the rhooi ical surface with the
corresponding planes parallel to the coordinate plane y-7
on this plane fora a fllilz of radiating straight lines
with the origin at O (Pig.4). These straight lines are
suggested to be named as iso-time lines. At the same
instant t; , the y-t relationship is linear. The larger is
the value of t; (j=1,2,3...n), the greater is the slope of
the straght line.

’13.4 H‘OS

(2) When the stresst is constant and is equal toTi=T,T,,
T, ++ & Successively, the Y” ectionas of the lines of
intersection of the rheo cal surface with the
corresponding planes parallel to the coordinate plane t-v
on this 21:no fora a family of curved lines (Fig.5). These
curved lines, generally known as crooz curves, are
suggested to be named as iso-stress linea. For any constant
stress, the strain increases with time.

(3) WVnen the strain? is constant and is equal to V.oV, ¥, %eee
v, successively, the projections of the lines of inter-
section of rheclogical surface with the corresponding
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planes parallel to the coordinate plane t-T on this plane
form a family of curved lines (lif.G). These curved lines
generally known as stress relaxation curves, are l““o.t.&
to be named as iso-strain lines. For the same stain, the
streas decreases as time increases,

Consequently, it is postulated:

21) The angle arctan (vy / T ) '
121,2,3,..8) increases as the o, - — e e
time %, (j=1,2,3...n) increases
(l:g.t). Therefore, vhen
vehicles are being driven on
rheological soils, the effect of
load (stress) on sinkage (strain)
increases with time.

8ince the resistance increses
with sinkage, or even it would
belly out vehicles, the time
of loading should de kept
short in order to diminish
sinkage, that is to say, high <
speed should bde kept.

However, the increasing rate Pig.6

of the angle arctan (Yi; /%)

decreases with the time t; . Therefore, the effect of
reising vehicle speed is significant for the purpose of
diminishing sinkage for a h.sh- eed vehicle fl small value
of tj ), while for a low-speed vehicle (a large value of t;
it is not so significant.

(2) When the srain v, has & comparatively high value, the
slope of tnnfont lines at the point oa the .o—.train curve
varies drastically. In the nni:g% the stress T, drops
rapidly as the time t, increases. er the time t; reaches
s certain value corresponding to point C in Pig.6, the
stress T. decreases steadily. In order to attain a definite
strain y, (Ke1,2,3,,.n) within a definite time, all values
of t; corre ondIng to point C's are recommended if the
time limitation is not too strict., This may be of some
use for the determination of the speed of the plow, harrow
or bulldoser, on acocount of the fact that the resistance

s greatly ss compared with high-speed impleaents
v:i .1th.bo ed can still de kept at a reasonade value for
the time .

Froa this point of vievw, if an obvious resistance drop, and
therefore an obvious economy of energy resources, is needed,
the speed of high-speed plows should not exceed too much
those values corresponding to point C's.

When the stran ), has a small value (such as v, in Pig.6),
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for instance, as a billdozer is pushing hard soils, the
resistance drops greatly with the decreasing speed. But
there is a limit. When the speed drops to a point corres-
ponding to point D (Pig.6), a further drop in speed will
give no help to the resistance drop. T, is the stress
correponding to the least resistance.

The author sincerely hopes that this graph would dbe useful
to reveal something that is interesting in tillage and
traction. Any comments and suggestions will dbe deeply
appreciated.
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BEHAVIOUR OF SOIL UNDER A LUGGED WHEEL

S.X. WU, J.H. HU, and J.Y. WONC

TRANSPORT TECHNOLOCY RESEARCH LABORATORY,
CARLETON UNIVERSITY, OTTAWA, CANADA

)

INTRODUCTION

v/

Wheels with a narrow rim and large lugs are widely used in Southeast Asia
on tractors for paddy fields. The lugs of these wheels perform one or both
of the following two functions: developing tractive effort and supporting
vehicle weight. A great desl of field data on the performance of these
wheels have been accumulated over the years. The mechsnics of this type
of wheel, however, has not yet been fully elucidated. To reach a better
understanding of the physical nature of the problem, an investigation into
the interaction between the lugs of the wheel and the soil was carried out.

Experiments were conducted in & glass-sided box in which model wheels,
with different number of lugs at various angles to the whee! radius, were
driven at varying slips close up against a glass plate. The nature of soil
fiow and deformation under the action of the lugs were then photographed
through the glass.
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The characteristics of the flow patterns and deformation of a dry sand and a
clay under the action of the lugs of the model wheels are presented. The
boundaries of the failure zones in the 0il and the trajectories of soil
particles are identified. It is belleved that the results of this investigation
will provide a basis upon which an improved method for predicting the per-
formance of this type of wheel can be developed.

APPARATUS AND EXPERIMENTAL METHODS

Several techniques, including the photographic and x-ray techniques, may
be used to investigate the soil flow and deformation under the action of the
lugs of a wheel. The photogrsphic technique has been successfully used in
sxamining so0il behaviour beneath rigid wheels [ 1], and is therefore employed
in this study.

Experiments were conducted in » glass-sided box in which the mode! whee was

driven at varying slips close up against a glass plate, as shown in Fig. 1.

The flow patterns snd deformation of the soil were then photographed

through the glass. The wheel was pulied siong the box by means of a cable
: connected t0 & hydraulic ram. Various slips were obtained by anchoring one
' end of a cable wrapped around two pulleys with sppropriate diameters fixed
i on either side of the model wheel. The radius of the pulley determined the
rolling radius of the wheel and thus controlied its slip. The wheel was
operstad st constant sinkage using a horizontal guide for the wheel axle.
The experimental method employed in this study is essentially the same as
that described in reference (1].

The model whee! rim had a diameter of 27 cm and a width of 8 cm. Various
numbers of lugs, of 9.6 cm wide and 4.5 cm long, were fitted to the rim

/
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at different angles to the wheel radius (Fig. 1).

in the experiments for determining the flow patterns of soil under the action
of the lugs, the box was held stationary and the wheel moved. The lugs of
the moving wheel caused s0il movements within certain zones. In sand,
these movements can be clearly observed in a photograph taken by a fixed
camera. In the resulting film, the stationary soil mass not affected by the
lugs shows up as individual grains with sharp images while the grains
influenced by the lugs move and appear as streaks. The boundaries of the
flow zones can, therefore, easily be identified and the streaks give a clear
picture of the movements of the sand under the action of the lugs.

In clay, the particie size is too small to be identified. Therefore, s number
of white round dots, 1.2 mm in diameter, were marked on the vertical face of
the clay before fitting the glass plate on to the s0il box. These were made
by blowing white powder through holes in a plastic plate on to the clay sur-
face. The distance between the dots was 5 mm in both directions. When the
wheel was moving in a steady-state condition, photographs were taken with
a fixed camera. In the resulting film, the movements of clay particles can be
identified from the streaks made by the white dots.

The sand used in the experiments was dry, round particle, Ottawa sand. It
was in a dense condition (1.52 g/cm?) for which the angle of internal
shearing resistance was 29° and the angle of interface friction between the
sand and the steel used for the lugs was 10°. The ciay used had a density
of 1.88 g/cm?, a moisture content of 37.51, and a cohesion of 1.96 kPa. The
angle of internal shearing resistance was about 4° and the angle of interface
friction with the steel used for the lugs was approximately 1.5°.

FLOW PATTERNS IN SAND

The flow patterns in sand under lugged wheels with 1, 9, and 12 lugs are
shown in Figs. 2, 3, and 4, respectively. The wheels were driven at the
same slip of 281, and the angie between the lugs and wheel radius (ususlly
referred to as "lug angle”) was set at 30°. (t should be pointed out that
when the whee! moves, the lugs on the wheel, such as OA, are rotating about
an instantaneous centre located on a verticsl line passing through the wheel
centre.

The flow pattern bensath a wheel with a single lug, shown in Fig. 2, appears
to be similar to that in front of a soil cutting blade with the appropriate rake
angle transiating in the horizontal direction, as reported by Hettiaratchi and
Reece (2]{3]. The fallure zone appears to consist of an interface zone, a
transition zone, and a Rankine passive sone. The lower boundery of the
failure zone is identified by the dotted line shown in Fig. 2.

The flow pattern under 8 whesl! with multiple lugs, shown in Figs. 3 and &,

is, however, quite different from that under s wheel! with a single lug shown

in Fig. 2. Since part of the soll mess has been excavated by the preceding

lug, a cavity is formed between BC and the lug. As 8 resuit, the free soil

surfece OCB is no longer horizontal. The fallure pattern appears to consist

of an interface one adjacent to the lug and a transition szone. The Rankine

passive zone does not appear in the flow pettern under a wheel with multiple

lugs. Based on these cbservations, it appesrs that the interaction between a k
lug on 8 wheel! with multiple lugs and soil is different from that between a soil
cutting blade and a semi-infinite soll mess with a horizontal fres surface. }
This also indicates that the resuits of the anslysis of passive soll resistance :




obtained for a structure translating in a semi-infinite soil mass, such as
those presented in reference (2], may not be directly applicable to the cai-
culation of the interacting forces between s whee! with multiple lugs and soil,
and that a new method has to be specifically developed for this purpose.

Fig. S shows a comparison of the soil mass affected by wheels with 1, 9, and
12 lugs for s given slip. It is shown that other conditions being equsl, the
amount of soil mass interacting with a lug decreases with the incresse of the
number of lugs on 8 wheel. Consequently, it can be expected that the mag-
nitude of the forces acting on each lug decreases with the increase of the
number of lugs on a wheel.

Fig. 6 shows the flow pattern under a wheel! with 9 lugs and 30° lug angle at
a whee! slip of 68\. in comparison with the flow pattern at a wheel slip of
28% shown in Fig. 3, it can be seen that as the wheel slip increases, the soil
mass excavated by the preceding lug and hence the size of the cavity
increase. Consequently, the amount of soll mass interacting with each lug
decreases with the increase of wheel slip. This indicates that the magni-
tude of the forces acting on each lug may decrease with the incresse of
wheel slip. Fig. 7 shows a comparison of the failure zones of a wheel with 9
iugs and 30° lug angle at three different slips of 28%, S2% and 68%. The
decresse in the size of the fallure zone with the increase in wheel slip may
expisin why the totsl tractive effort of a lugged wheel does not incresse
continuously with the increase of wheel slip, rather it decreases beyond a
certain whee! slip. This phenomenon has been frequently observed in field
testing of lugged wheels.

Fig. 8 shows a comparison of the flow patterns benesth wheels having 9 lugs
with lug angles of 15° and 30°. It can be seen that the lug angle has some
influence on the flow patterns and hence the performance of a lugged wheel.

Fig. 9 shows the flow patterns of sand un«'«r * lug at different angular posi-
tions. The varistion of the flow pattern w:':: 'he angular position of the lug
indicates that the forces acting on the lug are expected to fluctuste as the
wheel rotates. This implies that the torque input, tractive effort, |ift force,
and motion resistance of a lugged whee! will vary periodically as the whee!
moves forward. This is also consistent with field cbservations.

FLOW PATTERNS IN CLAY

The flow patterns in clay beneath wheels with 1 and 9 lugs are shown in
FT. 10 and 11, respectively. The wheeils were driven at the same slip of
284, and lug angle was set at 30°. The existence of » soll wedge adjacent to
the lug in both cases can be noted from Figs. 12 and 13. The trajectories of
clay perticies immadiately undar the lug and those at a distance away from
the lug for wheeis with 1 snd 9 fugs are shown in Figs. 18 and 15, respec- :
tlvdx‘.’. From these figures, it can be seen that for a wheel with a single lug,
the pattern seems to consist of an interface z0ne (soil wedge), a tran-
sition zone bounded by a section of s circle and a Renkine passive zone. For
8 wheel with multiple iugs, however, part of the soil mass hes besn excavated
by the preceding fug snd a cavity is formed. As a resuit, the free soil sur-
face is no longer horizontal. The Rankine passive zons doss not appear in
the fallure pettern under » whee! with muitiple lugs.

The flow patterns under » wheel with 9 lugs and lug angle of 30° at various
anguler positions are shown in Fig. 16. This indicates that the fallure




patterns in clay also vary with the angular position of the iug, similar to
those in sand shown in Fig. 9. Fig. 17 shows how the deformation of the
clay develops under the lug as the wheel rotates.

it should be pointed out thst the shape and size of the cavity, formed »s 3
resuit of the excavation of a certain smount of soil mass by the lug, are of
interest, as they affect the amount of soll mass interacting with the following
ug. hence the interacting forces. In the past, the shape and size of the
cavity were predicted based on the assumption that the kinematics of lug -
soll interaction is snslogous to that of a rack and pinion, neglecting the
actusl behaviour of the soil and the influence on soil deformation by adjacent
lugs. Figs. 18 and 19 show the actual size and shape of the cavity as
compared with those predicted by kinematic analysis in sand and ciay,
respectively. ([t can be seen that there is a noticssbie difference between
them, perticularly the shape of the lsading part of the cavity, CD. This is
because CD is affected by the deformation and movement of soil mass
under the action of the adjacent lug.

it has been reported in the literature that under a thick lug there is a
noticeable forward flow zone. In this study, it has besn cbserved, however,
that the soil benesth a thin lug normally flows in the same direction of wheel
rotation; except for a short period of time immediately after the lug tip comes
into contact with the soll surface, during which the soil mass within a smell
zone in front of the lug flows forward.

CONCLUSIONS

1. The interaction between a lug on a wheel with multiple lugs and soil is
shown to be different from that between a cutting blade (or a retaining weil)
and a semi-infinite soll mass with a horizontal free surface. The soil
excavated by the preceding lug creates a cavity. As a result the soil mass
interacting with the following lug no longer has a horizontal free soil surface.
Consequently, the results of the analysis of passive soil resistence obtained
for a structure transisting in 8 semi-infinite soll mess may not be directly
spplicable to the caiculstion of the interacting forces between the lugs of a
wheel and soil. it appesrs that a new method has to be specifically developed
for this purpose.

2. It is shown that the failure patterns in soil under the action of a lugged
whee! vary with the number of lugs, lug angle, and wheel slip. It appears
that there is a close relationship betwesn the fallure pettarns of soll under
the lugs of a wheel and its performance. A number of fleid ocbservations of
the performence of the lugged wheel can be directly related to the charsc-
teristics of soil flow and deformation described in this study. This indicates
that an improved method for predicting the performance of » lugged whee!
should be developed based on the knowledge of soll fallure beneath it.
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Fig. |

Apparstus used for investigating soil behaviour beneath
lugged wheels

Fig. 2

Flow psttern in sand beneath a whee! with s single lug and
30° lug sngle at 284 slip
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Fig. 3 Flow pattern in sand benesth a wheel with 9 lugs and
30° lug angie at 28\ slip

@i

i
i Fig. & Fiow pattern in send benesth & wheel with 12 lugs and
~ 30° lug angle at 280 slip
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Fig. S Comparison of flow zones in sand benesth wheeis with ;
1, 9, and 12 lugs having 30° lug angle at 28\ slip :
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Fig. § Flow pattern in send bensath & whee! with 9 lugs and %°
lug angle at 68\ slip




Fig. 7 Comperison of flow zones In sand beneath a wheel with
® lugs and 30° lug sngle st slips of 288, 321 and 683
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Fig. ¢ Comparison of flow zones in sand benesth wheels having 9
lugs with lug angles of 15° and 30° at 28\ slip

Fig. ¢ Comperison of flow zones in sand beneath a whee! with
9 lugs and 30° lug angle at various angular positions

ot 28\ slip
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Fig. 10 Flow pattern in clay benesth a whee! with 8 single lug
and 30° lug angle st 28% slip

Fig. 11 Fiow pettern in clay beneath a wheel with 9 iugs and
30° lug angle at 28\ slip
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Fig. 12 Soil wedge formed adjacent to the iug of a wheel with a
single lug and 30° lug angle at 28% slip in clay
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Fig. 13 Soll wedge formed adjacent to the lug of a whee! with
9 lugs and 30° lug angle at 288 slip in clay
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Fig. 18 Trajectories of clay particles beneath a wheel with a single
lug and 30° lug sngle at 284 slip
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Fig. 13 Trajectories of clay particles beneath 3 wheel with 9 fugs
snd 30° lug angle at 28\ slip
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Fig. 16 Comparison of flow zones in clay beneath a wheel with
9 lugs and 30° lug angle at various angular positions
at 28\ slip
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Fig. 17 Deformation of the clay beneath the lug of s whee! with
9 lugs and 38° lug sngle st verious sngular positions
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Fig. 18

Fig. 19
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ACTUAL CAvVITY

oy,

THEORETICAL CAVITY

Comparison of the theoretical and actual shapes of the
cavity formed by the lug of a wheel in sand
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Comparison of the theorstical and sctus! shapes of the
cavity formed by the lug of a wheel in clay
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ﬂ PREDICTION ACCURACY OF THR TORQUERS
FOR ROTARY TILLAGE BY AN ANALOG TOOL

Minoru Yemasaki{ and Takashi Tanska

Yaculty of Agriculture, Kyoto University, Kyoto, Japan

ABSTRACT

The snalog prediction system developed and investigated by R, L. Schafer
and C. A. Reaves was used for predicting torque on rotary blade.

Three sizes of rotsry blades vith a similar configuration and cones as
an analog tool ware chosen to be in ratios of I : 1, 1 ¢ 1.25 and | :
1.61 relative to the smallest sisze. The largest blade that is on the
market and two other blades were called prototype, M-) blade and M-2
blade respectively.

Tests were run in silt soil at three moisture levels; MC1(21.3%), MC2
(28.8%) and MC3(33.8Z). The tillage test was designed to rum in three
levels of depth and in cne level of forward speed and peripheral speed

of blade. A movable soil bin with stationary rotary tillage device vas
used. Soil fitting procedure was conducted msinly by hand with a scoop,
s leveler and a patting tool befors each test. The cones were penetrated
vertically downward into the soil at a speed of 5.5 mm/s by means of s
hydraulic cylinder. Torque on rotary blade, cone pesnstration force,
depth etc. were msasured and the sverage torque from three repetition
tests and the average penetration force from soil surface to each corre-
sponding scaled depth were calculated.

Through the data analyeis, the following results were obtained. The aver-
age prediction rrors in the absolute valus were 13.49 I for M-! blade
and 24.57 X for M-2 blade. Thers vas a tendency that the prediction
sccuracy decreased in the shallow sone. The adoption of the average cone
penetration force vas sffective in the prediction.

INTRODUCT 100

K

Perfo:mances of prototype in soil-machine systems have baen investigated
and predicted by scale model data ueing similitude theory. However, a
satisfactory prediction is not attained especially in common soil com-
ditions where distortiouns occur, since present knowledge of soil-machine
interactions is meager.

The objective of this study is to investigate the usefulness or feasibili-
ty of an analog for predicting torques om rotary blades which bring
asbout a considerable high speed intersction. An anslog prediction tech-

nique developed by Schafer et al. was used. techmique is based on
the equation (i).

g

———

6 m R /Mg = nf ceccvsssoscrceccoces (’)

vhere R and Ry are the forces on the prototyps and model respectively,

o is leagth scale and s is an exponent for a particular soil-machine
system.
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ANALYSIS OF THE PREDICTION SYSTEM

o e anhien e e e

The following equations wvere assumed as to the force-size relations when
a series of rotary blades and cones vith geomstrically similer configurs-~
tions are operated in the same soil.

P e f.n.‘ t-.'o-o-o-nooootoooooco--o-oo(z)

Pe ’.n.’ l......I...l....‘..llll.....'(’)

vhare,

force to prototype blade

force to model blade

force to the largast cone
force to other cones

length scale and

f, 8p = exponents for both systems

r
f
4
[ 4
]
.

lo thie study, as torques are to ba predicted,
T’L - (t/l) ‘.l Oocooq.oo-ooc.ooocncuoo(‘)

wvhere,
T = torque om prototype
t = torque on model
L = s representative length of prototype
t = s representstive leugth of model

Equation (4) can be written as,

Te t-n""

.00.0...b.l'.l.l.l.l..l.l..(’)

T = ton.t ooonco.ooDoooono-oooo-o-~o.l(6)
vhere, s, = sf ¢ 1.
For equal valuas of n, equations (6) and (3) can be combined to get
- ol -
T e tep Sc®p o'.t" ! “sescecsscssceen(?)

or,

g s 4 T P 7T S 1
g+ o

r - A."t’ .;.....l.............‘....Q(.)
vhere, A = tep Sto

scp = seesp”! or sg = sgpsy
Then, the prediction equation would bde

Tes to..t"' - t!.'t ®ecccscesssccccces(9)

EXPERIMENTAL DESIGN AND PROCEDURR

Rotary B

e lades for rotary tillage on the market which are widely used
ia Japencse paddy field were chosen as a prototype aand the geomstricslly
similer wodele with scales of 62 X and 90 I were manufactured (Figure 1).




Table | shows their main
dimensions. The distance
R from the center of ro-
tation to the tip of
blade wvas determined as a
representative length.
8ix blades were installed
on s rotary shaft as
showm in Pigure 2.
Therefore, three sets of
rotary shaft vith blades
of differeat kinds were

prepared.

Cones
“hree circular cones with
an apex angle of 60 deg.
wvere used as an anslog
A device. The diameters of
their base are determined
to have the same length
scale in proportion to
Yigure !. Rotary blade tested ( P blade ) the ratios of threarotary
blades (Figure 3).

Table !. Dimsnsions of rotary blades tested.

e e

symbol | radius wideh angle | radius thickness | scale ] length
of of of of of of blade scale
t ?g ture] ¢i
E !-E i (o) deg) EE (mm) n
L4 225 40 0 3 6 1.00 1.00
M- 180 32 70 28 4 0.80 1.25
M-2 140 25 70 25 3 0.62 1.6)

¢Dem o4s 3¢ o238
L] 1,000 | L2850 | L6&O7

h 2. uryl u.:.“ Pigure 3. Cones as mn
T 8.
( Wumbers in circles demots the order of dig.) snalog device.




Experimental Devices and Measuring Points

A facility of s straight, movable soil bin with stationary tool was design-
ed and constructed as shown in Figure 4.

-, 1
sty
wy
-

=
b

Pigure 4. Soil bin facility

i1, Variable speed motor 2, Reduction gears 3, Drive sprocket

4, Thrust stesl rod vith chains 3. Supporting stand 6. Soil box (46 x |
200 x 30 ca) 7. Rydraulic motor 8. Rails for soil box 9. Pence

10. Rails on both wpper sides of soil box 11, Carriage with leveling

plate 12, Carriage vith cone pemetrometer (). Rotary shafe

14. Coupling 15. Slip ring 16. Deems for detecting force componests

to
blades.




AMjusteent of tilling depth was conducted ae follows. Firetly, soil box

6 vas jacked up and spscing blocks were inserted betwsen the bin and s

truck which runs on the rails 8. Then, the bin was lowered on the spacers,

and with this, an approximate sdjustment of depth was attained. Secondly,

s precise depth adjustment vas done by regulating the height of s leveling

plate wvhich is set up on a carriage 11 on the rails 10 located on both

upper sides of the bin.

The drive system of the soil box consistes of a variable speed, electric

motor 7, a reduction gears 2, driving sprockets 3 and a thrust steel rod

4 on which chains sre installed. By this system, s comparative steady

speed in the renge O ~ 30 cm/s was obtained.

A hydraulic power unit composed of a piston pump, flow coatrol valves and

electromagnetic valves was adopted to drive the rotary shaft and cone

penetrometer. An orbit motor 7 was used to drive rotary shaft. After

a set of rotary shaft vas tested, it was changed for another set.

A scoop, a compecting board with a handle and s leveler were prepared for

soil preparation.

The measuring points and the instrumsnt used were as follows.

}. Torque on rotary sheft: strain gages and slip ring 15.

2. Components of both vertical and logitudinal forces om rotary blades:
strain gages 16.

3. Velocity of soil box (tilling speed ): an electric pulse generator.

4. Rotational speed of the shaft: s tachomster gemerator.

All data were recorded by a data recorder.

Cons tromater

The cone was screved ou the tip of pemetration rod which is comnected with
a hydrasulic cylinder through the iaterwsdiation of a force transducer. The
penetration epeed was 5.5 mm/s. Penetration resistance wvas msssured by
mssns of the force trassducer of straiv gage type and depth was detected
by use of a differentisl limesr tramsformar.

Soil and its Preperation
~3 wes silc consisting of 9.8 X clay, 41.4 % ailt and 48.8 2

sand. After being dried, smashed , sifted and bagged, it is on the market
in Ryoto. Plastic limit and liquid limit were found to be 29.2 T and
52.9 £. Ve determined three levels of soil mojisture coutent as showm im
Tadble 2, considering that the e0ils tested should have the mofsture con-
tents &8s seen {n common paddy fields.

Bach s0il was processed by adding predetermined smount of water little by
little by a water pot snd mined by s scoop in s box. Then, the sovil was
filled up into the soil box and was covered s sheet of vinyl film for a
wesk to equalise moisture. Before svery tillags test, the following soil
preparation was carried out. The soil was loosensd to the dottom by a
scoop and the surface soil was leveled and compacted. These memua) works
were carefully conducted by s definite way. PFinally, the adjustment of
tilling depth was done.

Tabla 2. Sywbols of the seila and their moisture comtents
syubols | M 2 w3

woistere
contest (1) 21.% .7 3).7¢

tﬁu; %t;ém
sign opersting conditions shown in the equatioms (10) - (14)

ehould be held between the prototype and the models. The terme on soil
properties are not included.

ke -




L /R "I h escccesscscsssrsccsnscsces (10)

[y - [ ®ecsensssscssstecsensesese (ll)

2/ e H, h 90c600ssss0csenesvsnsecrsnae ('2)
VZ/'.l - v‘/ “.H 6essccsscssrovsssssccse (1))

.ﬁTi - W; tesecencsssssssssesrensse (l‘)

vhere, R = the maximum rotational radius of blade
t = other lengths of blade ( width of cut ete. )

s = angles of blade ( angle of bend etc. )

2T = tilling depth

V » tilling forward speed

N = rotational speed of rotary shaft

8 = acceleration of gravity and

u denotes model.

10) and (11) were realized among the blades. Therefore,
:::o:ml':::‘l,:.o: 23 v -nd( l)\nn determined respectivaly for P blade in the
first place. And, 2y, Va and Mm for dlades M~) and M~2 were set up .

But, in this report, the results are shown about the case presented in
Table ). Three repetition tests were carried out.

Table 3 Tillage conditions

blades Zi z2 z3 J . |

? 7.0 10.3 l!j !T.‘ 708
N-1 5.6 8.0 10.4 }21.5 |229
-2 4.4 6.2 8.1 ]18.9 J260

RRSULTS

to.gu“! hmtuilg lg;sﬁs !ﬂ-—aﬂ'
torques obteined in the three repetition teasts at three scaled depths

for each rotary blade are shown in Figure 5 (a), (b) and (c). As is seen
in the figures, the dispersion of esch three points was notsble at higher
woisture levels, at shallower scaled depths and in smaller blades. This
vas thought to be consequent upon the nonuaiformity and the variations of
the stremgth of soils whick were prepared for every tillage rua.
Rspecislly, st MC2 and NC3, small-sized soil balls were formed as the tests
edvanced. The seil balls disturbed the precise adjustment for the scaled
depths designed, though we mede an effort to break them. Nereafter, the
msen of torquas Ty by three replications was used.

As for the comes, the averaged vsluss of penatration forces from soil
surtace to the scaled depths were sdopted. Por exsmple, the averaged
values of pemetration forces from soil surface to the depths of 7, 10 and
13 cm wore wood.

The relstions of torques - blade sises and pesstration forces - cone sizes
are presented im Pigures 6 and ? in logarithmical form. Judging from the
results that the relstionships were drawm as the straight lines, we con-
sidered thet the fundamental equaticas (2) and (3) vere satistied.
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Figure 7. Penetration forces vs. cone sizes

Exponents S Sp and §

To predict and examine torques on P blade according tu the analog pre-
diction theory, it is necessary to gest the exponents Sg, Sp and Sep from
all the regression lines regardless of soil moisture and depth levels.
Therefore, normalization was done as to torques and penetration forces in
order to eliminate the effects of soil conditions and the depth on the
exponents. Normalization was conducted in such a way that the torques were
divided by the torque on the smallest M-2 blade for each moisture and
depth level combinstion, and the ratio was named A. As to the penetration
forces, the same way was applied and the ratio was named u.

Figures 8, 9 and 10 show the relationships ) vs. n, R vs. n and ) vs.
in each moisture level. Properly speaking, these figures should not be
presented separstely by moisture levels, but they will tell us that the
considerable dispersion of dots and differences of the slopes in some
combination of MC and Z level. This fact means that an ideal result, in
which the exponent S¢p is always definite, was not obtained and that the
prediction accuracy vas decreased in soms measures.

The exponents based on all the data and based on each MC level for refer-
ence were calculated by means of regression analysis. The estimated
values of S¢ vhich will be written by the symbol € hereafter, the values
of St due to the observed value and their ratios are shown in Table 4.

As most of S¢ values sre smaller than those of S, it is expected that
the predicted torques will be less than the measured in general.
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Table 4. The exponents obtained from all the data and
each soil moisture level. ;
st Sp N —Qf—’ﬁi
all dsta 2.8633 1 1.536) 1.7525 ] 2.6921 0.1
MCi level 3.2841 | 1.4066 | 2.0538 } 2.8889 -0.120
MC2 level 2.1965 | 1.5732 | 1.3515 | 2.1262 -0.032
MC] level 3.1104 1.6292 1.8864 3.0733 -0.012

Prediction of Torques on P Blade

Figure 11 shows the msasured torques and the predicted values based on all
dats from M-! and M-~2 blades in relation to MC and Z levels. A better
concurrence vas noticed in lower moisture levels and larger model blade.
Then, the prediction error (A) derived from all the data was defined by

(Predicted -~ Observed)

the equation (15) snd the results are presented in Tables S and 6.
Prediction Error (A) =

x 100 =+22(]5)

served
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As for the prediction ervor (A) derived from all the data, the largest
error was brought on at MCZ level with two model blades. There is a dis-
tinct inclination that over prediction occured only at MC2, but the cause
is inexplicable. The aversge of all the errors was very small as the
result of offset account and accordingly their standard deviations were
considerably large (Table 5). On the contrary, the prediction error (A)
based on the data from each MC level were smaller (Table 6).

