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ABSTRACT

Two types of oil shale are stressed uniaxially 
to significant stress levels of their stress-strain 
curve„ The effects of stress on their fabric are 
observed and analyzed by use of electron microscopy and 
correlated with the corresponding segment of the stress- 
strain curve.

It was found that a microscopic shear zone of 
the same position and orientation as that of the macro
scopic shear develops soon after the specimen departs 
from the elastic segment of the stress-strain curve.
At about the same time, detachment in the grain bounda
ries begins to occur. Both phenomena progress in 
intensity to the state of failure.

Away from the shear zone three types of fracture 
were observed and several mechanisms for their propaga
tion.

x



CHAPTER I

Introduction

general

A large number of the problems encountered in 
geological engineering are of a rock mechanics nature, 
where we are concerned with either the initiation or 
prevention of fracture.

At the macroscopic scale the condition of fracture 
in rock, together with its other mechanical properties, 
has been studied extensively.

This extensive study at the macroscopic scale 
has only led to the summing up of individual processes 
into a few measurable parameters. This approach does 
not explain the fracture mechanism, of rock, and has yet 
to answer rather basic questions such as:

1. What is the controlling factor of absolute 
strength of rock?

2. Where does fracture initiate?
3. How does fracture propagate?
4. What is the eventual failure condition?
5. What is the effect of planes of weakness?

1



It is only lately that a few well written papers 
have presented the microscopic approach to studying 
the fracture mechanism. The author believes that this 
approach, together with its correlation to the macro
scopic, will eventually lead to the full understanding 
of the fracture mechanism in rock.

In view of this belief, the following paper 
investigates the microscopic effects in the fabric of 
rock with the application of stress. Electron microscopy 
is used to achieve the results.

Statement of Problem

The object of this study is to investigate and 
analyze the microscopic effects within the fabric of a 
fine grained rock when stressed uniaxially.

The results obtained by the use of electron micro
scopy are correlated with segments of the stress-strain 
curve.

A Review of the Literature

A fair amount of literature is available on the 
microscopic effects of brittle materials such as glass 
and ceramics; but, within the field of rock mechanics 
data are very limited.



A review of the non-rock material is avoided 
here, except for.the inclusion of the basic theoretical 
concepts. These concepts are thought to be applicable 
for any brittle material.

Inglis (I913) related observed failure stress 
to ultimate strength. He showed that applied stress 
might actually exceed,the ultimate strength of the 
material at the tip of some microscopic irregularity or 
flaw. The flaw could act as a stress concentrator and 
initiate a fracture and its propagation.

Griffith (1921, 1924) derived the critical 
stress required for failure. He used the microscopic 
flaw concept of Inglis, and calculated the stored 
elastic energy in the vicinity of a flaw. He then com
pared the rate of decrease of elastic energy as the 
flaw grows with the energy required to form a new pro
pagating fracture surface.

Two theories that differ from the Inglis and 
Griffith concept are Poncelet (1964) and Marsh (1963# 
1964). Marsh (1963, 1964) applied his theory mainly to 
glass. He believes that true brittle fracture is limited 
to some plateau value. Strength beyond this plateau is 
a result of plastic flow. Poncelet (1964) accepts the 
flaw concept that solids are full of microcfacks. He
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proceeds to explain their generation from the application 
of stress, the elastic strain energy, and the thermal 
energy of the body.

A review of papers on the microscopic effects 
,in the field of rock mechanics is limited to a few signi
ficant papers.

Brace (1963) published an excellent paper on the 
microscopic changes that take place within rock with the 
application of stress. From this petrographic study of , 
thin sections viewed under a high power optical micro
scope, he concluded that brittle fracture starts from 
loosened grain boundaries and the straight sections of 
these loosened grain boundaries may act as the "Griffith 
cracks".

Brace also observed a gradual transition between 
tensile type fractures and faulting as stress was altered 
from tensile to compression. He suggests that instead 
of two types of fracture, there may be only one continuous 
series.

McClintock and Walsh (1963) suggest that with 
the application of stress, the "Griffith cracks" close and 
increase the strength of the rock. The closed crack can 
then carry a normal stress and resist shear deformation due 
to friction. Their theoretical results seem to agree 
favorably with tests of confined specimens.



