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DISCLAIMER NOTICE 

The views and conclusions contained in this document are those of the authors 

and should not be interpreted as necessarily representing the official poli

cies or recommendations of the Interior Department's Bureau of Mines or of the 

U.S. Government. 

FOREWORD 

This report was prepared by Washington State University, Department of Mech

anical Engineering, Pullman, Washington, under USBM Contract Number H0242027. 

The contract was initiated under the Coal Mine Health and Safety Program. It 

was administered under the technical direction of SMRC with Mr. Robert Burnham 

and later Mr. John Bevan acting as the Technical Project Officer. Mr. R. J. 

Simonich was the contract administrator for the Bureau of Mines. 

This report is a summary of the work recently completed as part of this con

tract during the period June 15, 1974 to October 7, 1977. This report was 

submitted by the authors on September 8, 1977, and consists of two volumes. 

Volume 1 includes Phase I and Phase II project work done under the direction 

of Principal Investigator Dr. L. ·Alden Kendall. Volume 2 covers Phase III and 

Phase IV during which time Professor Norman H. Shoup was serving as principal 

investigator following Dr. Kendall's transfer to another University in August 

1975. Phase V, Mine test of the Flexible D:r.ill System, was deleted from the 

contract under terms agreed on in Modification No. 5 effective, April 1, 1977. 

The authors wish to acknowledge the cooperation and generous assistance ren

dered by the United States Steel Corporation. At a most nominal cost, they 

have made their mine operations, equipment, and test facilities available dur

ing project field test studies and have provided valuable technical assistance 

throughout the design development phases. Particular thanks are due Mr. R. C. 

Miles, Associate Research Consultant at the U.S. Steel Research Laboratory, 
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for his diligent efforts in coordinating the field work and various confer

ences held with U.S. Steel personnel. Also, we wish. to extend our thanks to . 

Mr. Harley G. Pyles, Divi.sion Vice President, Engineering, of FMC Corporation, 

Mining Equipment Division, for his cooperation and technical assistance in the 

procurement of the Galis Roof drill Components purchased for use in this pro

ject. 

A project of this type and long duration involved the services of many membe~s 

of the Mechanical Engineering fac~lty working as a team. The authors gratefully 

acknowledge the extensive and valued contributions made by Dr. Gary L. Sheldon, 

Dr. Arthur L. Jones, Dr. John A. Seevers, Professor Jack T. Kimbrell and Pro

fessor James S. England. Graduate research assistants participated. extensively 

throughout the project. We are indebted particularly to Mr. William A. Mcil

vanie whose graduate thesis work, supported by the Bureau of Mines, provided 

the basis for the initial project proposal on development of the segmented 

shaft drill. Other graduate research assistants making important contributions 

to the project and design work were Sash Eirich, Gordon H. Beeman, Allan G. 

Olson, Anwar U. H. Mirza, John L. Stevens, Lowell R. McDaniels, Tony Chung, 

Rodger Cox, Arun K. Das, and Ray !,!~· Davis. The construction of the prototype 

model and preparation of all plans and working drawings would not have been 

possible without the able assistance of our drafting technician Mrs. Karla 

Kalasz and all of the effort put in by Instrument Makers Marion L. Johnson, 

Jon B. Grimes, and others of the Engineering shops most capably superVised 

by Mr. Tommy Hellesto. Our appreciation is also extended to the W.S.U. Engineer

ing Extension S~rvice for assistance in the prepa~ation of this report and more 

speci fic.ally to· Mr. Vernon L. Barr for his services in editing Volume I. 
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1.0.0 SUMMARY 

The Phase I report serves two purposes. It documents the effort expended 

by the Washington State University (WSU) research team towards meeting the 

terms of the contract and provides a working document to be referred to by the 

research team during the later phases of this research project. 

The flexible shaft drill concepts for low coal were investigated under 

U.S. Bureau of Mines contract H0242027 based upon operational specifications 

prepared by the WSU research team after consultation with the Coal Mine Pro

ductivity Ta~k Force of the U.S. Steel Corporation, and visiting some of their 

Gary District coal mines in West Virginia. These operational specifications 

are presented in section 2.0.0 of this report. However, some of the pertinent 

design specifications for the project will be repeated here. 

Investigations disclosed that a flexible shaft drill should be designed 

to withstand a torque load of 3,000 in.-lb, a thrust load of 6,000 lb, a mean 

feed rate of 3ft/min (feed rate range should be 1 to 6ft/min), withdrawal 

rate of 40 ft/min, and have the ability to drill an 8-ft deep hole within ±10° 

of the vertical centerline. In order to maintain this alignment, a straight 

starter section would be used at the drill bit end of the drill. Figure 7 

shows how the length of this starter section varies with hole tolerance. 

Drill hole measurements in soft, semi-consolidated shale indicate a maximum 

gap of 0.030 in., which implies a minimum starter section length of about 

9 in. 

Visits to the coal mines showed that the mining environment was hostile 

to machinery, making it desirable to design the equipment to take considerable 

abuse from normal and abnormal operating practices. A visit to the Fletcher 

Company to discuss possible modifications of their drilling machine to accom

modate the flexible shaft drill revealed that space restrictions would not be 

as severe as had been anticipated. One restriction imposed during the concept 

development: the drill head should be within 16 in. of the roof of the mine. 

This would provide adequate room for a 12-in. flexible shaft radius in 30-in. 

coal. The flexible shaft drill should be able to drill a l-in. or 1 3/8-in. 
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diameter hole. The stress analysis for strength was based upon the 1 3/8-in. 

size hole. 

After considering a number of alternative types of flexible shafts, it 

was concluded that the flexible shaft should be made up of short rigid seg

ments interlocked at their interfaces with intermeshed teeth. This study of 

flexible shaft concepts concentrated on variations of this segmental shaft 

idea. From this study, it was concluded that such a segmented shaft should 

have the following characteristics: 

1. Three interlocking clutch teeth at the interface. To increase the 

number of clutch teeth would increase the stress in each tooth to a 

prohibitively high level. The symmetry of three clutch teeth makes 

it easier to machine the teeth in a segment. For the same reason, 

it would be preferable that the clutch teeth were square. (There is 

some concern that segments interlocked using square teeth will not 

run smoothly. Some curvature of the teeth may be necessary. This 

report suggests a number of alternatives.) 

2. Segments should have some restraining devices at the connecting 

interfaces preventing the segments from separating. This inter

facial restraint should allow the segments to transmit tension loads 

across the interface. This is desirable so that the drill string 

can be withdrawn from the hole by applying tensile force to the seg

ments. Interfacial restraints proposed are: 

a. Internal snap rings. 

b. Elastomeric connectors. 

c. Internal cylindrical clips. 

3. Of the above interfacial restraint methods, the elastomeric con

nector would be the easiest to replace if a segment failed. The 

other types of connectors would require the disassembly of the 

entire segmental shaft to replace a failed segment. 

4. Another way of providing positive interlocking of clutch teeth at 

the interface is by use of a wire tensioning device. This provides 

a wire running through the center of the shaft connecting the 

starter section near the drill bit with the other end of the drill 

string. The wire in tension provides a compressive load between the 

shaft segments. 
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5. A hexagonal outer geometry will be more compatible with the hex 

collar torque drives utilized in most of the drive head designs 

under consideration. For a friction type drive, the hex cross sec

tion would exist throughout the length of the segment. For drives· 

using yoke thrusters, the center portion of the segment would have 

to be machined, creating a "dumbbell" profile. This alteration 

would provide a thrust collar on the segment. 

6. In all of the segment concepts except one, a inner chip return line 

must be used. The exception is the elastomeric connector which is 

designed to provide a seal at the interface between segments. 

7. A cost analysis of the segmental shaft versus the traditional drill 

steel showed the segmental shaft would cost about 22 cents more per 

hole. This estimate does not account for any additional time saving 

possible from use of a more automated system of drilling and insert

ing bolts. Mining companies, like U.S. Steel, anticipate using a 

flexible shaft drill in conjunction with a continuous miner. Use of 

a flexible shaft drill would eliminate movement of machinery in and 

out of the working space as the cycle of mining coal and bolting the 

roof are repeated. The savings in time should make a flexible shaft 

drill more attractive from a cost standpoint. 

8. The technical staff at U.S. Steel hopes to implement a water flush

ing method to remove drill chips. Removal water could come through 

the center of a segmented drill string, flushing the chips from the 

drill bit and out the annular space around the drill. The reason 

this has not been used in the past is that water would run down onto 

the miner working beneath the drill hole. A remotely operated flex

ible shaft dT.ill eliminates this problem, making water chip removal 

a much more attractive process. With a water chip removal system, 

the inner.hole could be a maximum of 1/4 in. in diameter. Such a 

small hole would increase the wall thickness of the flexible shaft 

segments, making a felxible shaft easier to design. 

Investigation of possible locations for the drivehead led to the conclu

sion that the best place was the roof of the mine. This permits application 

of torque and thrust loads to the drill shaft above the drive hole, allowing 

the portion of the shaft that curves from the drill head back to the vehicle 

to idle in an unloaded state. Investigation identified five basic types of 

driveheads: 
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1. Pawl and ratchet driveheads 

2. Reciprocating hydraulic driveheads 

3. Reciprocating cam driveheads 

4. Reciprocating friction driveheads 

5. Continuous friction driveheads 

The simplest of these five driveheads would be the friction drivehead. 

A friction drive would not require drill segments with the dumbbell profile. 

Technical consultants at U.S. Steel expressed concern whether a friction 

drivehead could provide the necessary thrust. Contamination of a drill string 

with dirt, water, and oil could reduce the friction coefficient to an unaccept

able level. Further tests will verify this concept. 

Drivehead concepts 3, 4, and 5 utilize a differential drivehead system. 

This type of drivehead has the advantage of not requiring rotating fluid 

seals. Drivehead number 1 requires a rotating hydraulic seal and number 2 

requires a rotating pneumatic seal (100 psi air). 

The technical consultants at U.S. Steel favored a reciprocating hydraulic 

drivehead because of its positive acting yoke thruster, fewer moving parts, 

and the facility to control thrust pressure and speed. The five drivehead 

concepts developed suggest a number of combinations which could provide a more 

optimal approach. 

Continuous friction driveheads have the advantage of being reversible to 

remove the drill string from the hole. The other driveheads have provisions 

for retracting the thrust mechanism requiring that the drill string be with

drawn from the hole by a force applied to the drill segments or an inner wire. 

Questions concerning the integration of the flexible shaftdrillwith the 

Bendix bolt bender/inserter were answered during a visit to the Fletcher Com

pany. Examination of the types of mining machines used showed there was ade

quate space to stow a flexible shaft drill and maneuver the drivehead during 

drilling and bolting cycles as well as when tramming the vehicle to a new work 

location. 

The proposed program for Phase II will be directed toward investigating 

the following areas of interest: 

1. The static testing program should concentrate on permissible torsion 

loads for the clutch teeth and the tension load characteristics of 

various interfacial restraints. These static tests will be supported 

by further stress calculations and possible use of photoelastic 

models to clarify stress distribution. 



i 

2. If an elastomeric connector appears favorable, studies of various 

elastomers will be made. There are a number of possibilities for 

increasing the tension load restraint capabilities of the elasto

meric connector as well as maintaining its flexibility. In order .to 

satisfactorily carry out these studies, we would utilize services of 

the College of Engineering polymer research section. 

xvii 

3. Dynamic behavior of.the shaft will be investigated by rotating it 

through different curvatures without any applied loads. This study 

will provide an indication of the type of restraining tube that 

should be used to guide a flexible shaft drill from the drivehead to 

the vehicle and its stowage position. These studies will also deter

mine how smoothly the segments rotate when meshed together. 

4. The drilling chip return system would be studied to establish what 

the minimum inside diameter should be and the difficulties that might 

occur<.when. conveying chips around the radius back to the vehicle. 

Chip samples could be obtained from U.S. Steel mines for use during 

this study. 

5. From these preliminary tests, field tests would be designed. These 

tests would be carried out at the U.S. Steel Test Facility at their 

Contour Mine near Gary, West Virginia. This facility has the capa

bility of positioning a large block of shale·so a standard drilling 

machine can be used beneath it. A 4- to 5-ft thick block of shale 

should provide a realistic evaluation of the flexible shafts under 

consideration. 



2.0.0 TASK DESCRIPTION AND OPERATIONAL SPECIFICATION 

The Washington State University proposal responding to RFP H0242027 

stated that an operational specification would be prepared during Phase I. 

This specification would be based upon the statement. of work given in con

tract H0242027, consultations with the coal-mine productivity task force at 

U.S. Steel, and observations during a field trip to the Gary District mines in 

West Virginia. The objective of the operational specification was to state as 

completely as possible all aspects of coal mine drilling and roof-bolting 

. which would be considered in the design of a flexible-shaft drill foi" low 

coal. 

2.1.0 Coal Mine Environment 

Bolting has become the standard method of supporting coal mine roofs. 

The room-and-pillar coal mining method makes extensive use of roof bolts. As 

coal is removed from the seam, large rooms are developed and separated from 

each other by pillars of coal. The only support of the roof in these rooms is 

from rock bolts inserted into holes drilled into the ceiling. Figure 1 is a 

plan view of a typical development heading in a coal mine. The figure shows a 

typical spacing of roof bolts and the location of temporary support jacks 

ahead of the roof bolt line. Temporary roof-support jacks are used to support 

the roof until bolts have been inserted. The maximum depth of unsupported 

roof ranges from 12· to 20 ft depending on the depth of cut made by the mining 

machine. Once the coal has been extracted and temporary support jacks have 

been put into place, an orderly process of advancing the roof bolt line toward 

the face is started. The flexible-shaft roof drill to be developed under this 

. contract will be used to drill holes into the 1nlne roof. The use of such a 

flexible-shaft roof drill will avoid the present dangerous process requiring 

the miner to work under a temporarily supported roof. 

The length of roof bolts required in a particular coal mine depends upon 

the stability of the roof. Roof bolts as long as 8 ft may be required. Coal 

seams as narrow as 30 in. can be profitably mined, and drilling 8-ft vertical 

holes can present a problem. In a narrow coal seam, the miner uses short 

segments of solid drill shaft to drill a deep hole in the roof. The miner 

drills the hole as deep as possible with one segment. He then couples a new 

segment to the drill-string and continues drilling. This system requires the 
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miner to work near the hole being drilled and beneath temporarily supported 

roof. The operator of a flexible-shaft drill could stay behind the bolt line, 

while drilling holes for roof bolts being placed to support newly mined-out 

areas. 

A typical roof-bolter vehicle that can be operated by one man is shown in 

Figures 2 and 3. The drill head is moved up and down by a boom that extends 

in front of the vehicle. The typical coal mine will have a roof that is 

uneven and a floor that is irregular. A floor covered with chunks and chips 

of coal can create unstable footing for a mine vehicle. Mine vehicles must 

have a stabilizer bar to provide stability during the drilling and bolting 

cycle. Figures 2 and 3 show a Fletcher drill with a stabilizing bar extended 

against the ground for support. The unstable, uneven roof, the irregular 

floor, the restricted space, and the required manual effort result in a work

ing environment that needs improvements via a better drilling and bolting 

system. 

2.2.0 Operating Cycle 

Some mines use two-headed machines with a worker at each head drilling 

and inserting bolts. Description of the present drilling and bolting cycle 

will be referenced to a one-headed machine as shown in Figures 2 and 3. A 

drilling cycle is started by maneuvering the vehicle to the location that has 

been premarked for the bolt. The stabilizer bar is lowered to support the 

vehicle. Starting a new hole can present problems to the miner. If the roof 

is too irregular and/or the drill feed axis is not perpendicular to the mine 

roof, the drill bit tends to climb away from the intended hole location until 

the rock surface is penetrated and cutting action is established. The miner 

uses a starter segment to provide a good pilot hole for feeding successive 

extension segments to deepen the hole. The starter segment for a 1-3/8-in. 

diameter hole has a 1-1/2-in. drilling bit that enlarges the first 18 in. of 

the hole, providing more clearance for other drill-steel segments that follow. 

Drill-steel extensions are successively added during the drilling operation 

until the required depth for the hole is obtained. Figure 4 shows a typical 

extension length of drill steel, coupler, drill bit, and chuck. 

A seven-hour shift of a miner engaged in inserting roof bolts consists of 

the following activities: 
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Figure 2. Bolter Vehicle with Stabilizer Bar Down 
and Thrust Arm Fully Extended. 

Figure 3. Front View of Bolter Vehicle. 
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COUPLER DRILL STEE L 

DRILL CHUCK END VIEW 

WITH 1-3;8
11 BIT OF DRILL BIT 

FIGURE 4. DRILL STEEL, CHUCKS AND DRILLING BITS USED 
TO DRILL ROOF BOLT HOLES 



1. Activities related to the drilling cycle: 

a. drilling 
b. changing drill steel 
c. inserting and tightening the roof bolt 
d. maneuvering the drill head 
e. maneuvering the machine. 

2. Other activities: 

a. setting and advancing the temporary support jacks 
b. miscellaneous activities such as 

--man trip in and out of the mine 
--marking off the top for placement of roof bolts 
--emptying dust boxes 
--adjusting the ventilation curtain 
--rock dusting 
--changing dull bits 
--freeing a stuck drill 
--waiting on a partner if he is working at a double-headed 

drill machine 
--waiting because space is unavailable for insertion of a bolt. 

U.S. Steel provided time study information obtained from three of their 

Gary District mines. The time study data are presented in Table 1. Mine 

number 9 has a roof condition that could require long bolts to stabilize the 

rock strata. A considerable thickness of semi-consolidated shale must be 

penetrated before suitable anchorage is found in an overlying strata of fine 

gray-black shale. Mine number 10 does not have as much semi-consolidated 

shale; therefore, the bolt holes need not be as deep. Mine 50 has no semi

consolidated shale. The existence of the fine gray-black shale in Mine 50 

provides a good roof but requires more extensive drilling. The three mines do 

not typify all coal mines but do provide a spectrum of mining conditions 

providing data useful for this project. The data in Table 1 for all three 

mines have been averaged for use in Figures 5 and 6. These figures show how 

activities during each shift and bolt-insertion cycle are distributed. 

2.3.0 Power and Control Requirements 

Thousands of bolt holes are drilled every day in coal mines, but very few 

data are available concerning the torque and thrust requirements for drilling. 

One difficulty in accumulating such data is that characteristics of shale vary 

considerably. The information that follows is based on consultation with U.S. 

Steel coal mining personnel, the J. H. Fletcher Company, and investigation of 

the literature available on the subject. 
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TABLE 1 

Typical Drilling and Bolting Data 

(Source: u.s. Steel Corporation, Gary District, West Virginia) 

Production Average 
Roof Average Seam Average Bolt Time/Hole Bolts/ Drill Rate, 

Mine Characteristics Activity Height, in. Length, ft. in weeks Shaft ft/min 

# 9 3'-8' semi-con-. pillar and 56 7 4.3 54 3.69 
solidated shale develop-
beneath fine ment 
gray-black shale 

#10 15"-3' semi- pillar 57 5 4.2 57 3. 72 
consolidated 
shale b~neath 
fine gray-black 
shale 

#50 fine gray-black develop~ 55 5 3.5 94 2.37 
shale ment 

Activity Times, Minutes/Shift 

Set and No. of 
Steel Insert and Maneuver Maneuver Advance Time 

Mine Drilling Change Tighten Bolt Head Machine Jacks Studies 

# 9 102 27 49 28 26 11 6 

#10 107 20 41 37 34 49 11 

#SO 188. 27 52 36 26 27 15 
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FIGURE 6. DISTRIBUTION OF ACTIVITIES PER SHIFT 
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2.3.1. Torque and Thrust Requirements--Straight Holes 

If a roof hole is drilled perfectly straight, very little of the required 

thrust and torque is wasted as friction due to the rubbing of the drill steel 

against the sides of the hole. In this ideal situation, the torque and thrust 

delivered by the drill head will be effectively transferred to the drill bit 

to fracture the rock at the bottom of the hole. The energy available at the 

drill bit for fragmenting the rock can be classified as thrust energy and/or 

rotation energy. Thrust energy is proportional to the product of thrust force 

and drill feed rate. Similarly, drill torque multiplied by rotational speed 

is proportional to rotation energy. Specific energy, which is the sum of 

these two terms divided by the volume of material removed per unit time, is 

often used to characterize the difficulty in drilling particular materials. 1 

Some studies of specific energy, torque, and thrust requirements have been 

made by the National Coal Board in the United Kingdom; 2' 3 ' 4 ' 5 however, the 

drilling conditions did not represent those found in typical United States 

coal mines. These studies were based on wet drilling using a scroll-type 

drill bit. Such.drill bits generally have a high torque and low thrust com

ponent. A National Coal Board study indicated that when drilling three feet 

per minute at 200 rpm, 3,600 in.-lb of torque are required to drill Chislet 

shell (a mud stone from Chislet Colliery, Kent). The Fletcher Company designs 

its drilling equipment for a maximum of 3,600 in.-lb of torque. They indi

cated their equipment has never failed due to an excessive torsion load. This 

is a fair indication that normal drilling torque in U.S. coal mines under dry 

conditions and with the bits shown in Figure 4 must be less than 3,600 in.-lb. 

The hexagonal drill steel used in U.S. Steel coal mines is a low-carbon (ap

proximately 45,000 psi ultimate tensile strength) material that should trans

mit 2,000 in.-lb of cyclical torque based on the material's endurance strength. 

Normal drill steel fails at the coupling due to localized yielding in the 

joint. This type of failure appears to be due to excessive bearing pressure 

associated with the contact surfaces of loose joints. 

Preliminary studies at U .. S. Steel indicate a good design figure would be 

a torque of 3,000 in.-lb and an effective thrust force of 5,000 to 6,000 lb. 

It seems a flexible-shaft drill designed for 5,000 lb of thrust and 

3,000 in.-lb of torque would be adequate. These criteria would represent an 

extremely difficult drilling condition not consistently encountered. 
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2.3.2. Torque and Thrust Requirements--Curved Hole 

A number of conditions can cause a drill hole to deviate from a straight 

vertical path. Appendix A discusses· these conditions and presents a method of 

estimating the deviation of the hole from the vertical when the hole is guided 

by a straight starter section. The effectiveness of a starter section in 

maintaining a minimum deviation from the vertical path depends upon its length 

and the clearance between the ID of the starter section and the OD of the 

drilled hole. Based on the analysis presented in Appendix A, the deviation of 

a hole at a depth of 8 ft will be within 10 degrees of vertical if the starter 

section length is sized in accordance with the results shown .in Figure 7. 

