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ABSTRACT

The monitoring of the deformation response of the rock
\mass upon excavation of a‘tunnel is the most commonly
applied meané of evaluating the design and stabi ity of fhe
épening. Because of the importance attached to this
moniforing operation, a critical ass?ssment of curre
practice, with particular regard to excavations in I B
stressed or overstressed rock, was undertaken.

Laboratéry model tests were employed to determine the
rock mass response to the excavation of a tunnel under
controlled environmental conditions. These tests were
:lassigied as either excavation simulation or external
loading. In the former, a tunnel is excavated or enlarged in
a pre-stressed sample while in the latter, the samnle
containing a pre-excavated tunnel is loaded at its
boundaries. Plane strain conditions were maintained along
the the tunnel axis in all tests. In excavation simulation
testing, the development of radial strain.around the opening
was recorded during and foilowing excavation. The
convergence of the tunnel walls could only be monitored in
‘z;he post-gxcavation period. In éxternal loadidg tests, both
convergence and radial strains were measured throughout.
Coal was chésen as the model material because of its small
scale, regular jbint pattern, low strength and
time-dependent deformation properties.

As a result of the model tests, a rational procedure
for the evaluation of tunnel behaviou;, based on the rate of

Fo
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tunnel conver ence, was developed. The appropriate rate
criteria for this evaluation réquire field determ%péézgp and
their application requires separatipn_of the coﬁvérgence due
to face advance from that dge to the creep of the rock mass.
Expressions [for the determiQ§tion of the convergence and
radial striin rates due to phe advancing face were developed—
for this purpose.

The limitations of current deformation monitoring
prattxcé in funnvls constructed at great depth wgfe
identified. .t was determined that the interpretation of the
results can be signifigantly influencpd by the location and
time of insta;iation of the instrumentation, particularly
wheré the material exhibi'ts time-dependent behaviour. To
evaluate the Jdesign ..nd stability of the excavation requires
multi-directional instrumentation installed as close to the
face ag practically possiblé (preferably ahead of the4face,
although this is generally not possible a:xdepthi vith
frequent reading and consideratiaon of the facéﬂadvance
‘effect. It was further determined that there is a need for
.instrumentation’ capable of dfspla;ement detection ahead of

\
the face.
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‘1. INTRODUCTION

The greatest demands of modern societies are the same
ak those of ancient societies; resources and accomodatlon
Whiie past generations were able to avail themselves in a
relatively easy manner (though not necessarlly easy g1ven
the technological level) the 1ncreased demands of a grow;ng
world have caused ' modern men to foray 1n.futther‘£1elds.
Past exploitatioh of surficial resources have forced man
deeper beneath'the earth's sufface for the required
commodity. Land and energy costs have halted the post-war
urban sorawl and forced man into ve}tical éocommodation, his
living spaco upwards and storage space downwards. These
resource and storage fequiréments, along with their support
measures are the catalyst for the field of underground
excavation-(%unnelling) technology.

‘- .While uhderground excavations have been constructed
throughout recorded history, it is only recently that both
the scale and economics of tunnelling have mndergohe
dramatio change. brior to this current, cost-conscidus
efficiency, tunnelling was considered an 'art' practiced by
a few 'artists' who could cope wifh the existing demand.
Present demand, however, requires that?the behavior of
underground oxcavations be understood so that less
experienoed engineers or contractors may undertake these
endeavours, in essénoe,the transformation from an art tola

science. ' ' : .



Current»tunneliing technology, while far advanced, is
still in this transition stage. Because of this, undergfound
excavaticns, whether they be in soil or rock, and |
independent of their inténded"use, require monitoring,.
Unfqrtunateiy, field monitoring in itself is not sufficient
for the development of a predictive capabilityi In the
field, there are a multitude of influences on tunnel |
performance which complicate a;alysis. Controlledv
environmental conditions are esseanal for a rational
analysis; One ﬁeans by-whicﬂ this may be.achieved is the
simulation of field conditions in labo;atory scale models.
In this mannér, the response of an excavation to |
pre-determined stimuli may be observed and a_clearer picture
of the overall behavior of undefground excavations emerge,

especially when coupled with field/observations.

1.1 Theéis Objective
The monitoring of underground excavations is‘crucialito

the further development of tunnelling technology. Because of
fhis importance,‘itvis essential that,a_prqper_framéwork for
dété»interpretation be devised} the liﬁitatfons to the
i%étrumentation employed for monifo:ing be uﬁderséood and
that their application be appropriate for their‘pufposé.

 Most tunnel[excavation monitoriné'schemes eméloy
defprmation instrumentation as the primary mode of

investigation. This is particularly true in excavations

where large deformations are anticipated, such as in weak
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urbck or }ock exhibiting‘time—dependeﬁt deformation. It 1is
therefore essential that the use.df current deformation
instnumentation in this type of environment be critically
reviewed. That is‘thefobjec;ive-of'this‘;hesis.

-n order that this objective 5e5realized, it Qas
decided‘to forego fielé anaiysis, due to ité inherent
ambiguitieé, and«iﬁstead,‘cénceﬁtrate on laboratory model.
studies. Particular attention was paid to the evaluation of
.opehiqg stability by deformation measurements and the

instrumentat:ion response to tunnelling activity.

1.2 Scope of the Thesis

The first step in any invés;igativekreseapch is the
‘review of the current knowledge on thé.subject. The reéultﬂ
of a review of current tunnel mOnitoring as practiced by
both fhe civil engineering and mining engineering
(partiéularly céal mining) professions afe presentd in
Chapter 2. Areas of particular interést included the
monitoring 6bjectiVes, the means by which these objectives
.are achieved, the seieétion of the type of monitoring, "the
type of.instrUmentation, the selection of apptopriafe design
and petfofm#nce criteria and the limitations as preséntly
understood. -

Pecriptions of the test apparati employed in this.
research are preéénted_in Chapter 3. Also 5nc;uded in this
| chapter are physical descriptions of each sample along with

‘a description of the type, installation and layout of-

4



inStrumentapion and a 5umméfy of the adopted loading
sequéncé. Coal wég used as a test material becauﬁelbf its
time—dependént strength and deformatién prop¥rties.

In order to analyze the obser;ed behavior of the
.tunnels during process.simulation testing .1t was necessary
to.determine the material properiies of ihe test specimen.
ﬁoth the’time-dependent and time-independenﬁ‘pfoperties‘were‘
'obtainea from the response of iarge intact;plocks
(600x600x200mm) to a variety of loading conditions. The
results of these invéstigations, presentedfin Chapter 4,
allowed formulation of numerical expressions four thew
prediction of the deformation response of the test material
undef given stress cbnditions. The analysis of the test
results, with particular emphasis on'fhe imblications
towards deformation monitoring in underground excavagions in
.weak rock éubject to time—dependent‘déformation, are
presented in Chapter 5.{Attehtion was focused on the
limitations of deformatithmonitoring for sﬁability
evaluation and the verification of design aséumptions undér_
both advéncing.tunnel and long-term éonditibds. |

'Cénclusions regarding the épplibation of deformation
monitoring .instrumentation in weak'rocK*at~aep*h are
presented in Chapter 6. Also:included are recommendations
for the implementation of déformation instrumentation aﬁd
suégestions for further research iHthis area.

\ ]



2. REVIEW OF CURRENT DEFORMATI ON MONITORING PRACTICE
2.1 Introduction

The 'art' of tunnelliné 15 pbecominc more ¢f a science
-as a result of the application of recent advances :in design,
constryction and monitoring of underground opernings. These
three components are no longer Zdiscrete elements ci the
tunnelling process but are interrelated as shown in
Figure 2.1. In the site characterization phase, the geclogy
1along the alignment is determined c¢s are the engineering
>propefties of the rock mas§ regu.rec for its description.

v

Once these are known, the excavat:on seguence, construction
method and sﬁbport system are ofte:’gelected on the basis of
simple empirical classification systems. Detailed design is
then derived from empirical methods, more refined
classification systems.or an analyticai arproach. After
commencement of construction, monitoring of tunnel

!

performance penmits critical evaluation and possible
revision of the design or construction procedure. Beééuse of
the importance of thi§ final phase to modern tunnelling
technology, it was decided to criticallx‘review the means By
which the peffo:mance is presently evaluated.

The above tunnelling process is generally limited to
civil engineering works. In mining, the‘most‘common design
. concept is the duplication of previousasupport and geometry

from existing operations under similar cenditions

[Dah1(1978)]. Monitoring of underground excavations,

/
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however, has been actively pursued by thé‘mining industry
and valuable contributions :in this field have resulted from
their efforts. While the pPUrpCses CL EEF underg;ound
excavations for civil and miying wc-ks may be very
different, the rock mass is .raw-—gc of it, and will react in
a similar manner to similar stimuli. The advances in the |
monitoring of undergrbund excavations 1in rock are egually

applicable to both.

2.2 Role of Monitoring in Underground Excavations in Rock
The monitoring of an underground excavation in rock is
simply the measurement of the rock mass‘;esponée to the
changes imposed. These measurements may then be employeé to
satisfy the objectives 6f the monitoring program. Paramouﬂi
amongst these c>jectives are the determination of.the
opening stability and the verification of the .design [KRaiser
(1981d),Frankiin (1977)]1. Additional objectives have been
defined by Lane (1977), Londe (1977) and Dunnicliff et al
(1981). These are outlined below along with those previously

mentioned.

Stability Evaluation

The primary role of monitoring is to ensure the safety
of the undergrouna_environment during both construction and
.oper§tion. Current monitoring technblogy, if applied
| correctly,'permits determination of incipient tunnel

instability with sufficient time for excavation or remedial



action if the process leading to instability is gradual.

Design Validation

fhe design of the tunnel support is made with gross
assumptions as to the geoloéy and rock mass properties. To
ensure that the design is appropriate reguires verification

'y

of the assumed conditions and prédicted performance by

. in-situ measurement.

AY

The validity of a new design approach may also require
the performance monitoring of a prototype for comparison
with the new and proven design methods. Advancement of the
state-of-the-art requireé hard evidence which can only be

achieved by in-situ measurements.

Construct ion Assessment

The adequacy and suitability of a given or new

- construction method is best assessed by monitoring the

performance of the excavation during these endeavours and

then comparing with measurements made in excavations with

similar geologic conditions but where different construction

methods‘were employed.

As tunnels become more expensive to cdnstruct, the
avoidance of overdesign is of increasing importance. In situ
instrumentation allows the designer to implement a 'minimal
support design with provision for additional support where

measurements dictate.



Problem Diagnosis

The remedy of an incipient instability requires a prior
knowledge of the nature of the instability (i.e., the
mechanism, location and extent). This can only be achieved

by insitu measurements.

Performance Documentat ion

Records of the performance of the underground
excavation provide documeﬁtation of 'as built' conditions
and structural response. These fay then be employed to check
for compliance with contract.requiféments and to assist in

the design of future works.

Publ ic Reassurance

| Use of current tunnel mohitOring technology ée;ves to
reassuré_the workers and the public in general of the
owner's aﬁd contractor's concern with their safety as well
as with~the long ﬁérm integrity of-thg‘excavation.

