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ABSTRACT

A re-examination of previously published structural 
data on the San Manuel mine, a porphyry copper deposit, re
vealed an orthogonal fracture pattern. Oriented Brazilian 
tension and compression tests on the quartz monzonite 
(Oracle Granite) showed that the mappable fracture pattern 
is reflected in planar weaknesses in the rock fabric. Thin 
section analysis indicated that the failure control is 
microfractures originating from stress-relief formed fluid 
inclusion planes.

Extensive mapping of fracture orientations and 
characteristics yielded a "typical" fracture type: a clay-
coated, rough surface with an 0.5 to 1.0 foot spacing. The 
fracture pattern can be generalized as four sets, E-W and 
N-S, both vertical; N80°E to E-W, vertical; and horizontal. 
These sets are rotated up to 30°, both with respect to 
depth and horizontal location, from their upper level posi
tions. This suggests a location control within the pluton. 
The fractures possibly possess an as yet unclear relation
ship to the pluton margins.

Physical testing of all major rock types found in 
the study area permitted these rocks to be classified by 
their physical properties, and together with the fracture

xii



pattern they can be treated as engineering materials with 
known properties. Design considerations are primarily 
influenced by the relative size of the opening planned; 
small openings requiring a discontinuous model treatment, 
larger openings a continuous model treatment.
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CHAPTER I

INTRODUCTION 

Purpose of Study
In any engineering program involving design in rock, 

the nature and distribution of geologic discontinuities must 
be understood before guesswork proceeds to design. This 
study, then, describes in detail the nature of one class of 
discontinuities in portions of the San Manuel mine. The 
discontinuities studied can be characterized as joints in a 
very broad sense of the term.

The United States Bureau of Mines will employ these 
data in a finite element analysis of the jointed and faulted 
media of the San Manuel mining operation.

Mine rock is usually assumed to be isotropic for 
ordinary engineering purposes. The remarkably orthogonal 
joint pattern at the San Manuel mine raises serious ques
tions as to the isotropic nature of this rock.

The interrelationship of the fracture pattern to 
the physical properties for this rock mass is the thesis 
of this study.

Location
The San Manuel mine of the Magma Copper Company is 

located thirty miles north-northeast of Tucson in Pinal
1
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County, Arizona. The area is in the Mountain Region of the 
Basin and Range province on the northern flank of the Santa 
Catalina Mountains. The ore body was first systematically 
explored in 1943 and was brought into production in 1955•

The mining method used is block caving and 1970 pro
duction averaged 43,000 tons per day. The three main levels, 
in the south ore body, developed up to 1971 were: the 1285
development level; the 1415 grizzly level; and the 2015 
grizzly level. The 2015 is the only presently accessible 
level, the other two having been caved. Sixty feet beneath 
each grizzly level is a haulage level. The levels are named 
according to the depth below the collar of the No. 1 Shaft.

A small area, 1,400 by 1,800 feet in plan, extending 
from the 2015 level to the surface in the south ore body, 
was studied in detail.

Definitions
In this study the term joint is used to describe a 

break in rock showing little or no movement. Fracture is a 
term for any break, having no genetic implications. Micro
fracture is a fracture observable only in thin section or 
under a microscope.

Because of the complex geologic history of the 
igneous mass at San Manuel, Hills (1963, p. 365) points out 
that in an igneous body " . . .  younger deformation affecting 
an already jointed rock tends to cause displacements on the
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existing joints, which may thus become slickensided." Thus, 
the jointing at San Manuel which often exhibits slickensiding 
can still be referred to as jointing. Faults, however, show 
considerable gouge and often a few feet of apparent movement.

Methods of Treatment
A re-examination of previously published data on the 

San Manuel mine, especially fracture data (Wilson, 1957> I960; 
Creasey, 1965), revealed the general pattern on the 1285 and 
1415 levels. Further detailed mapping on the 2015 level was 
carried out and the resulting fracture pattern was examined.

Physical testing, both by unconfined compression and 
by indirect Brazilian tension tests, yielded results that led 
to an understanding of the interrelationship of microstructure 
and macrostructure. Thin section analysis revealed the 
probable cause and provided an hypothesis of the origin of 
the interrelationship.

Comparison with areas of granitic rock described in 
the published literature yielded two areas, Riviere a Pierre, 
Quebec, and Stone Mountain, Georgia, where similar studies 
were performed. This comparison led to a generalized model 
for rock masses of this type.



CHAPTER II

STRUCTURAL PATTERN OF THE SAN MANUEL COMPLEX 

Regional Setting
The San Manuel mine is located in an extensive area 

of PreCambrian Oracle Granite, which is mineralogically a 
quartz monzonite. Banerjee (1957) considered this rock 
unit to be metasomatized earlier rock, with a melt stage, 
formed in Older PreCambrian time during the Mazatzal Revolu
tion, while retaining the predominate northeast grain of 
that episode (Wilson, 1962, p. 12). The alignment of 
xenoliths in the rock mass and the foliation of feldspars 
and mafics reveal this directional trend.

The rock is deeply weathered and variable in com
position from granodiorite to granite (Banerjee, 1957, 
p. 42). The foliation is locally affected by regional 
structure in at least one area where it swings around to 
parallel the NW-trending Mogul fault on the north end of 
the Santa Catalinas.

During Laramide time, the quartz monzonite was in 
turn intruded by a monzonite porphyry or was possibly even 
locally metasomatized (Guilbert, 1969). The relationship 
between the two is complex and little understood. Schwartz 
(1953» p. 9) thought that the monzonite porphyry was

4
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possibly a sheet-like mass, while Lowell and Guilbert (1970) 
view it as a dike and igneous mass swarm. Creasey (1967, 
p. 73) reports a NW foliation of this rock in a mass cropping 
out 12 miles south of the study area, just south of the Mogul 
fault. He concludes that the same compressional phase during 
intrusion is responsible for both the observed foliation and 
the large fault.

Diabase was then intruded,'followed by a copper and 
molybdenum ore mineralization episode, associated with con
siderable alteration, centered on the monzonite porphyry 
intrusion. Schwartz (1953), Creasey (1965), Lowell (196S), 
Lowell and Guilbert (1970), and Thomas (1966) should be con
sulted for detailed descriptions of this episode.

Post-ore Tertiary rhyolite was intruded in two main 
sheets, followed by deposition of the Gila Conglomerate.

Lowell (1968) envisioned up to 70° of tilting to the 
northeast of the ore body complex from an assumed original 
vertical axis. The San Manuel fault divided the ore body 
into two segments (Lowell, 1968), the San Manuel segment 
being the elongate "bowl," and the Kalamazoo segment the in
verted "bowl" faulted some 8,000 feet down dip on the low 
angle normal fault of the San Manuel fault.

Figure 1 is a local geologic map after Creasey (1965, 
Plate 1) and Lowell (1968, Fig. 3)• It can readily be seen 
that the most widespread rock exposed at the surface is the
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Gila Conglomerate, which is up to 1,200 feet thick over the 
mine. Also, the general northwest and northeast structural 
trends stand out on the geologic map as shown by faults, 
dikes, and igneous contacts.

Rock Types and Distribution 
Figures 2 and 3 are the geologic maps of the 1415 

and 2015 levels study area. Figures 4 and 5 and Figures 6 
and 7 are, respectively, pre-caving cross sections and 
longitudinal sections through the study area. The shape of 
the intrusive mass of monzonite porphyry is analogous to a 
many-fingered hand extending into the quartz monzonite 
country rock. Rose (1970) and Creasey (1965) show that the 
quartz monzonite-monzonite porphyry contact is the important 
ore zone in the mine. The study area is centered on this 
contact on the 2015 level, and extends vertically to the 
surface. Four important rock types are on the 2015 and 
1415 levels. These are quartz monzonite, aplite facies of 
the quartz monzonite, monzonite porphyry, and rhyolite. In 
hand specimen, the quartz monzonite (Oracle Granite) is a 
coarse-grained, porphyritic rock. It has a color index 
ranging from 5 to 15 and probably averaging 10, representing 
the per cent of dark (mafic) constituents (Williams, Turner, 
and Gilbert, 1954, p. 3 3 ) • It consists of phenocrysts of 
microperthite and potassic feldspar set in a medium-to- 
coarse-grained hypidiomorphic granular matrix. The
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phenocrysts are pink, whereas the matrix feldspar is white. 
Quartz averages 27$ by volume (Creasey, 1965, p. 7-8).

The aplite facies of the quartz monzonite occurs as 
dikes or undefined masses recorded in drill log data and is 
light cream or buff in color, with a color index of 1 to 3•
It is a fine-to-medium-grained rock in which the dominant 
texture is saccharoidal (aplitic). The aplite averages 43$ 
quartz by volume (Creasey, 1965, p. 8-9). No aplite was 
exposed in the study area at the time of sampling as all 
mapped occurrences are behind concrete-lined workings.

The San Manuel monzonite porphyry, the Laramide 
granodiorite porphyry of Creasey (1965), is a gray rock; 
the color index ranges from 10 to 20 but probably averages 
near 13. The rock originally consisted of a microgranular 
groundmass of plagioclase laths, granular quartz, potassic- 
feldspar, and mafic constituents, surrounding phenocrysts of 
plagioclase, biotite, and hornblende. The monzonite porphyry, 
as well as the quartz monzonite, is highly altered. Due to 
alteration to sericite, kaolinite, and other clays, little 
plagioclase has survived (Creasey, 1965, p. 9-11)«

The rhyolite is a pink to brownish-pink, flow- 
banded, porphyritic dike rock. The phenocrysts consist of 
quartz, albite, potassic-feldspar, and minor biotite. The 
groundmass is microcrystalline and felsic. The color index 
is 1 (Creasey, 1965, p. 17)•
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Laramide diabase dikes are only poorly represented 

in the study area near the 2015 level west lunchroom 
(E12,300; N9,000), and those that were exposed are covered 
by concrete. The diabase ranges from gray to nearly black 
and has a color index of from 43 to 75• The common texture 
is diabasic where the mafic constituents are interstitial 
to the lath-shaped plagioclase. Quartz averages less than 

by volume (Creasey, 1965, p. 8).
The Late Tertiary Gila Conglomerate is a complex 

series of beds varying among breccia and tuffaceous, 
alluvial, silty, and limy conglomerates. The conglomerate 
contains material ranging in size to room-size boulders.
While not exposed in the 1415 or 2015 level study areas, 
the Gila Conglomerate, as the cross sections and longitu
dinal sections show, is an important rock in the mine area.

Previous Structural Data
Wilson (1957, I960) mapped the fractures on the 1285, 

1415, and 1475 levels in order to determine the geologic 
factors influential in this successful, block caving opera
tion. His detailed work, reproduced in the form of maps in 
his reports, was the impetus for a still further detailed 
study that resulted in this project. Wilson (1957, p. 10) 
described eight definite fracture systems or sets, N-S,
E-W, N30°E, N45°E, N60°E, N60°W, N45°W, and N30°W. Also, a 
low-angle fracture set was found to be persistent. Based
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on these observations, Wilson (1957, p. 77), considered the 
fracturing to be tectonic and "• . . the results of compres- 
sional forces that were of regional scope and reacted in a 
systematic manner intermittently through long geologic time." 
Wilson (1957, p. #) hypothesized a fracturing episode, both 
before and after the monzonite porphyry intrusion, with all 
fracture systems mineralized.

Figure 8 is a Schmidt plot (see Ramsay, 1967, 
p. 1-22) of Wilson's data for the 1285 level while Figure 9 
is the 1415 level, both restricted to the study area. The 
plots were obtained by measuring the attitude of fractures 
shown on maps given by Wilson (1957, I960), using mine co
ordinates as a base. A FORTRAN IV computer program, adapted 
and modified by Mr. R. D. Call, Department of Mining and 
Geological Engineering, University of Arizona, from Spencer 
and Clabaugh (1967), was utilized for these fracture com
pilations, as well as for those appearing elsewhere in this 
study.

