DESIGN OF A DEVICE
FOR?DRILLING LONG, SMALL-DIAMETER TUNNELS

A THESIS
Presented to
The Faculty of the Division of Graduate
Studies and Research
By

Baparao Uppaluri

In Partial Fulfillment
of the Requirements for the Degree

Magter of Science in Mechanical Engineering

,?%

Georgisa Institute_ofmTechnology

December, 1972




~ DESIGN OF A DEVICE FOR DRILLING LONG, SMALL-DIAMETER TUNNELS

re

.

Approved: .

. ] .r;'/ el ol TR 1 T “ﬁ-—_.-
Robert B. Bvans, Chair __

. . = L

Georze J- Sifitses

[

| B t =

2_. Mazanti »

_ .r';.'hL Jobnscn

' 'Date Approved by Chairmen: Z—&-73




e

ii

ACKNOWLEDGMENTS

I owe heartfelt gratitude to Dr., Robert B. Evans

who ‘has pioneered the research project and been a constant
gsource of inspiration, Dr. George J. Simitses for his in-
valuable suggestions in setting up tﬁe mathematical model,
solving and verifying it for various physical phenomena, Dr.
Harold Johnson for his guidance in the design process, and
Dr. Billy B. Mazanti for furnishing pertinent information.

I appreciate the help rendered by the fellow graduate stu-

dents in computer pr@grammlng. Finally, I thank Miss Vickl

%l
L+ Terrell for her verlflcatlon of the English.

m




T I Or TS S
EE S e TR E St et A E e TE

S R e P e L

iii.

TABLE OF CONTENTS

Page

ACKNOWLEmMENTS....'.l."..l.ll"l..l'll........l..'.‘..'... ii

LIST OF ILLUSTRATIONS svevassneoseesssnososasnssencrvesannes

Chapter | |
I, INTRODUCTION:sesvssovesoosearovoesosasansssosness
II. STATEMENT OF THE PROBLEM AND PLAN OF ATTAGK ...
ITT, LITERATURE AND PATENT SURVEY .. :sececccorsnvcsnces
IV. PRESENT TUNNELLING DEVICES . s sssssevcetcrasnncoans
V. DETERMINATION/ OF PERFORMANCE SPECIFICATIONS.....
VI. PRELIMINARY PROPOSAL OF THE DEVICE....voeevsavens

VII. MATHEMATICAL MODEL
a) Mathematical Model.seesscscsssoaossovaasannsocse
| b) Solution of the Mathematical Model for

ie DeflectioNesssssrvssesssssssessasconrss
Ji. BuCklingesssssesssosnscccsnvssonsccens
iii. Dynamic Stability¥.eeseeeavesescsesesss

VIIT. _STRENGTH ANALYSIS OF THE DESIGN

a) Thrust Reﬁulred...............................
b) Stress Analy31s...............................

IX. DET&%;EB_BESIGN OF THE DRILL BIT
Y 4. Bit Penetration..esesesesesecseescones

ii‘ Cutter Profile...‘.‘.l'-.!..I.'....‘ll

iii. Réte Of Tunnelling"..‘.....ll..'....‘.

v

37

42

45

ik T

R BT T SR e e e

R e A



e T T R G TS st

iv

) Page
a) Air FlGW Analysis._--.....'..._........-.--...-......44

b)Thread Join‘t‘.ltill.l.o00lll...llllt.......lll.lllsz

x. CONCLUSION.l..................l..l'll..l‘.lll.l.l..l..;s#;

APPENDIX.Coo.......o.t.l.oc-oaoo.o.ool.aoatcanah..ot.---on5?
BIBLIOGRAPHYDO..O'loinocIUCIOtl-aoll-oto.lltcootool-aoaoun58




Figure

1,

2,
3.
L,
5
6.
7
B
9.

10.

LIST OF ILLUSTRATIONS

Page
2) Pipe PUSNING sorvvovrvoscosscanssrvossonserecsesse L1
D) Spoil AUZeringesevecsooscsesacasncssssaassssasses 11
¢) Water BOringesessesecerssessanrosscsssssonrsrersos 11
d) Impact Penetrating..ceecesesercesssscsosasssrannce L1
e) Compacting AUgering.ccecocccreecescressnsecnnsoee 11
Bore Specificationsland Cost of Drillingeseeeasssses 12
Rate and Accuracy of Drillingeececesscssccecesessese +3
Shaft Jointeesseeseessesveceasenseccrsocccncosesssse 17
Drill Bitesesvessnnsassessnassnsesnssaccocsvsessnesee 19
Mathematical MoGelieeevssossersssssssroavsvssvanrenvees 23
Friction Factors for F1low in PipeS...seeesessesrcsess 48
Pipe Roughness Factoré..............................“%
Turbo Compressor Minimum Capacity at Supply Pressuresi-

Set-up of the Proposed Device...eeassessrsssssssssesr 50




T s T
LIS P A

e T L

T

T R T e
PR e T TR
DA,

£ e e S L
Tl . RS s

ST

R T T e o |

1
CHAPTER I
INTRODUCTION
Although underground tunnelling dates far back into 2
history, much of the progress in tunnelling has been made ﬁ
during the past decade. A new era is blossoming out for ;
: e
tunnelling and an exciting new technology is emerging. e
k.

Underground tunnelling is playing a historic role in the
advance of civilization. For example, subsurface trans-
portation is helping to solve many urbanization problems.
Development of tﬁhneiiiné“teéhﬁbiogy'énhEﬁCes fhg gscope of
expansion of the mining industry. World mineral consumption
will increase fivefold by théiyéaf 2000. To meet this re-
quirement, new underground?mihes will have to be opened,
thus neceésitafing modern”tunﬁel;;ng techniquesl*.
Reseafch,has béen-undér way on the bther uses of
underground tunnels, such as layihé:;ables for power trahs—
mission, power distribution, and telephone service. As a

result of this research improved devices for laying power

or telephone lines under ground have been developed. The

intention of this thesis is to develop a suitable tunnelling

device for use in intricate situations where the existing

A FETANE SR LR o

devices are not feasible.

i MEb s e

* All numerical superseripi¥s refer to the Bibliography.




CHAPTER II

STATEMENT OF THE PROBLEM AND PLAN OF ATTACK

Statement of the Problem

An economical device, capable of drilling a long,
small-diameter tunnel, would be advantageous for tunnelling
under ‘metrépolitan areas, thus saving the cost of repairing
the domaged streets, sidewalks and other paved surfaces.

It, therefore, seems desirable to have a device ﬁhich could
economically tunnel a horizontal bore of small diameter (say
less than six inches), between manholes 200 feet or more
apart with reasonable aoouracy (say within six inches of the
mark in 200 feet). Economical tunnelling will also reqguire

a reasonable speed of operation. at folatively low initial
and maintenance costs, The deveioﬁhent of such a Long, Small
-diameter Tonnelling Device (LSTD) would be of tremendous
help to many industries. Power companies pay a huge amount
of money -for breaking open and repaving the ground after lay-
ing utility lines\

With %the increasing extent of.modernizationbteléphone
companies find it astronomically difficult to cope with tho

overhead'telephone lines.,

* The problem is’ based -on materlal obtalned from Mr., Glen: P,
Roblnson. Chalrman of Board Sclentlflc Atlanta, Incorporated.




j$&§n~qf Approach
The research ié?tg“ﬁgigdgéubtéﬁ?in the following
steps: o | |

' First, a thorough survey of existing models and their
specifications is to be conducted.
) Second, an extensive ﬁatent search is to be performed.

