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SUMMARY OF TECHNICAL REPORT

A program of direct shear tests on samples of rock joints was initiated to
gain an improved picture of the deformation and strength of jointed rock masses
under load. The shear testing machine, developed under an NSF grant, and im-
proved during this project, allows water pressure to be menitored in the joint
plane during shearing. Seventy-two tests were conducted in this first year of
an intended 3 year's program; artificial joints were created in two rock types --
granite and sandstone -- with varying wall roughness, filling material thickness,
and enviivumental conditions.

The methods of preparing joint specimens of varjing roughness were de-
veloped in this project; rough artificial joints were manufactured by splitting
the specimens and smooth joints by diamond sawing and lapping. It was difficult
to £fill the joints to a predetermined thickness with gouge preconsolidated to
a desired high normal pressure; remoulded gouge was therefore introduced.
Roughness measurements were made and statistical parameters of roughness and
waviness were computed using two specially written programs to be found in
Appendices B and C. Typical test records are also given in the Appendix.

Table 7 summarizes the sensitivity of deformability and strength parameters
to the variables studied. For the sandstone and granite specimens, both peak
displacement and joint stiffness varied with normal pressure. The dilation angle
decreased rapidly with normal pressure for both rock types and became negative
for the sandstcne specimens at O above 500 psi (i.e. the specimens contracted
during shear). Induced water pressures measured were not large (<25 psi),
possibly dué to the problem of sampling water pressures in the joint plane,
partly due to the remoulded nature of the filling, and partly because of decay
of the water pressure transients in the unjacketed specimens. Dilatant joints
generally suffered an incriase in pressure while contractant joints underwent a

pore pressure buildup. Complete saturation of the joints was obtained, as



ii
evidenced by the insensitivity of the results to chamber back pressure. Filled
joints approached the strength of the clay filling material when the thickness
was greater than about 3 times the mean roughness amplitude.

Joints and faults exert controls on rock movement below ground and their
weakness and deformability limit the "hardness" of underground sites. Further-
more, water pressure phenomena create difficulties for design and construction.
This research has added to the technology basic to rational engineering with
rock masses. In the work, basic phenomena of jointed rock are being examined
cxperimentally for the first time permitting formulation of correct constitutive
laws for joints that are vital to numerical and physical modelling. In con-
tinuation, tests with jacketed specimens having preconsolidated filler material
are proposed. Experimental methods for these improvements in testing technique

have now been developed.
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PART I: INTRODUCTION - OBJECTIVES

1. NATURE OF THE PROGRAM

The manner and rate of roék movements virtually control the cost of
excavation, support, and operation underground. Rock movements, in turn, are
largely dictated by the behavior of seams, joints, and faults which tend to
destroy continuity of the rock mass. Methods of physical model study and
finite element analysis make it possible to simulate the behavior of dis-
continuities in an engineering study of a particular underground scheme.
However, very little is known about the relevant properties of the seams and
joints. Existing knowledge on the methods of sampling and testing discon-
tinuities in the laboratory and in the field was recently summarized by
Goodman, (1970). The state of knowledge is unsatisfactory in that almost no
attention has been paid to the development of water pressures during the
shearing process. It is apparent that water plays an important role under-
ground. This research project explores the effect of system and environmental
conditions on stiffness and strength propertiev for artificial discontinuities.
Direct shear tests were made on prepared specimens containing a known clay,
filling the space between two rock walls under conditions of restricted
drainage. Stresses, deformations and water pressures were monitored during

the tests.

2. PRINCIPLES INVOLVED - JOINT MECHANICS

a. The Direct Shear Test for Rock Joints

Mathematical modelling of jointed rock masses requires quantitative
assessment of the constitutive law for joints. This entails finding every
acceptable combination of terms for the vector <u, v, T, 0> where: u and v are
the relative shear and normal displacements across the joint; and T and O are

respectively the shear and normai stress across the joint. One can speak of a



joint constitutive law as f(u, v, T, G) = 0,

The most direct method of defining the joint constitutive law is to test
a4 specimen representative of the joint surface, and filling material. The
sample is oriented in a machine under circumitances wherein the normal and
shear stress and displacement, and the envirommental conditions are directly
controlled or monitored. The direct shear machine is the natural method of
achieving this. Direct shear, in fact, is the classical test conducted by
workers in friction. For shear through continuous materials such as soils,
the triaxial test is considered to provide more uniform stress conditions on
the eventual failure plane. However, for rock specimens containing joints
oriented in the plane of direct shear, Kutter (1971) showed the direct shear

test to be preferable.

b. Parameters of Joint Behavior

The deformability and strength relationships of seams and joints can be
described by direct shear testing. The relationship between (T) and resulting
shear displacement (u) developed in the test is expressed in a curve whi ‘h
can be modelled in a physical study or in a digital computer by reporting the
changing slopes at different stress levels. The rate of change (BT/BU)O is

called the shear stiffness of the joint. Similarly, the closure of the joint

specimen upon application of normal load provides a curve of increasing slope
relating normal stress (0) to normal displacement (v). The rate of change

(BG/BV)T at any point is the instantaneous normal stiffness. During shearing

there is also a tendency for joint thickening (dilation))or closing (contraction),
which can be expressed by the rate of change (3T/3V)0- As a result of dilation
the volume of the filling imnaterial in the sheared zone would tend to change;

under conditions of restricted drainage, this tendency would immediately be
resisted by the inertia of the water in the sheared zone; the cleft water

therefore may suffer an increase or decrease from its original pressure level.



Obviously such a pressure change can be significant in describing the response
of the sample to further loading or to the maintenance of existing loads.

It is probable that pore pressure changes are at the core of some
stability and support problems both underground and at the surface. Figures
1, 2, and 3, show the form of the constitutive relationship assumed by Goodman
and Dubois (1972). The parameters to be evaluated by a test program in
addition to the strength parameters and the etiffness terms defined above,
are: The maximum closure; normal pressure (oT) above which dilatancy cannot
occur; and the ratio of residual and peak shear strengths. Of special interest

here are the effects of water and water pressure on these joint parameters.

3. PROGRAM PLAN AND VARIABLES

The full range of testing parameters consisted of:

2 rock types: granite and sandstone

3 roughness ranges for the sandstone and 2 for the granite

3 thickness ranges for the filling of the joints

2 shear rates (0.1 and 0.28 in./min)

4 back pressures (0, 200, 400 and 600 psi)

3 normal loads (100, 500 and 1,500 psi)
All combinations of the above parameters represent 532 pcssibilities. Consider-
ing the limitations in time and expenditures of this project, a balanced pro-
gram of 72 tests was finally selected. Test numbers and parameter values are
presented in table 1. Table 2 indicates the total number of tests performed
on each rock type and how many of these were used to analyze the influence of
the various parameters on the strength and deformability of the joints. This

question is taken up again in the discussion of Part 1IV.



