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‘ABsTRACT i

The ‘performance of a 235m deep by 4.3m diameter
concrete lined circular shaft, excavated in weak ‘rock
(Bearpaw Formatlon) at Klpp, nea thbrldge, Alberta for
Petro CanadaExplorat1on ‘¢n§§$}5ﬂég$*mented and analysed in .
this thesis. < itwwiﬁ'

A' field programxwas undertaken'during construction of
the shaft to measure in situ stresses, tﬁe' rock mass
displacehent ‘field, the rock stress changes which occurred
during the shaft advance and the stress build up on the
liner. )

Stressmeter measurements obtained“near the advancing
shaft bottom have been used to calculate the or1entat10n and

magnltude of the principal horlzontal stresses The in situ

modulus "of elasticity was estimated by cdupling measured

- stress changes with the radial rock mass displacements which

occurred  between, the < shafr' bottom and the liner
installatioh. ) '/

The monitoring and in Sitd_tesﬁing'program has provided
the-necessary.cogponents‘ required to evaluate the sghaft

performance through wuse of the Convergence-Confinement

“ Method. Reasonable agreement was obtained between the

measured and predicted support interaction points for the

152 and 180m levels,.
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1. INTRODUCTION

1.1 General

Large areas of western Canada and the United States are
underlain by soft and weak "shale" bedrock. The design of
underground openings in these rocks has been primarily
empirical. The dimensioning of the underground supports has
bften been based on rules developed for comparable rock
types in other parts of the world. Little data has been
collected to evaluate the performance of existing openings,
and check the applicability of presént empirical methods to
local conditions. )

The sinking of a vertical shaft at Kipp, near
Lethbridge in southern Alberta, provided the opportunity to
collect perfoqmance data during the construction ang
bperation of the shaft. The mine site 1is located
approximately 10 kilometres north-west of Lethbridge on the
southern edge of the Alberta Plains (Figure 1.1). The mine
ls being developed by Petro Canada Exploration Inc. to
exploit part of the extensive Lethbridge Coal Field.

Underground coal mining has been active in the
Lethbedge area since the early 1880's. Closure of the last
mine in the mid 1960's reflegted the declining world demand
and'increasiﬁg costs of underground mining. Recent increases

. - . |
in coal prices, and advances 1n technology make underground

mining once again podtentially viable. One additional major
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proje%t is presently under development in the area.

1.2 Aim
The sinking of the vertical shaft at Kipp “provided‘ an
_ekcellentl opportunity to collect shaft performance data for
the rational des{gn of future adits to this coal mine. For
this purpose, it was nécessary to determine the in situ
stress field, to observe the deformations near the opening,
to determine thé‘ rock mass deformation ‘prOperties, to
determine the étreng;h properties by laboratory tests, and
to monitor iogd development on the supportuﬁo verify the-

lining design.

1.3 Scope

‘ Chapter_lz presents = an overview of the local bedrock,
surficial and structural géology in-" the Lethbridgé 3area;
Chapter 3 discgsses the geotechnical propertjes, of the
Bearpaw Formation, including the results of fhigh‘ pféssure
triaxial tééts.‘  The construction‘ ' procedure and
instru@entation progfam are reviewed in Chapté; 4, as .yell
as .the instrumeqt insﬁallation procedpfgs and locationsf
Chapte;_S.discusses the regional evidence oﬁ the'orienﬁation’
and magnitude“of the in situ stress field. The reshlta;pf in
.Situ stress méasureménts by ovércoring,t~and stressmeter
‘measurements aﬁead of the shaft face are éompared with the

regional stress model.



Cﬁapter 6 contains the discussion of the performance of
the 1instrumentation, and an énalysis of field data using an
appropriate -model. |

The_ overall performance of the lining is evaluated in
Chapter 7 thréugh the use ‘ofA the convergence-confinement
method. GFound reaction curves and supporﬁ reaction curves
are developed from measuréd fielé data. The 1long term
perférmance of the ghaft lining and poésible alternate
support systems are discussed.

‘Conclusions from this study are presented in Chapter 8.
Laboratory test results are presehted in Apbendix A. Field
test results are. presented 1in Appendix B. Formulas used,
instrumentation and in situ testing analysis are presented

in Appendix Con, ’ f
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2. GEOLOGY

2.1 Introduction

Lethbridge 1lies on the western edge of the Aiberta
Plains which is characterised by a flat lying plain that has
been deebiy incised by the Oldman, Beliy Qﬁd St. Mary
Rivers. The Lethbridge coalfield covers an area of about
1150 sqguare kilometres within parts of Townships 8 to 11,
Rénges 21‘to 23, west of the fourth meridian.

The major repért ohuthe geology df the southern Alberta
plains\was conducted By.Russel and Léndes (1940). Crawford
(1947) studied - the geology and structure of the Lethbridge
coalfield. Irish (1971) updated the bedrock geology map of

the Southern Plains of Alberta.

2.2 Bedrock Geology

The bedrock cropping out in the Lethbridge - area was
deposited during the Upper Cretaceous Period as detrital
sediments, in both <continental and marine environments.
Montmbrillonite, formed from volcapic ash deposits, is fouhd
throughout the Upper Cretaceous »sediments, both as pure
bentonite beds, and as the dominant clay‘minéral in the
fine-grained sediments (Byrne and Farvolden, 1959),

The Lethbridge Coal Zone is located in the uppermost
beds of the non-marine Oldman - Fbrmatibn, the youngest

formation of the Belly River Group. Conformébly overlying



the ~Oldman Feormation is the marine Bearpaw Fofmation.
Discussion of the bedrockv geology in this report will be
restficﬁed‘to the Bearpaw and 0©Oldman Formations, the two
formations encountered in sinking the ghaft. Fiqure 2.1
'pres;nts a cross section of the bedrock and surficial

deposits exposed in the shaft.

2.2.1 Oldman Fofmatipn

i The Oldman Formation was deposited in a nOn—marihe
deltaié environment as an eastward—thinﬁing sedimenfary
wedge (Holter and Chu, 1978). The ~Oldman Formation
conformably overlies ﬁhe non-marine Foremost Formation, the
lower ‘member of the Belly River Group. The .contact between
lthé> Oldman and Foremos£ Formatio%s is ‘gradaﬁional and
théfefore_is not precisely defined. The Oldman Formation is
»ub to 180 m thick and is'divided into an upper and léwer_
member (Crawford, 1947). The upper member is about 24 m
thick and is known as the Lethbridge coél member. The Oldman
Formation is composed of  interbedded light colored
sandstones and shales with frequent(cbal beds in the upper
member. The sandstones vary in color from light grey and
green, to brown, and vary in ri?er bank outcrops‘from
unceménted massiQe beds to hard, lenticular and crossbedded
sandstones (Crawford, 1947). The hard sandstones are
‘cemented by calcite. Thé shale beds are generally light

green, and highly plastic .in ' weathered outcrops.

‘Montmorillonite is found throughout the Oldman Formation.
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The coal Reds found in the upper ﬁember of - the Oldman
Formation were depositedlin fresh to brackish water on the
edge of the fransgressing Bearpaw Sea. The coal seams 'vary
in thickness “ from 0.15 m to 2.1 m, ThétLethbridge or Galt
seam is the thickest seam, and this is, thé seam presently
exploiﬁed by mining operations. The coal is a high volatile
C bituminous céal (Crawford, 1947).‘ Interbedded with the
coal beds are dark grey to brown, sulfurous, gypsiferous and
carbonaceous shales, with thin ironstpne - bands and
concretions (Crawford, 1947). 1in the vicinify of the‘Kipp
mine the Galt Seam varies in .thickness from 1.1 to J1.8 m,
and is located 4.6 t§ 7.6 m below the top of the 10.7 to 17
m thick coaly zone or coal bearing zone (Dames and Moore,
1978) . " |

Directly overlying the . Galt Seam are thinly bedded

 shale$, mudstones, carbonaceous shales and a thin coal seam.
Within 15 to 30 m above the Galt seam are interbedded black”
mudsfoﬁes, shales bwith 6ccasional thin beds of coal,
_bentonite and grey sandstone. Directly underlying the d%lt_
\ seam 1s a black caqbonaceous mudstone, with shalés,'some

A

\thin coal seams and.occasional fine sandstone beds (Dames

\snd Moore, 1978).

2.2.i'ﬁearpaw Formation
The transition between the non-marine Oldman Formation
and the marine Bearpaw Formation is gradational indicating a

slow transgression of the Bearpaw Sea over the area
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(Cfawford, 1947). The Lethbridge Coal zone id in the lower
part qf this transition zone. Up to 22% m of Bearpaw
sediments are found in the Lethbridge area, with between 100
and 175 m overlyiﬁg the Kipp mine site. Crawford (1947)
subdivides the Bearpaw sediments in the Lethbridge area as
shown in Table 2.1.

The Sandsténe members are fine-grained, poorly
indurated and argillaceous. The remainder of the Bearpaw
Formation consists of dark grey and greén to bléck
siltstones and fisile shales. Beds of bentonite up to 10 cm
thick énd occasibnal beds of clay ironstone are interspersed
throughout the fine-grained members (Byrne and Farvolden,

1959).

2.3 étructurai Geology.

The Lethbridge arggﬂis situated on the east-limb of the
Alberta synciine aﬁéi;he west limb of the Sweetgrass Arch,
forming a west dipping monoclinal structure. The Sweetgrass
Arch, a north-northeast trending‘anticlinai flexure, plunges
4 to 6 metres per kilometre ta the north. Local bedrock‘dips
near Kipp are about 20 m per kilometre to the west
(Crawford, 1947). The bedrock structure of the Lethbridge
coalfield consists of a series of gentle, low amplitude
anticl}nes and sydclines trending northwest-southeast ana
"plunging gently to the northwest kCrawford,' 1947).

Associated with the folds are a number of faults of normal



Table 2.1 Shale and Sandstone Members of Bearpaw

Top

Bottom

Formation (Crawford,

MEMBER

Shale

Ryegrass Sandstone
Shale |
Kipp Sandstone
Shale

McGrath Sandstoﬁe

Shale

1947)

THICKNESS
25.6
27.4
4.5
T12
29.5
19
64

(m)

10
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and thrust displacement, trace%ble over several kilometres.
The Monarch Fault Zone, located approximately 10 km west of
.the mine site in Sections 31 and 32, Township 9 and Section
6, Township 10, Range 23, is the major fault zone near the
mine.g This =zone consists of a series of vertical to west
dipping (20°) thrust faults striking N 25° E ‘to N 20° w.
Crawford (1947) reported that there was no continuity of
disturbénce along strike. '
Displacements of up to 30 m Qere'measured on localized
faults identified from mine plans (Crawford, 1947). Both
normal and reverse dip slip faults were found in the coal
field. Studies ©of fault orientations in the early
underground mines naﬁd river valley exposures showed a
distinct grouping %n some of the mines, but q,large scatter
in other mines (Créwford, 1947). Single fault traces in some
mines followed a particularly sinuous path with strikes
vary%ng . over 90 aegreés. Where groupings of fault
orientations occurred, two major families were fofmed, one
parallel to the major  folding in the area, in a
northwest—southeagt direction, and the other perpendicular
to the first, in a hortheést—southwest orientation. Normal
faults trending N15°W to N15°E have also been identified in
several miqés} Displacement on the faults is generally in
the order of 1.2 m to 1.8 m, with up to 6 m observed. Dip of
the faults was genefally between 35° to 40°. Cleavage has

developed in the coal in two major orientations, with the

major cleavage at N 50° E and the minor cleavage at N 40° W.
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The | strictural features present in the Lethbridge coal
field were 1 rgeiy formed during the Tetrtiary Period.
Continental se\iments were deposited in the area during the
late Cretaceous?bnd early Paleocene. The culmination of the
Laromide Orogeny in the Eocene pro@uced widespread uplift,
crustal shortening a;d thrust faulting in the Rocky
Mountains and renewed. uplift of the‘ Sweetgrass Arch in
southwestern Alberta (McCrossan and Glaister, 1966).

The low amplitﬁde folding and thrust faulting, trending
northwest-southeast, are compatible with the high 1lateral
compressive stresses developed in a northeast-southwest
direction during the Laramide Orogeny.vThe relative -age of
the renewed uplift of the Sweetgrass Arch with respéct to
the period of high horizontal compréssive stresses developeaf
during the Laramide Orogeny‘is unknown. If the uplift of the
Sweetgrass Arch occurred following the Laramide event,(

assocliated local crustal flexure could account for the

development of the normal faults observed in the area.

2;4 Surficial Geology

Surficial deposits over the Kiﬁp mine site vﬁry in
thickness between 60 and 85 metres with 70 m preSént at\ the
shaft location. The present day Oldman River to the wesé of
the mine cuts through the complete sec%ion of surficial

deposits. A 10.5 m thick early Pleistocene sandy gravel

deposit known as the "Saskatchewan Gravels"” ovgrlies bedrock
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at the site. These gravels were deposited by the eastward
flowing pre-glacial Oldman River (Stalker, 1963). Overlying
the pre—glacial gravels are about 60 m of tills of Nebraskan
to Classical Wisconsin Age. Stalker (1963) has noted up to 6
Laurentide tills in the area, .each with distinctive colors,
degree  of consolidation and jointiﬂg patterns. Thin
interglacial sand ahd gravel deposits usually separate the
individual till sheets. The uppermost till in the area is a
thin hummocky dgad ice moraine overlain in places by
Lacustrine and/or windblown silts (Stalkér, 1963). A number
of distinct till sheets and interglacial sands and gravels

have been identified.

2.5 Hydrogeology

The hydrogeological conditions of the overburden and
bedrock were importaﬁt considerations in the shaft design
and development of the mine. Previous mine Trecords do not
mention significant ground water problems (Robinson, Dames
and Moore, 1980). Crawford (1947) reports minor seepage
occu;ring along fault surfaces cutting the c§a1 seams in'
some of the mines. Several wells have been developed in the
coal seam within about.a 10 km radius of the site producing
up to 2800 1/min. (Geiger et al., 1965).

Hydrological information  gained from installing
standpipe piezometers in the coal and at the base of the

surficial gravels were unable to show the <coal as
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waterbearing.

During shaft sinking, an aquifer was encountered in the
lower zone of the Saskatchewan Gravelg:gt about 65 m depth.
This extended into the underlying weatﬂ;red bedrgck, to a
depth of about 77 m. Maximum inflow from this aquifer was 35
to 45 1/min in the 5.4 m diameter unfinished shaft. No
further ground water inflow was encountered as shaft sinking
progressed. Small amounts of moisture were observed on open
joints in the shales oVeriying the cgal seam. The coal seam

is dry.

’



3. GEOTECHNICAL PROPERTIES OF THE BEARPAW FORMATION

3.1 Introduction

This chapter presents the reéults of the laboratory
testing program on samples ~obtained from the shaft, plus
some previously reported test results. The laboratory test
program consisted of 1Index testing, direct shear and high

pressure triaxial tests.

3.2 Results of Previous Testing

Bryne _and Farvolden (1959), have shown from a detailed
study of the clay mineralogy of Bearpaw Formation sediments,
near Lethbridge that the hineralogy of the clay fraction is
55% montmorillonite, 27% illite and 18% Chlorite.

Dames and Moore (1978) report test results from drill
core samples collected from two drill holes on the mine
site. Core was collected over a 30 m interval ébovq the Galt
coal seam, and 6 m below the seam, using a 76 mm‘ diameter
plastic tubing lined core barrel. Table 3.1 presents a

summary of the test results from the Dames and Moore study.

15
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3.3 Laboratory Testing of Bearpéw’Formation Samples
7 »
3.3.1 Sampling and Storége .

Samples for laboratory testing were obtained at kdepths

. ¢f 91 and 111 m in the'shaft; from horizontél,diamond drill

holes. Two 24.5 cm diameter by 40 cm long'{cores were

- recovered ‘from the biést damaged rock adjacent to the shaft
wall at the 91 m level. C&ntinuéus samples of 14.3s cm
‘diameter core weré obtained from a 7 m .long drill hole in
conjunction with the overcoring measurements at :thé 91 m
level, Recoveny‘ of the 14.3 cm diameter core was 100
percent, with léhgths‘ofrcore'oftep equal to the 71‘cm‘ long
core barfel. All drilling for samples employed single w;lled

masonary bits, using water to flush the cuttings. The core

at the 91 m level was obtained from a 45 cm thick bed of

dark grey-black mudstone. At the 91 m level, the rock was
approximately horizontally bedded, ahd appeared massive
between the bedding planes, which were separated at

intervals of 20 to 45 cm. Random fractures oblique to

bedding were attributed to blasting. Visual inspection of

the 15 cm diameter drill hole indicated a zone of blast
induced fracturing up to 35 cm thick was present. Severai

vertical fractures were observed 1A indivual beds, but

continuous vertical fractures between beds were not..

observed.
Following extraction from the corebarrel, samples were

wiped 'dry, and wrapped with saran plastic, cheesecloth and

.



.
sealed with a layer of wax. All samples were given a furthqg
coating with wax after being transported to the University
of Alberta. Samples were stored in a constant temperature
moist room until tested.

Samples of the rock exposed to air drying developed a

fine pattern of surface cracks within minutes of exposure.

3.3.2 Index Testing.

fndex tests were conducted on samples from the 91_ané
111 m levels in conjunction with the direct shear and
triaxial compression tests. Tests were conducted on selected
samples to determine the grain size distribution, specific

gravity, Atterberg limits, moisture content and bulk and dry

density. Preparation of samples for grain size distribution,
specific gravity and atterberqg limit tests were conducted
according. to A.S.T.M., Standard D421-58, Grain size
distribution was determined on cuttings from the swelling
test samples,‘according to A.S5.T.M. Standard D422-63. The
specific gravity was rdetermined according to A.S.T.M;
Standard D854-58. Atterberg limifs were determined aécording
to A.S.T.M. Standards D423-66 and D424-59,

Index test results for two samples representative of
the samples are presented in Table 3.2. Index test results

from the triaxial tests are presented in Table 3. 3.
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3.3.3 Direct Shear Tests

3.3.3.1 Test Procedure

Direct shear tests were conaucted on two samples of
jointed siltstone, the first test on a smooth'joiht'and the
second on an open beddihg plane. Tests were conducted on the
modified direct shear machine described by Noonan (1972).
Both -samples were initiélly tested in a dry state and
subsequehtly‘ in - a submerged state. Shear displacement rate
of 0.275 mm/min. was constant for all samples. Normal loads
for . tﬁe dry tests were abplied about one day prior to
- shearing, and about threerdays prior to shearing’ for the
submerged xtests. Samples Qefe sheared for two cycles,
forward and reverse for each normal load. Displacements of
each cycle varied from 0.8 to 1.3 cm. Horizontal

BMyvement of the

- displacement of the shearbox and vertical®
load cap were measured with Lingarly,varféble Displacement
Transducers (LVDT). Normal loads were added with a dead
weight and vlever hanging apparatus. Shear loads ‘wefe
measured with an 8.9 KN capacity 1load cell. -An X-Y,-Y,
recorder was used to record shear load (Y,) and vertical
load cap displacement (Y,) vs displacement (X) during the

tests.

3.3.3.2 Sample Preparation and Description
The shear samples were cut from 14 centimetre diameter

cores from the 91 and 111 metre depths. Sample No.1 was cut

by saw from the core from the 111 metre depth. The sample



was prepared in two pieces, with a pre-cut smooth shearing
surface. The lower half of the sample fitted tightly in the
5.08 cm by 5.08 cm box. The upper portion of the sample had
'é loose fit in the shear box, and a shearing area®of 18.44
cm?, Cuttings from the core during sample preparation héd an
initial moisture éontent of 3.5 percent- The final moisture
content of Sample No.1 after testing was 10.1 percent . as a
result o% swelling during the submerged ;;ﬁge of the test.
Sample No.1 was a dark grey siltstone with numerous micro
ﬁracks indicating a disturbed state of?ghe sample. The low
initial moisture content compared with an- average moisture
content of about 8 percent indicates the sample had dried
between sampling and testing. The pre-cut plane wa§
positioned such that it was in the centre of the 1.0 mm gap
between the two halves of the shear box. At normal loads
higher than the first two nbrmal‘loads, the pre-cut plane:
was depressed below'the top of the lower half of the shear
box, resulting in an unacceptable’shearing mode.fResults
from testing Sample No.1 are restricted to vthe firstr%two
normal loads. |

Sample No. é, cut by saw from drill core from 91 m
depth, was sheared along a slightly undulating open bedding
plane. The upper and lower halves of the sample were cut
separately to the approximate size of the shearbox, and cast
in sulfa-set to provide a rigid perfe%t‘fit of the irregular
shaped samples. The lower half of the éample had a larger

area than the wupper half of the sample, thus during



sheiring, the contact area was constant at 26.50 cm?. The
sample had an initial moisture content of 6.4 percent and a
bulk density of 2.38 g/cm.?® Sample No.2~ was a dark grey
siltstone 'but less fraétured and easier to prepare for
shearing than sample No.1. An air-dried block of sample No.2
was placed in a beaker of distilled water and disintegrated
within 1 hour. Undulationé on the shea:iné surface wefe
about 5 mm from trouéh to crest. The halves of the shearbox :
were separated by 7 millimetres té\allow free movement of

)

™ .
the shearing surfaces.

3.3.3.3 Direct Shear Test Results

Figure'3.1 preséhts a Mohr-Coulomb plot of the ultimate
shearing resistance of the two tested samples. Sample No.?2
shohs an angle of shearing resistance of 20 degrees on a
precut plane in a dry state during shearing and a subseqguent
reduction of the friction angle after wetting to 17 degrees.
The submerged sample was affected by excessive extrusion of
material between the halves of the shearbox, thus . new
material was Q%onstantly being sheared; This could indicate
that the residual angle of shearing resistance on material
subjected to several cycles .of shearing is less than 17
degrees. An angle of shearing resistance of 26 degrees was
obtained for the dry natural uhdulating joint. No correction
was added to the measured angle of shearing resistance to

correct for dilation along the uneven surface.

-
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The direct shear tests were conducted independently by
Mr. F. M. Lieu, a visiting student from the Republic of
China. The test results represent two samples from a massive
siltstone bed, and mayzpot be representative of  the shear
strength in shale Leds with a higher clay content.
Difficulties in sample_preparation and testing indicéte the
results should be viewed with caution. Drying and cracking
of the samples during pr;paration resulted in alteration- of
the rock properties, Binding of the samples on the walls of
the upper half of the shear box was observed, and indicates
that the actual applied normal force at the shear plane may

be lower than assumed.

3.3.4 High Pressure Triaxial Tests

3:3.4.1 TestrEquipment

High pressure - triaxial tests wére conducted in the
Departmeﬁt of ‘Mineral Engineering at the University of
Alberta, ‘using a 600,000‘lb (2.67 MN) MTS servo;controlled
stiff testing machine. The MTS system“as shown in Plate 3.1
is equipped with a programmable fu&étion.generator capable
of generating a variety of load functiohs. Only the ' ramp
load function was used in the present test program. An
interﬁal»LVDT and load cell for measuring axial displacement
and load respectively are incorporated into the system. ’

Samples of NX size core (5.40 cm @ x 10.8 cm long) were

tested using the Hoek-Franklin triaxial «cell (Hoek and



Plate 3.2 Hoek Cell in Test Frame wi
and L.V.D.T. '

th Pressure Transducer

25
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Franklin, 1968, Franklin and Hoek, 1970). Features of the
cell which make it particularly suifed for performing rapid
triaxial tests on rock aré the incorporation of an adiprene
rubber sealihg sleeve in the cell. The rubber sleeve seals
the hydraulic oil from the sample and allows the removal of
the sample from the cell without dragning the hydraulic
fluid ét;theq®qd of a test. The durabiiity of the sleeve
allows multiple reuse. Plate 3.2 shows the triaxial cell in
the MTS load frame during a test. The two ports at the sides
of the cell are connected to the hydréulic‘pressure system
and pressure tranducer respéctively.

The pressure system was capable of generating 13.8 MPa
cell pressure. A nitrogen bottle, initial pressure about 17
.MPa, provided the gas pressure, which was regqgulated at the
bottle, with a stanaard 0-17.2 MPa regulatof, and a second .
gas pressure regulator (Hopke Typei.on the console board.
(Plate 3.1, left hand side).. A hydraulic accumulator
converted nitrogeé pressure to fluid pressure. Cell fluid
preséure was measured on the console with é 0-2000 psi
.(0-13.8 MPa) Budenberg Gauge.

Two X-Y recorders were wused  during the tests to
continuously plot axial load vs axial displacement and axial'
load vs cell pfeséure. A Fluke model 2240 B data—logger with
paper tape and a Techtron model’8410 éassette recorder were
used to record cell pressure, external LVDT and internal
MTS-LVDT displacements, MTS axial load, and time during each

test. Data from the VLVDT's, load cell and pressure
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transducers was recorded as a voltage. Test data recorded on
the magnetic cassette tapes was tranfered into storage files
on the university computer, and, <converted ihto the
respective units of stress, strain, etc. through use of

\

Fortran programs.

