
SOME ASPECTS OF ROCK MECHANICS
AS APPLIED TO PROJECT MOHOLE

Item Type text; Dissertation-Reproduction (electronic)

Authors Griswold, George Bullard, 1928-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:36:54

Link to Item http://hdl.handle.net/10150/284893

http://hdl.handle.net/10150/284893


This dissertation has been 
microfilmed exactly as received ® 7-12,208 

GRISWOLD, George Bullard, 1928-
SOME ASPECTS OF ROCK MECHANICS AS APPLIED 
TO PROJECT MOHOLE. 

University of Arizona, Ph.D., 1967 
Engineering, mining 

University Microfilms, Inc., Ann Arbor, Michigan 



SOME ASPECTS OP ROCK MECHANICS 

AS APPLIED TO PROJECT MOHOLE 

by 

n\̂ . George B"i' Griswold 

r 
A Dissertation Submitted to the Faculty of the 

DEPARTMENT OP MINING AND GEOLOGICAL ENGINEERING 

In partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 6 7 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by George B. Griawold 

entitled Some Aspects of Rock Mechanics as Applied to 

Project Mohole. 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

After inspection of the dissertation, the following members 

of the Final Examination Committee concur in its approval and 

recommend its acceptance:* 

y/zz/6 7 

f / 1  9V? 

*•!•>•(>! ij 

y/sv/is 7 

*This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination* The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 

'a*??)  ̂

% 3 .  f t J A  , 1. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are allow
able without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this manu
script in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in 
the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 

SIGNED: 



ACKNOWLEDGMENTS 

The research part of the dissertation was supported 

by funds from Brown and Root, Inc., prime contractor for 

Project Mohole. Special credit goes to Mr. W. P. Schneider 

of Brown and Root, Inc., for his encouragement and technical 

help in developing the rock stress measuring technique. 

Dr. W. C. Lacy was helpful in reviewing the research proce

dures and in offering valuable suggestions concerning the 

solution of the principal problems. Drs. J. P. Abel, Jr., 

and W. C. Peters reviewed the manuscript and offered many 

suggestions that improved the continuity of the text. 

Dr. Abel's suggestions were particularly useful in the 

treatment of the stress analysis section. Drs. W. E. Baker 

and F. Ju, both of the University of New Mexico, assisted in 

photoelastic analysis and the development of the deformation 

equations. 

The dissertation benefited from the editing of 

Miss Teri Ray. Typing, always the most tedious part, was 

done by Mrs. Susan Reynolds and Mrs. Wilma Nicholson. The 

illustrations were drafted by Mr. L. A. Bessey. 

iii 



TABLE OP CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

LIST OF TABLES vii 

ABSTRACT viii 

INTRODUCTION 1 

THE HISTORY AND AIMS OF PROJECT MOHOLE 4 

Outline of the history of the project ... 4 
Scientific aims of a penetration through 

the crust 6 
Mohole site and drilling features 10 

REVIEW OF THEORIES CONCERNING THE NATURE OF THE 
MOHOROVICIC DISCONTINUITY 16 

STRESS MEASUREMENT IN THE MOHOLE 19 

Review of techniques 19 
Stress measurement by borehole modification. 22 
Experimental verification of the borehole 

modification concept 32 
Preliminary-design of a borehole deforma

tion and slotting instrument 35 
The effect of drilling fluid on stress 

measurements 39 
Vertical rock stress in the Mohole 41 
Problems relating to stress measurement 

because of nonelastic rock behavior . . 43 

Core discing 47 

THERMAL STRESSES IN THE MOHOLE 49 

Geothermal conditions in the Mohole .... 49 

iv 



V 

Page 

Calculation of thermal gradient and 
resultant stresses in the walls 
of the borehole 50 

Summary of thermal stress effects 58 

ROCK ALTERATION IN THE MOHOLE 60 

Outline of the problem 60 
Alterability tests 63 
Description of the autoclave used and 

size of specimens 66 
Results of the attempt to induce 

alteration 69 

Explanation for the lack of alteration ... 73 
Conditions under which rapid alteration 

may be expected 74 

CONCLUSIONS 78 

APPENDIX A 

Derivation of a deformation equation for 
an elliptical hole 81 

REFERENCES 85 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Location of the Mohole site in relationship 
to the Hawaiian Islands 11 

2. Model of the Mohole drilling platform 14 

3. Stress measurement by the overcoring technique. 
as applicable to Project Mohole 20 

4. Details of the hole configuration tested by 
the photoelastic technique 25 

5. Isochromatic patterns of hole configuration ... 27 

6. Laboratory deformation gauge 33 

7. Schematic of testing apparatus to determine 
borehole deformations 34 

8. Results of experimentally determined 
deformations 36 

9. Proposed rock stress measuring instrument .... 37 

10. Elastic-plastic behavior of rock media 44 

11. Thermal gradient surrounding a borehole 52 

12. Tangential rock stress 56 

13. Radial rock stress 57 

14. Pressure-temperature curves in the system 
Mg0-Si02-H20 62 

15. Autoclave for rock alterability 68 

16. Schematic for heating and pressurizing 
the autoclave 70 

vi 



LIST OP TABLES 

Table * Page 

1. Rock types used for alterability tests 65 

2. Results of density, porosity, permeability 
and total weight measurements 71 

3. Results of compression tests 72 

vii 



ABSTRACT 

Project Mohole was an ambitious deep-drilling pro

gram aimed at penetration into the mantle beneath the 

Pacific Ocean northeast of Hawaii. Among the scientific and 

engineering problems involved in planning the deepest hole 

ever to be drilled were the need for a means to measure the 

horizontal in situ rock stress and to define the alteration 

effects due to the introduction of drilling fluid. These 

are related problems in that inelastic behavior of the rock, 

thermal strains, and mineralogic changes caused by the cre

ation of a hole in an undisturbed medium would affect the 

state of stress. 

A new method of stress measurement was developed for 

utilization in deep, fluid-filled holes. The technique de

pends on the shift in the stress envelope surrounding an 

originally circular hole when slots are cut into the wall. 

Such slotting simulates the transformation of a circle into 

an ellipse, which results in a corresponding diametral de

formation. By measuring this deformation, the in situ 

lateral rock stress may be calculated. The actual tool 
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required to accomplish the slotting and deformation meas

uring operations was never built because of the premature 

termination of Project Mohole. Laboratory experiments, 

however, verified the feasibility of the new method. 

Hydrothermal alteration may be induced into both the 

core and the walls of the hole. Tests proved, however, that 

water alone does not produce appreciable effects in basalt 

and mantlelike rocks subjected to 20 days of exposure in an 

environment of 200°C and 20,000 psi. These conditions 

approximate those expected at a total depth of 35,000 feet. 

The favorable results do not preclude the inducement of 

alteration if reactive agents were added to the drilling 

fluid. 

The over-all rock mechanics of the Mohole should be 

consistent with deep continental drilling. Careful atten

tion to detail would be required because the objective of 

_ the hole is not to gain simple access, as with most drilling, 

but instead to collect reliable scientific data concerning 

the nature of the upper mantle. 



INTRODUCTION 

The research described herein consists of two parts: 

first, the development of a new method of measuring rock 

stress in deep boreholes, and second, an investigation of 

the alterability of deep crust and shallow mantle type of 

rocks under exceptional drilling conditions. The investiga

tion was narrowed further toward solving these two problems 

in relation to the National Science Foundation (NSF) spon

sored program of drilling a hole through the Mohorovicic 

discontinuity (MOHO). 

The discussion begins with a brief treatment of the 

history and objectives of Project Mohole, the name given to 

the NSF program, followed by some of the theories as to what 

constitutes the Mohorovicic discontinuity. These theories 

must be reviewed to gain some insight into what rock types 

may be penetrated during drilling, but no attempt whatsoever 

was made to advance any new theory or to support a particu

lar concept concerning the character of the Moho. 

One of the scientific measurements that the NSF 

desired to make within the Mohole was the in situ rock 

stress. The existing methods of rock stress determination 

1 
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would be very cumbersome to perform in a deep borehole; 

hence, it was the author's responsibility to develop a new 

technique for such measurements. A method consisting of 

slotting the walls of the hole to cause partial stress 

relief was devised that seems ideally suited to deep-hole 

drilling. The details of this new method constitute the 

first half of the original research effort described. 

The second area of research concerns the alterability 

of four rock types most likely to be drilled in the Mohole. 

The rock types are basalt, eclogite, dunite, and peridotite. 

By alterability is meant the susceptibility of these rocks 

to mineralogic change while the Mohole was being drilled due 

to the high temperature environment (bottom-hole temperature 

was expected to be 200°C) and the introduction of water as 

part of the drilling fluid. A change in mineralogy, if 

rapid enough, could mean that the rock cores recovered would 

differ from their original character before reaching the 

surface. More important from the standpoint of drilling, if 

such a change is accompanied by a change in density, then 

the stress envelope surrounding the borehole would be modi

fied. Such a condition would affect the stability of the 

hole by inducing rock-burst conditions and by squeezing of 
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the walls of the hole, which would necessitate constant 

reaming, and the volume increase would affect stress measure

ments. Autoclave tests on the rock types mentioned indicated 

that such problems would be real ones in the Mohole. 

The final part of the dissertation consists of the 

conclusions the author has drawn from the research. The new 

approach to in situ rock stress measurement is believed to 

have immediate application in the entire field of rock 

mechanics and to offer significant information concerning 

shallow-focus earthquakes. The rock alterability studies 

simply point to another problem in drilling the Mohole, one 

that must be expected and that future research must 

alleviate. 