Third, performancé specifications which represent a

substantial improvement are to be determined, based on the
preceding steps.

Finally, a device'which meets these specifications is

to be designed.
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CHAPTER III

LITERATURE AND PATENT SURVEY

Undergﬁ%ﬁn&diings.are less subject to storms and
accidents than;are 6vefhead lines and, being hidden, they
do not detracté%rom fhe landscapé; They also ensure improv-
edved reliabili%y of service and less maintenance. In large
cities, as demé%d for telephone service grows, overhead lines
become impractiéal. They have, therefore, been largely re-
rlaced by capleé in protective underground ducts. However,
‘with today's teéhnology. constructing ducts in very densely
populated areaslis extremely costlyz.

In some cases it is virtually impossible to bury trans-
.missiehon linesb?y the conventional methods of digging a
trench of plowing the cable into the ground. These methods
become_impraqticél in heavily populated.areas as they re-
quire breaking ué streets or pavements and disrupting traf-
fic. The only al@erhéti&e. then, is to tunnel underneath the
obstructions becaﬁse thié:

1. minimiées réstﬁration costs,

2. lowersithe-amount of security bond to be posted

with the road repair authorities,

-

3. avoids legal restrittions on cutting through




major roads,

4, creates only a minimum of traffic disturbance,

and 5, 1increases public safety.

The great difference in unit costs of underground and
overhead transmigsion lines narrows as right-of-way costs for
ovérhead transmission lineé in.congested areas increase.
Improved methods of underground emplacement will certainly
reduce thisldifference in costs and-even further favor under-
ground lines. Also, in the future, overhéad transmission
_lines probably will hot be permitted by metropelitan authori-
ties in highly built-up areas. A few states and many munici-
palities have already passed ordinanbeé-thét require all

utilities to be buriedj.

Tunnelling Methods and Devices

Many methods have been émp10yed for underground
tunnelling for power lines. Each of them will be explained
bniefly in Chapter IV. None of these devices can tunnel be-
tween manholes like the proposed LSTD. They all.necessitaté
a long trench for installation and operation.

A thorough search of patents on the.existing devices
has been conducted. As far back as 1961, there were not any

devices similar to the proposed LSTD. The patent numbers of

the related devices are included in the Appendix.




CHAPTER IV

PRESENT TUNNELLING DEVICES
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This method consists of forcing sections of pipe
through the soil either by mechanical leverage or by hydrau-

lic ram. The hydraulic system of a back~hoe (a small power

showel) or a separate engine-pump supplies the power, Al-
though Pipe Pushing is fairly reliable it is slow and reQ
quires extensive preparation. Allarge pit must be dug so
that the Pipe Pusher can be lowered in and levelled. Then
the rear wall of the pit must be lined with heavy bracing »
blocks to resist the pushing reaction, After one pipe sec-
tion has been driven into the earth the ram is retracted so
that an additional section can be added. Pipe Pushing can
be used in most soils although s0ils containing large rocks
or boulders or close packed sandy soils may present problems
with this method.(Fig.1-a) |

A high degree of accuracy can be achieved by this =
method with two feet or larger diameter pipes that have been
carefully aligned and deviations of one foot or less in 100

feet bores are not uncommon. Penetration rates area:function

of seil; thickness of pipe wall and the available power unit%




Equipment

A hydraulic pump powered by a gasoline engine generally
supplies the pushing force. The hydraulic cylinders supplied
by these pumps can be arranged singly or in groups and often

provide forces in excess of 800 tons.1

Spoil Augering

The system is essentially a three component unit used
to bore holes in sil or weak rock. An auger consists of a
drag bit (which cuts the earth and conveys it back), an
attached spiral conveyor and a power source. The drag bit,
pushed and rotated simultaneously, penetrates the soil while
the spirals convey the cuttings to a discard point. An air
motor, gasoline engine or hydraulic motor supplies torque
and a hydraulic ram or manually operated lever supplies for-
ward:thrust. Sections of auger shaft must be added as the
_bit-progresses. Reactions are resisted by either the floor
6f rear wall of the pit.z(Fig. 1-b) |
Equipment
.. A typical small auger unit is powered Ey a 9,2 HP
engihe which can bore and case a 2.75 inch hole about 120
feet long. o

A larger auger unit:is powered by a 63 HP engine for a

42 inch diameter hole, 300-400 feet 1ong.2

Water Boring

Another form of spiral augering makes use of water to




remove soil. The water is suppliéd%through a hollow shaft
connected to a short fish tail bit. As the rotating bit

drills through the e;rth the water flushes the crumbled
s0il out:through the tunnel. 3n air motor usually supplies
the torque. Forward thrust, suéplied by working a system
of levers or by pushing on the air moteor handle, requires
considerable labor. Because, the bit tends to wander off

course, access holes must be dug about every 35 feet so that

the shafts can be realigned.z(Fig. 1-¢)

Impact Penetrating

This method uses some form of rapidly oscillating
piston enclosed in a pointed c¢ylinder. The piston alterna-
tely bounces against an air cushion at the rear of the cyl-
inder and strikes a steel anvil at the front. The sharp
steel to steel impact drives the cylinder through the ground.
A pneumatic hammer working on high pressure air can also be
employed in this principle (Pneuma Gopher). Air for the ham-
mer is supplied by a trailing air hose connected to an air
compressor, out side of the hole., As the hammer rapidly im-
pacts agaihst the anvil, the tool is driven forward., It can
bore 3.75 inch diameter hole up to 100 feet 1ong.2(Fig. 1-4)
Equipment

The mechanical mole uses 45-50 c¢fm of air at 90 psi.
The mole 13'45 inches logg, $t3 diameter-is'3.75"iﬁches and

weighs 64 1bs.!




This process 1s 51m11ar to turnlng of a’ screw through

wood, AS the'auger blt rotates spiral threads along its co-
nical surface react against soil forcing the auger forward,
Thus compactlng auger requires no external thrust, It com~
presses the 3011 ;nto the tunnel wall. The auger bit is
turned by a serlaa af connected steel shafts., These are
flexible enough 59 that the auger can be aimed horizontally
from the bottom bf a narrow trench three or four feet deep.
A hydraulic moto;; gasoline engine or air motor mounted on
a cart that rolls along the ground supplles torque. As the
auger bit progreaaas through the earth additional shaft
sections are conﬁécted quickly%(Fig.l-e)

The auger 15 rotated by a mechanical or hydraulic
drive unit which'i% usually powered by a small gasoline
engine with control equlpment consigting of a 31ght1ng
guide and posltlonlng stakes. The power unlt and auger
drive unit can bewmounted as a. complete package on a small

10
two wheeled cart._¢

Vibratory Condult Dr1v1ng
The v1brator} method of dr1v1ng rigid metal conduit

throﬁgh the SOll gélllzeSﬂthe random motlon response of

soils to forced viﬁrations and the corresponding decrease
in the soil resistdnce_ﬁhich these $#ibrations induce. The

vibrations are set'up in the pipe to be emplaced by a vari-

ey
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E able frequency mechanical exciter operating at frequen-~
cies ranging from 0-200 cps, with a power range up to 1000

e
U

H.P. These waves are reinforced and amplified in the pipe ﬁ

by the resonance effect and so much energy becomes avail-

.

able for reducing the resiétéhée.'“The fof¢§ necessary is
therefore, reduced as m@ch{as}98 %. The penefration rate
by fﬁis method is one foof‘perqsecond} .

