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ABSTRACT

THEORY OF TRACTION OF A WHEEL MOVING
ON A VISCOUS MUD FILM

by Bong-sing Chang

A supersaturated viscous oil overlaying a hard,
plane ground is often critical to locomotion in many
areas due to the iubricating effect of the thin layer
of viscous mud.

In the theoretical analysis of this problem, equ-
ations for the total 1ift force and the friction force
of a wheel moving on a thin layer viscous mud were ob-
tained. In order to illustrate the equations, a simpli-
fied numerical example was described.

A Ring-disk Viscometer was developed to measure the
viscosity of the mud. Soil was packed in the viscometer
and allowed to dry. After water was added a rotating
.eteel disk was pressed against the soil. Strain gages
were used for the torque and axial force transducers,
which indicated the shear stress and normal pressure.
The result of the measurement showed that the shear
stress increases linearly when the normal pressure in-

creases., A considerable influence on the shear stress
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from the velocity was also found. This means that
for a given load, a vehicle can obtain a greater pull

when its slip speed is increased.
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I. Introduction

A supersaturated visccus soil overlaying a hard,
plane ground is oftén critical to locomotion in many
areas. The purpose of this thesis is to evaluate the
pressure and friction force under a wneel moving across
a relatively thin viscous nmud overlaying a rigid,
flat bottom. A similar case is the journal bearing
which is supported by a loadcarrying tiin film of
lubrication oil laying between the journal and the
bearing cell. The thin layer of viscous mud cculd be
considered as the lubtriceting film tetween & moving
wheel and the rigid ground.

Many similar examples are available for thais
rroblem--such as the vehicles moving orn lne wet high-

way, alrplanes lancin:i and taking off on a wel alrstrip,

D

or venicles crossing over field compcsed of a over-

P

saturated viscous nud overiayinc a a=srdé bottoem,
\

In the thecretical treatmernt of tris stuuying only
two-dimensional flow is consicersd. The actual three-
dimensional flow will be considered in a more advanced
stage of stucy of th.s protlem. Therefore, it is cnly
a very fundamental study of tne tracticn of vehicles in
the viscous mud ar2a.

Frevious work which relates to tnis problem is

limited. The studies found are iistel below.

a
2



N

T. Czako and E. Hegedus (19Y58) considered the motion
resistance in extremely loose soils on the bagis of
fluid dynamics since such soils behave lixe viscous
fluids rather tnan granular masses. Tne viscosity
resistance caused by fluid is called friction drag
( D¢ ). inother type cof dra,, Dp, s produced by the
dynamic pressurej’vz/Z acting on the ncrmal projected
area of a boay perpendicular to the flow lines. Thus
D.= C fYE— A
£ f. > 1

2

DD: CRF;E_ 32

density of the flulc

\b

velocity

ct
Vs

normal projectaed area psrrenaicular to
flow lires

D

g
',_J

wetted area

N

friction drags ccefficient

«Q
)
oo .o

pressure drags coefficient

The total draz D, is =zum of the

v
I,= c,jO — A,
t d P 2

Wihere; A

N o
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)
)
1)
Ne)
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Czako and Hegedus cnhowed tinat the drag coefficient
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( Cd ) ¢epends on a ceonstant value C and Reynolds nun-

n
C Cy
Cd T m— T —
I‘. 7~
\n v C
~here;
V ¢ veiocity
d : deptn cof the iprmersed body
y ¢ kinematic viscozity (ratio of dynamic vis-
cesity to density.{

-
]
&)
«t
O]

3

erfermed wita wheels in loose mud indicate
the usefulness of viscosity and density notions in an
evaluaticn of motion resistance.

m

ests were made by Z. llegedus (1958) for evalua-

ting of the drag resistanrce on different shapes (rectan-

gular, tirs shace, parabolic) of wheel by tne Viscous

used., Test results ziwed that the rectangular snape
wneel obtained hi,nect crag and the paradoelic shape

wheel obitained tne lowest crag.
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In lubrication analysis a

wi assume that the

surfaces or tne

velocity in tae flow i1s a continuous functicn of the
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luvricant film

thin

TrrrrY O 7 > X
S - LATTIOO L3I R -l
oLl

s SUviaT
ayarcaynamLic

P

(=8



In this case, 1t has been found ( Fuller, 1956 )

trat the total 1lifting Iorce to the buaring is

6/UU/Q

p) Y

1 o' + 1 1
K = .
P n' - (2+ w")(1-2'x/) (Lem'x/g)

n
2
1Y

U : veleccity of tne bearing

The total friction force cr the btearing is

U
- . .
r = Dj K;u
M hf
[
wnere;
4 6
Kp o= log, (L-m') -
ot 2 + m'

