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A Study of Rock Stresses and Engineering Geology
in Quarries of the Barre Granite of Vermont

By Thomas C. Nichols, Jr.

Abstract

In situ stress studies in granite quarries of the Rock
of Ages Corporation near Barre, Vermont, have revealed
that:

1. Apparent local in situ stress distribution is strongly
affected by geologic structure and rock outcrop
geometry.

2. Geologic history and paleostress fields may in part
be responsible for the determined local stress dis-
tributions and rock anisotropies.

3. Measured stress changes caused by rock quarrying
are nearly equivalent to the stresses measured
prior to quarrying; that is, quarrying relieves virtu-
ally all stress.

4. Extensional failures, detrimental to efficient rock ex-
traction, that occurred as a result of quarrying and
coring are difficult to explain by commonly used
failure criteria.

5. Rebound deformations observed in the quarries that
are detrimental to the quarrying occur as both
rapid and time-dependent deformations. Nearly in-
stantaneous deformations measured on surface
grids are in good agreement with the measured
stress relief caused by quarrying. Additional short-
term, time-dependent deformations were nearly
the same as the initial deformations. However,
there is reason to doubt that the initial rapid de-
formations used for the interpretation of stresses
are elastic. If they are a result of inelastic micro-
fracture opening, the stress interpretations may be
in considerable doubt.

For engineering purposes, these studies
demonstrate that the levels and distribution of
local in situ stress and the rock response resulting
from engineering excavation may be difficult to
adequately assess without making sufficient and
meaningful in situ geotechnical measurements.

INTRODUCTION

The experiment described herein was an attempt to
evaluate the state of stress and mechanical rock behavior
caused by excavation at shallow depths in an outcropping

crystalline quarry rock, the Barre Granite of Vermont. In
addition, it was hoped that the information obtained would
aid the quarry operation in developing more efficient quar-
rying procedures in locations where unloading failures
damage good quarry rock. The distribution of elastic prop-
erties, stress magnitudes, and orientations was compared
to geologic structures, quarry procedures, outcrop
geometry, and quarry history in an effort to determine
their relationship. Finally, an attempt was made to
evaluate the relief behavior of the granite by observing
deformations and associated stress changes caused by
quarrying a large block in the area of the investigation.

Acknowledgments
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School of Mines for his timely and helpful discussion con-
cerning the technical aspects covered in this report. In
addition, I wish to thank the Rock of Ages Corp. of Ver-
mont for their generous cooperation and for letting us use
their facilities for conducting the field experiments.

IN SITU STRESS INVESTIGATIONS, BARRE,
VERMONT

Obijectives and Methods

At Barre, Vt. (fig. 1), the U.S. Geological Survey
(USGS) conducted a field experiment in the Barre Gran-
ite, a pluton of Devonian age, to determine the nature
and variation of the stress and strain fields within a large
(10X 10%5.7-m) granite block prior to and as a result of
quarrying (Nichols and others, 1977). The objectives were
to (1) locally determine and map geologic and other phys-
ical features that may influence the local stress field, (2)
determine the prequarrying and postquarrying stress fields,
and (3) on cored samples, conduct laboratory physical-
properties tests necessary to interpret field tests.

Conventional deformation measurements, undercor-
ing, overcoring, and hydrofracturing techniques were used

In Situ Stress Investigations, Barre, Vermont 1
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Figure 1. Location of report area (shaded) adjacent to
Barre, Vt.

to investigate the stress and strain response of the block
and the surrounding rock that occurred as a result of quar-
rying operations. The block investigated was in the Wet-
more and Morse quarry, owned by the Rock of Ages
Corp., and exposed at a depth of 67 m below the original
ground surface (fig. 2). The investigations included map-
ping the block and surrounding rock to record the geologic
and geometric features. Locally, these were mainly sheet
joints, other natural and quarry-associated fracture sys-
tems, fabric anisotropies herein called the “rift, grain or
lift, and hardway planes,” and the configuration of the
quarry. The “rift” is the plane of easiest rock splitting,
the “grain or lift” is the second easiest plane of splitting,
and the “hardway” is the most difficult plane of splitting.
According to the quarry operator, in the vicinity of our
measurements, the rift is nearly vertical and strikes N.

40° E., the lift is horizontal, and the hardway is vertical,
striking N. 50° W.

Geologic Setting

The geology of the area and detailed investigations
of the Vermont granites have been described by various
workers. Dale (1909) published a comprehensive report
on the structural and physical aspects of commercial gran-
ites in New England, which included the Barre Granite.

2 Rock Stresses and Engineering Geology, Barre Granite, Vermont

Figure 2. Working area in Wetmore and Morse quarry,
Barre, Vt:' A, View to the north. Large arrow designates
10X10x5.7-m Barre Granite block prior to quarrying.
Sheet fractures dip southeast (small arrows). B, Closeup

of block showing sheet (large arrows) and other fractures
(small arrows).



Balk (1937) made a detailed study of structural relations
in the Barre Granite and other granitic plutons. White and
Jahns (1950) published a description of structural relations
in central Vermont. Stratigraphic studies have been made
in the area by Currier and Jahns (1941), Doll (1943),
and Cady (1960). Petrographic studies of the Barre Gran-
ite have been conducted by Finlay (1902) and Chayes
(1952). A report by Murthy (1957), in which he mapped
and described the bedrock geology of the East Barre, Vt.,
quadrangle, is used as the geologic basis for this report.

The term Barre Granite as used here refers to a
granite body that crops out in a bifurcated, somewhat el-
liptical shape (fig. 3) about 2 km southeast of Barre, Vt.
The outcropping body is about 7.1 km long, and 3.0 km
wide, with the long axis trending about N. 28° E. Most
of the Barre Granite is bounded by the Silurian Westmore
Formation (Doll, 1951); a small portion of the northeast
boundary is in contact with the younger Waits River For-
mation, also of Silurian age.

72°30
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Figure 3. Area of outcropping Barre Granite southeast
of Barre, Vt.

The Westmore Formation consists primarily of vari-
ous interbedded micaceous and quartzose schists with in-
dividual beds from 8 to 30 cm thick. The total thickness
of the formation varies from 0.9 to 1.2 km. The mica
schists in the westernmost outcrops become progressively
more quartzose to the east. Local porphyroblasts of garnet
and biotite occur in the mica schists, and garnet por-
phyroblasts are quite common in the micaceous beds inter-
bedded with more quartzose lithologies.

The Waits River Formation consists primarily of
calcareous rocks with interbedded mica schists and is esti-
mated to have a thickness of about 1.5-2.0 km.

Geology of the Barre Granite

Origin and Age

The Barre Granite is thought to be an intrusive body
concordant ona regional scale but discordant at local con-
tacts. The mode of emplacement probably consisted of
both passive intrusion along zones of structural weakness
and forcible intrusion accompanied by the stoping process.
The intrusion of Barre-type granite plutons is thought to
have occurred 377-383Xx10° years ago (Naylor, 1971),
postdating the regional metamorphism of the Devonian
Acadian orogeny. Zartman and others (1970) suggest that
the plutons may have cooled slowly as a result of con-
tinued burial by upper Paleozoic sediments. This may ex-
plain the younger K-Ar ages of 340-349x 10° years deter-
mined for granites obtained in the Rock of Ages quarry
near Barre and the Adamant quarry to the northwest (Faul
and others, 1963). High-grade thermal metamorphism
(Murthy, 1957) was superposed on the previously
metamorphosed Westmore and Waits River Formations at
the contact with the Barre Granite, indicating that these
rocks must have been altered at temperatures of at least
400°-500°C and probably were under moderately deep to
shallow overburden. The depth of burial was estimated
to be about 10 km (Nichols, 1980).

Structure

Dale (1923) described in detail the major fracture
sets that exist in the active quarries on the Barre Granite
pluton. He noted that in 26 quarries the most frequent
joints strike N. 30°-40° E. and N. 75°-90° E., the next
most frequent strike N. 60°~70° E., N. 30°-40° W., and
N. 10°-25° W. Dale also noted that the rift plane was
reported to be vertical but varied in strike from N. 30°
E. to N. 75° E., and that the grain plane was horizontal
in most areas. Murthy (1957) observed that the most con-
spicuous joint set trends approximately N. 20° E. and dips
between 45° and 80° to the southwest. He asserts that

In Situ Stress Investigations, Barre, Vermont 3
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these fractures are parallel to the rift direction and trend
of the flow lines.

Fractures were mapped by the author in both active
and abandoned quarries to determine if fractures described
by Dale may vary areally in any systematic way. The
fracture pattern and density in the south and east sections
of the pluton differ significantly from those in the west-
central section. The south and east sections of the pluton
are topographically lower than the west-central section by
at least 30 m; hence, quarries in the high areas are re-
ferred to as the upper quarries (UQ, fig. 4) and those
in the low areas as the lower quarries (LQ, fig. 4). Figure
5 shows comparative orientations of fracture systems in
these two areas.

The west-central part of the pluton, in which the
Upper Smith and Weston and the Wetmore and Morse
quarries (fig. 4) are located, has two strong sets of frac-
tures that appear to be almost nonexistent to the south
and east in the lower quarries. These are the near-surface,
well-developed, low-angle sheeting fractures (cluster a,
fig. 5A, and fig. 6) and the very extensive northwest-
trending nearly vertical fractures (cluster b, fig. 5A).
Nearly closed sheeting fractures with spacings commonly
<0.3 m are thought to be nontectonic in origin and proba-
bly occur as a result of vertical stress relief caused by
denudation. The northwest-trending fractures, probably of
tectonic origin, are usually single fractures <0.5 cm thick
and are widely spaced, but may extend laterally hundreds
of meters (fig. 7). These fractures have vertical slicken-
sides superposed on hydrothermal alteration products, in
some locations mostly illite. Although the displacement
on the fractures is very small, the sense of movement
as evidenced by feather fractures is that of high-angle re-
verse faulting. Toward the surface of the pluton, the verti-
cal fractures tend to bifurcate and curve into a horizontal
direction. The deepest sheeting fractures tend to inter-
finger and intersect the bifurcated fractures and in many
places have a similar dip; thus, the two sets can easily
be confused.