TABLE 1: The Test Program
TEST  ROCK JOINT  ROUGH. SHEAR oy P, T, T,
NO.  TYPE TYPE 10731 RATE (psi)  (psi) o2y et
1 SANDSTONE DRY 49 o, in/min 100 - - -
2 " - 45.7 1 1,500 - - -
3 & g 1.9 1 1,500 - - -
4 " " 8.1 1 1,500 - - -
5 " " 1.7 1 1,500 - - -
6 " " 10.4 1 500 - - -
7 " " 27.3 1 500 - - -
8 % i 1.8 1 100 - - -
9 K i 1.5 1 500 - - -
10 " " 4.7 1 500 - £ =
11 b g 9.9 1 100 - - -
12 " WET 35.9 1 100  6C0 - -
13 2 " 27.5 1 500 600 - -
14 B g 12.7 1 100 600 - -
15 " " 12.4 1 500 600 - -
16 " " 1.1 1 100 600 - -
17 " " 2.8 1 500 600 - -
18 ) g 7.3 1 1,500 600 - -
19 " " 6.5 > 500 200 - -
20 " L) 7.9 500 200 - -
21 B " 35.6 1 1,500 600 - -
22 0 " 1.8 1 1,500 600 - -



TABLE 1: The Test Program

TEST ROCK JOINT  ROUGH. UN Pb Ti Ti
No.  TPE  TYPE  (573py) (ps1) (ps1) (jo-2;y, ROUGEN.
23  SANDSTONE  WET 14.2 1,500 200 - -
24 " " 18.0 1,000 200 - -
25 " FILLED 75.2 100 0 8.9 1.18
26 " " 56.0 100 400 7.4 1.32
27 " " 10.2 500 200 1.7 1.66
28 " " 7.9 100 400 1.0 1.26
29 " " 8.4 500 200 0.8 0.10
30 " " 7.3 500 400 0.4 0.055
31 L " 7.2 1,500 200 18.2 25.3
32 4 o 8.0 1,500 400 4.5 5.6
33 " " 17.4 1,500 200 3.1 1.78
34 " " 41.8 1,500 400 1.3 0.31
35 i " 32.1 500 0 6.8 2.12
36 " " 41.1 500 400 7.8 1.90
37 " " 50.7 1,500 0 3.7 0.73
38 " i 9.9 1,500 400 0.4 0.40
39 " " 8.1 500 0 2.1 2.52
40 " L 8.1 1,000 0 3.8 4,69
41 " 4 12.6 500 200 3.0 2.38
42 " " 8.9 500 200 2.6 2.92
43 " " 9.8 500 400 2.6 2.65
44 " " 6.6 1,500 200 5.2 7.80



TABLE 1: The Test Program

TEST  ROCK  JOINT  ROUGH. SHEAR o0 B T, T,
NO. TYRE TYPE ) 0-3p RATE  (ps1) (psi) (10"21yy FOUGHN.

45 SANDSTONE FILLED 6.4 2 1,500 200 4.3 6.72
46 " " 8.7 2 1,500 400 7.8 8.95
47 " " 8.2 1 100 0 2.1 2.56
48  GRANITE  DRY 65.5 1 500 - - -
49 " " 1 500 - = =
50 " WET 0.9 1 500 200 - -
51 " " 1.9 1 500 600 - -
52 " " 67.2 1 500 200 - -
53 " " 99.4 1 500 600 - -
54 i " 0.9 1 1,500 200 - -
55 L " 1.7 1 1,500 500 - -
56 " " 76.5 2 500 600 - -
57 " " 60.3 1 1,500 600 - -
58 " " 56.3 1 1,500 200 - =
59 0 FILLED 1.1 1 500 200 4.2 38.2
60 " " 1.1 1 500 600 4.7 42.8
61 g " 51.6 1 500 200 7.2 1.39
62 " " 117.5 1 500 400 5.1 0.43
63 " " 1.4 1 1,500 200 2.9 20.7
64 5 " 2.9 1 1,500 600 4.6 15.9

65 " " 50.5 2 500 400 4.6 0.91



TABLE 1: The Test Program
TEST ROCK JOINT ROUGH. ON Pb Ti T:I.
NO. — EE (10-3IN) (psi) (psi) (IO—ZIN) ROUGHN.
66 GRANITE FILLED 66.4 500 400 7.3 1.10
67 " " 66.2 1,500 200 2.0 0.31
68 " " 63.5 1,500 400 1.0 0.16
69 " " 52.5 100 400 5.8 1.10
70 " d 59.4 500 400 5.4 0.91
71 - 4 89.4 500 0 4.8 0.54
72 i " 2.3 100 400 4.2 18.2



Number of Tests on Each Rock Type

Table 2

the Influence of the Various Parameters,

and Deformability of the Joi

Used to Analyze

on the Strength

nts

Sandstone: 47 Tests Granite: 25 Tests
Normal Chamber Shear
Load Roughness Thickness Pressure Rate

Sandstone

K 47 21 18 29 27
ss

T /T 44 22 22 33 27
pr

up 47 23 18 18 18

8 47 25 22 - -
Granite

K 20 8 12 16 5
ss

T/t 19 9 10 21 9
pr

up 20 8 12 13 8

) 22 l 7 15 - -

K : shear stiffness

8s

Tp/Tr: ratio of peak shear stress to residual shear stress
up. shear displacement at peak stress

§: dilatation angle
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PART II: METHOD OF INVESTIGATION

1. EQUIPMENT

The equipment and supplies required for the performance of shear tests
include: A large diamond saw for cutting of slabs or prisms (figure 4); a
drill and vise assembly for drilling of cores to be tested for index properties
(figure 5); a set of shear boxes with appropriate potting compound to set the
specimens in their box; a roughness measuring device (figure 6); a direct
shear assembly composed of shear machine (figures 7 and 8) and a normal load
frame (figure 9); and a data acquisition system (figure 10).

The shear machine can provide shear loads of up to 40,000 1bs. The
maximum shear displacement is 3 inches. The sample is contained within a
sealed chamber that can sustain an internal water pressure of up to 700 psi;
the shear box accommodates samples up to 5 x 5 in. in size. The normal load
system is capable of sustaining a load of 40,000 1bs. It was redesigned so
that a constant load level can be maintained within #3/16 in; this is the
maximum normal displacement allowed with the shearing device. The load
regulation is achieved by means of an oil/air accumulator of sufficiently
large capacity. In practice,piston friction gives a finite stiffness to the
normal load system.