Now, it may be effective or useful to adopt an absolute value of the pre-
diction error (A), we call it " the prediction error (B) " , when we refer
to the average error. As with the prediction error (B), the averages
from M-1 and M-2 blades became larger and were 13.5 I and 24.6 X, but
the standard deviations decreased to 7.61 X and 20.4 I respectively.

The average errors for each Z level, on the whole, suggests that the non-
uniformity of soil strength on the torques exsists especially in the
shallower zone.

PR

FPigure 11, Prediction of torquas on P blade
based on all the data
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Table 5. Prediction errors based on all the data

MC level |Z level | measured M - | blade M~ 2 blade
torque predicted [error(A) I predicted] error(A)
P blade torque torque
NC 1 z1 7.02™ 5.91™ [-15.8¢® | 5.38™ | -23.36%
Z 2 10.45 10.39 - 0.5 6.99 -33.08
Z 1 14.09 13.33 ~ 5.40 13.52 - 4.05
MC 2 zZ 1 9.32 11.47 23.06 16.28 74.68
zZ2 15,11 18.73 23.94 17.61 16.53
Z3 19,36 21.06 8.79 21.66 11.88
MC ) 1 27.89 25.42 - 8.86 22,177 -18.35
2 36.69 30.93 -15.71 34 .86 - 5,00
Z13 54.42 43.95 -19,25 35.82 ~34.17
Average error M-1 blade | M-2 blade
MC! (A) - 7.26x -20.|7z
(B) 7.26 20.17
MC2 (A) 18.60 34.36
(B8) 18.60 34.36
MC3Y (A) - 14.16 -19.17
(B) 14.16 19.17
21 (B 15.92 38.85
Z2 (B) 13.40 18.20
Z3 (B) 11.15 16.70
All data (A) - 1.09 - 1.66
Stand. devi. 15.45 31.89
All data (B) 13.49 24.57
Stand. devi. 7.61 20.40
Table 6, Prediction errors based on the data .
from each MC level, i
MC level]l 2 level | measured - -2 blade
torque predict %T predicted| error(A)
P blade | torque torque
" | z1 | 1.02™ | e aiz.n® | s.o™ | -is.s?
22 10.45 10.86 3.92 7.68 =-26.51
Z3 14.09 13.93 - 1.4 14.84 5.32
' MC 2 Z1 9.32 10.11 8.48 12.45 33.58
Z2 15.11 16.5) 9.27 13.46 -10.92
23 19.36 18.56 - 4,13 16,56 -14.46
MC 3 21 27.89 27.68 - 0,75 27.28 -2.19
z2 36.69 33.67 - 8.2) 27.28 13.85
Z3 54.42 47.85% -12.07 42.93 -21. 1)
A LT T
> - 1 - i
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L _Average errot M-1 blade M-2 blade

MCI (A) - 3.!!17 -12.33

(B) 5.72 15.88
MC2 (A) 4.54 -2.7)

(B) 7.29 19.65
MC3 (A) - 7.02 ~ 3.15

(3) 7.02 12,38
Z) (8) 7.11 17.19
22 (B) 7.14 17.09
21 (B) 5.78 13.63
All data (A) - 1.86 - 4,25
Stand. devi. 7.61 18.00
All data (B) 6.68 15.97
Stand. devi. 4.09 9.33

DISCUSSION

A general similitude technique for soil-machine systems is not escablish-
ed under the present condition though many researches have been conduct-
ed. The method using an analog device is considered to have the possi-
bility to predict the performance of a prototype from modeis. We paid
more attention to the prediction accuracy setting aside an appropriaste-
ness of cone as an snalog tool.

Various appraisals could be possible as to the prediction errors obtain-
ed in this experiment. If a tentative target of the prediction error is
settled to be 10 T as Schafer et al. proposed, the number of errors over
10 £ amounted more than twice the number of errors below 10 . Also, it
wvas found that the standard deviation of the prediction errors (A) and
(B) were too large for an practical prediction system. But, consider-
ing that a high speed soil-machine interaction occurs in rotary tillage,
one might say that the results obtained exceeded expectation. The reason
would be as follows. One is due to the minute soil preparstion which

was possible because of the small-scale soil box. The other ie attribu-
table to adopt the average penetration force.

Then, the investigation was made on the large variations of prediction
errors which were expressed by standard deviations. Another cone pene-
tration was cooducted to examine the uniformity of soil strengths using

a cone vith 60 deg. apex angle and 25 wm dismeter before every tillage
run. The result {s shown about the case of MC 3, vhere the soil prepa-~
ration was most difficult. At MC ), twenty seven penetration tests were
conducted before svery tillage run. The cone was penstrrted at the cen-
ter of the soil dox and twenty seven depth-force diagrame were obtained.
Prom them, the average penstration forces from soil surface to the four
depths ( 3, S, 10 and 1) cm ) and the standard deviation were obtained.
Table 7 shows the result that the coefficient of variation was about 10 X.
This msans that the immanent nonuniformity of soil strength is one of the
reasons for the large prediction errors.

The analysis of varisnce concerning with the prediction error (A) was also
conducted. Through the analysis, it was found that only NC was signifi-
cant at 5 I critical rate and the other factors or the interactions proved
to be judged insignificant. 1t comes to a conclusion that a series of
cones a8 an anslog could not function s0 as to correspond with the change

.,
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of soil conditions. MNaturally, the prediction based on the exponents
gained from each MC level lacks universal validity for practical use. W
1o couclusion, an analysis of prediction errors will be necessary along
vith the developmeat of better analogs. To put it concretely, it is
important to decrease and measure the effects of test facility and method
on prediction errors ia order to throw light upon true validity of an
analog device,

Table 7. Variations of the streagth of . 1
soil prepared. i

dapth (cm) 3 ) 10 13
#33538¢e cone (n) 123.8 165.8 183.9 181.9

Sepderde. M | 18] 169 | 173 2108
sepffel @ | vr oz | 9] 120

g g S s ST
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NTHR ANALYSIS OK THE DYNAMIC PERFORMANCE OF A SINGLE LUG

TAI LING ZHANG YAO JIAR SHAO
SOUTH CHINA AGRICULTURAL COLLEGE

SUMMARY
F

The lur of a ripid lugged wheel for the vaddy-field tractor

is the brasic elemsnt to interact with soil, The lug angle has

significant effect on the tractive performance of a rigid

lugged wheel in rice field.

This paper analyses the interaction process between lug and

801l, A calculating method of the soil reaction on a single

lug based on the equation of pasaive pressure in two dimen-

sfonal so0il failure is presented, It is shown that there 1is a

good agreement between the msasured and predicted pull and

11ft forces developed by a single lug within the test range. ﬁ

Based on the law of conservation of energy, the dynamic per-
] formance of a lug 1s predicted according to energy distrib- /

ution under lug-soil interaction, and a computor nrogram is

develoned, The vertical vibration of wheel axle, the unstead-
insea of speed and slip of multi-lugs wheel are studied theor-
etically and oreliminarily.

AD-P004 289

INTRODUCTION

The lug is the basic element to interact with soil, and it
has significant effect on the performance of wheeled tractor,

Acoording to the law of Conjugate Actiocfd between two meshing
profiles and the kinematics of lug, Y.Je. Shao proposed nine
equations for geomstrical varameters of lug with respect to
slip. (1)%Deng and Yu analyzed the flow pattern of soil be-
neath lug, they noted that the failure zone was nearly a log- ;
arithmic spiral and straight line, and that the equation of ;
passive fallure proposed by Hettiaratchi and Reece (3) was
| adoptable to predict the maxirum thrust of lug at Jdefinite
: position in vaddy fleld, and there was good sgreemsnt between
the mensured and predicted values. (2)

D. Oee=Clo (4,5,6) in his paper studied and determined the
influence of various parameters on the forces of single lug.
o applied Bekker's pressure-sinkage equation and Reece's
oquation to calculate the soil reaction on lug, His recent
experiment into the effect of lug angle to performance cams
’ - to conclusion that 30°lug angle wheel obtained the largest

. tractive nowver,
! Besides,J.Y. Viong (7), L.l.. Karafiath and E.,A. Nowatski also
' (8) studied and analysed the lug-soil interaction.
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In this pape:, experiments were conducted in soil bin to mea-
sure the soll recactions on a single lug., This naner anslyses
the Interaction process between lug and soil. A calculating
rethod of the soil reaction on a single lug based on the equ-
ation of nassive nressure in two-dimensional soil failure is
nresented, PRased on the Law of Conservation of Energy, the
dynamic nerformance of a singlelug is oredicted and evaluated.
The vertical vibration of wheel axle and the unsteadiness of
speed and slin of lurmed wheel under fluctuating soil reaction
are studied theoretically and preliminarily.

1. APPARATUS ANMD EXPERI!Z:™T METHODS

All exneriments were conducted at a soil bin built in the
Jepartment of Agricultural Machinery at South China Agricul-
tural College. The 8oill bin has a dimension of 20m length x
l,ém width x 1.,0m depth, The soil layers in soil bin are
shown in Fig, 1, The paddy field soil formed by long period
cultivation of rice were taken from the College Farm. The
grain sizes of soil and their distribution are shown in Pig.
2 that the various size of particles are in good composition,

In order to measure the soil reaction, an experimental flat
lug model 120mm in length x 200mm in width was designed, its
inclined angle was adjustable from 3°- 50°, and its radius of
tip was adjustable from 350-/,50mm. An octagonal sensor which
had good linear relationship between measured forces and de-
formation was set between the lug and powered shaft to measure
the soil reaction R and its radial component Rp and tangential
component Ry as shown in Pig.3,|,S,

The lug teater had two motors, of which ons motor was used to
drive the shaft of lug and the other motor to control the slip
and soeed. All forces from soil reaction were picked up by
strain emolifier and graphed by recorder. The rotational speed
of the model lug was set at 6,34 rpm. The sinkage of the lug
was controled at 138mm measured from tip,

S O

= o

—b

M T
Pir.l 301l layers Pig.2 So0il grain sises

in soil bin and distribdution
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Piz.3 The rodel 1lug
with sensor
Pig.L, The lug tester

. v

The s0il resctlons vere meunsured at various slips(154, 25%,
107%) and inclined angles(157, 279,309,35° )of the model lug.
The water content, cohesion and internal friction angle of
80!l at various depth(30mm, 80mm, 130mm) were tested before
experiment, Prom the tests, the values of cohesion ¢ increased
with denth, but there were small changes in the internal
friction anrle ,

T™he relationship of shear- disnlacement of the soil in soil
bin could be expressed in Janosi Formula:
(1 -J/k) (1 -1)
r -r”nr - 8 -

In order to obtain the value of k, exnreasion (1 - 1) was
transformed inté the following exnression by means of a log-
arithmic method,

In(1 ~/ ~ax) = -3/x 1 -2)

The adhesion and external friction anrle of the solil in soil-
bin werr also tested,

11, THR MEASURED SOIL REACTIOMS

The recorded soil reactions from experimsnts were the radial
component R and tangential componsnt Ry as shown in Pig. 56,
Their relationship with vertical component Rg and horisontal
component Rymay be expressed in the following equation :

it cos(@*X)ain(@+2)] )Ry
o N "™ ] stn(@ex )=cos(®*%)] ] Rn (2 - 1)

where

x -T[ AB sin(f -« ABC
* tan Te = ABoos{ P ~£ABC
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Pig.5 The soil regctions
measuring

Pig.6 The analysis of
measured force
systen

Substitute the following values (AC - 30wm, BOC =~ 60mm, <ABC=
26,57°, AB=§7,11"m, r = };25mm) into equation (2 = 2) amd
obtair the angle § under various inclined angle of lug &s in
the following teble:

8 15° 270 300 35°

£ ' =2.15° 0,00° T0,44° “1.47°
From the above table, it is shown that the angle X is very
small so that the msasured R,,R¢ foroes may be considsred as
the ¢ radia) foroe and tangential force of the wheel at
lug tip, and a resolution of these foreces into vertical com-
ponents R, and horizontal components Rycan be calculated.

N—

-

The me d values of Ry and Rx beneath single lug with 15§
27, 30°, 35° inclimed angle at 15.;, 85% sliv under the same
sontroled sinkage 130mm are shown in the i s of Pig.7. It
1s observed from the curves that all the soil reactions R,,R,
at 2S¢ slip are larger than those at 158 slip, and that the
vertical componsnts R, obviously increase with inolined angles
but the horizontal components Rx only have slight variation,
It is noted that the R. and R.. uchomim before the lug
arrives at its lowest vosition (P= 90°), that ths Rimax always
earlier than R by about 10°, that 1s, the gaximm R, ex-
hibits at O w70 = 80%nd maximm Rx at 80 - 90°, It is Inter-
esting to note that a negative R: (-Ry ) is presented while
the lug leaves the soil with scooping action, and that the lug
with lass inclined angle will have larger megative R; , amd
the more the slip, the larger the negative Rg,

o A LI

}
l
|

(next ) The measured and predioted soil
thatd pass reaction Ry anmd u:
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IIX. T PLLDICTION OF SGIL RSACTT. ™ I, R.

A calculating method of the 201l reaction o' e ginrle 1v:-
based on the equation of pessive nressure in ¢tvo diwnsi~u
s0il "ailure ovrovosed by Hittiaratchi and Rcece (Q) is tr'e
for this prediction, The meneral passive soll resistance z.”
the lug interface in unit width can be written in to=ms cf e

symbols defined in Fotation by t' e following e:xpression:
nl-‘(cp." 18,8y 8,8, 0) (3 - 1)

The soil reaction %1 may be broken down into two parts, the
adhesive component acting along the interface(Amnzcosoca ),
and P the frictional corponent aoting at an angle with the
normal to the interface. The magnitude of P may be expressed
in the following eauation in which symbols defined in Notation.

P -f:‘x,-o— ezxca‘tqz&,-fr.?l!.o“' = = 2)
The angle between vector of P and normal to interface is & as
shown in Pig.8.
The soil reaction Rgto interface in unit width may be written
as:
Ry = (P 4+ A2+ 2PAsing ) (3 - by

The éy between R) and normal of interface is given by
the following exvression:

&= & + s1n"1(Acosd/R) (3-5)

That is:

Pig.8 Passive soil failure

Pir.10 Analysis of mredietel
Pig.9 Torizontal she-r rore::
disolece~ent

AT

e
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Let Pl e czlor +q2K,

vy m 7 (Ky=Kgr™®)
and the distance h; from the acting point of R; to the upoer
end of thre interface is given by :

h: = s coseca cosd sec dy [(3?101;?;) )/6Ry) (3 - 6)
The above exvression is adaptable at the following range of %

et oms
(n) ¢ag1io®
95~ Hilara)epr
By 1s the anrle between the direction of motion of interface
at upver end u\g‘horu ntal 1line) 1
Cle 9 155

(b) :
(c) $: 0=o ‘
According to a preliminary calculation, the value of Wy is only

about 17 of the friection component P, In order to simply the

calculation, the last term of Py may be neglected, and {3 - 2)
may be simplified and expressed as:

P o -2
where K.. .;kal:.°;f°v3n+b§'§‘in following oxprouiom:u )
Keam (N = 1) secd cosecst cote 3-7
K, = N secd coseoca (3 -8)

and acoording to (15), Xy is apnroximately equal to 0,5 K

e tnlre,
(3 -9)

! - 0.
The ¥ Ln.b - 7;&& (3 = 8) may be calculate according to
the following tabdble,

o é [l
dod [X ]
S0 <9 ﬁ' HL

and in above ublo;
ll-(co“[ cosdH{sindp-sins li} /(1 = sing) (3 =20)
Tomoxp ( (2042 ~W)tane) 3 -0)
Ng-{[l - sin’pein? Wﬁ]‘- ain‘conﬁo’.)} ?/c0s’¢
(3 =22)
roF-+
In paddy field soil it seems to bs important that the sideway
shear resistance of soil for the tested lug with larger 1/B
ratio may not be neglected in calculating soil resctions be-
neath lug, According to (10), the equation of sideway shear

resistance “roposed by AJR.Reece was adaptadle for soft paddy
field soil, The latersl shear resistance may be expressed as:
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G= ¢ ‘1 =13)
where - 2-21({-0—!— )yfor (S>B/2)
* -], for (s¢D/2)
-- the width of lug.
The latersl n=en "¥..qy be taoken as:
3“- 310 Sn
' 13 «1l)

where 8= O.25L17cot0 oxn2 (e Of-,-)tuw]-l}
8,=0,5 !q"'oxp(Z(CO’-*)unﬂoo.O

-- the contact length of lateral {nterface.
The lateral shear resistance Pg may be exoressed as:

Py= 2550 (3 -15)

It 1s considered that the lateral shsar resistance depends on
c, 80 Pg 1is taken as a part of Py,

Then the rest is to determine the valve of § according to the
slip line, as shown in Pig.G. Take Osat uppo:. ent -f lug as
the oenter (pole) of logarithmic spiral.and then draw the log-
arithmic spiral from lug tip. The soiral intersects th-e intor-
face of lug at point Ayt horisontal distance from A, to
As' represents a part of horigontal shear displacement J,.

The horisontal shear displacement j for lug position A:,-~may
be exnressed by the sum of partial displacemsnts from A- ¢o

A1’1n8:

J=Xt 51 (3 ~16)
T™e lug force R can be sumwd up by the following expression,
Ref( e (8P o 27y Ba ptng]d (1 oK) (3 -17)

ttrore
Py= B(Py+V Ky e P,

Thus ths vertical cormonment R; and horisontal compornent R: of
the soil reaction R on the single lug as shown in Pig.l10 may
be expressed as follow:

Rx= R sin(0 -4y -§) (3 -18)
Rg= R cos(® ~fy -§) (3 -19)

All the above equation was prograsmed and the R, and may be
somputed on a computer without usingourves from chart, com~
puted values and curves are shown in Pig,.7 in comarison with
measured ocurves. It may be seen from these curves that there
1s good agreemant between the predicted curves and msasured
ocurves,

R bt gl N i
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IV A TIZEORLTYCAL AVALOIS INTC TIHE
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The dvnamic performance of a single lug is analysed based on
the Lo of Conservation of Energy and according to the distr-
ibution of energy.

Sunnose a single lug turns uniformly an angle of dé under the
torque (@), the input energy of the lug 1s N(©)d8, and a
part of the energy will transform into available energy of
pull R, (0)rd8, and the other part of energy E consumed on
gverconing the motion resistonce, slip and soil deformation,
The ecuation of energy equilibrium of a single lug may be ex-
pressed as follow:

[ 3
j" (@) ce -/‘?Rx(‘))rdQOE (& =« 1)

where 8;, 69 -- the rotating angle of wheel as the lug
enters the soil and leaves the soil,
r -~ the rolling radius of lug, rer,(1 - 1),

In order to evaluate the dynamic performance of a single lug
based on the distribution of energy, the efficiency of the
lug is defined as the ratio of outout energy to imput energy
in the process of lug-soil interaction, that is:

8>
- %2
b Jor2 u (0)ae

Supnose the axle of wheel travels a distance of Sy while the
lug moves from a position of entering the scil to other posi-
tion ¢ leaving the soil,

¢, -2)

Srarpo(l = 1)(6-=- 6))=mrs(1 = 1)6, (4 = 3)
dividing (I = 2) vy (4 - 3),
@2 (7]
Jo3 weerao 2 py(0)rs B
s - 5 8 = b

Each term of the above exvression (L-lL) does have the dimen-
siorel oun~tity of force, so the averege thrust Hy,e ,average
dull Pave and averr~e -otion resistance fave may be defined
by the followine sxnressions:

1 (62
- 4 -
Heve = SJh n(0)a0 L =5)
1 P4
Pave @ =~ Ry (0)0d0 & - 6)
sr L5
rav. S / 31' “l» - 7)

Have = Paved fove

T e i Ay % 1
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Tras (b= ), a >
1 1
ot Rx (0 Rx(6)de
Pave m 5. a x( )fﬂﬂnti[:l x
The averapge bearing reaction Waye may be expressed au:
1[92
Yave = - Rg(0)ae (4 - 8)
e.]®

According to expressions (4=2), (4=6), (L~8)and the measured
soil reaction, the relationship between Pgvqe, Weves "l.,‘ and g
can be plotted as shown in Pig.l1ll, From this figure, it is
noted that all the Wgayeand Payeof single 1upg at various in-
clined angle increase with slip, and that at a given slip the
Wave increases but Pave decrensea with inclined angle, It is
noted that the efficlency of lug at a civen slin Aecreases
with 1ts inclined anrle within the range of 15 = 399,

The vowered wheel always works with a definite load on axle.
Supnose that an average bearing recaction of 30kg 1s needed to
assure a sinkape of 138mm for the exnerimental lug.

In PFige. 11, draw a straight line ABCD parallel tc axis from
the point Mgy 30kg., It is seen that et gye 30kp, and r-t"tbe
sa ainkago of 13Cmm the corremondisg altgs are 32 s 177,

13% and 107 for *'nclined an~les of 15Y , 27°. 30°. 31C° resmec-
tively. Prom point ABCD draw vertical 1lines upward and inter-
sect the - # curves of various slips nt A'B'C'D!' respecti-
vely, CurVve A'B!'C!'D' 1s the curve of f§ o lationship. From
this curve it is noted ti'at theoretical e clency of lug
reaches maximum at an inclined ancle of 28%°ith a resnective
slin of U%.

Pirell The § -
curve A'R¢
Cru

S s e POk gt L T, ol 33 oo U AR

N g 5=
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According to the above method of calculation of soil reaction
and the analysis of dynamic performance of lug, the following
nrocedure to nredict the performance of single lug is recom-
mended :

1,

2.
3.
L.
5.

The following imput data should be known:

(a) the so1l pararmeters: ¢, ¢ , &4 , 4 » 7 »

(b) the reomstrical varameters of lug: L, B :5,’

{e) vt’he averanpge bearing reasction and adoptn{slo s nl'mge:
e , L.

To predict R at various slip, calculate R‘(O) and the Ve

b mea s of Simpson's integral method,

o nredlet average null Py according to R obtained from

2nd stev and the corresnondent slip 1,

To vredict the efficiency of lug by means of Simpson's

intepgral method eccording to exoression (L - 2),

Reveat the above procedure of calculetion at various in-

clined angle §, compare to obtain the maximum efficiency

and the corresnondent § .

A flow chart of computer program for the above predictions is
shown in Pig.l2,

Pig.12 A flow chart of computer program
to predict performance of lug

I
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Ve TE 7 "T™ICAL VIBRATION CF "~ EiL AxLs A'D
AU Ry Pty 3 SR op S!,IFFIK.GJ
Prom the experimesnt 1t was noted that tie soil reac* . nrn

single lug was fluctuatingand that the axleof the » "y wheel
with 1imited quantity of lugs vibrated in the vertic .i direc-
tion and its speed and slip varied in travel direction, as
shown in Fig.l3.

dy) [
~e
o° " - -
, =~
P"./ * P Y 4 \~‘I\--’ N -~ ."’1
I].r A
)
I”T :
L !
“"we {
!
I
— a A - A P

.

6

—n ALILY { ™ L wma3gsg pemaye

Pig.13 The soil reactions on the wheel
with twelve lugs

Suppose that the motion of a rigid lugged wheel is a plaone
motion system of rigid body., In Pig. 1, point 0' is the
origin of the motional coordinate system, and .. coincides
with the center (axle) of the wheel. The angular sveed of the
wheel is expected as constant and the motion of wheel axle
may be expressed by the following differential equations,

4
J
0 < X 3 v
n
[
Pig.ly The ocoordinate Pig.15 The analopous
svatenm force sraten
»n *?R& - ‘1‘1 s
{ (£ - 1)
where the sum of soil reaction on the lugte in X direction

R~ the sum of soil reaction on the lugs in Z direction
. - the motional resistance in X direction
= the load on the wneel axle
m ~ the mass of wheel,
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Based on the nnalorous force svstem as shown in Fig,15, then

ve have: .
T aDad Ty 4+ MA)X
G = ({i’*" m.sg - ¥

where D-— constant towed resistrnce
M- — the mass of the towed tesater
M-— thre disnnosal mass on the wheel axle

Consequently, the eauation(5 =~ 1) may be rewritten as:
{(mwam)‘i-s‘; Rk~ Df (5 - 2)
(M2+m)§ = (M2+ m)g -ZR{

To solve the equation (5 = 2), themthcurve in the range
between the entry angle into soill and going angle of soll
wit: resnect to a snecific lug as shown in Fig,1l5 may be ex-
nressed in Fourler series,

Let 0-%' (i=0.1,2 ", gn-]),

then

Re(0) = 4 *'flaa cos (E2) o bysinthli] ¢ Feaatio) (5 - 3)

where

‘t'LZ&(m)c‘s(ﬂu), (k=o. 1. 2,----.-, n)
b *‘ Rx“})‘ln(%—l), (kat. 2, ----- ,R=1)

the sa~e as above
Ru(®4) = —0%[&“!(”(}44*551(& 'jfglm("') (5~4)
Ch L‘z R.(mas(!_.) (kao,1.2,-,n)

dy= % Re(0)$/n(EX (). (km | 2. - m-1)
Substitute equatiold® (5-3), (5=4) into equation (5-2), and let

XoVex . Xm0, ZaVex kao at & =m0 . The sol-tions of %e
equation (5=-2) may be exvressed as follow:

%00 = { e B+ el ok + 3 [Gesin BT
- Ducas (7)) - ‘;f" [ (5-3)
x(a)= W[g i S
%E-’iw({'-’ ()4-5 sn-@() B03- £ anliv) -

where

(5-6)
whore Guogy + Amdgfl . Guogly ’
$(8)= [V~ garizs ga,,]+-$& z—-!;;;{{-m
gﬂ.,u-( ) - 2«:(3(-«))50 (5-7

z(o.)-m -é + 56 - MW{T‘
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o - g[a" wl‘?c) + -& s,'n(-?i) 'Q,OJ-;“:'(.:(("}' ;"'“’.’L.o:-
Aol Bumbfi  Anmtoglt 5-8

It &s cic o U L o) L SV oWee vl 2Mmht gl ol equa-
tions (5=5) to (5-0) are unvaried terms indicating t o none-
fluctuatineg value, but that the second and third terms are
fluctuntin~ with anrle 6¢.
Let the snecd rgw(l-1) of the wheel axle eaurls te firat
terr of equation (5-5) on ripit side.lthen ,
- R ( - 7))
("4 gt

The sa~e for the vibration of the wheel axle ~lonr t'e¢ verti-
cal direction: s s

-1 [ A=l ,x‘: l\v.-‘

"J'“-!‘.w(l - 1) -

3

z - — o — (1 -
brl (C~emd LT a2  2a.
If the wheel was in a steady state of uniform motisn under
fluctunting soil reaction, all points of ident!- .. ‘lase
under cyclical external force should have the asare sneed anc
the sn-» Z coordinate. Then we have:

{l(O)-v.,.z (0 )

z(0)® 0 wz (8)

and then

8o 1 /gt
(gt ) - T’?,ii& Sin(z's'g Q) - 1, co:x(gll:g‘.)
2
+ F{]O%“— sinﬁ':-. ga )} 2 o (T =11
v‘,,»-j’ o- Om{fﬂ 0s -g; cos(g;-:—é;) +
2 n
+ . nin(2)'95) - Y*..—.éx co‘(a.'_ﬂe.)*
E;" a)x an r
2
4»%;;}

the sare as above

X(O):Voﬂ;(ﬁg)

(5 - 12)

then
=1 2k 2
Dr--?*%— { zlck uin(-u;' 03) +Dy coa(T; 01)]*
s o

+50 .m(%'o.)} (5 - 13)

The conditions of steady motion were defined by the equations
(5 - 11)' (5 - 13)0

The position X(0;), the lp;od X(6j ) in X direction and the
position Z(81), the speed 2(0;) in Z direction could be calcu-
lated by the equations (5 = 9), (5 = 11) to (5 = 13) and the
equations (5 = 5) to (5 = 8). Prom the curve shown in Pig.l6,
it 1s showp that the slip 1s chan~ed with anrle @ in a ranpe
of about °.3 w0 °.2 ( &"m-11703k”0 "‘-135‘:6. ﬁ-1303.92.‘.,
8=227°), Tha Yocus of the wheel axle is shown in Pig.17, the
fluctvatior 4 in a marnitude of about 1,lcm.




Fige. 10 The fluctuation of slip

b
3 4 — /. b
Acem)

Pige. 17 The locus of a wheel axle

Based on the previous analysis, the vibration of wheel axle
and tre unsteadiness of speed and slip are certsin and will
give effect to some variation on locus of lug tip.

CONCLUSION

The lur of a rigid powered wheel is the basic element to in-
ternct with the soll., The lug angle has significant effect on
the tractive nerformance of a rigid wheel in paddy fleld.

This naver describes the experiments in measuring the soll re-
actions on a single model lug with various inclined angle and
8lip in soll bin, A caloulating method of the soil reactions
on sinrle lup based on the enuation of passive pressure in
two dimensionrl =~'1 failure is oresented. It is shown that
there is rmood arreemsnt between the measured and oredicted
pull ard 1ift s~11 reactions on a single lug within the test
rance, anc trt the equation of passive soil resistance pro-
nposed br D.R.P, Yettiaratchi and A,R, Reece 1s adontable for
the tested nnddy field soil in the evaluation for the soil
renctions on a singrle luge.

A method to »redict the dynamic perforimance of a single lug
according to the energy distribution under lus-soil inter-

rcti~-n {8 nresented,

A nreliminarilr theoretical study into the vertical vibration
of the =eel axle and the unsteadiness of sneed and slin
vpuer flnet:rting soll reaction is presented. It is shown on
curves t:ct the vibratins narnitude of the i'heel axle {is
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liem, and the mrenitude of vnnte-dncas ¢” sli= L -7 107,
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A:.e, l“” et : A {ndhoaivo corronent of
a ftan~ential adhesion 801l resction
R idth of lu-~ Ri.R%(G -axis comonent of
Bu,rk ooeffictent of serles 8011 renction on ith
(] coheslion

‘Ck.ck ‘coefficient of series

,8x Iicoefficient of series
Df ‘tov reasistance
‘B .Constimed enersy
f imotion resistance
fave |averares notion resis-

} tance
ravitational accel-
ration

8

G __ _lead on anxle

H 'thrust

Have .averare thrust of lug

h length of lug

hy distance from sointiRy)
of action to unnerend
of interface

1 slio

k) ‘horizontal shear dis-
pPlacement

k ‘shear def. -“ntion mo-
dule

Ky resistance coefficient
for a weightless soil

’K, resistance coefficient
for effect of self

| ifor the surcharge

1 Kea resistance coefficient

for both cohesion and

: edleslon

1L length of lug or inter
face

1 distance from a point
to unner end of 1lug

Mym mass

M(6) driving torque

P frictional corponent

of soil reaction
Pave average null

irht
e e ree oo TTTETATE

R AN
Rz,Rz (6 Z-axis component of
0il reaction on ith

ug

R¢,Rn tangential and normal
omponent of soil re-

1 ction

Rt,RE  langential and normal
omoonent of soil re-
ction on 1ith lug

r ... Frolling radius .