Figure 7 relates the expected clearance distance to the required starter 

section length. 

Appendix B shows how required torque and thrust at the drive head varies 

with increase in the curvature of the hole. This is due to the component of 

side thrust on the shaft that becomes greater as the curvature increases. For 

a required longitudinal thrust force of 5,000 lb at a drill bit located at a 

vertical depth of 8 ft, the estimated thrust force at the drive head based on 

Eq. B-4 would be 5,276 lb. Equation B-5 estimates the side force exerted by 

the starter section against the side of the hole. Under the same thrust con

ditions, this side force is 1,700 lb. 

2.3.3 Drilling Control and Duty Cycle 

A variety of opinion exists among coal miners and supervisors concerning 

the best methods of controlling the drilling rate. Mines generally control 

the thrust force and rotation speed. The Fletcher LTDO vehicle uses an on-off 

control method for preset thrust and rotation speed. Other drilling vehicles 

use a "feathering" control for the operator to vary the rotation speed and 

thrust around a preset value. These types of drills depend on the operator's 

experience to optimize his drilling rate without using an excessive number of 

drill bits. The Fletcher LTDO, as an example, has a proprietary "black box" 

control which senses abnormal drilling conditions and compensates by auto

matically adjusting thrust and speed. 

U.S. Steel began conducting drilling tests to explore drilling conditions 

in their coal mines. Their preliminary conclusions indicate better drill 

rates and cutting conditions result when high thrust loads and low speeds are 

used. They have not proceeded with testing far enough to establish what 

optimum ranges should be used for these speeds and thrusts. The latest 

11 
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information obtained showed that rotation speeds were in the range of 100 to 

200 rpm and thrusts were approaching 5,000 to 6,000 lb. Lower rotation speeds 

and higher thrusts result in larger cutting chips. Larger cutting chips are 

associated with more efficient drilling conditions, representing a desirable 

goal in drilling studies. 

Characteristics of the cutting chips produced by a drilling process can 

limit the capabilities of the drilling system. Drill cuttings can be ex

tremely fine, representative of drilling fine, gray-black shale, or coarse and 

flaky, when drilling in less consolidated shale. In each case, wet conditions 

could produce chips which can easily plug the chip-extraction passage in the 

drill or set up like cement, freezing the drill bit. Figure 29 shows cutting 

chips that typically result when dry-drilling fine, gray-black shale like that 

found in Mine 50. Consultations with the J. H. Fletcher Co. indicated their 

chip-extraction system is designed to plug up at a drilling feed rate between 

7 and 8 ft/min, which represents a maximum feed rate. Time study data ob

tained from U.S. Steel mines indicated a mean feed rate of 3.08 ft/min for the 

three mines studied. Data for this mean feed rate indicated a standard devi

ation of 2.94 ft/min. Based on this information, it seems reasonable that a 

drill system should be designed for a range of 1 to 6 ft/min. 

The rotation speed required to drill varies and is not firmly established 

by the industry. The Fletcher LTDO vehicle has a range of 0 to 560 rpm. It 

is doubtful that the upper limits of this speed range are ever used. A more 

reasonable design range should be 100 to 400 rpm. This speed range, combined 

with the torque requirements, provides a horsepower rating for design of the 

drill system components. The industry standard is to use hydraulic gear 

motors with a working pressure of 2,000 lb/sq in. to provide the needed drill

ing power. Some mine operating personnel would prefer piston motors; this, 

however, is a controversial idea and does not represent a consensus of all 

operating people and manufacturers. 

A typical production cycle for bolting crews is 7 hr per shift, 2 shifts· 

per day, 22 working days each month. These data, combined with the amount of 

drilling time per shift as specified in Figure 6, provides a duty cycle to be 

used in estimating the life of most drilling components. 

The operating and supervisory personnel contacted at U.S. Steel indicated 

that underground mining equipment is subjected to severe use. A vehicle must 

remain underground for 2 or 3 years before it is brought to the surface for a 

major overhaul. All maintenance, except on subassemblies that can be detached, 
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must be performed underground using relatively basic hand tools. Hydraulic 

fluid leakage is one of the major problems on mining equipment. Not only is 

it costly, but it further contaminates an already messy environment. Another 

complaint by operators and supervisors is that present mining vehicles have 

hoses and valve blocks that are too small. This results in excessive oil 

heating because of flow rates in the 60- to 80-ft/sec range. A more desirable 

flow rate would be 20 ft/sec. (The Fletcher Company disagreed with this.) 

The above data indicate the control philosophy incorporated into the WSU 

design should provide independent control of both rotation speed and thrust. 

A 3-ft/min feed rate appeared to be a good mean value. Equipment should be 

easily maintained underground and ruggedly constructed to withstand abuse by 

the miner. 

Withdrawal of a drill string from the hole was specified in RP H0242027 

as 40 ft/min. The drill steel normally drops from the hole due to gravity 

forces or requires a minor effort by the miner to pull it out of the hole. 

There are times when a drill bit will stick in the hole. This is caused by a 

drill bit's breaking through hard·strata into a soft strata and becoming 

frozen in soft material due to the instantaneously high feed rate. A bit may 

stick when a crack is encountered during drilling, or it can be caused by the 

drill hole's curving from vertical to a point where straight drill steel binds 

in the hole. In some cases, the drill steel cannot be pulled out and is left 

in the.hole. A flexible-shaft drill would run the risk of sticking due to the 

first two reasons. Being flexible, the last problem could possibly be avoided. 

It should be expected that the drilling conditions could create a situation 

where a flexible-shaft drill would stick and have to be abandoned. 

2.3.4 Flexible Drill-Bolt Bender/Inserter System 

The work description of this contract specifies that the flexible-shaft 

drill developed must be used in conjunction with the bender/inserter system 

being developed by the Bendix Corporation. This requirement states that the 

bender/inserter must be cycled into position after the hole is drilled for 

insertion of the roof bolt. After the bolt has been inserted, the design must 

provide a mechanism for moving a torquing head into position to grasp the head 

of the bolt, which remains extended 12 to 15 in. below the mine roof. Each 

roof bolt is then pushed the final distance into the hole and torqued to a 

specified value. A 5/8-in.-diameter roof bolt is commonly torqued to 150 to 

14 



250 ft-lb. Design criteria for this situation must await field tests by 

Bendix. The tolerance a bolt head will have with respect to the centerline of 

the drilled hole after it has been inserted and released by the bender/in

serter is not available at this time. It is possible that with an excessively 

curved·hole the springback in the bolt will move the center of the bolt head 

off the centerline of the drilled hole. This condition would make it diffi

cult to find and grasp the bolt head for final insertion and torquing. 
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3.0.0 DESIGN DEVELOPMENT 

Identification of the concepts and their evaluation can be represented by 

an information-flow system with feedback. Figure 8 is a flow graph depicting 

a design situation encountered when evaluating such a problem. The opera

tional specification suggested a number of flexible-shaft concepts. For each 

flexible-shaft drill concept, a method of applying torque and thrust, a means 

for stowing the shaft in the vehicle, and a cutting chip evacuation system 

must be developed. It was not possible to conceptualize a flexible-shaft 

drill without considering other aspects of the system upon which the success 

of the drilling concept depends. Figure 8 shows how decisions concerning the 

drive head, storage system, and chip-evacuation system influence each other 

and the feasibility of the initial flexible-shaft concept. 

To institute this design and evaluation approach required consideration 

of the type of vehicle to be modified for a flexible-shaft drilling system. 

The WSU research team assumed that the Fletcher LTDO vehicle would be selected 

and that similar problems would be encountered in modifying a different ve

hicle. This seemed a fair assumption since these vehicles fulfill the same 

mining function. 

The WSU proposal presented in general terms various possible types of 

flexible shafts that had possibilities. Figures 9 and 10 show each of the 

proposed systems. First, the proposed systems were evaluated. Critical areas 

were examined and each configuration eliminated if the identified problems 

appeared insurmountable. The elimination process accomplished two things. It 

reduced considerably the spectrum of design possibilities, and the process 

provided the team with ideas concerning variations and improvements which were 

later pursued, producing feasible concepts. The remainder of this report 

documents this process of evaluation, elimination, and concept development. 
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4.0.0 DRIVE HEAD LOCATION 

4.1.0 Evaluation Criteria 

Location of the drive head for introducing torque and thrust has consid

erable influence on the nature of the flexible shaft used. The first task was 

to evaluate the possible locations shown in Figures 9 and 10, then select the 

best. 

Drive Location 

Vehicle Roof In-hole 

Figure 11. Selection of Drive Head Location 

Figure 11 shows the location choices available. Evaluation of each loca

tion was based on the following criteria: 

1. Ease of introducing torque and thrust to the shaft and its ability 
to transmit the necessary power. 

2. The minimum bend radius imposed upon the shaft. 

3. Problems associated with stowage of the flexible shaft when fully 
withdrawn and during tramming of the vehicle. 

4. Space restrictions associated with drive head locations and feasi
bility of meeting these restrictions. 

4.2.0 In-Hole Location 

This concept is identified as configuration B2 in Figure 10. Figure 12 

provides more detail concerning a method of applying torque and thrust to the 

drill bit. The concept depends upon utilizing a high-speed air-turbine drive 

followed by a compact nutating gear-reduction system. In Figure 12, the 

rotating portion of the drill would contain a gear-reduction system. The air 

turbine drive would be located beneath this rotating portion with its outer 

casing stationary. Air for the turbine drive would be transmitted through the 

inner diameter of the shaft, driving the turbine at 10,000 to 20,000 rpm. 

Exhaust air from the turbine could be used as a carrier for chip removal. The 

nutating gear-reduction system would need a reduction ratio of approximately 
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100:1. Such a gear reducer would have very small teeth with extremely high 

tooth loads to provide the necessary torque. The flexible gear portion of the 

nutating gear system could be made long to reduce the high torque tooth loads. 

However, this configuration would be very difficult to manufacture. The com

pact requirements for the gear reducer, the high tooth loads, and the manu

facturing difficulties are extremely restrictive with this concept. 

If these difficulties were overcome, it does not appear that there is any 

great gain in using this system over others to be discussed. This evaluation 

is based on the fact that the air turbine drive housing must provide restrain

ing torque and apply thrust equivalent to a specified requirement. This re

straint can be provided at two places, identified as A and B in Figure 12. 

Providing such a restraint and applying thrust at location B would require an 

expansion sleeve or similar device which could be anchored in the bore hole. 

This expansion sleeve must be capable of sustaining the full thrusting force 

introduced hydraulically within the shaft. A mechanism sui table for this 

purpose is not readily available. This concept has introduced many complexi

ties, making its feasibility doubtful. If a hydraulic mechanism that could 

clamp the shaft and introduce an inching upward thrust motion were available, 

the inner diameter of the shaft would need to be large enough to carry a 

compressed-air line and two hydraulic lines for the thrusting mechanism. 

There would not be sufficient space within a 1-3/8-in.-diameter hole to 

achieve these purposes. 

Restraint for torque and application of thrust could be placed at loca

tion A, as shown in Figure 12. No advantage is gained over alternate systems 

since a non-rotating shaft between the roof of the mine and the air turbine 

needs to be strong enough to transmit drilling torque and thrust. If a shaft 

could be made which can sustain these torque and thrust loads over this por

tion, it does not appear practical to develop or find a turbine drive-nutating 

gear system for in-hole application of the required rotation speed for drill

ing. 

4.3.0 Location in Vehicle 

Location of the drive head in the mine vehicle is shown as configura

tion B1 in Figure 9. It would be a conventional-type drill head providing 

rotational speed and torque via a hydraulic motor. ·The drive head could be 

moved horizontally along the vehicle to provide the thrust and feed motion. 

The development of such a drive head should present very few problems. 



A critical consideration for this drive head location is the loading of 

the shaft between the drive head and the mine roof. Between these two points, 

substantial torque and thrust must be transmitted by the shaft around the 

radius of curvature, Rc. In order to transmit this thrust, a rigid retainer 

tube is needed to restrain the shaft, and guide rollers are needed to reduce 

friction losses within the tube. Appendix C develops a relationship for the 

required restraint forces. These.restraint forces, coupled with the required 

transmission of torque and thrust through this radius, would create severe 

stress problems. Restraint forces would create circumferential pressures 

causing wear on a flexible shaft or its restraint rollers. To minimize shaft 

wear, extensive lubrication would be required. 

In summary, the drive head located at the vehicle would be of conven

tional design, but would require an extensive mounting system. To drill an 8-

ft-deep hole, the drive head would need to travel at least 8 ft during its 

feed stroke. This could present stowage problems in adapting this drill to an 

existing vehicle. This configuration appears undesirable in view of design 

difficulties in the drill bend area and stowage problems within the vehicle. 

4.4.D Location on Mine Roof 

Configurations A and B3 shown in Figures 9 and 10, respectively, indicate 

variations of this roof location. The roof location has the advantage of 

loading only the portion of the drill shaft within the hole. However, this 

advantage is offset by the requirement that torque and thrust must be intro

duced to a shaft passing through the drive head. A drive head having a sta

tionary housing must be able to introduce the rotation and feed motion in a 

limited space near the mine roof. This problem was given much attention 

during Phase I. 

Space restrictions associated with this drive head location were not as 

severe as the in-hole configuration; however, early analysis of the situation 

showed that the vertical height of the drive head could not be ·too large. 

This restriction is more precisely shown in Drawing 1331-74-06-1 (App. K-8). 

Here the Fletcher LTDO is shown in a 30-in. coal seam. Approximate height 

allowed for the drive head is shown for a 14-in. maximum bend radius on the 

flexible shaft. The result is a height restriction of 16 in. The starter 

section should not be longer than the height of the drive head. Therefore, 

the maximum starter length is 16 in. 
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This roof location is more favorable than other locations for three of 

the four specified location criteria. The vehicle location provides an easier 

way of introducing torque and thrust but lacks ability to transmit it through 

the radius of curvature. The conclusion was to concentrate future effort on 

the roof location configuration. 



5.0.0 EVALUATION OF FLEXIBLE SHAFTS 

Figure 13 shows the two basic choices considered for flexible shafts. 

Drive Head Locations 

I 
Vehicle Roof In-Hole 

I 
Segmented Flexible Shaft Continuous Flexible Shaft 

Figure 13. Flexible Shaft Alternatives 

The distinction between these two basic types of flexible shafts is illus

trated by the following two definitions: 

a. A segmental flexible shaft consists of short, rigid sections strung 
like beads over an inner chip-return line and linked together by 
appropriate interfacial restraints. The interface between segments 
has a locking geometry such that the required amount of torque can 
be transmitted from segment to segment. 

b. A continuous flexible shaft is fabricated from materials woven or 
braided together. This term could also apply to shafts made from a 
continuous strip of material which is coiled in a manner resulting 
in a rigid coupling under certain types of torsion loading. 

A general discussion of these types of flexible shafts has been presented 

by Mcilvanie. 1 Woven or braided construction of a continuous flexible shaft 

is characteristic of commercial stranded-wire types widely used for mechanical 

power transmission and control purposes. A solid one-in.-diameter shaft 

operating at 600 rpm in a straight line has a maximum dynamic torque capacity 

of 700 in.-lb. This is much less than required torque capacity, and such a 

shaft has no provision for the return of cutting chips through a center ori

fice. It would appear difficult to design a shaft utilizing this basic form 

of construction that would be able to transmit the necessary torque and thrust 

loads. 

Continuous shafts called "coiled spring shafts" are shown in Figures 14 

and 15. The shaft shown in Figure 14 winds up on itself when torque is 



FIG. 14- VOLUTE SPRING 
TYPE FLEXIBLE SHAFT 
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applied, causing it to be partially rigid and capable of transmitting a column 

. thrust load into the drill hole. The second type, shown in Figure 15, con

sists of several helically wound strip~steel springs using serrated edges for 

torque transmission. 

Both shaft types would be difficult to grasp at the drive head to apply 

the required torque and thrust. A more severe problem is the high maintenance 

cost for a shaft of this type. If the shaft were broken due to overload or 

mishandling, the entire shaft would have to be scrapped. It is doubtful that 

satisfactory repair of material such as this could be made, whereas a segmen

tal shaft has the advantage that a broken segment can be removed and replaced. 

Mcilvanie's findings, combined with a re-evaluation of the differences 

between segmental and continuous shafts, resulted in the conclusions that a 

segmental shaft is the most feasible. 

5.1.0 Characterization of Segmental Flexible-Shaft Systems 

Basic characteristics of a segmental flexible-shaft system are shown in 

Figures 16 and 17. Figure 16 shows a drive head located at the mine roof with 

the segmental flexible shaft running through it and curving from vertical to 

horizontal in an arc beneath the drive head. This segmented flexible shaft 

consists of short tubular segments strung over a chip-return line. The shaft 

would extend back to the mine vehicle and be stowed within a retainer tube. 

The flexible-shaft system can be characterized as shown in Figure 18 in terms 

of (1) tubular segments~ (2) drive head configuration, (3) chip-return system, 

and (4) stowage characteristics. The following sections of this report will 

develop each of these characteristics more thoroughly. 

5.2.0 Tubular Segment Variations 

One of the primary characteristics of tubular segments is the way they 

provide interfacial restraint. If restraint of tension loads exists, in which 

case the segment transmits tension across the interface, or, if no restraint 

of longitudinal tensile loads exists, the segments are capable of transmitting 

·only torsional and compressive loads. Need for this distinction is necessary 

when considering some requirements of a flexible shaft. The shaft must be 

withdrawn from the hole at a rate of 40 ft/min. This withdrawal motion could 

be obtained by pulling on the end of the shaft attached to the vehicle. If 

the shaft can withstand tension loading, the withdrawal force could be applied 
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to the segments. With no tension restraint, another means of withdrawing the 

segments must be provided. One option is to pull on the inner chip-return 

line, which would be securely fastened at the other end to the starter sec

tion. The effect would be the same as pulling on the string of a long section 

of beads. 

The type of interfacial restraint also affects the minimum radius of cur

vature possible for a particular flexible shaft. Most restraint devices limit 

the flexibility of the shaft. However, this problem was not as restrictive as 

previously thought, and restraint methods were developed which did result in 

acceptable curvatures. 

Another criterion to consider when evaluating types of interfacial re

straint is the shaft's ability to be withdrawn when the bit sticks. One 

method of accomplishing this is to reverse the torque on the drill and pull 

hard to remove the drill string. If the removal method consists of pulling on 

the chip-return line, the maximum withdrawal force would be limited by the 

strength of the chip~return tubing. It will be demonstrated later that space 

·restrictions limit the robustness of this tube and reduce its strength in 

tension. Positive interfacial restraints generally sustain a greater with

drawal force. Mcilvanie investigated a design in which there was no inter

facial restraint for tension loads. Appendix D presents some of the results 

of this work. 

At the beginning of the research it was recognized that an interfacial 

restraint method would be advantageous. The search for a better flexible 

shaft segment was directed toward concepts utilizing some sort of interfacial 

restraint. 

5.3.0 Interfacial Restraint Options 

Mcilvanie's studies showed that clutch teeth at the interface could 

effectively transmit the required torque. He investigated interface condi

tions involving eight interlocking teeth. Having more teeth allows the shaft 

to rotate more smoothly; however, it also reduces tooth size and increases the 

stresses on each tooth. Mcilvanie tried to reduce the stress:.loading by pro-

. filing the teeth so as to distribute the load to a greater number of teeth 

during a misaligned condition. In some cases, these profiled teeth could not 

transmit a reverse torque. His work did not involve segmental teeth which 

could be linked together to transmit tension loads. A summary of his analysis 

is presented in Appendix D. 
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The initial approach in investigating the new segmental shaft concepts 

was to go to the other extreme using a simple prototype made of an interface 

geometry with two interlocking teeth. This initial prototype used external 

snap rings to join two segments together. This concept became known as the 

snap-ring concept and was later developed more completely. 

5.3.1 Snap-Ring Concept 

A snap-ring concept is shown in Figures 19 and 20. The original proto

type used ext~rnal snap rings to link segments together. The prototype shown 

in Figures 19 and 20 uses an internal snap ring. Details concerning this 

segmental shaft can be found in Ref. Drawing 1331-74-07-2, Appendix E. The 

segment could be either circular or hexagonal in cross section and could have 

a straight or dumbbell profile, as shown in Figures 19 and 20. The type of 

drivehead used will influence which configuration is required. 

The snap ring can withstand adequate tension loading, but a larger bend

ing moment causes the snap ring to pop out of its retaining groove causing· the 

shaft to separate. This separation was experienced with the prototype. Later 

studies may show that a snap ring could be designed and incorporated which 

will sustain greater bending loads. Appendix F contains the stress analysis 

for this concept. 

5.3.2 Cylindrical Clip Concept 

Figures 21, 22, and F-1 show the cylindrical clip developed to provide a 

greater transmission of tension loads ·and increased resistance to bending 

loads. Use of a cy~indrical clip requires the tapering of the segment's inner 

surface, allowing it to curve in the required manner. Tapering of this inner 

surface had the effect of weakening the connecting clutch teeth, decreasing 

the wall thickness toward the center of the segment, and requiring a greater 

amount of machining to achieve segment geometry. Appendix F contains the 

stress analysis for this segment. 

5.3.3 Elastomeric Connector Concept 

The utilization of a bonded interface to connect drill segments is dis

cussed in Appendix H. Figure H-1 and H-2 show an elastomer concept that on 

initial investigation appears to be promising. 
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An attractive feature of this concept is that it eliminates the use of an 

inner chip return line. A properly designed interface connector using a suit

able elastomer will seal the interface, preventing leakage in the vacuum 

return line that passes through the_ individual segments orifice. Elimination 

of the chip return line makes it possible to increase wall thickness toward 

the center of the segment. 

Using an elastomer that requires a retaining groove on the segment's 

inner diameter allows for placing this retaining groove 3/8 in. or more from 

the top of the interlocking teeth, removing it from the highly loaded teeth. 

This effectively provides stronger teeth for transmitting torque from segment 

to segment. 

Use of elastomeric connectors could result in a flexible shaft which 

rotates around the curvature in a smoother fashion. The elastomer may provide 

restraint on the segments as they separate while bending. Such restraint will 

prevent some clatter at the.segment interface, providing smoother operation. 

