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RESUME

EACL Recherche effectue une serie d'essais afin d'observer l'influence du volume sur les contraintes in situ
mesurees dans une roche granitique. Le surcaroitage de roche a series de jauges de deformation du montage de
ventilation fait partie de cette serie. Cet essai, modele sur un essai anterieur effectue en Australie. consistait a
surcarotter de la roche a quatre series de jauges de deformation de 120 mm collees sur la surface d'une galerie
foree a un diametre de 1,8 m. On a calcule les contraintes in situ a partir des deformations mesurees en se
servant des equations de contraintes produites aulour dune excavation cylindrique en milieu elastique. On a
etudie la possibility de perturbation, par l'excavation autour du montage de ventilation, a l'aide de mesures de
contraintes de surcaroitage. d'essais sur carotte re'cupe'ree quant au module d'e'lasticire et d'un examen visuel de
lames minces provenant dune carotte prelevee. On examine aussi l'effet d'un module d'elasticite dependant des
contraintes (appele comportement elastique non lineaire) Les resultats des essais de surcarottage de roche a
series de jauges de deformaiion laisseni supposer que le surcarottage de roche a jauges dans une galerie foree est
une methode acceptable de mesure de contraintes. On considere insignifiants les effets du volume et de la
deterioration produite par I excavation sur les mesures de contraintes; toutefois, si le module d'elasticite de la
roche est fortement dependant des contraintes, le comportement elastique non lineaire peut avoir un faible effet
sur les conlraintes mesurees.
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ABSTRACT

AECL Research is conducting a series of experiments to examine the influence of scale on
measured in situ stresses in granite rock. The ventilation raise rosette overcoring experiment
is one such test. This experiment, modelled on a previous test conducted in Australia,
consisted of overcoring four 120-mm strain gauge rosettes glued to the surface of a 1.8-m-
diameter bored raise. The in situ stresses were calculated from the measured strains using the
equations for stresses around a cylindrical excavation in an elastic material. The possibility
of excavation disturbance around the ventilation raise was investigated using overcore stress
measurements, elastic modulus tests on retrieved core, and visual inspection of thin sections
obtained from removed core. The effect of a stress-dependent elastic modulus (referred to as
non-linear elastic behaviour) is also addressed. Results from the ventilation raise rosette
overcoring experiment suggest that rosette overcoring in a bored raise is an acceptable stress-
measurement method. The effects of scale and excavation damage on the stress
measurements were not considered to be significant; however, if the elastic modulus of the
rock is strongly stress-dependent, non-linear elastic behaviour may have a small effect on the
measured stresses.
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1. INTRODUCTION

The overcore stress measurement technique has been used at the Underground Research
Laboratory (URL) with moderately good success (Martin 1989). Over 800 overcore
measurements have been completed with generally consistent results. One objective of the in
situ stress program at the URL is the analysis of the effect of scale on overcore stress
measurements. AECL Research has already conducted a number of experiments at the URL
to examine the influence of scale on the measured in situ stresses. These tests include
conventional overcoring, shaft convergence measurements, under-excavation tests, and the
ventilation raise rosette overcoring experiment discussed in this report. The ventilation raise
rosette overcoring experiment was designed to examine the possible effect of scale on the
stresses obtained by the overcore technique by comparing the results from tests conducted in
38-mm-diameter boreholes with the results from the rosette overcoring method performed on
the surface of a 1.8-m-diameter ventilation raise.

2. GEOTECHNICAL SETTING

The URL is located within the Lac du Bonnet batholith approximately 100 km northeast of
Winnipeg, Manitoba. The geology of the URL is illustrated in Figure 1. The rock at the test
location can be described as a homogeneous to slightly gneissic, medium-grained, grey
granite. The strength and deformation properties of the rock are given in Table 1. The 1.8-
m-diameter ventilation raise, excavated using a raise boring technique, is not vertical but dips
steeply at 84°.

URL

100 -

"E" 200 -

X
I—
0.
g 300 H

Subvertical Joint Sets (Azimuth 040°)

• Pink Granite (2 Fracture Zone (FZ)
E3 Grey Granite • Existing Excavation
HI Xenolithic Zone

FIGURE 1: Northwest-Southeast Cross Section of the URL Geology



Mean
167

8.7

55

0.3

30.54
1.0

Range
147-198

6.2-11.5

46-64

0.13-0.43

TABLE 1

MATERIAL PROPERTIES OF LAC DU BONNET GREY GRANITE AT THE URL
(KATSUBE AND HUME 1987)

Uniaxial compressive strength (MPa)

Brazilian tensile strength (MPa)

Tangent Young's modulus, E (GPa)

Poisson's ratio, v

Hoek and Brown failure parameters:
m
s

Figure 2 illustrates the location and orientation of the ventilation raise with respect to the
layout of the 240 Level. Two cross-sectional views of the vent raise test location,
highlighting local geological features, such as Fracture Zones (FZ) 2 and 2.5 and the Room
209 Fracture, are shown in Figure 3. Previous tests conducted on the 240 Level have
determined the approximate principal stress tensor provided in Table 2.

TABLE 2

AVERAGE PRINCIPAL STRESSES FROM MEASUREMENTS TAKEN AT THE
240 LEVEL OF THE URL

Principal
Stress Magnitude Dip Dip Direction

(MPa) (°) (°)

28-35 24 231

12-18 5 138

6-12 66 036



VENTILATION RAISE

FIGURE 2: Plan View of the Ventilation Raise and the 240 Level of
the Underground Research Laboratory

VENTILATION RAISE
TEST LOCATION

2 1 0 ,

Q 260 .

270 .

SECTION A

FIGURE 3: Sectional Views of the Ventilation Raise Test Location
and Surrounding Geological Features
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3. EXPERIMENTAL BACKGROUND

Ventilation raise rosette overcoring was initially conducted by Brady et al. (1976) at the
Mount Isa Mine in Australia. Bridy et al. conducted 14 sets of overcore stress determination
experiments along the length of a 1.8-m-diameter vertical excavation. Each station consisted
of four strain rosettes located around the circumference of the raise. Each rosette included
five gauges, formed by a pair of measurement pins 250 mm apart (Figure 4). The rosettes
were subsequently overcored to a depth of 150 mm, and the change in gauge length was
measured using a Huggenberger strain meter. The measured strains were related to the in situ
stresses in the same manner as for CSIR (Council for Scientific and Industrial Research)
overcore tests (Leeman 1968). In both CSIR and ventilation raise overcoring the rock is
assumed to behave elastically, and therefore the stresses around a cylindrical opening can be
defined theoretically using continuum mechanics (refer to Leeman 1968). In order to obtain
the six unknown components of the in situ stress tensor, six independent observations are
required. However, at each station Brady et al. obtained 20 strain observations; hence, a least
squares approach was implemented to obtain representative values for the magnitudes and
directions of the three principal stresses. Brady et al.(1976) concluded that the ventilation
raise overcoring method successfully determined the field stresses in the rock.

RAISE AXIS

45°

90° f<
3',

'" >3 t
250 mm

V , ' S

PLAM VIEW OF RAISE ROSETTE PINS

FIGURE 4: Arrangement of Rosettes in Tests Conducted by Brady

A similar experiment has now been conducted in the ventilation raise at the URL,
approximately 15 m above the 240 Level. The experiment consisted of overcoring four
resistance strain gauge rosettes located on the surface of the ventilation raise employing a
procedure similar to that of Brady et al. Our experiment also included CSIR and USBM
(United States Bureau of Mines) (Hooker and Bickel 1974) overcore stress measurements
conducted in three boreholes extending radially away from the ventilation raise. The large-
scale (ventilation raise rosettes) and small-scale (CSIR overcore) tests were intended to
determine whether or not a scale effect exists for overcore tests at the URL.
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Prior to the ventilation raise rosette overcoring experiment, ITASCA Consulting Group Inc.
was contracted to carry out a pretest analysis. The analysis was conduced to examine the
effect of the ventilation raise access room (Room 208) and FZ 2.5 (Figure 3) on the stress
distribution around the circumference of the ventilation raise. The analysis was carried out
using 3DEC, a three-dimensional distinct element code developed by Cundall (1988) and
Hart et al.(1988). The code is designed for the analysis of stresses and displacements in
discontinuous rock masses or blocky media. Each block in the model is further divided into
tetrahedral zones. Within each zone it is assumed that the stress is homogeneous, and that the
material will behave either elastically or in an elastoplastic manner. The conclusion from the
3DEC distinct element stress analysis was that the stress distribution around the ventilation
raise at the location of the experiment is virtually unaffected by the proximity of FZ 2.5 and
Room 208.

