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ABSTRACT

The in situ gtress is an important factor governing the
ground behavior around an underground"opening. It 1s

v

\general{y not possible to deductively assess the virgin
stress field in a rock mass due to the influence of genetic
factors. In this study stréss changes near.the face of the
tunnél were monitored and the results employed to
back-calculate the in situ field stress and determine the
mode of Qghaviqr around the opening.

Laboratory tes;s were performed on a large coal sample
to gain confidence in the method of interpreting data from
the Irad Gége-str;;Smeters. Several tests were performed for
this ~purpose and. alsé to evaluate the accufacy of the
instruments. Stress redistribution tests and one overcoring

test: were done,

An analytical study involved the determination of the

optimum instrument locations around a circular opening,

excaya;ed‘in a linear elastic material. Following evaluation

_of+ the field results these recommendat ions were éxtended to
include openings where a softened zone adjacent to the
tunnel wall exists. .

The field insirumentatién program was conddcted at the
Wolverine® ’tunnel' in  northeastern Britiéh _ Columbia.
Installations ‘¢onsisted of stress change gauges and
extensometers. Pinite element; techqiqUes were employed to

analyze the results. The findings indicated that a zone of

reduced stiffness around the opening had been induced by the



-
blasting and stress relief. The thickness of this 'zone was

estimated from the stress change méasurements and also from
knowledge of the charge density which allowed for the
determination of the maximum particle velocity. Agreement oOn
the extent of the soft zone estimated by these two methods

was very good.

vi
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1. INTRODUCTION
1.1 Thesis Introduction

1.1.1 Background Information

In recent vyears there has been an increased awareness
of the benefits 1incurred from monitoring underground
excavations. It provides a method for validating empirical
design, evaluating stability and determining the mode of
ground behavior adjacent to the opening. Lane (1977) has
shown that significant cost savings can be achieved by
monitoring performance and subsequently adjusting the
construction method and/or support design.

Lane (1977) discusses the usual objectives of tunnel

instrumentation under six main categories:;

a) Warning- for the recognition of potential instability
(or other trouble) in time for corrective measures to be
performed at a reasonable cost;

i)
&

b) Monitoring- either for documenting performance for
maintenance and future design work or for compliance

with contract requirements;

c) Resolve Uncertainties- essentially for verifying the

adequacy of the design and to assure safety without

'

wasteful overdesign;



d) Economize- to identify the actual conditions to ensure

economic remedies;

e) Validate- to identify behavior mechanisms and provide

reliable data for improving concepts; and

£) Pilot Test- to test methods, equipment or design on a
small scale for refining improvements at a larger scale.

QA

The tunnel instrumentation’program undertaken for this study
attempts to identify the mode of ground behavior around an
underground opening near the face. The field}instrumentation
was done at the Wolverine Tunnel located near Tumbler Ridge
in northeastern British Columbia (see Figure 1.1).
s
.1.2 Objective

The main purpose of this thesis 1is to measure the
str:§ hange near the tunnel face for back-calculating the
in 51tu stress field. In <conjunction with this, an
appropriate analytical model describing the rock mass
behavior will be determined. A vibrating wire stressmeter
was chésen for the study because it is capable of measuring
stress changes with time and the gauges were readily
available. The implications of the results on the stability
of the opening will be discussed ‘hérein. Extensometer
measurements will be used to determine if the rock mass

modulus, obtained from laboratory tests on small samples,
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used for interpreting t he stressmeter results was

appropriate.

1.1.3 Scope of this Thesis

The second part of this chapter provides an
introduction to the field project and the
Convergence—Confinement Method (CCM), a method of evaluating
the opening«stability. Later chapters will show how certain

¢
conditions influence the shape and position of the ground
convergence curve (GCC).

The laboratory test program included extensive
calibration tests on the Irad Gage Vibra?ﬁng Wire
Stressmeter (used for measuring stress change), long term
cqnstant stress tests and oné overcoring test to observe the
stress change directlya'ahead of the tunnel face. Results
from these tests are presented and discussed in Chapter 2.
Some of the results have implications on the shape of the
ground convergence curve and these will also be discussed {n
Chapter 2.

Chapter 3 presents the field results, provides a
description of the test site and discusses the difficulties
encountered during the instrument installation.

The field data has been analyzed using finite element
techniques and the findings are reported in Chapter 4.

Findings from the field measurements and finite element work

1 ’ !
are used to calculate the ground convergence curve.
. \



Conclusions from the laboratory testing and field
monitoring programs are presented in Chapter 5 followed by
four Appendices. Appendix A contains a description of the
test apparatus, outlines the laboratory procedores and
provides the material properties of the coal used for the
laboratory tests. Strain-time plots from the calibration
tests have been included in Appendix B to aid with the
interpretaiion of the stressmeter data. Derivation of the
equations used for interpreting the stressmeter data are
found in Appendix C. A copy of the paper by Kaiser et al.
(1983a) containing some of the results from the Author's

research work is included in Appendix D.
1.2 Project Introduction

1.2.1 Background Information

The in situ stress condition is one of the primary
factors goverﬁing the mode of ground behavior around an
underground opening. The failure mechanism depends *® on the
relative magnitudes of the three principal étreéses. Kaiser
et al. (1983a) have stated that it 1is impossible to
deductively predict the in situ stress field in a rock mass
due to the ‘influence of genetic factors. Thus, it 1is
generally necessar{—to measure the in situ stress fiela by
one of two GﬁSic groups of techniques; hydraulic fracturing
or stress relief methods. This investigation is concerned

not only with identifying the field stress, but also with
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measuring stress changes near the tunnel face.

The basic principles of the second technique were
employed to measure the 1In situ stress field. Raf%er than
overcoring a stiff inclusion, the stress change was recorded -
during "undercoring” or excavation of the openiﬁg between
gauges measuring local <changes 1in stress. A similar
technique was employed by Mackay (1982). From these stress
change measurements the in situ stress field can be
determined, if the instruments record correctly the actual
stress change during excavation and 1f an appropriate
analytical rock mass respponse model can be found. Stress
changes near the opening face were measured using the Irad
Gage Vibrating Wire Stressmeter that was developed for the
United States Bureau of Mines (U.S.B.M.) to provide a low
cost system for monitoring long term stress changes in rock.
Chapter 2 contains details on the operation of the gauge and
the method of data interpretation. ‘ 3

In addition to providing a means for Back-calculating
the in situ stress field, stress change measurements can
also be wuseful in determining the ground convergence curve
(Gece). This is one of the two curves associated with the
Convergence-Confinement Method (CCM), fhe other being the

support reaction curve (SRC). The following section provides

an introduction to this technique of evaldating stability.



1.,2.2 The Convergence-Confinement Method (CCM)

1.2.2.1 lntroduétion

The Convergence-Confinement Me t hod will be used
throughout this thesis to illustrate the potential effects
of certain findings, from bath the laboratory work and the
field monitoring program, on the stability of an underground
opening. The method is applied by constructing two
characteristic curves of radial stress versus radial
displacement, one defining the ground.behavior and the other
for the suypport reaction. The staté of equilibrium of the
tunnel is defined by these two curves and the point of
intersection, called the "Support Interaction Point",
indicates the radial support pressuré on the lining at
equilibrium (see Figure .1.2). This study 1s concerned

primarily 'with the determination of the ground convergence

curve and the identification of some factors affecting the

3

shape and position of this curve. "rq,
g
1.2.2.2 The Ground Convergence Cd?ve‘(GCt)

E

!
/

Figure 1.2 presents the normalized ggound/convergénce
curQe'for a ungformly loaded circular opening. For this
condition, the GCC originates at the same radialjsupport
pressure for all pgints around the opening. The GCC accounts
for the three dimensional effects associatéd with the
adv;ncing face by considering either equivalent radial

displacements or stress changes in a plane strain model. A -

circular opening excavated in a non-uniform stress field

-
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would have different GCC's for each point around the tunnel
with the curves for points between the crown and springline
lying between these two limiting curves.

For linear elastic ground behavior the GCC is linear
with the slope of the curve being proportional to the shear
modulus of the material (Curve V%, Figure 1.2). When yielding
occurs the curve becomes non-linear due to plastic straining
with the shape of the curve depending both on the extent of
the yielding and the rock dilational characteristics
(Curve 2a, Figure 1.2). Loosening, caused by dilation along
the discontinuities due to gravitational forces, may also
cause the GCC to become non-linear. This may cause the lower
portion of the GCC to shift to the right (for the tunnel
roof) as shown in Curve 2b, Figure 1.2. The GCC may become
bilinear if softening of the rock adjacent to the opening
occurs (Curve 3, Figure 1.2). Softening is the reduction of
stiffness caused by removal of confinement or rock damage

resulting from rock excavation techniques.

1.2.2.3 Determination of the Ground Convergence Curve

For the design of underground openings it is extremely
important that both the shape and 1location of the ground
convergence curve are correct because it is'being used,
along with the support reaction curve, to define the state
of equilibrium of ‘the tunnel. The most difficult guantity to
pred{ct is the displaéement that occurs ahead of -the face

and before the support or extensometer installations. This

is especially difficult in deep tunnels where radial



displacement measurements ahead of the face are not
possible.

It is necessary to predict the convergence curve wilth
reasonable accuracy So the support requirements, type and
time of installation can be determined. The curve can be
predicted by one or both of two techniques; field
measurements or numerical calculations. Egger (1980)
summarizes the results from several field investigations
where radial displacement measurements were taken ahead of
the face. Curtis et al. (1976) present a case history where
radial displacement measurements ahead of the face were
taken. These results are plotted in Figure 1.3 where 1t can
be seen that the percentage of displacement occurring at the
face varies considerably from case to tase. Thus, it is, 1n
general, not possible to use the results from one site to
confidently predict the ground behavior at another site.

Simplified theoretical methods have been developed for
treating the three dimensional effects created by the
advancing face. One technique is to use a two dimensional
analysis and apply an internal pressure acting on the tunnel
wall. Egger (1980) suggests that a state of spherical
symmetry exists in the vicinity of the face and that this
can be used effectively to simulaté conditions at the face
and predict the stresses and displacements here. However,
theoretical predictions alone are often of limited value
because field measurements are generally necessary to

determine the mode of behavior arournid the opening and hence,
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an appropriate rock mass response model .

Kaiser et al.(1983a) showed that without the use of
stress change gauges installed ahead of the advancing face
at the Kipp shaft the percentage of displacement recorded by
the extensometers, based on theoretical predictions, would
have led to a considerable underprediction of the rock mass
modulus. This, in turn, would have produced an incorrect
prediction of the rock mass response.

This study attempts to define the ground convergence
curve by obtaining stress change measurements ahead of the
face. In this manner, in combination with extensometer
measurements after the face, the 1in situ stress can be
estimated and the ground behavior predicted. A recent ‘case
history reported by Kaiser et al.(1982) has shown a similar

procedure to be effective.



2. INTERPRETATION OF LABORATORY TEST DATA

2.1 Introduction

2.1.1 Objectives of Laboratory Test Program
The laboratory testing program was designed for the

following purposes:

1) Re-evaluating the method of interpreting data from the
irad Gage Vibrating Wire Stressmeter by performing
calibration tests;

2) Investigating the effects of rotation of the principal
stresses on the gauge response;

3) Studying the long term stress redistribution adjacent to
an opening for evaluating the long term stability;

4) Measuring the stress change immediately ahead of the
advancing face to provide data for back-calculating
boundary stresses; and

5) Re-evaluation and verification of the interpretation of

field data collected by Mackay (1982).

2.1.2 Background Iniérmation R

In order to acgomplish these objectives an extensive
laboratory program was designed and carried out over a five
month period. The testing apparatds‘ consisted of a large
true triaxial machine designed and built in the Department

of Civil Engineering at the University of Alberta. A brief

13



description of the apparatus 1s gilven 1n Appendix A and a
more detailed description is given by Kaiser (1979) and
Kaiser and Morgenstern (1981). A regularlz jointed coal
sample with joint sPacing of a few centimeters was used for
the testing materi;l because it represented a discontinuous
rock mass and the strength of the coal was 1deal for
modelling a rock mass surrounding an opening. Eighteen tests
were performed on the sample, some with an opening and some
without. Only those tests where stress change measurements
were taken are reported herein. The others are reported Dby
Kaiser et al. (1983b). A description of the sample
preparation and instrumentation along with a summary of the

material properties is included in Appendix A. v
2.2 The Irad Gage Vibrating Wire 8&Stressmeter

2.2.1 Operation of the Stressmeter

All of the stress change measurements during both the
laboratory testing and field monitoring program were made
with the Irad Gage Vibrating Wire Stressmeter. Hawkes and
Bailey(1973) ﬁrovide a complete description of the gauge,
its specifications, the installation techniques and the
method of analysis. The gauge is available in two models, a
hard rock gauge with a maximum contact angle between the
gauge platens and borehole wall of 20° and a soft rock model
with a maximum contéct angle of 112°. The larger platens

were used in the laboratory tests to reduce the possibility
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of local yielding. Essentially, the stressmeter consists of
a hollow steel cylinder with a highly tensioned vibrating
wire across the body in the direction that the measurement
is taken. The gauge is activated diametrically by wedgi:§
the body against the walls of a 38.1 mm diameter borehole. A
change in stress in the material surrounding the gauge
creates a corresponding change in the wire tension which 1s
récorded as a change in the frequency of vibration of the
wire. This, in turn, is related to the change 1n wire stress
and, finally, to the change in rock stress.

Fof a linear elastic material the relationship between
the uniaxial rock stress change in the direction of the

loading axis of the gauge and the wire tension [Hawkes and

Bailey, 1973) is linear:

Ao = Do /a Egn.2.1
R w ’

where a is the uniaxial gauge sensitivity factor and Ao and
R

Ao are the changes in rock stress and wire stress,
re:pectively. During the development of the gauge, Hawkes
and Bailey (1973) experimentally determined relationships
between the wuniaxial gauge sensitivity factor and the
Young's Modulus of the host material for both the hard rock

and soft rock gauge models. For the soft rock gauge the

uniaxial sensitivity factor a is:

* a=11.4 - 95.7 x 10-* E [kPal Egn.2.2
R



and for the hard rock gauge:

a = 9.4 - 72.5 x 10 * E [kPa] Egn.2.3
R

where E is the Young's modulus of the rock.

Thz bgsic assumption involved in the data
interpretation is that the force across the stressmeter
platens is proportional to the deformation (of the borehole)
that would have occurred if the gauge had not been present
[Hawkes and Bailey, 1973]. Merrill and Peterson (1969)
provide a detailed derivation of the relationship between
the radial displacement u of the borehole wall and the
magnitude of the two principal stresses in the plane of the

borehole in an elastic medium. For the plane stress

condition it follows that:

u=D/E [ (0,40,) + 2 (0,-0,) cos26]) ‘ EqQn.2.4
. R
where: o0,,0, = principal stresses in the plane of the
borehole ot opening;

diameter of the opening; and

@)
)

6 = angle measured from direction of o,

(clockwise).

Thus, it can be seen that, based on the previous assumption,
the stress change recorded by a gauge 1s an "equivalent

uniaxial stress" that is affected both by the stress in the



direction of loading and by the stress normal to the loading
axis. This equivalent uniaxial stress would cause
deformations in the ,direction of the gauge that are
equivalent to those that would be caused by the principal
stresses in the gauge direction. The equivalent uniaxial
stress recorded by the gauge can be expressed 1n terms of

stress changes in the principal stress directions:

Do = 1/3 (Qo,+DAo,) + 2/3 (Ao,-Do;) cos2é Egqn. 2.5

where: Q¢ = equival;nt uniaxial stress recorded by the
° stress change gauge;
Ao, = stress change in the major principal stress
direction;
Ao, = stress change in the minor principal stress
difection; and

) = angle measured Trom direction of o,

(clockwise) to the gauge location. i

, It can be shown (see Appendix C) that the pair of
orthogonal stresses (i.e. radial and tangential) at ' 0° and
90° to the direction of the desired uniaxial stress change
can be used in Egn. 2.5 without introducing any error. Thus,
Egqn. 2.5 can be rewritten for the specific case where
radially and tangentially oriented gauges are used:

Ao = 1/3 (Ao +Ac ) + 2/3 (Ao -Oo ) cos2é Egn. 2.6
G ) r 8 r .



where: A¢ = tangential stress change;
8
Ao = radial stress change; and
r
8 = angle measured from ¢ (clockwise) to the
6

gauge orlentation.
Thus for a circular opening excavated in a linear elastic
material, the uniaxial stress change recorded by radial and
tangential gauges can be expressed in terms of the

parameters S, 6, and N:

Do = Ao - 1/3 Do or
rG r 6
Ao = S[(-2p%/3)(1+N) + (2p*-2p*)cos26(1-N)] Eqn. 2.7a
rG )
and
Ao = A0 - 1/3 Qo or .
8G 0 r -
Ao = s[(2p%/3)(1+N) + (2p*/3 - 2p*)cos26(1-N)] EQn.2.7b
06G N
where: Ao = uniaxial stress change recorded by a
rG
radial gauge;
Ao = uniaxial stress change recorded by a
6G
: tangential gauge;
S = the major principal stress;
N = principal stress ratio; and
p = a/r (a=radius of opening; r=distance to

point of stress determination).



A detailed derivation of Egn. 2.7 can be found in
Appendix C.

For the most general case, at ieast three measurements
are required to define the stress field. However, it 1s
important to have a high degree of redundancy to obtain a
good average reading for consistent data interpretation.
This 1s necessary becéuse local stiffness variations and the
discontinuous nature of the rock mass "~may cause stress

redistribution leading to local stress variations.

2.2.2 Optimum Gauge Locations

For a field monitoring 'program it 1s ;mportant to
establish the optimum gauge loc;tions to obgain the most
accurate results and the highest degree of redﬁndancy for
the minimum cost. The following considers a circular opening
excavated in a linear elastic material where the orientation
of the principal stress is known or can be assumed with
sufficient accuracy. ¢

The optimum locations can best be evaluated by varying
individual parameters and comparing the different
combinations of these parameters. From Egns. 2.7 it can be
seen that, for a known orientation 6, the principal stress S
can be expressed in terms_of N, the gauge position p, and a
stress change recorded by a gauge. For any two gauge
measurements, either radial or tangential at 6 = 0° or 90°,

two eéquations for S can be determined and these can be

equated to obtain N in terms of the stress change ratio SCR
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“and p. The stress change ratio 1is a ratio of any two

selected stress change measurements recorded by the gauges.
Kaiser et al.(1983a) present the complete derivation of the
equation for two tangential gauges at 90° to each other (see
Appendix D).

Double 1ogarithmic‘ pfots of principal stress ratio N
versus stress change ratio SCR have been generated‘ for
various gauge locations (8 =0° or 90°), orientations (radial
or tangential), and positions (p). A sample plot is shown 1n
Figure 2.1 for two tangential gauges: one at 6=0° and one at
§=90° for varying distances from the tunnel wall. A more
complete set of these plots is contained in the paper found
in Appendix D.

Some of the important conclusions found‘by Kaiser et
al. (1983a) are summarized below. For intermediate N values
the best combination consists of two tangential or two
radial gauges at 90° to each other at pi;= p.= 0.816.
However, this arrangement 1is not acceptable for extreme N
values in excess of 8. It may be prudent to install some
gauges at smaller p-values because the error introduced by
inaccurate p determination is not as significant when the
distance from the opening increases. One taTigential and one
radial gauge on the same side at p=0.65 can be used
effectively to determine N-values bktween 0.4 and 3.0. If ¢
is assumed to be 0° or 90° and deviations of *15° from the
principal stress axis occur significant errors will not be

introduced for N values between 0.3 and 3.0. "This finding
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has significance for application to cases where the
principal stress directions are not known. Gauges can be
placed at 30° intervals over a consecutive 150° range to
provide at least two sets of gauges in the principal stress
directions (within +15°). This is beneficial because gaugés
placed along the principal stress axes provide a more
accurate N determination as was shown by Mackay (1982).
Appendix D provides a more detailed discussion of these

results.
2.3 Calibration of the Irad Gage Vibrating Wire Stressmeter

2.3.1 Introduction

Two sets of calibration tests wefe performed; one with
no opening in the sample and the other with a 152mm diameter
opening in the center of the sample. In conjunction with
these tests the effects of rotating the principal stresses
on the gauge response were studied and constant stress tests
were conducted to observe stress redistribution with time.
Only the calibration tests will be discussed here qnd the

other results will be presented in Sections 2.5 and 2.6.

2.3.2 Calibration Tests in Sample Without Opening

A description of the testing apparatus and the
properties of the coal are given in Appendix A. Two
stressmeters were installed in a 38.1mm diameter hole at the

location shown in Figure 2.2. The lower gauge was placed
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with the loading direction parallel to the Y axis and the
upper gauge was set at 52° to the Y axis, approximately
perpendicular to the jointing. After maintaining a constant
stress condition for about 12 hours the sample was subjected
to a repeated loading history shown in Figure 2.3.

Results from .the calibration tests are presented 1n
graphical form in Figures 2.4 and 2.5 for the Y direction
gauge (Y gauge) and the gauge at 52° to the Y axis (52°
gauge), , respectively. Each plot portrays three curves:
(a)Prediction Method 1- the expected stress change was
calculated assuming that the gauge response is insensitive
to the stress  normal to the loading axis; (b)Prediction
Method 2- the expected stress change was determined by
considering the stress normal to the loading axis as
suggested by Hawkes and Bailey (1973) and as outlined in the
previous section; and (c) Measured- the stress change
recorded by the gauge based on a Young's modulus of E =
1500 MPa and a=11.23 (calculated from Egn. 2.2). .

