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The Time-dependent Strain Relaxation of

Algerie Granite

T. ENGELDER*

In situ measurements of both instantaneous and time-dependent relaxation of
the Algerie granite at a quarry near East Qtis, Massachusetts, indicate that
the orientation of instantaneous maximum expansion is 30° different from the
orientation of the time-dependent maximum expansion. Based on comparison
of these measurements with the regional contemporary tectonic stress and with
measurements of petrofabrics of the sampled unit, it appears that the
instantaneous relaxation orientation (ENE) is controlled by contemporary
tectonic stress, whereas the time-dependen! relaxation orientation is controlled
by healed microcracks in the granite. The curves for time -dependent relaxation
best fit a power-law function of time with the exponent varying between 0.211

and 0.872.

INTRODUCTION

Inelastic or time-dependent creep commonly follows
elastic strain when polycrystalline materials including
rocks are subjected to stresses that are maintained at less
than 107% of their shear modulus at temperatures less
than half their melting temperature [l]. Laboratory
experiments show that rocks exhibit an analogous be-
haviour when stresses are removed [2]. This behaviour
involves both an instantaneous expansion and a time-
dependent expansion. Examples of the time-dependent
expansion upon unloading include excavations of the
Niagara hydroelectric power project, Ontario, Canada,
where walls of the power station are known to have
expanded imward over extended periods of time [3] and
continued expansion of cores from deep wells [4,5]. Two
poorly understood aspects of time-dependent expansion
after unloading are the mechanisms causing this behav-
iour and the relation between the time-dependent expan-
sion and the in situ stress conditions.

Despite some work on the problem, the mechanism
for inelastic creep in rocks following both loading and
unloading remains elusive. First, it is not entirely clear
that the mechanisms are the same for loading and
unloading. Carter and Kirby [6] suggest that the low
temperature inelasticity of rocks may be associated with
the interaction of the applied stresses and pre-existing
cracks. Varnes and Lee [7] equate the time-dependent
relaxation of rocks (inelastic creep) with the mobi-
lization of residual stress. Varnes and Lee’s model
includes a series of springs which may represent either
microcracks or the elastic strain of grains and cement in
rocks. Exactly how the microcracks or strained aggre-
gate relax with time after unloading is not clear. How-
ever, measurements of core expansion after drilling such

- as those by Swolfs [4] and Teufel [5] show strain-time
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characteristics similar to those predicted by Varnes and
Lee [7] for unioading and observed by many including
Carter and Kirby [6] for loading.

If there is a relation between the in situ stress condi-
tions and the time-dependent relaxation of cores, then
stress may be inferred without making a direct in siru
measurement [8]. Some workers have measured the
time-dependent (inelastic) relaxation of rock cores as
they are removed from a deep well and subsequently
used the principal strains from the time-dependent relax-
ation as an indication of the direction for propagation
of hydraulic fracture [4,5]. This scheme is based on
Voight's [9] suggestion that in sirv stress can be calcu-
lated directly from the time-dependent relaxation of
rocks. Several experiments showing the creep-recovery
of rock upon removal of stress [2] were cited as the
empirical justification for considering the recovered
time-dependent strain to be proportional to the total
recoverable strain in rheclogically isotropic rocks. These

“rocks, however, were loaded over short periods in the
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laboratory. To date, little data exist on the relations
among the time-dependent relaxation, rock fabric, and
instantaneous relaxation for cores subject to long-term
in situ loads of the earth [10]. In Teufel’s experiment
different transducers were used to measure the instanta-
neous and time-dependent relaxation.

To test for factors that may control the orientations
of instantaneous and time-dependent strain relaxation,
the standard doorstopper overcoring set-up used for
strain relaxation measurements was modified. The door-
stoppers strain gauges are attached to a computer-
motivated multiplexer which can sample strain gauges at
set time intervals both during and after the drilling.

