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ABSTRACT

Rock is a natuvally occuvving aggvegate of minevals. A rock is a complicaied material of
many constituents and characteristics. Dependent on lhe magnilude and vate of change of applied
Jorce to.altey the transient equilibrium condilions, rack will veact in a complicated mamer, af all
times exhibiting all of the well-known chavaclevisiics of elasticity, plasticity, and viscosily within
the parameters of test conditions,

All vocks do exhibit a properiy of aeolotvopy, that is, inhevent divectional chavactevisitics.
These charactevistics should be made use of in mining and kindred opevations o design stable ori-
entations of epenings as well as to define optimum dvilling and breaking divections. They may be
defined by laboratory enalyses logether with undevground observations and measuvements.

As far as the writer hos been able to deteymine little attention has been given fo the vheology
ov the aeolotvopy of vocks in the process of hydraulic fracturing.

It is herewith postulated that wheve divectional chavacterisiics ave definable by a laboratory
technique, from oviented dvill cove or oviented hand samples, they should be used fo define pre-
fJerred fracturing planes by strike and dip, and the azimuih or divection of prefevred strain propa-
gation, induced by an internally applied hydraulic pressure.

Research conducted in the Depavtment of Mining Engineering ai Queen's University, Kings-
tem, Ontaric, between September 1963 and April 1965 has now proven the hypothesis to be covreci
within the range of seveval suites of vock samples tesled.

The paper is a seveve condensation of a dissevtotion presented as a partial requivement for
the degree of Doctoy of Philosophy.

INTRODUCTION

As wirth most rheologically defined materials, rocks react Cifferently in different environ-
ments to similar forces. Physical changes and deformations depend as much on the rate of change
of stress as the magnirude of stress. [n many instances the rate of change is more imporeant.
Under load, all real materials will flow if given time, If there is no time for flow the material
behaves in a brirtle manner.

Particular characteristicg are developed in rocks during their periods of formation and dur-
ing post formative geologic history. Whatever their mode of occurrence rocks are a record of
their formartion and changes. Where analyses are possible advantage should be taken of the nat-
ural inherent characteristics to help design economical functional structures.

A number of techniques of measurement and analysis have been developed. The fracturing
of rock by hydraulic pressure has been examined by many authorities but few within the scope of
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available published literature have rationally used the actual rocks mncemed in tests to examine
directional characterigtics or preferred strain propagation rates and dxrectmns SR

In a2 pumber of investigations of the properties of rocks for mine demgn_pﬁrpose& and s:fzress
analysis problems, in which the writer has been associated, it has been dem strated. that there
are definite prmmpal strains in rocks which can be dt:fmad It has been shovm ] e '

can be used o define preferred fracturmg directions in the laboratory from oriemed sampies lt
is mainly with this aim that this research has been conducted. Such a method could also be: used
to carry out the fracturing of rocks for other techmques of mining such as primary breakmg,

The research is confined to the field of rock mechanics in which the aim is to definé a pre-
ferred fracture plane and directions of strain propagation by analysis, and then to study the-’-'effecm
on the projected fracture planes hy fracturing the sarnples -

The main intent is 1o show why and how rheqlogica,l rock characteristics are used to define. '
the azimuth and orientation of planes aleng whick fracturing will oceur when an internal stress =
applied to a rock. By the method, the azimuth and orientation of potential fractures are deter-
mined before fracture testing and the directional preferences of drive are measured during fracs’
turing testing of an unconfined oriented ]aho_ra;pry_sa;ﬁiple«

Significant laboratory and field research conducted over the past twenty years, which has
been cbtainable through many agencies is discussed as a prelude for the requirements for further
research.

HISTORY .

A critical examination of past research, and field application of theories of hydraulic frac-
turing shows no more or less a tendency to test by tvial and error, than any other mining opera-
tion known. Usually rheclogical characteristics of rock materials have not been sufficiently con-
gidered. In laboratories a great deal of theoretical: work has been carried out using homogeneous,
isotropic, elastic materials, and using a great number’ of theorstical assumptions as a basis for
caleulations. These factors, probably fairly correct in smguiar application of the theories, and
sometimes fairly correct in unique circumstances do not take into account the complexity of the
reactions of multiple compound arrangements of mmerals - a.nd minerals in rocks.

In the field, much reliance is placed on resulrs of ideal lahommry regearch and surface
topographical and geological features, to plan a fracture:  In the petrolewn industry it has not been
quite as important 1o be able to define directional control as tompared with the problem of joining
wells in solution mining, but the basic concepts are the same.