The lower quarries (fig. 4) contain a pervasive set
of well-developed, steeply dipping, northeast-trending
fractures (fig. 5B). These are strongly developed fractures
that are subparallel to the long axis of the pluton and
the regional trend of the surrounding country rocks. They
grade into broad, well-developed shear zones (figs. 8, 9),
found along the granite-metamorphic contacts interior to
both of the pluton’s southern segments (fig. 4), and termi-
nate abruptly as they extend northward into the upper
quarries (figs. 4, 9). The northeast-trending fracture set
tends to extend into and through the upper quarry area
only immediately adjacent to the contact with the
metamorphic rocks, and here the set is not nearly as well
developed as in the lower quarries. These fractures also
are intruded by basic and felsic dikes and are filled with
hydrothermal alteration products. Murthy (1957) con-

A. Upper quarry
(125 mapped
fractures)

B. Lower quarry
(110 mapped
fractures)

Figure 5. Equal-area diagrams (lower hemisphere) of
poles to natural fractures mapped in the lower and
upper quarry areas at Barre, Vt. Contours are at 2, 4,
8, 12, and 16 percent per 1 percent area. Orientation
of major fracture sets shown by a-f: a is concentration
of sheeting fractures; b, northwest fractures; c, d, e, and
f are strongly developed northeast-trending conjugate
fracture sets.

cluded that the dikes are primary features and therefore
the fractures must have originated during or shortly after
the forceful emplacement of the pluton. Continued uplift
after the pluton solidified caused intense fracturing along
and adjacent to the southern interior contact zones. The

In Situ Stress Investigations, Barre, Vermont 5



Figure 6. Tendency of sheeting fractures developed in upper quarry area to terminate at boundaries of older frac-
tures. Widely spaced horizontal parallel lines toward bottom of photograph are boundaries of old quarry lift planes.
View is to the west.

northeast-trending fracture sets ¢ and d (fig. 5B) with
high-angle northwest, southeast dips imply a conjugate
set, whose major principal stresses, o; and o3, at the
time of fracturing were respectively vertical and to the
southeast-northwest. Two more fracture sets, e and f (fig.
5B), striking respectively east-northeast and north-north-
east with steep northwesterly dips, imply a possible sec-
ond conjugate set of fractures. At the time of fracture,
the major principal stresses, o, and o3, were nearly hori-
zontal, bearing to the northeast and southeast, respec-
tively, and o, was nearly vertical. In either case the mini-
mum principal stress (o3) was nearly horizontal, had a
bearing southeast-northwest and may have coincided with
regional tectonic relaxation subsequent to the Acadian
orogeny.

6 Rock Stresses and Engineering Geology, Barre Granite, Vermont

Modal Composition and Petrofabrics

The composition of the Barre Granite has been
statistically determined by Chayes (1952) to be very uni-
form, at least in five of the presently active quarries.
Murthy (1957) checked Chayes’ results, and found no sig-
nificant differences. The results indicated that the granite
contains about 26 percent quartz, 35 percent plagioclase,
19 percent potassium feldspar, 18 percent mica (both bio-
tite and muscovite), and less than 2 percent accessory
minerals.

Petrofabric analyses have been performed by Wil-
lard and McWilliams (1969), Thill and others (1973), and
Engelder and others (1977). These investigators report
strong preferred orientations of open and healed micro-
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Figure 7. Very extensive but widely spaced northwest-
trending fractures (arrows) found in the upper quarry
area. View is to the northwest.

fractures nearly parallel to the rift plane. Thill’s data show
a second strong set of microfractures, parallel to the grain
plane. These planes are respectively oriented vertical,
striking to the northeast, and horizontal. The first two
reports infer that a great number of the microfractures
occur in the quartz grains. In addition, the Thill investiga-
tion reveals that there is little preferred orientation of the
quartz, plagioclase, and mica grains but that there is a
suggestion of orientation of twins within microcline grains
in the rift plane. My petrographic examination of samples
taken from the Wetmore and Morse quarry shows a simi-
lar strong orientation of two sets of microfractures (fig.
10), both open and healed, subparallel to the rift (N. 40°
E., vertical) and lift planes (horizontal). The healed
microfractures are seen here as bubble planes, according
to an interpretation by Simmons and Richter (1976). This
is supported by Shelton and Orville (1980), who formed
synthetic fluid inclusions in fractured natural quartz by
annealling samples at 600°C and 2 Kbar pressure in the

presence of water. Most of the microfractures are within
the quartz grains and end abruptly at the quartz boundaries
(fig. 10). In addition, strong undulatory extinction and
subgrain development are associated with deformation of
quartz grains, and according to Tullis and Yund (1977)
these effects can occur at strain rates of 107 sec™! within
confining stress fields greater than 150 MPa at tempera-
tures above 300°C. J. Tullis (written commun., 1979) also
has examined some Barre Granite thin sections and states,
“Judging from my experience with experimentally and
naturally deformed quartzites, I would estimate that the
microstructures shown by the quartz grains in this granite
were produced at a temperature of close to 300°C (for
a standard, slow natural strain rate of about 10'%/s).”

The petrographic evidence thus supports the idea
that since the solidification of the magma, the granite has
been subjected to temperatures greater than 300°C and
burial depths greater than 7 km. The annealed microfrac-
tures also indicate strong dislocation activity occurring
after an initial brittle deformation period. This suggests
a reheating of the rock mass to over 300°C and the possi-
bility of a superposed thermal event as mentioned by
Zartman and others (1970) and Naylor (1971).

shear

Figure 8. Well-developed
zones found adjacent to granitic-metamorphic bound-
aries in the interior portion of the pluton, lower quarry
area.

northeast-trending

In Situ Stress Investigations, Barre, Vermont 7



Figure 9. Well-developed northeast-trending fracture and shear zones seen in lower half of picture (arrows)
terminate abruptly at massive unfractured granite of upper quarry area.

Site Selection

The site for our experiment in the Wetmore and
Morse Quarry near Barre was selected on the basis of
the following criteria:

1. The rock type present at the quarry. The Barre
Granite is a very uniform hard rock with no obvious struc-
tural anisotropies other than fractures and microcrack fab-
ric which have been extensively studied and documented.
On the rock chosen for quarrying, two very fine sheeting
fractures were discernable and easily mapped.

2. The geometry of the quarry and the
10X10X5.7-m block to be quarried, although not ideal,
that was amenable to an elastic numerical analyses.

3. Previous observations of quarry deformations
and failures that indicated deformations in response to
quarrying of the chosen block would be easily measura-
ble.

4. The many laboratory studies of the physical and
mechanical properties of the Barre Granite that have been
conducted.

8 Rock Stresses and Engineering Geology, Barre Granite, Vermont

5. The operator’s plan for quarrying that allowed
sufficient time and operating room to adequately investi-
gate the prequarry and postquarry conditions of the
10X 10X5.7-m block.

Deformation, Stress, and Temperature
Measurements

Prequarrying measurements of the stress and strain
fields in the 10X 10X 5.7-m granite block and surrounding
rocks were made for a period of 15 months prior to quar-
rying of the block. The block was quarried by burn-
cutting side channels with oxygen-kerosene torches and
then splitting on the bottom horizontal plane with dyna-
mite charges. After the block was quarried, it was left
in place and postquarry measurements were made to deter-
mine the response of the block and adjacent rocks to re-
moval.

Various deformation and temperature measurements
were made on external surfaces and within the block and
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Figure 10. Examples of open and healed microcracks in
quartz crystals, Barre Granite. Healed microcracks are
seen as bubble planes. A, Plane of view is horizontal
and direction (arrow) is N. 40° E. B, Plane of view is verti-
cal and direction (arrow) is N. 50° W.

adjacent rocks during the field investigations, and on
cores removed from the block before and after quarrying.

Type of Measurement and Locations

Rock-temperature measurements were monitored
periodically with resistance type thermometers, in vertical
holes drilled in the granite block and auxiliary holes just
northwest of the block. The USGS three-dimensional
probe installations (figs. 11, 12) in the block provided
rock-temperature data for each installation.

Stress determinations within the granite were made
using the overcoring techniques in vertical and horizontal
core holes to depths of 8 m. The U.S. Bureau of Mines
(USBM) and USGS measuring devices were used at
equivalent depths.

An attempt was made to select several rock-stress
measurement techniques in order to obtain independent
data checks. Methods chosen were the commonly used
overcoring and hydrofracturing techniques. The overcor-
ing technique basically depends on measuring relief dis-
placements that occur in the rock as it is cored and con-
verting these to rock-stress values through measured elas-
tic-rock constants. The hydrofracturing technique essen-
tially depends on measuring fluid pressures required to
balance rock pressures as fluids are injected into fractures.

For the overcoring procedure, three types of in-
strumentation were chosen: (1) the USBM three-axis
borehole deformation gage (Hooker and Bickel, 1974),
(2) the USGS three-dimensional borehole probe (Lee and
others, 1976), and (3) metal-foil resistance strain gages
(Swolfs, 1976).

The USBM gage was chosen because of its exten-
sive successful use for measurements of this kind. The
instrument is well designed and rugged, and can be used
repeatedly. It was designed upon a sound theoretical basis
for use in interpreting stresses in an elastic media. The
instrument is a “soft modulus” device, meaning that it
measures displacements, while offering little or no resis-
tance to rock deformation. The disadvantage of using this
device is that for any single measurement it can only be
used to determine stresses in a single plane.

The USGS probe was chosen because it can be used
to determine the 3-dimensional stress condition at the
measurement location. Also, the instrument is a borehole
inclusion, much stiffer than the USBM gage, and primar-
ily monitors deformations and temperature changes. The
theoretical basis for the gage is more complex than that
of the USBM gage and also requires that the response
of the rock be elastic. The instrument, although less ex-
pensive than the USBM gage, can only be used once.

Strain gages were chosen for very near surface mea-
surements because they are the least expensive and can
be easily applied to accessible rock surfaces. The theory
used for stress interpretation is simple and requires that
the monitored strains be those of the elastic response of
the rock. Stresses can only be determined for the plane
on which the gages are mounted.