Design of a direct shear machine is simple in concept. One provides
known loads normal and parallel to the shear plane. Unfortunately rotational
tendencies between members of the sample-shear box system cause non uniformities
in the stress distribution. As the centroid of the joint contact area moves,
the load center should follow it. This can be arranged easily, for example
as in the Imperial College shear machine by applying normal loads through a
hanging yoke; however, one would then complicate the problem of sealing a
water chamber around the specimen. In fact each shear machine represents a

compromise of specifications aimed at a particular region of excellence at



the expense of others; e.g. the University of Illinois machine can develop
true residual friction values but cannot handle very large specimens and

does not have water pressure control in the joint plane; the Berkeley machine
was designed for water pressure control, but cannot accommodate large dis-
placements to reach true residual strength for many joint types as the normal
load is stationary. Figures 4, 5 and 6 show the shear machine, the controls
and the normal loading system. The sample, up to 5-in square, is cemented
in a steel box which is under-sheared by two screw driven pistons. The
pistons crawl on a track on a rigid support as to prevent vertical movement.
Therefore the lower half of the sample can move only horizontally. Vertical
movement, but no horizental movement, is allowed in the upper half of the
sample, which carries the water chamber up and down as the joint dilates or
contracts. The normal load is supplied by a hydraulic piston. The load is
held constant, except for varying piston friction, using an accumulator
precharged from a nitrogen bottle to the desired pressure.

The electroni- bench is composed of: An amplifier/power supply module
made by Kenney Engineering Co., (manufacturer of the direct shear machine);

a digital voltmeter and relay matrix (NLS); a 7-channel printer (NLS); and an
X-Y-Y' plotter.

The following test variables are monitored by transducers attached to
the shear machine: Normal load (on); shear stress (T); normal displacement
(v); shear displacement (u); chamber water pressure (P); and differential
water pressures (p1 or pz) in the joint. Thus the printer enables recording
of all va¥iab1es simultaneously and the plotter enables monitoring of two
variations at a time such as normal and shear stiffness, or pore pressure

and dilatancy etc.

2. SPECIMEN PREPARATION

An outline of the testing procedure for direct shear tests is given in
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figure 11. The upper half of the diagram represents the steps involved in

preparing the specimen.

a. Cutting and Potting

One first cuts a prism of rock 4.75 x 4.75 x 2.75 in. in dimension.
Then, depending upon the type of roughness desired for the joint plane the
specimen is either

l. sawed in two: roughnesses 1 for granite and sandstone

2. sawed in two and sandblasted: roughness 2 for sandstone

3. split in two: roughness 2 for granite and 3 for sandstone.
It was found that polishing either grauite or sandstone would not give a
roughness much different from roughness 1. Values of roughness shown in
table 1, indicate that this mode of preparation was successful in establishing
definite classes of roughness values. The next step consists in potting the
sample, as follows (figure 12): The bottom half of the specimen is put into
the bottom half shear box and levelled by means of stiff levelling blocks (1).
There may or may not be a filler material for the joint. The circumference
of the joini surface (3) is protected by a bond breaker ( simple masking tape)
and the two halves are potted separately by pouring the potting compound
(cylcap, primarily sulphur ) from holes in the bottom of the boxes, (2) and (4).
The bond breaker insures that there will be no sulphur in the shearing plane.
Two piezometric holes are then drilled up to the shear plane through guide
holes in the bottom half box. These holes will connect, inside the shear

chamber, with the water lines and pressure transducers.

b. _Roughness and Waviness Measurements

After potting, samples are mounted on the table of the mill shown in
figure 6. Micrometers enable precise location of the measuring points. Verti-
cal elevations are obtained by means of a dial gage of sensitivity 10-4 in.

Eighty-one points are measured on the joint surface (figure 13). The data are
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analyzed in terms of roughness and waviness of the surface. The two computer
prograzs used for this analysis were prepared by Mr. Ohnishi and are pre-
sented in Appendices B and C with sample outputs. The following information
18 provided: The mean plane of the observations z = a + a;x + a,y; an
estimate of the standard deviation from the mean plane &; == this is called
the roughnese of the joint; the maximum positive and negative deviations
from the mean plane (peaks and troughs); the average of positive slupes and
of negative slopes between points at several distances —-— 0.5, 1, 1.5, 2, 2.5,
3, 3.5 and 4 in; the maximum positive and negative slopes for these observa-
tions, on the above distances. All slopes are evaluated in the direction

of shearing. Values are given in Part III for roughness and waviness.

c. Filling Material

The choice of thickness for the filling material was guided by the
roughness measured previously. Three ranges of dimensionless thickness values
(Ti/R = initial thickness at beginning of shear/roughness) were obtaiped for
the sandstone and two for the granitn; values are presented in Part III.

The filling material first selected was the San Francisco Bay mud.
However its composition is quite complex and grain size range is quite large.
There was no certainty of obtaining a reproducible Joint. Accordingly, a
kaolinite clay with controlled properties was finally adopted. It is

characterized by the following values (after Houston, 1967):

liquid limit 57% plastic 1imit 30%
plasticity index 27% percent <2y = 100%
gpecific gravity 2.64 activity 0.30

Its expected strength envelope in C-U tests is shown on figure 24).

3. TESTING PROCEDURE

The various steps involved in the performance of a test are described in

the lowar portion of the diagram on figure 11. With wet tests unfilled or
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or with filled joints, the specimens were first saturated, so that developing
water pressures would not dissipate in the rock matrix during shear. Filled
joints were coated with the kaolinite and their thickness at a normal load

equal to that at the beginning of shear was measured in a separate hydraulic
press, for maximum accuracy. Each test on filled joints was run in three
subtests: 1) application of normal load, and determination of normal stiffness,
with continuous plot of u and v vs. o 2) application of the back pressure
and saturation of the joint plane; 3) shearing -—- in this subtest discrete
readings were taken of all seven channels cn’ T, P, Pys Pps U and v. In
addition continuous plots were obtained on the two x-y-y' plotters: u and v

ve. T on the first one and P and p ve. T on the second one.

4. PRACTICAL DIFFICULTIES

a. Jacketing of Specimens

Water pressures that would tend to build up during shearing would
dissipate by flow away from the joint plane 1) through the wall rock and
2) into the chamber along the edges of the joint. The fovmer can be prevented
by using impervious wall rock for the test program; the latter can be prevented
by jacketing the specimen. As originally proposed, jacketing would not be
incorporated in the test program unless proved necessary as it introduces
complexities in specimen preparation, sealing, saturation, and instrumentation.
Jacketing is now being done in a continuation of the work, but all tests in

the program described here were with unjacketed specimens.

b. ' Water Pressure Measurement

Since the volume of water ir the joint space is small, the stiffness
of the water pressure measuring system has an effect on the measurements.
Initially, there was too much compressibility in long lines and Bourdon gages.
These deficiences were corrected by moving a differential transducer closer

to the specimen. The transducer responds to pressure sources where the
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measuring hole intersects the joint plane. This point was not always
situated optimally within the joint; in continuation work underway, a dis-
tribution network to conduct pressure to the piezometer holes is being

evaluated.

c. Filler Material

Ideally, filler material in joints should be natural clay gouge or
mylonite of the required thickness preconsolidated to the proper preconsoli-
dation pressure. We do not know what to take as a reasonable value of pre-
consolidation pressure for a filled shear zone. This is an important parameter.
Normally loaded clays can develop induced pore water pressurcs at peak shear
displacement of the order of 40% of the preconsolidation pressure wvhereas
remoulded clays may develop no induced pore pressure at all. Mylonites may
be more like remoulded clays than normally consolidated clays.