Many subsidiary factors expected to influence a fracture have been studied, and fregquently
accepted as principal criteria, but rarely, if ever, have all rock characteristics been considered.
Many factors of influence have been studied. Porosity, permeability, fluid pressures, depth pres-
sure gradients, thermal conductivity, slotting and jet piercing, areal spread, are some examples.
Many other factors are subsidiary to the above. '

Much emphasis has been placed on depth pressure gradients (Hubbert & Willis (1956]].
classical theories of elasticity and plasticity of ideal solid materials have been applied to explain
phenomena encountered. However, where some notable papers have been examined in detail they
have been found to produce many contyadictory conclusions. With some notable exceptions;
mathematical expressions developed 1o explain rock behaviour under changing environments usu-
ally cover only a few factors and usually do not include the broad coverage provided in rheological
concepts. Such treatmenis are common in work by Hubbert & Willis (1956), Timoshenko (1934},
and others.

le.1 M, Gonsuttants Ltd., Kingston, Omzatio (1961-1963),
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Much reliance has been placed on surface topography [Heck (1960)]. This kind of evidence
has heen shown more recently to be not ag reliable as previously believed [Hodgson (1937), (1964),
Ritsema (1957}, Adams (1957)]. The latter have much conclusive evidence that fracture orienta-
tion planes are not linearly related to depth.  They also disagree that regional principal strains
are tangential and radial to Earth's gurface, and state that horizontal fractures are just as liable
to occur ar grearer depth in the crust as vertical fractures. They (Hodgson, Ritsema, Adams)
show that narural fractures in the crust, as earthquake phenomens, are nearly always rranscurrent
(strike slip) with borizontal movement. Recent measurements have shown that within the workable
depth in Earth's crust horizontal siresses can be considerably greater than vertical. {Fidler, Pro-
ceedings of the Internaticnal Conference "State of Stress in the Earth's Crust,” Hast (1958) and
Qisen {1957)].

Sonic. seismic, and asscociated methods of well logging have been used to determine rock
characteristics in sita.  Schlumberger (1938) and Halliburton {1964) to quote two of many, pro-
duce valuable information for use in measuring some characteristics of rocks. However, none w
date have demonsirated a way of determining preferred directions in which a rock will fracture,
in laboratory or fizld tests.

Geophysical researchers, already referred to, have produced much valuable informartion
rhat should heip in examining rocks but their measurements mainly deal with geotectonics and are
not necessarily concerned with upper crustal regions in which mining operations are carried out,
at least within ocur time,

Such a brief historical resume does not tell us much, exXcapt to give a broad outline of direc-
tions in which research has fellowed -- and does little to show the directions a fracture will fol-

low.

PURPOSE OF FRACTURING

To create a fracture in rock at a specific depth below surface is the primary purpose of hy-
draulic fracturing. In the perroleum industry, it is required to improve contact of a hole with a
natural reservoir of oil and increase the productivity of the cil well., The boundaries or limits of
the reservoir with relation to a well may or may not be kriown, In solution mining practices a
fracture must have 2 more precisely defined purpose; that of joining rwo or more wells through
which fluids are circulated in a closed circult.

At this date the ability ro fracture a formation is not difficult to achieve, Many people have
been cngaged in research o make a design one of greater engineered accuracy and as econom-
ically as pogsible. Fracturing formations and resealing or cementing fractures has become a
highly competitive and organized business. Excellent results have been achieved in some regions,
mediocre results in others, and in some places outright failure -- either to fracture, or wo in-
crease productivity through a fracrure.

To investigate the orientation and extent of a fracture has eccupied a lot of man-hours in
laboratory and field. At present there are roo many methods in use to enumerate them here, It
is of much more advantage 1o spend time on trying to determine which way a fracture will go and
its planar orientation,

There appears to have been, up—to-date, an unwillingness. or inability of operators, 10 rec-
ognize rheological concepts of rock characteristics. The concepts of linear relationships of pres-
sure with depth, and inferred orientations of principal strains, may be approximated globally al-
though there is little absolute measurement to prove them. There are many investigations
published to disprove them as general rules. It is not reasonable to make such assumprions for
several square miles and atv any depth, let alone agsume It for an individual ore body or rock for-
mation. It has been demonstrated a number of times on projects in which the writer has been en-
gaged® that there can be sets of mutually perpendicular principal straing in any orientation. The
conditions vary with the origin of formation and post formative geological history. There is no
valid basis on which w assume that only horigontal or vertical stresses cxist in all formations in
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Earth's crust. There are oo many people concerned with these controversial factors to refer to,
in this paper, but it may be safely stated that the camp is about equally divided.

CHARACTERISTIC RHEOLOGICAL CONCEPTS

Mathematical formulas have been developed to help explain some of the concepts [Newman,
Maxwell and Madai (1950), Zandman (1953)]. These ideas have been expanded to enable their ap-
plicatians o rock materials by Reiner (1960), Emery (1961).