When the research began, in late 1964, Project 

Mohole was a national goal as part of the United States' 

contribution to the International Upper Mantle Study. Con

gress has since terminated the project. Thus, this research 

is now academic in one sense, but with the full realization 

that man's curiosity will eventually lead him to dig deeper 

into the earth, it is hoped that this investigation will 

make that future job a little easier. 



THE HISTORY AND AIMS OF PROJECT MOHOLE 

Outline of the History of the Project 

Project Mohole commenced in April 1958 and was termi

nated for lack of further appropriations by Congress in Sep

tember 1966 before even a foot of hole was drilled at the 

actual site. It began almost by accident, being a "scienti

fic wish" of several members of the National Academy of 

Science. This early history has been described fully by one 

of the direct participants, Bascom (1961). Work began when 

the National Science Foundation designated Project Mohole as 

part of the United States' contribution to the International 

Upper Mantle Study, which, in turn, was an outgrowth of the 

International Geophysical Year. Other endeavors of the 

Upper Mantle Study included the drilling of several holes 

into a mantle-like rock mass at Muskox, Northwest Territo

ries (a Canadian effort), deep drilling on the continent by 

Russia, and world-wide examination of the Mohorovicic dis

continuity by seismographic and gravity methods, plus many 

theoretical investigations based on study of the earth's 

rigidity and geochemistry. 

4 
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Project Mohole started modestly. The first phase 

was directly under National Science Foundation supervision, 

and the principal accomplishment was the drilling of three 

shallow holes in the Pacific Ocean about 20 miles east of 

Guadalupe Island in some 12,000 feet of water. This work 

was done during March and April 1961. The aim of Phase I 

was not to penetrate the crust but simply to gain informa

tion concerning the feasibility of drilling in deep water. 

At the completion of this work, the National Science Founda

tion decided that engineering Phase II, the actual Mohole, 

would be considerable and would require more personnel than 

existed on its staff. NSF decided to ask for bids from 

major construction firms to take charge of the actual dril

ling and collection of primary data determined desirable by 

the scientific community. Brown and Root, Incorporated, a 

large construction firm based in Houston, Texas, was 

selected as the prime contractor. 

The initial engineering estimate for the project was 

about $15 million, but this grew steadily as a hard-headed 

approach was applied to the problem. The cost had risen 

above $100 million when the program was cancelled. The rea

son for the cancellation was simply that the scientific know

ledge gained could not justify the large drilling expense. 
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Scientific Aims of a Penetration through the Crust 

The Mohorovicic discontinuity, also referred to as 

the Moho, M-discontinuity, of simply the M in the various 

scientific journals, receives its name from Andrija Mohoro

vicic who first observed an apparent abrupt change in seis

mic wave velocities at about 55 kilometers' depth. He 

discovered this by carefully analyzing seismic waves received 

from an earthquake that occurred in the Kulpa Valley of 

Croatia on October 8, 1909. Later investigations have shown 

that the discontinuity is world-wide, but its depth ranges 

from 10 km in the ocean basins to as much as 70 km under 

parts of the continents. The Moho is now used as the 

dividing line between the crust and the mantle. The velocity 

contrast is marked, changing from about 6 km/sec in the 

crust to 8 km/sec in the mantle. Such a discontinuity must 

represent an abrupt compositional or mineralogic change. 

That this crust-mantle interface had never been physically 

observed provided the scientific reason for the desirability 

of drilling a hole of sufficient depth to cross the boundary. 

Such a hole would shed enough new light that geophysicists 

should finally arrive at a common theory as to just what the 

Moho represents. 
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Additional scientific knowledge would be realized 

from the drilling aside from the physical sampling of the 

zones penetrated by the hole. Project Mohole was to go to 

sea because the discontinuity is shallowest under the 

oceanic basins, and current drilling technology is not capa

ble of penetrating to the 20- to 30-kilometer depth required 

under the continents. Thus the venture might also have 

given the first deep sampling of oceanic crustal rocks. Of 

particular interest would have been the thin sedimentary 

section that ideally would represent an undisturbed time 

record from Precambrian to the present. It would have 

tested the assumption that beneath the veneer of sediments, 

the crust is mostly basalt; if this were true, radioactive 

age dating could yield information concerning the early his

tory of the earth. If the continental drift hypothesis is 

correct, there should be some evidence in the sedimentary 

record. Temperature measurements could yield more accurate 

estimates of heat flow from the earth than previously possi

ble to obtain. The drilling log might even have shed new 

light on a current theory about the origin of the moon, 

which postulates that the moon was once close enough to the 

earth to cause tides up to 8000 feet high. Finally, there 



would have been the enhancement of drilling technology by 

developing a technique to bore to greater depth than ever 

achieved before, and doing so at sea. 

Because of the variety of information desired from 

single hole, the National Science Foundation set up the fol 

lowing down-the-hole scientific measurements to be made 

during the drilling: 

Caliper of the hole. To yield information relating 

to drilling and to detect rheologic behavior of the rocks 

penetrated. 

Resistivity. For the purpose of lithologic identi

fication and detection of saturated zones. 

Subsurface hole survey. For the purpose of 

detecting hole deviation. 

Formation fluid pressure. To measure any fluid-

saturated zones. 

Temperature. To measure heat flow and geothermal 

gradient. 

Sonic velocity. For lithologic identification and 

the interpretation of seismic records. 

Seismic record by geophones suspended in the hole. 

To obtain accurate over-all seismic wave velocity 

measurements. 
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Gamma ray neutron log. To measure porosity, fluid 

saturation, and lithology. 

Gamma-gamma log. To measure rock densities iii situ. 

Side wall coring. To resample at will a particular 

interval of the hole. This tool would be capable of taking 

oriented samples. 

Core orientation. To allow primary core samples to 

be oriented. 

Magnetic intensity and magnetic susceptibility of 

the rock in situ. To better understand the variation of the 

earth's magnetic field in relationship to depth. 

Thermal conductivity in situ. For heat flow 

calculations. 

In situ rock stress. To determine if the Moho at 

I 
the drill site is under normal lithostatic stress or if tec

tonic forces are active. Also to assist in predicting 

drilling problems if the stress is abnormally high or low. 

Core samples recovered during the drilling were to 

receive the most attention. In addition to complete petro-

graphic study, the rocks would be tested for other properties 

such as density, elastic parameters, magnetic susceptibility, 

porosity, and age. It will be pointed out later that tests 

measuring alterability and plasticity are also needed. 



After completion of the Mohole, it was anticipated 

that an instrument package would be left on the bottom of 

the capped hole to measure temperature, magnetotelluric 

activity, seismic activity, and rock-strain changes. The 

instrument package was to have a design life of at least six 

months. Termination of the project prevented the author 

from making any headway on the design of the long-time, 

rock-strain device needed for this phase. 

Mohole Site and Drilling Features 

After review of several proposed sites, NSF decided 

to do detailed seismic investigation at three locations, two 

in the Atlantic and one in the Pacific: 

Name Latitude Longitude Moho Depth Ocean Depth 
(feet) (feet) 

Puerto Rico 21°N. 67°W. 32,800 17,500 
Site 

Antigua Site 16-1/2°N. 58°W. ±30,000 13,000 

Maui Site 22-l/3°N. 155-1/2°W. ±30,000 14,280 

The Maui location was the final selection. The geo

physical investigation at this site has been described by 

Shor and Pollard (1964). Figure 1 shows the site in rela

tion to the Hawaiian Islands and the principal features of 
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MOHOLE SITE 
2400' 

Oapths in Fathoms 

Figure I. Location of the Mohole site in relationship to the 
Hawaiian Islands (after Stevens, 1966) 

i-* 
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the ocean floor. The Moho rises along the Hawaiian arch to 

a depth below sea level of only 10.4 km (34,000 ft.) in con

trast to a mean depth of 13 km (43,000 ft.) beneath most of 

the Pacific basin. Detailed seismic surveys showed that it 

would be possible to select a particular site in the area 

where the Moho depth could be as shallow as 9 km (29,700 ft.) 

The seismic information indicated the following as-'the most 

probable layering of the crust: 

Layer Thickness 
(feet) 

Oceanic mud 0-200 

Consolidated sediment and/or 
Hawaiian basalt ±3500 

Basalt ±14,000 

The oceanic mud section was to be tested by wireline 

sampling techniques to determine its thickness and bearing 

capacity. The 3500-foot interval of "consolidated sediments 

and/or basalts" was not clearly understood from the geo

physical survey. Shor and Pollard (1964, p. 1634) favored a 

concept that the upper part is a submarine basalt flow, 

originating from the Hawaiian Islands, overlying about 1000 

feet of oceanic sediments, with an alternative model of 600 



13 

feet of basalt overlying 1000 feet of uncompletely consoli

dated sediments. The contrast between 3500 and 1600 feet of 

thickness for the entire layer could be reconciled by 

assuming greatly contrasting velocities for the basalt and 

the sediments, 4.2 km/sec versus 2.15 km/sec. 

The drilling equipment and barge have been described 

(Anonymous 1964). Figure 2 is a photograph of a model 

representing the essential features of the proposed, but 

never built, drilling barge. A platform measuring 279 feet 

long, 234 feet wide, and 23 feet deep, supported by two sub

marine-like lower hulls measuring 35 feet in diameter by 390 

feet long, would contain all ancillary facilities needed for 

the drilling operation. The rotary drilling rig was to have 

been the largest ever built, having a 240-foot-high derrick, 

4000-horsepower drawworks, pull-out-load capacity of one 

million pounds, and a capability of drilling to 35,000 feet. 