= width of the element



Somez DBasic Assumptions.
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Some basic assumptions must bte made in order to

the difficulties of this problem.,

a), Ths wheel has a smcoth surface.

b), T e wneel is in a cylindrical snape.(nes

c¢), The viscous mud (a clay csuspcnsicn) acts as a
Lewteorian fluld.

d), The thickness cf the viscous 30il film is
reiatively snail and it ic overlaying a rigild,
flat grcund.

e), The ground is assumed rig.d, tkrroforc, the

deflection of the ground by arplying a welgsht
(wheel) can be neglected.

£), The assumed deformed ciare o
rubber tire witn an a.r pres
b¥ ¥Fig

187 f the wueel (a
sure Py ) in the

viscous film is shoewn

Before tne theoreticel

wing important assumptions also snouird vo statec.

a), This problem is analyzed as a two-dimensicral
flow.

v), The prescure in the viscous coil Tilm uaser
the state of rlg. ¢ 1s a variavlie conly in
x-direction. It means tne pressure in y-
direction remains a constant.  The reason is
that the thickness of the film comrared to

the cthner dimens.ons is small.

c), The velocity in the film is a function cf
beth x and y direciions.

crnoas 1t is

d), The viscosity of thc mud suspens
el renalns

being passea through by the whe
constant.

3
4
1

i

)

c¢), The viscous mud is incompressivle.



(1I) (1)

N
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R:

Us
Hs

D:
h 3
h_3
hs

radius of wheel

angular velocity of the wheel

velocity of the vehicle

thickness of the viscous soll film before passage
of the wheel

deformation distance of the wheel bottom
thickness of the film under point B

thickness of the film under point B!

thickness of the film under any point

Mge.2. The deformation of the wheel in the
thin layer of viscous mud.
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4. Characteristics of velocities;

There are two velocities present in this problem,
namely U andw. U is the forward velocity of the wheel
center,zois the angular velocity of the wheel. There-
fore, the linear velocity of any point on the wheel
surface is V=RWwwhich is relative to the wheel center,
where R is the radius of the wheel.

In order to give a clear idea of the characteristics
of the velocities, it is helpful to consider U and V
separately. PFig. 3, shows the transformation of the
velocities U and V. |

In Fig. 3;

(a) is a normal picture of a moving wheel in the
viscous film.

(b) shows U and V separately and relative to the
ground.

From here below the velocities are relative
to the wheel centep.

(c) 1. shows a flow with a constant velocity -U
passing a stationary wheel.

(c) 2. shows the velocity -V =-wR of the wheel.
V is assumed parallel to the ground surface.

(d) 1. shows the velocity distribution in the fluid
caused by the velocity U. In front of the
wheel at point a, the distribution of the
velocity is a straight line as shown in
(d) 1a. Point b is at the wheel surface
where the speed is zero and the velocity
distribution is a parabola which is shown by
(d) 1b. See also Eq. (8).
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(a)

Je!

(b). Relative to ground

2
+ Q
= ~V==R @

Pig.3:

(c). Relative to wheel center

Analysis and transformation of the
velocities
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Fig.3: Analysis and transformation of

the velocities ( continued )
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(e)

m

The

be equal.

wi(1
where s is
If

s
O

distributi

13

2. distribution of the

to -V,

shows the velocity
flecw corresponding

chows the ccmbiration of the velccity dis-
trioution of (d) 1b and (d) 2 which repre-
sents the velocity distribution of iris
problem.

Vo owi

U and 1

[

absclute values of w usually not

They have a relationship which is stated as

U
- s5) =1U or V = wR = (1)
l-s
tne siip.
= 0%, no slip exists and U=V=wRk. The veloci

.

on under tnis cendition is tnhe same as Fig.