Brace and BombolakiS (1963) experimented with 
brittle crack growth in compression. They studied the 
growth of microcracks in glass and other photoelastic 
material. They found that the most severely stressed 
crack is inclined at approximately 30° to the axis of 
compression, and tend to bend around to become parallel 
with the compression axis. The crack stops at this 
position unless stress is increased.

Some other closely allied papers on the micro
scopic level are by Handln and Higgs (i960), Griggs and 
Handin (i960), and Griggs, Turner, and Heard (i960).



CHAPTER II

Laboratory Investigation

General

The object of the laboratory procedure is to 
obtain electron photomicrographs of the stressed samples 
for study and analysis.

To achieve this goal, the laboratory procedure 
consists of primarily two parts:

1. Preparation for, and the stressing of, the 
rock samples.

2. Preparation for, and the viewing of, the 
stressed samples with the electron micro
scope.

Rock Material

To capture the inter-grain relationships;under 
the high magnification of the electron microscope, the 
rock material must be very fine grained. It is also 
desirable to have it as homogeneous and isotropic as 
possible in order to reduce the number of variables to 
be analyzed.

6



Two samples were selected which closely fulfilled 
the above requirements within the limits of the materials 
at the author's disposal. Both are "oil shales" with 
quite diverse stress-strain curvesi

X-ray graphs were run of both samples. The oil 
shale sample, from the Mahogany Ledge near Rifle, Colorado 
is found to be predominantly of a calcareous composition. 
It appears to be closer to dolomite than calcite in com
position. Generally, it is referred to as a marlstone.

. The other oil shale, thought to be from Latrobe, 
North-Central Tasmania, Australia, is predominantly silica

Sample Preparation for Stressing

Blocks of both materials were cored perpendicu
larly to the bedding in areas free frpm macrofractures.
All cores of one rock type were taken from the same block 
and the same strata horizon to insure maximum possible 
correlation between samples.

A one-inch (ID) diamond, water cooled abrasive 
bit mounted in a drill press was used for coring the 
samples. Best results were obtained at a drilling rate 
of 0.2 in./min.

The cores were then cut with a diamond saw to 
form right cylinders of a 2:1 ratio (length:diameter)



for the marlstone and 2.25:1 for the silica. To insure 
good end contacts, when stressed, the ends were polished 
with 600 grit metallographic grade silicon carbide paper. 
The samples were then ready for stressing.

[Stressing the Samples

The samples were stressed in uniaxial compression. 
The rate was kept at 200 Ibs/min. for better delineation 
of the plastic failure zone. The machine used was a 
Versatester AP-1015, capable of 60,000.pounds pressure.

To insure good sample and head contact, a swivel 
head was used.

For the siliceous samples longitudinal strain 
was measured between the heads with the standard dial 
gage indicator. This method proved to be insensitive 
for the marlstone samples. The final plastic region 
did not show. To pick up this region, SR-4 gages were 
mounted on the samples and used in conjunction with a 
Budd Model P-350 strain indicator. Gage size used was 
A—8.

Sample Preparation for Replication

The stressed samples were sectioned vertically 
through the center with a diamond saw. To eliminate



the mechanical abrasion, they were polished down to a 
smooth surface. The last polish used was levigated 
aluminum powder.

An etching solution was then applied to the 
smooth surface to bring out detail and to eliminate 
the last trace of mechanical abrasion.

The silica samples were etched with a 49.2 % 
HP solution applied for two minutes. The marlstone 
samples were etched with a one normal HC1 solution 
applied for 15 seconds.

Replication Procedures

A two-stage replication procedure was followed 
as outlined below:

1. A polystyrene - ethylene dichloride 
solution is placed on the area to be 
replicated and allowed to dry.

2. The samples are placed in a high humidity 
environment to help enhance separation of 
the polystyrene replica from the rock 
sample.

3; After several days, the replicas are 
stripped from the rock samples.



4. The stripped polystyrene replicas are then 
placed in acid baths until any rock 
material attached to them has dissolved.

The stripped and cleaned polystyrene replica 
now represents a cast of the original material.