Though the drilling rig shown in the model is some

what conventional in appearance, there were to be one pri

mary and two auxiliary or "back up" drilling systems. The 

primary method would be a turbocorer suspended on the end of 

the drill pipe. Circulating mud would be used to power an 

85-horsepower hydraulic motor used to generate a high bit 



Figure 2. Model of the Mohole drilling platform 



speed (500 rpm). The rotary table would only turn the drill 

pipe at a speed sufficient to just prevent sticking. A dia

mond core bit asseitibly capable of both core and bit recovery 

by wireline was designed. The first back-up drill was to be 

conventional rotary; the second was to be an electrodrill— 

a self-contained drill suspended by an armored power cable. 

The starting size of the hole was to have been about 10 

inches in diameter and the completed size, at 30,000 to 

35,000 feet deep, 6-5/8 inches. The 6-5/8-inch bit would 

return a 2-inch-diameter core. 

The drilling barge was to simply float over the 

drill site and be kept on station by positioning engines 

attached to the hull. Sonar reflection buoys placed on the 

ocean floor would indicate drift, and a system was designed 

to automatically reposition the barge on station from the 

signals received. The drill pipe would be conducted into 

the hole through a "riser" pipe connecting the barge to a 

"landing base" set on the ocean floor. 



REVIEW OP THEORIES CONCERNING THE 

NATURE OP THE MOHOROVICIC DISCONTINUITY 

The seismic records used to explore the position of 

the Moho can give only one certain fact—a sudden change in 

seismic wave velocity. Analysis of the records tells 

nothing about the physicochemical nature of the rocks in the 

crust or mantle. There are numerous detailed theories con

cerning the nature of the discontinuity, but most can be 

divided into two fundamental hypotheses. One states that 

there is a chemical change, most likely from a basalt crust 

to a peridotite mantle, while the other suggests a phase 

change from basalt to eclogite. (Eclogite is the chemical 

equivalent of basalt but represents a more dense phase.) 

Both theories fit the geophysical evidence. Bullard 

and Griggs (1961) discussed the basalt-peridotite model from 

the geochemical standpoint. Many geologists favor the peri

dotite mantle because it would be easier to explain observa

tions such as the variety of basic intrusive rocks and the 

presence of xenoliths of dunite and peridotite in basaltic 

volcanic rocks. Others favor the concept because the 

16 
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composition of peridotite is close to the chondritic meteor

ites. Yet many others favor the basalt-eclogite model 

because it more easily explains vertical movements in the 

crust (Sumner, 1954; Lovering, 1958). Wyllie (1963) has 

offered good reasons for a compromise between the two theo

ries, allowing eclogite pockets to form at the base of the 

crust in tectonic belts while using a chemical discontinuity 

in most other regions. 

Hess (1955, 1959) proposed another theory that modi

fies the peridotite concept of the Moho. This model uses 

serpentinization of peridotite to explain the velocity con

trast. In oceanic areas, the normal depth to the Moho is 

shallower than the depth to which serpentinization could 

exist based on expected geothermal gradients, but this could 

be accounted for by assuming that the Moho represents a 

"fossil" geotherm. 

That the Moho is much shallower under the oceanic 

basins than under the continents lends support to the chemi

cal transition concept if the laboratory geochemical data of 

Ringwood (1962a,b), Kutolin (1954), and Yoder and Tilley 

(1962) are accurate. These data indicate that in the 

basalt-eclogite model the Moho should (1) be deeper, 
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(2) vary in depth in accordance with heat flow, and (3) be 

more of a transitional zone several kilometers thick instead 

of an abrupt change. Though these are strong arguments, the 

laboratory investigations lack the exactness to preclude the 

possibility of phase change at a shallower depth. 

Then there is always the possibility that the Moho 

is something not even remotely close to any of these three 

petrologic models. If so, the Mohole would indeed have been 

worthwhile. 



STRESS MEASUREMENT IN THE MOHOLE 

Review of Techniques 

The measurement of rock stress iji situ has been a 

difficult obstacle to overcome in rock mechanics. The diffi

culty arises for the simple reason that the rock is already 

in a stressed condition, and, to make a calculation based on 

elastic theory, this load must be relieved in order to 

measure the accompanying strain relief. Methods of relieving 

the stress are difficult to accomplish, yet the strain 

relaxation is so small that a very sensitive type of deforma

tion meter is required. The author has reviewed some of the 

techniques used in mines (Griswold, 1963). In the Mohole, 

only the ervercoring method appeared applicable. This method 

was first conceived by Olsen (1957) and later refined by 

many others such as Hast (1958), Obert (1962), Merrill and 

Peterson (1961), and Leeman (1964). 

Overcoring requires execution of the several sequen

tial steps shown in Figure 3 if applied to the deep drilling 

conditions of the Mohole. The entire drill string is first 

removed from the hole, then rerun with a special, small-

diameter coring bit. A short hole is advanced about 3 feet 

19 
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P«i 

•Reamer 

-Core Bit 

'Stobilizer 

Small Coring 
Bit 

A. First Step-Remove 
Primary Coring Bit 

B. Rerun Drill String To 
Drill Small Gauge• Hole 

Insertion Tool 
(wireline) 

•Latch 
Instrument 
Package 

-Lock Rings 

Deformation 
Sensors 

Thin Wall 
Over Coring 
Bit 

C Insert Borehole 
Deformation Sensor 

D. Last Step - Over Core To 
Obtain Stress Relief 

Figure 3. Stress measurement by the overcovering technique as 
applicable to Project Mohole 
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downward from the bottom of the main hole. The drill string 

is again pulled. If the captured core indicated relatively 

fracture-free rock, then a stress measurement is attempted; 

if not, the main hole is continued until conditions are 

better. Assuming that optimum rock characteristics are 

indicated, a borehole deformation device is run downward on~ 

a wireline and appropriately positioned on the bottom, the 

device being a self-contained unit to record the initial 

borehole diameters. The drill string re-enters the hole 

with a special, thin-walled coring bit of sufficient length 

to cut out the entire length over the deformation device. 

On pulling this drilling but, the stress-relieved core and 

the record of borehole deformation is recovered. 

This method, while probably workable, has several 

obvious drawbacks. First, the need for pulling and rerunning 

of the drill string three times to obtain a single stress 

measurement would be quite expensive at a 30,000-foot depth 

and extremely time-consuming, probably something like three 

days! Next, there is no guarantee that an integral core 

would be recovered each time, and if the core should break 

early, not only would the measurement be invalid but the 

deformation sensing device might be destroyed by rotation in 
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the core barrel. The deformation sensor needs to be elabo

rate. Ideally it should contain (1) an orientation-recording 

device, (2) multiple borehole deformation sensors to accom

plish a complete strain-rosette measurement (preferably two 

such sets for the purpose of checking reliability), (3) a 

battery-operated stable power supply, (4) transducer 

pleasuring circuitry, and a drift-free recorder. Another 

problem, which could be almost disastrous, is the possi

bility that the stress-relief core and deformation sensing 

device might drop out of the thin-walled coring bit during 

the pulling operation. This would mean loss of a costly 

instrument plus difficult drilling in grinding up the metal 

case of the sensor. Lastly, stress could be measured only 

on the active bottom of the hole. There is no way to 

remeasure stress later at intervals up the hole. 

These difficulties made it doubtful that reliable . 

measurements could ever be made in a deep-drilling venture 

by the overcoring system. Thus, an entirely new approach to 

the problem was devised. 

Stress Measurement by Borehole Modification 

The overcore technique places emphasis on total 

stress relief. The small-diameter hole in which the 
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deformation sensor is placed is assumed to be initially 

round. When relieved of stress, the accompanying strain 

relaxation distorts the hole, which becomes larger if the 

stress is compressive. If a biaxial field exists normal to 

the axis of a hole that has a principal and a minor stress, 

then the hole becomes "egg-shaped," thus allowing calcula

tion of the orientation of the stresses as well as their 

magnitudes. Merrill and Peterson (1962) developed a theore

tical solution of combining three diameter deformations to 

determine the position and magnitude of the plane strain 

determined stress field. However, total stress relief is 

not actually required; partial relief would be just as 

satisfactory if that fraction of relaxation were known. 

If one placed several configurations of holes, for 

example a circle, a square, and a rectangle, in a plate 

which was then subjected to a uniform stress field, it is 

reasonable to expect that each hole would deform differently 

in response to the load. Indeed, photoelastic studies 

illustrate that considerable difference exists among the 

stress envelopes surrounding the three hole shapes mentioned 

(Obert, Duvall, and Merrill, 1960). It follows then that if 
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an initially circular hole were to be enlarged into a square 

shape, then the stress envelope would also change, resulting 

in additional deformation. 

This idea evolves into a stress-measuring technique 

by slotting the walls of a borehole and then correlating the 

deformation caused by this modification through a suitable 

stress-strain relationship equation, the only parameters 

being the size of the borehole and the shape and size of the 

slots. 

The next step involved some experimental work to 

decide what type of slots should be cut into the walls. 