Tro adius of lug tip

Te cting radius of soil
action R

ra ynamic radius of soil
eaction R

¥ ector of coordinate

. ystem
S ateral shear resistan-
e in area !
vinr distance of axle
from entry to out of
801l
laverage bearing reacte-
ion
inclined angle of in-

[ €l
<}

b

»
3

nclined angle of lug
olumatric weight of
oil ‘
=38in'(sinéd/sine)
xternal friction anrle
ngle between R;and
ormal on interface
ngle betveen Y. and I,
ug effeciency
otating angle of wheel
space angle of lugs
Eotating angle of wheel
rom entry of soil to
Neave of lug

,f:of\a O tw|r =

Py lateral shear resist- (M k
t ance ’ coefficient of lateral
_ jsurcharge of soil % shear resistance )
\ 3 soil reaction on afna‘lﬂ ’ internal friction ang
lug i center angle
Ry soil reaction on unit = angular velocity
widt» of lug l ¢ reasure streas |
Rx,Rx(®)X-axls comonent of ! z shear stress
|soil renction
ns.Rg(O)z;:xia comonent of s :°1%°':;}; index,
0 a - o=
| -.J? reaction L - R




TOPIC 6
OPERNI'TON ON STEEP SIOPES
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STUDY OF THE MOTION OF AGRICULTURAL VEHICLES ON STERP
GRASS~COVERED SLOPBS

A. GRECENKO
AGROZRT, X,.VUZS, 140 03 PRAEA 4-CHODOV, CZECHOSLOVAKIA

? ]
y 7] umewrior

In large-scale farming ploughing is generally practi-
ced up %0 157 of slope, the reason of this limitation deing
not ouly the safety of operation dbut also the decreasing
layer of $ilth and erosion as well. Steeper slopes sre ge-
nerally covered with grese which is either harvested or
grased. The experience indicates that adapted four-wheel
drive tractors with convemtiomal tyres cen harvest grass ¢ *
under favouwrable comiitions on slopes wp to 20°%. Yo@ £ v
treatmsnt and harvesting on slopes up to 26° special -:f{:f .
light-weight machines with low pressure tyres are used; ’
these are able to cross soms local gredients ”‘Q”Kﬁ(////-:/;
msans of sdequate mancewvring. f_______.,q.- - : '

The layer of s0il on roeky sub-strata in mowntainecus '

rogions is sound 2 %0 15 em with the turf pemetryeting

to a depth of 2 % 10 em. The %0p s0il is very demse

00 that lugs of ccuventional tyres with a trection treed

pattern 4o net pemetyate into such & depth to emadle the
bYomefioclary fumeticn of the tyre bdedy. Bettexr grip is

ashisved with terre~tyres Maviang marrew end low lugs with

the tread pattera 576 (Goedyear).

Oredesdility 15 oeonsideradly impaired with inereesing ‘
noisture of soil which 1 mestily measured in 5 e depth.
Specimsns oontain the reoot system (turf). On the smmiy-leem
s0il, "&ry" specimems, 1.¢. very suitadle for traction are
these with wp to 25 § weisture semtont. In meowmtaincous
conditions, meisture centenmt of 30 - 40 £ is considered
a8 nosmal, while "wet® is the 904l with more than 40 %

=
N
N
*
=
©
T
Q
<




moisture content or more than 30 € moisture ocontent and
wot surface.

The reasons of critical situation are generally the
sliding, then the overturning due to dynamic effécts and
also functional shortoomings of the machine.

The fundamental method of *he experimental research
of the travel on hillsides is tie measurement in field
conditions with actual vehicles. The motion of vehicles
is generslly investigated when :hey travel direotly up- or
domnhill, along the contour lins and when ocornering (making
s twm). Though the reproducibility is not as high as in
laboratory testing, the reliabdility is consideradbly dettexr.
The results depend on the quality of the analysis end on
the generulisation of the data measured. With a certain
risk the acquired data are then used to predict similar
propexties of other vehicles. The aim of research is to
maintain this risk as low as possidle.

It seems that our method is similer to the methods of
the Soottish Institute of Agriculturel Engineering (SIAB)
at Peniouik (G1lfillan 1970, Spencer-Owen 1981 and others)
whose research programme includes the aspects of slope
performnce of tractors with respect to the safety of
operation.

The investigation to the motion of machines on slopes
is further bownd om a more precise mowledge and under-
standing of kinematics end dymamiocs of the general plane
notion of & wheel. in owtline of a synthetie solution,
presented by dredenko (1973), prinmeipslly complies with
some newer experimental results by Krick (1971), Schweng-
hart (1981) end Gee Clough-Scmmer (1981).

This paper is to report on some methods and results of
researeh en the operation of vehicles om hillasides with
some comments on the applieadility of terremechaniocs.
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Ixagtion propexties

Trection properties are generally expressed by the
relation detween the coefficient of gross thrust p, and
the 81ip & ... 8) applied to transmission of the trective
effort (e.g. the travel of a vehicle up the slope), the
so-called tractive properties; ©b») in the transmission of
the breking effort (travel of a vehicle down the slope),
the mo-called draking properties.

M)

Tractive properties are measured by accelerated drawder
tests of wehicles in which a complete spectrum of the
relation slip - drewbar force is recorded during each test
run on & track of edout 100 m length (GreSenke 1980).
Additional measuremsnts include e.g. the determination of
the sffective rolling resistance (i.e. the summary resistance
of the driving and supporting devices of the wvehiele which
1s counteracted by the total gross tractive effort).

The recording, prooessing, amlysing and plotting of the
msasured data is carried out dy modern methods (Pig.1).

P1g.2 demonstrates the scope of differences in tractive
properties of the same tyre on grass-covered surface due
to the changes in soil moisture. If, for example, the slip
during the travel wphill increases up to the level of 8y
the machine will reach the limit of sliding. A similer
situation threatens shem the machine is travelling slewed
to the contour line of & slope and assumes the angle of
heading (with respect to the contour line) with the tangent
equal to the slip s, (principle of equivalence, Oxredenko
197%).

Having in mind the prediction of the vehicle performsmce
we have been, up tc the present, adble o express adequately
only the two-parametric ocurve 1 (bilinear equation, see

e P SO
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Gredenko 1975). Exponentisl forms of thrust-slip ourves
including recent mathematical desoription of functions
of type 2, 3 (Pig.2) by Vong-Preston-Thomas (1983) are
relatively simple, dut in view of the impossidility of
inversien (i.e.slip-thrust), they resist more complicated
prasctieal applications (see part "Prediotion of vehicle
performance om slopes”).

The appliocability of the results of drawdar tests to
the travel of wvehiocles up the slope is partly limited by
the fact that the drawdar tests are carried out on level
growmd where the texture and the depth of the soil layer
tend to be Aifferent.

M)

Braking properties are msasured on level growund by
sccelerated pushing tests, in which the tested wvehiocle
1is pushed forward at a steplesly increasing speed, By this
mothod, wo have achieved negative slips up ¢o -40 %
(a 11m1% &ue to directiocnal stadility of the measuring
set of vehicles). Vo have found that the bdreking properties
in the givem range of adbsoclute slip valwes have deen
eimiler to the tractive properties.

The slip should be defined in both cases of traction
snd Wreking by a uniform formula containing the relatien
between the astual velooity v and the no-slip velocity v,
(wmlike the existing IBTVE glossary of terms):

|-1-(v/v') (1)

¥ith a negative slip (skid) s = =1 (=100 %) the wheel
1s foroed to travel at the velocity v = 2 v,, the disple-
osment along the omtact axea deing J = - 8 , X = =X
(1.0. in the directien of motion); the locked breking
wheel maxke a skid 8 » =00, 1,0. there exists the same
displesement along the oontaot area. The wmiforam formula
thus ocomplies with the fundamental rules of the terrume-
ohandos.
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Righer values of akid ocan only be achieved by the
downhill breking tests where the braking distance at the
full breking effort is measured or, prefersdly, the mrimum

deceleration (Spencer ~ Owen - Greenhill 198)) as & funotion

of velocity. The course of complete functions P = f (-s)
for breking is analogous to funotions K = f (+8) from
Pig.2 dut the maximum dbraking force coefficient does not
attain the same high values probably due to the fact that
the wheel when braking floats more on the surface (smaller
slip-sinkage) and the tread may eventually dbe clogged with
soil.

$14ip (akid) of s vehiole up (down) the gradient

The slip (akid) of a vehicle on the gredient (Pig.l)
is most conveniently measured in a continuous way by means
of a gauge wheel. The most suitadle is a slope with a
variable grudient which is smallest at the foothill and
inoreases towards the top of the slope. In this way the
vehicle slip and skid were recorded as given in Pig.4.

izavel of s machine across s gradient
In order that the machine with e.g. steered front

wheels could travel along the contour line of the slope,
its longitudinal axis has t0 resume the attitude with
heading and the front wheels have to de turned dy a
arift (slip) sngle , with respect to the contour line,
i.0. by & steering angle ¢ in relation to the machine
(Pig.%). The heading compensates the Arift angles of the
wheels dus to the effects of lateral foroces on ths slope;
the drift engles result from the ocomdined lateral disple~
cement of the 80il and the deformation of the tyres.

The angles ¢ are thus the funotion of the slope gradient p.

The study of this case of the travel is of importance
e.g. for the designing of farm vehiocles operating with a
front-mounted mower (Fig.6) : in ocase of travel along
the comtour lins the swath has to pass detween the wheels
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S v A
contour line

Pig.5. Vhen crossing the hillside, a vehicle with front
steering wheels assumes the attitude with heeding 4p and
steering angle ¥ (notation of forces acting on the wheels:
H ooe gross trective offort § Y ... lateral foroe ;

Z ... normal reaction force a. eee Oxternal rolling
resistance of driving wheels ; l’_ ese intermal rolling
resistance of free-rolling wheels ; Ry ... total rolling
resistence).
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Pig.6. An agrieultural mechine mewing forege along the con-
tour line of a gredient must not toush either the standing
crop or the mown swath.
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of the mschine without being overriden and the wheels must
not ride over the edge of the standing orops. If e.g. the
angle r, = 4° 1s & limiting factor, then the respective
gredient f maris the maximum slope on which the wehiole
can successfuly operste. The relation y, = f (F) should
be possibly flat.

The msasuremmnt of the heading of the machine is
readily performsd by means of two sets of sprinklers of
the oar eleotric windshield washer (Pig.7). The nossles of
the two indipendent sprinmkler sets are fastened on two
spots parallel with the axis of the mechine, near to the
ground. Yhen the machine is travelling along the contour
line, a washadle paint is spreyed in a concentrated deam

throngh the nossles onto the mown surface. The angle of
# heading of the machine then equals @
rz » aro sin (U‘) (2)

Generaully indeed, the nosszles can de positioned in any
two arbditrary spots. It is then oconvenient to spray two
different ocolours of paint and the formmlas for $he
angle Y, beoomes only a little more ocomplicated.

The method described adbove was used to determine the
values of headings to the comtowr line of a hillside machine
equipped altermatively with different tyres as illustrated
in Pig.8. Purther exaxined was the influence of the speed
of travel up to 12 m/h on the heading of the machine.

On rough ground the heading rather tends to increase with
the speed of travel (the dumps throw the machine sideways)
while on smooth grouwnd it remains unchanged or even de-
oreases (rheclogy of the laterul deformatiens and the side
.n’)o
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trace A B

nozzle B

level ground

Pig.7. A method to determine the heading {7, of a vehicle
travelling along the contour line of a gredient.
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Fig.8. Neasured values of heading {2 in relation to the
gredient 8 (grassy slope) for a four wheel-drivenm vehicle
oquiped with terre~-tyres 38x20.00-16.1 (1) or standard

tyres 12.5/12-18 (2).
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Manoeuwring on the alone
Chareoteristic manoeuvres performed and measured on

the slope ocomprise

a) an adility %o move out directly uphill,

b) an adility to bdruke to a stop directly dowm the slope
in funoction of welooity,

¢) a balf cirole (U) turn at the end of a dowmslope rmm
in function of velosity.

The msasuremsnts are deing made in comnection with the
assessment of the ghadeadility of machines.

shans of a contant ares
The contact ares of a tyre waries doth in shape and

sise when trawvelling slong the contowr line. The shape
relates to the distridbution of the contast pressure, whioch,
together with the tread pattern, affect the laterul grip
properties of the tyre. A scheme of a special stand
snadling to take primis of a oontact area wp to a gredient
of 30° is shown 1in Pig.9 together with specimens of statio
prints of the Barum 15,5 - 26 £8 tyre.

The prints have helped to reveal that the mean comtact
pressure of the decisive downslope tyres of a traotor tre-
velling alomag the contowr line remains mearly uwmobhanged
for the variations of the gredient from 0 to 30°.

Ixaval direetly snhill
The relationship of the gredient the meshine cen nego-

tiate to the slip deteruined from earlier meesuremnts
makes a useful diagren. The computed curves ian Pig.10 are
besed on measured data (s = £ ()] for the conditions
as follows:
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7ig.9. Scheamatio dwewing of s stand where the geometry of
tyres on an inclined plane was studied and two samples of
Barum 15.5-25 28 tyre imprints.
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Pig.10. A computed diagrem predicting the performance of an

agrionltural vehicle whea ascending a slope for different
sonditiens ; the top of eash curve indicates the limiting

aseent slepe and the respestive slip.
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nusber of the ocurve

item ] 2 3
soi) loamy 8ilty loam loamy sand

send
surface asadow aeadow madow
conditiom of relatively | shortly after
the surface ary rain dry
soil bumi-
dity, 8 30 k1) 30
locality Hanulovice J{lové Novd Ves
year 1978 1976 1976

Another altermative to the ocomputatiom is the start of
soticm uphill with a given acoeleration (usually a = 0,05 g).

Ixavel alonk the oantonr line
The purpose is to deseribe the kinemmtic end dynemioc

state (situation) of a machine with respect to the angle
of slope £ by the following quantities at least :
kinematio 3

= slip end steering angles TeyiTas?

- speed of travel along the contour line

= revolution retioc of the upslope snd downslope wheels

when the axle differemtials are operating

dynemio 3

- normal reaction foroces £ on all wheels

- gross t1eotive efforts K on all driving wheels

= lateral forces Y om all wheels

= rolling resistances R of all wheels.

The simplest altermative (a two-axle vehicle with a
two-sheel drive and differential locked) is a thwee-
dimensional ocase three times statically indetermimate
which is thus descrided by six oquilidrium equations and
three deformation eqmtions.




All deformation equations desoriding the interwction
of the supporting sechanism of the vehicle with the groumd
are based on the relations between the velocities of two
supporting members (e.g. the wheels) in the 4irections g
end 3 (Pig.5). No-slip velocities of the wheels v, oXpress
the kinematio ties of the drive, the actual velocities
of the wheels v are bound by the ocondition of stiffnees
of the machine as a mschanical body. The relationship
of the velocities should de transformed into the relation~
ship of the alip values and also of the tangents of 4rift
(slip) engles. These quantities can de expressed, sccording
to the slip and drift theory of the wheel motion (Gredenko
1975), by force effects so that the result will de the
relationship ameng the foroes, in other words the wanted
deformation equation.

The solutioa is based on the known relatiomshipe:

S = u.cosg (3)
tgy - __g_a.:.-s;n (4)

gradient of deformation equals:

Sk 3 oy dpum-2a
u l J —i‘ @m . (fam-p) (5)

Us = ji.t ; a =fHEev¥/z
the angles of the resultant foroe with the wheel plane:

H

. Y
HIe vyt | Sing TS

(6)

cosg =




inserting into formulae (3, 4) provides the required
expression for the slip s and tangent of the arift (slip)

nnclofl

where
m "us-(sz‘{bm‘2VHioY‘) ;
N e 2Z.um(Z. pam-THEYY)

The rolling resistance R in the plane of the wheel re-
maine prectically eomstant up te the angle I = 30 + 40°
which has been again supported by the analysis of the
recent measuremente by Schwanghart (1961) and conclusioms
drewn by Gee Clough - Sommer ( 1981).

A simple example how t0 formmlate and apply the defor-
mtion equation is given in the Appendix.

It follews that the deformation equatiocmas can omly
be derived by moans of relations (5) where the gredient
of deformation is expressed explicitely (e.g. equation (5)
with ¥ « 0 represents the relationship between the slip
and the coefficient of gross trestionm (thrwst) (%

All the Inown equations for the gress traetive offort
(or the gross trestica ceefficient) as & fwnetion of slip of
the expomsmtial type, 1.0. eomprising seme members ia the
form 1/x and ¢”% lack the quality to express the slip (er
gousrally the grediecut of deformation) explieitely and thae
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can hardly dbe used in these important appliocations.

By means of the slip and 4rift theory of the wheel
motion the relevant deformmtion equations for different
kinds of Arives of two-axle vehicles were successfully
formulated and the resulting sets of non-linear algedraiec
equations solved on & computer. Pigure 1! presents, for
instance, a computed interpretation of the meesured angles
for a hillside wvehiocle whieh is travelling along the comtour
1ine of a gredient £ . The wehicle with two axles has an
all wheel 4drive and the axle differentials in actiom (the
case was s0lved as 6 times statically indefinite). In
msasurements, the vehicle was alternatively equipped with
two kinds of tyres and an attached implement, fromt - or
rearmounted. The computation hes again confirmed the
practical value of the theory which is able to provide
valuable informatiom on the dehaviour and paramsters of
the wvehiocle and of the maximum slope which the wvehiocle
oan negotiate.

The research ianto the hillside performance of vehicles
is one of the prodlems of terramochanics that shift the
scope of the solutiom into two dimensions, check up the
validity and applicadility of theories and offer new topios
for solution.

It appears that the twe-dimemsional (plane) prodlems
in the mechanios of off-the-road vehicles eam swoocessfully
be solved by msans of elessical terremechaniocs in the
spirit of N.0.Dekker though the sense of the old good
quantities such as "cchesion™ or "imtermal frioctica”™ may
have to be revaluated. Boms of the assumptions of the
assdemie treetien theery loose their walidity om gress-oove-
red grouwnd or om occupact surface (e.g. the lugs of the tyre
hardly penstrating the seil shich indeed is met homegemows)
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dut omn the other hand without these assumptions the solu-
tion would become erratioc.

The experience indicates that only such treetion formu-
lee may £ind use in the treatment of more complicated pro-
blems dealing with the performance of wehiocles which emadle
to express a deformation quantity (e.g. slip) explioitely. ]

The slip and 4rift theory proves positive results in
the solution of kinematic and dynamic aspects of the hill-
aide travel of a wehicle, the reasons being as follows:
~ the theory resslves the resulting force effect on the

drifting wheel in the ground plane into components in
the direction of the wheel plane and wheel axis (this
being by no means & formality, as in this case the gross
tractive effort can be expressed in agreemsnt with olas-
sical concepts and the rolling resistance remains nearly
independent of the slip angle of the wheel),

- the theory emadles to formulate the deformation equations
desoriding statically indefinite mschaniocal systems dy
means of a dilinear formula for the gradient of deforma~-
tion which has been the only ome $ill now emadling to
express the gredient expliocitely.

An_szamnls of dariving a deformatios samation
The following predlem is giveat: to derive formmles for

thunmmummtmunfomol, ull,
betwoen two similar axles 1 and 2 of a trustor with four-
wheel drive (an elemsatary onoe statiocally imdefinite cese).

hree oquilidrimm equations ocan do written from which !
follow 0.g. the normal reastion forces on the axles £, and ‘
l,d. furtharmere, the total groes trestive effort
Eef ol,uutmnuofﬂnmtomr.
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The deformation equation follows from the kinematio
relations :

dividing these equations gives
N1/ = Vo/vy
or, in view of the former equation (1):

1-'1-1-l2 and thus: llo:z
The slip of the two axles is equal. According to (3) :

S = us-(szﬁm-ZH)__H u
2Z.M (Z.(.L..-H)

- u_.(ﬁ m’2H/Z).H= Heo
Q:LMG-‘(Mm'H/Z) Z f(z) f(@"x)

Therefore: f (H,/3,) « £ (H,/Z,) resulting in 3

:%'2 cer Moy W Mg

This is the desired deformation equation which, together
with the Mtunl-l‘ 0!2 » Yosults in

I1-,1—;1§—.l ‘
'z't;-:z!;-'
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N SOME STABILITY AND CONTROL PROBLEMS
WITH TRAILED FARM TANKERS ON SLOPES

A.G.M. HUNTER
SIAE, BUSH ESTATL, PENICUIK, EH26 OPH, SCOTLAND

ABSTRACT
/
Trailed farm tankers in Britain, which are generally
used either for slurry spreading or crop spraying, have become
very large in recent years. The fluid contents, which may be
four times a. heavy as the towing tractor, will move under
gravity inside a partly full tanker and this introduces

problems while driving on slopes, which have not been

AD-P004 291

recognised previously. The fluid movement will affect both

the stability of the tanker and the control of the tractor

and trailer combination. Recent accidents where tankers

overturned due to loss of stability, and where tractor and

trailer combinations slid downhill due to loss of control led

to extensive research on tankers. /In this paper, the centre

of gravity analysis of fluid in tahks andvzﬁo“;E3BItlty T /
analysis of tankers are both reviewed, a full treatment being

given elsewhere. The control analysis of tractor and trailer
combinations is presented, and this is followed by adiscussion

of the problems facing tractor drivers with trailed tankers.
Tankers behave unpredictably because the characteristics

change continuously while the contents are emptied, for ¢
example during slurry spreading. The most dangerous condition ?
for working on slopes may be when the tanker is nearly empty, i
unlike other trailers which are normally safe when nearly

empty.
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SOME STABILITY AND CONTROL PROBLEMS
WITH TRAILED FARM TANKERS ON SLOPES

INTRODUCTION

In recent years the size and number of machines on
British farms with fluid-filled tanks, mainly slurry tankers
and crop sprayers, have greatly increased. Some of these
tanks have a fluid capacity of up to 14,000 1 (fluid weight
14 ¢y 12
the towing tractor. When a farm tanker is driven onto a slope,
the fluid will find its own level in the lower part of the
tank unless the tank is completely full. This results in a

which may be four times as heavy as the weight of

movement of the centre of gravity of the fluid within the tank
which may have a large influence on the stability of the
tanker. It may also affect the weight transfer from the
tanker onto the tractor, thus influencing the control of the
tractor when driving on a slope. Further, when the tanker is
in work its contents are discharged onto the field so that
both stability and control change progressively.

Fig. ' Typical trailed farm slurry tanker.

When the driver is working with a tanker like that in
Fig. 1 he has virtually no means of assessing these changes
from his driving seat, and is unable to gauge whether it is
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safe to drive the tractor and trailed tanker onto a particular
slope. Two examples may be given of accidents with trailed
tankers, one due to loss of stability and one due to loss of
control, both in unexpected circumstances,

In the first example, a partly full slurry tanker over-
turned in a field of slope 24°. Using existing methods of
stability analysis for a trailer with a fixed centre of
qravity}, the stability limit (i.e. overturning slope) for the
empty tanker was computed to be 37°, and for the full tanker
28°, both values greater than the actual overturning slope.
Using an approximate estimate of the centre of gravity of the
fluid in the partly full tanker on a slope, the stability
limit was calculated to be 23° which was less than the
stability limit for the tanker when either empty of full.

In the second example a tractor was pulling a partly full
slurry tanker uphill in a grass field of slope 11° when the
tractor driving wheels started to slip, and the whole outfit
8lid backwards to the bottom of the hill and overturned. The
tractor and slurry tanker had already been driven across the
same slope with no apparent safety problem. Again using an
approximate estimate of the centre of gravity of the fluid in
the partly full tanker on a slope, the control limit (i.e. the
slope on which the outfit would start sliding) was calculated
to be 11° for uphill travel, 12° for downhill travel, and 22°
for travel across the slope.

The first stage in improving the estimation of tanker
stability was to develop a centre of gravity analysis of fluid
in inclined tanks. This is described in a separate paper‘.
The analysis was confined to fluid in tanks of circular or
rectangular cross-sections because most farm tankers
approximate to one or other of these shapes; in fact the
tankers in the cases described above represented one of each
type. The second stage was to develop a stability analysis of
tankers by combining the new centre of gravity analysis of
fluid in tanks with the existing stability analysis for fixed
centre of gravity trailers, as described in a second papots.

The purpose of the present paper is to review the work on
tanker stability and to present an extension of this work
which covers the control of tractors driven on slopes with
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trailed tankers. The problems of assessing safety on slopes
when driving tractors with trailed tankers are discussed also.
The discussion may have wide application for tankers other
than those for farm use, and will apply to tankers filled with
liquids such as water, or granular solids such as grain, which
have fluid characteristics. A related topic which is not
covered is that of fluid sloshing in tanks. For example, an
analysis of this problem is given by Bauet6 in which he
demonstrates that the dynamic effects of sloshing may severely
affect the stability of road tankers during manceuvres such as
braking. Only the problems related to static centre of gravity
shift are covered here.

CENTRE OF GRAVITY OF FLUID IN A TANK

The standard method of calculating the centre of gravity
of a body relative to fixed axes is to find the sum of the
moments of mass about each axis and to divide each sum by the
total mass. Where the relevant values are not already
tabulated because the shape of the body is not simple or not
common then integration must be used to find the sums. In
many cases the method of calculation must be further extended
by decomposition of the body into a number of parts each of
which is easier to calculate individually than the body as a
whole. It is often necessary to shift and rotate sets of
axes relative to the fixed ones in order to simplify the
calculations for the several parts. This approach is effectiwe
and straightforward to apply when the body is solid. With
fluid contained in a tank the same approach must be applied
repeatedly because the fluid assumes a shape which changes
continuously as the attitude of the tank changes relative to
vertical, or the tank is filled or emptied,

The photograph in Fig. 2 shows a model of a two-wheel
farm tanker hitched at the front to a post in place of a
tractor. The tank mounted on the trailer frame is a right
circular cylinder which is transparent to show the fluid
inside. The displacement of the fluid under gravity in the
tank is shown clearly in this photograph. The centre of
gravity of the fluid has shifted considerably from the position
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at the centre of the tank which it would occupy when the tank
was full. The two orthogonal reference lines on the end of

Y AR g “
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the tank, which are square to the trailer frame, indicate that
the fluid surface now lies at an angle to each reference line
and at an angle to the longitudinal axis of the tank. I€ may
be appreciated that although the fluid shape shown in the
photograph is relatively simple it is not a shape for which
one would expect to find centre of gravity data already
tabulated. Even for this relatively simple case, the
calculation to find the centre of gravity coordinates related
to fixed axes at the centre of the tank is quite extensive.

e

Fig. 2. Model of a farm tanker, e.g., a crop sprayer,
with a transversely mounted tank, showing i
the fluid inside.

The particular example illustrated is for one quantity of
fluid in a tanker resting at one heading angle a relative to
the slope line FF, on one slope 8. If any of these parameters
changes then the fluid shape within the tank will change and
the entire centre of gravity calculation must be repeated.

For example, if the quantity of fluid shown in Fig. 2 was
increased then the shape might become one that was truncated
at both ends of the tank, rather than at one end as shown,
while an alteration in either a or 8 would change the shape of

the fluid. A complete centre of gravity analysis of fluid in
a tanker on slopes requires the calculations to be made for
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all quantities of fluid in the tank, with the tanker facing
along all heading angles, on all slopes.

Fig. 3 a]b Various fluid shapes in a
c rectangular tank. See text.

Fluid in a rectanqular tank assumes shapes which are
considerably more complicated than in the circular tank. A
model tanker with a rectangular tank is shown in Fig. 3. 1In
Fig. 3a the fluid is bounded by its horizontal surface and
four tank faces : the bottom, the top, one end, and one side.
In Fig. 3b the identical quantity of fluid assumes an entirely
different shape due to moving the tanker round to an increased
heading angle on the same slope. The fluid now contacts five
tank faces. In Fig. 3c the slope is reduced and the tanker is
returned to the original heading angle. 1In Fig. 3d the tanker
is at the original heading angle and on the original slope but
the quantity of fluid is greater and it now contacts all six
faces., A complete analysis of fluid in rectangular tanks
requires the entire range of possibilities to be evaluated,
many more than those {llustrated here.

STABILITY OF TANKERS

After determining the centre of gravity of fluid within
the tank, the influence of the fluid on the overall centre of
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gravity of the tanker must aiso be found. This is impossible
to judge qualitatively:; a smaller quantity of fluid which is
free to move a larger distance within the tank may have
greater influence than a larger quantity free to move a
smaller distance, or vice versa. The process of calculating
the stability of a tanker is an iterative one. First an
ecstimate of the stability limit (i.e. the slope on which the
tanker will tip over) is made; the overall centre of gravity
of the tanker, including the fluid, is calculated taking
account of the fluid position for this slope; then the
stability limit is calculated with this overall centre of
aravity. The centre of gravity must be revised for each new
calculation of stability limit until the values converqge. This
must be done for all quantities of fluid in the tank and for
all tanker heading angles.

Because of the complexity of the method described it was
essentjal that experimental checks were used to coHnfirm that
both the stability analysis and the computer programming used
to implement it were accurate. The approach was to carry out
extensive checks with physical models for which slope and
heading angles were easy to adjust and there were no safety
problems, and to carry out limited checks with a full-scale
tanker.

The models used were those illustrated in Figs 2 and 3,
set on an adjustable sloping board. A protractor scale was
laid out on the board to indicate heading angle. The
transparent tanks were marked with a scale on the side to
indicate the quantity of fluid. The stability limit for each
tanker was measured by inclining the board until the tanker
started to tip : either a wheel lifted from the board or the
hitch lifted. The dimensions of the tankers were measured and
the centre of gravity of each when empty was estimated from
knife-edge measurements. The computed values of stability
limit were plotted againat the experimental ones and the
agreement was found to be very close,.