TECHNIQUES

For each measurement, a doorstopper module (see
description of the module in Sbar er al. {11]) was bonded



ENGELDER:

ALGERIE

TIME-DEPENDENT STRAIN RELAXATION 63

GRANITE

BUBBLE TRACKS

MICROCRACKS

Fig. 3. Lower hemisphere projection of poles to: (a) healed microcracks and (b) open microcracks in the Algerie granile.
Contours represent 257 per 1% area.

TEMPERATURE RECORD

One doorstopper was bonded about 10 cm above the
sheet fracture and monitored through a period of 15 hr
during which the ambient air temperature dropped from
32 to 21°C and rain plus groundwater run-off filled an
initially dry hole. A perfectly compensated doorstopper
bonded to a free block should show no strain during this
thermal change; but the Barre granite thermal compen-
sation chip embedded within the doorstoppers do not
have exactly the same thermal expansivity as the Algeric
granite; the difference is about 1 part in 30, with both
rocks having a thermal expansivity of about 6.5 ue per
*C. The rock temperature at the botton of the borehole
dropped from 19.4 to 12.8°C during this period. Yet, all
three strain components showed an apparent tendency
to expand (Fig. 4) which, in fact, is the result of the
compensation chip contracting more than the Algerie
granite. The significance of this behaviour will be dis-
cussed in relation to the state of stress within the granite
quarry,

At the Williams Quarry the initial rock temperature
varied among six experiments from 11.9 to 15.8°C (Fig.
5). This is in sharp contrast to the temperatures as high
a5 25°C reported during August 1969 at | m depth in the

difference between the two quarries is that the Massa-
chusetts quarry was not subject to the same extreme
summer temperature, and the presence of circulating
groundwater in the Williams quarry served to keep the
rock temperature closer to that of rock at depths greater
than 25m. The range in temperature may reflect the
difference in ambient air temperature which was different
during different experiments, or it may reflect a
difference in thermistors. It is doubtful that the rock
temperature at 1m depth increased 3.9°C during the
4-day interval between experiments 3 and 1!.

The temperature record is shown for several experi-
ments in Fig. 5. All curves have similar characteristics.
Water, heated in the drilling fluid circulation hose,
caused an increase in temperature as water was initially
circulated through the drill and onto the doorstopper.
Recovery from this thermal spike occurred as soon as
cool groundwater from the pool at the bottom of the
quarry reached the doorstopper. The groundwater used
for clearing the drill bit rarely had exactly the same
temperature as the water and rock in the borehole prior
to drilling, but in a majority of cases the difference was
negligible by the onset of drilling. After drilling was
stopped, the temperature in the borehole stabilized
although not necessarily at the exact temperature as that

Mount Airy Granite, North Carolina [15]. The at the start of the experiment.
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Fig. 4. Strain (expansion) vs lime curves recording the behaviour of Algerie granile during a thermal change prior (o overcoring
for experiment 2. The components of the doorstopper are lisied as the north, southeast and southwest strain gauges respectively.
A temperature vs time curve is also shown [or this same time interval.
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Fig. 7. Strain (expansion) vs Lime curves recording the behaviour of Algerie granite during and after overcoring for experiments
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Fig. 8. Strain (expansion) vs lime curves for which the behaviour is believed due to improper construction or installation of
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Fig. 1. A plot of maximum expansion for instantaneous relaxation vs depth of doorslopper.

magnitude of the peak minus the instantaneous strain
(Poisson expansion) vs the instantaneous strain is given
in Table 1 and, as predicted by Wong and Walsh’s [17]
calculations, the southwest component with the max-
imum relaxation showed the minimum ratio of Poisson
expansion to instantaneous strain relaxation.

Instantaneous relaxation

Table 2 gives the principal components of the instan-
tancous relaxation and the orientation of the maximum
component. The magnitude of the maximum principal
component varies by a factor of two with the mea-
surements above the sheet fracture showing higher
values. The orientation of the maximum expansion is
ENE within a range of 26°.