(d) la, But, actually, the slip can not be avocided.

S=

If 1005,
By
functicen,

"
pe

are

(A
(B)

1‘1

"

<

[l

U=C, wnich means that the wvehicle is

ig. Ze, the boundary cenditicn of thne veloci

=

v

r (U,V,h,y,x), under the assumpticns they

v==U Zor y=0 . o
J }anc X values within the
. reaion oAt oTr Dlo. . (o
v:==V for y=h = -

v 1is the veiocity in the fluid in the x-direction.

ty

2

4 - -
v
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5. The velocity function v=F (U,V,h,y,x)

In tne general case, a small elcment as shown by

¥ /

(a)
dx f '
i Tym‘dy 1

x —

Fig. 4 is used

/r//ﬁ/r/;x

. . R e
4 ot oo flula.

In Fig. 4b; b is the widtn of the wheel. The T
equilibrium diagram for the element 1n the x-direc

. I

1s given by Fig. 5.

o
dx
do
L —— dyp—— p+( 3y )éx

= ,
(Ilo shear force at the end of theelemert.)

Fig.5. The forces on tne element.
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The pressure on the left side area (bdy) of the ele-
ment is p, and the right side area is p + (dp/dx)dx.
The shear stress on the bottom of the element is 2, on
the top is T+ (3T/2 y)dy. The inertia forces resultiﬁg
from the acceleration of the ligquid z.. znall comparead
to the viscous shear forces and may be neglected.
Set Z FX:O
[p + (%&)dx]bdy + Todx= [7.'+ (—g—;)'dy}bdk»pbdy
or

dp _2T (%)
qax T3y ’

By the Lewtonian definition of vizcozity
T -pl
MGy (4)
As the velocity under the basic assumptions is a
function of both x and y, the expression dv/dy in (4)
chould be changed todv/@y. The shear stress we are

mainly interested in ts the stress on the surface o

H

the wneel. For this particular case, the ecuation (4)

should be stated as

Gy, (i da) (4)"
Differentiat% (4)
2T _ ov , .
-—b—y = /u(_a_;Z') ())

Combine Eg. (%) and La. (5)

_(2_9=/1 bzv
ax 15;2
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Tre integration ceonstants are
. VU | ¢p
o, = - — + =— ( dx )n
1 h 2
&l
v, = - U \
<
and
1 ) V_TT
i, Ur ( < N V— N oy
SRS S A N O W QR SR ()
b @ : T
SLSIn (&) snews thnat tne veicc.ty diciriputiocn 1o
. KN e e - 3~ FIRTN
a raravolic furction in tiis case, as wcll as in the
~3dnary 1 o A ~ ™M vel L it~ gt -
Q7 Lnar upr_cav.on calc. e Ve, QCcL vy glreilr 0ouv._0O1l
s 4 - el oA v 3 A ey b . H
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zore,  rurtnermore, because the continuity characteristic
2f tae nressure, tnere must be a maxinu prescure point
P N I S50 K B P iy e P
vetween 2 and A'., Thioc point wiil bhe frund wnere tUone
. ~ 3 - Fal i e~ o~ : "3 ) iy A
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e ey I 4 s Ty : -~ . . s 3
The velocity at that peint is siven by oo (9)
.
v - U
v - - . T N\
iqe = ( 7+ L) ()
0
K : v : - ! g P 1 LR -+ FOR TN CL 4
Sl e ootne tolckinens of the f1in oav Lo polat ofs
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. (6) the velocity function ie fournd as
A 2 )

e\ ~v —
—:r/‘.:]' 4 VIJ T u2 (1)

Vo e
liiada Ly
o

constants the bou
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maximum pressure.
If mainly the middle zore of tus film along the

x-3irection (Fig. €) is considered, and a very short

,..
(]
b

time interval required for thne wie to pass any sec-

tion c¢f the film, the sideflow may be neglected and tae
filow in the x-directicn €, in an unit time, can be

assumed constant. . z

s L UR

; is given by ha. (2), therefurs

}1[ 1 an A V-U
+ Z LI

12/bL dx ” f \ (11)
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“c. (13%) is the general pressurs cjuation fer a

movLn

- crpject with the same veloclly chnaracteristics

5 4 N3 Ay T B S v s Y .o ) . vy v A = -~
as 1n this provlem. Iy Individually arrlying wtois
eruation to tne turee repgions whicn are ciuated In X1