' zans _ .-

' Resonant vibrator, 500 H.P gasoline engine.’

The bore specifications and cost of drilling for
various existing devices described above, are compared
in Figure 2,

The rate and accuracy of drilling for these systems

are as given in Figure 3%
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{a)
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Figure 1. Various Tunhelling-Devices
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PENETRATION METHODS

MECHANICAL MOLE

OYERBURDEN L
ME THOD

3% in- 5Tgin diemeter, COST NOT SPECIFIED

M soi. AnD ROCK
CAPABILITY

4in. moximum diameter, COST NOT SPECIFIED

PIPE PUIHING

3in - 4in, cameter, %190 per. . |2in.; 30in, e—
= diomster, lined, .50 =*.00 par in. of hole diometer

tia - (08%

COMPACTING AUGERING

thy in. = din. diometer

'O.IO ~%*0.20 (diu:.! drilling cott estimgie} par ft

VIBRATCRY ([SCNICH
Gin = 13 i, digmeler

COST HOT SPECIFIED

SPOIL AUGERING ®

£ in - B4 in. diameler

. 1
For I12in. or graoter diameler, ‘100 ~-Y00 per. in. of pipe digmeier per. i
i

 CDSIS VARIABLE UNLIMITED LENGTH

S

THRNEL BORING &
: 5}2{1. wgmeier and

aver .
i 3 1 X L 1 ) 3 3 SO D
1] &0 120 . 1:1¢] 2‘!0 N ) 390 360 420 480 S40 600

" WOLE LENMGTH, fest

Figﬁre '2.:_ Bore Specifications and Cost of Drilling
' After *Yardley"')

A
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Maximum Range of :
Hole Hale Penctration

' Materal Lengtk, . Diameter, Rates, ' -
Mcthod Bored Ft In. Accuracy Fpm Cost, § per Ft of Hole
Spoil Soils, - 570 2to 84 - Not specified KBtobd For 12-in. or greater diameter;
augering soft rock ’ o $1 to $4 per in, of pipe diameter
Compacting  Soils 200 1ato 4 Ahbout 1* error 2108 $0.10 to 0.20 (direct drilling
augenug (rcamed to 8 cost estimaie)
' o in.)
n@mmﬂ Soils 100 3% t05% Mot specified ttod Not specified
mole . . : . ' _
Pipe ’ Soils ' - 200 1to 108 Error about 1% 0.1 to 0.3 and (3 to 4-in.-diam) $1.90
pushing : of hole length ‘ over (12 to 30-in.-diam lined) $1.50
' . . for large Jiam- : 1o $4 per in, of hole diamcter
eter holes
Overborden  Any material 100 4 Error about 1% 044 in Mot specified
drilling sails and/or . ' of hole length broken rock
T ' mek _ and gravel
Vibratory Suils : 240 Upto 18 Less than 1% €0 Not specificd
{sonic) error in some
. ) cases
~ Machine Kails Unlimijted 66 10 450% Fxcellent Uptodior - {Jostsyvariable
TUMTTHAE ) wore

*Present information shows that 50-fi-diam tunneling machines are in the design stage.

'Figure 3. Rate and Accuracy of Boring
- (After 'Yardley')

£1




14

CHAPTER V
DETERMINATION OF PERFORMANCE SPECIFICATIONS

The major criterion in determining the bore speci-
fications is the practical purpose for which the tunnel is
going to be used. Laying power transmission cables or tele-
phone'cables or gas pipes requires different size tunnels.
Keeping these points in view:the bore diameter is specified
to be less than six inches, i |

If the length of the ﬁ;nnel is too small, it necessi-
tates too many manholes. On-ihe other hand if the tunnel is
too 1bng the driving mechaniS% becomes bulky and a bigger
manhole may be requ;red. Frdh this point of view, the tunnel
length is specified to be 200%feet. |

The speed and accuracy%of operation should be compar-
able to those of the existing devices. The speed and accu-~
racy of various existing deviges are comparéd in Figs.2 and
3._ The speed of operation of?the proposed LSTD is specified
to be five feet per minute an& accuracy to be six inches in

200 feet.

Specifications

Dial'neter Of tunnel LI B B BN BN RE Y N BN BN B NE BE BN BN less than 6 inl
Length Of tunnel‘ LI B B I BN BN BN BN BN BE BN BN BN BN BE BN | 200 ft L]
Speed of tunnelling..ssessseasssss. 5 fpm,

ACCUPBCYsesssesssnssrassasssssssess b in, in 200 f+.
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CHAPTER VI

PRELIMINARY PROPOSAL OF THE DEVICE

The proposed ILSTD utilizes the principle of drill-
ing through ground from one manhole to the ngxt,'each of
about five feet diametef“and 200 ft. apart. It should
consist ofs

1.,.Holl¢w_Drivé_Shaft

2., Drill Bit

3. Liner {(Casing)

4, Moter |

5. Gear Box-and Clutch

6. Air Blower

7. Hydraulic Ram

QOperation
The drill bit is fixed to the leading end of the
hollow drive shaft. The electric motor drives the shaft
through gear box provided for varying the torgque during the
operation. The shaft rotates inside the casing. There is -
an annular clearancé'between the liner casing and the drive
shaft. As the shaft rotates, the drill bit cuts the earth,
and the removed earth falls in to the hollow of the shaft
in the form of small particles. High velocity air is blown

through the annular space between the liner and the shaft to

o i e mm e

bl Dl e
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carry away the debris through the hollow shaft. As the dril-

ling progresses, more and more sections are added., The
thrust to push the casing and the shaft is provided by the

hydrauliec ram.

Description of Parts

M.Ime

“The shaft transmits the torque to the drill bit, 1In
the case of cased tunnels it serves as an exit passage for
the earth particles. In the case of caseless tunnels it
also serves as the housing for the inlet air hose. The
size of the shaft in the latter case has to be greater than
in thé former base;chause the hollowness of the shaft has to
serve the dual pﬂrﬁbse of entrance and exit.

When there is no guide casing, the shaft has to be
rigid enough to serve as a self guiding system to prevent
wandering off course during drilling.

The varicus forces acting on the shaft are:

1. Torques

a) To shear the earth
b) To overcome friction while rotating
in the casing (ground if no casing)

2, Thrusti

a) To create adequate normal stress ih

the ground to induce shear failure

6f the ground,




{
I

UNE  THREAD S
(74815 , A/32)6 4 FLANGES  prROUND CrR:

Figure 4 Shaft Joint

LT
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b) Telovercome friction to the axial

motion. |
3 Bemding Meﬁentz |

a) Due fb fhe resistance of the earth
which could be axial or inclined if
the earth is formed of inclined strata,

b) Due to the uniformly distributed.ground
load

d) Due to the self we1ght.

Desi c . q . _
a) The deflection of the end of the shaft
b) Fatigue @onsiderations

¢) Maximum_Principal Stress Theory of Failure

The materlal selecte ;_oiithe”ehaft=1 ﬁrbught iron,

C 1020, in annealed condltien. .It is cheapefzthan steel,
easy to manufactuie as tubes, ductile, corr031on r331stant.
It is made ﬁﬁ two feet long. sectlons j01ned by thread connec-
tion. Flanges are provided at the JOlntS te 1ncrease bend—

ing rigldlty (Flgm 4). (E of the materlal 30 x;106p51)

Drill Bit |

The ﬁeeth of the drill bit first penetrate ﬁnto the

soil and then shear the earth off in the form of small grains.