?hé objecfi?es pursued by the monitoring program at any
given site will depend on- the nafuré and difficulty'of the
project, the owner's habits, thé designer's style and the
contractor's experience fLonde (1977)1. The means by Qﬂich
the monitoring is performed are discussed in the following

section.
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2.3 Defogmation Monitoring

In addition to visual observation of the exca&ation,
monitoring is performed by in-situ measurement of stress
changes and displaéeménts. The environment in which these
measurements are made is particularly harsh. Therefore, it
is necessary thatvany instrumentation be of simple and
rugged design Yet yielding reliability and accuracy.
.Readings must be easily interpreted so that the necessary
action may. be taken énd neither the instrument nor its
reading shouid duly interfere in the construction or
operation of the opening. Given these operating criteria,
the most commonly émployed monitoring system is that of
displacement meésurement. Londé (1977) considered stress
change measurements the most difficult to interpret as the
instrument itselfvaltérs.the local stress field and the
discontinuities inherent in the‘rock mass cause an
unacceptable degree of‘scatter in results. Raiser (1981d) .
consiggred displacement measurements as the most important
~"indicator in ground control as did Cording et al (1975)
becaﬁse of'the ability of deformation ﬁeasurements to yield
information as to the depth and magnitude of the movement.
Lemcoe et aj (1980);in their state-of-thé-art review of
measurement techhiques'found'di;placement measurements more
direét; easier and less costly to pérform;and hence more
commonly employed than stress measurements. The |

'observational method' of tunnel design aS exemplified by -

the New Austrain Tunneliﬁg Method (NATM) depends heavily on
v o _ ‘ .
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interactive Aeformation iﬁstrumentation [Kuesel (1983),
Amberg (1983)]. In the'mining environment deformation
~measurements are employed in the design of roof and face
supports and roof or floor boiting [Lu (1982)] or in |
assessing stability [Whittaker (1974)]. .

Due to the dominance of displacement or deforhation
measurements in the performance monitoring of undergréund
excavations it was decided to forego\any_detailed
consideration of stress measurements in moniforing. This
"does not imply that stress measurements are nof of value in
monitoring. Indeed, stress change measurements can greatly
eﬁhance the value of deformation measu}ements [Kaiser and .
Mackay (1982)]. |

\ The monitoring of deformations in underground
excavations is achieved by optical surieying,‘éonvergencé'”.
measurements and borehole . extensometer measurements. |
Generally no single means of monitoring'ié employed on a

given project as the three methods compiement each other.

2.3.1 Optical Surveying | . \
Optical surve&ing methods such as ievelling and
\trianguiation‘are videly employed to monitor movements of
the rockvsu:face or tunnel lining [Londe (1977)]. Where
accessible and where the measurements can be felated to a
remote stable base the absolute.displaceménts,of the tuﬁnel
wall can be determined. Thevadvaptages of this.systém are

that the personnel and eqdipment are generally on site (for
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alignment control) howéver, these are outweighed by the
disadvantages of interfgrence with the construction
procedure and the considérable time required for computation
andAinterpfetatibn. This latter point is péfticdlary '
inportant where monitoring is employed to detect incipient
instability.

Electro-optical distance measﬁri;g instruments
employing a modulated light or laser beam projectéd'onto
~=flective targets on the surface of the excavation are
superceding the optical instruments [Franklin (1977), Hoek
and Brown (1980)). Their principal advantage over the
optical system is that many measurements,-including those in
‘hlghly 1nacce551ble regions can~be made from a single
1nstrument location in a short per1od of time.

Elaboration on this form of 1nstrumentat1on will not be
‘undertaken as laboratory simulation 1s-not«p0551ble.’
However, the results of the laboratory investigation

reported in Chépter 5 have significance“with regard to this ™"

form of monitoring as vell,

2.3.2 Convergence Measurement

One of the most common and_easili performed deformation:
monitoring methods undertaken(in underground excava;ions'is
‘the heésurement of the changé fn;diametér or conéergehce
between reference points. qdnvefgence is measured by either
a tape or rod extensometer with. the tape being the mo}e

widely used because of its range (50 m versus 8 m for the
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<

" rod type) and hahdling ease [Lemcoe et al (1980)].

| The tape extensometer consists of a etainless steel
tape with a tensioning spring and a mechanical measuring
.device such as a dial indicator gauge. The rod extensometer
employs a rod in the place of ﬁhe tape, thereby removing the
need for a tensioning device. The rod can be of fixed length
or telescopic (possibly spring loaded) and is fitted with a
micrometer or dial géuge [Franklin (1977)]. Lu (1982)
describes an automated rod type convergence mete;vwhere,

. upon convergence, a }ever arm on the device causee a scribe.‘
‘point to trace a path on a pressure sensitibe chart or
rotating arum giving a complete time-convergence record. Rod
type ex;ensometers employing electric readout devices and
their application to mining are described by McVey and Hewie'
(1981)

Convergence targets for both systems generally consist
of steel or alumlnum anchor bolts secured in the rock by an
expanding shell anchor or by grounting. The target ends are
designed to mate with the appropriate convergence meter |
[Franklin (1977)]. “ _

. The accuracy of these instruﬁents is hjghly dependent
onvthe care employed in making the reading (temperature
compehsation, spring Tension, ete;) and in installing and

providing protection for the reference target [Lemcoe et al

(1980)1].
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2.3.3 Borehole Extensometers

The preQiously described deforma;ion measurement
systems give only surfacé displacements of the opening
walls. For 'in-depth' measpremeht of the rock mass
deformation, borehole extensometers are required. As the
name implies this type of inStrumentation'requires the
drilling of borehgles either from the excavation or from
outside the excavation if conditions are favourable (shallow
cover“or parallel adit). Two types of borehole |
extensome;ers, probe and fixed, are commonly employed
[Lemcoe et al (1380)]. In both systems the differential
movement of anchor points installed at various depths is
measured.. | ‘ |
Probe Type o N

‘The probe type extensometer system meééurgs the change
in lécationlalong the borehole axis of pre-set anchors with
fgspect¢to each other or some aatum (furthest anchor or
borehole'collar) by means of a moving sensor..The most
popular of»thié type employs magnetizéd anchors and a probe
cépablé of sensing the magnetic field [Lemcoe ef al (1980)].
The major disadvéntage of this system is that it is labour
and time inﬁensive and not suitable for aupomated 6r
coﬁtinuous ;eﬁqrding. |
F ixed Type/

For increased precision or.where ;ontinuous_or remote
'readout is required extensometers of thé.fixed type are

used. The diéplaéement along the borehole axis of selected
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points is determined by. measuring the displacement at the
bdrehole collar of rods or tensioned wifes extending from
anchors located at those points [Franklin (1977)1].

- Measurements are commonly méde with a dial indicator gauge,
however for continuous or remote Qonitoring electric
displacementvtransducefs are employed [Amberg (1983), Lu
(1982)]. Rod type extensometers yield more reliable and
accurate results as the wiré type are prone to kinking and
creep. In single hole, multi-point installations,bwire'
extensometers are ﬁorb often used because of their reduced
space requirements [Franklin (1977)].

Because of the ability of the borehole extensometer to
provide information regarding the extent and depth'ofjgock
‘movement they are geheraily used iﬁ conjunction with |
convergence measurements to monitor undergrohnd excavations
during the constructibn'and'operation phases. Selection 6f
the monitoring inst;umgnfation is only the first phase of
the monitoring process.'When and where Ed monitor and what

criteria to employ are of equal if not more importance.

2.4 Instrument Location and KonﬁtoringISChedule
The general principle goverqing‘the selection, locéti&h,
vand»recording schédule of deform;tion measuring instruments
'is that of working ftop the general to the particular
[Franklin (1977)]. The intendéd role of the monitoring
systeﬁ will also ingluehce the selection as will the type of .

 excavation and support method [Cording et al (1975)].
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"~ Franklin (1977) suggests that when monitoring is
performed to ensure the safety of the excavétion, there
should be extensive coverage with low precision, low.
frequency monitoring supplemented with mdre frequent, mére
accurate monitoring where conditions dictate. If design'
verification is the ijective,‘ﬁe suggests selecting
'representative profiles’ corresponding to various geologies
and geometries for monitoring. Boreholé extensotheters are
required in addition to convétgence measuring devices at
these profile locations. Other design principles'presénted
by‘Franklin include:

1. Adopfion of redundancy in the instrumentation to
accomodate instancgé_éf.damage to ‘an installation or
malfunction of ;n'instrumént; <

2. ﬁmployment ofné'larée number of low precision
instruments rather than fewer, High precision
instrumenté. Wi;h more instrumentation, ahomalies in
readings are more readily ascertained;

3. -Adjustment bf the mohitoring frequency to suit the
situation. After installation monitoring should be '
frequent to identify trends in ground behavior.
bAfterwards ;he'fréguenCY of readings will depend on the
activity of the specific site; and |

4. Proper installation and calibration of the instrument so
that it functions as inﬁended;

Both Franklin (19?7) and John (1977) recommend convergence

measurements spaced at 50 to 100 metre intervals along the



tunnel axis and at geological changes under good rock
conditions. John also suggessts a reduction in this interval

to between 10 and 20 metres when frar -ure processes are

occurring. At each measuring station the convergence is
meesurea at the springline and from the crown to the invert.
Supplementary measurements across oblique’ d1ameters are
performed when cons1dered necessary At selected monitoring
statlons borehole extenﬁometers are also installed,
principally to verify support design. Cording et al (1975)
recommend insrallation as close to the\face as possible so
measurements can be maae before tunnel advance. They further
recommend rhat the anchors be placed at a mirfimum of two
depths: one close'tq4the'tqnnel wall (1-2 m) to record near
surface movement and tne other deeper to give evidence of ;
deep seated movements.’Extensometers‘are_generally situated
in "the crown and at the springline with occasional
installa;ionlin the invert and at oblique angles. A typical
deformation instrumenation array is‘shown.in Figure 2.2,
This array_demonstretee the basic needs of the

instrumentation system. for a ‘full face, circular excavation.

i

Horizontal and vertical convergence determine the deformed -
shape of the excavation. ExcenSometers‘in the crown and
invert as well es convergence measurements from the
sprlngllne to the crown allow separatlon ‘of -the convergence
components (i.e., bed separatlon, floor heave, etc ). (

Ideally all deformation measurements are tied together and

" then referenced to a remote datum (by tunnel survey) in
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springline

1l invert

QO survey target
» convergence target
é extensometer anchor

™~

Fiqure 2.2 Deformation Monitoring -Instrumentation Layout
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order to fix the displacement field in spacc. In multiple
heading e§gavations the same principles are employed,
however, the lo&ation ofvtﬂe instruments will depend on the
particular excavation seQuence and the anticipated behaviour
as discussed by Cording et al (1975).

Deﬁorma;ion monitoring in mining appi}catjons 1s noct as
rigorously applied a; in civil engineeting projects due
mainly to the short life span of the majoritv of mine 'works.
where monitoring is emploved it generally consists of roof
to floor.convergence“measuremgnts. Occasionally the
convergencé i; further defined by separation into floor
heave.and roof sag [Hargraves and Martin (1977)]. Stability
monitofing by microseismic methods has been undertaken by
the min{ng industry [Blake (1982)] but is not gonsidéféd in

this research.

2.5 Stasility Criteria
When deformation monitcring ig being employed to

ascertaln the stability of an uddérgroUnd excavation, ﬁhé
recorded measurements must be compared|tc design criteria in
order that an assessment‘be made, Both Franklin (1877) and
Londe (1977) consider absolute values of displacement as
insufficient for stability assessment.nThey along with John
(1977) and Cording et al (1975), however, consider. the use
of d1sp$acement rate as a sufficient, suitable criterion.

lIndeed this is the most frequently employed means of

stability assessment in tunnelling [Lane (13977)].

A
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In mining, closure rate measurements are commonly

e determination of opening stability [McVey

L

in t

(

emploves
and Howie (1981), Hams (1578) and Wieselmann (1968)]. Lu
(1982) and Pothini and von Schonfeldt (1978) recommend both
the cummulative convergence and the rate of Eonvergencé be
used in establishing stability. Pothini and von Schonfeldt
alsc consider the change in the convergence rate in fheir
assessment of copening stability. Serata ef al (1976) suggest
:hgt the determination cf opening stabiliﬁy can best be
determined by cleotting the closure rate versus the
excavation ace in a double log diagram. The degree of

carrent stability 1s indicated by the magnitude of the creep

o]
th

rate with that future stability by the slope of the’creep
rate curve. This pcint will be diséuséed later.