Close examination of the plotg shows that up to a time
of about 75 minutes there is excellent agreement between the
measured values and those from Prediction Method 2. The
stress change from Prediction Method 1 1is consistently
greater than that measured. A significant difference between
the predicted and measured curves arises when the sample has
been unloaded back-to the initial stress level. Jaworski et
al.(1982) found that the value of a changes after the first

loading cycle and remains relatively constant for future
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loading cycles. They also found that local yielding at the
contacts may occur at high stress levels. It is possiblé
that some local yielding has taken place at the contacts as
the sample was loaded. The effect 1s not as great for the
52° gauge because the maximum stress experienced in this
direction is considerably less than that in the Y direction.
If at a time of 75 minutes the measured values are adjusted
to correspond to those from Prediction Method 2, the
agreement between these two curves over the remainder of the
loading history would be quite good.

In conclusion, it has been verified that the stress
normal to the gauge must be taken into consideration for
correct 1interpretation of the gauge results. Similar
findings have been made by Jaworski et a/.(1982), Fossum et

al. (1976) and Babcock (1981). It has also been shown that a

uniaxial gauge sensitivity factor of a =11.23 obtained from
the relationship suggested by the manufacturer 1s
acceptable. In the field, gauges are not subjected to

repeated loading and the important results are those from

the first loading. These were predicted with high accuracy.

2.3.3 Calibration Tests in Sample With Opening

2.3.3.1 Gauge Locations

The locations of the gauges around the 152mm diameter
opening were restr;cted by several factors. First,
extensometers were located along lines passing through the

center of the opening in the X and Y directions as well as
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diagonally. Second, 1t was necessary to leave adeqguate clear
spacing between the stressmeter holes and the opening to
prevent the stressmeter holes from collapsing 1into the
opening. The gauge diameter was 38.1 mm and the distance
from the gauge to the opening was taken from the centre of
the stressmeter hole. This diameter is approximately 25% of
the opening diameter and therefore, has a significant effect
on the p value. These limitations made 1t impossible to
place t he gauges 1in the optimum locations discussed
previously in Section 2.2.2.

Six stressmeter holes were cored through the entire
thickness of the sample at the locations shown in Figure 2.6
using a 38.1 mm diameter core barrel. Great care was taken
during drilling to ensure smooth borehole walls for the
installations. Table 2.1 contains a description of the
borehole locations, the condition of the boreholes followihg
drilling and the installations 5% each location. Ten Irad
Gage stressmeters (soft rock models.) were installed in these
six holes. Gauge 11 in Hole B never worked following
installation and only occasional readings could be obtained

from gauge 1 in Hole D.

2.3.3.2 Loading History

All of the stress change gauges' were installed under
conditions of no load and were only preloéded until they
were activated in the holes. The sample was subsequently
loaded to 5 MPa under plane strain conditions and held there

for 24 hours to allow the gauges to seat in the holes. A
»



Table 2.1
Hole #
Gage #
A- #10
A- #12
B- #6
B- #11
C- #8
C- #2
D- #1
E~ #5
F- #3
F- #4

Location
C.C.wW.
from o

Y
80

80

30°

30°

81°

81°

38°

39°

82.5°

82.5°

Position
(p-Value)

.57

.57

.39

.39

.36

.36

.45

.41

.55

.55

Orientation

Tangential

Radial

Tangential

Radial

2

Tangential

Radial

Tangential

Tangential

Tangential

Radial

30

Stressmeter Locations Around Opening

Comments

Small chips out of
hole at 70 & 95 mm
from top.

Good condition at
location of gauge 6

Good Hole.

Good Hole.

Badly broken; only
good for one gauge
at bottom.

Very good hole.
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loading history similar to that used previously was applied

to the sample (see Figure 2.7).

2.3.3.3 Test Results

Results from the gauges at each stressmeter hole will
be discussed in this section. Figures 2.8 to 2.16 show plots
of the predicted and measured stress change with time for
each of the eight gauges that provided continuous readings.
To help interpret the results, strain-time plots from each
of the extensometers have been included in Appendix B,
Figures B.2 to B.17.

Results from gauges 10 (tangential) and 12 (radial)
located in Hole A, 8° counterclockwise from the Y direction
at p=0.57, are shown in Figures 2.8 and 2.9, respectively.
Both figures show good agreement between the measured and
predicted values up to a time of about 140 minutes at which
point the measured stress changes begin to differ
considerably from those predicted by elastic theory. The
tangential gauge measures stress changes much larger than
those predicted while the radial gauge measured values lower
than predicted. Discrepancies between the measured and
predicted values from the radial gauge are not as great as
those of the tangential gauge because the maximum stress
level experienced by the radial gauge was lower. Figure B.2,
Appendix B, shows that the strains from the outer row of
extensometers at p=0.61, 81 mm below the top of the sample.
At the same time that the measured values began to differ

from those predicted, excessive straining occured on Side 1
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directly beside the gau@es and on Side 3, opposite the

gauges.

Pariseau and Eitani .(1977) found that the gauge
sensitivity factor a 1s only about 4% less for
elastic-plastic behavior as compared to that for perfectly
elastic behavior.” Thus, 1t appears that the actual
tangential stress change occuring at this location 1s much
greater than that predicted by elastic theory. McCreath
(1981) has shown that large tangential stress concentrations
can occur near the limit of the plastic zone in a yilelded
material (see Figure 2.10). The stress change measurements
and results from the strain-time plots suggest that these
gauges are located near the extent of the yielded zone.

The’remaining six gauges were located in areas that
appeared to behave elastically. The period of the wire
vibration, or the gauge reading, has a range of 1500 to 4000
units (specified by the manufacturer) which actually
represents a period change from 1500x10°-" to 4000x10°°
seconds; Results from gauge 3 (Figure 2.11), the tangential
gauge in Hole F, are viewed with much skepticism because the
upper limit of this range was exceeded on the first loading.
Hawkes and Bailey (1973) stated that exceediné this limit
may cause buMling of the high tension wire which would
produce incorrect results. It was found by Cook and Ames
(1979) that when this range was exceeded an artificial

change in reading occurred due to excitation of the wire.
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Uniaxial Rock Stress Change (MPa)

Fiqure 2.11 Measured

Untaxial Rock Stress Change (MPa)
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Figures 2.12 to 2.16 show the results for the five
other gauges. The agreement between the measured and
predicted values for all of these gauges is wvery good for
the first one or two loading cycles. Later in the loading
history the magnitude of the measured values varies from the
predicted stress change, but the trends are followed
closely, i.e., if an increase 'is predicted the gauge
measured an increase. Jaworski et al. (1982) have shown that
the uniaxial gauge sensitivity’ factor a may change with
repeated loading due to local yielding at the contacts.
Findings from the <calibration tests concur with this

observation.

2.4 Re-evaluation of Field Data from Kipp Shaft

In 1980 a field monitoring program was conducted during
the sinking of a vertical shaft at Kipp near Lethbridge 1in
southern Alberta. A description of the project along with
details of the instrument installations and a summary of the
previous findings is given by Kaiser et al. (1983a).

Stress change measurements at this site were wused to
predict the in situ stress field by Kaiser et al. (1982) and
Mackay (1982). 1In both cases the measurements were
interpreted assuming that the stress change recorded by the
gauge was independent of the stress normal to the gauge,
i.e., a radially oriented gauge measured only the radial
stress change. Kaiser et al. (1983a) re-evaluated these

results accounting for the influence of the stress in the
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direction normal to the loading axis of the gauge and
present a detailed discussion of the results.

The findings from the three analyses have been reviewed
and several observations pertaining to the data

interpretation and selection of gauge locations can be made:

- an incorrect orientation of the major principal stress
may be calculated when radial gauge results are not
considered;

- neglecting the influence of the stress normal to the
gauge does not appear to affect the determined
orientation of the principal stress 6, but does affect
the estimated magnitude of the principal stress; and

- gauges should be placed 1in the direction of the
prihcipal stress for fhe most accurate determination of

the stress ratio N.

2.5 Rotation of Principal Stresses

Monitoring stress changes in situ may be complicated by
a change in both the direction and the magnitude of the
principal stress which may be caused by the excavation of an
opening. It is important to determine the effect of rotation
of the principal stresses on the gauge response to ensure
correct data interpretation. Pariseau (1978) states that the
data reduction formulae generally used for calculating in
situ stresses from borehole deformation data are not

applicable when there is a change in the direction of the
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principal stress. However, he shows by example that 1f the

stress change in a given direction 1is used 1n the
calculation rather than the change in the major (or minor)
principal stress, the result 1is correct. Thus, when

interpreting gauge results the stress change in a given
direction must be considered rather than a change 1n
magnitude of the principal stresses.

Several tests involving rotation of principal stresses
were included in the 1loading histories and the gauge
response was observed. The expected stress change was
calculated as before and this was compared with the measured

results.

2.5.1 Test Results

Results from the stress rotation tests are shown in
Table 2.2 which provides the incremental measured and
predicted stress changes during the principal stress
rotation cycle. The discussion will concentrate on the
results from the first test , Test MC7.09a, because the
results from the following tests show similar trends, but
with more discrepéncy between the measured and predicted
results. One of the main reasons for these increased
differences is that repeated 1loading tends to create
yielding at the contacts and also the shape of the borehole
becomes less circular with the increésing number of

)

non-uniform loads applied to the sample.

/
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Table 2.2 Results From Principal Stress Rotation Tests
=7

Y-GAUGE (do0) 52°-GAUGE (Ao0)
TIME 0 Y PREDICTED MEASURED PREDICTED MEASURED
(min.) x y (MPa) (MPa) (MPa) (MPa)
TEST MC7.09%a

w

32 10.33 10.03
46 10.51  12.45 2.45 2.25 0.52 0.55
58 10.29 9.89 -2.57 -2.24 -0.56 -0.53
74 12.70 9.92 -0.78 -1.14 1.19 1.26
83 10.20 9.73 -0.65 0.05 -1.26 -1.27
TEST MC7.09b
120 7.70 7.44
154 7.67 12.56 5.13 5.41 0.87 0.47
173 12.73 12.78 -1.46 -1.15 2.54 2.89
193 12.51 7.46 -5.26 -6.08 -1.03 -0.73
207 10.21 10.00 3.32 2.83 -0.70 -0.98
TEST MC7.09c (
207 10.21 10.00
254 12.69 7.48 -3.36 -3.07 0.79 1.04
280 10.28 10.04 3.36 2.85 -0.75 -1.05
291 7.69 12.55 3.38 3.13 -0.85 -1.26
303 7.32 7.45 -4.97 -5.15 -1.06 -1.01

14
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Test MC7.09a also shows excellent agreement between the
measured and predicted results for the 52° gauge. The
results from the Y gauge show good agreement between t he
measured and predicted values when loading 1s in the
direction of the gauge. Test MC7.09a illustrates that as the
stress normal to the gauge loading axis becomes sufficiently
larger than the stress parallel to it (at a time of 74
minutes), the agreement between the measured and predicted
values 1s not so good.

when loading is at 90° to the gauge the  borehole tends
to become elliptical (with the major axis in the direction
of the gauge) and the contact angle is reduced. Pariseau and
Eitani (1977) show that as the contact angle changes a also
changes. When the sample 1is unloaded back to a uniform
stress condition not all of the strain is recovered and the
hole does not return to its original circular shape, but
remains oval shaped as shown in Figure 2.17a. |

when the sample is loaded in the direction of the gauge
the contact angle would increase, if there is not already
full contact, and the borehole‘ would become elliptical
again, but with the major axis at 90° to the gauge. However,
the high stiffness of thé gauge resists deformation and the
hole takes the shape shown in Figure 2.17b. This phenomenon
is not as prominent when the gauge is set at an angle to the
principal stress direction. Jaworski et al. (1982) reported

that at 45° to uniaxial loading only a small increase in

contact angle would be expected. Thus, the borehole would
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Deformation Under Load
After Unloading

Rigid Inclusion
Original Shape

pDeformation Under Load
After Unloading
Rigid Inclusion
Original Shape

(b)

\

Figure 2.17 Borehole Deformation Caused by Uniaxial Loading
: and Unloading With a Rigid Inclusion Present
for: a) Loading normal to the gauge axis; and b)

Loading parallel to the gauge axis.
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tend to remain more circular rather than take on an
elliptical shape. Similar arguments apply for the 52° gauge.
For this reason the results from the 52° gauge are expected
to be more consistent than those from the ¥ gauge.

In conclusion, it follows that for stress determination
around an opening tangential gauges would provide more
reliable results than radial gauges when soft rock models
are used. This is because there is generally a radial stress
decrease and a tangential stress increase adjacent to an
opening. However, for the hard rock gauge this condition
would not be as significant because the initial contact
angle between the gauge and the borehole is much smaller.
The laboratory results have shown that the method of
interpreting the gauge response can be applied to cases
where there is rotation of principal stresses, but if
repeated loading occurs errors in the measured stress change

may arise.
2.6 Stress Redistribution Tests

2.6.1 Background Information

Stress redistribution is one factor that 1is associated
with the time dependent behavior of an opening. It is
usually caused by creep and yield ptocesées. Kaiser and
Morgenstern (1981) identify several major deformation

processes which may lead to stress redistribution:
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a) stress redistribution due to time dependent rock mass
deformation properties;

b) stress redistribution due to non-homogeneous creep
properties such as local soft spots or stiffness
variations;

c) stress redistribution due to local ylelding;

d) ‘stress redistribution due ﬁo global yielding; and

e) stress redistribution during failure propagation due to

time dependent "post-peak" strength loss.

Although the étresses usually are not an observable
guantity it 1s 1mportant to recognize the transfer mechanism
associated with the time dependent deformation because 1t
may have an effect on the overall equilibrium of the
opening. Very few field measurements are available (in the
literature) pertaining to the stress redistribution around
an opening. Da Fontoura (1980) summarized analytical work by
Aiyer (1969) who investigated the stress redistribution
around a cylindrical opening in a visco-elastic isotropic
medium under uniform stress. He found that initially stress
redistribution occurs such that thereA is a decrease in
tangential stress near the opening wall and an increase in
zones further from the wall (see Figure 2.18). This figure
shows that thew\sgggfs transfer process occurs at a
decreasing rate and the majority of the stress change occurs

within the first day of creep. For a given set of material

properties, Nair et al. (1968) and da Fontoura (1980) also
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observed that most of the stress redistribution occurred
within the first 24 hours. Radial stress change also occurs,
but it is of a much smaller magnitude than the tangentaial
stress change. Tangential stress change measurements around
a 2.0 m diameter circular opening in a deep salt mine in

Yugoslavia [Osmanagic and Jasarevic, 1976] show a reduction

)

in the tapgéntial stress near the wall (Figure 2.19) which
-

. agree§/ﬁ72h findings by Aiyer (1969).

\ ~
An empirical «creep relationship to describe the t ime

dependent defor.ons around an opening and a differential
equation describihg the time dependent stre;s redistribution
for a'two diméhsional axisymmetric plane strain boundary
value problem were presented by da Fontoura (1980). To check
the accuracy and validity of his procedure da Fontoura used
the results from laboratory tests reported by Guenot (1979).
These tests were performed on coal, using’ the same
laboratory equipment employed during the present
investigation. A linear elastic material model was used by
da Fohtoura (1980) to describe the "initial material
behavior. A fouﬁg's modulus of 1000 MPa and a Poisson's
ratio of 0.3 we;e chosen. The sample had a 120 mm d&ameter
opening in the center and was subjected to a stress level of
. 4.8 MPa with ,a stress ratio of approximately 1.0. Results
from da Fontoura's (1980) simulation showed that the radial

and tangéntial stress distributions were relatively constant

with time, P
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Further simulations by da Fontoura (19809 indicated
that varying the creep parameters may have a significant
effect on the amount of tangential stress redistribution
near the opening, but the amount of radial stress
redistribution always remained small. Larger changes in
stress level were associated with larger creep movements. It
was also shown that increasiné the deformation modulus 1led
to greatef tangential stress redistribution. For an
initially 'elastic' stress distribution the change in stress
l%vel reaches values of less than 25% at points as close as
one radius to the opening wall. Based on this, da Fontoura
(1980) states that 1if appreciablé creep strailns are not
caused, the afea of -stress rediStFibution would be more or
less concentrated around the opening. An 1mportant
conclusion from da Fontoura's (1980) work was that the
stress redistribution process is highly dependent on the
creep properties of the mgdium.

Lacerda and Houston (1973) did work on the relaxation
behavior of clay and found a linear stress drop with the log
of time with the slope of all curves being similar. They
also found a delay in the stress relaxaﬁion response with
the logarithm of the time delay being proportional to the
time spent reaching the initial stress. From a review of
these and other reported findings da Fontoura (1980)
suggested that the relaxation behavior could be described by

the following eqguation:g
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o = o —(s)log(t/t ) Egn.2.8
o 0.

the current stress;

where U

stress assocliated with t ;
o o
total time elapsed; and

(=1
1l

~
]

-
H

time delay.

2.6.2 Laboratory Testing Program

Three tests were performed to measure stress
redistribution and relaxation 1in the coal. The first test
was conducted immediately following the installation of the
two gauges (see Figure 2.2 for gauge locations) to measure
the stress relaxation that occurred in a 12 hour period. A
second test was done with the\gauges at the same locations
following the application of the loading history. Finally,
three constant stress tests were conducted with the gauges
placed around the 152 mm diameter opening at the 16cations
shown in Figure 2.6. For all the tests a constant uniform
boundary stress was applied for the duration of the test and

displacements were allowed to occur without restraint. ®

2.6.3 Test Results and Analysis

2.6.3.1 Without Opening- Before Loading History

Figure 2.20 shows a plot of the uniaxial stress change
measured by the gauges with the logarithm of time for thék
constant stress test performed on the sample with no opening

under a uniform stress of 7.5 MPa. This test studies the



53

o]

S T T T T T 1 T T T T T
X LEGEND
— s - @—+) Stress Change Y Gauge 1
C(I_u . ®-- & Stress Change 52 Gauge
r
v o |
o )
C
0
5 {
7
v
[, — I
5; '
X
[8] b
jw]
x
- v
(14} . =
—t -~
9 1
14}
-~
:5 |
o
o
] L
2
100

Time (Min.)

Figure 2.20 Constant Stress Test- Without Opening in Samg%e
Before Loading History (Gauge locations shown™n
Figure 2.2)



e ]

54

stress relaxation behavior of the coal. It 1s not a true
relaxation test because displacements are not restrained.
The large initial stress drops that are recorded by both
gauges correspond to the setting of the gauge and the
subsequent release of the setting tool. Following this, the
curves become approximately linear with the logarithm of
time (at a. time of 40 minutes) with the curves from both
gauges being closely parallel. This agrees with the findings
by Lacerda and Houston (1973). The curves can be described
by the relationship given by da Fontdura (1980) in Egn. 2.8.

Only one stress level was tested here and it ié not

"

known if "s" is a function of the stress level for this

_material. A slope of s = 0.357 can be calculated for the

uniaxial stress relaxation in the coal at this stress level.
Previous tests performed on the intact sample were at
relatively low stress levels and there were no indications

LY

of yielding at this time.

2.6.3.2 Without Opening- After Loading History

Results, recorded by the same gauges, from the constant
stress tests carried out after the loading history are shown
in Figure 2.21. The sample was again under uniform load, but
a stress level of 12.5 MPa was used for this test. A small
time delay, varying from 3 to 20 minutes, was observed
before the curves became linear which agrees with
observations made by Lacerda and Houston (1973). Dufing the
loading history the maximum stress level achieved was 12,5

MPa and it is possible that local crushing of the asperities
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may have taken place at the contacts between the gauge
platens and the borehole wall. It has been‘\shown earlier
that the uniaxial stress at 52° to the Y axis does not reach
the same high stress levels experienced by the Y gauge which
would suggest that «crushing of the asperities would be
greater in the Y direction. If only relaxation occurs the
results from this test should match those from the previous
test if "s" is independent of stress level.

Inspection of Figure 2.21 shows that the stress change
recorded by the 52° gauge closely corresponds to that
measured in the previous test . Here the slope of the line
is s = 0.343 compared with s=0.357 previously. This suggésts
that "s" 1is independent of the stress level which concurs
with Lacerda and Houston (1973) who found that all curves
were closely parallel. Results from the Y gauge do not at
all match the previous ones. The gauge records an increase
in the stress (s = -.12) which wouid indicate that some
étress redistribution is occurring. At present this 1s
believed to be due to both local yielding at the contacts
and the changing shépe of the borehole with the application
of loads normal to the gauge axi;, as was discussed in
Section 2.5 and illustrated in Figureﬂ2.17.

2.6.3.3 With Opening- After loading History

Three constant stress tests were done folloying the

repeated loading at stre§s levels of 10.92, 11.30 and 11.95

MPa and ranging in duration from 27 to 69 hours. It has been

noted previously that, following the léading history, all of
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the gauges, with the exception of numbers 10 and 12 placed
in stressmeter hole A, were in locations where behavior
corresponded to that predicted by a linear elastic model.

Plots showing the uniaxial stress change with time for
three of the gauges in the elastic areas have been included
in Appendix B, Figures B.18 to B.20. In each of these
locations the total amount of stress redistribution that
occurred was less than 1% of the boundary étress. These
three gauges' are all close to or more than one radius away
from the opening and no appreciable creep deformations were
occurring at the locations. An- insignificant amount of
stress redistribution occurred which is in agreement with
predictions by da Fontoura (1980).

The other two gauges in the elastic area, numbers 5 and
6, are located in separate holes that both lie close to the
diagonal running perpendiculér to the jointing. /Since both
gauges were set tangentially they have their loading axis
approximately parallel to the jointing.‘Results from these
two gauges are shown in Figures 2.22 and 2.23. The increase
in stress recorded by these gauges may be due to slip along
the discontinuities. However, the amount of stress
‘redistribution occurring is only about 2% of the boundary
stress and more data is required to confirm this hypotﬁesis}

Gauges 10 and 12 were located within a zone that+ showed

’ L]

signs of yielding during the loading history. Figures 2,24
and 2.25 show the results for gauges 10 and 12,

respectively. The tangential gauge results from the test at
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11.30 MPa show a relatively small amount of stress 1ncrease
with time. The load increment applied to reach this stress
level was only 0.38 MPa, 3.5% of the boundary stress. It 1s
possible that the sample did not respond to this small
increase as a change in stress conditions. If thils 1s the
case, the measurements from the gauge at 11.30 MPa should
provide an extension of the curve from the previous stress
level. When these measurements are included with those from
the previous test the results follow the trend of the
existing curve at 10.92 MPa stress level. This hypothesis 1s
supported by the strain measurements that show much smaller
strains occurring at the 11.30 MPa stress level (sée
Appendix B, Figure B.21).