Deformation, Stress, and Temperature Measurements 9



A disadvantage of all three gages is that they cannot
differentiate strains of thermal origin from those of stress
changes. Compensation for or interpretation of thermal
strains is required in each case. The first two instruments
were installed in boreholes at various depths (figs. 11,
12) and overcored, whereas the strain gages were installed
on prepared rock surfaces on the block prior to overcor-
ing.

All of the data obtained from the overcore measure-
ments are reported herein as stresses, using the assump-
tion that the rock response during the overcore measure-
ment was elastic. The data show evidence that the re-
sponse was not entirely elastic and that the data perhaps
more properly should be presented as displacement or
strains. However, as there is doubt, and because the data
are more simply reduced to stresses by the existing pro-
grams for each instrument, the data are left in terms of
stresses and the arguments for elastic versus inelastic re-
sponse will be presented in the discussion. The reader,
therefore, is cautioned to view the stress data critically
and to consider that the expression of these data may be
more appropriate in terms of strain rather than stress. The
principal directions of strain and the ratio of principal
strain magnitudes would remain the same as for the stress
values because the stresses have been calculated using an
average elastic modulus and Poisson’s ratio in all direc-
tions.

In addition, hydrofracturing tests were used to
measure stresses at depths of 3.5 and 5.5 m in the block
(fig. 12), but are not discussed further because the data
were incomplete (Nichols, 1980).

To determine surface displacements, five displace-
ment nets were established: two on the top surface, two
on a vertical face of the block to be quarried, and one
on a horizontal surface adjacent to the top of the block
(fig. 13). The nets were each composed of three arms
and covered most of the exposed surface of the quarried
block. Each arm had measuring points at both ends that
consisted of steel bolts that were mechanically wedged
into drill holes. The bolts on nets 1 and 2 were spaced
6.05 m apart; on net 3, 1.89 m apart; on net 2E, 1.52
m apart; and on net 4, 4.15 m apart. The angles between
arms were 60° on nets 1, 3, and 4; 45° and 90° on net
2. The nets were measured periodically with precision
steel tapes that were calibrated for temperature change.

Additional strain and displacement measurements
were made on cores that were removed from the large
block both before and after quarrying. Strain gages were
applied to external surfaces of solid cores and overcore
annuli several hours after coring to continue monitoring
strain relief with time. Continued measurements were
made also across the central boreholes within overcore
annuli. These latter measurements were made with the
USBM borehole deformation gage.
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Figure 11. Perspective view of 10x10x5.7-m block of
Barre Granite and adjacent quarry area, Wetmore and
Morse quarry, Barre, Vt., showing locations of boreholes
and sheeting fractures. The coordinate system (x, y, 2)
and the cross section (AB) were used in the finite-ele-
ment calculation of gravity stresses. Horizontal instru-
ment holes are designated by 1H, 2H, and 3H. The group
of vertical instrument holes is shown in detail on
Figure 12.

Results of Temperature Measurements

Figure 14 shows the average daily temperatures
measured in the -auxiliary holes at depths of 1.52, 2.74,
4.27, and 7.01 m during the periods of field investigation
in July, October, and November 1975, and October and
November 1976. In addition, the rock temperatures at all
of the USGS 3-D probe installations to the time of over-
coring are shown. Two of these probes were used to mon-
itor temperature changes over a year’s time at depths of
4.58 and 4.61 m in holes 1 and la on the block (fig.
12). The maximum spread of measured temperatures dur-
ing the periods of field investigation was 2.78°C for all
measurements except those at 1.5 m, but generally was
much less than this, whereas at 1.5 m depth the tempera-
ture spread was much larger at 11.1°C. The 1.5 m temper-
atures ranged from 6.7°C warmer than temperatures below
3 m during the July 1975 investigations to 3.9°C cooler
during the November 1976 investigations. The tempera-
ture variations on both USGS probes at the 4.6 m depth
showed nearly identical responses with a maximum sea-
sonal variation of 5.8°C.
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Figure 12. A, Isometric view of the 10X 10x5.7-m block of Barre Granite showing borehole locations, overcore
and hydrofracture locations, sheeting fractures, and coordinate axes x, y, and z, Wetmore and Morse quarry, Barre,
Vt. Sections 1, 1l, and 1ll are separated by sheeting fractures. B, Section views of the same block showing locations
of prequarry and postquarry overcoring stress measurements. Viewed normal to x axis. Dashed lines indicate location
of sheeting planes in boreholes.

Because there were insufficient data on the thermal  the induced thermal stresses. The block in its unquarried
rock properties and thermal gradients within the block at  position is essentially unbounded on the top and one side,

the time of investigations, it is impossible to determine  thus not perfectly confined. However, based on thermal

Deformation, Stress, and Temperature Measurements 11



Quarried block

Vertical wall f 10 meters —
TZB-2
Net 2E
Leg number. |
N2 3 2 .
Net 2 s
141 1 et 18-1 e
I —— HEN :
Net 2£ Net 2 o
Sheeting
I fractures™
L Net 2F
I N
| Vertical
biock faces
Plan view

Vertical wall

/Sheeting fractures

L—5.7 meters——l

Lower surface

.

Elevation view

Figure 13.

Locations of displacement nets 1, 2, 2E, 3, and 4, Wetmore and Morse quarry. Nets 1, 2,

and 2E are on the top horizontal surface, where net 2E is an extension of legs 1 and 2 on net 2, and
nets 3 and 4 are on the existing side vertical surface. Nets 2, 2E, 3, and 4 are on the unquarried 10x10X5.7-

m block of Barre Granite.

stress data, Hooker and Duvall (1971) determined a ther-
mal stress of approximately 0.305 MPa per °C for the
Mount Airy Granite of North Carolina, assumed to be
an elastic half space. Because the elastic constants of the
Mount Airy Granite are very similar to those of the Barre
Granite, this figure may be reasonable for thermal stresses
at Barre. Therefore, thermal stresses, based on the tem-
perature differences measured (0.85 MPa for 2.78°C dif-
ference), appear to be small enough to be neglected for
the scope of this paper.
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Prequarrying Stresses

Prequarry stress data and sign convention are given
in table 1. The magnitudes and orientations of the
maximum, intermediate, and minimum principal stresses
01, 05, and o3 and the maximum and minimum secondary
principal stresses P and Q in the horizontal and designated
vertical planes are shown according to their borehole loca-
tion and depth of overburden. Stresses obtained by over-
coring the USBM borehole gage were determined using
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Figure 14. Measured temperature versus time in 10X10x5.7-m block and adjacent rock.

plane-strain analyses and lie in planes normal to borehole
axes. For comparison, stresses determined by overcoring
the USGS 3-D borehole probe were rotated into planes
normal to borehole axes.

Overcore Measurements

The measurements made in the block were located
in sections I, II, or III bounded by sheeting fractures (fig.
12A). These were made in vertical holes 1, la, 2, 6,
7, 7a, 8, and horizontal hole 1H. Therefore, all of the
stress determinations made with the USBM gage except
those made for hole 1H were in the horizontal plane. In
that the top of the block was more fractured than the
lower portions, the measurement locations near the top
were closer to fracture surfaces. Effects of fracture prox-
imity on stress distribution within sections I, II, and III
can be seen on figure 15, which shows a plot of the
maximum secondary principal stress magnitudes (P) ver-
sus the approximate distance of the stress measurement
location from known fractures. Also, figure 15 shows a
lower hemisphere plot of the stress orientations for these
measurements. The distance of the measurement from a
fracture appears to be a significant factor in determining
the stress magnitude, much more so than the depth of
measurement. The principal stress orientations on the
other hand seem to be more a function of the section

location. The measurements made at the greatest distances
from fractures have the greatest stress magnitudes appar-
ently independent of the section location, whereas the
stress orientations in sections I and II, independent of the
proximity to fractures, are very similar and those in sec-
tion III are consistently rotated more than 90° clockwise.

The directions of minimum secondary principal stres-
ses (Q) determined from the surface measurements are
from N. 40° E. to N. 48° E., demonstrating that near or
on the surface, Q is parallel to the rift plane (N. 40° E.).
The findings of Swolfs (1976) and of Engelder and others
(1977), who both made strain relaxation measurements on
surface rocks of the Barre quarries, also led them to con-
clude that minimum strains are parallel and maximum st-
rains are normal to the rift plane. They inferred that the
mechanism of strain relaxation in the Barre Granite was
the opening of microcracks in the rift plane. This appears
to be true only near the surface of section 1.

Horizontal hole 1H in section III is under 3.85 m
of overburden. The stress components measured at three
locations in this hole are in vertical planes that strike N.
50° W. The magnitude and plunge of P and Q for each
measurement are very consistent, and P agrees well with
the measurement made in horizontal planes, the maximum
being 8.43 MPa, plunging 25° to the southeast. This
value, like the other values of P in section III, does not
appear to be affected by the sheeting fractures.