The Algeric granite has a compressibility (pseudo-
lincar compressibility of Sbar et al [I1]) of
2 x 10~*MPa~' with an anisotropy of 4% meore com-
pressibility in the east—west direction. Taking the aver-
age instantaneous strain relief below the sheet fracture,
a differential stress of 19.3 MPa is calculated. This is
compalible with the New England quarrymen’s motion
that quarries within the Algeric granite ‘contain high
stress’.

Time-dependent relaxation

The time-dependent portion of the strain relaxation
curves for experiments 4, 8, 10, 11, 12 and 13 have been
expanded to show a relaxation that increases at a
decreasing rate with time (Fig. 9). In comparing the
refative magnitudes of the three components of each
experiment the north component is generally less than
the other two which are about equal. This contrasts with
the instantaneous relaxation where the southwest com-
ponent was consistently the largest of the three.

DISCUSSION

Environmental controls on relaxation behaviour

In interpreting the time-dependent relaxation of the
Algerie granite as a behaviour inherent to the granite

rather than the response of the granite to a change in
temperature or moisture environment, one must assume
that the granite was saturated prior to drilling. For the
samples above the sheet fracture (2, 4 and 6) this is not
a pood assumption. Rock along the sheet fracture was
wet but groundwater flowed along the fracture only after
a rain. The surface of the granite was dry between rain
and obviously offered the opportunity for the upper
45cm of the granite to dry. Moisture along the sheet
fracture suggests that even during the driest part of the
year the granite below the sheet fracture remained
saturated. By starting with a saturated rock below the
water table and by cooling the drill bit with groundwater
at the temperature of the rock, the environmental effects
on the time-dependent relaxation of rocks have been
minimized. During the period after overcoring, the
temperature changes are small enough as to produce
only a fraction of the thermal expansion observed during
the time-dependent retaxation. Likewise a rock sample
saturated by virtue of being below the water table will
not be affected by the expansion and contraction of
wetting and drying [18].

Strain above the sheet fracture

Moisture or surface temperature, however, may have
affected the magnitude of the instantaneous relaxation as
indicated by a plot of strain with depth where the
near-surface strain was greater than strain at depth (Fig.
10). Because this strain—depth curve resembles that
shown in Sbar et al. [19] for the vicimity of the San
Andreas fault, it can be inferred that increased rock
temperature above the sheet fracture could be one source
of the largest instantaneous strain relaxation in the top
45cm of Algerie granite.

The granite above the sheet fracture could also be
treated as a buckled plate [10 x 10m x 45¢cm  thick]
pinned at steps east and west of the drill site. Using a
modulus of 0.5 x 10° MPa for the Algerie granite, the
critical buckling stress for such a sheet is on the order
of 20 MPa, a value close to that found within the Algerie
granite. The buckled plate is pinned with a radius of
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Hence, it can be inferred that the instantaneous relax-
ation below the sheet fracture reflects a basic expansion
accompanying the release of the contemporary stress
field. However, the orientation of the instantaneous
relaxation above the sheet fracture may reflect in part
the east-west compression of the buckled plate.

An orientation of instantaneous relaxation may also
be predicted from the thermal strain recorded during
experiment 2 (Fig. 4). Using a thermal expansivity of
6.5 um per °C and a temperature change of 6.6°C the
free contraction of the granite should have been 43 ym
in all directions. The Algerie granite has an anisotropy
in thermal expansivity of less than | part in 25. A free
contraction should have been compensated by the half
bridge within the doorstopper. Yet, the data in Fig. 4
show that the in situ granite did not contract as much
as the compensation chip embedded within the door-
stopper. It appear that the granite was compressed in the
east—west direction because cooling of the granite re-
sulted in contraction in the east—west direction at a rate
less than the thermal contraction of an unloaded sample.
[t also appears that the granite was constrained by rigid
boundaries in the orthogonal direction because there
was very little strain in that direction. From these values
an orientation of maximum compressive sirain within
the Algerie granite is N8S8O°E or within 10° of the
compression buckling the sheet (Fig. 11}.