Selectic~ of an appropriate criéical deformation rate
for stability assessment is not an easy task. The range of
convergence rates encountered in underground excavations 1s
guite large. John (1977) found that rates less ﬁhan 10 mm
per month (in an 1! m dia. tunnel) resulted in low lining

loads while McVev and Howie {(i9871) found rates of 5 mm per

minute to indicate impending roof fall in a specific coal

3]
(=]
o)
14

Criteria such as these indicate the range of rates
which may be enccuntered. They are not directly transferable
to other sites. |

As an early ihdication of instability, in the absence
of predetermined values, high rates of movement unrelated to

excavation advance or sudden rate increases may be used
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[Cording et al (1975)]. To determine the site specific
critical rate requires observation of rates, under .similar .
conditions, where stability and iﬁstability of the
excavation were encountered. These can be determined from
- other projects but care must be exercised in any
extrapolations needed due to changes in support or geocmetry.
The best method of selection 1s the observatioﬁ of
deformation rates in pilot ﬁeadings or test sections of the
same projéct.

In mining,_special care is required to separate the
effects of headings at other levels or in parallel aévénces.
The excavation sequence (i.e., leading, trailing or

simultaneous gateroad excavation) is also relevant.

2.6 Limitations of Current Deformat%on Monitoring Practice

Curreht deformat:ion monitoring practice in underground
excavations suffers limitations in both concept and
"application. The former relates to the inadequacy of the
program as discussed by Kaiser (19814) while the latter
relates to field problems presented by Dunnicliff. et al
(1981)_and others.

Raiser (1581d) pcints out that most monitoring systems
concentraté on the determination of the stress or
displacement field whiié neglecting 6: inadeguately handling
the determination of the mate:ial_ptoperty distribution and
the mode of behaviour of the system. Based on the results of

model studies, Kaiser concludes that interpretation of field
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behaviou;\is not possible without a knowledge of all‘three.

While acknowledging that it is «ften necessary and indeed

permissible to make assumptions for some of the compohents

described above, he suggests that this is not the case wiFh
£he mode of behaviour. The monitoring system should be
aesigned to ascertain the»déformation process’rather than to

\recofd the résponse.fo an.unknown process.

Applications problems related to deformation monitoring
are of both procedural and mechanical origin. Procedural
problems idenFified by Dunnicliff et él (1981) includé:

1. Failure to identify the need for instrumentation at a
given locatidn;

2. Inflexibility in the instrumentaion layouf and recording
4$chedule (ie. failure_tojadapt to changing N
requirements); and

3. Dilatory collection and interpfexation of measurements.

“An additional procedural problem relates to the reduced

'déformations measured by instrumeﬁtation installed behind

the face as noted by Lo and Lukajic (1984). Mechanical

pfoblems are generally reléted to instrument reliablity
particularly where anomolous measurements are recorded. In
situations such as this the experiénce\of.ﬁhe
instrumentation engineer 1is usually relied upon [Cording et
al (1975)]. Minor meéhanical problems'occur due to improper
installation or post installation damage.

Additional concerns»regardiﬁg the monitoring of

underground excavations were.identified by Wieselmann (1968)
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and Muir Wood (1979). Wieselmann in an investigétion into
the use of closure rates as a monitor in potash mines found
that the rates were dependent on the opening shape and the
methdd of excavation. Muir Wood indicated that, in materials
exhibiting time dependent behavior, separation of the
deformation into that resulting from the variation of the
'stress field due to face advance and the creep under
constant shear stress is“necessary. |

In an attempt to assess the'implicatiqns of these
influences on"the deformation monitéfing of underground
excavatfons, particulary those in weak rdck} a series of

simulation tests were performed on laboratory specimens. The

results of this investigaticn are presented in Chapter 5.
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3. SAMPLE DESCRIPTION AND TEST METHODOLOGY

3.1 Sample Description

3.1.1 Description of Coal _ N

| The coal employed as the model matérial in this testing
program Qés obtained fromlthe H§§§§ale Mine in\the Wabamun
Lake District near Edmonton, Alberta. This coal was graded
by Standsfield and Lang (1344) as subbituminous B according
to the Canadian Classification and its camposition
determined by Pearson (1959) as presénted in Table 3.1. A
detailed}stfuctural_sUrvey‘conducted by Noonan (1972)
concludea that the coal is horizontally bedded with two
.orthogonal cleat systems perpendicular to beddlng The major
system is oriented N45°E and has an average 301nt spac1ng of

approximately 20 mm. Jointing is essentially planar but

discontinuous.

.

3.1.2 Sample Preparation

Test speéimens qf'approximately 600 x 600 x 200 mm were
.prepared_from large block sample aS\describeé by )
Kaiser (1979). The major joint set was oriented parallel to
- the main diagonal of the specimen and the bedding planes
par;;I;l to the largér surface. In this manner, the beddinq~h_
plane was perpendicular to the tuﬁnel axis and fhe major  |
jointing at approximately 45° to the:principal'stress

direction when installed in the test frame.
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_Tablél3.1 Composition of Coal

Moisture

Ash

“Volatile Matter
F{xed'C;rbon |
bFuel Ratio

Gross KJ per N

18.4

8.0
24.4
38.9

1898

- 21.8
- 14.9
28.3
42.3,
- 1.59
2116 ' =

% by weight
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3.1.3 Description of Individual Specimens

3. 1 3.1 Sample MC-5 _
" Sample MC-5 was prepared in the prescribed\manner to
" final dimensions of 620 x 615 x 210 mm. The major joint set
\was inclined at approximately 49° to the major principal'b
stress direccicn. Joint spacing varied from approximatelg'10
" to 20 mm. A plan view of the tcp surface cf this sample is
shown in Figure 3.7.
A fracture running linearly across the eample‘from
Side 2 to Side 4 was noted during pre-test mapping, howeverA
it was located outside the tunnel area and thopght to be of
minimal significance. Asscciated with.this fracture was a\.
large depression caused by removal of loose material. The
depre551on was filled with high strength grout which may

l’

have 1yfluenced the stiffness in this region.

3.1.3. 2 Sample MC 6

Sample MC-6 was prepared in the same manner as MC 5 to
‘final dimensions of 620 x 620 x 206 mm. The majoq joint set
was distinctly non-planar vith inclinations of 21° to 68°
from the major principal stress direction. Joint spacing was
generally in the range of 10 to 20 mm with spacing of less
than 5 mm in the heavily jointed region surroundlng a clay
shale inclusion. Plan views of the top and side surfaces a:e
presented in'Figure.B.é.

A clay inclusion, elliptic in seccicn, is evidenf in

the plan view of Side 3. This inclusion dipped at
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Figute

\ . ' ’ ' :
3.1 Plan View of the Top Surface of Sample MC-5

27



N
mip R
n# f v‘,:.‘,\'. A -
vgﬁf?;}ﬁ
ht :,

Y

4
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apéroximately 7.5° towards Side 1 and increased in width
down dip. Jointing, which iﬁ the remainder of the sample was
essentially wvertical, inclined in the vicinity of the.
inclusion; the jo{nts radiated from'the‘jnclusion. The
inclusion had a dominant effect on the structure of the
sample and will thus haye a considerable influencg on the
sample performance. Side 2 and, to a lesser extent, Sides 1
and 3 required a high strenéth grout infilling of
depfessions caused by removél of loosened maté:ial; As these
infillings were concentrated around the sample periphery,

- . . :

their effect on near tunnel performance should be

negligible.

3.1.3.3 Sample MCf? N | \
>Samp1e MC-7 wag pfepared in the required manner to
final dimensions of 625 x 625 x 212 mm:‘The major joint séf
was non-planar and non-uniform. The strike of this joint
set, referenced to thé major priﬁéibal st;ess direction,
varied from 20° to 70° with a mean value of abproximately
40°. The dip angle varied from 70° to 90°. The joint spacing
‘varied froh 5 to 25 mm. Plan views ofithe top and side |

surfaces of this sample are presented in Figure 3.3.

3.2 Deformatipn Instrumentation

During the testing of a given specimen the'folléwing
deformation measurements were recorded:
1. boundary displacementsé

2. radial strain; and
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3. tunnel closure.

The means by wﬁfch these measurements were obtained are
briefly described below. More detailed.descriptions of the
deformation monitoring instruments are presented by Raiser

(1979) and Guenot (1979).

3.2.1 Boundary Displacements

The boundary displacements in the principal stress
: : s

»
-

directioﬁs were measured by displacements transducers
(LVDTs) mounted on metal stands attéched.ﬁo the base plate
of the r~necimen. In the lateral direction,ythe LVDT cores.
were spring forced againstvteflpn diécs fixed to steel pins
grduted at an average depth of 35 mm into the specimen.
These discs were located midway along the length of the
sides at a height dependent upon the locatién of the radial
extensometers.

In the longitudinél direction, displacements were{'
measured by LVDTs iocated at each corner of the loéding

head. In addition, dial gauges were also located at each

corner to provide quick visual monitoring during testing.

3.2.2 Radial Strain»

The.reiative radial displacement was measured by LVDTs
connectgd-to’extensomefers located in small diamete{ arilf
holes adjacent to the tunnel. Each extensbmeter cohsisted‘oﬁ

.a coaxial rod and tube grouted at(their ends in a hole

~ within the rock mass as shown in Fiéure 3.4. The relat%ve-
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displacement of these two anchor points 1is measured by an

e

the ¢«

)
Q

LVDT fixed to the outer ends

axial rods; the imner
rod is fixed to the core and the outer tube to the body of
the LVDT. The average radial strain for each extensometer
was calculated as the reiative displacement di?ided by the

gauge length (ie. the length between anchor center points).

3.2.3 Tunnel Closure

Tunnel closure measurements (i.e., the ratio of the
N @ .

change in tunnel diameter to the original diameter) were
i
made along four diameters spaced 25 mm apary'along the

tunnel axis and 45° gbart in the plane perpendicualr to the

tunnel axis. Measurements were made by LVDTs mounted inside
the tunnel on a stand secured to the sample base plate*as
shown ,in Figure 3.5. Two LVDTs are mounted on the same axis,

their cores pressed to the t. nel wal. by a spring, to

measure the clcsure cf opposite points on the tunnel wall.

3.2.4 Sample;lnstrumentation

Deformation measuring instrumen%s within the sample ar-»
located b& reference to a cylindrical coordinate system. The
vertical axis -~orresponds with the tunnel axis and the pclar

¥
axis with the principal field s:r
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surface of the specimen represents Station 0.0 on the _.tunnel

axis. Station numbers ccrrespond to the verticai distance

from the top surface

gauge length 1is usg%
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major principal stress direction were measured at
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3.2.4.1 Sample MC-5

Planiand sectional views of the instrumentation layout
emplbyed in Sample MC-5 are presented in Figure 3.6.

Lateral boundary displacements were measured at &
radius of approximately 270 mm from the tunnel ax;s at
Station 142.5 (L1 to L4 on Figure 3.6). - .

Radial strain measurements were made by a total of 16
extensometers located in two :ings‘concentfic with the
tunnel axis. The first ring (R71) wés located at a radius of
103.6+1.5 mm from the tunnel axis at Station 92.5 whilé khe
second ring (R2) was located at a.radius of 140.922.3 mm at
Station 117.5. Averége gauge lengths were 32 and 47 mm‘ _
fespectively. - B

For -Tests MC-5.04 and MC-5.05 and from MC-5.10 on,
tunnel closures_para}lel and perpendicular to the.major

joint set were measured at Station 120.6 and 44.4

respectively. Closures parallel and perpendicular to the

v

Stations $95.2 and 69.8 respectively. For tests MC-5.06 to
MC5.09 closures parallel and perpendicular to the major’
joint set were measured at Stations 44.4 and 120:6
respectively while closures parallel and perpendicular to
the major principal stress direction were'meésﬁred at

Stations 69.8 and 95.2 respectively.

3.2.4.2 Sample MC-6

Plan and sectional views of the instrumentation layout
. oy
employed in Sample MC-6 are presented in Figure 3.7.
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Lateral boundéry displaéementé were measured at a
radius of approximately 275 mm from the tunnel axis at
Station 153.0 (L1 to L4 on Figurel3;7). -

Radial strain measurements were.made by a total of‘24
extensometers located in three rings around the tunnel axis.