The full-scale measurements were made with the small farm

slurry-tanker of circular cross-section shown in Fig. 1. The
tanker and tractor were fitted sideways on three beams placed
under the two sets of tractor wheels and the tanker wheels,




622

respectively. The load under the upper tanker wheel was
measured with an electronic weighpad fitted into the
appropriate beam. Clearly, if the load under the tanker wheel
approached zero as the tanker was tipped, then the tanker was
approaching the point of overturn., In this way the stability
limit of the tanker was estimated. The experiment was
repeated with four different quantities of fluid in the tank
from empty, A, to completely full, D, Fig. 4. The line marked
'fluid' in the figure gives the computed results for the
tanker and it is seen that the experimental values of
stability limit lie close to it. These values are applicable
to only one heading angle which is where the tanker lies
directly across a slope. The line marked 'solid’ is a plot of
computed values of stability limit with the weight of fluid
added to the tanker but held solid, so that no fluid movement
is allowed. The difference between the two lines gives the
effect due solely to fluid movement. The figure shows that
for this particular tanker there is a continuous decrease in
stability as the tanker is filled. The least stable condition
is when the tanker is completely full.

Stability values were also computed for a different
tanker of almost rectangular cross-section. In fact, the
tanker was the one which overturned in the first accident
mentioned in the Introduction. The plot of stability values
for this tanker, Fig. 5, is entirely different from that shown
above. Stability does not decrease continuously as the tanker
is filled but reaches a minimum at J before rising to the
value for the tanker completely full at I. At the minimum
point the tanker is about 3° less stable than when completely
full, and over the entire range between a fractional tank fill
of 0.2 to 0.9 the stability is less than when completely full.
This effect is due to the great freedom of movement of the
fluid within the rectangular tank, and is highlighted by
plotting the difference between the ‘'solid' and 'fluid’ lines
in the lower part of the figure. When the tank fill is only
0.2 at K, the reduction in stability limit due to fluid
movement within the tank is 10°,
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CONTROL OF TANKERS ON SLOPES ‘

Trajiled equipment, especially behind a two-wheel drive
tractor, is likely to push or pull the tractor out of control
on a slope. After a certain critical slope is reached the
tractor and trajiler will slide downhill under gravity out of
control. The problem is worst on hard ground covered by grass !
surfaces, which can be very slippery, and with heavy trailed
equipment such as forage harvesting equipment7. Slurry
tankers introduce the additional problem that the weight
transfer from the tanker onto the tractor changes continuously
while the tanker empties. This means that the grip which the
tractor wheels are able to maintain, which is directly
proportional to the weight on those wheels, will also change
cont inuously.

Values of critical slope were calculated for a tractour
and trailed tanker. The particular machines were again taken
from the first accident example mentioned in the Introduction.
The calculations were restricted to direct uphill and downhill
travel bocause usually these are the directions on which the
critical slopes are minima. Along these directions the only
wheels to have grip on the ground are the tractor driving
wheels since the others are free to roll. Along other
directions all the wheels have grip sideways which increases
the critical slope values. A plot of critical slopes for
direct uphill and downhill travel is given in Fig. 6. This
calculation was made under the assumptions that the friction
coefficient between the tractor driving wheels and the ground
was 0.76, and that the rolling resistance coefficient at the
tractor front wheels and the tanker wheels was 0,05. The
former value is the highest value measured locallya, chosen
for these calculations in order to emphasise certain features
of tractor control with tankers. The latter value is a
typicai oneg.

When the tanker is full, at L, the uphill and downhill
critical slopes are nearly identical, but as the tanker
empt ies these values diverge until when the tanker is about
half-full, at M, the downhill critical slope exceeds the
uphill value by over 3°., As the tanker empties further the
point is reached at N where the two critical slopes coincide

-
&£
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agqain. Durinqg the period when the last fluid (s emptied from
the tanker, at P, the two values again diverge but this time
the uphill critical slope exceeds the down-hill value. When
*he tanker is empty the difference in value is 9°,

These features are evident from the particular example
chosen with an extreme value of friction coefficient. With an
average value of friction coefficient between tractor tyres
and grass of 0.4 the picture alters considerably, Fig. 7. The
uphill and downhill critical slopes are no longer close when
the tanker is full at R. Instead the downhill value exceeds
*1e uphtill value by about 1° over the whole period when the
tanker empties, S. It is only when the tanker is almost
completely empty, T, that the values converge again. These
valucs do not necessarily cover the whole range of
possibilities for movement of the values of critical slope but
tl 'y do serve to indicate that there are continuous changes as

the gquantity of fluid in the tank changes,

DISCUSSION OF DRIVING ON SLOPES

Driving tractors with trajiled tankers on slopes introduces
problems of safety which have not previously been recognised.
It is difficult for the driver to perceive the dangers which
may arise when working with trailed tankers, and it is
virtually impossible for him to assess his safety margin. The
problems of working with trailed tankers may be discussed most
easily in relation to the known causes of accidents with other
farm machinery on slopel10'1"12.

Tractors themselves are relatively stab1313 and unlikely
to overturn alone unless driven onto very steep side slopes or
driven at high speed especially when cornerinq". When used
with trailed equipment, it is more likely that, due to its
lower stability, the trailed 2quipment will overturn before the
tractor15 and it is recognised that full trailers are
generally less stable than empty onen's. If a driver was to
take the slurry tanker shown in Fig. 1 onto a sloping field,
most features would be similar to those of other trailed
equipment. The stabtlity limit of the tanker would at all
times be lower than that of a typical tractor (35°), whether

the tanker was empty, at A (29°), or full, at D (23°), Fig. 4.
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The least stable condition would be when the trailer was full,
but the stability would improve continuously as the tanker was
emptied. There would be one new feature which was that the
freedom of the fluid to move had resulted in lower values of
stability limit than with a solid load, as shown by the two
curves 1in the figure, but it is unlikely that this would be
perceived by the driver.

However, with another slurry tanker, such as that which
provided the basis for the stability plot in Fig. 5, the
situation would be unlike that known for any other trailed
equipment. The stability limit when full, at 1 (28°), would
still be less than that when empty, at H {39°), but it would
not be the minimum. From the time of starting to work in a
field, with a full tanker, the stability of the tanker would
be reducing progressively until the minimum was reached, at J
(25°), with a tank fil11 of 0.3. Far from approaching the high
stability limit of the empty tanker, as might have been
expectel with 70% of the contents discharged from the tank,
the stability limit would be at fits lowest. The stability
limit would only start to exceed the completely full value
when 90% of the contents had been discharged. The driver
might well be taken unawares; he might continue to work on a
slope where the tanker appeared to be stable when full only to
find that the tanker was unstable when partially full; or he
might move onto steeper slopes as the tanker emptied, thinking
that the tanker would be more stable, only to find that it was
less stable.

Tractors are known to slide downhill on grass particularly
when the tractor is a two-wheel drive one17. In this case the
tractor may be able to climb slopes considerably steeper than
the slopes it can yo down without sliding because of the
greater weight on the tractor rear driving wheels when facing
uphill. Trailed equipment generally reduces the value of the
slope on which a tractor can be driven either uphill or down-
hill because of the additional weight which must be controlled
by the tractor, of which only a small proportion is transferred
to the driving wheels, but usually the slope which can be
climbed remains steeper than the slope which can be descended.
There is no safety value in this; indeed it is a feature




commonly appreciated that the driver should beware of sliding
downhill even though the slope was safe for ascent.

A driver with a trailed slurry tanker has to beware of an
alternative possibility, that his equipment might start
sliding most easily when driven uphill, and that being able to
descend a slope without sliding is no guarantee of being able
to ascend. As with the stability limit, the control limit is
affected by movement of fluid within the tank. When the
tanker is faced uphill]l the fluid in the tank will run to the
back, reducing the weight transfer onto the tractor, but when
faced downhill the reverse will occur. The control limit
curves in Fig. 6 also indicate that the behaviour of the
tractor and tanker is unpredictable because the above
discussion applied to the case where the tanker is about half
full, at M, while the near empty case, at P, is like most
other trailed equipment. When calculated for a lower friction
coefficient, Fig. 7, the equipment is most likely to slide
while travelling uphill regardless of the quantity of fluid in
the tank, except when empty.

CONCLUSIONS

Trailed farm tankers introduce new problems to working
with farm machinery on slopes because of the possibility that
the fluid in the tank may move. Some of the tankers are very
large, containing a total quantity of fluid which may be four
times as heavy as the towing tractor, so the behaviour of the
tanker on a slope may dominate the behaviour of the combination
with the tractor. In order to analyse the behaviour of the
tanker it was first necessary to know how the centre of
gravity of the fluid moved within the tank under all conditions
of tanker fill, with the tanker facing along any heading angle
on any slope. The centre of gravity analysis was completed
for tanks of circular and rectangular cross-sections, which
included most shapes of tank used on farm tankers. The centre t
of gravity analysis was then used to develop a stability
analysis for farm tankers in order to determine the stability
limit (i.e. the Overturning slope for the tanker). It was
also used to develop a control analysis in order to determine
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the control limit (i.e. the slope on which the tractor and
trailed tanker would slidc downhill).

One or two examples of tankers were then analysed and it
was found that several new features emerqgqed. Firstly, it was
found that some tankers could become less stable as they were
emptied rather than more stable which is the case for other
farm trailers with solid not fluid loads. The least stable
condition might be when 70% of the fluid had been discharged
from the tanker and the stability might remain as low as when
the tanker was full until 90% of the fluid had been discharged.
Secondly, it was found that the weight of a trailed tanker
might be most likely to cause sliding on a slope when the
tractor was travelling uphill rather than downhill, which is
the reverse of the case for tractors alone and tractors with
other trajled equipment. Thirdly, it was found that each of
the above two features was unpredictable because factors such
as tank fill and the slipperiness of the ground surface might
cause changes in behaviour with tankers which would not occur
with other trailed equipment. Several implications of these
features on driving tractors with trailed tankers on slopes

were discussed.
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n- - INTRODUCTION
‘ Tractor and agricultural accidents on slopes fall into

n two categories. The most well]l known is a stability loss

< accident in which the tractor simply overturns. Much more
common is the sliding control loss accident, frequently termed
a °runaway” by farmers. The ®runaway® description is apt
because this is exactly how it appears to the driver - an
uncontrolled speed build up when descending a slope. The
accident occurs when the wheel-ground forces in the plane of
the ground are no longer sufficient to maintain equilibrium on
the slope. These accidents often lead to overturns of varying
severity; incidents have been reported of tractors travelling
up to 1.5 km from the point of control loss before coming to
rest. 4—_

Means of avoiding such accidents are being ltudxed(,)(z,.
However, until such techniques are adopted the drivers of
agricultural machines on slopes will be faced with the
possibility of sliding accidents due, for example, to a sudden
reduction in tyre-ground friction following an outburst of
rain.

Many of these incidents result in minor injury and many
cause damage to machinery; some cause very serious injury and
fatalities. Much folk lore exists amongst drivers on how best
to recover from such slides, the current wisdom being “"keep
the tractor straight®,

The problem of finding the best advice to give farmers is
not easily resolved. Remote-controlled tractors have been
used to study control IOII(J’ but the behaviour experienced is
usually representative of just one particular tractor. The
effects of changing configurations, or parameters is best




studied using mathematical models of the accident process, or
at least the dynamics of the control loss from which an
accident may ensue.

Severity of accidents is probably highly correlated with
the kinetic energy involved. It would appear therefore that
during a control loss accident the driving strategy that '
should be aimed at is minimisation of the kinetic energy
{vehicle speed). This paper describes a mathematical model of
the control loss of a tractor on a slope, some confirmatory
results from trials using a remotely controlled tractor, and
an example of a preliminary study into driver strategy for
minimising kinetic energy in an accident.

MATHEMATICAL MODEL

Notation

A Constant in tyre/force slip angle equation

Amax Maximum tyre side force coefficient when rolling

B Constant in tyre force/slip angle equation

BR Braking force at a wheel

f Constant in tyre force/speed equation

fn Function

Fy, Actual tyre force when locked and sliding

FiLo Maximum tyre force when locked

g Acceleration due to gravity

G Gravitational force vector

k Lateral tyre force coefficient

m Tractor mass

p Tyre sliding velocity

X Longitudinal tyre force

Y Lateral tyre force

A Vertical tyre load

0 Tyre slip angle

i Slope angle

' Steer angle

v Tractor yaw angle

By Effective coefficient of sliding friction in
longitudinal direction

by Effective coefficient of sliding friction in

lateral direction
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The mathematical model to predict the motion of a tractor
on sloping ground (Fig. 1) is based on the classical vehicle
handling model with freedom in the yaw, ~ideslip and
longitudinal directions. The well known equations‘s’ are
modified to include the effect of the inclined plane by
incorporating the gravitational force vector at the vehicle
mass centre,

mg. 8ind. cos ¢
G = mg.s8ins, 8in ¥

mg, co8H
in the x direction.
Yy

The assumptions used in deriving the equations for this
model are:

(a] The inclined plane has a smooth surface,
is of constant slope (f) and has consistent
frictional characteristics.

{(b) The tractor body is rigid with a conventionally
pivoted front axle.

{c) Motion in the z direction (perpendicular to
the inclined plane) is not included so that
ride vibration motion, tyre deflections, etc
are ignored.

The resulting model is non-linear because no restriction
is placed on the magnitude of the tyre sideslip angles.
Consequently, the entire range of the tyre side force/slip
angle relationship must be included and this is non-linear for
slip angles greater than say 10°. Therefore, the equations
are solved by digital simulation and the results produced
typically as a predicted trajectory of the tractor until it
stops, overturns (zero wheel loads), etc. Alternatively, the
vartation of other parameters, e.g. velocity or kinetic energy,
may be plotted as a time history,
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The forces generated by the tyres are the sole means by
which the vehicle is guided, since other external forces,
e.g. aerodynamic, are trivial by comparison. An accurate
representation of the way in which a tyre generates both
longitudinal and lateral forces is, therefore, a key
requirement of the model. More apecifically, the conditions
under which the wheel is locked and sliding is of particular
importance in control loss studies. The force system on an
individual wheel is calculated as follows:

{a) The whrel i{s tested to see whether or not
it is rolling.
If (BR + CRRZ) > u‘z wheel is rolling,
otherwise wheel is locked.

(b) wheel rolling.
¥ = ki,
where k = A(Y - e-81)
and A =« fn

X, u zZ).

‘Amax ! x ’
Fig 2. shows the friction ellipse relationship used in
which the actual value of X defines the shape of the side
force/slip curve. From Fig. 2 it can be seen that
3 2

A X .
A YO 4 ’

nax x

where AMax defines effectively the maximum "lateral coefficient
of friction®™ with the wheel rolling.

(c) Wheel locked,
The total frictional force when sliding is

Fw = fn(“x' [T Z, 1, P’ .

yl
From Fiq. 3, it can be seen that {f, again, the friction
ellipse {s used it can also be shown that,
( 18 d
r . By uy

Lo H ? ] ?
Q ¢ a
¥ cos’a Mx sin

and that the tyre sliding velocity,

P* (u’ * V"

e R - g L T




839

{(d) Effect of sliding speed.

There are, apparently, no results published for the
effect of sliding speed on off-road tyre forces, although work
on this topic is in progress at the Scottish Institute of
Agricultural Engineering (SIAE). For road vehicle tyres,
however, there are several published studies, some examples of
which are shown in Fig. 4. Clearly the mechanism of tyre
force generation on deformable surfaces will be fundamentally
different from that on road surfaces. However, in the absence
of other data, it seems reasonable to take the relationship
shown in Fig, 4 as a starting point.

Over the speed range of interest, i.e. 0 to 10 m/s these
data approximate well to a linear relationship between tyre
force and speed:

PL 'Pw ‘1"“?) )

where F = Locked tyre force (N)

F = Nominal locked tyre force at zero
sliding speed (N)

4 = Proportional constant in tyre
force/speed relationship (s/m)

p = Sliding speed (m/s)

The constant, f, varies between 0.010 and 0.027 depending
on conditions, with a reasonable typical value of 0.019.

(e) wWheel loads.

The technigue used to calculate the wheel loads is
based on the vector approach which has been described
previounly“). Additional terms arising from tractor
acceleration components are included.

The total kinetic energy of the tractor is calculated
from the standard equations using the tractor mass and inertia

and the model predictions of linear and angular velocltiet(S).

CONFIRMATORY EXPERIMENTS

The use of mathematical models in describing the behaviour
of vehicles during emergency situations requires that the model
predictions describe the general overall behaviour of the
vehicle. On grass covered slopes the local variations of slope
friction, and ground roughness all cause perturbations which

T i Mg A et i
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affect the trajectory of a tractor during a control loss. The
perturbations depend on the actual trajectory followed by the
tractor, thus making it very difficult to make precise
comparisons of the tractor behaviour with the mathematical
model predictions.

For initial comparisons of measured and predicted
behaviour, a radio controlled tractor was used on a site
having a relatively smooth grass surface with a gradient
varying slowly over a distance of 300 m from 17° to 11°(5).

Fig. 5 shows a comparison of a predicted trajectory with
experimental data obtained using the radio-controlled tractor
during a control loss. The trial was conducted with the
steering held, nominally, at zero. The typical behaviocur of a
two-wheel drive tractor with the steering held at zero is a
forward slide followed by a rapid rotation of the tractor
until facing backwards and the slide then continuing backwards
downhill. Depending on values of ground-wheel friction, slope
and centre of gravity position, the tractor speeds up or slows
down but always travels backwards. The model requires a steer
input of a very small amount to predict the turn around. In
the trial it is impossible to keep the steer angles at
precisely zero and in such a condition any steer angle, or
asymetry of side forces, will cause the tractor to spin.
However, as can be seen from Fig. 5, the mathematical model
predicts the overall behaviour of the tractor fairly
accurately.

Further triales were conducted, but on detecting a control
loss full steer angles were applied and held. These
trajectories and the model predictions were essentially
similar. Behaviour was characterised by the tractor turning
sideways on to the slope and sliding sideways down the slope
but rapidly coming to rest(s'.

P

One other trial was carried out on a steeper slope of ‘
20°. Applying full steering lock on detecting a control loss
on this slope caused the tractor to overturn. The mathematical
mode) predictions of this situation did not predict an over-
turn, although the up-sliope wheel loads fell to quite small
values (200 N). The 20° slope was relatively rough and this
may have caused effective sideways wheel forces to be greater

;
“
b




641

than the model predictions. Higher side forces would promote
an overturn rather than a slide on such a slope. This points
to a need to obtain data on tyre forces on rough grass
surfaces under the extreme conditions likely to be encountered
during accident situations. Work to obtain such data is
currently being carried out by SIAE.

However, the model has been shown to predict overall
behaviour reasonably well and hence is suitable for use in
examining possible driver strategies during a control loss on
a slope.

EFFECT OF STEERING DURING A CONTROL LOSS -
A PRELIMINARY STUDY

As an example of the use of the model in the study of
accidents on slopes, the effect of steering angle on different
configurations of a two-wheel drive tractor during a control
loss on a 20° slope is examined.

The tractor is basically a medium power two-wheel drive
with a mounted hay tedder. 1t is assumed that a control loss
occurs by driving onto a 20° slope and the driver "detects"

a control loss when the tractor speed has reached 3 m/s. The
driver now wishes to minimise the kinetic energy of the
tractor to ensure that any resulting overturn occurs at the
lowest possible energy levels.

The tractor's first confiquration is characterised by a
high (1.2 m), and a forward, centre of gravity position. This
tends to make the tractor less stable than low and aft centre
of gravity positions., The kinetic energies during the
resulting tractor motion are shown in Fig. 6. Each of these
steering actions resulted in a tractor overturn but the
energies involved in the overturn decreased as steer angle is
increased. The cab test energy for this mass of tractor is
15.835 kJ. This is much lower than the kinetic energies
occurring during the accident. Fig. 6 shows that inducing an
overturn early in the accident by applying maximum steer angle
results in the best survival strategy. Although the kinetic
energy at overturn is greater than the test energy, only a
small proportion of this kinetic energy is likely to be
absorbed by cab defornatton(G).

AN
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The effect of reducing the value of u {s shown in

Fig. 7. Overturns do not occur and kinetic energy continues
to increase during the control loss. 1In practice, ground
surface roughness effects would cause overturns. Again, the
strategy for minimising energy is the one of applying full
steering lock and holding. The reductions in kinetic energy
occur when the tractor is sliding sideways, so making use of
the side forces available at the front wheels.

Reducing the centre of gravity height to 1.0 m {Fig. 8)
produces detail changes in the way the kinetic energy varies
but the recommendation is still to apply full steer lock and
hold for minimising kinetic energy during the control loss.

The effect of increasing u with the lowered centre of
gravity height, Fig. 9, causes the tractor to come to rest.
However, high energy levels persist for a large part of the
time with zero steer. Application of steer and holding on
this steer causes the tractor to be brought to rest relatively
quickly, so reducing the potential hazard of a control loss
{Fig. 9).

Moving the centre of gravity aft produces an overall
lowering of kinetic energy levels during the control loss.
Again, applying full steering lock minimises energy levels.
However, at the low value of u (0.377) the motion continues
and the tractor does not come to rest (Fig. 10). Increasing u
{0.529) brings the tractor to rest (Fig. 11); although the
energies in this case are very low, the application of steering
produces the safe strategy, the tractor coming to rest quickly
so avoiding higher energy levels which could be hazardous if
the tractor remained in motion, Fig. 11 shows the rapid
lowering of energy levels by applying the steering.

These examples show how the model can be used to analyse

g the consequences of a control loss accident with a particular
3 two-wheel drive tractor on a 20° slope., They illustrate how

driver behaviour can affect the outcome by applying steering,
so reducing accident hazard. The machine geometry is also

important, lower energy levels being associated with rearward
centre of gravity positions. This accords with observations
of a number of serious control loss accidents which have been

associated with tractors carrying unnecessary front ballast.
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CONCLUSI1ONS

A mathematical model has been developed for examining
the behaviour of two-wheel drive tractor motion during
accidents on slopes.

The model generally predicts the motion behaviour of
tractors during actual accidents. In some detail
aspects a need for further refinement is indicated.
This would appear to be in the modelling of tyre side
forces during the extreme motions occurring in accidents.
Application of the model to the study of minimising the
hazard of a control loss accident of a two-wheel drive
tractor on a 20° slope indicates that drivers should
apply and hold full steer lock upon detection of a
control loss.

The study indicates that rearward centre of gravity
positions, in the situation studied, reduce the kinetic
energy and hence the potential severity of a resulting
accident.
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of gravity. u = 0,529
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Energy in a control loss for tractor with tedder.
Configuration no. 2 with low and forward centre
of gravity. u = 0.529
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STABILITY INDICATORS FOR FRONT END LOADERS

G. Wray, J. Nazalewicz,* and A. J. KRwitowski®**

*Stevens Institute, Hoboken, NJ; **U.S. Bureau of Mines, PA

)
) ABSTRACT
V4
This paper describes the development of a stability-indicating system
for use in minimizing the occurrance of front-end loader (FEL) roll-
overs in mining. The development proceeded in three phases: definition
of FEL stability-instability characteristics; design of a 1st generation
stability indicator; and design of a simplified, 2nd generation stabil-
ity :ndicator. Goals met by the final design include confirmation
of a simplified methodology for detecting machine instability; the
ability to be installed on new loaders during manufacture or on older
loaders on a retrofit basis; and reliable, easily interpretable operation.
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INTRODUCTION

Rubber-tired FEL's, originally intended as small machines for handling
loose or stockpile material, have rapidly increased in both size

and number at surface mine operations over the past 15 to 20 years.
Statistics bear out the fact that PEL accidents form the largest sin-
gle category of machinery-related accidents in surface mining. For
the years 1975 through 1981, FEL's used by the mining industry were
involved in 26 fatalities and numerous less severe accidents. The
vast majority of the fatalities occurred as a consequence of the FEL's
rolling over and either crushing the operator within the cab or the
operator being struck by the machine after jumping or being ejected
from the cab.

Rollover protective structures are required on PEL's as specified
in the Code of Federal Regulations, Title 30, Part 77.403a, “Mobile
Bquiyment, Rollover Protective Structures (ROPS)." Obviously, ROPS
do not prevent the vehicle from rolling over, but offer protection
to the operator in the event that the vehicle does rollover. At
present, FEL opsrators have only their own judgement against which
to evaluate the stability of instability of their machines.

The Bureau of Mines, through contract with Stevens Institute of Tech-
nology, has responded to this problem with the development of a FEL
stability indicator that provides the operator a reliable, easily
interpreted display of the stability status of his or her machine.
The stability indicator wvas designed to be a relatively low cost
item capable of being retrofitted to older PEL's or incorporated

into new loaders during their sanufacture. Strain gage instrumsntation
is used to monitor the magnitude and rate of change of forces acting
normal to the loader's wheels, with these forces being direct indi-
cators of the machine‘'s center of gravity relative to its stance

on the terrain. The relative stability of the loader is conveyed

to the operator through a display of green, amber, and red lights.
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The development of the present stability indicator was undertaken

in several stages; first, the stability characteristics of FEL's
were analyzed and mathematically modeled; second, a lst generation
stability indicator was built that compared the calculated analog
values to the measured values and issued a warning to the driver
based on that difference as a safety margin; and third, the present
device was produced, where the whole machine is used as the analog,
and the results of the interpretation of the actual wheel loads on
the ground are used to warn the driver of an impending overturn situ-
ation.

DEFINITION OF LOADER STABILITY CHARACTERISTICS

More than half of rollover accidents occur when the loaders are being
trammed; that is, when they are being transported under their own
power from one work area to another, when they are being moved from
the working areas to maintenance shops and fusling stations, or when
they are traveling over distances greater than those covered in normal
loading and unloading operations. Generally, the loader operates

at greater speed while tramming than it does during its normal work
cycle. Eight out of ten tramming accidents occur on wngrades.

Front and side slopes contribute to an unstable operating model of

the FEL. Operator-controlled factors contributing to the loss of
stability are the weight of the load in the bucket, the bucket height,
the yaw angle of articulstion, its velocity, and the degree of braking.
while any one of these parameters could be a principal contributor,

it is usually a combination of these factors that produces an accident.

The first step towards alleviating the rollover problem was to define
and quantify the following critical combination of factors and conditjons
that are most pertinent to front-end loader inatability:

Vehicle pitch angle

vehicle roll angle

Bucket load

Bucket location

Vehicle articulation angle

Inertial loads (acceleration-deceleration,
centripetal forces)

000000

A device that is to indicate to an operator just how cloee the machine
is to an overturning condition has to acoount for the combined in-
fluence of all these factors on the stability characteristics of the
wehicle.

MATHEMATICAL AMALYSIS OF STATIC LOAD AMD INCLIMATION LIMITS

The basic calculations of the static overturn limits for PEL's have
to include all the variations possible in vehicle gecmetry. These
calculations can be divided into two parts: locating the center of
gravity (CG) of the loaded machine and determining whether this CG
location relative to the support points induces overturn.




657
et FEL' S have a three-point suspension system. The rear axle is
pinned to the f{rame ot or above the axle center, creating a trans-
verve walking team action. This pin joint represents a single suspen-

s10on point.  The other two points are the ground contact point of

the frort tires (Fig. 1). With this type of suspension, the effective
masses and CG's for pitch overturn are different from thoss for roll
cverturn. The vehicle will overturn about the front axle (nose down)
1f the 5 of the entire mass is in front of a line connecting the
front wheel ground contact points (Fig. 2).

FIGURE 1: Pront-end loader PIGURE 2: Projection of center
suspension points under of gravity near overturn.
normal conditions.

Roll overturn can arise if the CG lies outside the line joining either
of the front wheel ground contact points and the rear suspension pin
(Fig. 1). In this latter case, the mass involved is that of the loacded
vehicle less the mass of the rear axle unit. This mass is called

the main mass.

There 1s, by design, a limit to the rotation possible about the rear
axle (usually about 15°) after which the rear wheel contact point
becomes the third support point (Pig. 1). A machine that has tipped
enough to reach this limit will often have enough momentum to overturn
completely.

Three variables affect the CG location with respect to the vehicle.

The first variable is the articulation angle. To obtain the variation
of CG with articulation angle, the weight and CG locations of both

the front and rear units are needed. To obtain the CG of the main
mass, the mass of tha rear axle and its tires (plus ballast) has to

be subtracted. The other two variables entering into the CG computation
are the bucket load and the position of the lift arm. From this infor-
mation, the location of each of the masses and the location of the

CG's can be obtained in the standard manner of summing wmoments and
dividing by the total weights. In addition, the position of the vehicle
is identificed by the pitch and roll angles (i.s., the angles between
the gravity vector and the vehicle's x-y and x-g planes, respectively).
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FIGURE 3: Pront-end PIGURE 4: Coordinate system
loader suspension used in analysis.
points near overturn.

The CG is located with respect to a vehicle coordinate system whose
origin is at the center of the front axle, with the x-axis pointing
forward, the y-axjis to the right, and the z-axis down (Fig. 4). The
mathematical procedure used is to locate the vehicle on a horigzontal
ground plane with a selected bucket load, lift arm position, and artic-
ulation angle. The ground plane is then inclined to a combined front

and side slope, and the vertical projection of the vehicle CG is deter-
mined. 1If this projection falls within the stability triangle, the
machine is considered statically stable; if it falls outside the triangle,
it is statically unstable.

A computer progras was written to solve these squations iteratively,

as the most economical procedure is to establish approximste limits

of the machine and to refine the results by calculating small increments
of change. The final pitch-rollover points are easily determined

to within 0.2°. The final solutions to thes stability equations are
then plotted by the computer.

STATIC OPERATING SNVELOPES

Using the above procedure, the static stability limits as functicns
of pitch and roll angles were generated with the bucket load, artic-
ulation angle, and lift arm position as independent parameters. FPFigure
S is a plot of the pitch angle versus the roll angle with the bucket
load as a parameter for 0° articulation angle and with the lift arm
at the "carry” position. The PEL is stable for any combination of
roll and pitch angle within tho stability “triangle.” Pigure 6 is

& similar plot except that the lifet arm is in the "full-up® position.
As is expected, the operating envelope is reduced in sise with the
lift arm in the full-up position. Pigures 7 and 8 show the stability
envelope when the vehicle is articulated to 35° and are directly com-
parable with Pigures 5 and 6 (without articulation).