In order to understand better the relative signif
icance of the Schmidt plots, and to ascertain that concentra
tions used in any further engineering studies could be 
assumed to be real and important, each plot was tested using 
the graph of Figure 10 developed by Mr. R. D. Call from 
tables given in Molina (1949), based on the "probability of 
obtaining concentrations on a point diagram which deviate
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Figure 8. Fracture Pattern of 1285 Level Study Area.
Schmidt equal-area net, lower hemisphere, 184 points. 

Significance level is 3/», contours at 1/S, 2>S, 4/S, B/S, 8yS, 
and 10/S, representing the per cent of points in individual 
circles of 1/i area. Data from Wilson (1957) .
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Figure 9» Fracture Pattern of 1415 Level Study Area.
Schmidt equal-area net, lower hemisphere, 748 points. 

Significance level is 2%, contours at 10, 20, 40, 60, 80, 
and 100, representing the per cent of points in individual 
circles of 10 area. Data from Wilson (1957, I960).
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from a random distribution . . . approximated by the Poisson 
exponential binomial limit," as explained in Friedman (1964, 
p. 10-27), Only those concentrations above an arbitrary con
fidence level, here 9&$, are chosen as not being explained by 
a random distribution. However, Friedman (1964) points out 
that such a technique should not lead us to conclude that a 
geometry of concentrations, such as a girdle, is not signif
icant because any individual 1$ circle that is contained in 
that point distribution is not significant. On the contrary, 
a geometry of points can be significant and representative at 
low levels of confidence.

From the 1285 and 1415 level study area Schmidt 
plots, all of the eight concentrations of Wilson (1957) can 
be recognized. The major sets, however, as Wilson (1957) 
states, are the N-S and E-W, together with a separate hori
zontal set. Creasey (1965, Fig. 14) plotted 568 of Wilson’s 
(1957) fracture measurements on a Schmidt equal-area net and 
obtained N-S, E-W, N70°E, N30°W concentrations, all vertical, 
and only a minor horizontal concentration. He noted the lack 
of agreement with fracture trends in the sedimentary cover, 
but could not distinguish any different periods of deforma
tion.

Mapping Technique
In order to map the fractures on the 2015 level to 

obtain complete structure data for at least one portion of
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the mine, the technique of Wilson (1957) was relied upon, 
Wilson (1957, p. 4-5) describes the difficulties in using a 
Brunton compass for strike readings. Because of the 
presence of steel sets every five feet in the main access 
drifts of the 2015 level, track, and grizzlies, a magnetic 
device is useless for mapping. A check of this factor was 
made and found to yield meaningless results. Therefore, a 
mechanical attitude-measuring device, a direct-reading 
azimuth protractor (Wilson, 1957, p. 5), was developed by 
Wilson and his colleagues. The Ground Control Technology 
Section of the United States Bureau of Mines constructed a 
modified device for use in this study♦ Its use is explained 
by Wilson (1957)• Essentially, it consists of a straight 
edge with a bubble level and a hinged plate. The hinged 
plate is placed on the rock surface to be measured, the 
straight edge is leveled, and a rod that is swivelled on the 
straight edge is rotated until it is normal to the tunnel 
axis. A protractor on the straight edge, pre-set with the 
tunnel axis normal to the straight edge, indicated by a 
pointer, reads the azimuth of the strike directly, while a 
protractor on the hinged plate reads the dip. Manipulation 
is clumsy at first, but with practice this device is easier 
to use than an ordinary Brunton compass.

Good map control is necessary, and base maps sup
plied by the San Manuel staff were satisfactory.
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In a fracture-mapping program, the question must 

always be raised as to what to map, and to what extent. Be
cause of time considerations and the extensive fracturing of 
the mine rock (Fig. 11), not every fracture observed could 
be recorded. Therefore, a selection system was used. The 
steel sets used for support were placed at five-foot 
intervals and were used, together with survey stations, for 
control both for this mapping and for mapping by the geology 
staff of the mine. Where no steel sets were present, as in 
grizzly lines, a tape was used. Initially, mapping was done 
between every third set, but since this may have biased 
readings of features with a fifteen-foot spacing, a random 
interval sampling technique was devised. Under this method, 
each one-foot interval along the mine working to be mapped 
was sought in a random number table. Discarded were those 
intervals selected twice or those which appeared in the 
same five-foot steel set interval as one already chosen, 
until one-third of the five-foot intervals was chosen. A 
different column of the random number table was used for 
each working.

In the five-foot interval chosen, those fractures 
measured were the few controlling the morphology of that ex
posure. Usually from three to seven measurements are 
obtained at each interval. The same set was not measured 
twice in the same mapping interval.
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Figure 11. Fractured Rock on the 2015 Level.
Scale is 0.5 feet long. Quartz monzonite occupies 

the upper half of the area, monzonite porphyry the lower half.
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The type of data recorded about each fracture was 

intended to provide a maximum of information for a finite 
element evaluation. These data included attitude, extent, 
thickness, surface mineralogy, rock type, and the mode of 
the spacing.

Fracture Pattern of the 2015 Level
Fracture mapping was possible only in those areas of 

the 201$ level study area developed during the latter half 
of 1970, and in some older workings that had not been con
crete lined. Figure 3 is the geologic map of this level.
A total of 952 fractures was mapped and described on this 
level, a broad enough sample for breakdown into various 
classes, based on the various factors recorded. The 
Schmidt plot for the total number of fractures mapped is 
given in Figure 12. Four prominent concentrations appear: 
N35°W, N80°E, N$0oE, all vertically dipping, and N5°E, 
dipping 20°SE. The sets N35°W, N50°E, and N5°E (near hori
zontal) form an orthogonal pattern which is shown in 
Figure 11. In Figure 11, the N35°W set faces the viewer, 
the N50°E set faces to the right, and the near horizontal 
set is gently inclined away from the viewer. For further 
reference, these sets have been named 3» 2, and 1, re
spectively.

The orthogonality of this fracture pattern is the 
factor that led to this.study.
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Figure 12. Fracture Pattern of 2015 Level Study Area.
Schmidt equal-area net, lower hemisphere, 952 points. 

Significance level is 1.8/3, contours at Up and 2/o, repre-, 
santing the per cent of points in individual circles of l/o 
area.
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Comparing the Schmidt plot (Fig. 12) to plots in 

Figures 8 and especially to 9» a similarity is apparent.
By rotating Figure 12 thirty to thirty-five degrees clock
wise and then tilting (rotating along a small circle) 20° to 
the west, the pattern of the 2015 level becomes the pattern 
of the 1415 level, with the N80°E set relegated to minor 
status. If the fracture data are divided into five separate 
plots, based on the areas mapped (Panel 17, Panel 19,
Panel Drift 22, Panel Drift 24, and the North Fringe Drift), 
a portion of this rotation becomes explainable. Figure 13 
(in pocket), the area Schmidt plots on a 2015 level study 
area map, reveals an apparent variation of the strike of 
set 2 from N50°E to EVJ. However, both the N50°E and the 
N80°E to EW sets are present on every Schmidt plot. There
fore, two fracture trends are present, N80°E to EW and 
N50°E, the former being favored in the southwesterly section, 
the latter in the northeasterly. The N80°E to EW trend, 
then, is a separate one, perhaps unrelated to the orthogonal 
pattern of sets 1, 2, and 3*

Examining the joint pattern over a wider area, for 
example the area mapped by Banerjee (1957, Plate 4) approx
imately centered on Oracle, seven miles southwest of the 
mine, some concept of the regional pattern can be gained. 
Banerjee (1957) found a northeasterly grain to the quartz 
monzonite. Figure 14 shows this trend as a prominent
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Figure 14. Joint Pattern in the.Oracle Granite Near 
Oracle, Arizona.

Schmidt equal-area net, lower hemisphere, ,2044 points 
Significance level is 1.5%, contours at 1%, 2%, 4%, 6fo, 
and 10/5, representing the per cent of points in individual 
circles of 1/5 area. Data from Banerjee (1957, Plate 4) •
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vertical joint set. Other prominent sets are E-Vf and N-S 
vertical. However, based on Figure 10, the entire vertical 
girdle is significant. A flat-lying set was observed 
(Banerjee, 1957, p. 79); however, Banerjee did not consider 
it important.

In surface mapping, horizontal joint sets can be 
easily overlooked for the reasons that they are present in 
less quantity because of their attitude and are possibly 
ignored because they strongly influence the topography. 
Terzaghi (1965) showed how such a structure can be de- 
emphasized because it parallels the mapping surface.

When the fracture patterns for each rock type on 
the 2015 level are compared, it is apparent they are 
basically the same (Fig. 15)• In the quartz monzonite, the 
N80°E set is better developed than is the N50oE set, while 
the reverse is true for the monzonite porphyry. This rela
tionship is perhaps explained by the prominence of the 
N80oE set in the region, especially the quartz monzonite. 
The rhyolite dikes apparently were intruded parallel to the 
near-horizontal joint set, for the poles to the dikes them
selves are in this pattern area. The two other sets must 
have been imposed on the rhyolite by further movement of 
the mass. Wilson (1957, p. 76) noted N-S fractures in the 
much younger Gila Conglomerate, suggesting a regional trend 
either produced or reactivated later.
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Quartz monzonite Monzonite porphyry
a. b.

TotalRhyolite

Figure 15* Rock Type Fracture Patterns.
Schmidt equal-area nets, lower hemispheres. Contours 

at 1$, 2/j, 4/v, 6/3, and representing the per cent of 
points in individual circles of 1^ area. a. 302 points, 
significance ̂ level is 2.1$. b. 444 points, significance 
level is 2.3/L c. 125 points, significance level is 3.6%. 
d. 952 points, significance level is 1.8/3.
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Figure 16 shows only a poor correlation between 

attitude and fracture spacing. The N80°E to E-W fracture 
set is apparently well represented in the two extremes, but 
the N50°E set is more prominent in the intermediate range. 
Figure 17 shows that the N80°E to E-W fractures are more open 
and wider than are the others, but the N50°E set is also a 
sharp concentration in the wider fractures. Figure 17 
(plot d) shows that the thickness of the N80°E to E-W 
fractures was seldom undeterminable, while the thickness of 
other sets was only occasionally obscured.

Figure 18 reveals that the NS0°E to E-W set gen
erally tend to be longer fractures than the others, pos
sibly indicating a greater prominence in the technique 
used for mapping. Figure 19 (plot a) shows that obvious 
gouge-filled faults are more often E-W, while Figure 19 
(plot b) bears out Wilson’s (1957) observation that all 
trends are mineralized.

The interplay of the two fracture sets, N80°E to E-W 
and N50oE can be confusing and is little understood. In 
general, the joint sets share the same physical and geologic 
characteristics and would appear to be closely related. The 
only rock-type dependent fracture parameter observed was in 
the rhyolite. The rhyolite fractures are normally spaced 
at 0.1 feet, and of a very restricted extent, as well as 
seldom having a measurable thickness. Thus, the rhyolite,



Figure 16. Fracture Spacing Patterns.
Schmidt equal-area nets, lower hemisphere. Contours at 

Vfo, 2?<>t ltfot 6$, &fo, and 10#, representing the per cent of 
points in individual circles of 1# area. a. 162 points, 
significance level is 3.2#. b. 217 points, significance 
level is 2.3#. c. 312 points, significance level is 2.5#. 
d. 175 points, significance level is 3*1#. e. 24 points, 
significance level is indeterminant. f. 29 points, signi- • 
ficance level is indeterminant.
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fracture fracturespacing spacing

spacing fracture spa c in,

Figure Fracture Spacing Patterns.

fracture spacing
f.

I
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Tight fractures, thickness 
equals zero inches

c£ •

Open fractures, thickness 
equals l/l6 inch

Fractures where thickness 
is•indeterminable

d.