The purpose of the experiment was to ascertain whether or not the ventilation raise rosette
overcoring method can be used to determine in situ rock stresses. Analysis of the results
include an examination of the effect of scale on overcore stress measurements and an
investigation of a possible zone of disturbance around the ventilation raise excavation.

4. INSTRUMENTATION AND LAYOUT

The rosettes are illustrated in Figure 5, and include four 120-mm resistance strain gauges
oriented at 0°, 45°, 90° and 135° to the axis of the ventilation raise. The raise boring
operation had resulted in the surface of the ventilation raise being inscribed with a pattern of
ridges and grooves. The groove depths ranged between 5 and 10 mm. Because of the rough
surface, the strain gauge rosettes were recessed 10 to 20 mm into the surface of the
ventilation raise, as shown in Figure 6. A 200-mm-diameter surface, on which the rosettes
were mounted, was flattened to a smooth finish using a diamond-drill, full-faced, flattening
bit.

STRAIN GAUGE ROSETTE

300-mm-DIAMETER OVERCORE

MOUNTING HOLES FOR LVDTs

200-mm-DIAMETER FLATTENED SURFACE

. 120-mm STRAIN GAUGE

FIGURE 5: Ventilation Raise Rosette
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The strain gauge rosettes used in this experiment were designed and fabricated by URL
instrumentation staff. The strain gauges used were standard wire polyester gauges (part
number PL-120) manufactured by Tokyo Sokki Kenkyiyo Company Ltd. of Japan (TML).
These gauges have a gauge length of 120 mm, a nominal resistance of 120 ±0.3 Q, and a
gauge factor of 2.13. The gauges were attached to accurate paper forms using contact
cement. Electrical connections were made by soldering short lengths of small-gauge hook-up
wire behind the rosette to a large-diameter five-conductor cable. Waterproofing of electrical
junctions was accomplished by coating all connections and embedding them with Hottinger
Baldwin AK-22 covering putty.

The instrumentation also included a pair of LVDT (linear variable differential transformer)
spring-loaded displacement transducers mounted on steel bars anchored into the rock at each
end of the circumferential strain gauge, and a thermistor positioned on the rock surface. The
purpose of the LVDTs was to check the strains measured by the resistance gauges. The
signal cables from the rosette, the LVDT displacement transducers, and the thermister were
spliced to a single multiconductor cable that transmitted all signals through the drill bit and
rods to a data logger during the overcore test.

MULTIPLE-CONDUCTOR CABLE

LVDT MOUNTS GROOVED
VENT RAISE SURFACE

200-mm-DIAMETER FLATTENED SURFACE

300-mm-DIAMETER OVERCORE

FIGURE 6: Cross Section of a Ventilation Raise Rosette Showing LVDT
Mounting Assembly and Overcore Position

The ventilation-raise rosette overcoring experiment layout is illustrated in Figure 7. The
rosettes were positioned on the wall of the ventilation raise in two pairs at right angles to one
another (VRI 1 and 2 formed one pair and VRI 3 and 4 were the other). Positioning the
rosettes at right angles allowed a reference check on the rosettes' circumferential strains.
According to elastic theory, the sum of the circumferential strains from VRI 1 and VRI 2
should equal the sum of similar gauge readings from VRI 3 and VRI 4:
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(3) (3) (3) (3) (1)

iswhere £ is the strain measured in gauge (a) from rosette (b).

Each ventilation raise rosette was individually overcored using a 300-mm-diameter bit.
Temperature-controlled drilling water was supplied and the drill was instrumented to monitor
drill speed, torque, thrust and penetration depth. The temperature and pressure of the fluid in
the borehole were also recorded. All the information was monitored by a Fluke portable data
logger that stored the measured readings on tape. The output from all four strain gauges was
monitored continuously throughout the experiment. Overcoring was terminated when the
response from all four gauges had leveled off to a constant value, which typically occurred at
overcore depths of around 100 mm.

VENTILATION RAISE

OC3 OC1

VRI2

VRI3

OC2/OC4

FIGURE 7: Cross Section of Ventilation Raise and Layout of
the Instrumentation

Incorporated into the experiment was the drilling of three horizontal boreholes 6 m into the
rock from the ventilation raise test location. CSIR overcore tests were conducted at, or near,
the end of each hole, and the field stresses determined from these small-scale tests were
compared with the results from the ventilation raise rosette overcoring test. Boreholes OC2
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and OC4 (see Figure 7) were in the same orientation (an azimuth of 210°), but OC4 was
located 0.7 m higher than OC2. Hole OC3 was oriented perpendicular to holes OC2 and
OC4 (at an azimuth of 300°).

In addition to studying the effect of scale, this experiment provided a unique opportunity to
examine the extent of excavation disturbance around a cylindrical opening. A series of
doorstopper, USBM and CSIR overcore tests conducted along the length of each of the three
overcore holes produced a profile of measured rock stresses that was compared with the
stresses predicted using elastic theory. A deviation between the measured and theoretical
stresses in the vicinity of the ventilation raise might be indicative of a zone of excavation
disturbance. The identification of a disturbed zone would imply that the assumption of linear
elasticity was no longer valid. Hence, if a damaged zone existed as a result of high
compressive or shear stresses near the surface of the ventilation raise, then the stresses
determined using the ventilation raise rosette overcoring method would be in question.

Boreholes OC2, OC3 and OC4 were each instaimented with doorstopper (Leeman 1968),
CSIR and USBM gauges at incremental positions along the length of the holes. The URL
procedures for overcore stress measurements are outlined by Snider et al.( 1989). The
advantage of using the doorstopper gauges is that they can be spaced more closely together
than either USBM or CSIR gauges, and can be positioned more closely to the surface of the
excavation. However, after completion of borehole OC2, it was felt that only one of the
doorstopper gauges provided acceptable data. Since the zone near the ventilation raise
surface, where the doorstoppers were located, is the most important region for the
examination of excavation disturbance, the test was repeated in the same direction (OC4)
700 mm farther up the wall along the ventilation raise axis. An improved doorstopper design
was implemented for both OC3 and OC4 to eliminate any problems that might be caused by
water entering the gauges. Like the 120-mm-long strain gauge rosettes used on the wall of
the ventilation raise, the doorstoppers were manufactured at the URL and again allowed
monitoring of strains during the overcore test. The test locations in each overcore hole are
given in Table 3.

The modulus in the plane perpendicular to each borehole was determined using the retrieved
overcores from USBM and CSIR tests. The overcores were subjected to biaxial external
pressure, with the deformation gauge still in place. The ratio of the applied pressure to the
strain response during unloading was used to determine the elastic properties. Biaxial tests at
the URL were conducted in accordance with standard International Society for Rock
Mechanics (ISRM) procedures (Thompson and Kroll 1989). Modulus tests were also
attempted on the retrieved doorstopper cores by loading the cores on diametrically opposite
surfaces and measuring the doorstopper strains. The modulus values calculated from the
measured strains varied excessively with the direction of applied load, and were often above
the range of acceptable values (above 100 GPa). The doorstopper modulus tests were
considered to be unsuccessful and the calculated modulus values are not reported.
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TABLE 3

TEST LOCATIONS OF OVERCORE STRESS MEASUREMENTS

OC2 OC3 OC4

Depth
(m)

0.01
0.14
0.30
0.70
1.22
1.72
2.73
3. SO
4.71
5.11
5.67
6.18

Test Type

DRST
DRST
DRST
USBM
USBM
USBM
USBM
USBM
USBM
USBM
CSIR
CSIR

Depth
(m)

0.01
0.15
0.32
0.50
0.89
1.61
2.12
3.46
4.06
5.30
5.80

Test Type

DRST
DRST
DRST
DRST
CSIR
CSIR
USBM
CSIR
USBM
CSIR
USBM

Depth
(m)

0.01
0.16
0.32
0.48
0.86
1.40
1.90
2.80
3.82
4.81
5.80

Test Type

DRST
DRST
DRST
DRST
CSIR
CSIR
USBM
CSIR
USBM
CSIR
USBM

*DRST - doorstopper test
USBM - USBM borehole deformation gauge
CSIR - continuously monitored CSIR triaxial strain cell

The excavation damage assessment portion of the experiment also included an examination
of the core from a 0.6-m borehole (OC1). The core from this hole was used to prepare 14
thin sections that were inspected for evidence of stress-induced microcracks near the surface
of the ventilation raise wall.