659

bipase e

i
‘
FIGURE S: Stability envelope PIGURE 6: Stability envelope

for arm at carry and for arm full-up and

articulation = 0°. articulation = 0°,
i
1
H
[
!
i

FIGURE 7: Stability envelope FIGURE 8: Stability envelope
for arm at carry and for arm full-uwc and
articulation = 138°, articulation = 1e,




The articulation angle produces mirror image curves; the -35° articu-
lation curve is inclined equally and in the opposite direction to
the +35%° articulation angle curve.

The curves readily show that it is necessary to sense and respond
to all the paramstars. To sense merely roll angle would have two
opposite and unacceptable effects:

1. It could result in a warning device that is far too
conservative and hence restricts the operation of the
FEL to an unacceptable level and prevents its acceptance,

2. It may not give warning when it should, producing
false confidence which might contribute to an accident.

These results have been compared with avajilable experimental data
from one of the manufacturers and have been found to correlate well
{Tables } and 2).

TABLE 1: Osnter of gravity TABLE 2: Inclination limit
comparison. comparison.
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STATIC STABILITY CORRELATION BQUATION

To be able to construct the electronic logic circuitry for the lst
gensration stability indicator, the stability envelope had to be math-
ematically defined. Mowever, describing all the curves with one equation
was quite difficult because the curves are triangular in shepe and

lie in all four quadrants. All attempta at generating a correlation
equation by util!/iing a systematic, logical, theoretical approach

failed. Thersfore. an alternate solution was used.

An initial decision was made that roll angles greater than 30° (about
a4 60% side slope) and pitch angles beyond the range of +35° (up) to
~25° (down) would be considered outside the normal rangs of operation.
Sepsrate limit detectors would be employed to trigger a warning light
if any of these basic limits were exceeded, regardless of any other
condition. The equation of a parabola that includes the effects of
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tu we’ oead and 1ift arm position but not of articulation angle has
the form:
“ P W e C® ‘C"“C)‘
T y larm T P 5
where: r = roll angle,
i = pitch angle,

“ = lift arm angle,
arm
w = bucket load,

and Cl' CP, C]. C‘ ?5 = constants.

To rorrect for articulation angle (Oart). replace:

n . - 210
£ by pCos ‘Fart Otsxn ‘gart

“ by © Sin.d4f 0 Cos.48 .
and . by psxn A!Mt + ers art

and the prediction equation for the critical roll angle, including
articuation angle and specific constants for a specific FEL becomes:

g | = 36.94 - 3.265 x 10°% - 0.2239 @
r N arm
criticai

-{0.054 (opCO"‘Bntt - OISin"uart)

s 2.1577)2

The abscolute value of 8 was used since the stability curves

critical
are mirror images and the equation is valid for either positive or
. negative articulation angles. This absolute value of 6

e

critical
then compared with the corrected roll angle so that the safe operating
range was represented by:

l.

critical

Pigure 9 is a correlation plot of the critical roll angle predicted
from the equation versus the roll angle calculated by the computer
program. The correlation is made for a fixed articulation angle of
20°, but for three bucket loada. The individual data points represent
three lift arm positiona (carry, horizontal, and full-up at various
combinations of pitch angle. This prediction equation thus contains
all of the terms that enter into the detsrmination of static stability.

: o sin.46, , + 8 cos.de | <o
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FIGURE 9: Correlation of data between predicted and a. tual cases.

FIRST GENERATION STABILITY 1NDICATCR

Analog Circuit

An analog circuit was designed to solve the prediction equation.

A block diagram of this circuit is shown in Figure 10. The seven
electronic circuit cards used are shown ir Figure ll1. This analog
computer was used to solve the correlation ecuation from sensor inguts.
and then compare the existing roll angle to the critical roll angle,
and give the driver a visual warning.

Sensors and Transducers

The original approach to sense the pitch and roll angles by damped
pendulum-type potentiometers was abandoned because their range of
natural frequency coincides with that of PEL's, at approximately 2
Hz. Therefore, electrolytic sensors, using a seniconducting fluid
in a circular tube and with a natural frequercy greater than 10 Wz,
were selected.

The articulation angle and lift arm position were sensed by single-
turn rotary potentiometers. fpecial shaft bearing and seal designs
sade tlese potentiometers safe from salt spray, sand, dust, and fungus.

The bucket load was determined by sensing lift cylinder hydraulic
pressuze with a pressure transducer and combining it electronically
with 1ift arm position,




YIURE 10: Block diagram of signal processor.

FIGURE 11: Electronic circuit boards for lst generation
stability imdicator.

Tha speed sensor wvas a d/c tachometer-generator friction-cowpled to
the output shaft of the transmission.
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Warning Indicators

The driver's warning device conristed of four indicator lights. One
was green, two were amber, and one was red. The analog circuitry
accepted the five sensor inputs, calculated the angle at which the
machine would roll over, and compared this value to the correctri

roll angle. The difference between the calculated angle and tnu a.tual
roll angle wvas repressented by a voltage that was sensed by four level
detectors. Each level detector was wired to one of the lights and

was adjustable for proper level and sequencing.

Evaluation

The above-described system was installed on three PFEL's used in a
rock quarry operation. During a 12-month test period, the units per-
formed satisfactorily and were judged by the operators as very useful
operational tools. However, these lst generation units had several
disadvantages, as follows:

1. They were costly to manufacture owing to the complexity
of the electronics.

2. They were costly to install owing to the skilled labor
required to install the sensors.

3. The system would not completely correct for the sffects i
of inertia during braking, acceleration, or cormering. 5

e 208 IMDICN

In an effort to reduce ths complexity and cost of the systea, an alter-
nate msans of obtaining a signal or messuring a parameter that wdruld
indicate rollover instability was sought. As the FEL approaches roll-
over instability, the OG moves towards the outside of the "stability
triangle” formed by the three support points. As this happens, “he
normal load on the up-slope wheel decreases and the normal load on

the down-slope wheel increases. At the point of rollover instability,
the normal lced on the w~slope wheel has been reduced to serc.

The task of designing a stability indicator has now been reduced to
designing a method of sensing the normsl load on each of the front
wvhesls and using the lower value to trigger a warning system.

By utilizing strain gages, the bending stresses in the axle can he
determined. To obtain the normal load from the measured axle bending
stresses, it is necessary to ssasure, or devise a system to cancel
out, the bending stresses in the axle 3us to the tire side forces.
) These tire side forces are generated to resist the downseiope forces
‘ acting on the PEL; they can also be gensrated 4during steering. The
tire side force acting at the ground plane creates a bending moment
in the axle which is proportional to the wheel radius. By msasuring
the axle bending stresses at two planes, they can be subtracted,
which cancels out the effects dus to tire side force, leaving a measure-
ment that is proportional to whesl normal load.
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Referring to Figure 12, bending moment at plane 1 is:

M- NL(LI) + sF(r}).

Bending moment at plane 2 is:

L NL(Lz) + srix)

M, - “l - NL(LZ) - I‘L(Ll)

1
or NL = (l(2 - .l)/“'2 - Ll).

-lL(L2°L)

The bending moments at planes ! and 2 are msasured using strain gages
and, since the distance between the two planes is known, the normal
load is determined.

L
T

o . l 1 l
!
__.___._@._ . T
KEY SF> $
NL Normol load on wheel NL

SF  Side force on wheet

b Distonces from tire conterfine
L2} 10 meosuwrement plone

PIGURE 12: Porces acting on wheel of front-end loader.

Axle Sensors

To measure the bending strains on the PEL axle, it was decided
that some fo.m of bonded strain gage or strain transducer would have
to be used. 8ince the output of a strain gage is represented by a
voltage and the voltiges cbtained from ths two planes must be subtracted,
it was decided that a full-bridge configuration must be used in order
to retain a usable signal level. A full-pridge configuration will
produce four timas the signal output of a quarter bridge and is inherently
temperature compensated.

In an effort to find a simple, easily installed, field method of sensing
the axle strains so as to reduce the overall system cost, several
methods were tested and rejected or refined, as follows:

T e e it Samcit bl
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1. Strain gages bonded directly to the axle. These
were field tested and rejected owing to excessive
installation cost and cost of replacement or
repair. Highly skilled labor was required.

2. wWeldable strain gages directly spot-welded to the
axle. These ware field-tested and rejected owing
to zero shifts caused by the lack of an extremely
flat surface to mount on.

3. Strain link manufactured and strain-gaged in shop;
installed by directly welding to the axle. These
were field-tested and rejected owing to the daif-
ficulty of preventing gage damage dus to heat
conduction during welding.

4. Strain links manufactured and strain-gaged in shc; .
These are attached to mounting blocks which are
welded to the axle using a welding fixutre. This
method was refined as described in the following
paragraphs.

Two methods of attaching the strain links to the mounting blocks,
bolting and bonding, are presently under test on a Government-owned
JD-544 FEL at the Bursau of Mines facility in Bruceton, PA.

The strain 1ink was designed so as to incorporate a sechanical gain

of 3:1. This was accomplished by machining the surfaces and narrowing
the cross section so that the elongation that should occur over a
1.5-in length is concentrated in a 0.5-in section where the strain
gages are located. All strain gaging and intergage wiring is performed
on the strain links at the time of manufacture so that the field in-
stallation consists only of attaching the strain 1link to the axle

and connecting the output cable (Fig. 13).

The attachment msthod was designed so as to require a minimum of expertise
and time. Three mounting blocks for each tranaducer are held against s
the axle by a simple welding fixture, and the blocks are welded to

the axle. The strain link is then either bonded or bolted to the
sounting blocks, and the mechanical installation is complete (Pig.
14).

At the present time, two fastening msthods are being tested. The

strain links on one side of the FRIL axle are bolted to the mounting

| blocks using 3/8° socket-head cap screws. The strain links on the

other side of the axle are bonded to the mownting blocks. The bonding

; method is quite simple, using prepackaged epoxy, and regquires little

' z skill. In addition, the strain link does not experience any serc
shift, dus to bolting torgqus, when it is bonded, thus reducing the

slectronic adjustments required.
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FIGURE 13: View of §
strein links,

FIGUIE 14: Strain
links installed
on fromt-end

loader axle.




ELECTRONIC SIGHNAL COMDITIONING AMD DISPLAY

The electronic signal conditioning package has been considerably sim-
plified. It is no longer necessary to perfors various cosputations
to evaluate a lengthy correlation equation as was the ciwe with the
original system. The new system consists f four integrated circuit
instrumentation asplifiers to increase the signal levels from the
strain links, a buffer ssplifier to sum (subtract) the signals from
differen planes, a differentiating circuit, a quad-comparator, powe.
darlingtons to drive the warning lights, and a power swpply. The
entire electronics system, including power supply, is now contained
on a single 4} x 64" printed circuit card (Pig. 15). Por simplicity
and to expedite the initial field test, the single card is shown mounted
in the sams National Electrical Manufactur rs Association enclosure
previously used (riq. 16), allowing the us- of the existing wiring
and connectors.

PIGURE 15: Blectronic
circuit board for
2nd generation

foil sides of
cards)
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FIGURE 16: 2nd guneration stability indicator
mounted in original enclosure.

In an effort to take into account the effacts of inertia and antici-~
pate them, a differentiator circuit has been incorporated. This circuit
accepts the normal whesl load as an input and outputs a signal pro-
portional to the rate of change with respect to time of the normal

wheel load, i.0., the first Gerivative. Whan the wiwel 1oad is positive
but decreasi:ng at same rate, the derivative will be a negative value
whose wajnitude depands on the rate of decrease. This negative-valued
dsrivetive is summed with the original signal to produce a new normal
load signal, which is lower in value than the original, by some amount
depending on the rate of decreass, and therefore turns on the warning
lights earlier. By using a diode to limit the derivative to only
negative values, the warning lights respond "normally” for increasing
wheel loads. PFigure 17 shows a represantative signal for wheel load
which is varying as 4 1.5 Is sine veve. Superimposed on top of the
original signal is the "nev” wheel load signal summed with its derivative.
As can be seen, the voltage level is lower for the new signal wvhen

it is decressing in value and is identiocal for increasing valuss.

Although field testing of the 2nd generation stability indicator has
not yet been completed, all indicaticons to date are positive. The
design of the atability indicatos:
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FIGURE 17: Oscilloscope trace of normal loau signal and
normsal load signal summed with its derivative.

1. Allows for its easy incorporation on new front-end
loaders during sanufacture.

2. Permits its installation on older loaders on a
retrofit basis.

3. Has resulted in reductions of sisze, complexity, and
associated cost to the limit of practicality. !

Extensive testing of a prototype version of the stability indicator
on a Government-owned PEL has showm:

1. The methodology of sensing machine stability as
function of normal wheel loads is practical and
works.

! 2. The strain link method of sensing the noraal wheel
: load provides an sdequate signal of wheel load

| and removes the influence of side foroes on the
wheel.

3. The strain link method allows for a quick field i
installation using a minimum of highly skilled
peorsonnel. .

-7y
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4. The exact method of attaching the strain link, bonded
or bolted, is yet to be decided based on the results

of tests in progress.




TOPIC 7
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Pressure Tests 1n Sorl below Tires of
Agricultural vehicles

1. Bolling
Inst*tute for Agr.Engineering, Techn.University Munich, F.R.Germany

£

SUMMARY Design and measuring method of a cheap and cfficient soil
pressure gauge are described. Soil tank tests carried out in the
iaboratory demonstrate some properties af the gauge like indifference
towards orientation in soil. In the soil bin the gauge measures pres-
sures below tires rolling over and outside in the field the influence
of wheel load, number of passes and vehicle speed are investigated.
The results are interpreted with modified formulas of Soehne m—.
which can be managed by a pocket calculator. ’L_.
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[ntroduction

Since Soehne {17, [2] and Chancellor [3] had done fundamenta! work
on this subject in the beginning fifties, the amount of fervilization
and tne weight of agricultural machinery increased as well as the
yreld rates. Today chemicat soil optimization had reached its boun-
deries and one lookes after possibilities to improve soil structure.
Von Boguslawski and Lenz (6] gave valuable advice to this problem.
wWhat did the farmer get from science to find out whether compaction
1S severs or not? He knows, that he has to avoid work under wet field
conditrons with heavy machinery and bhe uses the spade to estimate
pore volume reduction. Perhaps it will be useful to provide him
with reference values of pore volume reduction for several kinds
of sorls with several degrees of water content.

In view of this aim one has to g¢et information about the range of
sor] stresses brought up bty the actual agricultura) machinery. To
rise the number of data one has to select an efficient measyring
procedure and the significant variables. Most common methods are
bulk density and cone penetrometer measurement. Applying them, om
has to concern the amount of work, the inflyencing parameters and
the mission. The interdependence of bulk density, cone penetrometer
resistance and water content together with varying kinds of soi)
imply a high number of experiments to get sufficient
tn the field.

information
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Measuring Method ; "

This arguments led to the consideration to measure the pressure in

sorl under the tires of agricultural vehicles, which is causal respon-

sible for soil compaction. To find out the right procedure one has ‘
to observe several criteria. The most important are:

1. The gauge should be of a bulk density close to that of the
soil, in order to avoid stress concentrations, if the gauge
density is higher, or to avoid stress drop at the gaug-, if
the gauge density is lower.

2. The gauge application should cause a minimur. of disturbances
in soil and it should be possible in a justifiable range <of
time,

two lance system
a) drilling

c) experiment

Fig. 1.1 Principle and application of the pressure gauge
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3. The gauge should measure defined stress components.

4. The gauge should be able to record the pressure during tire
operation, to get information about dynam!- effects.

5. Inexact gauge orientation in soil should cause minimum errors.

6. To use many gauges at the same time the costs must not be high.

Viewing the literature to this subject many valuable advices have been
found for example in the works of Berdan [4], Cooper [5], Hovanesian
(7], Barnes (8] and Blackwell [12]). The compromise made to observe
most of the shown main criteria represents fig. 1:

A hole inclined about 15° - 20° to the surface is drilled into the
so1l, 1n  which a pipe is pushed. A ballon with walls being 0,5 mm
thick, a length of 11 cm and a diameter of 2 cm is turned out of
the pipe by an air pump. Now the system is filled with water. This
causes a gauge density of 1 g/cm?,

one lance systems
a) outer protecting ppe

canty profwting pipe
cone
sizone hose hydrautic

b) inner supporting pipe
slone hese hydrauls pipe

(one

we rope refracteble agpering pps

Fig. 2: Designs of one lance systems for simplified sotl
pressure gauge application
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1f a mixture of water and magnesium dichloride is used, higher densi-
ties are possible. With other fluids gauge densities between 1 and
2 g/cm* are conceivable, to accommodate gauge and snil density. When
the air bubbles are pushed out of the system, the vaive is closed
and the experiment starts. When the tire rolls over the gauge, the
pressure in the system rises. The maximum value can be recorded by
a manometer with towed pointer or aoe can apply a usudl pressure
gauge with recording system to measure dynamic processes. o improve
the handling abilities of this measuring principle, it was tried
to design one lance systems shown in fig. 2. Here the three steps
in fig. 1 are combined: The cone forms the hole in soil and when the J
protecting or supporting pipes are retracted, the fluid filled sili-

cone hose with a wall thickness of 1 mm gets flexible similar to

the ballon. The most significant advantage of the one lance system

is, that turning out the proper gauge and filling the system with %
fluid is not necessary. Later more details will be described.

Fig. 3: Testing the pres-
sure gauge in a

soil tank with sandy loam

of different dry densities
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First *he properties of the two lance system should be shown. In
fig. 3 the curves of the soil pressure pg in the gauge are plotted
against the sinkage 2z of a circular piate moving into & tank with
sandy loam of different densities. Increasing plate pressures pp
Cause increasing gauge pressures pg. With the bulk density the final
values at z = 10 cm of Py and of pg rise, whereas the caracteristics
of the curves don‘t change. (The water content was 15 %.)

Fig. 4 gives evidence of the tests varying the inclination Q of
gauge and pipe. The influence is of the order of the variations caused
by soil preparation. The reason may be, that the gauge is exposed

to the varyin
) varying 4,0 . B sandy loam
bar ,_/LG =15%
M| | £
o Msnkl!j "\’
[ )
2,‘ l\\\“\\\\\
W
g \\\\\\
z 1'6 \\\ » »
-] O | 0sase0 Py
\\\ /A
Fig. 4: Influence of gauge 08 _a » /"
fnclination @ on TR % b
the measured pressure pg 0 Luce 4/// /
in a soi) tank with sandy 0 2 4 6 e 10
loam plate sinkage z

stresses on its surface and the manometer shows the mean value of all
of them. So turning the cylindric gauge body round its center of
gravity is of almost no effect in the range 0® < a < 40°. This fact
is of advantage during work in field, because the rough terrain causes
considerable errors of the measurement of the angle of inclination Q@ .
Therefore one always has to excavate the gauge in field after the test
to determine its real depth below the surface.

The record of the gauge pressure pg during the roll over of a tire is
plotted in fig. 5 against the position x of the tire relative to the

gsuge. Pg starts with zero, when the tire is half a meter away from
the gauge. It reaches the maxisum, when the center of the tire is
over the gauge but does not decrease in the same manner. The remai-
ning pressure of 0,25 bar at x = 60 cm reduces to values of about
0,1 bar efter some minutes and then does not change for longer time,
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U canty tiom v peisgiw A~ | [rewoen ]
colcdated Omsl Oms) amsé wheel load: 5 kN
bor L forque: VN
pull: 250N
nflat pres . 0.0har
6350}
a
i N
3 s
oY : ]
-48 - -5 ) 5 ] S m 0

position of tha tire x
Fig. S: Record of soil pressure Pg below 2 tire rolling over in the
soil bin of the Institute for Agricultural Engineering of
the Techn. Univ. of Munich
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tire .-
e

ares of the tire by three
single loads G‘. Gz. 63

Fig. 6: Approximsting the =03>. Zeel
distribution of the ;/ .L
wheel 10ad G in the contact "o,

—

Sefore fleld tests were made, it was tinvestigated whether the one
lance system (fig. 2a) could de used. Fig. 7 shows the tinsufficient
result: The cavity caused by retracting the protecting pipe has to
be filled up with compacting soi) end therefore up to a sinkage
2 =2 cm no signal Pa ts measured. Afterwards Pg is much higher than
that amsasured with the two lance system, surely because the steel
cone and the silicon tube are stiffer than the ballon and concen-
trate stresses on the gauge. The one lance system with supporting
pipe (fig. 2b) has not yet been tested, but obviously this system
avoids the problems arising with the cavity around the gauge.
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wmeasured with the one lance e

system (fig. 2a) and the two 0
lance system (fig.1)

plate sinkage 2

Summarizing the important properties of the two lance system in
fig. 1 one can say:

1.

5.

The bulk density of the gauge can be fitted to that of the
surrounding soil by using the right fluid. (For this first
tests only water was used).

. Gauge application causes disturbances fn soil as far as the

drilling of the hole s concerned. The amount of time for one
application {s less than 15 minytes.

. The gauge does not measure defined stress components in the

soil, but on the other hand

. the gauge orientation causes minimal errors. So only the com-

parison of results is possible at present.

Using pressure gauges In spite of manometers ome is able to
record dynamic processes like the roll over of a tire.

. The costs of the gauge are of an amount of about 200 - 300 DM,
if & manometer is used. (The valve was built with acryl glass,
to be able to observe air bubbles rising in the pipe, when the
fluid is filled in.)
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Field Tests

After introducing the measuring procedure now the r-sults of field
tests are described. First it was investigated whe...r the 1" fluence
of wheel load s visible in field too. Three vehicis with a wide
range of maximum rear wheel loads were tested. The maximum gau.e
pressure pg occuring during one roll over correlated to the distance
between the contact area of the tire and the gauge z is plotted
in fig. 8 for a smaller tractor D 4006 with 8.5 kK wneel load on
the rear tire., The curve of the DX 140 tractor shows higher value
of pg. Its rear wheel load was twice as high than that of the 0 4006.
The front wheel! of the Fahr 1300 combine harvester was loaded with
34,5 kN. One recognizes that redoubling the wheel load does not lead
to redoubled values of the pressure g in a certain depth 201 Sup-
posed o1 * 10 cm, and the ps-va1ues are related to that of the
small tractor, the heavy tractor’s pg is 143 %, that of the combi 2
257 %.

MAXMUM gauge pressure P,
o © 04 08 12  bar 20
> O oy e
0 | g
4
%15
2
'.E o coladated
35
veicle  tire  GOW] plbar]
" , Fahr B0 2126 345 17
. DX%O 1428 163 %
@ 9 X Du0os AR &5

sondy loam wa185%  pallgim’

Fig. 8: Gauge pressures py in o sandy loam field below
vehicles with fast incressing maximm rear whee! loads




Fig. 9: Approximating the dfs-
tribution of the wheel
load G tn the contact ares of
the tire length 1 by five
uniform single loads Go

As Raghavan {9, 10, 11, 14, 15) pointed out, besides wheel load the
number of passes is of essential influence on compaction. Fig. 10
shows the sinkages 24, 25 29 of a tractor after the lst, 5th and
10th rol! over in the same rut. The amount of the maximum gauge pres-
sure pp increases from the lst to the Sth roll over more intensive
than from the 5th to the 10th. This multi-pass effect on Pg is depen-
dent on the initfal pore volume P.V. of the field. Fig. 11 shows
the influence of vehicle

16 1 T v
: sandy toam Rﬂﬂ\mlovc speed: Dim/h

e, |l N
E il AN
8

08 ‘ \\‘
06 | sowmess of e wacter .t

’ ofter Bt 5 and W —

Y ~—2
0s *
tire whesl lood infl.press.
02 frond S50-%6 1900 20
wills% pslbg/cm’ [roor 95932 WO M 295
. PV 367:/. . . o . -
0 S % - .+ o] 0 B &

absolute depth
fig. 103 Gauge pressures P tn & field with sandy loam
after one, five and ten passes
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sandy loam wzT5% p=ltLgkm’ PV=47%
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Fig. 12: Gauge pressures py in stiff silty loam of low pore
volume P.V. are unessentialy influenced by vehicle speed




speed in a soft sandy loam with high pore volume P.V. = 47 X and a
dry density of P+ 1.4 g/cm?*. Increasing speed reduces the values
of pg. 1f one compares this results with those of a silty loam with
higher initial dry density P= 1,7 g/cm® and a smaller amount of inftfal
pore volume P.v. = 36 X in fig. 12, one realizes, that only wheel
load makes an effect, if the pores filled with air are of considerable
smaller amount. So in the silty loam field the influence of vehicle
speed fs not visible. Both soils had a water content of about 17,5 X.

Soltynski [13] and Stafford [16] have found similar tendencies by
investigating the increase of bulk density in soi) below tires rolling
over.

This view on some field tests should have demonstrated, that the
introduced gauge s wuseful to compare the influence of different
vehtcle weights, speeds and numbers of passes on soil compaction.

first Simple Analytical Analysis

Now it {. tried to apply the formulas stated by Soehne [1]. The verti-
cal stress Ol in a depth 201 below the load axis of a circular
plate of radius r with uniform load distribution pp in & soil with

the stress concentration factor v is (cf. fig. 3):

o, 2py (1-cos’B) ()

cuﬂtﬁ— (2)
rel

o, is not identical! with the pressure measured by the gauge. But
we know, that °z is the highest stress component appearing at the
gouge. The stresses Ol together with all other, smaller stress compo-
nents acting on the fluld filled cylindrica) ballon, produce a mean
stress Py tn it. Therefore on can state:

Reco Occct

If the plate pressure pp 1s expressed by the formula describing plate
sinkage tests:

(¢)




we can combine formulas (1) to (4):

n v
Zrel
p: ck( ) 1-(——-—) ()
The curves in fig. 3 are well approximated by (5), if the constants
of tadle | are used:

tll;l*e~lx
Plg/cm?) k (N/em®)  n (-)  c(-) v(-) 2g (cm)
1,3 4,8 0.46 0,43 6 1
1,5 9,0 0,46 0,85 5 1
1,7 15,5 0,46 0,85 ] 1

(ZB’ reference depth)
The stress concentration factors v had been chosen analogous to those
Soehne [1] used in his paper. The assumption that 0 <c <1 came true.

To calculate the vertical stress 0z in the distance x from the load
axle of the tire in a depth of z ., below its contact area, formula (6)
is useful (cf. Soehne (1]):

( vV: stress concentration factor)

To take into account, that the wheel load G is distributed over the
contact area of the length | of the tire with radius R one can use
the formulas (9) and (10):

eV RE(R-2)] (9)

] ld ¥
% T t[(;?oll
{2s tire sinkage)

(10)
Here | s the index of a proper single load 6, shown in fig. 6.
®m is the number of single loads.
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Regarding (3) we get the term for the gauge pressure Pg:
p,:(.z_vi.i IG- ( Zru )" (11)
. (dezpy) Wadezl,
G- EG' (12)

In fig. 5 the results for msl, m=3 and m=6 are shown for the distances
x = -30 ¢cm, -15 cm and x * 0 cm. The whee! load G was divided up
into uniform single loads G,. The constants c resulting from the

calculations with a different number m of single loads shows table 2:

table 2:

m) 6 (N () v(-)
1 15000 0,31 5 :
3 5000 0,48 5 ;
6 250 0,88 5

V wis set to 5, because the soil bin was filled with the same sandy
loam used for the soil tank tests (fig. 3). The mean density in the
bin was = 1,5 g/cm® and the water content {dry base) w = 15 %.
fig. 5 shows, that the step from m=l (1 single load) to m=3 (3 single
loads) improves the result of the calculation significantly, but
not the step from m+*3 to m=6. [n the latter case also c does not
change. Perhaps a better fit would be reached, if the wheel load
G is divided up along the contact length 1 and along the tire width B
into single loads. The lower constants ¢ compared with those of the
soil tank tests (table 1) are imaginable, if one takes into account,
that in the tank with a dismeter of 0,4 m soil flow in horizontal
dfrection is more hindered by the side walls of the tank than in
the soil bin where the walls have a distance of 2.5 m. So the small
main stresses in the tank will be greater than in the soil bin.

At last the field tests of fig. 8 are discussed. Because tires are
concerned, the formulas (6) to (12) are used for the analysis. The
sandy loam had a dry density of 1,7 g/cm® and a water content of
18,5 %. Therefore a stress concentration factor V= 4 was a.sumed.

The wheel loads acting on the rear tire were divided up into five :
uniform single loads Bo applying the experiences made with the evalua-

tion-of the soi) bin tests. For different depths 201 the pressures

bg in the 10ad axle were calculated.
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Formula (11) for this purpose becomes:

2, (13
Py=¢- 2" 5— (x?oz2 ) Jx!oz! )

If symmetry is taken into account ( cf. fig. 9 ), we get:

=t o= Gy | s =2 (,«,-zl",—)v 2 [z ¥ o
B Wn 9 g2 (xuz_) ezl u.xzu,,)Vl.x!.'z’ /

o
Go=G;= & (15)

Table 3 shows the constants used for the calculations and in fig. 8
the results are plotted.

table 3:
tire rear wheel sinkage tire length of single load
1oad radius contact area distance
6 (kN) 2 (cm) R (cm) 1 (cm) x {cm)
12.4-32 8,% 7,28 69,75 31,0 7,75
18.4.38 16,3 8,83 89,75 39,0 9,75
21.3-26 34,5 12,25 83,00 43,4 10,85

Best fit was achieved by putting c = G 0,36 in formula (14). Com-
pared with the value of ¢ calculated for the soil bin test (fig.
5) ¢ 0.48 in the field ¢ was lower.

This short view on mathematical description shows, that the formulas
stated by Soehne [1] need only the modification with the factor c,
to regard the gauge properties. Surely this few results are not

adequate to give evidence about all aspects of the constant ¢, but
it is encouraging to see, that just simple assumptions for the calcu-
lations yield good fit. Further tests, easy to do with the described
9auge, will show more about the parameters influ ncing c. Especially
the correlation between ¢, stress concentration factor v , dry density
p and the water content w should be investigated.