Figure 17♦ Fracture Thickness Patterns.
Schmidt equal-area nets, lower hemispheres. Contours 

at l/o, 2$, 6/0, and 8)’o, representing the per cent of
points in individual circles of l/o area. a. 313 points, 
significance^level. is 2.5/o. b. 416 points, significance 
level is 2.3/%. c. 86 points, significance level is 4.4/3. 
d. 131 points significance level is 3 .4/%.
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Fracture extent between Fracture extent greater
+* V» O  V-* •r> <-s a  4-

Figure 1^. Fracture Extent Patterns.
Schmidt equal-area nets, lower hemispheres. Contours 

at 1$, 2/1, 4/3, 6^, 8/s, and lOfS, representing the per cent 
of points in individual circles of 1^ area. a. *348 
points, significance level is 2k%» b. 429 points, 
significance level is 2.2/3. c. 103 points, significance 
level is 4»0/j. d. 53 points, significance level is 5.7/%
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Major faults with gouge
a.

Figure 19. Fracture Filling

Sulfide and sulfide plus
clay fillingsb.

Patterns.
Schmidt equal-area nets, lower hemispheres. Contours 

at 1/5, 2c/o, 4/5, 6c,o, (&, and 10^, representing the per cent 
of points in individual circles of 1# area. a. 49 points, 
significance level is 6.2%. b. 149 points, significance level is 3.3%.



as observation has shown, is probably the strongest geologic 
unit in the mine.

The field of granite tectonics over a long period of 
time has examined the fracture patterns of plutons in detail, 
based on the relation of fractures to visible flow structure 
and lineation, and a systematic nomenclature has been suc
cessfully devised. Gloos (1922), outlined in English by 
Balk (1937)» originated this method and his results of 
studies on Silesian massifs are shown in Figure 20. Gloos 
(1922) found four common sets of fractures and incipient 
fractures shown in the diagram Q, S, L, and STR, caused by 
the continued application of stress throughout the geologic 
history of the pluton. Also, the development of STR 
fractures result in expansion of the pluton with continued 
stress, as the dispalcements on STR fractures reveal.

The important point here is that an orthogonal 
fracture system is often observed in portions of granite 
plutons.

A diagonal joint set can complicate the study, and 
later fracture trends can be superimposed on an older frac
ture system. The ideas of Gloos (1922) and of Balk (1937) 
are potentially applicable to ore-associated intrusive

35

masses.
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Figure 20. Cloos's Diagram Showing the Chief Types of Joints in a Granite Massif.
Q, cross joints; S, longitudinal joints; L, flat- 

lying joints; STR, planes of stretching; F, linear flow 
structures; A, aplite dikes. After Hills (1963)
Fig. XII-21).
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Nature of Fracture Surfaces
Fresh joint surfaces often exhibit a variety of 

features most of which are of very low relief and fine 
texture (Hodgson, 1961b, p. 19) that have possible genetic 
implications. Muehlberger (1961), Parker (1942), and Roberts 
(1961) report in detail the characteristics of these various 
surface markings, while Hodgson (1961a, 1961b), in a pair of 
related papers, gives the most thorough of the discussions 
on these features. However, as Hodgson points out (1961b, 
p. 19), these markings are seldom visible if any weathering 
has taken place, as is the case at San Manuel. The long 
history of deformation and uplift at San Manuel have oblit
erated any markings that might have existed.

The fracture surfaces in the San Manuel ore body are 
always coated with either clays, sulfides or, locally, 
chlorite. A few fractures have fillings of quartz or 
molybdenum. Also, occasionally calcite is found. More 
prominent fractures contain considerable gouge and oxidized 
iron and copper minerals.

Wilson (i960, p. 2?) found two basic types of frac
tures, planar and wavy. This present study found these as 
well as a more common irregular type, but their mechanical 
significance, due to the intensity of the fracturing, 
should be the same. In the rock exposed in the San Manuel 
mine, the surface features show very little variation.



Clays and chlorite are found evenly distributed over fracture 
surfaces, while sulfides and calcite are spotty, scattered 
over fracture surfaces in small specks of one-sixteenth 
inch or less on centers of one-sixteenth to one-quarter of an 
inch. Occasionally, the sulfides will take on the propor
tions of a vein.

To the touch, the fracture surfaces vary from 
slightly rough to very rough, based on the amount of re
sistance encountered as the fingertips are drawn across the 
surface.

Fookes and Denness (1969) have developed a classifi
cation system for fissure characteristics based on observa
tions in British Cretaceous sediments. San Manuel, as well 
as most porphyry copper deposits, has fracturing that varies 
only slightly using this system. This system (Fookes and 
Denness, 1969, Tables 2-7) would describe the fracturing at 
San Manuel as composed of uni-planar sets, slightly rough to 
very rough surfaces, moderate to high fissure intensity, 
planar to semi-curved to semi-undulose, normal, true fis
sures. Fookes and Denness (1969) found that weathering 
increases the fracture intensity, but does not change the 
pattern, as is true at San Manuel.



CHAPTER III

PHYSICAL TESTING 

General
As part of the data collection required for the con

struction of a finite element analysis, the physical prop
erties of the intact rock must be determined. Also, a study 
of possible anisotropy was undertaken to detail the rock 
characteristics. Physical testing was performed on the 
quartz monzonite, aplite, monzonite porphyry, rhyolite, and 
Gila Conglomerate. The rock properties determined are the 
unconfined compressive strength, tensile strength, Young's 
modulus, and Poisson's ratio for the first four rocks, and 
the unconfined compressive strength alone for the conglom
erate.

The tensile strength for each rock tested was found 
utilizing the so-called indirect or Brazilian test wherein 
Figure 21 (illustration a) is the theoretical loading situ
ation and Figure 21 (illustration b) is the resulting stress 
distribution as given by

= ”WA r (i)

<fy = w(3R2+y2) M ( R 2-y2) (2)

39
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Figure 21. Loading Situation and Stresses in the 
Brazilian Test.

a. Theoretical loading situation with shaped platens 
or heavy paper between specimen and platens to achieve a 
loading arc of 2%. b. Stress distribution when loaded 
as in a. After Jaeger and Cook (1969, Fig. 6.11.1).
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Where W is the load per unit axial length, R is the radius, 
and y is the distance from the center along the y-axis 
(Jaeger and Cook, 1969, p. 160). The value <fx is the tensile 
strength Ts.

Because plane y in Figure 21 (illustration a) is 
forced to be the failure plane, this test can be used to 
determine the presence and degree of anisotropy along 
discrete planes in the rock. Jaeger and Cook (1969, p. l6l- 
162) point out that if the disc is not loaded over an arc 2°< 
as in Figure 21 (illustration a), crushing is likely to 
occur at the platen contacts, leading to early crushing and 
shear failure. However, if the disc is loaded across an 
arc 2°(, using either shaped platens or heavy paper between 
the disc and platens, crushing and shear failure are min
imized while having no effect on the stresses within the 
body of the specimens. In this study, heavy paper was 
placed between the disc and the platens; engineering drawing 
paper commercially available was found suitable. Jaeger and 
Cook (1969, p. 162) suggest an arc 2°( of 15°, and this was 
achieved using paper squares.

Each specimen was placed in a 60,OOO-lb. capacity 
testing machine, and loaded to failure at an approximately 
constant loading rate of 1,000-lb/min. The tensile strength, 
Ts, was then calculated using Equation 1.
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Uniaxial compression testing has been the subject 

of much discussion centered on "proper" procedure. Coates 
(1967), Jaeger (1967), and Jaeger and Cook (1969) discuss 
this test at length. For this study, 1.94-inch diameter 
cores were cut for the quartz monzonite, 0.852-inch 
diameter cores were cut for the aplite and rhyolite, and 
0.95-inch cores were cut for the monzonite porphyry• Follow
ing the suggestion of many rock mechanics researchers, the 
core diameters included at least ten mineral grains across 
the loading surface of each specimen. Machine capabilities 
dictated the smaller core size used with the rhyolite and 
aplite.

All cores were cut with a drill press mounted 
diamond drill core barrel, hand fed, and water cooled. The 
core specimens were sized with a water cooled diamond saw, 
and then the compression core ends were ground parallel on 
a water cooled grinding apparatus.

End restraint conditions were consistent. The 
system used consisted of a hardened steel platen, note 
paper cut to size and coated with flake graphite on each 
side and then the ground end of the specimen. This system 
allowed a degree of settling to eliminate minor surface 
imperfections as well as providing lubrication for expan
sion. AX-5-1, and A-5-1 BLH strain gage rosettes and gages 
were used to complete satisfaction. Both stress versus 
longitudinal strain and lateral strain versus longitudinal
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strain were read out directly with an electronic x-y re
corder. The unconfined compressive strength at failure 
(C0), Young’s modulus (E), and Poisson’s ratio CY) were 
determined for each test.

Detailed Quartz Monzonite Testing
An area of quartz monzonite in Panel Drift 22 on 

the 201$ level of the San Manuel mine (E12,200; NS,300) was 
chosen by the United States Bureau of Mines for the study area 
sample site. This area, shown in Figures 3 and 11, is in the 
argillic alteration zone of Creasey (1965) and the phyllic 
zone of Lowell and Guilbert (1970), characterized by the 
quartz-sericite-kaolinite mineral assemblage. The rock is 
extremely altered and relatively weak; the feldspars are 
almost totally altered to sericite and clays. Wilson 
(1957, p. 7&) held that kaolinized monzonite porphyry is the 
weakest rock in the mine. The altered quartz monzonite 
from this site, when viewed in thin section, contains the 
same mineral assemblage described above. In this area, 
which is gradational between quartz monzonite and monzonite 
porphyry, there is little difference between the rock mass 
characteristics of the two rock types. Both can occasionally 
be crumbled in the hand.

Nine large rocks, each measuring approximately 18 

inches by 12 inches by 12 inches, or larger, were oriented



44
in place by marking the three major joint sets found in 
Figure 12 as follows:

N10°W 22°SW Set 1
N65°E 85°SE Set 2
N40°W 70°SW Set 3

These are the sets previously described in their local 
attitudes. Also, the vertical direction was marked on the 
rock where necessary. Figure 11 shows some of the rock in 
place. Marked rocks were then barred down and removed from 
the mine.

Rocks which were representative and typical were 
chosen and contacts and shears were not included. An 
element of bias enters at this point in that the rocks 
chosen were bounded by major weakness planes which gave 
them their geometry. These planar weaknesses could not be 
included in the rock tested which increased to an unknown 
degree the strength of the rock tested.

The rocks were cored with an 1.94-inch diameter 
diamond drill core barrel. The cores were oriented as shown 
in Figure 22, and Brazilian test discs were cut from the
cores. As the discs had sufficiently parallel ends, no

/further grinding was warranted except that for removing the 
small "lips" left by the saw. The discs were then measured, 
weighed, and oriented. Since nearly all discs contained 
visibly filled fractures, each specimen was assigned a
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Figure 22, Idealized Block of Quartz Konzonite.
Cores '.vere taken from lab led joint sets and 

oriented for testing as shovm by directions on 
faces.
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number, one to thirty-six, within its joint set group to 
avoid any bias in orienting the discs. Each number as
signed was then sought in a random number table until all 
discs were oriented with the loading plane at some 15° in
crement from the arbitrary zero. Because of the limited 
number of specimens <?r.s.ilable, three discs were oriented 
in each 15° increment from 0° to 165°. The orientations 
are shown in Figure 22. This procedure effectively avoided 
any orienting bias which might include or exclude fractures 
from the loading axis.

The procedure of orienting the discs in increments 
of 15° is adequate to reveal any plane of anisotropy re
lated to jointing.