T L 1 T A
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The sheared off earth particles fall into the hollow of the
shaft and receive adequate kinetic energy from the air cu-

rrent to travel the length ofnthe_sﬁaft,' "+ |

. ;Thé:tooth size andehe'rate of progregs of the shafi
aﬁeﬂinEerdependent. Bécéﬁgé. the sizé of the tooth deter-
mines the extent of earth rémoved per revolution and conse-
quently the progress of the drill bit or shaft.

The teeth are made of a hard, abrasion resistant
metal (such as Tungsten Carbide) and are arranged in heli-
cal rows with alternate rows of holes. The helical array
causes axial motion of the sheared earth particles directly
into the holes.

There is a pointed compacting auger attached to the
leading tip of the bit. This initially creates a pilot hole
by compacting the laterally. The teeth on the surface of -
the bit then ream this pilot hole.

Forces acting on the drill bit are:

a) axial or inclined earth resistance

b) torque

c) bending moment

Liner (Casing)

The liner serves %o

1. prevent collapsing of the tunnel wall,

2., increase the rigidity of shaft,

3. act as inlet passage to air.

T
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It is composed of two feet sections., It is pushed
in simultaneously with the shaft by means of the hydraulic

ram. When casing is not used, the shaft hollowness acts
both as inlet and exit. A flexible air hose may be used
to carry air in through the hollow. The earth particles
and exit air come out through the remaining space surround-
ing the air hose.

Di s:-la) The joint between sections of the
shaft can not have collars as before.
b) The shaft wall thickness.may have to be greater.
¢) Frictional torque will be greater than in the former
case, because the shaft has to rotate in the ground. In
the former case the shaft has to rotate in the liner cags-

ing and lubrication minimises friction.

An electric motor developing 10 HP at 330 rpm is
used as the power soﬁf@é. “The hatural frequency of the
shaft is found to be about 60 cpm.=-Hen¢ngthe gspeed of ro-
tqifbn c%nﬁﬁbf”bélany integer.multiple:(1;2,3'etc. ) of 60.
At 330 rpm the rate of dgilling is 5.5 fpm which ig compa-
rable with other existingféystems.

For harder soils, higher torques at lower speeds are
obtained by means of the:géﬁr box.

A hydraﬁlic coupling can be employed to connect the.
shaft with the gear box. It is a fluid clutch in which

thg?e;is-}qg;%.slip as long as the motor is running and the

Tl
LT
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shaft is still. As soon as the gear is engaged. the shaft
starts fotating. A mechanical clutch.may also be used in-
stead, -

Blower
The purpose of the blower is to blow in high velocity

air into the hollow shaft.,

Hydraulic Ram ’

The purpose of the hydraulic ram is to push the shaft
and the casing axially into the tunnel, A maximum thrust of

5400 1bs is required.
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CHAPTER VII

MATHEMATICAL MODEL

a) Mathematical Model

The proposed mathematical model is a, "one end fixed,

%
one end free, and elastically supported beam-column” as

shown belows o b6/ x 9 [a
A _
= A4y 4 3 1 4 Vot Yyl >
5??“* 2 LI S S RS S S S i S _L'T s =
/i< R ¢ DO TIRY e

Figure 6, Mathematical Model

K

I

Modulus of the ground(500 pgi);:y = Deflection

w = Uniformly distributed load

P,Q = Components of earth's resistance

b) i. Solution of the Mathematical Model for Deflection

Summing up the moments acting‘ cn the gection X-X, the

follOW1ng integro-differentlal equatlon of the model is ob-a
.5

talned

{-x -
g_z__._ = aof fkyxdx + Pla-1)+ @ (f~2) (1)

In order to avoid the complicated integro-differential

* The formation of the mathematical model is as a result of -
discussions held with Dr. George J. Simitses.




equatlon.,dlfferentlat* n11s performed.
tlatlon ylelds{

. d‘ﬂl’— . . B

Differenfiétingiagain, the following fourth order

linear, ordinary difféfential equation is obtained:

HEVRNE RS SR )

22 2
Rearranging‘ (3) '.‘3' CD++°‘( P+ ):7, =

T EI £7
: N -
3? = (p‘&ut:o-r«@ )Y
= %(i"‘ z "f/g#o
= X 2 &
2%

Complémentary Solution

. 4 2 2 >
The auxiliary equation is: D 4+ «D +/3 =0

2z * a2
= L J-a & JxF
L« S ]
AHE N 0(47 4./32'.__,. ,.f.'i:: . ﬂ) — (P.::- (4-/\'&1');)
£47 &r

I
wien <% < 4,«9'_,.. (P .:_(4,#51)")

There are two solutions corresponding to whether the

discriminant is positive or negative. As the latter case is

the one encountered in practice (since P has an upper limlt

unlike in the former case;seeﬁp 293,.salut10n'for thls case;
2 .
only is found. D = A + B

24

The first differen-
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. . . . - - i
’ A o ' _ v ‘ :._‘4- 2
A —% , B= g (%<
- R
D = m (B0 + 1 S 8 )
¢ 4 2- .
no= L oy AT 2 p s
C ) ’ ' 2
080 . od+akw )| =~
K20, | *-f
oeo eos__a_ — (ZB-—-x )—-2-
5 =1
45 1
. > f)
Swd = v (pt+2kT)) = (48~
K=0,/ 2(3
: L
S S B = (2—/3’4‘0{ )2-
2. Y
I8 el 242KT 4§ S e+z><n
Net D = M (eserZid o )
+ ) ‘f- o 4 i \’2 +o(?'l
=+ 3 [2@ + 3
= £ K, i Ko
Thus, the auxiliary equation has complex, conjugate roots,
for which case the form of solution is:
~nX )
Y=< (ccekz + .DSMK 7() + < (A ot Kz + B Sws Kok )
= ylﬁ + ch.
-X) 2
Y2 W o4 o (Ac‘osxzx +8 StaKkax)+€ ((’CaSK;,x-I-DSmK,a)
§ | : (%)
Mi} COndMOng are’ obvious from (1), (2), and (3) as
.xsos 'H:O =L , I"-Id_?-.o
dz
ot =0 s é%_,.:o 2 = b= bId-y.‘. Pd'y="'?

A2’ A=z
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Ki= 2 Ee- o)
= = JZJ &~ =p
I:\{ 4RKEL — P
= 3 ]
Ky = I__J‘%KEI + P]
Ky . K .
Y - Kie (A Kt 4 BSwian ) b Ky (~ bkt 4 Beayt)
d?ﬁ - ) . ~x, %
—Kje (ccBKat + DavnKat ) 4k, e (o & oKy % 4D o 4 )
> 2, 2 LTS

KA .
E{_z = 2K Kye '(— A Avaky 2 —’{—BC&:SH;X_) +(Kc_Kz.)€

. —-‘ﬁ’( -
(A CBRIX 4+ B s Ko X ) — 2K Ky e (- CAEx+D cskyn)

+-(K,Z-K227éx'?é CoS Ky X + D S K2 X )

3 2 KA . P-3 X
dY _ 2,4 e (—A SemAKox 4 Beotkrx ) - 24, Kie "%,r’?c:g;gzx +

3
x
A 5,5.,,,;{31)4- K,(K;-’*’z)c (HcszX—f-tsm:‘rzx) 7+

A . . "2 .
o‘fz(fr -‘/f;) e ‘1("'4‘94‘11-,1'2:\'. 'f"ﬁ acd/(;x) -+ 24 ,t{zg_- ! (-.-camﬂ;x.
2 -xz

-p—D caskzx) + 2KiHz e

KR & cosmyn + D A ""—“) + Ky (K- k) )e" C""""“*"‘”"""‘?")