Conclusions

A cheap and handy gauge to measure pressures in soil below tires
and pressure plates was introduced. The f{nfluence of soil density
and gauge inclination on the measured pressures was shown. Tests
'n the soil bin proved, that the gauge can be applied in dynamic
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tosts. The prob.ems aasing by simplifying the test mode with one
Tarce  cystems were dgemonstrated. In spite of the wail thickness of
(.5 mm making the inherent <t:ffness of the ballon negligible, severa!
missions n fie l¢ showed, that the qauge is sturdy enough for scientific
rurpose . Variat.on of wheei load, number of passes and vehicle speed
stelded well distingurshable results. Some of them could be described
by the well known formulas of Soehne [1]. Modifying them by a factor
¢ and making simple assumptions about load distribution in the contact
area of the tires, led to results encouraging to further tests,
«ieldin; more ae*ails about thrs type of pressure gauge.
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N WUALITY CUNTROL IN SOJL COMPACTION BY BEHAVIOURS OF EXCITER

By S. HATA and K. TATEYAMA

Department of Civil Engineering, Kyoto University, Japan

ABSTRACT

~ Soil compaction is one of the most effective methoda for soil stabilji-
zation and is performed in most earthworks of earth dams and road embank-
ments, etc. However, because its quality control depends upon tests per-
formed at only several points in the fields to estimate such factors as
the dry density, water content and C.B.R., misjudgement can occur when

judging the degree of soil compaction required. 7
#

The vibrating behaviour of an exciter ia thought to be affected by the
ground conditions. Then the degree of soil compaction can be judged
easily throughout the fields by measuring the vibrating behaviour of the
exciter.

For the proposed exciter and quality control, this study examines the
experimental and analytical researches that were conducted to identify
the problems that occur when applying the method to actual compaction.

1. INTRODUCTION

Quality control in soil compaction usually depends upon such parameters
as the dry density, water content and C.B.R. However, the measurements
of these parameters are time consuming and are taken at only several
points in the fields.

Vibratory rollers for compacting soil are being employed increasingly
in construction. The characteristic behaviours of vibratory rollers
change with increasing ground stiffness. Thus, the degree of soil com—
paction required can be judged by categorizing the changing behaviours
of rollers.

Though this ides was realized by some apparatus on the market for judg-
ing the quality of compacted soil through the acceleration of rollers,
it has not been propagsted in construction. The authors made field exper-
iments with a vibratory roller and inveatigated the relationship between
the acceleration of the vibratory roller and the soil compaction. These
experiments showed clesarly that the acceleration asplitude of the vibrato-
ry roller is affected by conditions of the roller machine, especially by
changeable frequency, and that the quality control of soil compaction is
difficult to obtain directly in relation to the acceleration amplitude
of the vibratory roller. But the behaviour of the vibratory rollers cer-
tainly changes with increasing soil stiffness, and so the degree of soil
compaction can be judged by applying the fundamen _.al relationships between
soil and machine characteristics. Thus, this research investigates the
dynamic interaction between the soil vibratory.machine system and the
quality control.
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To simplify the analyses and experiments, analyses and experimer‘s .
the behaviour of a small exciter were conducted as follows.

(1) A mass-spring-dashpot model was employed for the analytical repr-«on-
tation of the exciter dynamics with which the vibrating behaviours :+ ‘the
exciter were calculated. The results of the analyses showed that ‘:.¢
acceleration of the exciter increased with increasing soil stiffne...

(2) Experiments to verify the analyses were performed by compactiri €
soil i1n a so1l bin with a small exciter. The relationship between
vibratory properties and the soil compaction, especially the dry u-

of the soil, was researched by measuring the acceleration of the exc:

with an attached accelerometer. The results of the experiments conf, med
the name tendency as the analyses, in that the scceleration of the excite-
increased with increasing dry densjities.

{3) Other experiments and analyses were performed to research the adapt-
ability of a mass-spring-dashpot model for representing prototype prob-
lems. The results from investigations of the vibrating behaviours ot 'l!a
exciter under various conditions of weight and dynaric force ascertaincd
the adaptability of the model for prototype problems.

(4) A new test was conceived to determine the equivalent values of the
spring constants and damping coefficients for various soils. A hammer

was dropped on the soil surface and the vibrating properties of the hammer
were measured with an attached accelerometer. The soil parameter values
are detersined from the vibrating properties of the hammer and consequent-
ly applied in analyses of the exciter dynamics.

As a result of all the investigations, a method that applies a mass-

scil system was proposed for evaluating the quality control of soil com—
paction.

2. ANALYSES OF THE EXCITER DYNAMICS

Soils are compacted with various types of rollers in all earth dams,
embankments and other soil structures. Soil stiffness increases with
advancing soil compaction.

The vibrating behaviours of an exciter on soft ground are different
from those on compacted ground. Then a mass-spring-dashpot model was
applied to investigate the relationship between the soil stiffness and
the vibrating behsviours of the exciter.

The dynamic analyses of an excjiter-soil system were conducted with the
one-degree-of -freedom lumped-parameter system shown in Fig. 2-1. The
exciter generates the periodic dynamic force F_, which is represented by

’D = F, sinat
where Fo : maximum dynamic force {N)

w : circular vibration frequency ( red/sec )
t : time { sec )

;
;
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(X dnw!l exciter | m
T i m
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Fig. 2-1 Mass-S0il System Model
for Analyses
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The ground is replaced by the spring ( of spring constant k } and the %
dashpot ( of damping coefficient ¢ ), that represent the equivalant soil :
characteristics. The fundamental equation for dynamic equilibrium of the i
mass-spring-dashpot model is ;

4

(mou.)f‘cﬂ’kxzhunmt (1)

where m is the mass of the exciter, mg is the mass of soil which moves :
with the same phase as that of exciter, and x {s the displacement of the !
exciter. This case occurs when the weight exceeds the dynamic force of .
the exciter such that the exciter doesn't leave the ground.

The solution of eq.(1) is obtained by neglecting the transient vibra- ;
| tion and by employing only the regular vibration, and given by

x = K 8in ( wt + 8 ) F, w?
] K =
X = Kucos (Wt + 6 ) c’w’o{k-(non')u’}‘
X = - Kuw sin ((wt + 0 ) cw
tan O = - (2)

- 2
k (MOM.)W

These analyses utilize a soil spring constant k and a damping coeffi-
cient ¢ to represent equivalent soil parameters. However, these param-
eters change as the soil is compacted, in that the equivalent spring
constant and damping coefficient of the soil are thought to increase with
advancing soil compaction.

The acceleration amplitude of the exciter was calculated from eq.(2)
to i{nvestigate the relationship between the soil stiffness and the behav-
jours of the exciter. In this calculation, the same values were applied

: for exciter weight, dynamic force and frequency as those of the actual

: exciter used in later experiments, while the soil parameters were deter-

} mined using the results of past studies about stiffness and demping.l)
The parameter set i{s shown here.

me JOO kg , w = 125 rad/sec , k =« 1500 - 3000 MN/m

F, =730 N, -.-XSOR;. ¢ w0.8«~1.2kNsec/m

e B s <t , e om

-7y w' v ﬂ ‘(_;:

e o “o .
S R 2@ “' &»
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The spring constant is obtained by multipiying the coefficient of the
subgrade reaction, k' by the constant area of the exciter, A. In the case
above, A was 900 cm . In order to compare the analytical result with the
experimental result, the value of mg was determined such that the acrr;
eration values obtained from the analyses were nearly equal t. those
values obtained from the later experiments.

The 801l mass moving with the exciter is affected by the soil type,
density and water content, in addition to weight, dynamic force and fre-
quency of the exciter. The amount of soil moving witlih the exciter remains
unclear deaspite many past studies. Besides, the main object of the analy-
ses was to identify and verify the soil and erciter behavioral character-
1stics, not to obtain the exact solution. Considering these matters, the
value of mg was determined as mentioned above.

The acceleration amplitudes of the exciter calculated with the above
parameters ( cz1 kN sec/m ) are shown plotted against various values of
the spring constant in Fig. 2-2. The soil stiffness, and thus, the soil
spring constant increases as soil is compacted. Hence, the abacissa of
the figure represents the degree of soil compaction. Consequently, the
acceleration amplitude of the exciter increases with advancing soil com-
paction.

The acceleration amplitude of the exciter was calculated in the same
way as the 3pring constant for various values of the damping coefficient,
but remained almost constant, and thus, independent of the damping coeffi-
cient.

In summary, the mass-spring-dashpot model analyses demonstrate that
the acceleration amplitude of the exciter increases with increasing soil
stiffness.

1.8

1.0}

Amglitude of acceleration (8!

o

200 300
x10* K (N/m)

Fig. 2-2 Results of Analyses for Vibrating
Behaviours of the Exciter

RO
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©. PWFEKIMENTAL KESEAKCHES ABOUT EXCITER BEHAVIOUKS

txjeriments were performed to verify the results of the above-mentjoned
atalvaes ‘or ex.i1ter behaviours, and are described below,.

a Apparatus and Soi1l Sample
Trhe apjaratus used were as follows:

A sra.. Ax:1°#; with two eccentric masses rotating around two axles.
Pag. -1
#iapment tor measuring the acceleration of the exciter. ( Fig. 3-2 )
wielerometer, amp.ifier and electro-magnetic omcillograph. )
2 81, tan c Fig. 3-2 )
sandy 8.1 was .sed 1n the experiments with specific gravity of 2.64, and
A parti .e si7e diwtribution curve that is shown in Fig. 3-3.

t Procedure of Experiments

., wan . ompactet in & sutl bin with a small exciter and the accelera-
.+ amp..'se 1 the exciter was mearured with the accelerometer for
.ut . .n legress 0f moll compaction.

kew,. Y ! baperiments

Tte -ean e, aceleration smplitudes of the exciter are plotted against
‘re 1ty ders t.en a6 Fig. 3-4, The acceleration amplitudes of the exciter
- eamre’ o:'t jnreasing dry Jensities, that is, advancing soil compact-

Lot .-~ remuit 1s conmistent with the trend predicted by the above-

mer ‘w1 anmiynes applying a mans-spring-dashpot model. Hence, the
Jegter ' o+ ;. sompactiorn can be judged using the acceleration amplitude
f *re .. LImving exciter on the ground.

Fig. 3-1 Exciter with Two .ccentric Masses
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( b) Equipment for Measuring
the Acceleration of the Exciter

Fig. 3-2 Appsratus for Exciter Behaviour Lxperiment

§

P

Percantage passing (%)

Soo 0.01 oY) 1 0
Particie diameter (mm)

Fig. 3-3 Partic = Size Distribution Curve of the Soil
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Fig. 3-4 kesulte of Experiments for Vibrating

Behaviours of the Exciter

4. AUAPTABILITY OF A MASS-SPRING-DASHPOT MODEL

Although the mass-spring-dashpot model is easy to treat and has been
applied in many past cases for the vibrations of foundations,l) the be-
haviours of vibratory rollers2) and others, the sole use of this model
for thorough analyses remains qQuestionable. Thus, this chapter presents
additional analyses and experiments that investigate the model's adapt-
ability to actual problems in exciter dynamics.

( a ) Procedures of Analyses and Experiments

The dynamic force and weight of the exciter affect its vibrating be-
haviour. The acceleration amplitudes of the exciter were measured for
varifous weight and dynamic force conditions, und the results were compared
to the theoretical analyses.

The apparatus of the experiments were same as those in the previous
chapter, although the weight of the exciter could be changed by adding
steel plates on the exciter, and the dynamic force could be changed by
exchanging two eccentric masses inside the exciter.

( b ) Results and Discussions

The acceleration amplitude from the results of analyses and experinents
is plotted against various weights of the exciter in Fig. 4-1 and Fig. 4-2,
respectively. The figures demonstrate that the resuits of the analyses
are consistent with the trend obaserved in the experiments.

Fig. 4-3 and Fig. 4-4 show the results of snalyses and experiments for
the acceleration amplitude against various dynamic forces of the exciter,
respectively, Similar to before, the same trend is observed in the
analytical and experimental results, each other.

P
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Hence, the mass-spring-dashpot model appears suitable f.r predtcting
*}.~ vibrating behaviours of the exciter, if the 80il parameters are relij-
able. The next chapter proposes a new ‘est to determine the equivalent
spring constants and damping coefficients of the soil when applying the

model .

-
[’ J

(=4
»

Amplitude of acceleration (g)
-]

1

Fig. 4-1

Results of Analyses lor
the Effect of Weight to
Acceleration of the
Exciter

10}

Fo (N)

Results of Analyses
for the Effect of
Dynamic Force to
Acceleration of the
Exciter
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Fig. 4-2 Results of Experiments
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Fig. 4-4 Results of Experiments
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“. UETERMINATION OF SPHING CONSTANT AND LAMPING COEFFICIENT

The equivalent spring constant k and damping coefficient ¢ of the soil
are difficult to determine, because they depend on such ground conditions
as the type, density, water content, etc. This chapter suggests a new
test for measuring spring constants and damping coefficients of soils,
then applies the obtained parameters to the analysis.

Since the vibrating behaviours of a hammer dropped on the ground are
thought to depend on the ground conditions, the soil parameters k and ¢
can be determined from the vibrating properties of the dropped hammer.

The equation of motion for the dropped hammer is formulated by applying
a spring-dashpot model for the soil to yield:

m¥ eczoekz=0 {

: mass of the hammer

where m
k . spring constant of the soil
c
z

damping coefficient of the soil
: displacement of the hammer

£EqQ.(3) expresses the behaviours only while the hammer is in contact
with the ground: otherwise, the equation of motion for the hammer above
the ground can be expressed as follows.
mZz=m g (4)
where g is the acceleration of gravity.

Eq.(3) can be solved with the initial condition that at t=0 : z=0 and

-

z = eax A 8in Bt t5)
'z'-em'A{(a"~81)axn8t¢2a8c038t) ( 6)
_ o2

H 18 the hejght of the hammer above the soil aurface before being dropped.

Fig. 5-1 (a) shows the predicted displacement and acceleration waves
of the hamm: r dropped on the soil surface from eq.(4), eq.(5), and eq.{(6).
Fig. 5-1 (b) shows the displacement and acceleration waves obtained in an
experiment. The waves obtained by experiment are similar to those by
theoretical prediction, hence, the mass-spring-dashpot model is thought
to adequately express the behaviour of the hammer-soil system.
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OISPLACEMENT

( a) Theoretical Prediction (b)) Result of Experiment

Fig. 5-1 Displacement and Acceleration Waves of Hammer

By solving eq.(6), the spring constant k and the damping coefficient
c were obtained as follows.

1 2mm 4 2

k-—a—;‘-(( ¥ 1 e c?} (7))

2 m Emaxz
R in ( ) (8)

max}
where zmaxl ¢ the first maximum amplitude of a.celeration waves.
!maxz i the second maximum amplitude of acceleration waves.

T ¢ the period between the time the hammer researches the

801l surface to the time it jumps from the smoil surface,

Thus, the spring constant k and damping coefficient c can be determined

after ing t! 1 L 3 4 , 2 d th i
te': measuring the values o maxi maxs and T in e hammer dropping

The next section presents the values of k and ¢ that were measured in
the experiments uiing the soil deacribed in the above-mentioned experiment
for the exciter behaviours.

The soil was compacted into a mold in those experiments that investi-
gated the relationship between the soil parameters and soil conditions,
especially dry density, and into a soil bin in those experiments tha*
evaluated the parameters required in later analyses.
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(1) Values of k and ¢ for the Soil Compacted in a Mold

( a ) Apparatus

The apparatus used in this test is shown in Fig. 5-2. The hammer was
guided by a connecting rod through holas in two steel plates. The hammer
was dropped on the soil surface in a mold, and its vibrating behaviours
were recorded. The weight and diameter of the hammer were 2.57 kgf and
SO mm, respectively. The diameter and height of the mold were 100 mm and
127 mm, respectively. The hammer and mold are the equipments provided in
JIS ( Japanese Industrial Standard ) A 1210.

The hammer behaviour was represented by its acceleration, which was
measured by an attached accelerometer. The acceleration was transformed
into an electric signal by an accelerometer, amplified by an amplifier,
and read from the electro-magnetic oscillograph.

() Soil Sample

In these tests, the soil sample and its water content were the same as
those used in the above-mentioned experiments for the exciter behaviours.

@ rammer
@ rod
@ meoid
| © @ uiderew
- ® accelerermeter
=r— ® amplifier
12 Q@ electro -magnetic
"«zj ceciopsh

Fig. 5-2 Apparatus of Experiments for Hammer
Dropping Test with a Mold
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t ¢ )V Procedures of Experiments

The hammer was dropped on the compacted sojl in a mold and its accel-~
eration was measured and recorded while it was moving on the soil surface.

The values of ;-“ R ;..‘:. and T were read from the output of the
electro-magnetic osclflograph. and substituted into eq.(7) and eq.(8) to
calculate the spring constant k and damping coefficient c, respectively.

The test was repeated for five differen* soi! dry denrities, which were
prepared by compaction with 5, 10, 20, 30, and 4% blows of the hammer per
one layer. The compaction procedure used a 2.% kgf hammer, three so:l
layers, and a drop height of 30 cm.

{ 4 ) Results of Experimente
The values of k and ¢ obtained from these experjimvents are plotted

against the dry density in Fig. 5-3 and Fig. 5~4, respectively, which show
that both k and ¢ increase with increasing dry density.

25
3.0t
°
20} o ° T 25
& i .
2 z 20} ¢ o
1.8} - ™
® 9 .
< * < 1.8}
‘1.0‘ PY o
1.or
ast
0.8}
] b - e v 0 > - e
T 18 1 e 19 16 17 18 19
Ve (9/cm) Yo (@lcm’)
Fig. 53 Resul ts of Experiments rig. 5-4 Resulta of Experiments
for the Relationship for the Relationship
between k and Yd between ¢ and Yy
{ 2 ) Values of k and c for the Soil in a Soil Bin

The stiffness and damping properties of the soil are thought to be de-
pendent on the restraint condition., For example, the stiffness of the
restrained soil is larger than that of the unrestrained sotl.

Consequently, the values of k and ¢ for the compacted soil in a mold
were expected to be different from those of the soil in the soil bin, and
89 k and ¢ values were measured for the soil in the soil bin used in the
ubove-mentioned experiments for the exciter behaviours.
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The apparatus used in the experimenta ia shown in Fig. 5-%, The same
mechaniam was used for measurement of the hammer acceleration as in the
experiments with a mold. Since the soil bin was enough large compared to
the area of the hammer, the soil is considered unrestrajined.

The left columns of Table S~1 show results obtained from the expe.i-
ments. The velues of k and ¢ measured for the unrestrained soil are
amaller than those of the restrained soil described in Fig. 5-3 and Fig.
5-4. This reduction is thought to be affected by the soil type, density,
and water content, and the size of the mold.

Later analyses on the exciter behaviours were performed using the pa-
rameters obtained from the scil in a soil bin in order to compare the
results of experiments mentioned in chapter 3. Note that the parameters
in a soil bin can not be determined from those of the mold-compacted soil
due to the complicated influence of the restraint conditions.

-
s

11
|
|
|

rod
steel piate pipe

—.

accelarometer

rammer
—

soll layer

- —

L

-

Fig. 5-5 Apparatus of Experiments for Hasmer Dropping
Test with a Soil Bin
Table 5-1 Results of Analyses with k and c obtained from
the Hammer Dropping Teat with a Soil Bin
) b ] 4 s 0
} ! iem 3 ton
ve v & 3 auplitude enplicede by
Cares’ 31 (D) J /e )| dmesara ) | *7 S0aivete | exporisent
s} (g)
1 1.619 1.42{ 0,202 0,980 0.728%
? .73 1.7%} 0.018 0.083 0,794 0.¢?
3 1181 1.42] 0,478 1.003 0.0842 0.70
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( 3 ) Anslyses of the Exciter Acceleration :

The acceleration amplitudes of the exciter were calculated using soil i
parameter values that were obtained through previously described means,
and the results are compared with those of the experiments in chapter 3.

The analyses assumed that s 20 kg soi)l mass, which was about 25 % of
the value of Fy/g. moved with the exciterld), where F, is the maximum dy- s
namic force of the exciter and g is the scceleration of gravity. The 4
other parameters used in the analyses are: :

me l00kg , Fg = 70N, w= 12% rad/sec , -.-20kg

The two right-sost columns of Table 5-1 compare the results of the 2
snalyses with those of the experimenta for the acceleration amplitude of
the exciter. The values for the acceleration smplitude determined by
analyses were slightly larger than those of the experimental results.
However, this difference can be eliminated by incressing the scil mass
velue mg in the analyses. MNore detailed research about the moving soil
mass must be conducted to obtain better agreement between the analyses and
the actual behaviours of the exciter.

LA Gemiar v b

6. CONCLUSION

g Aea e

The vibrating behaviours of an exciter on the soil were investigated

through analyses applying s mass-spring-dashpot msodel and through experi-
ments with a small exciter.

T~

The conclusions obtained from the results are:

1) The vibrating behaviours of the exciter depend upon advancing soil
compaction; in particular, the acceleration amplitude of the exciter
increases with advancing soi]l compaction and increasing soil stiffness.

2 ) The vibrating behaviours of the exciter can be predicted with a
sass-spring-dashpot model if the soil parameters are known.

3 ) Soll paremeters for the equivalent spring constant k and damping :
coefficient ¢ can be determined from the vibrating behaviours of the i

hammer dropped on the soil surface by applying s new test, which was
described within. i

The acceleration amplitude of the axciter can be calculated with
the soil parameters determined from this test. However, the problem
concerning the soil mass moving with the exciter remains unclear and
requires further research.

In summary, the quality control for soil compaction using a new machine
is as follows.

a The new machine should be designed using the axciter, that has a
frequency more stable than that of the actual vibratory rollers, since
the frequency affects significantly the sccelerstion amplitude of the
vibratory sachine.
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b ) The acceleration amplitude is measured with an accelerometer
attached on the new machine, and the degree of scil compaction is
eatimated for the construction ground through the acceleration of
the machine.

c ) The compaction is admitted to be finished when the acceleration
amplitude of the machine arrives at a criterion value that has been
determined beforehand for each construction ground. This criterion
value is determined by calculation using a mass-spring-dashpot mode].
The s0il parameters required in this calculation are obtained from the
hammer dropping test for sufficiently compacted soil. The quality
control in soil compaction can be succesafully carried out through
these procedures.

The quality control with this new machine is favorable, but further
research in field tests is suggested in order to substantiate the
machine's applicability.
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SMOOTHER TERRAIN-MACH INE
Progress report from an R4D-project

8. MARKLUND
SWEDISH UNIVERSITY OF AGRICULTURAL SCIENCES (SLU), GARPENSERG, SWEDEN

-
—

/
; BACKGROUND
Damages by terrain-vehicles on the ground and growing trees is a prob-
Tem of increasing importance in forest operations, primarily in thin-
nings. These damages cause considersble loss of volume and quality
yield in subsequent harvesting operations. The isportance of this
prodblem is expected to increase for several reasons. One s the conti-
nously increasing area of thinning stands due to an uneven age distri-
bution of Swedish forests. ther reason is the development towards
logging systems where tops, §ranches etc. are utilized for energy pur-
poses. Under such conditions slash will not be available as a
ground cover, protecting the sot\ for compaction and root systems for
damages. Access to terrain-machiney, less liable to damaging the
stand, is therefore a crucial prerequigite for the successful develop-
ment of future thinning systems.

AD-P004 296

The know! of how to design less d-qlng terrain vehicles {s, how-
ever, very limited. A research project Smoother terrain-machine’ was
first out-1ined at SLU 1n 1978 in order to f111 this gap of basic know-
ledge. Following & few years of pilot studies, evaluation of alterna-
tive research approaches and development of measuring techniques, the
project is mow in a productive phase.

AIN OF PROJECT

The purpose of this project is to provide support for the development
of smoother terrain-machines, but does not include actual mechine de-
sign. Included are the analysis and quantitfication of interaction
between machines and the forest enviromment. In this context, machines
cannot only be looked at individually, the total harvesting systems and
the methods fnvolved must 3150 be analyzed. Towards this background,
the aim of the project has been formulated as follows:

- 10 evaluate the effects of changes In machine and systems design on
the amount and character of stand dameges.

s This indicates a rather droad frame for the project. However, the em-
phasis so far has focused solely on damages to the grownd and the root
tysteoms.




708

PROJECT STRUCTURE

After & few failures in trying to study and analyze oversll relation-
ships between machine parameters and damages, {t was realized that the
proble@ had to be handled as an assembly of partial and explanatory re-
Tationships fitted together fn an overall structure. For this reason,
including others, the project was divided into three key subprojects.
This starting with the dasic machine design on through to the effects
on stand development, we looked at sequential cause/effect relation-
ships.

The first subproject, named ‘Chassi’', deals with the relationships bet-
ween mechine parameters (cause) and the contact forces acting on the
ground (effect), the roots or the trees.

The second subproject is named '‘Damages'. It concerns the relationship
between the acting contact forces (cause) and various kinds of damages
incurred (effect).

The subproject 'Effects’ deals with the influence of damages (cause) on
the subsequent stand development (effect). See figure 1.

1 2 k)
Machine Contact Damage Effects
design —@ |forces -—p - |on stand
- developa.
i g b
CHASS! DAMAGE S EFFECTS

Figure 1. The division of 'Smoother terrain-machine’ into subprojects.

The subproject ‘Effects’' is only marginally dealt with, since it mainly
concerns other competences tham the techaical ones, such as growth and
yield, 3011 science and mycology. The mein concern of the project is
to establish good cooperation between those sClences and support their
research activities to evaluate demage severity.

The division into three key subprajects is basically motivated by the
desire to simplify the relationship between machine or systems design
and stand demeges. The more complex character of the structure is bet-
ter 11lustrated by figure 2.
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1. CWASS] 3. EFFECTS
- Topo- Operating
why |manners/
11 pattern
Rechine Effects on
parameters stond deve-
1opmnt

Narvesting - Space requirement
systan - Tratfic intemity

Vd
7 [Crowing
trees

Ve
/

— ——— —— —

Figure 2. Schematic illustration of factor-com, lexes that are expected
to influence relationships between machine design and stand
damages.

The following brief comments are provided to help clarify figure 2.
Machine parameters of primary interest are for example, vehicle weight,
dimensions, design of ground contacts and transmission design. The re-
lationship between such machine properties and the forces acting in
contact areas s expected to be influenced by sotl and topographica)
conditions as well as the manners in which the machine is operated.
Another damage influencing machine property is 1ts space requirement,
which is normally connected to the vehicle steering geometry and dyna-
mic properties. The transport capacity of mechines as well as the nus-
ber of different machine types involved in the harvesting system influ-
ence the traffic intensity in the stand. Increasing traffic intenstty
and increasing space demand are both expected to raise the risk for da-
aaging contact with growing trees.

The extent to which the acting forces cause damage, would depend on the
natural resistance of the medium that is exposed. The mediums of inte-
rest are bark and wood of tree roots and trunks as well as the sofl.
The resistance of these mediums will vary with season, tree species,
soil types, weather conditions etc.

In what follows, one of the three subprojects, 'Chassi’', will be more
closely described and current achievements presented.

TEST VEMICLE
An experimental rig that allows for variation or simulation of relevent

aschine parameters was necessary to study the influence on forces in
the contact area.

We genersiized that the main demands on our experimental rig included
the following:

7 ot g v
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- 1t should be possidble to vary and study key vehicle parameters

- it should be possidle to conduct various experiments, both in the la-
boratory and on real terrain

- the force pattern and variations in the contact area (e.g. tire to
ground) must de measursble or possible to reliadly estimate

Using the above criteria different possidble types of research equipment
were discussed, all the way from single-wheel constructions to a whole
research vehicle.

We needed to continually remind ourselves that the purpose of project
‘Chassi’ was to find the connections between vehicle parameters and the
tateraction between vehicle and environment. That can mean a deterwi-
nation of the forces between tire and ground and study how different
vehicle parameters (tires, transmission, machine weight etc.) influence
these forces, or analysis of how vehicle dynamics and steering proper-
ties influence space requirements.

We concluded that a single-wheel test device would be difficult to use,
because 1t 1s difficult to sfmulate unknown relationships. Also, since
such equipment is not a real vehicle, 1t would be difficuit to transla-
te experimental results {nto mesningful vehicle characteristics. In
contrast, chosing a whole vehicle could mean that the results are app-
licable only to that vehicle.

Our final choice was a commercial forwarder, which was stripped on the
1oad carrier and rebuilt for our experimentsl purpose (fig. 3).

Figure 3. Kockum 83-35 forwarder.

The Kockus 83-35 13 & relatively small forwarder. It has a weight of
8,500 kg, length of 8 m, width of 2.2 m and {3 red by a Ford dlesel
enging rated at 60 ki (80 hp). It is an 8 wheel vehcile with bogie
whee! suspension in the rear and front. Standard dimension en tires is
800 x 22.5/8, with possibilities to put on other types and dimensions.
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The transmission is a Clark converter with 3 step power shift, a drop-
boa, differential (high traction) in the rear and front, chain gearing
from the differential to the bogie and in the bogie.

The vehicle has articulated steering with the steering point half way
between rear and front axles. The rear load carrying frame 1is telesco-
pic and can be extended 0.75 m. Maximum steering angle t 43°, turn re-
dius 6.6 m/7.7 m (standard/extended).

VARIATION POSSIBILITIES

The possidbility to vary different vehicle characteristics limits the
use of a commercial forwarder as a research vehicle.

Concerning damage to roots, standing trees and soil one can see 4 in-
portant characteristics to vary:

a) ground contact

b} geometrical behaviowr (dimensions)

¢) dynamica) behaviour (weight distribution)
d) transmission

Kockum 83-35 13 here quite suftable.
a) Ground contact

Although the vehicle in a standard commercial version is equipped with
500 x 22.5"/8 404 Trelleborg tires, the sanufacturer allows two more
possible tires: 500 x 22.5"/12 steel belt Trelleborg and the dimension
400 x 26.5". Used as a research vehiclie the possibilities should de
Vimited only by space requirements and the machine and bogte dimen-
sfons.

b s & e e e
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Figure 4. Single-wheel simulation.

It 1s not possible to put single-wheels on the vehicle without a recon-
struction of the ho!u suspension into a single-wheel suspension. How-
ever, the front bogie s equipped with a hydrsulic cylinder that can
raise either the front or the rear wheel. This construction §s easily
copied to the rear Dogie. This means that 4 wheeled and 6 wheeled ve-
hicles can be ‘simulated’ by raising wheel! in front and rear bogie in
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different combinations. The effects on weight distribution must then,
of course, be concerned.

b) Geometrical behaviour, (dimensions)

The telescopiC rear frame means that the geometrical behaviour in dif-
ferent steering designs can be studied. Raising the wheels in the bo-
gies in different ways, gives a further possibility to vary the geomet-
rical behaviour.