The first ring (R1) of eight extensometers was located at a

{}adius of 90.0+2.7 mm at Station 78.0, the second ring (R2)

at a radius of 115.3+2.8 mm at Station 103.0,~and.the third

ring (R3) at a radius of 139.943.1 mm at Station 128.0.

Average gauge lengths were 34, 33 ana 33 mm respectively.
Rings R1 and R2 were monitored through Test MC-6.04. From
Test MC-6.05 on, rings R2 and R3 were monitored as ring R1
had been eXcavatedyduring,tunAel widening. Two special
exten;ometervaSI and S2) were installed at Stations 55.0
and 67.5\with;gauge lengths;cdrresponding to the initial
tunnel diameter. These ihﬁiruments vwere monitored until cut
thréugh during the dfiliing'operation ofvTestrMC-G.OZ.
Closure measurements were made at S;ations 63.5 and
63.9 parallel.anéxperpendiculaf\to the major joint set and
at Stagioﬁ§*114.3 and 38.1 parallelrand perpehdicular to the

major principal stress direction for_éII tests.

3.2.4.3 Sample MC-7

| Plan and "sectional views of the“ins;rumentation layout

employed in Sample MC-7 are presented in Figure 3.8.
'Léterai»bohnaary displacements were meas red at a

radius éf approximately 257 mm from the sample centfe at

Station 131 for Sides 1 and 4 (L1 and L4), at Station 181

¥
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for Side 2 (L2) and at Station5136 for.Side 3 (L3).

‘Radial strain measurements were made by a total of 24
extensometers arranged in the following manner:

Station 56: r = 104.1%1.2 mm at orientations of 6=45°,

90°, 225° and 270°;

Station 81: r = 128.6+3.0 mm at 45° intervals from 6=0°
to 3155 inclusive; |
Statioﬁ 106: r = 104.5:1.6 mm-.at 45° intervals from 6=0°
to 315° iqclusive; o
Station 151: r = 128.6 mm étlan_brientation of 6=90°;
and - ’ : A \
Station 156:.r = 103.741.9 mm at orientations of
6=45°*,90°* and 225°, .
where r is‘the distance from the centre of the sample to the
mid point of the gauge length. The avéfage gauge léength was -
35 mm. . '

Tunnel closures parallel and perpendicular to the m#jor
joint set were measured at Stations 113 and 88 and parallel
énd perpendicular to the major prihcipal'stress direction at
Stations 139 and 62 respectively from Test MC—??TO on. Prior

to this the opening was not of sufficient diameter to allow

closure measurements.

3.3 Description of the Test Facility
,'The equipment and methodology employed in this test
program are essentially the same as used by Kaiser (1979),

Guenot (1979) and Sargent (1981) with the exception of the
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tunnel excavaﬁion procédure. The test facility was designed
by'Kaiser.based on a sémilar facility developed by Heuei,and
Hendron (1971). A detaﬁied description of the test faci&ity
is presented by Kaiser and Morgensﬁern (1981a). Only a brief
descriptiodmis repeaféd‘here.

The test frame shown in Figure 3.9 was designed to
permit long term test}ng of iarge specimens (up to
'approximately 600 x 600 x 200 mm) under‘plane st:ain
conditions. In the Hfteral directions ioads of up to 1300 kN
are transferred,from'the hydraulic rams through load cells.
and load distribution triangles to the sample; Ldﬁgitudinal
expan51on is nulled (thereby ma1nta1n1ng plane strain
cond1t1ons) by applying load to the longitudinal load1ng
head through 4 hydraulic rams. The hydraulic pressure system
Can maintain pregsures over a period of several days with
ffluctuat1ons of less than one percent’
| The advancement of a tunnel under stress was performed
by full face drilling of the tunnel employing the equipment
éhown in Figure 3.10. Tunnels were ad#anced using diamond
’bit-core barrels attached to a heavy duty Milwaukee
Dymodrill operating at 750 rpm. Air at 100 to 150‘kPa was
used to remove cuttings and to coo%/the bit. Durlng the
~excavations performed on Sample MC-6 the dr111 was
mechanically advanced. To provide better control over. the
‘rate of advance, the advance machanism was fittgd»with a
Drayfon RQ motor and approptiate gearing pfior\tb drilling -

1

of Sample MC-7. Reaction for the drill was provided by rigid
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connections between the drill and support shaft which was in
turn hydraulically jacked against the concrete ceiling.'
Ind;strial_vacuum cleaners were emploYed to collect the dust
from the drilling~bpe;étions.and Eo clean the éx ‘ation.

The data from all load cells and deformation recording
devices are recorded automatically on magnetic tape and then
transferred to the central computer. The data is then
processed and the results plotﬁed. The original test results
are kept on file at the Department of Civil Engineering,

Geotechnical Division, the University of Alberta by P.K.

“Kaiser.

3.4 Loading Sequence

. The loading sequence of a given specimen consists ot
two distinct phases. During the first phase, a series of
tests 1s performed on the intact specimen to determine the

deformation properties of the material and their spatial

distribution. In the second phase the behaviour of the

lpaded specimens during the excavation or widening of a
tunnel or the response of the specimen containing a tunnel
to a change in load is monitored. |

The loading history of Samples MC-5, MC-6 and MC-7 are
presentgd-iﬁ Figures-3.11 to 3.13 respectively. In thesé
figures the average vertical-(i,e., majo:).field'stress, the
field stress ratio (ratio of horizontal to vertical field

stress), the Poisson's ratio in the longitudinal direction

(fatio of the stres$ in the longitudinal direction to the
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Figure 3.11 Loading History of Sample MC-5
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4. DETERMINATION OF MATERIAL f’ROPERTIES

Coal-is the product cf the physieal and chemical
alteration cof vegetal matﬁer accumulated in low energy
non-marine to mixed marine environments. Because of the
depositional.environment coals commonly inClu@9/i;;§rs or
lenses of sandstones, siltstones or shales. £he coal itself
ccntains a variety of plant tissue (macerals) in different
stages of preservation. This heterogeneity of the coal
material will the;efore resﬁlt ih non—udiﬁprm_:esponses to
stress change and thereby complicate the selection of
reéresentative proéerties.

In the following sections the parameters were selected.
to descrlbe the material property representlng the average
response,.s1gn1f1cant local deviations from thls mean
response were observad. This particular 1nvestlgatlon was
_concerned with the detormation properties,"The strength

properties reported summarize the work of earlier .

‘-vestigators. : v

4.1 Strength'Properties

Inves...2tions cf thé strength of the coal were
conducted ;y Roonan’(1972), Kaiser (19795 and Guenot (1879).
Botn direct shear and trlax*al compression tests were
employed The unconflned ﬁomp:e551on strength of the coa‘-
was found to lie between 8 and 12 MPa. A bi-linear Coulomb

failure criterion best described the strength under a

. multi-axial stress state. At normal stresses beiow 1 MPa,
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the strength parameters, c, the cohesion intercept,‘and é,
the angle of internal friction were approximately 0 MPa-and
60-70° respectively. qu,normal‘stresses above 1 MPa, a
cohesion intercept of 2-3 MPa‘ahé';A éng&é.df internal
friction of 30° were fdund to beét fit thé experimental
results. The cohe@ibn intercept varied inversely with the
rcontinuity of jointing (i.e., the ratio of the area of the
open joint surface to the.total area ok the plahe containing
the joint). The ultimate frigtion angle was found to be 30°.
The axial sttainiat the yield pdint was 0.1-0.2 % at
confining strésSégglesg than 1 MPa rising to 0.5 % at higher
confining pressures. Axial failure strains varied from 0.5
to 1.6 % at low confining stresses. Unaer higher confinement
.failure strains u§ to 3.75 % were recorded. Tﬁ; strain |
vaiues.presented above were obtained from triaxial |
compression tests conducted at constant strain rates of 0.3
to 0.8 %/hr. |

’

o

4.2 Deformation Properties
In order to ascertéin'khe constitutive relationship

'between applied stress.aﬁ@#resultant strain for this coal, a

\ .

‘serles of tests weré%@%&iormed on each sample prior to

v

tunnel excavation. Pakameters describing both the
time-independent behavior and timeiﬁtpgngent deformation
behavior were thus determined.-A.,J-;1§ﬁu$ R
: i e ) N

=
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4.2.1 Time-Irdependent Behavior

T-c = served instantaneous or time—independenr response
of the intact sample to an epplied increment of stress was
typical of a fissured rock. The stress-strain curves showed
an initial upward concavity at low stresses (below 3 MPa on
averaée) becoming,%}near at higher stresses (maximum applied
stress: 32.5 MPa) . First lpoading produced‘appreciable :
strains as a result of joint and crack closure./Subsequent

loadlngs produced 51gn1f1canlj less stra1n1ng and more

repeatable stress strain responses. These phenomena, as
observed in the testing of Sample MC-7 are demonstrated in
Figure 4.1. |

Triaxial compression tests at confining pressures up to
10 MPa conducted‘by Kaiser (1979) and Guenot (1979).have o
shown that the coal is an elastic, brittle plastic material
with a strain weakening stress-strain curve. Non-linearity,
aside from the initiai, is only observed at stresses
approaching the peak strength of the coal or if the strain
rate 1s changed. The linear portion of the stress-strain
curve was employed in the determination of the elastic
parameters. A . "

In order to determlne representat1ve parameters, a
procedure such as that outlined by Ko and Gerstle (1976) in

 which all the coefficients of the compliance matrix are

determined‘ should be foiiowed. Howvever, such an

1nvestlgat10n was beyond the scope . of this research. In its

place, the form oi the constltutlve ‘elastic relat1onsh1p was

's...;‘ o
-



52

AT 10MPa
J

o
RADIAL STRAIN (%)

0 ~ A 1
S ) S 2
o~ r~ ~ ~
. -TEST No MC- - S
2.5 T i ¥ Ll

g
(=)

b)

in GPa AT 7MPa

-
w

SLOPE OF STRESS-STRAIN CURVE

10 ' *
* - o ~r @
o o o o
~ ~ o~ o~

TEST No. MC-

;:m Rt

Figure 4.1 Average Extensometer Response During Hydrostatic
(N=1) Loading of the Intact ‘Specimen - Sample MC-7
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’ i
inferred from the sample response and appropriate parameters

-determined.