The tangential gauge (number 10) shows a stress
increase that is closely linear with the log of time and the
radial gauge shows a similar decrease. Extensometer
measurements indicate that this area has been yielded for
‘the entire depth éf the sample angggtgglefore, it may be
valid to assume that the gauges are responding as if they
were coplanar, i.e., that the stress change 1in the radial
l‘ﬁi tangential directions is the same for the entire depth
of the borehole. If this is true, the gauge readings can be
separated into actual radial and tangential stress changes.
This has been done for the results from the tests qg 10.92
and 11,95 MPa and,the new curves are shown invFigure 2.26.

The results show“%hat the radial stress fluctuates

)
above and below the zero stress change level and eventually



Rock Stress Change (kPa)

200 400 600

0

-200

61

T 17 IIYHI T 7 1TTT1TT T 177 llTll] TTUT TOT
LEGEND ¢ +
9—+& Rsdial Stress Change 10.92 I -
O—@  Tungential Stfess Lhange 10.32 MPs 1
A- —4 Rsdial Stress Change 11,30 Pa
+- -4 Tengential Stress 11,30 MPa
- —1
4
PN
§ \ 4
a
1 llllllll LJ;LII,LLL[ 1 1 lLllU_l 1L r i1l
2 3yse™s 2 34S67mm 3 345678 2 34se7/e
100 10t 102 103 1

L]

Time (Minutes)

Figure 2.26 Radial and Tangential

Yielded Zone

Stress

Distribution 1in



62

there is a small decrease. Within a ylelded zone near the
opening wall the radial stress is small and therefore, would
not be expécted to exhiblt much stress change with time (for
an unlined opening). Stress in the tangential direction
shows an' increase that, after an initial time delay, is
approximately linear w%th the log of time. The curves at
both stress levels have similar slopes. These results
confirm expectations that the tangential stré;s increases
with time in a yielded zone$iadjacent to an unsupported

¥
i

opening.

2.6.4 Effects on the Gpognd Convergence Curve ,

Rock mass propert&és hay change with time dua to creep
effects [Ladanyi, 1974] and this can be reflected by stress
redistribution. As noted in Section 2.6.3.3 this may have
serious implicationsépn the stability of an opening. Figure
2.27 shows characteristic curves for the case of a circular
opening exc;vated ~in é@funiférm stress field for both the
s%@rt and long term. Ground convergence curves are shown for
tﬁe linear elastic case<$Curve 1) and for yielding ground
(Curve 2) for the short term. Within the yielded =zone the .
lab . tests indicate that a'tangential stress increase and a
radial stress decrease occur. This redistribution 1is more
significant than that 1in areas that behave elastically. A
reduction in the radial stress contributes to a loss.in the

load carrying ability of the ring of rock in the immediate

vicinity of the opening. With time the ground convergence

td
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1)

curve shifts to the right (Curve 3). 1f the opening was
approaching an unstable condition and no support was applied
yielding may propagate and the opening may become unstable
(Curve 4).

The presence of a liner restricts the amount of time
dependent -radial displacement that can occur at the tunnel
wall and thus, ﬁhe radial stress near the wall is prohibited
from decreasing. This is reflected in an increase in the
equilibrium support pressure. For example, a support may be
installed at U (see Figure 2.27) and a support.load of P
is anticipated, zut as time passesythere are timé dependen;
deformations and the pressure on the lining builds up to P .
It 1s 1important to account for t ime effects whin
dimensioning linings to ensure that adequate support.

capacity is provided.

2.7 Ovafcoring Test
2.7.1 lntroducti&h

"The overcoring test was performed "following the
calibration test with the two gauggs located near the center
of the sample. Figure 2.2 shows the location of a 102 mm
diameter stress release channel that was drilled over the.
38.1 mm diameter stressme£er hole. The stresi'relief channel
N QSs drilled with the sgmple at a uniform §tr;ss of 12.5 MPa,‘

In considering ‘the results, it is important to recall that

the stress change recorded by the gpuges 'is affected by

L) . . .
¢ a
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changes in both principal stresses. Since the sample is
loaded uniformly, it is reasonable to assume that the stress
change in the X and Y directions will be eguivalent. The

following sections present an analysis of the test results.

2.7.2 Test Results

The stress relief channel was drilled at a constant
rate (see Figure 2.28) until it had passed beyond the bottom
of the lower gauge. At this time difficulties were
encountered and there was a delay prior to coﬁpleting the
overcoring hole. However, the results were not affected
because all of the stress change had occurred prior to this

. delay.

Figure 2.29 shows the changes in stress in the X and Y

directions, calculated from the gauge readings, plotted
against fime. The times when the core barrel reaéhed the top
and bottom of each gauée is indicated. The 52° gauge is
located close to the top of the sample and the measurements
observed prior to the stress‘relief channel reaching the top

of the gauge may be affected by the proximity of the
]

boundary. At the time when the stress relief channel reached

the top of the lower gauge a stress increase of 2.45 MPa,
|

approximately 19.6% of the field stress, was recorded. This

value was calculéted based on a uniaxial gauge sensitivity

factor of a=11.23.

e e



66

| . i . i " i

0S- 001- 0S1- 00¢-
L) T3¥MYE8 3¥0J 40 WoL1l08 40 NOILISOd

0sé-

100 150 200 250
TIME CTIN)

S0

pimurs 2.28 Rate of Advance During Overcoring



67

1S
(3

mcduoUho>o,mau:a painseadn 2buey) ssaiis xuom 62°2 vm:mmm

CNIW) 3WIL |
sl 001 S¢ 0S ' 5S¢ 0
- T T T Al T M T v T Y w

(BdW) 3ONUHI SS3¥LS XO0Y



~set to 0.2 times the load perpendicular to the tunnel
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2.7.3 Analysis of the Results

| In order to analyze the results, the stress change at
the end of a flat borehole was considered. Only results from
the Y gauge will be assumed valid because of potential
boundary effecté on the other gauge. Several simplifications
have been madelto allow for the wuse of an axisymmetric
finite element analysis. First, it was assumed that the
gauge was located directly in the center of the stress
relief channel. Second, the mesh employed for the analysis
was similar to the one used for the analxsis. of the field
data,. but with a few minor modifications (see Figure 2.30).
This mesh does not mat&h¥the exact gest conditioms because
the boundary where excava ion'beginé is much further away
from the gauge than in reality. However, the lower gauge is
3 boréhole diameters from the top of the sample and this
inconsistency should not have a significant effect on the
results. All of the elements were removed from the
stressmeter hole except those at the gauge locations which
were assigned a st{ffnesskof 39;3 MPa, equal to that of the
gauge [Hawkes and Bailey, 1973]. The longitudinal .}oad was

axis
! F-Q oy

fo: model the laboratoryA conditions. The stress &
channel ﬁasl excavated incrementallx” ﬁo the top.of*7 _#

gauge by fedpcidg the stiffness of the elements in the
opening to a very low v?lue. In Chapter 4 it will be éhown
that ﬁhis‘method of incremental excavation predicts stresses

and displacements that are in good agreement with those from

.
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closed form solutions and other analyses.

The result of interest 1s the amount of stress increase
fhat occurs in the elements ahead of the face when the
overcoring channel is at the toﬁ'of the gauge. To determine
the thébretical stress change at the gahge location the two
elements directly below and in the centre of the gauge were
considered, elements 193 and 194 (see Figure 2.30 for
locations). These showed an average stress concentration
egqual to 18.7% of the initial boundary stress. Recalling
that the stress change measured at this point was 2.45 MPa .
the boundary stress can be back-calculated tb be 13.1 MPa,
assumming a uniform stress condition exists. This is in good
agreement with the actual boundary stress of 12.5 MPa.
However, the measured value of 2.45 MPa was determined based
on a uniaxial gauge sensitivity factor of a=11.23. The value‘
of a during the final loading for the Y gauge was found to
be 12.56. If this new a value is used the measured stress
change would be 2.19 MPa or 17.6% of the boundary stress and
the back-calculated initial stress wéuld be 11.80 MPa, still
?within 6% of the actual vaiue. Ei;her one of these a values
would produce a back—calculaﬁéd boundary stre!b that closely
corresponds.to the known value. o .

This asalysis is not completely correct because the
stressmeter was not located iﬁ' the centre of the stress
relief channel Also, with only one gauge, it was necessary
to know that a uniform stress - field ex1sted:%§ order to

employ this analysis to back-calculate the boundary stress.’

y
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More results are required to determine the
applicability of this instrument for use in back-calculating
the in situ stress field by this method. The results from
this study are encouraging, but are too few to draw definite
conclusions. If the gauges are preloaded to a high enoﬁgh
value, i.e. to a stress greater than the field stress, they
may not become loose in the hole if adequate cover 1s
provided. For this case the total stress Ehanges recorded by
the gauges could also be used to calculate the field stress.
Tﬁus, a second method of estimating the stress field could

be employed as a check.
s

2.8 Conclusions from Laboratory Testing

This chapter has p;esented a re-evaluation of the
method of interpreting the data from the. vibrating wire
stressmeter. The technique of data interpretation ﬂas been
verified through calibration tests on a large coal‘Asample.
After gaining confidence in the method of analyzing the
gauge results. several*tstress redistribution tests, were
'ﬁérformed in thé‘ lab and the results from the Kipp shaft
were re-evaluated.

It was found that if the gauges were not sugjected to

* repeated loading they would predict the actual stress change

with high accuracy. However, with continued éyclic loading
the borehole becomes deformed and the reliability of the
measurements is decfgased. At this time the measurements

still follew the npredicﬁid trends closely, recording a
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decrease when there was a predicted decrease. Similar
observations were made pertaining to the effects of rotation
of principal stresses on the gauge response. Early 1in the
loading history results are 1n good agreement with those
predicted, butlafter several loading cycles there 1s a
noticable difference between the predicted and measured
values.

Results from stress redistribution tests suggest that
the shape of the borehole changed with successive loadings
and that this has a-greater effect on the results of a gauge
in the direction of the principal stress. They also showed,
as expected, a tangential stress build up 'with time iq

[ 4

yielded areas adjacent to the opening. This has ifportant
4 !

implications on the stability of an opening. 'If this
condition is not arrested yielding may propagate and, under
certain conditions, lead to an unstable opening. It was

‘shown that time effects must be considered when dimensioning
linings because load build up with time may occur.

A re-evaluation of the results from the Kip; shaft
indicated that neglecting the stress normal to the gauge
axis during data interpretation'introduces an error in the
estimated magnitude of the principal stress.

Results from.the overcoring test suggest that this
technique may be used to back—calcuiate the in situ stress,
but more work is necessary to véfify .tbe "applicability of

v

[eF )

fhis. technique in the field.
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3. TUNNEL INSTRUMENTATION AND TEST RESULTS

3.1 Introduction

The Wolverine Tunnel was mined for British Columbia

Railways (BCR) as a part of the Tumbler Ridge Branch Line.
The new branch line was constructed to transpbrt coal from
the coalfields of northeast British Columbia to the BCR
mainline at Anzac. The tunnel was driven simultaneoysly from
an east and west heading using a full-face drill and blast
technique of excavation with an advance of between 3.5 and
4.5 m per round or approximately 13 m per 33y. The rounds
were drilled by a rail mounted jumbo, with two hydra%iic
drills mounted on each of Fhree levels. ~
Mining of the west heading af the Wolverine tunnel was
completed in late Aprdil, 1983 approximately one month prior
to completion of the Wolverine east contract. This
differeéce in completion time prbvided an excellent
opportunity to install instrumefhts ahead of the. west face
_for the purpose of monitoring stress changes and movements
as the east face advanced towards the instrumented section.
The remaining sectibné of this chapter giscuss the
field }nstrumentation prégram with special emphasis‘ on the
probi;mé encountered during installation. A brief

description of the geology is given and results from the

field measuréments are presented herejin.

73
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3.2 Geology \

The Wolverine tunnel passes through the Hart Range of
the Rocky Mountains which consist predominantly of
sedimentary rocks laid down in the Permo-Carboniferous

¢« Triassic Period. It is bounded on the west by the Sukunka
Valley and on the east by the headwaters of the Wolverine
River. Two west d{pping thrust faults “with' shearing
‘locaiized in the ‘siltstone units intersect the tunnel
,between’km 714940 and 72+040. Mackay et al. (1983) found
that . this - structure was a steeply inclined isoclinal
syncline fold through excellent Qquality rock. Figure 3.1
shows the projected geological profile along the wOlvérine
tunnel as determined from surface ffeld mapping and diamond
drilling information [Klohn:Leonoff, April 1981]. Mackay et
al. (1983) observed only minor deviations from this profile
during construction. ’

The instruments weére installed over a 12 m section from
km 73f30Q to 73+312, approximately 2545 m from the west
portal (see Figure 3.1). The averburden at this location 1is
about® 650 m.,At the instrumented section the réck consisted
of a bioclastic l{mestone with the bedding dipping\\at 40°

ﬁ&est and striking approximately perpendicular to the tunnel

axis. Two joint sets were also identified at-» this section,

_.one dipping at 75-80° E and the other dipping at#75-80° S.
w‘ : .
‘These joint sets were striking at approximately 30° and 45°

to the tunnel axis, respectively. The spacing of the joints

for all three sets of discontinuities was about 300 mm. with
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N\

the joint.surfaces being slightly rough, but tight and
unaltered. The joint set dippind steeply to the soﬁth wa;
ionly continjpus over lengths of 1 to 3 m at the test
secéion. An estimats of the RQD at ghis sectibn produced a
valué of 80%. The wuniaxlal C§mprg§sive 'streggtm of the
bioclastic limestone is in the order of 75 to 100 MPa.
Occasional roof popping near the test section suggested
that horizontal stresses were'comparable Qrv;iightlf higher

¢
than the vertical stress. For a horseshpe shaped opening

high horizontal stress,concentrations‘are antici@Pted near
the crown. If the horizontal stress was much greater’;tﬁan
the vertical stress the ,popping woulq have bhegn much more
violent. For the condition of small hofizontal stresses -the
popping w&hld not have been expected. Th&%??i;-is believed
that thé stress ratio .should be nea unity or slightly
greater; probably in the range between 0.8 and 356.

The funnel is.‘deep ahd it 1is anticipated that
comparable stress le§els exist. Also, the: rock at this

location is of.good qgquality and it is unlikél fthat a large

broken . or softened zone would be create e excavation.

Thus, any effects of gravity would be ne§ljgibLe compared‘to

the stresses induced by the excavation with the exgeptionyof

'a limited zone of damaged rock near the tunnel wall/ ¢

Figure 3.2 presents the results from a photoelastic

stress analysis [from Descoeudres, 1978] performed on a
'square"oﬁéning with low: friction on;the‘hbrizontal-beddihé
~and roof. bolting. Large .fluctuations in the horizontal

e 4 Sk

&<
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sfress at the crown and floor occur upon stress release due
to flexure of the beds. Stresses in the vertical direction
aqd those along the sidewalls of the opening are not
affected significantly. However, 1f bedding was verticaliand_
striking parallel to the tunhel axis, Figure 3.2 would
essentially be rotated 90° and there would" be large
fluctuations in the vertical stress along the sidewalls, but
the stresses at the crown and floor would not -be greatly
affected. The beds at the instrumented location are dipping
at 40° and striking perpendicular to the tunnel axis. Both
joint sets were steeply dipping, but neither of them were
.striking closely parallel to the tunnel axis. Thus it 1s
believed that flexure of the beds would not have a large
effect on the stresses around the opening for-. these
conditions. )

>~

3.3 Proposed Instrumentation

3.3.1 Stressmeters

A detailed analytical study was performed to determine
the optimum gauge locations around a ciréular opening
excavated in a linear elastic material where the principal
stress directioﬁ is known within +15°. The findings from
this study have been presented by Kaiser et al. (1983a) and
are summarized in Section 2.2. The upper section of the
horséshoe tunnel shown in Figure 3.3 represents a

semi-circle with a radius of 2.7 m. It was decided that for
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an initial analysis the tunnel could be treated as an
equivalent circular opening. Thus, mest of the gauges were
proposed for installation at or above the springline. In
order to gain a complete picture of the stresé field one
pair of gauges was designated for installation at 3 m below
the springline.

Labor;tory overcoring results indicated a stress
concentration ahead of the face and it was of interest to
place a set of two gauges directly ahead of the face to
determine if this technigue of back-calculating the stresses
could be applied in the field.

Gauges in the crown area were set at 30° intervals to
coveér all possible directions of the principal stresses as
discussed in Section 2.2. The gauges were to be set at 1.2 m
from the tunnel wall to allow for a small damaged zone
adjacent to the wfll. This distance corresponds to p=0.69
when no- broken zone is considered and the radius "a" is
taken as the radius of the semi-circular crown, 2.7 m, If a
0.5m softened zone is assumed and the distance to the gauges
is measured from the boundary of the broken zone then p=0.82
and for a 1.0 m soft zone p=0.95. These thicknesses are
based on previous results reported b} Mackay (1982) and
Nishida et al. (1982). Hocking (1976) suggested that at 3.7
radii ahead of the face the influence of the opening on the
in situ stress field is small. Based on this the gauges were
to be installed at 12 m‘ahead of the face. f%e proposed

locations of the stressmeters are shown in Figure 3.3.
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3.3.2 Extensometers

It was proposed to install four sets of single point
extensometers, one set with four points and the others with
three points. The thrge peint sets were to be placed at the
springlines and in the crown 'as close to the face as
possible. The anchors for the three points were to be at
1.5, 3.0, and 6.0 m and those for the four point set at 6.0,
9.0, 12.0, and 15.0 m., This latter set was to go directly
ahead of the -face in the centre of the tunnel. The
extensometer measurements were to be used in conjunction
with the stress change measuremehts to ‘back—calculate the
rock mass modulus. The proposed locations of the

extensometers are shown in Figure 3.4 . v

3.4 Installation Procedures

3.4.1 Stressmeters 4

The stressmeter holes were drilleé from a rail-mounted
jumbo with three decks each having t;o hydraulic drills. The
holes were drilled from the two uppér decks. All holes were
aligned using a Bruntbn compass and drilled to within 0.5 . m
of the desired final depth with a 45 mm diameter Sit. The
holes were completed with a long shank cross bit that had
been built up with four weld beads along the shank, as
recommended by the gauge manufacturer, This was necessary to

provide the correct hole diameter for the stressmeters.

. ]
Prior to setting the gauges the holes were c¢hecked ith a
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"Go/No-Go" gauge to determine if .the final hole diameter was
acceptabye\ for the gauge tolerance. Following this the
location of each hole was detetmined using a magnetic single
-shot survey instrumenf; This instrument measures both
declipation from magnetic north and inclination from the
vertical. Knowing the bearing of the tunnel axis (with
respect to magnetic north), the apgles measured by the
instrumént ¢an be used to calculate the location of the end
of the borehole. Two shots were taken 1in each stressmeter
holé, 6nq‘ at 3 m §nto the hole and the other at 7 m. Using
this'tech$iqge it was‘possible“to locate the final positions
of the stressmeter holes accurately.

The stfess gauges used for the investigation were the
hard rock type viLrating wire stresséeters supplied by Irad
Gage. %hey were installed with a hydraulic setting tool

following procedures outlined by Hawkes and Bailey (1973)

and the Irad Gage Stressmeter Users Manual (1977).

3.4.2 Extensometers

Single point extensometers consisting of a 25 mm
#

diameter Williams mechanical‘rock bolt , two pieces of black
steel ‘pipe and a‘threaded.coupler (see Figure 3.5) were used
for measuring displacements. The larger steel pipe slides

over the 38 mm diameter steel pipe and is forced oyer the
expanded end of the smaller pipe by screwing the threaded
coupler onto the end of this smaller pipe. In this manner

the 51 mm pipe is wedged against the ggrehole wall providing
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an anchor poin% at about 460 mm from. the wall;‘ﬂoles for the

eitensoméiersthre:drilled with a 4$,hm bit and subsequently
: . El . ‘ .

reamed out to 65 ‘mm  diaméter té_ha' depth of 460 mm to

accommodaté‘th; exfensometef héads. All readings wereéltaken

with a’depth,ﬁlcromete;.\ | |

3.5 Installation Difficulties \

>y

3.5.1 Stressmeters o/ i

A‘totél of §ixteen stréssmete;; were proposed for
installaﬁion at “the _ test section. However, due to
difficulties encountered during;.insballafion and time
limitations only, seven of these were functional following
installation.

‘Access Jto the face from the jumbo was only available
for two 8 hour shifts. Thus, all of the instruments had tov
be installed du:ing this time Perjod. To. enslre that él} the‘
holes could be drilled, the @istép&e fhe .holes extended

ahead of the face was decreasea from 12 éolgim.~As well,

~ rock bolts and mesh were being placed, near " the "face which

created crowded working conditions, especially on’the top

level of the jumbo.  Far better success with the

v

installations was experienced on the middle deck than on the

. top deck. ‘This is also attribyted to cleaner working

conditions and a cleaner setting tool since instruments from

thfs déckiwé;e installed first.



86

Another problem was that the drill wandered over the
length of the holes and it ‘was impossible to predetermine
($he final positi5n<bf the holes. One of the stressmeter
holes in the crown had ko be abandoned be;ause the drill
rods began wedgihg in the hole.