5. RESULTS

5.1 IN SITU STRESSES FROM ROSETTE OVERCORING

5.1.1 Measured Strains

The plots of the continuously monitored data are included in Appendix A. The strain
readings from each or the sixteen gauges are summarized in Table 4. To check the strain
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data, and to identify possible aberrant strain readings, the first strain invariant (the sum of
strain from gauges at right angles) was determined for each rosette. The error in the strain
invariants, as a percent of the average invariant, is included in Table 4, and was calculated
using Equation (2):

error =
( e a )

+ e ( 2 >
+ e ( 3 )

+ £ ( 4 ) ) /2
x 100 % (2)

(the coefficient corresponds lo the strain gauge number)

TABLE 4

MEASURED STRAIN FROM OVERCORING THE VENTILATION RAISE
STRAIN GAUGE ROSETTES

Gauge Number

Rosette

VRI 1

VRI 2

VRI 3

VRI 4

*

1 (Vertical)

_ im*.

430

287

378

295

- microstrain

2 (45°)
Oiel_..

266

783

818

195

3 (Horizontal)
(jae)

551

700

928

412

- -

4(135°)

_(MEl_-...

608

264

560

545

-

Error

_ L % 1 __

11.5%

5.9%

5.4%

4.6%

Rosette VRI 1 was in error by 11.5%, while the remaining rosettes were all in error by less
than 6%. A check on the circumferential gauges was performed as described in Section 4
[Equation (1)]. This calculation showed an error of 6.9%. These checks on the measured
strains place the results from rosette 1 in question. However, even if the VRI 1 data are
excluded, there are still sufficient data to calculate the six components of the in situ stress
tensor.

The pretest analysis conducted by the ITASCA Consulting Group Inc. included a prediction
of strains for each of the 16 strain gauges using the assumption of linear elasticity. The
derivation of the basic equations is provided by Brady and Brown (1985). The range of
stress magnitudes and orientations input into these equations are those given in Table 2 (page
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2). The upper and lower bounds for the strains anticipated during overcoring were calculated
using various combinations of stress magnitudes and directions. The strains calculated by
ITASCA are given in Table 5.

TABLE 5

PREDICTED GAUGE STRAINS, WITH LOWER AND UPPJR_ BOUNDS,
CORRESPONDING TO THE FAR-FIELD STRESSES PROVIDED IN TABLE 2

Rosette

VRI 1

VRI2

VRI 3

VRI 4

1

137.2
(-23/185)*

114.4
(-14/149)

153.8
(0/201)

99.0
(-33/130)

Gauge

2

400.3
(29/795)

287.0
(18/579)

270.0
(205/507)

345.9
(54/551)

Number

3

.(lie)
415.1

(149/867)

979.6
(546/1470)

1012.7
(719/1660)

392.6
(-157/855)

4

mi..
152.0

(97/262)

807.0
(567/941)

896.6
(496/1341)

145.7
(-145/334)

•lower and upper bounds

Brady, who conducted the analysis for ITASCA, recommtnded that large differences
between measured strains and the reference strains in Table "> should "elicit evaluation of in
situ measurement practice and local rock performance" (Brady 1988). A further observation
from the elastic analysis was the sensitivity of the observed strains to small variations in the
rosette position or orientation. Hence, care in positioning the rosettes was recommended.
The report also noted that the largest compressive stress expected anywhere around the
circumference of the ventilation raise will be less than one-half the uniaxial compressive
strength of the rock, suggesting that the rock behaviour will remain linear elastic. Further
information on the stress analysis can be obtained by referring to the report by ITASCA
(Brady 1988).

When the measured strains (Table 4) were compared with the theoretical strains predicted by
ITASCA (Table 5), only 7 of the 16 readings fell within the predicted range. There are a
number of possible causes for the difference: spurious strain readings; locally varying elastic
properties; incorrect assumptions of the in situ stress; or an incorrect elastic model (an
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anisotropic model or a non-linear model may be more appropriate). There is no indication,
either from visual inspection of the rosette overcore data (refer to Appendix A) or from the
strain invariant checks performed earlier, that the gauges malfunctioned. The most likely
explanation for the difference between measured and predicted strains is that incorrect
assumptions of in situ stress and elastic modulus were used in the model predictions.

5.1.2 In Situ Stresses from Measured Strains

In situ stress can be determined from rosette overcoring results using the same analyses used
in CSIR triaxial cell overcoring. The ventilation raise results were analysed using both
isotropic elastic parameters (using the program MIMSCIELL) and anisotropic elastic
parameters (using ANISS, Amadei 1984). In the above section, it was noted that rosette
VRI 1 may have had one or more spurious strain readings, which led to an error in the strain
invariants of 11.5%. The results from the isotropic stress analysis are presented in Table 6.

TABLE 6

RESULTS FROM VENTILATION RALSEJTVERCORING USING
ISOTROPIC MATERIAL PROPERTIES

Principal
Stress Magnitude Plunge Trend

(MPa) (°) (°)

i) E = 55 GPa, v = 0.2, all 16 gauges*

CT, 34.7

O2 22.9

°3 l7A

ii) E = 55 GPa, v = 0.2, 12 gauges (no VRI 1 gauges)

Oj 30.7 54.0 219.5

a2 23.7 21.9 95.8

c 3 15.8 27.0 354.0

* E - Elastic modulus, v - Poisson's ratio

46.1

39.8

15.4

225.7

75.6

332.3
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Two sets of strain values were used in the analysis: all 16 strain readings, and the 12 readings
obtained when VRI 1 strain readings were omitted. The 11.5% error in the strain invariant
for VRI 1 suggests that at least one of the four measured strains is somewhat in error.
Following this reasoning, therefore, the latter analysis without the VRI 1 gauges should
produce the more acceptable stress data. An elastic modulus (E) of 55 GPa and a Poisson's
ratio (v) of 0.2, as determined from previous experiments on the URL grey granite, were
implemented in the analysis.

Recent studies at the URL have illustrated that the isotropic model used in the analysis is not
the appropriate model for conditions at the 240 Level. Martin and Christiansson (1991a)
summarize the evidence for anisotropic elastic properties at the 240 Level. The isotropic
elastic modulus should be replaced with a modulus having a plane of transverse isotropy that
aligns with orientation of the subvertical joint set existing in the Lac du Bonnet batholith
above FZ 2.5 ( 130°/ 70° trend/plunge). The elastic modulus varies from 60 GPa in the plane
of the subvertical joints, to 30 GPa in the direction normal to the joint plane. By applying the
anisotropic modulus to the ventilation raise rosette overcoring results, we produced the stress
tensor listed in Table 7. The VRI 1 strain gauges were not included.