This was best accomplished by examining various shapes with 

a photoelastic polariscope. Models of the six slotted-hole 

configurations illustrated in Figure 4 were placed in 1/4-

inch- thick plane sheets of CR-39 photoelastic plastic. The 

stress-optical coefficient of the plastic was 86.6 lb./in./ 

fringe, determined by a beam test. The photoelastic polari

scope used was a transmission type with a 6-inch field. The 

particular hole configurations were selected because they 

were the easiest types to cut by remote means in a deep bore

hole. The flat slots could be sliced with a diamond saw 
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Figure 4. Details of the hole configuration tested 
by the photoelastic technique 
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blade swung out into the wall. The V notch could be cut by 

two saw blades canted into the wall. Indeed, a side-wall 

coring device was designed for use in the Mohole which would 

take a triangular slot about 1 inch deep from within a 

6-5/8-inch hole. 

Figure 5 shows isochromatic patterns resulting from 

simple tension applied normal to the slot or notch axes. 

These diagrams indicate that the stress envelope around the 

slotted holes differs considerably from the circular hole 

also shown. The single slot configurations do not appear 

favorable for stress measurement because they destroy the 

symmetry around the principal stress axes. Unless such sym

metry existed, it is doubtful that the orientation of the 

principal stress axes could be determined from just three 

independent stress measurements. Therefore, the first con

clusion drawn is that two opposed slots are required. 

The patterns indicate high stress build-up at the 

sharp corners, particularly so for the V notch. Such corners 

are apt to fail by shearing in brittle rock or by plastic 

flowage in less competent ones. The flat slots have an 

intense stress riser effect also. The latter can be alle

viated to some extent by rounding the edge of the proposed 

diamond saw blade. 
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Study of the isochromatic fringes also verified the 

assumption that the more drastic the modification of the 

borehole shape, the more obvious the displacement of the 

patterns. Because rock strains are small, deeper slots 

which increase the total borehole deformation become desira

ble. Compare the short slot diagrams with the deeper one in 

Figure 5. The amount of compression developed at the top of 

the holes, that is, in the direction of the applied load, 

increased with the depth of~slotting. Thus the ratio of the 

major axis of the slot to the hole diameter, a/b, appeared 

to be a quantitative measure of the expected diameter defor

mation normal to the slot. This leads to the conclusion 

that slots approximate the transformation of a circular hole 

into an ellipse. 

There now remains the necessity of developing a 

relationship between borehole deformation induced by slot

ting and the applied stress. The deformation of a circular 

hole under plane stress conditions is given by the equation 

Uc = -f~[(CTi + < 2̂
) + 2(CT1 " ct2>cos 2G] ' 
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where 

Uc = Change in length (deformation) of a diameter 

of the circle inclined at angle 8 from the 

principal plane stress axis, 

cr^ = Maximum principal stress, 

0^2 = Minimum principal stress, 

b = Original diameter of the hole, 

E = Modulus of elasticity of the material. 

The equation is derived by computing the dilation of the 

thin boundary of the hole where the radial plane stress is 

zero and the tangential plane stress is given by the 

expression 

CTt = (°1 + ct2^ ~ ^°1 ~ ct2 ĉos • (2) 

Note the similarity in form between equations (1) and (2). 

The tangential stress at the boundary of an ellipse has been 

given by Obert, Duvall, and Merrill (1960): 

2ai 
Vul*»"u2^ t v"].-°2'| e 

Jt 

(cr^+cr2) sinh 2a^+ (c^- a^jTe ^cos 2 (0+P)-cos 20 1 
CT4- = (3) 

cos 2a^ - cos 2p 

where 

0 = angle from the principal stress direction, CT]_ , 

to the minor axis of the ellipse, b, 
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a, P = curvilinear coordinates such that 

x' = c (cosh a) (cos p) , 

y' = c(sinh a)(sin p) , 

= particular boundary of the ellipse. 

For the special case where p = .E , that is, the tangential 

boundary stress on the minor axis, equation (3) reduces to 

CT = — (cr, + cr ) (a+b)(a, - aJcos 29 . (4) 
t a J- 2 a ± z 

As expected, the deformation equation has a similar form 

Ue = ~ [afo^ + ct2) + (a + b) (c^ - cr2) cos 2 ej » (5) 

where 

U = deformation of the minor axis. e 

The detailed proof of equation (5) is given in Appendix A. 

It now follows that if slotting a circular hole 

simulates transformation into an ellipse, then the expected 

deformation along the axis normal to the slot (which corre

sponds to the minor axis of the ellipse) should equal the 

difference between equations (1) and (5): 

6 = ue Uc = [(<?i + c2) + (CTi ~ ct2^ cos 2 0] ' 
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where 

6 = deformation due to borehole modification. 

The equation is readily adjusted to a plane strain 

condition by the use of Poisson's ratio, |i: 

(1 - n2) (a-b) _ 
6 [_(C T1 +  c t

2)  +  (C T
1  ~ a

2)cos 2 0J • 

Equation (7) thus represents a stress-plane strain relation

ship between the deformation along the axis of the borehole 

normal to which notches or slots may be cut. There are 

three unknowns in the plane stress field normal to the bore

hole axis: °i » a2 ' an<̂  representing the principal 

stresses and the angle representing the orientation of these 

stresses. Thus three independent deformations can complete

ly define the plane stress field normal to the axis of the 

borehole. Three slotting operations could accomplish this. 

It may be possible to measure three deformations at three 

positions relative to a single slot and achieve the same end 

result. 
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Experimental Verification of the Borehole Modification 

Concept 

Actual deformation measurements were conducted on 

slotted holes placed in flat aluminum sheets which were 

loaded in a tensile testing machine having a 60,000-pound 

capacity. A sensitive laboratory deformation gauge was con

structed for this purpose. The gauge design, shown in 

Figure 6, consists of two identical cantilevers firmly held 

in a rigid body. The cantilevers were instrumented with 

wire resistance (SR-4) strain gauges. One end of the gauge 

body was circular, allowing insertion to the test holes. 

The instrumented cantilevers were calibrated over a large 

range to ensure that the relationship between the movement 

and strain indicator was linear and that each spring had 

nearly the same sensitivity. The results of the calibra

tion, which was done with a precision micrometer, are also 

shown in Figure 6. The general aspects of the test proce

dure are shown schematically in Figure 7. 

Four hole patterns were tested. One was on a 1-

inch-diameter circular hole to test the reliability of the 

deformation gauge. The other three tested the deep slot, 

deep V notch, and small V notch configurations, shown in 
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Figure 8. The tests resulted in substantial agreement 

between the slotted and notched hole patterns and that of 

equivalent ellipses. Although there is good agreement, each 

configuration departs lightly from the theoretical, indica

ting that the details of the slot play an important role— 

just as the photoelastic studies indicated. The best trial 

and error fit of the data for the deep slot configuration 

appears to conform to the following equation: 

2 
6exp = ^-^na (CT^+CT2)+m(a+b) (o-^-a2) cos 20J (8) 

where 

6exp = actual deformation, 

m,n = experimental factors. 

Preliminary Design of a Borehole Deformation and Slotting 

Instrument 

The termination of Project Mohole prevented con

struction of the actual instrument for measuring rock stress 

by the borehole modification technique. Figure 9 shows the 

proposed instrument in schematic form. Two circular diamond 

saw blades are rotated by a common gear drive powered by an 

electric motor (not shown). The device is lowered into the 

hole with the saw blades retracted. Once in place, locking 
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Figure 9. Proposed rock stress measuring instrument 
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rings hold the outer tube of the assembly in rigid position; 

at the same time, the borehole deformation sensors are 

expanded to contact the hole wall. The drive mechanism then 

starts to rotate the blades, causing them to cut outward 

into the wall. Once the blades are fully expanded, the 

inner tube is pulled upward, using the outer tube as a guide, 

until slotting has completely passed the position of the 

deformation sensors. 

The entire instrument package must be rather elabo

rate. It must contain the necessary electronic components 

to supply power to the deformation sensors, remotely measure 

the deformation, and amplify that signal prior to sending it 

to the surface via the logging cable for monitoring. 

Schneider (1966) designed an armored seven-conductor logging 

cable for all geophysical logging in the Mohole. Switches 

must be such to control the entire slotting operation from 

the surface, including setting of the locking rings, 

extending the deformation sensors, energizing the saw blades, 

and pulling the blades past the sensor. In addition, the 

instrument package must contain a gyroscopic compass to 

determine the orientation of the deformation measurement. 
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After one measurement, the instrument would be 

lowered a couple of feet and rotated about the borehole axis 

to a new position to cut a new slot. Three measurements 

would make a strain rosette from which the stress acting 

normal to the borehole axis could be calculated. In actu

ality, this may not be required. The photoelastic studies 

indicate that complete stress relief is accomplished near 

the slots (Figure 5). Thus, if sensors could be placed 

along axes at two different angular positions relative to 

the slot as well as normal to it, then a complete stress 

calculation may be made with a single slot. The departure 

of experimental deformation measurements made near the slots 

from the theoretical elliptical deformation equation toward 

that of a circle further substantiates this conclusion. 

The instrument as visualized would be costly to 

build; instrumentation engineers on the staff of Project 

Mohole advised that the complete system would cost approxi

mately $30,000, attributed mostly to the custom design of 

all components for this unique application in an extremely 

hostile environment. 

The Effect of Drilling Fluid on Stress Measurements 

Drilling fluid will be used in the Mohole for these 

reasons: (1) to remove cuttings, (2) to power the 
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turbocorer, (3) to cool the bit, (4) to lubricate the drill 

string, (5) to seal fractures, and (6) to assist in main

taining hole stability by partly counterbalancing rock 

stress. Only the last of these has a direct bearing on in 

situ stress measurement. The borehole will have wall 

stresses at least-twice as high as the lateral rock stress; 

such stresses may cause failure by brittle fracture or 

excessive plastic yielding. This problem can be alleviated 

to a high degree by keeping the mud density such that the 

hydrostatic pressure on the well bore approximates the rock 

stress. If the principal lateral stresses were equal and a 

null deformation measurement resulted from the slotting 

operation, then the borehole fluid pressure would equal the 

rock stress. In other words, the existing hydrostatic pres

sure head must be added to the stress calculated from the 

borehole deformation measurement. Additional tests need to 

be conducted in the laboratory to determine if the simple 

law of superposition is precise for a slotted hole configura

tion. Stoppage of research funds prevented investigation of 

this aspect. 

