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NOTATION
’Ab Cross bearing area of th.e blade, in. 2
At‘ ‘ C‘Jross béaring area of the torpedo, in. 2
ACR Appa.i‘enf cohesion rati;:, dimensionless
B , Wid;;h of footing, in.
b Thickness of the blade, in.
. C Cokesion of th/eAsoil based-on effective stresses, lbs, /in, 2
. C! 6ohesion of the soil based on effective stresses on a 'con-,
tinuous foundation, lbs, /i;x. 2
C, Dyné.mic cohesion of the soilf 1bs. /in.|z
t bH' C“I.“ | ngizontal and vertical componenf of the force on the
| | torpedo at the distance‘Z3 from the beam; lbs.
c Diétribqted stress on the torpedo, lbs, /in. 2
D Diameter of the bearing area of the to;'pedo, in,
d 'Dist’ance fron:1 the soil surface; t;) the cer;ter line of the
torpedo, in.
d, Depth’of‘\fqoting,below the soil'sﬁ,rface. in.
f‘ E;:périm’efntall total of the ‘cl;ynan;i’c,xresistance acting on ‘

.the mole 'rplow. lbs.
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NOTATION (Continued)

Theoretmal reststance of the sml actmg on the mole plow

‘

‘vbased on Polpa.rm (1970) equatmn.

' Bearmg resistance of the soil acting to the front of the

blade and torpedo on the direction of movement,. lbs,
Friction resistance of the soil aéting on the side surfaces.

of the blade and torpedo in  the du'ectton of movement,

lbs.
ATh'e theoretical stafic resistance. of the soil against the

" mole pfow‘,’ 1bs.

)

Theor‘e!:icai‘dynamic resistance of the soil against the
mole plow, lbs, -

Res.ultaiﬁ: of the resistance of the soil acting on the mole

i

plow, 1bs,
Horizontal and vertical components of the resultant force "

FR,. 1bs,

3 ' I

i—!prizontal force acting” bn the bladé at:bearing B, 1bs.

f

Honzonta.l and vert1ca.1 components of the force acting

on, the bla.de at hmge A 1bs,

‘Vertical force actmg ‘on-the pushing beam, 1bs.

Honzontal force requxred to push the mole plow through

‘

the 8011 lbs .



NOTATION (Continued)

Factor for local shear failure varying between 2/3 for a |
stiff clay, to 1 for a soft cla\‘y, dimensiox;less

bepth of the blalde‘ under ground, in. |

Dist;'ibizted stress on the bob, 1bs. /in., 2

Di;tributed stress on the blade of the mole plow, 1bs. /in.

Bearing capacity reduction factor for the ellipsoidal bear-

. ing area of the torpedoes with different front angles,

' dimensionless

. Distance from hinge A to 24

‘Ratio of the effective frictional area to the actual area,

dimensionless

"Beam length from the hitch to the blade, in.

Resistance from hitch "0" to Bv’ in,

4 ©On upper member of the

. pushing beam, in.

Distance from F!\‘: to FZ on the upper member of the push-

ing beam, in.

The bearing capacity factors, dimensionless

The b’ea.rif\g capacity faptoré for cqntinuqus foundation,. -
d{mensionless

t

Distributed stress of the ground on the beam, lbs,

. Horizontaland vertical components of the force onthe beam,’
" 1bs, -, ‘ ’

Bearing resistance of the soil on the blade, l,bvs.
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NOTATION (Continued)

" Bearing régiftancé of the. soil on the frqnt of the torpedo,
1bs,

'Re;.c;:ions on the roller bearing support No. 1 and No. 2,.
) ibs.

Total effective frictional area of the mole plow, in,

Gross frictional surface areas of the portion of the blade

" and torpedo of the mole plow moving in the soil, in, 2

' 2
Shaft resistance of the pile, lbs, /in.’

I-iaulage tension, lbs.
Pore ”ﬁressupe in the soil, lbs, “/in.z
Weight of the mole plow, lbs,

Moisture content, percent

‘»Distax"xce from the haulage tension T, to the hinge "0", in,

bistance from the blade foi'ce K to the beam axis, in,

‘;Average depth of a mole channel, in.

Unit ' Weight of soil, 1bs. /in. >

Angle of internal friction, degree

Angle of internal friction for, continuous foundations, -

degree

~Ij1tirﬁate~1)earing'cap'acity\ of long footing, 1bs. /in, 2

YUltimate[ bearing’capaﬁcity of t_he‘?s’oil for the blade, li:s. /in."2
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NOTATION (Continued)

Ultimate bearing capacity of the soil for the torpedoes,

1bs, /in. 2

Bearing capacity of the soil in normally consolidated clay

for round footing, 1bs. /in. 2

Adhesion of the soil to the surface, 1lbs, /in, 2

Total stress, lbs, /in.z

Effective stress, lbs. /in.2

Angle of friction of the soil on the pile surface, degrees

Bulk density of the soil on dryweightbasis, lbs. /in. 3
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ABSTRACT
’Effect; of thé Shape ana Speed on Soil Resistance
Of the Mole Plow
by
Rustu Kasap, Master of Science
U;:ah State University, 1971

Ma.jqr’Prdfeséor: Komain Unhanand
Department: Agricultural and Irrigation Engineering

"I;he',purpose of this study is to investigate the effects of shape and
speéd of the molt; plow on soil resistance by means of a model. Two
‘sets‘ of mplé ploiw;s werc; useél i;x\'these experimeniéa. The fir‘stﬂset con-
sisted of fi;re tzii'fferent shapes of mole piows where one has only a biade
‘and the o‘ther four have similar blades with torpedoes having different
front angles.’ The second set was similar to the first set ea;cept the .
si’des\of ‘each‘ plow in the set were made thinner'tﬁan the front
edge to eliminate the friction res;.stax;ce(of the soil on the‘ sur-
ijace.

An équati’&n for detel;mination of the soil resistance on the i’,l,O_W
was developéd and expressed as a. ;'unc!:ion of the mole plow sh"ape, ¥
speed of the.%nqle plow 'through the soil, and the physical\pgo‘per‘tiles of

il

thé soil,



xi_vr

The equation was verifig@by equfirf;epts for the "f:ase of a \}ery."
“‘slowly mo:ving i?iow w1th a blunt léa;iii}g"édge.: | it wat:a féun@ that;,tl'fe
t_l;eo;eti'cal rééisﬁg‘née co:;'xpu't‘ed £r93';1 the‘ Eéuali:ion fo? a vAe"x;y'sﬂlowvly
‘ moving plow with é. blunt ii‘z;o“x;t ééreed satisfactorily w1th the exi)eri-

, rnental results,

The, studiés “élso indica.t,é,d'thai“: by n';odifyiné the shape of the mole
I;iow to minimize'the frictional lresi‘stance‘on tbé surfaceﬁ, ‘f:he power
;e'quired to operate the plow 'm‘a.y be rédu;:ed as much as‘ 30{ - 40 per-
cent,, /Sucl"l modification can be don; by reducing the thickness of the

. blade an\d','l pérhaps,l reducing the diameter of the torpedoes of the

‘portion behind the front edge., °

(76 ﬁages) ‘



INTRODUCTION

Mole drains ‘ai"e merely unlinedﬁcylindrical channels formed in’
th; soil l;y pulling a plug, bullet shape device or a ball fhrough the
soil :at a depth ‘of' about 18 to 24 inches below the surface. Drains of
this type are iﬁexpensive but short lived. The main advantage is tlhe
r'elé.'tivelyyr “low Xini'tial cost in comparison with the tile drainage sys-
tem. ‘Othgir ‘benefits from mole drainage include its subsoiling effect,
’whith (improves air circulation through the soil and breaks up hard
pans; and its use as a subirrigation system, where the irrigafion water
is a.i:plied to the soil through mole channels,

: - 'There is ample evidence that carefully planned mole drainage
system.s ‘opera.te efficiently and for long periods in clay where levels,:
contours and other factors are suitable.

| The following factors influence efficiency and life of mol‘e drains: .

1, Structural stabilé.ty_ of the subsoil
’ 2. ‘ 'Soil ;noisture content at the timg and 'a.fter the ,moling
'3, . 'Arhount and intensity of rainfali
,"4' ' Séasonal temperature variations
5. :Depth of the mole\drain
6. ‘l’l‘?‘iam,eter 'of,'the mole drain

7. Equipment and method of insta'.ll'a’tio‘n\



- 8. .Gradient of channel drains .
9. ‘ Cdfe of outlets
10. Irregularity of-the graund s’ua;facé'

11, Lengf:h of the mole drain.

Thé I%nportalrlc'e of the Problem
N Or;e qf.' tl';e major factors wh’;ch govern the inetallatic;n cost of a
.mo’ller sfstem is the,povs;er requifed to install tl;g linés. This p;awer
re}quﬂiyvrement will ;:letermine whethe ‘rfthe pow‘er unit available on the
f:arm is é.dequa:te to perform the task or the wc.irk mu's.t be,contra;:ted.
o ']'Based‘on presex;t knowledgle,' fac‘to’rs inf‘luéncing the power re-
qﬁirgd to *cira.w)"a mole plow through the soil are:
1. . Width of the blade |
2. ﬂ‘Le:‘agth of the 1‘:orp'ed'o
| 3, . 'I".hiclénes‘s‘of the })lade'
4. Dia'meéier of i:,he' to:ipe;lé )
5; Shape of the front end of the blade
6. kShape of the front end of the torpedo
'7;‘ ‘Friction between the metal and the so11
8. Speed of the plow
9 Debt}: of "éhe mole‘d’rain ‘

10,. Physical properties of the so\ilL



Previous studies reveal that there is a range of optimum sé:il ‘
moisture mosfrst;it‘é.ble f‘c;r moling for each soil., Therefore, for a
certain ‘soil at its optirr;um moling soil moisture content, the power
requirement for moling is a funct;ién of the shape of the mole plow‘
and the operating ‘speed of the pulling tractor. Therefore, knowing"
the best sﬁape for the mole plow and the optimum tractor speed are
essential for the optimization of the power requirements for mole
drain con;trﬁction.

Only a small amount of basic information is available on the mech-
anics of soil under the influence of mole plow equipment, Even though
th‘ex.'e are many investigations carried out concerning the performance
of various shapes a’nd types of tillage tools, only a few deal with the
soil mechanics involved.

This study concerns the mechanics of the soil as a mole .plow‘r is
drawn t};rouéh it"anc)l whether it is possible to obtain an unde rsta%uiing
of the soil.failuré process and find the analytical solution that would )
prediét the soil r'esistax;ce as a plow is.moving through the soil. 'An

'experime:;tal im’le;tigation:by means of am'model included ‘the .r;lea}s‘ure-
ménf; of the force req‘uired to draw the plow. ,’ Different shapes of mole
plows and rmoling .gpeeds were used in the éxperiments., The result

of the experimental investigation was compared with the theoretical
predictions for certain cases. It is expected that the studies should

yield information on the effects of the shape of the mole piqw‘and mol-

ing speed on the power requirement.