TABLE 7

VENTILATION RAISE STRESS MAGNITUDES AND DIRECTIONS COMPUTED
USING ANISOTROPIC ELASTIC PARAMETERS

Principal
Stress Magnitude Plunge Trend

(MPa) (°) (°)

o , 28.1 60.7 189.4

a2 18.6 15.9 68.8

G^ 11.1 23.8 331.5

5.2 COMPARISON OF RESULTS FROM DIFFERENT METHODS

To assess scale effects, the results from the ventilation raise rosette overcoring experiment
were compared with both the results from CSIR overcoring in the ventilation raise and three
nearby orthogonal boreholes, and the under-excavation results from Room 209. All the data
presented in this section were derived using the anisotropic elastic parameters. These results
are shown in Figure 8 and are explained in the following section.
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V R i : Ventilation Raise
ORT: 3 Orthogonal Holes (Average)
UX: Under excavation (2-Dimensions)

ROOM 209
FRACTURE

"•: OC2 6.18 m
2: OC3 3.46 m
3: OC3 5.30 m
• » : OC4 4.81 m

Ventilation Raise Rosette
Overcoring

CSIR OC2 6.18 m

CSIR OC3 3.46 m

CSIR OC3 5.30 m

CSIR OC4 4.81 m

Average from CSIR tests in
3 Orthogonal Holes

Room 209 Under-excavation

Stress

28.1

22.1

18.9

19.8

21.9

30.1

29.3

Magnitudes

18.6

14.5

12.8

15.7

13.7

14.9

14.1

(MPa)

11.1

7.1

6.3

10.0

8.3

10.6

-

FIGURE 8: Stereonet Illustration of Ventilation Raise Overcoring, CSIR,
and Under-Excavation Stress Results
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5.2.1 CSIR Overcoring

The field stresses from six CSIR tests in OC2, OC3 and OC4 were determined using the
anisotropic modulus described in the previous section. In Figure 8, the ventilation raise
rosette overcoring results are compared with the six CSIR test results and with the average
stress tensor from 17 CSIR tests conducted in three orthogonal holes on the 240 Level near
the ventilation raise location (see Figure 2). The principal stress magnitudes determined from
the ventilation raise overcore experiment are higher than the stress magnitudes for each of the
CSIR tests by an average of 26%. However, the ventilation raise overcore stress magnitudes
compare more favourably with the average stress magnitudes from the three orthogonal holes
on the 240 Level. The orientation of the stresses, as illustrated in Figure 8, are grouped
closely together. However, the dip of Gj from the ventilation raise overcore experiment is
steeper than the dip of (Jj from other tests, suggesting a possible weak alignment of Gj with
the ventilation raise axis.

5.2.2 Room 209 Under-Excavation Stress Measurement

During the excavation of Room 209, the change in strain in the rock surrounding the room
was measured (hence, the term under-excavation stress measurements). From these data, the
stresses were back-calculated in two dimensions (Zou and Kaiser 1990). The results can
readily be compared with the results from ventilation raise rosette overcoring, since both tests
were conducted in the vicinity of the Room 209 Fracture. The under-excavation results are
two-dimensional in the plane perpendicular to the tunnel axis, and as such are not principal
stresses. However, if we assume that C3 acts normal to the Room 209 Fracture (as is
indicated in Figure 8), and is approximately 10 MPa, then we can determine the magnitudes
and directions of a j and a->, which will act in the plane of the Room 209 Fracture, by
rotating the under-excavation stress tensor 20° from the vertical. The rotation of the stress
tensor is illustrated in Figure 9 and the results, using E = 55 GPa and v = 0.2, are provided in
Figure 8. If the assumption that CJ3 is equal to 10 MPa were in error by 2 MPa, the
magnitudes of <7j and dj would be affected by less than 0.4 MPa.

The under-excavation data are representative of an experiment at a larger scale than the
ventilation raise rosette overcoring test (the average diameter of Room 209 is 3.8 m, as
compared to the ventilation raise diameter of 1.8 m). Therefore, the scale effect can be
assessed by comparing the ventilation raise results with both smaller- (CSIR) and larger-scale
(under-excavation) stress measurements. The average stress magnitude from CSIR tests in
the three orthogonal holes and the Room 209 under-excavation test compare favourably with
the ventilation raise results. There is no apparent explanation for the low CSIR stress
magnitudes from tests in the vicinity of the ventilation raise.
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Room 209 Under-Excavalion'

Results: i

a y =16 .9MPa f
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,20°
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x= Horizontal (120°)

y' y y = Vertical

^ A z r Horizontal (210°)

Boundary Conditions
Near the Room 209 Fracture:

o,=10MPa (approx) Ta ' = 0 V y ' = 0

FIGURE 9: Rotation of the Room 209 Under-Excavation Stress Results
to the Plane of the Room 209 Fracture

6. FACTORS INFLUENCING THE VENTILATION RAISE OVERCORING RESULTS

6.1 THE ROOM 209 FRACTURE

The ventilation raise rosette overcoring experiment was located in the vicinity of the Room
209 Fracture, as illustrated in Figures 2 and 3. The Room 209 Fracture, so termed because it
intersects the 240 Level only in Room 209, is a near-vertical, water-bearing fracture in an
otherwise unfractured rock mass. In fact, the Room 209 Fracture is a zone of subparallel
fractures roughly 0.4 m in width. During the drilling of borehole OC3, a single subverticai
fracture was intersected 1 m away from the ventilation raise surface. This fracture is possibly
associated with the Room 209 Fracture, which lies just beyond the 6-m length of OC3. The
single fracture had no apparent effect on the results of the overcore stress measurements
conducted in OC3.

Martin and Christiansson (1991a) showed that, for overcore tests conducted in the vicinity of
the Room 209 Fracture, o*j and c^ tended to align themselves into the orientation of the
plane of the fracture. The ventilation raise overcore stress measurement and the CSIR tests
conducted from the ventilation raise concur with this observation (Figure 8). Martin and
Christiansson also determined the volumetric strains associated with stress measurements at
the URL:

(3)

where Ej, z^ and e^ are the three principal strains associated with the measured stresses.
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Volumetric strains in the region of the Room 209 Fracture were generally less than the
volumetric strains elsewhere on the 240 Level. The volumetric strains observed by Martin
and Christiansson varied between 0.06 and 0.1%, while the volumetric strains in the present
CSIR tests near the ventilation raise were all between 0.045 and 0.063%, lower than
essentially all the volumetric strains measured on the 240 Level. It is interesting to note that
the volumetric strain associated with the ventilation raise overcoming was 0.082%. The Room
209 Fracture is probably wider in the vicinity of the ventilation raise experiment than it is on
the 240 Level 15 m below, hence there will be a greater effect on the CSIR volumetric strains
near the fracture plane. The reason for the volumetric strain decrease near the Room 209
Fracture is unknown.

6.2 EXCAVATION DAMAGE

Stress redistribution around the ventilation raise may affect the elastic properties of the rock
in either of the following two processes:

1) The deformation properties of rock under high compressive stress may change through the
creation of microfractures. Microfractures are regularly observed in uniaxial compression
samples when the applied stress approaches the uniaxial compressive strength. The quantity
and direction of these fractures are related to the magnitude and direction of the applied
loads. The stiffness of the rock mass will decrease with an increase in the number of
microfractures. Zones of microfractures induced by either the excavation process, or by the
redistribution of stresses around an excavation, are termed zones of excavation disturbance.
In theory, these zones can be detected using a variety of methods (hydraulic conductivity and
acoustic wave velocity, to name two). In this analysis, the change in elastic properties is a
fundamental concern, hence the rock is tested for variations in the elastic modulus with
respect to the distance away from the ventilation raise. Lower apparent modulus values may
be detected in CSIR and USBM biaxial tests on the retrieved overcores. Also, zones of lower
modulus values will carry lower stress magnitudes than predicted by theory', redistributing
stress to the stiffer, unfractured material. These stress variations should be apparent in the
results of overcore stress tests.

2) The elastic modulus of many geological materials has been observed to be stress-level
dependent (Santarelli 1987). The elastic properties of rock may change with increases in
stress without the creation of new microfractures. Rock can be considered to be an elastic
matrix of pores and cracks that dose upon the application of confining pressures, creating a
stiffer material. Since no new microcracks are generated, the change in rock properties with
stress level cannot be termed a disturbance, as in (1) above, but is simply due to a non-linear
elastic behaviour. Laboratory tests on grey granite at the URL have shown that the modulus
increases with increases in confining pressure, as illustrated in Figure 10. Unlike the
laboratory samples, the URL granite in situ has generally not undergone the stress relief
required to open or generate microcracks; therefore its response should remain linear. The
rock in the immediate vicinity of the ventilation raise, although not removed by sampling,
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has undergone stress relief as a result of the creation of the stress-free raise-bore opening.
Hence, the non-linear elastic model may be more appropriate.
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FIGURE 10: Variation of Young's Modulus with Confining Stress (Triaxial Test Data)

Following the same reasoning as in (1), one concludes that zones of low confining stress
around the ventilation raise will result in zones of low stiffness, which in turn transfer
stresses to stiffer (more highly stressed) material. Non-linear material behaviour will not
produce different modulus values during CSIR and USBM biaxial tests, but should produce
variations between predicted and measured stresses in lower-stressed zones.