In arder that all basic concepts of elasticity, plasticity, and viscosity can be expressed on a
time basis they are combined as follows: =~ . - :

HOOKE SOLID -~ Perfect Elasticity

-

E = O'/E
NEWTON LIQUID -~ Perfect Liquid -
Stress z : Vmcosﬁy _ ><:_' Rate of Strain

ST. VENANT SOLID -- Solid Viscosity |
Shearing Traction = Tangential Yield Stress

- E{‘ .

KELVIN SOLID -~ Elasticity and Solid Viscasity
Stress = (Young's Modalus X Strain) plus
~ (Viscosity ‘% Strain Rate)
R S

MAXWELL LIQUID -- Hlasticity plus Newton Liguid
T givess . Rate of Stress
Young's Modulus: -

Rate of Stratn = <3

de
dr

As far as the above forms of rheological expressions are concerned, the emphasis is on rate
of change as being one of the most importam factors. - =~ - '

Other important factors are:
1. variability of viscosity with grain size;
2. level of inheremt strain in rocks;

3. granular packing pattern and cementing medium; and

4. granular distribution by size, strength, and orientation.

All of the above concepts together with porosity, permeability, chemical composition, and
structural discontinuities make the study of rock characteristics a formidable one. A vigible plane
of weakness or preferred plane of shearing in rock in situ is difficuit if not impossible to detect,
particularly at depth. Seismic and X-ray diffraction work is helping to solve some of these prob-
lems and minimize the use of model and dimensional apalyses. Photoelasticity as an instrument
of measurement of rock behaviour is still in its infancy, but reasonable success using a reflected
light technique has been achieved [Emery (1961), Pegler (1962), Smith (1962), Pegler (1965}].
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During the past five years the writer has employed reflective photoelastic techniques in rock
siress anzlysis and mine orientation design, and duc to this experience considered that combining
this with a newly developed instrumentation in present research, could belp solve some of the
problems encountered in hydraulic fracturing. Mainly, the determination of the orientation of pre.
ferred fracture plancs and preferred directions of strain propagation.

PREPARATION OF SAMPLES
Two locations were selected representing two different types of vock,
Location 1 ~- Potadam Samdsione, map locarion 27 -~ 1962, Geology of Gananoque, Pup-
lished by the Geological Survey of Canada, Ottawa, 1962, Specific location
is shown in Fig. 1.

Location 2 -~ Marble, map location 28 -- 1959, Geology of Westport, Sheet 31 g, at grid

76°.00 plus 5.9 miles and 44°30" plus 3. 13 miles. Specific location is
shown on Fig. 2.

All samples were oriented and drilled, using a Winkie gas-powered drill with a gix-inch di-
ameter thin-walled diamond drill bit on a three-foot core barrel, In the laboratory the samples
were rimmed o produce four oriented vertical sides, and where possible, one horizontal plane.
The freshly-cut flat planes were instrumented with photoelastic material using an epoxy bonding
cement containing a reflective medium.

As energy relaxation cccurred, strains were produced in the photoelastic marerial in such a
pattern that principal srrain directions and plancs of preferred shear were identifiable. Inspec-
tion of the samples using white light through a polariscope enabled all characteristics to be markec
and measured. On a day o day hasis, points of highest shear strain, developed on the prepared
faces, were observed. The readings are plotted on the rime-velaxarion cnergy graphs numbered
Figs. 3, 4, 3, and 6 as examples.

Traces of shear are identifiable in relaxation as. at first, points of high shear strain pro-
ducing a higher birefringence than the surrounding material. Sccondly, with time, points of highe:
shear may show some aligrment or may grow to join up, forming families of lines of constant
colour density. The groups of lines are identifiable by viewing the sample through the polariscope

using isochromatics, but they may be identified using anisoclinic view. When all sides have been .

observed results are plotted on a meridional stereonet and true strikes and dips obtained of pre-
ferred shear planes formed frum the shear traces on the sample sides,

Principal strain directions are determined at points by alignment of the axes of the polari-
scope polaroilds in the corresponding orientation of principal gtrains at the pointg, [f a large num.
per of points are observed over an area, a gtatistical average or directional Hnpeation trend is ob-
tained. The saine effect is obtained by alignment of the polariscope axes with an overall isoclinic
view of the same area. This is done on each instrumented side of a prepared sample and major
and minor principal strain directions are identified by the direction of compensation of the polari-
scope apalyzer. Those compatible strain directions in a three-dimensional view can also be
plotted on the stereonet to produce the resultam field force direction, from the three components
determined on three orthogonal faces.