Objectives

The pnmary obJectwe of the study is to mvestlgate the ‘effect of

‘the shape of the mole plow and the operatmg speed on the reslstance

of the so11 by means of a model in the followmg manner- ‘

V

. 1. To investigate the resxstance of the so11 for a d1fferent

deslgn of mole plow moving at a very slow speed through the soil,
2. To study the variation of the soil resistance with the speeds
of the mole plow.

.3. To investigate the possibilities of reducing power requirements

- for moling by mcdifying the shape of the'torpedo and the blade,

!

:Limitations
Due to the nature of the problem which involves a large number of
variables, it is necessary to set limitations to eliminate some of the

variables.

1. Only one type ot soil was used'throughout the experiments,

The soil selected contained a large percentage of clay. This was

[ >

because mole drains are rnostly used for drainage of clay soil in which

it is found to be more durable than in other soils.
2.’ 'The maximum speed of 0. 10 mph was used in the experiment.

1

The speed closest to that used in practxce ca.nnot be produced ina

H oy

,laboratory with the a.va.zlable equrpment. At such speed more sophls-

tlcated testmg equzpment costing several tn'nes the cost of the one ‘avall-

able is required. "



3.. The soil moisture was limited to about 27 percent which was

expected to be most suitable for moling as far as the shape and sur-

face of the mole channel were concerned.,



REVIEW OF LITERATURE

’Histov'ry of Mole Dra‘in'age

";‘heje ar‘e sgverél ix;aications that molg drains were used in
, Ehglan'(i since 17§6 (Welavér, 1?645. According to Hugison ’;md pre-
well ( i956), the 'pract’ice of moling dates from the beginning of the
g{ghteenthl century in Englaﬁd. '.[:hey ‘stated thajt farrheré wohlq place a
"',piqec'e of pipe h9r(:1‘z‘onta11y into the soil 2 to 3 feet deep and pack clay
a;ound' it, then punch hoies iq the clay. When the clay dric;d, the pipe
ywm‘zld be pulléd out, leaving a hole later known as a '"mole''. This
mgthcd:w;vas*aISO‘known as '"plug dra.ining'f'. .Rid (1956) ‘stated that
after 1,:he é.dvantages of underdraining became apparent to English far-
- mers,. they concéived the idea of underdraining by machinery. Several
plows were invented and patented in England, the objective, of which was
- to make surface drains of a few inéhes depth only.
‘Klnippaxs't (1867) reported 'th~a.1t the first account of a mole plow which
. had su?‘ceded ;vas, found in‘tli"e "Re'per’t;ory of Arts angi Sciences,":vgl.
8, a serial Lon;lop publ'ication,' which commenced aboﬁtlt}‘le ;'ear 1796.
This wé; the first reéc}rd —which‘;x\)u,ld be found\of an implément or
‘jr';xaéhine with which cov‘elrec‘l' or ,pndergroun;i drains were suc‘cesisflullly
mac}e;,'

. Acgordi;ig t‘o: Ha}rriso'n‘ (19’59'),“ f:he firét rep{c;rte‘d work with‘r'nlole , |

. drainage in Florida was done in 1928 by g};lliéon at Lake Harbor in the |



Everglades mulch soils, Studies-at the Everglades indicated that a
30-ir;ch depth was most efficient for moling. ﬁ;:ny lesser depth caused
the moles to collapse by vertical pressures created wher'l heavy farm
equipment crossed th\em Also, torpedoes with a diameter larger

than 6 inches tended to make larger -tunnels, but cave-ins were more
1if<ely to occur. A 6-inch diameter torpedo formed a mole tunnel

approximately 4 inches in diameter. He also mentioned that spacing
between mole tunnels varied from 5 to 10 feet. According to Harrison
(1959), however, recent research indicated that moles spaced at 20

- feet ‘were just-as-efficient-as those-placed at 10 feet.

' Hudéon and Hopewell (1950) stressed the importance of maintain-
ing a uniform grade when moles are pulled on slopes of less than about

1 in 30, but on steeper slopes they considered that a slight reduction

“in fall (as'Long as it is not lost entirely) over a short distance was of

 little cons equence,

4

" Bukavetskas (1966) showed a positive role of mole drainage to
dry marshy low lands with peat layers not less than 0.8 inch deep,

especially in addition to other drainage methods. The yield increased

o

'by 13 - 20 percent and capital investments were justified during

.. 18 « 20 months,



- Investigations had been conducted to find the durabilit;,r of i;l:xe
unlined and plastic lined mole channels by Willardson (‘ 1961).. The
objective of"‘thi“s exf:ex;ime’nt was, to determine the applicability of shal-
low l'inc;a and ﬁmlinyed mole drains-to éondiéions f{mnd in a system in
the p‘oquy. d}ra.in‘edllliar»xds‘ of Cache Valley. The unlined mole drains
c‘oliﬁpsed after one year and did not produce water at all, The plas=-
t'ic‘ lined drains ‘suﬁcéessful‘ly survived 3 flooding cycles in addition to

over winterings. In the area served by the plastic lined mole drains

in the first period of flooding, the electrical conductivity of the soil
was reduced from approximately 5 to approximately 0.8 millimhos

per centimeter. Additional ﬂooding' during the season resulted in no'
further appreciable reduction in the salt content as the effluent from
the mole drains had essentially the same cohductivity as the water

used for flooding.

b

Henderson, Lindtand Pea rl (1954) reported that mole drains were
,usedon the Sutter Basinfor conventional subirrigation which consisted

of controlling the water léve} in the soil by applying water to'the rﬁol'es.

'He indicated-that

L +

the land was prqirrigﬁteﬂ by flooding. Aksenov

(1965) described the positive effect of a deep (70 em) tole plowing



of Chernozen‘s‘oils fbr subirrigation on'the reduction of evaporation
of its moisture during the growing period.

According to Nicholson (1942) and Hudson and Hopev;rell (1950),
mole drains were us‘ed quite successfully in Great Britain and New
Zealand where the maximum life of the mole drains was as much as

10 to 15 years, The Soil Conservation Service, National Engineer-

ing Handbook (1958) stated that mole drainage had been used success-

'fuliy in some parts of the world, especially in Great Britain, Western
Europe, and New Zealand, because climatic conditions as well as the

farm-lands \x;ere suitable for this type of drainage. Mole draining was

limited in the United States due partly to the lack of extensive farm-
land suited for mole drain construction, partly to the past high cost
of adequéte péwer equipment to install the drains, but largely due to

th'g,lei.ck of undpfstanding of their requirements and limitations which

resulted in many past failures,

‘Power Requirements

There are several factors affecting the power requirement for

operaiing the-mole plow. Piper (1958) reported that under a’\{éragee



10

conditions a light mole pldwv‘\kith ‘a’l/2-inch bla@é gnd a Z-in;h plugat a.
| depth of 8 inch can be I;lr'awn by é’lra}‘ctor'of Qét_'léés' than 25 ‘drawba:"‘
horsgbqy;,;ar. The state of the surface soii affeéts t‘lvle‘traction. ’ ,
Mayo (1955‘) stated that for~¢=:“ase' of opelratic‘m a tracl;layin‘g tra:::tcér
‘of the 3;0' to" 40 hbréépéwer cla.sé was required ;.nd was absolutely pe%-
. essary ‘c;p roliiﬁg country. 'Wheeled tractors fitted with ;teel grippers
.of 30 ‘to 40 ht:;rsepo;wer had ’ct;rr;pleted the work using 2-1/2 inch mole
torpedoes on a-flat country.
i\Iorum and Gray (1964) di;cugséd timat the pull required to install
mole lines varies with the textu'z:e, moisture content aﬁd bulk density
of‘ the soil and’de:pth of oégrati,on.‘ They also expressed that the pull
required to install lines to a depth of 2 feet in sandy loam and clay loam
;c;ils having moi‘;ture at fieid‘ capacity may be in the order of magn;tude

of 10,000 pounds. It was generally acceptéd that the resultant force

on a tillage impler;!gant ‘pulled at a consté.pt speed of operation was .

’

governed by the shearing s}:rength of the soil and the adhesion of soil
'to metal. The shearix‘ig strength of a soil was dependent Sn its cohe-~

sive strength and angle of internal friction. In turn, such properties

5

varied with the soil factors such as bulk density, clay éonteﬁt, and

H

soil moisture content,

[

To, obtain the, pull reguireméhts of the mole f)lovs} under diffe rent condi-

tion, Norumand Grayrana series of tests in 3 different sofl types: sandy.
loam, loam and a clay loam, ‘ In these tests tlie‘measu,r‘ed ‘the '

t

'

pull be a simpie Jheam i&pe,, strain gauge dynamometer coupled

A
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between the‘power unit and the mole ¢arrier. Visual reading of pull
wéré obser\;éd‘d’tg.ring the time tal;en to install a line approxirpa.tely 100
feet in length. These readings were then averaged to obtain a repre-

' sentative pull fo;' a given soil at a given depth, In as ;nuch a;- the line
of puil was nearly horizontal in the direction of travel, the pull observed
c\an be taken equal to 'the d:laft. All lines were constructed at a speed
c;f 1-1/2 mph.A . Then they applied the principles of dimensional analy-
s'islto the results of these tests. Dimensionless prediction equations
gxpressing the relationship between pull, F, average depth of mole
channel, 23; thickness of mole blade, b, bulk density of the soil, pb.
and the moisture content of the soil, w, were derived for each soil type

are shown below:

Sandy loam: F/zg P, = 35 - 0.25 w - 0,61 Z, /b (1)
Loam: F/zg P, = 81 - 0.53 w - 2.5 Z, /b : 2)
Clay loam: F/Z: Py = 92 -1.1w-2,3 ZS/b (3)

They found from the equations two interesting aspects regarding
the interrelationshii) between pull and moisture content and depth of
.c;peration as i’ol‘lows:

1. A'giv”en ‘incr‘ea.se in moisture content in the clay loam soil pro-

'duced a larger decrease in pull than an equal change in moisture con~

tent of ‘the sandy loam soil.
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2. A given increase in depth of operation in the clay loam soil
o Y ' T e \ .

§
1

,;prod}i;:éd';\’ grré‘}fgr incrqése inxpu111 than an gqual change in dépth in
sandy loam soil."