The excavation damage around the ventilation raise was assessed using both visual and
analytical approaches. Thin sections were cut from the core retrieved from borehole OC1
(see Figure 7 for OC1 location) and were visually inspected for microfractures. The
analytical approach involved determining the stresses and elastic parameters of the rock with
respect to distance away from the wall of the ventilation raise.

6.2.1 Thin-Section Analysis

The position of the thin sections relative to the core removed from OC1 is shown in
Figure 11. The sections were viewed through a microscope to identify stress-induced
microcracks. The intent was to compare the microfracture density and orientations within
10 cm of the ventilation raise with those 40 to 60 cm distant. Microfractures induced by the
recent stress changes following the ventilation raise excavation were identified as the
fractures with no infilling. Slides 1 to 4 (see Figure 11) were compared with slides 11 to 14,
and it was concluded that there was no difference in the number of stress-induced
microcracks. The orientation of 200 microcracks is illustrated using rose diagrams in
Figure 12. There is an obvious trend for the microfractures to form perpendicular to the axis
of the core. It is possible that these fractures were formed during extraction of the cores,
since the direction of microfractures corresponds to the direction in which core discing would
occur if the field stresses had been high enough. However, since there was no apparent
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increase in fracture density between radial distances of 0.6 and 0.1 in, there is no reason to
believe that a significant excavation damage zone exists around the bored raise.
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FIGURE 11: Location of Thin Sections with Respect to
the Core Removed from OCl
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FIGURE 12: Preferred Orientation of Recent Stress-Induced Microfractures
with Respect to the Axis of the Core, and Determined from
Visual Inspection of Ventilation Raise Thin Sections
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6.2.2 Elastic_Mpdulus

The elastic modulus of the rock was determined using the core retrieved from the overcore
holes (OC2, OC3 and OC4) after the completion of each overcore stress measurement.
USBM and CSIR overcores were placed in an environmentally controlled test chamber and
pressurized externally with the USBM or CSIR device remaining in place inside the core.
The ratio of the applied pressure to the gauge response was used to determine the appropriate
elastic parameters. Attempts were made to measure the modulus from doorstopper cores
removed from OC3 and OC4; however the tests failed to provide consistent results.

From the upper half of Figure 13, a typical USBM biaxial modulus test, it is apparent that the
measured secant modulus is a function of both the applied stress and the direction of strain
measurement. The lower half of Figure 13 is a plot of the secant modulus, determined at a
pressure of 25 MPa, as a function of the angle of testing. The maximum and minimum
modulus and the angle of anisotropy determined from biaxial test data can be compared with
modulus values from other tests. As described earlier, changes in elastic properties may be
indicative of stress-induced microfractures. The measured elastic modulus is plotted as a
function of depth for each overcore direction in Figure 14.

The CSIR biaxial tests determine the modulus in the circumferential direction at the location
of each of the three strain gauge rosettes. A sinusoidal distribution can be fitted to the three
modulus values using the following equation:

E(0) = a + bcos8 + c sin 0 (4)

where a, b and c are constants and 9 is the angle of the strain gauge
orientation from the vertical.

Fitting the CSIR modulus values to the above equation produces a plot that resembles the
plot of USBM modulus versus angle. In Figure 15 the USBM anisotropic modulus data are
compared with the CSIR modulus at one location in each of the two overcore hole directions
(OC2 and OC4 are in the same direction). The maximum and minimum values of modulus
from a CSIR test correspond to

Emax/min = a ± J ^ + <? ' <5)

In the three overcore holes, the maximum modulus values determined from CSIR and USBM
biaxial tests (Figure 14) are relatively independent of depth. Although there is no obvious
zone of reduced modulus, USBM and CSIR tests were not performed within 0.8 m of the
ventilation raise surface. It is unfortunate that attempts to measure the elastic modulus using
the doorstopper gauges, which were installed in the 0- to 0.5-m depths, were unsuccessful.
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FIGURE 15: Fitting a Sine Curve to CSIR Modulus Data, and
Comparison with USBM Biaxial Results

The USBM biaxial modulus tests from each borehole can be used to determine the
anisotropic elastic properties of the rock. Figure 16 illustrates the variation of the elastic
modulus with direction for tests in holes 0C3 and OC4. The dashed lines on the plots in
Figure 16 refer to the URL anisotropic elastic model, which corresponds to the direction of
the subvertical joint set. The two curves match closely for holes OC2/OC4 but have a
different shape for OC3. At present, there is no obvious explanation for the discrepancy.

DirectK>n of Iris
Subveriical Joint Set

URL Model

Typical Results

FIGURE 16: Typical Variation in Elastic Modulus in the Two
Overcore Directions from USBM Biaxial Data
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6.2.3 Overcore Stress Profiles - Comparison of Stress Measurement Methods

In the three overcore holes OC2, OC3 and OC4, a total of 35 overcore tests were attempted,
of which 30 were considered successful. The successful total included 8 doorstopper tests,
12 USBM tests and 10 CSIR tests. Problems leading to test failures were related to water
infiltration into the doorstopper gauges, doorstopper and CSIR gauge debonding, and the
accidental disconnection of USBM wiring. The stresses along each borehole were predicted
using the Kirsch equations for an elastic solid. The far-field stresses input into the theoretical
solution were the results from the ventilation raise rosette overcoring stress measurements as
listed in Table 7. The measured and predicted stresses are illustrated in Figures 17, 18 and
19. In Figures 20 and 21, the measured stresses are divided into the three measurement
methods (CSIR, USBM and doorstopper). The results from OC2 and OC4 are combined in
Figure 21 since both holes extend in the same direction away from the ventilation raise.

In all cases the CSIR-determined stresses are less than the stresses corresponding to the
ventilation raise rosette overcore stresses (dashed lines in Figures 20 and 21). An interesting
observation in both Figures 20 and 21 is that the USBM stresses also exceed the CSIR
stresses in all instances. In other overcore tests conducted at the URL, Martin and
Christiansson (1991b) also observed that the USBM test results consistently exceed the CSIR
test data. It is impossible to compare the stresses determined using the doorstopper gauge to
the other two techniques from the information presented in Figures 20 and 21.
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The doorstopper test results, however, can be compared with the ventilation raise rosette
overcore results since the two methods are identical in all aspects except scale. The
doorstopper strains on the ventilation raise surface should theoretically be the same as the
ventilation raise rosette strains diametrically opposite the overcore holes. The measured
strains are compiled in Table 8, and are compared with the theoretical strains corresponding
to the stress tensor determined from ventilation raise rosette overcoring.

TABLE 8

MEASURED AND THEORETICAL STRAINS ON WALL OF VENTILATION RAISE

Strain Direction

eee (horizontal)

e,7 (vertical)

ez9 (shear)

Strain Direction

EeB (horizontal)

ca (vertical)

e?e (shear)

Measured Strains

OC2

244

283

71

OC4

263

284

9

Measured Strains (|*e)

OC3

782

233

207

VRI

715

302

-260'

(HE)

VRI

524

403

171"

2

Theoretical
1 (using E = 55 MPa)

304

332

67

Theoretical
(using E = 55 MPa)

743

332

237

* ezB should have opposite signs on diametrically opposed surfaces.

Examination of the strains measured on rosette VRI 2 and the surface doorstopper in OC3
(the region in which the highest horizontal stresses were anticipated) shows that the
circumferential strains for both gauges were within 5% of the theoretical strains. The only
strain that was not within 30 H£ of the theoretical value was the vertical doorstopper strain.

In the OC2/OC4 direction, the results were not consistent. Although the results from the
OC2 and OC4 surface doorstoppers are comparable, they are just half the magnitude of the
rosette overcoring response of VRI 1. The doorstopper and rosette overcores were located on
diametrically opposite positions of the ventilation raise, and the rosette gauges were
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approximately 10 times the length of the doorstopper gauges with 10 times the volume of
rock being overcored.