The stressmeter wedges are designed such that at a
hydraulic jack pressure of about 2500 psi the plafen/wedge
shear pin will break and the gauge will be released from the
tool. However, at pressures in eXxcess of 3000 psi these
"eyes" were not shearing out and the gauges had to be
released using an alternate procedure recommended by the
manufacturer. When this procedure is employed the sharp ends
of the setting tool may 5ﬁt the gauge wires. Lead wires from
four gauges that had been installed were broken off during
the setting of a second gauge in the same hole.

It would be prudent to test some of these wedges ‘prior
to use in the field to determiné_if the shear pins break out
préperly in order to save time and costs. If this is done
great care must be taken during repair in order to attain
the original strength. One possible alternative is to obtain
e?tra wedges and choose a random sample which, hopefully,
will be representative of the‘entire batch of wegges.

One positive aspect of the stressmetef installation

!

program was that all of the holes met the stringent diameter

-

tolerance requirements of the géuges. It can be concluded
, ; .

that the drilling procedure adopted and the bit used were

adequate.



3.5.2 Extensometers

Fewer pfoblems were engguntered with the extensometer
installations. The-number of extensometers installed had to
be /reduced because.of time limitations. Those installed in
the sidewalls and the crown could not be placed as close to
the face as was planned because when the jumbo drill arms
were rotated they could only get within 3 m of the face. Two
of the extensom%ters in the crown malfunctioned because the

heads were improperly anchored.

3.6 Final Installations

Figures 3.6 and 3.7 show the final installations at the
test section. A total of seven stressmeters and seven
eXtensomeéers were installed for the instrumentation
program. Above the springline radially oriented gauges refer
to those set yith their loading axis in the direction of a
line pointiné towérds the centre of the semi-circular arc
thét represents tfe crown and tangential gauges are
perpendicular to these. At locations below the springline,
gauges witﬁ their loading axis in a radial direction are
perpendicular to the line representihg the tunnel perimefer.
Tangential gauges have their loading axis parallel_ to this
line. The instruments were monitored for §evera1 days
immediately following installatio; until the stressmeters
were seated in the holes. Monitoring was resumed when the

east heading was 48 m from the plane of the stressmeters.

Access 'to,\the extensometers in the crown was not possible
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because inflowing water created. silting problems and the
jumbo could not readily be moved back to the face area.
Also, during shotcreting -these extensometers had been
pargially covered.

Folléwing the round prior to break-through the west
face was badly broken and several large piecés of rock had
fallen from the face. A final reading on the one remaining
extensometer in the face was n8t possible. The wire from the
radial gauge in stressmeter hole S1 was sheared off during
the second last round when the face was 0.2 m beyond the
plane of measurement. All remaining wires were pushed into
the holes as far as possfble and a string that had been tied
to the wires was left dangling from the hole. A small piece
of PVC tubing was secured into each of the holes to protect
the wires. After the final blast none of the wires could be
found intact, but some pieces of Qire were found up to 20 m

from the break-through point.

3.7 Data Redu;tion
3.7.1 Stggssﬁetegs

Along the length of the tunnel several different rock
units were encountered. These vary considerably in age and
origin and thus, it 1is likély that the virgin stress in each
§f these units is not consistent. Also, the depth of
overburden varies significantly over the }ength of the

tunnel which further complicates the stress condition.
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Therefore, the stresses that have been recorded and the
stress field that will be back-calculated from these results
is highly localized.

The method of analyzing the data from the stressmeters
has Dbeen discugsed in C£apter 2. A modulus of deformation
for the rock mass of 75000 MPa was chosen based on
laboratory tests reported by Klohn Leonoff Lid. (1981).
Substituting this modulus value into Egn. 2.3 results in a
uniaxial gauge sensitivity factor of a=3.96.

The gauges were installed to monitor the stress change
near ghe opening face as the tunnel advanced towards ‘the
instruments for the purpose of back-calculating the in situ
stress field. Figure 3.8 shows a plot of the measured stress
change wdth distance from the face. The tangential gauge in
hole S4 fell below its base level and it is not known what
the total stress change at this point would have' been. It
will be shown later that the actual magnitude of the.stress
change is not as important as the fact that the gauge
recorded a substantial stress decrease. The gauge in hole S2
located directly ahead of the face did not record any stress
change. The last possible reading from this gauge was taken
when the advancing face was 4.0 m from the gauge.

3.7.2 Extensometers

The extensometer at 6.0 m ahead of the face was the

only one in its group to measure any longitudinal

dispfacement. A movement of 0.43 mm into the east face (the

e
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actively advancing face) was recorded when this face was
2.8 m from the anchor. The extensometers in the sidewall did
not show any movement until after break-through. The data 1s
presented as recommended by Cording et al. (1975) showing
both depth-displacement and time-displacement diagrams
(Figures 3.9 and 3.10). )

The time-displacement plot gives the displacement
distribution at various times after break-through. An
increase in distance between the reference head and the
anchor head 1is showﬁ as positive. The depth-displacement
plot shows the displacement distribution at the north wall
2.9 'm back from the break-through point after the final
blast. The inward displacement of the tunnel ;all was taken
as the displacement Eftween the reference head and the 6.0 m
anchor. Similarily, both intermediate displacements were
subtracted from the assumed tunnel wall displacement to

produce a displacement distribution relative to the deepest

anchor.

O
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' 4. ANALYSIS OF TUNNEL INSTRUMENTATION

4.1 Introduction

This chapter presents the analysis of the data obtained
from the stressmeters and extensometers. The shape of the
opening and the nature of the results from the stressmeters
necessitated the use of finité element; techniques to
interpret the data. Pgactical implications will be discussed

and it will be shown how the results can be used to

determine the ground convergence curve.

4.2 Analysis of Stressmeter Results *

Inspection of Figurei 3.8 reveals that all gauges,
except for the one directly ahead of thé face, show a
significant stress decrease after the face passes beyond the
plane of measurement. The in situ stress field will be
determined based on tﬁe assumption that the gauges have
recorded all of the stress change prior to being destroyed.
After the stress field has been estimated an axisymmetric
finite element analysis will be performed to check the
validity of this assumption.

Results from the axisymmetric analysis (Figure 4.15)
will show that for the simplified shape, some stress changé
should have occurred at 4.0 m from the gauge directly ahead
of the face. The amount of this directional stress change is
approximately 15%. The tangential and radial stress

increases are equal and when these are combined to obtain an

95
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"equivalent wuniaxial stress” (discussed in Section 2.2) the
stress change measured by the gauge would be less than 10%
of the fiela stress. Both the opening shape and diameter
have a significant effect on the calculated amount of stress
change at this point and the value obtained from this
analysis may not be indicative of the actual stress change
at this point. The distance ahead of the face that the blast
damage extends would also influence the amount of stress
change that occurred. Another factor that cannot be
overlooked is that the gauge may have malfunctioned. When
readings were taken the readout value fluctuated several
units and an accurate reading was not possible. None of the
other gauges exhibited this behavior.

There was no previous information about the stress
field in the immediate area of the_tunnel. Thus, Lg was
necessary to at least try to define a possible‘~rangé for
each of the variables, N (principal stress ratio), 6
(orientation of the principal stress), and o, (the major
principal stress), to provide a starting point for the
finite element analysis. Various simplifications were made
to the problem to allow the use of closed form and other
available solutions for making an initial predicti%p'of the
stress field.

First an equivalent circular opening in a linear
elastic medium was assumed. However, it soon ?ecame evident
that, regardless of the direction or magnitude of the

principal stress, there was no combination of parameters
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that woﬁld produte a decrease 1n streSs, as measured, at all
gauge locations.

Hoek and Brown’;%b980) provide plots of principal
stresses around a horseshoe open&ng for the case where the
principal stresses 'are vertical and horizontal. Again, the
opening is in a linear elastic material. As before, no value
of N could be found such that a stress decrease was
predicted at all gauge‘locati;ns. In their book Hoek and
Brown (1980) also provide plots of principal stress contours
around an elliptical opening for the principal stress écting
at 45° to the major axis of the opening. The -major and minor
axis of this ellipse correspond closely to the tunnel
dimensions.//When the opening was treated as an ellipse no
combination of parameters would predict a stress decrease at
all the desired locations.

From these initial anal&ses it was concluded that
finite element techniques would be required to define the
stregss condition at this site pecause either a softened zone
or' a yielded area around the opening existed. Kaiser (1981)
ha# shown that the design of tunnels in yielding grcﬁﬁa can
b% reduced to the evaluation of an opening with a softened
z%ne if the correct parameters can be determined. For this

aqalysis a reduction in stiffness adjacent to the opening

"will be considered.

)
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4.3 Estimation of the In Situ Stress Field by Finite Element
Methods
'
4.3.1 Imtroduction
The finite element program ADINA (Automatic Dynamic
Incremental Nonlinear Analysis) was employed to calculate
the stress field for various combinations of parameters. The
complete analysis consisted of two steps: 1) using a two
dimensional plane strain analysis with the actual opening
shape and size to -matcﬂ the measured results; and 2)
subsequently employing a simplified axisymmetric analysis to
determine approximately how much of the expected stress
change waé recorded by the gauges before they were
L\(/’destroyed. Figqures 4.1 and 4.2 show the complete finite

element mesh and an enlarged view of the area around the

/)
A

opening.

The mesh chosen for the plane strain analysis had to
fulfill several requirements. First, thin elements - were
necessary near the opening wall because some of the gauges
were ;Ethin 0.25 m of the wall. Secdnd, the mesh must allow
for application of the principal stress in various
directions. Following a review of the loading capabilities
of the program it was decided that a rotating outer layer of
elements was the simplest solution. It was not of importance
to accurately obtain the stress_concentration factors near -

the corners at the bottom of the opening so the elements

here were made slightly larger. Similarily, the tangential
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stress concentrations at the opening wall were not of
importance and thus, only stresses at the element centres
were calculated.

Near the instrumented section shotcrete had been
applied to within about 3 m of the west face and rock bolts
were’installed at the crown. On the east side (advancing
face side) bolting and meshing were following 1 or 2 founds
behind the excavation, but shotcreting was well back of the
face. For the analysis it was decided to neglect any support
because the shotcrete was placed more for safety reasons
than for actual support and most of the stress release ana
displacements had probably already occurred at the time of

application.

4.3.2 Two-Dimensional Plane Strain Analysis

4.3.2.1 Method of Analysis

The mesh used in the two dimensional plane strain
analysis 1is shown' in Figure 4.1 with the elements that
repreéented the opening omitted. The displacement boundary
conditions - are also shown on the mesh. A trial case ‘was run
to become familiar with the prograﬁ and check the adequaéy
of the mesh. A uniform load was applied tovthe mesh, on all
four boundaries, with‘;n opening which was excavated by
redu&ing the stiffness of the elements within fhe opéning to
a very low value. Thg results showed that stresses in all
elements within fhe opeﬁing were zero and the surrounding

stresses were coﬁpéred to those from Hoek andfBrown. (1980).

.
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Figure 4.3 shows the elastic stress distribution around the

opening for a wuniform stress condition (compression 1s

positive). The contours plotted are for o" and o , the
y Tox
vertical and horizontal stresses. It was chosen ta plot

these stresses rather than the principal stresses because
four of «ghe six gauges were oriented in either the X or Y
directions. The stress concentrations near the corners and
at the opening wall .are nét as high as those predicted by
Hoek and Brown (1980) because the stresses were calculated
at the %%9mep¢ centres. Aside from these discrepancies the
two sets of results are in good agreement.

Initially, a linear elastic model with no softened zone
around the opening was considered. The major principal
stress direction was rotated counterclockwise from vertical
.to horizéntal with applications included at 45° and 55° from
vertical. Following this, a linear elastic model with a
softened zone around the.tunnel was examined. Nishida et al.
(1982) measured thicknesses of softened zones and velocities
around dpenings for different excavation methods. For the
drill and blast method of excavation they found that the
thickness of the softened zone ranged from ‘0.5 to 1.3 m
(around a horseshoe openihg.with an average radius of 2;6 m)
which corresponds to a p of about 0.74. The wave velocity,
which is closely proportional to the stiffness, in the

softened zone was found to be approximately 0.22 times the

velocity in areas further from the opening.
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4.3.2.2 Results from Analysis without Softened Zone

Figure 4.3 shows the results from the trial case with
N=1.0 and the principal stress vertical. Results for other N
values, with o, vertical and horizontal were investigated
using the figures from Hoek and Brown (1%&0) and the
findings were discussed earlier. The principal stress
orientation was rotated to 45° from the vertical and again
emloy%ng various N wvalues did. not produce any set of
parameters that indicated a stress decrease at all the gauge
locatipns. The outer‘boundary“was further rotated to teat
stress conditions at 6=55° counterclockwise from the
vertical. Again,‘regardless of the N value some of the
tangential stress changes at the gauge locations would show
an increase. It was cpncluded _that the stress conditions
measured in the field could not be matched assuming

perfectly elastic behavior.

4.3.2.3 Results from AnaI‘l‘g’wiﬁh Softened Zone
With a softened =zone ar§5hd the opening only two
"directions for the principal stresses were used to estimate’
‘the field stress. For each qg,these directions several sets
of parameters gesciibing the stress field were tested. It is
important to recogmize thaﬁ the measurements recorded may
not be exactly correct. However, the lab tests have shown
that the géuges do record correctly whether there is an
increase or a decrease iﬁ stress. They also indicated that

if repeated loading does not occur the results are gquite

reliable. These findings provide confidence that indeed
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there was a significant stress decrease at all the gauge
locations.

Evidence from field observations and the instruments
suggest that a stress ratio close to unity exists at the
test location. As mentioned earlier there was some roof
popping near the instrumented section (see Section 3.2). The
overburden at the instruhent locations was about 650 m which
should correspond to a vertical stress of about 17 MPa
aséuming that this stress 1is egual to the overburden
pressure. Most of the radiél stress would have been released
at the locations of the two radial gauges near the
springline because they are close to the tunnel wall and are
probably within the softened zone. If the gauge results are
broken down into actual radial and tangential components,
the average radial stress release at these locations would
be about 30 MPa. This would suggest a stress ratio of
approximately 1.8.

Stress ratios of between 0.25 and 4.0 were employed
during Ehe analysis and trials were per formed using various
thiéknesses of soft zones with different stiffness
reductions. It was found that a stress ratio of
approximatei?/J.O provided the best fit to the measured
values and thus the emphasis w;s placed on investigating
different parameters with this stress ratio. For each
assumed stress condition the calculated stress changes at

the gauge locatjons were observed and compared to the

measured values. Different thicknesses of soft zones were
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used for the crown and springline because it was felt that
the roof popping may have induced a larger soft zone in the
crown.

Plots showing vertical and horizontal stress contours
for 5 different sets of parameters are shown in Figures 4.4

to 4.9:

- Figure 4.4 s
N=1.0, 6=0°,0,=1.0, E /JE =5

R S
Soft zone: 2.0 m at crown; 1.0 m at springline;

- Figures 4.5 and 4.6

10

N=2.0, 6=55°,0,=0.5, E /E
R S
Soft zone: 2.0 m at crown; 1.0 m at springline;

- Figure 4.7

2 (same as 6=0°)

N=1.0, 6=55°,0,=1.0, E /E
R S
Soft zone: 2.0 m at crown; 1.0 m at springline;

- Figure 4.8
} N=1.0, 6=0°,0,=1.0, E /JE =5
N R S ‘
N \\ Soft zone: 1.0 m at crown; 0.5 m at springline;
y
- /,-/«
- A)Figure 4.9
Th N=1.0, 6=55°,0,=1.0, E /E = 10 (same as 6=0°)
R S

Soft zone: 2.0 m at crown; 1.0 m at springline;

where E , E = modulus of the undamaged and softened rock,
R S
respectively.

-
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Table 4.1 presents the Ealculated and measured uniaxial
stress changes at the gauge locations. The results are
presented as ratios with the‘stress change at the radfal
gauge in hole S1 being taken as 1.0. Table 4.2 shows the
actual measured final stress change and the calculated
stress change at the gauge locations. All the finite element
analysis were performed with o, = 1.0 MPa and the principles
of superposition were employed to determine the stresses for
various values of o,.

A comparison of Figures 4.4 and 4.8 shows that for a
-stiffness reduction of 5 times stress concentrations occur
immediately outside the softened zone. The boundary (extent)
of the soft zone used in finite element analysis is shown in
Figuré 4.4. Thus, as the sokt zone increases in thickness
the distance from the opening wall to the point where the
stress concentration occurs also increases. Therefore, "the
gauges must all lie within the softened area (for this set
of parameters)"because all instruments recorded a stress
decrease.

When thg stiffness reduction is very small, e.g. a
stiffness of 0.5 times the original\§alue, there is only a
small amount of stress redistribution ‘in the horizontal
directioh. However, in the vertical direction there is a
reduction in the stress near the sidewall and an increase
further from the wall as the stiffness is reduced (see
Figures 4.3 and 4.7). Table 4.1 shows that this stress

condition (Figure. 4.7) does not match the measured results

-1
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Table 4.1 Normalized Measured and Predicted Stress Changes

MEASURED

-~

<

o
.

LOCATION‘ - * CALCULATED
. CASE 1 CASE 2 -CASE 3 CASE 4 C@SE 5.
oow v N ‘ g
1-Rad¥al 1.00 1,80 1,00 1.00 1.00  1.00
1-Tang. . 0467, -0.61- 0.75 Q.11 0.64 .27
" 3-Radial.s 0%71 T 1.B3 1,00 1.00 1.48:  1.00
3-Tang. 0,30 - 0.51° . .0.77 0.11  -0.59 .27
4-Taifg. 0.32 0.32 0.49 - -0.81 ., 0.73 §.66
.'§-Tang. 0728 0.52 0.77 0.25 , 0.53 .. 17
F o ‘
. ;
L
. ¥ e ' .
.Case 1: N=1.0, 0,=1.0,:6=0°, E /E =5.0,
R S
Soft Zone: 2.0 m at Crown; 1.0 m at Springline.
Case 2: N=1.0, 0,=1.0, 6=55°, E /E =10.0,
R S
Soft Zone: 2.0 m at Crown; 1.0 m at Springline.
Case 3: N=1.0, 0,=1.0, 6=55°, E /E =2.0,
- R S
Soft Zone: 2.0 m at Crown; 1.0 m at Springline.
Case 4: N=1.0, 0,=1.0, 6=0°, E /E =5.0,
: R S
Soft Zone: 1.0 m at Crown; 0.5 m at Springline.
Case 5: N=2.0, 0,=0.5, 6=55°, E /E =10.0,%
"R S
Soft Zone: 2.0 m at Crown; 1.0 m at Springline.



Table 4.2 Measured and Predicted Stress Chanées

/

HOLE # ORIENTATION MEASURED PREDICTED STRESS CHANGE

STRESS CHANGE CASE -1 CASE 2

- ( Mpa ) - e {

~ /
1 Radial -27.40 -22.50 -21.30
Tangential -18.35 -12.90 -15.90
3 Radial -19.53 ~23.10 -21.30
Tangential -8.33 ‘~10.50 -16.50
4 _Tangential  -8.75 ~7.20 -10.50
5 Tangential -6.50 -11.70 -16.50

Case 1: N=1.0, 0,=30.0, E /E =5.0,
R S
Soft Zone: 2.0 m at Crown; 1.0 m at Springline.

0.0,

Case 2: N=1.0, 0,=30.0, 6=55°, E /E =
R S
n; 1.

O 4 —

~ Soft Zone: 2.0 m at Crow m at Springline.
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(Case 3).

For the loading conditioq‘shown in Figures 4.5 and 4.6
it can be seen that both the horizontal and vertical
stresses are close to zero adjacent to the opening, except
near the floor of the opening. This loading produces much
higher tangential stress decreases than predicted.

Figures 4.4, 4.7 and 4.9 can be compared to investigate
the effects of the amount of stiffnesé reduction on ¥the
stresses around the opening. The area around the bottom of
the opening has not been‘ softene? so all of the cases
exhibit similar stresses here. - Looking at the horizontal
stress 1t can be seen tha{ as the stiffness reduction 1s
increased from E /E =2 'to 5 there‘is.a mugh larger stress
concentration outs?desthe soft zone in the crown. The stress
condition is not significantly altered as the stiffness 1s
further reduced to E /E =10. When E /E =2.0 the vertical

R S R S
stress within the soft zone along the s%dewalls is more than
50% of the field stress. Upon increasing this to a value of
5 the vertical stress at this location is reduced to about
25% of the field stress and then increases sharply outside
the softened zone. The vertical stress at the springline is
reduced to less than 25% of the field stress when E /E is
increased to 10. This further decrease in stiffnesz ciuses
the~calculated tangential stress decreases at the gauge
locations to exceed those measureé (see Table 4.1, Case 2).
A stiffness reduction of E /E =5 produces the best agreement

R S
between the measured and calculated results.

s
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Wwith a large softened zone present and no measurements
outside this zone, it is not possible to estimate the stre;s
field accurately at this site. The orientation of the major
principal stress cannot be determined exactly. However,
there 1is strong evidence in support of a stress ratio near
unity which is also supported by the finite element results.
If the stress ratio is unity or very close to it, then tﬁe
direction of the principal stress is not important. Findings
from the finite element work suggest that E / E 1is in the
order of 5. Employing all of these values it ?s pgssible to
estimate the magnitude of the principal étress. Considering

all the factors discussed above, the in situ stress field at

this location is estimated to be:

0, = 30 + 8 MPa
6 = 0°
N = 1.4 ¢+ 0.6
E /E = 5

R S

Soft Zone: 2.0 m at crown & 1.0 m at springline.
4.4 AxiSymmetric Analysis

4.4.1 Method of Analysis

An axisymmetric . finite elemént analysis was performed
to determine at what location all the stress change at the
plane of measurement had occurred. An equivalent,éircular

opening with a diameter of 7.0 m was assumed. Twg cases were
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tested: 1) assuming perfectly elastic behavior; and 2)
assuming a 1.0 m softened zone both ahead of the face and
along the sidewalls with a stiffness reduction of 5 times.
ADINA has the ability to kill elements or have elements

born at a given time. This is excellent for the case where
no softening occurs. However, when the stiffness of several
elements mﬁst be reduced with each excavation step problems
arise. Thus, a different procedure was adopted. For both
cases the program was rerun for each excavation step and the
elements in ‘the opening were assigned a low stiffness and
the softened elements were given the desired reduced
stiffness. This 1s not exactly correct because the
displacements caused by an excavation step should be applied
at the nodes before excavating the next stepv.Thé proximity
of the .boundary may also have an adverse effect on the
results. . K+
‘ A further problem with determ;niﬁﬁﬁ the boundary
conditions was encountered. Hutchinsoh (1%82) found that a
bpundary condition with rollers along the tunnel axis and at
the boundary ' opposite to where excavation starts did not
resfrict longitudinal displacemenis at the boundary vwhere
excévaéion commences. A pin was placea ap{the corner between
the two surfaces with rollers and 1oad ;as applied .to the
free boundaries.