3.3.4.2 Sample Preparétion and.Description

Two sets of four samples, (5.40 cm diameter x 10.8 cm
long) were prepared from two 70 cm long sections of i;.3 cm
diameter core obtained from the 7 m long horizontal drill
hole at the 91 m level. The 14.3 cm diameter core used for
the triaxial samples was obtained frdm a depth of 4 to 5
metres from the shaft wall, well beyond the zone influencéd
by blasting.‘ The NX size samples were drilled with a
portable commercial concrete diamond drill wusing a single
barrel diamond core barrel. Compressed air was used to flush.
CUttings away from the; diémond bit, to minimize the
disturbance of the samples, the 14.3 cm @ core was oriented
and clamped on the drill table such that the bedding planes
.were vertical, or parallel to the cylindricalwaxgsﬂof the Nk
core. The ends of the samples were cut nofmal to the
cylindrical axis in a diamond saw, also using air to flush
cuttings.'Samples were sealed in plastic bags and stored at
room temperature until testing. Samples for moisture contént
determination were taken from the remains of the 14.3 cm @

cores.
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An attempt was made to wuse bonded strain gauges on
samplés of tfiaxial tests No.1-4, to measure simultaneously
axial and circumferencial strain, Several types of
two-cdmponent epoxies, from fast to slow curing, were used
to bdnd gauges to the smples. In all cases the gauges failed
to bond to a clean surface. It appears moisgure migration
within the samples prevented bonding of the gauges to the
samples. '

All samples were dark grey massive siltstone wilh an
average 1initial moisture content between 6.7 and 7.2
percent. Samples tended to form small irregular gurface
cracks after being uncovered for short periods at room
termperature. Longer exposure produced continuous cracks
along bedding planes. Table 3.3 prgsents the initiai

~,
v

properites of the triaxial samples.

3.3.4.3 Test Procedure

)
&

The two main objectives of the triaxial‘testfﬁé;program
were: a) to determine the peak and ultimate strength of the
samples in triaxial'compréssion, and b) to determine the
modulus of deformation of the rock under triaxial
compression as a function of loading rate. To achieve these
objectives testing was divided into two series of 4 samples
each. The first series‘of triaxial tests, (Samples 1-4) were
conducted using' the procedure ouflined by Kovari and Tisa,
(1975) classed as the Multiple Failure State Test. In this

test, several points are determined for both the peak and
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ultimate failure surfaces in contrast to the conventional
t{iaxial test where a single point 1s determined for the
peak and possibly the ultimate failure surface. Basically
the test is run like a conventional triaxial test, with a o,
applied and the sample sheared at a constant rate of axial
strain. Tests 1-4 were run at a strain rate of 5.5 x
10" ¢*/sec. The two X-Y plotters described in Section 2.3.7.1
displayed the axial stress vs axial strain plot and o7 vs 03
plot. As a sample approaches failure, the o7-¢, plot will
show the inception of non-linear behavior. At this poiﬁ%Jin
the test, o, is rapidly 1increased, without stopping the
test, to a h?gher valugﬁg{ o,, and the test is allowed to
:

continue. When the c:—f.wﬁfﬁﬁiagain shows the beginning of

w

non-linear behavior, o, ncreased again. This procedure

is repeated until the desired o, for failure is reached, at
which time the sample 1s allowed to fail. In the post-peak
stress strain curve, the ultimate shearing resistance for a
given cell pressure is reached when the shearing resistance
remains constant with continued axial straining. At this
point in the test, ¢, may be increased or decreased, and the
ultimate shearingbresistance for the new o, determined.
Given sufficent remaining axial strain, the ultimate
shearing resistance’ may be determined over the fange of
interest from a single sample. Thg o, vs O, plot provides a
plot of the failure surface of the ultimate strength forméd
by the 1locus of points from the stepwise ultimate shearing

resistance tests, and an estimate of the ©peak failure
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surface from the several tests loaded to near failure in the -

.

pre-peak loading.

The second series of tests, (Samples - 4-8) were

conducted over the stress range to failure with constant o,. "

Strain rates were maintained constant for a sufficent
interval to define a linear stress-strain curve. Up to four
strain rates were used in the elastic loading portion «f

each test./ About & seconds were required to change the

strain rate on the MTS. Dependence of the ultimatz hes..ng
resistance on strain rate was investigated in Tes-zs 6, 7 anc
8.

The effects of saturating a fractured but jntact
triaxial sample on the wultimate shearing resistance .oi¢
investigated on Samples 6 'ahd 8. Following peak strength
testing, both sahples were floééed under a back.bfessure of
about 15 ‘KPa for 48 hou?s, while remaining confined in the
cell. Test results indicaied the saturated samples were not

sheared under drained conditions. As 'pore -pressure

measurements could not be made under the present set-up of -

the Hoek-Franklin cell, the results of these tests were

\

difficult to interpret.

3.3.4.4 High Pressure Triaxial Test Results
, Plates 3.3 and 3.4 show the mode of failure typical bf
the samples tested. Failure planes de&eloped as;ﬁa“-single

-continuous failure surface, with or wit&@ut one or two

secondary parallel failure surfaces. The angle between the

A



Plate 3.4 Triaxial Test Sample No. 7 After Failure
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core axis and the failure plane varied from 25° to 30°.

The stress-strain and principal stress plots for the
triaxial tests are presented in Appendix A (Figures A.1 to
A.B). Notation on each plot indicates the cell pressure and
strain rates applied over different parts of the tests. The
principal stress plots  show ‘the' loading-unloading
.relationship of each test.

Figure 3.2 shows the peak strength Mohr envelope plot
for the eight tests. Tests 4 to 8 are each represented by a
single point. The measured response for the Multiple Failure
State Tests (MFST) shows a range of peak strengths. This
range increases with increasing average normal stress. The
success of running the MFST depends on the response of the
operator, in increasing the confining pressure at the
iﬁception of non-linear behavior on the stress-strain plot
obtained during the test. The marked 'non-linear response
obsarvgd for the last point on tests 2 and 4, and the last 6-
points on test 3, 1indicate the samples hgve started to
fjeld. These points will lie somewhere between the stress
space defined by the peak and ultiméte failure surfaces for
that sample. ‘Care must be ~exercised 1in choosing a peak
~failure envelope for MFST data, to avoid using data points
obtainedywyﬁgh the saﬁéle was strained beyond peak. The
‘ £indings bf;Kovari,and‘Tisa (1975) on Buchberg sandstone and
Carra¥a marble, indicated that there was neglibible decrease
in peak strength with -increasing numbers éf successive

83

failure states produced from a singlegample. This is not
#



34

c€E

8¢

103 adotraaulm IyoWw y3ibuaizs yead ayl 3Jo 1014 2

S§3s9] TeIxeriy

(Udi) (EBWOIS + IUWIISIC/I

0c

gl

cl

¢ @2anbtg

ON 1S3l HIXHIML
'ON 1831 WIXUIY]
‘ON 1831 HIXHIYL
ON 1531 “WIXUINHL
‘ON 1831 BIXHIML
€°0N 1S31 WIXYIYL

8
L
9
S
14

TN 1631 THIXGIML -
-~ #ON 1831 WIXYINL
aN3971

T

T

HLONHLS M3d

cl

91

HdW) (EBUOIS — IBUOISIZ/L



directly applicable to the Bearpaw Formation siltstones.

| Figure 3.37 shows considerable séatter in the ultimate
‘faklure envelope increasing with increasing confining
. pr ésure. As shown in Appendix A, the strain rates_for Tests
1 and 4 were constant, while Tests 5 to 8 were conducted at
varfbus rates. Figure 3.4 shows the combined principal
str%ss state plots for all of the tests. Thg influence of
strkin rate on the wultimate strength was investiga}ed oﬁ
Samples 6, 7 and 8 with each sample loaded at three
difflerent strain rates. Each sample was ‘tested at‘ &
difierent confining pressure. The results of these tests are
shown on Figure 3.5. Each samplé.sho;e&'a deérease in the

!
ultimate strength with & reduction 1in strain rate. The

compa&ison of the testséshown on Figure 3.5 should not be
taken{to indicate that the ultiméte failure envelope bgcomes‘
horiz%ntal at low strain rates, but rather that the dgérease
in ulﬂ@mate strength over a rangewéf de&?easing strain %ates
become% more significant with ir=  zasing confining pres\gré.

The peak and ultimate fai}ure envelopes can be defired
in a number of ways. Hoek and Brown (1986) developed a

'empifical non-linear strength relationship between the

pricipal stresses at failure, given by equation 3.1.

M'c3
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where

o = the major principal stress at failure

(o8 = the minor principal stress at failure

o, = the wuniaxial compressive strength of the intact

rock

m & s are constants which depend on the rock properties

Figure 3.6 presents the Hoek and Brown (1980)
relationship fitted to the triaxial test data. The poin£5von~
the curve corresponding to estimated peak were obtained by
increasingﬂthe value of o, measured for the initial yielding
for the MFST, to an estimated o, which would occur if the
sample were allowed to £ i1 at <hat confining pressure.
Equations 3.2 "and 3.3 describe the selected peak strength
and ultimate strength relationships, respectively, for the

samples tested.

.5 0o
+ 12 3 e 3.3

1 Oq -1 + 0.01

where o, and o, are in MPa.
Figure 3.7 presents the ©pre-failure portion of the
deviatoric stress-strain curve for the eight triaxial tests.
The strain rates for Tests 1 to 4 were constant throughout

the tests at 5.5 x 10" ¢/sec. The modulus of elasticity
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obtained from Tests 1 to 4 ranged from 1.9 to 2.1 GPa, with
Samples 2, 3 and 4 showing a very similar response on the
deviatoric stress-strain curve. The initial strain
stiffening behavior of Sample No.1 may reflect closure of
micro fractures during the inital stages of loading. Tests 5
to 8 were conducted as varlable strain rate tests. The axial
strain rate wés vafied between 4.8 x 10°* to 1.7 x 10°*
strain/secf The modulus of elasticity measured 1in these
tests rangéd'fromt1.1 to 1.7 GPa. Figure 3.8 shows.a plot of
the tangent modulus of elasticity Qf ghe eight tests vs
strain rate. The plot shows two opposite,trends for the
variable strain rate tests: A decrease 1in stiffness with
increasing strain rate is shown for tests 1 8, whereas
tests 6 and 7 show an increasing stiffness . /u 1increasing
strain rate. Bieniawski (1970) has shown that a higher
strain rate before failure result; in a higher modulus of
elasticity. This is generally observed when 1identical
samples are tested under different but constant strain rates
to failure. In variable strain rate tests, the load history
significantly influences the stress-strain behavior at any
instant in time. The tangent modulus as determined from the
~initial loading stéte of Tests 1 to 4 (tested under constant
strain rate) showed an increase in the tangent modulus_with
increasihg confining pressure,as shown on Figure 3.8. \
The secant modulus dependence on strain rate is shown
on Figure 3.7. Tests 2 to 4 show relatively 1little secant

modulus dependence on confining pressure. The nonlinear

i
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behavior of Test 1 reflects the initial nonlinear seating of
the sample and the nonlinear strain experienced at the end
of the first loading stage. The variable strain rate tests,
Tests 4 to 8, show a secant modulus dependence on strain
rate. A‘change in strain rate during a test results in an
increase or decrease in the secant modulus depending cn
whether the strain rate was increased or decreased,
respectively. For exam?}e, Test ' 6 showed a significant
decrease in the secant médulus when the straiq fate was
reduced from 1.75 x 10-° microstrain/sec to 1.8 x 1077,
The strain rate dependence of the sécant modulus has not

been determined guantitatively for the present analysis.



4. SHAFT CONSTRUCTION AND INSTRUMENTATION

4.1 Introduction | ' \ ‘

The Number One shaft at the Kippvmine was sunk between
'February and Novgmber of 1980 to a depth of 235 m using
convéntional sinking qnd.lining methods. Instrumentation was
installed at thfee depths (110, 152 and 180 m) in the
Bearpé& Formation to measure: |
- radiél rock mass displacements,

- stress changes in the rock mass during sinking,
- gtangentia; strains in the cohcrete Tining, and

- water pressures at the rock/lining interface.

‘.4.2 Shaft Construction

The shaft is a 4.32 m finished diameter circular shaft
with a cast in place concreie lining. The surficial deposits
were excavated using backhoe, <c¢lamshell and pneumagic
chippers in order of increasing depth below thev surface.
Below about 8 m depth, the loosened material was loaded into
muck bucketé by a Cryderman clam, . a pneumaéic -clamshell
excavator suspended from a hoist cable and énchored to the
sﬁaft wall. When excavatit using the mechanical chippers
b & too difficult, the drill and blast methoa was used.
Eacn blast took approximately one half of the full shaft

bottom in a 1.8 to 2.4 m deep bench. East and west benches

were blasted‘alternately, with each blast ‘foilowed by a

45 | R
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mucking period to remove the rubble. Progress of sinking and

lining of the shaft through the Bearpaw Formation is shown
o, :
#ed a schedule of 10

on Figure 4.1. Shaft construction &

i

working days and 4 resting days. The$Encrete for the lining

" was obtained on demand from a local cement company and mixed

to the specifications given in Table 4.7. The shaft lining
schedule is shown on Figure 4.2.

The ‘lining form consists of a segmented steel ring

bolted together in 0.76 m high sections. Any number of

"sectionslcould be,bolteé together to give the desired'height

of pour. The tép and bottom rings have special features to
permit'ghe stage-wise downward'constfuction of the lining.‘
the lower ring or curb ring has an outside ledge through
which six equally spaced vertical 525 m) threaded rebar rods
are bolted. Thesekffods, suspended fromi threaded rebar
couplers in the previous pour, ihitially carry the entifé
wetght of the foﬁh,’ plgs concrete. Sand bags and boards
supported by removagle steel bars, are placed over the géps
between the curbj‘ring ledge and the shaft wall to stop
concrete loss duriﬁg pouring. The upper ring or match ring
has an expanaed upper‘edge to glldw doncrete to be poured to
fit with the bottom of the previous,pouf. During thé sinking
of the Kipp Né} 1 shaft, a minimum of two sections were used
through the till to givé a 1.52 m high pour. Where unstable

sand lenses were: encountered within the till, the normal
.. - . N y .

procedure of exposing 2 io 3 metres of self supporting till

&

was abandoned in ‘favour ' of - using: forépoling, and



e
Table 4.1 Specifications of Concrete Used for désting

. the Shaft Lining

it

Components for 1.,m® of concrete
!

Cement Type:50 | 340 kilograms
20 mm Aggregate - - 806 kilograms
10 mm Aggregate ’ 268 kilograms
Concrete Sand ‘M' 854 kilograms
Mix Proportion 1:2.51:3.16

(cement:fine aggregate:coarse aggregate)

Water : ‘ 114 kilograms
W/C Ratio 0.34
Average Unit Weight 23 kN/m?

Average 28 day stfength 35 MPa

Not Air Entrained, No Admixtures

g
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backsheeting to wall off the sand. Rebar reinforcement ﬁas\

used to hqld the backsheeting in place, and the 1lining was
poured as close to the bottom as ppssible to prevent wall
collapse. In the lower section of the till, 2.3 m high pours
were used and 3.05 and 3.81 m high pours were used as the
shaft sinking progressed through the Beafbaw Formation. The
higher the 1ift poured, the fastef the overall progressipn
of shaft sinking. When single pours reached heights of 3,05
and 3.817 m the pour was made in three lifts to enSure the
concrete was adequately vibrated to avoid formation of
honeycomb structure which would lower they;oncrete strength,
work during‘the lining operation was manaéed from the three
deck -galo;ay stage. Concrete Qas lowered in‘a hopper bucket
and placed behind the forms throuéh.a large rubber funnel.
While steady 'shaft sinking was in progress, concrete was
being poured once a day. When loose ground conditions were
enqountered, a 15_ cm sguare wire mesh reinforcement was
placed about 15 cm inside the form. Vibration of ‘the
concrete was relativelyv Qniform over the width 6f the
lining, thus producing a relétively uniform concrete.

With the continuous cycle of sinking and lining, the
height of exposed rock was always less than;abdut two shaft
diameters, ér about 10 -m, and fér'normally less than 8
hours. Usually the sinking proceeded only to a depth . @@gye
enough wall was exbbsed after the last blast to lower the
forms and pour the lining. Bx'keéping the lining close to

the shaft bottdm, temporary-‘gupport to wect the men from

~



~

falling rock was not required.
Where overbreak " occurred either from blasting or
subsequent ~slabbing and spalling, the: thickness of the

3 i

C Ryl
lining was increased.

4,3 Shaft Instrumentation

4.3.1 Introduction
The  prime objective of the shaft instrumentation and
the in situ testing program was to evaluate the response of
the Cretaceous bedrock to conventional shaft sinking methods
and to document the performance of the ;cast-bin placg
-concrete 1lining. To achieve this gdal the field program had
six objectives:
1. To-measurevthe'in Situ stress field using the U.S.B.M:
deformation gauge and the overco;ing technique;
2. To install borehole stressmeters in the wall rock ahead
f the face to measure the stress yhange associated with
vancing shaft: |
3. To 71imstall horizontal multipoint borehole extensometers
close to the shaft bOttbm to measure radial convergence
associated with shaft advancement: \
4, To iﬁstall embedment gauges in the concrete lining to

measure tangentiarﬁ§£rain resulting from the rock/lining

©

interaction;

5. To install piezofieters behind the 1lining to measy
— b ’ .

G
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water pressures at thdl.ining/rock interface; and

6. To obtain core samples for index testing and'laboratory
testing to determine the shear strength and elastic
properties of the rock.
This section 1includes a description ~of the shaft

instrumentation. program.

4.3.2 Drilling Eéuipment

A Boyles Brothers J.V.A. air driven undergrouna drill
providéd by TMCC was suitable for drilling, and met coal
mines Safety regulations. The J.V.A. drill has a twin-vee
air driven motor, operated from the shaft air supply. The
combined features of the J.V.A. drill, including an A.W. rod
- chuck, mechanical feed screw, variable speed gear box, and a
separate water swivel, made it particuiarly suited fegr= the
overcoring operation.

With the varied testing and instrumentation
requirements of the program, a selection of drill rods and
bits was required.‘Experimentation with drill bits, hole
reamers, rods and rod stabilizers, allowed the optimization

of the drilling rate and drill hole guality.

4.3.3 Instrumentation and Testing Locations

The geotechnical investigation of the shaft was
organized to coincide with the bi—mbnthly four day rest
periods. The research budget allowed for four weekends of

testing and installation. The planned 1instrumentation and
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testing program for each weekend was ultimately modified as
slow 8rilling progress, and drilling equipment and
instrument failures consumed precious time. Figure 4.3 shows
the locations of the four levels of instrumentétion and the
overcoring tests. ,

The initial stage of the investigation was conducted
between June 29, 1980 and Jﬁly 1, 1980 with the shaft base
at a dept% of about 91.3 metres. Work completed ddring this
period consisted of five overcoring tests in a single
horizontal borehole. The overcoring program is described in
Section 5.3. v

The second period of investigation was conducted
between July 11 and 14, 1980, with the shaft base at 111.7
metres depth. Three horizontal-. multipoint borehole
extensometers were installéd at a depth of '"111.4 metres.
Each extensometer had five ang;or points extending from 1.5
metres to 10.7 metres from the shaft wall as shown on Figure
4.4. Sixteen vibrating wire embedment strain gauges were
placed in the concrete at depths of 108 and 109 m, 'during
the first concrete pour‘following the work period on JUi?t
15, 1980. Figure 4.5 shows the location of the embedment
gauges. |

The shaft baée was at a depth of 142.2 .metres on the
third work period between July 25 and 28, 19§b};wﬁen seven
vibrating wire borehole stressmeters were iﬁ?Qélled at a

depth of 152.2 m in three steeply inclined boreholes. The

instruments were located between 1.2 m.and'2.7 m from the



A\ e v

Depth

(approx.

T 9 m

-
-
-
3

.

152 m

180 m

209 m

235 m

"'.T~W~WW

) .'4@

q i

i 43

o R

1‘7:, :i

¥ b

¥ 3

R {?

Y i

4 4

)

(d q
¥ B

q: Ny

: i
¥ !

‘I kE X i
Yy N .
A -

hE +

bR kg

¥ ¢

NS i

.8 Bl R .

s 3 v in-situ stress measurements
q L1, :
i

. Y
41 N

c—*; Ao concrete embedment gages
f 4 extensometers
Eﬂ {2 piezometer
& ¢
7 ¥
N o
N 49
¢ £
~. 0
‘ L
7 3

—¥ A concrete embedment gages
; borehole stressmeters
h i piezometer
A

rw:,f ‘ concrete embedment gages
)i extensometers
2 :

4
is

3
?
4
NS
\L:
a

Figure 4.3 Cross-section of Shaft Showing Locations of
‘Instrumentation and Testing '

54



Anchor Depths: 10.66 m

Figure 4.4 Plan View of Extensometers at 111.3 m Depth
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shaft wall, as shown on Figures 4.6 and 4.7. Eight viBrating

wire embedment strain gauges were installed in the concrete

lining at the 152 m depth on August 2, 1980, when the lining

for that section of shaft was being poured.

The lowest level of instrumentation was installed at a
depth of 179.8 metres, on the weekend of August 8 to 11,
1980. Three multipoint borehole extensometers were installed
in horizontal borghqles. Each extensometer had 5 anchor
points located between 10.7 m and 0.6 m from the shaft wall
as shown on Figure 4.8. Eight vibrating wire embedment
strain gauges wére installed at the 180 m level on August

13, 1380 as that section of lining was being poured. Figure

4.9 shows the location of the embedment gauges.

4.3.4 Instrument Descriptions and Installation Procedures

4.3.4.1 Extensometers

Description and Specificat ions:

Extensometers were a mechanical multipoint borehole
type manufactured by ﬁhe Irad Gage Inc. and modified in the
University of Alberta, at the Civil Engineering machine
shop. Each extensometer was installed with five anchors.
Each anchor was attached to a threadéd stainlesé steel rod
and extended to the extensometer head as shown on Figure
4.10. The anchors were expansion rock bolt anchors with two
welded wings which allowed activation in a nominal 76 mm

diameter Dborehole. Connecting rods were of 6.35 mm diameter

v
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stainless_“lteel. A P.V.C. extensometer head was provided by
Irad Gage. A second extensometef head was constfuctea in the
machine shop . to éllow extehsion'of the extensometer head
through the concrete lining. A stainless steel plate forming
a flat end on each extensometer head was used as a reference
surface to meésgre therdepth to the anchor rods;‘

Installation Procedure

Extensometers were installed in horizontal drill holes

oy

ol

oriented radially outward from shaft centre. The three

»

gtensometers installed ét each level were "~spaced equally
\ f . °

A round the‘shaft'circumferenge. At the 152 m depth, anchors

were installed at a'distance of 1.52 m, 3.05 m, 4.57 %, 7.62
m and 10.66 m frqm’the:shaftlwall,'At 180 m depth, anchors

were installed at depths of O.GﬁVm;)I,SZ m, 3.05 m, ,6.1 m
and 10.66 m from the shaft w;&l. In each Hdle the anchors
were installed sequentiallz( starting from thé deepest end
of the vdrill hole. A socket wrenéh' welded to a 19 mm
threaded pipe was Qsed to activaée“the anchor against t%e
side of the borehole. The rods for.each successive anchor
were ingtalled under. tQF rods from the'cdeeper _anchoré;
Breakoﬁl on the toprand bottom of the boreholes on level 4
increasedv the difficulty in setting the’ anchors, and
horizontal orientation of .the anchor wihgs was required.
Positioning of the extensometer heads became a critical
problem during‘installation. To obtain accurate convergence

readings the aﬁéhor head‘-should be "fixed as close as

possible to  the shaft wall. Installation of the.
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extensometers within 1 metre of the shaft base left the
extensometer heads explosed to potential blast dam%ge.

Damage to the extensometer heads could occur in two ways,

the first as direct impact from flying rock and the second

as the adjacent wall rock sloughed off after blasting. Wall
recession of about 15 cm at 152 m and 30 cm at 180 m

occurred between 1nsta111ng the extensomﬁter and pourlng the

Extensometer heads were qrouted along:Al
> “Mﬁ"‘i' AR i Sk A .
the borehole and pgted by 12 mm thick steel plates

welded to 15 cm di%ﬁﬂf ""15 cm long steel pipe sections.
&)

The steel plates wef ecured by removable rock bolts. One
% -

of the six P.V.C. extensometer heads" was damaged by the

L

blast.

The cast in place_concretegééning thickness was about
0.5 m at 152 m and about 0.8 m ét 180 m. Extension heads for

the extensometers were devised to allow continued data

collection following the 1lining placeﬁent. The extensions

cons1sted of a iarge dlameter protective outer tube (15 c¢m

v‘>

Jos

at 152 m and 25 cm at 180 m), an extension head, and

extension rods. Success in extending the extensometer ‘heads
was llmlted erne extension was succesSful“ three
extensometer heade wvere access1ble through the outer ‘tubes,
and two d%% the outer tube§ at 180 m were crushed under the

welght of the concrete pour. At the .completion of the

project in addition to the two extensometers coyered.by
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concrete, one extensometer at 152 m was inaccessible,

because it was behind a 15 cm steel air supply pipe.