The above brief description outlines the basis of prefracture analysis as far as direciional
charactevistics are cuncerned. The magnitudes of shears, observed by a method of compensation
of the polariscope and calculated by the use of basic photoelastic formulae, are at present, rela-
tive, The shear sirain readings in micro inches per inch may be converted to figures expressing
shear stress for the Tock if some reference constant is used. For this some figure of comparisor
i# required to be used between the known Young's Modulus and Poisson's Ratio of the photoelastic
plastic and these calculated figures for the rock material.

As the predicted fracture information became available on each sample, the measurements
were plotted on stereonets and all informarion filed in sampie order. As each sample was test
fraciured results were cntered in bhe respective sample files and immediately correlated with the
individual sample predictions. Statisrical evaluations were made after testing had been completed
on all samples.
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INSTRUMENTATION

Birefringence changes, transferred by a sultable polarizing optical system Fig. 7 and 7A
register as resistance changes on a photoconductive cell. These effects are amplified by a spe-
cially designed amplifier and transmitied 10 Sanborn continuous chart recorders. This arrange-
ment is set up to monitor all four vertical sides of photoelastically insirumented samples. By the
optical system the total two-inch diameter illuminated view ig integrated down 1o cover a one half-
inch diameter circle. This ared is covered by the gensitized portion of a photoconductive tube.
Therefore, it is the overall birefringence change which is recorded, not the change in any single
shear line.

The Sanborn recorder was chosen for its range of operation and versatility. The system was
gesigned so that the overall birefringence change, which was required 10 be monitored, would he
recordad by the deflection of the recorder styles within the usable chart paper width,

Cameras were mounted on each of the four recording sections with suitably oriented polaroid
filters placed across each lens. Color film was used, and all four cameras were coupled w 2
common shutter release to simultaneously record effects. Unforrunately, all four views were not
always available as it was not possible to judge the magnitude of birefringence ¢hanges in lime to
read just exposures. Variable changes produced different colour temperature ratios, and fre-
quently caused cverexposure of one or more recording films. Some comparative views are shown
in Figs. 8, 9, 10, and 11,

Better resclution of the reflected beam to photoconductive tubes was obtained by placing red

filters directly in front of the tubes. It is possible that better photographic results might have been
obtained if the cameras had also been fitted with comparable filters for mounochromatic light.
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Each sample was firted with a steel casing, which was perforated at a fracruring horizon.
The casing was bonded in a hole drilled in the sample centre normal o the horizontal plape. 'The
bonding cement used was a high strengrh epoxy resin. Pressures of up to 2,000 p. s. 1. caused no
ejection or measureable movement of casings.

Hydraulic fluid was injected directly into the samples by an electrically controlled constant
pressure hydraulic pump. An auxiliary gauge was fitted in the hydraulic line as a check on the
PuImp gauge.

AT the commencemenl of a fracture test and when a readable pressure was recorded on the
auxiliary gauge, the Sanborn recorders were simultaneously started. A second time cycle along
the cage of sach twin chart accurately recorded the time of operation. The method of pressurc
change was as follows:

A pressure of 200 p.s.1. was permitted 10 be slowly atrained by careful control of the pump
by-pags valve. Pressure was held for two and one half minutes at each increment of 100 p. s. 1.
Pressure was raised by 100 p.s.i. in one half minute at the end of each holding period. Thercfore
dan increase ipcrement of 100 p.s.i. was made every three minutes. Jolt or impact pressure i
creases were avoided and careful conirol maintained, The recorder chart speed was maintained
al t mm. per second and styvlus amplification {a function of the recorder) held at one half voly per
cm. of chart widih.
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Figare 1, Lynchumst Merble 24,
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Figure 11, Lyndhusst Marhle 14,
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Eecorder Calibration

Each measuring unit was required to be synchronized with its respective recorder channel.
Each photoelastically instrumented face of the rock sample would not be expected 1o be of exactly
the same strain (hirefringence) output, even at zero lead. The phototube amplifiers were fitted
with adjustable zeroing rheostats, and a zeroing technique developed. By each channel being
zeroed in with the registered resistance on each phototube, a measurement was obtained of the
relative channels output at zero load. Apart from this, the zero control was necessary in order
that the maximum stylus deflections could be compared after fracture testing (see Fig. 11A).

Immediately afrer a strain change occurred it was registered by a deviation of the corre-
sponding Sanborn stylus. Differential strain change-rates were obtained by comparing the change
points with respect 1o the time scales. Magnitudes of overall strain increase were measurable
as long as the chart limiis were not exceeded. See Figs. 12 and 13.