The elastomer connector tends to hold the drill segments together and should 

aid in attaining a vertically straight hole. 

A 12-in. radius of curvature would require a 30 percent elongation of the 

elastomer. There are a vast number of elastomers with at·least a 30 percent 

elongation factor which could suit the purposes of this concept. Desirable 

characteristics of the elastomer are that it should have a high durometer 

rating, be resistant to abrasion and oil, and be non-reactant with any metal 

used. The high durometer rating is necessary to prevent excessive stretching 

when a withdrawal force is applied to the drill .string segments. Too much 

flexibility would result in the drill string having rubber-band characteris

tics. An elastomer connector capable of being inserted into a retaining 

groove by hand would be desirable. This would allow mine maintenance person

nel to replace worn-out or broken drill string segments more easily. An adhe

sive bonding between the elastomer and the metal segment may be necessary. 

5.3.4 Tensile Wir~ Concept 

Use of tens~le wire as a connector was deveioped to eliminate the compli

cations associated with manufacturing snap rings and cylindrical clips. This 

type of segment would use no special connective device at its interface. It 

s·ould be patterned after the segments developed by Mcllvanie using fewer teeth 

increasing the torque transmission capabilities of each segment. A long wire 
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(piano or braided) has been added which runs through the center of the chip 

return line. This wire is connected to the straight starter section at the 

cutting end of the drill string and to a retaining cap at the vehicle, pro

viding a spring load to the segments. Spring loading provides a positive 

compressive load along the length of the drill string, inhibiting the separa

tion of the segments as they bend. The wire provides a positive method of 

applying withdrawal force through the center of the chip return line to the 

starter section. A wire running through the center of the drill string could 

help scour the chip return line, preventing it from clogging during drilling. 

The presence of such a wire may cause some abrasion, but the cleaning advan

tages probably outweigh any increased wear problems. 

5.3.5 Curvature Relationships for Segmental Shafts 

All the segmented shafts proposed in this phase of the project have the 

capability of meeting the necessary curvature requirements. Figure 23 shows 

the geometric relationships governing curvature. These curvature relation

ships are based on geometric formulas that apply to a regular polygon circum

scribed about a circle. The diameter of the segment, D, the length of the 

segment, L, and the tooth height, t, are the important dimensions in determin

ing the curvature radius of a drill string. The radius of the curvature can 

be calculated by solving the equations: 

L D 
R = 2 tan a+ 2 and t sin a = 20 

These formulas do not include parameters related to the method of inter

locking the segment interface·. When a snap ring is used, the radius of curva

ture is also determined by the snap ring thickness, the width of its retainer 

groove, in addition to dimensions Land D (see Appendix E). A theoretical 

radius of approximately 9 in. is possible for a segment 1 1/2 in. long, 

1 3/8 in. diameter, with a tooth height of 1/4 in. The actual design concepts 

are based on a centerline radius of 12 in. to prevent excessive strain on the 

drill segments. 
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5.5.0 Comparative Cost Estimate--Segmented Flexible 
Shaft vs. Traditional Drill Steel 

The snap-ring-connected shaft segment is used in this comparative cost 

study. As shown in Fig. E-2, this shaft segment uses the dumbbell configura

tion discussed earlier in this phase of the research. Basing this cost com

parison on the snap ring design will provide a conservative estimate, though 

some of the other concepts in phase I would be easier to manufacture. 

This estimate .. is based on machining the segments from annealed 1 1/4-in. 

AISI 4340 bar stock. After machining, the segments will be oil-quenched from 

1500°F and tempered at 1000°F. 

The estimate assumes the segments will be machined using: 

•A turret lathe at a minimum charge of $15/hr ($6 for labor, 11% for 

benefits and 150% overhead). 

•A vertical end mill with indexing feature at the same charge rate. 

A turret lathe could drill the center hole, turn the shoulder diameter, 

machine the snap ring groove, bevei the ends of the segment, break the cor

ners of the hex to final diameter, and cut off the part. The vertical mill 

could cut the square teeth using three cuts per end, resulting in a segment 

having three interlocking teeth. All operations were estimated at reasonable 

cutting feeds and speeds for a total machine time per piece of 0.25 hr. Total 

cost per segment is as follows: 

Machine cost, 0.25 x $15/hr $3.75 

Material~ cost (including heat treatment) .25 

Assembly cost (with tubing) .25 

Total cost per segment $4.25 

Using traditional drill steel with a 4-ft starter section and two 2-ft 

extensions to drill an 8-ft hole would cost $41. Estimated work life of such 

drill steel is 250 holes. 
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A snap-ring-interconnected shaft drill would contain 111 of the 1-1/2-in.

long segments, costing $472.00. (111 x 4.25 = $472.00). Such a drill string 

manufactured of AISI 4340 steel has an estimated work life of greater than 

106 cycles. It will be assumed that the flexible shaft will be replaced every 

106 cycles. An average of 1. 7 min at 250 rpm is required to drill each hole. 

This would be the equivalent of 425 cycles per hole or 2300 holes in 106 cycles. 

Assuming some segments will wear out or fail--it could be anticipated 

that as many as 25 percent of the drill string segments may be replaced before 



2300 holes are drilled. Based on this replacement rate, the cost at $5.00 per 

segment would be $139.00 (111 x 0.25 x $5.00 = $139.00). 

A cost credit for the flexible shaft drill is represented by the time 

normally required to change the traditional drill steel. Time study data 

gathered for this report indicate the average time required to change drill 

steel is 0.4 min per hole. Per-hour operating costs for the bolter of $12.50 

include labor, benefits, and overhead costs. For a 4-min drilling period this 

amounts to $192.00 (0.4/60 x 2300 x $12.50 = $192.00). 

4340 Steel Segmented Drill 

Initial cost 
Segment replacement·costs 

Cost credit for time savings 

Cost of standby flexible drill 

Traditional Drill Steel 

·SUBTOTAL 

SUBTOTAL 

TOTAL cost for 
2300 holes 

Equivalent cost for 2300 holes (2300/250 x $41) 

Total cost differential for 2300 holes 

Cost 

$ 472.00 
139.00 

$ 611.00 

192.00 

$ 419.00 

$ 472.00 

$ 891.00 

$ 377.00 

$ 514.00 

A segmented shaft drill would cost $514.00 more to operate than using a 

traditional steel drill over a 2300-hole drilling life. This equals a $0.22-

per-hole increase in cost with the segmented shaft. An additional time saving 

of 1. 06 min (O. 22/12_:50 x 60 = 1. 06 min) must be realized to make the segmented 

shaft-cost-equivalent with the traditional system. 

Use of the flexible shaft drill with the bolt bender/inserter could 

achieve such a time savings. If it were possible to insert and tighten the 

roof bolt while drilling;·a time saving of 0.7 min per hole could oe realized. 

The more automated system would be less likely to experience delays because of 

human involvement, thus creating additional time savings. 
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5.6.0 Function and Strength Comparisons of Segmental Shaft Options 

Functional characteristics of each segmental shaft option have been dis

cussed. Table 2 has been prepared to summarize this discussion. This table 

compares each concept with regard to its ability both to transmit reverse 

torque and tension ro-ad":i,rrg from segment to segment, and to fulfill the require

ments of each segment regarding a chip return line. Each segment must have 

the ability to transmit reverse torque in order to dislodge the shaft when it 

becomes stuck. Segment concepts not requiring an inner chip return tube would 

allow increased wall thickness and be capable of transmitting greater loads. 

The elastomeric connector as presented in Table 2 has the best characteristics, 

but a number of its unknown characteristics should be investigated. 

Snap-ring, cylindrical-clip and tension-wire connectors all compare 

favorably with the elastomeric type. Of these, the cylindrical clip would be 

the most difficult to manufacture. The fact that the tensile-wire concept 

provides no means to transmit a tensionJ0ad from segment to segment is not 

serious since the inner wire itself provides withdrawal force for removing 

the drill string from the hole. Mcllvanie's concepts except for one (Type 2a) 

cannot transmit reverse torque. All of his concepts have more teeth ; which 

assures the shaft will run more smoothly; however, later investigations show 

that this does sacrifice strength. 

Table 3 compares the strength of the spiral, cylindrical-clip, involute, 

rounded, and snap-ring concepts. The spiral-tooth concept is Mcllvanie's 

Type 2e... The involute and rounded connectors are variations of the snap ring 

and cylindrical clip connectors with teeth changed to involute and circular 

tooth profiles. Note that the stress analysis for the elastomeric and tension 

wire connectors is not included. Because neither of these connectors has a 

retaining ring groove·machined on the inner diameter of their clutch teeth, 

they would have strengths equal to or greater than the snap-ring concept. 

This make the tooth stronger by eliminating stress concentration in the teeth. 

According to .stresses calculated, SAE 4340 material should be used to 

obtain a satisfactory fatigue life. Results in Table 3 must be evaluated in 

terms of loading conditions assumed for analysis and the probability that such 

conditions could exist for extended time periods during drilling. It is as

sumed that the segments would always be misaligned. Except for the spiral 

shaft, a single tooth then must carry the entire torque and thrust loads. The 

teeth are thus cyclically loaded to peak value because the shaft is rotating 

in a loaded condition. 



TABLE 2 

Functional Comparison of Segmental Shaft Concepts 

Type 

Mc!lvanie 

Type 2a 
Type 2b 

. Type 2c 

Snap Ring 

Cylindrical Clip 

Elastomeric · 

Tension Wire 

Transmits 
·Reverse Torque 

Yes 
No 
No 

Yes 

Yes 

Yes 

Yes 

Segment-to-Segment 
Tension Loading 

No 
No 
No 

Yes 

Yes 

Yes 

Yes 

Chip Return 
Tube Required 

Yes 
Yes 
Yes 

Yes 

Yes 

No 

Yes 
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TABLE 3 

Strength Comparison of Segmental Shaft Concepts 

Type of Connector 

Number of Teeth 

Tooth Profile 

Static Stresses 
.. 

1. Combined Stresses (Base of Tooth) 
a. Tensile, KSI 
b. Shear, KSI 

Fatigue Life 

1. SAE 4340 material 
a. 
b. 
c. 
d. 

Critical section 
Equiv. alternating stress, KSI 
Cycles to failure 
Holes to failure 

2. SAE 1040 material 
a. 
b. 
c. 
d. 

Critical section 
Equiv. alternating stress, KSI 
Cycles to failure 
Holes to failure 

Spiral 

8 

Spiral 

510 

Tooth 

107 (1) 
.2,"354 

Cylindrical Involute Rounded 
Clip 

3 3- 3 

Square Involute Rounded 

62.5 
38.5 

Waist 
. 39.2 5 
7 X 10 

1,647 

Waist 
47.5 4 

1. 5 X 10 
35 

52.6 
30.6 

Tooth 
30.5 

infinite 

Tooth 
35.5 4 

2.4 X 10 
56 

34.8 
21.5 

Tooth 
19.5 

infinite 

Tooth 
21.0 5 

4.5 X 10 
1,059 

(!)Requires 3 of the 8 teeth to be carrying the load. 

Snap Ring 

2 

Square 

41 
25.1 

Tooth 
26 

infinite 

Tooth 
23 5 

1. 2 X 10 
283 



The thrust and torque levels used for this design are perhaps high for 

most drilling conditions. The severe load conditions assumed in this fatigue 

analysis probably would not be experienced on a continuous basis. 

Table 3 shows the involute, rounded, and snap-ring concepts have favor~ 

able fatigue lives. The spiral tooth and cylindrical clip connector would 

also be satisfactory; however, both these concepts require more intricate 

manufacturing techniques. The involute and rounded profiles are more easily 

manufactured. If the square tooth profile can be used without excess~ve 

noise, wear, or erratic dynamic behavior, it is the simplest profile to manu

facture and it has satisfactory stress characteristics. 
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6.0.0 DRIVE HEAD ANALYSIS 

The direction of the team's drive head analysis was dependent on the type 

of segmental shaft selected. Fortunately, all of the segmental shaft concepts 

could be used with minor modifications for the types of driveheads investi

gated. Mod,ifications necessary for adaptation to particular driveheads were 

related to the exterior geometry of the segment. Any alteration required was 

dependent on how the torque and thrust were to be applied to the shaft seg

ment. To guide the design process, the following four considerations were 

given primary importance: 

1. Avoid rotating hydraulic seals. 

2. Provide a method for applying torque and thrust loads so that 

the feed motion is continuous. 

3. Do not let the drivehead extend more than 16 in. below the mine 

roof. 

4. Design the drivehead to minimize dirt contamination. 

Table 4 is a functional comparison of the drivehead types that were in

vestigated. Before discussing each of these in detail, some definitions of 

terms used in the table will be given. These definitions may also clarify 

some of the above~listed design considerations. 

1. A reciprocating drive introduces the drive motion via a thrust 

mechanism that moves upward to apply the thrust force and then 

retracts back to a starting location. If the drive motion is con

tinuous, two thrusters must alternate so that there is no appreci

ab~e time span in which the upward motion ceases. 

2. A friction drive must have a mechanism to apply a normal load to the 

sides of the shaft segments. This normal load should be high enough 

to generate the required thrust force through friction forces. 

3. The pawl-and-ratchet drive developed by Mcilvanie is redescribed in 

detail in Appendix I. 

4. A hex-collar torque mechanism is used to rotate the segmental shaft. 
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The segments must be hexagonal so the hex collar will grasp them : ,_. -

like a box-head wrench. 

5. The pin-in-slot drive mechanism used in Mcilvanie's design would be 

an acceptable way of driving circular shaft segments. It consists 

of a pin.inserted in a slot through the side of the segment which 

transmits torque and thrust to the segment. 



Type 

1. Reciprocating 
Hydraulic 

2. Reciprocating 
Cam Action 

3. Reciprocating 
Friction 

4. Continuous 
Friction 

5. Pawl-and
Ratchet 

TABLE 4 

Function Comparison of Driveheads 

Drive Mechanism 

Torque Thrust 

Hex collar Hyd. cylinder 

Hex collar Cam surface 

Hex collar Eccentric 

Hex collar Chain 

Actuation of 
Thrust Motion 

Yoke thrusters 

Yoke thrusters 

Friction pads 

Friction pads 

Pin in slot Hyd. cylinder Pin in slot 

Rotating 
Seals 

Source for 
Thrust Force 

Pneumatic for Hyd. pressure 
yoke actuating 
cylinders 

None Differential 
drive 

None Differential 
drive 

None Differential 
drive 

Thrust Sequence 
Control 

Programmed snap
acting penumatic 
pilot valves 

Cam surface 

Flip-up latch 

Not applicable 

Hydraulic to 
thrust cyh 
inder 

Hyd. pressure Mechanical link
ages for inter
mittent applica
tion of thrust 
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6. A hydraulic cylinder mechanism is a double-acting hydraulic cylinder 

that provides thrust motion by cyclic extension and retraction. 

7. A cam surface drive mechanism provides upward thrust through a cam 

roller moving up and down on the cam surface. 

8. An eccentric drive mechanism provides upward.~thrust motion through 

the action of a rotating cam shaft with the required throw to give a 

feed motion. 

9. A chain drive mechanism consists of standard chain and sprockets 

with the chain carrying the thrust-actuating device upward in a con

tinuous manner. 

10. Yoke thrusters are actuating devices that move into and around the 

waist of shaft segments. Yoke thrusters require segments with a 

"dumbbell" profile that provides a shoulder for the yoke to push 

against to transmit thrust force to the shaft segment. 

11. Friction-pad actuating devices are flat pads forced against the 

sides of the shaft segments by a large normal force. This normal 

force introduces thrust via friction forces at the interface between 

the pad and the segment. 

12. A differential drive method of introducing thrust avoids the use of 

a rotating seal. Thrust motion is developed by the difference in 

the rotation speed of the segmental shaft and a differential gear. 

Upward thrust motion is proportional to the difference in rotation 

speed between the segmental shaft and the differential gear. 

13. 
-. J•L-- .. '-~-./'/' --------·'--'/ .------:-~:J..---"<-./1-, -- /·. • 

Thrust sequence control via snap-.actu.at1nK pneuffia,tic piJpt val:\.£~s.::'re-
-~ ~ . ·~·--- -. .. -~-- ~ "' _,. 

quires the upward ·stroke of the thrust cylinder to actuate the pilot 

valves in a prescribed sequence. These pilot valves then actuate 

the appropriate hydraulic and pneumatic valves in the motion se

quence required to thrust the segmental shaft. 

14. Thrust sequence control by a cam surface is obtained from a cam 

roller linked to a yoke thruster or pin. The yoke thruster or pin 

is moved in and out by a roller following the cam surface. 

15. Thrust sequence control with a flip-up latch requires a latch mech

anism to be available to support a sizeable thrust force when moving 

in one direction; however, at a predetermined point in its upward 

stroke or at the top when it reverses its direction of travel, the 

latch flips freely upward and away from the shaft segment, prevent

ing interference during its return stroke to the starting position 

for the next cycle. 



Four of the driveheads presented in Table 4 use hex collars to apply 

torque to the shaft. Though:this appears to be the most convenient method of 

applying torque; it does introduce an additional thrust load to be accounted 

for in the drive design. This load results from friction forces generated as 

the hex segments are pushed up through the hex collar. Torque for the rota

tion motion is being applied as the hex segments move through the collar, gen

erating normal forces with resultant friction forces. Preliminary lab tests 

showed this friction force to be less than 1,000 lb ,when 3,000 in.-lb of 

torque is applied to a hex-shaped bar. 

To provide realistic guidelines, it was assumed the vehicle used with 

this flexible-shaft drill would have pump capacities similar to the Fletcher 

LTDO. This vehicle has a three-section gear pump with 9, 12, and 14 gpm capa

cities and delivers.a working pressure of 2,000 psi. 

6.1.0 Continuous Drives 

Continuous thrust motion can be obtained from chain drives and gear sys

tems. Both methods would use a differential drive to obtain the thrust mo

tion. Mechanically, a continuous drive is less complicated, runs smoothe!, 

and presents fewer problems in regard to timing and sequencing. 

6.1.1 Gear Drive Systems 

Mcllvanie first investigated two types of gear systems that might be used 

to drive a segmental flexible shaft drill. The types investigated were the 

rack-and-pinion drive and pin-gear drive. Figures 24, 25, and 26 illustrate 

some of the engagement variations for a rack-and-pinion system. This gear 

drive used gear teeth as pins to engage slots in the side of the shaft seg

ment. In effect, the flexible shaft becomes a gear rack driven by rotating 

pinions. Mcllvanie's analysis showed the radial engagement of the pinion 

resulted in a contact ratio of less than one:,. making the design unacceptable. 

The tangential engagement method resulted in an acceptable contact ratio; how

ever, the surface stresses on the pinion teeth and rack surfaces exceeded 

allowable limits. His analysis of a pin gear presented no contact ratio prob

lems, but high stresses in the pin bushings were a cause for concern. Bushing 

pressure, combined with the hostile mine environment, could result in lubrica

tion problems. His analysis did not eliminate the possibility of using pin: 

gears, but preliminary investigation was not encouraging enough to stimulate 

further investigation. 
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TANGENTIAL ENGAGEMENT RADIAL ENGAGEMENT 

FIG. 24. DRIVE PINION ENGAGEMENT OF THE DRILL SHAFT 

... ·-····-·----------------_____] 
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FIG. 25 RACK PINION ENGAGEMENT 
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PROTRUDING RACK 

SLOTTED RACK 

FIG. 26. TWO WAYS TO BRIDGE THE COUPLING 
INTERFACE 
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There are possible combinations of the several drive concepts that could 

provide a drivehead with optimal features. 

6.1.2 Chain Drive 
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The chain drive suggested by Mcilvanie was not given developmental effort. 

It showed promise and may provide an acceptable way of driving a flexible 

shaft. Figure 27 shows the general structure of a chain drive using involute 

teeth that engage slots in the shaft's segments. The chain drive distributes 

the thrust load over a number of teeth and provides a good contact ratio with 

the segmental shaft. Figure 28 shows a differential sprocket drive that could 

be used to provide thrust motion. Figure 28 functionally illustrates the dif

ferential drive method used in other drivehead designs to obtain thrust motion. 

Flexible shaft segments would be easier to manufacture and structurally 

stronger without slots machined in the sides as described above. The dumbbell 

profile also weakens the waist section of segments. A friction drive would 

avoid these problems. There are no established guidelines concerning the 

appropriate friction coefficient to use in the design of such a drive system. 

A friction coefficient of 0.25 was selected as a first approximation for this 

design. Phase II of the contract should explore the friction coefficient more 

thoroughly. Using a value of 0.25, the required 6,000 lb of thrust force 

would require 24,000 lb of normal force or 12,000 lb of normal force on each 

side of the segmental shaft. 

The method of applying normal force utilized a circular ring elastically 

deflected a prescribed amount, providing a reactive normal force of 12,000 lb. 

Figure K-2, Appendix K, shows how this concept was incorporated into a contin

uous friction drive using the chain-and-sprocket mechanism. Friction pads are 

carried on the chain and drawn up through a.gap 0.05 in. too small. As these 

pads move through this gap, the normal force, P, is developed by an elastic 

deflection of the loading ring. Calculations concerning the normal load 

developed are shown in Appendix J. 

The rotation .speed of the segmental drill shaft identified as NR on this 

drawing is also the rotation speed of the chain-and-sprocket assembly around 

the centerline of the drill shaft. Rotation speed of the differential gear is 

identified as N0 on this drawing. The differences between these rotational 

speeds (N0 - NR) adjusted by the gear ratio gives the rotational speed of the 

chain sprockets. This rotational speed varies independently of shaft rotation 

speed by varying the output rotation of the differential drive motor. 



DRILL 
SHAFT 

FfG. 27. SCHEMATIC OF CHAIN DRIVE 
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.-------- OR 
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FIG. 28. Dl FFERENTIAL SPROCKET DRIVE 



Will the normal force of this drive system provide adequate friction 

forces? If the friction pad surfaces shown in this drawing do not adequately 

generate the required friction forces, it may be necssary to modify the pads 

by serrating their surfaces or incorporating small involute-shaped teeth that 

would engage slots in the shaft, providing a more positive transfer of thrust 

force. Such a method would be a modified version of the one originally sug

gested by Mcilvanie. The difference is that large normal forces would still 

be used to generate much of the thrust force and the involute teeth would pro

vide a positive interlock when drilling forces become high or the friction 

coefficient becomes smaller due to contamination of the drill shaft surface. 