5. The polystyrene replica is then placed
in a vacuum evaporator for the evaporation 
procedure:
a. Platinum - Paladium alloy is evaporated 

on the replica from a low angle. This 
enhances relief and provides a key to 
the orientation of the replica.

b. Next, a film of carbon is evaporated 
on it from a vertical position.

6. The new Platinum - PMadium - Carbon - 
Polystyrene replica is cut up into approxi
mately 2 mm. squares and the squares are 
placed on small copper grids - 300 mesh.

7. The polystyrene is then dissolved away by 
ethylene dichloride baths.

After this procedure, we are left with a thin 
carbon-platinum-paladium replica mounted on a copper grid 
This replica represents the image of the actual rock 
surface.



We are now ready, for viewing and taking of the 
photomicrographs with the electron microscope.



I
CHAPTER III

Analysis and Discussion of 
Experimental Data

General

Within each rock type, the collected data are 
analyzed in the order of increasing stress. Each speci
men has an assigned number. The number is also shown 
on a generalized stress-strain curve for that particular 
rock type. In this manner, it can be seen at a glance 
how much each specimen was stressed and to what region 
of the curve it belongs, The stress-strain curve for 
each individual sample is included in the appendix.

The generalized curve for each material is 
divided into four regions as described by Brace (i960). 
By the use of thin-sections of stressed samples and 
high power optical microscopy, Brace (i960) described 
each region in the following manner:

Regiohs I and II - Nearly all strain
recoverable. . .elastic. . .Poisson's 
ratio constant.

12



Region III - Permanent change in micro
scopic character,. . .detachment of 
grains at their boundaries.5 . .rapid 
increase in Poisson's ratio. . .volume 
increase. . .permanent strain.

Region IV - Region of constant stress and 
continued strain. . .growth of cracks 
out of loosened grain boundaries. . , 
formation of large through going 
fractures out of systems of these 
cracks.

The photomicrographs are grouped and discussed 
in and by the order of the above regions.

The orientation is marked on the photomicrographs 
with an arrow. The point of the arrow represents the top 
of the vertical axis of the satnple. The orientation was 
preserved in the photomicrographs by keeping the poly
styrene replica orientated until the shadowing with the 
platinum-paladium alloy. The shadowing direction can 
then be picked out on the photomicrographs and referred 
to the original basal orientation.

The photomicrographs taken of each sample are 
the end result of a considerable amount of scanning time. 
They are thought to be fairly representative of the
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effects on the sample at that stress level. When an 
exception is made to this procedure, it is so noted.

The viewing of the replicas was also limited to 
much less than half of the area of the final replica.
Much of the area in between was blocked out by the copper 
grid bars. Many times this made it difficult or impos
sible to trace a particular feature of interest.

Analysis of the Marlstone

General

Upon viewing the photomicrographs, fig. 3 , 2-17> 
it is evident that there are two components present. One 
component has definite crystalline form and its rhombic 
nature is clearly seen in figs. 3, 10, and 13. The other 
component seems to act as the matrix material showing 
little crystalline shape. From the x-ray results and 
acid treatment, both are of a calcareous composition.

Three fracture directions persist. They are best ■ 
shown in fig. 4. The vertical axis shown is used as a 
reference. Throughout this paper the (a) and (b) fracture 
directions will be used and referred to as the tensile 
and low angle shear directions, respectively. The direction 
of fracture, (c), will be referred to as the high angle 
shear direction.



The tensile fracture range is 0-20 degrees from 
the principal stress axis; the low angle shear range is 
20-45 degrees. And, the high angle shear range is 60-75 
degrees with respect to the principal axis of stress.

The area replicated in the marlstone samples is 
centrally located. It is thought to be away from the 
macroscopic shear cone that develops in the samples 
brought to rupture.

The generalized stress-strain curve indexed with 
the sample numbers is given below.

Sample No.

IV
III

II
Region

Strain

Figure 1. Generalized Stress-Strain Curve 
for Marlstone.



Unstressed Sample

The unstressed control sample Is represented by 
fig. 2 and fig. 3. To insure uniformity, the sample was 
cut and cored by the same technique as the others except 
no stress was applied to it in the laboratory.

As can be seen from the photomicrographs, the 
sample has been fractured. This can be expected. The 
fractures are a result of its geologic history. Since. 
the Mahogany Ledge formation is fairly horizontal, the 
principal stress direction should be the same for both 
the overburden stress and the laboratory stress.