" The case under study is soM¥vhat different in that

o ~ . !
excavation must take -  place from both boundaries. The mesh

‘ A
and boundary conditions chosen are shown in Figure 4.10.
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There are two rows of elements to be excavated from the
tunnel. Several trial runs were made and 1t was found that
the roller at the node that lies within the area to be
excavated should be removed as excavation commences from
that boundary and should not be replaced. Alsof the two
elements at the free boundary that lie within the tunnel
should not be loaded after excavation commences from this
bddﬁdary.

In order to determine the magnitude of the error
introduced by these inconsistencies the results from the
perfectly elastic case are compared with closed form
solutions and other published results. Hanafy and Emery
(1980) published results showing the influence of the
advancing face on the radial displacements at a given
location. Figure 4.11 shows the results of their findings
along with the results from the present analysis. The radial
displacement 1is ﬁ&otted as a percentage of the total
movement because the two analyses employed different elastic
parameters. The agreement between the two analyses is very
good.

Figure 4.12 shows a comparison between the final radial
displacements caused by excavation, calcﬁlated from the
axisymmetric analysis, and those predicted from a closed

-
form solution for linear elastic plane strain behavior. The
displacements predicted by the finite element analysis are
slightly larger than those predicted by the closed form

solution. This difference increases with distance from- the



121

o . 4 — .

LEGEND
9— ¥ Present Anmalysis
i ® —O Hanafy and Esery (19601

Percent of Total Radial Displacement
50

.
+ ]
2t :
H 1
o
o
— . 1 .
-5.0 -2.5 -0.0 2.5 5.0
Distance to Face (r/a)
Figure 4.11 Influence of Advancing Face on adial
Displacements- Comparison of Finjte fElement

Solutions



122

LEGEND 1
—® Axisyasetric Analysis
® — Closed Fors Solution

Radlal Displacement (mm)

(=] ’
6 \‘ N 1 " 1 - i - Y “
0 3 6 9 12 15
Distance from Tunnel Wall (m)
Figure 4.12 Radial Displacements Caused by Tunnel
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Closed Form Solutions



123

opening wall because the proximity of the boundary begins to
affect the results. These two comparisons show that the
excavation technique employed has a minimal effect on the
displacements and that these results are acceptable for the
present analysis.

With regard to stresses, Kulhawy (1977) states that the
number of excavation steps should not affect the stresses in
a homogeneous isotropic body. A comparison of the calculated
final'fadial and tangential stresses and those predicted
from Kirsch's eqguations [Timoshenko and Goodier, 1970] 1is
shown in Figure 4.13. This figure shows good agreement
between the calculated and predicted stresses which is 1in
accordance with observations made by Kulhawy (1977). These
results indicate that the excavation technigue employed will

provide adequate accuracy for this study.

4.4.2 Discussion of Results

The main purpose of the axisymmetrié analysis was to
predict how much of the total expected stress change had
occurred at the gauge locations before the gauges were
destroyed. For both cases, perfectly elastic and with a
softened zone near the wall, distance to face-stress plots
are shown for three elements. One element is adjacent to the
opening wall with its centre at 0.25 m from the wall, a
second is directly below this at 1.5 m from the wall
(outside the softened zone); and the third element is above

the previous two near the centre of the opening. These
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element locations are shown in Figures 4.14 and 4.15.

Figure 4.14 shows the calculated stress distribution at
the plane of measurement for the three elements as the face
advances towards them for the perfectly elastic case. It can
be seen that very little stress change takes place more than
2a (where a is the radius of the opening) before or after
the face passes the measuring plane. The results clearly
show that this could not be the‘ stress condition at the
field site because the tangential stress shows a large
increase as the opening passes the plane of measurement.

Results from the case when a 1.0 m soft zone is placed
around the opening are shown. in Figure 4.15. For this
condition all of the tangential stress change in the element
adjacent to the wall (in the soft zone ). has occurred when
the face reaches the measuring plane. At this same point
over 80% of the radial stress has been released. The results
indicate that very little stress change had taken place at
the gauge locations before their installation. These results
also suggest that all of the expected stress change had
already occurred prior to the gauges being destroyed, for
all but one of the stréssmeters. This was the radial gauge
at hole S1 where approximately 90% of “the expected stress
change had occurred. It can be concluded that the initial
assumption, i.e., that the gauges recorded all the stress
change, is acceptable and the estimated stress field

parameters do not have to be adjusted.
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4.5 Verification of Soft Zone and Stressmeter Performance

There are methods available for estimating the extent
of the damaged zone created by blasti;g based on the charge
density and the rock mass properties. Three of these
available methods will be used to produce estimates of the
thickness of - the softened zone for comparison with that
determined from the stress change measurements.

Brawner (1981) p}ovides suggested extents of zones of
vlooseAing for the conven;ional drill and blast drive

technique applicable for rock masses that are traversed by

three or more joint sets. This method considers the joint

.. s 'SPacing, the rock texture, the unconfined compressive
& g

TS

strength of the rock and the natural moisture content of the
material. Using Brawner's chart a soft zone thickness of
0.5b (where b=the width of the opening) would be predicted.
For the Wolverine tunnel this would correspond to a soft
zone thickness of 2.7 m. This value is somewhat larger than
that determined from the stress change measurements; 1.0 m
at the springline and 2.0 m at the crown. However, there are
two factors that indicate the value predicted from Brawner's
method is conservative (on the high side). Firstly, although
there are three joint sets at the instrumented section, one
of these is discontinuous. Secondl}, the strength of the
limestone is considerably greater than the value used for
the prediction. Thus, it is believed that this estimate is
high and therefore, this predicted depth to which blast

damage extends closely matches the extent of the soft zone
" \ : .
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determined from the field measurements. -

Sstudies of vibrations and their 1mpact on structures
have suggested that the peak particle velocity provides a
good index for assessing potential blast damage [Stimpson,
1982). This approach has been extended to rock excavations
using the induced normal stress which 1s proportional to the

maximum particle velocity.

¢ = vycV Egn. 4.1
1 ma X

where g = induced normal stress;
1
v = rock mass density;
C = P-wave velocity; and
\Y = maximum particle velocity.
max

Holmberg and Persson (1980) show results' of some
Swedish research on damage thresholds. These plots allow for
the estimation of peak vibration velocities at various
distances from the point of detonation for different linear
charge densities. Figure 4.16 depicts the typical blasthole
layout used for the Wolverine west tunnel. From this
information, a very;cbnservative estimate (on the high side)
of the linear charge dénsity of 2.0 to 2.5 .kg/m was
calculated. Using a charge density of 2.5 kg/m velocities
high enough to cause rock damage occur up to approximately

1.7 m from the tunnel wall (based on this charge density at

the holes nearest theaperimeter blastholes).

Vs
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5,725 m

. r Y
Blasthole Diameter=44.45 mm

Y Depth-?.GS m B
Total Powder=430.8 kg

Powder Load=2.85 kg/m® g

Figure 4.16 Typical Blast Pattern for Wolverine West Tunnel

-
N o it 1T €



131

Alternately, the induced stress at various locations
from ﬁhe tunnel ﬁéll can be calculated. At the tunnel wall
the peak particlé vélocity caused by the blast from the
holes immediately inside the perimeter holes was determined
to be 2.3 m/sec. The rock density is about 2400 kg/m’ and
the P-wave velocity is about 3660 m/sec. Substituting these
values into Eén. 4.1 yields an induced stress of 20 MPa at
the tunnel wail. I1f this number is doubled t; allow for
concentration effects and 1s then added to the field stress,
the total stress would be in the order of 70 MPa which-is_
approaching the uniaxial compressive strength of the rock.
This suggests that the extent of damage outside the tuﬁnel
perimeter caused from the firing of these holes vbuld__be
minimal. |

Smooth blasting was used and the perimeter holes were
closely spaced. Therefore, it is believed that.the.particle
velocities -and induced stresses from thg detonation of these
holes would be considerably less than those sited
previously. Thus, the softened zone would not be expected to
be increased siénificantly from the perimeter blast.

'With the exception of the gauge in hole S4 all of the
stressmeters were preloaded to an extremely high value. The
previous findings suggest that the blast .would not - have
loosened the gauges from their boreholes, ile. induced
stresses at the stressmeter hole locations do not exceed the
unconfined compressive strength of the rock and spalling of

the borehole walls would not be anticipated. Further
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s [ 4
evidence supporting this statement comes from the gauge

readings themselves. Measurements were taken immediately
following the blast (within about 1 hour) and again several
hours later prior to the upcoming blast. During this time no
stress change was recorded by the gauges. If the stressmeter
holes had been damaged by the blast and the gauges were
loosened, a decrease in reading with time would have been
expected. Thus, it. is wunlikely that this was the casé.
Furtherhore, the‘results from the gauges correspond to the
expected stress at the test location (based on field
observations).

I; summary,. it has been shown that the blast damaged
zone estimated from these technigques may be in the order of
1.0 to 2.0 m. .This value is in good agreement with that
determined from the stress change measurements which
provides confidence that this soft zone thickness 1is
reasonable. Also, it can be concluded that the gauges did
not become 1loose in the boreholes and therefore, the
readings were not adversely affected by the blasting.

4.6 Alternate Gauge Locations ’ .

All of the gauges at the site were iocatea within the
softened zone. As shown previously it is difficult to
accurately prediét the in situ stress field from results of
gauges at tﬁese locations. Based on the findings from this
ihstrumentation program, it appears prudent to install some

'gauges outside the. soft zone. The finite element results
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indicate that these gauges would be very useful in defining
both the extent of the softened zone and the in situ stress
field. Immediately outside the softened =zone tangential
stress concentrations occur because stress is redistributed
to the stiffer elements. The radial stress is not as greatly
affected by the softening prbcess since it 1s generally
reduced to a low value nqarrthe open{ng wall.

Results similar to those found at this site were
observed by Lukajic k1983) at another site. He found that
all of the tangential gauges, both at the crown and
springline of a horseshoe shapeq opening, recorded a stress
decrease. One of these gadges in the crown was about 3.6 m
away from the opening (p=0.56). A high horizontal stress
condition was known to exist at this site and the tanéential
stress in the crown should have increased significantly.

These two case histories suggest that a softened =zone
may extend to at least p=0.50 or 1.0 times the radius frqm
the opening wall. When the drill and ‘blast method.'of
excavation is wused it 'appears that some gauges should be
placed at least one radius from the opening wall to ensure’
installation in wundamaged gfound. It is‘important to have
gauges both inside and outside the softened zone to properly

define the stress field.
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4.7 Analysis of Extensometer Data

The results from the extensometer measurements have
been presented in Figures 3.9 and 3.10. The displacements
were observed 1n order to back-calculate or more
appropriately verify the value chosen for the rock mass
modulus E . The stress field has been estimated and the
assumptio?s checked by an axisymmetric analysis which also
provided displacements for comparison with those measured.

There are many uncertainties associated with the
magnitude of the «calculated displacements. Although the
stress ratio may vary over a much larger range, the
principal stress is known within about 25%. Second, the
actual opening 1is being represented by an eguivalent
circular opening. The rock mass modulus was estimated from
laboratory tests on small samples and may not be a
representative value.

Figure 4.17 " shows the radial displacements calculated
from the axisymmetric analysis for three excavation stages
under a uniform stress of 30.0 MPa and with a 1.0 m softened
zone: 1) before any excavation had taken place; 2) Just
prior to installation of the extensometers; and 3) after the
excavation had been completed. The radial and longitudinal
displacements that occur at a point as the tunnel face
approaches are presented in Figures 4.18 and 4.19 for‘ the
elastic case and the case of a 1.0 m softened zone around
the tunnel. The 1longitudinal movement recorded by “the

extensometer 6.0 m ahead of the face was 0.43 mm towards the
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east face when it was 2.8 m from the anchor. The recorded
total radial displacement at the wall was 0.46 mm.
Calculated displacements for the longitudinal and radial
directions corresponding to these points are 0.69 mm and
0.57 mm, respectively (see Figures 4.17 and 4.19). Assuming
that gll factors except for the rock mass modulus do not
have a significant effect on the displacements a new rock
mass modulus of 85000 MPa could be calculated. This 1is 1in
good agreement with the assumed value, but the assumptions
involved with this calculation a;e very restrictive. The
extensometer measurements do, however, provide further
evidence that the estimated stress field parameters are a
reasonable approximation of the in situ stress conditions.
The extensometers at 1.5 and 3.0 m from the sidewall
measured a significant amount of compression. Readings prior
to break-through suggested that these extensometers were
functioning properly and there was no evidence of damage to
them after the final blast. The inner extensometer measured
a compression in excess of 5 mm. The calculated elastic
radial displacement that would be caused by excavating an
equivalent circular opening (7.0 m diameter) is 1.75 mm.
Mackay (1982) also found a small zone of compression
adjacent to the opening wall, but not nearly as large in
magnitude as that found here. Presently, there 1is no
reasonable explanation available for these results, but it
is believed to be associated with a "consolidation"

following the softening process.
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4.8 Calculation of the Ground Convergence Curve

This section is concerned with the development of the
ground convergence curve. As before it will be assumed that
the shotcrete at the crown 1is for safety only and 1s
providing a negligible amount of support. The following
paragraphs will discuss how the ground convergence curve can
be calculated. The field measurements have been used to
predict the ground behavior around the opening and the 1in
situ stress condition. The parameters necessary to calculate

the ground convergence curve are:

a) opening shape;

b) in situ stress, both o, and N ;

c) initial rock mass stiffness and Poisson's ratio;

d) stiffness reduction within the softened zone;

e) extent of the softened zone;

f) required support pressure at the point where the GCC
becomes non-linear,

g) total radial dfsplacement at the wall; and

h) the sfress change or radial wall displacement that

occurred at the face.

Most of the essential parameters for determining the
GCC were obtained from the field measurements. The horseshoe
tunnel will be treated as a circular opening with an
equivalent diameter of 7.0 m. Thié diameter is not critical

because the results are plotted on a normalized curve (see

VUSRI B
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Figure 4.20). A Young's modulus of 75000 MPa has been
obtained from lab tests on small samples and was shown to be

an appropriate value from the field measurements. The 1in

situ stress field has been estimated from the field
measurements; N = 1.0 and o, = 30 MPa. Poisson's ratio has
. w

been taken as 0.25 for the analysis. The rock mass behavior
around the opening has been predicted from the stressmeter
measurements. It has been shown that a softened zone of
about 1.0 m thickness with a stiffness of 15000 MPa
adequately describes the ground conditions around the
opening.

The total radial displacement, 2.55 mm or u/u =1.46,
was obtained from the axisymmetric finite element an:lysis.
Mackay (1982) found that the tangential stress change vs
distance from the advancing face curve had the same shape as
the corresponding curve for radial wall displacement in
elastic ground. He wused the tangential stress change
measurements to predict the amount of stress change that had
occurred at the face. However, when a softened zone exists,
these curves do not have similar shapes and an alternate
method of determining the stress change at the face must be
employed. A;flosed form solution summarized by Hutchinson
(1982) was used to calculate the required support pressure
at the point where the GCC becomes bilinear. Initially the
calculated curve corresponds to the elastic curve because

some displacement occurs before the rock becomes softened. A

value of 0/0,=0.39 was calculated by this mgthod. From the
« G .
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axisymmetric finite element analysis it was found that the
radial displacement at the face was u/u =0.53.

There are many simplifications chg have been made and
the curve that 1is shown may not reéresent the actual
conditions at this tunnel accurately. However, the curve 1s
valid for the conditions stated and thus, it can be used for
illustrative purposes to show ﬁow softening around the
opening may be beneficial by reducing the amount of required
support pressure.

Employiﬁg these parameters the GCC can be constructed.
Figure 4.20 shows a normalized plot of required support
pressure versus radial displacement for the case under
consideration and for linear elastic behavior (with the same
parameters). Several observations can be made from these two
curves. First, the total displacement that occurs with a
soft zone present is larger than that for the perfectly
elastic case. Also, more displacement has taken place at the
face if a soft zone exists. This has important implications
on the required support pressure. Consider a hypothetical
situation where the support is installed at the face. If
elastic ground conditions exist a support pressure of P
would be required. For the same installation location, vbu;
with a.softened zone present the support requirements would
be reduced by about 20% to P because more displacement has
occurred at the face. Thus? softening can be béneficial as

long as the gravitational component due to strength 1loss

does not dominate and the stability of the opening is not
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jeopardized. A more detailled discussion of the effects of

softening around an opening is given by Kaiser (1981).

4.9 Summary and Conclusions from the Field Monitoring
Program

Reéults from the extensometers and stressmeters have
been analyzed in this chapter. Finite element technigues
were employed to calculate stresses around the opening for
different loading conditions. These were compared to the
measured regults to provide an estimation of the in situ
stress field at the monitored site. From  these results, a
ground convergence curve for a Simplified opening shape was
calculated. ’

It has Dbeen shéwq’that a reasonable model describing
the rock mass behavior around the opening can be obtained
from measuring the stress change near the face. This may not
describe the actual ground behavior accurately because the
area adjacent to the opening may be yielded, but these
parameters still can be employed to model the behavior.
Similar conclusions were stated by Kaiser (1981). However,
it was not possible to predict the in situ stress: field
accurately because all of the gauges were within the soft
zone. With gauges installed both inside and outside the
softened zone. a better estimation of the in situ stress
could be made. It has been suggested that additional gauges

be placed a minimum of one opening radius from the wall to

provide installations in undamaged ground.

1
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For the simplifiéd case of a «circular opening, the
parameters determined from the field and the computer study
were employed to construct the GCC. This exercise confirmed
previous findings (Kaiser, 1981) that suggest a softened
zone around an opening may be beneficial. The findings also
support statements by Kaiser and Hutchinson (1982) who
suggested that even a small stiffness reduction may cause
stress redistribution. Stress contours shown in Figures 4.3
to 4.9 illustraté that there is a stress transfer to areas
further from the tunnel when a softened zone exists. Thus,
stresses near the opening wall where potential yielding
areag exist are reduced which <c¢reates a more stable

condition.



5. SUMMARY AND CONCLUSIONS

5.1 Introduction

This thesis has examined the stress change near the
face of an underground opening. It consisted essentially of
three independent studies: 1) determination of the optimum
gauge locations to obtain the highest degree of redundancy
from the least number of instruments; 2) verification of the
method of data interpretation for results from *fhe
stressmetéfs; and 3) application of these previous findings
in a field monitoring program.

The following sections of this ohapter present the
conclusions of this study and the implications on the

opening stability are discussed. Suggestions for further

research are also included.

5.2 Data Analysis Technique

Laboratory calibration tests were performed using coal
as the host material to study the gauge response in a
controlled biéxial stress field. From these results it can
be concluded that the method of';nalysis presented by Hawkes
and Baifey (1973) is correct for the first logding or
unloading cycle. However, when repeated loading occﬁrs, the
measured values dev1ate from those predicted because the
changing shape of the borehole and yielding at the contacts

may create a change in contact angle. These deviations may

or ma} not be significant depending on the material
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properties and the stress levels experiented. If loading 1s
in the direction of the gauge axis, the contact angle would
not be as greatly affected, assuming that initial contact
was high. ’

The results clearly indicate thatAthe stress normal to
the gauge loading axis pust be taken into account for proper
int retation of the measurements. The re-evaluation of a

{gzginphistqry by Kaiser et al. (1983a) found that neglecting
this normalvstress resulted in an Qnder—estimation of the
magnitude‘the principal stress.

Rotation of the principal stresses does not have a
rsignificant influence  on the gauge response. Any
discrepencies that do occur are related to the repeated
loading that had taken pléce prior to the rotation of
stresses. »
Two 'important conclusions from tgis portion of the

laboratory work are:

1) for tpe first loading cycle the gauges‘}ecord the actual
stress change with high accuracy; and
2) the gauge§ record correctly whether there is a stress
increase or decrease. R
y

5.3 Optimum Gauge Locations

A re-evaluation of the technique of data analysis
indicated that, for a restrictive set of conditions, the

optimum gauge locations could be predicted. This was done



147

for a circular opening in a linear elastic material for the
case when the direction o{ t he érincipal stress was known.
It was found that two radial or tangent&al gauges at 90° to
each —~other at p,=p;=0.816 would:be a good combinaﬁion to
cover a wide range of stress ratios. This anélysis was done
p?ior to the field. ;ork which showed that there are
additional considerations that cannot be ignored.

Re;ults from the field investigation showed that a
softened zone exists around an opening excavated by the
drill and blast technique: Aléhough no detailed analysis has
been performed, it is believed that gauges should be placed
béth inside and outside the softened zone for proper in situ
stress determination. It was suggested tﬁat some gauges be
p}aced at gleast one radius away from the opening wall
(p=0.5). to ensure some measurements are taken in undamaged
material.