(e corkpax +DSm K 7()—-1(,0}"“2)

Substltutlng the Boundany Condltlons.

6 = Y, Avrc.. (5
K a e :
O = Kia + Kz@.-‘-;.- Ki€ 4 k2D &)
0 = 2kikge ( A/SMK:-C -ch‘osk,,l) +(A?-K2)e. @@4—,
+ BAmM L) 24k, & ( O bvnky{ 4+ p e l) 4
(A ‘*KL) < ﬁl@ 2 R 0N AN dm«;t) (%)

[P P S
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2y k0 kil . _ '
~-Q = AE-zkuzK:.Mn Kal —zangt;)eKt'EIf,;we (KaSeaio L K.aﬁ&;(ﬂ
. ¢ :
+ B E;’.K:LK;_C&KLL — 2 KiKpShk f-)exlsl‘ﬁ- _,f:em @3665"21 + Ky A K;lﬂ

_ KL *K:L .
+c ¢ znf'xz,;&..,t@hz«,&?'c'&xz e £7 2 Pe (Fatmil+K ‘39“2‘);

+ D (zmx;._c::&&i(.*z-“!"‘z"““l. eI +z < (AR ™ Nt T2

i

Simplifying,

~Q = JREL [ﬂ ;‘Q(-K£3#nﬁiﬁmxgchz() -+ 6t“'e'(xz¢,,3;ﬁﬂ_

| et : ‘ L -&
Ki g K2 l) 4 @ @ M KyerdK2 L - Ky gan, sl )+ D e ‘

('m,s#-.kzz.,: Ky cotkak )_7 &)
From (2) A = _%‘“C

Substituting for A in (6),

0o = (—b__g —-c.)Kn -+ K,_@ - Ky + K D
- S Ky 2 K¢ -
LoBE SRt e

Substituting for A and then .for B'in A7),

ST Sesmt - kit nt -l (] =
K b

e [4 Kuz'emlcdﬁ kol %{;L (K."-—K::) ék'fﬁq Kol 2K, Kz.e'('%su;. Kok —~
2
ndy e ommat o omima € i xal 4 (k1) SVt [+
) E-— 2 KiKz tm(c‘.oi Kpd, — (%1 Htt)'e--m L"*‘-M
(k- K2 " g k2 L]
Substituting for A and then for B in (8),

——— A (,6 K!L N — HZ . _
\%I =< Ez burn Ko + 3 Kt cosiol — 2 .K_'zf&h/(z_ﬂj =

H'l.-l —_— 2K Ky C"K‘LCGS k‘:l Rz

(%)
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| . xk
G‘Ee.x't (X2 Sk L + 3K coary b — 2K Spakl ) 4 e ‘
' )

(s cos ko — Kz sim Azl )j +
& _ L
D [f"f.i-_(m@;m;i —Kz eeskrd ) 4 e "Ry S Ky L KR () (10)
Eliminatihg D from (9) and (10),
e _d e,"‘"'(nz,mx{l + 3% ekl — 2k 4okt | X
“Ex K - wa
oKywe el 4+ P A, K;JL) ghv&:'_’(:mx,_mn;(-;? A«L.tz{):ktj
(f 2w%a JeI — Ter
2 b kit X i A,
+ [g_é_(n. +Ks ) (et kel + 80 MKV‘)] x

EEK&QH’S':""K"'“ - Kp o Kzf) -+ -éN((KtMRa.l + Ky Cp8 Kz(?:l

" ﬂ(ﬁzf%‘\’aﬂ +3K, ce“zl-z?&’mm)+é‘*"(x,c¢k,z -
b4
Kz pmky ﬂ)J’ﬂ‘ 2K1Ky Ceh & L +j_§_‘/saqsz )tx'{—- (2K/%2
£

_ : -4, z i
cesk; L+ gz Mﬁzf._)e ! J—- [{(3&\’,;»&,)6051(2:6 +:-:;i,;h,,x2£j

{ . — _Krt el ) .
f“" + (28:% Ak %Ieékgi_) e _7:-: [qe- CCx, sl
~Kreail ) + XK kil pur eosteh) ]
= - 0,008+0.25 e"Kll |

Then the other values are calculated as,

D = 0.712 ¢~¥1}-0.008
B = -0.215 e K1l
1

A = -0.25 X1
Substituting these values iﬁ the general selution the def-
lectioh-of'the free end is calculated as.

Yx=i = 0.33 in. (approx.) .

=4
R
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ii. Buckling
The condition for buckling is obtained by setting

the determinant of the coefficients of the four arbitrary
constants in the four simultaneous equations (after substi=-

tuting zero for 'w' and 'Q') to zero. The determinant is

as follows:

A B < D
IF . : B : ——
l o I [l O
II<l KQ_ - kl KQ_
K-l“ . Ky -KI&"; “Knl Yy
2. ki K2 €' gan kg L 2K Kye- _coBK-,-,l 2K 2 e ket m2Kiky€ esdigls
. K MY S
}-(K?.“K;)fk‘ coh Kzi +(x‘1- Ki?) tx'l}ﬂdgt& (K."-'-K: )f a (@gb X,_,l -+ (‘n —K:')-e KMK‘f‘ o
kg 4.,‘..34;&“’{:' . Ky etk A f‘“i ki cetay £ 1,_—_#.«( K1 Ake .{é’_"{_" o
~ Ky erle” — KAk L e — kg aim K2k S5 iy eoﬂ(?fé{?:l E

Simplifying this &eterminants
4P (JERET = P) i Kok — 4 (4581 = P?) cst i Lk

A oawd N7 _
+ P (Jaxer +P) (fK—“eK{)-G4KtI*"P?)

’\'l‘ ""\'|1'2-
(f! + € ) = O

Solving this transcendental equation for P after sub-

gtituting the values for k, EI, and 1,by means of computer,

4
iii. Dynamic Stability

Fop thé. dystem to be dynanisally table it should be’
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free from resonance. The naturdl frequency of the shaft can
be found out by equating the kinetic energy during vibration
to the total potential enefgy stored in the system%l

The total potential energy is given by%z

i Y P 4
P E = L (Frdy _ Ay >
= JETGL - P dn 1 K i'f"“

Neglecting the effect of pre-stress, since it is only

about one % of the buckling load, the total potential energy

is given by,

The kinetic eneﬁgy f%;glven by,
K-E ”“3"“¥ffd”

'a ' L
é i
& o f}f}dﬂ -ZL {d?) jydrx

¢ L, e {
wa—jy’ax - ,‘gEI(‘;{%’J.,&- Kéygd')(.