In Table 4, the strain invariants from the VRI 1 strain rosette were shown to be in error by
11.5%, which cast suspicion on the quality of the strain readings. However, a possible error
of 11.5% does not explain the difference between the doorstopper and vent raise rosette
strains. The difference in strains is probably related to scale, with the small-scale
doorstopper gauges being more susceptible to ihe local variability in the stiffness of the
individual grains of granite than the large-scale ventilation raise rosettes. The difference may
possibly be related to a scale effect on the elastic modulus. The smaller doorstopper rosettes
may be measuring smaller strains caused by a higher apparent elastic modulus than the
modulus affecting the ventilation raise rosettes. This could be due to excavation damage that
is not apparent at the smaller scale. The argument of a scale-dependent elastic modulus,
however, is not consistent with the fact that VRI 2 and the OC3 surface doorstopper are in
reasonable agreement.

6.2.4 Overcore Stress Profiles - Excavation Disturbance

The stress profiles presented in Figures 20 and 21 contain a lot of information, and hence are
difficult to analyse. One complicating factor is the difference between CSIR- and USBM-
determined stress magnitudes. It is not clear whether the doorstopper results near the
ventilation raise surface should be compared with the USBM or with the CSIR stresses
determined farther away from the ventilation raise. Insight into excavation disturbance can
only be gained if each element of the stress profile (i.e., each method and each stress
component) is examined separately.

In Figure 20 (borehole OC3), the horizontal doorstopper stresses are very close to the
horizontal stresses predicted using elastic theory (the dashed lines). Also, neither the CSIR
nor the USBM results indicate an increasing or decreasing trend in the stress magnitudes
between depths of 0.8 and 5.8 m. The only anomaly in Figure 20 is the decrease in vertical
doorstopper stress magnitudes between the ventilation raise surface and 0.5 m. Since the axis
of the ventilation raise is almost vertical, the vertical doorstopper results suggest that the
axial strains vary with depth, and hence plane strain conditions do not exist. Neither
excavation disturbance nor any other apparent mechanism would explain an absence of plane
strain conditions. The most logical explanation would be that the doorstopper strains were
not interpreted correctly. An accurate interpretation may require a better understanding of
the effect of placing the doorstopper gauge at the end of the borehole, or the use of a smaller
elastic modulus near the surface of the ventilation raise. A device that could convert
doorstopper strains to stresses, such as the borehole assimilator described by Leeman (1969),
would eliminate the necessity of determining the rock's elastic parameters and would be an
asset to future doorstopper tests. Still, the general impression from the stress profiles for
borehole OC3 is that there is no apparent zone of excavation disturbance.
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The profile of the measured stresses in the OC2/OC4 direction (Figure 21) is somewhat more
complicated. The doorstopper results indicate that both the horizontal and vertical stresses
increase with depth. The USBM tests indicate that the horizontal and vertical stress
magnitudes increase to maximum values at a 1.2-m depth before returning to the stress levels
experienced in situ at greater depths. Combining the USBM and doorstopper results provides
a smooth profile of measured values that indicates lower than expected stresses near the
ventilation raise surface, and higher than expected stress magnitudes 1 to 2 m into the rock.
This could conceivably be explained by the existence of a damaged zone near the ventilation
raise surface, which would transfer a portion of the load outward onto stiffer, undamaged
rock. However, the CSIR results do not necessarily indicate similar trends in the stress
profile. Still, there is no obvious reason to disregard both the doorstopper and USBM results.
There was no evidence of doorstopper debonding during overcoring in any test, and the strain
invariants measured by the two pairs of gauges on each doorstopper agreed to within 1 %.
The CSIR data, on their own, neither support nor discredit the implication that a zone of
disturbance exists within 0.8 m of the surface of the ventilation raise.

The indication that excavation damage occurs in the direction of boreholes OC2 and OC4 and
not in the direction of borehole OC3 was not expected. The results of the ventilation raise
overcoring indicate <Jj at the ventilation raise surface is much greater near OC3 than near
OC2 (47 MPa as compared to 22 MPa). It is doubtful that any excavation damage occurred
near OC2 resulting from compressive stresses, since 22 MPa represents only 13% of the
rock's uniaxial compressive strength. A more probable explanation is that the stresses are
redistributed away from the ventilation raise surface as a result of a stress-dependent elastic
modulus. The lower confining stress near the surface at OC2 would result in a lower elastic
modulus. A lower modulus near the surface would cause an outward stress redistribution, not
unlike the stress distribution indicated by USBM and doorstopper stress measurements in
Figure 21. This possibility will be described in the following section.

6.3 NON LINEAR ELASTICITY

As previously mentioned, non-linear elasticity may explain the existence of lower stresses
near the surface of the excavation. Brown et al. (1989) and Duncan Fama and Brown (1989)
illustrated that the stresses will theoretically decrease near the surface of a cylindrical
excavation if the elastic modulus is dependent upon the minimum confining stress. At the
excavation surface the elastic modulus is a minimum since the confining stress is zero. The
circumferential stress profiles produced by both Brown et al. and Duncan Fama and Brown
reach a maximum in the interior of the rock and decrease towards the inside radius of the hole
(Figure 22).
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FIGURE 22: Stress Versus Radial Distance for a Non-Linear
Elastic Material (from Duncan Fama and Brown 1989)

The plot in Figure 22 is similar to the measured stress profile illustrated by the USBM and
doorstopper results in Figure 21. However, if the modulus was related solely to the minimum
stress, then the horizontal stress profile in OC3 (Figure 20) would also have the same shape.
The stress-dependent behaviour observed during CSIR and USBM biaxial tests (upper half of
Figure 13) implies that the modulus is dependent on stresses other than the minimum
confining stress, since the minimum stress (the axial stress) is zero in all biaxial tests at the
URL. High horizontal stresses near OC3 may therefore induce a higher elastic modulus,
which would otherwise be a minimum at the ventilation raise surface. The result is a stress
distribution closer to the solution for a linear elastic material than for a non-linear material.

The ventilation raise data provide further evidence illustrating the effect of stress on the
appropriate modulus used in the ventilation raise analysis. In Section 5 it is pointed out that
ITASCA's prediction of strains around the ventilation raise was reasonable for only seven of
the sixteen gauges. Anisotropic elastic properties alone cannot explain the variation between
the predicted and measured strains. It is postulated that a linear elastic model may not be
appropriate. If the modulus around the ventilation raise is constant (or even anisotropic), and
the condition of plane strain exists, then the strains measured along the ventilation raise axis
at each strain gauge rosette must be equal. Table 4 (in which gauge number 1 is the axial
gauge) illustrates a considerable variation in axial strain (287 to 430 \xe). The cause of
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the problem may be a stress-dependent elastic modulus. Assuming that the modulus will be
anisotropic in nature, one can determine the strains in two orthogonal directions (x and y)
using the following equations:

^ Ey E x

where E = (

(6)

(7)

Ey)/2 and v = (vx + vy)/2

With these equations, the elastic modulus in the direction of each strain gauge can be
calculated from assumed stresses and measured strains. If one assumes the stresses around
the ventilation raise are as described in Table 2, the theoretical stresses acting on each gauge
will be the stresses calculated by ITASCA (Brady 1988) in their pretest analysis. Figure 23
is a plot of the elastic modulus determined from Equations (6) and (7) versus the theoretical
stress parallel to the gauge direction as determined in the ITASCA analysis.
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Figure 23 suggests that the appropriate modulus for the analysis of the ventilation raise
rosette strains is greater at higher stresses. If a stress-dependent modulus were used, the
predicted strains (such as the strains predicted by ITASCA) would be closer to the measured
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values. However, some of the modulus values represented in Figure 23 are unreasonably
high. Therefore, Figure 23 is only a demonstration of the stress-level dependence of the
elastic modulus and not a representation of the actual elastic properties of the rock. The
analysis does not consider the fact that a non-linear elastic material will redistribute stresses
from the rock near the surface of the ventilation raise outward onto stiffer material. To
examine the effect of stress redistribution on the strains measured on the ventilation raise
surface, a numerical model must be implemented. The following section will deal with a
hypothetical non-linear problem that can be solved using simple analytical tools. The result
will provide a comparison of the non-linear solution to a solution that assumes linear
elasticity.