Attempts to produce shear specimens with normally preconsolidated
f11ling material of predetermined thickness were unsuccessful. Under con-
ditions of only lateral drainage, the required load increment time for con-
solidation proved large; without multiple consolidometer arrangements the
required number of samples therefore could be produced only by accepting
considerable delay in the program. Attempts to speed up the consolidation
process were frustrated by extrusion of clay from the joint. Instead of
praeconsolidated filling, therefore, remoulded clay was used. Also, as a
substitute for natural gouge, an artificial kaolinite was selected for filling
so that uniformity and homogeneity could be insured. However as kaolinite
is representative of some faults and seams and no single clay gouge material
can be representative of all faults and seams, the use of kaolinite for filler

is appropriate.

d. Normal Stiffness Measurements

To measure the normal stiffness of the joint, one must subtract the
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shortening of the sample without a joint from that of the sample with a
joint. Since the measurement utilizes the difference of large numbers,
errors can be large unless care is taken to insure that the samples and pro-
cedures are in all respects the same except for the existence of the joint.
Because of the many faceted nature of the experimental program, it was not
convenient to meet this restraint in all tests, and therefore the program

did not generally yield good results for normal stiffness values.



FIGURE 4 : 36-INCH SAW ASSEMBLY
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FIGURE 5 :

DRILL AND VISE ASSEMBLY
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FIGURE 6: ROUGHNESS MEASURING SYSTEM ON MILL TABLE
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FIGURE 7 : DIRECT SHEAR MACHINE , TOP REMOVED
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FIGURE & :

SHEAR TESTING ASSEMBLY AND CONTROLS
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FIGURE g

: NORMAL LOADING DEVICE AND REGULATOR SYSTEM
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FIGURE 10: ELECTRONIC DATA RECORDING SYSTEM
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PART III: RESULTS OF THE TEST PROGRAM

1. PROPERTIES OF THE "GRANITE" AND THE SANDSTONE

a. Petrographic Examination

The rocks selected consist of a fine grained friable quartz arenite,
and a porphyritic biotite, hornblende quartz diorite. They are dezcribed in

Appendix A (prepared by Mr. Quentin Gorton).

b. Strength-Deformability and Bulk Properties

Index tests were conducted and their results are presented in table 3.

2. ROUGHNESS AND WAVINESS OF THE JOINT PLANES

a. Roughness

The values of joint roughness were presented in table 1 and are re-
grouped in figures 14 and 15 where it can be seen that the various modes of

Preparation established distinct classes of roughness.

b. MWaviness

The average slope angle is compared to the length of observation in
figure 16 for various roughnesses. There is a sharp decrease in slope angle
where going from 0.5 inch to a few inches. This may well indicate that at
the scale of field observation the average slope angle is no more than 1 degree.
Figure 17 indicates the physical relationship between measured roughness and
the maximum positive slope angle. Such a relationship can probably not be
applied directly to field situations considering the great difficulty in

accurately describing in-situ the two parameters involved.

3. THICKNESS OF JOINT FILLER

Values for dimensionless thickness of the joint filler were presented
in table 1 and are reproduced in figures 18 and 19. Without sedimentation of

the clay material, it proved difficult to establish precise thickness set



29

in advance. However, the measurements shown in figures 18 and 19 indicate
that as for roughness, definite classes of thicknesses were established for
both rock types. In this context one must remember that a value of Ti/R <1
means that the asperities of the filled joint do interlock whereas for greater

values of Ti/R there is a tendency to shear through the filling material.

4. DEFORMABILITY ANLC STRENGTH DATA

The deformability and strength values for tests on sandstone and gran'te
joints dry and wet, filled and unfilled are presented in table 4. The order
of presentation of the tests which are numbered from 1 to 72 is: sandstore
dry (11), wet (13),filled (22), and granite dry (2), wet (9) and filled (14).

The following were directly measured.or computed for all tests:

- peak normal stress Op maintained as close as possible to the initial
norunal stress value

-~ peak shear stress, Tp

- ratio 'rp/op

- residual shear stress fr

-~ ghear displacement at peak, up

- normal displacement st peak, vp

- d;latancy angle at peak § = Arctan (up/vp); this angle ie positive
(dilation)or negative (contraction)

- shear stiifness, K__ computed from the linear portinn of the (T, u)

88
curve.

The dilation or contraction of the joint at peak (P) and beyond is illustrated
in the last column by wide or narrow signs depending upon the relative amount
of dilation (~) or contraction (\). The normal stiffness is given below for
a few selécted tests, following the discussion of Part II, paragraph 4 d.
Concerning values of the shear stiffness (Kss)’ the following must be
remembered here:

1. The shear stiffness is defined as peak shear stress, to peak shear

displacemant —atio,
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2. Accordingly a high K  can correspond to a high peak strength or
ss
a low peak displacement. So, both a strong joint with interlocking asperities,
and a weak joint with very thick filler which very quickly attains its residual

strength, can have high shear stiffness before their peak.

Table 5
Normal Stiffness Values for Selected Tests on Filled Joints
K
T:zf Rock Type (104 :::/in) (104 p::/in) Knn/l(88 Ti/R Dilatancy(o)
25 Sandstone 2.06 0.10 20.6 1.18 + 7.5
26 K 1.99 0.71 2.8 1.32 +10.0
28 " 1.99 0.47 4.2 1.26 0
47 2.00 0.61 3.3 2.56 + 1.8
69 Granite 1.92 0.09 22,6 1.10 + 2.6
70 " 6.23 0.28 22.3 0.91 + 5.5
71 " 24.9 0.30 83.0 0.54 + 3.7
72 " 2.66 1.50 1.4 18.2 0

5. WATER PRESSURE DATA

The results of tests with non zero differential water pressures
P - pyor P - P, = 4 ), are presented in table 6 together with other relevant
data from the tests. When discrete readings were taken during the tests,
they are all given. It can be noted that both positive and negative values
of the transient Pore pressurec were observed.

All results presented above are now discussed in Part 1IV.