Deformation, Stress, and Temperature Measurements 13
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Table 1. Determinations of stresses (MPa) made on Barre Granite adjacent to and within the 10x10x5.7-m block prior to and after quarrying, Wetmore
and Morse quarry, Vermont

[o1, 52, and o3, are principal stresses. P and Q are secondary principal stresses that are determined in a horizontal plane and a vertical plane with the strike the same as the
bearing. Positive stresses are compressional and negative stresses are tensile. Maximum principal stresses P and o4 are the most compressive. Leaders (--) indicate no data]

Over- Attitude of P Attitudes, in degrees
Hole burden Distance! N (degrees)
No. depth (m) Section p Q 'R 0, g, g, g, g,
(m) Bearing Plunge Bearing Plunge Bearing Plunge Bearing Plunge

Prequarrying measurements

Overcore, USGS 3-D probe

1 1.42 1.42 I -0.35 -0.92 N. 11 W. 0 0.09 -0.36 -0.95 N. 68 W. 79 S. 9 E. 6 N. 80 E. 9
1 3.12 3.12 II 6.34 3 N. 3 W. 0 9.63 3.07 .28 N. O W. 45 S. 9E. 45 S. 85 W. 5
1a 3.01 3.01 ITI-II 1.50 .16 N. 15 W. 0 1.60 .21 -.73 S. 13 E. 12 S. 80 W. 12 N. 34 E. 73
la 4.58 4.58 III 6.29 3.58 N. 88 W. 0 6.29 4,89 2.16 S. 87 E. 2 S. 4w 4y N. 1 E. 46
Block lift, USGS 3-D probe?
1 4,61 4.61 III 6.4 3.74 N. 86 E. 0 6.80 4.4 3.28 N. 82 E. 21 N. 31 W. 45 S. 9 W. 37
Overcore, USBM 3-axis probe
2 1.53 1.53 I .57 .29 N. 22 W 0 ==== ===== mmess mmmmeeee == === - mmmme———— -
2 3.05 3.05 II 5.70 1.27 N. 26 W 0 e b b bt == mmmmmee- == mmmm———- ==
2 5.34 5.34 III 8.78 4,63 N. 88 W. 0 ———= mmm== mmmmem e - s - == -~
2 5.80 5.80 III 9.58 5.28 N. 89 W. 0 e bbbttt - == - = -
1H 3.87 1.64 III 7.22 .97 S. 50 E. 20 e == mmom—e—- e ittt --
1H 3.84 3.28 III 8.43 1.98 S. 50 E 24 —-== mmmmm memee mmmmeeeo = =mem———- - mmmee—e- -
1H 3.81 4.92 III 8.17 1.66 S. 50 E 25 ——-= mmms— ssess memeee—o e == e -
2H 67 1.64 -—-—-- 17.99 2.26 N. 40 E 60 ====  m=-s= smeem— soseoe—o == mmmmm—ee - mmm——ee- -
2H 67 3.28 ----- 12.4 6.13 N. 40 E. 57 —===  mm=== eemms emeee—oo == meemeee- == mmmmmee- -
2H 67 4,92  ----- 6.21 1.95 N. 40 E. 10 e b bbbt == m=—meee— == mmmeeee- -
Overcore, metal-foil strain gage
6 ----- 0 I 8.28 2.07 N. 42 W. 0 —--= m=ss- ome=e —om-e-eo - === -~ mmmmeee- -
T == 0 I 2.32 58 N. 46 W. 0 e T e it == mmmemeee— - mmm=—ee- -
8 - 0 I 0 o --———--- -- e e et - e e -
Ta  ———-- 0 I 3.89 1.90 N. 50 W. 0 —=-= mm=== —-oms s e i iututatetet -~ mmmm—ee- --
3H 40 [ it 9.1 6.62 N. 50 W. 6 === ===m— mmess meeoeeeo = mmmmeee- == mmm————= ==
Postquarrying measurements
Overcore, USGS 3-D probe
1 4,61 4.61 III -.99 -2.32 N. 28 E. 0 0.9 -1.04 -2.35 N. 51 E. 79 S. 26 W. 10 N. 63 W. 4
3a 3.25 3.25 II 1 -.27 N. 34 E. 0 .82 11 ~-. 45 N. 60 W. 68 N. 32 E. 1 S. 57 E. 22
Overcore, USBM 3-axis probe
3 2.10 2.10 II .28 -.18 N. 45 W. 0 e e Sindahaind - mmemmee- == = -
3 4,42 bou2 III -.09 -.65 N. 87 W. o] === === memes —omeoeo e ittt e --
3a 2.53 2.53 II 42 - 4y N. 49 w. 0 e e e il --
7.02 7.02 ") 9.63 4,92 N. 82 W. 0 e et b bt e ittt == mmmmeee- -
! Distance of measurement from surface. ® Stresses were determined by changes caused by quarrying of block.

2 See figure 124. * Measured in unquarried rock below section III after the overlying block was quarried.
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orientations of the secondary maximum principal stresses (P).

The orientations of the three-dimensional principal
stresses (0}, U, 03) are plotted on a Schmidt equal area
net on figure 16. Figure 164 shows o,, 0,, and o3 for
the stresses remaining in the block after relief caused by
natural fractures or by quarrying the block. The stresses
measured in sections I, II, and III in hole 1 at 1.42 m
(1-1.42) and in hole 1a at 3.01 m (1a-3.01) are prequarry
stresses that remain after relief by the sheeting fractures.
Also shown for comparison are the postquarry stress
orientations determined in sections II and III in hole 1
at 4.61 m (1-4.61) and hole 3a at 3.25 m (3a-3.25) that
remain after relief by the quarrying operation. The direc-
tions of the free block sides, N. 40° E. and N. 50° W.,
and the orientation of the sheeting fractures are also

shown. The fracture-relieved stress orientations at 1-1.42
and 1a-3.01 are subparallel and subperpendicular to the
fracture orientation and appear to be influenced by the
geometry of fracture development, and possibly by the
nonrelieved principal stresses of block section III (at loca-
tions 1-3.12, 1-4.61, and 1a-4.58) seen on figure 168,
which bear in similar directions. The postquarry stress
orientations, however, at 1-4.61 and 3a-3.25 (fig.  16A),
as would be expected, are nearly parallel and perpendicu-
lar to the quarried block sides, and thus, seem to be con-
trolled by the block geometry.

Other prequarrying stress measurements were made
in horizontal boreholes 2H and 3H drilled into the vertical
walls to the southwest and northwest of the large block

Deformation, Stress, and Temperature Measurements 15
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Equal area diagrams (lower hemisphere) showing orientations of principal stresses determined within

10x10x5.7-m block of Barre Granite. A, stress orientations measured at locations relieved either by quarrying of
block or by natural fractures. B, stress orientations unrelieved, prior to quarrying of block.

(fig. 11). Hole 2H is under 67 m of overburden (fig.
2). The three stress determinations made in this hole at
distances of 1.64, 3.28, and 4.92 m from the vertical
wall (fig. 11) demonstrated horizontal stresses to be very
similar to the unrelieved stresses measured in the same
direction in the unquarried block (table 2). The vertical
stresses (table 2), however, from the first two measure-
ments were several times greater than the vertical stress
in the block, whereas the vertical stress of the third mea-
surement was slightly less than nearly all of the unrelieved
vertical stresses determined in the block. The third mea-
surement, although 4.92 m into the granite face, was less
than 0.5 m from an iron-stained fracture dipping to the
southeast at about 45°. The measurement location was in
the footwall side of the fracture underlying at least 67
m of overburden. Hole 3H is under about 40 m of over-
burden. One stress determination was made at this loca-
tion on the surface of the vertical wall that strikes N.
50° W. This was done by overcoring strain gages mounted
on a prepared vertical surface (Swolfs, 1976), and the
determined horizontal stress was slightly higher than those
unrelieved horizontal stresses measured in the N. 50° W.
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direction in the block. The vertical stress was more than
double the vertical stress in the block but less than half
of the vertical stress in hole 2H near the face of the other
highwalil.

From the prequarry stress measurements made in
the vicinity of the block, several distinctive characteristics
were revealed.

1. The determined stress magnitudes and orienta-
tions are strongly influenced by relief within 0.5 m of
fractures and free surfaces. Stresses normal to planes
parallel to these surfaces are the most severely affected.

2. The principal stress orientations away from
fractures in the unquarried block appear to be related more
to spatial locations and geometry than to fracture orienta-
tions. The near-surface stress orientations may be related
to a microfabric feature, the rift plane, whereas for deeper
measurements, this relation is not apparent and directions
appear to be controlled by the section location.

3. The determined horizontal stress magnitudes do
not appear to change much as a function of depth of over-
burden, whereas the vertical magnitudes increase consid-
erably at depth.



Table 2. Measured and gravity stresses (MPa) in the x,
y, and z directions in Barre Granite adjacent to and with-
in the 10xX10x5.7-m block prior to quarrying

[ox, oy, and g, are normal stresses in the N. 40° E., N. 50° W.,
and vertical directions. Measured and calculated gravity stresses
are indicated by m and g. Positive stresses are compressional
and negative stresses are tensile. Calculated stresses are based
on a plane-strain finite-element calculation using the overbur-
den load and Poisson’s ratio of 0.25. Leaders (--) indicate no
data]

Over-
Hole burden 9% Uy %z
No. depth
o m (g (m (@) m (&
Overcore, USGS 3-D probe
1 1.42 -0.69 0.27 -0.58 0.07 -0.06 0.10
1 3.12 3.05 .48 3.60 .13 6.33 .26
Block lift, USGS 3-D probe!
1 4.61 5.05 .50 5.14 .19 4.33 Jh2
Overcore, USGS 3-D probe
1a 3.01 .61 .48 1.05 .13 .59 .26
Ta 4,58 5.25 .50 u.62 .19 3.47 L2
Overcore, USBM 3-axis probe
2 1.53 .36 .27 .50 07 - -
2 3.05 2.06 .48 4,91 13 e -—--
2 5.34 6.14 .48 7.28 .23 = b
2 5.80 6.91 .45 7.95 27 s -
1H 3.87 ----- ---- 6.149 .9 1.70 0.29
1H 3.84 ----- - 7.37 .13 3.05 0.28
1H 3.81 ----- ---- 7.01 A7 2.83 0.36
2H 67 6.19 80 ----- === 14.06 2.80
2H 67 7.99 70  -=--- - 10.54 2.10
2H 67 6.08 66  ----- - 2.08 1.90
Overcore, metal-foil strain gage
6 0 2.19 0 8.16 o =---- ----
7 0 .58 0 2.32 o - ===
8 0 .00 [¢] 0 o === ===
Ta 0 1.90 0 3.89 o ----- -
3H 4 - === 9.10 1.00 6.62 ----

!Stresses were determined by changes caused by quarrying
of block.