4.3.4.2 Embedment Gauges
Specifications
Congrete strain was measured using Irad Gage Inc. model
[i

EM-5 vib#ating wire embedment strain gauge. Figure 4.11

shows  the gauge and its basic components. The gauge

specifigations give a normal range of 3,000 microstrain and /
- . -

a sensitivity of %1 microstrainw Gauges wi}l operate

normally between -40° and 71°C. |

. Vibrating wire strain gaugés &fe based on the principle

Cof the\ fundamentél frequency of vgbration of a wire
tensionedlrbetween two pointst As & tengioned wire 1is
stréihed, twe fundamental frquency changes. T%g? strain is
prOportional to the difference - in the sguares of the
'fundamental fregquencies. The measured strain in ‘the concrete
is averaged over the embedded portion of the gauge.

The relationship given in eguation 4.1 is, used for

strain determination (Irad Gage, 1979): .

e = 1.0156 x 1071 L . 1) (b strain) oo
) T T '
1 2
where: ¢ is the strain

T, and T, are the initial and subsequent

frequency readings taken from the readout.

gt
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Readings were' obtained from the Irad Gage Inc. model
MB-6 readout. The readout displays values of T, where:

T

107 /2F Eq. 4.2

F

fundamental frequency of vibration.

Installation Procedure

A total of thirty-two gauges were cast in the concrete
lining, and operated successfully throughout the project.
The gauges were initially cast in concrete briguet hlocks
made .from.;the same. mix proportions as used in.the lining
concrete, but” without the aggregate greater thén 12 mm 1in
diameter. The blocks were cast in a 10.1 cm x 16.1 cm x 22.9
cm mold@ihSing wires to centre the gauges. Samplés were cast
on a vibrating table to eliminate voids around the gauge
platens and cured in a constant . temperature moist room,
Readings were taken regularly during curing to check for
shrinkage strains. As the gaugés were installed during thé
pouringkrof the concrete lining, the installation procéduré
"was streamlined as much . as possible to cause minimal
interferenceAwith the pouring operatidns.

Two levels of gauges wer; installed At the up. level
of instrumentation (at 108 and 109 m), and one set on each
of the lower two levels. Each set of gauges consisted of
eight rgauges; four along the inside of e lining, adjacent
to the inside.shaft wall aﬁd‘four alohg the outside of £he
lining, about 10 cm from the concrete rock interfa¢e. Gauges

were located on the north-south and east-west diameters, and

orientated to measure tangential .strains. Wires from the
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gauges were collécted in an electrical junction box on the
‘north wall. The box was mounted flush with the finished
lining wall, and accessible by hand from the muck bucket. On
level three, lead wires from the embedment gauges were fed
Qﬂ“through a 5 cm diameter water pipe to the panel box located

]

“about 10 m above. :

Two methods of plaging the gauges in the concrete were
used. For the upper levels, gauges were hung on rock bolts
inserted in pre-drilled holes. This process was time .
consuming, and also the orientations of the blocks could

-change 1if they were hit directly with falling concrete. A
much faster method of placing the blocks was used for the
lower two levels. After pouring the initial or curb ring
1lift, the blocks were placed in the desired location and
orientation in the concrete. Lead wires were attached to
re-bar hanging rods or wire mesh with guick-loc ties to keep
the wires from being ripped during the pouring of the

remaining concrete.

4.3.4.3 Stressmeters

Description and Specif ications

The vibrating wire borehole stressmeters were
manufactured by Irad Gage Inc.-The gauge was deveioped under
contract to the U.S.B.M. to provide'a low cost system to
obtain lohg term readings of stress change in rock (Hawkes
and Bailey, 1973). In addition to the initial development

report, there are several papers,; (Hawkes and Hooker,‘1974,

$
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and Sellers, 1977) which briefly describe the background
theory and some applications in underground ° mihing and
excavations.

Figure 4.12 shows an assembled gauge and a section
through a gauge body. Hawkes and Bailey (1973) providg a
complete description of the gauge, its specificatibns,
installation techniques, and data analysis. In brief, the
gauge consists of a hollow steel cylinder which is activatg%
diametricallyi across a 38.1 mm diameter borehole by wedging
thé;gauge body and ﬁ@atens apart. The steel cylinder of the

gauge flexes elastically, in the manner of a proving ring.

. Associated with the deformation - the gauge body 1s a
corresonding deformation of a highly ten teel wire in
line with the loading axis. The change in h and tension

, 3
of the tensioned steel wire is accompanied by a change in

the fundamental frequency of vibration. The fundamental
frequency is deterﬁined by causing the wire to oscillate
with an electro-magnetic field. The MB6 readout was also
used to read the stressmeters.

A distinct advantage of the vibrating wire instruments
_over other electrical instruments is the allowable freedom
in selecting a leaa wire length. Readings are taken aé
ffequencies,, not resist;nceé, and therefore the lengths of
the lead wires mav be ~hanged folloying gauge installatign
without affect:ng data.~Very long’l§§§’wires may be used to

collect data from - safe or accessible place.
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The stressmeters installed in the shaft were fitted
with special wide platens and gauge shoes as shown in Figure
4.12 (soft rock type), which distribute the contact stresses

on the borehole walls, In softer rocks the narrow platens of

the hard rock model develop higher contact stresses on théw"
borehole walls, which may result in yielding and relaxatian
of stresses,

Installation Procedure

The initial plan called for eight stresSsmeters to be

set in four steeply inclined boreholes from a depth of 142.2

®

m. The boreholes were spudded at the shaft wall, two on the
south wal; and two on the west wall, with all holes oriented
radially outward from the shaft centre. One hole at each
location . plunged from the horizontal at 82 degrees. and the
other at 75 degrees; Gauges were‘ set in the borehéles
between 10.4 and 11 metres from the shaft bottom. The gauges
were set within 1.3 an@ 2.7 m from the excavation line, as
shﬁwn on Figure 4.5 and 4.6. Drill holes were advanced from
0 to 10 m with a 75 mm diameter carbide tipped wing bit.
Wing bits were found to be much more efficient in advancing
the boreholes than tri-cone bits. The 1owef 0.6 to 1 m of
the drill holes were cored with a double walled EWG core
barrel with a carbide t;pped bit. Recovery was poor, and:

therefore selection _df the gauge sites on the basis of

’ "%%fracture location was not possible. The critical factor in

¢ (2NN

successfully installing the  borehole stressmeters is

obtaining‘a circular borehole within the allowable diametral
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)

tPlerance. The EWG core bérrel; fitted with a new carbide
embedded reaming shell Snd,carbide tipped bit produced aﬁ
oversize hole, Téper in the hole -also developed from
vibragioA of the core barrel duriné drilling. Following
completion of drilling, the holes were flushed and air dried
to remove cuttings. A "go/no go" gauge was used to determine
the section of the 38.1 mm diameter hole within the
" allowable tolerance. Two of the holes weré oversize and were
extended using the EWG core barrel with a worn ‘carbide
tipped bit and reaming shell,

Detailed installation procedures are outlined‘ in the
instructioﬁ manual (Hawkes -and Bailey, 1973). Gauges were
activated in the desired position.and orientation, using a
hydraulic setting tool,. 1 .

Several prdblems _ developed jduring the = stressmeter -
installation, The first concern;d »fhé;smél}ftolérance in
hole diameter over thch a gabge could jbe properly
~activated. This was probably due to the li?gted travel of
the ‘hydraulic setting tool pistpn. A second g%oblem'was the
tendency for the sharp:end of the settingf&ébl to sheFr off.
the lead wires of the gauge during the rel7$se of the tool
after activation of the gauge. This was ovércome by applying
sufficient‘activation bfessure to' shear tﬁe eye éf the
wedge, thus eliminating thé ngSggsity of féllowing the
'grécomﬁgnded procedure to release the tool from the :gauge. 
The final problem with.the gaugesjardse from podflbonding of

the soft rock sho€ to the gauge. Several shoes detached from

Y
'



the gauge body in the arill hole during instellatiéﬁg

'atteMpts. The remaihing gauges vere tebonded.to the soft

rock shoe u51hg straln gauge cement o ¥ J
The ‘drill hole pluﬁglng at 75 ‘degrees on the west wall

P

becaﬁe”<blqcked with™ gauge platens and wedges from.
hnshccessful 1nstallatlon ettempts. A total of seven gauges
‘were successfully 1nstalled the three .remalnang test
holes as shewh on Flgure 4.4T~Each of these drill holes had

4-

one gauge in a tanggptlal or1entat1on and one gauge in \a

radlal o;1entat1on. The hole plung1ng at 82 degrees on the

south wall had one addltlonal gauge in‘ a tangential.

.

‘otientation.
| Lead. wires from the gauges were protected inside
,threaded 3 metre sections of 38'm6 diameter steel water
plpe. The protectlve pipe was lowered to the bottom of the
75 mm dlameter seétlon of the drill holes and grouted in
place with qQuick.set conerete. The exposed section of spipe.
was extended td the base of 1ining form, and was anchoted to
the wall with steel»pietes and expansion head roék_bolts.
Between the “time‘ the_vshaft sinking_tesumed and the
fitst concrete pour wes,made, five benches were blested.-fhe
blesting sheared all the exposed pretective pipes at the -
upper thteaded couE;ing. The_ gauge lead wires were also
severed. The lead wirZs wete re- attacﬂed just prier to
pourlng the nexy level of 11n1ng All gauges continueg to

functlon.
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4.3.4. 4-Piezometers o _.' ,

Specrficatlons L -

Irad Gage type PW‘v1brat1ng‘w1re plezometers were used
to ﬁeasure water pressure of the.rock llnlng 1nterface. ‘The
‘piezometers had a, range " of 0-500" psi (O 3448 kPa) w1th a’
sensitivity gf '#0.5 psi (3.5 kPa).’ Tbe Irad Gage VMB&
vibrating wi}e readout was used to tekgigeadihgs from the
.piezometers.

Installat ion Pnocedur*e

S~

P1ezometers vere 1n1t1ally 1ntended to be 1nstalledvuin
short drill holes (20 cm ; 15 cm d1ameter3 in the shaft—wall
at each. level of 1nvest1gat10n (Levels 2, 3 and v4). T1me
shortage associated with 1nstall1ng the embedment gauges and _
panel boxes requ1red mod1f1cat1on fof tﬁe_ 1n1t1al plan.
Plezometers were later 1nstalled ?t the 109 ‘and 152 m levels
by drlll;ng 38 mm diameter holes th:ough the liner into the
‘shaft wall. Holes _were drilled.with.a_jack leg percussion
drill. A water soékeaASponge vas placed ‘in frbnt“ of the
.gauge. The watet‘inrthe sponge would fill the Small cavity
in. front Qf..the piezometers  diaphram, to minimize

equallzatlon time. Lead wires were collected at the adjacent

_panel box, and the drill hole was sealed with grout.
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5. EVALUATION OF THE IN SITU STRESS FIELD

5.1 Introduction .

The purposevof this.chapter is to evaluate the in sjtu'
stress field adjacent‘to'the shaft. Regional-evidencé on the
orientatiOn_ and relative magnitudes of tne princfpal
stresses  is discussed. 'fhe.'results of in situ stress:

measurements from a’ single borehole ' in the shaft are

presented and *dlscussed ' The results of stressmeter

- ® L %

measurements are 1nterpreted to determlne the magnltude and

orientation of the magor prlnc;pal horizontal stresses.

5.2 Ev1dence on’ the Orlentatlon of the Regxonal Stress F1e1d'
" The concept of subdividing large areas of the cont1nent
into stress prov1nces, on the ba51s of current orlentatlons
and magnltudes of the pr1nc1pal stresses, has been advanced
‘by Zoback and Zoback (1980) Synthesis of available data
both from dlrect measurements, and qualltatlve 1nd1cators,
has shown - that many areas, w1thrn a g1ven physiographic
province, having the same‘recent tectonic history, have the
e\same_principal stress orientations and magnitudes. - |
| Bell and Gough (1979) have shown from a regional ~ study
in Alber’t and north-eastern British 'Columbia, that the
major pr1nc1pal horlzontal stress is approximately normal to
the Rocky mountalns, in a NE- SW direction (Figure 5.1).

Interpretation of the orientation of the principal
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EXPLANATION

Maximum horizontal
stress orientation

Minimum horizontal
stress orientation

° = Woiw
T ————Ca— t—
L] ' £ [

Figure 5.1

Orientation of Major and Minor Principal
Horizontal Stresses Interpreted from Oilwell
Breakouts (after Gough and Bell, 1981)
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.hdrizontal 'stresses, is basedﬂ on a “regfbnal_-stndy -of
breakouts occurr1ng on. the ﬁalis of uncased Loiiwells
Measured by a. four ar cal1per probe, the breakouts oécur as
diametral elongated grooves contlnu us ‘over tens of metres.
The . breakouts can be explalned by co s1der1ng the 011 well
to be analagous to a circular hole i a th1n plate subjected
to an uneven: biaxiai stressfield | When - the.“ max imum
utangentia} ‘stresses -around eﬁhe ,cireular'hole.are'greater‘
than thefunia;ial compressf%e‘ strength of the material,
yielding will occur;,fThe maximum ¢ompressive tangéntral
stresses are developed at 90° to the major principal- stress
direetion.» Babcocﬁ9'(19785 reported_measoringp41 breakouts,
/getween depths of 1280 and 2194 m in 5 wells in the .:
Lethbrldge area, 1nd1cat1ng the major pr1nc1pa1 horlzontal
»Vstress orientation was about N 30° E. Gough and Bell (1981)<
-report breakouts in 011wells occurrlng as shallow as 480 m, -
leen that the depth of casing 1n 01lwel£s is often vseveral
hundred metres, the opportunlty of f1nd1ng breakouts at
shallow depths is rare. |

Results of hydraulic' fracturlng tests ‘in the Pembina
field, andisté?m injection tests at Cold Lakev have been
interpreted hy Gough andABeli (1981) as indicating the minor
principal stress is horizontal, i.e. Ko(min)<1. Peterson
(1954) interpreted Ko as 1.? in the Bearpaw Formation at the
South Saskatchewan River Dam site. Long term horiaontal “and

vertical plate load tests in a test adit indicated that with

time the stress on the plates in the vertical direction
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approached the expected overburden P essure,? while the
R ' ‘ \
hori¥ontal stress bgcame teady at aBout [ 1.5

4

‘Gough ‘and Belll (1881) have inte pret d the reg1qnal

fleld stresses as ittin either a thrus streﬁs field (c}

‘and c: horizgntal and o, vertical) or strike slib stress
!

N

ield (o, and o, Horizontal, o, vertical), vfhe - previously

~c/;jd\ evidence of o, horizontal sugdests the strike slip

ess field may be appropriate, with| o7 northeast-south
. . il ' \J ‘}

‘west and o, northwest-southeast.

- P | o
5.3\In Situ Stress Measurements by Overcoring

'5.3.1 Introduction
o In situ stress measurements by overcorin were planned
ae part of the.shaft 1nstrumentatlon program. The 1n1t1al
| objective was to determine the complete stress tensor\ As a
result of 'slow drilling and limited time, testlpg was
restricted to 5 tests in a 51ngle horlzontal bdreh?ﬁpk The
operat1on was nevertheless considered ‘suceessful,‘%s ghef>
method was shown - to ‘be practical 'in  the weak bedrock
underlying much of the prairies. f . |

[3

5.3.2 Test Equipment and Procedure ) j o~
‘ : /
\ ‘

The téchnique of overeoring a small diameter borehole
, , S o
containing \a diametral- borehole deformation gauge vas |

developed in the early 1960 s by the United States Bureau of
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~ U, S’B M. borehole deformatron gauget~
deformatlon ﬁauge used in the programjfh9;

' measured ‘borehole deformations’ oﬁf&x

of 0.71 m, to the location of the first test, with a thin
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Mines. Hooker and Bickel (1974) describe the method used to

~determine rock stresses w1th the current generation of

N The U.S.B.M.

'
é’ﬁ?» Figure 5.2
’ e 66° apart in
the same plane. The torpedo shap%d’gauge is centered in a 38
mm diameter borehole w1th 6 tungsten carbide tipped plungers
at the front of the gauge, and 3 springs at the rear of the
gauge. The 6 plungers are 'each in contact with a strain
gauged beryllium copper éantilevér. The cantilevers are
wired in diametral pairs to_giVe 3 diametral deformation
readings. Hooker et ‘al."(1974) describe the features,
specifications, and performance characteristics of the 3
cohponent deformation gauge. The gauges used in the testing
were model BG-2 gauges, manﬁfactured by 1Irad Gage Inc.
Deformatioh'readénés vere :eéorded by a Vishay model P-350A
portable strain indicator.

A 0.3 m thick massive s{ltstone bed was selected ‘fo{
the location of thé horizohtal test hoie; to optimize core'
recovery. Figute 5.3 shows the orientation df the test hole
and the positions of the 'overcoring tests; locafed at a
dépfh of 91 m below the surface. The dfill ?hole was
orientated SO the biaxial Aplane of measurement was
coincident.with the éxpected maximum horizontal principal
stress. |

LN

A 147 mm diameter starter hole was drilled to a depth

’
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walled maéonry core) barrel. A centred 38 mm diameter
borehole was cored a further 0.6 m past the end of the
starter hole. A doubie walled Acker-E.W.G. corebarrel with a
tungsten carbide tipped drill bit was used for the 38 mm
diameter hole.‘ | : .

| The E.W.G. core was. examined to identify zones of
jointing or facturing to select the 1location for gauge
placemént. The U.S.B.M. deformation‘probe was ‘inserted in
the 58 mm diameter hole in a.jéint free section., The lengths
of the 6 plungers were adjustéd.to obtain acceptable zero
deformatioh readings. The probe was set and oriented with
extendable setting rods. The probé lead wires were conducted
through the Arill string annulus and a specially fitted
water swivel., A waterproof connection at .the water swivel
allowed - continuous deformatioh measurements durigé ‘the
\pvercoring test. Overcoring consisted of cutting é core with
the™ 147 mm diameter core barrel at a rate of about 125
mm/min, past the plane of measurement of the probe, as shown
schematiqally in g Figure ?.4. Readings were taken at 125 mm
intervals as overcoring prgceeded.\After overcoring; first
the probe and then the 147 mm diametér core was removed. The
above procedure was followed for all 5 tests. Sectioﬁs
between tests were cored and the core was saved for lab
testing. Steél stabilizers designed by the U.S.B.M:N (Hooker
- aHd Bickel, 1974) and fabricated in the machine shép, were

used to minimize rod vibrations and to centre "the B.Q.

wireline drill’rods.
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Reduction of the borehole deformation data to-values of
In situ stress fquirep a knowledgi o"tha Young's Modulus
of the rock. The standard procedur; for the overcoring ‘test
is to reload the core from each test iﬁ a biaxial pressure
cell, and to measure the radial pressure vs internal bore
deformation - relationship. The biaxial cell provided by Irad
Gage Inc. designed by the U.S.B.M. failed to work in the
intendgd manner. Instead of applying a uniform radial stress
along the embedded poftion of ghe core to créate approximate
plane stress loading cohditions, the cell” pressure was
concentrated along the centre of the cell and caused failure
of ther rock core in tension. Experimentation with the
biaxial cell later, resulted in a solution to the problem.
It is recommend that the coré be wrapped with one or two
“layers of a thickéfzékible plastic sheeting, such as mylar
or linoleum, to increase the diameter of the core to the

inside diameter of the cell(.

5.3.3 Data Reduction and Analysis

Figures B.34 to B.38 show the overcoring depth versus
diametral deformation plots for the five tests. Four of the
fivé tests were relatively successful. The data from Test 1
is incomplete, as shown on Figure B.34. The test was aborted
before the overcoring bit'had completely passed the plane of.
measﬁ}ement. The overcored rock contained an open joinf
oblique to the core axis, which allowed the core and probe

to spin with the core barrel. If the probe had been set at a
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shallover -depth, Test 1 would have been successful. Testas 2
fi‘ig;qh 5 provided complete overcore depth-diametral
deformation curves. The shape of each curve is unique,
reflecting somewhat the non-isotropic bnha;ior and
nonuniform stress distribution of the regularly jointed rock
mads.w The core from each of Tests 3 and 5 contained open
fractures which;iere along a bedding plane in the sample
from Test 3 and concave in th§ sample from Test 5. Both
fractures were in the outer portions of the core, extending
for about 30 cm along the core. Grob et al. (1975) show that
open discontinuities in the 'vicinity of the plane of
measurement cause errors in diametral ?eformations duehto
" uneven stress gradients., The effect ofi the open bedding
plénes has not been evaluated. Displacements in the
direction ngrmal to bedding were much larger in the
overcoring tests on the fractured rock than in the tests on
the intact rock. It ig possiblekwthat the open fractures
cause the rock to behave like an anisotropic body, with a
lower modulus in the direction of the bedding plane.
The 1initial positiQe, displaceménts shown on Figures
B.34 to B.37 for Tesfs ! through 4 are diametral strains
resulting from concentrations of tensile stresses in the
plane of the drill bit, as it advances toward the plane of
measurement (Blackwood, 1978). When the drill bit has cut a
short distance past the plane of measurement, the tensile
. _stress  ¢toncentrations and ,their effect on diametral

ﬁﬁeformations drops rapidly. At this point, a steady state



plahe strain conditiohgshould,e#ist. Slow response of the
plungers, 6r time depeAdent strain redovery‘in the rock mass
results in continued deformations after drilling has
st opped. '

" Table 5.1 presenis the diametral deformations for Tests
2 to 5. Further ahalysis of‘the data is reétricted to Tests
2kand 4 because of reasons cited»earlier.. Two closed' form
solutions have .been conSideredvin calculating the in situ
biaxial stress from the oyefcoreﬂtests. Béth 'aré based on
linear‘ elastic models. The first assumes the.gock mass is
isotropic, and the second assumes the ‘rock mass is
" anisotropic. Grob et al. (1975) show that significant error
is iﬁtrbduced into"the calculation of,the in situ stresses
if the rock is assumed to behave linearly elastic, when it
is behaviqg noﬁ-linearly or has developed a plastic =zone
around theiipilot' hole during overcoringﬂ Triaxial‘test
fesults'sth';the stress/strain .behaviqr in fhe  elastic
1oadi%g stage are lineér xduring testing with a constant
'strain rate. The observations of Grob et al. (f975) have
practical implica;ions‘dn‘;he range.of gpdditions wherélthe
fechnique’can,bé appliea»without considering the efféct of

v

yielding on diametral deformations: and the stress strain
;esponse of the rock. |

Equations .fbr\ the isotrdpic plane strain solufion are
presented in Appéndix C.4.7The Poisson's fatio of the rock

is assumed to be 0.25 for all analysis.-The Young's Modulus

for the initial isotropic ahalysis -was selected from the
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Table 5.1 Summary of Diametral Deformatiens from Ovefcore

Tests o
Test Diametral Deformation;:u, [cmxlO6]

Test Depth Counterclockwise Angle from Vertical

No. (m) u,=0° . u,=60° u,=120°

. 1. 2 3

2 1.85 3500 11400 4700

3 2.16 14000 12000 -13000

4 6.60 '5400 6500 13250

.5 '6.88 12500 9750 . 11600
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/triaxial- test results. The. assumption of isotropic
elasticity is seldom strictly true for sedimentafy rocks. It

is generally more realistic to consider layered rocks as a

tragsversely isotropic. material with isbtrépic horizontal
%laygfs; Becker (1968) and Becker and Hooker (1969) present
an elastic solution fof,dete;mining in situ stresses fromv
"overcoring measurements in anisotropic rock. The formulas
for the anisotropic solution aré presented in Appendix C.5.
The solution reguires that the axis of the(lcircular hole
(drill hole)"iae along one 5f the orthotropic axis of the
material. The horizontal drill hole meets this criterion if
kit is assumed that the horziontal plane is a plane of
elasfic symmetry (i.e. is isotrop f'; and tﬁat ‘Eh # E, .
Tests have ‘not been conducted on the Bearpa@ shale.to
determine the ratio of E, /E, , but, pased on peréénél'
éxperience in similar rock‘from anothe:,;vercoriﬁg project,
it will be assumed that E, / E = 1.6. Table 5.2 presents
the principal biaxfal stresses ¢ lculafed for tests 2 and 4
for the iéotropic\and anisotropic analysisf The isotropic
analysis indicates the major principal stress is ié6° from
horizontal while the anisotropic analysis reduces the range
to *20°, The orientation of the major principal stress as
calculated is strongly'ihflﬁenced by thé  orientation and
ratio of the .anisotropiccmddulds of elasticity. A maximum
estimated error of #15 degrées is poséible in deterﬁinihg

the orientation of the gauge, a result of the technique used

to set the gauge, This problem has been corrected by



Table 5.2 Comparison of Principal Biaxial Stresses
Calculated from Isotropic and Anisotropic Analysis

Test Isotropic Elastic Analysis i i
No. P Q Q/p [] P Q Q/Pp [}

[MPa] ([MpPal [degrees] [MPa) [MPa) [degrees]
, ) :
2 1.65 0.75 0.45 +64 2.27 0.90 0.40 +70

4 1,99 "1.09 0.55 -64 2.73 . 1.29 0.47s =70

Note: E = 1.4 GPa for Isotropic analysis
% 'Ev = 1.4 GPaA and Ep = 2.2 GPa for Anisotropic analysis
6 = Pésitive measured counterclockwise from vergical_ a#cis
P = major principal biaxial stress

Q= minor'prihcipal biaxial stress
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b _ v
adopting a level to the setting rods. From the error
élloﬁante, it will Be assumed. that the majo;>principal

biaxial stress is approximately horizontal |
The vertical stress component for‘\both methods of
analygis are significantly lower than the estimated
overburden pressure. Synthesis of a number of studies (Hoek
and Brown, 1980) has shown that in vnon-mOuntéinous areas,,

Q

the vertical stress component can be approximated by the
oVerburden pressure. If the ratio of P / Q from Testslz and
4, given by the. isotropic analystis, .is assumed to be
correct, ﬁhén the horizgntal stressestfor each teét can be
calculated by assuming vertical ég:ess is equal to tﬂé
overburden pressure ofiaboﬁtxl.Q MPa. A correctionbmugt also
be applied to P calculéted by thiskmethod to account. for the
tangential stress concentration adjaéént to the shaft. ' The
tangential stress concentration féctorsi;érg\calculated on

the assumption that the biaxial plane of meagﬁre@ent is

-

about 90° “from the orfientation of the major principai éfre§§'
and N, the ratio of (sigma-h(max) to,sigma-ﬁ(min)) is about
0.7. Appendix C.2 presents the necessary equétions. Table
5.3 presents the results_ of this - exercise, with the
eatimated horizontal field stresses, K,, and the equivalent
isotropic mdelus of elésticitj. An avérage K, of 1.5 and E

of 3.2 GPa 1s produced by this analysis.