This means that the geametry and behaviour of articulated steering can
be studied over a wide range of cases.

¢} Dyramical behaviour (weight distridbution)

As the machine {s 'stripped’' there is enough space to place and move

around weights on the machine and study phenomena of weight and weight
distridbution, the telescopic resr frame is then an advantage. The 11-
mits are the vehicle service weight and the location of cab and engine.

The vehicle is not equipped with springs apart from the spring dbeha-
viour of the tires. The reconstruction of the wheel suspension into a
sprung and damped suspension would be very complicated and so far we
have no intentions of doing such a reconstruction. However, a similar
construction could more easily be simulated in the single-wheel case as
shown in figure 4, by hanging the 1ifted bogie-part in springs and dam-
pers. The bogie can be fixed in a raised position, either stiff or
with some kind of shock adsorber.

d) Transmission

Exchange of transmission components is quite easy, due to the open mo-
dule-construction. In the first place, it is very easy to change bet-
ween different types of differential.
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The converter, power shift and drop-box are all located under the cad.
The space room is easily reached as one can tip the cab to the right
side. On the drop-box there is a free axle-end on which a hydrostatic
motor easily can be mounted. (In fact, the manufacturer has already
done this for his own purpose).

The chain transmission means possibilities of changing the gearing bet-
ween e.g. rear and front bogie.

This altogether gives us & large amount of optfons to study.
FORCE MEASUREMENT

To study al) these vehicle characteristics the vehicle must be equipped
with transducers for force, movement, location, speed, slip etc. Thus,
8 system of measuring and collecting data needed to be developed.

The most interesting forces are those in the contact area between tire/
track and ground. The dimensions, directions and varfations patterns
of these forces influence subsequent sofl compaction, root damage etc.

To measure these forces directly in the contact area is extremely dif-
ficult. A suftable transducer must be used and it must not interfere
with the contact pattern.

Ne found existing transducers to be appropriate for measuring the for-

ces in the contact ares. Thus, we decided to rely on measurements {n

the whee) suspension. However, efforts are continuing within the pro-

'(’:ft t:)flnd transducer solutions for measurement in the contact area
g. 6).

LY whee! h‘l-
jn TR
'S asewured forcet

Figure 6. Orthogonal forces and
moments on & whee).

CHOICE OF MEASURING TECHNIQUE

Our current approsch is to measure the three orthogonal forces (Fy, Fy,

F2) and three moments (Mx, N, M;) in & single-whee) of the vehicle
suspension. WMe saw four possible techniques:

1. Rebuild the whee) suspension 30 that all forces and moments can be
measured directly with standerd 10ad cells.

2. Exchange the wheel suspension with a six-component loading frame

consisting of standard loed cells.
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3. Exchange the wheel suspension with & pfezo electrical wheel dynamo-
meter.

4. Design a single six-component force transducer for mounting in the
wheel suspension.

1. Single-wheel measurements of forces and moments by method 1 is fair-
ly common. The principal is *o hang the wheel in a linkage system
and to support the linkage viu standard load cells {ref. 1). A
transducer output signal directly corresponds to a single force. As
dlready fndicated, this way of measuring would mean that the wheel
suspension would have to be considerably rebuilit (fig. 7). This
means that possibilities of changing the vehicle construction or
changing ground contact equipment (different wheel sizes, single-
wheel, bogie, tracks etc.) will be heavily decreased. We chose not
to use this method.

L

Figure 7. Measuring forces on wheel,
method 1. —

U
TRAMSOUCERS

2. An alternate solutfon is to make a compact six-component load frame
to replace part of the wheel suspension without changing the rest of
the construction (fig. 8). Here the forces have to be calculated
through geometry, static analysis and measured load cell forces
(ref. 2).

Load frame
all¢
—
"o t Sogle
+
N’

'} b)

Figure B. Method 2. a) Six-component load frame principle. b) The load
frame placed fn suspension.

e




7%

We investigated further this way of measuring by building a non-
measuring scale model. It was possible to build in such a loading
frame in the available wheel suspension space. This six degree of
freedom force sensor design uses various hinges, pivots or springs,
such that the desired forces are decoupled and applied to pick up
transducers. It is extremely difficult to make such 2 mechanical
structure that also fits into the wheel hub or suspension. Also,
this approach requires very accurate knowledge of the dimensions and
stiffness. Consfdering these factors, the cost and complexity be-
came too high we eliminated this method from further consideration.

3. Piezo electrical measuring.

On the market there exist piezo electrical six-component dynamome-
ters for measuring wheel force (ref. 3) mainly on cars. It would
2150 be possible to build such a dynsmometer for a terrain vehicle.
After some contacts with manufacturers of this kind of equipment, we
found that the dimension of our statical forces would make the con-
struction too big and expensive. Therefore, this alternative was
dropped, even though this principal has application to our problem.

4. A combination of ponded strain gauges, Wheatstone-bridge circuits,
and flexible elements of various geometries have proved a versatile
tool in the development of multi-component force pick-ups of both
large and small size.

This approach has been used in the design of a prototype wrist force
sensor for robot arms (ref. 4). The result was a single rigid body
with strain gauge mounted for measuring both extension and shear.
Fig. 9 shows the wrist force prototype.

This general type of solution seemed to suit our demands quite well

DERPTTY)

Figure 9. Wrist force sensor
(ref. &). /
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THE SIX-COMPONENT FORCE TRANSDUCER

The force transducer developed is & steel cylinder with four beams
{fig. 10).

Figure 10. Six-component force transducer, body.

On each beam, two strain gauges are mounted and wired {n a Wheatstone-
bridge configuration, one for bending forces and one for extensional
forces (fig. 11).
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(ref. 2, page 350)

Figure 11. Wheatstone-bridge, arrangement of strain gauges on six-
component transducer.
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The method is based on the following assumptions:

1. The input member {s & rigid body. The input stress can then be con-
sidered to be six forces (3 rectilinear and 3 moments) and any 1nput
stress can be reduced to the six forces at the assumed coordinate
system.

2. The output voltage vector spans the space corresponding to the in-
put, i.e. no non-zero fnput exists which produces no output at all.

3. Linearity and superposition apply.
4. The assembly §s stable (§.e. there is no slippage).
Further, a system of calibration which uses an experimentally evaluated
matrix transfer function to transform the transducer outputs into the
desired force readings.
We first assume
VeHxF+B
where ¥V = output voltage vector
W = transfer matrix
F = {nput force vector
B = offset voltage vector
[f 8 1s measured and subtracted we obtain
YeHuxF

The force sensor has eight full bridges and the forces to be measured
are six. Writing the matrix equation out, we obtain:

vy M M2 e M f1
V2 f2
|- x |

Vg Pay oo Pes) fs

In order to calibrate the sensor, pure forces fk are applied by a spe-
cially built calibration rig. This means that when fk and V, are
known, hpy Can be calculated.

Once matrix H has been found, sny force F can be determined from volta-
ge readings V and premeasured bias voltages B as

F = H*{v-8)
where H* is a pseudo-inverse of H given by
N = (!T!)-X!T

%' can, of course, be replaced with H*) 1f H is a square matrix, i.e.
fnsk.
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The scale model is presently under evaluation. It {s done in the cali-
bration rig, where separate and combined forces and moments can a&ct on
the transducer. The forces and moments are measured exactly (t 1% ac-
curacy) with standard load cells. A micro computer (MY 16F, Mydata AB
Sweden) is used to collect the signals from the load cells and corre-
sponding signals from the six-component force transducer.

The matrixes H and H* are calculated in a mini computer (NO 100, Norsk
Data A/S Norway) and returned to the micro computer. In this way the
standard load cell forces can be calculated from the transducer voltage
output and the load cell voltage output. The calculated values can then
be compared directly in the micro computer with a special calibration
program. It is then possible to subtrack the bfas-voltage vector with-
in the computer and to calculate accuracy and precision directly.

Testing so far shows the scale model works very well. We experienced
some problems with zero drift when changing load direction. These are
related to the mounting of the transducer and should be possible to re-
duce to an acceptable level. The voltage output from the Wheatstone-
bridges are acceptably linear over the range of acting force.

The sensitivity is high for the moments, acceptable for Fy and F, and
low for F, which one can presume. When the scale mode! fs evaluated
the declsfon whether to build a full-scale transducer will be taken.

The basic idea of the transducer s to estimate the ground contact for-
ces by indirect measurement in the suspension. This means that a))
forces must 9o through the transducer and not be supported by any other
chassi or transmission component. Also, there should not appear any
internal forces in the whee) suspension. The problem in this connection
is the driving axle, which is able to support the wheel as well as cau-
sing fnternal forces between suspension and axle (as fn a planetary fi-
nal drive). The wheel hub and bogie hub have both been reconstructed
s0 that the axle only will transmit the driving and breaking torque
(fig. 12). This means that the driving torque transmitted from the en-
gine will go through the axle and down to the ground contact, where al)
forces and moments, except the driving torque, will be supported and
measured by the six-component force transducer placed in the suspen-
ston. Then the driving torque must be measured in the driving axle.
Therefore, a1l axles are equipped with transducers for measuring tor-

que.
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Figure 12. Orawing of the wheel suspension.

In a similar way transducers for interna)l forces, speed, location etc.
will be developed and mounted on the vehicle. The possibilities here
are limited by the system chosen to collect, transmit and save al)
transducer signals.

MEASUREMENT SYSTEM

The system for collecting and saving the transducer signals on the ve-
hicle {s based on micro processors.

It is 2 system with 3 hierarchy of interconnected processors, each one
with {ts own memories and 1/0. In sulti processing a host 8051 eicro
computer (intel SDK 51 Kit) controls a multiplicity of 8051's configu-
rated to operate simultanously on separate portions of the overs!! pro-
cess. This form of distriduted processing is specially effective in
systems where controls {n a complex process are required at physically
separated locations.

It is what we call 4 Master-Slave system. Each measuring point (trans-
ducer) has its own micro computer-slave, which takes care of and saves
the transducer signals. 7o be able to coordinate all the measuring,
one needs & superior processor, a2 master.

The connection between master and slaves is a serial 1ink and consists
of one transmftting and one receiving chanmel. A1 slaves are connec-
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ted to the same two channels. To enlarge the system then means only to
connect more slaves to the serial link. The maximum amount of slaves
possible to connect to the SDK 51 Kit {s 256.

The master and slave system supplifes many advantages:

extensibility

rapidity

replacable and interchangable measuring points (slaves)
insusceptible for disturbances

an 'intellifgent’ system for measuring

+ 8 + 0t

MASTER ~ — | oATA savimg
I serial Mink in
» f
— { ' - both directions
SLAVE SLAVE SLAVE SLAVE

Figure 13. A system with four slaves.
The master

coordinates the measuring

tells the slaves what to do

settlies which slaves that should listen

is able to send commands to all slaves at the same time
can tell one slave to transmit status or dats

settles when a transducer signal shall be collected
controls the slave function

gives the alarm when 2 slave {s out of order

[N S B B B Y B )

The slaves

1isten to one or several names {numbers)

listen to commands concerning them selves

obey the command thay get from the master

are only allowed transmitting to the master one at the time

can send {nformation to the master influencing the data collection
can save severa) series of data

Command from the master

The master has to exchange inforsation with the slaves. This is done
in the way that the master sends commands to the slaves and that data
1s sent to all slaves or from one slave.

Commands can be either Address-type or Data-type.

- Address command
When the master selects the slave (slaves) it wants to communicate
with, it trensmits on address command. Then all slaves weke up and
control if they were addressed. Those who were addressed keep on
listening, the others close down until next address command.
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- Data command
This is used when the master has chosen to speak to one or several
slaves. Only slaves addressed by a previous sddress command will
listen to the dats command.

Protocol

A protocol means the way data shall be transmitted, received and inter-
preted by master and slaves. A protocol can be seen as an agreement
between master and slave fn what way the communication shall be done
and interpreted. The master always starts with transmitting a word of
command, which the slave recognizes. This command tells the slave what
protocol to use.

Handshake

In order to get 3 more safe communication between master and slave one
can let the slave echo back every command or data received. The master
can then check {f it receives what it sent. If that is not the case,
something is wrong and the master gives the alarm. An alarm §s not al-
Towed to stop the whole system.

Measuring

A slave who gets a command to mske a measurement, measures and saves
the value in its memory. A measuring command is usually given to se-
veral slaves at the same time. To make rapid wmeasuring possible a high
communication speed is needed (1f each measuring shall be started by
the master). Apart from that, it fs also interesting to get informa-
tion of slave status from each slave, e.g. to see if an interesting
peak has been registrated. This can be done quite easily; when the
master transmits the word of command 'measure’ (& Data-command) it also
tells which slave is allowed to send back its status. This is possible
as & part of the data command may be interpreted as an address. In
this way the master repeats telling all the listening slaves to measure
and picks back the slave status one by one. This can be done in a fre-
quency of 1,000 words of command per second, which means that the sla-
ves measure 1,000 times per second, but return status only when comman-
ded.

Every slave saves its measured values. This is done in the internal
memory in buffers determined by the master. A buffer has a certain pa-

ge stze {1 pa?e = 256 bytes) and starts on a certain page in the memo-
ry, all this determined by words of command from the master. In
this way, the slave can save different series of measured values and
the master knows where to pick them.

The slave can 2)so process the transducer signals while measuring.
Such a processing can be to compsre the value with a given trigg le-
vel. If a value reaches the trigg level this can be registrated by
changing the status of that slave and when the master asks for that
slave's status, the master will be informed that the trigg level fs
reached and can continue its processing (concerning that matter).

To be able to catch interesting lapse the slaves can function as a
transient recorder. The sliave saves measured value in a buffer start-
ing at the first page and fills up the buffer. When the dbuffer s full
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it will return to the first page and continues saving. In this way the
buffer becomes an endless 'tape'. When one slave senses a trigg level

the master records that and commands all slaves to stop messuring after
a specified time interval. In this way the transient lapse can be re-

corded.

Signal transmission between moving parts

Driving torque is measured directly on the wheel axle. The axle is ro-
tating. Therefore the transducer signal must be transferred from the
axle to the vehicle body.

The slave connected to the driving axle will be battery-operated and
rotate with the axle. The communication between master and slave will,
in both directions, work over an optical connection. A transmitter
(infra red lightemitting diod, LED) and a receiver (photo transistor)
are placed factng each other in both directions. The transmitter must
transmit over an area wide enocugh to reach the receiver. One of the
transmitters/receivers now can rotate and still be able to reach the
corresponding receiver/transmitter with pulsing light (fig. 14).
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Figure 14. Signal transaission between rotation axle and vehicle body.

Concluding

Both transducer system and measurement system are being developed right
now. The kind of experiments possidle to make with the vehicle is very
much depending on progress of this development. An oversl), experimen-
tal design has been mede concerning:
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wheel configuration

steering geometry

power distribution (between wheels)
tires

spring-damp system

transmission set-ups

The forces and space requirement will be studied under controlled con-
ditions. Apart from the conditions listed above, topography, vehicle 1
speed, load and load distribution, acceleration etc. will be varied.
It is easy to see the possibilites of making experiments and perhaps
wore difficult to find the adequate experiments and to limit the
amount.

It is expected that these experiments will continue for a period of at
least 2-) years, of which | would Vike to report on a later occasion.
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COMPACTION OF SAND USING ORDINARY OFF-ROAD VEHICLES

S. SHAABAN
MILITARY TECHNICAL COLLEGE, KOBRY EL KOBBA, CAIRO, EGYPT

PR

\'gﬁ-ar’y-l'hh papar examines the possibility of compacting a sandy
soil using ordinary off-road vehicles instead of compactors. Laboratory
tests showed that a consideradble compaction of eand can be achieved if
alternative cycl’s stresses are applied. Such stresses can be generated
if s train of two vehicles is employed for compaction: one vehicle with
all wheels driven towed another vehicle having all vheels towed. Compac-
tion vas made by making consecutive passages of the train of two vehicles.
Procedure of compaction is described and test results are presented.
Compacting sand by this method has increased the density up to 921 the
value of optimsum density obtained by modified cowpaction test. A consider-~
able smelioration of soil trafficability has also been achieved, this is
proved by the experimental drawdber pull-slip relationships measured
before and after compaction.

INTRODUCTION

The ameliorstion of vehicles mobility can be achieved by improving
vehicles design and / or by increasing soil traficadility by compaction.
Compaction is usually schieved by using compactors which need to be
transported to the work sites.
1f compaction can be done by ordimary offroad vehicles, this would reduce
costs and provide an slternstive solution to the prodlem.

Results of triaxial experiments on sand made by FRANCO[1] showed
that ons can creat considerable volumetric deformations in the soil by
applylng cycles of slternative stresses.
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The intensity of these stresses should be limited so that the induced
soil deformation will not be so large, otherwise soil dilatation occurs.
In his study, he showved a case where soil dilatation wvas obtained (volume
increased) vhen sample axial strain was large (¢ 52). He also showed
another case wvhere soil wvas compected (volume decreased) when axisl strsin
vwas limited to a small value (+ 0,757).

In practice, alternative stresses are applied to the soil if a vehi -
cle wvith all vheels driven towved another vehicle having all wheels towed,
thie is shown in Fig. ).

Soil deformation is strongly related to vheels slip, therefore vheds
slip should be kept smell during compaction. Cenerally, slip should be
lover than 302{2). This slip value corresponds in wost cases to the maxi-
wum drawbar pull developed by the vehicle. Our traction tests carried out
before compacting the experimental eoll showed that the mexisus drawhar
p1ll is delivered at 10X slip. Thus, we tried to keep wheels slip during
compaction below this value.

toved vehicle toving vehicle

sand

= part of vehicle veight on the axle
= dravbar pull
= rolling resistance

"ggt

® so0il reaction

force
toving vehicle

time

toved vehicle

Pig. | Porces acting on the soil during compaction.
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EXPERIMENTAL SOIL

D
An uniformly graded sand having a coefficient of uniformity 3—6—0—- =2.1
10
and & grain sice distribution shown in Pig.2 wvas the experimental soil.

Ssud bin has s length of 70 m, a width of 7m and a depth of 0,8 m.
Molisture content msasured before compaction in the layer from O to 45 cm
of the sand bin vas nearly 4. Laboratory standard and wodified compaction
tests were carried out, and the dry density-soisture relstionships are
shown in Fig.3, Compaction curves show that a molsture content of 3 to SX
is unfawvoursble for compscting such sand. Unfortunately, the existing
natursl conteot of 4% wvae not possible to change because of climate cond-
itionms.

Surface of sand in the bin vas gently levelled before compaction using

a light grader.
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Pig.2 Particle size dismeter of experimental soil.
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COMPACTION PROCEDURE

Compaction was done by making consecutive passages by the train of two
off-road vehicles. The towing vehicle moved with all axles driven snd the
lovest gear shifted (1°% gear in mein gesr box snd lov gear in suxiliary
geat box). The towed vehicle (connected to the towing vehicle by a steel
rope) moved with engine stopped and drakes relessed.

To increase the resistance on the toving vehicle the top gear in the towed
vehicle gear box was shifted and for further increase of resistance a
lower gear was engaged.

Incressed resistance caused sore slip of towing vehicle wheels, thus it
was possidble to change the degree of slip by shifting different speeds in
the towed vehicle gear box. To calculate wheels slip during compaction,
the actual distance covered during ten revolutions was measured, and the
theoretical distance which would be covered if wheels purly roll, calcula-
ted. Slip value was then Jdetermined from the equation:

"th"'l
th

ie

vhere:

i = vheels slip
lt; theoretical distance
l..- sctusl distance

Pirst pesssage vas situated 0,5 @ from the side wall of soil bin. Followd

pessages were laterally shifted each by 0,3 to 0,5 » from the former, this
is ehown in Pig. 4.
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phises i 2 1 4
passages 5 4 5 S 3 2
towing| G 91200
:3,71P:4,0
vehicle| p 1,5 2 2,5 3 :2 OE'& s
4, 14,
i 2,5 3 3,9 4,5 2,7 -
Tyres: E 22,5 Pilote x M*S4 Michelin
towed { G 101200
. vehicle p 1,3 1,7 2,1 1,8

Tyres:12,00-20 Michelin

G: vehicle weight, Newtons

p: inflation pressure, bars

i: wheel slip, 2

F: front vheels R: rear wvheels.
Table 1. Description of compaction phases.

MEASURED VALUES

Moisture content vas measured before each phase of compaction in ten
points of soil bin measuring zone. This zone situsted in the middle of
soil bin had & length of 20 m and width of 5 m. Moisture content samples
vere taken at depths of 0,15,30 cm. Places of measuring the moisture cont-
ent are shown in Fig. 5, and average values were as following:

before cowpaction ve 4%
before Zn‘ compaction phase =252
before 3" compaction phase -2,52

before 6‘" compaction phase 3,212
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nd rd

, 379 and 4t"

compaction phases ueing yrays density meter in same points as for moist-

The in sity density was measured after finishing 2

ure content. Before messuring the density,the surface of soil bin vas
gently levelled. The density meter enabled to have readings of moisture
content, bulk and dry densities at depths of O to 30 cm. For greater
depth (40, SO cm) the soil surface layers of 10, 20cm thickness were
taken off (see Fig.8).

The sverage of density valuas in the ten points of same layer was consi-
dered as the sand density at that depti.

3 LLLL

1ml_ .
+9 25m| ¢t +9

2m

2
t—-‘z ’ +6 +10
1m

L 2 rrrr

side
wall of
sand bin

Fig.5 Points of measuring the moisture content and density.

Traction tests were carried out before and after compaction. In these
tests the towing vehicle woving in the sand bin pulled a braking vehicle
of adjustable braking effort. The pulling force was measured by a force
dynasoweter, and the speed of travel by & fifth wvheel fixed to the towed
vehicle. Theoretical speed of vechicle motion was measured by a pulse
generator fixed to one of the towing vehicle rear wheels (Fig.9). I[nstan-
taneous values of pulling force (drawbar pull), trave! and theoretical
speeds were continuously recorded on a multichannel recorder, and the

dravbar pull-slip relationships were traced,

s
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RESULTS

The in situ dry density-depth relationships (Yigs 6,7) are consider-
ed as a measure of degree of compaction. Fig.6 shows that after the third
cospaction phase the sand dry density at & depth of 20 cm incressed to
93T of the optimum dry density determined by modified compaction test, at
a depth of 30 cm it increased to 931 of the optimum dry density. Pig.?
shovs that after the fourth compection phase the sand dry density st &
depth of )0 cs slightly decreased to 92X of the optisum value. But at
50 cm depth, it atctained a high value (97% of the optimum).

The dravbar pull-slip relationships (Fig.8) measured beofre and
sfter compaction are considered for evaluating the smeliorstion of soil
trafficability by compaction. Referring to Fig.8, it is seen that the
maximum drevbarpull (at 10X slip) increased by 30T, and for lower slip
values it increased up to 60 I. Average values of drawbar pull and the
corresponding slip are given in table 2.

0,80 OLCS 0.30 0,A9S I.JOO

thdo-
0,85 0,90 0,95 1,00 1,05
Y A A A n Yd,Ydo.
I'.b I.Sv |.(: l,7‘ Yge ‘/c-l
0
before
compaction
< Ydos'Vdom °
or rd
after 3 optimum dry
l compaction density determ—
s phase ined by standard
| and wodified
= 0r l 2 compaction tests
[
3 g after ™
0} I compaction Y i
phase

moisture content we2, 5%

A R » - R

Pig.6 Dry density \PRL depth after 2“ and 3“ compaction phases.
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\
|
| | + “
20 | after 4%
] | compaction
-0l | phase ﬂ
£
L4
o
& \
40 + .
msoisture content l
so b we 3,2 2 . A
- - A A

N 'd

SV

d’ ‘dom

/YdOl

Yd/ g/cn3

Y rays density

meter

/

20cm

T ¢
v
2
arrangement for

measuring density
at depth of 50 cm

Fig.7 Dry density (vd) vs depth after bth compaction phase

wheel slip”

DP before compaction

DP after compaction

2 of increase

10
15
20
3o
40

80
100

1360
1625
178%
1830
1825
1690
1560
1410
1136
975

1300

2185
2235
2300
2385
2300
2155

15
1700
1370
123%
2200

60,66
17,54
28,85
10,13
26,03
27,51
17,63
20,06
10,07
26,67
69,23

Table 2 Drawbar pull values before and after compaction.

R




734

22 rT

wH N
D
A N

ﬂ
/1
*
10 codpaction \'—," 4

sfter compaction

Drowborpull , KN
+*

40 60 80 100
Wreel slip, 2
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Fig.9 Traction test.
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CONCLUSIONS

1. The proposed method for sand compaction in which alternative stress-
es are applied to the e0ll using s train of two off-road vehicles
proved to be efficient,send density at s depth of 30 cs incressed to
92X of the optimum dry density determined by modified compaction
test, and to 951 at 50 ca depth.

2. During compaction of sand, slip of wvheels of compactors should be
enough lower than the slip corresponding to the marimum dravbar pull

determined by traction test. A slip of 5T can be considered as a
l1imit value beyond which soil decompection occurs.

3. Inflation pressure of vehicle tyres should be successively increas-
ed, and & pressure of ),5 bars can be considered as s limit value.
Greater inflation pressure incresses the vheels slip and sinkage and
leads to soil decompaction

4. A considerable degree of compaction was achieved although the sand
vas relatively unifors and the moisture content of 3 was unfavoura-
ble.

Acknovledgement : The author acknowledges the co-operation and assis-
tance of the ETAS (Etablissement Technique d'Angers) in France in whose
soil bin the experiments were carried out. He aleo wishes to express his
appreciation to Professor J.Biarez, Dr Christian Grosjean, and Mr. Const-
sntin for their support and assistance.
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::iA SIMPLE PREDICTION MODEL FOR SOIL COMPACTION UNDER VARIOUS

WHEEL LOADS AND GEOMETRIES AS AN AID TO VEHICLE DESIGN

D.L.O. SMITH
SIAF., PENICUIK, MIDLOTHIAN, SCOTLAND

T
. ABSTRACT ) :
4
The simple, numerical model was developed, as an aid
to vehicle design, to predict changes in e dry bulk
density of a soil due to the passage of a/wheel, or wheels,
over the s0il surface. The model uses S8hne's solutions
to estimate stress increases, and empirical isotropic
stress-strain data to predict the re 'ultant soil volume
changes below a wheel. Accurate predictions of final dry
bulk density for a layered soil require a more rigorous
model and reliable data for the soil under consideration. ‘f—-_.f
For such a soil, the model presented here may be used
effectively to examine the relative degrees of compaction
caused by varjous wheel loads using data for an arbitrary
soil, Designs for three agricultural tractor and trailer
combinations and a heavy harvester are evaluated with respect
to their predicted influence on soil bulk density. The
importance of wheel load is revealed and is emphasised in a
further sample.

AD-P004 298

INTRODUCTION

The problems assoctated with agricultural soil
compaction, such as impaired drainage, poor soil structure
and inferior crop yields, have been of concern for some
time, Developments in agricultural mechanisation have led
to larger and heavier vehicles and, although manufacturers
and farmers have compensated to some extent by fitting
more appropriate tyres, soil stresses have continued to k
increase. Awareness of these stress increases has led to
the evaluation of potential designs as to their effect on
soil compaction. The simple computer model described here
was developed at SIAE as an aid to the vehicle desi'ner and
mechanisation advisor in saking such evaluations.

The model requires input data on the soil physical
properties, the wheel loads and the tyre/soil contact areas
under consideration. The model usps stress prediction
equations developed by SBhne (1953) and isotropic stress-
strain data for Macmerry sort,l soil (sandy loam) presented
by Leeson and Campbell (198)3)°. Stress prediction in
soil and fsotropic stress-strain relationships are reviewed
briefly as a prelude to the description of the model and
examples of its use.
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STRESS PREDICTION

Most methods of predicting increases in stress within
a soil due to the application of a surf,ce load are derived
from the solutions of Boussinesq (1885)°. These solutions
for the action of a point load on a semi-infinite, elastic
mass have been applied successfully to civil engineering
problems where relatively small strains occur in large
volumes of dense, saturated, isotropic soil. Their
application to agricultural engineering problems, where
large plastic strains occur in small volumes of unsaturateq,
anisotropic soil, rsqutres modification. Griffith (1929)
and Froelich (1934)° introduced empirical concentration
factors, which tend to concentrate the stress distribution
about the vertical point load axis, to account for plastic
behaviocur anq for finite boundary conditions. SOhne,
{1953, 1958)"'", having measured tyre/soil contact areas
for various tyre sizes and soil strengths, developed
expressions for the tyre/soil contact stress distributions
for equivalent circular contact areas of soils classed as
1) dense, hard, dry, cohesive; 1ii) fairly moist, relatively
dense, sandy clay; {1i) plastic flowing, wet. SBhne
further derived solutions for the major and minor principal
stress increases directly below the centre of a circul,t
contact area for the three classes. Blackwell (1979)
proposed a fourth class, very hard soil, for which the
Boussinesq solution for a uniformly distributed load is used.
Blackwell's experimental determinations of major and minor
principal stresses under wheel loads confirmed the value
of the solutions for the major principal stress, but led
him to assume a constant major-minor principal stress ratio
of 1.19. Blackwell elected to characterise the stress
increases below a surface wheel load in terms of the isotropic
normal stress increase alone, since deviatoric stress
increases were small (approximately 8% of the isotropic
normal stress increases).

To conform with critical state soil mechanics convention,
the isotropic normal stress is expressed by the spherical
stress, defined as:

3 where o,, 6, and ¢
1 2 3
f;‘ are the principal stresses.

For isotropic stress conditions the principal stresses are
equal and the spherical stress is equal to the normal
stress multiplied by o

[

For the principal stress ratio assumed by Blackwell,
and assuming that the intermediate and minor principal

stre: ses are equal, the spherical stress increase below a
wheel load 1s given by:

AP = 1,5%4840

where Ao, is the major principal stress increase evaluated
from the appropriate S8hne solution. '
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ISOTROPIC STRESS-STRAIN RELATIONSHIPS

The isotropic stress-strain behaviour of loose and
compacted soils is semi-logarithmic and similar to the
one dimensional compression behaviour of normally
consolidated and over-colsolidated, saturated clays
respectively.

To conform with critical state s0il mechanics convention
isotropic strain is expressed as a change in specific volume;
specific volume is defined as:

V= -l
Pha

where o is the density of the soil particles and D is the
dry bulk Qensity of the soil. Physically, the speeqfic
volume is the ratio of the volume of the bulk soil to the
total volume of the soil particles, and is equal to one

plus the void ratio.