~ n . . 3 ra 5
1 Fraigsure can o o iound.

ad AR R A N 9 - 3 L g 3 M 3

| e LI LI 1T 4ngo IriocTlon Ioree 2gual 0ns
s . ~ - <+ Voo 270 o -
1. 7 szows a poeint € on tne whesl surface whi
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Tae total 11ift feorce T and the friocticn ferce © are

~ ~ - + 3~ - FERTR
assumed.) DBoeause there are taroce roglons in this

R R, \ 3 -~ Y e P S N e
rroblem, Eq. (1%9) has three partial sclutions.  ience

i=1
v

h
C GCu.

™ ;
o WA l -
- JJ‘%.

C
S—r
ct
e
9]
<
Y]
o
C
@]
(62}
ol
[N
jo)
=
(@,
A
=]
<
]
ct
O
[$]

found as functicrs of x. Z3. (172) gives ©

v 6/1(U V) o — i - ) dx (17

~
~
&

-

<

J
0
—
e
—
[}
0
5
P
o
-
D
f‘
D
'3

3
b

'/
[
s
,o
<o
b
(L-
'
o
' ]

o '
. 3 Dy <4 Ty
2% . - ( _°%F ) (ay-n) -
oy %/i dx i
.E [AC? b__: ‘ l dp U _ v\v,'
(—) ... = ( ) Lo (is)
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(II) will ta<e mest 1ift force and

Tnerefcore thre

force and fricticn resistance of the wheel,
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cempared to the radius of tre tire,

I

raximuii

for calculating the

P ¢ G =-1V)
+
dx la hi
n_ -h Uu-1V
— + (13
he I,
i i

region

friciion »:sistancce.

total

:n"he re,

in this figure,&lj € o 83, are smail and we assume

ne Important elements and assumpt-

lft.l.x g

tnat trne film thickness is relative-

pressure point must exist in this

that tan Eizei. y
& A
III) (11) (1) ¢
A B £1 ’
B'
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1 in a x=y cocrdinate system.






From this figure, we get

Using Eq.

Y
—ilg e

1

1l

By

il

6 M(U+V

4

1

= . . - i=1,2,32,
(17)

’

3/1(U+V)[ £

(16) thnerefcre can be written as

i=I

¢ Syl (17)

i=

[t =

beoundary
For x=x
or o
Al
r X=X
Fo 1

-

For x=0

r =Y,
For x X,

For x=x3

P:%I{wuw)f(

becones

F:Eél 3 U(UIE (8

: H:hl+£lL1

: h1:h2+£2L2;

(20)
-[n. +€ X - X. )J
0 [ J ( J dx
3
. - XL )
[hs €y U=y }
h - h ]
2 T
j=1 Bq (1)
Zhi‘h + C. ) ¢6x
£ }
:1 1
h o - U= o
V) S ,» + ]dx} (22)
. c
o ”li
ah. -
i 0
R C) GX
PR o9 *
g -
- Uy =V ]dx-} (23)
h.z h.
i
conditions for Egs. (19) and (21) are
(p[ =V )
(pl)\_) (pII)x—x \(84)

~

: hn:h2—52x2;

: h2=h3+£3L3;




S50
o

L cy . . .

nese boundary ccnditions for p; mages it possc-

ivle to solve C. and ho, hj,twofican then be solved.
4

E3. (22) gives the remainingf%. The results will be

functions of L;,ll/xand velocities U and V.

8. A calculation example

in actural case, the pressure ih.Region I and I1I
are snall compared to Regicn II. If we consider that
the pressure in Regiors I and III are ne;siliginle, and
onit the y-dircction conporent of the frictvion resis-
tance it will simzlify a great deal of calculation for
finding the liftinz force in Region II. This lifting
force will represent approximately the total lifting

force causecd bty the relative motion of the wheel.