1

o ~\.\
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Table 5.3 .Isptropic'Analysis of Overcore Tests' 2 and
Based on the Assumption of oy = Ty

[+}
Test r/a _8 Q) - P (1) o,(2) E
No. % (P)isotropic h o (apparent)A
: [MPa] [MPa] [GrPa]
R i .

2  1.59 1.65 0.45 4.22 2.5 1.35 3.55 ‘

4 3.25 1.1 . 0.55 3.45  3.14 1.65 2.44
Notes:

r/a = position of test normalized to shaft radius

oe/ah = tangential stress concentration factor in horizontal
plane predicted by linear elasticity

(Q/P)isotropicAs measured ratio of principal biaxial stresses fo
< isotropic analysis.

(1) Principal biaxial stress calcﬁlated from assumption: Q = ¢

(2Y ‘o, = P/(0g/0,): Correction for tangential stress
. concentration

K = o/,

E, " g Je
(2pparent) oh/ev

r

\'4
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5.4 Interpretation of fn.?sltu Ssxesses from Stressmeter
Measurements * v |

Sectlon 6.3 discusses| in detail the method used to
‘ calculate the magnitﬁde and orienta 1on of the major
principal horlzontal stresses from strgsSmeter measurements,
| The method could be considefed to be an "undercoring";’ test,
where"the principal BiaxZal stresses %fe‘calcglated from
measurement of the tangential and radial stress changes in
the wall rock which occur as the stress state changes from ar
virgin stress field, to the steady state stress field after
the shaft bct-om influence is negligible. The calcuiated
field stresses are reduced from the true field stresses by a
factor proport:onal to the dlffere"e between the true field
stress and the radlal gupport pressure which develops on the
liner. Analy51s of‘ the 1lining " stress data indicates the
short term (6 day)‘tadial'sepport pressure P (max) is about
0.25 MPa. The most 1likely field stresses and range
calculated in Section 6.3 from the observed stress changes
are: |
‘Sigha-H(max) = 4,50 0.5 MPa

N = 0.5 - 0.8

thetsa =FS 40° W 1200



5.5 Conclusions on the in sltu Stress Field

The hypothesis advanced by Gough and Bell (1981) is
_ supported by the results of the two overcoring tests, and
‘the stressmeter data. As measurement of the complete stress
tensor was ‘not possible, interpfetation of the in situ
stresses must reflect a judgement on the fit of the deta.
Subsequent . analysis in this thesis wiil be baseq,on the
assumption that the principal stresses are 'ho;hzontal‘ and
vertical, . and have a relationship with depth as shown on
Figure 5.5, | ﬂ

Although time 1limited ‘the number of overcoring tests
p0551ble, the results demonstrate the method is a practlcal

tool for measuring Jn situ stresses in weak bedrock.
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6. ANALYSIS OF SHAFT INSTRUMENTATION

6.1 Introduction . Y

| This chapter covers the reduction and analysis of data
‘obtained from extensometer, stressmeter and embedment gauge
‘ meésuremenis. The factors influgncing the response, and
sensitivity of the instruments and potential errors are
discussed. Plots of the field data are presented in Appendix
B. The data has been interpreted from comparison of the.
field data with normalized theoretical curves generated from.

an appropriate model. e

6.2 Extensometers

6.2.1 Extensometer Data Reduction

| Extehéometers were installed 1in horizontal boreholes
near the shaft bottom, to measure the magnitude and
distrubution of radial rbck mass displacements accompanying
the shaft . sinking. The positions of the extensometers
installed at the 111 m and 180 m levels are given on Figures
4.3 and 4.7 respectively. At each levei, one ofv the three
extensometers recorded nalmost no movement. Malfunction of
these gauges‘CQpld have been caused by:
1. binding of the rods against'other rods and anchors{ and
2. Dbonding of the rods to the reference head by excess

grout extruded between the borehole and the reference
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head.
The two remaining -extensometers <at thé 180 m level were
destroyed when the concrete lining was poured at that level.
The two extensometers at the 111 m level were accessable
after the lining was poured over that section.

Extensometer measurements were 6btained at the 111 m
level following each bench blast, while the extensometers
were exposed on the shaft wall below the lining. Access to
the extensometers at the 180 m level was restricted to the
shutdown ﬁeriod when the extensometefs.yere installed, and
just prior to pouring the lining over tﬁat section of the
shaft.

Extensometer readings were taken by measuring the
distance ffom the reference head mounted at the shaft\wall,
to the ends of the anchor rods. Measurements were taken.with
a Mitutoyo depth micrometer, calibrated to +0.001 inches
(£0.0254 mm). The last set of measurements of the two
operatioﬂ%l extensometers at the 115 m level Qere taken yith
an L.V.D.T. mounted on a P.V.Cﬂx holder to act as an
electrical depth micrometer. kead%pgs on the LSQ;D.T. were
obtained with a portable "Fluke" digi&él voltmeter. A 6 volt
battery was used to excite the L.V.D\T; The L.V.D.T. depth
micrometer was found to have a repeatability of ;0,005
inches (x0,127 mm).

‘Extensometer data 1is presented 'as recommended by
Cording et al. (1975), in ﬁhe form of depth—dispigééﬁént

diagrams, and time-displacement diagrams. ’ Figures B.1
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through B.8 present the exiensometer data.

The time-displacement diagrams show the displaéement
distribution between the reference head and each anchor with
respect to time. An increase in the distance between the
reference head and the anchors 1is shown as positive.
Time-displacement diagrams allow correlatiqn of displacement
rates to constructipn events., The dépth—displacemen£
diaérams' show the distribution of movement within the
measured section. Extensometer.measurements were taken as
‘the displacement of each anchor with respéct to the
reference head mounted onﬁthe shaft wall, as outlined by
Cording et al. (1975). For data analysis the inward .
displacement (cohvergente) of the shaft wall was taken ,as
the measured displacement between the reference head and the
deepest anchor. On _the depth-displacement .diagréﬁs this
displacement kwas plotted at the shaft wgll. The measured
displacement &ftween the reference head and each of the
intermediate 'anchors was subtracted from the measured
displacement between the deepest anchor and - the reference
head, and plotted as the displacement' of that anchor
(towards the shaft). This method produces a displacement
distribuﬁion relative to the deepest anchor. For data
presentation purposes the'displacement of tﬁe deepest anchor

is shown to be zero.
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6.2.2 Discussion of Errors

A possibe error of $0.025¢ mm was introduced into each
extensometer reading obtained with the Mitutoyo depth
micrometer and $0.127 mm for the reading obtained with the
L.V;D.T. When the displacement at the depth of an anchor
relative to the deepest anchor is calculated for the depth
displacement diagrams, the error is doubled. Therefore on
the depth-displacement diagrams a possible error of +0.0508
mm is associated with each reading obtained with the
Mitutoyo depth micrometer at each anéhar depth, and $0.0254
mm for the displacement between the deepest anchor and the
extensometer head. For the two entensometers at the 180 m
level, where 1less than 0.32 mm of total movement was
recorded at the deepest 4 anchors, the possible error is
greater than #16% of the measured movement. This estimate of%
the bossible erfors 1s conservative, as all readings were
taken by the same person using a consistent measurement

technique.
4

7

A second type of error introduced into the results is
from the nonuniform reponse of the extensometer head to
movement at the shaft wall. Any rotation of the extensometer
head would result in a nonuniform and indeterminable error
on thé measurements. The grouted length of 25 cm along the
stem would tend to keep rotation of the head to a minimum.
Sticking of the connecting rod between ﬁhe extensometer head
and the anchor appeafsAto have caused a‘jump in the measured

digplacement at one anchor at the 111 m level. A small
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amount of grout on the connecting rod at the back of the

reference head could explain the sticking,

6.2.3 Extensometer Performance

Figures B.5 and B.6 show between 20 and 30 percent of
the total measured movement at the 111 m level occurred
wvhile the shaft bottom was stationary at about ! m below the
extensometers, (between t=0 and 43.5 hr). The largest
movements between readings at level 2 spanned the first
blast, with smaller displacemts associated with each of the
3 subsequent blasts prior to pouring the lining over that
section of wall. The four benches blasted in this time
accounted for a shaft bottom advancement of about 4.6 m,
with each blast taking a bench 2.3 m deep by half the shaft
bottom. In the time between pouring the lining at level 2
and the first reading taken through the lining (at t=326 hr)

. .

an additional 0.4 to 0.5 mm of closure occurred. This was
about 25 percentk of the total «closure measured. No
measurable closure occurred in the intervening 4 month
period between August and December, 1980. In total, between
1.6 and 2.0 mm of inward-radial displacement was measured
after instrument placement at the 111 m leyel. This does not
include the movement which occurrred ahead of the shaft
bottom and before installation of the extensometer.

At the 180 m level, radial closure during'the period
when the shaft bottom was stationary (from 0 to about 50

hours) was between 55 and 83 percent of the total measured
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closures .of QJGG and 0.61 mm réspectively as shown qn
~Fi§ures B.3, B.4, B.7 ahd B.8. The time-displacement
diagrams for thé 180,m extensomefers show a radial closure
.which is-almost indeéendent of the shaft. face advéncement.
Féurﬂibenches were blasted following the‘4fdaybidle period,
before the lining‘was poured at the 180.m levél, giving a

_shaft-botﬁom advancement of about 4.6 m.@

-
b

6.2.4 Analysis of Extensometer Data
Analysis of extensometer results is based on a two
dimensional plane strain isotropic, linear elastic model.

Appendfx C.1 presents the formula for radial dispiacements

around the circular hole, éfterv Kruse (1969). Poisson's

ratio was assumed to be 0.25 in the rock mass for analysis.
Compariéon of the measured depth-displacement extensometer
curves from the two levels jfo the predicteg/ depth
displaéement curves. has yielded an estimation of the
orientation of the major principal horizontal stress, the
fatio of the principal horizontal ' stresses (N), and the
ratio of the apparent principal horizontal field stress to
the modulus of.eiasticity of the rock mass (S*/E). S*, the
appérent principél hori;ontal ﬁield stress, corresponds to

the magnitude of the stress change which occurs when

extensometer measurements are recorded. Normalized plots

have been used for presentation of both measured and

theoretical displacements, to facilitate comparison. The'

distance from the shaft centre to the point in guestion, R,
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is normalized to the shaft radius, A on the abscissa of eaéh
plot. The ordinate presents the radial displacements, u,
normalized to the variables é, A, and E in the form SxA/E.
Equation C.1.5 (Appendix C) . gives the ﬁrue radial

displacement aistribution. To allow cdmparison' of the
theoretical withlthe measured displacgmen t diStribuﬁions,
the theoreﬁical ‘displacemeﬁt\distribution must be adjusted
to a value of zero displacément at the depth of the Kde;pest
anchor, by shiﬁting the ordinate axis to 2ero‘at the deepest
anchor. A" set of 10 normalized theoretical -‘curves was
produéed for each lev el, cdrresponding to a 90° arc in the
nﬁgeld stréss, in 10 ree> increments. Each curve displays the
%}adial displacements for values of N from 0.5 to 0.9.
Figures 5.1 to 5.4°;resent the two curves from eacﬁ level
which best fit the measured results, The'curvesrfor N 2 6.8
show little sensitivity to theta, tﬂé angle to the major
principal stress, whereas the curves”for N=0.5 and 0.6 are
highly éensitive to theta.

A second set of normalized curves wés produced from the
extensometer data at the 111 and 180vm levels, (Figures 6.5
to 6.8) for the latest recorded displacements. A set of
cu}ves vas produéed for each eXtensomeﬁef plot, by
normalizing the measured displacements to the raﬁio E/S*,
from 1500 to éOOO-and)ﬂSQQ’to 4000 at the 111 m ahd 180 m
levels respectively andﬁthé éﬁaft’radius A. The best fit for
each level was obtained between the theofretical and measured

curves for  the variables N, E/Sx and the geodetic
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orientation of the field stress ({.e. the azimuth of S).

6.2.5 Comparison of Measured with Predicted Radial
Displacemts ‘

Comparisoh of measured displacement distribution curves
with theoretiqal curves, 'in a normalized format, allows for
the simultaneous evaluation of a number of independent
variables. At best, the analysis allows'aq.estimation of the
variables, within a given ranée. An.erroneous response of
one of the two extensometers at eithef of the  levels would
influence the-analysis significantly.

Fitting of the _measured to predicted radial
displacement curvé§‘has produced the follohing results.

111 m Level.

N

0.8 (0.7-0.9)

E/S

i

2000

0—903"T€Béeterﬁinable)

orientation of §°
180 m Level.

N = 0.6

E/S = 3500-4500

" orientation of S NB80°E+10°

This analysis {s in agreement with that reported by
Kaiser et al. (1982) for. the 180 m level extensometers.
Comparison of the meésured displacemgnts\té the normalizéd‘
curves ihdicate§ loosening - adjacent to the shaft wall may
not be a signiﬁicant process. The embedded depfh of

extensometer .shaft ' may also ‘make the extensometer
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insensitive tovmovéméﬁt in the first 0.3 m of rock adjacent
to the shaft wheré looseniﬂg would be dominant. Confidence
in the overall ektensémeter response may be gained from the
gimilar reponse of the pair of extensometers at each level,
and the difference in tﬁé”magnitude of displacement between
the two levels, (i.e. approximately 0.6 mm at 180 m compared
to about 2.0 mm at 111m). The similar shape of the depth
displacement curves at 111 m indicated an N of about 0.8 and
good confidence in E/S?h but because of the relatively high
N, it was difficult to estimate the orientation of the field
stress. Conversely, the very different response of the 180 m
exﬁénsometers‘:indicated with feasonable confidence  the
orientation of the field stress. The very flat reponse of
the north wall extensometer at 180 m.(Figufe 5.7) away from
. the shaft, indicates strongly that N = 0.5-0.6 (or possibly
even lowgr); It was difficult to predict E/S* closer than
~the dgiven range.

A common feature on all of the depth displacement plots
(Figures B.1 to .BQ4) is the development"of a radial
displacement trough at a debth of about 1.5 m. The trough is
about 0.4 and 0.2 mm deep at ‘the 111 and 180 m levels
respectiyely when compared to a uniform radial displacement
curve. The trough was identifiable at the 180 m level on the
earliest set of readings, tékén 6 hours after gauge
installation. The trough was not apparent at the 111 m level
until about 43 hours after installatibn. Thé north wall

extensometer at the 180 m level shows a trough extending
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from about 1.5 to 4.0 m from the shaft QallL The trough for
this plot shows the rock in ‘the ‘trough zone Is in
compression with respect to the initial state.

Interpretation of >the‘. depth-displacement curves
indicates the. rock mass is not behaving as a homogeneous
isotr;pic mategial, but rather as if the rock ﬁas developed
.three concentric zones of different material propertiés
around theishaft. The first zone e;tendidg from r/a between
! and 1.3 would have a modulus equal to or"slightly lower
than the initial modulus in undisturbed rock mass. The
second =zone extending between r/a of 1.3 and 2.0 would have
a higher modulus than %he undisturbed rock mass. The third
zone at a depth greater than r/a = 2.0 would have an
unchanged modulus from .the initial state. This ‘speculation
could not be cqgﬁf?;;d, but it is a possible explanation and
it corresponds to observations of "pfoteétive ~zones"
adjacent to tunnels reported by Vardar (1977).

Thé average modulus of elasti;ity of the rock xmass at
the 91 m level was estimated' to be about 3.0 GPa as
determined from back calculation of overcoring tests
(Section 5.3.3). Table 5.3 shows the back calculated modulus
for tests 2 and 4. The modulus from test 2, r/a = 1.59 is
abopt 45% higher than the modulus at test 4, (r/a = 3.25).
This supports the view th;t the rock 1in the intermediate
zone around the shaft (1.3 < r/a < 2.0) has a higher modulus
than the initial rock mass, but two values obtained““gy

indirect calculation cannot be considered as hard evidence.
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The modulus of elasticity measured in the laboratory varied
from 1.1 to 2.1 GPa with an average modulus “of 1.5 GPa.
Qualitative assessment of the rock quality at 91, 111 and
180 m would indicate a lower modﬁlus. Thé» higher confining
pressures at the 180 m level could counter the effect of a
poorer rock guality to give a similar modulus. Calculation
of S* at the 111 and 180 m levels based on the assumed

modulus of elasticity of 2.5 gives the following stresses:

s U At 111 m, S% 1.25 MPa.

At 180 m, S* 0.55 to 0.71 MPa.

‘,?he maximum .principal stresses at tHe 111 and 180 m levels
are estimated to be about 3.5 and 5.4 MPa respec;ively._ The
stress change S* which occurred during the exténsometer'
measurements would be about 35% and-{Z% of the field stress.
About 14% and 7%;of the total tangential and radial stress
changes respectively,. which were measured _ by the
stressmeters (Section §.3,4), occurred between the shaft
bottom and lining installation, The higher percentage at the
111. m level refleéts the additional radial di§p1acementsl
which occurred after the lining was installed. Compérison of

the measured stress change to the observed displacement

profile confirms that the in situ E is about 2.5 GPa.

6.2.6 Practical Recommendations Arising from Extensometer

- he =
Measurements

~.

Interpretation of extensometer data requires the in

situ modulus of deformation of the rock mass. The modulus
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must be obtained from either Jin sSitu testing by a
pressuremeter or similar instrument, or from on-site testing
of .large samples immediately after sample recovery. Modulus
profiling in a horizontal borehole away from the shaft Gsing
a pressuremeter would be one way of testing the modulus
zoning hypothesis.

Installation of extensometérs adjacent to a drill and
blast face requires 'special measures to protect the
reférence head. Ideally the 'exteﬁsometers should be
installed as close as possible to the face (shaft bottom),
and as soon as ’possibie, té allow maximum deformation
measurement. Speed of installat;bn could " be increased
asignificantly by wusing: a rotary percussion drill over a
diamond drill. Optimal orientation of the extensometers is
important for interpreting the orientation of the field
stress and N, the ratio of ;he principal horizontal
stresses. four extensometers would. be ideal, with the radial

o

orientations at 0°, 30°, 60° and 90° to the expected .major
principal bia#ial stress. An extensometer oriented at 30
degrees to the major principal stress is insensitive' to N,
and therefore is best for estimating E/S*. The extensometer
oriented at 90 degrees to the major principal biaxiél stress
will show the greatest sé&éitivity to N, Estimation of the
orientation of the major principal stress is almost
impossible for N between 0.8 and 1.0. Measurements from
extensometers afﬁer‘the lining has, been poured give the

7

radial displacement from concrete shrinkage and thermal
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contraction., The radial closure at the 108 m level after the

lining was poured, was about 0.53 mm.

6.3 Stressméters

6.3.1 Stressmeter Data Reduction

The purpose of installing the 'vibrating wire
stressmeters, was to measure the stress change in the wall
rock associated with the a?vancing shaft. To obtain the
maximum practical measurable stress changes, the gauges were
installed about 10 m or 518 radii ahead of the shaft bottom,
and as close. to the projected blast line as possible, as
shown on Figures 4.5 and 4.6. The orientation of the
‘gauges,in radial and tangential posiii@ns with respect to
the shaft, Qas seleéted for ease of data interpretation.

Equation 6.1 presents the theoretical relationship
between the uniéxial stress change and the ;eadput

frequency, developed by Hawkes and Bailey, (1973).

(42240037 1} _ (Toy 2y
T T Kefh.l
(o]
9 T -6
11.4 - 0.66 x 10 Er \
where:
S, = uniaxial stress change (psi) -
To = previous reading
by = current reading .
Er = = Young's Modulus of rock (psi)
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The Young's Modulus was aséumed to be 1.5 GPa. Zero or base
level drift was observed in the gauges following activation
against the walls of the borehole, when the shaft bottom was
stationary. The drop in pressure between the gauge platens
and the borehole walls resulted from yielding at the
bedrock/platen contacts. A nearly linear.relationshp of the
data collected dﬁring the stationary period on a plot of
stress change vs. log time was used to estimate the zero
reading on the gauges when shaft blasting resumed. Gauge"
leads were inaccessible after installation period, until the
concrete forms were lowered to ﬁour the next 1lift,
Sigq}ficant stress changes did not occur during this period,
as shown 1in Figures B.15 =~ B.17. Stress change data is
presented in Figures B.9 to B.17, as time-stress change
plots and shaft depth-stress change plots. Both arithmetic

and log-time plots afe shown.

6.3.2 Discussion of Errors

It 1is appropriate to discuss the limitations involved
in calculating stress changes from stressmeter measurements.
There are two }major sources of error or uncertainty 1in
interpreting these results. The first relates to the error
in determ{ning the exact. location of the gauge with respect
to‘the shaft wall. Gauge locations shown on Figures 4.5 and
4.6 were obtainedb f%om calculations based on the measured
plunge of the drill holes (22°),the length of the drillholes

and the distance from the centre of the shaft (heasureq from.
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the laser plumb) to the drill hole collar. A $2° uncertainty
in the plunge of the drill hole would result in about 10.35
m radial error at a depth of 10 m. Thus there is the
potential for a 0.35 m error in calculating the r/a value
used in interpreting the stress change data. The shaft
radius at the depth where the gauges were installed was
calculated as the average outside radius from the volume of
concrete poured over a 3.9 m length of shaft. The actual
radius of the plane containing the gauges may have deviated
from the average, and from a circy¥ar cross section as a
result of irreqular errbreak. Near the {52 m level,
iffegular overbreak was observed to be up to 0.3 m greater
than the excavation perimeter, but generally overbreak was
within 0.15 m of the average perimeter.

The second source of error concerns the response of the
gauges to styess changes in the rock. When the gaug?s are,
installed the radius of curvature of the gauge plateng (soft
rock type) is less than the borehole radius. In softer
rocks, full platen.contact only develops after some yielding
around the platens or rock. Pariseau and Eitani (1977) found
from finite elemeﬁt studies, that for both elastic and
elasticjberfectly plastic rock behavior, the response of the
gauge to unia&ial‘stress change was insensitive to both the
Youhgts Modulus of rock and the contact angle of the
platens. Creep was ‘assumed negligible due to the short

loading history. They also found from hollow cylinder

triaxial tests on coal, that the sensitivity of a soft rock
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gauge unaer realistic ioading conditions 1in the sample
annulus was clbse to the response éredicted bf: éhe finite
‘element analysis, and the calibration provided by the
“manufacturer. The behavioé of the gauges under conditions of
constant load in time dependent rocks is unknown,.and has
not been stud;ed to date.

The variq}ion in tangential etreee'changes measured by
the<two,gauge§1§nstalled about 0.3 m apart .in the inside
‘drill hoie on the south wall (Figure B;9)/ may,heve resulted
from real differences in the stress changes in the rock, or
from the gauge response to the same stress change. Unegual
stress‘changes in the rock could result by 1installing one
‘gauge ‘in a siliceous concretion, or across a bedding plane, .
joint, or bentonite seam. On the other haﬁd the wvarjation

v
may have resulted from the loss of the soft rock shoe from
the g;uge | boay, resulting in different response
charactpristics of the two gauges. The gauge response under
uniform| stress change conditions may be influenced by the

magnitude of the pfestress level.

6.3.3 E £imation of therin Situ Stress Field

6.3.3.1 |Method of Analysis

Analysis of sEressmefer data has been divided into two
afeas.,T e first concerns the analysis»and.interpretatieﬁ of
the Jin slitu stress fieid from stress change .measurements.