Measured Prequarry Stresses Compared to Predicted
Gravity Stresses

Table 2 shows normal stress components in the x,
y, and z directions (fig. 11) calculated from prequarry
measurements. These directions, respectively, N. 40° E.,
N. 50° W., and vertical, bound the unquarried rectangular
block and lie within and normal to the section AB (fig.
11). Gravity stresses in the AB plane for the x, y, and
z directions were determined by a plane-strain finite-ele-
ment calculation (Nichols and others, 1977) using the as-
sumption that the confinement in the y direction is suffi-
cient to allow little or no strain. The closest free surface
from plane AB in the y direction is the small vertical
surface at the upper southeast side of the block. Its dis-
tance from the AB plane is sufficiently far that by St.
Venant’s principle it is assumed not to have a large effect

(Sokolnikoff, 1956) on the confinement of the unquarried
block. The stresses are contoured on figure 17 and re-
ported for each measurement site in table 2. The measured
horizontal stresses in most cases are at least five times
greater than the calculated horizontal gravity stresses.
Most of the measured vertical stresses are from 5 to 20
times the calculated vertical gravity stresses. The mea-
sured horizontal stresses under 6m and 67 m of overbur-
den are approximately the same, whereas the measured
vertical stresses at 67 m are much greater than at 6 m
and are at least five times the calculated vertical gravity
stresses in most locations. There are a few measurements
that do not conform to this trend, those at 1.42 m in
borehole 1, 3.01 m in borehole la, and 4.98 in borehole
2H. These measurements are all very close to sheeting
fractures which probably relieved much of the stress. The
majority of measurements at this location therefore indi-
cate that unless relieved by fracturing the horizontal
stresses remain approximately the same to a depth of 67
m, whereas the vertical stresses increase with depth and
have a 5:1 ratio to the calculated gravity stresses.

Thus, the prequarry state of stress in the block and
surrounding rock mass, as determined by overcore mea-
surements and assuming an elastic rock response, appears
to be different from one caused by gravity loading alone.
Both the measured horizontal and vertical stresses are
much greater (by at least a factor of 5) than those pre-
dicted by the gravity model. The measured stresses also
differ from the gravity model in that both the horizontal
and vertical stress components of the gravity model in-
crease with depth, whereas only the vertical component
of the measured stresses appears to increase significantly
with depth. Also, the measured vertical component in-
creases with depth at a much greater rate than does the
vertical gravity component.

Stress Changes and Surface Deformations Caused by
Quarrying

Stress determinations made in the 10X10X5.7-m
block after quarrying (table 1) were used to determine
changes in the block caused by quarrying. The determined
prequarry stress magnitudes seemed to be a function of
distance away from natural fractures, and within 0.5 m
of natural fractures these stresses were greatly relieved.
Therefore, the relief that occurred within the block as a
result of quarrying was a function of distance away from
natural fractures. After quarrying, stress determinations in
sections II and III of the block show the secondary princi-
pal stress magnitudes (P and Q in table 1) to be between
0.42 and —2.32 MPa with a mean value of 2 of —~0.41
MPa. The mean maximum principal stress (P) after quar-
rying is —0.05 MPa; therefore, it appears that on relief,
the net state of stress in the block is one of slight tension
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Figure 17. Gravity stresses determined by a plane-strain fi-
nite-element calculation in the vertical plane AB (fig. 11),
striking N. 40° E., cutting the quarry wall and the unquarried
block of Barre Granite, Wetmore and Morse quarry. For this
calculation, Young's modulus was 31 GPa, Poisson’s ratio was
0.25, and the density was taken to be 2.7 g/cm?.
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possibly as a result of thermal stresses. By comparing
the values of the prequarry and postquarry maximum prin-
cipal stresses (P, table 1) in sections II and III, the stress
reduction has been determined to be on the order of 1.6
to 9.6 MPa. If section I relieved in a similar manner,
determined stress drops as large as 8.3 MPa are probable.
Data from a USGS 3-D stress probe situated in section
III (hole la, 4.58 m), during the final separation of the
block on the lift plane, showed an initial maximum stress
decrease of 6.5 MPa, which is consistent with stress mea-
surements at this depth (table 1) before and after quarry-
ing.

After the block was quarried, initial rapid surface
deformations, measured on the surface nets, were fol-
lowed by slower time-dependent deformation. The sur-
face-displacement nets were measured just before and for
10 days after the block was quarried.

The changes on each leg could be measured to the
nearest 25 pwm, which, over a gage length of approxi-
mately 6 m, is a strain of 4.2X107°. Considering that
the stress release caused by quarrying may have been as
large as 9.6 MPa, the resulting extensional strains are on
the order of 350% 107, The displacement measurements,
therefore, are considered to be sufficiently sensitive to
monitor the displacements caused by stress release. Figure
18 shows the data for these readings on nets 1, 2, 2E,
and 3. The displacements on nets 1 and 2 were converted
to strains from which strain ellipses were calculated to
determine principal strain directions. From the first-day
strain ellipse determined for net 2, plane stress changes
were determined which are also shown on figure 18. The
1-day interval is based on the assumption of a nearly
linear elastic response.

Net 1, on the unquarried adjacent horizontal sur-
face, showed mostly initial rapid contractions 1 day after
quarrying, which were followed by slower and much
larger contractions for 10 days. The lengths of legs 1,
2, and 3 were respectively 5.94, 5.94, and 5.85 m. After
1 day, legs 1 and 2 showed contractions of 559 and 356
wm, respectively, and leg 3 showed expansion of 76 pum.
Contractions for the 10-day period were 2.03, 0.94, and
1.32 mm, respectively. The calculated strain ellipses show
the maximum strain after the 1st day to be 110x107°
bearing N. 20° W., and after the 10th day to be 354x107°
bearing N. 70° W.

Nets 2 and 2E responded in overall expansion rather
than contraction. The lengths of legs 1, 2, and 3 of net
2 were 5.85, 6.04, and 6.04 m, respectively. The expan-
sions on these legs the 1st day after quarrying were re-
spectively 0.25, 1.17, and 0.69 mm and the 10th day
after quarrying were 0.53, 1.91, and 1.55 mm. The
maximum calculated extensional strain for the 1st day was
—193x 107 bearing N. 37° E. which, if elastic, is equiva-
lent to a maximum stress relief of 6.7 MPa in the same
direction. For 10 days, the maximum strain was
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Figure 18. Graphs showing displacements versus time for nets 1, 2, 2E, and 3 after the 10x10x5.7-m block of
Barre Granite was quarried. Principal strain changes for the initial first-day response for net 2 are shown.

—327%107° bearing N. 52° E. The initial expansions the
Ist day after the block was quarried had about the same
orientation and a little more than half the magnitude of
those measured after 10 days.

Net 3, on the vertical southwest face of the quarried
block, demonstrated initial compressive displacements
after 1 day and subsequent comparable time-dependent
displacements after 10 days.

Net 4 was located across both sheeting fractures.
These fractures apparently sustained movement that made
the deformation ellipse calculations of the net unrealistic;
therefore, the calculations are not reported here.

Important points to note: (1) After quarrying, the
10X10X5.7-m block of granite appears to be almost to-
tally stress relieved. The final average state of stress ap-
pears to be slightly in tension. (2) The stress reduction
is a maximum of 9.6 MPa. (3) In most cases the time-de-
pendent surface deformations were of the same sense and
comparable in magnitude to the initial deformations. (4)
The magnitudes of initial horizontal stress releases calcu-
lated for surface net 2 (fig. 19) are comparable to the
stresses measured in the block before quarrying (table 1).

These magnitudes of released stresses on the surface are
also comparable to the stress changes measured by stress
instrumentation in the interior of the block (section II)
during quarrying (table 1).

Time-Dependent Deformation of Cores

The cores retrieved from boreholes continued to de-
form with time, much in the same manner as the time-de-
pendent deformations observed on a larger scale on the
surface-deformation nets. In addition, 5.7-cm-diameter
cores retrieved from instrument hole 5, drilled after the
block was quarried, demonstrated considerable disking
(fig. 19). The disking occurred in cores taken from depths
as much as 2 m prior to removal from the core barrel.
Cores further dissected in the laboratory also demonstrated
additional release of time-dependent strains. Previous tests
performed in the laboratory on a cube of Barre Granite
(Nichols, 1976) demonstrated the same phenomenon.

Conceivably, extensional fractures, both natural
sheeting fractures and quarry-induced fractures may occur
as a result of inelastic unloading strains. Measured and
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3. These values were calculated using a 60° rosette analy-
sis to determine displacement ellipses. The data show that
the absolute value of the time-dependent displacements
occurring as a result of cutting new rock surfaces within
an intact rock mass can be as large as or larger than those
of the initial displacements. Figure 20 shows the mag-
nitudes of principal strain changes that were monitored
by 45° strain-gage rosettes applied to the external core
surfaces within 3—4 hours after each core was cut. The
90° gage elements were oriented to measure axial and cir-
cumferential strains. All of the external strains on the ov-
ercore annuli were extensional, whereas the internal
borehole showed both extensional and shortening displace-
ments.

Some of the core samples were returned to our con-
stant-temperature and humidity laboratory in Denver for
further monitoring and creep studies. Curve A on figure
21 shows the continuous creep behavior of a 5-cm core
from the time of its removal in the field. Curves B and
C show the plots of gages that were mounted on the same
core, 200 and 530 hours after it was cored. The gages
were read within 3 hours after installation and were
periodically monitored in a constant-temperature and
humidity room. Very little change was observed over a
period of approximately 3 months. Superposed on the
creep curve is a theoretical model of viscoelastic response

Figure 19. Disking (regularly spaced tensile

failures) of 5.7-cm-diameter cores retrieved derived by Savage (Nichols and Savage, 1976) for the
from hole 5 drilled after the 10X10x5.7-m Barre Granite, suggesting that the actual measured re-
block was quarried. Disking occurred in sponse may fit such a model.

cores taken to a depth of 2 m in Wetmore

and Morse quarry, Barre, Vt. Most core-drilling procedures carried out in crystal-

line rocks require the use of water to carry away cuttings
inferred strains of this nature are further discussed here
as possible causes of failure. —700 I I I I I I I I I
Disking, described as extensional failure normal to
core axes that occurs as a result of coring, has been inter-
preted to require large radial compressive stresses (Durelli
and others, 1968) applied at the bottom of the rock cut
surface (kerf). In the quarried granite block, however,
there were no externally applied forces; therefore, the ob-
served disking (fig. 19) must have resulted from exten-
sional strains resulting from coring. At any rate, the frac-
tures occurred after the rock was cored from the quarried
block and were accompanied by time-dependent exten-

PRINCIPAL EXTENSIONAL STRAIN (10-6)

sional axial strains sufficiently large to cause failure. " | | | | | l l
The overcore annuli extracted from the o 1 2 3 4 5 6 7 8 9 10
10xX10%5.7-m block during the overcoring process also TIME, IN DAYS

continued to creep, as did the surface of the block. Within
6 hours after each overcore extraction, the annulus was
removed and a second USBM deformation instrument, not (A) 1.53  Hole number in parentheses and depth to
being used for field operations, was placed in the central SIS

5 S —— — No data
3.8-cm-diameter borehole, and displacements were then
monitored under conditions of small temperatur ia- . . ] :
" d ambient humidity. Maxi dpc gtp S S— Figure 20. Extensional strains measured through time on
tons and ambient humidity. Maximum and minimum dis-  ¢yterjor of overcore annuli after extraction from borehole.
placements, U; and U,, that occurred with time in addi- Overcore holes A and H were drilled in surfaces adjacent
tion to those of the initial overcore are listed in table to the quarry and are not shown on figure 11.