The maximum expansion direction of the time-
dependent relaxation is subparalle] to the normal to
healed microcracks in the granite (Fig. 3). Because the

maximum expansion is normal to the healed micro-
cracks, it is reasonable to hypothesize that the time-
dependent relaxation is nothing more than the slow
opening of these microcracks. But, the healed micro-
cracks actually consist of fluid-filled bubble tracks, with
each bubble being a sphere and unlikely to expand in a
preferred orientation. Yet, the microcrack fillings must
in some manner recrack in their original planes because
expansion operates normal to the bubble tracks. Despite
the correlation between time-dependent relaxation and
bubble tracks, the processes associated with the time-
dependent relaxation still remain obscure, particularly as
it might pertain to the mobilization of residual stress.
Open microcracks in the granite form a diffuse pattern
with a weak maximum toward the ENE that does not
appear to be related to time-dependent relaxation orien-
tation (Fig. 3).

It has been suggested that open microcracks are
coaxial with the in situ stress field [27,5]. In particular,
the assumption is made that microcracks are induced in
the core as the rock expands instantaneously upon
release from in situ stresses and that the cracks continue
to open in a time-dependent manner[28]. In the Algerie
granite, evidence for instantaneous microcracking may
be seen in the orientation of open microcracks which
have a weak maxima in the direction normal to the
direction of the instantancous maximum expansion.
However, unlike the behaviour reported in Teufel [5], a
second microcrack set appears to be activated during the
time-dependent relaxation.

MNCRTH SOUTHEAST SOUTHWEST
150
Jaec
100
@
50
14.0°C
L 1 L L L ] "
5500 1,000 5500 11,000 5500 1.000 5500 11,000
6
A ]I“C
z 2
a
1 L L 1 L 1 L 19,2°C L r
= 5000 10,000 5000 10,000 5000 10,000 5000 10,000
&
& 300}
=
200 [z=c
.\28 21.3°C (¥
B oot l
I PR L 1 l 1 1 i
4000 BOOO 4000 8000 4000 8000 4000 BODD
2i°c
30
20 - ]E“C
10
— ! 1 L 1 1 1
4000 BOOO 4000 8OOC 4000 8000 4000 8000
TIME, sec

Fig. [2. Strain (expansion) vs time curves for the tolal relaxation and time-dependent relaxation of the Onondaga limestone
for experiments 27 and 28.
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Table 4. Parameters for time-dependent relaxation,

¢ =at
Cocfficienl of
a b determinalion
El Paso Canyon Largo Well No. 256, Farmington,
New Mexico
Dakota sandstone
Dakota 7039’
Gauge 14 4908 0.396 0.950
Gauge 34 1.294  0.477 0.909
Dakowa 7026”
Gauge 14 4528 0.448 0.968
Gauge 24 0.897 0.535 0.982

General Crushed Stone Quarry, Geneva, New York
Oncndaga limeslone

Data 28
Gauge 13 0.734 0338 0.840
Data 27
Gauge 34 0.449  0.367 0.973
Daita 29
Gauge 13 0215 0612 0.980
Gauge 2# 0.661 0.496 0.987
Gauge 3 0.780 0452 0.968