Solving for w?,

|
e |
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5 ¢ . . 1
g AT [
'l I
-~
Jgre

L L . | -
2 e
, : . Ky % .
jEI(-jT%) dx = A—:If[__zx.ﬁt (—A ki Kax 48 ectiyz)
Q (1]

& K:I:
(ki =Ka ) (A oS KeZ + B fim 127 )

—Ki X .
— 2K e (- CMa KX +D CREL R )
. b
-,y X

+(kiky ) (ccuskzx-r-pxmm) dx

2 2 ZK,Z‘
'—‘EIIB"”KZ“Z’ (—ﬁémﬁng‘-/ﬁ cas kyx ) +4~K:Hz
o
__zmx(_CMsz*Doos,{zx) @ RPKL 20— A s Kyx +

Beskyx ) (=@ son K2 +D cskan) | dx

T .. Lo . z “(t . )
seoheTder f-ezx‘x/swz KoK o 2 = _k?:,; M [:_' cob 2L, Kk o2kl
g 4K, Fy
. _ e-2al

i ‘t i-:" ” 2'{1 j
i 2k| X LY 2 2K, £ .

omd | jeg- eosakr dx = 2 € [z A, ki
e v K, B Z2Ka 2xF

(eoszke {~ gz""ﬂ

dz*’.

—

Kyt ke 2 Ky 2xg

2&.
(odzx,!)_-ezm'e)} + € € - +
4"1.
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?_ Zl{,l

'a— R v 2828 3+ K
EI4K’ K" % 'H:L 2 Ko 267

- le 2"5:
(CﬂS?_KzL’"'ﬁz )} ]_—

4Ky
2 2 2 Zl{.l
ET 4K K, A8 E_,._Kl < - { LIl Biny 2Ka f, —
th']'Kg. 2"{1
K,
(cnszxzﬂ.—r . ® L)}J +EI4x’kc
2K9_
IS TN §
i 5 e fra 2K L (CG‘SZKZL fxi)
2 KKy TZRy 2,&
-zr. e L
:|+Er4x.kz1> [ K e
K1+K1.
. 2K( “2K|[. ]
Ay 26 L + (cos 2kal — ‘)} _f_ﬂ --fJ
2Kz Q.Kz 4-K;
_K'iz"';hgl'h( i
— EI4X K ¢ _ L
EI4K, K, [2 K.+Kz,{ 2K 2Kz

. (Co zkzl_'_'éxll)_ 4|<, Ky [Ac L /;..,,2«;1)

2 K

Ka 2Ky

—_ (Ap-r BC)( f'm‘?'“‘t).fgn(tf Am?-l(zl—]
-“

133.5
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A - K X
,é:ij?fdxg 45][!;_‘5.-,;»*6 (ﬁ?eodﬁXﬂLé’J!;w‘f{)-;-
¢ o

(c COS KX o D 5, Kg_x) _7”’7{

~ L 2. 2‘([‘- i
CAS)L 4 g e e%r ZK?-L*FE—-
NEICEY

T et )
l:. Cﬁ‘z._l{:,(__e lf).- .
2Ky, 2k, T

+= "”};’ + 8 {"E -———-L""‘ 2
45 J—s :

" A ot
} - Kirky N 2k !"z )
: S ?- 2k, L ~ a5
+ -e.u'ii [ QY e (."__ Ao tiall _ chb2ofve
'l ““_M_M_hf
2"5‘4 K> “© (/M:-;Kzl K) ao..gkz,{-e +
+ K Krz"‘k; '__Kz_ LFy
K ad Kol + e ol ~+
2 R 2 ( LI 2o Kzl 21,1
K K+ Ky ko™ z
265 V@ skl __ D ecotrl-t ] = 348
—_— —_—— T k. 32.2x 12
K, K2 z
¢ 12 348
£ X = 500 % 382 %
Kefvdx = K Z [5 3“0‘ y +  we

= 435

oy . S ').’.’:_:'-—';f:f: ¢_
Natural frequency = 4

Heﬁce fﬁr thg;syétemife Be free”

Fig
from resonance, the shaft
speed should be other than 40 rps
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Digcugsion of the Mathematical Mode
One end of the shaft is considered as rigidly fixed

in the frame and the other is free to deflect. The shaft is
resting on the inside of the liner which in turn is being
elastically supported by the ground. There is lateral load
uniformly distributed throughout the length due to any earth
that'might have collapsed on the lining during tunnelling.
There is an axial loading on the shaft because of the resis~
tance of the earth to the applied thrust. In view of all

these factors, "an elastically supported beam-column with one
end fixed and the other free" is considered as the mathematical
model .,

The axial load P and the lateral load Q are components
of resistance of ground duve to the applied thrust. The resis-
tance is inclined if the earth is formed of inclinéd strata,
The deflection due to the uniformly distributed lateral load
¥sealded whefiithé inclined ground resistance is directed down-
wards. .Asx?hi§'is thefworst-case. it is comsisdered in the
mathematicai model., If the re31stance is 1ncllned upwards.
it tends to reduce the downward deflectlon. When the ground
is formed of vertical strata, the resistance is purely axial,

i.e. Q vanlshes..




AN

T— o . P|
4

S Due t0 the lateral deflection of the leading end,
the ground resistance continuously changes direction. How-
éier. the vertical component of this resistance acts like a

correcting force, tending to reduce the defléction.

e
X e
I'% — —‘L—P

In any situation if yy is less than yz, the model

. safely represents the final configuration.

e e e
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CHAPTER VIII
STRENGTH ANALYSIS OF THE DESIGN

The foiioWing‘fwo analyses are performed to show that
the system meets the strength réquirements;
1. Stress Analysis

2. Fatigue Analysis

(a) Thrm Required
To foree the cone into s6#l to embed the teéth, analyze
as a bearing capacity problem. If gqg is the bearing capacity
of deep foundation, force required is given by
dg x Projected Area
Q5 = b/2 N + cN¢ + aNg where N , Ngs Ny are bearing
capacity factors for weight, cohesion, and surchargé respecti-

vely, b is width of foundation, ¢ is cohesion of soil, and q

is surcharge. For an internal friction angle of 20 degrees

the bearing capacity factors are as follows:13
B

N = 5; Ne = 1?73 Ng = 73 ¢=1000psfy g=100 x 10’ b~3 6
Therefore a0

100/2 (3.6/12)5 + 1000(17) + 100(10)7?
24,000 psf

Force Qo = 24,000 x 3.1% x 3.62/ (4x14%)

= 1700 1lbs
This is the forcé required to just force the come thro-

ugh the soil, without rotating it. Since the cutter in the

-

LSTD rotates this force must be adequate conservatively,
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b) Stress Analysis

The design is an integral process in which many paré-
meters are unknown to begin with and so have to be assumed;
When calculations are carried out with these assumed para-
meters, they should be compatible with each dther i.e. there
should not be any incoherence between the assumed values.

It is a tedious trial and error procedure.

First, depending the nature of loading (mild shock
loading), a safe design factor (about 4 based on yield
gtrength) is assumed. Based on the bore specifications fix-
ed earlier, the outer diameter and inner diameter of the
shaft are arbitrarily assumed. Knowing the thrust and torque
during operation, then, the principal stresses and hence the
design stress ape found out. A suitable material is then
selected to withstand the design stress. While determining
the design stress,;hmrass concentration factor and fatigue

factor (and surface factor) are taken into account.

Weight of Shaft and Lining

1. Inner diameter of shaft

Outer diameter = 1.9 in. (trial and error procédure)
 Moment of inertia of the weakest section {for shaft
c/s alone i.e. without conéidering the casing) = 0.5 in¥*(trial

and error)

[}

Therefore I 3.14 £1.9“—D?n) / 6l

i.e. Dijp- = 1.2 in.