A typical test record is given in Appendix D (Test #61).
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Strength and Deformability Data for Tests of the Shear Program

Table 4

32

u

K
8s

Test o T 2 T 'p p s Dilation
No. (psi) (psi) op (psi) T (10_2 in) degrees (104 psi/in) 7t Eeak
1 135 35  0.26 35  1.00 2.8 + 2.5 0.13 —7p
2 1,530 1,650 1.07 1,150 1.43 20.4 + 0.6 0.81 ~> Zp
3 1,490 1,010 0.68 990 1.02 12.0 + 0.4 0.84 - 7P
4 1,490 760 0.51 760 1.00 13.0 - 2.2 0.58 \p
5 1,500 1,000 0.67 890 1.12 11.4 - 1.6 0.88 N P
6 450 230 0.51 208 1.10 20.0 - 5.5 0.12 W p
7 500 470 0.94 440 1.07 9.6 - 0.4 0.46 ~p?
8 85 10 0.12 8 1.25 3.0 0 0.03 —»p
9 465 230 0.50 230 1.00 5.6 0 0.45 —> P
10 480 280 0.58 260 1.08 6.6 0 0.42 —P
11 108 2% 0.22 2% 1.00 10.0 - 3.9 0.02 —> Np
12 228 218 0.95 218 1.00 20.0 + 4.4 0.14 & p
13 600 580 0.97 520 1.12 14.4 + 0.9 0.40 & p
14 102 70  0.69 70 1.00 2.0 - 4.8 0.35 [Nr
15 480 420 0.88 420 1.00 14.0 - 0.2 0.30 S p
16 98 25 0.26 25 1.00 2.0 0 0.13 —>
17 500 560 1.12 545  1.02 14.0 - 1.4 0.40 “ap
18 1,520 1,005 0.66 980 1.02 19.0 - 0.1 0.53 S>p
19 450 275  0.61 275 1.00 16.0 - 0.4 0.17 N p
20 460 285 0.62 285 1.00 10.0 - 1.0 0.29 ™S p
21 1,500 1,210 0.81 975 1.24 11.0 - 0.6 1.10 ™ p
22 1,350 1,115 0.82 1,005 1.10 13.0 + 0.8 0.77 ~ 7P
23 1,500 1,015 0.68 1,015 1.00 16.8 - 1.7 0.60 =\ P
24 1,120 710  0.63 710 1.00 16.0 - 2.0 0.44 a>2\P
25 100 145 1.45 145 1.00  14.0 + 7.5 0.10 —> #7 P
26 100 71 0.71 71 1.00 1.0 + 10.0 0.71 _7 P
27 500 220 0.44 183  1.20 2.0 - 3.2 1.10 ~a P
28 100 28 0.28 23 1.22 0.6 0 0.47 — p
29 500 192  0.38 69 1.13 3.7 - 1.7 0.52 ~ P
30 500 261 0.52 224 1.16 2.5 - 1.2 1.04 ~ap



Table 4 (continued)
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u

K

est o T ;tj_ T fj_ P 1] Dilation
No. P P o T T -2 g 4 at Peak
(psi) (psi) ) (psi) r (10°° in) degrees (10 psi/in)
31 1,600 310 0.19 255 1.21 10.6 - 2.5 0.24 - P
32 1,310 460 0.35 375 1.22 4.5 0 1.02 —> P
33 1,510 510 0.34 485 1.05 6.6 - 0.7 0.77 ~ P
34 1,500 735  0.49 695 0.49 10.9 - 0.6 0.67 ™ —p
35 500 175  0.35 155 0.35 2.8 - 1.2 0.62 N J
36 500 185 0.37 170  0.37 3.7 - 1.8 0.50 ™ p
37 1,440 620 0.43 620  0.43 5.4 - 0.6 1.15 ™ —p
38 1,420 440 0.31 410 1.07 10.0 - 2.0 0.44 'Y 2
39 485 120 0.25 75 1.60 2.0 0 0.60 — P
40 860 310 0.36 240 1.29 6.5 + 0.5 0.48 7 P
41 560 188 0.38 157 1.19 2.4 - 3.4 0.78 ~=ap
42 535 185 0.35 155 1.19 2.7 - 2.5 0.68 ~ P
43 500 158 0.32 100 1.58 4.5 - 0.4 0.35 ~ P
446 1,460 465 0.32 405 1.15 9.6 - 0.5 0.49 —~>=P
45 1,430 460 0.32 400 1.15 6.6 - 1.0 0.70 -~ P
46 1,400 430 0.31 385 1.12 9.5 - 0.6 0.45 —» \P
47 100 98 0.98 57 1.70 1.6 + 1.8 0.61 ~» P
48 500 1,660 3.32 690 2.40 11.2 + 11.1 1.48 &7 P
49 500 1,163 2.32 665 1.75 9.0 - 1.8 1.83 ~ po?¥/
50 540 420 0.78 420 1.00 - - - —> P
51 500 320 0.64 320 1.00 16.0 - 0.6 0.20 _s\P
52 640 660 1.03 505 1.30 18.0 + 1.1 0.28 7P
53 475 830 1.75 670 1.24 16.0 + 4.0 0.52 Y )
s4 1,570 1,100 0.77 1,100 1.00 25.0 - 0.6 0.44 P
55 1,470 975  0.66 975 1.00 20.0 - 0.2 0.49 4
56 485 670 1.38 575 1.17 10.6 + 7.1 0.63 & P
57 1,380 1,500 1.09 922 1.63 8.8 - 1.71 > H?
58 1,000 885 0.89 822 1.08 19.0 + 4.0 0.47 N FP
59 505 255 0.51 255 1.00 1.4 - 14.0 1.82 ~Pw
60 495 140 0.28 140 1.00 0.8 - 45.0 1.75 —>aWNp
61 620 540 0.87 450 1.20 10.4 - 0.6 0.52 > P
62 510 480 0.94 365 1.31 5.0 +12.8 0.96 ~ZP
63 1,470 340 0.23 30 1,00 2.4 - 1.2 1.51 — P



Table 4 (Continued)
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u

K
8s

N S T S SR = 4
“ (psi) (psi P (psi) b 4 (10 © in) degrees (10 psi/in)
64 1,480 365 0.25 290 1.26 14.6 - 3.2 0.25 N p
65 624 385 0.62 346 1.11 20.0 + 1.5 0.19 - AP
66 500 510 1.02 450 1.13 14.8 + 4.2 0.34 S 4 4
67 1,440 1,345 0.93 1,170 1.15 7.2 - 0.9 1.87 - xp /7
68 1,500 650 0.43 602 1.07 24.0 - 3.5 0.27 =7 \p
69 100 120 1.20 120 1.00 13.6 + 2.6 0.09 2o 7
70 510 550 1.08 485 1.13 19.0 + 5.5 0.28 “ Jr
71 500 502 1.00 395  1.27 16.8 + 3.7 0.30 a 7P
72 100 57  0.57 53  1.07 0.3 0 1.50 — P