Amplification and Power Conrtrol

In order to determine the range of birefringence changes to be expected in fracture testing,
specific amplification had 1o be designed, Preliminary testing showed that over the expected
change range, a resistance change from 4.8 X 103 ¢ 10 3.00 % 103 @ could be measured on
a voltmeter, This occurred between zero load effect and the formation of four photoelastic fringe

-
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orders {Appendix). See Fig. 14. A gradual strain increase on the photoelastic material caused a
gradual dampening out of ogcillations registered on the recorder. When an overall yellow to
orange birefringence colour predomipated, the phototube output was maximum -- about 7, 300 A*
units. Changes from there were decreaged, total resistance became greater and variations de-
creased.

From the determined range of operation, an amplifier circuit was designed for preliminary
testing, which when combined with modifications, shielded conductors, and heat sinks, finally pro-
duced a more sophisticated amplifier system using primary and secondary sclid state transia-
torized units. The use of a voltage regulator protected the input to all equipment from voltage
fiuctuations.

From a Sola voltage regulator power is fed into 2 D. C. amplifier. A four-wire shielded
conpductor conveys the amplifier output 1o the phototube amplifiers. Resistance changes across the
photoconductive tubes are thus amplified to a workable and controllable range before transmission
to the recorders.

From the photoelastic method of prefracture anglysis the following characteristics were de-
termined:

1. Preferred Shear Planes -- The planes along which rock will prefer ta break when stresses
are applied to change the condition of equilibrium.

2. Principal Strain Directions -~ The directions of statistical principal strains, E; and E,
in each plane, measured as componants of the existing ma jor field force,

3. Points of High Shear Strain -~ Along the traces of shear planes on each face, high strain
points were examined daily. The changes occurring with time are ploited on the accom-
panying graphs (Figs. 3 to 6) to show the energy relaxation rates inter, and intra granu-
larly in the respective planes of the samples.

Voltage
across

oo 10 { \ \/’\/’\_/

Fringe Readings
T
i 2 3 4

Preliminary Test
of Resistance
Change Range

Figuse 14, Preliminary Test of Resistance Change Range,
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‘The observations of shear aml strain directions were plotted on a inerldmnal stereonet
(Figs. 15 to 17). . True sivikes and dips were obtained of the prefraciure: shesx e g-and the di-
rection and inclination of the major field force wae determined. Measurements of the actual frace
tures were also plotted on the stereonet. They were superposed on the plots of preéfraceire char~
acteristics, All figures of pre- and postfracture measurements were entered in the Tables 1 to 7.
They were all referred to a magnetic meridian. The local variation between true and magnetic
is ti*,
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To accurately record the azimuth in which strain propagated, a time scale was used along the
right-hand edge of the Sanborn recorder charts. After the complerion of each test, the strip charts
were inspected together with recorded deflection and a measurement was made of the exact time
of strain commencement on each oriented sample plane.
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LYNDHURST MARBLE
| Sample tumber | ol L ‘ ot Fracture Prughrin Remarks
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1.4 333 84 ESE South Notth I Unusually low :
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} 85 245 " SSE Wost North i
000 AW i
S4 250 338 Wes Nocth |
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TABLE 4

CORREL ATION OF STRAIN ENZKCY RELAXATION
WITH STRAIN FROPAGATION SGCTORS

T Verlical Planes Showing Seciora of Froferred
: Samiple Number i Highest Strain Epgrgy Srrain Eaprgy Retief
: | in Relaxation i
Primary Sesondary Primsry i
Ll : Norih Sarith Motk I i
L2 Soazrh : Wesl West g ;
Ll North : Soutt ; North i
L4 S : Morth i South bue all fairly even i
1.8 W st South : Mosth ;
Lt i Souh ! West ! Wes:
L7 South Wear Wesat
] : Wes? ; Siathy
LS Morth | N
: ; E 4 uigh and sgual
: g i
Potsdaim Sandstone:
: g4 Weei East Morih
5& Nurlh i Yrast Morth
5E ) South | T, W oequal A5 wgual
37 i ; o gr . rmcr .
5 - nouth ELas East ! ;: 1 shmuleanenu s
Si1 North i Wesr West Moz
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; | : S shnuiteneous
% é w
§i5 Norlk Fast Easi
S ; Eiist ; Nozth Merth .
! SE7 ; North : 2. 5 equal ; hiur th |
L T e S VPR . femmms p— ol

fiigures 18 and 19 show the azimuth relationship of preferred strain directions. A double
arrowhead shows a primary direction; single shows the secendary direction. An arrow at each end
of a line indicates approximately cqual propagation. The plots are true azimuth.
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TABLE &

CORRELATION OF STRAIN ENERGY RELAXATION
WITH STRAIN PRQP&GATiON SECTORS

Vertical Planes Showing Sectors of Preferred
. Highest Strain Energy Strain Energy Relief
Sample No. _ in Relaxation Under Stress.
! Primary | = Secondary : Primary j Secondary
G2 ' East . West .. .- West East
G3 Hast West, North' East West