Gravity and stress release causing flexure in layered
rock masses may also influence the gauge readings. The
attitudes of the discontinuities must be considered when
determining stressmeter locations. For some conditions,
gauges at or below the springline may be best, whereas for
others the stresses around the opening may be least affected
at the crown. For deep tunnels, such as the one monitored in
this study, gravity is believed to have an insignificant
effect on the gauge .response. The attitudes of the

discontinuities at this tunnel are such that flexure of the

beds due to removal of confinement would not greatly affect
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the stresses around the opening.

5.4 Stress Change Measurements Near the Face

Stress change measurements near the face of an opening
were taken both in the laboratory under controlled stress
conditions and in the field. The laboratory work consisted
of stress measureménts during overcoring and stress
redistribution tests. In the field stress measurements were
taken outside the perimeter of the advancing face and

directly ahead of the face.

5.4.1 Findings from Laboratory Work

As the face advances there i1s a stress cpncentration
directly ahead of the tunnel face. This concentration was
measured and compared to the results from a simplified
axisymmetric finite element analysis. The two values were 1n
vewy gggg\égreement which suggests that this technique may
have potential use for back-calculating the in situ stress.
Using this technique is complicated by the fact that the
gauge response is affected by changes in both principal
stresses in a biaxial stress field. .

Stress redistribution tests confirmed the expectation
that there is a tangential stress byild up with time in.
yielded areas adjacent to an opening. This has significant
implications on the stability of an opening. If these areas
are left unsupported yielding may propagate and increase the

size 'of the broken zone which may, under certain conditions,
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lead to instability. Also, it is important to recognize this
when détermining support requirements. It was 1llustrated
with ground convergence curves that increasing loads on the
liner may be expected with time with the increase being

greater when a yielded zone exists.

5.4.2 Findings from Field Program

During the instrument installations a very pOOr sSuUCCeSS
rate was achieved. This was due in part to a limited time
available for the installations, but more importantly, due
to the failure of the shear pins to break and release the
gauges from the tool. When the eyes would not shear out an
alternate recommended procedute had 'to be employed to
release the gauges. The shagé ends of the setting tool may
cut the 1lead wires of other gauges installed in the same
hole when this procedure is used. Extra wedges should be
obtained from the manufacturer and tested in the laboratory
prior to commencing with the field installations to help
save time and reduce costs. |

Only one gauge ahead of the face was functiogzl after
installation. This gauge was installed to measure the stress
concentration ahead of the face as was done in the lab. The
final reading from this gauge was obtained when the face was
4 m from the gauge. In the next blast the gauge was
destroyed. It can be conluded that the success of
instruments at this location is highiy dependent on the
blasting sequence. If a reading had been obtained closer to

|}
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the face the gauge may have provided some valuable
information for verif&ing the stress field.

It has been shown that from stress change measurements
at only a few locations, a model that approximately
describes the ropk mass behavior can be determined. As well,
the in situ stress can be back-calculated, but measurements
at more locations are necessary to define the stress field
more accurately. /

With reference to the ground convergence curve 1t has
been shown that softening around an opening may be
beneficial, if the gravitational component does not dominate
the stability of the opening. This occurs because when a
softened zone is present, more displacement occurs at the
face (and all points after the face) than predicted by
elastic theory. Thus, the installation of the support Qould
occur after greater displacement had taken place and the
load on the liner would be reduced.

5.5 Suggestions for Further Reégarch

In order to properly locate instruments around an
opening the expected rock mass response must be considered.
Further research is required to develop a better knowledge
of the thickness of soft zones that may be induced either by
removal of confinement or blast damage. In conjdnction with
this, the amount of the stiffness reduction is important in
_order to properly evaluate the opening stability. This

reduction factor, as well as the soft zone thickness, varies
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-

depending on the method of excavation.

Stress redistribution around an opening has been a
topic of much discussion, but very few field or laboratory
results are available on the subject. This study has only
briefly touched on the the pheneomenon and there is still
much work to be done to determine the importance of the
stress redistribution caused by each of the major

deformation processes outlined in Chapter 2.
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APPENDIX A

Sample Description and Testing Apparatus

P

Sample Description and Properties

The coal sample used for the slaboratory testing was cut

from a large block of coal in the manner described by Kaiser,

(1979). Joint spacing varied between 5 and 25 mm with the

major joint set striking at approximately 40° to the major

W

principal stress direction (Y direction). This joint set was

discontinuous.
The final djmensions of the sample were 625x625x212 mm.
. - .-
All sides of ‘ﬁhe sample were hand sanded to ensure the
surfaces were planar. Th;.sample was coated with plaster of
paris, separated from the coal surface bx wax paper, to help
ensure a more ﬁpiform load distribution. Holes _fbr the

extensometers were drilled and the instruments installed

keeping accurate rqurds of the exart locations. Sheets of

teflon were placed on all surfaces of the sample isolating

it from the loading H:éd to minimize friction. Locations of
the $xtensometers measuring average radial strain are given
in Apbendix B, Figure B.!1 a}ong with strain-time plots ffom
test MC7.18. Details of the stressmeter locations have been
gi&en in Chapter 2. |
Sevefal tests were done on the intact .sampfe to
determine representative - rock mass properties. This

investigation is concefned primarily with .the time

independent properties that are required to interprét the
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stressmeter results. Kaiser et al. (1983b) report both the

time dependent and the tiae independent properties of the

sample. They found that the first loading produced
[
appreciable strains due to crack closure and compression of
‘ p k

the plaster Sf paris and thds, the.stress—strafﬁ4ggrves were
non-linear. Subsequent loadings produced a ‘morg repeatable
stress-strain response.

It was found by Kaiser et al. (1983b) that no
sign}ficant anisotropy existed in the plane of bedding which
was p endicular to the proposed tunnel axis. In order to
compljiZIy describe the behavior of a linear elastié,
transverse isotropic material a totdl of five parameters are
needea; two Yprg's . moduli and three Poisson's ratios.
Methods of detgrﬁining‘theSe parameters have been ~discussed
by Kaiser -et at. “(1983b) . For the purposes of this
investigation-qpf?Ithé Young's moéu&us and the Poisson's
ratio in the plane of isot;opy aré of interest. These values
were found to- Le 1.47 + 0.32 'GpPa and 0.225 ¢+ -0.064,
respectibely. . ‘ | .

A moré‘compiete'sq; of-tﬁb:properties of this ‘material
béve bégnjpresegted by Mprgensp?rn and Nooqi% (1974), Kaiser
. énd‘yorgenstern'(1978,\199{), Kaiser et al. (1983b) and da
Fodtoura (1980) who also provi@és a summary of some of the
byéviouf results. . |

\
v
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Model Testing Equipment

The testing apparatus Yas designed by Kaiser (1979)
based on work by Heuer and Hendron (1971). Kaiser and
Morgénstern (1981) summarize the important considerations in
the design of the test system. The equipment essentially
consists Oof a reaction frame with lateral and longitudinal
restraint, a hydraulic pressuré loading system 1including
twelve rams, a safety system, and a data acquisition system.

The sample is placed in. the apparatus such that the
tunnel axis is vertical so that gravity does not have to be
included and so the tunnel can ge excavated under load. A
large concrete block covered with a steel plate comprises
the lower reaction frame while four rams are used to provide
the upper longitudinal reaction. Applied loads are monitored
by load cells, one for eacq. ram, and the longitudinal
displacements are measured by LVDT's (linear vaéﬁable
differential transformers) and dial gauges. The dial gaug;s
provide instant data to aid in ma}ntaining plane strain
conditions during loading. |

Load . in the horizontal digection was applied by eight
rams (two on each face) and wé; transférred to the sample
through load cells and a set of triangles. The triangles
have been shown to provide a satisfactory stress
distribution [Heuer ;nd Hendron, 1971].iThe lateral reaction
vas provided byﬂa cantilever with mqveﬁblg steel tie ‘des.

This inhibited bending stresses and allowed for easy éample'

Jnstallatign. ' CA

LI
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Details of the hydraulic loading system are given by
Kaiser (1979) and are summarized by Kaiser and Morgenstern
(1981). The hydraulic loading system was designed to supply
and mdintain constant oil pressure to each ram and to lock
in this pressure. As well, each ram can be pressured
individually by a hand pump. Safety switches were placed at
each ram to tﬁ;h off the air pressure if excessive movement
or rotation took place.

With the exception of readings from the stressmeters,
all of the data was recorded automatically by a Fluke 2240B
Datalogger. The data can be recorded either on paper or
magnetic tape (or both). From the magnetic tape th; data can
be transferred directly to the computer where programs .have
been developed to generate the desired plots. Thug, data

from each test can be analyzed prior to applying a new load.



APPENDIX B

This Appendix contains strain-time plots from test
MC7.18 that are used to aid 1in interpreting the stress
change measurements from this test. Also included are three
strain-time plots that are referred to in Chapter 2, one
from each of three constant stress tests that were done.
Results for three of ;he gauges from the constant, stress
tests done when the opening was present are inciudéd.

Figure B.1 shows the sample and locations of the
internal insérumentation used for measuring displacements.
The instruments ére located by reference to a cylindrical
co-ordinate system with the polar axis corresponding to that
of the principal stress direction. Station 0 is taken as the
top of the sample. All Station numbers refer to the vertical

s
distance from the top of the sample to the point of
measurement in mm. The lateral boundary displacements were
measured midway along the sides at Station 131 for Sides 1
and 4, at Station 181 for Side 2 and at Station 136 for Side
3. Longitudinal boundary dispiacements were recorded at each
corner of the sample 06 top of the loading head.

Relative radial displacements were measured at the
‘locations outlined below with r being the disfance from the

centre of the sample to the midpoint of the ‘instrument gauge

length: .
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Station 56: r = 104.1 *+ 1.2 mm at orientations of 6 = 45°,
90°, 225° and 270°;
Station B81: r = 128.6 + 3.0 mm at 45° intervals from 6 = 0°
to 3156 inclusive;
Station 106: r = 104.2 + 1.6 mm at 45° intervals from 6 = 0°
to 315° inclusive;
Station 131: r = 128.0 mm at an orientation of .6 = 90°; and

Station 156: r = 103.7 + 1.9 mm at orientations of 6 = 45°,
90°»and 225°.

Longiﬁudinal displacements were recorded at the four
corners of the sample on top of the loading head. Tunnel
convergence. measurements were taken parallel and
perpendicular to the ﬂajor pridcipal stress at Stations 139
and 62, respectively, parallel to the major joint set at
Station 113 and perpendicular to the major joint set at

Station 88. ,
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Figure B.1 Locations of Internal Displacement Measuring
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APPENDIX C

Analysis of Stress Change Measurements

This Appendix deals with the interpretation éf the
results from the vibratiné wire stressmeter installed either
in a borehole or adjacent to an opening. The coal used ip
the model tests 1S assumedﬁg? behave in a linear elastic and
isotropic manner [Kaiser et al., 1983b]). The modulus of
deformation, E , 1is directional, but his does not
significantly szect the gauge response'b%cause the medulus
is relatively small. All tests were conducted under planeo
strain conditions. Pariseau (1978) found that the plane
stress and plane strain cases are within 6% for a Poisson's
ratio of 0.25. Thus, the plane stress analysis will be used
for interpreting the results..

Hawkes and Bailey 0(1973) describe the development of
the gauge and present a method of analysis based on the
assumption of plane strain conditions. They also assumed
that the force measured across the stressmeter 'platens is
proportional to the deformation that would have occurred in
the gauge direction if the gauge had not been péesenﬁ.
Merrill and Peterson  (1969) show that the radial

displacement of a borehole is dependent on the magnitude of

both the principal stresses. For the plane stress condition:

U=D/E [(o,+a,)+2(a,-o,)cos(29)j ‘ Egn. C.¥
R
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-

where: o0,,0; = major and minor principal-streé%es in the

”»

plane of the borehole;

D = diameter of the b&®ehole;
E = modulus of deformation of the rock; and
R 2 .
6 = angle measured (clockwise) from the

direction of o,.

An "eqguivalent uniaxial stress", ¢ , can be defined and
expressed in terms of the principal strzsses. o would cause
a displacement in the*direction of the gauge e;uivalent ﬁo
those caused in the same direction by -the principal
_stresses. The radial displacement in the direction of
loading, U , can be expressed as:

~ u

U =30 D/E Egqn. C.2
u u R

" Setting U =U and substituting Egqn C.1 into C.2 yieldsﬁ
u

o =[1/3(a,+0,)+2/3(0,-03)cos(26)] Eqn. C.3
[N u ' B

Based on the assumption of Hawkes and Bailey (1973) the
~actual deformation at the gauge location must also be

proportional to the force measured. Hence,

U =30 D/E Egqn. C.4
a u G
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}

where: U = radial displacement of the borehole 1in the
direction of wuniaxial loading with the gauge

present; and

E = the gauge stiffness.
Combining Egn. C.2 and C.4 gives:

U /U =E/E , ‘ Eqn. C.5
u a G R

Pariseau (1978) presents a method of interpreting
stress change measurehents.obtained from~both hard and soft
rock dBuges based on expected displacements. Hard gauges,
such as ' the vibrating wire stressmeger, act as rigid
inclusions in the borehole because the gauge stiffness is
mucﬁ greater than the stiffness of the surrounding medium.
He Raé suggested a ‘:elationship for the expected
displacements that occur in a borehole containing a rigid

inclusion:

U /U =(1+ £,/£3) ~ Egn. C.6

u a
L 3
where: f, = a constant related to the rock.properties,'
‘borehole diameter and contact area (a
Y flexibility); and

’

f, = a constant related to the properties of the
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gauge (a_flexibility).

Within the elastic range of deformation a very rough

~ 4pproximation of .the flexibility ratios was given as:

»

£,/f,= E /E Eqn. C.7
G R

For E * much greater than- E , as is the case for the
1abora$ory tests and also in éeieral for soft rock, Egns.
C.5 and. C.6l are gssentiélly equivalent; For the Irad Gage
hard rock‘stresémeter_?ariseau's "flexibilities" may give a
signifiéantly'different result from Hawkes and Bailey (1973)
whenAE /E approaches unity. However, an indepth study of
the fgctgks ~in the analysis presented by Pariséau (1978)
woﬁldwbe‘reguirea to termine if indeed there wag a large
difTérence' and, more igportantly, if this method is: more
qo}rect. Such a review is beyond the scope bf this thesis
;né the method of agalysis outlined by Hawkes andeailey
(1973) will be employed fo; interpreting measurernients from
boﬁh- the soté rock and the hard rock‘gauges. This data
analysis technigue was shown to produce results thét are in
good agreement with those péedicted during laboratory 

calibrationm tests.

\
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Stres§ Change Adjacent to a Circular Opening .

This section deals wiﬂh the interpretation of vibrating
wire stress change measurements taken adjacent to a circular
opening excavated in an isotropic . and lineariy‘elastic
material. Flgure C.t shows a general 1n1t1al biaxial stress
condition in terms of a global X-Y c00rd1nate system. The

stress changes 'in the X and Y directions are:

A0 = 0 - 0° d
X x(final) x(initial)
‘Do = o0 - 0° - ' . Egn. C.8

y y(final) y(initial)

Prior to excavation, the .initial stress condition may be

expressed as: - ' L : .

0°= 1/2[(P+N P)+(P-N P)coszef

X . , " » .
6°= 1/2[(P+N P)-{P-N P)cos26] | Egn. C.9
y . ’ o :
- o 5

Following excavatlon of the openlng, the final stresscs at a

~

given locat1on are found from Kirsch's Equatlons [Tlmoshenko

and Goodier, 19701.“§1ng the notation in F1gurevti23

~
>

« - ) .

3

B/2 [(1+N) (1-p*)+(1-N) (1+3p*~4p?)cqs26]

o =
r : i
o = P/2 [(1+N)(1+p*);(1-N)(1+3p‘)c0526] EqQn.-C.10

6 . \
_ , S
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Figufe C.1 Ini;iaivBiaxial Stress Condition
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8

Figure C.2 Notation for Biaxial Stfessas Adjatent to Shaft
- in Isotropic. Elastic_ Gtound

3
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where [ = a/r {(r= radial distance to gauge from opening

centre).
A} Y
The coordinate system can be arranged such that:

00__: 00 .

r X

0°= 0° ' Egqn. C.11
6 Y .

The changes in tangential and radial stress are found

by combining Egns. C.8, C.9, and C.10 and simplifying: \\\//,

Ao p/2[(1+N) (-p?)+(1-N)(3p*-4p?)cos26]

Ao

p/2[(1+N) (p*)-(1-N)(3p*)cos26] ~ Egn. C.12

Egqn. C.12 represents the real stress changes that would
occur after the excavation of the opening. However, it has
been shown that the stress change measured by the Irad
stressmeter is dependent on changes in both the priﬁcipal
stresses. Later in ;his Appendix it will be shown that o,
and ¢, in Egn. C.3 can be replaced by a specific pair of
orthogonal stresses; oéé of which coincides with the gauge
direction. Thus, for gauges placed either fadially or
tangentially, P and N.P. (or o, and o,) “an be repléced by
o and ¢ . A 'stress change recorded by the‘gauge can be

r 6
expressed as:
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Ao = 1/3(b0 +Da )+ 2/3(Ao -Oc )cos 2a
6G 6 r 6 r
Do - 1/3(b0 +0o ) +2/3(bo -Bo )cos2a Egn. C.13
rG 6 r 6 r ‘
Ry
o
where: Ao 40 - stress change measured by tangential
6G - rG
' and radial gauges, respectively; and-
a = angle- measuredm>frpp' the tangential

direction (clockwise).

This is further reduced to:

|2
Q
]

Ao -1/300
6G 6 r
& . )
Ao Ao -1/34 o Egn. C."4
’ - rG r g -
: L

(]

i

Subsituting Egn. C.12 into C.14 and simpiifying gives: ~

Ag. = P [(—2p’/3)(1+N)+(2p‘-2p;)cosZO%T-N)]
rG . '

2 .
[

Ao = P [(2p’/3)(1+N)+(2p’/3—2p‘)cosZG(\—N)]’ - .Egn. C.15
6G : . . ) .
’

& ’

The preceding analysisv is applicable for gauges

installed in a prestressed material. The laboratory testing

I d

involved gauges installed under zero stresé. For this

condition the change in radial and tangential stress are
A C»
equal to the stresses following excavation of the opening

&
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(Egn. C.10)-. Substitufing Egn. C.10 into Egn. C.14 dgives the

gauge results:

Y

Ao = PL(1+N)(1/3+42/3p2)+(1-N)(-2/3-2p*+2p*/3) cos26]}
6G .

Ao = P[(1+N)(1/3-2/3p*)+(1-N)(2/3+2p*-2p*/3) cos20] Egn.C:.16
r N

or
Ao = P[(C+CN)*(-B+BN)cos 26]
6G '
Ac = P[(A+AN)+(B-BN)cos26] Egn. C.17
rG ‘
where: A = 1/3+2p*/3
B = 2/3+2p*-2p*/3
C = 1/3+2p%/3. //,'
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This section provides a derivation to show that for the.

special case of 6 = 0° or 90°:

y 1/3(P+N P)+2/3(P-N P)cos2f=
1/3(0 +0.) +2/3(0 -0 )cos2a Egn C.18
x Y x Y ¢

Figure C.3 shows a Mohr circaf for a general stress
condition with arbitrary prin¢ipal stresses. Employing the
principles of the Mohr circle, P and N.P. can be expressed,
as follows, in terms of ¢ , o , 6 and a with respect to any

X y
plane A-A;

pP=(o +0 )/2 + (6 -0 )/ [2cos(26-2a)]
X Yy X Y

NP = (0 +0 )/2 - (6 -0 )/ [2cos(26-2a)] Eqn C.19
Xy x y

-

rWhen EqQns. C.19 are substituted into the left hand side of
Eqn. C.18 it can be seen that the two sides of Egn. 18 are
equal provided 6 = 0° or 90°.

The preceding steps can be applied both before and
after‘,éxcavatio;. Therefore, replacing the principal
stresses in Egqn. C.3 with a pair of orthogonal stresses, one

 of which is parallel to the direction of the measured

uniaxial stress, does not influence the final result.
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(01‘03)/2

a= angle from o direction to Plane A-A
6= angle fromO,xdirection to Plane A-A
p= major principal stress (=0,)

N.P.= minor principal stress (=0,)

o , 0 = normal stresses on a given plane
X y

Figure C.3 :ghr piagram Showing Stresses On an Arbitrary
ane



APPENDIX D

This Appendix contains a paper co-authored by the
Author of this thesis. It contains a description of the
operation of the Irad Gage Vibrating Wire Stressmeter. Also
included in the paper is some analytical work -done by the
Author to determine the optimum gauge. locations around a
circular opening in a linear elastic material. A description
of the instrumentation program at the Kipp shaft and a
gummary of Fhe previous results are presented. The results
are re-evaluated using the method of data interpretation

outlined in Appendix C.
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Abstract

.An innovative approach for the determination of the in
situ stresses in clay shale was adopted during the
constfuction of a shaftt. The stress changes that resulted
during face advance were recorded by stiff 1inclusions
measuring uniaxial stress changes. From these stress change
measurements it was possible to calculate the in situ stress
field and, together with extensometer measurements, to
determine the in situ deformation modulus of the rock mass.
The test procedure and the dafa interpretation are discussed
together with an evaluation of the optimum 1nstrument

locations. Some longterm measurements are also presented.

Keywords

In situ stress, stressmeter, rock mass deformation
properties, monitoring, instrumentation, shaft, underground

openings.
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1. Introduction

.Owners, contractors and engineers are becoming
increasingly aware of the benefit incurred from monitoring
of underground excavations. Monitoring can provide a means
of validating empirical design criteria and evaluating'
safety and performance of the rock support system. Lane
(1977) has shown that full-scale test sections on some
projects have resulted in significant éost savings. in these
cases the performance was evaluated by comparison with

predictions made for the support design and the construgtion

method was then adjusted to reduce tunnelling costs.