Table 6

Water Pressures Obssrved for Tests
on Sandstone and Granite Joints

Test No. Al Observed Back Pressure Roughness Shear Ti/R
(psi) (psi) (1073 in)  Rate
19 =-0.25 200 6.5 0
22 -4.0 600 1.8 0
24 =2.7 200 18.0 0
25 +0.3 0 75.2 1 1.2
+0.3
+0.3
26 -0.2 400 56.0 1 1.32
27 +1.6 200 10.2 1.66
+1.0
28 -0.1
=0.1 400 7.9 1.3
29 +5.0 200 8.4 0.10
+5.0
30 =3.1 400 7.3 2 0.05
=3.7
32 -0.8 400 7.9 1 5.6
33 +5.5 200 17.4 2 1.8
34 +4.9 400 41.8 1 0.31
35 -1.7 0 32.1 1 2.12
36 +9.9 400 41.1 1 1.90
37 -1.2 0 50.7 1 0.73
38 +0.9 400 9.9 2 0.4
39 -0.5 0 8.1 1 2,5
40 -0.5 0 8.1 1 4.7
41 +0.3 200 12.6 1 2.4
+0.4
42 -0.3 200 8.9 2 2.9
43 +3.2 400 9.8 2 2.7
44 -0.2 200 6.6 1 7.8
46 +0.8 400 8.7 2 8.9

35



Table 6 (continued)

Test No. AU Observed Back Pressure  Roughness Shear T, /R
(psi) (psi) (10-3 {in) Rata *
—
47 =1.1 0 8.2 1 2.6
51 -0.25 600 1.9 1 0
52 =0.20 200 67.2 1 0
54 +2.8 200 0.9 1 0
60 +0.7 600 1.1 1 42.8
-1.4
61 +25.2 200 51.6 1 1.4
+22.6
62 +0.6 400 117.5 1 0.43
=5.7
+0.7
+0.6
+7.3
65 -0.1 400 50.5 2 0.91
-0.3
-0.2
66 +0.2 400 66.4 1 1.10
-0.3
67 +1.8 200 66.2 1 0.31
68 +7.5 400 63.5 1 0.36
69 +0.6 400 52.5 1 1.10
+1.4
+2.2
70 +2.6 400 59.4 2 0.91
71 +5.4
' -0.3 0 59.4 1 0.54
72 +0.4 400 2.3 1 18.2

-0- 1




Table 7

Influence of the Test Program Variables
on Joint Deformability Parameters

37

Variation 3X/3Y: Sandstone
Y
T
X ’n _ _R R t b
dry, wet: >0 | dry, wet >0 ? slightly <0 wet tests: >0
88| filled ;: ?| >0 for R>25 for T1/R>'10 filled : ?
dry: slightly >0
u >0 wet: =0 except =0 slightly slightly
P >0 for 0_<100 >0? >07
< >0 *0 13/R <20 )
counteract each other slightly >0
for T1/R>20
Variation 9X/9Y: Granite
Y
X qgf R T;/R 1 Pb
wet >0 >0 when 3 >0 inconclusive | wet : >0
ss R 70 x 10 £illed: =0
up >0 Agggrently inconclu-~ inconclusive | apparently <0
sive
wet: >07?
) at Un<1,500 >0 - - -
filled: <0
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A NUMBER OF
SPECIMENS
ROUGHNESS 1 : 7 TESTS 0.9 <R< 2.9
ROUGHNESS 2 :29 TESTS 4.7 <R<17.4
-ROUGHNESS 1 ROUGHNESS 3 :11 TESTS R>27.3

~ROUGHNESS 2

81
! ROUGHNESS 3
4' /
0|4 %} _ Y, hrrzrrrmm -
0 20 30 4 50 60 70 80 90 100
ROUGHNESS
rIGURE 14 : ROUGHNESS OISTRIBUTION OF SANDSTONE JOINTS
| NUMBER OF
SPECIMENS
|64 ROUGHNESS 1 : 9 TESTS 0.9 <R< 2.9
ROUGHNESS 2 : 16 TESTS R>50.5
I -ln.
ROUGHNESS 1
8 [g [ROUGHNESS 2j
40 100
ROUG NESS

FIGURE 15 : ROUGHNESS DISTRIBUTION OF GRANITE JOINTS
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} NUMBER OF
SPECIMENS

10t
THICKNESS 1 : 5 TESTS Ti/R > 1
8- THICKNESS 2 : 11 TESTS ]<Ti/R< 3
THICKNESS 3 : 7 (ESTS T]./R > 4.5

21 -
0 ZZA Y — : P
024628 10 20 30 40
FILLER THICKNESS
Ti/R
FIGURE 18 : DIMENSIONLESS FILLER THICKNESS (Ti/R) FOR SANDSTONE JOINTS
4 NUMBER OF
SPECIMENS
8._

THICKNESS 1 : 4 TESTS Ti/R< 0.9
THICKNESS 2 : 5 TESTS 0.9<Ti/R< 1.4
THICKNESS 3 : 5 TESTS Ti/R> 15.9

0246810 20 30 40
: FILLER THICKNESS
FIGURE 19 : DIMENSIONLESS FILLER THICKNESS FOR GRANITE JOINTS Tl/ R
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PART IV: DISCUSSION OF THE TEST RESULTS

The three groups of properties subject to discussion are: 1) the
deformability parameters: Kss’ up and §, 2) the strength parameters: Tp, Tr
and 3) the water pressures P, P;» Pp- The values observed are analyzed in
terms of their variation as a function of the variables in the testing program,
namely:

The normal pressure, Un.

The joint filler thickness, T, or Ti/R'
The shear rate, T.

The back pressure, P.

The roughness, R.

1. DISCUSSION OF JOINT DEFORMABILITY

a. Sandstone Joints

Shear stiffness: Kss
- increases with increasing on for dry and wet tests
= no patterr for filled tests
- fairly insensitive to Ti/R except at high values (say >10)
~ appears to decrease when shear rate T increases
- fairly insensitive to R in dry and wet tests except at high values say
R >25 . 1073

- appears td increase with increasing Pb in non-filled tests. Not con-

clusive for filled joints.

Shear displacement at peak: up
- iﬁcreases with(Jn in all tests (ploughing). The effect is less felt
on filled joints, and the absolute value of up is smaller with filled
Joints.
- increases slightly with increasing roughness (dry tests)

- the travel to up amounts to several times the roughness. Many
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asperities must be sheared before reaching tha peak.