TABLE 6

Direction Efneof “ © Preferred Quadrant of
Sample No. Break Plane ~ ' Fracture Propagation
_ | *Mag. |- Dip
- 050 s | —
G3 104 ' 3] East
r Resultant Field
- : Force Vector
Predicted Shear . Break Plane. .
. Flane SRR AT
Sample No. : i S S :
Strike *m Dip .| Swikem. i Dip || Direct.” Inclin, *
G2 066 56N CUBSN | 127 " +43 |
132 SONE
G3 087 43N g 128 L -487
0% | esNw | SR
044 6BSE | e po e b
060 COBONW | e s e b

In a great majority of cases fracturing occurred close to prefracture determinations of
planes of preferred shear or close to the strikes of a complex of shear planes with slightly differ-
ent strikes. In many, the angles of dip varied, but few are contradictory within the relation of
near horizountal to near vertical orientations.

Porsdam Sandstone. Seventeen fractures oceurred in ten samples, including six samples
with more than a primary fracture plane. Multiple fractures were predicted in all ten samples,
All but two samples fracrured within the NE and SW quadrant. The exceptions fractured between
321* and 342° and were secondary fractures. There was considerable variation in dip from near
borizontal to near vertical and this was not correlatible with pressure or depth. The preferred
direction of strain propagation was towards the north. This ig & very broad coverage but it may
be seen by reference to Tables 1 to 5, that all recorded rimes show a propagation preference for
North and West, or North and East; never a preference toward South. This suggests mostly an
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_ up-dip propagation preference. From the strain relaxation rate graphs {Fig. 6) it is seen ths
there is no preference for the development of higher shear straing on the south faces of sampl
However, this does not necessarily infer that a directional propagation preference for south:¢o
not be shown on other faces. If an internal examination could be made other characteristics

be obhserved,

Lyndhurst Marble. Ten fractures occurred in the nine samples tested. Only one showe
more than one fracture but all displayed multiple preferred planes of shear before fracture.. :
was most noticeable that there were many planes of similar strike with different dips in unit g4
pies. This feature is common among anhydrites and other recrystallized materials. ‘Two fi:
tures were poticeably different in strike from all others, but they agreed closely with each oth_
There were two distinct families of preferred shear planes. :

From the recorder time base scale it was measured that strain propagation directipn
in the NE and SW quadrants. 1t is possible that there may have been a much broader sp‘réad i
dipg had been fairly flat.

In order to compare high strain energy release with fracturing directions, Table 4 has, y
compiled. It shows a clear trend, though not necessarily conclusive, that fracture strain prop
tion directions were towards the vertical planes of the prepared samples exhibiting the highe
strain energy release in relaxation.

Principal Strain Directions. Five sandstone and six marble samples were able to be ing
mented in three mutually orthogonal planes. The statistical principal strain directions in eagh; i
plane were measured as components of a major field force. These components were plotted-gver 7
the meridional stereonets to graphically measure the resultant force direction and inclinatio
The figures are presented in Tables | and 2. For the marhble samples the resultant force dir
tion lay between 130° mag. to 164* mag. and inclined at 42* to 75* w the horizontal. Correspomn
ing characteristics for sandstone were 150* mag. to 163* mag. and inclined at 34* to 56" to
horizontal. Tables | to 7 show the relationships which are also shown diagrammarically in Fig
150 17. S

The degree of confidence levels established by a statistical analysis shows the final re
ship of predicted to actual fracture planes. This is shown also diagrammatically in Figs. 18°and
19 and in Table §. The secondary groupings are of only a very few observations, mamly
ary, and form the NW-SE sectors. :

Discussion of Resu:lts

Fairly recent geological and petrofabric analyses [P.]. Clark (1959), MacLintock ard
Terasmai (1960)] conducted over a large area, including the sample locations, have determin
the following conclugions which appear to be related to the reaults from this analysis, wzthin
scope of preferred fracturing directions and major force distriburion.

1. Measurements of surface stria and tension cracks show the directions of the last ice :
movement to be NW to SE. This could produce trajectory lines of strain at some dept
and azimuth of about 145* mag. It is suggested that the field force resultant could be
fluenced by a horizontal component of glacier movement, —

2. General uplift of land exists on the north side of the 5t. Lawrence Valley and depress:ol
of the south {U. S, A.) side.

3. The strike of diabase dyke intrusion is about 160°.

4. Petrofabric analysig has shown the existence at one time of a SE to SW direction of com
pression, producing a space laztice fabric flattening in rocks of this Grenville region. "
This has resulted in a regional foliation strike of about U40*. Rocks break most easzly“f
along this direction line.