The photoelastic studies reveal a danger of artifi

cially inducing "formation breakdown," caused by drilling 



41 

fluid acting on the sharp corners of the slots if the fluid 

pressure exceeded the rock stress. By formation breakdown 

is meant inducing into the walls of the borehole a fracture 

that propagates if the fluid pressure exceeds any of the 

three principal rock stresses, and it results in immediate 

loss of the drilling fluid. The situation can be remedied 

only by cementing the break and using lighter density 

drilling mud. 

Vertical Rock Stress in the Mohole 

The NSF specified that the in situ rock stress be 

determined only in the horizontal plane; that is, normal to 

the hole, the assumption being that the maximum principal 

stress is vertical and equals the combined sea water and 

lithostatic pressures. This assumption is justified only if 

the hole is located in a tectonically relaxed zone. If not, 

the maximum principal stress may have any orientation, and 

the "principal stresses" calculated by the borehole modifi

cation technique become somewhat in error, representing, as 

they do, the directions of maximum stress in the horizontal 

plane but not principal stresses (Panek, 1966). 

If the zone drilled is tectonically relaxed and has 

been so for a considerable time, it is possible to have 
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developed a hydrostatic condition of rock stress where all 

three principal stress are equal—meaning that the stress 

ellipsoid is actually a sphere. Carey (1954) presented 

numerous convincing arguments for such conditions. If 

instead, the rock is perfectly elastic, the horizontal 

stresses should be equal and only about one third that of 

the vertical. This raises the problem of how to determine 

from only horizontal measurements whether the rock stresses 

in the Mohole are abnormal. The question is best answered 

by actually measuring strain in the vertical direction. The 

proposed slotting technique does not modify the vertical 

stress. However, it should not be difficult to make a tool 

that could cut horizontal slots at two positions a short 

distance apart in the hole. A deformation sensor attached 

to the wall between these slots would allow calculation of 

the vertical component of the rock stress. The complete 

stress ellipsoid could not be defined, but at least one 

could determine if the vertical stress was abnormal. The 

stress ellipsoid can only be calculated if six independent 

strain measurements are made, including measurements in two 

independent planes, not just the vertical direction and a 

horizontal plane (Panek, 1966). 
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Problems Relating to Stress Measurement Because of 

Nonelastic Rock Behavior 

The in situ stress measurement technique described 

depends upon perfect elastic behavior of the rock. Certain 

rocks are reasonably elastic up to their rupture strength, 

but the majority are not. Figure 10 represents several 

types of strain and permanent deformation response of rocks 

to uniaxial stress. A perfectly elastic rock probably does 

not exist in nature, but some high-strength granites, 

quartzites, and basalts have very linear plots. Similarly, 

the perfectly elastic-perfectly plastic medium probably is 

not a natural substance, but certain rocks such as shale, 

sandstone, and serpentine approximate this behavior. Often 

rocks present an increasing tangent modulus with rise in 

stress, yet on unloading show little permanent defomation— 

a stress-strain diagram similar to that shown as type 3 in 

Figure 9. This phenomenology is easily explained by inher

ent microfractures in the rock that are closed at an 

increasing rate during loading. During unloading, a hys

teresis type of effect at times causes a convex stress-

strain plot. Other rocks are best described as viscoelastic, 

causing the up loading part of the stress-strain diagram to 
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Figure 10. Elastic-plastic behavior of rock media • 
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be convex. The unloading curve may be very linear if done 

rapidly (type 4) or curvilinear if it is done slowly (type 

5). The stress-strain diagrams also depend on the stress 

level attained. Type 6 illustrates an ideally elastic 

interval up to a stress level, a , followed by a visco-

elastic part in a range <?e< a < cr^ ; on further increase in 

stress plastic flowage dominates. The stress levels are 

crg = elastic limit, ctv = viscoelastic limit, and cj = that 

stress where rapid flowage commences. Both the viscoelastic 

and plastic regions are time dependent, and if loading is 

rapid, the rock may fail by brittle fracture prior to 

achieving the truly plastic range. Hardy (1965) and Carey 

(1954) have discussed the effect of time on rock strain. 

In the overcoring method, total relief of stress is 

assumed; hence, the stress calculation depends on the 

unloading part of the stress-strain diagram. In the pro

posed borehole modification technique, the situation is more 

complex. Near the ends of the slots, the stress level 

increases, while normal to the slot it decreases; therefore, 

a combination of stress magnification and relief is involved. 

Because there is no easy way to calculate the combined 

effect, it is best determined experimentally. The cores 
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recovered during the primary phase of drilling should be 

tested in a triaxial loading device, the core containing a 

replica of the slotted hole, to determine the effect non-

elastic strain has on total deformation. These tests should 

be run within the same time frame as the actual slotting 

operation. 

A more severe problem exists with stress measurement 

techniques conducted from within boreholes. A zone of 

deflected stress surrounds the borehole, which may have 

areas as much as three times greater than the principal 

stress. If these zones are stressed above the shear strength, 

fractures may relieve the stress. Normally, such failures 

result in caving of the hole, which can be detected by a 

borehole caliper survey, but it is also possible to have a 

single spiral fracture that does not result in a detectable 

collapse of the hole. Stress measurement at such a location 

would yield false information. This dilemma can be solved 

only by increasing the drilling fluid pressure as the hole is 

advanced to prevent fracture development by compensating for 

the rock pressure. Since the borehole modification measure

ment may be conducted at a depth interval drilled days or 

even months before, the effect of plastic or viscoelastic 
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deformation will tend to reduce zones of high stress con

centration, again leading to error on the low side of the 

actual rock pressure. Thus, measurements indicating that 

the rock stress is on the threshold of nonlinear deformation 

around the borehole must be either discarded or used simply 

as a measure of the minimum possible rock stress condition. 

Core Discing 

Experience in diamond core drilling in deep under

ground mines has shown that highly stressed but brittle 

rocks tend to break into thin wafers or discs (Hast, 1958; 

Leeman, 1964; and Pretorius, 1958). Obert and Stephenson 

(1965), Jaeger and Cook (1963), and Rambosek (1964) have 

investigated from a theoretical standpoint conditions under 

which discing occurs. Discing apparently is due to the 

rapid relaxation of strain in the core stub being formed at 

the bit as the hole advances. Although discing indicates a 

zone of high stress, it can not be used as an absolute meas

ure of the rock stress. Core discing can be alleviated by 

increasing the borehole drilling fluid pressure so as to 

reduce the difference between the ir^ situ rock stress and 

the hydrostatic pressure on core stub. Discing would be a 

serious problem in the Mohole if not controlled; discs are 
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are notorious for plugging both the bit and the core barrel. 

Since the weight of the drilling fluid in the Mohole should 

be maintained at about 50 to 70 per cent of the lithostatic 

pressure, it is not likely that discing would occur at any 

depth. Experience in deep oil drilling verifies this. 



THERMAL STRESSES IN THE MOHOLE 

Geothermal Conditions in the Mohole 

Schneider (1966) estimated the thermal gradients at 

the proposed Mohole site as follows: 

Depth 
(feet) 

The ma 1 
Temperature (°C) gradient 
top bottom (°C/100 ft.) 

Sea water 0 - 14,000 20 4 -0.114 

Sedimentary 
section 14,000 - 18,000 4 70 +1.650 

Basalt section 18,000 - 3,500 70 200 +0.765 

The thermal gradient in the sea water is negative because 

the temperature at the ocean bottom is very close to the 

freezing point of water. The "sedimentary section," which 

includes both unconsolidated and consolidated sediments and 

perhaps intercalated basalt, has a high thermal gradient 

because of low thermal conductivity, assumed to be 0.002 

calorie per degree-centimeter-second. The thermal conduc

tivity of the main basalt section is thought to be about 2.2 

times higher. The heat flow at the Maui site is close to 

normal for oceanic basins, being about 1.2 x 10"^ calories 

per square centimeter-second. 

49 
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Calculation of Thermal Gradient and Resultant 
Stresses in the Walls of the Borehole 

The drilling fluid should be recirculated but its - -

temperature kept near ambient on entering the hole so that 

it arrives at the bit face cool enough to carry away most of 

the frictional heat generated by rock cutting. The tempera

ture of the drilling fluid upon arrival at the bit face is a 

function of both the rock temperatures along the hole and 

the velocity of the fluid. Considerable amount of thermal 

stress can be induced into the walls of the hole if the 

temperature contrast is large. 

A few necessary calculations illustrate the effect 

that temperature contrast between drilling fluid and the 

rock has on the stress condition around the borehole. 

Carslaw and Jaeger (1938) give an equation for the tempera

ture in an infinite media (the rock) surrounding a cylinder 

(the borehole): 

00 -ku2t 
(Tr-To) = i + 2_ I* e Jo(ur)Yo(ua) - Yo(ur)Jo(ua) du^ 
(Ta-To) n 0 Jo2(ua) + yo2(ua) u 

where 

Ta = borehole fluid temperature, 

To = original rock temperature, 



Tr = temperature at distance r, 

a = radius of the borehole, 

r = distance from the center of the borehole, 

r>a, 

Jo, Yo = Bessel functions, 

u = a variable having dimension of reciprocal 

length, 

t = time which drilling fluid temperature is held 

at Ta, 

k = thermal diffusivity of the rock. 