The spatial arrangement of the radial extensometers
allowed for the determination of any dizectional dependence
of the deformation properties in the'prane of beddino. Under
condition;-of equal lateral stress, no significant variation
in extensometer response was observed in Samples MC—S and
MC-7 as shown in Table 4.1, Sample MC-6, however,
demonstrated aamarked orientation dependence being muoh

stiffer in the 0° - 180' orientation. This higher stiffness
: 'O

was caused, most probably, by the clay-shale 1nclu51on
prev1ously noted and as such did not reflect an inherent
anisotropy in the bedding plane of the coal. Hence, for the
purposes of tbis research, it was decided to consider the
sample to be isottopic is the plane of bedding. This allowed
simplification_ogvthe analysis of the time-independent
sresponse to isottopic or transverse‘isotropic elastic
formulations. | |
4.2.2 Material Properties for Isotropic Elastic Formulation

Deseribing the linear elasic, isotropic‘behavior of'the
coal required the determination of two parameters: Young'
modulus, E, and Poissgn's‘ratio, V. Formulae for their
determination are presented in Appendix A,

Figure 4.2 shows the spatial distribution of Young s
modulus, normalized to the mean value, as determined by

Method 1 of Appendix A at a field stress of 7 MPa for
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Table 4.1 Orientation Dependence of Extensometer Response

SLOPE RATIO(1)

| ORIENTATION | Test MC-5.03(2) | Test MC-6.02(3) | Test ¥C-7.08(3)
0 - 180 0.99 1.8 0.97
45 - 225 1.07 0.81 1.03
90 - 270 1.08 . 0.63 0.94
135 - 315 ' 0.89 0.75 L

{1) Aversge slope of atress-strain_curve for thet orientstion —
divided by the sverasge sliope of all orfentstions: -

(2) Sicpes determined from linssr regression of stress-strain
coordingtes st the inning of esch creep stage in .
muiti-stage creep tests

(3) Slopes determined from tsngent to ‘trua:struin curves
st a field stress of 7 BPs
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b

Figure 4,2 Spatial-Distribut:ion of Young's Modulus :
a) Sample MC-5 b) Sample MC-6 and c) Sample MC-7

)
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Sémples MC-5 to MC-7. Mean values for .Young's modulus énd
Pbi%%on's ratiorfor these speciqehS‘were 1.73 GPa, 0.34,
1.40 GPa, 0.29 and 1.50 GPa, 0.23 respectively. Application
of Method 2 to Sample MC-7 (only‘intact specimen tested at
different N valuesi yieldéd values of Young's mgdulus'and
?oisson's ratib of 1.46 GPa and 0.23 which were very similar
to those obtained by Method 1. The spatial variation in
deformation properties can be related to material
heterogeneities as mentioned previously.
~ The shape of the stress-strain curve and hence the
derived élastic éarameters depends, under isothermal
~conditions, on the combined effggts‘of stfes; level and
loadiné rate. In an attempt to ascertain therrelative>
influence of the stress level,’the‘elastic paramgters were
determined at stress incremeqts oﬁ’1 MPa from an initial |
value of 3 MPa.
Figures 4.3 to’4.5 show the mean and range of values
forlthe elastic parameters'déterminga by Method t for
Samplés MC-5 to MC-7 respectively. All specimens exhibit an

increase in Poisson's ratio with increased stress. This

Lo e
) 4\;\1”':’1_’

phenomenon may be associated with #¥dening of the joint

'space [Lama and Vutukuri (1978)] or dilatancy [Goodman and
Dubois (1972)]. The opposite effect was noted when Method 2
was applied for Sample MC-7 éé.shown in Figure 4.6. The

effects of joint~spacing and dilatancy a;e more'suppressed.

during testing of an intact specimen. Increased stress may

result in compression :f the pores and increased crack

-
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closure thereby resu.®.rg [r'tre _iwer voioes 1Ir Fo.g§C7 g
ratio notec.
The influence f s:ress level o~ %o 2

lnconsistent.. Sample MC-t F.gure 4. £

in modgrus «1:h,rnc eaSir. siress wr._e Soopl

MC—7 (Figures'424 ang 4.5 exnifited Lift.e chrarce i}
(employlng Methoc ‘3. o2 I ti.ine res__t¢e
' I
- !
from Sample MC=7 snOhec a dﬁrqg‘ﬁc LT opetweern mdcLl LS
and stress as would ro*éér,v e eroecve” j~,;;:e_$ ° =
» . t,. . ,“‘l ) ) ' } *i T
While the results of ﬁhisv-‘vest,ga‘,og,--;a:i;h; the

influence of stressl“ever cn ;ne e;as::cwparade:

somewhat inconclusive it is, most probafae “théti %ne eifl
LR ' oLy o ‘
observed in Figure 4.6 are?representatiVef

the uncertainty of the assuyed elasti

around the opening :in Flgures 4 3 to 4f5g

.’3
‘~<

kN

'near tunnel materlal a dlStlﬂCprOSSAblllty, will certal

also :influence the” results presented in these’ flgures.

—

Results from 1nvestlgat1ons of the’:;ae}deﬁendent
response of the coal‘haVe shown that the magnitude oilthev
creep rate increases rapld;y at hlgh ;tress lerefs (see'
Sectlon 4.2, 2) Mechan;cal constralnts as well as test

. T

requ1rements restrlct stress appllctlon to a maxnmum of‘ .
‘ approx mately 0. OOS-EPa/seb'iThls 1s 51gn1f1cantly below the

rate o%*@ 07 - 0 7 MPA/sec commonly apo‘led 1n statlc

& ‘e "

'testlng [Obert and Duvall (1967)] Bet -e of thlS slow

) ,

loadlng rate, the stralns recorded at hlg stress.levels ¥
S -'y,"_ ..‘.L(""d

wﬁll have 1ncrea51ng creep components whlch can result in a -

- , . S ; ﬁ & . .

A v . ¥
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non-linear, concdave downwards stress-strain curve. This in
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and lcaxing rate. - - .

-

2. The parame:ers determined forthis al are 51m51a

.

those determlned by others for varzous coals using

T ) <£‘V".

.standard methods (see Table 4 2) _n’ ’ T

' a 5A _&P’ o
Based on the above results, 1t’may be concluded that .

under the asSumption of liﬁ@ ar elastlc, isotropic behav1our,

the coal has a Young S modulus of approx1mately 1. 6 GPa and

a P01sson ‘s ratlo of 0 3 However, in the”longntudlnal

ﬂdlrectlon the stress requ1red to malntaln plane strain

isotropic formulation is more probable.

condltlons is much .less than pred1cted based on these

parameters. For. thlS reason ‘a 11near elastlc, transverse_

N

el SR ¥

>

%

€t
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COAL | ELASTIC ‘S WODULUS POISSON S RATID SMEAR WODU.US |
NO. | FORMULATION | Ex |Ey |Ex | zy | y2 | 'x ey oy | yz | xx | xy
1. | TRensverse 13.3] 6.6{0.03 0.88(0.33 ! 396 leveE!
' Transverse | 8.7 4.8|0.10 0.65|C. 3& j<.82'  (3.§7
Trengverse | 5.7 | 4.9|0.33¢ 0.4vic.3%, fv9C. AR
Isotropic | 5.2 | . |0,341 I | [1.93
Isotrapic | 4.6 0.35, l ; P72
Isotrapic | 4.5 0.34 i ; A YR
Isotroptc | 5.3 | 035 | | .96
Isotropic 4.5 0.3s. ) ! St 87
2 Transverse | 4.0 ! %3 g)ﬁf 0. 43(c 3% 1.3 8
3 Transverse 4. 3.8{0 37, C.“iC 47 .
4 | Transverse | 4.4 4.6/0. 84 0.50iC ag! 2
S | Transverse | 3.4, 2.7 I # , ‘
6 Transverse | 4.0 - | 3.8 i i ! ¥
7. lsotropic’| 4.6 M 0.4 ) y
lsotropic 4.9 0.43| { B
8 lsotrapic 6.1); {0.29: .
.8 Isotropic | 4.6 0.3%: |
| 10 lgotropic | 5.0 0.22] ) ; |
R N lsotropic 473 0.21] | . :
13\ lsotropic | 4.4 0.25; : ; ‘ _ {
13 lsotropic | .2, 9 0.29 i | i .
4 | Orthotropic {34 3.2 |2.6/0.34/0.33/0.53/0.42(0.37/0.34,0.67 0.33/0.77;
15 Or thotropig. - 12.712.8/033{0.29/0.58(0.28{0.37[0.27/0.56 0.55‘-0.58!
16 | Orthotropig 297:12.4 ) 2.4(0.43(0.3810.36]0.17 0.2710.221100{0.85!1.00"'
17 .| Orthotropic 3.0 [3.B[4.7(0.25/0.40/0.30{0.44 0.3810.41(0.93 (0,874 .70
18 Orthotropid 3.5(3.1|2.8{0.27 0.3040.330.27/|0.30/0.27 0.78|Y .. 74

-5 Static, 38.1 msm cube

"NOTE: ALL BODUL] IN GPa

1! Dynamic. plahe parallel plates 5240 mm in X-section.
Terms 3 to 8, 10 and 11 Coalification Serigs of Vitrain
Schuyer et al (1954) ) o vhe

g Dynamic: 3.2x3.2x20-30 mm, Barnsley H.rdg. Norgans & Terry (1958)

Ststic. 12.7 mm cube, Barnsley Hards, Morgans & Terry (1858)
4 Static, 12.7 mm cube, Anthracite, Morgans & Terry (1958)

. Barngley Hards, Norgans & Terry {(1958)

6 Static, 38.1! sm cube, Anthracite, s & terry (1958)
‘7 Static, 25 mm dia. core. Bieniswski .(1967) S .

8 Static, 41 mm dia, core, Bieniswski (1967)

8 Static, 50 mm cube, Bieniawski (1967)

>

13 Static, 1500x1500x800-1500 mm, Bienfawski (1967)

.14 Static, 100 mm cube, Pittsburg, Hawk & Ko {1980)

15 Static, 100 wmm cube, Old Ben, Hawk & Ko (1980) -

16 Static, 100 mm cube. York Canyon, Hawk & Ko. (1880) -

17 Static, 100 mm cube, Beehive, Hawk & Ko (1980)

»

18 Statdc,” 100. mm cube, Paonis, Hawk & Ko (1980)

¥ . -
Aot kg

10 Static, 600x600x600-1200 mm, Bieniswski (1967) ~ . - - d
11 Static. 900x900x600-900 mm, Bieniswsk! (1967 ] o Co
12_Static, 1200x1200x600-1200 mm, Bieniawski (1967)

I
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_determrnlng the five constants are presented in Appendlx A.
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for Transverse

Isotropic
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~lere i .sctrory E
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ins 1o tre ..ane cf
stra:n .n the p_ane cf
o ir (VY
zr

stresses tc-shear s
(G I S

zr )

constitutive relat: onsnlp and the method of

on S mple MC 7.

-

A hydrostatlc compre551on .est’(all three prlncrpal

stresses equa H

this modulus because it was. essentially an initial loadlng

e

N g w’\ v‘
L

-

A %
s employed

,a
=3

.

o

L
')“.'o 9

e

as prevzously demonstrated (see Flgure 4 1)

\8‘

Data su‘f1c1ent for the determinatron of these parametexs

reLgtlng the ip- plane straln to the normal straln‘

to calculated?@he remalnlng constants pre

Q

i o

B ]

B

&

]

ouhdlto be O 082+0 015 The above two values were then

-./‘ '

« '\‘l(..

Test MC-7.03) enabled determination of E

(9]

ins

was only avallable from the results .af the tests pétformed

Z
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'S

modulus. The reloadlng modulus could be . 51gn1f1can1y hlgher‘
P01ssonus ratio

was

V
zr
sen;ed in

o

0 .
as

0.314 GPa. Th;sggfst probably’consititutes a lower bound for-
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Table 4.3. Insufficient data was avq;lable tc enable
. . B by

calcyfation of G . ‘ .
Finite element simulation of a tunnel in a medium w: th

~he above properties tassumed shear modulus equilvalent to
:ne; In an IS0troric ne dium) has shown that under plane
stra.n conditions, :ne‘s:resses and'displacements around {he
cpen:inc are not sign:ificantly different f{ror those in an
isotropi: medium with the properties as given in the w%k:l .

e
previcus section. o this reason ‘aubseqguent analyses of

test results assume ..near elastic, lsctropic behav}@rg'

>

ﬁ ™ . . (o
4.2.4 Time-Dependent Behavior : “

The tiq&}dependent deformation of a material under a

constant stress (creep) is a majer engineering concern,
particularly in underground works. In order to address this . o

concern it is necessarfy/to determine 'a priori' the
B i3 :
t ime-dependent behaviour of the material. This is very

o

difficult as.the long term response of’the material may not

.be predzctable from the short term- laboratory response.

An 1dea1gveﬁ stra1n versus t1me curve for a mater1al

'w1th time dependent strength and deformatlon propertles at a - .

cohstant stress is shown in. Figure 4.7.-This curve can be
o . . .

divided into ‘four regions:

1. Elastic response of medium to change,in‘stre55° ' "1 ‘%&

\)

2, Prlmary creep stage characterlzed by a contlnual

decreasevln the rate of strelnlng,

~

53 segpndary creep srage cha&igéerlzed by e’;onstantcstrain .