Comparison with other results

The Onondaga [imestone near Geneva, New York,
was also tested for time-dependent strain relaxation [29)].
Relaxation curves from the Onondaga limestone show
little or no tendency to expand with time after over-
coring (Fig. 12). At the test site the Onondaga limestone
was cut by steeply inclined fractures spaced at 10-50 cm
and so there is a possibility that the process of jointing
relieved much of the time-dependent strain. Other
examples of time-dependent expansion include those
reported by Swolfs [4] on the Dakota sandstone from the
El Paso Canyon Largo Well No. 256, Farmington, New
Mexico. Using the iterative technique for calculation of
a power of time for some of Swolfs’ data, it is apparent
that the Dakota sandstone behaves in the same manner
as the granite (Table 4). For the Dakota sandstone, the
correlation coefficient is less than for the Algerie granite
primarily because of the larger amount of time between
the cutting of the core and the initial recording of the
time-dependent relaxation (3 hr vs 5 min). Swolfs et al.
[30] also reports that time-dependent strain was not
found in another well (Canyon Largo No. 288) within
the Dakota sandstone. Dense fracturing characterized
the Dakota sandstone within this latter well and led
Swolfs to suggest that the process of fracturing relieved
the time-dependent strain.

CONCLUSIONS

Near-surface bedrock can exhibit both instantaneous
(elastic) and time-dependent (inelastic) strain relaxation
when overcored. At our experimental site, it appears that
the elastic component reflects the contemporary tectonic
stress field, whercas the time-dependent component,
which obeys a power law, is related to the opening of
healed microcracks. The two components are not paral-
lel and thus, measurement of one cannot be used to
predict the orientation of the other.
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curvature of 2.5 x 10° cm. This shape imparts a maxi-
mum fibre strain [20] of about 180 ue. Within the
buckled sheet, the relative magnitudes of measurements
2 and 4 suggest they were made below the neutral fibre
and whereas, measurement 6 was made above the neu-
tral fibre.

Inelastic creep

The time-dependent relaxation curves of Fig. 9 can be
fit by a power law curve where strain varies as a power
of time. An iterative technique for curve fitting was
necessary because the record for time-dependent strain
did not begin immediately upon initiation of drilling.
The first and largest part of the time-dependent relax-
ation is swamped by the instantaneous relaxation. The
iterative technique gives a best estimate for the total
strain released by a time-dependent mechanism. The
curve selected by the iterative technique was that with
the best coefficient of determination (Table 3). The
power of time varies from 0.211 in experiment 8 to 0.872
in experiment 11. A power of 0.2 gives a total time-
dependent relaxation much less than the instantaneous
rclaxation whereas a power of 0.8 gives a time-dependent
relaxation much more than the instantaneous relaxation.
The magnitudes of the time-dependent strain at 10,000
sec (3 hr) and 100,000 sec (30 hr) have been calculated
and from these values the principal strains and their
orientations are plotted (Fig. 11). In general the max-
imum principal axis of the time-dependent relaxation
has a more east-west trend than the instantaneous
relaxation.

One transient creep law for rocks has the same form
as the time-dependent relaxation curves which we
recorded [6]:

€ =at?

This creep law best fits the behaviour of transient creep
al low strain (less than 10~%) when rocks have been

Table 3. Parameters for lime-dependent re-
laxation, ¢ = at®

Coefficient of

Test a b determination
4-N 0.698 0.518 0.998
4-SE 0.284  0.630 0.999
4-SW 0439 0.573 0.998
8-N 0.480 0478 0.987
8-SE 0.533 0475 0.964
8-SW 8.029 0.231 0.989
10-N 0.113  0.714 0.993
10-SE 3.101 0429 0.953
10-5W 0.098 0.739 0.997
11-N 0.023 0.872 0.994
11-SE 0.032  0.871 0.999
11-SW 0.074 0.789 0.997
12-N 0.130  0.713 0.999
12-8W 0.602 0.577 0.997
12-SE 0.446  0.602 0.999
13-N 14.809  0.211 0.999
13-SW 4323 0359 0.999
13-SE 3482 0.386 0.999
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Fig. 11. A plot of the orientation of maximum expansion for both
instantaneous and time-dependent relaxation of Algerie granite.

subject to uniaxial compression [21] or triaxial com-
pression [22]. Carter and Kirby [6] suggest that the
power-law transient creep equation is not particularly
appropriate for loading tests where steady-state creep
may also contribute to the total strain during the period
of transient behaviour. This criticism is not applicable to
relaxation tests where steady-state creep does not con-
tribute to the total strain. Because the loading and
unloading curves have the same form, it is reasonable to
hypothesize that the same deformation mechanisms
operate during both.