Gemant (1946) developed tables from equation (9) 

whereby one can determine temperatures outside the borehole 

knowing only the original rock and borehole fluid tempera

tures and the thermal diffusivity. Figure 11 is a graph 

showing the variation of temperature with distance from the 

borehole for several time intervals. The graph was prepared 

using a thermal diffusivity of 0.01 cm /sec and a tempera

ture contrast of 50°C between the original rock and the 

4 5 p. 7 
borehole fluid. Four time plots of 10 , 10 , 10 , and 10 

seconds are given. The 10 -second graph is most important, 

representing 11.6 days, a typical time during which drilling 



52 

; T—"" 

200 

o 
e 

0) W 
3 
O w 
O 
a. 175 
E 
P 

150 
10 

/ns r_ s distonce outward 
r a radius of borehole 

30 ; 40 
distonce outward 

Curves computed using thermal diffusivity k« IP"2 cm2. 
S6C« 

rock temperature at 200° C, borehole temperature at I50°C. 

I 

Figure II. Thermal gradient surrounding a borehole 



may have been more or less continuous in the Mohole. The 

temperature contrast is large but may be a reality at Moho 

depth. 

Lowering the rock temperature induces tensional 

stresses of considerable magnitude near the immediate 

vicinity of the borehole. These stresses can be calculated 

if the temperature profile is considered to be steady state. 

By steady-state condition is meant that the temperature 

beyond a given distance from the hole is held constant as 

well as the temperature inside the borehole—the thick-

walled cylinder analogy. Such a condition is closely 

approximated when drilling is stopped and the drill string 

removed for stress measurement and borehole logging. 

Timoshenko and Goodier (1951) gave the steady-state tempera

ture condition; their equation, modified for the Mohole 

condition, is: 

Tr = To - (T°-Ta) ̂  (10) 

ln(b/a) a 

where 

Tr, Ta, To, and a are given in equation (9), 

b = distance to where the temperature is held 

constant. 
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The temperature plot determined by equation (9) is 

also shown on Figure 11 for the steady-state condition where 

— = 20. The plot closely agrees with the 10 -second tran

sient condition. Thus the thick-walled steady-state condi

tion, where the outer radius is 20 times that of borehole, 

is analogous to the transient condition of 11.6 days of 

holding the borehole temperature at a 50°C variance with 

rock temperature. So affirmed, the thermal stresses near 

the borehole can be readily calculated by Timoshenko and 

Goodier's (1951) equation for thermal stresses in a thick-

walled cylinder: 

"r " 2U^rin'b ["ln I " "^7 (1 " ?> ln I] (11) 

cl 

CTt = 2fl^nna)b [l - In | - (b2 â2} & + ̂  ln l]' (12> 

where: 

ar, crt = radial and tangential stress, 

positive indicating compression, 

a = coefficient of thermal expansion. 
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Figures 12 and 13 illustrate the combined effects 

that in situ rock stress, borehole fluid pressure, and 

thermal stresses have on the stress distribution around a 

borehole. The graphs were prepared to simulate a condition 

where in the lateral in situ rock stress is 10,000 psi and 

hydrostatic (crl = ct2) , the original rock temperature is 

200°C, the borehole temperature is 150°C, a steady-state 

condition exists where the temperature contrast extends to a 

point jjj- = 20, and the drilling fluid pressure is 10,000 psi. 

Additional conditions were E = 8 x 10 psi, a = 5 x 10 / C, 

and |j, = 0.25; these values are typical of basalt. These 

parameters model the state of stress surrounding the hole at 

Moho depth if the lateral stress is assumed to be 50 per 

cent of the vertical stress and drilling were done contin

uously with a 150°C fluid at the bottom of the hole for 

£ 
10 seconds (11.6 days). 

The graphs indicate that thermal stresses definitely 

constitute an important factor in considering both hole sta

bility and stress measurement. If the criteria stated above 

were actual Moho drilling conditions, then the tangential 

wall stress is not large. Deformation measurements obtained 

by slotting must be carefully corrected, not only for 
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borehole fluid pressure but for temperature as well. Also 

important is the fact that the tangential stress may become 

tensional if the sum of the thermal and fluid pressure 

exceeds the rock stress. Such a condition most likely would 

result in formation breakdown and rapid loss of drilling 

fluid. 

Summary of Thermal Stress Effects 

The thermal stress calculations given above are only 

order-of-magnitude estimates of those for the actual Mohole. 

The drilling fluid passes downward through the drill string, 

across the bit face, and then upward in the annular space 

between the drill pipe and the walls of the hole. This is a 

complex case of heat transfer which depends on the thermal 

diffusivities of the rock, drill pipe, and drilling medium, 

plus the turbulent flow condition of the drilling medium and 

the original geothermal gradient of the rock sequence 

drilled. Exact calculations must rely on records of the 

fluid temperatures monitored not only at the bit face but at 

regular intervals up the hole. In addition, hole tempera

tures should be measured during periods of shutdown to de

termine the rate at which the rock readjusts toward an 

equilibrium temperature. These data, plus thermal 
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diffusivity tests on rock cores, would allow accurate calcu

lations of the temperature profile into the wall of the hole. 

Jaeger (1956a,b, 1959, 1963, and 1965) studied in detail the 

problem of thermal conditions in an infinite media surround

ing a cylinder under transient heat flux conditions. 



ROCK ALTERATION IN THE MOHOLE 

Outline of the Problem 

The anticipated drilling time of the Mohole was 

three years. The plot of depth versus drilling time is 

logarithmic; the last 5000 feet of penetration might take as 

long as one year (Anonymous, 1964). It is from these deeper 

depths that most scientific information will be needed to 

define the geologic transition from the crust into the 

mantle. Some geologists feel that there is a strong possi

bility that there will not be a sharp interface but a 

"mixing zone" instead, perhaps as much as several thousand 

feet thick. The mixing or intercalation of crust and mantle 

rocks is a plausible concept if one assumes that the crustal 

rocks are serpentinized peridotite formed from a primary 

peridotite by physicochemical environmental change. 

The temperature at Moho depth is believed to be 

200°C, and there is no reason to expect an interstitial 

water or vapor phase to be present. Thus there is the 

possibility that the drilling, which simultaneously disturbs 

the in situ stress, modifies the temperature, and introduces 
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water into the system, would alter the mantle rock into 

another type. One would suspect that there is a good chance 

for the change to be one of converting mantle rock into 

crustal rock because temperature is decreased and water 

added. If the change were rapid, in a matter of a few hours, 

it would be probable that all core recovered from the true 

mantle would arrive at the surface as an entirely different 

phase. If the alteration proceeded into the wall of the 

hole, then all geophysical and stress measurements would 

yield erroneous information also. Stress measurement and 

logging operations would be taken periodically, after 

500 feet or so of new penetration. With the slow drilling 

speed anticipated, the walls of the hole would have been 

subjected to the new environment for periods ranging from a 

week to several months prior to measurement. 

As stated earlier, the crustal rock at the Mohole 

site is surmised to be basalt and the mantle may be perid-

otite, eclogite, or dunite. These rocks are rich in olivine; 

thus, serpentinization appears to be one of the most likely 

types of alteration induced by drilling operations. Bowen 

and Tuttle (1949) described the Mg0-Si02-H20 system. 

Figure 14 is the pressure-temperature curves for that system. 
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Figure 14. Pressure-temperature curves in the system MgO-SiOg-HjQ 
(after Bowen and Tuttle, 1949) 



63 

Mohole pressure-temperatures are also plotted on the dia

gram. Enstatite, brucite, and fosterite are unstable 

minerals below about 420°C, and the transition is relatively 

insensitive to pressures above 5000 psi. The reaction 

should be accelerated by heat as long as the temperature 

remains below 420°C. 

Argillic alteration caused by breakdown of feld

spars, pyroxenes, chlorite, and serpentine may be expected, 

or, if temperatures are higher than predicted, reverse reac

tions may occur. Sericitization may also cause the decay of 

feldspars into mica. Hydration may also take the form of 

zeolitization by transformation of plagioclase and ferromag-

nesian minerals into such minerals as analcite and natrolite. 

Albitization of plagioclase could also occur, particularly 

if sodium alkalies were added to the drilling fluid. 

Therefore, the alteration effects on the rocks likely to be 

drilled in Mohole needed investigation to prevent erroneous 

conclusions concerning the characteristics of the deep crust 

and mantle. 

Alterability Tests 

Though no one can be certain as to just what types 

of rocks might be drilled in the lower part of the Mohole, 
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four appear most probable: basalt, peridotite, dunite, and 

eclogite. Tests were conducted on two varieties of basalt, 

two peridotites, and a single variety each of dunite and 

eclogite. Table 1 summarizes the petrography for each. 

The basic aim of the alterability tests was to 

observe any physical or chemical change occurring during a 

period of up to 20 days of subjection to conditions of com

plete water saturation, 20,000 psi pressure, and 200°C tem

perature. Three samples, as nearly identical as possible, 

were prepared of each of the six rock types. One set was 

subjected to the deep-hole drilling condition for 2 days, 

another for 10 days, and the third for 20 days. A fourth 

set of samples was used to determine the initial petrography 

and physical properties. The following tests were conducted: 

Thin-section examination. Microscopic examination 

for mineral composition and textural structure. 