The fractures show an inclination of about 
15° + 5° with the vertical axis. They form the matrix 
material and show a strong tendency to.bend around the 
crystalline material. Many times they run into a grain 
boundary; but rarely do they traverse the interface.
This indicates that the matrix material is weaker and 
fails before the crystalline material.

No slippage is observable in either the grain 
boundaries or the fractures. The fracturing seems to 
be initiated and terminated within the same local area.
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Region II

The middle of the elastic range or region II is 
represented by the photomicrographs of figs. 4, 5* and
6. No replicas of region I were made. It is believed 
that changes in this region of low stress would be hard 
to distinguish from the already fractured control 
sample.

It is interesting to note the differences in 
width of the broad tensile fractures in figs. 4-a, 5-a, 
as compared to the narrow high angle shears of figs.
4-c and 6-a. Also, relative to the control sample, 
there is a definite increase in separation perpendicu
lar to the direction of fracture propagation in the 
higher stressed tensile fractures. This type of behavior 
emphasizes the tensile character of the fractures.

The high angle shears are first observed in 
this region. They show some slippage and are indepen
dent of grain interfaces. They are very few in number 
and it is hard to say whether they are from the present 
stress or from a previous geologic stress condition.

A third fracture direction is evident in figs.
4-b, 5-b. It is at a low shear angle direction. This 
direction seems to be complimentary to the tensile fractures 
and often forms a combination with them as in fig. 5-c.
It is probably closer to a tensile than a shear type.



Figure 2, Electron Photomicrograph
Magnification 5000 X
Sample Number 1
Description Fracturing in the

control sample„

Figure 3. Electron Photomicrograph 
Magnification 5000 X
Sample Number 1
Description Control sample showing 

the two major compo
nents of the marlstone.
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FIG. 3.



Figure k. Electron Photomicrograph
Magnification 5000 X
Sample Number 2
Description Sample from region IX 

showing the three major 
fracture, directions of
(a), (b) and (c).

Figure 5. Electron Photomicrograph 
Magnification 5000 X
Sample Number 2
Description Sample from region II

showing the wedging
effects and the tensile
direction (a), low 
angle shear direction
(b), and their combina
tion, (c) „
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FIG. 5.



Figure 6„ Electron Photomicrograph
Magnification 5000 X
Sample Number 2
Description Slippage along a high 

angle shear fracture 
in region II.

Figure 7. Electron Photomicrograph 
Magnification 5000 X
Sample Number 3
Description Detachment along the

grain boundaries of 
r region III.
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FIG. 7.



The crystalline material in fig. 5-c seems to 
act as a wedge - initiating and propagating the develop
ment of the strong tensile fracture. It is also 
interesting to note that the fractures at this stress 
level are in the matrix material around the crystalline 
grain and not at the boundary interface.

Relative to the control sample, there is a 
notable increase in fracturing; but there is no observ
able increase in their range. It should also be men
tioned here that the high amount of fracturing shown in 
fig. 6 is exceptional and not the general case.

Region III

The micrograph shown in fig. 7 is from region 
III. It is here that the stress-strain curve deviates 
from its elastic behavior. In many parts of the photo
micrograph a notable change in grain boundaries can be 
observed. The prominent character of the grain inter
faces can only be attributed to some separation 
phenomena. A similar observation was noted by Brace 
(i960) with his optical microscope work with polished 
thin sections. Brace (i960) summarized his observations 
in the following manner i



Starting with region III Important per
manent changes in the microscopic 
character of both loose and compact 
rock occur. These changes, which 
accompany a gradual flattening of the 

' stress-strain curve are quite subtle,
‘ and can best be detected in a polished

section under dark field illumination.
The rock takes on a somewhat lighter 
color which can be traced at high mag
nification to reflection of light at 
grain boundary surfaces. Apparently, 
grains are becoming detached at their 
boundaries; when this happens the 
boundary surface becomes totally 
reflecting and therefore easily visible. 
These reflecting surfaces become more 
numerous as fracture is approached.

A slight but detectable shift in the high angle 
shear fractures can also be detected at (a) and (b) of 
fig. 7 as one projects the fractures across the grain 
boundaries. This further substantiates the belief that 
movement occurs in the boundary zone.