Relation of Fracture Orientation with Pressure

The pressure required o fracture the unconfined samples was compared with the angles:Of
dip of fracture planes. 'The values have been plotied on semilogarithmic graph paper in Flgs 20
and 21. Two granite samples have been included with the marble samples,
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TABLE 8

APPLICATION OF STUDENT "¢ TEST TO DETERMINE
LIMITS OF RANGE OF TESTS
WORKING ON 95% CONFIDENCE BASIS

Samples Group Sa r;_p]es gan from | _ / S (X - %) X -
I A R TR
;—iyndhurst Fracture I
. Marbie Planes L. 9 028 | 231" 23.6 028 T 19°.3
| ' C = QU8*. 7 == 047°.3
2, 2 :
only D 120% —w 1457
Preferred 039 + 3.5 :
| Panes L | 17 0300 | 2,31 6.0 = 03575 = 04275
2 8 |13 | 2.31 11.2 | 132 1908
= 12272~ 141°.8
Potsdarn | Fracture 015t g 12006
Sandstone | Plancs 1. 10 015 | 2.31 16.4 L 002°. 4 —-027".6
078% + 16*.2
2. 7 078> 1 2.3l 17.2 - 06L°.8 —=094°. 2
. 114* + 15°.6 :
Exeferred . (3 lge  2.31 23. 45 098 4 129%.6
023‘. —f e 6
2. 9 023° 2.31 17.85 | = O11%. 7 —w 034°. 3
Granite Insufficient evidence for sratistical validity |

Lyndhurst Marble. There does not appear to be any relationship between fracture planes
and overburden pressure. All samples were obtained close o surface. Of 11 results, nine plotted
in a pattern suggesting an exponential relarionship of pressure and dip. By selecting a line drawn
through a mean of the points positions obtained by plotiing p. s.i. pressure in the vertical (log) v
axis, and degrees of dip along the horizontal x axis., an equation, log v = ¢ x + D [Wood (1954)]
appears to satisfy all conditions between about 40° and %0° ¢ip. By subsrtituting values for x and y
at two points on the line, - log pressure p.s.i. = 0. 0040 (D1P*) plus 2. 2068,

The substitution of varicus values of dip agreed well with this equation, but only between
about 40° to 90°. The following explanation is offered for this characteristic.

It appears possible that at dips between 40° 1o 90°, at higher fracturing pressure, the ma-
terial behaves primarily ke a Maxwell material with Hookes Law predominating.

il + 3 T {(Maxwell Liquid}

{40° to 90°}

While, at dips less than 40°, at lower fracturing pressure, the material essentially behaves
as a Kelvin material.

(0° - 40°) v = Be + 7 %{3 (Xelvin Solid)
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Therefore, at lower pressures (for longer perwds of time) viscous flow and fractures of dip
less than 40° would accur. Conversely, at high pressires and for short periods of time elastic
rupture and angles of dip greater than 40" would occur,

For the sandstone samples no such relatmnsh;p appears possxble At least, within the range
of samples used and method of testing apphed . very even distributlon of angle of dip with all
pressures is obvious from the graph shown, '

med' by a dynamxc quahtative method

1. Planes of potential hydraulic fractuy _
“sample. A reasonable degree of confi-

involving a laboratory test on an unconfine:
dence of the limits may be determined by &

Eelypmportlona}

ing a conventional mining de:&ngnz.’:3 B
iz also correct for the prc)pagat:ion_
are involved, using laboratory tech

4. It has been demonstrated that-pl@.ﬁé
preferred strain propagation may'var_ by

5. The agreement in fracturing darection \} ¥ig v1dual samples buz an average
direction is definable, . O

6. There may be primary and secondary frac,tux - generated in rhe 1mmediate vicinity of a
borehole. : o o . S _

7. Practure propagation directiong favour the directiog defmed by strain energy relief in re-
laxation. D

8. Correlation should be looked for in geuiagic stidies by otherr methods of investiga-
tion; for example, petrofabric analyses.. .

$. Within the scope of the examipation ¢f onfined samples it cannot be concluded that
pressure (o fracture is a function of dep ;- the orientation of a fraciure plane
ig not a function of depth. Under defined rhéological conditions of rock characteristics
such a feature can exist, but it can. be rermed by n rmz«ans a general rule.
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APPENDIX
MEASUREMENT OF STRAINS

Since photoelasticity seemed 10 be the most likely basis for a method of measurement, work
described by the following authors was reviewed, Photoelastic observations of the development of
strain patierns were first recorded by Sir David Brewster in 1816, His preliminary observations
were further developed by Maxwell {1850); Newman; Coker & Filon (1920); Frocht (1941). Jessop
and Harris (1949} further developed the stdies of photoelastic phenomena by more detailed studies
of strain parterns and Frochr (1941} described, at considerable length, work in the development of
isoclinic patterns. This work was continued by Zandman (1956) and Emery (1960); Pegler {1962).
Zandman developad a transparent photoelastic plastic (Photostress) for use in his method, and
later, Emery in 1960, developed the use of a similar material (Stregs X).