6.3.1 Linear Versus Non-Linear Elasticity

Numerical solutions presented by Brown et al. (1989) and Duncan Fama and Brown (1989)
illustrated that non-linear elastic models predict lower stresses near the excavation surface
than linear elastic models predict (Figure 22). The strains measured on the surface of the
ventilation raise will be directly related to the stresses in the rock, but inversely related to the
elastic modulus. Since both the elastic modulus and the stresses are low near the surface, the
strains resulting from overcoring may be affected less by non-linear properties than the
stresses themselves. The only means of evaluating the strains is to use a numerical model.
This analysis will allow the comparison of strains from a linear solution to those predicted
using a non-linear model. The result of this comparison will provide an evaluation of the
assumption of linear elasticity in a rock having a known stress-dependent behaviour.

A simple model incorporating the theoretical stress distribution in a series of concentric
cylinders as illustrated in Figure 24 was used. The elastic modulus in each cylinder is
constant and is dependent upon the minimum confining stress as determined at the centre of
each cylinder. The function used in this model to relate the tangent modulus to the minimum
stress (03) was used by Duncan Fama and Brown (1989) and includes parameters that model
the observed non-linear behaviour of URL granite in situ (Lang 1989):

E(o3) = 6 0 - 5 0 e 0 1 a 3 (8)

where E is in GPa and a^ is in MPa.

The elastic modulus described in Equation (8) varies from 10 GPa at zero confining pressure
to a maximum of 60 GPa. These maximum and minimum values were determined from
extensometer readings taken during the Room 209 Excavation Response Experiment. The
low apparent minimum modulus of 10 GPa may be due to blast damage, or perhaps to the
assumptions required in calculating a modulus value; however, Equation (8) provides an
extreme non-linear response for URL granite.
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FIGURE 24: Pictorial Representation of the Concentric Cylinder Model

The radial and tangential stresses (o^ and CTQQ) as well as the radial displacement (ur) for the
i tn cylinder are given below:

on = 2Af + Bj / r 2

GQQ = 2Aj - Bj/r

ur = [ 2 A j ( l - 2 v ) r - Bi / r ]

Equation (10) satisfies the condition of plane strain:

<*zz = V ( CTrr + ( % ) + [Oaxial " 2 V a r ad i a l

(9)

E(°radial)
(10)

where craxjaj and <Jra(}ial are t n e far-field axial and radial stresses. Aj and Bj are solved for
each cylinder in order to satisfy the following boundary conditions between each cylinder:

u r(i) = u r( i

an(i) - on(i
(11)
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The matrix formulation of this model is provided in Figure 25. As the thickness of each
cylinder approaches zero, the model approaches the exact solution for the non-linear
problem. However, this simple model can only be used to analyse an axisymetric stress
distribution. This simplification, however, is sufficient to demonstrate the effect of non-
linear properties on strains measured by overcoring.

0 0 0
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2{1-2v) - 1 - 2 ( 1 ~2v)

0 0

o o

- 2 - 1

2(1 -2v) _ - 1 _ - 2

0

0

0
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A2

B2
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B i

0

0

0

0

FIGURE 25: Matrix Formulation for Concentric Cylinder Model

The stresses and strains were predicted using this model for the hypothetical situation
illustrated in Figure 26. Although the maximum stress is achieved in the interior of the rock
mass, as predicted by Brown et al. (1989), the maximum strains are at the inside surface.
Also, the non-linear strains are greater than the strains predicted using linear elastic theory. If
the material were assumed to be linear elastic but behaved in a non-linear manner, then the
actual stresses would be overpredicted from overcoring results. For the example illustrated in
Figure 26, the field stress perpendicular to the borehole was overpredicted by 35%, while the
in situ stress parallel to the borehole was exceeded by 21%. An important consideration of
the model is that the modulus given by Equation (8) varies between 10 GPa at the borehole
surface and a maximum of 60 GPa. A second analysis was conducted using the non-linear
response defined from laboratory results (Figure 10, page 18) in which the modulus varies
from 57 to 67 GPa. The stress overprediction in this second analysis was reduced to 1.8%
vertically and 2.9% horizontally (Figure 27). The two analyses provide upper and lower
bounds to the anticipated non-linear behaviour of URL granite.



- 3 5 -

a.

u>

NON-LINEAR

. LINEAR

CIRCUMFERENTIAL STRESS

1000

900-

800-

2.
(3
CO

_ l

a
O
2

/
/

/
/
10

^-^^^io"

CONFINING STRESS

AXIAL STRAIN

2 4

Radial Distance (m)

FIGURE 26: Stresses and Strains Predicted Using a Non-Linear
Elastic Model, With a Highly Variable Elastic Modulus



- 3 6 -

(9
Q_

NON-LINEAR

- LINEAR

CIRCUMFERENTIAL STRESS

AXIAL STRESS

1000

a
55

900

800-

700-

600-

500-

400-

300-

200-

100-

0

67

CONFINING STRESS

CIRCUMFERENTIAL STRAIN

AXIAL STRAIN

2 4

Radial Distance (m)

FIGURE 27: Stresses and Strains Predicted Using a Non-Linear
Elastic Model, With a Moderately Variable Elastic Modulus



- 3 7 -

This non-linear model demonstrates that, although the stresses near the borehole are less than
for the linear elastic model, the circumferential strains are greater. Use of a linear elastic
modulus in cases where the actual modulus is stress-level dependent results in the
overprediction of the actual field stresses, but this overprediction decreases as the ratio of
maximum to minimum moduli approaches unity. The model uses a modulus that is
dependent solely upon the minimum confining stress, which is not entirely representative of
the true behaviour of rock. Relating Young's modulus to the minimum confining stress,
however, will produce a worst-case situation for the problem of rosette overcoring. The
results from the model simulation shown in Figure 27 suggest that, unless there is a great
variation in elastic modulus, a linear elastic analysis will produce acceptable results.

7. DISCUSSION

This discussion of the ventilation raise rosette overcoring experiment is divided into sections
that address the following two questions:

1) How do the ventilation raise results fit in with other scale-effect tests at the
URL?

2) How does ventilation raise rosette overcoring differ from CSIR overcore
tests?

7.1 SCALE EFFECT

Examining the effect of scale on overcore stress measurements was a primary focus of the
ventilation raise rosette overcoring experiment. The ventilation raise and the CSIR overcore
techniques are almost identical, with the most apparent difference being the volume of rock
in which the stresses are influenced by the cylindrical opening. The cross-sectional area of
the ventilation raise is roughly 2200 times larger than the 38-mm-diameter hole in which
CSIR gauges are installed. The influence of the ventilation raise on the rock stresses extends
several diameters away and encompasses a rock volume four or five orders of magnitude
greater than the volume of rock influenced around a standard CSIR experiment. The
volume-related effects of residual strain on the results of CSIR overcore tests were studied by
Read (1990) and Lang et al.(1986). Since the results of their experiments indicated that
residual stress accounted for less than 3% of the measured in situ stress at the URL, Read and
Lang et al. concluded that there was no scale effect due to residual stress for overcore
diameters up to 600 mm. Therefore, the magnitude of residual stress that will be converted
into strains in a large-volume overcore test, such as the ventilation raise overcore method, is
expected to be minimal.