‘,"I‘hc; rénge in validity of their equations was }irhite\cvl to the test con-
ditions, which'wgr'e:

1. A speed of oiaeration of approx{mately one and one-half i’nph. )

v “

. '2.' ‘ Moisture content within t}‘xe‘raﬁge of 15 to 25 percent for the ‘
sahﬁy loam, 10 to 28 percent for the loam and 11 to 25 pércent for the

cl'afy loam,

)

‘3.‘ -Ranges in depths of operation within 17 to 24'inches in the
sa:ngly lo‘am; 16 to 22 inches in the‘ loam and‘ 16 to 21 inches in the clay
loam,

4. A mole‘plovér wl’iiéh was ’geoinetrica:lly similar to the one used
in all the te;ats.'
These results were related to differences in the cohesive and ad-

hesive properties of the different soils. Accofding to Baver (1959), the

cohesive force in a soil was a function of the number and thickness of

the moisture films between soil particles. This force becomes larger

as the number of filmg' becomes greater and the thickness of the t"ilms

becomes smaller, "Baver reported that Johannsen found the force ré-
quired to cause a metal wedge to penetrate clay briquettes increased

i

rapidly with decreasing moisture content less than 25 percenf:; In fine

sandy. soils.this force increased rapidly with decreasing moisture

‘ N
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' content for moisture content less thé.p 7 percent but only qttainéd a

l‘maximum increase in résistance equal to approximately o;xe-ti)ird‘df
the maxir’num attained in the clay soil. With respect to resistance of
adhe‘sion in a soil, Nichols .(1931) found that draft increased linearly
' yith,the colloid content in the soil.

- Schwab ( 1947) stated that track-type tractors or cable"-winches were
suitable for puiling in mole drains. The power requirements varied
from about 30 to 70 horsepower for depths of 2 and 3 feet, respectively,
c{epending on tractor speed, soil moisture, soil type, and size of the
mole chaﬁnel.

' Hudson, Hopewell, Bowler and Cross (1962) expressed that the
fac’tor; which determine the size of the tractor to carry out the mole
drainage work were so variable that they hesitated to approach this
subjeét. The,y stated that the results of draft measurements of a mole
plow at Massey College serve to emphasize the importancé of soil
" ;noisture ‘c‘onditions. In August, when the subsoil was moist, the
' a’.ve‘rage pul‘l’was 2,100 pounds, which is well' within the range of a wheel
‘ traictorin the 18 - 20 drawbar horsepower class, By October, the
claly was still moleéa,ble, but considerably drier than in August, and
sulrfa'ce conditionsk were ideal., At that time aw'arage pull required was |
‘about 4,000 pounds. A crawler tractor in the 21 - 25 drawbar horse-

power class in good condition would have carried out this work because
i I ! .y

v\'

of the lower gear.,x"atio generally available in this type of machine.. By
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November, ‘the clay had dned st1ll further and a pull of 6 500 pounds

was recorded, at Whlch pomt a 40 drawbar horsepower tractor stalled

'
11

Hudson. Hopewell. Bowler and Cross also indicated that m heav1er

' soils the power required would be, mcreased 'but not sp greatly if the

subsoil was wet. Reports from farmers suggested that the draft was

increased considerably when'these soils started to dry out.

Childs (1942) described the elements of mole plow as shown in
) Flgure 1, It'consisted of a, steel beam hauled by‘a force api:lied at

the forward end and carrying a blade and torpedo at the rear end, The

elements of a mole plow and the forces actmg on it as shown in Figure
1are:
| T is the haulage tension, lbs;l "
Pis the distrlbution stress on the blade of the mole: plow, 1bs. /in.2
K is the d1str1buted stress ‘on the blade of the mole plow, lbs. /in, 2

c is‘the.distributed s,tress on the torpedo. 1bs. /in.z‘"

j is the distributed stress on.the bob, lbs, /in. 2

—When the mole plow was moved through the soxl frictional resis- .

\f-

tance acted between steel and metal asa functmn of the veloc1ty of travel.

There was also shear stress parallel to the lme of mtersectmn of the

steel and a surface parallel t6 the ground and pass\ng through the
‘point a‘t;which the stress‘ wa's be1ngjcons:.dered. Because of the sym-'

¢

“'rnet‘r).r,‘ the resultant of“the lateral components of these distributed

"forces was zero.’
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/ XHitch /_ Beam
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R A \r.-4Tuu~\l// /1 T v e ‘Blade
' Torpedo

P P
. Bob

"Figure 1,  Diagrammatic sketch showing the elements of the mole plow.
. (Taken from Childs, E. C,, 1942, The Mechanics of Mole
' Draining, Eng, Jour., Exp, Agr. 10, 169-181 p.)

'J,"‘z.l - L >
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iFigur‘e 2. 'The force diagram for the mole plow. (Taken from Childs,
E. C., 1942, Tho Mechanics of Mole Draining, Eng. Jour.
"Exp. Agr. 10, 169-181 p.)’
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In .considering the equilibrium- of tlge mole plow,‘" the
\ ,mdle pldw was essumed to 'mlove thl*ouglx the seil- at a constant speed,

Y
-

- The blade was set perpendzcular to the dn‘ectlon of motmn w}uch was

con51dered honzontal. All the d1str1buted forces may be replaced

by their corresponding resultants acting at each point, and the re-

ellltants could be substituted by their components parallel and per-

i
'

pendicular to the direction of motion. Figure 2 shows the force dia-
gram for the mole plow treated in this waye.
T ' is the tension having no vertical component; acting at the

‘ distance Z1 from the hitch O, lbs.

K is the res1stance blade force with no vertical component act-
,ing at the depth Z from the beam, lbs,

PV and PHare the vert1ca1 and horizontal components, of the

force on the beam

CH and Cv‘a.re the horizontal and vertical components of the force’

on the torp‘e'do at the distance Z3 from the beam, 1lbs. L

W“ is the weight of the mole plow aeting at the center of gravit:y

1

G which ,is\ atl a distance g, behind the hitch O, .lbs.

‘Z3 is the average depth of mole channel, and the mole plow.is .
to be cenmdered workmg stea.dxly at thlS depth, in,
. is the length from httch "O" to P lbs.

L is the; beam length from h1tch to blade, in.
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The conditions for static equill{b.rium were that the algebraic sums
of the horizontal forcest,, the vertical forces, and the moments about
any point were zero. Childs developed three equations based on the

.conditions for static equilibrium as shown below.

T = Py+K+Cy (4) .
P =W*HC, (5)
2P +Z,K+Z,C +Z T=gW+LC, (6)

v 2 3" H 1

Childs also expressed that the measurements on the individual parts
of the mole p1;>w were not easily obtained, with the exception of the
tension T. The draw~-bar pull required to haul a mole plow in ciay
soil, at'tl;e‘ ciepth of 24 inches and 3.5 inches in diameter cha;nnel was
about 5,000 - 6,000 pounds. This draw-bar was less for shallow and
smg.ll'sizé of work and may be about 10,000 pounds for a mollK.e channel
3§1/; or 4 inch diameter drawn at'a depth of 30 inches i;l dryish |
- clay soil. ‘Hen also took an avera.g'e value of 6,000 pounds for a rpole;

chanr;el' 3.5 inch diameter at tile dept‘h of 24 i'nches. Then he ne-

‘glectea friction betwéen the beam and the grounsl irlx ;:ompai'ison, with

'the great foJrces opposed to the blade and torpedo, and from Equatic;n
(4) obt?.ined

K +‘,,cH = 6000 1bs. (7

The negligence of PVI was only jtfstifiablé for roug‘h‘calc(x)‘.atiohs.':

It was not inténdéd to give the impression that this force was invariably
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negligible. . Hudson and Hopewell (1950) cited evidence to show that’ ‘
the necessary,in‘creas'e in haulagé‘lteﬁsioh T when ?Hwas pérmitted

may be sufficient to cause the mole.plow to lift. '

- Exge;iir'nénts ,w“ith a model gave the '{aiio i{/CH ‘=(2\.~0 for a shal-
w10\;v \’m;rk.' ' Combihiné this ‘va.h’xe'an;ix Eqﬁation (7) yielde:d: |

K ' = 4,0001bs, (8)
e

CH 2,000 lb\s. ) (9)

w(;hild‘s" ca}culateq Cv from Equatipn (65 bfr substituting the appropri-
ate val\trl‘e‘s of various térms and found Cva 500 p‘oupds, 'Childs éxpressed
: tt}at it appeared.to-be possible f:o design a wvery light implgment to
work at a 'deptim as great as 30 inches. Ip such a case, with"a maxi-
‘mum tension of 10,000 pounds, a ‘b"efam of 1 square inch cross section
would be adequa‘te,. ax;d the;refore the breaking of the bear;‘owing to,
the tensile stress»exceéding the ultimate strer;gth may be ignored.

b .

The streungth of the beam and the blade was required chiefly to with-
stand the bending moments where the beam attached to the blade.

' Polpar,si‘(l97,0), developed a.h; equation for the power ,réquirement

A Lt e e : ' . !
 'to operate a mole plow at a very small speed as follows: -
' “ N ! Lot ' . ! ‘ '

CACN +LbN +LhN J4ACN +0.9 DN,
Fp 2 ALO N, + 2B Ny + 2By NJFAJ(CN + 0.9 DNy + YAN,),

A
oo, :

FRGBytS)C '(10)
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'in which
Fl'is the theoretical resistance of soil acting on the mole plow
based on Polparsi (1970) equation, lbs.

Ab is the bea‘ring a‘r‘ea of the blade, in. 2

At is the bearing area of torpedo, in,

© C is the cohesion of soil based on effective stresses, lbs. /in.2

N, NY and 'Nq are the bearing capacity factors, dimensionless

y is the unit weight of soil, 1bs, /in, 3
b is the thickness of the blade, in.

'.hl is depth of blade under ground, in.

D is the diameter of torpedo, in.
’ d is the distance from the soil surface to center line of torpedo,
in,
Kz is' the ratio of the effective frictional area to the ac.tual area,

‘dimensionless

3
i

S, is the actual frictional area of the blade of the mole plow
moving in the soil, ‘in, 2

,St is the actual fficgional area of the tprpecio of the mole plow

¢

moving in the soil, in. 2
The theoretical force required to operate the mole plow, assum-
ing K2= 1.'0,) was found to be approximately 25 percent larger than the

‘value obtained e'xperimaéntallyy Polparsi stated that the variation
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of both theoretical and.experimental resisting forces with mois-,
ture content was small in the range of excessively dry and wet
S ! " ' '

soil. This varidtion was large in the range of moisture content

suitable for the fnole channel construction

Moling Speed

‘ ‘According to Rowe and:Barnes (1959) it has loné.been evident
‘that the horizoritai force increased as the plow speed was increased.,
High speed operation was desirable because it offered a means of in-
‘creasi;xg,the out;éut of machines without adding much to the weight of
' txlactors or r;i;c’hines. They also stated that numerous tests of tillage
, imple‘roenf:s ho,d shown an increase in d;'aft ,of from 25 to 80 percent
when operating speed v‘va's doublod from 3 to 6 mph, . This was of con-
» sidera(l.)le ‘in‘.cerest to agricultural ex;'gi;qeers, since one of the major
‘ metliodhs ol inoroasing the co,pacity of farm machinery was ‘through
higher operating speeds.’ 'I“he draft increase associated with speed
was therefore a major factor liroiting the speeds at which i:t was feasi-
ble to use mole {plow?.