The fractures have not notably increased in 
number and the high angle shear seems to be more promi
nent and at times traverses several grains.

Region IV

In this short interval of constant stress and 
continued strain, three samples were taken. One was 
stressed until rupture and two others were caught before
rupture.
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It is evident from the micrographs of figs. 8-17 

that a rapid acceleration of the failure mechanism takes 
place in region IV. Most of the mechanisms that were 
observed before are still present, but much accented.

The fracture that predominates at failure is the 
high angle shear. Figure 8 clearly shows its intensity.
The gouge zone of this fracture is about 0.5 in width 
and its slip displacement is over 2 ' s*

Once the shear fracture leaves the matrix 
material, its energy is absorbed by displacements along 
the grain boundaries of the adjacent crystalline grain.
This is shown by two other high angle shear planes in 
(a) and (b) of fig. 9 as they propagate through the 
grain boundary interfaces.

The above observations of the high angle shear 
are surprising since this type of faulting is usually 
associated with, a lateral principal stress, at least 
from the macroscopic point of view. The occurrence at 
the microscopic level is at the present left unexplained 
by the author.

Strong fractures in the tensile direction are 
still observable. The fractures in figs. 10 and 11 start 
out in a tensile direction. This may be due to a 
wedging effect of the crystalline grain similar to that
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shown in fig. 5. The difference in the elastic properties 
of the two components together with a favorable orienta
tion of the more resistant crystalline material are 
probably causing a high stress concentration at the tip 
of the wedge and causing the resulting fracture.

It is interesting to note that at this stress 
level, the wedge utilizes the actual grain boundaries 
(probably loosened in region III) instead of breaking 
around the grain as observed earlier. Also, the combina
tion of the tensile and low angle shear directions is 
still prevalent as shown by fig. 10.

Another notable fracture mechanism, resulting 
from the difference between the two components, is shown 
in figs. 12 and 13. It resembles a refraction effect.
When the crystalline material is subject to a stress 
concentration, it fractures along the cleavage direction 
most parallel to the tensile stress direction. At the 
boundary interface, this same fracture refracts, or 
favors a low angle shear instead of the tensile direct
ion. This mechanism seems to predominate wherever 
fractures of low shear and tensile directions are ob
served traversing boundaries of large grains of 
crystalline material.



Figure 8„ Electron Photomicrograph
Magnification 
Sample Number 
Description

5000 X 
6
The gouge zone and 
slippage of a high 
angle shear fracture 
in region IV.

Figure 9. Electron Photomicrograph 
Magnification 5000 X
Sample Number 6
Description The propagation of two

high angle shear frac
tures (a) and (b) along 
the grain boundaries 
in region IV.
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FIG. 8.

FIG. 9.



Figure 10. Electron Photomicrograph
Magnification 5000 X
Sample Number 6
Description Wedging effect in

region IV.

Figure 11. Electron Photomicrograph
Magnification 5000 X
Sample Number 5
Description Wedging effect in

region IV.
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FIG. II.



Figure 12„ Electron Photomicrograph
Magnification 5000 X
Sample Number 6
Description Refraction effect in

region IV.

Figure 13. Electron Photomicrograph 
Magnification 5000 X
Sample Number 4
Description Refraction effect in

region IV.
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FIG. 13.

7
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Throughout the whole fracture process, the 

fractures at a low shear angle direction are the most 
numerous. Their character varies little, if at all, 
from the control specimen to state of failure. They 
still show no slip and tend to channel around the 
crystalline material. The channeling can clearly be 
observed in the adjacent figs. 14 and 15. In the central 
position of the sample, these fractures are probably 
closer to a tensile nature than that of shear.

Throughout figs. 2-15, an increase in the range 
and intensity of the fractures is observable in the 
higher stressed samples; yet, no substantial evidence 
for a shear zone can be seen. The fracturing does not 
seem to be related and is probably initiated and termi
nated by the local environment. This data tends to lead 
to the conclusion that no shear zones are found1 in the 
central portion of the sample, and that microscopic shear 
zones such as shown in fig. 15 form within the region of 
actual macroscopic shear.