Density. Specific gravity determinations were made 

to four significant digits using a precision specific 

gravity balance manufactured by the A. H. Thomas Company. 

Permeability. Tests were made on 5/8-inch diam

eter x 1/2-inch long core samples to determine the permea

bility to air. It was hoped that such tests would indicate 
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TABI£ I. ROCK TYPES USED FOR ALTERABILITY TESTS 

Rock 

Peridotite I 

Peridotite II 

Dunite 

Eclogite 

Basalt I 

Prealteration description 

Andesine and pyroxene (augite?) are 
the principal rock minerals. Little 
olivine is present. The pyroxene 
has much polysynthetic twinning. 
Little or no quartz is present. The 
rock is coarse-grained with indi
vidual grains up to one cm. long. 
These are mainly pyroxene anhedra 
with andesine filling the inter-
granular space. 

Rock is much altered. Much calcite 
with some dolomite is present. 

A typical dunite. Rock is essen
tially all olivine. Magnetite and 
chromite(?) grains are present 
sparingly. Medium-grained. 

Not a typical eclogite. Maybe best 
described as a garnetiferous chlo
rite schist. Pink almadine garnet, 
pyroxene (pigeonite), muscovite, 
and chlorite. Rutile occurs as an 
accessory mineral. 

Olivine basalt. Medium- to fine
grained. Large grains of iron-rich 
olivine, calcic plagioclase 
(andesine?). Small amounts of bio-
tite, hematite, and magnetite. 
Plagioclase exhibits argillic alter
ation, and some olivine surrounded 
by hematite, presumed due to 
alteration. 

Postalteration 
description 

No change other than 
slight bleaching. 

Degree of alteration 
has not increased 
over the prealter
ation sample. 

No change. 

No change other than 
slightly more 
bleached appearance 
of the surface of 
the sample prior to 
thinsectioning. 

No change. 

Basalt II Essentially identical in composi
tion to Basalt I. Ground mass 
feldspar is coarser grained and has 
feltlike texture. Alteration is 
slight compared with Basalt I. 

Slight bleaching of 
the sample. 
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incipient alteration. Tests were conducted in a permeameter, 

manufactured by the Ruska Instrument Corporation, having a 

threshold permeability detection of one millidarcy. 

Weight gain or loss. Sample weights were measured 

to the nearest 0.01 gram to determine any gain or loss 

during the period of the alteration test, 

i Porosity. Porosity was determined by weighing 

samples both dry and after a period of 24 hours' submersion 

in distilled water at room temperature. 

Compressive strength. StrengtE was determined by 

compressing 5/8-inch diameter x 1/2-inch long specimens in a 

universal testing machine. 

X-ray diffraction. X-ray diffraction measurements 

were conducted on samples ground in an agate mortar. The 

X-ray diffraction analysis was used to supplement mineral 

identification by microscopic examination of the thinsections. 

A Tem-Press Research, Inc., X-ray diffraction unit with a 

copper tube was used. 

Description of the Autoclave Used and Size of Specimens 

Core samples 1-1/4 inch in diameter were cut in the 

laboratory from rough rock samples and sliced into 1/2-inch 

lengths on a diamond saw. These circular discs constituted 
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the basic sample configuration for the alterability test. 

Figure 15 shows the essentials of the autoclave construction. 

The chamber was of sufficient length to easily accommodate 

duplicate disc samples of the three time intervals (2-day, 

10-day, and 20-day) of each of the six rock types. The 

samples were placed in a thin-walled stainless steel tube 

and were separated by thin Teflon plastic wafers. The tube 

was then inserted into the autoclave. The autoclave was 

closed with a high temperature "0" ring sealed piston. This 

seal was only partly satisfactory; after completion of the 

2-day run, the piston was welded to the main cylinder. 

Access to and from the autoclave was easy? the bottom was 

simply sawed off and rewelded at the completion of each 

time run. 

The autoclave was heated by a 600-watt heating tape 

spiraled around the cylindrical body. A thermocouple placed 

in a small hole drilled into the wall of the autoclave moni

tored temperature. A heat controller, regulated by the out-

J. Q 

put of the thermocouple, held the temperature at 200 — 5 C, 

as determined by independent measurements with a mercury 

thermometer. The autoclave was buried in a thermally 

insulated pit outside the laboratory for safety reasons. 
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Pressure was maintained at 20,000 psi by a pressure ampli

fier driven by a regulated 140 psi nitrogen supply. Initial 

pressurization was accomplished with a high-pressure hand 

pump. The amplifier system had a 100-cubic centimeter 

reservoir of water sufficient to compensate for minor leaks 

in the system, and the hand pump was needed only occasion

ally to resupply water to the autoclave. Figure 16 shows 

the entire setup in schematic form. 

Results of the Attempt to Induce Alteration 

The tests on the six rock types showed little change, 

even after 20 days' alteration time. This result was some

what surprising in that it is contradictory to the arguments 

given earlier. Tables 2 and 3 give the results of density, 

permeability, porosity, and compressive strength tests. No 

statistical difference is noticed. The permeability tests 

are not reliable because the original permeability was too 

low to measure in standard permeameters. 

If the rock alteration were of a serpentinization 

type, the specimens should have gained weight by absorbing 

water. Even if alteration were slight, the precision 

weighing and density measurements should easily have 

detected the change. Such was not the case, as indicated 
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TABI£ 2. RESULTS OF DENSITY, POROSITY, PERMEABILITY, 
AND TOTAL WEIGHT MEASUREMENTS 

Rock type 

Peridotitel 

Peridotite II 

Dunite 

Eclogite 

Basalt I 

Basalt II 

Time Sample 
Density 
(qm/cc) 

Porosity 
(%) 

Permeability 
(millidarcvs) 

Weight 
(qms) 

a 3.062 0.620 * 31.20 
Initial b 3.245 0.340 * 30.20 

c 3.025 0.762 * 33.06 

2 days a 3.060 0.610 * 31.20 
10 days b 3.247 0.355 * 30.20 
20 days c 3.030 0.715 * 33.09 

a 2.695 5.50 * 19.79 
Initial b 2.697 5.08 * 24.80 

c 2.717 4.02 * 27.23 

2 days a 2.690 5.40 * 19.69 
10 days b 2.694 5.05 * 24.81 
20 days c 2.717 4.00 * 27.24 

a 3.340 0.146 * 32.86 
Initial b 3.309 0.495 * 31.56 

c 3.342 0.002 * 33.01 

2 days a 3.345 0.201 * 32.86 
10 days b 3.301 0.466 * 31.55 
20 days c 3.340 0.019 * 33.08 

a 3.442 0.940 * 38.16 
Initial b 3.442 0.735 * 33.12 

c 3.428 0.523 * 31.22 

2 days a 3.445 0.766 * 38.14 
10 days b 3.450 0.663 * 33.02 
20 days c 3.428 0.553 * 31.20 

a 2.690 1.73 7.0 24.90 
Initial b 2.698 1.69 3.0 28.60 

c 2.762 1.42 * 28.00 

2 days a 2.680 1.75 2.0 24.75 
10 days b 2.691 1.69 4.0 28.65 
20 days c 2.699 1.40 * 27.91 

a 2.725 0.902 * 25.16 
Initial b 2.761 0.934 * 24.80 

c 2.730 1.056 * 23.81 

2 days a 2.731 0.785 * 24.96 
10 days b 2.759 0.632 * 24.36 
20 days c 2.735 0.827 * 23.81 

with the instrument used. 



TABLE 3. RESULTS OF COMPRESSION TESTS 

(Fresh samples versus those subjected 
of alteration) 

to 20 days 

Compressive strength (psi) 

Rock type Fresh 20 days 

Peridotite I 
11,100 
12,600 
9,700 

13,000 
9,200 
10,500 

Peridotite II 
7,600 
14,500 
11,600 

6,900 
12,500 
10,100 

Dunite 

25,800 
11,500 
14,100 
17,200 

15,900 
11,600 

Eclogite 

14,580 
7,580 
10,850 

^ 13,750 

9,940 
3,750 
11,500 

Basalt I 
12,200 
12,100 
7,500 

6,180 
4,460 
9,370 

Basalt II 
8,960 
6,400 
19,000 

18,500 
29,300 
16,000 
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by the results given in Table 2. The density measurements 

are preferred because they are reliable even if flaking or 

chipping could have occurred during alteration. 

The most convincing proof that alteration was absent 

was by examination of the thinsections. Repeated observa

tions of fresh olivine crystals right on the edge of the 

samples indicated no incipient hydration. The same holds 

true for garnets, pyroxenes, plagioclase, and chlorite. 

Explanation for the Lack of Alteration 

Much field evidence indicates that water profoundly 

alters rocks, particularly at elevated temperatures. The 

whole concept of hydrothermal alteration, so prevalent 

around epigenetic ore deposits, is based on this premise. 

The same is true at low temperatures, because this is the 

province of chemical weathering phenomena. The principal 

explanation for the absence of alteration in the tests must 

be that time is a most important parameter; alteration would 

be evident if the duration were an order of magnitude 

greater than the 20-day interval used. Another factor may 

be the temperature; 200°C is a relatively low geologic tem

perature. The environment of 200°C and pressure up to 

20,000 psi fall well within the zeolitic facies of the 
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metamorphism classification of Fyfe, Turner, and Verhoogen 

(1958) and belong to the lowest intensity type. 

Other reasons for the negative results could include 

the lack of mineralizers in the aqueous solution, absence of 

rock stress, and the small surface area of the samples. 