Norum and Gray‘(196‘4) oonducted experiments on moleld‘raiins«l
and limited the speed of oﬁeration to approximately onei and one-half
"r)nph'.

\Hudson, Hopewell Bowler and Cross (1962) stated that good mole

dramage work should be carrled out a.t a slow and ateady speed. The

1
Ly
f

faster the torpedo of the mole plow traveled through the clay. the
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more likely it was to tear the walls of the drain. They also men-.
tioned that there was a danger where a 'powerful tractor was used to
haul, the mole ’p}ow to carry out the work at too great a speed. They
q‘uoted an instance in which a few drains drawn at a speed of 3-1/2 to
4 mph were of very little use after only 2 years, An experiment to
determine the effect of speed of pulling was done in conjunction with
the direction of pulling, Outflows over a similar period indicated

no significant difference between drains pulled at just under 1 mph

and at 3 mph.

Mole Plow Design

Mayo (1.955) stated that the general construction of mole plows
was similar. As long as any adjustment for depth, the throwing of
the plaw out of the ground and letting it in were easily accomplished,
.and draft was not so excessive as to require unusually powerful trac=
tors. The three points that matter in its construction were the thick-
ness of th; bla%de, the size of the plug, and the method of attaching the
plug to the Vtorpedo. He described that it was not recommended to use
a blade grea'ter than 1/2 inch in thickness, as tests had shown that
earlier breakdown of mole channels occurred with the layer blade,
because it weakened the top of the channel at the junction of the slit
and the channel,

Henderson, etal, (1954), indicated that the moles were formed

- torpedoes rapging' in diameter of 3-1/2 inches to 6 'inc’hes,‘ with the'
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4 and 5 inch.sizes the most common,

Piper (1958) recommended that a.blade no more than 1/2 inch

.
i

thick ghould be used to prevent breakdown of the drain at the poipt .
where the slit and channel joined, F‘or the plug size it was p:;aferé.ble
to ha\‘r; a steady flow of water in a mole drain ratl;er fha;x the lar'g‘e

* volume of water that a 4~inch to 6-inch mole couid- ca.rxjy. Smaller
drains were stronger a:nd as they carried much less ;water they lasted
quxgpr, other conditions beiné equal. He recorﬁmende;:l plugs having
a diameter of l-I/Z‘inchlesv to 3 inches.

Harrison (1959) repbrted that m\oling in the Everglades mulch
soils*\wa.s. done with t;arpedo of bullet shape, 6 inches in diametex:,
fixed i’n'a g‘alvanized‘pipe 24 inches in length. The blade thickness
was 1 inch,

Childs (1942) used in his experiments the blade strip r‘na.de of
steel, 9 i;xch wide ana 0.75 inch thick and about 3 feet long, bolted -
and wedged in the bea.fr; in a position approximately perpendicular tt;
the latter. It was sharpgned at the lead.ing edge, and carried the tor-
pe.do at f:hg loner end,. The torpedo was a cylindrical b'l:llle‘i: of steel
which was fror;l 2 to 3-1/é inches in diameter, a.‘nd‘ was,'ﬁx"ed‘, ;iéidly
.to the blade. The nésg‘of the tcla‘rped:o was tapered off fromkt'h; top
to the bottom, ;o tha:t‘in profile it ,\wvas'\'s('aen to be chisei-shaﬁed. T‘he

tox"pe'do \%}asﬁ‘i:'ollovs‘/ed by a freeI‘y trailing bob,: plug or q:ipander
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consisting of a short length of cylindrical steel bar slightly greater in
diameter thgn; ; éhe to?pedo. tapering symmetrically at the fore end.
Céoper A 1,965) estimated that 80 percent of the draft on a mofe

plow ’camé from the mole as its leading edge came into contact with
undisturbed soil and rqade the initial break and lifted the soil the blade
touched. Thenose of a new mole had been cut off at a predetermined
angle from the round section bar of which it was made. Apart from
this slice, the remainder was round, The same mole plow, after hav-
ing done much work,was found to have the corners practically worn
off where once there was a flat cutaway nose. In all cases the nose
-of-the mole -was-to-be -cut ‘off -at -an angle of 30° or thereabouts , with

the flat cut on top. He also gave the following measurementsasa guide:

A mole 2 inchdia. and 8 inch long was enough to work 18 inch deep

Amole 3 inchdia. and 2 ft. long was enough to work 2 ft, deep

A mole4-1/2inchdia. and 3 ft. long was enough to work 2 ft. 9 inch
deep

IA, moleS-l'IZ inch dia. and 3 ft. 6 inch long was enough to work 3 f{t.
6 inch deep.

,Thé above sta;;ed measurements had been obtained by a process of

trial‘ and error over a peri<‘>d of ,yea.'rs. He also stated that, in all

‘cas\es, the torpedo should be seiyt pa.ra.llel~ to the ground surface, as

any dipping of the nose was quite unnecessary and would only call fér

more powe’r,at‘ the draw~bar, . If .it became necessary to dip the nose
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of the mole to obtain more penetration, lt»indicated that,the mole ’had
wofn out excess;ively and, neede‘cl replacernent.

Cooper also summarized the reqmrements of a. good mole plow as
follows:. it should be capable of producing 3~ 1/2 inch hole, clean and
round at a depth of 26 inches, To do this the mole must be set per-
t‘ectly parallel with the beam ahove and as this was the only part that '
held the maehine'in the ground at all, the minimum-diameter of the
torpedo must he 3 inches with a lenéth not less than 2 feet, 3 inch.
preferable several 1nches longer. .

Thts should be followed by an expander, attached to the rear of
the mole by a bar or chain yvhich should be of sufficient size to seal
the cut made by the blade, leaving a hole of the desired slze. It should
not be n‘eceseary to pitch the angle of ythe blade and mole to make it
sit down tight, as this practice only left' a ragged hole and created
too much gtoond disturbance immediately above, with a consequent
‘\;Neakeni’ng of the roof ofthe mole.

In determmmg the length of the beam, it should be remembered
that over 90 percent o£ the draft came from the mole which ehould he
lapproxlm'ate,ly’ 2 feet‘de\ep. ‘This meant that the maln resistanoe was
2 ’feeit below the line ofv"d,ralft {with the result that there vs;as a constant

strain through the pomt of reswtance trymg to get into lme with, the

draw-bar at the front end of the be'am. Practice had shown that the )

-

most suitable length for the beam was in the proportion of 5 to 1 W1th

the depth at which most of the work was to be done.
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THEORY

Forces Acting on the Mole Plow Based on Static Pile Formulas

3

The mole plow consists of a blade and a torpedo. In most arrange-
menis the resisting force of soil against the mole plow is equal to the
force required to pull the mole plow. The total resisting force is

equal to the sum of the friction resistance, F,, and bearing resistance,

f

Fb’ as. shown in Figure 3 and may be expressed as

Fotatic = Tb ¥ Fy (11)
where:
Fstat'ic—is total resistance under static conditions, lbs,
Fb .‘is total bearing resistance of the soil acting to the
front of the blade and torpedo on the direction of move-
' ’;nent, 1bs.
‘ Ff Nis‘the friction resistance of the soil acting tb the side

- surfaces of the blade and torpedo in the direction of

movement, lbs,

Bearing Resistance

The bearing capacity of a soil is the ability 61: the épil to carry,
a load without failure within the soil mass. - The‘loaa, carrying ‘cAapa-}

. city of soil varies noi:. only with its strengtl{ but also with the,
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. Direction of Movement
Y 12 \

Blade

e FN\‘/ ,{gmund’surface‘
'
N

™~ Blunt torpédo

"Figure 3. Resistances acting on blunt-front mole plow.

magr\itﬁde and distribution of the ljoad. ‘Wh’e’n ’a load is applied to a‘
soil in gradually: incrqas'ing améu;lts; t'He'soil déforrhs, making a load
settlemént curv;. ..The lo;'d‘set;flen"l‘ent cu;ve'éoes through a point of .,
“maximum ‘cu'rva.t'ure, ,ihdicg.ting failure within the soil mas‘s. Dif\fer-
ent curves aré obfa;pefi,‘ depen'd’ing on t}}e character of ‘the(’ soél tl;at is
ioaded.

*" It is"seen that failure of soil in front of tﬁq blade and torpeilo( takes

pl_a.ce in a number of stages. First, the so{l lin front of the blade or

i
y

Itcvir;}nedo deflects forward and bulges outward like a barrel. . Seco'nd,
there is cracking of the soil around the perimeter of the blade and’
torpedo. Third, a cone or wedge of soil forms in front of the blade

and torpedo which forces the soil forward and outward.
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Accordmg to Sowers and Sowers (1961), Terzaghi- Meyerhof gives

1

the general expression for bearing capacity for a long footmg as follows-

(Aqs)u = CN

where

YB

ZN+de (12)

f'q

s

A

‘ (Aqs);l is the ultimate bearing capacity of long footing, lbs. /in. 2

;
‘
. C

Y~
B

dg

is cohesion of the soil based on effective stress, lbs. /in. 2
'is the unit weight of soil, 1bs, /in, 3
is the width of footing, in.

is the depth of footing below the soil surface, in.

‘Nc, NY and Nq are the dimensionless bearing capacity factors

that are functions of the angle of internal friction. The

' term containing factor Nc shows the influence of the co~

hesion, that of NY shows the influence of soil weight and -
foundation width, and that of Nq shows the influence of the \
surcharge. The values for these factors are given in .

Figure 4.

The analysis of Terzaghi as sumes that the base of the foundation

is rough, '

This prevents the lateral movement of the soil in contact

with it and confines the soil as if it were a part of the foundation it-

self,. 'As a ‘result, the vei'tical loa.d"of the foundation is tlransmitted

V¢

fdu-ectly through the wedge into the soil below, and the angle of the

wedge wﬁ:h the honzontal can be asnumed equal tod. The surface of
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‘Figure 4. - Bearing capacity factors for the general bearing capacity

equation (G. A. Leonards 1962 Foundation Engineering, .
McGraw-Hill Book Company, Inc., New York, 542 pp.).

shear is approxima.i:ed by a combination of straight lines and loéarith-
mic spirals, .

‘The ana.lyses of Meyerhof d1ffers from that of Terzagh1 in a num- <
)

ber of respects. F1rst, the angle of the wedge is not assumed to be ¢.