EXPLANATION
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Table 3. Internal radial borehole displacements (wm) for
typical overcore samples through specified time inter-
vals, Barre Granite

[U; and U, are maximum and minimum displacements, positive
being contraction and negative being extension]

Internal borehole displacement

principal directions Time
Hole Depth interval

No. (m) U Uy (hrs)
3 7.02 2817 607 0
-45 -130 21

99 62 47

1 1.53 124 -163 0
1247 -419 20

1699 -592 40

1834 -805 65

2065 -920 90

2101 -968 112

2217 -950 135

3a 2.53 74 -79 0
119 13 7

2456 -2916 11

2423 -3132 13

Iy 1.50 13 -69 0
2383 -1803 18

1Overcore holes A and H were drilled in surfaces adjacent
to the quarry and are not shown on figure 11.

and to cool the bits. The creation of new fracture surfaces
and the introduction of water to these surfaces have tem-
porary and permanent effects on strains measured on the
new surface (Savage, 1979). Several laboratory experi-
ments were conducted to determine these effects and to
determine the amount of permanent strain that may be
released as a result of further dissecting the rock speci-
mens.

The results of these experiments, too lengthy to dis-
cuss here, led to the following conclusion: Further cutting
and wetting of new surfaces on granite cores, that had
been stored for over a year after being removed from the
intact bedrock, produced large temporary strains
(500 107%) that recovered upon drying the surfaces. Per-
manent strains greater than 5X107® were not detected over
the 18-month period following the cutting of the cores.
The temporary strains were primarily a function of the
available moisture and relative age of the new surface.

In summary the field data and results of the labora-
tory experiments reveal time-dependent deformation as
great as 3200 wm and strains as great as 700X 107° were
measured on freshly extracted cores from the Barre Gran-
ite. Nonrecoverable strains measured after coring were on
the order of 500x107°. It is concluded that much of the
nonrecoverable strain measured on these cores is due to
rebound and some is due to capillary absorption of mois-
ture. Contrasting recoverable strains measured in the labo-
ratory on specimens cut from cores after at least a year

of storage are almost entirely caused by capillary absorp-
tion and drying. The magnitude of the strains is a function
of the relative humidity and the age of the new cut sur-
face. Savage (1979) constructed a theoretical model that
agreed very well with measured laboratory strains. Thus,
the nonrecoverable time-dependent strains attributed to re-
bound seem to be short term, whereas recoverable strains
of capillary absorption vary in time with relative humidity
and age of surface. Longer term rebound strains are too
small to be measured with the technique used here for
periods of time less than a year.

Elastic Modulus Determinations

Directional Young’s modulus determinations were
made on specimens from or near overcore locations by
sonic pulse methods and static loading methods. The sonic
data presented in table 4 consist of dynamic moduli deter-
mined in three orthogonal directions: (1) perpendicular to
the rift plane, (2) parallel to the rift plane and horizontal,
and (3) parallel to the rift plane and vertical. Specimens
used for sonic testing were taken from holes 1, 2, 1H,
and 2H at or near overcore locations. Swolfs (1976) deter-
mined sonic moduli on a specimen from hole 8 (also
shown in table 4). The sonic data can be compared to
figures 22, 23, and 24, which show plots of static moduli
determined in horizontal and vertical planes on overcore
specimens taken from boreholes 1H, 2, 2H, 3, 3H, 3a,
and 3s. The vertical borehole 3s, not previously men-
tioned, is located on an unquarried surface approximately
30 m northwest of the 67-m-high vertical quarry wall in
which hole 2H is located. Determinations were made
every 15° in a plane normal to the core axis. This was
done by pressurizing the external surface of each annulus
with a known hydrostatic pressure and monitoring dis-
placements across the internal borehole every 15°. The
USBM deformeter was used to monitor the borehole dis-
placements. From the displacements and known applied
pressures, directional moduli can be calculated in the
plane of measurement. Thus, overcore annuli taken from
vertical boreholes will yield moduli every 15° in the hori-
zontal plane, and those taken from horizontal boreholes
will yield moduli in a vertical plane.

Several significant patterns of modulus distributions
can be seen. The data on all figures show that the granite
has definite modulus anisotropies that vary in magnitude
and direction. The anisotropies appear at each location
to have orthorhombic symmetry. The maximum, mini-
mum, and intermediate planar values appear to be nearly
orthogonal.

The sonic-moduli values were approximately 25
percent greater than the static-moduli values and were
very consistent in the common directions of measurement.
Both sets of measurements showed. the moduli in the N.
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Figure 21. Strains occurring through time on a 5-cm core after extraction from drill hole 1a. Dashed line is implied

from other sample measurements. Superposed curve is a theoretical viscoelastic model of strain relief based on
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hours, respectively, after coring. Gages mounted on side of core taken from 3-m depth in drill hole.

40° E. direction to be greater than those in the N. 50°
W. direction, and the vertical moduli to be intermediate.

The modulus values and distribution are important
data needed for the interpretation of in situ stress measure-
ments. In as much as Hooker and Johnson (1969) demon-
strated that the effect of modulus anisotropy is small, an
average value of the measured moduli is used herein for
the interpretation of deformation measurements made with
both the USBM and USGS borehole devices.

The following conclusions can be drawn from the
moduli data.

1. On the block prior to quarrying in the active
quarry area, the direction of horizontal maximum modulus
does not generally coincide with the N. 40° E. direction
of the rift plane (fig. 22). Only near the surface of the
block did these directions tend to be parallel.

2. The maximum and minimum magnitudes of
horizontal moduli, always approximately 90° apart, appear
to be nearly the same at all locations in the unquarried

22 Rock Stresses and Engineering Geology, Barre Granite, Vermont

block. At equivalent depths, the orientations are similar
but tend to change in a clockwise direction with depth.
The measured vertical-moduli magnitudes were approxi-
mately equal on all cores from nearly the same depth in
a horizontal hole. These were intermediate to the
maximum and minimum horizontal magnitudes, thus im-
parting an apparent orthorhombic symmetry at these loca-
tions. Variations of vertical moduli with depth in the un-
quarried block were not determined.

3. The directions of maximum and minimum mod-
uli on the block prior to quarrying do not always coincide
with the respective principal stress directions. Only on
the surface of the block and at 5.8-m depth do the hori-
zontal secondary principal stress directions (table 2) coin-
cide with the directions of maximum and minimum mod-
uli. On the surface, the secondary major principal stress
P is parallel to the minimum modulus (Swolfs, 1976),
but at 5.8 m it is parallel to the maximum modulus. At
3.1-m depth, P is nearly parallel to the maximum modulus
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direction. At the surface, the principal strains probably
are the result of opening of microfractures in the rift plane
(Swolfs, 1976; Engelder and others, 1977) where the
maximum modulus is parallel to the rift plane. Below the
surface, maximum strains, however, do not appear to
occur primarily as the result of opening of microfractures
in the rift plane.

4. The data obtained indicate that the depth of
burial and degree of confinement affect the rock modulus.
The modulus values of unweathered rock still under 67
m of overburden (fig. 23) are from 14 to 22 percent great-
er than modulus values measured in the same directions
within the large quarried block (also unweathered) with
only 5.7 m of overburden. On the other hand, the mod-
ulus values of rock at 1.49-m depth in the unquarried
weathered rock surface (fig. 22) are 25 percent lower than
those in the quarried block. The largest modulus values
in the rock under 67 m overburden were in the direction
of the greatest distance to a free rock surface (N. 40°
E.), which was horizontal and parallel to the vertical 67-m

highwall (fig. 23). The lowest values (table 4) were in
a direction of the shortest distance to a free rock surface
(N. 50° W.) or normal to the 67-m highwall. Instantane-
ous changes of moduli were not observed as a result of
rock quarrying; therefore, if changes do occur with re-
moval of overburden they may be time dependent.

DISCUSSION OF RESULTS

The results have demonstrated that with the number
and diversity of measurements, progress was made toward
accomplishing the objectives of the study, but many un-
answered questions remain. In retrospect, there were
many problems in the logistics of the experiment; that
is, the quarry geometry was less than ideal, yet the best
obtainable; the geologic structure was not optimally lo-
cated or oriented for an ideal experiment; and finally, not
enough measurments were made to determine the distribu-
tion of data obtained. Despite these shortcomings and any
possible undetermined experimental and instrument errors,
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nation.

sufficient evidence exists in the data to indicate that the
rock response may be in part inelastic and inappropriately
used for elastic stress analyses, thereby introducing a fun-
damental error in interpretation.

Measurements Indicative of Inelastic-Rock
Response Stress

The basic but perhaps unfounded assumption used
in determining rock stresses from overcore measurements
is that the recorded initial unloading rock deformations
are elastic and recoverable upon reloading. Using this as-
sumption, it is relatively easy to determine the elastic-rock
constants necessary for stress calculations, merely by
loading extracted overcore annuli and monitoring the elas-
tic deformations. However, from the data obtained at
Barre, there are indications that the initial unloading rock
deformations measured in this process may not be domin-
antly elastic and therefore, may lead to stress determina-
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tions with a significant error. The best evidence of nonre-
coverable unloading response includes the short-term
time-dependent unloading rock response measured in the
field, the disking failures observed in unloaded cores, the
in situ strain relaxation close to natural fractures, and the
unreasonable vertical to horizontal stress distribution that
is indicated in an elastic analysis of the overcore measure-
ments.