Roaiey
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Table 4.3 Parameters from Linear El‘astic, Transverse
Isotropic Formulation

&

.
Tests Employed Poisson’ s Ratio Young’' s Modulus
] Vee | Vrz - Er
) 4
7.02 8 7.05 | 0.226 | 0.352 | 1.416
7.04 & 7.05 0.260 | 0.361 1.486
7.08 & 7.05 |- 0.332 |+0.368 1.541
7.06 & 7.07 0.269 | 0.372 - 1,567
" Jzr = 0.082 R i
Ez = 0.314 GPa e e B

-
VAR
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rate. This secondary creep Staée may beivery shott_in
duretionror may not exist at all in aﬁbrittle rock like
coal; arg- |
4. Tertiaty creep stage characterized by an'jncreasing
strain rate resulttﬁg in the ultimate failure‘ef the
specimen; | .
The same three creep stages (ﬁegioﬁs 2 - 4) as characterized
above are also shown in a double'logarithmic diagram of
strain re = versus time in Figute 4.,8. The primerytand
tertiary creep stages are shown as.lineér, however, this
need not be the ease. | |
In order to define,the‘cqeep reeponse of the material
in a-simple manner, an empitgsél appreech, based upon curve,

. . . ‘ .'.1\3* o, a )
fitting of experimental data, 1Sﬁfen¥;g;&y;em@loyed. In most

Fontoura (1980)] although recent studﬁei, y'Tocher;ahd Ko

(1980) on coal have sh that a reglonf;ﬁ’constanttstra1n

rate is achieved after approxlmately 2000 urs. No ev1dence

of avseCOndary creep stage was found for tﬁe c of thlS
“ . -'study under testing of up to 120 hoers duration [da Fontoura
R

' ‘énd:Moggenstern (1981)]; As no testlng performed during th1s

study was of ‘longer duration expre551ons for the primary,
e R "w‘
Pape creep of thlS coal w1ll be. suff1c1ent. i
o o PR : ’ SN

.- b ‘ . ‘ . B >
/ L W
A : v - et e M B 1.
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.creep). For the purposes of thlS research it was aSSGm
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The time laws describing primary creep are generally of
the exponential or power law form. Cruden (1971a)
demonstrated the superiority of the power law.for primary
creep in rock and da Fontoura (1980) shoﬁed 1ts suitability
for this coal. The parameters required for this formulation
are easily obtained from a log strain rate versus log time
plot as shown in Figqfe 4.9. Expressions obtained from
strain rate vs. time data are inherently‘better than-those
obtained‘ftom straim vs. time data [Cruden (1970)] -and
therefore thls procedure was employed in the determlnatlon
of the appropriate parameters. '

Most studies into the creep of materials under constant
stress have heen.concerned with the creep resultind-from a
deviatoric stress condition (deviatoric creep). Howevet, in

this study, in order to describe theitime'dependeht

deformations observed in the laboratory it was necessary to

‘develope expressions for the creep ré&sulting from a decrease

in stress (stress relief creep or relaxation) and that

resulting from the unlform compre551ve stress (hydrosﬁ%ﬁi

r""w‘ £ W T

hthat dlrect superp051t10n of ai}icomponents was . admlssable

4.2.4.

those timeédepengént deformations resulting” from an equal
v P . ion | . | ‘ 5
lateral stress, no longitudinal strain condition and not a
0]

true hydrostatlc stress condltlon. A llnear relatlonshlp

u

between the log of the strain rate and the log of time was
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A
observed for each extensometer during single increment or-
the initial stage of multi-stage creep tests performed on
the intact speeimenrunderdthese\conditions. Because' of this
a.power law form of the,‘hydrostatic' creep.expressiqn vas
adopted.
Each of the extensometer responses was analyzed and a‘

'

set of 'a' and 'm’ parameters, representing the mean of the
values, selected for a particular test. fhe‘hardehiné
parameter 'm' which.representS'tpe rate of dissipation of
strain rate Qith time was found to be relatively invarjant
of the 'hydrostatic' streSS level as shown im.Figure 2;10. A
value of 'm'=0.83 would seem appropriate for thisumaterialf
| The magnitude ofdthe strain rate at unit time (one hour
in this study) is defined‘as the parametert}a':ahd it
represents the strain'potentiai. This parameter_exhibited a

strong stress dependency as shown in Figure 4.11. Least

A Y

“square regression analysis of ‘the data resulted in the three

expressions for the 'a' parameter shown. ‘All had'very

. similar correlation coef?icients (r?=0;68)_and'Vould yield

similar results in the range of interest (3 to 12.5, MPa).
However,.it was decided to adopt the power law relationship
for the following reasons:

1. The exponentlal relatlonshlp would tend to overestimate

\

the parameter in both the low and high s?ress ranges.

Indeed—ats use would result 1n predlctlahs of

444a
)

_hydrostatlc creep at zero stress whlcbﬁgs a physical

1mp0551b111ty under condltlons of conﬁiant temperature
v : o . - ,g._
. ‘-/." ‘ . \\ ‘

]
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and humidity. : .
2. The linear relationship sugégsted the existence of a
threshold stress level beneath which no hydrostatic
creep would occur. The existance of such a level is
subjeqt to question.
Based on the above results the expression selected to

\ .

describe the>hydrostatic creep rate component was:

. N r -n
e'(t) = Bao t Eqn. 4.1
h h
where B = 3.53 ' x 10-¢
« Ao = hydrostatic stress increment in MPa
ho _ !
'r' .= 1,439
t = time in hours
n =

0.83.

4.2.4.2 Stress Relief Creep

The recovery of the samplé upon remdval of load was
utilized to determine an appropriate expression for the
stress relief creep. Again a;iinear relationship was
observed in the double logarithmic plots of strain rate
vérsus time allowing determination of representative 'a' and
'm' pafameters.

The 'm' parameter was again relétively édnstadt at a
value of 1.05 as shown in Figure 4.12. Schwartz and Kolluru
(1981) reasoned that values for"m' greater than 1 are |

physical impossibilities as the integration of such an

expression would result in a creep function in which total
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strains decrease with time. However, tﬁis only 1s true 1if
cne cons:ders the limits of integration as being from t,=0
tc some time t.. Cruden (1571b) suagests that the least
vaiue ¢f t., 1s the time taken for the stress wave to travel
throuch the specimen (approximately egual to 2 x 10°* hours
:f the stress wave travels at about the speed of sound). Use
of this lower limit for t: results in an ekpression in which
ﬁreep strains increase with time,

The 'a' parameter exhibited a dependence on the
magnitude of the stress relief as shown in Figure 4.13.
Least sguare regression analysis of the data reSUlted in
three expressions with similaf but poor correlation
coefficients (r?=0.14). Cruden (1971b) in a Study of the
recovery of Pennant Sandstone from uniaxial compressive load
fcund the recovery rates to be stress independent. He
surmised that normal recovery results frgm mot ion along
c?acks where the friction. has been reduced with time due to
corrosion aided failure of asperities. As the load on the
specimen during reco§ery was much less than the applied
loads the recovery rate would only éepend on the cracks!
ciosed a* chls low load and hence be independent of the
maximur lc-7 (cracks closed at higher loads would only open
upon lo-d reduciion). While Cruden's results and rationale
are compelling, the data presented in Figure 4.13 do
indicate a slight stress dependency. Hence, it Qas decided

to adopt the power law relationship (more reasonable at low

magnitudes of stress relief).
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The .resulting expression for the creep rate due to a
decrease ir stress is:
S °p

e'(t) = Cho t : "Egn. 4.2
sr d :

where C = 3.241 x 10-%;
Ao = stress decrease in Mpa;
(] ° = 0.41; and-
p = 1.05.

4.2.4.3 Deviatoric Creep ’

The creep of the coal under deviatoric loading was
investigated by da Fontoura (1980). He concluded that the
hardening parameter 'm' was on average equal to 0.9 and
independent of the stress level. The stress level was
defined as the ratio of the current stress to the current
strength, both referring to the same state of confinement:
(to determine the current strength a cohesion intercept of
2 MPa and an ahdle of internal friction of 50° were selected-
as représenting average\conditions). He alsé concluded ‘that
the 'a' parameter éould!best be represented as an
exponential function of the stress level. The resultantv
expressionvgor the deviatoricAcreep rate was:

o -q .
e'(t) = 2e ¢t Egn. 4.3
4 ,
where A = 1.506 x 10°*;

B = 1,9;
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o stress level; and
g = 0.9.

Only one single sfége creep test of t° intact specimen
under deviatdrié loading conditions (Test MC-7.C ' was
undertaken. The mean and range of the measyred v >s of the
radial strain rates both parallel and perpen<icilar to the
major principal stress direction for this test are presented
in Figure 4.14. |

Two methods, each involving different assumptions were
employed in the derivation Qf an expression for the
deviatoric cgeep rate of Sample MC-7 at the stress level
(0.321) of Test MC-7.05.

In the first method it was assumed that Egquation 4.1
correctly described the hydrostatic creep rate component.
The deviatoric component could therefore be calculated as
the difference bgtween the mean measured creep rate parallel
to the major brincipal stress direction and the predicted
hydrostatic creep rate. The -deviatoric creep rate thus
calculated is shown in Figure 4.15. Least squares linear

regression analysis yielded the following expression for

this curve:

. N -0.91 _
e'(t) = 8.916 x 10-°¢t (%/hr) Eqn. 4.4
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Figure 4.14 Mean and Range of Measured Creep Rates in
Test MC-7.05
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In the sefond method it was assumed that there was no
volume change due to deviatoric creep. Therefore the
deviatoric creep rate components parallel énd perpendicuyar
to the major principal stress direction would be equal but
. of opposite sign. The deviatoric component of the creep rate
can then be calculated as one half thevdifference between
the mean creep rétes measured paraliel and perpendicular to
the major principal stress direction. No assumptions
Vregarding the hydrostatic component are requiredi The
resultant values of the deviatoric creep rate componénts are
also shown in Figure 4.15. ﬁeast sqqéres linear regression
analysis yielded the'following expression for this curve:

— -0.91 : '
e'(t) = 4.372 x 10°°t (%/hr) Egn 4.5
a . .
which is approximately 1.6 times greater than the expression
proﬁosed by da Fonéoura.

No other testing of the intact specimen at different
stress leQelé was undertaken. Therefore a general expression
for a .stress level dependent deviatoric creep rate could not
| be.established for Sample MC-7.

'No further refinement of the deviatoric creep rate

expression was attempted and Equation 4.3 with the listed

parameters was assumed applicable.

4.2.4.4 Multi-Stage Testing
The ‘expressions describing the creep rate components

developed in the preceding sections are not directly
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applicable to multi—étage testing (i.e., tests whére the
load is applied increffentally with large time intervals

between successive increments). In multi-stage tests the
représéntative components are assumed to superpose in the

following manner:

r -n 4 -n : .
e'(t) = BAo (t + to) + BAo 't Egn_4.6
h h h1 '

s -p s\-p .
e'(t) = CAo (t + to) + CAo t _ Egn 4.7
sSr ¥s! N d1 :

Bo -q Ao -q

e'(t) = Ae t + Ae t Egn 4.8

\

1]

where Ao increment of hydrostatic stress applied at

hy ]
time tg;
Ao = decremént in stress achieved at time to;
@ and |
Ao = increment in stress level applied at time
to.

<

Similar expre;sioné are assumed applicable for succcssive
stages. -

Recent studies by Cruden (1983) suéges£ that a more
appfopriate form of the incremental creeb raté is civen by:

2n(m-1)/(n-2) -(n-2m)/(n-2)
e’ (t) = .Cs, ¢

n =2/(n-2)
[1+(S6/Sy) to/t]

wvhere C = factor independent of stress and time;
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S

So = initial uniaxial compressive stress;
S, = higher uniaxial compressive stress;

to = duration of c:eep‘under So: "
t = time of Ereep under §,; and

n,m = material constants which determine the

exponents of bofh the time and stress dependence

‘of creep rate. ~ |
An investigation of the suitability of this‘expression for
the results recorded,during.fhis test program was not

: , K . 3
undertaken, however it does warrant further investigation.