Second, it is assumed that the shea.r zone extends above the feunda-

v

tion level, As'a result, the bearing capacity factors are somewhat

lower than ¢tho€se given( by Teria‘ghi

Accordmg to Leonard (1962) the choice of which method of a.naly-

! %

sis e best for any given situation is difficult because only 11rmted
) tegbdafca are available on full-sized foundations to venfy the computed

L . . . L
_'bearing cupacities. For cohesive soils there is some evidence that:
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the Me‘yerhof factors are better. The very limited data for partially
" saturated clays indicate that both Terzaghi and Meyerhof factors are

high.

Bearing resistance on the blade. The total bearing capacity of a
86i1 which is the .maximum load the soil can support without failure is
| eélual to the u‘ltime‘).te bearing capacity multiplied by the area to whlich’
it app]:ies. ‘Assuming this condition is applicable to the slowly moving

blade, bearihg resistance on the blade may be expressed as

Q= Ay (8 ) uwp (13)
where ‘
Ab ' is the projected area of the front of the blade in the direc-

tion perpendicular to motion, as shown in_Figure 5, in.

QI:; isthe bearing resistance on the blade, lbs,

(A qs)ub is the bearing capacity of the soil for the bladé based

on Terzaghi's suggestion, lbs. /in. 2
. Ge'ne' ral bearing capacity equations directly applicable to contin-
uous foundations whose length is greater than 10 times the width are
n‘olt greétly in error for footings where length is 5 times the width.
Thg analys;is is also based on a general shear failure of an ideally
plalsti;;:l“ma.terial whose volume and strgﬂgth are unchagéed By local

" rupture. . In materials whose strength.is reduced by local rupture,’ -
the local shear at the'edges of the foundation can bring a.f)ogt 'p'rgé‘régv-\

'sive failure with iittle'linéxjéase in load.
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'/'Z.Bearing area of blade, Ab

Bearing area of

%% torpedo, A‘t

</

k-D

Figure b, Bearing area of the blade and forpedo of the mole plow.

-In materials that change volume under the load or that undergo
la;'ge strains before ;'eac;hipg failure, "forwa;rd movement of the soil
wedgeq in front of the blade and torpedo may only compress or distort
the soil without. straining it sufficiently to produce general"shear fail-
ure. No ra.tion;tl analysis for this condition has been derived. Terzaghi

has suggési:ed an empi;'ical correction to‘ the bearing capacity factors
in such soils by using ¢ ! for ¢,
whe;re

| ‘tan ¢! =-§-ta}in¢ (14)

" and replacing the cohesion C by C! = % C.

For a mole plow moving very slowly through clay soil, the',bearing

‘ capacity for the blade assuming as a continuous foundation can be
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expressed as
N ! == N! (15)
in which

h1 Fis the depth of the blade underground, in.

b is th;a thickness of the blade, in.

"C and Yare the same as previously defined

N;:" Ny' and Nq' are dimensionless bearing capacity factors for

continuous foundations obtained from Figure 4 for ¢' in which
tén d)' = ':‘tan ¢0

 Bearing resistance on the torpedo. Several approximate theo-

’ retica:l analyses have been .nade for the bearing capacity of round foot-
&ng”s; All are based on theoretical considerations plus experimental

} tlliata, and from the practical standpoint, the differences in the predic-
tions are slight., Based on the equation for bearing resistance on a
circular footing suggested by Sowers and Sowers (1961), the bearing

resistance on the torpedo front may:be expressed as:

CN_+

) 0.9D
a c 2

' N + ydN - 16
lag) YN+ yd N e

:,whe‘re |

D.is the di?.rﬁeter of :the torpedo, in, -

d is the ‘dépth of 1’:he torpedo from the soil surface to the center-
- 1'ine‘ of the‘,t'orp‘edo, in.

Yy C,'Nc, NY and Né are the same aisg previo&slir‘ ciefinqd. A

i
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In a normally consolidated clay, local shear failure occurs at a . .
: much lower value than ultimate, ' On the other ha'nd(, ‘in o‘verc“ons:ol(t- 1
.dated clay, the bearing capacity based on local and that hased nn
general shear is quite snmlar. Accordmg to Lambe and Whrtman

. (1969) the followmg equation considers the affect of local shear and

may be -used to find the bea.rmg capacity (A qs)u '
- ; 1
0.9D Y

= —-————- 4y ‘ | 1
(8g), = £CN * Nyt N o an

where

q ) is the bearing capacity of the soil in normally consoli-
1 A

dated clay for _round footmg, 1bs. fin. 2

f ‘ 1s a factor for local shear failure varying betv)een-g-

" for a stiff clay to 1 for a soft clay.

C,. y, D, d, N N and Nq are the same as previously defined,

The bearing. capacity for torpedoes having a sharp front end may

“ be expressed as

09DY

(Aqsut-K (fCN + =

d ‘ 18 ‘
le here .

N q ) ut is ‘t‘he bearing cépa.qity of torpedoes with different frént
. 8 ; ‘ ;
’ .l end shapes, lbs. /m. 2

1 | bearing capacity reduction fa.ctor for elhpsmdal bearmg

1

area of torpedoes with dlfferent'front end shapes, dxmen-

‘K'

sionless
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Other terms are as defined previously.
The bearing resistance of the soil on the torpedo is equal to the
product of the bearing capacity on the torpedo and projected area of

the front of the torpedo and is given by the equation:

Q= A, - (8 )ut (19)
in which
i Qt is the Bearing resistance of the s0il on the front of the
éorpedo
At~ is the projected bearing area of the torpedo perpendiculaz:-

to the direction of motion, in.

(A qg)ut is the same as previously defined,

The total bearing resistance on the mole plow Fb is the sum of

- the Qb anth and can be expressed as follows:
Fp=Q, 0 (20)
or

+

Fy = Ay (8g )y + A, (8 (21

)
qs ut

Frictional Resistance

According to Lambe and Whitman (1969) the frictional rpéiqt#pce
along the pile surface is as follows:

S, =C+ .0 tan ¢ (22)-
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whe re

S, is the.shaft resistance of the pile, 'lbs. /in,©

C .is the cohesion based on effective'l's(tvr‘es,se‘s, lbs. ’/in.2

AT N 1 2
g is the effective stresses, lbs. /in, ,

¢ is the,a'ngle of internal frictio;'l angle, dimensionless.

Sowers (1961) expressed that shaft resistance acting along the
“pile is equal to the sum of the friction and adhesion of the soii on the
pile or to the shear strength of the soil immediately adjacent to the pile,

whichever of the two is the smaller., If Ss is the shaft resistance, then
S8 =C+ :&—tan $, or (23)

=@ 40 tan 8, whichever is smaller. (24)

where

Ss‘is the 'shaft resistance, ‘1bs, /in, 2

o -is adhesion to the surface, lbs. /in. VZ
¢ is the angle of friction of the soil on the pile surface, degree

C, 0 and ¢ are the éq.me as previously definegl.

Typical values for @ ‘range from' 0,8 C to 1.0 C, depending on the
surface rougfme'ss. Sowers also mentioned that tan 6§ varies between -

‘0.2 and 0. 4 for. smooth steel.

Th‘,e effective stress of soil is deﬁhed by the equation,

g=0~u (25)

. where
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'O is the effective stréss, 1bs. /in.2
6 is the total stress, lbs. /in.2

u is the pore pressure, lbs. /in, 2

If external loads increase such that the induced pore pressures
develop as high as the total stress écting on the soil, shear strength
from Equation (22) becomes

s, =C (26)

The total friction resistance is equal to the product of the shear
strength and the effective frictional area on which it acts. According
to Lambe and Whitman (1969), in stiff clay soils there is evidence that
the entire area of the pile shaft is not in full contact with the soil.

| ‘For a mole plow with a blunt {ront on the torpedo as shown in
Figure 6, the frictional area of the blade is the surface on both sides
of the*portiop'c;f the blade below ground surface, The frictional area
© of thé torpedo is the area of the cylindrical surface of the torpedo.
The total effective frictional area of a mole plow may be express(ed as

S, = Ky (S, +8,) (27)
where

S_ is the total effective frictional area of the‘niole‘plow, in, 2

¥

Sb is the actual frictional area of the blade, in, 2

1

'S, is the actual frictional area of the torpedo, in.z

K, is the coefficient of the effective frictional area, dimensionless.
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' .. Ground surface

TR .
.’..c“v.‘n
.

R '../ Frictional area of blade, Sb

e

, . Frictional area of torpedo, St

s oa e

Figure 6. Frictional areas of the blade and tbri:eiio’witha blunt front.

'From this concept, the total frictional resistance of a mole i:low
in clai soil and 0=.0 is a8 follov&s:
Fe=K, (5,+8)C . (28)
‘where
Ff is the tétal‘f:rictibnal resistance, 1bs.

K S, s and C éyrj&the same as previously dr;fined;

b’t

By combmmg Equattons (15), (18), (21), a.nd (28), the total resis-

tance of the clay soil ona mole plow based on foundahon and p11e

£oxjmu1as may be,wrztten as
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‘ h
I b 1 \
— ! —— 1
Fstatic™ “p 3 CN +ZYN 5 YN )+ A (ECN
‘“ 00 9 D Y
+ 2 NY + de Nq) K1 + K2 ‘(Sb + St) C (29)

This equation indicates that the force required to pull the mole
* plow through a clay soil at a very low speed may be determined if
" the cohesion, the aﬁgle of internal friction, the unit weight of the soil

and the coefficient of the effective frictional area are known.

Dynamic Resistance on the Mole Plow

In practice a mole plow is drawn at a speed of 1-1/2 mph, and
therefore the soil resistance on the plow should be based on the dy-
namic failure conditions rather than the foundation and pile equations.
When drawing a mole plow through plastic soil such as clay soil,
the relation between temporary dynamic resistance and permanent
resistance is uncertain, ' In comparison with pile driving, Leonards
( 196ﬂ2) indicated that the friction during drivfng is much less than 'the
fric'tion‘ later, but the bearing resistance is far greater than the resis-
tance under a static load.

~Schimming, Haas and Saxe (1966) had‘develépéd a direct ghear
device on which the shea:ring resist;nce of the entire range of soil |
typeé (could be measﬁred under both static and dynamic testing condi-
tions. They stated that all soils could be categonzed by one of the :
envelopes. Thus, 1£ the effect 9£ time to fa11ure can be. related to the

K
H

. Mapparent coheslon (Cl)" and "friction angle (¢)" which are functxons
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of soil properties, there exists the potential postulate of a unified

description of the effect of test duration on maximum-shear resistance
for all soils. The apparent cohesion may be expressed as

: '_‘_ (Cl) dynamic
ACR = (C) static

(30)
where

" ACR is the apparen@:'cohesion'i'atio, dimensionless,

. The authors indicated that the dynamic failure envelope of pa1r-
tially saturated clay soils indicated the significantly consistent re-
sponse of a'doubling of the ‘apparent cohesion intercept‘ while the

friction angle remained unchanged as shown in Figure 7.