By this essumption, from Mig. 9, the boundary conditions

of the pressure p in Region 1II are

= R (25)
X:::{J_ ( p ) }’::(1:0

\Y

h2 he h hq

AR i 4 b7 i i i 4 kel

N £

Fig. 9. ©Oimplified diegram of Fig. 8.
for calculaticn example.
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From the figure, we get
h=hy, +&, (x-x)

Eg. (21) therefore tecomes

2[ hy + Eé( X = X, )]—ho

82[h2+52 ( X = X, )]2 | 1

Substituting Eq. (2%) inte Za. (26), we get

2( hy, + 82D )
(n,t €, D)7

Pi:p=3/.l ( U+v )

SR =0

Solving Egs. (27) and (28), we obtain
21’12 (b +£2D)

h =
v 2112 +22D
2
I T T e o e
2 NTHD 2

Substituting Tas. (29) and (3C) into q.

v il — —‘
2*‘( Uy ) JHB*EED
p:
o)
82 n®

The total 1ift force is

= bf pdx
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= 0.000279 in°

Therefore
This value seems reasonable when compared to the result

of the experiment which is stated on page 49.
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9. Review of Literature on the Viscometers
Several methods have been developed to measure the
absolute viscosity. The method we are interested in is the
rotational viscometer which includes coaxial-=cylinder type,
cone-plate type, disk type and conicylinder type.

The coaxial-cylinder type is shown schematically in

Fig.10. A cylinder of radius Rb is suspended in the sample
fluld with the submerged helght h in a contailner of radius
Bc. The 1inner cylinder, or core, rotates with a constant

angular yelocity W in the outer cylinder.

P
D

—R o ——

rTTTT 77T 777777 7777

N ANECTRRRTRERERTNR

Fig«10. The coaxial-=cylinder type
visconeter

Several designs of this type are listed as following;
( wazer 1963 )

(a). MacHMichal Viscometer

It has a motor-=driven cup in which a cylinder of
slightly smaller dlameter is suspended. The motor drives
-the cylinder and the viscous drag of the liquid is balanced

by the torque of the suspended wire. The test

13



reading has to be made as coon as the cylinder reaches
equilibrium position.
(t), Stormer Viscometer

+-

This viscometler 1s cimilar to thne Macllichal's but
cylincder 1s much cmaller than the cup and driven by a
wire and a weight. The cup containing the sawmple ic
raised until the cylirnder is subtmerged. 4L reading is
taken of the tlme reguired for 100 revelutic:c of the
cylirder as indicated by tne revolutlion counter above
the cylinder.

(c), Brooxfield Vicecnmeter

This viscometer can only obtain the relative value.

The viscosity is measured as the tecrgue reguired to
rotate a cylinder cr disgk at constant cpeed In a large
beaker cf the test licuid. A scale indicates tae
torgue transmitted to tre spindle as a measurce of vis-
cosity.

Come more viscosity measurement instrumen
this type are the Rotovisce, tne lolarad, the Farn V-G
and the lercules High-8hear visceomaters. (hwazer 1363)

The gcne-arnd-rplate type is shown in rig. 11,

The appealing feature of the plate-and-cone principle
_ 40 . X
that for small angles (O(<:ca.§ ) tne rate of shear

Across the conical gap may be cousidered coastant and

thercfore W/g gives directly the true rate of siear.
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The Eneogoniometcr and the Ferranti-Chirly Vis-

oS v

cometer are this type. (vazer 10063%)

TT777T 77777 ST

neter

b
&}
O
o)

-

Lne CLgX type viccometer

+

consicts of a2 very thin disk rotating between two

equarly sypaced paral.cl plates, The

(@]
-
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™y
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is geparatea frem tnesze plates by tie clstance 1. ine

Srookiield Cynchro-Lectric, anc t

[

1 sconcy viscumeters

-

are of thls type (Wazer 108

v

).
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le ol 2 coni-cylindrical
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iccometer. Jeveral commercially available instru-

ments have used modifications of tnis desiin. Th
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Fiz. 14:

The CONEZ Viscometer
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AXIAL FCRC:
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Fig. 15: The Ring-disk Viscometer
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0. Tne Cone Visconct
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the vurpose of measuri
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er and tne Xing-disk Visccmeler