. R
'4.2.; Verification of Time Dependent Relationships - -
As thé'ekpgessions describing the three creep4;ate
components were independently determined it was decided to
_verify their general epplicability by comparing their

predicted iesponseﬁwith that measured during both single and

& -

multi-stage externalﬁloading»tests under hydrostatic and

non hydrostatlc/loading conditions. The predictions of creep
S R
rate were mééegassumlng stresses and stress changes

7o fj”)k@) ‘
correspandl && stress d1str1but10ns in @ linear elastlc,

;ﬁ/<:~150tmop1c*med1um with the properties previously determined.
R ae LN
“wNo verlfﬁcatlon of the stress relief creep rate was
X & |

< attempted.

a

~The expre551on for the time- dependent response of the
rock mass to the external (i.e., boundary) loading of the
specimen containing a tunnel would be ‘a combination of

hydtosﬁatic and deviatoric creep. The hydrosfatic>creep.

P
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component is compressional whereas the deviatoric component
in the radial directionﬂis ¢ .tensional. If supefposifionris
acceptable " he forh of the ra@ial creep rate expression
wbuld be:

?

e (t) = e'(t) - ' (t) Eqn. 4.9
r h ! L

which when expanded yields:

r -n Bo -q
e'(t) = BAo ¢ - Ae t Egn. 4.10
r ' h
Comparison of the radial strain rates predicted by .

Equation 4,10 using the previously determined parameters
‘with those‘meash;ed during exfernallloading of th& three
speciménS'containing a 152 mm diameter tunnel are presented
in Figures 4.16a to c. The shaded aréé in each figure -
rgpresents the range of strain rates recorded (all
exten51onal) by the ring of extensometers closest to the
tunnel wall.

The measured radial strain rates are well predicted for
Sample MC-5, however, they are 51gn1f1cantly underestimated
for Samples MC-6 and MC 7 (in Sample MC-6 even the sense of
the straln rate is 1ncorrectly predlcted) In these‘two
specimens the error is believed ‘to lie predoﬁinantly in-the
deviatoric creep rate cbmﬁonenf. Earlier it had been

'demonstrated that the dev1ator1c straln rate determined by -

vda Fontoura's relatzonshlp (Equatlon 4. 3) 51gn1f1cantly
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underestimated the rate observed in Sample MC-7 (by a factor
of 3.2). Assuming the ratio of the actual deviatoric strain
rate to that predicted by Equation 4.3 to be stréss level
independént one can arrive at a new prediction for the net
radial strain rate for Sample MC-7 as shown by the dashed
Iine in Figure 4.W6¢. This clearly demonstrates that the
error lay in the deviatoric componenf. These results imply
that the actual deviatoric rate in Sample MC-6 must be
approximately five times that predicted by Equation 4.3.

Figures 4.W§;and 4.18 pregsent a comparison of predicted
(solid liné) and ogse:ved (shaded arez! r#iial strain rates
under multi-stége £€sting of the intacfAspecimens~under
.'hydrdst;;ic' stress.Eonditions._Both figures show an
initigl slight overestimatidh of theiiate with a continuing
incliﬂation to underesiimatiod, particularly at times less
than one hoﬁr; with succeséive inérehents. Overéll, however,
the hydrost%tié creep rate is'suitably represented.

. .Figures 4.19 and 4.20 present é comparison of tge
observed and predicted net creep fateiunder non-hydrostatic
multi-stage testihg conditions. Also shown on each figure is
the predicted hydrostatic creep rate (dashed liné). Parallel
to the major>principalvs§vess direction (Figure 4. 3a) there
1s reasonably good éqrrelation between the predicted andv
observed. As had been the case under hydrostatic loadingy
there,iﬁ‘én,intiai slight overestimatibn'of‘the‘net rate
followed by increasiné underestimation particularly at tiﬁes

less t>an one hour.
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Perpendicular to the major principal stress direction
(Fiéurebé.zo), there is'birtually no cOrrelation bgtueen
-redicted and observed strain rates. All observed rates
(shaded area) were compressiohal whereas the predicted (not
gﬂown) were extensional; The observed rate exceeded even the
predicted hydrostatic rate. The predicted net rates were
determined using the parameters suggested by da Fontoura
(1980) for the deviatoric rate component. These had
previously been shqwn to significantly underestimate the
deviatoric rate in this sample. Use of "the sample specific
parameters, however, would have resulted in even poorer
predictions in this orientation. No explanatién for this
behaviour can Be‘given at this time.

The above results demonstrate that reasonably good
approximations to materia% behavior can be achieved under
sihgle'stage external ioading conditions by superposition of
the hydroétatic and deviatoriévcreep rate components. Under
mulfi-stage~loaaing"conditions the superposition of
hYdrostatic creep rate terms as given by Equation 4.6 yields
sufficiently accurate'pfedictions of sample response. The
deviatoric componehﬁ of creep rate is not well represented
by Equation 4.7 in multi-stage festing._As no alternate
relationship iéléurrently available,bﬂéuation 4.7 will
continue to be employed but with due consideration of its
doubtful zali&ity.

Care must be employed in the general appllcatlon of all

the above relatlonshlps as sample to sample varlatlons can



94

.V/\"\ :
be considerable. There is an inherent ri;k involved\in
ascribing universal parameters to a highly heterogeneous
material such as coal. However, it 1s important to point out
that the proposed equations describe the time-dgpendent
behaviour of the coal mass with-all its.joints and other
discoﬁtinuities and heﬁce, are.of hofe practical value than
results from small samples of ‘i&tact' coal.

The accurate representation of material behavior under
complex loading cqnditions was not the purpose of this
reseafch. itxwas to-identify the parameters sufficient}y
accurately tOAprOQide a basis for the understanding of the
time-dependentlprocesses occurring near an advancing tunnel

. \ -
face. For this purpose the proposed expressions should be

adequate.



5. RESULTS OF LABORATORY ' INVESTIGATION
5.1 Introduction

Current tunnelling technology is very much dependent on
the analysis of -deformations (closure, radial displacement)
around the excavation. As explained in Chapter'z, these
analyses.are‘emplgyed to estab}ish the validity of the
designnand'assess the stability of the excavation. While the
magnitude of these deformations are important, particularly
"in reference to the serviceability of the opening, it is
‘their evolution wlth tlme that is most beneficial to
ascerta1n.' ; fn .

The stand up t1me and rate of tunnel closure are
domlnated-by the excavation method and sequence, the type of
support and it' s 1nstallatlon procedure. The time- dependent
tunnel wall convergence is initially domlnated by the
time- dependent stress redlstrlbutlon processes resulting
fron the ‘advance of}the tunnel face. Far behind the tunnel
" face the time4dependent behaviour is controlled largely by
tne creep properties of the rock mass. These time-dependent
derormation mechanisms must be understood_to achieve |
Aaccurate evaluation of instrument response.

fn orderlto ritically evaluate the current deformation
nonitoring practice, specifically the measure of tunnel
convergence and the measure of radial d1splacement by
borehole extensometers, a series of tests were performed on

three laboratory specimens. Both external loading tests and

95.
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excavation simulation tests were conducted. The results of

)

this extensive laboratory investigation follow.

5.2 Behaviour During External Loading Tests

The term external loading test refers to all tests in
which the load was applféd to the specimeh containing a
pre-drilled tunnel. Loading was either QUick (continuous
increase from zero field stress to desired level) or slow
~(discontinuous increase from zero field stress with variable
number of creep stages). Details of this loading sequence -
are presented in Chapter 3. The tunnel convergencé and
radial strain were monitored during both load application
and each creeﬁ stage. These répresent the time-indepeéendent
and time-dependent responses respectively. The results of
the external loading tests are preéented according to these

divisions.

5.2.1 Timé—lndependent Behaviour

The material property distribution within a sample is
very non-uniform, as demonstrated by the contour plots of
the spatial distribution of Young's'modulus presented in
Chapter 4 (Figure 4.2). As a result of’tﬁis spatial
variation, the extensometer response recorded will be very
much location dependent and wide variations in instrument
respénse can be expected. Similar variat}ons in the field
must also be expected. The range of exteﬁsdmetef responset

under hydrostatic loading of the intact specimen is
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presented in.Figure 5.1 for Sample MC-7 (typical of the
response recorded for ali samples). In this ahd subsequeﬁt
figures, the numbers in the lower right corner designate the
location of.the instrumentation al&ng the tunnel axis.
Compressive strains range from 0.6% (6 = 45°, Sta. 56) to
1.9% (6 =90°, Sté. 56) at a stress level of 10 MPa. This is
much in excess of the predicted elastic strain of 0.46%
obtained using the value of Young's modulus and Poisson's:
ratiolsuggested in Chapter 4. The principal reésqn for this
excess deformation results from the extreme non;linearity of
the stress-strain relationship at low stresses (due to crack
closure under load application or opening under stress
relaxation) which is not accounted for. in tb;‘simple linéar
elastic relationships employed. From'th@é preliminary
investigation of the exteﬁsometer response, it is evident
that it will be strongly dependent on local matefial
properties, stress level and orientation with fespect to
intersecting diséontinuities. The detection of‘abnormal
behaviour from sttain-magnitudes recorded by extensometers
will be complicated By these influences. ‘

. Fiqure 5.2 presents the tunnel convefgencé and~fadial
strains recorded during hydrostatic loading of Sample MC-5
containing a 120 mm diameter unlined tunnel (Tesf MC-5-04).

" Closure significantiy in e#dess of the average is observed
acrossAthe 0° - 180° diameter,'aithough the radial)sfraiqg
do not indicate any abnormality in this 6rientation. They do

however, indicate abnormal behaviour near the tunnel wall
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o

:(Sté. 92.5) approximately normal to the maximum closure

(partiéularly aﬁ 6 =§453). A wider variation in closufe
response is noted dufing the next loading sequencé (Teét
MC-5.05) as shown in Figure 5.3. Maximum closure is again
across the 0° -.180° diameter but now a distinct minimum
closure is observed across the 135° - 315° diameter. The
closure is recoverable in the latter direétion,‘but
permanent closures of 2.5% to 4% are observed in the other
orientations suggesting that yielding has occurred. These
results are confirmed by the extenSometer4rei?ings which . .
indicate yielding near the tunnel wall (Sta. 92.5). Yielding
processes appéar concentrated in the 135° -.270°/315°
orientations. It is of particular interest to note that
yielding is occurring in the di;ection of minimum tunnel
convergencé and almost normal to the maximum convergence.,
This contradicts the oft-held‘assumpﬁion of large dilation
in the'yield»zoﬁe. | ‘

In the a%oye analysis of the observed responses, it was
ﬁot so much the magnitude/of_the\response that allowed
interpretation as the difference when compared to previous
measurements at that location or to other inst:pment
behaviour.'similaf comparative procedures must also be
employed in practice. ‘

Figure 5.4 presents the tunnei convergence and raaial
straihs measured during hydrostatic quick loading of the 108

mm diameter tunnel of Sample MC-7 (Test MC-7.11). Maximum

closure was observed across the 135* - 315° diameter,

N
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however, the variation in closure was not as severe as that
observed in Sample MC-5 under simiiar conditions (figure
5.2). No abnormal extensometer‘reéponses were noted during.
lsading, however, upon load removal, in‘the 135° orientation
both near (Sta. 106) and far (Sta. 81) from the tunnel wall,
permanent, extensional strains of up to 0.7% suggest that
some slip along jointing occurred. In this case the
orientation of maximum convergence corresponded to the zoné‘
of activity.

The results of the slow, hydrostatic loading of the 152
mm diameter tunnel of Sample MC-7 (Test MC-7.15) are
presented in Figure 5.5. Closure is maximum in the 135° -
315° orientation énd minimum in the 45° - 225° orientation.
Abnormal straining, indicative of yieldingAprocésses, is
again predominant in the 135° orientation Qith some
expansion“of the yield zone to the 90°® orientation noted
near the tunnel wall (Sta. 56, 106 and 156). Again the
maximum convergeﬁce corresponded to the active zone as
denotedwby the extensometers.