Failure was usually violent, with the plane of 
failure paralleling the loading axis. Jaeger and Cook 
(1969, p. 162) attribute violent failure to a loading 
machine reaction of release of stored energy at failure. 
Figure 23 (illustration a) is a specimen in the loading 
machine; Figure 23 (illustration b) is a typical specimen 
at failure. The load at failure was noted along with the 
nature of the break. Considering only the Brazilian test, 
Tables 1, 2, and 3 show the detailed results, and Table 4 
shows the summarized results of the testing on the quartz 
monzonite. These tensile strength data are shown also in 
Figures 24, 25, and 26, where the troughs A through H have 
been labeled, identifying these planes of weakness. Table 4



Figure 23. Quartz Monzonite Brazilian Test.
a. Unfailed specimen; b . Failed specimen. Note that the failure plane is 
parallel to the loading axis.

-F-



Table 1. Quartz Monzonite Brazilian Test Data for Direction 1.

Dia. Length Dens. Load Ts X SDisc No. in. in. g/cc lbs. psi psi psi
1-000A 30 1.94 1.08 2.68 7200 2188
1-000B 21 1.94 0.97 2.58 5140 1739 1896 2531-000C 01 1.94 0.91 2.63 4880 1760
1-015A 18 1.94 0.83 2.6l 4050 1601
1-015B 29 1.94 0.76 2.68 3400 1468 1555 76
1-0150 19 1.94 0.83 2.64 4040 15971-030A 11 1.94 0.88 2.58 3900 14541-03OB 34 1.94 0.85 2.63 3480 1344 1256 2531-0300 07 1.94 0.75 2.58 2220 971
1-045A 05 1.94 0.68 2.67 3500 16891-045B 36 1.94 0.83 2.61 2940 1162 1484 283
1-0450 16 1.94 0.77 2.62 3760 1602
1-060A 28 1.94 0.75 2.72 4500 19691-060B 27 1.94 0.79 2.62 3100 1288 1589 3471-0600 08 1.94 1.20 2.49 5520 1510
1-075A 20 1.94 0.67 2.62 3790 1856
1-075B 31 1.94 0.61 2.64 3820 2055 1835 226
1-0750 35 1.94 0.79 2.59 3840 15951-090A 04 1.94 0.77 2.63 3620 15431-090B 03 1.94 0.95 2.61 1100 380 1143 661
1-0900 26 1.94 0.75 2.72 3440 1505
1-10$A 33 1.94 1.08 2.75 4760 1446
1-105B 09 1.94 0.88 2.68 2200 820 1134 3131-1050 22 1.94 0.74 2.73 2560 11351-120A 13 1.94 0.84 2.61 3890 15201-120B 06 1.94 0.85 2.60 2200 849 1392 492
1-1200 02 1.94 0.73 2.63 4040 18071-135A 17 1.94 0.83 2.64 3930 15541-135B 14 1.94 0.92 2.56 3890 1388 1534 1371-1350 15 1.94 0.85 2.63 4300 16601-150A 12 1.94 1.07 2.58 4110 1260
1-150B 10 1.94 1.03 2.61 4600 1466 1482 1021-1500 25 1.94 1.12 2.67 5870 1 7 2 0
1-165A 32 1.94 0.72 2.78 3460 15771-165B 24 1.94 1.14 2.72 4820 1387 1387 1901-1650 23 1.94 0.74 2.73 2700 1197
X is the mean strength
S is the standard deviation
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Table 2. Quartz Monzonite Brazilian Test Data for Direction 2.

Dia. Length Dens. Load Ts £ sDisc No. in. in. g/cc lbs. psi psi psi
2-000A 25 1.94 0.87 2.66 5120 19312-000B 21 1.94 0.95 2.67 3080 IO64 1566 3672-00OC 11 1.94 0.81 2.71 4200 17022-015A 03 — 1.94 0.98 2.67 4240 14202-015B 27 1.94 0.97 2.61 4890 1654 1458 1822-015C 1.94 0.77 2.63 3050 13002-030A 12 1.94 0.99 2.65 3460 11492-030B 08 1.94 0.94 2.93 ' 4650 1623 1491 2442-03 OC 29 1.94 0.98 2.59 5080 1701
2-045A 15 1.94 0.80 2.64 930 3812-045B 05 1.94 0.80 2.69 3240 1329 720 4322-045C 31 1.94 0.98 2.63 1340 4492-OoOA 35 1.94 0.84 2.66 2560 10002-060B 24 1.94 1.23 2.64 6740 1798 1361 3302-060C 19 1.94 0.98 2.65 3840 12862-075A 13 1.94 0.82 2.62 4400 17612-075B 18 1.94 0.88 2.65 3050 1137 1368 2792-075C 34 1.94 0.78 2.65 2870 12972-090A 23 1.94 1.15 2.62 5510 15722-090B 10 1.94 1.28 2.70 5180 1328 1396 1262-090C 01 1.94 0.81 2.68 3180 1288
2-105A 06 1.94 0.76 2.63 3730 16112-105B 02 1.94 1.02 2.68 4470 1438 1371 2282-105C 17 1.94 0.77 2.66 2500 10652-120 A 20 1.94 0.85 2.63 3750 14482-120B 26 1.94 0.85 2.65 3080 1189 1254 1402-120C 32 1.94 0.73 2.66 2500 11242-135A 22 1.94 0.94 2.66 2420 8452-135B 04 1.94 1.17 2.70 3520 987 1245 4692-135C 07 1.94 0.80 2.69 4640 19032—150A 16 1.94 1.00 2.65 820 2692-150B 33 1.94 0.84 2.68 2430 949 795 3822-150C 36 1.94 1.06 2.67 3770 11672-165A 09 1.94 1.14 2.66 4990 14362-165B 30 1.94 0.90 2.64 3760 1371 1431 472—I65C 28 1.94 0.84 2.66 3800 1485
3C is the mean strength
S is the standard deviation
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Table 3• Quartz Monzonite Brazilian Test Data for Direction 3.

Dia. Length Dens. Load Ts X S
Disc No. in. in. g/cc lbs. psi psi psi
3-000A 31 1.94 0.69 2.75 2540 1208
3-000B 26 1.94 0.82 2.72 3890 1557 1269 3113-000C 12 1.94 1.18 2.80 3750 10433-015A 27 1.94 0.75 2.78 1950 &533-015B 01 1.94 0.70 2.77 3420 1603 1498 4893-0150 04 1.94 0.86 2.76 5340 2038
3-030A 08 1.94 0.70 2.92 3340 1566
3-030B 15 1.94 0.70 2.74 3220 1510 1390 211
3-0300 36 1.94 0.78 2.81 2600 10943-045A 09 1.94 0.VO 3.77 4UU0 18753-045B 03 1.94 0.80 2.79 4400 1805 1983 2043-0450 02 1.94 0.71 2.79 4910 2269
3-060A 24 1.94 0.78 2.71 2810 1182
3-060B 25 1.94 0.81 2.73 3750 1519 1208 2443-0600 23 1.94 0.76 2.77 2140 9243-075A 06 1.94 0.80 2.92 3460 14193-075B 21 1.94 0.84 2.76 3230 1262 1222 180
3-0750 35 1.94 0.78 2.76 2340 984
3-090A 11 1.94 0.83 2.76 5440 21513-090B 19 1.94 0.78 2.73 4690 1973 1835 330
3-0900 28 1.94 0.83 2.71 3490 1380
3-105A 32 1.94 0.81 2.73 2020 818
3-10 5B 22 1.94 0.91 2.77 3970 1432 1083 258
3-1050 29 1.94 0.71 2.70 2160 998
3-120A 34 1.94 0.78 2.73 2550 10733-120B 17 1.94 0.90 2.84 4440 1619 1416 2443-1200 10 1.94 0.82 2.72 3890 15573-135A 18 1.94 0.80 2.71 4100 15973-135B 13 1.94 0.93 2.82 5630 1987 1821 1643-1350 20 1.94 0.80 2.71 4580 18793-150A 25 1.94 0.77 2.77 2590 11043-150B 16 1.94 0.64 2.81 2000 1025 1050 393-1500 14 1.94 0.65 2.67 2020 1020
3-16 5 A 07 1.94 0.74 2.9& 3660 16233-165B 33 1.94 1.29 2.75 2390 608 1089 416
3-1650 05 1.94 0.69 2.81 2180 1037
X is the mean strength
S is the standard deviation



Table 4« Summary of Quartz Monzonite Brazilian Test Data.

Direction 1 Direction 2 Direction 3 Overall
Anisotropy Planes 030, 105, 165 045, 150 060, 105, 165 -
i° less than X is/-, 2355, 6/ 43/ 37/ 14/, 23/, 23/ 23/
Identification A B c D E F G H -
Density, X 2.65 2.65 2.77
Ts, X 1474 1263 1405 1389

S 328 224 335 252

io Breaking Along 
Pre-existing Planes 63.9# 44*4/ 41.7/ 50.0/
i» Highly Altered 
with Ragged Failure 16.7/0 16.7/ 27.8/ 20.4/
io Clean Break 19.4/ 38.9/ 30.6/ 29.6/

X is the mean
S is the standard deviation



Figure 24» Summary of Brazilian Test Data for Discs from Cores Taken Normal 
to Joint Direction 1.

o- Data
• - Mean

A, B, and C - Planes of weakness
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Figure 24. 'Summary of Brazilian Test Data for Discs from Cores Taken
Normal to Joint Direction 1.



Figure 25. Summary of Brazilian Test Data for Discs from Cores Taken Normal 
to Joint Direction 2.

o — Data
• — Mean

D and E - Planes of weakness



Figure 25. Summary of Brazilian Test Data for Discs from Cores Taken
Normal to Joint Direction 2. vnVJ



Figure 26. Summary of Brazilian Test Data for Discs from Cores Taken Normal 
to Joint Direction 3*

o — Data
e - Mean

E, F, and G - Planes of weakness
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Figure 26. Summary of Brazilian Test Data for Discs from Cores Taken
Normal to Joint Direction 3•
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shows that these planes of weakness are considerable, aver
aging 23$ less in tensile strength than the overall mean,
1,389 psi, of tensile strengths for all tests. This, plus 
the regular and gradual nature of the onset of peaks and 
troughs in the curves in Figures 24, 25, and 26, indicates 
that these anisotropies are real, and not statistical scatter. 
Table 4 indicates also that 50.6$ of the specimens tested 
failed along pre-existing planes which were filled with 
various minerals, while only 29.6$ were clean breaks. A 
third type of break was a ragged failure in highly altered 
specimens. This break accounted for 20.4$ of the failures.
Of the nine planes of weakness observed, including the 
double plane of H, 77.8$ or 21 of 27 of the failures produc
ing these planes were along pre-existing planes.

The unconfined compression testing tended to support 
the tensile testing results in that 67$ of the eighteen 
specimens loaded to failure failed along one or both of the 
two joint sets paralleling the core axis (Fig. 27). One 
specimen, QM-3-C, failed along one plane parallel to its 
axis, 2, and also partially along plane 3, normal to its 
axis. All of these failure surfaces were mineralized.
Tables 5, 6, and 7 show the detailed testing results, and 
Table 8 shows the summary results.

The strenghts of the three directions are incon
clusive of anisotropy, not as reported in other rocks,
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Figure 27. Quartz Monzonite Compression Spec
imen QM-3-E Showing Multiple Parallel Failure Planes.

The heavy line along the axis of the core is the 
trend of joint set 1 through the specimen, which the 
failure planes followed. Scale is in inches.



Table 5* Quartz Monzonite Compression Test Results for Direction 1.

Core
Dia.
in.

Length
in.

Dens.
g/cc

Load
lbs. Copsi

E A 
psixlO0

V Mod.
Ratio

QM-l-A 1.94 4.51 2.60 35250 12000 6.2 0.20 517
QM-l —B 1.94 4.51 2.70 33600 9900 3.5 0.14 354
QI4-1-C 1.94 4.53 2.61 51100 16100 - - -
QI4-1-D 1.94 4.45 2.53 44300 15400 7.9 0.36 513
QM-l-E 1.94 4.59 2.75 22300 7200 12.0 0.22 1667**
QM-l-F 1.94 4.57 2.66 28300 9400 3.9 0.14 415
QM-l-G 1.94 4.54 2.67 23900 7900 8.0 0.49 1013**.
**Data omitted in determination of adjusted values



Table 6. Quartz Monzonite Compression Test Results for Direction 2.