The design of a 1liner for an undergroundjopening
requires knowledge of the in situ stress field, the ‘ground
water conditions, the deformation and strength behaviour of
the rock mass and the properties of the support system. This
paper deals with two of thesé aspects: the determination of
the in situ stress field and the rock mass deformation

-

properties.

It is impossible a priori to.assess conclusively the in
situ state of stress in rocks because of many effects of
genetic factors that influence it. Hence, it 1is normally
necessary to measure the stresses by one of two basic grbups

of in situ stress measuring techniques:

a) Hydraulic fracturing [Zoback and Haimsoq¢1982)] whereby

the in situ stresses are back-calculated from injeétion
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pressures Tmeasured during fracturing of the ground due
to low or negative effective stresses created by the

high fluid pressures; and

b) Stress rel ief methods [Hooker and Bickel (1974)],
normally executed in boreholes, whereby rock
deformations are measured while an artificial stress
change is created, e.g., by overcoring a deformation
gauge. These deformation measurements are then used to
determine the in situ stess "field after the rock
deformation properties have been determined by testing
the recovered Tock core. Alternatively, the stress
change in a stiff inclusion may be recorded during
overcoring and then used to back-calculate the in situ

stress field.

,

The basic principles of this second technique
constitute the concept of the approach adopted to measure
the in situ stress field during the monitoring project
described later. 1Instead of overcoring a stiff inclusion,
the change in stress was recorded during ‘'undercoring' or,
more accurately, excavation of an opening between gauges
measuring the local change in stress, Fgom these
measurements it is possible to determine the in situ stress
field, if the instruments record correctly the actual change
in stress during excavation and if an acceptable gyalytical
model for the rock mass response can be found.- For the
following, it will be assumed that the rock behaves.like a

N

/

J
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linear elastic continuum.
~

The deformation properties of the rock mass are
normally determined by extrapolation from measurements made
on small, intact rock samples, by application of rock
classification systems [Bieniawski (1978)] or, on major
construction prpjects, by in situ pressuremeter or plate
load tests. Alternatively, conventional tunnel wall
convergence or multi-point extensometer measurements are
frequently made for the determination of the rock mass
deformation properties [Kruse (1970)]. Their analysis 1is
complicated by the fact that it is seldom possible to
install extensometers or convergence points in the
undisturb?d rock mass, before the underground opening has
been partially excavated. The magnitude of stress change
that occurs during the measuring period is therefore largely
unknown. Because of the large stress graéient near the
excavation face, it 1is likely that the stress change and,
hence, the back-calculated deformation modulus may be
significantly over or underestimated. An accurate
determination of the deformation modulus is only possible if
the related stress change can be predicted or, more
appropriétely, measured accurately by recording the amount
of stress change ahead of the face, before the extensometers
aré installed, and while the displacements are measured by
extensometers. Combination of radial strain or displacement

measurements with records of local stress change

observations leads to a significant improvement of the
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accuracy - of back-calculated rock mass deformation
properties. Other difficulties that have to be overcome
during the interpretation of convergence measurements have

been discussed by Kaiser (1981).

This paper presents briefly a description of a field
instrumentation study and a - discussion of the problems
related to the data interpretation. Factors affecting the

-selection of the best location for positioning stress change
instfuments for the purpose of deté;mining the in situ
stress field are also discussed. The monitoring program was
conducted d&ring the‘.sinking Bf a vertical shaft in clay
shale to gath;r data for the design of future inclined mine
adits. Results of this investigation and an evaluation of

the liner behaviour and support - ground interactjon by

means of the convergence -: confinement method were already

)
1

presented by Kaiser and Mackay (1982).

2. Project Description and Instrumentation Program -

-

In 1980 a 4.32 m finished diamete} cghcrete linéd‘shaft
was sunk to a depth of 235 m at a coal mine site owned By
Petro Canada Explorations Ltd., at Kipp, near Lethbridge 1in
Southern Alberta. The- shaft was sunk by Thyssen Mining
Construction of Canada Ltd. using conventional shaft sinking
methods as des¢ribed by Kaiser and Mackay (1982), Kaiser et
‘*J al. (1982) and Mackay (1982). The 1lining construction

generally followed one to two shaft diameters behind the
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shaft bottom. Shaft sinking through the bedrock progressed
«at a rate of about 3 to 4 m per day. The rock was seldom
unsupported for more thén 16 to 20 hours except during
regular four:day work stoppages after a ten-day construction

period.

The site geology consists of about 60 m of glacial clay
till underlain by about 6°'m of saturated basal sands and

gravels over Upper Cretaceous bedrock. This bedrock consists
. - R g hl
of the marine Bearpaw Formation composed ¥f clay shales,

siltstones and mudstones from a depth “of about 66 m to

L 4

198 m. The non-marine Oldman Formation extends to a depth
bélow the bottom of the shaft and conformably underlies the
Bearpaw Formatio;. This formation consists of intefbedded
sandstones and shales with frequent coal seams in the

s

uppermost member.
r'd

A field testing and monitoring program was conducted in
the Bearpaw Formation during the sinking of the shaft and

the folldwing instrumentation was installed at three levels:

111 m depth: 3 multi-point borehole extensometers; 16
vibrating wire embedment strain gauges in
the concrete liner; 1 piezometer.

152 m depth: 3 radial and 4 ‘tangential vibrating wire

borehole stress change gauges; 8 embedment
gauges in the concrete liner; 1 piezometer.

180 m depth: 3 multi-point borehole extensometers; 8
embedment gauges in the concrete liner.

This instrumentatidn was installed in the shaft at each

level during four-d#y work shutdown periods.
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> In addition to the installation of these instruments,
an attempt was hade to determine the in situ stress field at
a  depth of 91 m (24 to 25 m-below the bedrock surface) by
overcoring. a U.S.B.M. deformation gauge.. Due to t ime
limitations testing was restricted to one single horizontal
borehdle oriented at N50°W approximately perpendicular to
t He expected direction of the major horizontal principal
stress. Of the fo&r tests conducted {n~ thi;_ boréhole only
~two Qere considered reliable becéuse aﬁ open bedding plane
f;acture penetrated the retrieved core in the other two test
sections. The results of these two tests, conducted at
1.85 m and 6.6 m from the' shaft wall inside the stress
concentration =zone created by the shaft, indicated that the
'vé;tical stress was slightly 1less than the overburden
pressure‘and that the horizontal stress perpendicular to the
borehole was about twice the overburden pressure. It was pot
potsible to reach 4a conclusive answer from -only &wo.
heasurements~ but after adjustment for the stfess
.concentration near ‘the shaft botﬁom it was found that a
vertical stress éqgual to the full overburden pressure and a
Ko 3 1.5 could describe the stress pattern in the area. The
minimum horizonta& stress could not be estimated but the
testing/ was considered successful because it demonstrated

that the U.S.B.M. technique can be applied in the weak clay’

shaleés and siltstones of the>prairie rocks.

Figufe 1 shows the location of eight strain gauges

4 - .

embedded in the concrete liner and seven IRAD stress change

hd »

s
¥
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gauges placed at the 152 m level. The stress change gauges
were installed 10 m ahead of the shaft bottom from a depth
of 142 m in steeply inclined boreholes drilled into the
shaft wall. The stress change gauges were orientated

radially and tangentially with respect to the shaft

perimeter.

Figure 2 presents the five-point horizontal borehole
extensométer layogt at the 180m level. These extensometers
as well as the ones at the 111 m level were installed about
1 m above the shaft floor. Readings were obtained after each
round of blasting wuntil the liner was cast over the
extensometers. The extensometers were extended through the
liner, but long term measurements could only be obtained for
one extenéometer because of damage of the anchor heads

during cpncreting or blasting.

The vibrating wire piezometers placgd at the rock-liner
interface recorded no significant water pressure build-up on
the liner. Some water seepage through the liner was observed
parpicularly in the upper portion of the bedrock but it 1is
likely that the construction joints acted as drains and it
is believed that little water pressure existed at the test

section.
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3. The Irad Gage Vibrating Wire Stressmeter

The Irad Gage Vibrating Wire Stressmeter was developed
for the U.S.B.M. to provide a low cost system for monitoring

long term stress cﬁanges in rock. Hawkes and Bailey (1973)

provide a complete  description of the gauge, its
-specifications, the installation techniques and data
analysis procedures. Applications of the gauge to
underground mining and civil engineering projects are

discussed by Hawkes and Hooker (1974) and Sellers (1977).
The gauge consists of a hollow steel cylinder with a
vibrating wire strain gauge. It is activated diametrically
across a 38.1 mm diameter borehole by wedging of the gahge
body. The gauge 1s available in two models, a hard rock
gauge with a maximum éontact angle. between gauge platens and
borehole wall of 20° and a soft rock ﬁodel with a maximum
contact angle cof 112°. The.largér platens were uéed during
this 1investigatiion to reduce the pos;ibility "of, local
yielding bf the rock. For a linear elastic material, the
relationship between the uniaxial rock stress chaﬁge in the
direction of the 1loading axis of the“géuge and the wime

tension [Hawkes and Hooker (1974)] is linear:

Ao = Do /a A ) ‘ Egn. 1
R w : :
where a 1s the uniaxilal gauge sen51t1Ylty factor and Ac -and
- R
Ao are the changes in rock stress and wire stress

w . .
respectively. Hawkes and Bailey (1973)> presented an
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experimentally determined relationship between the wuniaxial

gauge sensitivity factor and the Young's Modulus of the host

material for both hard rock and soft rock gauge modgels, —For —
the soft rock gauge the sensitivity factor a 1s:
a = 11.4 ¢ 95.7 x 10°* E [kPa] Egn.?2
g L R

where E is the Young's modulus of the rock. It follows that
R - :
the uniaxial gauge sensitivity factor 1s relatively

iqsensitive to variations in the assumed rock modglys. For
example, if the rock modulus were 2 GPa instead of 7 GPa the
uniaxial gauge sensitivity factor would~decrease by less
than 5%. In comparison, a similar variation in rock modulus,
assumed for the calculation of the in situ stresses from
measurements by a soft borehole deformation gauge such as
the U.S.B.M. cell, would result in a four fold error in the
calculated stresses.

4. Use of Stress Change Gauges to betermine in Situ Field
Stresses ’

For the following it will be éssummed that a circular
hole is excavated in a linear elastic material and that the
final state of stress can be described by assuming plane
stress cdnditions-(typical for a shaft far from .the three
dimensional state of stress near the shaft bottom). Pariseau
(1978) illuéﬁrated for a Poisson's ratio of 0.25 that
differences in the order of 6% must be éxpected for the

plane strain condition. The initial stresses 1in the rock
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are:
0 = (S/2) [(1+N) + (1-N) cos28]
r
o0° = (S/2) [(1+N) - (1-N) cos26] = o° at 6 = 90° Egn. 3
8 r
r° = -(S/2) [(1-N) sin26] <
ro
whé;e: S = principal biaxial stress (horizontal for
~shaft);

NS = minor or major principal biaxial stress
.perpendicular to S (assumed horizontal for
shaft);

6 = angle measured from Wirection of S (clockwise)

to the direction of 0°; 0° and o0° are radial and
r r S
tangential stresses; 7° is the shear stress at
' rod
the same location.

/4

The radial and tangential stresses adjacent to a
circular opening in an elasti’;redium are given by

¢

Timoshenko and Goodier (1970):

o =,(8/2) [(1+N) (1-p*) + (1-N) (1’p‘-4p’) cos26)

o = (S/2) [(N+N) (1+6%) - (1-N) (143p*) cos26] Eqn. 4
T -(8/2) [(1-NP (1-3p* + 2p?) sin26)

. ‘

wvhete p = a/r (a = radius of opening and r = distance to

point of stress determination).

"Hence, the stress change that occurs during excavation of a

circular opehing corresponds to the difference between the

-~
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[

preceding eqguations (Egn. 4 and 3): A0 = 0 - ¢

Ao = (S/2) [(1+N) (-p?) + (1-N) (3p*-4p*) cos2f]
.

Do = (S/2) [(1+N) (p?*) - (1-N) (3p*) cos26] Eqn.5
6

At = -(S/2) [(1-N) (-3p*+2p?) sin28])
ré

(Positive values indicate a stress increase).

Vibrating wire stress gauges placed near an underground
opening, however do not record these stress changes
directly. The stress change recorded by wuniaxial stress
cehange gauges 1is an T"egquivalent uniagial stress” that 1s
affected _by changes 1in both principal stresses. This
equivalent wuniaxial stress would cause deformations in the
direction of the gaugé that are equivalent to those caused
by the principal stresses in the same direction. In
determining the relationship between the equivalent stress
and the principal stresses it is assumed that the force on
tﬁe stressmeter platens is.proportional to the deformation
that would hawve occurred if the gauge had not been present
[Hawkes and Bailey (1973)]. Merrill and Peterson (1969)
proyide a detailed derivation of the relationship between
the radial qggplacement u of the borehole ‘wall and‘ the
magnitude of the two principal stresses in the pléne of the
borehole in an elastic medium. For the plang stress

condition it follows that:

AN

,u=D/E [(0,%0,) + 2 (04-03) cos26) Egn.6.a
R

® \ ¢
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where: 0,,0, = principal stresses in the plane of the

borehole or opening;

)
n

diameter of the opening; and

6 = angle measured from direction of o,

/

The radial deformation of a bogééole in the direction of a
e

(clockwise).

. : ) /
uniaxlial stress 1s:
u = 3Do /E Egqn.6.b
u R
where: o = uniaxial stress in the direction of the
u

displacement u.

After substituting Egn.6.a into Egn.6.b and rearranging, it

follows that the stresé change recorded by the gauge 1is:

Ao = 1/3 (Ao,+00,;) + 2/3 (Ao,-Do;) cos26 Egn. 6.c
G
where: A¢ = equivalent uniaxial stress recorded by the
© stress change gauge (corresponding to o in
Egn.6.b); :
Ao, = stress change in the major principal stress
direction;
‘ Ao, = stress change in the minor principal stress
direction; and
6 = angle measured from direction of 0,

(clockwise) to the gauge location.

-

It can be shown that the pair “of orthogonal stresses

(i.e., from 'Egqn. 5) at 0° and 90° to the direction of the
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desired uniaxial stress change <can be used 1n Egn. 6.c.
Thus, Egn. 6.c can be rewritten as:
Ao = 1/3 (Do +080 ) + 2/3 (Ao -Bo ) cos26 Egn. 7
G 6 r 6 r
where: 6 = angle measured from o (clockwise) to the
S
gauge orientation.
Recent tests conducted on large coal samples, under
controlled stress conditions 1n the laboratory [Korpach
(1983)] have shown that Egn. 7 can be used to predict rock

stress changes with reasonable accuracy.

Hence, the uniaxial stress change recorded by radial

and tangential gauges follows from Egns. 5 and 7:

Ao = Ao - 1/3 Ao or
rG r 6
Ao = S[(-2p*/3)(1+N) + (2p*-2p?) cos26 (1-N)] Egn. 8a
rG
and
Ao = Qo - 1/3 fo or
0G 6 r
Ao = S[(2p*/3)(1+N) + (2p3/3 - 2p*) cos26 (1-N)] Egn.8b
8G :
where: Ao = uniaxial stress change recorded by a
rG
radial gauge; and
Ao - uniaxial stress change recorded by a
6G

tangential gauge.

From Egn. 8 the original field stress can now be calculated
)

from the stress change measured by the radial or tangential



205

gauge.

For example for N = 1t:

S = -Ac /p? or S -300 /4p?
r rG

S = +A0 /p? or S = +340 /4p1 Egn. 9
G 8G ‘
Only one measurement 1s theoretically necessary to determine

the magnitude of the field stress but it is important that

the instrument location is known accurately.

Oon the other hand, for gauges placed parallel to one of
the principal stress directions (6 = 0° and 90°; ~7=0) the
principal stress S in a nonuniform stress field can be found
from the following equations:

S =80 /[(1+N) (-2p*/3) t 2(1-N)(p*-p?)]
rG
or Egn. 10

S = -Ac /[(1+N) (-2p%/3) + 2(1-N)(+p*-p?/3)}]
8G

Two measurements are theoretically sufficient to determine

the two variables S and N.

For the most general case (N, S and 6 unknown) at least
three measurements are required, or preferably, two sets of
two gauges placed either at 90° to each other or both sets
on the same side but at different distances from the tunnel
wall. However, because of the insensitivity of (cos 26) for
angles of 6 = 0 +15° and 6 = 90 + 15°, errors of less than
ahQout 10% result if the gauges are not placed exactly in the
direction of the principal stresses and Eqn§.10 can be

applied (see Section 4.1).

%
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4.1 Optimum Instrument Location

For a field monitoring project it -is important to
determine the optimum gauge locations, to get the most
accurate results for all required design parameters and to
achieve the highest degree of redundancy. In the following
section it will be assumed that the orientation of the
principal stresses 1s kpown or can be assumed, and that the
gauges are installed on the principal stress axis (6 is
known). These axes are assumed to be parallel or

perpendicular to the axis of a circular opening.

The optimum instrument location 1in terms of gauge
orientation (radial or tangential), location (6 = 0° or 90°)
and position (p-value; distance from opening wall) can best
be evaluated by varying individual parameters separately and
by comparing various combinations of these parameters. The
principal stress S <can then be expressed in terms of the
stress change recorded by a radial or tangential gauge
installed at 0° or 90° ffom the major principal stress
direction and depends only on the stress ratio N and the

gauge position. From Egn. 10 it follows for gauges at ¢ =0°:
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S = Ao / [A + NB]
8G
or S = Ao / [NA + C]
rG
and for gauges at 6 = 90°: Egn. 11
S = Ao / [AN + B]
8G
or S = Ao / [A + NCJ]
rG

where: A = 2[(2p%/3) - p*]
B = 2p°

C = 2(p* - 4p*/3].

By equating any two of these equations it 1s possible to
calculate the stress ratio N in terms of a stress change
ratio SCR and for various gauge positions p. For example,
using two tangential gauges at 90° to each other the stress

ratio N 1is:

N = (A, - SCR,,. B,) / (SCR,; A, - B,) Egn. 12
where: A = A of gauge i; 1 = 1, 2;
i
B = B of gauge ij 1 = 1, 2; and
i
SCR, ; = Ao /Ao = ratio of two stress change
6G1 6G2
measurements. The first subscripts refer to

f 4
the - gauge orientation " and the third

subscript i refers to the gauge number.

’
Figures 3 to 9 show double 1logarithmic plots of
principal stress ratio N versus stress change ratio SCR

generated for various combinations of gauge locations,
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orientations and positions.

- Figs. 3a and b present results for two tangential gauges

on the same side at p, and p,: (a) for two gauges
parallel to the major principal stress direction
(6 = 0°) and (b) two gauges perpendicular to 1t

(6 = 90°). In both case p, 1s kept constant at a
relatively large value of p, = 0.85 and p, was varied
between p, = 0.75 and 0.45. p-values in excess of 0.85
are seldom practical because of stress redistribution in
zones of rock damage near the opening walls (i.e., due
to blasting). The accuracy of stress change measurements
is affected by many factors, such as local stress
variations 1in a discontinuous rock mass, var;ations in
contact angle of platens, etc. These factors dominate
particularly when smq}l magnitudes of stress changes are
recorded. Consequently, the stress change ratio becomes
increasingly inaccurate if it approaches =zero or
infinity. No detailed error analysis has been
undertaken, but it is our experience that stress change

ratios of SCR < 0.20 and SCR > 5 cannot be used reliably

for in situ stress determinations,

‘The two Figs. 3a and b are basically identical with
one presenting the inverse of thg stress ratio of the
other. Several ~interesting observations follow from
these figures: First, for the arrangement of gauges

under consideration stress ratios in excess of about 8
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(or below approximately 0.15) cannot be determined
reliably for the reasons given earlier. Second, because
of the steepness of the curves with small p-differences,
it follows that gauges should be placed as far apara‘as
possible. However, for p, < 0.55 the range of the stress
ratios that <can be determined reliably decreases to
approximately 0.15 to 2 f0£ gauges in the direction of
the major principal stress because of the small stress
changes that occur far ffom the opening. Large stress

ratios cannot be determined accurately in this manner.

\

Fig. 4 shows that a pair of radial gauges, both
installed on the same\side (6 = 0°), 1is not a good
combination for determining the stress ratio as most
sections of the curves are too steep or too flat for

accurate data interpretation.

Fig. 5 presents results for two tang'ntial gauges at 90°
to each other. From Egn. 12, it folldws that N = SCR for
py = p; = 0.816. This combination of! gauges can be used
effectively to measure over a relatively wide and
practical range of N-values (0.2<N<5). As both p-values

' .
decrease below p = 0.8 this) arrangement becomes less

)

appropriate for the ddqtermination of N. Again, large

stress ratios cannot be determined ‘reliably.

Fig. 6 presents the case of a pair of radial gauges at
90° to each other. Because of the relatively flat curves

(Fig. 6.a), these radial gauges can be used to determine
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relatively large stress ratios provided they are..

positioned close to the opening or with a relatively

large differential radial distance p. However, the
measurements are extremely sensitive to the gauge
position, a parameter that, at the present time, 1s

relatively difficult to determine accurately 1in the
field. For small p-values this sensitivity is eliminated
but then the range of the stress ratio N is severely

{
restricted.

In Fig. 7 one radial and one tangential gauge, both on
]

the same side, are combined. This arrangement does not

appear to be desirable for stress ratios significantly

different from unity unless p of the tangential gauge 1s

relatively large.

Fig. 8 demonstrates the importance of accurate
determination of the gauge position p for the case of
radial gauges at & = 0° and 90°, particularlyb when
relatively small stress change ratios (i.e, <1) are
measured for this (particular case. This can best be
illustrated by an example: for SCR = 0.5, p, = 0.85 and
p; = 0.65, N is 3.2. However, if p, varies by about 16%
from 0.8 to 0.9, N changes from 2.3 to 6.1, and, if p:
varies between 0.6 and 0.7, N ranges from 3 to 3.8. This
sensitivity decreases rapidly if measurements are made
further'away from the opening. However, because of the

reduced stress change measured far from the excavation
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the accuracy of these measurements is reduced.