50

COMPACTED JORDAN BUFF CLAY 4 OTTAWA SAND
' 40 Molsturs  Content 16 % }
) Dry Demiity 108 pet
Dagres of Saturstion 76 %
Hatlom 30}~ v N

h
. . . <
e Dynamic” Foilure Ermbp>/ ) ' / )
o T / s ' © f.

P!
.

0 0 20 30 40 50 60 70
Normat  Stress  (pal)

‘F{ig'ui'e’ 7. Typical failure response on partially saturated Jordan Buff
Clay plus Ottawa Sand (Schimming, Hoas, and Saxe, 1966
study of dynamic and static failure envelopes, Proceedings
of the ASCE, March 1966),



39

From Equation (29), the total soil resistance on a mole plow
based on a foundation static pile formula may be expressed as

Fstatic = fl (shape and dimensions of plow, ¢, C, Kl’ Kz)‘ (31)

' For partially saturated clay soils indynamic condition, the internal
of friction angle ¢ is independent of speed, The cohesion, varying with
the speed of the mole plow as indicateﬂ by Equation (30), is equalto

ACRX(C) Assuming K1 and Kz are independent of speed of the

static’

mole plow, the dynamic resistance on the mole plow may be written as

b h1

e .2. ] o= ] —— t
Faynamic = 4p G C1 N 2 YN+ 57 YN+ A (ECy N+
0.9dy ,
7 Ny N K) 4K (5, +5) C) (32)

in which C, = ACRX(C) . .. and all other terms are the same as

o 1 static
previouslly given.

From. this equation force required to pull the mole plow through
the soil at a certain speed may be determined if the apparent cohesion
ratio, angle of internal friction, the unit weight of soil, the coefficient

of the effec;ive frictional area K2 and reduction factor K1 a:re known.



EXPERIMENTAL EQUIPMENT AND PROCEDURE*

Equipment
Soil box, A box with mternal dtmensxons of 10 mches w1de. 18
inches long, and 11 1nches htgh was ma.de of Plextglas 1/4 inch thlck

I

To prov1de a passage for the mole plow, two shts about 1 inch wxde ‘
and '6-5/8 inches lon’g were cut in t};e short sides of the box as shown)
m Fi'guz"e 8.‘ The slit:s'wéakened the strength of the bo;c, therefore, "
| detach;l;le side plates |5 inches wide and 8 inches long were attached‘
to sE;Jéngthén the sides during the soil compacting process. . Hori-
’zonté.l Jiines indicating 1/2-inch.layers-were marked around the box ’
to~faclilitate~soi1 compacting as will be déec;ibed in the test pxié)cecl‘ure.
'i‘he” entire soil box was shupp‘orte\d on the ‘oizt(side Sy a steel frame as
's‘hovyir’n in ‘Fi‘gur‘e 8. " |

. | Mole B. low. Two sets'of mole plows were built for use in the .
: e;:perzments. : The ﬁrst set consmts of 5 r;lole plows as shown in
: F1gure 9. Mole plow"a“ ha.a only the blade 1- 3/4 mches w1de and
1/8 inch thick, Mole plow"b" has the same size of 'blade as ""a! but it
a]:so has a torpedo 5/8 inch diameter and 2-1/4 inches, long with a
‘bi;mt front end attached. Mole plows ''¢'t, "d' and "e' l\1a\{e sim?lgf:

‘arrangements as "'b" except that the front end of the torpedoes was ..

sharpened to an angle of 45°, 30° and 15°,



Roller .
‘t bearing No. 1 for ver-—‘\
L No. 2 \ tical force
- ‘ Main member of pushing beam
4t P

4

t

Plexiglas Roller

soil box bearing

No. 1

vl -

Sm—— .

: R el
-~ -g_»— R, - , -

Figure 8. Mole plow being pushed through the soil in the soil box.
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) The‘rtiole plows in the second set are similar to those in the first:
~set eg:c;ept',thet the sidee of the blade on ;"a["" were n;xadejthinner than
the front 'e'd(g‘e‘to'eliminate the “‘frictional re'sisience, and the cylindrical’
surfece of the tofpedees wae removed in ‘orlder to elimina.wte the fric- ,
‘1':io‘n'on the torpedoes as shown in.Figure 10'.

TamB‘ er. A tamper was made of a.‘ ateel plate 3/32 inch fhick,
5 inches by 5 inches in area, welded to a handle 1-7/8 inches in dia-
meter, and 11 inches loné. The total weight of the tamper was 10 |
pounds,

. Pushing beam. A specially designed pushing beam equipped with

two ealibrated proving rings as shown in Figure 11 was used to push
the mole ;;low through the soil in the box. The force required to push
the mole plow and vertical force during the experiments was measured
. by-the two proving rings which had been ca.hbrated pnor to the tests.,
With the known deflection of the proving ring read from the dial indi- -
_caters, the corresponding horizontal a:nd vertical forces were ob-;
.tained from the calibration curves. The general arrangement‘ of 'the

. pushing beam and soil box is shown in 'Figures 8 and 11,

Method of Procedure

The soil used in the expenments was taken from the Irngatmn
and Dramage Farm of Utah State Umversu:y, Logan, Uta.h.

The soil was drzed and pulvenzed before rmxmg wd:h the water "

‘to the 27 percent moisture’ c’oﬁtent. The .bulk density of the
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Proving ringNo. 1 for vertical force

. R L S

Roller
bearing No, 2 -

-

-Main member of pushing bearri o .
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'
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Mole plow. e
\
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Proving ring No. 2 for . [
horizontal force

. 4
.

14

- Figure 11. Pushing beam equipped with Proving rings and mole plow (soil box not in place).
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undxsturbed so11 was 1,32 grams, per cub1c centlmeter.
In each test run a ptedetermmed amount of so:l that would ﬁll
the Plexiglas‘ soil box to the top layer mark after bemg compaoted ]
to aduﬂni}form bulk dry density of“’i‘. 32 grams per cubi‘e centimete'r, was
\\put' in a 1.5 cubic foot electric mixer, A pre-estimated amount of
water was added to the soil by a 'sprayer‘ while the mixer was in motion
to ,assure a umform mo1sture distribut on.
After the soil had been thoroughly mixed to the desired mmsture
| content it was removed from the mtxer and separated into 20 equal
parts by welght. Eacv part was kept in a water t1ght plastic bag until,
: (it was 'ready to b,e compacted in the soil bo;:.

,Then the ‘soil from'a plastic bag was sl\are‘ad evenly in the soil box
aud,compacted to fill a la&er mark*tn the ‘b‘ox. A similar procedure
was repeated until all the soil from. the 20 platic bags was-compacted
and filled 20 layers in the box. - This method was used to 'obta"ih a uni-

- for mlty of soil densuv throughout the box. '

The mole channel was constructed by pushmg the mole plow ~
through the soil m the P1ex1g1as box wzth the pushmg beam. Read- |
ings were taken from the d1a1 gauges of the cahbrated provmg rings
wh11e the plow was passmg pomts at 0 3, 6 9, 12 15'and 18 mches
from the begmmng. But for 0.05 and 0. 10 mph speeds, readmgs

were taken only at the points 3, 9 and 15 inches, from the begmmng.

becaii'se gauge reading is difficult at high speeds.
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.- Foilowing' the force measureménts, ‘ 6 soil samples were taken
fro‘n)x:é locatip;xs itn th\e box for the dete;'mix'xation of the actual mois-
. ture content c’>£ the soi}. The moisture content was dete;ininec! by
, grairimJetric method: drying the sample jn an oven\and findinJg the
~ weight loss and‘ the dry weight of the soil, ~
| Six undisi;u‘z"bed sc.)il samples were also taken from the 6 locations
in.the box.for direct shear tests. The shear tests were conducteél
to find the relationship between the cohesion and the angle of internal
fric'tion of the soil versus the moisture content,

Altogether 55 test runs 'were conducted. It was intended to pro-
' duce thc; moisture content of the soil of 27 percent in each test run,
But the actual moisture content varied from 26, 5‘ percent to .27. 5 per-’

cent on a dry weight basis.
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RESULTS AND DISCUSSION

Experimental Resistance of the Soil on a Mole Plow

The plow was attached to the pushmg beam by a fricl.onless hinge
at point A. The pushing beam was designed in such a way that the
magnitude of the horizontal and vertical resistances can be read from

' ‘

the pro{ring rings. A sketch of the pushing beam equipped with the

mole pldw and provihg rings is shown in Figure 12.

Frictionless
hinge :
Upper member of

pushing beam Frictionless
/ ‘ hinge A

- Proving ring
Proving ring No. 1 Dial No. 2
Dial indicator indicator
' (o)
® [ \
A W”’\
Main member of Roller
pushing beam Blade of bearing No. 1
mole plov:_Ly/ Torpedo

Roller bearing of mole plow

No.2

Figure 12., Diagrammatic sketch of pushing beam equlpped Wlth the
mole plow and proving rings (scale 1" = 1'),
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The relationship of the forces on the mole plow and the pushing

beam may be described as follows.

FR ié the resultant of the resistance of soil acting on the mole
plow, 1lbs.
H

v ' :
F'" and F are horizontal and vertical components of the resul-

tant force FR, 1bs.

is the horizontal force acting on the blade at roller bearing B,

ot

1bs,

[ B>

and FZ are the horizontal and vertical components of the

forces acting on the blade at hinge A, 1bs,

ng

is the vertical force acting on the pushing beam; can be read
from proving ring No. 1, 1lbs.

4 is the length of upper member of the pushing beam, in,

¥

: A g : ;
2 5 is the distance from FS to the end of the upper member, in.