]
ow avallable are nct desi;med fc
ng the viscesiity of nud, ecrecia

-~ + 3. A A 3 T o4 3 - i3
uncer e conditien which is ascumed in this study.
J
m. B e D ot PN o ~ o . -
Twe typos of wlccoemelers were develcpod, ramnsly Core
17 WA FERPCEE 5 IS T T Ny Ao - Nty Tyas
Viscometer erd Qing=dick Vicconmeter wnicn arc shown oy
rige 14 and rig. 1H.
)
r . = '~ v o~y ~ M R, bl o 3 T
Dne ceciyn ol the vieccometers Plg. 16 fellows the
casic accumptlicons.
_ =V
> Y
£ 777777
PRI, - m Do a2 -
oo 1y The principle cof the
viscometers
ol ~ Ny i T -~ - ey e - 3 <, P - : -
Iz normal lead, | : the travoel velooity, % ig tng
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film irnickness. Lie N

ted of a wveortl 11

oA

horizentaily by

scometers weore nmounted

ing machine.,

cran:.s wrich are creoewn in Fizs. 17.
Strain gagos were used to measurce the torque
and axial force ard *tins c.earance. The tcrque and

axial fcrce

<
pS

ers

are also shown in Fig. 14,
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A Brush Six Channel Oscillograph (Model BL 266)
was used with three Brush Amplifiers (Model BL 520, BL
320 and RD 5612), one each for torque, axial force
and clearance transducers. PFig. 17, 18, 19 and 20 show
the details of the Ring-disk Viscometer and its opera-
tion.

In the viscometer, the core, ‘or ring, corresponds
to the wheel which slips over the soil and exerts a
certain pressure equal to the contact pressure between
the tire and the rigid ground. The so0il used (a heavy
clay) was mixed with water to a moisture content correspond-
ing to the plastic limit. The soil then was applied in the
mantle in a uniform layer about 1/2 in. thick. After
a smooth surface was formed by pressing the core, or
ring, towards the maﬁtle the soil was allowed to dry.
Iwo soil conditions were tested. One was with the
moisture content about the shrinkage limit of the
soil which was estimated about 10%. The other was
with an air dfy soil which was estimated about 2%.

A sufficient amount of water was applied to the soil
surface in order to make it running with water. Then
the core, or ring, was started and the soil was lifted
up against it.

The Cone Viscometer failed to build up the pressure
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Six channel
oscillograph

Amplifiers

Horizontal Axial increment
movement crank crank

Fig.17. Total view of the viscometer

Fig.18. Soll sample prepared
before test



Fig.19. Viscometer in testing position

Contact
area

Fig.20. Sample after test
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A
we desired. The reason was tnal the soil was deformed
tco fast and was squeezed out of the contact area before
the presgsure was bullt up. The dry soil provided a hard
bed wnich was rnct squeezed aut but tie chrirking caused
tne soll sample tc loosen from the mantle and rotate

netcr gave more satisfactory

recults not ounly fac

Sl e

=

on the builcing up the pr ure but

also on maintaining the water film in the contact arca.
Tte only disadvantage was that the relative velocity

~+an
(S IRVESIDEA

nct con rut tne average veloclty

an accertavle value,

DYhe tect resulis on Hing-dick Viscometer snowed
that bein opressure anud torsuc curvel hzad a prenounced
road.  Whis meaes 1t cifficult to read tne exact value,
ecpecialiy tne torgue value corrasvonding 1o each
pressure ptad. This was alirituied tc a breagdown in
the lutricating filiz. Therefore, in order to cbdtain
a nmore constant torcue reading, four lubricatlion grooves

were made on tine ring as mis gave

thie

and

t
@

water

naintain a

two su

a better cha

TfaCﬁa.

constant

nce

+
o0

to

1

Leniness o

get into
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pe

the ¢

mud film
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+
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11. TFProcedurcc of Operating the Eing-disx Viscometer.

value o¢/u

In order to obta the film
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thickness g nust be determined. The sirain gaged
movenent indicator did not give enough accuracy and
was used only te record that the ved had been moved.
The size of tiie move was determined frem the vertical
movement screw of the milling machine, wnich was grad-
uated in 0.201 inch.