- in wet tests u, is almost independent of R except at low pressures

(= 100 psi).

ingensitive to Ti/R (TilR was < 18)
- may increase slightly with higher shear rate
- may increase slightly with higher Pb

on overshadows every other parameter for influence on up.

Dilatancy angle: §

Roughness 3 is not a natural roughness. It will give a contraction in
most cases (8<0). Eliminating tests with roughness 3 it appears that eveu at
high values of R (up to 45 x 10-3), stays small in this weak rock (<49).

(dry tests). 1In wet tests, and for roughness 4 there ig a strong decrease of
§ with on. For wet or filled tests the no-dilatation pressure is k2low 500 psi,
whatever the roughness. For filled joints it takes a very large T1/R (>20) to

influence §. The primary factor is R.

b. Granite Joints

Shear stiffness: Kss

- increases with Gn in wet tests

- effect of R is not conrlusive except at high values (R >70 x 10-3) where
Kss increases T1/R. This increase in Kss can be accompanied by lower
strength; joints with high T1/R can have high Kss and low strength.

effect of T is not conclusive

- in wet tests Kss Seems to increase markedly with higher Pb

this is not exhibited in filled tests.

Shear displacement at peak: u

p
~ increases with higher o, (vet tests)

~ 8eem8 to decrease when R increases

~ the values of up are comparable to those for sandstone everything else
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being equal
- results of filled tests are not conclusive here, for the influence of
g or Ti/R’ or Pb
- results are not conclusive for the influence of %
- up would seem to ! ecome smaller when Pb increases; uader higher Pb
the peak is reached sooner (in wet tests).
Dilatancy angle: ¢
Wet tests:
- the primary factor is again R
-~ below On = 1,500 psi and for large roughnesses, § 1is not sensitive to
%
- the no-dilantancy pressure is in excess of 1,500 psi
Filled tests:
~ filled joints do not dilste at o, = 1,500 psi, irrespective of joint

roughness.

For the reader's convenience the previous conclusions are condensed in table 7.

2. DISCUSSION OF JOINT STRENGTH

The strength of the joint specimens will be discussed with reference to
points plotted in the (T,0) plane. Figure 20 shows peak shear stress (Tp)
versus 0 for all tests with dry and wet sandstone while figure 21 shows
residual strength T, Versus o for the same tests. The roughness, in 10_3
inches, is given beside each(t,0)point. Lines at 280, 34? and 43° from the
origin have been shown as g..des for reference. There is considerable |
scatter about these lines. The following comments derive from figures 20 and
21. Peak and residual strengths are about the same for the sandstone. The
sandblasted specimens (roughness 2) show the lowest strengths of the three

roughness groups; this method of rough joint production is unsatisfactory

for unfilled joints as the halves of the specimen do not mate. Water raises
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the strength slightly. Whether this is a true antilubrication effect or
an apparent effect containeé within the scatter band is not definite.

The roughest specimens, produced by splitting (roughness 3),display
evidence of a downward bend in the strength curv:; a bend is shown at cp equal to
about 600 psi. However the data are insuffic:.-nt to definitively compare con-
fidence limits for straight versus curved strength lines. The saw cut surfaces
always give ¢ = 34° which can therefore be accepted as the friction angle (¢u)
for the sandstone.

Peak and residual shear strength data for tests with wet, unfilled
joints in granite are given in figures 22 and 23 respectively. There is
little difference between peak and residual strength for the specimens with
slight roughness produced by diamond sawing; the friction angle ¢uequals 35°,
The rough specimens produced by splitting have peak and residual strengths
considerably stronger by virtue of geometric effects.

Figure 24 presents strength data for tests on clay-filled joints in
granite and sandstone. The strength curve for filling material alone is shown
by the dashed line; it was derived from tests with a large ratio of clay
thickness to joint roughness (TilR). The tests with very thin filling show
augmented strength by virtue of the geometrlc affect of the rough walls. As
its thickness is increased, clay filling reduces this strength to that of
filling material alone. The wall rock ceases to exert an influence on the
Joint strength when (Ti/R) becomes greater than about 3. Because of scatter
in results, attempts to quantify the results further would be ill-founded until
more are obtained. It is important to note, however, that the gouge effect on
strength revealed by these data is very significant, as it changes rock mass

strength by as much as a factor of 4.
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3. DISCUSSION OF WATER PRESSURE RESULTS

In a program of direct shear tests on marl-filled seams, Coyne and
Bellier experienced difficulty in obtaining a uniform degree of saturation
if the field moisture content was not preserved. With this in mind we designed
a system to apply back pressure to the unjacketed specimens; any variability
in results deriving from incomplete saturation could then be removed by
raising the back pressure sufficiently high. The system can hold up to 700 psi
chamber pressure. That the results showed insensitivity to back pressure
level demonstrates that complete saturation was not elusive in this program.
The more significant water pressure variable investigated is the joint
water pressure induced during shearing without drainage. During a test of
a rough joint at low confining pressure, dilation generally occurs. The
increasing volume of the dilating Joint would be responded by water flow from
the chamber into the joint; since flow is retarded by the restricted joint
Permeability, a negative water pressure transient should develop. Converseley,
under high normal pressure where contractancy occurs, a transient water
pressure increase should occur. Since the specimens were not jacketed the
full pressure buildup would not be measured unless very rapid loading were
obtained - i.e. peak loading in a time increment smaller than the time for
a pressure pulse to transit the specimen. In this program, such loading rates
were not attained and large pressure buildups were not measured. However the
sign of induced water pressures consistently followed the above geometric
effects, as shown by a comparison of table 6 (column 2) and table 4 (extreme
right column). Dilating specimens showed pore pressure decrease of up to 6 psi.
Contracting specimens show pore pressure buildup of up to 25 psi. As noted
earlier, these pressure indications may be less than the actual pressure peaks
in the joint; only two places in the Joint were sampled by the piezometers.

In the tests currently underway with jacketed specimens, larger pressures are
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being observed.

Superimposed on the geometric effect described above one can expect a
particle rearrangement effect in the clay of the filler material. Since re-
moulded clay filler was used, pore pressure buildup from this source was
not found. Tests with a filler which undergoes structural collapse on shearing,
such as porous plaster and preconsolidated clay are planned in the continuation

of this program.
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PART V: SUMMARY-CONCLUSIONS

A program of direct shear tests on samples of rock joints was initiated to
gain an improved picture of the deformation and strength of jointed rock masses
under load. The shear testing machine, developed under an NSF grant, and im-
proved during this project, allows water pressure to be monitored in the joint
plane during shearing. Ceventy-two tests were conducted in this first year of
an intended 3 year's program; artificial joints were created in two rock types ==
granite and sandstone -- with varying wall roughness, filling material thickness,
and envi.ui.iiui conditions.