The ventilation raise experiment is only one of many experiments at the URL examining the
scale effect on in situ stress measurements. At the larger end of the scale, under-excavation
stress measurements were performed on the 240 Level during the Room 209 Excavation
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Response Experiment (Zou and Kaiser 1990). In order to compare the results irom each
stress measurement method, the first stress invariant (the sum of the three principal stresses)
was plotted versus the excavation diameter for each experiment type (Figure 28). There is
considerable scatter in the CSIR data from the three orthogonal holes and the ventilation raise
boreholes; however, the ventilation raise result is very near the average of all the stress
measurements. Figure 28 suggests that, for the average stress values calculated by each
method, there is virtually no scale effect. However, the smaller-scale tests do appear to show
more variability, possibly indicating variable conditions at the smaller size.
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FIGURE 28: First Stress Invariant Versus Volume, Results From
Various Tests on the 240 Level of the URL

7.2 CSIR OVERCORE TESTS VERSUS VENTILATION RAISE OVERCORING

The CSIR and ventilation raise rosette overcoring techniques are similar in all respects except
the following:

the hole diameter (38 mm and 1.8 m),
- the strain gauge length (10 mm and 120 mm),

the direction of overcoring, and
the fact that the rock mass modulus for ventilation raise overcoring cannot be
measured directly.

The configuration of the two tests is illustrated in Figure 29. Comparison of the two
techniques is important since both methods use the same equations to calculate the field
stresses.
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Conventional Overcore Testing

Rosettes of strain gauges installed
on walls of 38-mm-diameter borehole;
then stress relieved by overcoring over
the entire borehole.

Standard rosette of strain gauges.
l Size ol strain gauges in raise Bore and conventional

overcoring are about 120 and 10 mm respectively.

FIGURE 29: Comparison of CSIR and Ventilation Raise Overcoring Techniques

In the preceding section, the effect of scale on the ventilation raise overcoring results was
addressed. It seems logical that there would be a greater amount of variability in the results
of the smaller CSIR test, as illustrated in Figure 28, since the small-scale test is more readily
influenced by local variations of both the stress field and the properties of the rock. In
addition, the strain gauge lengths on the CSIR gauge begin to approach the size of the
individual grains; hence, the measured strains will reflect the extremes of the variation in the
material properties. The longer gauges used in the ventilation raise provide a more average
response to overcoring. These factors suggest that the ventilation raise results should not
vary greatly from one test to the next, but they do not explain why the ventilation raise
overcoring stress magnitudes exceeded the stress magnitudes from all 10 CSIR overcore
results from tests conducted near the ventilation raise (Figure 8, page 14). The cause of the
difference in the determined stresses is not clear. Examination of the measured strains
indicates that the most apparent discrepancy between the CSIR and ventilation raise
overcoring tests is in the vertical strains. The ventilation raise produced double the
magnitude of the average CSIR vertical strain (353 U£ as compared with 175 ne), with only
minimal differences in the average horizontal strains (231 |ie for the ventilation raise test;
198 ne for CSIR). Since the difference is only in one of three directions, it is improbable that
it is due to the effect of scale.

The cause of the large discrepancy in vertical strains may be related to the fact that the CSIR
tests were conducted in horizontal boreholes, whereas the ventilation raise was nearly
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venical. This fact alone does not explain the cause of the large vertical strains. The direction
of overcoring of the ventilation raise rosettes may have an effect on the magnitude of the
axial strain. Since each rosette in the ventilation raise is overcored separately, and hence is
allowed to deform independently, axial strain in the ventilation raise need not satisfy the
conditions of plane strain during overcorin? as in CSIR tests. This is not meant to suggest
that plane stress conditions govern ventilation raise overcoring, but that ventilation raise
overcoring does not have the same boundary restraints to axial deformation as the CSIR tests.
Although there is no obvious reason why axial strains from ventilation raise overcoring
should exceed axial strains from CSIR overcoring, the different boundary conditions may be
one contributing factor.

An advantage the CSIR test has over ventilation raise rosette overcoring is that the elastic
modulus of the rock can be determined for each test by loading the retrieved overcore with
the CSIR eel] remaining in place. The analysis of the ventilation raise rosette strains requires
an assumed modulus, which may or may not be anisotropic, and which is the same
everywhere around the ventilation raise. It is possible that a smaller elastic modulus is
appropriate for larger volumes of rock, in which case the elastic modulus for CSIR tests
would not be the same as for ventilation raise overcoring. Since large volumes of granite at
the URL are homogeneous and unfractured, the same modulus for both test types was
considered to be appropriate. However, if the cores removed from the wall of the ventilation
raise could be stressed biaxially with the rosette remaining in place, then the uncertainties
inherent in using an assumed elastic modulus could be eliminated.

In summary, the differences in the test techniques are that

a) the scale of the ventilation raise should have a more averaging effect on the
measured stresses;

b) larger measured axial strains in the ventilation raise overcore experiment
may be due, in part, to the direction of overcoring with respect to the
ventilation raise axis; and

c) a possible scale-dependent elastic modulus introduces some uncertainties
into the determination of the calculated ventilation raise stresses.

8. SUIvTMARY

The results from the ventilation raise instrumentation experiment have been used not only to
evaluate large-scale rosette overcoring in a ventilation raise, but to gain insight into rock
behaviour during stress relief. The following is a summary of the observations made from
the results of this experiment.

The first stress invariant from the ventilation raise overcoring results is very near the average
from stress measurements conducted at all scales (Figure 28). This supports the contention
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that there is no apparent effect of scale on overcoring at the Underground Research
Laboratory, except perhaps an averaging effect for stress measurements at larger scales.

There is no solid evidence of excavation disturbance around the ventilation raise. However,
doorstopper gauges identified a possible zone of disturbance only in a region where stresses
were within 22% of the rock's uniaxial compressive strength. This zone of reduced stresses
was explained not by excavation damage, but by the existence of non-linear elastic
properties.

Non-linear elasticity may account for the poor correlation between ITASCA's predicted
strains and the actual strains measured during overcoring. The existence of stress-dependent
elastic properties was known from biaxial tests conducted on CSIR and USBM overcore, but
was made further evident by a possible correlation between stress and the elastic modulus
calculated from ventilation raise rosette strain measurements (Figure 23). Future pretest
analyses, such as the one conducted by ITASCA, should consider the possibility of
anisotropic and non-linear behaviour to improve the accuracy of the predictions.

A simple non-linear elastic model illustrates how the actual in situ stresses could be
overpredicted if the rock properties are dependent upon stress. It should be noted that this
overprediction is applicable to all methods of overcoring and not only to the ventilation raise
method. The model demonstrates that the assumption of linear elastic properties for a non-
linear elastic material will be acceptable if the variation between minimum and maximum
elastic modulus is small.

A discrepancy exists between the ventilation raise strains at VRI 1 and the doorstopper tests
conducted on the ventilation raise wall in OC2 and OC4 (Tnble 8). These tests differ only in
size but produce very different results. It is possible that the difference is caused only by the
statistical nature of rock. The doorstopper gauges are one-tenth the length of the ventilation
raise rosette gauges and would be more susceptible to the rock's naturally varying properties.
If this argument is valid, then the results from all the doorstopper tests would be in question.
However, another possible explanation for the discrepancy is that the elastic modulus is
dependent on scale. Also, the VRI 1 strain measurements were cast in doubt since the strain
invariants differed by more than 11%.

The ventilation raise rosette overcoring experiment was conducted in the vicinity of the
Room 209 Fracture. The proximity of the fracture caused the o"j-o-> plane to orient itself
parallel to the plane of the Room 209 Fracture. This observation is in agreement with
previous observations on the 240 Level.

In general, the results from the ventilation raise overcore method compare favourably with
the results from the CSIR and USBM overcore methods. This implies that the ventilation
raise overcore technique is an acceptable method of stress determination. A major drawback
to the technique is that, at present, there is no means of determining the appropriate elastic
modulus as there is for USBM and CSIR tests.
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9. CONCLUSIONS

The following conclusions are drawn from the ventilation raise instrumentation experiment
on the 240 Level at the URL:

1. The only apparent effect of scale on overcore stress measurements is an averaging
effect in large-scale tests.

2. Strong evidence of excavation disturbance around the ventilation raise was not
detected.

3. Non-linear rock properties will affect the measured strains on the ventilation raise
surface, but this effect is only significant if there is a large variation between
maximum and minimum elastic modulus.

4. Considering the statistical nature of rock, the ventilation raise rosette overcore
method produces results comparable to those of other accepted overcore
techniques.
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APPENDIX A

VENTILATION RAISE ROSETTE OVERCORE DATA PLOTS
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FIGURE A-1: Output Data for VRI 1 Versus Overcore Depth
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