A power law for time-dependent strain relaxation of
Algerie granite is tenuous because the value for the
power of time established from six tests varies more than
the values reported in Carter and Kirby [6] for the
loading of several different rock types from several
different laboratories. Too little data on the time-
dependent relaxation of rock is available to know
whether this scatter in power of time is common for
rocks in situ or inherent in the experimental technique.

Mechanisms of strain relaxation

The mean for the orientation of the maximum expan-
sion of the instantaneous relaxation is N64°E and, thus
is oriented about 30° counterclockwise from the mean
for the time-dependent component of relaxation (Fig.
11). Neither the time-dependent nor the instantaneous
relaxation orientations appear to be related to the
nearby vertical joints in the floor of the quarry nor, for
that matter, the geometry of the quarry where the
nearest walls are oriented east-west. The instantaneous
relaxation (N64°E) is nearly parallel with the well docu-
mented ENE maximum principal contemporary tectonic
stress in the northeastern United States [23-26]. This
latter correlation is made credible by data indicating that
contemporary tectonic stress can be detected near the
surface in the vicinity of the San Andreas fault [19].
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Table 1. Poisson expansion vs instan-
taneous relaxalion

Component
Test North Southeast Southwest
2 0340 0125 0.126
4 0314 0206 0.135
6 0241 0.125 0.135
B 0139 0.136 0.137
11 0174 0219 0.118
12 0.282  0.135 0.132
13 0194 0.250 0.132

Table 2. Instantaneous relaxation

Depth Azimuth

Tcsl (Cm) luemnx HEmin emn
2 31 751 154 78
4 33 648 60 70
6 10 598 171 75
8 69 495 247 57
9 109 320 10 55
10 73 455 M4 62
11 20 529 93 52
12 147 488 98 72
13 81 515 110 52

about 500 ue whereas the other two components were
not consistent. Curves of good to intermediate quality
are shown for experiments 2, 4, 6, 9 and 10 where the
magnitudes of the three components have the same
general value and ratio to each other (Fig. 7). Curves 9
and 10 show spurious changes in slope that detracts from
their overall quality. For completeness, curves from
experiments 3, 5 and 7 are shown (Fig. 8) and even here
the basic form of the relaxation may be seen in curves
from experiments 3 and 7.

Poisson expansion

On initial cutting, the top of the core over-expands in
response to the stresses normal to the axis of the core but
just under the notch of the cut [16]. This is a Poisson
expansion that is maximum at a cutting depth of half the
radius of the core {17]. At cutting depths of about three
radii, the Poisson expansion is relieved at the surface of
the core and the remaining value of the strain relaxation
is taken to be the maximum estimate of the instanta-
neous relaxation. For several experiments, a ratio of the
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Of the 12 overcoring experiments within the Algerie
granite, relaxation curves from experiments 8, 11, 12 and
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13 conform very well with the shape of an ideal strain