1

The second studies the influence of the shaft bottom on




115

strééé chéﬁges in the shaft. For the in situ stress analysis
the measured radial and tangential stréss changes were
comparea to the predicted -radial and tangential'stress
changes to obtainlan estimate of the magnitude, degree of"
nonuniformity and geodetic orientation of thé in situ stress
field. Stress changes were calculated for two cases, an
inﬁéct case assuming no rock damage énd,a second by assuming
0.3 m of broken wall rock. The shaft radius was assumed to
«___~be 0.3 m larger for the latter caée with no support from the
broken rock. A plane sﬁrain elast%éwvanalysis was used to
calculéte the radial and tangential stress changes whiéh
occur at the gauge locations duting ekcavation of the shaft.

P

Appendix C.2 presents the derivation of the formulas used to
calculat; the radial and tangential stress changes.

A- linear elastic model was chosen for this section of"
the stressmeter analysis for two reasons. First, the model}

'provides a simple; analysis with minimal khowledge of the

field . conditions and material probe;ties. Second,

observations of the tangential stress changes and’
-.extensometer movements did not indicate that the rock was

yielding around the gauges.

Figures 6.9 to 6.12 present normalized pfedicted.streSQ
change curves forfthe two cases considered (intact and 0.3 m '
broken), for two_r/a positions of the gauges. The ih situ
field stress ratio was N, the magnitude of the stress, and

the orientation of the major principle stress was estimated

by normalizing -the measured radial and tangential stress
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changes to the assﬁmed major principle field stress and
cﬁecking the fit on the proper curve. Figures 6.9 to 6.12
show the measurgd stress changes normalized to the best
estimate of the field stress and piotted at the estimated
field stress orientation. Table 6.1 gives the values of the
measured ,stfess chahges used for the in situ stress
calculations, measured when the shaft bottom was 5 m and 55
m, respectively, belbw fhe plane of measurement,

“The relatively flat response of ﬁhe tangential stress
chahge curves with respect to N, and the ggﬁgtion of the
major} principle  stress shown on Figures 6.9 to 6.12 limits
the wuse of tangential stress change = measurments in
interpreﬁing the orientation of the major principle stress.
This leaves the tangential stress change measurements suited
to estimating the maghitude of the major princibal stress.
The increase in the sensitivity of the tangential stress
change to N\'as r/a decreases adds to the difficulty in
predicting thé majdr,principal field stress. The greater
-sensitivity of tge radial stress change curves to N and ﬁhe
orientation of the major principal field stress allows the
tangential and radial stress qhangé measurements to be used
'in pairé to estimate all three unknowns. However 1in most
cases 4the combined analxgis predicts unreasonable values 5f

N, theta and sigma-h (max).



Table 6.1 Measured Stress Changes for Shaft ‘Bottom at 5m
and 55 m Below Plane of Gauges

Gauge r/a for Assumed Gauge Measured Stress Change
Location Wall Condition _Orientation [MPa]

Intact 0.3 m Broken 8 5m @ 55 m-
West 1.50 1.35 Radial -1.05 -1.34
Wall . Tangential 0.67 1.19°
South 1.50 1,35 . Radial -2.45 -2.73
Wall Tangential 0.98 - 1.68
Inside . Tangential ~ 1.82 2.50
South 1.95 1.75 Radial To-2.43 -2.93
Wall Tangential 0.95 1.15

NDutside
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6.3.3.2 Comparison of‘measured'stress changes to Model
‘ Table 6.2 presents an estimate  of the field stress
parameters from fitting the stress chénge measurement to the
normalized curves. It will be shown tﬂat the estimates: of
the field stress from the stress change measurements are
only the apparent field stress or the portion of the field
stress which is released. The remaining portion of the field
stress acts to produde a ioad on the shaft lining,
Reasonable  agreement 1of the tangential stress change
measurements produced an average value of sigma-h(max)=4.25
MPa. Thé wider , band width between N=0.5 to 0.9 for the
tangential stress change curves for low theta values
(Figures 6.9 to 6.12) allon‘for about *1 MPa deviation in
the estimation ofﬂsigma-hr(max); Matching of the combined

radial and tangential measurements to estimate N and the

H

o

geodetic orientafion 6f the maximum field stress was
successful fo varying degrees for the three gauge locations
as shown in Table 5.2. To obtain a fit of both .radial and:
tangential measurements for the ' south . outside location
required 51gma h(max) 5.8 MPa‘ The resp&\se of the radial
gauge on the south out51de does not fit in with the overall
stressmeter analy51s and may reflect a release of a portion .
of the prestressed load in excess of the elastic stress
chande. Based on the preceeding analysi§ only ﬁhe fqllowing
conclusions on the jn Situ stresses can be made: |
sigma-h(max) = 4.25.10.5 MPa

N = 0.5 to 0.8
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Table 6.2 Field Stress Orientation and Magnitude Predicted
from Stressmeter Analysis

Estimated Parameters

Gauge Assumed Comment on Fit
Location Wall o
Condition %h(max) (MPa) N elch(max)
Intact 3.5 0.5-0.6 N43°E to Good fit on both
r/a=1.30 N47°E radial and
West tangential gauges.
Inside
' Broken 3.0 0.5-0.6 N45°E to  Good fit.
r/a=1.35 N52°E
Intact 4,25 0.5-0.6 N.S. to Good fit.
r/a=1.50 N15°E
South
Inside
Broken 4,25 0.5-0.6 N to Good fit.
r/a=1.95 N30°E-
Intact 4.25 0.5-1.0 ? bdop fit only.
r/a=1.95
South
Outside ; )
: Brokén 5.8 0.5 N to Poor fit with
r/a=1.75 N1O°E radial gauge.
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sigma-h(max) = S40°W+20°
The results of this analysis differ from the results of
the preliminary analysis reported by Kaiser et al. (1982).
The initial interpretation indicated the same magnitude and
ratio of the principal stresses, but interpreted the

orientation of sigma-h(max) as approximately east-west.

6.3.4 Stress Changes Associated With the Advancing Shaft
Bottom |

-iThe second avenue of analysis of stressmeter data was
with respect to the influence of the advancing shaft bottom.
Figufes B.15 to B.17 present radial and tangential stress
changes observed at the three stressmeter locations, with
respect to the distance from the plane of measurement. No
readings were taken when the shaft bottom was between -5 m
and the plane of measurement, as the gauge leads were
inaccessable behind the liny?g form. Figure 4.1 shows the-"
log of shaft bottom advaﬁceﬁent: and }ining installation
through the Bearpaw Formation. Figure 6.13 'coﬁpares the
observed stress change, normalized to a uniform horizontal
field stress of 4.25 MPa, to the stress change predicted by
' Hutchinson (1982), for r/a=1.5. Hutchinson (1982) used an
axisymmetric linear elastic finite element analysis to study
-Téhe influence of construction and 1lining sequences on
stresses and displacements near the working face. Two finite
element models were used to predict the‘téngential and

radial stress changes associated with the advahcing shaft
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bottom, a lined and an;“unlined case. In both cases the
analysis simulated a full bench excavation with an
excavation length of one radius at each excavation step with
intact rock adjacent to the shéft. In the 1lined case‘ the -
lining was placed to the shaft bottom, prior to excavation
of .the:_next step. The wunlined case was completely
unsuppartéd. The 1ined césé'does not accurately model the
actual sequence, as the lining was generally placed about
1.5 to 2\radii above the shaft bottom. Comparison of the two
F.E.A. curves shows a decrease in the maximum stress change
for the linéd case compared to the unlined case of 21% for
the radial and 25% for'the tangential gauges.

The curves for both the lined and unlined cases have
the same  characteristic shape. Figure 6.14 (after
Hutchinson, 1982) shows the tangential and radial stress
change curves superimposed. The gradual change in tangential
stress fromivgggpt —2R to +3R contrasts the sharp drop in
radial streSS'occurrgpg between -0.25R and +0.5K. Comparison
of the measured and.predicﬁed stress change curves (Figure
6.13), shows a sudden radial .stress change in the field
data, similar to the radial stress change in the predicted
curves. The gradual'development of tangential stress changes
in the field also has the same éhape as the predicted stress
change curve. Table 6.3 summarizes the development of radial
and tangential and radial stress changes adjacent to the
plane of measurement as a percentége of the stress ‘change

measured when the shaft bottom was 55 m below the gauges.
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Table 6.3 Percentage of Total Measured Tangential and
Radial Stress Changes Occuring Ahead of Shaft
- Bottom and Before Installation of Lining

<

Instrument South South West
Location Inside Outside Inside

Radial Stress Change:

a) Ahead of face. 85% 76% 74%

b) Before liner installed at 90% 87% 78%

about 10 m. .
Tangential Stress Change:
\Jﬂfu a) Ahead of face. 42% 72% 43%
’ 49%
b) Before liner installed at 63% 78% 50%

about 10 m.- 79%
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A X
= Unlined tunnel
© Mesh number 7

¢ radial stress
» tangential stress

T T 1
~2R -1R o R 2R 3R
Distance behind face

Figure 6.14 Plot of Predicted Tangential and Radial Stress
Change at Tunnel Wall vs. Distance Behind Tunnel
Face (after Hutchinson, 1982)
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About 78% of the radial stréss change and 54% of the
tangential' stress change occurs ahead of the shaft bottom
while about 85% of the radial and 68% of the tangential
stress change was recorded before the liner was'installed.
Because of the slow development of tangential stresses,
stress change measurements used to predict iﬁ Situ stresses
will only give meaningful results when they are obtained
afterthhe face is about 10 to 20 r beyond the gauges or are
adjugged to account for the delayed development of the

tangential stress. In the Lethbridge shaft where a delay of

1.5 to 2.0 R in installing the lining was common, the lining
A
1)

would carry much leSS? than the'ﬁ % of the field stress

predicted from the lined}case of son (1982), in short
term loading.

The gap in figld readings between -2r and the face
-makes it difficult to interpret the stress changes which
occurred directly ahead of the face. An excellent fit of the
measured stress changes was obtained with the unlined finite
element model for the F.E.M. curve shifted one radius to the

left .on Figure 6.13. The finite element énalysis used a

model with a planar face surrounded *by intact elastic

3

material. A model with a semi-spherical face, or a blast

damaged zone ahead &6f the face (modelled by a reduced

modulus) would produce a leftward (-r) shift of the

predicted tangential and radial stress change curves.
Matching of the measured stress change curves to the finite

element curves, indicates that some degree of stress release

R
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has occurjred at about Ir 'éhead of the shaft bottom. ASi;

déscribed in section 4.2, the shaft bottom was advanced in
half bottpm rounds of 0.65r to 6?85r. Déta‘records are not
detailed |enough to show thé round by'réund influence on
"stress changes adjacent to the face. The étress'relief zone

ahead of| the face of about one radius mayvresult from the

initial stress relief as the first half bottom 1is blasted

from an even floor.

i
W

The |difference in response of tangentialb and radial

stress hanges,-(both predicted and measured) is related tc

the rotation of principal stresses adjacent to the face. A
simple m

radial stress éompared_ to the gradual response of the

chanistic explanation for the rapid response of the

tangentjal stresses may lie in the boundary conditions.

governing the stresses in each direction. In the radial
direction, a stresé free boundary 1is exposed in closé
proxim'ty to a point in the Shaft wall, normal to the
direct:on of measurements, providing a rapid change in the
stres field. In the taﬁgentialf direction the ' gradual
increase in tangenﬁgal stresses at a éoiht in the shaft wall
with [the approach of the shaft face is controlled; by the
decréasing radial stress, but restrained from péralleliﬁg
the/radial streés- change by the tangential stresses in

adjmacent materjal in a longitudinal direction.
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6.3.5 Practical Implications From Stressmeter Measurements
Optimization of gauge locations is a function of both
diéfance from shaft wall (r/a) and‘ location of the
drillholes with respect to the orientation of the major
principal horizontal stress direction. Iaeally, the éauges
should be installed as'close as possible to the wall/rock
‘interface to measure the greatest s;ress changes.
Practically the distance irom the gauge to the wall 1is
co;trolléd by the drilling conditions and excavation method.
The insidé ring éauges at an r/a of about 1.5 were installed

as close as practical to the shaft wall, given the

restriction that the drillhole be coﬁtained entirely within

the wall rock. As it was, about 3 m of the inside gauge’

holes were exposed after blasting; with gauge wires cut in
the process. Héving chosen a reasonable r/a for the géuges,
a plot of stréss change vs. o:ientation of the_fiéid stress
can be deVeloﬁéd, as shown by Figure 6.10.

Figure 6.10 shows the tangenfial and radial stress
changes aré insensigive to N at about 70° and 35°
respectively 'to the major principal biaxial sfréss
difectiqnf If radial and tangential oriented gauges are
instql&%a in a drillhole at an r/a of 1.5 aﬁd oriented at
35° to .sigma—H (max) the major principal stress can be
estimated from the radial stress change measﬁrements,
normalized to . fit "the curve. The variable N.can then be
estimated by normalizing the measured tangential stress

<
change to sigma-H(max), and observing the fit on the curve.

5

e
. I
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The same procedure could be followed for a drillhole at
about 70° to sigma-H(max), with the tangential ‘stress change
measurement used to estimate sigma-H(max). As a measuré;of
redundancy, gauges shouid be installed in diametrally
opposed Adriilholes, therefore a total of four drillholes
would be needed. .
The nonuniform behavfor of the gauges loading and
ﬁnloading should be investigated in labofatory tests to -aid

in the interpretation of test sections.

6.4 Embedment Gauges

6.4?1 Data Reduction ‘, :

| Embedment gauge measurements were. converted directly
from the wvibrating ;fre frequency, to relative sttain over
the length of the gauge . using the relationship‘ given in

Equation 4.1, No corrections were applied to the
. 4

‘measurements. Both arithmetic and semi-log plots of time vs

tangential strain are presented 1in Figqures B.18 to B.33.

Tensile strains are shown as positive and compressive

strains as negative.

b
5

6.4.2 Factors Ianueﬁgfhé Concrete Strain Measurements

3
3 :

(‘.

Ah
A

-



131

6.4.2.1 Introduction

The measurement of strain in concrete is complicated by
development of strain from creep, shrinkage and temperature
changes. Furthermore, the compliance of the strain measuring
device must be known.. Each of these factors can only be
evaluated on the basis of empiricél methods developed

through testing and observation of the behavior of concrete.

tect of these factors on
5 ‘“?;':n‘ r

A gualitative evaluation of thm%
».’, ((\/i . ey ‘
“the strain measurements of the shaft lining is included in

this section. .
.

6.4.2.2 Compliance of the Embedment Gauge

An embedment strain measuring device must have

jent length tel’accurétely measure representative

“within the structure. Hornby and Nditingk (1974)
mmended that the length of concrete embedment gauges be
vieast four times the diameter of the.largest‘éggregate
wsize. The Irad gauges had a lenéth to largest aggregate size
ratio of about 7. As a precaution against erroneous readings
resulting from large aggregate lying against the gauges, or
trapping aif voids adjacent to the ends of the gauges, the
gauges were cast 1in blocﬁf as described in. section 4.4.2.
The Dblocks . were cast in lots of 5 over a period of several
weeks, and allowed to cure in a moisture room. Blocks were
transported and stored on site 1in a cool er room until

installed. Upon installation in the lining the blocks Qould

tend to swell initially at a relatively rapid rate in the
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wet mix. This process would_stop'or becbme imperceptable
within about 12 to 18 hours after installation, as the free
moisture in the concrete decreases during hydration. The
concrete would also provide a reétraint to swelling after
about 12-18 hoﬁrs as it rapidly gained rigidity. Because of
the initialxgﬁiffness contrast between the gauge block and
the concrete, there would be some error in the strains
meaéuréd by the gatge. The stiffness contrast will become
insignificant as the concrete gains stiffness with time. The
problem of the-stiffness:contrast between the concrete ana
the“ gauge block is éomplex ana Qill,be diséussed later in
relétion to calculation of stress in the concrete at a.young
age. |

Probably the most important factor to be evaluatéd with'
respect to the compliance of the gauge is the differqnce'in
the coefficients of thermal expansion of the gauge“ an§ the
concrete. The coefficiént of thermal expansion St the\gauge
is about 12.5° midro stfain/C° (Irad Gage, 1979)\ A
difference between the coefficient of thermal expansion of
the gauge and concrete will reéult in the fmeasu:em¢nt o)
istrain by the gauges, due ﬁo a change in temperature., A
higher coefficiénéxpf,thermal expansion of the gauge with
respect to the concrete would résult in measurement of

increasing compressive strains with increasing temperatures.
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6.4.2.3 Thermal Properties of the Concrete Lining

The coefficient of thermal expansion of concrete is
largely dependent on the type and amount of aggreéate usea,
and to a lesser degree on the type and amount of cement in
the mix, Cement pastés have a higher.coefficient of thermal
expansion than most normal aggregatesf The variation of the
coefficieﬁt of thermal expansion over the rahge of cement
contents found in normal concretes is not as significant an
influence as the type of coarse aggregaté used (Mindess and
Young,' 1981). They give a’ range"fof the coefficient of
thermal expansion‘ of concrete from 7.4 to 13.1
microstrain/C°. Quartzite used as a coarse aggregate will
increase the coefficient of thermal expansion of  the
concrete to the upper quoted range, whereas limestone as a
coarse aggregate reduces the coefficient to the lower quoted
rangé. ‘Intrusive igneous rocks (granites, etc.) used as
aggregate would give intermediate coqcreté éoefficients.
Aggregate used for the concrete lininévmix was obtéiped from
local river gravel deposits and contained mostly 'quaftzi£e
and granitic gravel with minor quantities of lime;tone
gr£§el. An estimate would place the coefficient .of thermal’
expansion of the concrete between 9 andwk1 microstrain/c®,
or from 1.5 to 3.5 microstrain/C°®  below the gauge
coefficient.

Thermal effects on the lining are significant> during
the first few days when high temperatures are generated by

the heat of hydration, and during the winter when cold air
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circulated through the shaft cools the concrete. Temperature
measurements were not taken during the investigatioﬁ.

\The ambient rock temperature about 100 m below' the
ground surface is aboutL1O°C. Concfete temperatures durih
initial curing siagg when the mix étarts to gain rigidity
are estimated to be in the range of 50% C° fof the 0.6 to
0.8 m thick lining. Neglecting any thermal response in tﬁe
rock mass, the cooling of the concrete from about 50°C to
10°C. would result 1in about (40°Cx10 microstrain/C®) 400

microstrain. The gauges would only-record from 40 to 100

microstrain extension during a temperature drop of 40°C.

6.4.2.4 Shrinkage of the Concrete Lining

Volume - change  due t9> moisture content changgs
(shrinkagé and swelling) are reléted to the loss or
absorbtion of water by the cement. Swelling of the lining
can be largely ruled out at the three instrumented sections.
AThe insi'de wall of the lining was kept dry éxcept'over a
period of a couple of week period in December 1980, - when
water was allowed to run down the inside wall from the water
ring at 87 m. Very minimal ‘amounés of water flowed down
behind ghe lining ét the rock/lining;}nterface from the
aquifer at about 75 m 'depth, as indicated by moisture
present along the circumferential cracks between successive
pours (cold joints). _

A knowledge of the\dpying shrinkag- important for

two reasons: to predict the diametral change at the

-

/
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rock/lining interface, vand to estimate the effect of
shrinkage on the gauge blocks. Many factors affect the
ultimate - drying shrinkage. Thesé include paste parameters
(water/cement ratio), concrete parametefs (aggregate
stiffness), environmental parameters (relative humidity) and
geometry. of the structure (length of perimeter‘ exposed to
air per unit cross sectional area) (Mindess and Young,
1981). Orchard (1979) quotes ultimate shrinkage values for a
W/C ratio of 0.34:' and a 1 : 2.5 :+ 3.2 mix of about 400
microstrain (0.04%), and in another plot, estimates the
ultimate shrinkage is about 200 microstrain (0.02%) for

concrete with 115 kg H,0/m® concrete. Orchard (1979) gives

the "following values for the development of shrinkage with-

time.
Time . % of 20 Year Shrinkage
2 weeks 14-34 .
3 ménths : 40-80
- 2 years | 66-85

The. Comite Euro-International du Beton (1978) presents
an empirical relationship to determiﬁe shrinkage ‘in concrete
structures based on tHe notional thickness, relative
- humidity of curing, aﬁd temperature conditions. For the

Lethbridge shaft the relationship is given by equation ¢.2.

6

- 294 x 10~ Eq.C.2

®s(t,t ) [Bs(ey- Bs(to)]

where

%QFJ = the shrinkage strain developed in time interval
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(t-t,)

t = the age of the’concrete at time considered

t, = the age of the concrete when shrinkage influence is
considered

B = a time varying function relating the change of

shrinkage with time, largely dependent on the

notional thickness

- Because of the relatively high ratio of cross sectiénal
afea to exposed perimeter, the shaft 1lining has a ‘high
notional thickness and thus a significant =delay in
_shrinkage with respect to structures with much lower
notional thicknesses. This high value of notional thickness
results in an estimated (t,t,) at 450 days of about 29
microstrain. The 1long term. (t > 10,000 days) would range
between 250 and 300'microstrain.

The influence of shrinkage on lining strain measured
by the embedment gauges will be neglected bbecause of the
difficulty in evaluatifig the effect. The gaugé bloéks were
slightly dry wh;h installed, and the swelling of the blocks
shortly after installlation would tend to offset the
compression on the blocks due to shrinkage of the concrete
mass.

The combined effect of thermal “contraction on the
initial cooling of the lining and shrinkage results in a
decrease in the outside diameter of the lining.

Extensometer measurements at 111 m depth indicated about
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b

0:5 mm decrease in the shaft radius, which is equivalent to
about 200 microstrain shfinkage plus thermal contraction.
Estimation of the corresponding reduction.in the radius at
the 152 and 180 m levels 1is about 0.6 and 0.8 mm

respectively.

6.4.2.5 Creep of Concrete

Creep strains are developea in concrete under sustained
loads. Assuming all ot;er factors remain constant an applied
load on a concrete structure will result in instantanéous
elastic deformatiqn and a time depehdent component of
inelastic creep deformation. The rate at which concrete
creeps is a function of the age of the concrete and the
magnitude of the applied load. Laboratory tests have shown
that the slope of the creep strain vs. time plot decreases
with time, and for a given applied load the ultimate creep
strain decreases with increaéing age of concrete when loaded
(Jones, 1961).

The main problem in calculating stress from strain

measurements in caqncrete is to evaluate the creep strain

component. No creep tests were run on samples of the
concrete. The\ stress caiculations were based on ‘the
assumption of typical concrete behavior. ’
Neville (1970) and Branson (1977) discuss the possible
methods available to predict creep ‘strains. One of the more

reliable methods of predicting creep for normal concrete

cured under normal conditions is presented by the the Comite



138

Euro-International du Beton (1978)(C.E.B.). Both Branson
(1977) and Neville (1970) show good agreement between the
observed ana predicted creep by the C.E.B. method. A range
of uncertainty of #20% is suggested by C.E.B. Appendix C.3
preéénts'the'basic equatidns of the C.E;B\ method and the
calculations for dete;mining'thé creep strains in the shaft
lining at an age of 450 days. This time represents the age
of the concrete at the 180 m level when the most recent set
of meésurements were taken (Nov. 20, 1981). Evaluation of
the‘creep component of the measured strains at t=450 days is_
presented in Tables 6.4 and 6.5.

-

6.4.3 Analysis of Embedment Gauge Data

6.4.3.1 Non-Uniform Response of the Lining to Applied Load

In order to separate the elastic and créep strains from

~the total measured strains, a certain degree of subjective'

interpretation had to be applied to the data.

| Thé response: of diametrally opposed gauges, in the same
position and orientation in the lining with respect to the
inside shaft margin, should be the same if the lining has a
uniform thickness and modulus of elasticity, and if it is
subjectedvto a distantly appfﬁed biaxial stress field by an
isotropic rock mass. The observed variation in the outside
lining radius was generally about #0.15 m or +5% for.  an
average outside radius of 2.9 m. Also a variation in the

location of the gauges of #8 cm is possible due to movement
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during initial placement and vibration in the mix. Some
rotation of the gauges could have occurred.

Some variation in the lining modulus must be expected
because of non-uniform concrete placement. Vibration of the.
concrete over restricted sections around the lining
perimete} during placement could give denser and thus
stiffer concrete compared to the non-vibrated pour.

Non—un%form overbreak in the rock mass will produce
zones of broken rock with lower moduli of elasticity thaﬁ
the surrounding rock mass and may cause stress
concentrations at other locétions. 1f the zones -of overbreak
are not continuous around the shaft, but related in space to
the blast geometry, the non-uniform zones of lower
rock would exist. The zones of lower moduli would produce
vapparent non-uniformities in the stress field around the
shaft, at least in the early loading stages.