R1 a‘nd,Rz are the reactions on the roller bearing support No. 1

- and No. 2, lbs.
F6 is the horizénté.l force to pull the plow acting on the beam;
' can be. read from proving ring No. 2, lbs,
" From Figure 13 a, . for static equilibrium of forces,

. FY o= FV : ‘(’33;) |
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, I ' — Hinge A .
-H
"K.Fz
: vl |° FII‘r
O

L | ,
B . C 4 ﬂ'
F4 » I:Iinge A
i ] P
v F A4
, 5
F4 | FZ
b. Upper member of pushing beam
v 4
Fy | L
I H - 2 o I Location of mole plow
- F 4 ‘ Fv when a.ttac'l'fed -
' 5 () '
l l : Roller bearing B
H || / C
— P TF
. 1 K
I ]
"R, : i R
. T2 4’.".:5 1

c. Main member of ppsh{ng beam

Figure 13, Diagrammatic sketch of forces acéin/g on the rxiole' pioﬁy_ and
pushing beam
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and o FH = FI: - FIZ_I , (34)

From Figure 13 b, 'fqr static equilibrium of forces,

v v v | |
rz - Fg - F 4 (35)
. H__H I
and F, =F, (36)

Similarly, for the main member of the pushing beam,

H q .
F,=F, -F, (37)

A ' v
and Fy=Ry- 32 tFg (38)

Members of the pushing beam and the mole plow are attached to
e!achlother by hinges made with ball bearings., The friction at'these
hinges are quite small and can be neglected,

4

From Figure 13 b, taking moment I M, = 0

v A\ H
Fg g =F, 2,-F, & (39)
- ) 2
CwV V.5 "6
or L Fz = F5\z4 ’ neglectmg I«"2 24 (40)
Combining Equation (33) with Equation' (40),
S}
wV_ LV 4 .
F'=Fy U (4).
By combining Equation (34), (36);and (37),
Fl=F, (42)

Equation (42) shows that the honzontal component of the resistance

. of the 3011 actmg on the mole plow is equal to the force read from
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‘proving ring No. .1, ”T»a.b’lé 1 shows the hbrizohtal i'es,ista‘ni:e FH‘\;.'hich
- L . A o 1
*iré?th‘e'ho:rizontall componént of the total resistance of soil acting, on the
o o Lo ! "‘ [ “ . X v .

mole 'pldw aﬁq obtained from 9?cpgfimepts using >th’¢';.{first'set”of m'olle
‘plovy;s.’ :Ti}egefore tixe r'esis:tanc’e,b shown arel the";:or'nbixi'ﬂed ,beé.rin'g a:pd

| .frig::t'i‘qna‘l resistances. . '1“1‘13 Qin};aftablé lists’ the fn'oistﬁre content of
the's;)il’ m ea‘clrl‘ test run, | The curves showing the variat‘ion of these
resis‘tan'c(:es with the speed were ﬁr;pareq as’('sl"xo'wn in Figure 14,

rSiﬁmilar experimén’cs were conductéd‘usin'g a second set of mole

" piows which made it possible i:o ﬁnd the ‘bea.ring‘ and frictional resis~

* tances se'parately. The first ;:olumn in Table 2 showys the horizontal

bearing resist?.nce of the soil aéting‘onxth;a l?lade. Other columns show

i:};e sum of both frictional and bea.ring‘resista‘nces on the blade and only

the bé,a’ring resistance on the torpedo. 'From Table 2, curves showing
the variation of these forces with'speed for torpedoes of different shapes
‘ are shown.in Figure 15,

_From the values in Table 1 and Table 2 the exp‘erimental frictional

‘resistances acéing on the mole plow (i.e., ‘blade and toi‘pedd) were

t

computed as shown in Table 3 and plotted in Figure. 16.

The experimental bearihg resistances on the torpedoes of differ-

1
i

ent shape are computed in a similar manner and are shown in Table 4.

| Figure 17 shows the variation of these resistances on the torpedoes
of different shap‘,eé and moving at different speeds. The eqdations

i

: 1

- showing on the curves for resistance versus speed on the torpedoes ‘of



Table 1. Expérimenta.l horizontal frictional and bearing resistances acting on the mole plow -

90° Torpedo o._ ) o o
45" Torpedo | 30 Torpedo | 15 Torpedo

. 1
Speed Blade Only (Blunt Front)
mph Horiz. Horiz. Horiz. Horiz. Horiz.
Force M,'yc° Force M¢7 C. Fofce M,;]C" Force M(.yC. Force M(% c.
1b. ¢ 1b. ¢ 1b. ¢ 1b. ¢ 1b. ¢

0.0085 | 150.0 | 27.1{255.0 | 27.1 | 261.0}26.7 | 253.0|26.9 | 257.0 | 27.1
0.0085 |150.0 | 27.0| 252.0 | 27.0 | - - -. - - i

0.0107 | 155.0 | 26.5| 260.0 | 26.8 | - - | 260.0|26.5 | - -
0.0136- | 158.0 | 26.5| 262.0 | 26.8 | - - | 262.0|26.5 | - | -
0.0511 | 166.0 | 26.7| 278.0 | 26.7 | 272.0|26.6 | 270.0|26.9 | 265.0 | 27.1

0.1022 | 177.5 | 27.2| 295.0 | 26.7 | 282.5]27.2 | 277.5|26.7 | 270.0 26.9

Note: M.C. = "moisture content.

€5
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o X . )| _
a.. Total horizontal resistance on blade vs speed

0.01 0,02 0.03 004 0.05 006 007 0.08 009 010

Speed mph

“"b. Total'horizontal resistance on blade and torpedo

of different shapes vs apeed

90°torpedo, F=250, 294681, 427 -2403. 62V2

~ 45° torpedo, -
F=258, 55+291. 81V-563, 73v2
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150 torpedo, F=254, 98+245, 01V-959, 70v2 .
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Experimental horizontal {frictional and bearing resistances

“on mole plows of different shapes



“Table 2. E:;pé;:imental horizontal frictionai and bearing resistances on the blade.
plus bearing resistance on torpedoes of different shapes

. S[:;eet'i Blade Only ?}(E)-fu;ftor‘rz 2:1:) 45° Torpedo 30° Torpedo 15° 'Iférpec.lioF
B T Bl [ B e o Taee. | Boe o

1b. E T | % e | % | . Tl | %
" 0,0085 | 62.5 |26.5 | 227.5[26.8 | 232.5 | 26.6 | 228.0 | 26.5 | 226.5| 27.3-
'0.0107 |- 65.0 | 26.6 | 232.5]26.7 | - - |230.0 | 26.8] - -
0.0136 %p.o_ 26.6 | 235.0]26.7 - - |232.0 | 26.8| - -
"0.0511 | 80.0 | 26.7 | 242.0] 26.6 | 240.0 | 26.9 | 237.0 | 26.6 | 232.0 zjfo
0.1652 90.0 | 26.7 | 257.0 27.1 | 250.0 | 26.9 | 245.0 | 26.9| 237.5| 26.8

Note: M.C. = moistﬁré content,

g
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ae quiiohtal bearing resistance on blade vs speed.
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Figure 15, Experimental resistance on the blade and torpedoes of "

t, mole plows of different shapes
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Table 3. Experimental frictional resistance on the blade and
torpedo of different shapes

S:J::S' %J:lie (9]3(:)1(:1:1‘:01:“52:]1?) 45° T;)br.pedo 30° Tlol:.pedo 15° T;)l:'pedo
1b. 1b.

0. 0085 87.5 27.5 28.5 25.0 30.5

0. 0085 87.5 24.5 - - -
0.0107 { 90.0 27.5 - 30.0 -
0,.’013'6 88.0 27.0 ‘ - 30.0 -
10.0511 | 86.0 36. 0 32,0 33,0 33,0
0.1022 | 87.5 37.5 32.5 32.5 32,5

Table 4. Experimental bearing resistance on torpedoes of different

shapes

Speed ?]g:u::l:l;:ig 45° Torpedo 30° Torpedo 15° Torp’e&o

mph b, 1b. 1b, 1b.
.0. 0085 77.5 82.5 . 78.0 76. 5
0.0107 77.5 - 75.0 .
0.0136" 7.0 - 74.0 -
10,0511 76,0, 4.0 71,0 i ‘6616 |
0. 1022 80.0 " 72,5 67,5 600
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5 110~ a. Horizontal 'friﬁtibnély'resistg.ncd on blade only vs spead
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Figure 16, Experimental frictional resistance on the blade and tor-

pedoes of different shajes
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differént shapes in Figures 14, .15 and 16 were obtained from corres-
. ponding experimental data in Tables 1, 2 and 3 by fégrgésion analysis
. on computer programs.

In'Equation (32), ‘Gi is the dynamic cohesion of the soil'which ' .
varies according to the test duration used on the shear stress appara-.

i

tus. The test dura.ti'o'n may be set to simvlate the speed of the mole

p16w~moving through the soil. In this 'researc\h the shear apparatus

4

capable of measuring the shear stress under dynamic conditions is not
available. Consequently, no data on dynamic cohesion of soil are avail-

able and the theoretical dynam'ic resistance of soil on a mole plow

cannot be computed.

"Theoretical Resistance of the Soil on a Mole Plow

The shear strength of the soil at the time the mole drain was con-

L

structed was found by direct?‘siaea.r tests.  As mentioned earlier, 6
samples were taktyan' from the's.oil box in each test run for direct shear
tests which were pérf;rmed toﬁ f{n& tlhe cohesion and angle of internal
friction of the soii. . The result of.the test \isl qhoWn in Figure 18.

All the tests v;/ere intended to be conducted with the soil having

- moisture content of 27i1p'ercmt ona d';'y weiéht basis., But it was diffi-
cuit ‘to obtain such a constant moistﬁre'cénté’nt in'all test 'rulns.t lThé
ac‘tt'zal moisture content varied from 26,5 to 27.5 percent.. In order
to b‘e‘ able to make an 9:dj'us§mé\;1’t <’:fn the ;'esigtance‘ .in t'h; calse wl;ere

A
¢

-the actual soil moisture content in the test ‘c'li'ffers from 27 percent,
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'Méiature content = 25,8%, C=0|.46‘ kg/cniz, $ = 39.00

Moisture content = 26.5 - 26.8%,
C = 9,39 kg/cm?, ¢ = 37,20

Moisture content = 26.9 -~ 27, 1%,
C= oo 39 kglcmz, (b = 36- 80

h)

_ Moisture content = 27,2 - 27, 3%,
C = 0.37 kg/em?, $ = 35,8°
Moisture content=27,5%, C=0.36 kg /cmz, b =35,2°

Moisture content =28,0%, C 0,33 kg/cmz. ¢ = 34, g°

LB L) ¥ ! , L)
0.10 0.20 0.30 0,40 0.50

Norﬁxal stress, kilograms per square centimeter

Figure 18, Relationship'of shear strength and moisture content of the soll
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Figures 19 and 2¢OY were plotted from the results of the direct shea{r
tests to be used'for such adjﬁstméntq‘.

‘;I.‘heorertic‘:af force req}zirgd'to pv:111 the mole ‘1‘)lolw wlith‘ the blqr;t »\
‘ front end or 90° torpedo based on'stat‘ic formula wa‘s‘ computed by |
: Equation (29) as shown in Table 5. |

Fpi‘l the mole)plow.s ;vith torpédogs havfng different shapes ;)f the
froxy'xtx epd,' ﬁéuafzipu (29) may be used if Kl is known. In'this study .
no dataL. for K1 are availa‘lble‘ and therefore the total resistances on
thé,x;nole ploxa;/s based on static. con‘ditio_n for other shapes of torpedoés
could not be computed.