In detail, the procedure of obtaining the torague,
axial force and film thicxkness is as follows:

(1). The scil sample was prepared with the sur-
face as flat as possible.

(2). The soil surface was wetted tc build up a
wet surface. The ring was run for a certvain
period of time to make tne scil surface
smooth.

(3). The ring was run at
point was aeteLMLQed
up against the ring:
showed a prvssure.

Orpm and the zero wear
by raising the mantle
until the recorder

(4). The man®le was ralsed 15 scale reading
( 0.215 in ) for 1-2 second andé then low-
ered to O aruin. This was repeated [ive
times ﬂ*o then the zero point was determined
asain. Thic gives tne value ol the wear,
the axial forces and ilne corresvonding
torgques.,

(=). pnme 3 cps 2z 3 ancé 4 but with 2% scale

(o). 3ame as steps % and 4 but with %5 scale
readings.

(7). Charge the rotaticn spe
reat steps 3, 4, 5 and

~
(s
e
-
CJ

nan

5
repca

the tation speced to 450 rpm and
sters 3, 4, 5 and 6 once.

+ O



For cach test come soil was worn off the solid
soil which had tTo be compencated for. Under the
influence of the normal lcad tiie device had an elactic

deflecticn which also had to be taxen irn account. The

€

following equation was uced.
Scale readings - VWear of soil + Film thickness
= Zlastic deflection + Initial film thickness  (34)

‘e elestic ceflecticn wac dobvternmined »ith ne rectation

[&h

and is shown in Fig. 24 curve a. wear is the difference

ct

"3
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o
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[
T
@]
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]

betwee:nr the zero poinis before and af

W

el
o

4
tests,

‘ M o ) o T e~ Sy Y ~ B e~ -~
12. Hesulls, Dlscusscions ang Conclusions

data were cohtained from two sci:l

)
o)
)]
[¢)
ot
)]
@)
L)

e sample with initially

: 10 2 ~ AT - T N N R L Vs }
estimated 1C% moiszturce content wnich ccrrezyponds 1o the
shrirkage limit of the soil and ceondition 2 Is air dry

Ty

scil ). Fig. 22 a, b and Fig. 2% a, b were plotied for
shear stress (T) vs. normal pressure (0) to represent

4

the cenili ons 1 and 2 respectively. In thece fligures,

&
ct
2
} '
03
[OX
-ty
H
O
21
©
(6]
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or 5 or 6 points ¢

)

a group of

4
increment of scaie rcadings were cinnected £y a line.

)

mi, s 3 <~ , 3 H ~ A e S - + oy + o e 3
Tnis showed the variation proverties of tne data and

b
Yre

o

gave a better understarcing of wne test results.

Fige 22 and i 23 showed that the siicar stregs

o

: - R T v T N 3 -
(T) ircreascd linearly wi)in normal pressurs and “hat
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W=l 50RPA
V=188 in/sec.

T ( psi )

5.0

! , W=150.4Pi
J/ V=62.1in/sec.

=504PM
V=21 in/sec.

s—— Det2ill Fig.22b

10

0
0 ( osi )

ig.222 Normal vpressure (0) Vs. Shear stress (7)
( Soil Condition 1 )



L2

W=450RPM
3 -
" W=150RPM
e
E f /U A
P /
W=$ORPM
2 p

0 2 H v -
0 ( psi )

10



43

W=450RPM
V=188in/sec.
15
)
(a9
e
10
W=150RPM
V=62in/sec.
A
5.0
=503Pid
V=21in/sec.
<« Detall Fig.23b
0 10 20 30 40

T ( osi )

Fig.23a Normal pressure (0) Vs. Shear stress (7)
( Soil Condition 2 )
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the increase was larger wien vclocity increaced. By

comparing the two figures, we fourd that, for the gsane

velocit, tre slope of the lires dif ed between the Two
soil cenditions. One of tne reacons for this probavly

were J.Z72rect. Tne alr dry scil was nucn narder than

s Ak TR S PR 3ot [ PR me-
thne scil with shriniiage linmit weiziture content. The

R T A et . ~ g oy A . b vy~
figse ¢f crnnged with rezpect Vo velociv), tncore mucst

be a vesitive effect of Lo veicclsy 0o trne shear stress
in cLnor words a visccus effect. Tnic means that for

a given load, a vehicle can ckilaln a greater pull wuen
its zlip speed ( V - U ) is increacea.