- Fig. 9a demonstrates the sensitivity of the results to
variations in the .gauge location relative to the axils of
principal stresses (deviation of 6 from 0° or 90°). The
case of two tangential gauges at 90° to each other 1€
presented in Fig. 9.a while Fig. 9.b shows the case of
two tangential gauges on the same side (6 = 90°). It can
be seen that deviations of +15° from the principal
stress direction will not introduce significant errors

for stress ratios N between 0.3 and 3.0.

. In summary, some general recommendations “for the
optimum locations of stress change gauges near a circular
opening with axis parallel to one of the principal stresses
can be given. Both the radial and tangential gauges located
at either 6’= 0° or 90° and placed 1in strategic positions
can be used effectively for the determination of the' stress
ratio N and the magnitude S. The best combination for
intermediate N-values is two tangential or two radial gauges
set at 90° to each other at p, = p, = 0.816. By placing two
sets of gauges (radial and tangential gauges on the same
side) one degree of redundancy can be obtained to check the
results. This arrangement is not adequate for extreme
N-valueé in excess of 8. One radial and one tangential gahge
on the same side at p = 0.65~can be used for N between 0.4
and. 3.0. It may be prudent to install some additional gauges

at this slightly smaller p-value, especially if errors in
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the p-determination are likely. A high degree of redundancy
is also required because of the local variation in stresses
in discontinuous rock masses or local stiffness variations
in the rock. In relatively weak rock, large stress
concentrations cannot be maintained over long periods of
time, and relatively wuniform stress distribution can be
expected. It is for this reason that the data interpretation
of only seven stress change gauges lead to relatively

-

consistent results at the shaft near Lethbridge.

4.2 In situ Stress near Leyhbridge, Alberta

A field monitoring program was conducted during the
sinking of a vertical shaft as described in Section 2. The
results of this program have been reported by MacKay (1982),
“Kaiser and MacKay (1982) and Kaiser ét al. (1982). 1In the
folkowing some of the conclusions frompgfevious work are
summarized and a re-evaluation of the in situ stress field,

calculated from the stress change gauge measurements, 1s

presented.

Kaiser et al. (1982) predicted the in situ stress field
from stress change Qgauge measuremeﬁts based on the
assumption that the stress change measured by a gauge was
independent of the stress normal to that gauge, i.e., a
radially oriented gauge meaéured only radial stress change

and was not influenced by the tangential stress change. A

blast damaged zone of 0.3 m was assumed and compensated for



213

by increasing the opening radius by 0.3 m to an equivalent
opening size of 3.6 m in diameter. They found that the least
scatter of results was achieQed when the tangential and
radial stress change data were considered independently. The
radial gauge data were disregarded and the 1n situ stress
field at the test section (152 m depth) was estimated from

the tangential measurements only:

o = 4.25 MPa .

h(max) b
N = 0.6
6 = East-West

the maximuq horizontal principal stress;

It

where: o}

h(max)
N = horizontal stress ratio o /o :
h{min) h{(max)
and g :
6 = direction of o

h(max).

MacKay (1982) also assumed that the gauge response was not
affected by stress changes normal to the gauge loading axis
but considered both the tangential and radial gauge
measurements simultaneously for interpreting the in situ
field stress because he found that the tangential gauges
alone were of limited value for the determination of the
orientation of the principal stresses. He then predicted the
in situ stress 'fieLa at the Kipp mine site for the 152 m

depth assuming again a blast damaged 1’he of 0.3 m in depth:
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0 = 4.25 + 0.5 MPa
h(max)

N = 0.5 to 0.8

6 = S 40° W + 20°.

The response of one radial gauge, on the outer south
side, did not fit well witp this overall analysis. With the
exception of the principal stress orientation, this
prediction was in good agreement with that of Kaiser et al.
(1982). The orientation determined by MacKay (1982)
corresponded closely to the stress orientaion predicted by

Gough and Bell (1981) and Babcock (1978).

The stress change data from the Kipp shaft has recently
been re-evaluated employing the method described in
Section 4. The resulﬁs from both the radial and tangential
gauges were éonsidered simultaneously and this analysis,
unlike the preceding ones, assumed that the gauge response
is influenced by stress changes normal to the gauge axis. A
blast damaged zone was also accounted for by increasing the

actual opening size to an equivalent opening size.

For a chosen stress ratio N <curves were plotted
(Fig. 11) wvarying the minor principal stress and the
angle 6, the orientation of the minor principél stress 1in
this case. A regréssion'analysis was done, "~ even though a
very small number of data points were available, ané the
best fit curve for a given stress ratio N was found.
Ff;ure 11 shows the theoretical stress distriQutions for

three of these cases with N ranging from 1.6 to 3.8. It can
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be seen that for p < 0.85 there 1is little distinction
between the three curves and that any one of these sets of
parameters could equally well define the stress field. The
angle of orientatio% 6 1is relatively constant for these
three curves but the minor principai stress varies
considerably. However, these large variations in the minor
principal stress can be attributed to the uncertainty in the
stress ratio N which cannot be determined accurately from
the gauge locations selected for this project. The
tangential ' gauge in the west wall appeared to give
consistently péorly fitting réadings for all cases where

otherwise a reasonable fit could be achieved to the

remaining gauge records (Figure 1i1l.a). .

<«

From this detailed analysis, "the orientation of the
minimum principal stress was found to be 6 = S60°E * 10°.
The other parameters coulab not be de;eggined with high

r é " -

accuracy. Nevertheless, the results from this &nalysis have

been used to establish a new estimate of the in situ field

stress, in terms of the maximum principal stress o , at
. h(max)
a depth of 152 m for the Kipp mine site:
(1 = 5,1 ¢+ 0.6 MPa
h(max) e
N = 0.45 ¢ 0.2 v
0 = S30°W+10°,
L
The larger value for the maximum principal stress 1is

~

attributed to including the effec®s of the stress normal to

the gauges. Furthermore, it can be shown that for a more .



accurate determination of N gauges should have been placed
in the directions of the expected principal stresses.

Al

Gough -and Bell (1981) performed a regional study of
wall breakouts in uncased o0il wells in Alberta and
northeastern British Columbia and found the major horizontal
principal stress to be approximately normal to the Rocky
Mountains in a NE-SW directioh. Babcock (1978’ reported the
major principal horizontal stress orientated N30°E as
obtained from measuring oil well breakouts in this area at
depths og 1280 m to 2194 m. Both the re-evaluated results
and those of MacKay (1982) are in good agreement with these

investigations.

Reviewing the results from these three analyses,
several observations pertaining to the data interpretation

and selection of gauge locations can be made:

- an incorrect orientation of the major principal stress
may be calculated when radial gauge results are not

considered;

- neglecting-the influence of the stress change normal to
the gauge does not appear to affect the determined
orientation angle 6, but does affect the magnitude of

the predicted major principal stress; and

- gauges should be placed in the directions of the
principal stresses for a most accurate determination of

the stress ratio N.



4.3 Longterm Stress Change Measurements

The longterm stress changes inside the rock mass
surrounding the underground opening are of interest for two
main reasons:

(a) for the support evaluation and (b) for the

interpretation of convergence and extensometer records.

a) For the suéport evaluétion: As soon as the liner 1s
activated the radial stresses at the wall will increase
and cause a propoffffhgl radial stress increase at the
gauge ~ location. Simultaneously, the tangential stresses
will decrease as load is transferred to the lining. This
latter tangential stress decrease may, however, be
dominated by creep of the highly stressed rock near the
stress change gauges.

b) For the interprg}ation of convergence or extensometer
measurements and the determination of the rock mass
deformation properties: Most in situ measurements of
displacements inside or near underground openings are
only possible during a limited time period, after
partial or full face excavation of the opening and
before the final support system is installed. Hence,
extrapolations are necessary to dgtermine the
pre—excavgtion displacements and the deformations that
accumulate after support installation. The reliability
of such extrapolations can be significantly increased by

stress change measurements. This aspect will be covered

*
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1n more detail in Section 5.

The stress change record 1is also of interest for a
better understanding of the stress redistribution processes
that might occur during time-dependent propagation of a
yield zone near the opening or while openings are excavated
in the vicinity of a monitored opening, i.e., during nearby
mining operations. This latter aspect could not be
investigated at the Kipp Mine because mining was limited to
minor test excavations to evaluate roof stability and to
obtain a representative coal sample for guality

determination.

Figqure 12 presents the longterm stress change
development over a 830-day period for all seven gauges. AS
expected, the radial gauges show a stress decrease while the
stresses in the tangential gauges increase. The location of
the shaft bottom relative to the plane of measurement 1s
shown on Figure 12.a where it is also indicated that some
mining operations may have influenced the measurements
between about 100 and 300 days after the monitoring section
was passed. It is of interest to note that a major portion
of the total stress change occurred ahead of the face
(42 to 59% of the tangential stress) and only a relatively
small stress change duriHé the extensometer monitoring
period (6 to 21%) from the time of installation to when the

cast-in-place concrete liner was poured. The radial stresses

changed even more rapidly with between 74 and 85% ahead of
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the shaft bottom and only an additional 4 to 11% before

liner installation.

The more or less steady decrease in radial stress
supports the conclusion presented by Kaiser and Mackay
(1982) that the liner is under negligible stress at the test
section. The slight, temporary radial stress increase
befween 200 and 300 days may indicate that some load buildup
could occur during subsidence due to coal mining operations.
(Note: one radial gauge (Fig. 12.a) dropped below the base
level after 36 days; hence, subsequent measurements are
unreliable.) The ;angential stress decrease that started
after 40 to 100 days may not reflect a true rock mass stress
change but rather a relaxation of the gauges wedged into the
borehole. Recent measurements indicate that these tangential
stresses appear to have stabilized after a slight increase
during coal mining (two gauges have ceased functioning after
300 to 400 days). It is possible that the peak .tangential
stress was slightly uhderestimated because no correction for

stress relaxation was included in the analysis.

The time-dependent stress change can be separated 1into
two components: (a) stress change due to time-dependent
advance rate of the shaft and (b) stress. change due to
.time-dependent rock mass properties. From laboratory tests
on small tunnels [Kaiser et al. (1983)] it has been found
that the wall convergence rate 1in relatively soft rock

(E = 1 to 3 GPa) is dominated Ry the advance rate until the
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face has passed 10 to 20 radii beyond the test section.
After this point rock mass creep prevailed 1n the cases
analysed. These conclusions cannot be generalized because of
the relative magnitudes of deformations resulting from
- opening advance and rock creep. However, from Fig. 12 it can
be seen that stress changes (tangential increase and radial
decrease) continue beyond the time when excavation was
stopped at 20 radii from the test section. Hence,
t ime-dependent stress redistribution has occurred 1in the
rock surrounding the shaft and the assumption of perfectly
elastic rock (Sections 3 and 4) is not fully justified. Lack
of Qquantitative 1information about the creép properties of
the rock mass does, at the present time, not permit more
sophisticated data analyses. Nevertheless, the assumpt ion
that the maximum stress change is related to shaft
excavation only appears to be a reasonable first

approximation.

5. Use of Stress Change Gauges to Determine Rock Mass

Deformation Properties

The radial rock mass displacements measured by
multipoint extensometers depend on the constitutive
relationship of the rock mass and the magnitude of stress
change that causes the deformations. These two factors,
material property and stress change, theoretically are

directly related but in practice many additional variables

complicate the relationship. For example, a rock mass may be
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assumed and behave linear elastic during the monitoring
stage but the stress change before the installation of the
instruments may not be predicted correctly by a linear
elastic model, i.e., due to weakening of rock at the face of
the opening that causes a transfer of stresses away from the
test section. Hence, it is necessary to determine, during a
monitoring program, both the constitutive relationship as
well as the simultaneous <change in stress field for
successful interpretation of the data. This concept was
adopted at the Kipp Shaft where the stress change and the
displacements were measured simultaneously and the
assumption of linear elastic material behaviour was checked
by comparison with analytical predictions. By this approach
it was found that the measured deformations corresponded on
average to only about 15% of the total deformations.
Accordingly, an average rock mass modulus of 2.5 GPa, was
backcalculated based on the assumption of linear elastic
material response during the monitoring period
[Mackay(1982)]. Theoreticglly, for a circular shaft in a
fully elastic, undisturbed materialx the displacements
recorded ahead of the face should be about 30% of the total
displacements, and approximately 100% of these displacements
should be reached after 4 to 5 radii from the face.
Accordingly, the predicted stress change for extensometers
installed at the face would be in the order of 60% to 70%

and the resulting rock mass modulus based on the

theoretically predicted stress change would vary between
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only 0.55 to 0.65 GPa. Because of stress redistributions due
to blast damage a%ead of the shaft bottom and half bench
blasting, it must be assumed that the extensometers were
installed at between oné half and one shaft radius behind
the undisturbed rock boundary. Consequently, it is difficult
to predict the actual stress change and, hence, the correct

rock modulus without stress change measurements.

Figure 13.a summarizes the stress change measured by
gauges located at 1.5 to 1.55a in radial and tangential
directions from the west and south wall of the shaft. The
stress changes predicted for an axisymmetric opening by
finite element analyses for gaﬁges at 1.5a from the tunnel
wall in a linear elastic medium are shown in Fig 13.b (from
Hutchinson (1982)). For all predictions, the principal
stress ratio in a plane perpendicular to the axis of the
opening was assumed to be unity. Four cases are shown:
Case 1 - unlined opening; Case.2 - unlined opening excavated
one radius further (shift of curve by la) to simulate the
influence of fully damaged rock due to blastiﬁg of the shaft
floor during double bench excavation; Case 3 - opening lined
at the face with a damaged or softened zone bne radius ahead
of the face and one third radius beyond the opening walls
(assumed ratio of Young's moduli of undamaged to damaged
rock was 2; Kaiser and Hutchinsbn (1982)); Case 4 - an

opening with stiff lining installed at the face immediately

after excavation of rounds of one radius in depth.
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From Fig. 13.a, it can be seen that the predicted
radial and particularly tangential stress change exceeds the
average observed stresé change. The maximum measured values
are, however, only slightly exceeded at the south wall. The
discrepancy in magnitude must be attributed to the
difference between the assumed and actual stress ratio N.
The tangential and radial stress change occurred much
earlier than predicted. Better correspondence in timing can
be achieved if the predicted stress change is shifted by one
radius ahead (Case 2) or 1if softened rock is assumed to
exist near the opening. Redistribution of stresses from
damaged zones to undamaged zones causes this translation of
the stress change curves. As indicated by the shaded area,
the exact shape of the real stress change curve is not
known, but it appears that the stress change was shifted by
one radius ahead of the shaft bottom due to blast damage at
the bottom of the shaft. This seems particularly reasonable
for the half bench excavation procedure adopted for the

N
construction of the Kipp shaft.

For the determination of the rock mass modulus, this
shift is of great importance. For example, for Cases 1, 3
and 2 the stress changes that occur after the face decrease
from 71 to 34 to 8% of the total radial stress change and 56
to 39 to 25% of the total tangential stress change. The
average observed radial and tangential stress changes after

the face for these 5 gauges are only 9 and 28%,

respectively. It 1is evident from this comparison that
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measurements of stress changes associated with deformation
measurements in underground openings are essentlal for an

accurate back analysis of the rock mass deformation modulus.

At the present time, there are however several factor§
that limit this approach as well as the technique described
earlier for the in situ stress determination:

a) Local stress concentrations or variations: 1.e., the two
tangential ganes in the south wall (Fig. 13.a) are
only 0.2 to 0.3 m apart but the stresses measured differ
by a facto} of two. This may be due to local stress
concentrations near discontinuities or in areas of high
rock stiffness. The gauges are relativelyiﬁmall and are
déminated by such local stress wvariations. Hence, a
large number of measurements would be needed to arrive
at a sufficiently accurate average stress change.

b) Location of gauge relative to opening wall: with current
technigues it is cumbersome to locate - the gauge
accurately; for the case presented the radius to the
gauge may differ from the assumed- by as much as 0.1
to 0.2 m. In addition, the opening size (radius a) is
not exactly known because of.local overbreaks and, mosf
importént, because of stress redistribution from blast

damage to undamaged zones. The gauges assumed af®

2

1.5a
Tay in reality be located at 1.3a, in which case the
stresses would be about 20% higher. It 1s léss likely
that r/a was underestimated., Some of the observed

discrepancies between the west and the south wall may be
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attributed to this factor.

c) Orientation of principal stresses and magnitude of
stress ratio N: Most of the data interpretation must be
based on simplified assumptions about the orientation
and relative magnitude of the principal stresses. This
may, in certain circumstances, extremely limit the value
of in situ stress éhange measurements. However, the
percentage of stress chéﬁge varies fonsistently along
the axis of the opening - (see Fig.13) and it 1s this
relative value that 1is extremely wuseful for the
determination of the rock mass modulus.

dli Cast - of gauges and reliability of setting tool: Large

Mﬁﬁiﬁfﬁéreases in the cost of the IRAD-stress gauge (only one
supplier) over the last few years and the high risk for
malfunctioning or loss of instruments during
installation make the .proposed monitoring procedure
unattractive for conventional engineering projects. This
is unfortunate because we believe that stress change
measurements should become an integral part of every
deformation monitoring érogramme. However, before this
can be encouraged further, it will be necessary to
improve both the instruments and the setting t?ol
supplied by the manufacturer. Our recent experience with
a success 'rate of less than 50% auring an underground
instrumentation project with 14 installed gauges

demonstrates unacceptable performance.
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Further field measuwements with many stress change
gauges and accurate numerical modelling will help to

eliminate some of these limitations.

6. Conclusions

The design of a support system for an underground
opening must consider the interaction of support and éround
as 1llustrated by the Convergence-Confinement Method
(applied to the Kipp Shaft by Kaiser and Mackay (1982)). For
the evaluation of this interaction 1t 1s necessary to know
the initial stress field, the deformation and strength
properties of the ground, the properties of the support

system and the displacements that occur before the ground
AN

, .

and support interact. The stress monitoring program
described and evaluated in this paper provides a rational
approach to determine the first two factors, the in situ
stress field and the rock mass deformation properties, but
it also improves the designers' ability to determine the
support-ground intergction point by measuring (rather than
predicting) the stress change that occurs before the support

is installed.

Stress change gauges can be used effectively to
"backcalculate the in situ stress field (if the ground
responds  essentially - in an elastic manner during the
measuring period) from the stress change that is caused by

.the excavation of the ﬁnderground opening.
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g

For the data interpfétation 1t is paramount that the
gauges are.slocated accurately at positions where unigue and
sensitiyve ‘hé65urements are possible. Many factors that must
be considered when locating the gauges have been discussed
and it was found that, in general, at least two sets of
gauges (at 90° to each other) at a distance of 1.2 to 1.25
times the opening radius should be installed. In addition a

s
redundancy factor of at lgést 2 to 3 will be necessary to

guarantee sufficient data for a conclusive interpretation.

N

Most in situ tests for the determination of the rock
mass properties are ".based on an aqsumed change in stress
that causes deformations. Th;‘\data‘ collected during the
monitoring of a shaft by extensometers has shown that it is
not possible to predict this stress change with ~sufficient
accuracy and that it 1s beneficig; to measure the stress
cﬁange before and while deformations :are monitored. This
simplifies the analysis and }nfregées the accuracy and

\

reliability’ of extrapolations that "are necessary for the

determination of rock mass deformation properties from in

situ displacement records.
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Section and plan view of instrumentation at

152 m depth.
Plan view of extensometer at 180 m depth.

Plots of principal stress ratio N versus stress
change ratio SCR measured by gauges located at
varying distances from the opening wall for: (a)
two tangential gauges at 6 = 0°; and (b) two

tangential gauges at 6 = 90°.

Plots of principal stress ratio N versus stress
change ratio SCﬁ measured by gauges located at
varying distances from the opening wall for: (a)
two radial gauges at 6 = 0°%; andA(b) two radial

gauges at 6 = 90°.

Plots of principal stress ratio N versus stress
change ratio SCR measured by: two tangential

gauges; one at 6 = 0° and one at 6 = 90°.

Plots of principal stress ratio N versus stress
change ratio SCR measured by: two radial gauges;

one at 6 = 0° and one at 6 = 90°.

Plots of principal stress ratio N versus stress
change ratio SCR measured by: one tangential and

one radial gauge at 6 = 0°.

Plot of principal stress ratio N versus stress

change ratio SCR to illustrate effects of ¢
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Figure
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inaccurate p-determination for two radial gauges
(one at & = 0° and one at 6 = 90°) for: (a)
inaccurate small p-value; and (b) inaccurate

large p-value.

Plot of principal stress ratio N versus stress

change ratio SCR to 1illustrate effects of
inaccurate f-determination for: (a) two
tangential gauges; one at 6 = 0° and one at 6 =

90°; and (b) two tangential gauges at 6 = 90°.

Plot of principal stress ratio N versus stress

change ratio SCR measured by gauges located at

‘various distances from the opening wall for: (a)

one tangential and one radial gauge at 0°; and

(b) one tangential and one radial gauge at 90°.

Theoretical uniaxial stress distribution for
different N, 6, and S parameters ;ompared with
measurements from the Kipp Shaft for: (a) West
wall; and (b) South wall (X = Distance from

shaft bottom).

Long term uniaxial stress change measurements
recorded at the Kipp Shaft for: (a) Stressmeters
at p = 0.65 (South wall); and (b) Stressmeters
at p = 0.51 (South- wall) and p = 0.67 (West

wall). °
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Uniaxial stress change development during shaft
advance: (a) measured by five gauges at a
distance of 1.5 to 1.55a from the shaft center;
and (b) predicted by Finite Element Method at

~N

1.5a for four cases (Hutchinson, 1982).
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