It"« the speed of rﬁéyir;g the mole plow is high, the effect of specd
on the soil resistance has t‘;o’.'l(ae considered and Equation (32) may be
appli‘éd'. Dynamic cohesion C | may be obtained from a speciall'y‘de-

signed shear apparatus.

Discussion

There are several factors effectin'g’the force required to pull thé
mole plow ‘of which the soil type, moisture content, buik density, shape
of plow and speed of operation are the major factors among ‘them.

Influence of moisture content on soil resistance. The influence

of the moisture content of the soil on the resistance is obvious. From
the shear test results of the clay soil used in the research shown in

‘Figure. 18, the cohesion decreases rapidly as the moisture content in-

creases ‘while the angle of internal ‘frictioﬁ is only s}ightly affecte& by
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Computatlon for frtcttonal and bearmg resistances on the
‘mole plow with 90 (blunt front) torpedo

a. Values of ¢, C, N N » N , y for soil used and hl' d for mole
" plow q '
Imc.| o c C. ‘ hy | d
o 2
% | Degree Kg/cm2 1b. /in.2 Ne N‘Y Nq lb, /in. | in. | in.
27.1| 36.8 | 0,392 | 5,41 |65 55|52 0.061 |4.87|5.18

b. Correction of ¢, C, Nc, NY and Nq values for the blade.

2/3 ¢ 2/3 C , , ,
Degree b, /in. 2 Ne Ny Nq
24 36.1 25 12 14

Computation for bearing resistance of the soil on the blade

Ce
yb
W in | 2 N '2 Y‘Z" Ng' | “adup | Ay %
» /10 1b. /in. 1b. /1n. b, /in. % | in.2 1bs.
90. 250 0. 045 2.599 92.895 0.61 56,666
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d. Computation for bearing resistance of the soil on the plow with

a 909 torpedo
0. 9 D
2/3¢N_| 09D ol aN (895) oy | A Q,
2| 2 LY 32 2|2
1b, /in. 1b, /in. 1b, /in. 1b. /in. in, 1bs.
234,433 0.944 16. 431 251,808 0.31 78.060

Computation for friction resistance of the soil on the blade and

e.
the mole plow with a 90° torpedo
K2 5, C | K25 C | F.=K,(S_+5,)C
b £ 2'b 't
© Sy | St | ®,= 1) | &, =1) ® = 1)
2 |, 2|, 2 2"
1b. /in, in, in, 1bs. 1bs. 1bs.
5.41 17.00 | 4.42 87.500 27.500 115,000
f. Comparison of the experimental and theoretical resistance on the

blade with a 90° torpedo

E . tal Theoretical
Type of Resistance l:pe.rltmen 2 Resistance, Speed
esistance 0. 0085 mph, 1b,

Blade Friction 87.5¢C0 91.970
Bearing 62,500 56,666
Torpedo Friction 27.500 23.912
' Bearing 77.500 78.060
Total Resistance 255,000 250, 608




66

‘the change of the moisture content in the range tes't'ec(l. By examining
Equations (29) and (32) it may be’ seen that. variation of the cohesion of

“ the soil has a large, direct effect on the scil resistance.

Effect 6f~th§ speed and shape. From Figure 14 b, the soil re-

*sis:‘tanée‘ on the mole plow at ]:oW‘ speed appears to remair; chhe séfme
regardless of the shape of the front end angle of the torpedoes used.,
Wh;n the sp;e;l increases, the effect of the shape of torpedoes begiﬁs ,
to ‘;ﬁpea;r. At i:iae speeé of 0.’10 mph, the mole plow with the ;:oxlpedo
of 15° front angle shows appr;ax%mately 10 percent less resistance than
that for 90° torpedo.

In order to analyze the effect of the shape of the torpedo and the
s;;eed of the mole plow on the soil resistance, it is necess'a.ry; to study
each part of the mole plow, i. e.', the blade and torpedo, se‘parat‘ely.

Fi'gure 2] shows that the frictional resistance of the blunt blade
does n9t increase wit}} the increase in speed, This can be .expla.ined

that while the cohesion, C,’ incréasgs with the speed, K, may decrease

2
prdportionally and result in‘ almost constant frictional‘resia:tance. The
i)earing resistance inc‘r‘eaaes approximatély 40 perc;ent when the speed
chaﬁges from 0.0l mph to 0.10 mpﬁ.' Tilerefore, tixe increase in total
soil resistance derives from the in'cre‘z},’sve in geqrfng resi§tance of the

the blade due to the effect of speed whickh éauses the cohesion of the

soil to be higher.
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Blade as shown in Figure 9 a.
(bearing and frictional resistance)

Blade as shown in Figure 9 a.
(frictional resistance only)

Blade as shown in Figure 10 a.
° (bearing resistance only)

T ; 7 1 ! 1 ! T ! ]
0.01 0,02 0.03 0,04 0,05 0,06 0.07 0,08 0,09 0.10
Speed mph

Figure 21, Experlmental"soi} rasistance on.the ‘blade



68

The shape of the torpedo appears to have no significant effect on -

frictional resistance ‘(see Figure 16 b) whether at a low or high speed
used in the experiment, This phenomena may be explained in a simi-
lar manner as for the blade that while the cohesion of the soil increases

.

zu‘aecreas'es proportionally to maintain

with the si:e'ed, the ‘vahie‘ of K

almost a constant frictional resistance. An interesting finding on the

§

effect of the shape of the torpedo is that Figure 17 a indicates the de-
crease in soil bearing resistance on sharp front angle torpedoyes as the

speed increases in the range experimented. The explanation of this

phenorr{'ena is thathl“decreases with the speed at the rate higher than

‘the‘i;}c'rea;ie Aoyf the soil cohesion with’ the speed. E%riden%ly K, appears
to‘vary w.th the s‘hap;e and speéd of the mole plow.

F“rorﬁ the al:;o;re diqct;s;sion it may be concluded that the frictional
resistancg 'on the r;zdle plow 'is not affected bir the: shape and spéed of
!:ize mole p‘low. The bea.riné re‘sist‘ance on the tc;rpédo with the blunt
front increase'; slightly wit‘h the speed but this resistance al’)pears to
decrease wi{:h the speed for the torpedoes with sharp front ends. The
increase; in total re’sistance on the mole plow with speed is tl';e‘ result
of an increase in the bearing resistance of the i:laldé which, in t%xis case,

has a blunt leading edge.

It is necessary to emphasize that all the results,, discussion and

) v 1 -

conclusion presented in this report are limited to the soil type used,’
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‘speed range of the tests, and the shape and dimension of the mole-
plows used in this reéea.rch. Even tﬁough Equations (29) and (32) are

generalized equations, more intensive investigation is necessary in

order to verify the theory.

Moaification of design to reduce resistance. From the foregoing
anal;rsis on the soil resistance on the blade and torpedo of the lrn‘.ole
Plo'w, the bearing resistance on the blunt blade used in the study in-
creases with the speed., But the bearing resistance or; the torp‘edo
having a sharp front end decreases as the speed increases, From this
finding, it may be possible to reduce the bearing resistance on the
blade by sharpening thg front edge. |

- Furthe;'more, the study revea;ls that‘ 30 percent of the soil resig-
tance or; the'mol;e plow derived from the frictional resistance on the
blade (see Figures 14 and 21). ‘The frictional resistance may be re-
duced by makipg i;he rea:r portion of the blé.de thinner than the leading
portion, or it can be done by attaching a shin plate thicker than the
blade at th; leadiné edge of the blade. Removal of frictior;al resis-
tanc\e on the torpedo reduces only 10 percent of the total soil resis-
tance and it is not recommended because the cylindrical surface of 1
the to;'pedoes is required for' smoothing and guiding the aligrfmez;t of

the mole channel during construction,



70

SUMMARY AND CONCLUSIONS

The study to investigate the effect of shape and speed of a mole
plow on éoi‘l resistance was conducted by using a model having va‘bprox-,
imately arl to 6 scale ratio to the px;ototype.

| A total 9£ 55 test runs wéré performed; Eleven of them failed
to giv;a any databdue to either too high or too low moisture content in
the soil. Only 44 test runs yielded complete data for the use in the
analysis fgr resuits. |
! In this investigation equipment was designed such that the power
requiréd to operate the mole plow was equal to the total resistance
of soil against the plow. |

T(avo equations for determination of the soil resistance were devel-
oped. Equation (29)is applicable in the case of a very slow moving

plow, while Equation (32) is for the plow moving at a higher speed,

1 2 b hy
= £ 1L 2 (AL 1 ,
Foiatic = Ap GCON +3 yN 14 YN +A(ECN,
0.9DY
+ES N YAN ) K) 4 Ky(S, +5,) © (29)

h v

b 1
F = A C,N' +2 YN ' 4——= yN ' A(fC. N
dynamic b(z/3 1 c‘+2 TNy ¥ 2 Y q)+ t(f l ¢

+ 0. 92D 0 NY + yd Nq:)AKl + Kz(Sb + St)'Cl (32)
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The two equations have the same form and differ only in the term of
cohesion of the soil, In Ejuation (29) static cohesion of the soil is used
wﬁile the dynamic cohesion is required in Equation (32).

Static cohesion of the soil may be obtained from slow shear tests,
In order to find the d‘ynamic cohesion, undisturbed samples of the soil
in which the mole channel is to be constructed have to be taken from the
field and tested for dynamic cohesion C1 under the simulated condition
for the actual speed of the plow.

Furthermore, with large scale and intensive soil investigation, it
is possible to group the soil and designate the value of the cohesion and
the a.pparent cohesion ratio for certain ranges of practical speed of
the mole plow operation., If such grouping is accomplished, one can
apply Equation ('32) to determine the total soil resistance on a plow
with known dimensions. However, K 1 and K2 have to be assumed.

For practical purposes, Kl and K_ may be assumed to be equal to unity

2

which will result in a larger resistance on the plow.
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RECOMMENDATIONS FOR FURTHER STUDY

The following laboratory and field investigations should be con-
sidered. -

1. Verification of the results of the study presented in this thesis
by fi;ald study.,

2. . In;estigation sﬂould be conducted to compare the effect of the
shape and speed on soil resistance for a given type of soil under dif-
ferent moisture contents and different bulk density,’

‘3. Laboratory experiments should be conducted to find dynamic
cohesion related to the speed of the mole plow for dif)ferent types of
soil,

4. Bearing resistance correction factors should be evaluated for
" different shapes of torpedo.

5. Investigation should be conducted to find the coefficient of the
effective frictional area to the actual area for certain designs of a mole
plow for various. soil types and mo'isture contents. The effect of speed
pf the mole plow on this coefficient should also be investigated.

6. Field and labor;).tory expe riments should be conducted to find
the range of the values of ¥, ¢, ¢ of typical clay soils suitable for mole
channel installations, Such prac}:ical results may be used in the deter-

mination of the theoretical resistance by means of Equation (32).
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