Core
Dia.
in.

Length
in.

Dens.
g/cc

Load
lbs. Copsi

E z 
psixlO0

1/ Mod.
Ratio

QM-2-A 1.94 4.48 2.62 39500 13200 5.7 - 432
QM-2-B 1.94 4.65 2.66 (58500)* (19800)* 10.4 0.19 -

QM—2—C 1.94 3.88 2.65 (59000)* (20100)* 6.6 0.08 -

QT4-2-D 1.94 4.33 2.57 51100 17800 7.5 0.17 421
QM-2-E 1.94 4.43 2.58 45900 15800 7.6 0.18 481
QI4-2-F 1.94 4.50 2.58 39700 13500 5.8 0.15 430
QM-2-G 1.94 4.48 2.69 37400 13200 5.4 0.02 409
*Did not fail



Table 7. Quartz Monzonite Compression Test Results for Direction 3*

Core
Dia.
in.

Length
in.

Dens.
g/cc

Load
lbs.

Co.
psi

E , 
psixlO0

V Mod.
Ratio

QM-3-A 1.94 4.49 2.71 55500 19000 12.4 0.37 653
QM-3-B 1.94 4.48 2.72 45700 15600 7.6 0.11 487

QI‘4-3 —C 1.94 4.42 2.72 59200 19300 9.3 0.31 482

QM~3 -D 1.94 4.47 2.84 51300 17400 8.1 0.14 466
QM—3 —E 1.94 4.53 2.77 39300 13300 5.3 0.06 398
QM-3-F 1.94 4.50 2.72 (59200)* (20200)* - - —
QM-3-G 1.94 4.54 2.71 24200 7000 7.6 0.18 1086**
*Did not fail

**Data omitted in determination of adjusted values
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Table 8. Quartz Monzonite Compression Test Result Summary.

1
Direction 

2 3 Overall
Length 4.53 4.39 4.49 4.47
Density 2.65 2.62 2.74 2.67
C0 X 11129 14700 15300 13500

S 3514 2050 4600 3900
E X 6.9 7.0 8.4 7.4

S 3.1 1.7 2.4 2.4
v  x 0.26 0.13 0.20 0.20

s 0.14 0.07 0.12 0.12
Mod. Ratio X 747 437 595 601

S 508 27 255 343
Adjusted _ 
Mod. Ratio X 450 437 497 461

S 79 27 94 72
io Breaking 
Along Weak
ness Planes 71# 60# 67# 67#
X is the mean
S is the standard deviation



notably Dale (1923, p. 24), Osborne (1935), and Bell (1936a),
61

and are due to the inhomogeneity of the quartz monzonite.
This inhomogeneity dictated the strength at failure, but the 
planar anisotropy controlled the mode of the failure.

Figures 28 (part a) and 29 (part a) are the two types 
of stress-strain curves obtained for the quartz monzonite, 
while Figures 28 (part b) and 29 (part b) are the lateral 
versus longitudinal strain curves. Hendron (1968) classifies 
the curve in Figure 29 (part a) as Plastic-Elastic-Plastic, 
while Figure 29 (part a) is Elastic. Elastic behavior of 
the quartz monzonite is more common than plastic behavior.
The mean ultimate strength of the specimens is 13,500 psi, 
Young's modulus is 7*4 x i10^ psi, and Poisson's ratio is 0.20. 
According to Deere (1968), this rock would be medium strength 
and of average modulus ratio (E/Co). Figure 30 is the plot 
for modulus ratio, after Deere (1968), showing that most 
points plot in the Average range. It is apparent from 
Table 8 that if the three points that plot alone are dis
carded as being premature failures, that the standard devia
tion is much improved, as is the distribution of points in 
Figure 30. This is justified since each of these tests dis
carded, QM-l-E, QM-l-G, QM-3-G, failed along a prominent 
filled fracture at some shallow angle to the core axis.
Thus, two basic failure modes are present: a main sequence
of intact rock failure characterized by a modulus ratio of
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Figure 28. Representative Elastic Constant Curves for Quartz .Monzonite 
Elastic-plastic Behavior of Specimen QK-l-A.

a. Stress vs. longitudinal strain. b. Lateral vs. longitudinal strain.
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Figure 30. Strength-modulus Graph for the Quartz wonsonite.
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approximately 500, and an area of premature failures of 
weakened rock with a very high modulus ratio.

Physical Testing of Aplite 
Since no aplite was exposed in the study area at the 

time of sampling, samples were obtained on the 2075 level 
(N9595> E9640) outside the study area. The rocks obtained 
were unoriented and were typical saccharoidal aplite. Cores 
used for the Brazilian test were 1.94-inch diameter, and 
those for compression testing were 0.$52-inch diameter. The 
Brazilian tensile testing yielded a strength of 1*620 psi; 
most failures were of the highly altered ragged fracture 
type. The compression testing gave an unconfined compression 
strength of 19,270 psi, Young’s modulus of 11.2 x 10^ psi, 
Poisson’s ratio of 0.23, and a modulus ratio of 687. This 
testing is detailed in Tables 9 and 10. Figure 31 shows 
the typical stress versus longitudinal strain and lateral 
versus longitudinal strain curves for the aplite. Hendron 
(1968) would classify this rock as elastic. Deere (1968) 
would classify this aplite as a high strength, high modulus 
ratio rock. The aplite modulus ratio mean, discarding test 
AP-2 as early shear failure, is 558, and the standard devia
tion 141. Most failures of the aplite were by crushing and 
extension in the compression test.

65
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Table 9. Aplite Brazilian Test Results.

Disc
Dia.
in.

Length 
in.

Density 
e / cc

Load
lbs. Tsosi

AP-T-1 1.94 0.62 2.65 2660 1408
AP-T-2 1.94 0.74 2.55 . 3600 .1596
AP-T-3 1.94 0.65 2.65 4120 2080
AP-T-4 1.94 1.11 2.77 4720 1395

X 2.66 1620

s 0.09 .320

X is the 
S is the

mean
standard deviation



Table 10. Apiite Compression Test Results.

Core
Dia.
in.

Length
in.

Dens.
g/cc

Load
lbs. C0psi

E A 
psixlO° V Mode

Ratio
AP-1 0.852 2.697 2.68 15550 29500 15.4 0.22 522
AP-2 0.852 2.676 2.69 2580 4500 6.0 0.11 1333*
AP-3 0.852 2.578 2.67 12570 23700 10.6 0.45 477
AP-4 0.852 2.430 2.70 8840 17500 9.4 0.25 537
AP-5 0.852 2.595 2.69 10020 19200 15.4 0.15 802
AP-6 0.852 2.374 2.65 12250 21200 10.2 0.22 481
X 2.68 19267 11.2 0.23 687
S 0.18 8358 3.7 0.12 341

jUData omitted in calculation of adjusted values 
X is the mean
S is the standard deviation
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Figure 31• Representative Elastic Constant Curves for Aplite from Specimen AP-3. 
a. Stress vs. longitudinal strain. b. lateral vs. longitudinal strain.
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Monzonite Porphyry Physical Testing 
An unoriented rock of Laramide monzonite porphyry was 

removed from Panel Drift 24 on the 2015 level and returned to 
the laboratory. Core recovery was extremely poor owing to 
the presence of numerous fractures and vuggy quartz veins. 
Only three suitable cores were obtained. The Brazilian test 
gave a tensile strength of 1,747 psi, and the compression 
tests yielded a strength of 19,300 psi. Young’s modulus of 
6.0 x 10^ psi, Poisson’s ratio of 0.19, and a modulus ratio 
of 309. The results are detailed in Tables 11 and 12.
Figure 32 shows typical plots of stress versus longitudinal 
strain and lateral versus longitudinal strain results from 
monzonite porphyry. Hendron (1968) classifies the rock be
havior in Figure 32 as Elastic. In Deere’s (1968) classifi
cation, the monzonite porphyry is of high strength and 
average modulus ratio. All compression test failures were 
by extension.

The low density shown in Tables 11 and 12 is 
possibly the result of the intense fracturing and vugginess, 
as well as complete alteration of the single rock from which 
specimens were taken.

Physical Testing of Rhyolite 
The rhyolite tested was obtained from Panel Drift 24,

2015 level study area. Rocks that were barred down tended
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Table 11. Monzonite Porphyry Brazilian Test Results.

Disc
Dia.
in.

Length
in.

Density
g/cc

Load
lbs. Tspsi

MP-T-1 0.95 0.72 2.12 1650 1536
MP-T-2 0.95 0.60 2.15 960 1072
MP-T-3 0.95 0.69 2.17 1820 1768
MP-T-4 0.95 0.59 2.19 2300 2612
X 2.16 1747
s 0.03 645

X is the 
S is the

mean
standard deviation



Table 12. Monzonite Porphyry Compression Test Results.

Core
Dia.
in.

Length
in.

Dens.
g/cc

Load
lbs. Copsi

E A 
psixlO0

V Mod.
Ratio

MP-1 0.95 2.47 2.17 12700 ld700 5.1 0.23 273
MP-2 0.95 2.44 2.15 11500 17600 5.9 0.19 335
MP-3 0.95 2.3d 2.id 14700 21600 6.9 0.16 319
X 2.17 19300 6.0 0.19 309
S 0.02 2066 0.9 0.04 32

X is the mean
S is the standard deviation



Longitudinal^ strain ( ̂ s-in/in )
Figure 32. Representative Elastic Constant Curves for Monzonite Porphyry from Specimen MP-2.
a. Stress vs. longitudinal strain. b . Lateral vs. longitudinal strain.
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to form thin slabs, making core recovery very poor. Two 
facies of rhyolite were observed, an aphanitic markedly flow- 
banded rock, and a very fine-grained more homogeneous rock. 
Both were equally well fractured by near-vertical closely- 
spaced fractures. The Brazilian test yielded a surprisingly 
low result, l,l6l psi for mean tensile strength, perhaps 
reflecting the influence of the vertical fracturing. The 
cores for the unconfined compression test were taken from 
two perpendicular directions, normal and parallel to the 
flow banding, which lies in the plane of the dike. The com
pression testing resulted in an overall mean strength of 
30,000 psi, Young’s modulus of 10.3, Poisson’s ratio of 0.21, 
and a modulus ratio of 3&1. This testing is detailed in 
Tables 13 and 14* The cores parallel to the banding yielded 
higher strengths than those normal, but part of this is ex
plained by the fact that the normal cores are from the 
coarser-grained rhyolite. The stress versus longitudinal 
strain and lateral versus longitudinal strain curves are 
given in Figure 33, where Hendron’s (1968) classification is 
Elastic and Deere’s (1968) system gives rhyolite charac
teristics of high strength and average modulus ratio. All 
cores failed violently by extension, with considerable 
pulverization.

The rhyolite is much stronger than any other San 
Manuel mine rock, its aphanitic character and limited
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Table 13. Rhyolite Brazilian Test Results.

Disc
Dia.
in.

Length
in.

Density
g/cc

Load
lbs. Tspsi

RHY-T-1 1.94 0.80 2.30 2820 1157
RHY-T-2 1.94 0.72 2.26 3700 1686
RHY-T-3 1.94 0.61 2.27 3220 1732
RHY-T-4 1.94 0.99 2.29 210 70

X 2.28 1161
s 0.02 773

X is the 
S is the

mean
standard deviation



Table 14* Rhyolite Compression Test Results.

Core Dia.
in.

Length
in.