relaxation test (Fig. 6). In all four cases, the southwest
component expanded the most with an average value of
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to the flattened and cleaned bottom of a borehole. Our
doorstoppers were modified by the addition of a
100,000 Q thermistor whose active element was placed
adjacent to the strain gauge rosette. The doorstopper
module was hardwired to an clectrical cable, and the
cable was fed through the drill string to the surface,
where it was attached to multiplexer and bridge unit
designed and built at Lamont by Ted Koczynski. This
unit was interfaced with a voltmeter, an HP41-CV
programmable calculator, a tape drive and a printer. The
multiplexer was necessary because the HP41-CV could
only sample one piece of data at a time at the rate of one
sample per second. We also connected a linear poten-
-tiometer, which monitored vertical displacement of the
drill bit during drilling. After the epoxy, bonding the
module to the rock, had set, modules were overcored
to six inches. After overcoring, the drill was stopped and
the bit, drill shaft, and core in the borehole were not
disturbed again until the time-dependent strain relax-
ation measurements were terminated. The electronics
automatically sampled six channels of data (three strain
pauges of the doorstopper, temperature from the therm-
istor, bit displacement from the linear potentiometer and
time) at a preset interval, stored these data on magnetic
tape and printed them on a paper chart. Generally data
were recorded at 30 sec intervals during drilling, and
then at 5min intervals for 2 hr after drilling or 15 min
intervals for 14 hr. Upon return from the field, the data
were processed on tape with a more powerful computer.

Typical strain relaxation curves show the relaxation
divided into three parts: an instantaneous relaxation, a
Poisson expansion and a time-dependent relaxation (Fig.
1). Often the quality of the strain relaxation measure-
ment can be determined by the shape of this relaxation
curve. Any curves that deviate from this basic shape are
likely to indicate either a fractured rock near the strain
gauges or poorly bonded strain gauges. Rapid changes
in the environment surrounding the doorstopper may
also lead to strain relaxation curves that do not match
the shape shown in Fig. 1.

During the strain relaxation measurement, particular
care was given to maintaining a constant environment.
Of concern were the effects of both moisture and tem-
perature. Because water was used for drilling fluid, the
most desirable starting condition was for the rock to be
saturated at the temperature of the drilling water. This
was accomplished by bonding the doorstoppers below
the water table and subsequently letting the borehole fill
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Fig. 1. A typical overcoring curve showing strain relaxation vs time.
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Fig. 2. Localion of the Algerie granite.

with groundwater at the temperature of the rock. Water
used for drilling was groundwater that was flowing into
a pool at the bottom of the quarry. The temperature of
this water was less than 3°C higher than the groundwater
1 m below the floor of the quarry. After drilling, the core
was left in this environment to assure a time-dependent
relaxation unaffected by either temperature or moisture
changes.

LOCATION

All measurements discussed in this study were made
in the Algerie granite exposed in the Williams Stone
Company quarry near East Otis, Massachusetts (Fig. 2).
The Algerie granite is a synemetamorphic quartz mon-
zonite with a foliation striking N15°W and dipping
steeply to the east. Ratcliffe [12] suggests that the granite
was intruded along a major fault zone which bounds one
of the crystalline nappes of the Berkshire Massif. The
regional foliation of the adjacent gneisses strikes
N15°W. Healed microcracks as indicated by bubble
tracks within the granite have a strong preferred orien-
tation striking about N20°E whereas open microcracks
have a diffuse pattern (Fig. 3). For the Algerie granite
Dale [13] reports both east-west and north-south grain
planes or planes of eady splitting as used by quarrymen.
The contemporary tectonic stress in the vicinity ot East
Otis, Massachusetts, is believed to be oriented with
g, ENE [14].

The quarry is in the form of a ‘Z’ with an east—west
pit connecting north-south pits extending in opposite
directions from opposite ends of the east-west pit. The
floor of the east—west pit is about 20 m below the surface
and measures 30 m wide by 60 m long. Towards the west
end of the east-west pit, there are several vertical
fractures striking N40°E. Horizontal sheet fractures are
spaced 50 cm apart at the surface and increase in spacing
to 3m at a depth of 20 m. Groundwater seeps out of the
sheet fractures above the floor of the quarry and, hence,
the quarry is occasionally pumped. The experimental site
was located in the western end of the east—west pit but
was not within the zone of vertical fractures. At the site,
the floor of the quarry was 45cm above a horizontal
sheet fracture that the quarry owner reported propa-
gated on release of the overburden by the quarrying
operation. The next 3 m of rock below this sheet fracture
was unfractured.