Isotropic stress-strain relationships are commonly
depicted on a V-1n{P) diagram where they appear as straight
lines (Fig. 7). The virgin compression line (VCL) is the
path followed by a loose soil subjected to compression for
the first time. Unloading the soil allows recovery of the
elastic strain and is represented by the relaxation line (RL).
The unrecovered, plastic strain represents the specific
volume reduction (i.e. the bulk density increase) due to the
applied spherical stress. Reloading of a previously
stressed so0il is represented by the recompression line (RCL)
which meets the VCL at a stress which is somewhat greater
than the previous maximum spherical stress.

Schofield and Wroth (1968)a have suggested that for
saturated soils ¢, the slope of the RL, and X, the slope of
the RCL, are oqua1.2 For unsaturated soils however, Leeson
and Campbell (1983)° found that they were unequal and
presented data for two soils showing that X is related, by
a second order polynomial, to the specific volume of the
s0il before recompression. Although no discernable
relationship between ¢ and other soil characteristics was
found, they implied that ¢ is less than K except at low
initial specific volumes. The. relationships they presented
for the Macmerry series soil (sandy loam) were the more
consistent of the two 80ils and were chosen for use in the
model.

THE MODEL

The soil compaction model is based on the prediction
of soil specific volume changes due to changes in spherical
stress. The depth of s0il to be modelled is divided into
elemental layers and the spherical stress increase at the
centre of each lzxcr‘ directly below the wheel load, is
estimated from SBhne’s (1953) solutions, the soil strength
class being determined by the dry bulk density of each
elemental layer before compression. The thickness and
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number of the elemental layers should correspond to the
vertical interval between, and the number of, fiela
measurements of dry bulk density and water content. The
specific volume reduction, and hence the bulk density
increase, of each elemental layer is estimated from
isotropic relationships. As the soil may be initially
normally consolidated or over-consolidated, the model
calculates two final specific volumes for each element.
The first is calculated assuming that the loading takes
place, at least in part, along the virgin compression

line (followed by unloading along the relaxation line). The
second is calculated assuming that the loading takes place
along only a recompression line, the position of which
depends on the specific volume before loading. The lower
of the two calculated specific volumes is selected to
calculate the resultant bulk density of each elemental
layer.

Multiple wheel loads may be considered, the model using
the calculated elemental bulk densities after the passage
of one wheel as the elemental bulk densities before
loading by the subsequent wheel. The depth to the centre
of each element is also adjusted after each wheel pass to
account for the wheel rut which effectively moves each
element closer to the wheel. To facilitate comparison
between vehicles, the initial soil density profile and the
predicted density profile after each pass are presented
graphically. The plotting procedure takes the centre of
the lowest 80il element as a datum and so the depth of rut
causred by each wheel can be inferred from the displacement
of the centre of the uppermost element as may be seen
from the examples below. For such a simple model, the
predicted bulk density changes are in roalonayle agreement
with the limited field data (Blackwell, 1979)° available.
From volume change/spherical stress considerations, the
field data contain anomalous changes in bulk density which
may be due to measurement error near the surface. Also
the model does not simulate accurately the anisotropy and
non-homogeneity of field soils. Consequently the predicted
bulk density changes can be at variance with the observed
data.

EXAMPLES OF USE OF THE MODEL

To {llustrate the use of the model, commercial designs
of three large tractor/trailer combinations and a heavy
harvesting machine are compared as to their effects on
801l bulk density.

The fcllowing input data are required by the model:

1. Number of in-line wheel loads, number of elemental
layers, thickness of elemental layers, sm

- o sy
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<. For each wheel: load, kN, tyre/so0il contact area, mz
3. ror oash elemental layer: initial dry bulk density,

kq/m”, water content d.w.b., ¥ w/w

Fur these examples 0.5 m of a uniform, sandy lcam 18
modelled using §he 501l parameters presented by Leeson and
Campbell (1983)". A water cgntent of 25% and an initial
dry bulk density of 1000 kg/m~ ;Sbhne strength class 'firm'

15 assumed. Although such a uniform profile is hiohly
atypical, 1t allows comparison of the vehicle etffect:
without confusion from so1l irreqularities. The whecel

lvad data for these vehicles and the graphical cutputs
from the moudel are shown ip Figures 2 to 5.

Tt e overall incrcase in sotl bulk density with depth
due to the passage of a vehicle may be assessed from the
depression of the ground surface indicated in the figures.
The depressions predicted for the tractor and two-axle
trailers (Figs. 2 and J) are similar, approximately 130 mm,
even though the tctal load of 11 is 46% greater than I.

The low jnitial wheel load of 1 (Fig. 2) produces small
increases in bulk density whereas the third wheel 1load,
even though of no greater magnitude than the second wheel
load, causes a large increase in bulk density, particularly
near the surface, due to the high mean surface normal
stress. The wheel loads and mean surface normal stresses
of 11 (Fig. 3) are moderate for all the wheels and so the
corresponding increases in soil bu’k density are moderately
uniform with depth. The tractor and three-axle trailer
(Fig. 4) produces more compaction at the surface and at
depth than the tractor and two~axle trailers because of the
high wheel loads and mean surface normal stresses involved:
the increase in soil bulk density due to the large third
wheel load is particularly marked.

The first wheel load of the heavy harvester (Fig. 5)
produces a large increase in soil bulk density, due to the
high lcad and mean surface normal stress, but the subsequent
wheel load, being only 508 of the first wheel load, produces
only a small increase due to the slightly greater mean
surface normal stress. The total lcocad of the harvester
is approximately equal to that of the tractor and two-axle
trailer 1 (Fig. 2) but the harvester, having fewer wheels,
produces a greater increase in soil bulk density as
indicated by a 15V greater depression of the ground surface.

In all the examples above, each wheel of the vehicle
contributes to the compaction process although generally,
as would be expected, earlier wheels cause the greatest
increases in the soil bulk density.
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The model may also be used to assess the relative
contribution made by a particular variable. As an
cxample, consider the effect on soil compaction of increasing
a wheel load from 5 kN to 20 kN whilst the tyre/scil
contact area is increased such that the mean surface normal
stress (ground pressure) is held constant at 80 kPa. It
may be seen from Figure 6 that both wheel loads would cause
the same degree of compaction at the surface, but that the
20 kN wheel load causes considerably more compaction
especially at depth,

CONCLUDING REMARKS

The model greatly simplifies the stress applications
caused by agricultural vehicles, and the response of the
s0il to them. It cannot be expected to achieve accurate
predictions of bulk density changes even i{f accurate input
data are used. Its usefulness lies in {its ability to
assess the relative contributions made by each variable to
the compaction process and in its ability to compare the
relative degrees of compaction caused by various wheel
loads and arrangements of alternative vehicle designs.

The model is to be improved by the development of
more accurate stress prediction solutions, which allow for
layered soils, and by the development of triaxial stress-
strain relationships to account for shear stresses.
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Specific volume, V

Naturol log. of epherical strees, In(P)

\ Fig. 1. Isotropic stress-strain relationships used in
¢ the model

VCL = virgin compression line,
RL = relaxation line

RCL = recompression line
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S FLOTATION TIRES AND SUBSURFACE COMPACTION
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o

i

ABSTRACT
~r
Theoretical and applied research has shown that the pressure at a point
in the subsurface soi) is a function of both the surface unit pressure

and the extent of the ares over which it s applied (total load).
Thirty years ogo, most of the soil compaction from vehicle traffic was
in the plow layer and was removed dy normsl cultural practices. As
equipment has increased in size and mess, machine designers have in-
creased tire sizes to keep the sofl surface unit pressure relatively
constant., MHowever, the increase fin total axle loads is belfeved to have
caused an increase in compaction at any given depth tn the sotl profile,

resulting in significant compaction in the subsotl, +*"'““"'“‘" 7

Two tires of different sizes, a standard agricultural tire and s flota-
tion tire were used to support equal loads. Sofl pressures were measured
at three depths in the s01) profile directly bensath each of the tires,
Two sofls were used and each was prepared first in a uniform density pro.
file, and then they were prepared with a simulated traffic pan (layer of
higher density) at a depth of approximately 30 cm,

Results showed that the presence of a traffic pan in the soil profile
caused higher soil pressures above the pan and lower pressures below it
than was the case for a uniform sofl profile. The sofl contact surface
of the flotatfon tire wes approximately 22% greater than the agri-
cultural tire. The greater contact surface did reduce soil pressures at
the sotl surface, of course, but the total axle load was still the domi-
nant factor in the 18-50 cm depth range used in this study.

INTROOUCTION

The average mass of tractors and other farm machinery has increased
rapidly in the past 30 years., Tire size has been incressed as the mass
of the machinery has increased 3o that the unit load applied to the sof)
surface has cunrd very 1ittle. It has been commonly believed that
maintaining 2 relatively constant sofl surface pressure beneath the
tires would keep sofl compaction relatively constant also, However,
evidence of greater soil compaction has been reported from many
countries using heavy equipment in recent years.
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The use of vehicles with three or four wide (flotatfon) tires for
distribution of fertilizer or other chamicals hes becoms & common prace
tice tn mechanized agriculture. The configurations of these vehicles
provide sufficient mobility for trave! over almost any agricultural sofl
conditton, The flotatfon tires cover most of the sofl surface. Does
spreading the total Toad over such a large ares eliminate the danger of
subsurface compaction? The objective of the resesrch reported here was
to measure and compare subsurface soil pressures bemeath & conventfional
asgricultural tire and & wider, flotation type tire when the tires w:re
carrying equal loads.

PREVIOUS RESEARCH

Compaction of soils under heavy equipment could have been predicted from
Froehlich's [1] work of 50 years ago. That work showed that pressure in
the subsurfac2 sofl was a function of both surface uaft pressure and the
total 1oad applied. The following formule from the Boussinesq equations
n: adapted to describe the pressures in the soil bemesath a Yoaded cir-
cular plate:

oz = Pg(l - cosY g) (n
where o, » pressure at a point beneath the load on the load axis;
Pg = surface unit pressure;
Yy = conceatration factor, dependent on s0il conditions;
ase

one-half the sperture aangle between the point in question and
the edge of the plate.

Soehne 52? concluded that when surface pressures are equal, the pressure
bulbs wil] be larger and wil] reach deeper as the total load increases.
Soehne [3] stated that "The pressure in the upper sofl layer {3 deter
mined by the specific pressure at the surface, which depends upon the
taflation pressure and the sofl deformation. The pressure in deeper
sofl layers {s determined by the amouat of the loed.®

Reaves and Coopor”sq compared stress distribution measurements under
preumstic tires and crawler tracks carrying the same tots)l dynamic load
and pulling the same drawbar 1oad. Bulk density wes measured, but the
results were erratic and were not reported.

Batley and Vanden Berg [5], using a sodified triaxial shear apparatus,
found that the dulk density-sotl pressure relationship involved both the
sean norme) stress and the meximum shearing stress. An equatfon con-
taining three soil parameters was proposed to descridbe the relattonship,

Taylor et al. (6] examined the effects of tota) axle 1oad on subswrface
sof) colifa¥Vion. They used two differeat size tires and adjusted the
tota! load to give equal pressures at the sofl-tire interface. The
larger tire produced higher sof) pressures at all depths measured. That
work, which used unequal total loads but equal unit pressure under the
tires, is complementary to the work being reported in this paper which
used equal tota) losds and uneQue) unit pressures. Further discussion
of this ssrlfer work will follow later !n this paper.

Hakansson and Danfors [7) reported on 20 years of compaction resesr.h
1n Sweden, Early concern wmas with vehicle compaction of the plow layer,
dut the steady increase ia farm machinery mass bdrought subsoil compace
tion prodlems. Thay reported that “Axle loads exceeding 6 toms (8-10
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tons on a tandem axle) may result in compaction at depths below 40 cm,°®
Also, they found the persistence of subsoil compaction increasing with
depth and sometimes lasting for decades.

PROCEDURES AND EQUIPMENT

This study was conducted in the sofl bins at the Nationel Tillage
Rachinery Laborstory (NTML) using the single wheel tire test machine,
The flotation tire used tn the study was a 67 x 34,00-30, 12-ply rating
furnished to the NTML by Firestone Tire & Rubber Company*, Akron, Ohio.
The tire was modified by Firestone to decrease the lugs to 1/2 the
original height in order to provide clearance for operation in the NTWML
test machine. The standard agricultural tire was a 24.5+32, Rel tread,
10-ply rating bias-ply supp)ied by Goodyear Tire and Rubder Companye*, .
Akron, Ohfo, The tires are shown in Fig, 1.

Fig. 1. A 24,5232, 10-ply tire (left) and & 67 x 34:00-30, 12-ply
tire ware used in this study, (NTML Photo Mo, W-296)

Each of the test tires was operated ot & dynamic load of 36.5 kN and
4t a net traction of 10 kN, Travel! reduction was adjusted by computer
control to the level needed for developing the 10 kN net traction.
Since the forward velocity of the test machine was constant, the same

Yevel of output power was developed dy each tire,

Inflation pressure values of 165 kPa and 124 kPa were used for each of
three and two replications, respectively, The uneven number of replica-
tions was caused by Yimitations of space in the soil bins, The effec-
tive rolling radtus used for each tire was determined on the test sofl
at 36.5 kN dynamic load and 165 kPa Inflation pressure.

* Use of a company or product name by USDA does not imply approval or
recommendation of that product to the exclusion of others which may

also be sultadle,
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Pressures within the sofl profile were measured by strain-gaged soil
pressure cells. The cells had a diameter of 76 sm and & thickness of 16
ma, These cells were buried in the test sofl in the center of the tire
path prior to the tire operation, Two pressure cells were burfed at
depths within the soi! proffle of 18, 30, and S50 cm for each test run,

The two sof) types used were Norfolk sandy losm and Decatur clay losm.
Each sot) type was prepared in two conditions: Sofl fitting mnumber one
(F=1) was a loose condition tilled 46 cm deep with mo compaction; sof)

fitting number two (F-2) was in a similar conditfon down to & simulated
traffic pan at a depth of approximately 30 cw,

Tire performance dats and s011 pressure deta were each acquired dy a
common digital data acquisfition system., Pressure distributions with
resa-ct to a point directly bemsath the axle were recorded and wied to
det-mine the maximum pressure from each pressure cell, Omly maximum
pressure values were used in subsequent data amalyses.

RESULTS AND DISCUSSION

Soil pressure cells are difficult to work with because of the sofl
disturbance necessary to fmplant them. Their accuracy 1s questionabdle
even when their precisfon is good. They are used only because alternate
methods are worse. The results of the measurements of sofl pressures at
three depths under two tires at two inflation presseres are graphically
summarized in Figs, 2-5.

In Figs, 2-5, each point on the graphs at 165 kPa tire inflatfon
pressure represents mpasurements from 6 soll pressure cells while each
point at 124 kPa represents & soi) pressure cell measurements.
Therefore, each of the Figs. 2-5 represents the results of 60 soi!l
pressure cell mepasurements.

A statistical amalysis of the data was done. However, a close look at
the raw dats was taken first, and some interesting treads were revealed,
In Figs. 2 and 3 (F<1), the sofls were tilled and left with a uniformly
Toose profile. The 18-cm depth on the Norfolk sandy loam (Fig. 2) shows
the expected progression of sofl pressures: big tire, lTow inflation
pressure; big tire, high inflatfon pressure; small tire, low inflation
pressure; small tire, high Inflatton pressure. However, the soft
pressures are 211 between 162 kPa and 170 kPa, representing an overall
vartation of only about 5%, At the 30-cm depth in Fig, 2, there is a
reversal between inflation pressures on the big tire which cannot be
explained, The 165-kPa pofint appears to be low, disturbing an otherwise
systematic set of datsa. Examination of the 6 values averaged to obtain
the unexplainadly low value ytelded mothing unusual,

The Decatur clay losm row dats (Fig., 3) were not as predictable as the
Norfolk sandy lose (Fig. 2). The sol) pressure responses to inflatton
pressure differences on the small tire are considerable at 18 om and 30
cm while the big tire shows Vittle effect of inflation pressure. Al

values of the sotl pressures under the bDig tire fell within the tnfla-
tion pressure response range of the small tire at the 18-cm and 30-cm

depths, dut at the 50-cm depth, the big tire shows lower soi! pressures
than the smal) tire,




Fiq.

Fig.

2.

3.

756

(1]

g 8 5§ ¥ §

PRESSURE

- 120 34" 124 xPs -
g { 347108 0P
40
1
0 e UL 2 7
. 30 80
DEPTH, cm

Effect of total load in 3 unifore soil condition. (D.L. =
Dynamic Load; MN.7. = Met Traction; N,C, = Moisture Content).
(NTHL Photo Mo. P10,358a)

320
r DECATUR - F1
oL
200 .o
CIXRIXY

~»
»
(-3

g

- /24’!‘8&”

-~ 241240 P

a2

SOIL. PRESSURE \Pe
g

120
80 34° W8
40
[} a AN 0ad,
1] 30 80
DEPTH, cm

Effect of total load in a uniform soll condition. (D.L. =
Dynamic Load; N, T, = Net Traction; M.C. = Moisture Content}.
(NTHL Photo No. P10,358¢)




e

788

In Figs. & and 5 (F~2), & traffic pan was induced in both soils st a
depth of approximately 30 cm. The Norfolk sandy loam (Fig. 4) shows a
relatively high so!) pressure at the 18-cm depth for the big tire at
165 kPa inflation pressure. The other 11 points on the graph reves)
1ittle difference between the pressures benesth the tires at esach depth,
In the Decatur clay loam with a traffic pan at 30 cm (Fig. 5), there
appears to be a difference in soil pressure values between tires and
inflation pressures at the 18-cm depth, but the difference decreases

as the depth in the sofl fincreases.

A1l of the above discussion was based on graphs of the raw data. An
analysis of varfance was run on the data using a factorial design. The
sotl fitting, the measurement depth, and the fitting-depth interaction
were all significant at the 1% level of confidence, Statistically,
there was no difference due to tires or inflation pressure. Since total
1oads were equal, the analysis iIndicated that for the 18-50 cm depths
used in this study, tire sfze had no sfgnificant effect on sotl
pressures. Only the total load mattered, mot the surface unit pressure.

The larger tire footprint, or sof) contact surface ares, ws determined
to be approximately 22% greater than the smaller tire footprint for both
sofls using the method described in Taylor et al. [6]). Spreading the
36.5-kN load over the larger contact surfact of the big tire would cer-
tainly reduce soil unit pressure at the surface. Froehlich's formula
predicts that this difference tn surface pressure under the two tires
would gradually disappear until, at some depth, the pressures would con-
verge reflecting the equal! tota! loads supported.

The traffic pan, or layer of incressed sofl dtnsit{. that was used for
sofl fitting (F-2), has a distinct effect on the slope of the sofl
pressure~depth curve. The soil pressures are much higher above the
traffic pan and much lower below the traffic pan than is the case for
the uniform sofl condition (F-1). This was also observed in earlier
(1980) work by Taylor et al. (6]. Figs. 6 and 7 show results from one
sofl fitted uniformly TC-TT and with a traffic pan (C-2). The 1980
tests were run at constant travel reductfon. The present tests were run
at constant net traction. In the earlier investigation, the sofl sur-
face unit pressure was equal under two different size tires but the
total load was unequal. In the present work the total load was equa!)

on the two different size tires, resulting in unequal soil surface unit
pressures. The same change in slope s evident regardless of which
1oading scheme 1S used.

The 1980 work by Taylor et al. looked at soil pressures at three depths
beneath & large tire and S TMall tire with total loads adjusted to give
soil surface pressures that were equal for each tire (equal sof! surface
pressures-unequal total loads). According to Froehlich, the sofl
pressure-depth curves for these tires should have started at the same
point for the surface pressure, but diverged with increasing sofl depth,

The current work discussed in this paper used & large and a smal) tire
carrying equal total loads which resulted fn higher soil surface contact
pressures under the smaller tire (equal total load-unequal sof! surface
pressures). According to Froehlich, the soil pressure-depth curves for
these tires should have started with quite different values at the sot!
surface, but converged towerd & single value at some depth,
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While the current work discussed here used two different inflation
pressures, the differences were small and based on rated load for each
of the tires. It is not surprising that the statistical analysis showed
that the effect of inflation pressure on the subsurface sofl pressures
was not significant. The 67 x 34-30 tire was a flotatfon tire, but it
was not really a low-ground-pressuyre tire, Future investigatfons are
needed to determine soll pressures at several depths beneath a conven-
tional tire and a low-ground-pressure tire carrying equal! loads.

CONCLUSIONS

The presence of a traffic pan or compucted layer in the sofl profile
concentrated the sofl reaction to traffic forces above the compacted
Tayer. Pressures above the compacted layer were higher and pressures
below the compacted layer were lower than they were for the same sof!
with & uniform density profile,

For the soifl conditions 1n this study and within the range of tire size,
inflation pressures, and depth of pressure measurements used, only the
total load significantly affected the intensity of soil pressure at a
given depth, There was no significant difference between sofl pressures
measured beneath the two tires,

Based on this study and an earlier study [6], the soil pressures at
) 18-50 cm are dependent upon total load and not significantly affected by
the unit pressure under the tires at the soil surface.
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TRACTOR POWER SELECTION WITH COMPACTION CONSTRAINTS

B.O.WITNEY, E.B. ELBANNA, K. ERADAT 0OSKOUI
EDINBURGH SCHOOL OF AGRICULTURE, WEST MAINS RO, EDINBURGH, U.X.

ABSTRACY

In the absence of a practical monitor of soil compaction, the increasing
<size of agricultural tractors is largely dominated by the upward trend

in lalour charqes. The object of this study is to assess the feasibility
of developing a compaction penalty index as a function of the penetration
resistance of the soil and soll type. £ o o
: /
Tractcr pover for primary tillage is dependent on soil strength; both

traction and plough draught can be predicted by means of soil penetration
resistance as the quantitative parameter. As the soil penetration

resistance is a function of soil molsture content and density, it can ue
determined directly from soil and weather data. Soil texture, in the

form of the ratio of clay to sand and silt, is also shown to be an import-

ant parameter in the prediction of penetration resistance. Combining

these factors, an empirical equation for the soll penetration resistance

is developed and tested under a wide range of soil conditions,

AD-P004 300 J

Arbitrary crop losses from soil damage are used to demonstrate the reia-
tive significance of compaction penalty costs on results from a simulation
mode! for tractor power selection. On the basis of this simple sensitiv-
ity exercise, it is concluded that further work is justified to develop a
compaction penalty index based on the penetration resistance equation.

Y. INTRODUCT | ON H

On srable farms the peak drawbar power requirement is determined by .
primary tillage operations. |f the total tractor power is inadequate, i
delays incur severe financial penalties through loss of potential crop
vield. In order to avoid these penalties, power and machinery replacement
policy has been directed consistently towards surplus capacity. This, in
itself, is simply a form of insurance cover against the risk of bad .
weather and machine breakdowns. Simultaneously, however, escalating 3
labour charges have stimulated the trend towards a smaller tractor fleet

size comprising fewer, but more powerful, individual units. The implica-

tion of machine size on soil demage are conveniently ignored.

Gross vehicle weight must increase in direct proportion to engine power
output for efficient draught operations. Whiist every effort is made to
maintain constant ground contact pressure despite the heavier machines,
the not effect of using larger and wider tyres to increase the contact
area is to create higher stresses at deeper levels in the soil profile.

At the simplest level, the economic penalty of deep compaction is the cost
of subsoiling. The repetitive frequency of this operation is in direct
proportion to both the incresasing size of the tractor causing the soil
damage and the increasing availability of that tractor for the remedial
work.

ot : el e -
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Alternatively, the economic penalty must be linked to crop responses.
Compaction of the soil increases the mechanical resistance experienced by
penetrating roots. Whilst the limiting mechanical resistance varies
widely for different plant species, the level of mechanical resistance
which reduced rates of seedliing root elongation to 20 of their maximum
has been estimated to lie within the narrower range of 24-35 bar for three
plant species, (Gooderham, 1977). Differences between soils were found to
be larger than between plant species (fig 1}, as would be expected from an
understanding of the mechanics of root growth (Abdalla ¢t al, 1969). Thus,
it appears entirely feasible to link the rate of root elongation to cone
penetration resistance, provided account is taken of soil type. It still
remains to link root elongstion with plant yield.

Eriksson ¢t al, (1974) have shown that the effect of top soi! compaction
on relative ceresl yield is significantly influenced by the soil moisture
content (fig 2). They adopted the term ''Degree of Compactness' to indi-
cate the change in thickness of the top soi! layer. A mesasure of the
degree of compactness can be obtained by calculating the actual bulk
density of the soil as a percentage of the bulk density at a standard com-
pacted condition induced by 8 static pressure of 200 kPs. The degree of
compactness that is common after autumn ploughing, in the early spring and
after normal spring tillage is given in the diagram. During wet years,
the optimum degree of compactness is less than in average and dry years.
Furthermore, the clay content of the soll also affects the yield response
curve,

The object of this study is to develop an empirical equation for the cone
penetration resistance of soil which incorporates soil mechanics theory in
a form which is readily assimilated in agricultural applications related
to the draught of tillage equipment, traction and compaction.

2. CONE PENETRATION RESISTANCE

From an earlier investigation (Eradat Oskoui and Witney, 1982), it was
proposed that the cone penetration resistance of the soil was a function
of soil muisture content and soil specific weight which jointly represent
the cohesive and frictional components, such that:

€t = f(c) + f(y) e e (V)

where: C! = cone index, MPa
¢ = sol) cohesion, kPa
y = soll specific weight, kN/m?

It was argued that the cohesive strength of the soil is substantially
influenced by soil moisture content whilst both the specific weight and
the angle of internal shearing resistance are affected to s lesser extent.
From regression analysis of test data from threa soils, ranging from sendy
loam through to clay loam, the empirical equation for the soil cone index
at median plough depth was:

Ci = 450.5 077 + 0.019 v Y 1

¢ = 30l) moisture content, 3.
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This equation, however, is appropriate for only a limited soil moisture
range but one, fortunately, covering the optimum soil workability condi-
tions of agricultural operations. There is considerable experimental
evidence of a much greater divergence of cone penetration resistance
values at both the drier and wetter extremes of the so0i] moisture spectrum
for different types of soils. On sandy solls, Harrison and Chang (1966)
found that soil strength changed little with moisture content, in contrast
with heavier soils where both cohesion and angle of internal shearing
resistance decressed dramatically gbove the liquid limit, Voorhees and
Walker (1977) quoted high cone penetration resistance values in clay soils
below 252 moisture content end exceptionally high cone penetration resis-
tanceswere obtained in reconstituted laboratory silt loam soil under

dry conditions (Wells and Treesuwan, 1977).

2.1 Clay ratio

The mechanical analysis of particle size is a simple, widely available and
readily understood classification method which can account for the local
variability of agricultural soils. As theclay fraction has cohesive pro-
perties by virtue of its chemical bonds, it is proposed that the ratio of
clay to silt and send, C _, is a practical sonitor of soll texture which
can be included in the cone penetration resistence equation. Thus, the
cohesive component of the cone penetration resistence becomes not only an
inverse exponential function of the soil moisture content but aiso directly
proportional to the clay ratio. At high cley retios and low moisture con-
tents, therefore, very high cone penetretion resistances are predicted by
this cohesive component, decreasing virtually to zero above the liquid
limit when heavy soils turn Into a fluid mud (fig 3a).

2.2 Pressure bulb

When a circular probe is pushed into a particulate soil, it develops »
pressure bulb around its base. The frictional component of the penetra-
tion resistance depends on the weight of the soil within this failure zone,
the extent of which being related to the an ‘e of internal shearing resis-
tance of the soil (fig 3b). From elementary soil! mechanics, If the sloping
facs of the cone (s taken as the initial redius of & logarithmic spira),
r , then the final redius of the spiral, r;, acts as the boundary with the
pgulve earth pressure zone which breaks into the unsupported vertical
face surrounding the penetrometer shaft. For a completely formed pressure
bulb, the included angle for the spiral is, approximately, I radians and
the equation for the logerithmic spiral becomss:

r er .n tan ¢

3 o
in general terms, & high value of 45° is reatistic for the angle of
internal shearing resistance of compact dry sands, declining to zero for
heavy wet clays. For the tangent of the friction angle, the limiting
velues of 1 and 0 bound s renge which can be related to the clay ratio by
o simplistic empiricism (tadle V).

Gt Y A vt 30 A e o
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Table 1. Relation between the tangent of the friction angle values of the

clay ratio
friction angle

(o). tan ¢ = t‘ . ) Clozcr;lio

deg r r
(13 ! 0

&0 0.84 0.19
35 0.70 0.43
30 0.58 0.72
25 0.47 1.13
20 0.36 1.78
15 0.27 2.70
10 0.18 4.56
) 0.09 10.11

The frictiona!l component of the cone penetration resistance is then
directly proportional to the specific weight of the soil and to an
exponent ia! function for the logarithmic spiral effect, with the clay
ratio being utilised in a form which represents the influence of friction,

s N . 5 N
o L T SRR o Al bk SR ORI A s o DA At

in a purely frictional sand, the clay ratio is zero. Consequently, soil :
moisture content has no effect on the cone penetration resistance but .
varistion in specific soi! weight has & considerable effect (fig 3a). As i
the clay retio increases, the effect of density diminishes and the cohesive ;
forces predominate. Whilst, in theory, the logarithmic spiral effect '
should qualify the cohesive component as well as the frictional component,

the inclusion of a very high clay ratio is only acceptable at high moisture

contents, As the soil dries out, strong clays in the massive state also

exhibit a high angle of internal shearing resistance. For simplicity,

this phenomenon can only be accommodated within the empirical equation by

eliminating the action of the logarithmic spiral effect on the cohesive

component .

2.3 Experimental evaluation

Combining the two components, the cone penetration resistance equation
takes the form:

ct =K Cr o'"eox.yon/“ ’cr) ceees.(3)
where: C! = penstration resistance, MPa
C' = clay ratio
) L K‘ = coefficlents i
¥ n' = exponent
¢ v = soil specific weight, kN/m?
A 0 = 30i! moisture content, ¢

Experimental deta for four soils (Eradet Oskoui and Witney, 1982;
Stefford, 1984) wes analysed for each soil and in tota! to determine the