These conditions were deliberately imposed, however, because 

they closely approximate the state in which the core would 

be drilled. The drill water probably would be fresh to 

sustain proper suspensions of clay-barite mixtures used to 

control the fluidity and density drilling medium. The core 

is naturally stress-relieved, so the only force acting is 

the hydrostatic fluid pressure. 

Conditions Under Which Rapid Alteration May Be Expected 

The tests yielded preliminary confirmation that even 

mild alteration will not occur in the Mohole if the antici

pated temperature and pressure estimates are correct and if 

the drilling medium is inert, other than having water. This 

does not mean that the problem can be entirely disregarded. 

First, the temperature gradient may be higher than predicted. 

Since most reaction rates increase with temperature, a high 

thermal gradient may accelerate inducement of alteration. 

Increase in temperature up to, say, 400°C probably would not 
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affect the core; however, it may influence alteration of the 

walls of the hole which would be subjected to new conditions 

for many months. 

Probably the most influential rate-influencing 

agents are mineralizers, such as hydroxides and acids, con

tained within the aqueous phase. Wells (1929) showed that 

fresh olivine is attacked by weak solutions of Na2S0^, 

I^SO^, HCl, NaOH, HF, FeCl^, NaF, and at a temperature 

of 275°C and a pressure of 8500 psi. Noticeable effects 

occurred after only 48 hours. 

Spilitization, or albitization, may be induced if 

the drilling fluid contained sodium salts. Eskola, Vuoristo, 

and Rankama (1937) gave experimental evidence that anortho-

site converts into albite according to the following 

equation: 

4* CaA^Sn^Og + 4S1O2 CaCO^ 2NEA1SI2^3 

(anorthosite) (albite) 

The silica can come from the decomposition of olivine 

under attack by the Na2C02. The investigators found that 

the albitization reaction occurred at a fast rate 

(168 hours) in the temperature range of 310°C to 330°C and 

a vapor pressure of 3100 psi. They further noticed that no 
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zeolites formed under the above conditions but did form in 

NaOH-rich solutions at the lower temperature range of 196°C 

to 203°C; the reaction time was 72 hours. Thus, zeoliti-

zation occurs at lower temperatures but under very alkaline 

conditions, while albitization takes place under higher 

temperatures but less alkalinity. The pressure-temperature 

conditions cited are close to the speculated range of the 

bottom of the Mohole. The reaction rates are such that 

unless cores were immediately retrieved after cutting, con

siderable alteration might be induced. If the drilling 

fluid used were alkaline, any cores showing albite reaction 

rims around plagioclase or the presence of zeolites would 

have to be treated with suspicion. It must be admitted, 

however, that a strongly alkaline drilling fluid would be 

unlikely in the Mohole because highly caustic drilling muds 

(pH>12), while having the advantage of helping to control 

viscosity in calcium-rich muds, tend to solidify at high 

temperatures (Gatlin, 1960). Serpentinized basalt, dunite, 

or peridotite might be susceptible to swelling upon the 

simple introduction of water. For this reason, either oil-

base or oil-in-water emulsion drilling mud should be used to 

retard this action. 
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The drilling fluid probably would contain a clay to 

give the proper suspension properties for cuttings removed 

from the bit. The clay may be bentonite if fresh water is 

used or attapulgite if salt water is used. Pine suspensions 

of clay act as weak acids and accelerate the natural weath

ering process. Experiments by Graham (1941) proved that a 

hundredfold increase occurred in the rate of decomposition 

of finely ground anorthosite subjected to a colloidal clay 

aqueous environment compared with ordinary water in equi

librium with carbon dioxide at atmospheric pressures. 

Therefore, it may well be that the clay content of the 

drilling fluid could provide another controlling factor in 

the alteration of rocks within the Mohole. 



CONCLUSIONS 

We have no reason to believe that the over-all 

Mohole rock stability problem would differ greatly from 

those of successfully drilled deep holes on the continents. 

Wells are now drilled almost on a routine basis to depths 

exceeding 20,000 feet. The deepest oil test, drilled in 

1959, achieved a depth of 25,340 feet. Bottom-hole temper

atures frequently exceed 250°C in the Gulf Coast region at 

depths as shallow as 18,000 feet. Thus the Mohole becomes 

essentially a routine drilling operation if one excludes 

aspects of positioning the drill platform and conducting the 

drill string to the ocean floor. 

In situ stress can be determined in the plane normal 

to the axis of the hole by using the slotting technique. 

This system appears superior to the overcoring method, pro

vided, of course, that a reliable slotting tool can be 

designed and built. Thermal stresses, developed by differ

ences between the rock and borehole fluid temperatures, 

would constitute the major source of error unless accounted 

for. Complete temperature-time information would be 
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mandatory to make the appropriate correction of the stress 

calculations based on deformation measurements. 

The alterability tests indicate that artificial 

metamorphism should not occur if the drilling medium is 

fresh water. The use of clays as a suspension medium might 

accelerate alteration, but of more importance would be the 

addition of alkalies. Oil-base muds or oil-in-water emul

sions would offer the advantage of both reducing hydro-

thermal alteration and preventing expansion of clay or 

serpentine minerals. 

The alteration problem needs further investigation. 

Tests similar to those conducted by the author should be 

tried with the introduction of all those agents that might 

be added to the drilling medium; specifically, NaOH, 

Ca(OH)2, NaCl, attapulgite, bentonite, tannic acid, and oil-

in-water emulsifiers. Such tests should be run under a 

wider range of temperatures and pressures and, most impor

tant, for longer time periods. Such tests exceeded the 

capabilities of the limited facilities at my disposal. 

During actual drilling operations, representative 

core samples should be subjected to continuous tests in 

autoclaves where the temperature, pressure, and chemical 
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environment simulate the drilling history. A complete 

analysis should be made of the bentonite and barite addi

tives to determine what accessory minerals are present. 

These tests should include means to simulate lithostatic as 

well as fluid pressures. These kinds of experiments would 

yield valid data about the degree that alteration extends 

into the walls of the actual hole. The alteration effects 

should be verified by periodic resampling of the walls of 

the hole with the side-wall coring tool and by comparing 

previous electric logs. 

The rheologic behavior of the rock penetrated should 

be tested under these same conditions. If the rock is 

plastic, the stress envelope surrounding the hole would 

gradually shift toward equilibrium with the in situ stress. 

This behavior could also be tested by periodic remeasurement 

of stress at various intervals in the hole. 



APPENDIX A. DERIVATION OF A DEFORMATION EQUATION FOR 

AN ELLIPTICAL HOLE 

An elliptical hole of the configuration shown 

below is placed in an elastostatic, uniform, plane-strain 

field. The media is assumed to be isotropic and the 

principle stresses are known. 

The following notation is used: 

Coordinate (x-y) or complex variable (z,z) such that 

z = x + iy z = x - iy 

sl» s2 principle stresses 

b 

a 

e angular position of leading x-axis 

minor axis of the ellipse 

major axis of the ellipse 

m, R ellipcity constants such that 

R = \ (a + b) m = a ~ b 
a + b 
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\ transformed complex variable 

z = w (x) = R(\ + m) 
\ 

cp (\)» p (X) complex stress potential functions 

n material constant, in plane strain 

n = 3 - 4 (j, 

|j, Poisson's ratio 

v modulus of rigidity 

CT1' °2 (̂ înens;'-on-®-ess principle stresses, where 

a = S 

v 

aj_j stress tensor 

ux, Uy. displacement components from free state. 

The problem belongs to the first fundamental 

boundary value problem, subject to the conditions of 

traction free restraint at the interior (elliptical) boundary. 

CTxx + CTyy = sl + s2 

-2i 0 
yy " °xx T iWxy " w2 " "l'~ cr,__ — cj + ic = (S„ — S.,) e 

The infinite region is transformed into a unit circle by 

the transform 

z = w(\) = R(\+ m ) 

The boundary values are integrated after being transformed 

into-the integral equation of the Priedholm type. Only the 

solutions are given below: 
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cp (X) = h (S-L + s2) R(X - 7 ) + *5 (S-L - S2)R(-§-210) 
X 

p (X) = - h (S]_ + S2)R(l + m2) A_ 
X -m 

- - S2)R[\e 210 (1 + m \2) e2iel 

(X2 - m) 

The displacement expressions are obtained from the 

Kolosov. equation 

w(X) 
2v(ux + iu ) = ncp(X) Cp'(X) - p(X) 

W(X) 

The displacement at the elliptical boundary in z-plane 

is on the unit circle in \ - plane. Therefore, for 

boundary displacement, it is simply letting \= elct 

2v(ux + iuy) = R (n + 1) [(S-l + S2) (ei<x- me"i(X) 

+ 2 (S-,^ - S2)e~iae210] 

The above general expression is for displacement at the 

elliptical boundary (in the transform coordinate plane) 

under the bi-axial stress state from the free state. 

The slotting technique for rock stress measurement insitu 

is dependent on sensing diametral deformation normal to 
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the slot which corresponds to that along the minor axis of 

the ellipse. The displacement parallel to the minor axis 

where a = •]! is 
2 

Ue = R (n + 1)[(1 + m) (S-l + S2) - 2 ̂  - S2) cos 20 J 
8 

By elimination of the dimensionless units R, m, n and S, the 

above equation reduces to the simpler form of: 

U0 = JL j^a (°"jl + °2^ + (a + *>) ~ ct2^ cos 2®J 
E 

which is equation (5) that was given previously on page 30. 
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