Local Distribution of Determined Vertical and
Horizontal Stress

As demonstrated, the measured strains at the Barre
Granite investigation site are greatly affected less than a
meter away from fractures and free surfaces. Therefore,
to approximate the in situ stress distribution at our site,
vertical and average horizontal stresses were determined
from measurements made over 1.5 m away from such
influences. The determined vertical stress components rap-
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idly increase and become much greater than the gravity
stress at depth, whereas the average horizontal stresses,
though much larger than gravity stresses, appear to change
very little at depth. Less than 6 m from the surface of
the unquarried block the ratio of measured vertical stresses
to the calculated vertical gravity stress g— is greater than
5. At 67-m depth in the highwall the average 5*=5.0.
The ratio of measured average horizontal stresses (o},) to
measured vertical stresses (o), herein called K, is greater
than 1 but less than 2 in the unquarried block. At 67-m
depth in the highwall, X is less than 1.0 but greater than
0.4.

In this very local situation, however, it should be
noted that there are insufficient measurements to establish
the interpreted stress distribution with any degree of confi-
dence, especially as it appears to be somewhat anomalous.
Many more data points are needed to determine the extent
and reality of the measured stress distribution. If the dis-
tribution is real and not a result of inelastic deformations,

then the impact to engineering practice and locally to
quarrying becomes very significant.

Influence of Geologic Features On Determined
Stress Distribution

For many years the influence of geology on in situ
stress fields has been considered to be important. Mechan-
ical behavior of geologic materials has been investigated
thoroughly in the laboratory. The mechanical effects of
anisotropy, discontinuities, material contrasts, environ-
mental factors, fabric, and rheologic characteristics of
geologic materials have been extensively studied (Handin
and others, 1963; Donath, 1971; and Heard, 1968). How-
ever, very few attempts have been made to design field
tests that demonstrate the applicability of laboratory con-
clusions. Notable tests are those by Swolfs and others
(1974), and Lee and others (1976). The data from the
Barre, Vt., experiments provide information as to how
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Table 4. Young’s moduli determined on cores of Barre
Granite by sonic- pulse methods

[Leaders (--) indicate no data]

Location of core Orientation of Young's
measurement modulus
Depth of Core 3
Hole over- distance : X10
No. burden in hole Bearing Plunge (psi) (GPa)
(m) (m)

1 0.55 0.55 N. 40° E. 0° 5.16 35.6
1 .55 .55 N. 50° W. 0° 4,13  28.5
1 .55 R 90°. 4.62 31.9
1 .72 72 N. 40° E. 0° 6.36 43.9
1 .72 .72 N. 50° W. 0° mee- —mel
1 .72 A 90° 3,70 25.5
1 1.29 1.29 N. 40° E. 0° 5.34 36.8
1 1.29 1.29 N. 50° W, 0° 3.79 26.1
1 1.29 1.29 c-emeee- 90° 4.62  31.9
2 1.53 1.53 N. 40° E. 0° 6.96 48.0
2 1.53 1.53 N. 50° W. 0° 4.41 30.4
2 1.53 1.53 —-meemeao 990° 5.53 38.1
2 3.05 3.05 N. 40° E. 0° 5.29  36.5
2 3.05 3.05 N. 50° W. 0° 4,38  30.2
2 3.05 3,05 memmeeee- 90° 4.46 30.8
2 5.34 5.34 N. 40° E. 0° 5.08 35.0
2 5.34 5.34 N. 50° W. 0° 4.62 31.9
2 5.34 5.34 —emeee-ao 90° 5.25 36.2
1H 3.84 1.48 N. 40° E. 0° 5.17  35.7
1H 3.84 1.48 N. 50° W, 0° ———e -
1H 3.84 1,48 —mmeeeeaa 90° 4.51 31.1
2H 67 1.53 N. 40° E. 0° 7.07 48,8
2H 67 1.53 N. 50° W. 0° 3.86 26.6
2H 67 | 90° 5.57 38.4
8 0 ——-- N. 40° E. 0° 6.79 46.8
8 0 -—— N. 50° W 0° 4.50 31.0

geologic features can affect the measured in situ stress
field.

Fractures and Faults

In the Barre Granite, fractures locally modify both
measured stress magnitudes and orientations. The Wet-
more and Morse quarry in which the USGS experiment
was performed is dominated by low-angle sheeting frac-
tures with some widely spaced tectonic fractures that have
rotated into a nearly horizontal position in the vicinity
of four measurements. OQur measurements demonstrated
that both sets affect the determined local stress field with-
in and adjacent to the large 10X 10X5.7-m block.

Most measurements affected by fractures were made
near the dominant subhorizontal sheeting fractures. The
effect of these fractures was to significantly relieve the
vertical stress component and, to a lesser extent, to relieve
the horizontal components. An excellent example of such
relief is demonstrated by the stress determinations made
under 67 m of overburden in horizontal hole 2H. Figure
25 depicts the locations of these measurements with re-
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spect to the logged low-angle fracture. The measured
components of vertical stresses and the calculated gravity
stresses are shown for each location. The vertical stress
component close to the fracture has been greatly relieved
and nearly equals the calculated gravity stress. The hori-
zontal stress magnitudes in the direction of maximum con-
finement (N. 40° E.) show no relief at any of the three
locations and remain nearly the same as those in the un-
quarried block (table 2) under only 3-5 m of overburden.

Further, if a portion of the granite is totally sepa-
rated on all sides, such as the quarried block, then nearly
95-percent stress relief occurs in all directions. Most of
this relief occurs almost instantaneously, but there are
continued time-dependent deformations for several days.

Evidence for Influence of Geologic History

Possibly, the geologic history of a crystalline rock
mass may contribute significantly to the present-day stress
field in microscopic and macroscopic domains, especially
those measured stress distributions that are difficult to ex-
plain by present-day applied tectonic or gravity forces.
The measured vertical-stress components (if real), the
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Figure 25. Vertical section through hole 2H showing lo-
cations of overcores and a natural fracture. Vectors at
each location show measured vertical stresses (m) and
calculated gravity stresses (g) from table 2. Values are
Megapascals.



time-dependent response, the stress relief near fractures,
and the release of strain perpendicular to the rift plane
may be a response to stress fields created by past geologi-
cal processes. There is fabric- and mechanical-behavior
evidence that changes in elastic properties also may be
caused by long-term relief of paleostress fields.

The crystalline rocks listed herein have all under-
gone thermal changes as a result of burial, denudation,
and tectonic forces. The Barre Granite has undergone sig-
nificant brittle and ductile deformation as a result of intru-
sion and cooling, which is reflected in the rock fabric.

Fabric

As pointed out previously, the Barre Granite has
a dominant microscopic fabric that includes strongly de-
veloped open microfractures within quartz grains in a
nearly vertical planar trend striking about N. 30°-70° E.
Strong macroscopic fabrics can be seen in the well de-
veloped but apparently different fracture systems of the
upper and lower quarry areas (fig. 5).

The microfracture fabric that pervades the Barre
Granite in quarried areas may have been formed as a re-
sult of one or possibly two cooling stages within a de-
viatoric stress field that existed during the time of fractur-
ing. Nur and Simmons (1970) attributed the development
of microcracks to large shear stresses at grain boundaries
caused by differential thermal strains upon the cooling of
rock masses. Savage (1978) demonstrated that under a
hydrostatic state of stress, tensile stresses on the order
of 480 MPa are developed and stored in quartz grains
(compared to compressive stresses of about 159 MPa in
the feldspar grains) within an idealized granite by cooling
the granite through 300°C. If stresses of this magnitude
existed on a grain to grain basis within the Barre pluton,
they are certainly sufficient to cause tensile failure and
some relaxation in the quartz crystals. If a stress field,
such as that required to create the northeast-trending frac-
ture system (p. 12), is superposed on Savage’s idealized
hydrostatic cooling model, the tensile fractures in the
quartz grains would have a strong preferred orientation.
For instance, suppose that the pluton was still buried to
a depth of 10 km and had cooled from about 500° to
200°C, but was under an external stress field where o5
was horizontal and approximately 75 MPa. The melting
temperature of a water-saturated granite at a depth of 10
km is about 700°C (Verhoogen and others, 1970, p. 278,
658), and the Precambrian shield geotherm at the same
depth is less than 200°C; therefore, the chosen cooling
temperatures seem reasonable. In addition, the cooling
time (Verhoogen and others, 1970, p. 588) for the size
of the pluton (4-km diameter) appears to be less than 1
million years, which also seems reasonable. At this depth,
o3 acting in the horizontal plane may be estimated to be
that caused by the weight of overburden, 75 MPa, if the

rock is considered to be elastic. The estimated o3 is calcu-
lated using the equation o,=( l—v,—v) o,, from elastic
theory, letting Poisson’s ratio v=0.25 and the vertical
stress, a,=225 MPa. Under these conditions the largest
tensile stress component in the quartz resulting from the
superposition of the cooling stresses would be about 405
MPa, and microcracks could develop normal to this direc-
tion. If the rock adjusted through creep to a lithostatic
stress condition prior to cooling and o3 approached the
vertical stress of 225 MPa, the resulting tensile stress
component in the quartz would be 255 MPa, which is
still sufficient for tensile failure. Effective stresses, based
on hydrostatic pore pressures would allow even more ten-
sile stress in the quartz. In support of this argument,
quartz grains in thin sections are seen to have open tensile
microcracks with a preferred orientation of approximately
N. 40° E. (fig. 10). Bubble planes in quartz grains, evi-
dence of healed microfractures oriented about N. 70° E.,
can be seen in the thin sections, indicating a possible rota-
tion of the minimum principal paleostress axes of about
30° in the horizontal plane. The bubble planes indicate
that the granite has gone through at least one reheating
event in which the oldest microfractures have been healed
or annealed. The microscopic fabric of the Barre Granite
is evidence that supports Savage’s microscopic model as
a viable one, allowing large thermally induced stresses
to be stored on the very local grain-to-grain basis.