The methods of preparing joint specimens of varying roughness were de-
veloped in this project; rough artificial joints were manufactured by splitting
the specimens and smooth joints by diamond sawing and lapping. It was difficult
to fill the joints to a predet?rmined thickness with gouge preconsolidated to
a desired high normal pressure; remoulded youge was therefore introduced.
Roughness measurements were made and statistical parameters of roughness and
waviness were computed using two specially written programs to be found in
Appendices B and C. Typical tes’ reccrds are also given in the Appendix.

Table 7 summarizes the sensitivity of deformability and strength parameters
to the variables studied. For the sandstone and granite specimens, both peak
displacement and joint stiffness varied with normal pressure. The dilation angle
decreased rapidly with normal pressure for both rock types and became negative
for the sandstone specimens at O above 500 psi (i.e. the specimens contracted
during shear). Induced water pressures measured were not large (<25 psi),
possibly dﬁe to the problem of sampling water pressures in the joint plane,
partly due to the remoulded nature of the filling, and partly because of decay
of the water pressure transients in the unjacketed specimens. Dilatant jointg
generally suifered an increase in pressure while contractant joints underwent a

pore pressurz buildup. Complete saturation of the joints was obtained, as
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evidenced by the insensitivity of the results to chamber back pressure. Filled
joints approached the strength of the clay filling material when the thickness
was greater than about 3 times the mean roughness amplitude.

Joints and faults exert controls on rock movement below ground and their
weakness and deformability limit the "hardness" of underground sites. Further-
more, water pressure phenomena create difficuities for design and construction.
This research has added to the technology basis to ratiomal engineering with
rock masses. In the work, basic phenomena of jointed rock are being examined
experimen:us.y for the first time permitting formulation of correct ccastitutive
laws for joints that are vital to numerical and physical modelling. In con-
tinuation, tests with jacketed specimens having preconsolidated filler material
are proposed. Experimental methods for these improvements in testing technique

have now been developed.



54

REFERENCES

Coulson, J. H. (1970) "The Effoct of Surface Roughness on the Shear Strength
of Joints in Rocks", Technical Report MRD-270 to U.S. Army Corps of Engineers,
Omaha, Nebraska by Dept. of Civil Eng., Univ. of Illinois, Urbana.

Fecker, E. and Rengers, N. (1971) '"Measurement of Large Scale Roughnesses of
Rock Planes by Means of Profilograph and Geological Compass", Pro:. Symposium
Int. Soc. Rock Mech., Nancy, PFrance, October.

Goodman, R. E. (1970) "The Deformability of Joints" in Determination of the

In-Situ Modulus of Deformation of Rock, ASTM, Special Techn. Publ. 477,
o110 o Jelormation of Rock

Houston, W. N. (1967) "Properties of Kaolinite Clay", Appendix to Ph.D.
Dissertation, Geotechnical Engineering, Univ. of California, Berkeley.

Kutter, H. K. (1971) "Stress Distribution in Direct Shear Test Samples",
Proc. Symposium Int. Soc. Rock Mech., Nancy, Prance, October.




APPENDIX A

PETROGRAPHY AND MINERALOGY OF THE PROJECT'S ROCK TYPES

( Q. GORTON )

55



56

1. PETROGRAPHY OF IMPERVIOUS ROCK SAMPLE

a. Description of Specimen

A block specimen was purchased from a dimension stone quarry near
Rocklin, California located on the western flank of the Sierra-Nevada batho-
lith. These mesozoic granitic intrusives range in composition from granite
(var. Alaskite) to quartz diorite (tonalite), with quartz monzonite (adamellite)
and granodiorite being the most prominent rock types. The quarry is operated
within an intrusive body several square miles in extent and mapped as quartz
diorite and diorite.

The block specimen appeared sound and unweathered, as judged by fracture
through constituent grains on broken surfaces and lack of any discoloration
often associated with weathering. It also appeared to be typically isotropic
except for the presence of quartz veinlets which traversed the rock in a
random fashion at intervals of about one font. These veinlets, ranging in
thickness from .5 to about 2.0 mm, consisted principally of clear quartz with
accessory amounts of pyrite. Careful inspection of the rock surface and past
experience with such phenomena indicate that the mechanical isotropy is not
affected by these apparent discontinuities.

Petrographic examination of the rock both in hand specimen and thin
section showed it to be holocrystalline, phaneritic with hypidiomorphic-~

granular texture.

b. Miraralogical composition

Essential minerals

quartz clear and unaltered 252
plagioclase frequent albite twinning with 552
(var. oligoclase) numerous, narrow lamellae; zoning

is apparent from optical character-
istics, and selective alteration

of calcic rich zones was noted,

but the type of zoning (normal,
reverse, or oscillatory) was not
positively determined.



Accessory minerals

K-feldspar some Carlasbad twinning present; 82
no zoning observed, but grains
were moderately altered, as
determined by the degree of

pitting.
biotite pleochroic-yellowish irown to 5%
brown
muscovite non-pleochroic, colorless 42
hornblende pleochroic-pale green to green 3%

¢. Grain Fabric

The accessory minerals and plagioclase appeared as grains measuring 1 to
3 mm. While the quartz was also represented in this size range, several
i{ndividuals had dimensions of 10 to 12 mm. Therefore, the rock could be con-
sidered as having a poorly developed porphyritic texture, which is significant
in that rocks of this composition seldom occur as bonafide porphyries. The

rock can be called porphyritic biotite-hornblende quartz diorite (tonalite).
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2. PETROGRAPHY OF PERVIQUS ROCK SAMPLE

a, Description of Specimen

A Slock specimen was purchased from a demolition company in Denver,
Colorado, after serving as a large building stone for about a century. The
building was typical of those in the old section of Denver, being constructed
of red colored dimension stone quarried from the Lyons Sandstone formation.

The Lyons Sandstone is a member of the Permian Cassa group and measures 50 to
200 feet thick in its domain of central northern Colorado.

The block specimen appeared deteriorated an inch or less from the surface,

the remainder being uniformly soft and friable. However, without comparing
this sample with the equivalent in-situ formation, it is difficult to determine
if the rock is characteristically poorly indurated, or if it has been severely
weathered by a century of atmospheric exposure. Although the sample is fairly
homogeneous, traces of cross-bedding can be observed, along with less definite
indications of bedding or ground water leaching and staining. FEven with a
block sample, these features are so large scale that they cannot be correctly
interpreted without reference to the original outcrop. Preliminary work with
the block specimen suggests that this slight expression of fabric does not
significantly affect the mechanical isotropy or homogeneity of the rock.
Petrographic examination of the rock in both hand specimen and loose grains
ylelded the following additional information (a thin section was attempted, but
the friable nature of the rock prevented proper preparation, using simple

methods) :

b. Mineralogical Composition

Detr