Appendix J shows calculations to determine the size of the normal loading 

ring. These calculations include a fatigue analysis for the ring used with 

this friction drive; however, the analysis is not necessary since the cyclic 

loading of the ring would be minimal. The normal loading ring would be elas-· 

tically deflected as the drill string is inserted into the drivehead and un

loaded as the drill string is removed. This cycle would occur infrequently 

and does not justify a great amount of concern for fatigue failure. 

6.2.0 Reciprocating Drives 

The idea of a reciprocating drive was introduced by Mcilvanie, and he 

developed what was called a pawl-and-ratchet drivehead that reciprocated up 

and down and applied an intermittent thrust motion. The drive would advance 

the drill string upward, then release it to be held by a detention device 

while the thrust pawl returned to the start and repeated the cycle. Appen

dix I describes the features of this pawl and ratchet system. 

Reciprocating motion appeared to .be an attractive way of applying thrust 

motion to a drill string, and an effort was made to extend this idea to a 

system that could provide continuous upward thrust. Such a system would re

quire two reciprocating mechanisms that would alternate by apply thrust. 

During the upward thrust motion of one mechanism, the other would be retract

ing to the start position in preparation for the next thrust cycle. Before 

describing three driveheads based on this principle of operation, a number of 

reciprocating drive concepts given some consideration at the start of Phase I 

are listed as follows: 

1. The use of various types of chucks or collets that could grasp 

shaft segments were considered. It was anticipated that large 
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forces would be required to provide the necessary clamping pressure 

on the collets or chucks. Also it was apparent that rotating hy

draulic seals would be required and such seals were considered unde

sirable. 

2. Mechanisms similar to the one used to advance film in a movie pro

jector were studied. Such a mechanism has the proper motion and 

could be driven by a differential drive system. One problem was the 

large forces that would have to be transmitted by the linkages. 

Additionally, the relatively large travel per stroke required link

ages of considerable size. Mechanically, this was as complex as 

some of the other systems and involved more structural problems. It 

was not further developed. 

6.2.1 Reciprocating Hydraulic Drive 

This drivehead uses two cylinders which alternately apply thrust force to 

the shaft. This reciprocating hydraulic drivehead is shown in detail in 

Appendix K, Figures K-4, K-5, and K-6. Mcilvanie's hydraulic drive required 

rotating hydraulic seals. The team consensus was that the rotating seal was a 

liability and should be eliminated. This was accomplished by mounting the 

thruster yokes on a plate isolated from the nonrotating hydraulic thrust cyl

inders by a thrust bearing. This arrangement is shown in Figures K-5 and K-6 

of Appendix K. The upper and lower thrust yokes are rotating with the flex

ible shaft which is driven by a hex collar. Thrust cylinders apply load to 

the thruster yokes through isolating bearings as shown on these drawings. In

serting and withdrawing the thruster yokes when required proved to be the most 

difficult problem with this particular drive system. It was solved by using 

double-acting pneumatic cylinders to actuate the yokes. These cylinoers oper

ate with an air pressure of 100 psi, thus requiring a rotating pneumatic air 

seal as shown in Figures K-5 and K-6 of the drivehead drawings. This low air 

pressure air system would appear to present minimal seal and leakage problems. 

The hydraulic motor driving the ring gear is mounted to the plate sup

porting the thrust bearing. This plate is driven up and down in a reciprocat

ing motion by two hydraulic cylinders. Vertical guide beams around the peri

phery of the support plate provide a counter-reaction to torque and keep the 

plate at a 90° angle to the shaft. 
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To conserve space and provide continuous thrusting action, a pair of 

hydraulic cylinders work in opposition to each other and are space 90° apart. 

This orientation can be seen in Figure K-4 and is developed in sectional views 

A-A and B-B. When the drivehead is in operation, the hydraulic motor would be 

torquing the drill shaft at an rpm set by the operator.;_ 0 Top thrusting yokes 

would thrust through a distance of approximately 1.75 in. At the end of the 

stroke, a series of snap-acting pneumatic pilot valves would perform the fol

lowing functions: 

1. Bottom yokes engage the shaft. 

2. Bottom cylinders begin thrust. 

3. Top yokes retract. 

4. Top cylinders return to begin another stroke and await actua

tion. 

Bottom cylinders pull upward thrusting the drill shaft. Near the end of the 

1.75-in. stroke the following pneumatic pilot valves are actuated: 

5. Top yokes engage the shaft. 

6. Top cylinders begin _·thrust. 

7. Bottom yokes retract. 

8. Bottom cylinders extend to begin another stroke and await 

actuation. 

When the drill hole has been completed, the operator can withdraw both 

thrusting yokes simultaneously by overriding the sequenced pneumatic control 

system. This releases vertical support, permitting the shaft to be pulled 

from the hole via a retraction mechanism located at the drill vehiCle. 

6.2.2 Reciprocating Friction Drive 
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The reciprocating friction drivehead incorporates many of the features of 

the continuous friction drivehead. Figure K-1 shows the details of this drive. 

Friction pads have a normal load applied to them by the eleastic deflection of 

a load ring. The required deflection for a normal load of 12,000 lb is calcu

lated in Appendix J. This deflection is mechanically achieved by the movement 

of a latch mechanism through a gap between the friction pads and roller con

nected to the load ring. This gap is 0.05 in. too small and the elastic de

flection of the load ring results in the required normal load. The upward 

motion of the latch mechanism is obtained by an eccentric shaft being rotated 

by a gear connected to the differential drive system. This shaft has a throw 

of 0.4 iri. Because the thrust motion is a reciprocating motion, it requires 
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two sets of friction pads, each set 90° from the other. Both sets of pads are 

loaded by the same load ring. This means the load ring is elastically deflected 

twice during each revolution. This cyclic loading makes is necessary to con

sider the fatigue characteristics of the load ring. Details of this calcula

tion are presented in Appendix J and a ring made of SAE 6145 steel should pro

vide satisfactory fatigue life for this application. 

The differential drive mechanism used eliminates rotating hydraulic seals. 

The load rings and friction pads are rotating at the same speed as the drill 

shaft, and upward thrust motion results from the differential thrust gear 

rotating at a slightly faster rotation speed. The rate of upward motion is a 

function of the difference between N0 - NR modified by the gear ratio. 

6.2.3 Reciprocating Cam-Operated Drivehead 

Details for this drivehead are shown in Figure K-3. It uses a differen

tial gear approach to provide the upward thrust of the segmental shaft. ·The 

upwa'I'.d thrust is obtained via a cam roller following an undulated cam surface. 

The above-mentioned drawing shows the profile for this cam surface. The drive 

has an upper cam surface and a lower cam surface which alternately thrust the 

shaft upward. The differential gear rotates the cam rollers at a relative 

speed equal to the difference between the differential gear rotation and the 

rotating gear rotation. During one rotation of the differential gear, the 

upper cam roller will twice have thrust the segmental shaft upward through a 

distance of 3/4 in. During the same period, the lower cam similarly will have 

provided two upward thrusts. Thus, the total upward. thrust for one rotation 

of the differential gear will be 3 in. The differential gear rotation speed 

must exceed the rotating speed gear by 12 rpm to obtain a 36-in./min feed rate. 

The yoke thrusters are inserted into the segmental shaft through a second 

cam surface. The profile for this cam surface is shown in Figure K-3. This 

cam surface causes the yoke to move radially with respect to the shaft, four 

times in 360 degrees. During each cyclic motion, the cam pushes the yoke 

thruster into egagement with the flexible shaft. The flexible shaft used with 

this drivehead concept must have segments with the dumbbell profile, providing 

a lifting shoulder for the yoke thrusters. These segments differ slightly 

from the .other types in that the lower shoulder is not square, but h~s a 45° 

taper. This taper matches the slope on the lower side of the yoke thrusters. 

The spacing between segments may not be precisely the same at all times. A 



variation in the spacing may cause the yoke thruster to be inserted too early 

or withdrawn too.late. Thus, the tapered lower shoulder would help compensate 

by wedging the yoke thruster back into its slider cavity without causing dam

age.. If the yoke thruster is pushed toward the segment before the upper 

shoulder is clear to receive it, the interference compensation spring on the 

yoke thruster will absorb the thrust force and prevent damage to the system. 

This drivehead is compact, having a total height of 14 in., and the yoke 

thrusters provide a positive-acting thrust force when used in conjunction with 

the differential drive. They also provide independent control of the rota

tion speed and upward thrust motion. 

6.3.0 Drivehead Summary 

At this stage of the research program, it is difficult to recommend a 

specific drivehead concept. Each has attractive features that may be combined 

in some way to obtain a final drivehead design. The eccentric lifting mechan

ism used in the reciprocating friction drive could be combined with the recip

rocating cam drive. Such a combination could use the eccentric mechanism to 

obtain the thrust motion for the yoke thrusters and retain the cam method for 

insertion and removal of the yoke thrusters. The research team feels this 

investigation has assured that a segmental flexible shaft can be driven by a 

drivehead located at the roof of the mine. Some additional tests during 

Phase II should clarify this area such that a specific type can be designed 

during Phase III. 

61 



7.0.0 -CHIP RETURN SYSTEM 

A factor of primary importance in the design of a flexible shaft system 

is the capability to extract drill chips at a reasonable rate. This capacity 

would be a principal function of the inner diameter of the chip return tubing. 

Inner diameter of this tubing depends upon the concentric wall thickness of 
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the segments and the wall thickness necessary to prevent collapse of the tubing 

under applied vacuum pressure. 

The cutting chips that result from bolt-hole drilling vary depending on 

.the material being drilled. Fine grey-black shale found predominantly in U.$. 

Steel mine #50, produces cutting chips that resemble those shown in Figure 29. 

These chips are primarily a fine powder but have some large, thin laminar 

chips which are shown in Figure 29. When this fine material becomes wet, it 

can set up lke cement in a chip return line. Where the mine roof is semi

consolidated material, the chips would be larger. Present drill steel has 

circular starter sections with a 1/2-in. inner diameter, and the couplers that 

interconnect the hexagonal lengths together have a reduced orifice approxi

mately 1/2 in. in diameter. 

Present dust extraction systems are capable of a maximum of 62 CFM of air 

volume at a vacuum of 8 to 12 in. of water. A C-9 nonreinforced nylon hose 

marketed by Imperial Eastman would be strong enough to resist collapsing under 

the operating vacuum. Sizes selected are: 

1. For the l-in. diameter drill hole, a hose ID of 3/8 in. and an 

0.0. of 0.5 in. would be acceptable. 

2. For the 1 3/8-in. drill hole, a hose I. D. of 1/2 in. and an 

0.0. of 0.65 in. would be acceptable. 

During Phase II, it would be desirable to test these two hose sizes to 

assure that extraction'· of .the .drill chips would be possible. Although it is 

not anticipated that these nylon tubes would be used for pulling the segments 

from the hole, it is possible that during Phase. II they could be shown to be 

acceptable for this use. 
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FIGURE 29. DRILL CUTTINGS FROM FINE GRAY BLACK SHALE 



8.0.0 STOWAGE SYSTEM FOR FLEXIBLE SHAFT DRILL 

During tramming and drilling, there must be space in the bolter vehicle 

to stow the flexible shaft drill. This stowage facility would include a sys

tem for applying withdrawal force necessary to remove the drill bit from a 

completed hole. Figure K-7 shows two alternative locations for this stowage 

system. 

One possible location for stowage is beneath the bolter vehicle close to 

the wheels on the left-hand side. This side of the Fletcher LTDO bolter has a 

chain-drive sprocket extending about 3 1/2 in. beneath the bottom of the ve

hicle. If the stowage passage extends no lower than the sprocket level, it 

should be high enough to avoid damage by scraping on the floor of the mine. 

Another way of stowing the flexible shaft is to bend it more than 90° and 

bring it back through the vehicle. This alternative path is shown in Figure 

K-7. This is feasible since the area occupied by the present thrust arm is 

availabl e for extensive modification to accommodate such a stowage system. 

Present thinking is that the thruster arm that carries the present drilling 

head as shown in Figure 2 would be removed. Once removed, the front end of 

the vehicle has space available for storage and support of the new flexible 

shaft drivehead as shown in Figure 30. 

The retraction system must be able to withdraw the flexible shaft at a 

rate of 40 ft/min with a force estimated to be 500 lb max. A retraction sys

tem having 1 hp should be adequate for the above requirements . 

Two withdrawal system options were invest .igateu during Phase I. The 
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first was a chain drive system. There would be no difficulty in developing a 

system that would be workable; however, the use of a chain and sprocket be

neath the vehcile would require more space than is available. Lubrication of 

the chain ahd keeping it clean presents other problems. The second and more 

favored method of withdrawing the shaft and stowing it is using a cable con

nected to the end of the flexible shaft extending back to the rear of the 

vehicle. Such a cable would be wrapped on a drum, which could be rotated using 

a hydraulic drive motor. A 1/2-in. diameter cable would provide adequate 

strength and, when used with a 16-in. drum would prevent cable fatigue. The 

flexible shaft could be contained in a casing to protect it from damage and 

control its movement into the stowage position. The specific location for the 

stowage system will have to wait for the vehicle selected by the U.S . Bureau 

of Mines. It is anticipated that certain problems will be associated with 

location of a s towage sys tem r egardless of the vehicl e sel ect ed. 



Figure 30. Available Space in the Fletcher LDTO 
for Flexible Shaft Drill Head and 
Flexible Shaft Stowage. 

65 



9.0.0 BIBLIOGRAPHY 

1. Mcilvanie, W. A., "The Design of a Flexible Shaft Drill for Low Coal," 
Masters Thesis, Washington State University, 1974. 

2. Teals, R., "The Concept of Specific Energy in Rock Drilling," Rock Me
chanics Mining Science, Vol. 2, pp. 57-7 3, 1965. 

3. Fish, B. C. and Barker, J. S., "The Design of Rotary Drilling Tools, 
Part One;• Colliery Engineering, November 1957. · 

4. Fish, B. C. and Barker, J. S., "T~e Design of Rotary Drilling Tools, 
Part Two," Colliery Engineering, December 1957. 

5. Fish, B. C. and Barker, J. S., "The Design of Rotary Drilling Tools, 
Part Three," Colliery Engineering, February 1958. 

66 



USBM H0242027 

FLEXIBLE ROOF DRILL FOR LOW COAL . 

Pha&e II 



Summary 

Phase I completed the following studies: 

1. Detailed stress analysis on two- and three-tooth flexible 

shaft segment geometries. 

2. Curvature tests on the 1 3/8-in.-diameter shaft for two- and 

three-tooth geometries. 

3. Field tests with 1-in.- and 1 3/8-in.-diameter sectional flex

ible shaft drills. 

4. Destructive tests to establish tooth and retainer ring strength. 

5. Minimal wear studies. 

The tests and calculations show the segmental flexible shaft drill con

cept is workable. The 1 3/8~in.-diameter shaft successfully drilledt0 7 ft, 

7 in. in fine gray-black shale at a rate of 3.17 ft/min. The drilling rates 

for the 1-in.-diameter drin were slower, but the difference was caused by a 

cor~ectable chip-evacuat?r problem. These tests suggest some design changes 

for the retainer ring interfacial restraint and the starter section. 

Curvature tests showed the three-tooth geometry to result in a smooth

running flexible shaft that can curve through simple·_and .compound radii, · .. 

thereby allowing the flexibility of using a number of vehicle shaft stowage 

locations. The minimum design radius proposed will allow for a drivehead that 

extends 16 in. down from the roof of the mine. This is the design limitation 

suggested during the Phase I study. 

Phase II firmed up the configuration of the flexible segments. This pro

vides a shaft specification that can be used for final drivehead design during 

Phase III. Test facilities developed during Phase II will be available during 

the later phases to aid in validating final designs. 
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Cooperative effort with U.S. Steel has provided ex·c;eiient guidance con

cerning coal mining technology. Their continuing help during the coming phases 

will aid design efforts. The U.S. Bureau of Mines is urged to accept this 

design concept and continue this contract with Washington State University for 

Phases III, IV, and V. 
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Introduction 

The Phase I report recommended the flexible shaft drilling system be in

corporated into a mining vehicle as shown in. Figure 31. This figure shows the 

drivehead for the flexible shaft drill would be located at the roof of the 

mine. The flexible shaft drill would extend down from the drivehead through a 

radius into a horizontal position and then back into the vehicle for stowage 

purposes. The flexible shaft that extends down from the drivehead would ro

tate in an unloaded condition (transmitting no torque or thrust). The flexible 

shaft drill being driven upward into the hole by the drivehead would maintain 

its alignment by a straight starter section at the head of the drill. Note 

that the Phase I report established the criteria for this starter section. 

All of the drivehead methods recommended in Phase I required the flexible 

shaft to have a hexagonal outer geometry. The flexible shaft that was recom

mended consisted of short, rigid segments coneected via an interfacial reten

tion device. The general characteristics of these drive systems are shown in 

Figure 32. In all cases, rotation torque was applied by a torque collar that 

fit around the hexagonal segments. Upward thrust forces were applied by 

thruster yokes which engaged each segment at its circular waist. The reduced 

diameter at the waist resulted in a shoulder upon which the yoke thrusters 

could apply thrust force. Drive systems recommended in the Phase I report 

were: 

1. Pawl-and-ratchet drivehead 

2. Reciprocating hydraulic drivehead 

3. Reciprocating cam drivehead 

4. Reciprocating friction drivehead 

5. Continuous friction drivehead. 

It was concluded. that none of the driveheads could be directly adapted to a 

flexible shaft dril~ing system until the specific geometry of the flexible 

shaft had been established. It was also felt that various features of all 

these drive systems could be combin~d to produce the best drive system for a 

flexible shaft. 

The flexible shaft studies during Phase I could be categorized according 

to the types of interfacial restraint used. The purpose of the interfacial 

restraint was to link rigid segments together and permit the shaft to transmit 

a tension force. Such a tension force;would.be required when the flexible 

shaft was withdrawn from the hole. The interfacial restraints proposed were: 
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Figure 32. Drive Method for Segmental Ficxible Shaft Drill. 
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1. Internal snap ring (retainer ring) 

2. Elastomeric connector 

3. Internal cylindrical clip. 

The discussion during the oral presentation of the Phase I report indicated 

that the retainer ring appeared to be the best and that .the research should 

proceed to investigate its capabilities more fully. The flexible shaft seg

ments could also be categorized according to the number of teeth at the inter

face. It was concluded in Phase I that the best approach would be to have not 

more than three teeth. The more teeth at the.· interface, the smoother the 

flexible shaft should rotate; however, increasing the number of teeth could 

result in high stresses in each tooth. The Phase II approach was to investi

gate the two- and three-tooth configurations. Another consideration that had 

to be kept in mind ·was the profile of the teeth. The simplest tooth profile 

to fabricate is a rectangular tooth. Perfectly rectangular teeth would be 

undesirable due to stress concentrations as well as wear on the corners during 

rotation around a tight radius. The approach during Phase II was to design 

segments that had reasonable radii at stress concentration:.points and pivot 

points. Such configurations would be tested; if they prove to be satisfactory, 

no attempt would be made to design and test more exotic tooth profiles. 

The summary section of the Phase I report provides greater detail con

cerning. the nature of the Phase I study and its conclusions. These reported 

results, discussions. with USBM project personnel, and conclusions in the above 

paragraphs suggested that the following analysis and tests would be desirable 

during Phase II of this program: 

1. A more detailed stress analysis on the two- and three-tooth geome

tries needed to be conducted. This .stress analysis would have to be 

for the 1 3/8-in. and l-in. diameter flexible shafts. The stress 

analysis must consider the types of radii at the stress risers and 

bearing points at the interface. It was also felt that it would be 

advantageous to put this stress analysis into computer code so that 

design modifications could be quickly and more economically checked. 

A discussion of this stress analysis is presented in Appendix L. 

2. The dynamic characteristics of the flexible shaft as it rotates 

through the required radii should be investigated. These tests 

would be conducted through simple and compound curves using an un

loaded flexible shaft to simulate actual operating conditions that 



would eventually be encountered. Both the two- and three-tooth 

geometries would be tested; however, only the 1 3/8-in. diameter 

shaft needed investigation. As will be shown, the 1 3/8-in. diam

eter shaft is limiting, and any radius about which this shaft can 

bend, the l-in. shaft should also bend. Appendix M discusses these 

tests. 

3. Field test flexible shaft drills in the l-in. and 1 3/8-in. diameter 

sizes will be developed. These drills will be taken to a U.S. Steel 

coal mine in West Virginia for testing. The purpose of these tests 

is to ver,Ify how well the flexible shaft can drill, with the cri

teria being straightness of hole and drilling rate. Such field 

tests will also provide an opportunity to measure the torque and 

thrust required for drilling and thereby introduce greater precision 

into the calculations and redesign. These field tests are discussed 

in Appendix N. 

4. Destructive tests are planned to verify the load limits of the 

flexible shaft drill components; iii,particular, to verify what 

lqading is required to fracture the shaft elements. The;: second 

destructive test relates to the tension transmission characteristics 

of the retainer ring used to connect the segments. Both of these 

destructive tests were carried out for the l-in. and 1 3/8-in. diam

eter flexible shaft. The destructive torsion tests were conducted 

on both the two- and three-tooth configurations. These destructive 

tests are discussed in Appendix 0. 

5. Some evaluation of the chip-removal capabilities of.the flexible 

shaft is needed. Appendix P discusses this phase of the testing 

program. 
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Discussion 

The philosophy of the Phase II study is to provide specific data so the 

proposed flexible shaft concept could be refined and subjected to preliminary 

performance tests. 

Design Refinement and Analysis 

The exterior geometry of the segmenxs developed in Phase I was to remain 

unchanged. The primary concern in refining the design was to investigate the 

interfacial geometry and interfacial restraint methods. The stress analysis 

presented in Appendix L provides details concerning the evaluation of the two

and three-tooth geometries for the l-in. and 1 3/8-in. diameter shafts. 
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The three-tooth geometry was selected as being the best tooth configura

tion. There was only marginal difference in stress between the three- and two

tooth configurations. The three-tooth configuration was expected to have 

better rotation characteristics through a curve. Dynamic tests later verified 

this premise. 

The three-tooth configuration could have been oriented in two distinct 

ways. Figure L-3 shows the two choices available. The stress analysis did 

npt show a great deal of difference between the two orientations; however, 

configuration I had the operational advantage of the edge of the tooth being 

on the flat. This location provided clearance between this edge and the hole 

surface, preventing the tooth edge from cutting into the hole. 