On a much larger scale, macrofabric such as the
vertical tectonic fractures in the upper quarries and the
well-developed shear zones that dominate the lower quar-
ries also illustrate the influence of past tectonic history.
As previously discussed, a paleotectonic stress field with
sufficiently large magnitude shear stresses to create these
features probably was transmitted across the pluton during
the cooling stages of the granite. In addition, a ther-
moelastic stress field caused by the cooling of the pluton
was probably superposed and stored in the pluton. On
this larger scale Savage (1978) also demonstrated that ra-
dial stresses may be stored uniformly across an ideal
spherical pluton when cooled in a hydrostatic stress field.
The magnitude of stresses he calculated for a pluton simi-
lar in composition to the Barre Granite, surrounded by
metamorphic rocks, was 23.2 MPa in compression, which
is somewhat larger than those measured in this experi-
ment.

Relief of the pluton through uplift and erosion has
occurred only on the top surface which represents a very
small fraction of the nearly totally confined volume of
granite extending below the surface. Therefore, because
of this limited relief, it is reasonable to believe that if
cooling stresses of the magnitude calculated by Savage
existed in the Barre Granite, the present-day measured
stress field may be attributed to this phenomenon and the
superposed present-day gravity stress field.
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Relief Characteristics

The distribution of measured deformations away
from fractures and free surfaces illustrates the manner in
which stress in the Barre Granite becomes relieved at frac-
ture surfaces. Note again that all of the vertical-stress de-
terminations made less than 0.5 m from a sheet fracture
agree with the calculated gravity stress curve, indicating
that only the weight of the overlying rocks was measured.
For those data taken more than 1 m from a sheet fracture,
the interpreted vertical stresses increase at depth, becom-
ing much greater than the calculated gravity stresses and
somewhat greater than the horizontal stresses. If these
stresses are not a result of erroneous interpretation result-
ing from inelastic deformations, it is possible that the
stress field resulting from the cooling of the granite left
its imprint. The fact that observed vertical deformations
appear to increase significantly with depth and distance
away from sheeting fractures, whereas horizontal deform-
ations increase only slightly with depth and diminish only
when very close to sheeting fractures, may be a function
of vertical unloading of the combined thermoelastic and
gravity stress field by erosion. The degree of horizontal
unloading by erosional processes is considerably less than
vertical unloading; thus, horizontal stresses have a much
smaller gradient with depth. The smaller horizontal gra-
dient is consistent with gravity loading in a rock mass
that is laterally perfectly constrained, where the increase
of horizontal gravity stress (o},) can be approximately re-
lated to the vertical gravity stress (o, by the relationship
Oh =(1L_v)cv. If a uniform thermoelastic cooling stress
(op) of unknown magnitude and gradient is superposed
upon the gravity stress, then the relationship becomes
oh+om=([%v)crv+crm where oy, is the horizontal compo-
nent of the thermoelastic stress. The total horizontal stress
becomes o= -lvjv )O‘V+0'th and in the same manner the
total vertical stress becomes o;=0,+ay,. Using calculated
values of o}, and o, estimated values of oy, and o,, based
on our data, and v=0.25 in the above relationship gives

1. At 3-m depth: ¢,=0.06 MPa, 0,,=0.02 MPa, o,~1.6 MPa,
o;w~6.5 MPa. 0,=~6.52 MPa, o,~1.66 MPa

2. At 67-m depth: 0,=1.5 MPa, 6,=0.5 MPa, 0,,=0},=9.0 MPa,
a,~9.5 MPa, o,~10.5 MPa

These figures are close enough to the measured val-
ues to demonstrate that a large-volume thermoelastic stress
field, relieved only near the surface and superposed on
a gravity stress field, may be a reasonable explanation
of the total stress field.

In addition, stresses in the large block at Barre ap-
peared to be completely relieved after quarrying, except
for time-dependent deformations that continued over a
period of 10 days after quarrying. Thus, the volume of
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the block is smaller than the rock volume subjected to
the applied stress field indicating the existence of a large-
volume viscoelastic paleostress field.

The relief characteristics to a depth of 67 m suggest
the possibility that a gravity stress field is superposed on
a large-volume thermoelastic stress field. This superposi-
tion results in a vertical stress component much larger
than gravity that increases significantly to 67 m compared
to a horizontal component that may show only a small
increase to this depth. At 67-m depth, the vertical compo-
nent is larger than the horizontal component. A stress field
of this nature may be supported by the geologic ther-
moelastic history of the pluton.

Modulus

Elastic theory predicts that in ideal materials stress
is directly related to strain through the modulus. As dis-
cussed above, in the Barre Granite there are significant
variations of modulus with depth and fabric anisotropy
that can only be related to the measured stress levels in
a general way.

Young’s modulus values have been computed from
measurements made on various cores retrieved from core
holes. Though no field measurements were made that
could be used to adequately determine the in situ Young’s
modulus, the laboratory data obtained demonstrated that
the rock moduli increased with sample depth and de-
creased with elapsed time since removal of the overbur-
den. A decrease of rock modulus occurs as a result of
erosion or excavation of the overburden and likely is a
result of inelastic creep deformation caused by the open-
ing of fractures and further eénhanced by chemical weath-
ering processes.

As previously stated, the moduli increased with
depth; also the orientations of maximum stiffness, parallel
to the rift plane only at the surface, tended to change
in a counterclockwise direction with depth. For stress
measurements made below 3 m, the determined secondary
major stress direction P was nearly parallel to the
maximum modulus direction, whereas at the surface P
was perpendicular to this direction. Geologic controls for
the variation of maximum stiffness orientations with depth
are not known, but should be investigated. It is possible
that the directions and magnitudes of stiffness may vary
merely as a function of changing preferential directions
of microcrack opening as overburden loads are removed
by erosion. This phenomenon was alluded to by Farrow
(1973) when he demonstrated that a laboratory specimen
of Mount Airy Granite, when repeatedly hydrostatically
loaded to 34.5 MPa, changed the elastic principal strain
orientations Ae;, and A€, by approximately 90°, thereby
implying an identical recoverable change in the stiffness
directions. He interpreted these changes to be a result of
differential microfracture closure.



Thus, the quarrying operations as well as natural excavations. Useful design criteria to allow enhanced ex-
erosional processes may have considerable effect on the cavation stability and integrity of quarried blocks depend
stiffness variations within the rock mass at this location on obtaining reliable information of stress distribution,
and therefore affect the measured state of stress. The dom- time-dependent rebound of the excavated rock, and rock
inant observed microcrack fabric appears to be a control- temperature variations, as well as observations of failure
ling factor only near the surface, where the removal of modes. In addition, the data observed at Barre indicate
confinement has allowed the opening of these cracks. The the possibility of rock strength decreasing with time. De-
unloading history of the granite then appears to be signifi- pending on the design life of the excavation, this factor
cant to the orientation as well as magnitude of the in may be important and should also be studied.
situ stress field.

SIGNIFICANCE OF BARRE DATA TO
QUARRYING AND ENGINEERING PRACTICE

In the Barre quarries, the quarrying conditions are
less than ideal. In the vicinity of our experiment, commer-
cial-grade rock is commonly lost, because it fails prior
to or because of extraction (fig. 26). The incidence of
failures increases with the depth of quarrying.

The data from Barre contribute only in a general
way to the understanding of these failures and raise addi-
tional questions that remain unanswered. If the vertical
stress gradient does increase with depth relative to the
horizontal as the data indicate, then quarrying at increased
depths would tend to greatly enhance vertical displace-
ments on the quarry floor that give rise to sheet fractures.
However, the fractures do not always develop instantane-
ously as overburden is stripped away, so the displace-
ments causing failure often are time dependent, indicating
a viscoelastic response or a time-dependent readjustment
of the stress field. Disking of cores taken from the quar-
ried 10X 10X 5.7-m block, described on p. 38, is a failure
of this nature.

The other tensile failures on the corners and edges
of partially quarried blocks also were time dependent and
within a locally relieved portion of the rock. Deformation
measurements were not made on these boundaries to de-
termine displacements leading to failure, but other mea-
sured displacements on the side of the quarried block and
on extracted core samples show comparatively large ex-
tensional strains for days after being relieved, indicating
a viscoelastic response sufficient to cause tensile failure.

The failures described here no doubt are affected
by the quarry geometry. If the depth to width ratio (D/W)
is relatively large and becomes increasingly large with
depth of quarrying, the unusually high measured vertical-
deformation gradient may continue to increase and cause
significant damage to the quarry floor. Whereas, if D/W
is kept relatively low, the vertical gradient could be par-
tially relieved. This would mean the quarrying would have
to be broadened as well as deepened.

For engineering practice, the results presented here- Figure 26. Fractures at edges of partially freed granite
in may be of consequence to the design practices for large blocks (A), and in bottom of quarry (B), Barre, Vt.
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Finally, the deformation measurements may be most
useful without attempting to determine the associated
stress field. The interpreted stress magnitudes stated here-
in are questionable, whereas the deformation measure-
ments used for the interpretation are judged to be of good
quality. In order to make more reliable stress determina-
tions, additional work must be done in evaluation of the
degree of elastic versus inelastic response of rock masses
when the in situ constraints are removed.

CONCLUSIONS

Shallow stress measurements in the Barre Granite
of Vermont demonstrate that locally the determined stress
distribution cannot be explained wholly by gravity or pres-
ent-day tectonic loading. Tectonic forces may explain the
horizontal loads, but past thermoelastic loads caused by
cooling of rocks may possibly explain both the horizontal
and excess vertical loads. The geologic history and as-
sociated thermoelastic stresses may explain the mag-
nitudes and directions of stresses in geologic terranes such
as the Barre Granite. Work done in the unloading of such
a stress field by the removal of external loads results in
viscoelastic recovery and the subsequent development of
fractures resulting from extensional strains. On the other
hand, it is quite possible that the interpreted stresses are
in error because a significant component of the measured
deformations are inelastic rather than elastic. In either
case, unloading by natural erosional processes results in
the formation of sheeting fractures, whereas unloading by
quarrying results in the formation of extensional fractures
on edges and free surfaces of the partially quarried granite
outcrops.

The viscoelastic responses can be critical to good
quarrying procedure and to the stability of engineering
excavations and installations, especially those that are de-
signed for long-term use. Thus, it is very important to
analyze in situ stress or strain fields and deformations re-
sulting from the removal of rock masses in the crystalline
terranes, in order to develop constitutive relations and fail-
ure criteria that can be used for design purposes.
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