Dens • 
g/cc

Load
lbs. Copsi

E , 
psixlOb

~Y Mod.
Ratio

RHY-N-1* 0.852 2.133 2.33 13400 23500 18.0 0.19 766
RHY-N-2 0.852 2.189 2.31 13900 24500 9.6 0.32 392
RHY-N-3 0.852 2.044 2.32 12400 21200 6.8 0.19 321

X 2.32 23100 11.5 0.23 493
s 0.01 1700 5.8 0.08 239

RHY-P-1* 0.852 2.227 2.44 25090 44500 7.6 0.21 171
RHY-P-2 0.852 2.429 2.41 21500 36200 9.3 0.15 257

X 2.42 40350 8.5 0.18 214
S 0.02 5900 1.2 0.04 61

Overall X 2.36 29980 10.3 0.21 381

S 0.06 9980 4.5 0.06 230
*RHY-N denotes cores 
_banding 
X is the mean

normal to flow banding, RHY-P denotes cores parallel to flow

S is the standard deviation
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Figure 33• Representative Elastic Constant Curves for Rhyolite from 
Specimen RHY-P-1.

a. Stress vs. longitudinal strain. b . Lateral vs. longitudinal strain.
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deformation history possibly being responsible for this. 
However, its limited distribution (Figs. 2-7) make it impor
tant only in local areas where it is relatively common, as 
on the 2015 level study area.

Physical Testing of Gila Conglomerate 
In a related program Qahwash and Kendorski (1970) 

determined some engineering properties of the Gila Con
glomerate. Due to the friable nature of this rock, an 
unusual treatment was developed. Using the technique of 
Hobbs (1964a), irregular specimens of the conglomerate were 
cut dry, with two parallel ends for loading surfaces. Hobbs 
(1964a) did not do this. The loading surface areas were 
averaged, and the specimens then loaded to failure. The . 
results of this testing are given in Table 15• The mean 
crushing strength found was 541 psi. Qahwash and Kendorski 
(1970) concluded that the Gila Conglomerate could be 
treated as a low strength, low cement concrete for engineer
ing purposes. The massive nature of this unit gives it its 
bulk strength which caused Wilson (1957> p. 7#) to conclude 
that it is the strongest mine rock. The samples used by 
Qahwash and Kendorski (1970) were obtained approximately 
1-1/2 miles south of the study area in the SEl/4 of the 
NE1/4 of Section 11 shown in Figure 1. As Wilson (1957) 
observed elsewhere, the joints in the Gila Conglomerate in
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Table 15* Gila Conglomerate Irregular Specimen Compression 
Test Results*

Area
Specimen

Length
in.

Top
in. 2 Bottomin.2 Meanin.2 Load

lbs.
Strength

psi
GC-1 5*1 4*1 4.7 4.3 1750 410
GC-2 - 8.6 7.1 ' 7.9 2250 285
GC-3 5*5 11.4 11.3 11.4 8250 724
GC—4 5*0 10.5 7.8 9.2 5560 604
GC-5 4*4 7*5 6.8 7.2 3080 439
GC-6 2.8 6.0 6.1 6.1 1600 262

GC-7 4*1 7.5 8.5 8 .0 7270 908
GC-S 6.7 17.2 17.9 17.6 12200 693
X 541
S 229
Source: Qahwash and Kendorski (1970)
X is the mean
S is the standard deviation



this area were N—S and steeply dipping, with spacings of 12 
to 15 feet.



CHAPTER IV

INTERRELATIONSHIP OF MICROSTRUCTURE AND MACROSTRUCTURE

Planar Anisotropy
When the poles to the loading planes of the Bra

zilian tests on the quartz monzonite are plotted on a 
Schmidt equal-area net, as in Figure 34, the test results 
can be seen in true perspective. On Figure 35 are entered 
the same data with only the poles to anisotropy planes, as 
indicated in Figures 24, 25, and 26, and joint planes 
plotted. It is clear that weakness planes H and E group 
about joint set 1, and planes F, C, and G group about joint 
set 2. Joint set 3, however, has no clear grouping about 
it. This can be explained by recognizing that set 3» if it 
is the N-S joint set of the upper levels and the surface 
rotated to its 2015 level position, is of a different age 
and origin than sets 1 and 2. Wilson (1957, p. 76) shows 
the N-S fractures to be important in the Gila Conglomerate 
that is post-ore in age. Banerjee (1957, p. 79) suggests 
that the N-S trend "because it is not represented in the 
known primary structures . . . could have been established 
at a much later time." The strong sets 1 and 2, horizontal 
and E-W vertical, respectively, that appear in the San

80
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Figure 34. Poles to the Quartz Konzonite Brazilian 

Test Loading Planes.
Schmidt equal-area net, lower hemisphere. ■ indicates 

a plane of weakness, ▲ indicates a joint plane.
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Figure 35* Poles to the Quartz Monzonite Brazilian 
Test Anisotropy Planes and Joint Sets.

Schmidt equal-area net, lower hemisphere. ■ indicates 
a plane of weakness, ▲ indicates a joint plane. .



Manuel mine are predominantly a local structure associated 
with the ore-attendant monzonite porphyry intrusion. It 
must be kept in mind that the entire vertical girdle found 
in the Oracle Granite (Fig. 14) is significant. The E-W 
trend is a 6$ maxima on Figure 14, but is much stronger at 
the mine, 13$ on the 1415 level.

Table 16 describes the types of fracture fillings 
observed in the quartz monzonite Brazilian test specimens. 
The quartz filling is a plane of strength which, while 
present in many samples, never provided a failure plane.
The molybdenite is often associated with quartz, but it is 
not as common as the other fillings. Oxide fillings, where 
present, are associated with the clays, and they are not 
differentiated. As noted previously, major weakness planes, 
which often contain clay gouge, were not included in the 
test specimens.

Origin of Anisotropy
The physical testing revealed the actual existence 

of planar anisotropy in the igneous rocks of the San 
Manuel mine. The coincidence of the two grouped anisotropy 
planes with joints in the horizontal and E-W vertical 
trends was demonstrated. The question now to be answered is, 
what is the origin of this planar anisotropy?

The evidence that 77•&$ of the weakness plane 
specimens failed along pre-existing fractures filled with
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Table 16. Fracture Fillings 
Brazilian Tests.

Observed in Quartz Monzonite

Filling Number Per cent
Pyrite and Chalcopyrite 14 25.9
Molybdenite 0 0
Clays 11 20.4
Chlorite 4 7.5
Pyrite and Clay 20 37.0
Pyrite and Chlorite 2 3.7
Quartz 0 0
Clay and Chlorite 3 5.5
Gouge 0 0



late minerals, in particular sulfides and clays, indicates 
the strong influence of closely spaced joints. Since the 
Brazilian test attempts to force failure along a particular 
plane, closely spaced parallel planes must be present in 
the specimen for the discrete plane of maximum tensile 
strength to coincide with, or be deviated by, joints. These 
joints still retain a degree of cohesion. No doubt this 
cohesion is caused largely by the filling material. The 
tensile strength of clays is much less than that of quartz, 
as witnessed by the fact that no failure followed quartz 
filled joints; while fractures filled with clay, pyrite, 
chlorite, and combinations of these were followed by 
failures. The latter types of fracture fillings presented 
weakness planes for failure. Closely spaced parallel 
weakness structures must be present in the rock tested 
since the fracture fillings provide a degree of tensile 
strength across the joints.

This is actually the case. When the rock is viewed 
in thin section, minute sericite and clay-filled cracks are 
present, parallel, and subparallel within 15°, to the three 
orthogonal weakness planes (Fig. 36, illustration a). (The 
thin sections, not prepared by the author, are only partially 
oriented. Each is cut normal to two of the orthogonal 
planes, with its straight edges parallel to these planes,
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1  4

Figure )6. Microfractures and Fluid Inclusion 
Planes in Quartz Monzonite Section Taken Parallel to Joint Set 2.

a. Microfractures, medium power, x-nicols.
b. Fluid inclusion planes, high power, detail of quartz grain in a.
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but the planes, other than the section in which the plane 
lies, are not differentiated.)

Upon closer examination, microscopic planes of fluid 
inclusions in quartz grains parallel these cracks'; These 
planes of fluid inclusions (Fig. 36, illustration b) appear 
as fine lines of dark dots which show no other form than 
that of a circle when viewed from three mutually perpen
dicular directions. The sharpness of the lines indicates 
the view is down the plane, as some less sharp oblique 
planes are occasionally seen. Dale (1923) and Osborne 
(1935) attribute the planar anisotropy in granitic quarry 
rocks, rift and grain, to just such planes of fluid inclu
sions in quartz grains. Tuttle (1949) points out a possible 
flaw in the work of Dale and Osborne, in that the planes of 
fluid inclusions, while having the strike of the rift or 
grain, do not seem to possess the same dip. The fineness 
of the fluid inclusion planes observed in the San Manuel 
mine rock indicates that the planes are parallel or sub- 
parallel to the anisotropy planes.

Schwartz (1953) has a photomicrograph of a shattered 
quartz grain (Plate 6, Fig. F) where the fractures are 
filled with calcite. This quartz grain, of the San Manuel 
quartz monzonite, has fine strings of dark inclusions 
paralleling the fractures, with some planes of inclusions 
perpendicular to this trend, and then with some small
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fractures parallel to it. These are apparently fluid in
clusion planes from a different portion of the mine.

Douglass and Voight (1969) examined the anisotropy 
of three granites as indicated by ellipsoidal solutions for 
the compressive strength and elastic moduli. The granites 
used were the Stanstead, Barre, from the same area Dale (1923) 
investigated, and a Laurentian granite, the same Osborne 
(1935) worked with. (See Chapter V, Riviere a Pierre,
Quebec.) Results for the Stanstead and Barre Granites are 
similar, in that the elastic moduli group around the rift, 
grain, and hardway axes, but the compressive strength el
lipsoidal axes are 50° to 55° from the elastic moduli axes. 
These two granites are the same correlatable unit (Doll,
Cady, Thompson, and Billings, 196l; Geological Survey of 
Canada, 1943; Cady, I960) separated only by the international 
boundary, so similar results are to be expected. Douglass 
and Voight (1969) regard microfractures as the controlling 
agent since Schmidt plots have microfracture poles with an 
acute angle to compressive strength axes, the optimum 
failure orientation. Fluid inclusion planes do not appear 
important, though in the Barre and Laurentian granites they 
often coincide with the microfractures and the rift. The 
Laurentian granite possesses a macroscopic lineation and 
gives unexpected results. Some of the elastic moduli axes 
coincide with the rift but the others are significantly



rotated away from the grains and the hardway; quartz grain 
c-axes, however, coincide with the grain and hardway.

Douglass and Voight (1969) did not attempt to cor
relate failure plane orientation and mappable structural 
features as was done in the present study and by Zavodni 
(1969). In examining mine rock from Cananea, Mexico, 
Zavodni (1969) found that failure planes found in uniaxial 
compression testing showed a strong degree of correlation 
with mapped fractures and faults.

Planes of Fluid Inclusions 
Goodier (1933) provides the stress concentration 

for a spherical cavity in an elastic medium, which is 
analogous to a fluid inclusion in a quartz grain. The hoop 
stress developed around the equator normal to the applied 
tensile stress direction, as shown in Figure 37* is of the 
magnitude

27 - 15 P3 
14 - 10 P, (3)

where Pr is the Poisson’s ratio of the medium, and T is the 
applied tensile stress. The Poisson’s ratio for quartz, 
given by Blair (1955), is 0.20. Using this value in the 
above relation, the tensile stress immediately adjacent to 
a single cavity in quartz is calculated to be 1.91T. Thin 
sections cut from the quartz monzonite (Fig. 36, illustra
tion b), reveal that the fluid inclusions are approximately
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Figure 37. Stress Concentrations around 
a Spherical Cavity in an Elastic Medium where 
a Uniform Tensile Stress T Is Applied.

After Goodier (1933).



spherical, and are between one and two radii distant. Thus, 
adding an additional cavity to the right of that shown in 
Figure 37> the stress concentrations are merely algebra
ically added, yielding hoop stresses at the points facing 
one another on the two cavities of approximately 2T. 
Furthermore, the cavities behind and in front of the 
original cavity must be considered, but as these are more 
distant, Figure 37 shows that their effect is diminished.
The maximum tensile stress that might be expected to be 
developed, therefore, would be approximately 2T immediately 
adjacent to each cavity. Any fluid in the cavity is neg
lected in this analysis since, as the cavity is stretched, 
the limiting stress increase is the liquid’s vapor pressure 
at that particular temperature, which is a negligible one.