The compressive load due to thrust and the tooth bending load due to 

torque were the design loads considered. For the 1 3/8~in. diameter shaft, 

the thrust and torque used were 6,000 lb and 3,000 in.-lb, respectively. For 

the l-in. diameter shaft, the thrust and torque used were 3,174 lb and 

1,587 in.-lb, respectively. These loads distributed themselves differently 

depending on whether the shaft was aligned or misaligned. The torsional load 

was distributed equa~ly to all teeth when segments were either aligned or mis

aligned. The thrust load, however, was distributed equally on the three teeth 

when the segments were in alignment but was concentrated on a single tooth 

when the segments were misaligned. 

The torsion load was converted to an equivalent load concentrated at the 

centroid of force and directed perpendicular to the tooth surface. This equiv

alent force and its location were based on assumption of a linear distribution 

of force from the inner diameter to the outer diameter of the tooth. 



The stresses calculated were: 

1. Stress at the root of the tooth due to bending moment produced 

by the equivalent force. 

2. Compression load on teeth or tooth. 

3. Direct shear stress on tooth from equivalent force. 

4. Twisting shear stress caused by the twisting moment due to the 

equivalent force having a line of action not intersecting the 

tooth centroid. 

The magnitudes of these stresses either singly or .as combined stresses were 

calculated at points A, B, C, D, E, and F shown in Figure L-3. The critical 

values occurred for the misaligned case. The magnitude of the principal 

stress at the base of the tooth for the critical points is noted below. 

Stress Magnitude 

Critical Point l-in. 1 3/8 in. 

B -99,950 .:..66,890 

E 97,740 47,420 

D 67,240 35,730 

Based on using an AISI 4140 steel, heat-treated to a Rockwell hardness of 

Rc 43-45, the ultimate tensile strength .would be 150,000 to 180,000 psi and 

the yield strength would be 135,000 to 162,000 psi. The margin of safety be

tween calculated stresses and material strength was adequate; however, it was 

felt that the destructive tests that are later discussed would better substan-

tiate these findings. 

A cyclic load results when the teeth are misaligned. 

varying stress at the root of the tooth that could produce 

This stress variation is due to the compressive load being 

This produces a 

fatigue .. ' failure. 

applied and re-

leased in combination with the varying bending moment resulting from the move

ment of the center of force associated with the equivalent torsion force. 

This force moves through a minimum to a maximum distance from the base of the 

tooth, thereby varying the bending stress at the root of the tooth. Based on 

a reliability factor of 90%, the fatigue analysis predicted infinite life for 

the 1 3/8-in. and l-in. diameter flexible shaft segments. As discussed in the 

Phase I report, the fatigue analysis assumed that the segments are always oper

ating in the most extreme state of misalignment. 
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Destructive tests using the torsion specimens are discussed in Appendix 0 

and show that the three-tooth geometry could sustain a larger torsion load 

than the two-tooth geometry. These results, plus the fact that a three-tooth 

configuration should be easier to fabricate, helped narrow the decision to 

recommend the three-tooth geometry in the final design. It should also be 

·noted that this tooth geometry is simple, having nominal radii in the area of 

stress concentration and at the tooth bearing points. 

Stress analysis and other design calculations served as a guide in the 

design of the test specimens for performance testing. Performance tests sug

gested additional improvements and changes that should be incorporated into 

the.final design. 

Performance Testing 

The bending capabilities of the flexible shaft while rotating in the 

unloaded state were of primary concern. This testing program, discussed in 

Appendix M, provided the necessary information to recomrriend a final geometry 

for the segments. The flexibility tests were concerned with_ the following: 

1. What minimum radius could the flexible shaft bend around without 

separating? 

2. Can the flexible shaft bend around a compound as well as a simple 

radius? 

3. Will the flexible shaft be robust enough to sustain abnormal as well 

as normal handling within the mine? 
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Appendix B reports that for the 1 3/8-in. diameter, two-tooth:geometry 

flexible shaft, a minimum curvature radius of 12 in. was successfully tested. 

The three-tooth, 1 3/8-in. diameter flexible shaft was successfully tested at 

a curv:ature radius of 16 in. At this 16-in. radius of curvature, partial 

separation of the flexible shaft segments was noticed. On checking the design, 

it was found that the construction specifications did not provide enough 

allowance for machining tolerances. If normal machining tolerances were 

introduced.into Eq. (M-5), the variation of the midline radius of curvature, 

R, would be 13 to 15 5/16 in., with a mean value of 14 in. As reported in 

Appendix M, tests made at a radius of curvature of 14 in. resulted in shaft 

separation at the interface. The variation of R due to the machining toler

ances explains this failure. 

To provide adequate allowances, the flexible.>shaft used should be de

signed for a minimum inner radius (r) of 10 in. The proposed drilling system 



shown in Figure 31 is designed for a n·exible shaft with a midline radius of 

14 in. Designing for an inner radius of 10 .in. allows for ample tolerance 
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and decrease in the likelihood of straining the retention rings connecting the 

segments. The 10-in. radius of curvature resulted in the new segment designs 

shown in Figures 33 and 34. The minimum midline radius for the 1 3/8-in. 

diameter shaft would be 10.688 in .. and, for the. l-in. diameter shaft, the 

radius would bel0.5 in. 

The change in tooth geometry shown in Fi~res 33 and 34 changes the cen

ter of force for the equivalent torsion force. These new critical stress 

values are: 

Stress Magnitude 

Critical Point l-in. 1 3/8 in. 

B -106,506 -74,705 

E 73,599 43,804 

D llO' 609 65,033 

Although these stresses are larger, they are still within acceptable limits. 

The fatigue analysis for this new design predicts an infinite life for the 

1 3/8-in. flexible shaft segments. Based on an average time of 1.7 min to 

· drill a hole.· and an. average r·otation speed of 250 rpm, a life of 2200 holes is 

predicted for the· l-in. diameter flexible shaft segments. 

The field tests .discussed in Appendix N provided the most useful informa

tion acquired during Phase II. These· tests showed that the 1 3/8-in. flexible 

shaft drilt could penetrate at a rate of 3 ft/min and drill within the 10° 

tolerance specified in the contract. The limitation on the drilling rate for 

the l-in. diameter drill was the inability of the system to remove the drill 

chips from the hole.· There were two contributing factors: ·the performance of 

the drilling machine during the day that the l-in. diameter drilling test was 

conducted, and the design of the starter section for the l-in. diameter drill. 

There is relatively less annular clearance between the drill· hole and the l-in. 

starter section for passage of air to flush the chips away from the bit and 

back through holes connected to the vacuum chip-return line. This is a cor

rectable design defect, and Figure 35 shows a recommended starter section for 

use during future phases of this testing program. This starter section incor

porates the necessary air passages for passage of air through the chip-extrac

tion holes in the drilling bit. The design also incorporates the hexagonal 
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configuration with cylindrical waists so the starter section can be driven by 

the drivehead in the same manner as the flexible segments. This is necessary 

so that the drivehead may be positioned close to the roof of the mine in 30-

in. coal, allowing a maximum distance beneath the drivehead and the mine fioor 

for the shaft to curve back into the vehicle's stowage area. 

The field tests also allowed for investigation of the potential dangers 

of drilling in shale and the consequences of these dangers. This relates to a 

failure experienced during the field tests toward the end of drilling a 7 ft 

6 in. hole with the 1 3/8-in. diameter flexible shaft drill. This failure 

occurred when the drill bit penetrated an irregularity and stalled. When the 

operator tried to free the stuck bit by using the normal procedure, the shaft 

separated. The separation was due to the simultaneous application of both a 

tension and torsion load to the flexible shaft drill. The stuck bit on a 

flexible shaft would be freed by rotating the drill in the reverse direction 

and maintaining a slight thrust load. This would avoid the tensile loading 

under torque and permit the bit to work itself loose before any withdrawal 

load was applied. 

The failure did suggest investigating a stronger retainer ring for con

necting segments. A heavy-duty retainer ring is available. The load-carr.ying 

capabilities of the present retainer ring in a misaligned condition were in

vestigated using the destructive tests discussed in Appendix 0. The mean ten

sion load for the retainer ring connection on the l-in. diameter shaft was 

·81. 

272 lb and for the 1 3/~-in. diameter shaft the mean load was 516 lb. The 

suggested designs shown in Figures 33 and 34 have incorporated a wider retainer 

ring groove so the heavy-duty series of retainer rings could be used. 

Field tests subjected the flexible shaft drill to the working environment 

it must operate in when fully developed. These tests exposed the flexible 

segments to abrasive cutting chips, which did not appear to affect them; how

ever, the field tests were limited in time and certainly do not represent 

complete wear tests. Some of the segments that had been used in the field and 

tested in the laboratory were examined closely using the dynamic rotation 

apparatus discussed in Appendix M. Figures 36, 37, and 38 show the tooth 

surfaces of one segment that was examined. Only small areas of the teeth show 

any signs of wear. Such wear is indicated by the absence of machining marks. 

To further investigate the wear problem, another test was set up where the 

flexible shaft segments were rotated within a box filled with shale cutting 
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Figure 38. Tooth Surface Wear Pattern. 



chips . Figures 39 and 40 show the box and chips used for the study. The 

flexible shaft was rotated in this box at a speed of 357 rpm for 1 hr, 35 min. 

The test was stopped at this time because there appeared to be no noticeable 

problem. Upon examination of the segments it was shown that there was no 

noticeable wear. How long an operating time would be necessary before failure 

or substantial wear would occur is unknown . Lack of time prevented extending 

this test to such a point. The equipment used for this study will be avail

able during the later phases of investigation, and such tests could be used to 

check the wear characteristics of the final WSU design. 

A real problem in the coal mine environment is the mishandling of equip

ment. Devising a tes t to simulate handling abuse is difficult. However, a 

1 3/8-in. diameter flexible shaft can be broken by applying a bending moment 

by hand. It does not take an unreasonable amount of effort to break the shaft 

in this manner. Figure 41 shows the shaft in its broken condition. This 

points out the need for a heavy-duty retention ring for connecting the flex

ible shafts together. 

The destructive torsion t ests provided failure information for comparison 

with stress calculations. The significance of the principal tensile stresses 

at the root of the tooth was apparent when the fracture was examined. An 

explanation of this mode of failure has to consider the possibility that the 

torsion force could be concentrat ed at the outer edge of the tooth face. The 

teeth faces were not machined on the radial paths indicated by angular dimen

sions shown in Figure 33. Tooth clearance was more readily obtained by milling 

faces of two teeth in a singl e pass and offsetting the cut faces a few thou

sandths from the true centerline. The surface thus generat ed could result in 

point contact; however, localized yielding would redistribute this force. 

A consistent failure mode was not apparent for the l - in. diameter speci

mens wherein direct and twisting shear stresses caused some of the teeth to 

shear off and in other instances a crack propagated from the base of the tooth 

down into the segment body. The failures on the 1 3/8-in . shafts all started 

at the base of the tooth. A small number of failures indicated the critical 

twisting shear action and others had cracks propagating down into the segment 

body. The mean torsion loads for l-in . and 1 3/8-in . diameter shafts were 

9,733 in.-lb and 28,233 in.-lb, respectively. The peak measured torques 

during our field tests were 1,785 in. -lb and 3,080 in .-lb for the l-in. and 

1 3/8-in diameter shafts, respectively. The WSU design has adequate strength . 
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APPENDIX A 

DRILL HOLE STARTER SECTION AND CURVATURE OF BOLT HOLE 

A rigid starter section serves two purposes. The first is that is pro

vides a reasonable length of solid shafting for the drivehead to grasp as it 

starts the hole in the roof. Second, it prevents the drill hole from devi

ating more than ~10° from vertical. This tendency to deviate is caused by 

drill bits cut unevenly due to wear or lack of cutting edge symmetry, stratig

raphy variations such as cracks or dipping strata, or excessive thrust force. 

The proposed starter section is shown in Figure A-1. The hole curvature 

is a function of the distance between guide bushings, b, and the clearance 

distance, a, that occurs if the starter section always curves in the same 

direction by having the upper and lower guide bushing always bearing against 

the inner diameter of the hole as shown in Figure A-1. Mathematically, this 

situation can be evaluated by noting that the change in slope is given by 

d2 _x_ = b 

dx 2 a 

and the boundary conditions 
dx 0 at dy = y 

and 

X = 0 at y 

The solution to Eq. (A-1) is 

The design required that 

-1 X o tan - = 10 . 
y 

= 0 

= 0 

For y =8ft (96 in.), x = 16.9 in.; Eq. (A-2) gives ·the relationship 

b = 273a . 

(A-1) 

(A-2) 

(A-3) 
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APPENDIX B 

THRUST FORCE TRANSMISSION DUE TO HOLE CURVATURE 

Appendix A showed how the length of the starter section and oversize of 

the hole affect the curvature of the hole .. The segments of a segmental shaft 

will follow this curvature as shoWn in Figure B-1; For square teeth at the 

interlocking interface, the thrust force will. be transmitted at a joint from 

segment to .segment as shown in Figure B-1. At any interface, the thrust force 

Ft delivered by the drivehead will have a longitudinal force, F1 , and a side 

force, Fs, acting at .the interface. For a given value of Ft, the value of F
1 

will become smaller and the value of F .. will become larger for segments deeper 
s 

into the hole. The last segment before the starter section has the largest 

value of F~ and the smallest F1 . 

To effectively drill, a minimum value of F
1 

must be maintained. The 

required drivehead thrust force for this minimum F
1 

can be calculated by using 

the results of Appendix A. Let y be the vertical depth to interface between 
0 

last segment and starter segment. Using the curvature equation (A-2), 

tancf> 
dx ayo 

= dy = l) 

The required force relationships are 

and· 

F s = Ft. coset> 

For a required F1 

Ft 
Fl 

= sin <I> 

F F coset> = 
F1b 

= s 1 sin<P ay 
0 

and 

(B-1) 

(B-2) 

(B-3) 

(B-4) 

(B-5) 
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APPENDIX C 

RESTRAINT FORCES ON FLEXIBLE SHAFT CURVATURE 

When the drivehead is located on the vehicle, the thrust load required to 

advance the drill must be transmitted through the shaft and around the curva

ture. The following analysis ignores dynamic forces of friction and shaft 

acceleration. This reduces the load analysis to the situation shown below: 

The horizontal and vertical force components. per unit length are FH and F v' 

respectively, and are calculated from 

Ft cose 
F = v r 

(C-1) 

and 
Ft sine 

FH = r 
(C-2) 

Proof of the above two relationships can be obtained by showing that 

I:'2 F v 
and 

rde = Ft 

Jrr/2 
O FH rd8 = Ft . 



The radial force per unit length, Fr, is 

Substituting Eqs. (C-1) and ~-2) into (C-3) results in 

F 
r 

C-2 

(C-3) 

(C-4) 

A thrust force of 6,000 lb transmitted through a flexible shaft having a 12-

in. radius of curvature will require 

F 6000 500 ~b 
r = 12 = 1n. 



APPENDIX D 

SELECTING THE COUPLED SEGMENT INTERFACE* 

Three interface categories were considered: 

Type 1. 
Type 2. 
Type 3. 

Flexible interconnectors 
Toothed 
Male-female 

These categories were chosen because they are representative of the common 

coupling methods which are compatible with hollow shafts. More exotic meth

ods may have to be resorted to if no solution is found among these. 

In the analysisto follow, strength estimates will be.made for single

tooth contact, SO% tooth contact and 100% tooth contact. The results of the 

analysis presented below are summarized in Table D-I. 

Type 1, Flexible Interconnectors 

The flexible interconnector configuration is shown in Figure D-1. Note 

that the shear area of the shaft is approximately equal to the shear area of 

the flexible elements. The assumption here is that the shear strength of the 

connecting element and coupling will have to be equal. This would be the case 

if the coupling strength were critical. Shear is the assumed failure mode. 

Bending in either the steel jaws or flexible connectors is not considered. 

Shear stress, T, for single-element loading is calculated using Eq. (D-1). 

torque 
mean tooth radius (D-1) T = cross-sectional tooth area 

It would be unrealistic to assume single-element loading for the Type 1 inter

face due to ;the assumed flexible nature of the interconnectors. 

Type 2a, Square-Tooth 

A square-toothed coupling is shown in Figure D-2. Stress estimates are 

based on the free-body diagram shown in the same figure, and the beam stress 

equation, 

where 

* 

Me 
0 niax = I (D-2) 

This apppendix has been extracted from the thesis, "The Design of a Flexible 
Shaft Roof Drill for Low Coal," by William A. Mcll vanie, Masters Thesis, Wash
ington State.University, 1974. 



Interface Type 

1 Flexible 

2a Square 

2b Toroidal 

2c Spiral 

1 Flexible 

2a Square 

2b To-roidal 

2c Spiral 

TABLE D-J~ 

Stress Comparison of Interface Types 

Maximum Tensile Stresses (psi) 

Single-Element 
Loading 

1,020,000 

510,000 

Maximum 

- 1,176,000 

- 588,000 

50% Loading 

64,000 

256,000 

256,000 

128,000 

Compressive Stresses 

- 64,000 

- 412,000 

- 412,000 

- 206,000 

100% Ii.oading 

32,000 

64,000 

64,000 

32,000 

(psi) 

- 32,000 

- 74,000 

- 74,000 

- 42\,000 

D-2 
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FIG. D-1. FLEXIBLE INTERCONNECTORS 
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FIG. D- 2. SQUARE TOOTH COUPLING 



M = Force F acting on the tooth at a distance r from the root 
r 

D-5 

F is chosen at the tip of the tooth in the case of single-tooth contact 

because of the anticipated gear action when the segments are misaligned and 

rotating. Since the teeth are square and not profiled, bearing will be either 

at the tip or at the root of the tooth. In the case of 100% contact, F is 

assumed to act through the center of the tooth. 

Type 2b, Ellipsoidal-Faced Tooth 

Type 2b is an ellipsoidal-faced toroidal toothed coupling and is shown in 

Figure D-3. A stress analysis of this tooth configuration is beyond the scope 

of this thesis. For preliminary comparisons, the analysis can be assumed the 

same as for the square-tooth with one exception. The geometry of this tooth . 

is such that SO% contact will exist regardless of axis misalignment, and 100% 

contact will exist if the coupling axis is in alignment. 

Type 2c, Spiral Tooth 

A free-body diagram of the spiral tooth is shown in Figure D-4. Analy

sis of this tooth depends on its geometry. Theoretically it could have close 

to double the strength of the square tooth since its root thickness is double. 

Thrust Loading on the Toothed Interfaces 

Compressive stresses due to thrust loading would subtract from the ten

sile bending stresses, but small d~fferences in tooth height could prevent a 

tooth from sharing any of the thrust load. Therefore, the thrust load is not 

considered when the maximum tensile stresses are calculated. The thrust load, 

however, will increase compressive stresses. Maximum compressive stresses are 

also tabulated in Table D-f. These stresses are approximated by summing the 

bending stress and the stress due to thrust. For shaft misalignment cases, 

where only partial tooth contact exists, the thrust stresses are calculated 

by dividing the root area of a single tooth into the thrust force. When 100% 

contact exists, the thrust stress is calculated by dividing the cross-sectional 

area of the drill shaft into the thrust force. 
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Type 3, Male-Female 

Male-female fittings are currently used to connect drill rods. Although 

these fittings are already known to have enough strength, they would be diffi

cult to make compatible with the overall system. They are long and not easily 

decoupled for bending around the corner. 

Selecting the Best Interface 

Table D-1 shows that of the tooth type couplings, the spiral-toothed con

figuration, Type 2c, is strongest for 100% contact or the aligned case. Type 

2b is strongest for the misaligned cases. The optimal tooth geometry would be 

a marriage of these two. A discussion of such a geometry is b~yond the scope 

of this paper. Suffice it to say that a combination ellipsoidal would be very 

difficult to analyze or manufacture. 

The flexible interconnector type has relatively low stresses for the 

assumed failure mode .. Unfortunately, no highly elastic material with an ulti

mate shear stress near 50,000 psi is available for this application. 

For the present, the spiral-toothed coupling is assumed to be best, 

hoping that single-tooth contact will never exist with this configuration. 

Optimization of the Spiral-Tooth Profile 

The optimum tooth profile will be such that the maximum principal stress 

will be minimum at all points on the face of the tooth. The tooth profile is 

assumed to lie on a plane rather than on a cylinder. The load is assumed to 

act at the tip of the tooth, corresponding to the worst case. Figure D-4a is 

a free-body diagram of the spiral tooth. The root. thickness of each tooth 

will be 3/8 in·. if the coupling is assumed to have a total of 8 teeth and a 

mean interface diameter of 1 in. Because a 1/8-in. gap may exist between seg

ments in the curved section of the shaft, tooth height will be 3/16 in. to 

ensure that there will be no partial disengagement of the teeth. It is feared 

that partial disengagement may cause the shaft to chatter or bind. 

The assumed loading cycle is shown in Figure D-4b. A 107 cycle life is 

desired; therefore, if the coupling material is AISI 4340 steel with an ulti

mate strength S = 180,000 psi, 
u 

= 0.68 s 1 
0 max u 

= 120,000 psi 
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From Figure D-4a, the moment, M, of any section is given by 

M = Fx. 

Therefore the bending stress, ab from Eq. (D-2), at any point along the x-axis 

is given by 

32Fx 
ab = -2-

Y 

The shear stress, T, at any point along the x-axis is given by 

T = 
16F. 
3y 

The maximum principal stress along any point of the tooth face becomes 

a max [ 

2] 1/2 
2 ab 

= T +.-2-

Substituting forT, ab' and a into Eq. (D-5) results in max 

120,000 " [l~~F( . [l~~xrr
2 

(D-3) 

(D-4) 

(D-5) 

(D-6) 

Past the central point of the tooth, in this case x = 3/32, y = 3/16, the 

tooth assumes the shape· of the mating tooth which is identical in profile. 

Therefore the central point of any profile is known. Substituting x = 3/32 

and y = 3/16 into Eq. (D-6) and solving for F yields 

F = 2350 .lb. 

With F = 2350 lb, at least three of the eight teeth must share the load 

equally to provide the necessary 3000 in.~lb torque. 

The tooth profile governed by Eq. (D-6) is probably not optimum. Mate

rial selection and manufacturing methods will cause changes in the profile. 