For the sake of comparison two photomicrographs 
of a shear zone are shown in figs. 16 and 17. These are 
from a sample which has undergone partial failure. The 
area replicated is adjacent to one of the macrofractures 
initiated by the end-cone shear zone. It is also very



Figure 14. Electron Photomicrograph
Magnification 5000 X
Sample Number 3
Description Channelling of low angle

shear fractures in 
region IV,

Figure 15. Electron Photomicrograph 
Magnification 3T50 X
Sample Number 3
Description Channelling of low angle

shear fractures in 
region IV,
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FIG. 15



Figure 16, Electron Photomicrograph
Magnification 5000 X
Sample Number 5
Description Microscopic shear zone 

adjacent to a macro
scopic fracture in 
region IV.

Figure 17. Electron Photomicrograph 
Magnification 5000 X
Sample Number 5
Description Possible plastic flow

adjacent to macro- 
fracture.



30

FIG. 16

FIG. 17
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close to the edge of the specimen. The intense network 
of shear and tensile fractures of fig. 16 is probably a 
combination of the loading shear strains and the subse
quent tensile strains of rapid unloading.

The photomicrograph of fig. 17 is very close to 
the actual macrofracture. It appears to show actual 
plastic deformation or flow.

Analysis of the Siliceous Rock

General

It is clear from viewing the photomicrographs 
of figs. 19-28 that there is only one major component 
present. The sample is essentially all silica.

The only expression of fabric seems to be 
ghost-like images, concentric in nature (a) of fig, 19, 
of what appears to be or was growth rings around a grain 
structure.

The same system for describing fracture is 
used here as in the marlstone samples.

Most of the photomicrographs show small spherical 
black blebs. These are of a secondary nature„ They form 
during the processing of the replica. They are amor
phous silica and should be ignored. The larger lighter 
colored spheres are probably the solid kerogin.



The area replicated on the silica samples is 
thought to be in the vicinity of a macroscopic shear 
zone. It was hoped that the photomicrographs would 
pick up its formation and character. The choice of 
the replicated area was guided by the observation of 
specimens stressed until rupture.

The generalized stress-strain curve is given 
below for the silica samples. It is indexed with the 
sample numbers. The actual stress-strain curves are 
in the appendix.

Sample No. 12. 13. 14.
11

10. IV

III

Region
II

Strain

Figure 18. Generalized Stress-Strain Curve 
for the Silica Samples.



Unstressed Sample

The unstressed sample was prepared in the same 
manner as the others, except no stress was applied.
From the photomicrographs of figs. 19 and 20, it is 
evident that the sample has been fractured. As in the 
marlstone, this effect is probably due to its earlier 
geologic environment. Fractures are fairly abundant 
and are generally of the higher low-angle shear nature. 
Not many tensile fractures are observable. No slip can 
be seen along any of them.

Region II

The photomicrograph shown in fig. 21 represents 
the sample stressed to the middle of region II.

No difference is observable between the control 
sample and the one stressed to region II, One slippage 
was observed as shown in fig. 21. This is the exception 
and not the general case. The slip again occurs by a 
high angle shear fracture and is first observed in 
region II as in the marlstone. Yet, it is difficult 
to say whether the slippage was due to the present 
loading or some earlier geologic stress.



.Region III

Three samples were taken In this region as shown 
on the generalized curve. Shear zones were observed on 
two of the three replicas. The shear zones of samples 
10 and 12 are shown in figs. 22 and 24, respectively.
The higher stressed sample of fig. 24 shows plainly 
detectable slippage. The amount of slip in the lower 
stress sample is questionable. A second shear zone of 
the same nature as the one shown can be observed in the 
replica of sample 12.

Outside of the shear zone, the fracturing is 
no greater than that of region II. Some areas have a 
more accented fabric as that shown in fig. 23. This may 
be due to some slippage or detachment taking place along 
grain boundaries. As can be observed from the photo
micrograph, fabric strain seems to be released along 
and in the near vicinity of the tensile fracture's path. 
In the next grid the fracture bends around in a shear 
direction and loses the fabric effect.

Both shear zones at 30° and 28° correlate with 
the macroscopic angle of failure. . Evidence for en 
echelon type faulting is not prominent, if at all present



Figure 19. Electron Photomicrograph
Magnification 5000 X
Sample Number 7
Description Silica control sample

showing ghost-like 
image of grain structure.