The planes of fluid inclusions provide a weakness 
plane that will begin to fail and propagate failure at one- 
half the expected strength of the rock material. The 
higher figure found in Table 4 for weakness planes, 77$ of 
the mean for all specimens, can be explained by the presence 
of clays and other fillings in joints providing failure 
planes, and limited extent of the fluid inclusion planes. 
Also, the Brazilian test yields a quantity for the tensile 
strength at failure, and not at the initiation of failure. 
These same planes, however, have been instrumental in form
ing the original E-W vertical and horizontal fracture trends.
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These trends were later mineralized and filled with clays 
and chlorite or quartz.

Origin of the Planes of Fluid Inclusions
Tuttle (1949) critically discusses the possible 

origins of planes of fluid inclusions in quartz. He favors 
an hypothesis of initial fracturing, filling of the frac
tures by intergranular or hydrothermal liquid, differential 
solution, and deposition of silica at points of contact to 
form large, sheet-like inclusions, and finally, continued 
solution to form more equant bodies.

Dale (1923, p. 25-26) examined granite quarries 
throughout New England and considered the fluid inclusion 
planes responsible for rift and grain to be primary struc
tures, that is, formed as the quartz grains crystallized 
from the melt. The directions in which the planes lie are 
dictated by "crustal strain." Continued application of 
this "crustal strain" resulted in the formation, after con
solidation, of rift and grain cracks, " . . .  following more 
or less continuously the planes of diminished cohesion 
afforded by the sheets of cavities; and these fractures 
were extended from the quartz into the feldspars" (Dale,
1923, p. 26). Dale goes on to describe the formation of 
secondary minerals, including clays, in these cracks, ex
actly as they occur in the San Manuel mine rock.
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Osborne (1935)» discussed further in Chapter V, 

studied the granite quarries of Quebec and offered two 
alternative origins of rift cracks. He first postulates 
that fluid inclusion planes parallel to rift cracks are 
due to the unloading caused by the removal of super
incumbent granite, producing an effective tension where 
the granite . tends to extend itself in a vertical
direction, i.e., toward the surface" (Osborne, 1935)* The 
other hypothesis associates the origin of rift cracks with 
decreasing temperature as the surface of the earth is reached 
by the granite mass. The markedly different thermal charac
teristics of quartz are responsible for setting up stresses 
that produce tension directed vertically. Nur and Simmons 
(1970) describe this very phenomenon, but limit their dis
cussion to intergranular cracking. The thin sections of 
the San Manuel quartz monzonite contain some minute cracks 
•parallel to the principal weakness planes. These cracks do 
not cross all grains but do trend around the outer edges of 
some. Thermal stress-induced cracking invites additional 
transcurrent cracking by allowing a near-straight weakened 
path in almost any direction, dependent only on the grain 
size. However, this does not adequately explain intra- 
granular cracks, and can be only minor in that effect in 
the San Manuel mine rock.
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Wise (1964), working in the Big Horn and Wind River 

Mountains of Wyoming and Montana, states that microjoints 
and their associated planes of fluid inclusions in the base
ment rocks . . originated as lateral volume expansion 
features in the basement masses of the Laramide ranges that 
were being lifted free of the confines of the adjacent 
basins." Wise used the mechanism of Tuttle (1949) to explain 
the fluid inclusion planes responsible for the microjoints.

This author favors the hypothesis of Wise (19&4) 
which is based on the theoretical work of Price (1959,
1966). Wise and Price see a stress-relief system of frac
turing caused by the effect of Poisson's ratio. As the 
compressive stress is applied from the side, the rock ex
pands normal to the applied load. If the compressive 
stress applied is great enough, or the vertical load small 
enough, tensile failure by extension, splitting parallel to 
the maximum compressive stress, will occur. This can be 
accomplished by uplift, as stated by Wise (1964) and Price 
(1966), since the vertical load can be sufficiently reduced 
by erosion.

When the first failure occurs normal to the least 
principal stress, in the plane of the maximum and inter
mediate principal stresses, the horizontal expansion is 
locally relieved, the intermediate stress then becomes the 
new least stress, and a second set of "tension joints" can
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form at right angles to the first (Price, 1966, p. 135)•
Price limits his discussion to two possible fracture sets, 
but a third is theoretically possible.

Granitic Rock Fracture
The field of granite tectonics has examined the 

structural features of granitic rock bodies, and hypotheses 
have been developed for the origin■of these various features. 
Fractures have been studied in considerable detail and their 
relationship to the igneous mass is now well formulated.
Early work done by Cloos (1922) revealed an orthogonal 
fracture system in the Silesian granite massifs. Cloos*s 
classic Q, S, and L joints (Fig. 20) have been regarded as 
genetically important. Their importance lies in their rela
tionship to the flow lines revealed by mineral orientation 
where the flow lines indicate the minimum principal stress, 
while the maximum lies in the horizontal, perpendicular to 
the elongation. Balk (1937, p. 27-42) describes the en
visioned stress system responsible for this orthogonal 
fracturing. Q-joints, or cross joints are the product of 
extension fractures parallel to the maximum principal 
stress; S-joints, or longitudinal joints, parallel the flow 
lines and probably represent failure along the anisotropy 
of the flow lines by additional intrusion pressure from 
below, but this is poorly understood; L-joints or flat- 
lying joints represent possible differences in vertical load.
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Podstolski (1970) has provided Schmidt equal-area 

nets (upper hemisphere) of the Streigau-Zobten (Strzegom- 
Sobotka) massif of Silesia first studied by Cloos, and these 
plots are virtually identical, except for a simple rotation, 
to those obtained at San Manuel. The horizontal set is 
missing, however, even though described by Cloos earlier. A 
negative mapping bias (Terzaghi, 1965) could account for the 
difference in the plots.

One important difference between granite massifs and 
the San Manuel mine rock is the fracture spacing. San Manuel 
has fracture spacings of one-half foot to one foot, while 
granite massifs have fracture spacings of many feet to tens 
of feet (e.g., Balk, 1937, Plate 7, Fig. 1; Burton, 1932, 
Plate II; Banerjee, 1957, Plate 24).

If San Manuel and some granite massifs were acted 
upon by similar stresses, that is, side-directed pressure 
(whether derived internally or externally) and confinement, 
followed by uplift or vertical stress relief to produce 
orthogonal fracturing, or at least two normal planes, then 
similar fracture patterns are more than coincidence.
Hamilton and Myers (1967) present evidence for emplacement 
from 5 to 20 km in depth for batholiths, while Lowell and 
Guilbert (1970) postulate 3,000 to 5,000 feet for porphyry 
copper stocks. The differences, then, are possibly due 
merely to depth, where intense fracturing cannot be obtained.



Residual stresses can fracture the individual quartz 
grains. These stresses are possible (Price, 1966, p. 130) 
and could provide fluid inclusion planes and microjoints to 
be the loci for further fracturing upon uplift, the spacing 
of fractures being partially a function of depth.



CHAPTER V

AREAS WITH SIMILAR PHENOMENA 

Riviere a Pierre, Quebec
The village of Riviere a Pierre, Quebec, is 50 miles 

north of Quebec City, 140 miles from Montreal, and has been 
the site of granite quarrying since 1894* Osborne (1933» 
1934b, 1935* 1936) has described this area in detail, and 
this summary is based entirely upon his work.

There are two granitic rocks found in the area, 
quartz diorite and granite, both of which have intruded 
Grenville series rocks. The quartz diorite, the older of 
the two, is concordant, and its structure reveals that it 
followed fold trends in the Grenville series, shown in 
Figure 38, and that the rock's texture is largely the result 
of movement in the magma during its crystallization. The 
granite is a much larger body, and in the Riviere a Pierre 
area the western border is so straight as to suggest to 
Osborne (1934b) fault-control, the granite having been in
truded along an early fault. The granite formed a chilled 
zone against this fault. Comparing the two massifs, the 
quartz diorite was a more forceful intrusion, at a greater 
level of stress equilibrium with the country rock, probably
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■ Figure 38. Granite Massifs, Riviere 
Pierre, Quebec.

After Osborne (1935, Fig. 1).
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occurring during deformation of the Grenville series. The 
granite, however, was less forceful, bearing the result of 
late stress which foliated the granite, and possibly portions 
of the country rock and quartz diorite, in a northwesterly 
direction. The granite contains few dikes of pegmatite and 
aplite, while the quartz-diorite contains many, but the 
granite has greater jointing.

The granite is the chief commercial stone of the 
area (Osborne, 1933) and shows less foliation. Rift, grain, 
and hardway facilitated quarrying and led to the study of 
that building stone. Osborne (1935) examined the structure 
of the granite in detail, describing the rift, grain, and 
hardway. As previously noted, Osborne concluded that the 
rift and grain were due to microcracks developed along 
fluid inclusion planes. It is this feature of the granite 
that allows its easy quarrying by providing two planes of 
weaker tensile strength that are wedged apart. Figure 39 is 
a Schmidt plot of the rift, grain, hardway, and jointing in 
the Riviere si Pierre area. The orthogonal pattern is 
evident, the foliation being generally NW, the grain fol
lowing it, and the rift horizontal.

In addition to recognizing differing tensile strength 
(hardway, grain, and rift in decreasing order), Osborne 
(1935) utilized some crushing tests done by Burton (1932), 
but not reported, on cubes of granite from the Stanstead(?)
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N

Figure 39. Poles to Rift, Grain, Hardway, and 
Joints, in Granite at Riviere a Pierre, Quebec.

Schmidt equal-area net, lower hemisphere, 99 
points. Significance level is 4.2^, contours 
at 1/j, 2^, 4/3, 6$3, 8^, 10yj, and 15/3, representing 
the per cent of points in individual circles of 
1/? area. Data from Osborne (1933) •
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quarries, using the method of Parks (1914)• Specimens were 
oriented and loaded in one of the three orthogonal directions 
normal to rift, grain, and hardway, and the resulting 
strengths compared.

Table 17 shows loading normal to the hardway decreased 
the strength by almost 15$, while normal to the rift the 
strength is greatest. The presence of the rift and grain 
directions parallel to the load cause the specimens to fail 
at a lower load, as tensile failure is facilitated. San 
Manuel quartz monzonite did not exhibit this property because 
the rock tested was of varying composition and silicifica- 
tion.

Osborne’s observations on varying tensile strength 
and the Schmidt plot of fracture data agree closely with 
rock characteristics at San Manuel; the stress field of the 
granite, outward directed with confinement, also follows the 
model of Balk (1937) and possibly that of San Manuel.
Riviere a Pierre, then, has enough similarities to San 
Manuel to provide some aspects of a model for similar 
granitic rock bodies.

Stone Mountain, Georgia
Another granitic terrain where considerable work has 

been done in rock structure and elastic properties is in the 
Lithonia Gneiss and Stone Mountain Granite of Georgia. 
Herrmann (1954) described the complex geology of this area.
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Table 17. Crushing Strength Data for Quebec Quarry Rocks.

Granite

Greatest
Strength Intermediate Strength Least Strength

psi psi
io less than 
greatest

io less than 
psi greatest

A 23295 23200 0.0 19770 15.1
B 27840 26500 4.8 263 90 5.2
C 29630 26310 11.2 25680 13.3
D 30990 29600 4.5 27605 10.9
E 28660 26890 6.2 25000 12.8
F 28590 26800 6.3 22590 21.0
G 27650 24625 10.9 18753 32.2

Overall X: 28081 26704 6.3 23684 15.8
S1 11251 10050 3.8 7656 8.6

Source: Osborne (1935)
X is the mean
S is the standard deviation



and found three main rocks:, a metamorphic series, Lithonia 
Gneiss, and Stone Mountain Granite. The latter two names 
are older accepted terms, but the Lithonia Gneiss is, in 
fact, a migmatite, while the Stone Mountain Granite is a 
quartz monzonite. Herrmann (1954, p. 78-79) concluded that 
the Lithonia Gneiss was possibly formed in late PreCambrian 
time, modified by Appalachian deformation, and was then in
truded by the Stone Mountain Granite in Late Appalachian 
(Permian) time.