Eventually coupling strength will have to be determined experimentally. What 

has been presented is a simple procedure for optimizing tooth profile given 

the number of teeth, their height, width, and material strength. 



APPENDIX E 

SNAP-RING SEGMENTAL SHAFT DESIGN 

A shaft made up of snap-ring segments is shown in Figure 19 and details 

of the shaft segments shown in Figure E-8. The design parameters that re

strict the bending of the shaft are shown in Figure E-1, where 

L = segment length 
D = segment diameter 
W = 2C - T 
C = $nap-ring groove depth 
T = thickness of the snap ring. 

The radius of curvature, R, is given by 

R = DL 
w (E-1) 

Based on Eq. (E-1), the design shown in Figure E-8 will have a bend radius of 

7.2 in. 

Static Stress Analysis 

The segment profile used for this stress analysis is shown in Figure E-2. 

The stress analysis is based upon·the segments beirig in misalignment so the 

torque and thrust loads are concentrated at points rather than being distrib

uted. 

The 5,000-lb compressive force shown in Figure E-2 causes a bending 

moment at section a-a. As the shaft rotates, the combined stresses due to the 

compressive force and bending moment result in alternating longitudinal stresses 

at section a-a. Adding to these are shear stresses at section a-a caused by 

the torque load of 3,000 in.-lb .. The calculation of these stresses is as 

follows: 

where 

1. Shear stress, S s 

T = torque, 3000 in.-lb 

s s = 

d = outside diameter = 1 in. 
0 

16T 

7Td 
3

(1 
0 

K =ratio of I.D. to O.D. = 0.75 in. 

Substituting these values into Eq. (E-2) gives 

S = 22,350 psi. 
s 

(E-2) 
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2. Compressive stress due to thrust load, set 

set 
4Ft 

Tid 2 (1 K2) -
0 

(E-3) 

where Ft = - 5000 lb. Therefore, set = - 14,551 psi. 

3. Bending moment stresses, Sb 

The applied bending moment isM= (5000)(0.5) = 2500 in.-lb. and results 

in stresses at the sur·face of 

32M SM = ---=----:-- = ± 37,250 psi 
rrd 

3
(1 - K

4
). 

0 

4. Combined stresses 

a. combined longitudinal stresses, s 1 

s 1 = - 14,551 ± 37,250 psi 

or -51,800 psi to 22,700 psi. 

(E-4) 

b. The combined.maximum longitudinal stresses are obtained from 

sl sl 2 
[ 

2 ]1/2 

sl,max = 2 ± -2- + ss 

For s 1 = 22,700 psi, s 1,max = 36,418 psi. For s 1 = ~51,800 psi, s 1,max = 

-60,110 psi. 

c. The combined maximum shearing stresses are 

[
s 2 

sj,max = + + 34,210 psi 

(E-5) 

(E-6) 

At section b-b, the critical stresses are due to the tooth loads shown in 

Figures E-3 and E-4. The combined effects of these stresses ar·e obtained as 

follows: 

1. Shearing stress, s s 
Estimated area. of one tooth = l/4(hex area - hole area) = 1/4(1.003 -

0.4417) = 0.155 in. 2 Then 

s 3000 19,354 psi. = = s 0.155 
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2. Compressive stress due to thrust load, Set 

5000 
= O.lSS = 33,258 psi. 

3 .. Bending moment stresses, Sb. 

bending moment, M = (3000)(0.175) = 525 in.-lb. 

Figure 5 is used to approximate the moment of inertia using 

3 
(0.2(?)(0.70) 0 0074. 4 12 = • ln. 

Then 
S Me (525)(0.45) = 31,900 psi 
b = y- = 0.0074 

where the value of c = 0.45 represents the point of maximum bending stress. 

4. Combined stresses 

For the misaligned case, the 5000-lb thrust load and the 3000-lb bending 

moment load shown in Figures ~-3 and E-4 will not occur at the same time. 

This is due to the way that the teeth engage and the point loads move during 

rotation of the shaft. Based on this, the combined stress conditions are 

a. combined stresses due to bending and shearing: 

s1,max, 312900 + [31,~002 + 19,3542]1/2 , 41,000 psi 

b. combined stresses due to thrust and shear: 

-33,258 - [33,258
2 

2]
112 

= 2 2 + 19,354 = -42,145 psi 

c. combined shear stress: 

25,100 psi. 

d. summary of combined stresses at the root of the tooth: 

maximum stress = 41,000 psi 

minimum stress = 0 psi 

mean stress = 20,500 psi 

alternating stress = 20,500 psi. 

E-5 
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Dynamic Stress Analysis 

The dynamic stress analysis is based upon a shaft that is always mis

aligned so that loading conditions shown in Figures E-2, E.-3 and E-4 always 

exist. As such, every time the.shaft makes a revolution, a stress cycle will 

occur. The total number of cycles per year can be calculated from the follow

ing data: 

mean drill time per shift = 126 min 

2 shifts/day, .22 days/mo, 12 mo/yr 

drill speed = 100-400 rpm (use average of 250 rpm) 

cycles/yr = (250 rpm)(l26 min/shift)(2 shifts/day)(22 days/mo)(l2 mo/yr) 

= 1.67 x 107 or 1102 hr/yr. 

The properties for the two materials are 

Property 

ultimate strength 

yield strength 

Brinnel hardness 

* 

4340* 

182 ksi 

162 ksi 

363 

Material 
1040 

100 ksi 

88 ksi 

207 

Oil-quenched from 1550°F and tempered at 
1000°F. 

The nominal mean stress method will be used to estimate the fatigue life. 

The reference for this method and the source of the stress concentration fac

tors is the book, Stress, Strain, and Strength, by Juvinall. 

The critical section for fatigue is the root of the tooth. The stress 

concentration factor at 106 cycles, Kf' for the location based on a radius of 

0.1 in. and a height of 0.75 in. is 1.7. At 103 cycles, the stress riser is 

49% effective, and this finite lite factor, K;, is Kf = 1 + (0.49) (1. 7 - 1) = 

1. 343. 

To determine the S-N curves for these two materials, .the following formu

las are used: 
6 at 10 cycles, 

3 at 10 cycles, 

where 

s 
n 

= 
(0.5)SuCsCLCD 

K 
f 

(0.75)S 
slo3 = 

'q 

(E-7) 

(E-8) 



s = ultimate strength for the material u 
c = surface factor == 0.65 for the machined surface s 
CL = load factor = 0.9 due to eccentricity 

CD = size factor = 0.9 for diameter t>ig.ger than 0.4 in. 

Applying Eqs .. (E-7) and (E-8) to the two materials under consideration·pro

vides the S-N curves shown in Figure E-7. 

The Goodman diagram for these two materials based upon a mean stress of 

·20,500 psi and alternating stress of 20,500 psi is shown in Figure E-6. Com

bining the Goodman diagram results with the S-N curve provides an estimate of 

fatigue life: 

Material 

4340 

1040 

· _Estimated Life 

infinite 
5 

1. 2 x 10 cycles 

Forthe 1040 material, this would represent 283 holes. 

E-7 
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APPENDIX F 

CYL,INDRICAL CLIP CONCEPT 

A shaft made up of segments is shown in Figures 21 and F-1. The curva

ture of the shaft is determined by the top angle on the inner surface of the 

segment and the length of the cylindrical clip. This method of retention re

duces the wall thickness of the center so that the critical design stresses 

occur here rather than in the interlocking teeth, as was shown in Appendix E 

for the snap-ring concept. This conclusion was based on the same calculation 

procedure used in Appendix E. 

At the narrow waist shown in Figure F-1, the state of stress can be cal,., .· 

culated using Eqs. (E-1) through (E-6). The calculated stresses are: 

1. shear stress, S = 41,640 psi s 
2. compressive stress, S t = 31,160 psi . c 
3. bending moment stresses, SM = 69,400 psi 

4. combined stresses 

a. combined longitudinal stresses, s 1 = -31,200 to 69,400 psi or 

-106,000 psi to 38,200 psi. 

b. combined maximum longitudinal stresses, s 1,max = 64,900 psi for 

sl = 38,~_200 ps_:l, 'and sl ,max = -120' 000 psi for sl = -106,000 psi. 

.c. combined maximum shear stress, S max= 67,400 psi. s, 

The mean and alternating stresses at this narrow waist are 32,400 psi. 

The mean and alternating stresses at the base of the tooth are 31,200 psi. A 

Goodman diagram similar to Figure E-6 was constructed to obtain a peak alter

nating stress of 39,200 psi for 4340 steel and 4 7, 500 psi for 1040 steel. 

Corresponding fatigue lives u~ing Figure E-7 are 2 x 105 cycles or 460 holes 
3 for 4340 steel and 7.5 x 10 cycles or 17.2 holes for 1040 steel. 
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APPENDIX G 

SEGMENTAL SHAFT WITH WIRE CONNECTION FOR TORQUE TRANSMISSION 

Figure G-1 shows the type of segment being proposed in this appendix. 

The segments are strung together by a series of wires running through holes 

drilled longitudinally down the tubular wall of the segment. These wires 

could be solid piano wire or a braided wire. When the segmental shaft bends 

through the radius of curvature, the wire would permit the segments to separ-. 

ate sufficiently to accommodate this radius. When the segments entered the 

drivehead and were thrust up into th~ hole, this gap between the segments 

would close and the torsional load would be transferred from one segment to 

the other via shear loading across the wire interconnects. 

For a torque load of 3000 in.-lb and a given wire size, the number of 

wires required can be calculated easily. ·Shear force loading would be most 

severe on the L-.in. -diameter shaft; therefore, only the results of this calcu

lation are presented. For a 1-in.-diameter shaft, it is assumed that the cen

terline for these wire holes would be on a 3/4-in. diameter and the shear 

force on the wires at this diameter would be 4,000 lb. Calculations were 

based on a 1/8-in.-diameter wire, and the results are as follows: 

Number of Wires 

4 

8 

16 

Shear Stress, psi 

81,300 

40,650 

20,325 
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FOR TORQUE TRANSMISSION 
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APPENDIX H 

BONDED INTERFACE 

This method of linking segments together could be approached in two ways. 

The first method would use an elastomer to link the segments together and also 

transmit the torsion from segment to segment. This approach is not feasible 

since the torsion load is too high for existing elastomers. 

The second approach would be to use. interlocking teeth. xo tr~nsmit the 

torque and use the elastomeric bond at the interface to hold the segments to

gether. The elastomeric connector would carry the tension load present when 

withdrawing the drill string. If the elastomeric connector joins the segments 

as shown in Figures H-1 or H-2, there will be no need for a separate chip

return tube. The designs shown in these figures have teeth proportions simi

lar to the teeth analyzed in Appendix E; therefore, they should be suitable 

for transmitting the required torque and thrust. 

There are two new considerations for an elastomeric connector: 

1. Will the elastomer elongate adequately to meet the curvature 

requirements? 

2. Will the bond holding the connector to the segment be strong 

enough? 

The elastomer used for the Type II connector shown in Figure H-2 would be 

elongated more than the Type I connector. The amount of elongation can be 

calculated using geometric relatioris~ips from Figure 23. 
. ·•·. 

9.: 1 t . .-._ (1.375 ·- 0.25) .sina 100 o e onga 1on - 0 . 5 : x 

For a 12-in. radius, segment length of 1.5 in. and a diameter. of 1.375 in., 

a= 7.6° and the percent elongation is 30%. This is well ·w.ithin the .allowable 

elongation of most elastomers. 

The bond strength of the elastomer-to-metal joint is more difficult. to 

determine. The strength is dependent upon the joint geometry and the adhesive 

selected. There are a vast number of adhesives marketed today. The appropri

ate one to use will be based on more intensive examination of adhesive speci

fications and testing of appropriate candidates. 

An adhesive may not be required if a hard elastomer is satisfactory. A 

Type I elastomeric connector made from such a material may have sufficient 

shear strength to carry the load on. the shoulder recessed into the segment 
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groove. The elastomer would have to have a high durometer rating and suffi

cient flexibility. 

Figure H-1 shows a taper on the should~r of the connector. This would 

aid in inserting the connector into the segment and make the replacement of a 

failed segment relatively easy. 



APPENDIX I 

PAWL-AND-RATCHET DRIVEHEAD* 

Figure I:-d is a detailed schematic of the drive unit. Shown in this fig

ure is. a pinion driving a ring gear. The ring gear is fixed around an annu

lar-shaped cylinder. The cylinder drives the piston through a spline cut in 

the inner surface of the cylinder. Attached to the piston rod head are a pair 

of pawls which in turn drive the drill shaft. When the piston reaches the top 

of its stroke, it causes a holding pin to engage the drill shaft. The holding 

pin maintains the proper position of the shaft while the return spring is 

forcing the piston down. After the piston has been returned to the down posi

tion, the pawls re-engage the drill shaft to repeat the cycle. 

In order to explain in detail the reciprocating action of the piston and 

the shaft re~oval procedure, it will be necessary to refer to several draw

ings. Figure I-2 shows how the holding pin is assembled into. the inner cylin

der. Figure I-4 is a blowup of the pawl control mechanism located at the top 

of the drive unit. Hydraulic and electrical schematics are given in Figure I

S. Should the assembly drawing of the drive unit; Figure I-7, prove difficult 

to interpret, a blowup of its internal parts is presented in Figure I-6. 

Reciprocating the Piston 

Figure I-7 shows two milled flats on the upper housing with holes drilled 

through them. These are switch mounting pads for SW-1 and SW-2. The switch 

actuator passes through the hole in the housing and is actuated by cam (16). 

Cam (16) is attached to sleeve (14) with pins (15). Sleeve (14) is connected 

to the piston and moves up and down with it. Thus the switches will be actu

ated at both ends of the piston's stroke. The switches in turn actuate hy

draulic valve solenoids as shown in Figure I-5. 

Retracting the Drill Shaft 

To retract the shaft after the hole has been drilled to the desired 

depth, manual switch SW-3 activates the hydraulic valve, causing the return 

?pring to force the cylinder back down. The same time that SW-3 is activated, 

* This apppendix has been extracted from the thesis, "The Design of a Flexible 
Shaft Roof Drill for Low Coal," by William A. Mcllvanie, Masters Thesis, Wash
ington State University, 1974. 
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the control collar (38) is forced down via rollers (41) attached to yoke (42}. 

The yoke is pivoted by cam (45) which is slid back and forth by the manually 

operated cable (89). 

Downward force on the control roller causes clamp pin (28) to clamp the 

drill shaft, allowing_ the pawls to disengage themselves. When the clamping 

pressure is released the drill shaft can be pulled from the hole. The pawls 

will remain disengaged from the shaft as long as the control rods (39) which 

are connected to the control collar remain in the down position. After the 

shaft has been completely retracted, the control rods are returned to the up 

position. This action causes the control rod tips to strike the control pins 

(24), forcing the pawls to re-engage the slots in the drill shaft for the 

start of a new drilling cycle. The up position· of the control rods is the 

normal drilling position. 



APPENDIX J 

RING PERFORMANCE ON THE FRICTIONAL DRIVEHEAD CONCEPT 

Deflection Analysis 

Referring to Figure J-1, the ring is wedged to deflect diametrically. 

The deflection is proportional to the applied force, P. In order to find the 

relationship between applied force and deflection, Castigl~ano's theorem 

(Juvinall, ?tress, Strain, and Strength, p. 143) can be used. The load pat-

tern is shown in.Figure J-2 (a) and (b). 

The moment is 

M 
Pa p 

(a -·acose) 
Pa 

= 2- 2 = 2 cose. (J -1) 

The tensile force is 

c p 
= 2 cose. (J -2) 

The shearing force is 

V 
p . = 2 s1ne. (J -3) 

The deflection results from bending, axial load and transverse shear. 

Castigliano's theorem combines these to determine the deflection, o, as 

1 J~/ 2 aM 1 Jn/2 ac 6 Jn/ 2 
av 

o = IT 0 M a (P /2) ad8 + EA . 0 0 a (P /2) ad8 + 5GA ·O V ~3-(P_/_2_) ad8 

1 Jn/ 2 Pa-3 2 1 Jn/ 2. Pa 2 6 Jn/2 
Pa . 2eae = IT 

0 
- 2- cos ede + EA 

0 2 cos ede + 5GA 
0 2 s1n 

'3 
Pa TI PaTI 3PaTI 

= 8EI. + 8EA + 20GA (J-4) 

where 

E = Young's modulus 

A = cross-sectional area of ring 

I = sectional modulus 

G = modulus of rigidity 

for a given condition that 

0 = 0.1 in. diametrically or 0.05 in. radially 

E = .30 X 106 psi for steel 

G = 12 X 106 psi for steel 
p = 12,000 lb 

a = 5 in. 
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Equation (J-4) is used to find the ring dimensions. The section modulus is 

I = bh3/12, where b is the width and his the depth; therefore, Eq. (J-4) 

reduces to 

J-3 

(J -5) 

The first term on the right-hand side contributes 99% of the deflection; 

therefore, 
12,000 X 53 

X 12 0 . OS = -=-=...:~-=-::.:......:=--..:..:.._.=.=...--.,-

8 X 30 X 106 
X b X h

3 

and, if b is fixed at 2.5 in., then his found to be 1.235 in., or 1 1/4 in. 

In another case, the radius a= 3.75 in. and h = 1 in., then for a de

flection of 0.05, b can be found to be approximately equal to 2.0 in. 

Stress Analysis 

The ring is under a radial load of P = 12,000 lb for the following two 

cases: 

(A) mean radius a = 5 in.; section b = 2.5 in.; h = 1.25 in . 

. (B) mean radius a= 3.75 in.; section b = 2~0 in.; h = 1.0 in. 

Case A: (Referring to Fig. J-3) The equation for the tensile stress on 

the bar according to Seeley and Smith, Advanced Mechanics of Material, p .. 148 

is 

_l ----- T +y 

~~ 
-

+ h 

• l_ 
~b~ 

R=a 

__ L_ CENTER_OF CURVATUR :....:.;E::::;...__ 

Figure J-3 Bending of a Curved Bar with a 
Symmetric Cross Section 
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F M 
(1 1 y J (J-6) s = A.- AR + Z R + y 

where 

~oge [~ ~ ~J] z -1 R (J -7) = + h 

since 
P Pa 

F = 2 = 6,000 lb, M = z- = 6,000 x 5 = h 30,000 in.-lb, c = 2 = 0.625 in. 

Z = -1 + 1 ~ 25 [log [~ + ~:~;~)] = 0.00525 

The maximum tensile stress at the inner surface due to bending and tension 

(where y = -0.625) is 

6,000 
s = max 2.5 x 1.25 

30,000 
( 

1 . -0.625 ) 
l + 0.00525 X 5 - 0.625 2. 5 X 1. 25 X 5 

= 1,920 + 50,324 = 52,244 psi 

The maximum compressive stress at the inner surface is due to pure bending 

only and is -50,324 psi. 

The maximum compressive stress at the outer surface due to bending and 

tension (where y = 0.625) is 

6,000 
s = max 2.5 x 1.25 

30,000 ( + 
2.5 X 1.25 X 5 l 

= 1,920 42,555 = 40,635 psi. 

1 +0.625 ) 
0.00525 - 5 + 0.625 

Similarly, the maximum tensile stress at the outer surface due to pure 

bending is·42,555 psi. 

Similarly, the stresses for Case B can be calculated. The load patterns 

for the rings are: 

Fatigue 

method 

Case s max 

A +52,244 psi 

B 77' 180 psi 

lives are determined 

used in Appendix E is 

s min 

50,324 

-74,180 

for a ring 

applied to 

s s 1 0 mean a ternat1ng 

psi 960 psi 51,284 psi 

psi 1,500 psi 75,680 psi 

made from 4340 and 6145 steel. The 

this problem. No stress concentration 

factor is used. Other correction factors are CL = 1.0, C
5 

= 0.66, and c0 = 

0.9 for 4340 steel, and CL = 1.0, Cs = 0.58, and c0 = 0.9 for 6145 steel. 

Figures J-4 and J-5 were used to estimate the fatigue life. The results are 

as follows: 



J-5 

Material Case Life, Cycles Hours 

4340 A 106 463 

B 6 X 10 4 
28 

6145 A 106 463 

B 1. 5 X 10 5 69 



300 
/• 

(f) 200 
(f) 

w 
0:: ..... 
(f) 

100 
(.!) 82 z 
..... 
<! 54 z 
0:: 
w 
~ 
<{ 

~ 
<{ 
w 
Q. 

0 

(f) 
::.::: 
0 100 

(f) 

(f) 
(f) 

w 
0:: ..... 
(f) 

(.!) 
z 
..... 
<{ 
z 
0:: 
w 

50 

~ Ol II I I I ~ I ~I 
<{ 

50 100 150 200 230 0 

Sm, KSi, MEAN STRESS 

FIGURE J-4. LOAD CONDITION OF RING 

~ 
I" ..... 

""""' 
I r--.. 

"""" 
f'..... ~ 

614 5v- 4340 ... 
~~--

t--- r-.. 
I-- 1- 1- - - ::=... 

~ ..... ~ 
I 

1--- ~ 1- 1--+- ~ 
I 
I 
I 
I 

I 
I 
I 

103 104 105 106 107 lOB 

LIFE, N I CYCLES 

FIGURE J-5. ESTIMATION OF FATIGUE LIFE 

... ~ \ "' 

J-6 

= 



(/) 
(.!) 
z H

 
~
 ~ 

:><: 
H

. 
C

l 
C

l 
z 

u.:l 
u.:l 

u 
p... 

z 
p... 

u.:l 
c::t: 

p::: 
u.:l 
u.. 
u.:l 
p::: 



' ' ' 

/fOTATIONAL VE£D D"IV£ MOTOA ~ 

-~--··· ,..... 1 

6 
I I 

FOR /!fOrATIOA' "----'+__..-, , ' 
SPI!ED, Nlf 

LATC.H 1"4~C.If-'''USf"'' FOit TltAI'I$- Flf tC.TI0/'1 PA05 
l"ff~510I>J 0~ HOAMAI- j..OAO 

~z:; LOAD ltl~~ Tl.J ,RICTIO# .. B 

B - B 

I 
I 

Figure K-1. Drivehead Friction Force Drive Mechanism with Eccentric Lift . 

OW Ol'e HEAO 
""'t.r;o,..,; ~~CL a~.,,~ ""' A~ •• ':'!'r"'_,. I' ,. 1. ,. r 

... ~.~.. _ _.· ~ ·~ ., ...... . 