2, Weight of the shaft
200 x 12 x 3.14 (2.17- 1.22)/4 x 0.3

LxAxr

1000 1b,

3. Weight of lining_

200 x 12 x 3.14 (3.5%-32)/8 x 0.27
1600 1b. |

n

Let the wéight of the collapsed ground be assumed as
fwo pounds per inch which acts on the lining. The total
é;ight due to this earth |
| =200 x 12 x 2

= 4800 1b.

Q.QTofal load -
o = 1000 + 1600 + 4800
= 2400 1b.

5. Frictional force
7400 x 0.5

3700 1b.
The maximum thrust to overcome friction when the full
length of the shaft is in the tunnel is 3700 1b.
Minimum thrust required for the earth {6 be sheared
off by the drill bit is 218 1b,
| Maximum thrust required for harder soils 1?00.1b.
Therefore maximum possible thrust on the shaft in the
worst case is = 3700 + 1700
5400 1b.,

i}
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Torque Requirements

Let the applied shear stress = 2000;psf.
.= 14 psi,
Torque to shear the earth Tj = jgkﬂkrz ar
gni

A BREA s 27r dx

3, . 1.8
14x2M(r /3)0

= 14X2”1.83/3
= 171 1b.in.
3 jonal Torque:-
Weight of the shaft = 980 1b.
Frictional torque T, = 980x0.5x1.5;
= 775 1lb.in.

1s the S af the tquua

'TT

T1+ Tg
1714775
o6 1b.in.

Horse power of motor to supply this torque at 33@ rpm
Zxﬂk)30x946/33 000x12

=5

With an over=ioad factor of two the motor H.P is 10.
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Axial Thrust

c/s8 Area

Direct Stress

Maximum Stress

Minimum Stress

Torsional
Stress
Torque

Polar M.I

Outer Radius

Max. Torsional

Stress

w Oi%_i 10"
= Pi;«« €“/ T. .

= 0-7 xig'* x .05 Jo.5

= ilgblpsi;

= 3700 + 1700

= 5400 1b,

=T/4 (2.1°- 1.2% 3.52- 32)
= 346 - 1.13 + 9.6 - 7,06
4.86 in2

- 5400/4,86

~ 1100 1b./in?

= - 1100 - 144

)

= -1244 pSi .

= =1100 + 144
= =- 956 pSi.

= 1000 1lb.in.

m/32 (1.9“- 1.24J
4

1.0 in
=1,9/2
= 0.95 in

= 1000 x 0,95/1,0
= 1000 psi.
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Max. Principal Stress’ = —/2 14 /2 = S0294/2)> 4 1000"
-622=~ 1180

= =-1802 psi.
Stress Concentration |
Factor6 K¢ ' =1 + q{Ky- 1) where g=1, Kt= Kf . -
= 1.38 from p-p 117
;i to 119 Faires.

I For minor shock loading the design factor should be four

based on yield strength.
6 .

Size Factor

f9£§5

6_ 0.90 {(for machined surface)

Surface Factor
From Table 2, p 34, Design of Machine Elements, by Faires,
C 1020 (annealed wrought iron) gives a tensile ultimate

strength of 57,000:psi,

ThereforgCompressive Yield Sirength
WJ,=%G£8?x757~coo
. | -— 33;600 pEl.
From the same table Endurance Limit
" = 57,000/2
ifafwza,soo,psl.

Design Factor based on Endurance Strength
T = 0.9%28500%0,85/1 , 38x1800
= 4,0

Angular Twist:- Txl/NxJ. 9b6x2400/11.5x106X1

0.1974 rad.
11.3 deg.

[H
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CHAPTER IX

DETAILED DESIGN OF THE DRILL BIT

i; Bit Penetration

Cbnéider the penetration of the flat surface of a
homogeneous, elastic—ﬁlastic material by a sharp two- dimen-
sional chisel bit. The pattern of stress and strain generat-
ed beneath the bit depends only on the properties of the
material, angle of the chisel, being similar for all depths
of operation. It follows from this similitude that the force
of penetration P, is.propontional to the area of contact
between the bit and the material and hence is linearly relat-
ed to the depth of penetration D, as shown in the figure
below. :
P

e

D
Let the tooth size = 0.2 in.
In one rotation earth sheared = 3.14xD%/4x0.2 in?, whereéﬁ

3.14xD%/4 is the projected area of the drill bit.
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When the teeth are uniform all around, the bit removes a
uniform layer of 0.2 inch thickness all around. Hence the

minimum extent of progress of the shaft so as to maintain
contact with earth is 0.2 inch per revolution.

Bending moment on the drill bit may be neglected
since it is small in length and located near the end of the

shaft (x=1, M=0), and it is elastically supported.

Let the area at the nose be one square inch,

Maximum thrust thattmight be applied on the bit

N 1700 1b,
Direct'combressive gstress = 1700/1.0
| = 1700 psi.

:-. B

Maximum torque applied to the bit

171 ib.in.
L %

Mx1.13/32

= 0,16 in4

Polarvnioment of inertia

T.v/J
='171x1.13/0,16x2

Maximum twisting stress

= 604 psi,
Maximum principal stress =

= -850-1042

-1892 psi.

For ¢ 1020 (annealed wrought iron) compressive yield

'strength 33,600 psi.
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w

Design factor '1=,33.600x0.9x0.9/1892- |
' ¢!'14.3

End of_xhe Bit

Outér'diaﬁétef o 5:3.6 in,
.Thickness | = 0,6 in,
Inner diameter = 2.4 in,
C/s area = 5.58 in?.

Let the effective area (8ince there ape holes) be
= 0.5}[5.58
= 2079 inzo

4y

Polar M.I. = 13.22 in ,

Polar M.I. of holes = 11,75 in“.
I

Effective polar M.I. = 1,47 in .
Twisting stress = 171x3,6/1 47x2
= 209 psi,.
Direct compressive stress
= 1700/2.,79
= 610 psi.
Maximum principal stress
=- &= G
= -675 psi.
Design factor = 33,600x0.9x0,9/675
=50, 4 \

ii. Cutter Profile
While evaluating the cutting torque as 171 1b.in., -

al
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ghape of . drill bit is assumed to be a straight cone. -
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However, with this shape the torque on the surface of the

drill bit is not uniform- it increases with the radius of
the cutter. Hence, the wear on the cutter at the bigger
end is more than at the leading end. In order to have a
uniform torque, and thus a uniform wear the profile may be
determined as follows.

Torque on any elemental section = r.2nr.dl.T

Here r and 1 should vary such that the torgque is constant,

209 a1 =171

fz.dl = 171/2W, 14
= 2
dl = Z/r2
1 = -2/r +k

To evaluate k, substitute r=0.5, 1=0

Therefore k = 2/0.5
= b - -.

‘ 1 =-f2/r'+4

v = 24(8-1)

The cutter profile is"defé;mined by the above expression.

Determination of¢the speed: of tupne:
The speed of rotation and rate of axial motion are
inter-related. Rotating at a given speed, the drill re=-v

moves only a certain quantity of earth and the axial move-
ment of the drill should cope with this, If it is moved at
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a greater rate than this the drill may stall due to inmiaz
creased resistance. If it is rotated at a lesser rate

there will not be any contact between the bit and earth
and no drilling will be performed,

If the drill bit has teeth of 0.2 in., all around, in
one'revolufion'its axial movement can‘bé“}igured out to be
0.2 in. per revolution;

0.2N in./min.