Figure 20. Electron Photomicrograph
Magnification 5000 X
Sample Number 7
Description Fracturing in the

control sample.
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Figure 21. Electron Photomicrograph
Magnification 5000 X
Sample Number 8
Description Slippage along high

angle shear fracture 
of region II.

Figure 22. Electron Photomicrograph 
Magnification 5000 X
Sample Number 9.
Description Microscopic shear zone

at the start of region 
III.
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FIG. 22.



Figure 23o Electron Photomicrograph
Magnification 5000 X
Sample Number 10
Description Release of strain in

the fabric along the 
path of a tensile 
fracture in region III

Figure 24. Electron Photomicrograph
Magnification 5000 X
Sample Number 11
Description Slippage in the

microscopic shear 
zone near the end 
of region III.
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Region IV

Three samples were stressed within region IV.
One sample was stressed to rupture and the other two 
were held just short of rupture. The photomicrographs 
of this region, figs. 25-28, are discussed in order of 
increasing stress.

In the lower left of fig. 25, a shear zone can 
be seen. It has increased both in width and intensity 
over those of region III. In the upper right slippage 
parallel to the shear zone can be observed in the grain 
structure.

Outside of the shear zone and away from its 
hear vicinity, fracturing has not increased appreciably 
over that of the lower stress samples. The fabric, 
however, shows considerable increase in disturbance. 
Slippage in the grains can be observed as in fig. 26. 
Here, a low shear fracture (a) of fig. 26 runs into 
or from the separation along the boundaries of the grain
like structure. Further evidence is shown by fig. 27 
where a fracture traverses a granular structure. It 
appears here that internal and boundary slippage has - 
offset the fracture.

The photomicrograph of sample 13 shows another 
interesting feature, shown in fig. 28. En echelon



Figure 25. Electron Photomicrograph
Magnification 3000 X
Sample Number 12
Description Microscopic shear

zone in region IV.

Figure 26. Electron Photomicrograph 
Magnification 4250 X
Sample Number 13
Description Slippage along grain

boundaries.
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FIG. 26.



Figure 27. Electron Photomicrograph
Magnification 3500 X
Sample Number 14
Description Slippage along and

within grain

Figure 28. Electron Photomicrograph 
Magnification 5000 X
Sample Number 12

sDescription En echelon fractures.
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FIG. 27.

FIG. 28.



fractures observed here suggest the mechanism discussed 
by Brace and Bombalakis (1963). The cracks have an 
inclination of approximately 30°, the same inclination 
as they observed, and the bending of the tips of the 
cracks towards the tensile direction as shown here is 
also a characteristic of their mechanism.

Brace and Bombalakis (1963) are of the opinion 
that this may be an important faulting mechanism. This 
may be so; however, the assemblage observed here is not 
traceable over more than one grid, and it is doubtful 
that it is of major importance.

It can be concluded that the failure disturbance 
in region IV was exponentially greater than the other 
lower stress regions.



CHAPTER IV

Conclusions

By integrating the observed effects of the two 
rock types, keeping in mind the position of the repli
cated area, the following conclusions are drawn from 
this study:

1. The original rock has undergone a stress 
history prior to the stress applied in 
the laboratory. This prevents a quantita
tive analysis of fracturing due to un
known amount of the original stress and 
fracture.

2. Microscopic shear zones that have the
same position and inclination as the macro
scopic shear zones can be observed by 
electron microscopy.
a. They are more than one in number and 

are observed only.in the replicas, 
taken from the area where the macro
scopic failure is believed to take 
place. ■ None were observed in the 
central portion of the sample.
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b0 The shear zone starts to develop 

In the beginning of region III of 
■ the deformation curve. If the 
formation of the microscopic shear 
zones'in the start of region III is 
accepted as the start of critical 
crack growth towards eventual 
failure, then it may be concluded 
that it is this point, not the even 
tual macroscopic failure, that is 
described by Griffith's critical 
crack theory. The discrepancy then 
would be small for rocks that had a 
small region III and IV and large 
for rocks with a large region III 
and IV,

c. The shear zone is composed of an 
interlocking of roughly parallel 
shears, whose intensity grows with 
increased stress. An en echelon 
arrangement such as suggested by 
Brace and Bombalakis (1963) is not 
prominent, if at all present,

id. Slippage can be seen to increase 
with stress. Close to failure.



slippage can be seen in the adjacent 
grain structure„ It, too, is parallel 
to the shear zone.