X 
I 

N 



Figure K- 2. 

FRIC. TION PAD ROTATIONAL SPEED ORIV£ ~OTOR 
SURFACE PRt.>VtDE ~ T~RQU£. 

IJ6VI!L tii!AR 'OR 
ROTATtN~ SPEE.D,Nif ( 

Drivehead Friction Force with Chain Drive and Load Ring. 

• o#
s UJoo.f.vr .. .,. 

(N0-N~tXWArt fMTIO) ~ .... ,.,. 

DRIVF !oiE..AO 
t::"RIC r ,()N ,:CIRCE ,,,nrH c,.. .... ,N 
DR ·V£ ANO .c.OAD AINO. 

... ~.< .. .. S• I,.£ ~-··~?~ 11Yfl•Q.It 2 
lfN.t.ll'S II!J/ *'"' 1

-' 



,.- D W'4iLL. -
(u.r:""" ...... -•oow"') 
.---+ 

NPICAL CAM AIIO~ILE1 DEYEtDPE QN 4-i ,I?ADVS ( 180") 

SID~ VIEW - % JNCH tiFT CA I"f 

CAM L I FT 

\,'()r£: P~..W'I ... L ARtS.,., . .., ... .. "t~IN14t:T£U 

P~sr~ • .:" ... 'l'"" .. ~~·'-"''A.Ht 
...,....,.,.,. A,.l ~·A~I:MI""'"''"'~ -~,. 
Pllf'<l<. 

AOTArt.ON ORJV.E. MOTC~ 

TOflQ,.JE. 

"' .,. : c"'"'' ... ~ v·,..~-sr se "'f: '-«"!tEO .. "'~'~ 
4l>(J~"-r" li<'' 10- >-N RL~¥CT" r~ C...., ~Af £'. 'J. 
71) lfl'<rrN4 ·-r .. L.I. PA..,L5 1'0,. ~>¥•TND-.14WIU. ,.,..
&;RII.L !loTR•""~ RC~I'..,~AJ... OF' 1>'-1•• .. ROr,..TiaN 
A.ND r~rl:~•ON !.._,~,:Ac.c I!JRAI'ti/Vfi. WQVLD 8L. 
V !JBO TO R I:. PI).,rTtO"J CA,"'1' Po.A1-€o 

Figure K-3 . Drivehead Cam-Operated Lift tifechanism and Cam-Actuated Pawls. 

t,. YO~, r,.,1fV$TI'IIt 
oltOL .. t!l't 

V6- 6. 7-4 
"'••LL '61Z£ 

'i$1H '" 

_ ... :~-.;-. .. 



' 8 

Figure K-4 . 

' 8 

Sect ion C-C Reciprocating Hydraulic Drivehead . ?<: 
I 

()1 



' c 

,;- AlA C:.YUNfiK.R• 
1(10" A'"'•UH'") 

.N .. P A.__r ....... 
~ .. ~,H.O>'.C p .._~~ .. 

....... '-.,.4'"-

Figure K- 5. 

' c 

_-DOI.II!JLL Aef'/Ne 
~ ~'ft:l CYLIND·.It~ 

(140• APAI'tT) 

Section A-A Reciprocating Hydraul ic Drivehead. 

w•s .. 't'HO"' "'•n: ""'~~~' f1 
COI..l.EGE or EHGl'<fEJNoiG MS£ARCH l•IV!SION 

~UM£CH.l.N•tsc;£Cli!J'II 

.(;HENr£0 ~HNr HrN~ /)AII.L ll'54 JI"' 



' c 

Figure K- 6. Sect ion B-B Reciprocating Hydraul ic Drivehead . 



00 
I 

;,..::: 

.• 

•• 

... D 



~
0 



APPENDIX L 

DRILL STRESS ANALYSIS 

In the interaction of sequential segments in the drill string, the torque 

transmitted by the string is seen as a distributed force over the surface of 

each of the load-carrying teeth. In addition, the thrust load must be sup

ported by one or more teeth. Consequently, the state of stress at the base of 

a tooth is composed of four contributing factors: 

1. A bending stress caused by the distributed force acting above 

the base of the tooth. 

2. A .compressive stress of the axial thrust load. 

3. A shear stress across the tooth base. 

4. A shear stress from the twisting of the tooth caused by the 

resultant of the distributed force not acting through the cen

troid of the tooth base. 

Load Division Between Teeth 

First, establish the premise that all three teeth will equally carry the 

applied torque. Assume no axial loading and let the distributed force of the 

torque be represented by an equivalent concentrated point force. Since there 

are no net forces on a segment other than the torque, the load of the two seg

ments in Figure L-1 is severed and replaced with a moment. Assume the posi

tion of the :·;upper segment is fixed in space while the lower segment is free 

to translate and rotate in the x-y plane. If only two teeth are contacting, 

the resulting unbalanced forces on the lower portion tend to move it to the 

left until contact is made on the unloaded tooth. The force equilibrium (Fig

ure L-2) of the segment then requires that 

F2 cos 30 = F3 cos 30 

or 
Fl = F2 = F 3 

It should be noted that this is valid independent of the radial point of con-

tact of each tooth; i.e., the distance from the drill segment center to the 

point of contact of each tooth does not have to be the same. Consequently, 

the load is distributed equally over all three teeth regardless of where the 

actual resultant forces contact the·individual teeth. 
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FIGURE L-3 DRILL SEGMENT-TOP VIEW 



Geometrical Considerations 

The top view of a drill segment is shown in Figure L-3 along with point 

·labeling and axes. The loading force is on face DE. Considering tooth 1, the 

geometrical quantities of area and moment of inertia are determined by start

ing with the base triangle, OBD, adding the triangle BCD, and subtracting the 

circular sector OAE. 

Triangle OBD (1) Triangle BCD (2) Sector OAE (3) 

Area ~ OG BD ~ CG BD OA28 

X 3_ OG OG + _!_ CG 3_ OA sine 
c 3 3 3 e 

Yc 0 0 0 

I _!_ OG BC 3 _!_ CG BG3 ~ 
(e 

1 
2e) X 6 6 -4- - 2 sin 

I _!_ BG OG 3 l.__ BD CG 3 ~ BD CG (oG + 
~ 

( e + 
1 

28) + -4- 2 sin 
Yo 2 36 

_!_ CG 
2 

3 

When combining, the quantities from a circular sector must be subtracted and 

the parallel axis theorem must be used to transfer the moment of inertia to 

the centroid. 

Area: 

Centroid: 

Moments of Inertia. 
about Centroid" 

A = 

X = c 

Yc -

I., 
XC 

·I yc 

Al + A2 - A3 

1 
+ A2xc2 A3xc3) A (Al xcl -

0 

= I + I x2 - I x3 xl 

- 2 
= I + I 2 - I - x A yol yo yo3 c 

The polar moment of inertia-of the centroid is approximately given by 

(L-1) 

(L-2) 

(L-3) 

(L-4) 

(L-5) 

L-4 



Force and Moment Analysis 

The contact area occurs across the entire face of the mating teeth; then 

it is reasonable to suppose that the force producing the torque is linear and 

can be represented by the expression f = kr, where f is the force per unit 

length in the radial direction, k is a constant, r is the radial distance from 

the centerline. The force distribution is shown in Figure L-4. For analysis, 

it is convenient to replace this distributed force by an equivalent concen

trated force, F, that produces the same tooth torque (1/3 total torque). Con

sequently, 

or 
Fxcf 

1 
= 3 torque 

F = torque 
3xcf 

where xcf is the area centroid of the force distribution, given by 

But by similar triangles, 

xcf = 
or 

X = cf 

2 
3c 

D = 

2 c 
3 c 

3 

2 

1 - cd 
2 
1 - cd 
2 

ec 
v 

b3 

b2 

~ b .!. be 
3 2 

Therefore, 

2 2 
+ be + c = 3 c + b 

2 oo2 
+ OD x OE + OE 2 

3 OD + OE 

be 

b2 

(L-6) 

(L-7) 

The equivalent force acts at a distance v above the base of the tooth, 

producing a bending moment, M. If the teeth are seated together (situation 

when there is an axial load), the distance vis assumed to be one-half the 
t,~. 

too height, and 

M = _!_ Fh 
2 

(L-8) 

which is normal to the tooth surface. Resolving into components along the x 

and y axes, we have 

M 
X 

M cos8 

M = M sine . 
y 

(L-9) 

(~..,10) 

A larger bending moment is developed if the teeth are not seated since the 

point of application of the force is higher. The worst case arises when the 

tooth is as high as possible, i.e., up against the snap ring. Referring to 

L-5 
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Figure L-5, at this point 

v = h - (lip height) - ~ (snap ring thickness) (L-11) 

Since the bending moment is linearly proportional to the contact height, the 

moment for a misaligned tooth can be expressed as 

v* M* =- M 
v 

where v*/v is the ratio of the conact heights. Typically v*/v is about 1.5. 

Referring to Figure L-6, the twisting moment about the centroid is given 

by 

(L-12) 

Stress Analysis 

Since the product of inertia of the tooth base area is zero, the stress 

caused by the bending moment [1] Mat point "i" is. 

oM. 
l. 

M x 
_L_ 
I 

X c 

(L-13) 

where x and y are the distances from the centroid to point "i" aong the re

spective axes. For the misaligned case, 

The compressive stress is from the axial load and is considered as being 

carried entirely by the one tooth. 

the tooth, 

Assuming it is distributed uniformly over 

a 
L c 

F c 
=-A (L-14) 

where F ... is the axial thrust load and A is the cross-sectional area of the c 
tooth. The negative sign indicates compressive stress. 

If we assume the shear stress to be uniformly distributed ac;poss the base 

of the tooth, then 

which can be decomposed into components a~ong the x-y axes as 
F . 

= A sinS . (L-15) 

L-7 



F =A cose. (L-16) 

The shear due to twisting about the centroid can be expressed as 

(L-17) 

where r is the distance from the centroid to a point of interest. Letting x. 
l. 

andy. be the coordinates of points A, B, C, D, E and F, then define 
l. . 

1 [X·] <P = tan- y: 

Then the x and y components of the twisting shear stress are given by 

= TMF.cos(<P + 90) 
l. 

T MF. 
J.Y 

= TMF.cos(¢ + 90)~ 
l. 

The combined shear stress at a point "i" is then ·given by 

and the combined bending and. compressive stress is 

ab = a + aF . m. 
l. l. c 

From Mohr's circl~ .• the principal stresses at point "i" are 

Results of the Static Stress Analysis 

2 
+ T. 

l. 

(L-18) 

(L-19) 

(L-20) 

(L-21) 

(L-22) 

(L-23) 

The numerical results for the values of stress at critical locations for 

different tooth configurations and signs are shown in Table L-1. The stress 

states at all points are included for the latest design. The pattern of dif

ferent tooth configurations at locations of points on the teeth is shown in 

Figure L-'7. \,1 

L-8 



TABLE L-1 

Drill Tooth Stress Summarl 

Tooth DescriEtion 

Tooth Stress (Esi) 
Size No. Height Bending 
(in.) Teeth (in.) Pattern Location Bending Compressive Shear + Shear Combined Misaligned 

1.0 3 0.281 I A 15,400 -41,300 8,100 18,900 -28,200 24,700 

B -61,600 19,500 -67,300 -106,500 -92,300 

c -51,200 11 '700 -53,800 -94,000 -75,100 

0 42,500 30,600 58,600 •31,300 73,600 

E 74,900 19,600 79,700 42,600 110' 600 
F 34,300 14,000 39,300 10,900 52,800 

1.0 3 0.25 I B -54,800 -41,300 19' 500 -61,100 -99,900 -81,800 

0 37,800 30,600 54,900. 28,900 67,200 

E 66,600 19,600 72' 000 36,000 97,700 

1.0 3 0.25 II B -55,200 -41,400 19,600 -61,400. -100,425 -87,200 

E 67,700 19,600 73,000 36,800 105,200 

1.0 2 0.25 III c -59,800 -26,600 18,100 -64,900 -90,100 -93,300 

G 74,800 18,100 79,000 54,300 115,100 

1.0 2 0.25 IV A -70,600 -29,300 20,500 -76,100 -104,000 -109,700 

E 76,600 20,500 81,700 54,900 118,400 

1.375 3 0.331 I A . 8' 900 -39,500 5,300 11,400 -31,400 15,100 

B -33,000 12,900 -37,400 -74,700 -52,100 

c -29,200 7,800 -31,100 -69,500 -44,600 

0 23,200 20,400 35,000 13,800 43,800 

E 42,100 13,300 45,900 14,700 65,000 t:-' 
I 

1.0 

F 19,000 9,400 22,800 3,600 30,900 



TABLE L-1 (Continued). 

Tooth DescriEtion 

Tooth Stress (Esi) 
Size No. Height Bending 
(in.) Teeth (in.) Pattern Location Bending Compressive Shear + Shear Combined Misaligned 

1.375 3 0.25 I B -24,900 -39,500 12,900 -30,400 -66,900 -38,600 

D 17,500 20,400 31,000 12,200 35,700 

E 31,800 13,300 36,600 10,000 47,500 

1. 375 3 0.25 I B -24,900 -39,500 12,900 -30,400 -66,900 -38,600 

D 1,00 20,400 31,000 12,200 35,700 

E 31,800 13,300 36,600 10,000 47,500 

1.375 3 0.25 II B -31,000 -39,800 11 '800 -34,900 -72' 600 -49,300 

E 29,600 11 '800 33,800 7,800 47,400 

1. 375 2 0.25 III c -28,600 -25,300 12,100 -33,000 -56,500 -46,000 

G 26,500 12,100 31,200 12,700 43,200 

1.375 2 0.25 IV A -45,400 -31,500 15,700 -50,300 -80,000 -71,500 

E 46,400 15,700 51,700 25,200 73,800 
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The "misaligned" case is when the teeth are as far apart as possible. 

Consequently, the bending stress is multiplied by the factor (v*/v) and the 

total stress is found using Eq. (L-23). Since the contact point has moved up 

the tooth face from the center, no compressive force is acting . 

L-12 

. ~f the material being used is 4140 steel, heat-treated to a Rockwell 

hardness Rc 35, the ultimate and yield strengths can be expected to be 165 kpsi 

and 150 kpsi, respectively [2]. As a result, this stress analysis predicts 

that all teeth forms will perform adequately in the static case. The compari

son between the two- and three-tooth configurations shows the three-tooth to 

be the stronger for equal tooth heights. By increasing the tooth depth to 

achieve a small radius of curvatur~ of the drill string, the stress level at 

the critical point was increased approximately 25%. Even so, it will remain 

well within the yield strength of the material. 

Fatigue Analysis 

This analysis follows the methods presented in Reference [1]. Modifying 

the endurance limit cs;) to account for surface finish (ka), .size factor (kb) 

and stress concentration (k ), we have the corrected endurance limit, e 

s = k.kbk s~ . e a e e 
(L-24) 

From the Metals Handbook (2], S~ = 90 kpsi, S = 165 kpsi, and S = 150 kpsi. e u y 
For a machined surface, ka = 0.66 while kb = 0.85. This kb corresponds to a 

part diameter between 0.3 and 2.0 in. The modifying factor for stress con

centration is found from 
i --- = K = 1 + q(K - 1) k f t 

, (L-25:) 
e 

where q is the notch sensitivity (0.89) and Kt is the stress concentration . 

factor. Considering the tooth as a simple number under a bending moment, Kt 

is a function of the notch radius (1/16 in.), the depth across the tooth at 

the point (d) and the drill diameter across the flats (D)~ Using the values 

for our drill segmenLand Shigley's Figure A-20-6 [1], we have 



Small Segment Large Segment 

D E D E 

D 0.875 0.875 1. 25 1. 25 

d 0.431 0.246 0.616 0.363 

r/d 0.145 0.254 0.101 0.172 

D/d 2.03 3.56 2.03 3.44 

K t 1.63 1.46 1.6 1.8 

k 0.641 0.710 0.584 0.652 e 
s 32,364 35,848 29,486 32,920 

e 

Points B and D have the same geometry; therefore, they have the same stress 

concentration values. If we assume the drill remains within the ten-inches-· 

in-ten-feet drill hole tolerance, then the maximum deviation between succeed

ing teeth centerlines is approximately 0.25 degrees. This corresponds to an 

increase in load application height of 0.005 in. (1.33 in. across segment 

times sin 0.25°), which does not significantly alter the bending stress in the 

tooth. It does, however, remove the compressive load for this tooth. As a 

result, the cyclic loading corresponds to application and removal of the 

thrust loading on a tooth. Define the mean Com) and alternating (oa) stresses 

as 

Using the modified Goodman Diagram (Figure L-8), they-intercept for tension 

is 

and for compression 

0 s ·au 
s - 0 u m 

(L-26) 

(L-27) 

Infinite life is predicted if Sf is less than Se for tension. For compression, 

o must be less than S .. and Sf must be less than S for infinite life. The 
a e y 

fatigue life analysis of the drill segments for the latest.tooth design is 

summarized in Table L-2.. 

Based on our calculated stress levels, the life of the gear teeth should 

exceed one million cycl.e~. 
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TABLE L-2 

Summary of Fatigue Analysis 

Segment a a sf s m a e 
Size, in. Location ---------------- psi ---------------- Life 

1. 375 B -56,100 18,600 29,800 29,500 infinite 

1. 375 D 24,400 10,600 12,500 29,500 infinite 

1. 375 E 32,300 15,600 19,200 32,900 infinite 

1. 00 B -86,900 19,600 46,600 32,400 infinite 

1.00 D 44,900 13,700 18,800 35,800 infinite 

1. 00 E 61,100 18,600 29,500 32,400 ·infinite 
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APPENDIX M 

CURVATURE TESTS 

These tests were conducted to determine the ability of the segmental 

flexible shaft to curve through the required arcs needed in the design that 

was proposed in Phase I of this project. A midline radius of curvature of 

14 in. was specified in Phase I and is shown in Figure 1. In addition to the 

simple radius, it was felt that our flexible shaft should be able to work 

through a compound curvature. Such a configuration would be required if the 

flexible shaft stowage tube were located off the centerline of the drilling 

vehicle. 

In order to perform such tests, an engine lathe was modified so that the 

lathe chuck could provide the rotation speeds for the shaft and a support 

bearing could be mounted on the tail stock to.secure.the rotating shaft during 

the test. Figure M-1 shows how these fixtures were used with the engine lathe 

to provide the test·configurations desired. This figure uses coordinate 

dimensions A, B and C to specify the radius of curvature, R, used for each 

test. A summary of these coordinate dimenstions with the related minimum 

radius is tabulated for each test in Table M-L. Figures M-2 and M-3 show the 

engine lathe so modified with a test specimen mounted. 

Only the 1 3/8-in. diameter segmental flexible shaft was tested in this 

way. The smaller l-in. diameter flexible shaft will be able to easily handle 

any radius the 1 3/8 shaft can operate in. The flexible shaft was contained 

within a flexible metal tube during the test. This flexible metal tube had an 

inner diameter of 1 1/2 in. and an outer diameter of 1 5/8 in. This flexible 

tube was very similar to electrical conduit. Flexible shafts containing two

and three-toothed segments were tested. The two-toothed variation was first 

tested using segments machined from AISI 1018 carbon steel. The three-toothed 

variety was tested later and was fabricated from heat-treated AISI 4140 steel 

(Rockwell hardness Rc 35). Each test configuration was tested at the speeds 

and for test duration times shown in Table M-2. 

Tests 1-19 using the two-toothed geometry had a retainer ring groove that 

differed.· from the later tests using the three-toothed arrangements. Observa

tions made during the testing of the two-toothed geometry suggested the design 

change that was made for the three-toothed geometry. This design change modi

fied the retaining ring groove so that three of the six inner meshed teeth had 

a narrow groove slightly wider than the thickness of the retaining ring, 

------------------------------



B B 

R 

A-A 
I :: ... 

Figure M-1. Curvature Test Configurations. 

B 

~--+- U-BOLT 

SUPPORTING CLAMP 

3: 
I 

N 



M-3 

TABLE M-1 

Curvature SEecifications for Dynamic Testing 

Dimensions (in.) Minimum Radius(S) 
Test Teeth A B c R (in.) 

1 2 16.5 19 0 12 

2 2 16.5 41 0 12 

3 2 16.5 45.5 18 14 

4 2 17 19 0 14 

5 2 21 51 0 14 

6 2 21 51 0 14 

7 2 21 40 32.5 14 

8 2 25 33 0 16 

9 2 25 so 0 16 

10 2 25 so 0 16 

11 2 25 48 18 16 

12 2 25 40 31 16 

13 2 16 53 0 16 

14 2 18.5 47 0 14 

15 2 3.5 49 0 16 
16 (1) 2 22 51 0 14 

17 2 22 51 0 14 

18 2 18 51 0 14 

19 2 19.5 41 30 14 

20 3 23 51 0 16 

21 3 23 51 0 16 

22 3 19.5 51 0 16 
23( 2) 3 18.5 51 0 14 
24 (3) 3 19 51 0 16 
25(4) 3 19 40 0 16 

(l)Tests 16-25 had chip-return tube inside flexible shaft. 

(2)Shaft separated at 232 rpm. 

(3)Test speed 357 rpm for 60 min. 

(4)Test speed 357 rpm for 30 min. 

(S)Radius at centerline. 



Figure M-2 . Unshielded Fl exible Shaft Drill During 
Curvature Tes t s . 
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Figure M-3. ShLelded Flexible Shaft Drill During Curvature Tests. 
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TABLE M-2 

Dynamic Testing Speeds and Times 

Speed, rpm Test Duration, min. 

36 1 

114 3 

152 3 

199 3 

265 3 

357 3 

474 3 



whereas the remaining three teeth had grooves sufficiently wide to permit the 

segments to separate apart the required distance needed by this flexible 

coupling. This groove size difference is clearly shown in Figure M-8, refer

enced to Section D-D.of Drawing 1331-74-09-1, sheet 1 of 1. By narrowing the 

retaining ring groove, the retaining ring was more securely held and reduced 

the likelihood of separation of the segments via careless handling or abnormal 

operating conditions. Figure M-4 shows how the narrow groove and wide groove 

function during misalignment of the segments. 