In crder to find the constanis for tnis influence
a ultiple regression nas obeen run oan v computer €00

30C0 using pregram CCrl, This progr2m was vased on bne

T:arq- g + c-sl (3.-

where a is a constant correcpondity; to alnesion

Ry

I\

b is the coefficient of friction
c 1s the absclute viscositq/x.
T is the shear stress

2 1s the film thickness



g is the normal pressur

9]
(¢3)

")
8}
ct

V/gis the velocity gradie:

.

n 0.000C05 and

c’
)
ct
b3
&)
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The valuf/imas found
J.02017% lb—sec/in . This 1s ia fairly good agreement
with the values given by Hegedus (1938).

However, since the standard errors were very large

’ . v &} ’

the values ottained from the computer calcufation should

9]

]
(6]
t
o’
'

he used fer further calculaticns. In order to fing

the recasou for the inaccuracy, we checked the data of
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ot
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e
o
=
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detail and plotted the film
thicuress ($) vs. normai gressure (O) in Fig. 24 and
ig. 25 respectively. 1In these figures, the same method
of expressing the data as in Fig. 22 and Fig. 23 wac
used. The ccrresponding velocity is stated at tne firs
pcint of each set. It shows how the normal pressure
decreases when the soil is wern off the solld surface.
Fig. 24 was divided into two parts oy the 12psi
normal pressure line. Above or below this pressure,
each part agrced with the lubrication theory in so far
that a greater clearance was formed for a higher gspced.
The reason why this did not hold true when comparin
across the 12psi line could not be found, tner=fore,
furthor investigation is recess ry on thnis voint.
Another discrepancy is thaet the film thickness increascs

for incrcasing load if two sets of measureneonts are
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fig.24 Film thickness (§) vs. Normal pressure (0)
( Soil condition 2 )

Si 1s initial film thickness
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L 50RPM

200 a,Elastic deflection of
] the device
ol
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- wear of the soll

Normal force ( 1b.
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- 10psi

400,
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200 |

b, Elastic de-
flection of the
device and the
deformation of

the soil.
100 |

30 40 50 60
Axial increment in 0.001in.

Fig.25 Film thickness (&) vs. Normal pressure (0)
( Soil condition 1 )

4 1s the initial film thickness
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compared but not within a set of measurements. This
indicates an inaccuracy in the determination of the
film thickness.

In Fig. 25, we used curve b as the reference line,
because we found that the soil deformed a large value
when the normal pressure was applied. Curve b is the
calibration curve of the elastic deflection of the
device and the deformation of the soil. In this figure,
the relationship of the sets are not so clear as that
in Fig. 24. They do not agree with the lubrication theory
as far as the velocity and the film thickneaé are con-
cerned. But within each set of measurement, it agrees
with the lubrication theory when the normal pressure is
greater than 8 psi and disagrees with the theory when the
normal pressure is less than 8 psi. This again indi-
cates an inacchracy in the determination of the film
thickness.

Comparing the results from the calculation
example and the experiment, we obtained an interesting
result. In the example we(assumed that 0 = 40psi, V-U
=132 in/sec (slip speed) and obtained 9= 0.0167 in.
From Fig. 24 $= 0.010 in. for the speed 188.6
in/sec and 0 = 13psi. This indicates the calculated
value given in the early part of this thesis might

give a reasonable result.
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v the Ring-disk Viscometer could be improved

More accurate determ ination of the elastic
deflection of the device and the =oil is

necessary.

Mcre accurate determination of the zero
clearance between ring and coll sample sur-
face 1s necessary.

A continuous water zupply system should be
arranged to give a better cLance to malintain
the mud film between ring and soil sample
surface.

The temperature lYle(lC shhould be checked.
Temperature NIUAL vecome a problem when the
rotating speed Is “1bh and the normal
pressure 1c large.

nstrumentation siould be improved

i, ©Dectter design of the clearance transducer

ilizing the ren winen the attenuation

a

i, Zero point of the pen when the attenua-
ticon Is changed.

‘riagse balance,

t—l
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