The banding of the Lithonia Gneiss strikes NW and 
dips 45°N to vertical. Other structures observed by Herrmann 
(1954) are two prominent shear directions, N25°E and N40°W; 
a mica lineation, N51°W; two dominant K-S and E-W vertical 
joints, and a local NVJ joint set near Stone Mountain.
Herrmann reports the grain used in quarrying is N-S, and 
that the rift is near horizontal.

The Stone Mountain Granite possesses a foliation 
generally trending NW, but locally N70°W to N30°E.
Herrmann (1954, p* 60) notes that joints are not common, 
but on the west side of Stone Mountain their attitude is 
N55°W and steep.

Examining the region, Herrmann (1954) finds a 
general NE joint trend, perpendicular to the lineation, 
while the NW joints of the Stone Mountain Granite are 
parallel to the lineation, and are probably the longitudinal 
joints of Balk (1937, p. 34).
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The United States Bureau of Mines, in a series of 

reports: Nicholls and Duvall (1966), Hooker and Duvall
(1966), Hooker and Johnson (1969), and Norman (1970), found 
relatively high stress levels present in the area, as de
termined by in-situ stress measurement. This stress system 
has the maximum principal stress horizontal in a NE direc
tion. Norman (1970) examined the relationship of the stress 
to mappable structural features, and found that the maximum 
stress direction is consistently oriented perpendicular to 
microfractures in the rock. The NE jointing observed by 
Herrmann (1954) and the NE trend of aplite dikes observed in 
one area by Norman (1970, p. 11) would also indicate NE 
stress.

Norman (1970) considers the oriented planes of 
microfractures to be indicative of stress-relief fracturing 
and, in fact, one area (Norman, 1970, Fig. 10) shows a 
microfracture concentration in the horizontal, parallel to 
sheeting and rift.

The grain and hardway of the rock are unrelated to 
any feature observed in the area, except the jointing in one 
area. Since this phenomenon is not discussed in the liter
ature, no conclusions can be drawn. The relationship be
tween the foliation, regional jointing, microfracture, and 
stress field is apparent, however, and bears important 
similarities to Riviere a Pierre, Quebec, and San Manuel.
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Herrmann’s (1954) analysis that the jointing is related to 
the stress field at emplacement, as shown by the NW and NE 
joints and the NW foliation, is identical to that of Cloos 
(1922) and Balk (1937). The relationship between the micro
fractures and stress direction, on the other hand, is un
expected. Norman (1970, p. 21) outlines this relationship 
but does not pursue it further.

It is significant that the stress field that produced 
the structural features of these rocks is apparently still 
active, and perhaps the release brought about by erosion has 
produced microfractures. Herrmann (1954, p. 62-64) points 
out that the major axis of uplift is NE throughout the area, 
and minor axes are NW, along which the granite was intruded. 
Possibly these NW-oriented microfractures are related to this 
NW uplift and folding.

The features present at Stone Mountain that provide 
more model aspects are the regional fracture pattern, the 
stress system, and uplift to produce microfractures.



CHAPTER VI

ENGINEERING IMPLICATIONS 

Geologic Model
Granitic rock has peculiar strength properties not 

often found in non-layered rocks of other compositions.
The quartz content dictates the behavior of the rock by pro
viding either microfractures (Dale, 1923, p. 24; Osborne, 
1935; Douglass and Voight, 1969) or a poor degree of inter
locking between grains (Merriam, Rieke, and Kim, 1970).
Thus, the anisotropy reported in this study is directly re
lated to the quartz microstructure of the San Manuel mine 
rock.

The fracture patterns of the granites of Riviere a 
Pierre, Quebec, and Stone Mountain, Georgia, indicate that 
granites exhibiting such anisotropy are also characterized 
by an orthogonal fracture pattern, produced by some tectonic 
or other stresses acting on a quartz-bearing rock. Uplift 
(Price, 1966, p. 135; Wise, 1964) has initially fractured 
the quartz grains and, to some extent feldspars, with later 
healing (Tuttle, 1949)• The intensity of fracturing at San 
Manuel may be related to:

1. Brittle behavior at shallow depth
2. High stress levels
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3. Repeated deformation
4» A combination of the above factors

Variation in the orientation of the fracture pattern 
occurs at the San Manuel mine, first, as related to depth, 
and second, as related to horizontal position. A reorienta
tion of stresses with respect to the Laramide monzonite 
porphyry intrusion is possible. The stress distribution is 
related apparently to the margins of the pluton. A similar 
reorientation is reported by Podstolski (1970, Fig. 3) who 
shows a rotation of joints in the Streigau-Zobten granite 
massif which suggests a joint orientation relationship to 
the pluton margins in this complex area.

The fracture pattern on all mapped levels of the 
San Manuel mine shows little evidence to support the 60° or 
more of ore body tilting off an assumed vertical axis as 
postulated by Lowell (1968). The Gila Conglomerate over- 
lying the ore body has a regional dip of 35°NE (Creasey,
1965, Plate 1), which is partially accounted for by its 
environment of rapid deposition (Heindl, 1958). Therefore, 
the evidence of this study indicates that only about 30° 
or less of tilting is probable. The fracture pattern of 
the mine may yet prove to be related to an assumed hori
zontal surface. Because only a portion of the south ore 
body of the mine was mapped in detail, an examination of 
the north ore body may resolve the apparent inconsistency
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noted with Lowell's (1968) work, and demonstrate the impor
tance of pluton geometry to the fracturing.

Physical Properties of San Manuel Mine Rock 
As shown in Table 18, the physical properties for the 

San Manuel mine rocks are essentially similar. The important 
differences are the relatively high modulus of the aplite and 
the high strength of the rhyolite. Figure 40 shows that each 
rock has its own domain in the strength modulus graph not far 
from the domain postulated by Deere (1968, Fig. 1.4)• The 
domain marked "Early" in Figure 40 is occupied by those 
specimens which failed along some prominent weakness plane. 
The measured modulus is the same for the intact rock in this 
case, while the failure strength is low. An elastic modulus 
was calculated for the Gila Conglomerate using a relation 
given by the American Concrete Institute (1963)•

In an elastic analysis of the mine, the high modulus 
of the aplite must be considered, and the high strength of 
the rhyolite makes this rock mechanically very important 
where it occurs. It is possible that the rhyolite could 
act as supporting or bridging member where present, and 
result in block-caving difficulties. At least one area of 
difficulty of this type was encountered, necessitating 
the removal of the rhyolite (L. A. Thomas, Chief Mine 
Geologist, San Manuel Mine, oral communication, 1970).



Table 18. Physical Properties of San Manuel Mine Rock

Com- Mod—
pressive Tensile Young’s Poisson’s ulus Den-
Strength Strength Modulus Ratio______ Ratio sity

Rock Type psi psi psixlO^
Quartz
monzonite 13500 1390
Aplite 19300 1620
Monzonite
porphyry 19300 1750
Rhyolite 30000 1161

7.4 0.20 461 2.67
11.2 0.23 558 2.68

6.0 0.19 309 2.17
10.3 0.21 381 2.36

Gila 
Con
glomerate 541 - 0.6*
*Using a calculation given in American Concrete Institute,
1963
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Figure 40. Strength-modulus Graph for San 
Manuel Mine Rocks.

QI-I - Quarts inonsonite domain
A? - Aplite domain
MP - I-Ionzonite porphyry domain
RHY - Rhyolite domain
GC - Estimated Gila Conglomerate domain 

Early - Early shear failures
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The quartz monzonite and monzonite porphyry can be 

treated as essentially one rock, since their properties are 
quite similar. The local fracture distribution, however, 
may indicate that the quartz monzonite tends to form larger 
blocks, although this is not substantiated by the measure
ments in this study; areas of wider-spaced fractures in 
quartz monzonite are exposed elsewhere in the mine than in 
the study area.

Design Considerations
In a finite element analysis of a jointed medium, 

two possible treatments of the medium are possible. The 
first assumes that the joint surfaces are an important 
element and must be modeled separately from the intact rock 
blocks, that is, as a discontinuous model. In the second, 
the continuous model, the assumption is that the intact rock 
blocks plus joint surfaces behave as one definable unit.
Such models depend to a great extent on the joint frequency 
and prominence. The San Manuel mine rock, discussed earlier, 
has fracturing (deformed jointing) as a major feature charac
terized by orthogonality, a spacing of one foot or less, dis
continuity, and mechanically significant surface coatings.
The intact mine rock, on the other hand, is mechanically 
anisotropic (at least in tension), and possesses definable 
elastic and strength properties. Therefore, if one considers 
the fracture system to be the over-riding design criteria,



two treatments of the mine rock are necessary. The first is 
applicable only to small volumes of rock such as are en
countered in one mine opening where the discontinuous model 
is possible. The fracture spacing becomes critical at this 
scale. The design criteria to be considered for single 
workings are:

1. Orthogonal fracture pattern attitude
2. Locally developed independent fracture sets
3. Locally developed fracture fillings
4. Elastic and strength properties of the quartz 

monzonite and monzonite porphyry, taken as one 
unit

5. Presence or absence of aplite or rhyolite with 
special elastic and strength properties

6. Anisotropy of rock strength
7• Direction, size, and shape of opening

For a larger rock volume, the continuous model is 
applicable because of the abundance of the fractures with 
respect to the size of the opening. A large rock volume 
would be found in a block-caving panel or ore body. The 
design criteria for this instance are:

1. Lack of significant tensile strength
2. Rock mass compression strength and elastic 

characteristics of quartz monzonite and 
monzonite porphyry, taken as one unit, based 
on orthogonal fracture pattern
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3. Local variations in fracture fillings
4. Presence or absence of rhyolite with its 

special fracture and strength properties
5. Location of major faults
6. Proximity of Gila Conglomerate capping

In order to delineate the rock mass properties of 
the mine rock to predict either block-caving behavior or 
support requirements, major rock types must be mapped as 
well as major structural features. Initially, a recon
naissance fracture mapping program should determine whether 
any relationship exists between the location in either the 
pluton or the ore body, in the area of interest, and the 
fracture pattern. Also the degree of alteration or silici- 
fication can be important, though this parameter was not 
studied in this program. Some technique for determining 
rock mass quality must be considered whether with the RQD 
system of Deere (1968) or another method.

King (1946) has attacked this problem in a study to 
determine the initial cavability of the Climax ore body in 
Colorado. King and his coworkers mapped fracture spacing 
as reflected in core recovery, silicification, and rock 
alteration, all as observed in diamond drill cores. King 
(1946) was able to produce maps showing the cavability of 
rock indicated by four levels of competence. Such a study 
could indicate areas of varying rock mass quality important
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in the design of either block-caving systems or support 
requirements.

Rosengren and Jaeger (1968) have demonstrated that 
a fractured rock mass with little or no tensile strength can 
be successfully simulated in an aggregate of marble grains 
that have had any cohesion eliminated through heating. A 
small amount of confining stress, 15 to 20 per cent of the 
maximum stress,restores the rock nearly to its intact 
strength properties. Moreover, the elastic modulus improves 
from a small fraction to one-third the original modulus with 
increasing confining stress. This shows the importance of 
immediately supporting, by providing restraint, any perma
nent underground opening. Reinforcement by rock bolting, 
using the fracture pattern as a guide, will also increase 
confinement.

Thus, a fractured rock mass such as the San Manuel 
mine rock, can be treated in design as a material with 
known elastic and strength properties. These properties 
should be determined from a study of the fracture pattern, 
a physical testing program, and a determination of rock 
mass quality.
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