‘ Priox to 1949, no suggestion was offered that a reflected light technigque could be used for
tne measurement of siraing. Tt was not unil Zandman's work was published in 1936 that the
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possibilities were realized. No work was produced before 1939 in connection with the reflective
photoelastic technique of measurement of straing in rocks.

Almost all work published before 1956 that was reviewed, only produced descriptive results
of a relative nature. Much may be classified as merely pictorial distributiong of strain developed
by applied stresses in the laboratory (Gibson, 1956}

He was quite correct in his opinion of the techniques known at that time. Further references
are Phillipe & Mellinger (1957}, Roux, Denkhaus & L.eeman (1957}, and Irving {1946). Until about
1956 all work carried out in this field was by transmitted light. The resulis are only useful ina
limited manner.

Photoelasticity by Reflecred Light

The basic principle is that some transparent materials under stress transmit only polarized
light, and that double refraction occurs. The directions of polarization are identical with the di-
rections of principal strain, and changes in the indices of refraction are linearly related to com-
ponents of strain. By transmitted light, refraction compenents are passed out into air again from
within the plastic and magnitudes of strain are measurable from the reverse side of the photo- |
elastic plastic,

One operation oniy by normesl incident hght produces measurements of girain-difference,
Two operations of measurement are necessary to meagure magnitudes of strain by reflected light,
using principles of ohlique incident light. Edch {s a measure of the relative retardation of light
through a doubly refractive photoelastic plastic disé of knowh optical constants and thickness.

Some advantages of a reflective photoelastic method of strain analysis are as follows:

1. A qualitative determination of the stress directions and changes in distribution of stress,
caused by man-made equilibrium changes, such as excavations. can be made.

2. Models, in the correct sense, need not be tged f0r the above determination, therefore,
model proportional difficuities need not be cons;tdered ‘The prototype is exactly the same
matertal as the model.

RETARDATION OF NORMAL INCIDENT LIGHT

Plastic, 0.12" thick
a"/

f Heflective bond ~GGL"
. Thick

T

Flguse I

A beam of light, on entering the plastic is retarded and refracted. The light, on passing
through a parailel plate of a stressed transparent plastic, is split into iwo waves whose vibrations
are respectively parallel and perpendicular to the initial surface.

The retardation produced by the strain in the plastic in each wave is praportional 1o the
stress, but the constanis of proportionality are different. It is also proportional to the thickness
of the plastic. One wave is retarded more than the other. The refractive index causes a bending
of the beam, which, however, on striking the lower reflective surface is totally reflected, and is
again refracted on passing out of the plastic into the air.
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If the angle is small so that the incident beam emers the plastic very close 1 normal 1o the
surface, miaimum refraction occurg. The beam sgain being totally reflected passes out of the
plastic into the air with minimum vefraction,

Double refraction does occur, but only one point on the plastic surface will be seen when
viewed from nearly normal 1o the plastic surface. The plastic is normally doubly refractive when
strained by the bond ro the other material. The birefringence resulting from the strain will stil

be observed.
From Hooke's [Law --

I

L+
By -By = = (vy - o3

1
By =4 (oy - » o3)

1
& Ezz"_]:“_(ﬂ'z-‘-#(}'I_)

and (BEy - E,) equals the final determination of observed strain-difference at any point of ohser-
vation.
{(E{ - E,) = Strain.Difference as a normal incident reading and is equal 1o the degrees of

compensation X ?73% for "Stress X

¢y and o 5 of a Tock are determined by a ratio o y (plastic) X %éﬁ“’%} and for conven-
ience ig known as oqp X 10?2 = oyR inp.s.i, where an assumption must be made that Eof a

rock may be at least 102 X E of the photoelastic plastic used.

To observe the strain pattern of rock in relaxation a photoelastic plastic is bonded directly
to & freshly-cut surface, Inter- and intragranular strains are transmitted by the bonding epoxy to
the photoelastic plastic. The strain is proportional to the produced birefringence change, and the
changes first appear as points of higher colour order. With time the number of points increases
and they often join to form families of lines of constant colour density showing shear traces on the
rock surface. Plastic is bonded to orthogonal faces of a sample and the individual traces are then
observed to form planes. The strikes and dips, may be measured directly from the oriented sam-
ple.

At any point of high shear stvain the directions of major and minor principal strain are de-
termined by adjustment of the polarizer axes uniil maximum extinction of isoclinics is observed.
The major and minor principal strains are differentiated by reference to increasing or decreasing
colour order, and the direction of compensation of the analyzing polarizer in an isochromatic view

through the polariscope.
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