Strains measured in diametrically opposed pairs were
considered to represent the limits of the actual strains at. .
the position where the gauges were installed. Unupually high
or low strains on a single gauge were interpreted as an
indication that the gauge block had moved significantly from
its initial position. I
6.4.3.2 Interpretation of Lining Strains

Between the time the gauges were installed and the
first set of readings which were taken about 24 hours--later,

all gauges developed compressive strains, varying between -8
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and -84 microstrains. This initial strain development may
have resulteg from two sources. The first is from
compression of the blocks by external loading of the
concrete, and the secon is from thermal contraction of Ehe
gauge block and gauge. Hydrostatic pressure of the fluid
concrete would result in 2 to é microstrain compression of
the gauges. Section 6.4.2.2 describes the effect of having
the coefficient of thermal expansion of the gauge about 1
microstrain/C® higher than the coefficient of thermal
expansion of the concrete. The devélopment of concrete
strajyns during the first week is best shown on the log time

Figures B.26 to B,33.

is estimated that-the maximum temperature developed

concrete due to the heat of hydration will occur at 1
2 days and cool to ambient temperature conditions in the
shaft after about 5 or 6 days. Estimates of the maximum
tempefatures developed in the concrete are between 40° and
60°C. The effect of the relatively thick lining (0.6 to.Oi&
m) with cooling effectively only through the centre annulusj
is to restrict the hydration temperature development_near
the inside shaft wall. Near the inside gauge ring'i%he

maximum temperature should develop 18 to 24 hours afteF 

f

placement, to about 40°C. Near the outer shaft

55

(outside gauge ring), the maximum hydration temperatures

M
N

would be higher, and cool at a slower rate.;;Mé&ﬁ@um1

temperatures are estimated to be in the range of 55° to

n
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ambient temperatures at about 6 days. This hypothesis on the
curing of the 1lining gqualitatively matches the observéd
behavior of the 1lining during the first wéék. The
coefﬁ}cient of thermal expansion of the gauge is estimated
to be about ! microstrain/C°® higher than the concrete, as
described 1in section 6.4.2.3. Therefore an~«incre$se in
temperature produces compressive strains in the concrete.
Figure 6.15 shows schematically the thermally\generated
strain response and superimposed loaéing strains at a
typical gauge. The maximum thermally.generated compressive
strains are developed at about one and twd days .at the
inside and outside gauge rings respectively. Cooling of the
concrete is shown by Ehe'recovery of the initial compressive
strains over’ the folléwing 4 to 6 days, with the outside
ring cooling at.a slower rate. The nonuniform cooling of the

unloaded liﬁiﬁg ring will result 1in thermally induced

. moments in the ring, with tensile straigs and possibly

“¢racking developing on the inside margiﬁ. Figure 6.15 shows

the}?ﬁéide ring developing tensile strains after cooling to
ambientl temperatures, while thg\butside ring strains return
to zero. Within this model therﬁally induced strains are
considered fully reversible. As external 1loading of the

lining develops, the elastic and creep strains are

'superimpésed on the thermally induced strains as shown on

Figure 6.15. After the initial cooling period of about 10
dayé, the strains should ideally represeht the strains due

to loading. Figures B.26 to B.31 show the initial
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compressive strains vary significantly, but show maximum
compressive strains are developed after one day on the

inside ring, and two days on the outside ring. @§k> strains

which develop on cooling of the lining at t; ; ﬁde gauge
ring are between 1.5 and 3 times the strains which de;élop
on the outside. gauge ring over the per%odubeﬁween one and
six days. Tensile strains were measUréd on‘ﬁhe inside gauge
rings at the 108 and 103 m lévels, Ik appears'fhat thermally
induced straiﬁs aré largely self{ compensating after a period
of about' 7 days. The compressive strains_remajning on the
gaugés after 6 days of cooling should represent strains due
to loading of the 1iningg

The'response of'thei gauges at the 180 m level is
. different from that ébserved,at the upper two levels. The
lining thickness at ﬁhe‘180 m level 1is abodt 0.81 metres

compared to 0.61 and 0.66 m at 108-109m and;152 m depth,

respectively. FiguresﬁB.BZ and B.33 show compressive strains

/ N

developing steadily‘ﬁovef‘the first three days,rfoIiowed.by
slight tensile straiﬁing over the next 16 da&s. It appears
that fhe max imum ﬁhermal contracfion developed at about 3
days, fo}lowed by thension oh éooling over the next 13
days. Dbring, the ' winter of 1980;85, (readings taken about
100-200 days after installation) measurements shéwed tensile

straining as a result of the .coldér temperatufe of the

lining.
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6.4.3.3 Interpretation of Lining Stresses N

The short and long.term elastic strains ﬁn‘the lining
must be determined prior to calculation of thele;ternal rock
loads.. Creep‘ of concrete was discussed in section 6.4.2.5,
and the estimated creep function was developed in Appendix
C.3. Regardless of how close the creep function approximates
reality, time dependent deformations must occur if the
lining 1is under load. The time-strain plots for the 108 and
108 m levels (Figures B.18 to B.21).effectively show no load
buildup from 6 days to about 450 days with the exception of
the east outside gauge at the 108 m level. This obsetvation
indicates the 1lining at the 108-109 m level is not loaded,
or the loads are so small that the gauges are insensitive to
the resultant creep. The performance of the gauges at the
108-109 m level also inddcates that the zero 1load strain
level is not- fixed, but shifts in a positive or negative
strain direction within the first week iﬁter 1nstallatlon

Two approaches have been taken in the %§@9y51s of the
lining strain measurements at the 152 and 180 m levels. The
first ‘assumes the majorlty of the 11n1ng strains developed .
at the end of‘the first week are due»to Shlft ‘of the ze&ro
load reading and do not represent strains from external
loading. The second assumes that no shift of the 'zero 1load
reading has occurred.

The tensile strains developed on the inside ring at the
152 m lev%l (Figure B.30) may indicate zero comptesslve
stress in #he lining, and possibly thermally .generated

{
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1

moments due to a cooler inner zone of concrete adjacent to
the 'opening.‘ With the slower cooling of the outer marg{n,
the thgrmal‘moments would relax, resulting in a relative
increase in compressive strains on the inside gauge ring*as
shown in Figure B.30 for the period of 5 to 10 days after
installation. This also occurs on the inside gaugerrings for
the 108-109 m levels but not on the 180 m level (Figures

B.26, B.28 and 'B.32). The relatively flat response of all

the gauges at the 152 and 180 m levels, after about 10 to 30

days 1indicates that significant short term load did not

R
Mol

de&elop on the lining. If the majority of the strains at' 6
days were due to external loading of the linﬁng, then creep
strains should be observed OQer the vhext mohth. For the
initial analyéis of the elastic strains.in the lining at the
most'recent readings (t=450'days), the strains after 10 days
were assumed to represeht the. zero 1load strajns. Total

sf;ains and the tangential stress at each gauge at 450 days

. was calculated using equation C.3.12 and C.3.14. Gradual

loading of the lining was assumed to begin at 10 days for
both levels.
The second analysis assumed there were no zero point

shifts of the gauges. The short term loads were calculated

.on the basis of the strains measured .at 10 days. Creep

strains were calculated for 450 days f@f'tﬁg short term load
by assuming the, load was applied after 10 days. Tables 6.3
and 6.Z present the results of both analyses., The equi&alent

elastic strain at 450 days from the gradual’ loading as
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deterﬁined in the first analysis is présented‘in Column Z.
The total strain -at 450 days as calculated in the second
ahalysis is presented in Column 8. The difference between
the measured strain éﬁgrthe calculated totallstrain (elastic
+ creep) for the secégd analysis is presented in Column 9. A
pos!tive value 1indicates the calculated strain was larger
than the measured strain. With the o0dd exception, the second

analysis indicated that if the measured 10 day strains

represented real elastic strains, and the creep function,

appropriately described the 1lining behavior, then the

measured strains at 450 days could be entirely accounted for

* by loading within the first 10 days.

The equivalent elastic strains at 450 days for gradual
loading from the first  analysis are not bn. average
signi}icahtly different than the uncorrected 10 day strains,
Both methods estimate simiiar rock pressure on the shaft
lining. The analysis of embedment gauge data does not
cleafly show whether the loads deVéioped within the first 10
days, or if the shaft is ‘experiencing timey dependént
loading, with the loads developing gradually over a period

of 450 days.

*
.

There are several indicators which support the theory
that there is no‘significant time-dependent loading of the
lining: a) the lininﬁ.wgskgenerally placed within 2 radii of

the shaft bottom, therefore elaS%@g theory would predict
_ v

some short term loéding and 'b} the radial stress change

gauges show littig/ or no stréss increase with time

L3
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indicating the lining loading betweér.bout day 10 and 100
is very small.

Stressmeter plots B.12 to B.14 show an increase " in
radial stress and reduction of tangential stress at about
100" days, éfter a period of quiescence. Embedment gauges at
the 152 and 180 m levels also show a marked change in
tangential strain at about the same time (about Dec. 1,
1980), but somewhat masked by thermal strains in the intial
period. These measurements indicate an increase in lining
loads as a result of ground "subsidence due to raise drilling
of the ventilation shaft nearby, or from driving access to
the ventilation shaft or mining of test chambers through the
coal seam at 209 m aeptﬁ. A longer period of monitoring is
neeged to determine the long term rock 1oading on the

lining. ' "

6.4.4 Analysis of Field Stress on Lining

‘6.4.4.1 Introduction

This section diécusses the two methods wused in
caiculating the field stress acting on the shafil'lining.
Both analyses are based on a linear elastic two dimensional
~plane strain model. The results of both methods of analysis,
aré bresenﬁed as plots of tangential <concrete strain,
normalized to the major principal field stress.  The
normalized curves show the predicted strain for both the

inner and outer gauge rings for N=0.5 to 1.0 and a 90 degree
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arc of the field stress drientation, (See Figure 6.18).

6.4.4.2 Relative Stiffness Solutién

The relative stiffness solution was developed as a
simplified method for analyzing ground—structure'fbteraction
in tunnels (Einstein and Schwartz, 1979; Schwartz and
Einstein, 1980). Tﬁe method provides a ~closed form two
dimensional linear elgstic solution which is suited for time
independent rock behavior and closed ring support systems in .
circular tunnels. The tunnel support is modeled after a
thick walled elastic cylinder, but assumes uniform thrust’
across | the cylinder under hydrostatic exterﬁal load
conditions. This assumption is more or less justifiable
where the lining thickness is less than 20% of the external
tunnel radius (Schwartz and Einstein, 1980). Lamé's equation
for the tangehtial stresses developed acposs an externally
loaded thick walled cylinder éths tangential _stresses
increase from the outer to inner wall of th;‘cylinder
(Timoshenko and Goodier, 1970). At the 180 m level in the
shaft the t /R =0.27, and the tangential stress differential
at the inside gauge ring'wouid be about 14% higher than the
outside gauge ring, according to Lamé.

The relative stiffness of the rock to the liner is
~expressed by two dimensionless terms: the comp;essibiligy-
and  flexibility ratios. Figure 6.16 _presenté ’fg;?
compressibility and flexibility ratios.lThe compressibilﬁgy

ratio reflects the relative stiffness of the tunnel l;ner to

r
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Figure 6.16 Development of the Dimensionless Stiffness
- Ratios for the Relative Stiffness Solution
(Schwartz and Einstein, 1980)
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the ground mass for uniform load conditions Figure 6.16(a).
The flexibility ratio reflects the relative stiffness of the
tunnel liner-ground mass under asyhmetric loading conditions
as shown in Figure 6.16(b), (Schwartz and Einstein, 1980).
The method was developed for T"excavation unloaéing"
conditions simuiating the true behavior in tunnels (shafts)
excavated at depth. The "excavation unloading” condition
implies that the in situ stresses are applied initially,
followed by excavation of the tunnel and installation_of the
liner. Because the analysis is elastic the lining 1load is
proportional to the percentage of radial displacement
allowed to occur before installing the 1liner. If no
displgcement is considered, then -stresses in the lining will
be due to the full épplied field stress.

The boundary conditions at the interface between fhe
rock/lining is presented by Schwartz and Einstein (13880) for
the two limiting cases, "full slip" and "no~slip". The
no-slip case, which-assumesAfull transfeg of shear strésses
from the grdundr to the support, was chésén for the'shaft
lining analysis. The uneven blasted surface eliminates slip
at the interface 1in intact rock. Figure 6.17 presents the
formulas used for the no-slip case, and the general notation
for the solution. . ‘ ‘

The following values of compressibility and flexibility
ratios were used for the relative stiffness analysis of the
shaft lining at the 152 and 180 m levels:

Cis. = 0.214, F,,, = 46.7, C,,, = 0.183, F,,, = 29.8.



POOR COPY
COPIE DE QUALITEE INFERIEURE i

153

nN1°9-b3

6°9°b3

8°9-by

L7901

g+9°bj3

¢ 9-D3

(0861 ‘utaisuld
pue z3iemydS) UOTINTOS SSaUIITIS IatieTay
jo ase) dI[S-ON 10] sefnwiog pue UOTIBION [Il°9 ainbtg

~
~

N - - dd
ag = ‘e 779721 ozsoa(faz + fez-p -0t 2 Lo

€9 by pzsoo (fez+) -1 & + (Pe-py e & = Bd
[(n-1) 296 - 99 = ap + (a-T) D] ° . * ! ' ! .
~ v [ _
{(n=-1) O = .8
L
:oseo dils-ou a3yl 104
?-Z.m.UN + .um + 4t ) o )
Adz s (Ai-n(es v o oL , d
* . » .
(A-T) 4D+ 4+ O "

(2N » ¥ _ od IJ

tn-1) 4.0 T ﬂ L

TYoTym ut ] l

\ v> p—od b

, it -

/ dX
4 ]
-~
ozursflafaz-1+ley oy - - Lorlid =7 6y, - |
qa H, - o] -
-~ ]
| ﬁtl.
0zsoo(Ze - Tatm-nz) (-1 » Owpweppd o o1l . ”

L] . - v a
. aJon

o



The modulus of elasticity of the lining-and rock mass vere
taken as 30 GPa and 1.5 GPa respectively. Poisson's ratio
was assumed to be 0.25 for both concrete and rock. Figures
6.18 and 6.20 present the results of ﬁhe relative stiffness
analysis for the two levels in terms of N and the radié of
the 1inside and outside gauge ;ings. Stresses were converted

into concrete strains for a concrete modulus of 30 GPa, and

normalized to the major principal biaxial stress.

6.4.4.3 Finite Element Analysis of Lihing Stresses
To study the effect of neglecting the non-uniform
tangential stresses in a thick walled hollow cylinder under

non-uniform loads, a series of plane strain finite element

analyses were ’"performed. The analysis simulated an

"excavation unloading" condition. The general, purpose,
- multi-dimensional and non-linear finite element program

ADINA (Automatic Dynamic Incremental Nonlinear Analysis) was

used for the analyses (Bathe, 1978). Fiqure 6.22 shows the

element mesh used in the analyses. Because of the dual

symmetry of the problem (about the vertical ¥ axis, and the
horizontal Z axis), the problem was‘modelled by evéiuating
one quadrant only. The mesh extends for 8.3 radii in the.Y
and Z directions, to reduce the influence of boundary
cohditions on the 1lining stresses, and contains 119
elements, of which 36 argf'lin}ng' elements. Eight node
isoparahetric elements were usedtin the lining and four and

three node isoparametric elements were wused in the rock

4
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mass.; F1ve ‘node 1soparametr1c element‘@&ormed the boundary
elemehts in the rock mass adjacent to 'the _11n1ng. The
external mesh boundaries,eand inside boundary of the shaft
had égy degrees of freedom. The left ahd bottom boundaries
of the mesh had ~one degree of freedom each, modelled by
frictionless‘rollers.’The "excavation unloading” ~Sequence
was modelled by applying nodal forces calculated from the
initial jn situ stress field along’ the . lining=shaft
interface. The initial lining Stress was zero and the single
run of the program-gives the final lining stres " The finsl
rock mass stresses are the sum of the initial stresses (rock
mass w1thout tunnel) plus the 1ncremental stresses generated
-when the field stress was applied on the l1n1ng. The- rock
and cohcrete propertiesiwere assumed to. be the same _ss in
.‘seetion 6,4.4.2' for the relative stiffneSsPsolution; The
mesh for the 152 and 180 m levelskdiffered in the ,radll to
the lrgﬁng rock 1nterface, and the proportional dlstances to
the element boundarles at 0.25, 0.5 and 0.75 of the 1lining
thickness. The‘ tanéential stress was calculated at the
element boundaries lying one quarter and three quarfers ‘55
the distance through the lining, correspondlng approx1mately
to the: locatlons of the inside and outside gauge rings. The
" results of the analy51s are presented in Flgures 6.19 and
6.21, for N= 0 5 to 1.0, in the same manner of presentatlon

-

as for the nresults of the relative "

(Figures 6.18 and 6.20). : v’(\Kl

ffness solution ~
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6.4.4.4 Comparison of'Finite,Element solution' to Relative
Stiffness Solution | /

Comparison of the normalized tangential strains
predicted by the two methods, at the two depths shows
similar response at both inside'and outside gauge rings. The

outside gauge ring strains are, however, about 5 percent

higher for the relative stiffness solution (N 1). At the

inside gauge ring, strains are“about 10 percent lower for

the relative stiffness solution™ (N=1). The two solutions

start to deviate more if the angle from the major principal

stress approaches 0 or 90 degrees, and if N approaches 0.5.

The correspondence between t hgto solutlons is particularly

poor for ‘the 1n51de gauge rlng/;rurves, with the relative

stiffness »solutlon, predlci/é, much greater sensitivity of

Pl

the lining stralns to a nonwﬁnlform stress field. This may

result in part from thé/ size of the f1n1te element mesh

modelling the shaft linidg.

;6.4.5 Prediction of the oOrientation and Magnitude lof
Stresses on tne'Shaft Lining

The average maximum external radial lining stress for
each solution (Case1 and Case 2) as shown on Tables 6.4 and
6.5 for eachedepthdwas estihated by dividing the averaged
Strains for each measurement'ring by the normalized strain

from the réspective solution for N = 1.0. Estimations of

these parameters’ should be considered as indicators rather

“than reliable gquantities. The estimated values of the
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stresses acting on the shaft lining are about 0.2 Mpa at the

N

152m level and 0.6 Mpa at the 180m level for both tbe Case!l
‘and Case2 assumptlons. The difference between the: f1n1te
element and the relative stiffness solutions was not

significant.

6.4.6 Practical Implications from Linihg Strain Measurements

Interpretation of ‘the lining strain measurements was‘

of the sape order of magnltude as the elastic strains. Each
g #
Antities could be evaluated quantltatlvely Creep

tests on samples of the m1x concrete loaded at -various ages
will allow fitting of the creep «function to‘ test data.
Shrinkage effects could possibly be e&alggted from an
instrumented unloaded “test ring curedﬁ' under sié?%ar
environmental' conditions. The best location for such a test
section in a shaft lining, is at a shallow depth, such as
the 108-109 m depth ring where very low loads‘were measured.
Extenso@efer measurements. allow calculation . of radial
contraction of tne lining duringjcuring. The dirference in
the coefficients Sf tnermal expansion of. the gadge 'and mir
can be evaluated by'installing”a gauge in a sample of the
mix, and measuring tne differential strain ,resbonseh with
varying temperatures, Thermistors are neceSsary'with each
gauge to interpret thermal efﬁeLts, The - gauges could be
placed directly in the m%ﬁ} The initial purpose of casting

the gauges in bldcks was to minimize the effect of larger
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aggregaﬁes adjaceﬁt to the gauge on str&ins. Direct
placement of -the gauges in thes mix would eliminate the
problem of shift of the zero point. , -
Location of the gauges could be optimized both with
respect to the radial position f;om the inéide margin, and

the orientation of the gabge position with respect to the

estimated major'principal stress. Placement of gauges afltwo‘

N . . Ve M . .“ s ',’“.‘.4 ‘A
radial positions should be the minimum criterium éf @@mhlpk
R A

walled lining. The igside gauge should be

possible to the. inner wall, to optimize measur®fez

) wE L : , :
maximum tangential strain in th section. The
gaugé should be  within the‘gfgM g of +the lining.

. SN 4 )
' with respect to the shaft centre.

meas
A large number of gauges should be installed at each

instrumented section. If 16 gauges are used, 4 diameters can

yr

be instrumented with inside and outside”gaugé pairs at each

diametral end. The orientation of thev4 diameters could be

at 0°, 30°, 60° and 90° to the estimated principal stress

direction.
Ll vy (',g,/‘:‘,\

VLN

6.5 Piezometers

fData from the vibrating wire piezometers. installed at

111 and 140 m wasy 'reduced from the freqﬁency reading to

water pressure by the use of tables invkhe'operating manual

and applyiné the gauge calibratioh factor. The piezometers

*
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have confirmed that thefe are no significant water pressures
acting on the shaft lining as a resuit of seepage fromv the

'aqﬁife: at a depth of about 70 m. Pressures on the shaft.
lining at 111 and 140 m in December 1980 weré 17 and 11 KPa
respectively. 1In Noyembér 1981 the pressures atlthe same
levels were ;7'and -14 KPa.respectiye}y. Thevﬁater pressurés
can therefore be effecfively considefed as ze%p.

The shaft liner acts as av slogted casing, with
circumferential ~cracks formed at thé intersection for
succeésive lining pouré (cold joints). jSeepggg  from these
joints in the ,viciPity of the aquifer ’;t about 70 m

N Lo . ' . ‘54
demonstrates the drainage effect of the cracks.

ST e
“ N \“h -

6.6 Conclusiéns from Ipstrumentation Analysis ‘ -

Analyses,'of extensometer, stressm%ter and embedmeht
gauge data has been Sresented in this chapter. All uanalyseé
have been based on two dimensional linear elastic models,
'with the exception of the analysis of the influence of théf
advancing face on stressmeter data.-Normalized curves have
been developed for each of the models used in the analyéis
to evaluaée the influence of a number of independent.
variables simultaneously. Optimal location bf each type of
instrument may be selectgd‘ thrqugh the use 6f normalizéé
curves combined with an.gstimation of the"orientation and

. magnitude of the field stresses.
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The overall evaluation of the  shaft performance is
possible through presentation of the measured and estimated
parameters on ' a convergence-confinement plqtkhdevgloped'in
Chapter 7. The in Situ testing /and instrumentatioon - has

yielded sufficient data to develop the complete convergence

o

and confinement curves with‘reasopable confidence. Data from
each of the three major types of instruments' has been used

o

_tovevaluate the regional stress field estimation developed

e SRR L RV

® in Chapter 53”Sﬁc¢ess iﬁ evaluating the orientation of the
‘mgjor principal horizontal Stressv has been limiﬁéd with
extensometers and embedment gauges. Réasoﬁablé Egreémént was
"obtained from the stressmeter aﬁalyﬁ@sl The most ~conclusive
evidence on the ratio‘of the-horizbnfal principal stresses
was obtained from the extensometers ét the 180 m ievel,
which indicated that N was about 0.6 to 0:7. Stressmeters
have been used to calculate the tangential and radial stress

Change associated with the ~advanci: . shaft bottom, the

;gpercentage of the total measured 'ress change which
océugredfbeloﬁ the shaft bottom, and priot to installing the
shaft'lining. Exfensometers have been used to measure the

- radial displacement whicﬁ éccurred between the shaft bottom

o an§ lining* installation, and ;he ‘raaial Sontraction which

accompanies the 1initial lining shrinkéé; and cooling. From

an:estimation of the in Situ deformation modulus of the rock
thevradial displacements were related to a percentage change

in stress with shaft bottom advancement.



. the time the load increase occurred. Continued moni
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Analysis of embedmeng gauge data has allowed assessment
of the external 1lining loads at the three instrumented
levels. Measurements shéw there is little or no loading at
the upper lével (1084109 m). Calculation of the loads at the
152 ;nd 180 m levels is complicated by zero gauge shift and
concrete c;eep. The two extreme conditions assumed for
ahalysié have yielded about the same sﬁresses for the most
recent measurements, but differ in ihe predictions.of long
term loads. IndiréctggvidenCe that the continued compressive
sgféiﬁing of the emb;&mentk‘gauges is largely a result of
concrete creep comes, from the stressmeter ‘measugemenfs at
the 152 m ievel. Efdhres B.9 to B.11 show a slight increase
in radial stresses and decrease in tangential stresses up to
about 200 days, indicating some load increése ih the lining.
The response of the stressmeters from about.100 to 450 days
showed. either a ~re§ensal of Mthe earlier respoﬁse or no
change, indicating a short period of load buildup on the
lining from aboutb100 to 200 days followed by no buildup and
even possibly a ioad decrease. The load intreaﬁe. at about
100 days appears to be related to drﬁving roadﬁays in the
coal seam at the 209 m level, Approximately 80m of roadway

were cut betweeﬂ Dec. 16 and 22, 1980, which corrgsponds to
aXQring of .

& :
- the embedment  gauges and stressmeters will allow

determination of the time dependent loading of the lining.



7. EVALUATION OF SHAFT LINING PERFORMANCE

7.1 Intfoduction

This chapter presents the evaluation of the shaft
lining S%?formance. The results of the instrumentation and
in situ stress analysis are - used to | develop
convergence-confinement curves for the 152, 180 and 230 m
‘levels of the shaft. The performance of the shaft lining is
evaluated, and compared to an alternate support system of

shotcrete.

7.2 The Convergénce—Confinemént Method

The convefgence~cohfinement method, or characteristic
lines method has received considerable attention in recent
years (Gesta et al; 1978), both as a conceptual'framéwofk
forttundersfanding the ‘ground-stfucture ‘interaction in
tunnels and as a quantitative tool for the evaluation of the
performance tunnel support systems.