The governing relationships that determine the pending radius of the 

shaft can be derived by referring to Figures M-5 and M-6 .. The symbols used 

in these figures are defined as: 

r 

5I, 

8 

= 
= 
= 

inner radius of curvature for the drill string 

effective segment length 

included angle of separation at tooth interface 

d = pivot distance between contact point and engagement point of adja

cent teeth at retainer ring 

s = 
A = 
B = 
t = 
a = 
D = 

separation at pivot distance d 

tangent point for inner radius of curvature 

contact point at tooth interface 

width of retainer ring groove 

edge shoulder on teeth 

tooth depth 

The trigonometric relationships 

8 .0. 
tan 2- 2r 

and 

tan 8 - s 
2- 2d 

result in 

From Figure M-5 

D = S + t + 2a. 

(M-1) 

(M-2) 

(M-3) 

(M-4) 

By solving for Sin Eq. (M-3) and substituting into Eq. (M-4), the resulting 

equation is 
5/,d r = ~---'-"--.,...... 

D - t - 2.a · (M-5) 

The radius at the centerline is 

M-7 



Figure M- 4. 
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R = r + 
shaft diameter 

2 

Results of Dynamic Tests on the Two-Toothed Geometry 

M-11 

(M-6) 

This segment geometry was tested for radii from 12 in. to 16 in. No 

great difficulty was experienced in rotating a shaft of this type through the 

configurations that were tested. There were some noticeable problems which we 

felt could be eliminated by the smaller retainer ring groove mentioned earlier 

and by going to a three-toothed segment. The problem noticedtnat suggested a 

retainer groove modification was that normal handling of the shaft sometimes 

caused it to separate. Additionally, at certain speeds, vibration was present 

that was not of a damaging nature but certainly irritating in terms of noise 

and heat generated. The conclusions from this series of tests were that the 

two-tooth configuration would be dynamically acceptable if the retainer ring 

groove were modified to make the holding of the ring more secure. This con

clusion gave us the assurance that, if the three-tooth geometry did not have 

sufficient strength during actual drilling tests, the two-toothed geometry 

would have satisfactory dynamic characteristics as well as the possibility of 

being stronger. 

Dynamic Tests of Three-Toothed Geometry 

The tests conducted were confined to the 14-in. and 16-in. radius using 

simple curvatures and compound curvatures. Test No. 23 at a bend radius of 

14 in. resulted in the shaft separating at a speed of 232· Tpm. In fact, the 

tests using a simple curvature at a 16-in. radius resulted. in partial separa

tions· ,of the segments. This partial separation caused the retainer ring to be 

bent, as shown in Figure· M-7. 

In order to explain this behavior, we investigated what effect machining 

tolerances would have on the radius of curvature. Normal tolerances for this 

work would be ±0.002 in. for dimensions D, d, a and t, and ±0.020° for ~. 

Inserting these into Eq. (M-5) results in 

For D = 0.25, t = 0.38 and a - 0.05, the limits on r for the 1 3/8-in. diameter 



Figure M-7 . Bent Retajnor Ring Caused by Too Small 
a Radius of Curvat ure. 
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flexible shaft are 12.309 in. to 14.645 in., making the nominal variation in 

midline radius 13 in. to 15 5/16 in. 

The variation explains ·the difficulty that we encountered with the 14-in. 

radius of curvature. For simple radii of 16. in. no. s~paration problem was 

experienced. The three-toothed design ran smoother and with less vibration 

than the two-toothed geometry. Our conclusions were that the three-toothed 

design was superior to the two~toothed design; however, the flexible shaft 

must be designed for a smaller radius of curvature so that a greater margin is 

available for variation in the radius of curvature due to manufacturing toler

ances. 

M-13 
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APPENDIX N 

FIELD TEST 

On Novemqer 4 and 5, the flexible shaft drill was tested at U.S. Steel 

Corporation's Mine No. 10 in the Gary mining district of West Virginia. The 

U.S. Steel Corporation cooperated in this test by supplying a standard double

headed bolter machine, operating assistance and a test area in the developmen

tal portal called Adkins main. The coal height in this area was about 6 ft 

and the roof was predominantly fine gray-black shale. The drilling character

istics of this material were described by the mine personnel as medium to hard. 

Bolt holes drilled in this area.were nominally about 7 ft deep. 

This field test was conducted to verify the following: 

1. Will the flexible shaft drill maintain alignment while drilling 

shale? 

2. Will the flexible shaft drill be able to transfer the necessary 

torque and thrust without catastrophic results? 

3. What is the drilling torque and thrust transmitted under such 

conditions? 

4. What will be the drilling rate? 

5. Are there geometric deficiencies in the design that will create 

problems during drilling or during withdrawal of the flexible 

shaft drill from the hole? 

6. Does the drill, as designed, have the capability to evacuate 

the cutting chips from the hole? 

In order to use a standard drill for our tests, the flexible shaft drill 

had to be fabricated in sections that could be coupled together. Figure N-1 

shows two 18-in. sections of this field test flexible shaft drill. These 

sectional flexible shaft drills were designed so that a drilling sequence 

could be employed whereby the standard drilling head could power the flexible 

shaft drill without having the flexible portion outside of the hole in an un

supported condition. Such a drive procedure would simulate the actual drive 

mode via the roof-located drivehead that was recommended in the Phase I report. 

Before inserting the flexible shaft drive, Figure N-2 shows that a 28-in. 

starter hole had to be drilled using standard drill steel. For a flexible 

shaft test run, starter sections with bit holders and bits as shown in Fig

ure N-3 were inserted. A section of flexible drill was then coupled to the 

starter section using the male coupler as shown in Figure N-4i 
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Figure N-1. Flexible Shaft Sections for Field Test . 
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Figure N-3 . Starter Section, Blt Holder and Dril ling Bit. 





Figures N-4 and N-5 show these male couplers mounted on the flexible shaft 

sections. The standard section of drill steel that is shown in Figure N-5 

connects the male coupler to the drivehead. A completely coupled system is 

shown in Figure N-6. With this arrangement, a test run extending the hole 

depth by 18 in. could be conducted. Additional 18- in. and 36-in. sections 

could be added so that the total extension of the hole depth could have been 

72 in. The flexible drill sections differed from our proposed design in that 

the male-male couplers provided some rigid restraint for about 4 in . at the 

connecting point between flexible sections. 

The support equipment used for the field test was: 

1. A type 3500 Galis double-headed drill with internal dust col

lection. Flow to torque motor was set at 27.5 gpm until the 

pressure-relief valve (set at 1300 or 1600 psi) operated. 

This resulted in a speed of 300-350 rpm (see Fig. N-7). 

2. A strobe tachometer for rpm measurement. 

3. A compressive load cell for calibration of the hydraulic sys -

tem for drilling thrust. 

4 . A flowmeter for measurement of drilling torque. 

5. A pressure gauge for measurement of thrust. 

6. Measuring scales and stopwatch for determination of mean drill

ing rate. 

Field Test Results 

Tables N-1 and N-2 report the data obtained from these tests. The most 

successful series of tests was with the 1 3/8- in. diameter flexible shaft 

drill. Our first series of tests using this drill resulted in a hole depth of 

7 ft 7 in . Of this total depth drilled, about 7 ft consisted of flexible 

shaft sections plus starter, with the remaining portion of the hole containing 

the standard drill steel for driving purposes. The average drilling rate was 

3 . 17 ft/min, which was identical to the drilling rate obtained using a stan

dard drill in the same material . The hole was very straight and the flexible 

shaft drill could be withdrawn easily by hand from the drill hole. No unusual 

characteristics were observed during the drilling process. These results were 

very satisfying; however, the test was stopped when the flexible drill pene

trated an "irregularity." This irregularity caused the drill to freeze and 

separate. Separation took place 7 segments up from the bottom end of the 

N- 5 
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Figure N-4. Drilling System for 1 3/8-in. Flexible Shaft. 
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TABLE N-1 

Field Test Data - November 4' 1974 

Thrust Torque Drill Rate Horse:eower 

Test Drill (lb) (lb-in.) (ft/min) Torque Thrust Total Remarks 

la F-1 3/8"§ 1643 1029 2.73 5.31 0.14 5.45 18" depth 

lb F-1 3/8" 2671 1741 2.90 8.98 0.24 9.22 18" depth 

lc F-1 3/8" 3082 1730 3.88 8. 92. 0.28 9.20 18-36" depth 
* (2465) (1500) (3.17) (7.74) (0.22) (7.96) 

ld S-1 3/8" 3082 1619 3.70 8.35 0.34 8.69 33" depth 

le S-1 3/8" 2979 1903 3.ll 9.81 0.28 10.09 28" .depth 

lf S-1 3/8 2928 1329 .2.69 6.85 

(2996) (1617) (3.17) (8. 34) . (0.31) (9. 39) 

* Mean value for column 

§s - standard drill steel 
F - flexible drill 
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TABLE N-2 

Field Test Data :.. November 5, 1974 

Thrust Torque Drill Rate HorseEower 

Test Drill (lb). (lb-in.) (ft/min) Torque Thrust Total Remarks 

2a··, S-1 3/8~! § 3493 1593 5.0 8.21 1. 32 9.53 60" depth 

2b S-1 3/8" 3287 1261 4.02 6.50 0.40 6.90 29" depth 

2c S-1 3/8" 3082 ll83 4.39 6.10 0.41 6.51 29'' depth 

2d S-1 3/8" 3082 ll23 3. 72 5.79 0.35 6.14 29" depth 
* (3236) (1290) ( 4. 28) (6.65) (0.62) (7. 27) 

2e F-1 3/8" 3493 3080 2.22 15.88 0.24 16.12 8'.' depth, vacuum 
leak 

2£ F-1 3/8" 2397 1899 1.66 9.79 0.12 9.91 4" depth, plugged 
by chips 

2g F-1 3/8" 3082 1593 2.43 8.21 0.23 8.44 19" depth, new 
tube 

2h F-1 3/8" 2260 2432 2. 77 12.54 0.19 12.73 15" depth, air 
leak 

2i F-1 3/8" 3082 1838 3.33 9.48 0.31 9.79 18" depth 

(2863) (2168) (2.48) (ll.l8) (0.22) (ll.40) 

2j S-1" 1497 916 1. 96 4. 72 0.09 4.81 27" depth 

2k S-1" 3082 1228 3.75 6.33 0.35 6.68 27" depth 

(2290) (1072) (2.86) (5. 52) (0.?2) (5. 75) 

21 F-1" 1022 1785 0.83 9.20 0.03 9.23 2" depth, plugged 
by chips 

2m F-1" 2260 963 1.66 4.97 O.ll 5.08 3" depth, plugged 

(1644) (1374) . (1. 25) (7. 08) (0. 07) (7.16) by chips 

* Mean value for column 

§s - standard drill steel 
F - flexible drill 
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drill, as shown in Figure N-8. Miners and supervisory observers felt .th.at .the 

irregularity was a crack, which commonly causes problems when using standard 

drilling equipment. It is important to note that the separation of the flex

ible shaft drill did not occur while drilling torque and thrust were being 

applied. The separation occurred when the operator tried to dislodge the bit 

using his normal operating procedure. This consisted of withdrawing the drill 

while rotating. This put a combined tension and torsional.load on the retainer 

ring coupling between the flexible segments. Such a loading condition caused 

the retainer ring to fail. In reviewing this failure, it became apparent to 

us that the dislodging of a stuck flexible shaft drill had to be done using a 

different procedure than the operators normally use. We felt that the failure 

could have been avoided by maintaining a slight compressive thrust and rotat

ing the drilling bit in the reverse direction. This· would .. avoid the tension 

load on the retainer ring but would provide a rotation motion which could 

clear the hole and free the bit so that the drill could be withdrawn by a 

tension force alone. We did·not stick another bit during any.of our remaining 

tests; therefore we were not able to verify that such a procedure would indeed 

solve the problem. The above caused a moment of trauma during our testing 

program; however, upon reflection, the information gained concerning this 

aspect of our design will be very helpful in the future. 

Our November 5 tests were conducted about 20 ft deeper into the portal 

than the November 4 tests. The operator applied full thrust during these 

tests, which resulted in higher drilling rates using the standard drilling 

equipment. Also, it was noticed that the drilling chips collected during some 

of these tests were much larger and coarser than the fine dust type of par

ticle we had obtained the previous day. This new drilling condition revealed 

a design deficiency in our drilling system. 

The drilling tests that we conducted using our l-in. flexible shaft drill 

showed that this drill was not adequately removing the drilling chips from the 

hole. Soon after penetrating the shale, the drilling dust began to puff back 

out of the hole through the annular space around the drill string. Immediately 

the drilling torque increased and the drill test was stopped. When we removed 

the flexible shaft drill from the hole the drilling chips were caked around 

the outside of the starter section and were plugging the chip extraction hole 

in the drilling bit. This condition, shown in Figures N-9 and N-10, resulted 

in the low drilling rates for the l-in. flexible shaft drill that are reported 

~·. 



Figure N- 8. Location of Separation on the 1 3/8-in. Diameter Dril l That Failed During Field Testing. 
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Figure N-9 . Plugging of Chip-Return Passages--
1 3/8-in . Diruneter Drill . 
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in Table N-2. The miners and supervisory personnel who were observing our 

tests did not feel that our difficulty was entirely due to our flexible shaft 

drill. Test 2j reported in Table N-2 used the standard drill steel and also 

experienced some difficulty with cutting chip extraction. This difficulty is 

reflected by its low drilling rate of 1. 96 in/min. All agreed that the vacuum 

system was not operating at its best. If so, this would certai:r.ly contribute 

to our difficulty; however, the flexible shaft drill had greater difficulty 

removing the cutting chips, and this indicated to us that redestgn effort 

should be directed towar.d the starter section and its associated clearance 

with the drill hole. Future starter sections must have a greater clearance. 

This can be obtained in a number of ways without sacrificing starter section 

efficiency or strength. Another reason why chip extraction was not as good 

with the flexible shaft drill was that the tubing used to channel the cutting 

chips through the center of the drill back to the dust collection system was 

smaller than necessary in order to clear the male coupler holes used on the 

flexible sections. Our final design will be able to use a la!ger-diameter 

tubing. Another problem with this tubing was that it was not continuous from 

the drill bit back to the dust collection connection at the drill head.· This 

was necessary because of the sectional nature of our flexible test drills. 

Each of these section joints provided many leakage passages that reduce the 

vacuum pressure available at the drilling bit for evauation of drilling chips. 

In summary, we feel our field tests were successful. Our 1 3/8-in. diam

eter flexible shaft drill showed that it was able to drill at acceptable rates 

over a sizable distance and maintain.good hole alignment. The difficulty we 

·experienced with:the l-in. diameter flexible shaft drill was not connected to 

the alignment or torque-and-thrust-transmission capabilities. It was associ

ated with a problem that is correctable by redeis2:n of our starter section 

without sacrificing any of the basic benefits of the flexible shaft drilling 

system we have developed. 

N-16 



APPENDIX 0 

DESTRUCTIVE TESTS 

The destructive tests were designed to probe the maximum capabilities of 

our flexible shaft drilling system. Two critical areas were investigated. 

First, the strength of the interface under torsional stress was evaluated by 

fabricating special test pieces. Second,:.rthe strength of the retainer ring 

coupling ·concept under a tension load was investigated. These destructive 

tests were conducted with both the 1 3/8-in. and l-in. diameter flexible shaft 

segments. 

Torsional Tests 

Figures 0-7 and 0-8 show the test specimens fabricated for the torsional 

tests. Our stress analysis indicated that we should be primarily concerned 

about the torsional loading on the segments. The test was set up so that the 

primary load would be torsional; however, a compressive load that simulated 

the load during drilling would be applied in the following manner. Figure N-1 

shows the test fixture designed and built to apply this compressive load. The 

test specimen was inserted over the rod identified as part lA and 18 in Fig

ure 9-1. The test specimen was then compressed by tightening down on the nut 

shown at the left end of the bar and identified as lA and lB.. The amount of 

compressive load applied was controlled by observing the deflection of the 

dial indicator which resulted when the compression bar elongated, causing the 

dial indicator stem to move. This was an effective way of applying an initial 

compressive.load to the test specimen during the torsion test; however, the 

method did not sustain this compressive load throughout the entire test. 

Table 0-1 reports the results of the torsion test. The 1 3/8-in. diame

ter flexible shaft segment had a compressive preload of 6,000 lb and the l-in. 

diameter flexible shaft segment had a preload of 3,270 lb. These compressive 

preloads were consistent with the loads used in our stress analysis. Two 

basic types of failure were observed during these tests. Figure 0...,2 shows a 

failure by shear across the teeth. This type of failure occurred only on the 

three-tooth segment used on the l-in. diameter shaft. Figure 0-3 shows the 

common type of failure observed in all other tests. Sometimes the longitudi~ 

nal fracture shown on Figure 0-3 was preceded by severe crushing of the tooth 

face and twisting ·Of the tooth. This crushing is observable in Figure 0-3. 
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Figure 0-1. Torsion Test Compression Fixtur e . 
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Table 0-1 

Segment Torsion Tests 

Drill No. of Failure Mean Failure 
Size, in. Teeth Load Load, in. -lb 

1 3/8 2 19,050 

1 3/8 2 18,800 21,450 

1 3/8 2 26,500 

l 3/8 3 28,500 

1 3/8 3 27,500 28,233 

1 3/8 3 28,700 

1 2 8,100 

1 2 8,940 8,030 

1 2 7,050 

1 3 9,900 

1 3 9,600 9,733 

1 3 9,700 



Figure 0-2. Tooth Fai l ure by Shear Across Teeth-- l-in . Diameter Shaft. 



Figure 0-3. Segment Failure Through Hexagonal Web. 0 
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We were pleased to learn that the three-tooth configuration in both cases 

was able to sustain a higher torsional load than the two-tooth configuration. 

We had concluded from our stress analysis that there was marginal difference 

between the two- and three-tooth configurations and had decided to proceed 

with the three-tooth configuration for the field test because of its superior 

dynamic characteristics during our curvature test::. One of the reasons for 

this better strength performance by the three-tooth configuration was that our 

calculations showed that the torsional load would distribute itself on all 

three teeth. This load distribution would occur if the manufacturing toler

ances were kept within those specified. 

0-6 

These results s.lio.w~e.o that the breal.<ing strength of the 1 3/8-in. diameter 

shaft exceeded the maximum recorded torque from our field tests by about nine 

times. For the 1-.in. diameter shaft, the breaking torque was about 5 1/2 times 

greater than the observed. torsional load froi:Jl our field test data. These 

results indicate that the flexible shaft segments have sufficient strength to 

sustain the type of drilling duty they will experience when used in shale. 

Retainer Ring Tension Tests 

Our Phase I report recommended that the drill string be withdrawn from 

the hole by applying a tension load to the flexible shaft drill. Such a load 

would require that the retainer ~ing connecting segment to segment would have 

to transfer this tension load. This design concept indicated that we should 

make some destructive tests on segments so that the load capacity of this type 

of connection could be established. These destructive tension tests were made 

.using a special fixture that provided for a 5 1/2-degree misalignment between 

segments. This misaligned condition simulates the condition that would exist 

for a flexible shaft being withdrawn through a typical radius of curvature. 

Table 0-2 reports the results of these tests. Two basic types of loading 

conditions were used. In one case, the retainer ·ring was oriented in the 

groove so that the section of the retainer ring where a single thickness of 

metal existed was at the shear plane. This was called a single-shear test and 

the orientation increased the likelihood that the failure would be by.single 

shear. The other test condition used was that the orientation of the retainer 

ring was such that a double thickness of metal was at the shear:. plane. This 

orientation increased the likelihood of the double-shear type of failure. The 

test results did not show that this orientation made a substantial difference 



TABLE 0-2 

Retainer Ring Connector Pull Test Results 

Desired Drill 
Failure Mode Size, in. Load, lb Mean Load, lb 

SS* 1 420 

ss 1 350 350 

ss 1 280 

ss 1 3/8 770 

ss 1 3/8 470 560 
ss 1 3/8 480 

ss 1 3/8 520 

DS§ 1 220 

DS 1 160 193 

DS 1 200 

DS .. 1 3/8 530 

DS 1 3/8 410 

DS 1 3/8 640 472 

DS 1 3/8 380 

DS 1 3/8 400 

* SS - single shear. The retainer ring was oriented so 
that a single thickness of metal was at the shear plane. 
This orientation increased the likelihood of single 
shear. 
§ 

DS - double shear. The· retainer ring was oriented so 
that a double thickness of metal was at the shear plane. 
This orientation increased the likelihood of double 
shear. 
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in the mean failure load for the retainer rings. The load reduction recorded 

in Table 0-1 for double shear as compared to a single shear could be explained 

by the fact that most.of these failures were failures by deformation. Fig

ure 0-4 shows the two.types.of retainer ring failure we observed. The defor

mation failure occurs when the load pulls .the retainer ring from the retainer 

groove without shearing. The separation mode of failure occurred when the 

retainer ring sheared. It appears that a failure by deformation does not re

quire as much load as a failure by shear. 

0-8 

Another reason for the predominance of a deformation type of failure 

during the double-shear test is due to the fact that the.double-shear tests 

were conducted after the single-shear test. The test specimens.used during the 

single.,.shear test were also used during the double-shear test. The only change 

made was the replacement of the failed retainer ring with a new ring. The 

single-shear test caused ~the corners of the reta:hner ring groove to deform and 

bend upward. By the time the double-shear tests were conducted, this deformed 

edge made it easier for the retainer ring to fail by deformation. 

In general, the test results showed that. a heavy-duty retainer ring should 

be used instead of the medium-duty ring. Another alternative to be considered 

in the future design is the use of a specially fabricated retainer ring. A 

number of ideas are under consideration. 



NEW RING 

FAILURES 

BY DEFORMATION BY SEPERATION 
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APPENDIX P 

CHIP RETURN TESTS 

Our expectations were that the chip return line would be a limiting fac

tor in the flexible shaft design. Our field tests revealed that a chip return 

problem existed but that it was related to the starter section . As discussed 

in Appendix C, cutting chips caked up around the starter section and blocked 

the chip removal holes in the drilling bit. Our problem changed from a con

cern over the chip return line to an effort to redesign the starter section. 

A proposed new design is shown in Figure 35. With this new concern, we 

felt that our chip return test should concentrate on the evaluation of the 

chip return capabilities of starter sections coupled to the chip return line . 

The test facility that was needed to carry out such an evaluation was only 

partially completed. Having recognized the problem and proposed the solution 

shown in Figure 35, the purpose of these tests would be to validate that 

design. This does not make these tests unimportant but reduces their signjfi

cance . This test can be activated during later phases for such a validation 

effort. 
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