Fracturing away from the shear zone seemed 
not to be related to the zone. Even in 
the higher stressed replicas the fracturing 
seemed limited within the range of local 
effects. The fractures, however, had three 
distinct orientations and characteristics.
a. Fractures of 60-75° inclination with 

the principal stress axis are the 
only type associated with shear 
slippage. They appear with region
II and grow in intensity with increased 
stress. Their presence in a uniaxially 
stressed sample was not expected.

b. Strong tension type fracturing is 
associated with fractures inclined 
0-20° with the principal stress axis. 
Lateral separation increases with 
stress. They are also associated 
with the wedging and cleavage 
mechanisms.



c„ Fractures inclined 20-45° with the 
principal stress axis did not seem 
to change in character with the 
increase of stress.

Detachment of grain boundaries seemed to 
start with region III and continue until 
failure
A great acceleration of the failure 
mechanism takes place in the narrow limits 
of region IV. 

a two component system, several additional 
observed:
Channelling of fractures through the weaker 
component and around the stronger compo
nent .
Wedging of the stronger component causing 
tension fractures in the weaker component. 
Refraction effect of fracture when it 
traverses the boundary interface between 
crystal and matrix.



CHAPTER V

Recommendations for Further Research

From the results of this study it is evident that 
electron microscopy can be a useful tool in the research 
field of rock mechanics. Its use can probably be bene
ficial to many applications within the field, but with 
reference to only the direct results of this study, the 
following avenues of research should be pursued.

1. A similar study conducted on other rock 
types, with especial attention centered on 
the development of the shear zones.

2. A similar study conducted by varying physical
conditions such as temperature and the type 
and direction of the confining pressure.

3. A thorough study of the formation of the 
shear zone with as much quantitative control 
as possible.

4. A thorough study of the area outside the
shear zone, with emphasis on the formation
of the high angle shear fractures.

5. The effect of inherent planes of weakness 
on the failure mechanism.
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Comparison of laboratory stress results 
on a sample with those of approximately 
equal intensity from a field environment.



APPENDIX 

CURVES OF STRESS VERSUS STRAIN
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Test stopped in Region II

20 -

10 -

2.0 4.0
Strain 10™^ in/in

Figure 29. Stress versus Strain Curve for
Sample No. 2
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Test stopped in Region III

10"

2.0
Strain 10”  ̂in/in

Figure 30. Stress versus Strain Curve for
Sample No. 3
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Test stopped in Region IV

20 -

10 -

2.0
Strain 10”^ in/in

Figure 31. . Stress versus Strain Curve for
Sample No. 4
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Test stopped in Region IV

20 "
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Figure 32. Stress versus Strain Curve for
Sample No. 3
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Test stopped at rupture

10 ‘

6.04.02.0
Strain 10~^ in/in

Figure 33. Stress versus Strain Curve for
Sample No. 6
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10 ' Test stopped In Region II
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Strain in 10"* in/in

Figure 34. Stress versus Strain Curve
for Sample No. 8
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10 ■ Test stopped in Region III

1.0 1.50.5 2.0

Strain in 10"1 in/in

Figure 35. Stress versus Strain Curve for
Sample No. 9
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Test stopped in Region III10

8

6
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2

0
1.5 2.01.00.5

Strain in 10”1 in/in

Figure 36. Stress versus Strain Curve for
Sample No. 10
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Test stopped in Region III
10 "

1.5 2.01.00.5
Strain in 10-1 in/in

Figure 37. Stress versus Strain Curve for
Sample No. 11
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Test stopped in Region IV12 -

10 -

1.0 1.50.5 2.0
Strain in in/in

Figure 38. Stress versus Strain Curve for
Sample No. 12
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12
Test stopped in Region IV

10"

2.0

Strain in 10 1 in/in

Figure 39. Stress versus Strain Curve for
Sample No. 13
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Test stopped at rupture
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Figure 40. Stress versus Strain Curve for
Sample No. 14
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