The method is applied by_calculating two charactéristic
curves of radial displacement vs, radial stress, the ground
convergence curve and the support reaction cufve. The
support interacticn point which is foucd at the intersection
of the two curves, describes the radial support pressure on
the liﬁing af equilibrium, as Ehown schematically on Figure

-

7.1,

165



166

- LINER CAPACITY
—Y ‘

Oh (max) g

Oy
wl
22
<
(Ih(min)q\
@

‘ SUPPT 3T INTER-

|

_—ACTIGi: FOINT

REQUIRED SUPPORT PRESSURE

!

A

/

A

- —_ &
. £= — S .3
HE LOOSENING LOOSENING
) L AN AN r
WALL CONVERGENCE u

J Aug | Aug j ‘
r ]
AUS ‘AUS

AOg  change of rock stress ahead of face F ) measured.

A0 change of-rock stress before liner by rockgauges
installation point L : stress change

Aug total wall convergence ; }

Au;  wall convergence due to Ioosenmg L mﬁ;asured ttJy
Aug wall convergence due to liner shrinkage ) &Xiensometers

AOc  concrete stresses in liner - measured by
embedment strain gauges

L3

Figure 7.1 Schematic Convercence- \unflnement Curv for a
Nonuniformly LoazZed Circular Shc (Kaiser et al,
1682)
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7.2.1 The Ground Convergence Curve
The ground convergence curve gives the relationship

between the radial displacements at the wall, and the radial

support pressure.' The zero radial displacement point.

corresponds to the radial support pressure in the in situ
virgiﬁ stress field. The three | dimensional effects
associated with the advancing face of an underground opeﬁing
are considered ;s equivalent radial displacements or stress
changes in a plane strain model. The radiél wall
displaceménts in a linear elastié material are a linear
function of the equivalent radial support pressure. Where
the jn situ stresses are honuniform, two ground convergence
curves can be_developéd, limiting the range of radial'yall
displacements fofr points between 0 and 90° to the mgjor
principal biaxial field stress, as shown in Figure 7.1,
Nonlinear ground convergence curves may. be éssociéted
_with yielding or softening of the rock mass. The shape of
the ground convergence curve in yielding groundw is a
fﬁnction of the extent of the yielded zone and the ?ssumed
dilational chéracteristics of the yielded rock. Kaiser
(1981) has shown tHat ‘thé extent of the yielded zone is
controlled by the peak énd ultimate failure criterion, :the
internal radial support kpressure and the initial figid

" stress.,

Closed . form 'éolutidhs for predicting{ the ground

convergence curve in a strain weakening Brittle-plastic rock
) ‘ N . -

mass have been presented by Kaiser (1980) and Hoek' and Brown

o

T
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(1980). Both solutions assume an instantaneous drop in
cohesion from peak to ultimate behavior at failure. Kaiser
assumeé a Coulomb failure criterion with a constant internal
friction angle. Hoék and Brown assume an empirical parabolic
strength criterion, which 1is presented in Section 3.3.5.4
for the mudstone at the Kipp site. Both solutions neglect
time dependent behavior.

Nonlinear >$round convergence may also deg/lop in
nonyielding ground, as a result of loosenlng or softening of
the rock mass adjacent to the opening. Loosening develops if
dilation of the rock occurs on preexisting of blast induced
disoontinuities, and softening is a result of a time
independent or a time dependent local reduction of the
stiffness of the rock mass. Kaisof'(1981) has developed the
equivalent stiffness or equivalent opening concept for
evalua;ion of radial displaoements in softening and yielding
ground. ‘\i;

Figure 7.2 shows a schematic linearized ground reaction
curve after Kaiser (198#), where the support bressure, p is
normalized,to the in situlfield stress, p, , and the rad;al
wall displacements u are normalized to the elastic wall
displacenents u, for zero.oupport pressure. Cu}ves 1 and 2
show the ground convergence curges for linear\elastio and
,y;eldlng ground respectively‘ ‘The’ dlsplacements for ’tne

éd yleldlng ground may be modelled as an equivalent

“':oféupport
'llnear elastlc material, (Curve 3) by varying the‘_open1ng

© size otM‘the'umodulus ‘of deformation. The support reaction ™
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i

@Elastie_ground; Pp/ocs 1/2;a" = ag; G = Gg

@Non-elastic ground; Po/0c =1/2;a = ag ‘
Unsupported opening:

@ Elastic ground with equivalent stiffness ’
3‘ = GO/KS; a=agyeg.Ky= 25 . . /
or'Equivalent opening with radius . /
33" = Kqa; G=Gg : ’ , /

Supported opening: Ps = (1-As) Po = 0.12 Po
_ J/ _
@Same a@bgt K4< Kyeg.ty= 15 | )

@ Opening with variable support pressure /
m elastic ground with equivalent stiffness
S_GO/Ka aOop.ps, B

o

N

- \

Flgure 7.2 Schemétlc L1near Ground Convergence Curves
(Kaiser, 1981)

» [



\‘ T “\';—».{ , ‘ w¥ » : . 17 0

~curves, 1) and 2)'reach different support.interaction'points !
- N
as a function of the stiffness of the support. Curve 4 shows
‘ V>

the equivalent linearized ground convergence ycurve for
. ‘
egu111brium w1th support reaction curve 2) The total- ground

convergence - curve may “be linearized over segments,‘for
- example where the fini’tial raéial Vwall ﬂisplacements are
descrihed incurve 1band the final radial wall displacements
are_described hy_Curve 5. Curve 5 may bebdefined by varying
either the modulusfJofjdeformation;‘the equivalent opening
radius) or the stress'field; Kaiser ;(198i)v has used this
concept /to evaluate the nonlinear radial wall displacements‘
‘observed in the Kielder Experimental Tunnefls (after Ward et
alr, 1976) and has shown that it is not'necessaryfto assumee'
a large zone of yieided rock with low ultimate strength to
"explain theb displacements measured in excess of., those
predicted by linea% elast1c1ty.; | |
7.2.2 The Support Reaction Curve
The support"reaction curve defines the relationship
between rad1af support pressure and radial displacement at
the support-ground 1nterface.'Hoek and Brown (19805“present“
"solutions for a‘numher° of sUpport systems. Equation 6.4
presents the closed_ - form solution for the radiai

. <N . . c
displacement-support pressure relationship for a closed ring

concrete liger - assuming no-slip at the tunnel/liner

interface, (Schwartz and Einstein, 1980).
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The max imum support pressure of a concrete r1ng under

uniform external compre551on may be determlned from Equatlon

7 . 4 . \‘

7.1 (Hoek and Brown, 1980). ",
'-‘; ’ ' ."."- ,' N > . -
., - | . . . . ' . A2 w .
P =Las T[1--'———,——-“4—t‘:)]‘'- S
sc(max) 2 “c.conc - ‘ E Eg.7.1
i ‘ i : : .
M. .
where o ‘ . o .
Psc(max) = tke max imum support pressure X
9% . conc ="unconf1ned compre551ve strenoth of coﬁcrete
ry = radlus of the tunnel/llner 1nterface
te = thickness of l1p1ng.

@

7 3 Appllcat1on of the Convergence Conf1nement Method to the

Lethbrldge Shaft :

Figure 7.1 shows schemati&ally the 1input parameters

used to develop the convergence-confinement curves for the

shaft. The initial horizontal stresses were -estimated from

in situ overcore- testing 'and \stressmeter measurements.
o AU A o .

Interpretatiaon of  extensometer”, and stressmeter data .

LY

indicated: _the probable orientation of reglonal horlzontal

stresses., The”ﬁ%]or pr1nc1pal horlzontal stress has been

estimated w1th the ost confideﬁce, and is expected to be

-within %10% of the actual stresses. The minor principal
horizontal stress, Used for the ground convergence curves. is:
considered as the minimum reasonable value. The modulus of

defbrmation of the rock mass was selected from the median’



” range between the low valueS‘determined in- the laboratory

B

]

o

and the. high values calculated from in Situ stress

measurements. The actual average in situ modulus could qvary
by t30%. The llnear ground-convergence curves were obtained
from Equation C.1. 2- for the radlal wall d1sp1acements at 0
and 90° to. the major pr1nc1pa1 horlzontal stress direction.
. The slopes of the two curves are not equal.

Stressmeter measurements have a150'been used to obtain
the percentage of total stress change occurrlng ahead of the
face, and prlor to 1nsta111ng the liner. The measured stress
tangential gauges. As dlscussed in Section: 6 3.4, the
tangent1a1 stress change vs. dlstance from‘ the advanczng
face curve. has‘the same shape as the correspondlng curve for
radlal wall dlsplacements in elaﬁtlc ground. The percentage
of the total stress change at any dlstance from the face was

assumed to be constant around the shaft perlmeter‘ ‘and the

same at the 180 and 230 m levels as measured at the 152 m

level. The radlal wall d1splacements whlch occurred between

Q

the face  and llner installation were measured with
extensometers.

Comparison of extensometer” measurements to stressmeter

\\\

measurements taken over the same 1nterval can be wused to
estlmate the I’n situ modulus -of deformation.of the’rock
mass. Measurem%nts,of liner contraction due to shrinkage and
thermal codtraction - were also measured with the

!

extensometerS/(at 111 m). The support reaction curves were

, 172

4

‘ change percentage was . averaged - from the response‘ of_”
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calculated for the no-slipucase of the relative stiffness.

solution from Equation 6.4. The measured lining strainS‘wefeﬁ

analyzed with the telative etiffneas’soiution and a finite
element model to obtain an estimate of the suppott
interaction-points_described in. Section 6.4.5. Tables 7.1
and 7.2 present the “input data and sources fcr constructing

‘the ground convergence and support reaction curves.

7.4-Discussion of Convergence-Confinement'Curves

Figures 7.3 to 7.5 present the convergence confinement

curves for the 152 180 and 230 m levels. For this analysis,

the ground conéergence and support reaction curves were
assumed to be linear. The figures show the percentage stress
change and the correspond1ng radial dlsplacements occurlng
below the shaft bottom,_ and before installation of the
llner. The additional radial dlsplacement due to thermal and
shrlnkage cqntractlon of the installed liner was assumed to
occur prlor to the 1n1t1al reactlon of the liner. The actual

stress strain behav1or of the llner would be nonlinear

- during 1the 1n1t1a1 loading as the concrete cured. The

predicted‘ support reaction - curves from V‘the relative
stiffness -solution for the 1nstalled liner has a positive
slope in" the d1rect10n of the major prlnc1pal stress (inward
dlsplacement w1th increasing load) and a negative slope in
:the; direction' of the minor principal stress (outwerd

displacement with 7increasing " load). The negative slope of

N
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Table 7.1 Input Parameters for Ground COnVeggence Curve

A ’ T .
. » B}

@ .“.
Parameter 152 m 180 m 230 m Y Source |

Shaft radius a, (r:) 2.82 2.97 2.91 Figure 4.6, 4.8, .
fm) : . ' Construction log
Lining thickness, t_ . .0.66- 0.81 0.75 . g
[m] o ' .
Sigma-H(max) Py ) 4.5 '5.25 6.9  Figure 5.5

) [MPa] .
Sigma=H(min) Pgqo o) 3.0 3.5 4.6 "
Po(max)/Po{min) = /N 1.5 1.5 1.5 "
E,, [GPal t 2.5 2.5 2.5 Table 5.3 ° .
Ug (imax) [mm] 7.40 . 9.10 11.7 Equation C.l
Ue(min) [mmd & 3.17  3.90 5.02 .
Tangential stress change 54*  55%+ 55** + Table 6.3
shaft bottom [%]
Tangential stress change 68* TJO** 0%+ . "
before liner installed ) .
[e]
Extensometer displacement 0.5-0.65 Figure B.3, B.4
Uexy [mm] '
Shrinkage & thermal - 0.6 0.8° 0.7 Figure B.1l, B.2
contraction ug, ¢ [(mm] ' : ¢ Section 6.4.2.4

Measured linino lead, pj

MPa

Case 1: ‘10 da}s : 0.2 6,6 -- Section 6.4.5
Case 2: 450 days 0.2 0.65 - . " )
Initiation of yielding 0.71> 1.08 1.62 Rock support

in rock mass ([MPa) : interaction
: . analysis (Hoek &
Brown, 1980)

/ 4
= - °
* Average measured value.
** Assumed to be similar measured stress change to 152 m level.
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 Table 7.2

s

5 | s

l‘ » .‘. Y.

/

“b-...
;-

.“. -

InputWParhﬁeters.tor Subpbrt Reaction Curves
Calculated from Relative Stiffness Solution
/ . ¢ . ‘ ' ) . N iy
/ ) . " . . A N\ .
o : ,

. / ’ - w

i

1
5 _cm Thick Shotcrete 15 cm Thick Shotcrete
180 m 230 m

us/ﬁ e o°
[@m/MPa]

u,/p @ 90°
{mm/MPa]

- Pagngo

T

. -0.1§ =0.16 <0.17 .

' Parameter > Cast ) - Place liner
Depth -+ “m m m 152 m 180 m 230 m 152 m
1.11 1.05% 0.44 0.50 0.45%

0.82 0.77 0.79
[ :
7.2 7.9 % ‘0.5, 0.5

hickness of cast-in-place lining giwen in Table 7.1.

Notess T
E = 30 GPa for cast in place lining.
E = 25 GPa for Shotcrete lining.
ug/p @ 0° = normalized radial support displacement in direction of
‘ . " minor principal stress. . : ’
us/p @ 90° = normalized radial support displaceménﬁ in direction of
’ major principal stress. ’

e
Pg(max = maximum sgpport pressure.
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the support reaction curve ﬁfedicts a higher load in the
lining in the‘direction of the minor principal stress than
would be predicted by using an equation ’for a uniformly
loaded ring. The predicted support interaction point in the
direction of the minor principal stress at the 180 m level
is lower '~ than the correspoﬁding point for- the 152 m level,
This has developed because the increase in the estimated
thermal contraction and sﬁrinkage 6f the lining at the 180 m
'level by 0.2 mm decreases the yrequired support pressure when
the lining reaction occurs.

The .convergence*confinement curves show reasonable
agreement of the predicted:\ and calculated support
interaction points for the 152 and 180 6 levels. The support
interaction points calculated from the meaéured lining
strains'are about 30% and 80% of' the values predigted by the
relative stiffness solption for the 152 and 180 m levels
reSpectively.

If the predicted support interaction poinfs are taken
as the lining loads, and the Factor of Safety of the 1lining
is defined’ simply as ghe ratio of the maximum support’
preésure to the present support pressure, then the iining
would have a F.S./of about 10 at 152 and 180. m and 7 at 230
‘m. | .

’ The diffitrulties in calculating the 1lining support
pressures‘have been discussed in Section 6.4. The only clear

evidence that there 1is not significant time dependent

ioading of the lining comes from the stable responéé of the



stressmeteres at 152 m depth. Because &he instruments have
continued to function, it will be important to obtain
stressmeter and‘embedment gauge measurements several times a
year over the next few years to allow evaluwfion of the
‘performance of the shéft lining under 1long term operating
conditions.

| As discussed in Section 7.2.1 the equivglept opening
concebt (Raiser, 1981) may be used to develop linear ground
convergence curves by considering the 1initial and final
eqguilibrium -conditions, w%thout quantitatively assessing
yielding, looseping or softening. The, r:;sonable agreement
wvhich was obtained between the -'measured and predicted
support interaction points for the installed liner indicates
the assumption of linearity may be sufficient for the
- . present analysié.

Figures 7.1 and 7.2 show qualitatively the development
of nonlinearity in ground convergénce curves. Nonlinear
behavior may be assessed directly through measurement of
loosening of‘ the rock mass ‘with extensometers, or by
indirect <assessment of'yielding on %he basis of the stress
level compared to the rock mass strength. Loosening of the
blast démaged rock adjacent to the shaft wall was not
_significant at the two levels of extensometer measuréments.
Hutchinson (1982) has shown'that blast induced softening of
the rock_mass adjacent to the shaft wall may'be undetectable
from extensometér measurements if there is a linear increasé
in stiffness of the damaged rock away from the opening, to

~
4
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the  rock mass stiffness at the ‘damaéod/inygct rock
interface.

Closed form solutions are not available to evaluate
yielding around circular openings "in nonuniformly loaded
grobnd. However, as a first approximation, yielding around
the shaft at the three levels wag assessed with a closed
form solhtibn for a circular opening\vin . uniformly loaded
ground, presented by Hoek and Brown (1980). The solufion vas
described briefiy in Section '7.2.1. The major principal
horizontal stress at each level was assumed to'be the
uniform field stress. As recommended by Hoekykand Brown
(1980) the strength obtained from intact samples in the
laboratory was reduced to approximate the rock mass
strendgth. Figure 3.6 gives the peak and ultimate strength
failure criterion for the laboratory tested samples. The
peak strength‘of the rock mass was,estiméted by reducing the
parameters M to 5.0 and S to 0.1 and assuming the wultimate
strengths of the laboratory samples and the rock mass were
equal. The ground-support interaction analysis indicated
some yielding may have occurred locali} below 152 m depth.
‘The last row of Table 7.1 gives the calculated support
pressure where yielding would otcur. At the 180 m level, the
ground-support interaction analysis pred;cted for the
unsupported opening, 0.8 mm of radial wall displacements in
the yielded rock mass a total of 8.8 mm of radial wall

displacements and a radius of yielded rock equal to 1.08

times the shaft radius.
: L
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Support rocg§§6n curves for a& 5 cm thick shotcrete
,1"'ng installed immcdiatily near the face and 15 cm thic&
9ﬁotcr¢to lining installed after the initial 8 cm support
has  yielded = have been included “on the
convergence-confinement plots to show these support systems
may be feasible alternatives for supporting the shidft wall

_up to depth“of 230 m. There should be little doubt as to the
suitability of shotcrete as a support in the upper reaches
of the shaft, where no loading of the lining vas observed at
‘a depth of 108-109 m.

An initial 5 cm thick ring of shotcrete applied near
the shaft bottom would yield at a support pressure of about
0.5 MPé, which, as shown on all of the
convergence-confinement curves, is lower than the
equilibrium‘ﬂsupport interaction point. The purpose of’
installing a thin shotcrete ring adjacent to the shaft

hbottom is to minimize ﬁoosening and damage of the wall rock’
during bias;ing of the next few benches, and thus\minimize
radial displacemenis and yielding. It is also required for
safety reasons.

The maximum support pressure and post yielding
characteristics of the 5 cm shotcrete ring may be enhanced
slightly by placing a ring of wire mesh on the shaft wall
prior to shotcreting. Its main benefit would be to prevent
falling of spalling shotcrete or rock. Installation of ‘a
second coat of shotcrete to increase the thickness of the

¥

liner by 15 cm should be delayed until the shaft bottom has
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';gdv?héed_ﬁy}Z—% rédii}to,allow‘the>radial‘ displacements” to
Bﬁ;géabh- ééﬁilibrium. &f'the final intact Support of 15 cm of
?fgfnforéed spotc;éte lining has a ma;imuﬁ \support‘ pressuré 
of - 1.5 MPa,?xand is installéd when the initial 5 cm of
sbotérete has yielded, as shown on Figures 7.3 to 7:5. then
" the ii%ihg would,havé a Facfbr of Safety of about 3.

In additidn’to requirihg,less'matérials‘for supporﬁ, a
shotcrete: iiqéd shaft would require a sméiief exc§§ated
radiﬁé, é}lowiﬁg,a signifiéahf ‘saving on .thgz.excavation
volume, and thus time and cost. The average liﬁing thickness
of the shaft’ . was abbut 0.6 m. Bye reduéing the liﬁgng
thicknéssvto.15‘cm,.and assﬁming»iO'cm radial ovefbfgak, the
excavated volume of the Shaftvcdulq be reduced by about 25%.

' The above ahalysis is'only valid.for a dry shaft, where
f'{Qgter ‘pggssures.lon the“ lining can be neglected.  The

. -1 o . .

‘'piezometer measurements have shown- that the shaft is dry. A
T shotcfete.lingd shaft wopld reduiré'draiﬁage tubes’td ensure
~relief of any water pressure. | |

-~

v ) . ! e -«

“
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7.5 Conclusions from Convergence-Confinement Analysis

The performance of the shaft lining has been analysed:
at depthé ~ of 152, 180 and . 230 m using
convergence~-confinement curves; fhe linear ground
convergence ‘eurveé were developed on. the basis .of the

interpretation of the measured in Situ stresses and , modulus

of deformation.‘Stress changes ahead of the face and before



" liner >1nstallat10n were measured with stressmeters at 152 m
and vere assumed to be - representatlve for all other levels.
Extensometers at 111 m measured radial shrinkage ana
contraction at the,rock-lining'interface.

Reasonable ' agreement  was ‘obtained from  the
coneergence-cenfinement analysis at the 152 and 150 m levels
 between the measured and predicted sﬁpport ‘interaction
ﬁpoints, Given the range of wvariability in‘ the measpred
cvaiues of 'tﬁe parameters used to.  tconstruct. .the
convergence-confinement curves, the observed agreement may
simply be soﬁewhat’fertuitous. |

Based on the predicted support interactioﬁ“ point and
'maximum support pressure it appears the‘installed lining of
0.6 ro 0.81 m has a Factor of Safety of about 7 to’ 10 at
depths below 152 m. | | |

An alternate'sﬁotcrete support‘ring from i5 to 20 cm
thick would prov1de a maximum support pressure of about 1.5
MPa. Appllcat1on of the 1n1t1a1 5 cm thickness of shotcrete
to the shaft bottom would minimize blast overbreek ana
subsequent loosening but would llkely fall by shear and need.
increased ‘thickness after wall kdlsplacements have
terminated, The feasibility of a shotcrete liniﬁg' for the
shaft defends on other factors such as cost, and a}so‘on.the
estimated long term load build up.

'The evaluation ef long term 1oad build up was not
conclusive in this study,’even though the embedment gauges”

at the 152 and 180 m levels show a long term straining which
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7/ could indicate loading.

At least one more year of measurements will be needed
to arrive at a more conclusive answer related to the.long
term loads.

Lo



8. CONCLUSIONS

\ .

8.1 Introduction
This thesis has examined the performance of a circular
congrete lined shéft*inaweak bedrock (Bearpaw Formation). An
extensive in situ testing and instrumentation program was

v conductéd to detérminelghe in situ strgss field, radial wall
displacements and. stréssv changes associated with the

g@g:dvanéingb‘shaft' bottomfand the lining loads at 3 levels. A

- series of triaxial tests were performed on samples of the
Bearpaw Formation siltstone ffom the shaff/ to determine the
péék and ﬁltimaté strenéth characteristics, énd the -loading
rate dependence of the elastic bdeformation modulus. The
performance of the shaft lininé ‘w65' évaluated using the
converéence—confiﬁement method.

The following‘sections\ of. this chapter pfesent the
conclusions of this: research ﬁrogram and implications for

;

o /

/

. . . . ;
[ . y

8.2 Laboratory Testing

the design of future mine adits.
: ) . /

Two series of triaxial tests were conducted on Samples

of siltspone from the shaft. Multiple failure state tests

Y

were run to obggin several points on both the peak and
ultimate failure surfaces for each sample. Multiple failure
state tests are easily performed.and can provide a maximum

of information .from a ‘single’ triaxial sample. Multiple

-
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l‘strainfrate tests were conducted tovdetérmine'the‘dependénce
'of‘tﬁe elaStic modulus of deformation on loading‘ rate. The
éeak and ultimate strength results were fitted to the
empiriéal Hoek and Brown (1980) failure critefipn.  Tﬁe
deformatioh modulus of the sémples varied between 1.1 gnd
2;2 GPa, with thé'sampies from the multiple féilure state

modulus range from 1.9 to 2.2 GPa, and the
strain rate tests having a modulus ,

tests. having a

samples from the multiple

tange 'frOm 1.1 tb 1.7 GPa. The overéll range in modulus is

ffém 1.1 to 3.5 ‘GPa. Modulus vafiation in the multiple
not show a consistent increase in

. r .

? strain rate tests did
modulus with increased strain rate as measured by Bieniawski

Back calculation of the jn .situ modulus of

- (1970).
deformation from overcore test data gave a range of E from
al

2.4 to 3.5 GPa. This implies that sampling disturbance may
propertieS»

be a significant factor in altering the materi
. ’ h \\\\

of this weak argillaceous rock.

8.3 In situ Stress Field
- In situ stresses were measured in 5 tests in a single
horizontal .drillhole at. 91 m.depth. With 4 out of 5 tests

completed, the method was shown to be pragfical for good

quality‘weak rock.
Analysis_of stressmeter data at a depth of 152 m
yielded an estimation ‘of the orientation and magnitude of

the principal horizontal stresses. The results from the
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|
'overcorlng ﬁsts and \stressmeter analysis ‘support the
‘hypothe51s f Gough and Bell (1981) that the orientation of
'ths © majo pr1nc1pal horizontal | stress is
northeast-southwest. | ‘
| The vertfical stress compouent is assumed.tobbc:equal to
the overburden pressure, the major principal'hcrizontal
.stress isiestimaﬁedvtc be about 1.4 times ‘the fvertical
' stress ~and~‘the fatio 'of the major to minor principal

horizontal stress is estimated to be about 1.5.