Hence, for N rpm the rate 8f progress

Rate of drilling at 210 rpm = 42 ipnm,
o o £ = 3.5 fpm,
at 330 rpm = 5.5 fpm,
at 570 rpm = 9,5 fpn.

3) Flow Ana ig of Air and Earth
Rate of earth removal at 216 rpm.
2
= 3,5x12xMx3.6 /4
= 426 in »

This is in loosened form, so let it occupy 3x426 in3

. :.: : J

0.2864 £t3,/min,

u

0.,2618 1b,/sec. .
Minimum average velocity requifed,
= 3x426/1x 1.5°/4
= 1,005 ft./sec.

Therefore let the average velocity be

5 fom
10 fpm

Initial velocity




b7

Final wvelocity 0

e

Let the weight rate of air be ﬁ ib./sec. at avvelocity V.

: i 2
Kinetic Energy of the air o= WY /2
Kinetic EBnergy of the mixture éf@air and earth
1 2(0.2618+W)10°/28
2 o
Bquating both, _'£ ugi = @ ze1g8+wWHoo [2 3
- . . = .
Wiv=-t00) 13:09x2 = 2618
¥ Lo v = 1t “’l e
W X 2t i== 2618
Flow rate of air = 26.18/21

1

1,246 1b,/sec,
997.2 £t3/min.

Preumatic Action When the Shaft is Clogged

In the worst case let the earth fill all the 200 ft,
length of the tube.
Weight of earth = 200x12x xa2x80/4x3
Frictional force between this e%fth and tube wall
= 0.5x200x12x xd°x80/4x3
To remove this the air pressure required is given by

0.5%x200x12x xd2x80/hx3x123

To Find the Hydraulic Diameter:-

1.97 in?.

¢/s area of flow for the air-in

Wetted perimeter 11.85 in.

5-.
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Hydraulic diameter H = 4x1.97/11.85
= 0,666 in,
Velocity = 11 fps.

_y .2
At 100°F kinematic viscosity = 2x10”F ft“/sec

11%0.666/2x10~%

Reynold‘s No,
= 3.66x10a

From Moody diagram (Fig. 10.22 (b) p300 Shames) for wrought

iron pipes of 1 inch diameter the relative roughness is

e/D = 0,0018

Prom Moody diagram (Eig., 10.22 (a) p299 Shames) friction
. : L 2
0.027x200x12x11 /0,666x2

i

Frictional Head

5860 ft.1b./slug

a _
-4

Pi,x l4«4 ' 58¢o
N .~ 0-7'5 S —— 32'2 |
" =15860%01075/144x32,2

= 0.0949 psi.

Pg~Pf = 18.5 psi.

Pg = 18,4 psi.
When the pneumatic action is not required'the blower can
gupply the air at : 8lightly above atmospheric pressure,

say one psig. Then, the blower H.P.is

H.P = 1.286x144%2/0,8%x550%0.075
= 11
With overload capacity HP = 15

When pneumatic action is regquired the compressor H.P.is &40,
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Minimum 3000 +
Capacity.
3,
(£t-7/min) 2000 |
1000 |

—pl P -y
[] LJ

18 39 78

Final Pressure (psi)

JU S — Rl

Figure 9. Turbo Compressor Mlnlmum CapaCLty
. *‘\

e

From the graph above, the minimum capacity of the
cumpressor at 24 psi. is about 1400 cublc feet per minute.
But the requlred flow is only 1000 cubic feet per minute. at
224 .psi and 11 feet per second velocity (*thus making a
total head of about 24 pSl )» This means that a turo blower
if used, supplies more than the required flow, thus increas-
ing the cost of.opefationeu Henbé. a_p;éitive displacement

type compressor has to be used.

* Turbo Blowers and Compressors~ p.7, By W.J.Kearton,
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| b) Designtog§£hé Thread Joint’
Phe c/s taking §h¢ ¢6£al | /3"
thrust is as shown beside. Its : ;;;w£%$ﬁ?50
area -is ‘summed as follows.'. 240 A T
Area = ( 2,89-1,13 )+1.96 . ’;rﬁ”

(" 3746-2.83 )
1:76+1.96+1.63
5-35 inza FIy A

R
C/s arvea at the joint = 5.35 in2
Design stress = 5400/5.35

= 1010 psi.
Compressive yleld strength of the material.
= 33,600 psi.
Design factor = 33,600/1010
= 33.3

2
Shear area at thread section =rx1.9x] in

Torque = 946 1b.in.
Therefore, shear force- = Ol6/1,9/2

= 1000
Design ghear stress = 1000/ x1.9x1
Shear yield strength = 42,000x0.5

= 21,000 psi.

For-a design factor of four,




R T e

1000/ x1.9x%1
0.0325 in.

21,000/4
Length of the joint, 1

1

Therefore, let the length be taken as

=1 ino

Bearing Strength of the Elanggﬁ§

Béﬁfﬁ@g force = 5¢ (area of flange)
| = S, x 1.06
= 1.6x11.2x1000x1.06

= 19,000 1b.

Let the width of the flange = w in.

Shear area = wx x1.9/8

. = (0,745 w
Shear force = Sg (0,745 w)
Therefore 5400/ = Sg (0.745 w)

w 0.0863 in.
Therefore, let the width be #aken as two inches.

B

53.
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CHAPTER X

EONCLUSION

Degcription of the Set-up

The various components ean be arranged as shown in
Fig, 10. The hydraulic unit and compressor (or air blower)
unit are established outside the manhole. The motor, gear
box, clutch, hydraulic ram, and other gears are conveniently
fixed in a framed structure which can be introduced into the
manhole as a single unit., There is a telescépe attached to
the top of the frame which is useful for inltlal allgnment.

The clutch flywheel unit drives a spllned ‘shaft (or
a long gear) which inturn drlves the thrust plate. The
thrust plate is a thick metalllc dlsc with gears around its
perphery. -The hydraullc ram- pushes the thrust plate flxed
to the hollow B8haft and resting agalnst the liner., Thus
the thrust plate not only drives the shaft but also pushes
it axially, as it slides along the splined shaft while being
driven by it.

The in-let air hose is connected to the hole in the
liner right behind the thrust plate as shown in the figure,
The out-let air along with debris is drawn out through a hose

connected to the hole in the middle of the thrust platé.
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Conclusjons
The overall impression is that the device satisfacto-

% rily performs in homogeneous soft soils. The accuracy of

; tunnelling depends on the rigidity 5f-the shaft which is made
up of two feet sections. By minimizing the mechanical imper-
fections while machining the jeints, the rigidity and hence

the accuracy can be maintained,

Water might be substituted for air for the purpose of

removing the debris from the tunnel. However, handling water

might be more troublesome.
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APPENDIX

- ~."PATENT SEARCH

3 From IndeX'to Classifications-

class 61, |
Sub-class 84 " Tﬁﬁnels—De#ices“
Class 175 “Boring'drlPenetrating Earth"
Sub;élaSS‘ig;: | - "Boring without earth reﬁovél“
20, "Combined with earth removal®
21, _ "Fluid passage to outside of drive point"
22, “Drive point detached from shaft to form

i caged boring or with inatallation of

casing"

] ' 23, "Drive point retracted through shaft or

| casing”

I .. Each class has. patent numbers listed in the Gazette.

| Ligting the individual patent numbers is avoided due to space

limitation.
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