8.4 kock Mass Response to Shaft Sinking .

Radial' aud ,tangentiél stress changés associated with
the advancing:shaft bottom were measured with stressmeters.
The shape of the measured'stress'chahges at r/a = 1.5 were
in c105c .agreemenci with those "predicted by Hutchinson
(1982) _ using an“vaxisymmetric finite element analysis to
model the advaﬁ01ng face of .a tunnel. \Thej fadial stress
 change occurs SUddenly near»the édvancing fsce, whefeas’the

tangentiai stress change deveiops,more gfadually, reaching

steady conditions several radii beyond the face. On average -

about 54% of the tahgentialetress change'occurred‘below the
shaft bottom and 6B% occurred before installation of the
11n1ng about 2 radlz above the shaft bottom. ‘About 78% vof
the radlal stress change occurred below the shaft bottom and

85% occurred before installation of the liner. The longterm

stressmeter measurements from about 100 to 200 days as shown



on Figures “5;12 to B.14 indicates a slight increase in
tangential stresses and a decrease or little change 1in the
radial stresses. In terms of an elastic model, these stress
léhanges indicate there is no increase of >IOads on the
lining.‘\ | L |

| Extensometers were used  to -'obtain the | radial
' diaplacement distribution adjacent toithe,ahaft. Loosening
was not'_conSideredtcto be a siénificant factor in the
measured rad1a1 dlsplacements. Spalllng of the wall rock at
the 180 m level adjacent to the extensometers was probably
not measured because of the depth of embedment of the
extensometer head. Shrinkage and contraction of: the. lining
‘at the: 111 m level was measured from the extenSometers as
about 0.5 mm. |

Conbination . of the stressmeter and extensometer
‘measurementsvis-essential for interpreting the' radial wall
displacements prior to 1nsta111ng the extensometers Both
extensometer and stressmeter m asurements,are_needed for the
vdevelopment of‘the ground convy rgence curves,

The gradual development of tangential stresses has
practlcal 1mp11catlons for the installation of rock.anchors.
" 1f installed close to the face, the 1ncrease in tangentlal
stresses will result in the development of a better bond of

the anchor to the rock as compared to 1nsta111ng the anchor

at/bome dlstance from the face.
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8.5 Development of Lining Loads

‘The complexity of _interpreting lining loads from
embedment gauge 'measurements'has been discnssed. Creep and
.gero sHift are significant factors to be evaluated prior to
determining 'dthe elastic strains. Interpretation of
,ta?gential lining strains at. the upper level of the ganges
(108-109 m) indicates that the loads on the lining at that

!
depth |are - negligible. Interpretation of 'the tangential

'lining strains at the 152 and 180 m levels indicates about

|
'at|tho

/

0. & ant'o 6 MPa of external loads are acting on }the' lining

e respective depths. The loadlng at the 152 m and 180
m levels appears to have occurred’durlng two separate and
' d1st1n t periods. The first loading period closely followed“
blinin installation and although difficult to interpret
clear#y because of shift . df the Zero‘strain levels) and
1n1t1al thermal effects, it is a loglcal assumptlon based on
th elastic response of an Lopenlng to shaft 51nk1ng as
demonstrated by the convergence- conflnement curves . (Flgures
7.3 }and 7.4). The,second loading period is 1dent1fiable as
.an idcrease in the lining strains from the embedment gauges

i

at the 152 and 180 m: levels and‘a revers%l in the slope'pfv
kthe Eadial and tangential‘sttessmetern¢urves at the 152 m~
level at abont 100 days after installation (about Dec. 1,
1980), and resulted in an”increase in.the-tanéential lining
strain rate for about 3 months. Thisrsecbnd 1oading event

may be assoc1ated w1th dr1v1ng of the initial drlfts in the

coal or raise boring the ventlllatlon shaft.
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Section 6.4.6 suggests possible methods of improving
lining strain measurements using embedment gaugeszf It
appears that the most critical factors are measurement of
the temperature in the concrete éoncurrently with strain
measurements,. installation of the gauges directly during
pouring, and conducting creep tests on cylinders of the

concrete to evaluate its creep properties.

o

8.6 Rock-Support Interaction Analysis
The key parameters necessary for construction of the
convergence-confinement curves were obtained from analysis

of the shaft instrumentation and in situ testing data.

,Reasonable agreement was obtained between the measured and

predicted support interaction points. The present factor of
-safety of the 1liping at the 152 and 180 m depths is
estimated to be between 7 and 10. Extrapolatjon. of results
to the 230 m level indicates the factor of safety is about
7. A shotcrete liner 15-20 cm thick installed with 2 to 3
radii delay would be sufficient for short term stability. A
longer period of monitoring lining strains 1is needed to

evaluate the long term lining support requirements,
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8.7 Implicétions for the Design of Future Adits
Full development of the Kipp mine = will | require
additionél adits. Whether these adits are declihes, or
sﬁéfts, several recommendatigks for the support desﬁgns can
be obtained from this study. The application of the
~convergence-confinement curves to evaluate alternate gupport
systems shows that a 15 to 20 cm thick (possibly wire mesh
~reinforced) shotcrete ring would provide sufficient support
for the shaft under present conditions. A decline to the
coal seam, driven from the surface, should be ofiented in
the direction of the major /principal horizontal stress
(northeast-southwest) to minimize radial “elastic wall
displacements and yielding. The effect ofﬂgravitatioﬂal
forces would have to be considered when évaluating ﬁ%e roof
stability of a decline. Shotcrete should be applied near the
face in either a shaft or a deéline to minimize
deterioration and loosening of the exposed rock. A decline
should be excavatéd through the bedrock preférably with a
road header lté minimize §ock “damage’ a?d hence opening

- convergence.

8.8 Implications for Future Monitoring Pwograms >
Evaluation of the performance of an underground opening
requires synthesas of a number of independently measured

parameters. Convergence-confinement curves provide the

conceptual framework for this evaluation. This project has
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demonstrated that necessary parameters may be evaluated and
analyzed with' an appropriate material model to -give
reasonable agreement betwegn the predicted and measured,
performahce:

To maximize the results from any type of
instrumentation or Jjn Situ testing, the expected response
should be estimaﬁed, based on the best assesshent of the in
situ ~ conditions. Optimal orientations and installation
lpéatiohs for each of the instruments used in the,shaft have

been presented with the gauge analysis.
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Figure B.1 Depth-Displacement Plot for N. Wall Extensometer
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Extensometers at 111 m Depth
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Figure B.3 Depth-Displacement Plot for N. Wall Extensometer
at 180 m Depth '

©
.
o " T L T T T

SOUTHWEST WRLL & 180 M DEPTH

DISPLACEMENT INTO SHAFT 1D

8
o
o 1 N ] i
0 2 Y 8 8 10 12
DISTANCE FROM SHAFT WALL (D : vz
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APPENDIX C.1
Radial Displacement Around a Circular. Hole Formed in a

Prestressed Thin Plate.

[N

Meriil and Peterson (1961) derive the equations for
radial displacements around a circular hole formed in a
prestressed plate ioaded under -conditions of plane strain.
Kruse (l969)\presents the equétiohs for radial-displacement
from the principle of ;dperpositibn. Equation C.1.1 relates
the radial displapement.ur,‘which would occur around a
circular openiné formed in a prestressed plate, to the
deformation, u, which would occur-in a plate with a hole,

subsequently loaded biaxially, and the deformation Ugp which

"would occur in a biaxially loaded plate without' a hole.

Uy = u - u, ‘ .Eq. C;l.l
where:
2 2 . 4 4
1- S+Q S- 4 ,
wo= e [5 ( 3‘)+—;(r+3~——;‘f—-§—3)cos2e]
2

Eq- C.l.2

Find u, from equation C.1.2 for -a=0.
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2
1-v [§§9 r + 559 r cos 26]

uo= E

v (é+v) [S;Q r - §£9 r cos 26 ]

=

Eq. C.1.3

s
7

Substitute equations C.1.2 and C.1.3 into C.l1.1 and simply

2 ' 2

Sa a ‘ 2

u_ = 5e [(1+v) (1 - = cos 26) + 4(1f; ) cos 26]
Qa2 a2 2
t oEr [(1+v) (1 + 2 cos 20) - 4 (l—y ) cos 26
 Eq. C.l.4
If N = 0/s, f
S ’). .") -
a E)
U, = e {[(1+v) (1 - 7= cos 26) + 4 (1-v ) cos 26]
a2 _ 5 .
+ N [(1+v) (1 + —5 cos 28} - 4 (1-v“) cos 26]}
r .
Eg. C.1.5
where: _ \\*\\\
S = major principal compressive stress
B ?

Q = NxS = minor principal compressive stress
a = radius of opening ‘ ' co- n
v = Poisson's ratio of material ’
E = Young's modulus of elasticity of material

8 = angle between direction of radial displacement and
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the direction of the major principle compressive

stress.
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APPENDIX C.2

Analysis of Stress Change Measurements Adjacent to Shaft

This appendlx deals with the 1nterpretat10n of
vibrating wire stress change measurements adjacent to a
circular opening eicavated in a prestressed material. The
material is assumed to be isotropic and linearly elastic.
For simplicity plane stress conditions will be assumed.
pPariseau (1978) states that the plane stress case is within
6% of the plain strain case for v = 0.25. Figure C:l1 shows
the reference coordlnates and notation used in the solution.

Pariseau (Ibld) presents an analysis of stress change
measurements for both soft and hard gauges. Soft gauges,
such as the U.S.B.M. deforhation probe do not influence the
deformations the borehole experiences due to stress changes
in the rock. Hard gauges such as the vibrating wire
stressmeter, act as a rigid jnclusion in the borehole
because of the hlgh stlffnes; ratio of the gauge to the

rock. The principle of operatlon of the gauges is descrlbed

in sectlon 4. 3 4.3. Calibration of the uniaxial response of

the soft rock model of the gauges across the loaded ”{
diameter, during mult1ax1al compression tests in coal has @,

closely matched the manufacturers suggested reduction

factors (Pariseau and Eitanni, 1977). Three gauges

installed in the same borehole may be used to determine th

biaxial sERess,éhange. It is assumed that the uniaxial

- stress change‘;§ measured in a given orientatioh at each

~
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Initial Stresses .
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Q
it

Final Stresses

X Y
o? = P = Major Principal Stress
© = N.P. = Minor Pfincipal Stresses

Figure C.1 1Initial Biaxial Stress Conditions
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~

gauge independe:t of the adjacent gauge(s), i.e. the gauges
are not a co-planar arfay. This allows the interpretation
of each gauge separately.

In terms of global x-y coordinate system, ‘as shown in.
Figure A.l, the.stress change ‘in the x and y direction is

|
!

Y

= . . 0 :
x gx(final):~ % (initial)

.Eq. C.2.1

- ’ - 4O
y Uy(final)__;,.oy(initial) '

-.“&Initial stress condition, before excavation of shaft:

. 1 ‘
gz‘\= 74(0? + og) + (o? - 03) cos 26
c; = > (0? + 03) - (og - cg) cos 26 o Eq. C.2.2

or -

5 0 ‘_ 1 ) N
o >l (P/i/ﬁ;z;l/+/%P - N.P.) cos 26

a® % (P + N.P.) - (P -~ N.P.) cos 26 Egq. C.2.2a

il

‘Adjacent to the shaft, the final stresses following
shaft construction are given by Kirs:n's Equations

(Timoshenkc I Goodier, 1970), following the notation shown

in Figure C.2. ' : X
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W

Figure'C.Zr Notation. for Biaxial Stresses Adjacent to

Shaft in Isotropic Elastic Ground
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Gr = g [(1+N)(1—a2)’+ (i-N)(L + 3a4 -léﬁg) cos 286 N

£

=.12°_ [(1+N)(1+a2) _ (l—N)(l' N 3a4) COSC og o

oy :
< ' Eq. C.2.3
- - %

Where: « = a/r L
If: co = 60

r X

O _ 0

0y = °y

\

And insert equation C.2.3 and equation C.2.2.a into equation

C.2.1:.
do, = Ao "= 5 [(148)}{1-a?) + (1-8)(1 + 3a* - 4a?) cos 26
- - {P+N.P. ) + (P - N.P.) cos 28
[3 (P#.p.) + (P - N.P. ), cos 2¢]
. ‘ il
Aoy = Aoy = g [(1+N)(%+Ezj - (1-N) (1 +.3a@%%Eos 26 ]

[% (P+N.é,) —v(P—N.P.)chs 2e]

Eq. C.2.4

After simplifying:
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= 1 (1) (1-e?) '+ (1-N)(1 + 3a* - 4a?) cos 20
~ [(145) + (1-8) cos 26]}
= 5 {(1#N)(14e?) - (1-N)(143¢%) cos 20

- [(14N§) - (1-N) cos 28]}
Eg. C.2.5
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APPENDIX C.3
Evaluation of Elastic and Creep Strains

in the Concrete Lining

The Fomité Euro—Internatiéﬁal Du Béton (1978) presents
an empiriqal method which allows evaluatioﬁ of creep strains
in&coﬁcrete cured under nofmai conditions. A 20 percent |
margin of uncertainty is suggested for the method. The
method‘is based on the assumptions that thé.principle'of
superposition is valid,  that is, créep'déformations which
result fromwstrességpapplied at differént times or at
variable rates, are ;dditive. ‘A detailéd,descriétion of the
method is”presenéed_in the C.E.B. (Ibid), and will not be
repeated here. Basically the method uses,a'serie; of
‘empiricgl curVeé which relate the age of the concrete when
initially'lbadéa, the age when the. strain iélmeasured, theA
struc£ure geometry and drying conditions to a creep
coefficient.  The éreep coefficient divided by the 28 day
modulus of elasticity of the concrete is the creep strain
per unit stress which'occurs at time t when the concrete is
loaded at_fime;td. All times are with‘respect to the day of
pouring. The total strain in the concrete at a time.t, for |

a constant stress dﬂ‘applied at tg is given in equation

C.3.lr

-) . Eq. C.3.1
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where: €(t,t ) is’ the total strain at time t

o is ‘the stress applied‘at time tg

'is the instantaneous modulus of elasticity.
of the concrete at to ;

Esg is the instantaneous modulu; of elasticitjr

at t = 28 days

is the creep coefficient

Ple,t)
irj;—- is the instantaneous elastic strain at to
. v c(t]) . -
Ple,t )
[
3 ° is the creep strain at time t.

&
L
P

The creep function, ¢(t t ) is defined by equation C.3.2.
« 4 (o) ! .

‘ p
. (t,t,)

= + , | Eq. C.3.2
EC(to) Eo2s

¢
, (t.to)

By application of the principle of superposition, the total
strain of the concrete at some time t, may be calculated for

a uniform stress variation from equation C.3.3.

“

i

- t
S(tat ) T En(t) T %t )t by, ) dlo(n)]
o o to
' ' Eg. C.3.3
where: €n(t) is strain independent of stress (shrinkage,

thermal expansion)

¢(t'1) -1s the creep function



245

dle(1)] ie the variation of strees at the time
interval d=« |
In analyzing the ehaft strain data, tﬂe following
assumptions will begé@?lied: |
- the loading cfw€pe shaft by the rock mass may be
4 apprmximeted by a constaht linear function with an
initial‘conetant stress co‘
~ shrinkage and thermal strains may be evaluated
seperately prior to creep and elastic strain analyeis,
Therefore‘equation C)3.3 may be simplified to give equation

"C.3.4

/ E(t'to) = OO¢(t.to) + £7¢(t,1) d[c(r)} . Eq. C.3.4
o
The first term in equaticn C.3.4 is the total strain
(elastic + creep) at time t due to the constant stress o
. applied‘atrtime to- The second term in equation C.3.4 is
the total stfain at time t-due to the linearly inc;easiné
stress, commencing from zero stress at time tg. fhe two/:
iload histories may be considered as separate events,
occurring at a different time t. |
Evaluation of the creep function ¢(t t ) for t, = 3 to
400 days and for t- 450 days, the concrete age at the time
of the most recent r%ading, is presented in Table c.1.
Equatlon C.3.5 is the C.E. B'ﬁequatlon for calculatlng

“the creep coeff1c1ent,_p(t t )

\ .



Table C.1 Parameters for Development
Conorete Lining at t=450 D
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! Creep Function for
s

tqy [days] 3 5 10 20 40
t-ty [days] 447 445 440 430 410
Eé(to) [GPal 16.8 20.2 24.6 28.2, 30.8
£; DvPal 1.4 16.3 24.1 31.8 37.8
1/E, x 10 59.4 49.6 v4om7:v35.§v 32.5
p(t,to) 2.07 1.87 1.63 i:ésh 1.15
V¢(450’t0) 120.5 112.9 +95.7 82.1 7i.5
[Micrdstrain/MPa]

70 100 200 300 400

380 350 250 150 50

32.1 32.7 33.4 33.6 33.8

41.2 42.7 44.6 45.3 45.6

31.2 30.6 30.0 29.7 29.6

1.02 0.90 0.67 0.49 ' 0.31

65.5 61.1 52.5 46.3 40.1




247

p(t,to)j' Ba(to) * P B_d(t—to) + bF[BF(t) - Bf(to)]
Eq. C.3.5

For the Lethbridge shaft, equation C.3.5 reduces to

+ 0.4 + 2.8 [0.5-8

F(to)
Eg. C.3.6

P y = B
(t.to) a(to) d(t—to)

The values of the various coefficients of equations C.3.5

and C.3.6 are given on pages 333 to 338, Appendix E, VII,

*®

after C.E.B. report (Ibid) N.124/125.

' — ' T4 -
- Fc = fc (j_I_Yg) Eg. C.3.6
t 28 —_— v
t
E, = 5000 /F] [MPa] R Eq. C.3.7
i - & '

where: Fé is the instantaneous unconfined compressive .
strength of the concrete at time t.
E is the instantaneous modulus of elasticity of

the concrete at time t.

- Equations C.3.6 and C.3.7 are empirical equations expressing
the development of strength and modulus of elasticity of

concrete with time, (Neville, 1970). The concrete -used in

the shaft has an average 28 day compressive strength of 35%?“:
MPa. Figure C.3.1 is the piot'of the creep function

¢(450;to) Vi log, time.. Equation C.3.8 gives a good fit to
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Figure C.3 Creep Function vs. Time for t=450 days
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the points for 10 « tg < 450 days

¢(4504t0) = 128 ~ 14.76 1n (td) [microstrain/MPa]
Egq. C.3.8
|
The significant deviation of ¢ (450, t ) for t, = 3 and 5 days
1s probably related to the dlfflculty in predlctlng ¢(t t )
for very low values of to This is not 1mportant as it w1ll
be assumed that loading of ‘the liner commenced on or after
ty, = 10 days A creep function similar to equatlon c.3.8
must‘be calculated for each time t at which lining strains
are analyzed. Substitution of equation C.3.8 into the
second term of equation C.3.4.yields:
450
e(450,t0) - {o

(128 - 14.76 1n (t,) alo(x)]

o | Eq. C.3.9

Since a constant linear loading function will be assumed,
~the term d[o(r)] in equation C.3.9 becomes Kedt where 'K is
the constant increase of stress with time, (MPa/day).

Equation C.3.9 becomes:

450

€04, =/ (128 - 14.76 1In(t_))«K-at
(450,to) 2 o

Eq. C.3.10

Integration of equation C.3.10 Yields:
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|45° - 14.76 (t/nt _‘t)lgso]
O o]
Eq. C.3.11

|

|
and after simplification

8(450,to) = K [128(450—to) - 14.76(2299 - t,(In t_ - 1))]

»

Eq. C.3.12
The constant loading of the lining at both the 152 and
180 m levels was considered to begin at t=10 days because of

the observed strain increase at the 180 m level after 10

days. Solution of equation C.3.12 for 10 days vyields

€(450,10) = 22,579 K [microstrain] ~ Eq. C.3.13
A,value'of K was calculated from equation C.3.13 for

- each‘measured 5(450'10). Stress from gradual loading was

then calculated from equation C.3.14.
0450 = K x 450 1[MPa] \ Egq. C.7 14

Results are shown in tables 6.4 and 6.5.



251

APPENDIX C.4 /
;

Formulas for Determining in situ Stressi7/in Isotropic Rock
y . ——e .

/

The diametral deformation of 'a borehole on overcoring

is related to a biaxial stress fiela

n the plane normal to
the borehole, by a closed form elastfic solution. For the

borehole shown in Figure C.4, the iametral deformation U is

related to the principal biaxial stfesses, P and Q by

equations C.4.1 (Obert, 1966).

For Plane Stress:

U =2 [(prQ) + 2(P-0) dos 20]

For 'Plane Strain:

d(1—v2)

U = = [ (P+Q) + 2(P-Q) cos 26] Eq. C.4.1

where: d borehole diameter

E = Young's modulus
v = Poisson's’'ratio
6 = is measured as shown in Figure C.4

For a borehole overcored in a 3-dimensional stress
field, the deformations of the core along the core axis are
a functlon of the axial stress, S and are given by

e€quation C.4.2 (Obert, 1966).

™
L
|~

[0, = v (P + Q)] ‘ . Eq. C.4.2
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P = major principal biaxial stress

Figure C.4 View down boreholetof a 60 degree deformation,

rosette (Obert, 1966)
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- The principal biaxial stresses in the plane normal to
the borehole axis may be determined by assuming a plane
stfein,model and by adding the strain component due to the
axial stress using the principle of superposition {Obert,

1966). The contribution of the axial deformation to the

‘ diémetral>deformatioﬁ'(the Poisson effect) is —vézd the
- total diametral'deformation isi given by equation C.4.3

- (Obert, 1966).

U = éil%l_l [(P—Q) + 2(P-Q) cos 26] - vszd

¢ Eg. C.4.3

Where three diametral deformation measurements, Uy, U2

‘and-U3vafe taken at 60° ‘intervals around the boreho;e, the

plaln straln solution for th» prlnc1pal stresses are glven

by equatlon c.4. 4 (Obert, 1966).

o

oL 2 : .
P =,Eil€%_l {(Ul+U2+U3) + %3 [(Ul—U222 + (92-03)2
+ (v,70,)217/%) --

1

_E(-v?) e B Y L YT e 12 e N2 o
@ = e UH0M0g) —pt TU=0)" + (vt

LA

- ” -
+ (Uj—ui)z]l/z}

1 3(U —U3)
9 -2- tan m = Eq C.4.4
“J17U-Us
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where 6, is shown on Figure C.4.

For the horizontal borehole in the shaft wall, °, is
B » ‘/.J ' ’ .
approximately equal to Ot the radial stress near the

shaft. A first approximation of the in situ stresses is

obtained by neglecting the deformation component due to

axial strain. ' Sample calculations assuming a value of g,

equal to the horizontal field stress-and-inclUding the

~diametral deformation due to axial strain showed less than a .

P
»,

2 percent change over the stresses calculatedkby negléct{ﬁg_

the'axial strain contribution.

a

+

s SN
” . <t

W LT
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APPENDIX C5
j Formulas for Determining in situ Stresses

in Anisotropic Pock

A}

P

Formulas are presenied fof evaluating the in situ
stresses in'anisoﬁfdpic roék. The solution.is for plane
stress boundary ¢onditions and assumes ?he rock is
homogenéous, linearly elastic aﬁduis orthotropic and
tranéversely isotropic, and the bofehole‘axis ié’aligned

with the orthogonal axis of elastic symmétry,/és shown in

Fe

Figure C.5 (Becker and Hooker, 1969).

’The‘radiél diametral deformations. from OQercoriﬁg, Ui
02, U3 are obtained at 60° intervals. The elégtic axis E;
is aséumed.to‘cqincide withvthe direction of Uy .. Theta (9)
is measured counterclockwise from E;4 to U2 and U3 as 60° énd‘

120°“respectively. By and E, are'the orthotropic elastic

moduiuﬁéﬁv
Let: A3= Ul
' li
2
B =2 (u, - U,)
32 3
1 , .
c=3[2(u, +U;) -u,] Eq. C.5.1

The angle~6 (see Figure C.5) measuredvcounterclo¢kwise

from E; to,tbe‘ﬁajor principal‘biaxial sty

calculated from equation C.5.2.
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Figure C.5 A Circular Hole in an- Orthotropic Solid

Subject to a Biaxial Field
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4 — |
s = tan™" [2K t“//tzg:ﬁ) + 1] . Eq. C.5.2

2L.-K

wherg” the quantity = is calculated in equation C.5.3
CE, - AE _
L-K 2 ~ - -
2M = 1 \— Eq. C.5.3
B-/E‘lE2 .

The values of K and M are determined from equaﬁions C.5.4
i . '
and C.5.5:

&
A E) VE,JE] + C E -

K = —— ' - Eq. C.5.4

= 5 B : -~ Eq. C.5.5
d (1 + VE,/E;) o S &
where: d is the diameter of: the probe hofe (nominally * .
3.81 cm).

The major and minor principal biaxial stresses P and @

respectively are determined as functions of 6§, K and M from "

equations C.5.6 and C.5.7.

h

M : _
- )‘ . - Eq. C.5.6

Q=K-P ‘ o _ . Eq. C.5.7

]