'Figure 5.6 presents the measurements recorded during‘
non;hydrostatic (N=0.5) quick loading of the 152 mm diameter
tunnel of Sample MC-7 (Test MC-7.16). The loading response i
of the convergence gauges corresbonds to that expected in_a.
homogeneous, élastic material with minimum closure hormai to
the principal stress direction (90° - 270° orientation) and
maximum parallel to it (0; - 180;) orientation. Upon

unloading.the closures in all but across the 0° - 180°
E
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‘

diameter are essentially recoverable. The measured radial
strains continued to inaicate yielding in the 135°
orientation with expansion through 90° to 45° (Sta. 81). An
interesting observation with regard to the strains recorded
in the 45° orientation is thaﬁ strains on tﬁe order of 2%
(extension) were recorded far from the tunnel wall (Sta. 81)
while much less straining was observed near ﬁhe wall (Sta.
56, 106 and 156). There is no reason to discard the reading
at Sta. 81 aé the instrument perYormed satisfactorily in
earlier tests. Therefore, it must be concluded that both
anchor points of the near tunnel extensometers are moving"ih
unison as a result of deep seated deformation processes.

As a result of these investigations, it can be‘further
concluded that while tunnel convergence m;f~give an
_indication of yielding or other stress redigtribufion
processes, it does not provide any informaﬁion regarding the
type or location of the process.,Extensometers can provide-

that information’, however, they must be properly located and:

of sufficient extent.

5.2.2 Time-Dependent Behaviour

The absolute magnitude of tunnel closure or radiai
strain cannot generally be deéerﬁineé in the field due to
the impracticality of inst;umentation ahéad of the face in
.deep tunnels or the limited face access duringradvance. It
has thuz been found convenient to use the rate of %

deformation rather than the magnitude of deformation as an
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indicator of tunnel performance (see Chapter 2). For this
hreason,»interpretation of the results of this test program
w111 be based on the time- dependent observatlons presented
in double logar1thm1c plots of deformatlon rate versus time.
As shown in the previous sectlon and discussed by
Kaiser (1981d) and Kaiser and Morgenstern (1982), tunnel
convergence reflects the overall beheviour,of the .
.underground opening but must be combined with extensometer
measurements to delineate the yield or failure mechanisms,
their locale and extent. The above observations ied to the
selection of the closure rate es.an indicétor of tunnel
behavioﬁr with the extensometer response employed to define

the behaviour.

5.2.2.1 Critical Closure Rates’

‘The time-dependent response of the rock mass depends,
to a'latge extent, on the intensity of the apﬁlied load. At
. low stress levels, terminating (primary) creep will lead to
.a finite creep strain»whereas‘at high stress levels, a
transition from primary te tertiary creep with increasing
creep rates leading to failure will be observed. It weuld
therefore seem likely that there i; a strain rate boundary
Sepafating the terminating from}the aeceierating creep r
range. This critical creep tete function, CCR(t), is shown
schematically in Figure 5.7a. | .

_This.beheviour is typical of thet encountered inﬁ
uniaxial compression tests. Under load P,, the observed

v
L]

ereep rate function falls belo%athe critical creep rate
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function and creep terminates, Under'Pz, the observed creep
rate function is greater in magnitude than under P, but
still less than the CCR(t) and the creep terminates. Under
loads P, and P, the strengtn of the material is exceeded.
The observed rates are greater in magnitude than the CCR(t)
«an1 accelerating creep resulting in failure oceurs.

‘In tunnelling eituations, initiation of yielding will
not necessarily iead to collapse but to a change in the rate
of deformation due to the change in the rock mass structure
and hence, its‘deformation properties. The type of response
expected.in tunnelling situations is shown schematically in
Figure 5.7b. Under a field stress S; oniy primary creep and
no yielding occurs (below CCR(t)). ﬁnder field stress S,
some yielding occurs as noted by the increase in deformation
rate at point A. Stress is redistributed around the.opening
and a‘higher terminating creep rate-curve is reached. This
creep rate is called the post-yield creep rate, Pcﬁ(t). It
is the rate that is reached after propogation has
terminated. Besides other factors, it will depend on the’
extent and shape of’the yield zone generated under field
stress S,. Under‘an~e§en higher field stress S, yielding mey'
occur first at point A and again at point B. At this point
the structure may collapse and become unstable if the degree
of freedom is sufficientlyﬁhigh to create a collapse
mechanism. Under S, the creep rate function is such that no

stable equ1libr1um is p0551b1e. The rate function at which

this unstable failure propagation occurs is called the
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unstable propaéation rate function, UPR(t). The UPR(t) can .
~only be reached in near surface openings'or in cohesionléss-
materials where unstable propagation is possible.

?igure 5.8 summarizes the observed closure rates
observed in Test MC-4.2 [Guenot (1979)]. Accogding to the
rate function definitions given previously, two closure rate
functions have béen sketched. A linear CCR(t) was chosen to
follow the upper limit of the non-yielding creep curvesA
' (shaded region). The PCR(t) was assumed to be parallel to
the CCR(t) and was drawn touchiag.the highest rates measured
during the test at 14 MPA when stable yield zone propagation
wés’ogserved. The UPR(t)_coﬁld not be accurately located as
no tests leading to collapse were exeéuted,

For simplicity énd.;omparisoh with other test results,
it'was»decided to consiaer rates at t = 1, 5 and 20_houfs
ratﬂéf than the entire creep rate function. The applicable
values obtained ‘rom Figure 5.8 are:

t=1 hr CCR(1)=30_ ; PCR(1)=80-100

t=5 hrs VCCR§5)=9 : PCR(5)=25430 x10-*%/hr

£=20 hrs  CCR(20)=3 *; PCR(20)=8-10

The two creep rate functionéadefiﬁed in this manner -
allow chéracterizatiép of the‘tﬁ;nel behaviour.
| The direct application of‘the closure rate functions,
determined from externai loading tests, in the evaluation of
tunnel behaviour is questionable as the condition of |
external loéding does.not correspond with reality.‘Howeverf

if the processes are independentof the loading sequence,
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then they are applicablé. In order to determine the loading
history dependence, the range of closure‘ratevcurves for |
tésts with a stress ratio, N, of unity (shaded areas) were
compared with the the mean compréssional'strafn-rates of the
intact coal sample in Figure 5.9.‘w )

Comparing pre¥ and post?excévatiqn test results from
Sample MC-5, it can be seen that the tunnel closure rates
are consiStently‘oné‘order of magnitude (or more) greater
than the meaﬁ compressional strain rate. Hence the compénent
of pre-excavation creep in tests performed on SampléaMC-S i;
negl}gible and thebmeasured rétes correspond élosely to the
~rates that would be measured in a tést correctly modelling
reality. \

Because of the higher creep potentials of Samples MCZ6

and pérticularly MC—7;undervcom§ression,'a significan£
portibn of the tunnel closure rate ma§ be due to the
compression of ﬁhe ¢oa1 bloék in external loading tests.
Comparison of‘ciosure rates measured during external ioading
and an excavation simulation test on Sample MC-7 (Figure
5.10) however, indicates that there is little, if any
difference and that the closure ra£e functions as definéd
may be applied.

The evaluation of tunnel behaviour by closure rate
measurements during excavation simulation and when the
tunnel diameter was less than 108 mm was nof poséiblé. In

these situations, tunnel behaviour was evaluated by radial

creep strain rate functions defined in a‘manner analogous .to
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those presented for closure. In order to avoid confusion

with the closure rate functions new labels have been
assigned to the strain rate functions as follows:
CSR(t) corresponding to the CCR(t);

PSR(t) corresponding to the PCR(t); and

USR(t) corresponding to the UPR(t).

While the compressidnal creep component could be

neglected in evaluating the tunnel closure rates, it cannot

be disregarded in the evaluation of radial creep strain

rates. The creep strain increment observed in the test may

be dominated by the sample compression depending on the

magnitudes of the elastic (i.e., Young's) and bulk

moduli[Kaiser and Morgenstern (1982); Egn. 10].

In an isotropic elastié¢ medium under conditions of

plane strain and eqgual lateral field stresses (N=1), the

time—independent closuré resulting from the excavation of a

tunnel is given by:

u(a)/a = poé2G

-
LD

where u(a)= tunnel wall displacement;

a = tunnel radius;
Po = field stress; and
~G = shear moduldus.

and the time-independent radial

e(r) = -poa?/2Gr?
r

strain by:

Egn. 5.1
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where r = distance from tunnel centre t< the point of
intereét.

The ratio of tunnel closgre to radial strain for the elastic

case 1s then given by:

)

(u(a)/al/e = -(r/a)? + Eg@n.5.3

r
-0

Assuming that the sarme relationship holds for the
Qime-dependent béhavfour under simulated field cbnditions,
the appropriate values for the radial creep rate functiéns
are -(r/a)? times the closure fate functions. For external

loading tests the reguired values of the strain rate

functions may be obtained from the following relationships:

S
CSR(t) = -(a/r)? x CCR(t) + COMP(t)
~PSR{t) = -(a/r)* x:PCR(t) + COMP(t) Egn. 5.4
USR(t) = -(a/r)? x UPR(t) + COMP(t)
where COMP(t) = the compressional strain rate at time (%)

calculated assuming an elastic stress distribution.

5.2.2.2 Evaluation of Test Results
Tables 5.1 and 5.2 summarize the stress levels at which

the CCR(20) or CSR(20) and PCR(20) or PSR(20) were reached

. for the mean (in brackets), the maximum and the minimum

“tunnel closure or radial strain rate. These stress levels
e Sy : ' - .

were determined from the plots of stress versus log closure

rate presented in Appendix B. In the same tables are listed
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Table 5.1 Predicted Stress Level for CCR(20) and PCR(20) and
Observed Stress'Level where Propogation Clearly Observed
from Extensometers - Samples MC-5 and MC-6

\

® enly sbsorved in laat esasurammat; prier ts
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the obéerved maximum radial creep strain inc;ements
occurring during the correspc~ding creep stage indicated by
the stress level. The mode of behaviqur,was prgdicted by
comparisons of the actual closure or‘radial strain rate with
the. proposed rate functions at a time of 20 hours. The
observed mode of behayiour was determined from the creep
strain increment.in the followipg maﬁner. if the creep
strain increment was less than 0.2%/20 hrs but obviously
larger than at lower stress levels "initiation™ (I) was
assumed; if it was about 0.2 to 0.4%/20 hrs
‘"initlation-propagation transition" (IP) was -assigned; ana'
if it was greater than 0.6%/20 hrs "propagation yielding”
(P) was assigned. This latter limit was selected
arbitrarily, however, a creep strain of 0.6%/20 hrs will
clearly‘lead to accumulated strains in excess of the failure
strain of coal and hence does reflecg propagating yielding;
Ih the final éolumn it isléhown whether prediction ‘and
-obsérvation agree.

Excellent agreement between prediction and observation
were achieved for Samplés Mé—sland MC¥6. Good agreement was
achieved for Sémple MC-7 (Téble 5.2) Apparent conflicts
between predicted and observed behaviour for Sample MC—? can
be resolved by comparison of the full closure réte functions
with the double log plots of closure rate versus time or
consideration of test -limitations as follows:

Tests Mc-7.08 and MC-7.10 pPe~Widening - Because of future

test requirements no instrumention was sufficiently close to
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the tunnel wall to detect any y1eld1ng,

Tests MC-7.13 pre- w:denlng and MC-7.14 - Whlle the limits of
the appropriate functions are not exceeded at a t1me of 20
hours, an examination of the complete curves shown in Figure
5.11 show jumps indicative of yielding in the closure rate -
curues at earlier times,'Two possible explanations for the
‘failure of the'propOSed CCR in indicating the onset of -
yielding are:

1.  The values for the critical rate functions are too . high

for this specimen. Reduction.6f/;;e\¥unctions by

approximately 30% would yield more accurate predictions;’

and -

2. The behaviour mode is different than those prev1ously
described. Early high rates indicative of local slip or
local yield are rap1dly dissipated by stress
redlstrlbutlon without global y1eld1ng (i.e., the
overall structure of the rock mass is not signifigantly
altered). Tbe*longer term behaviour is that of a
uon-yielding tunnel even though theulocal straid
magnicudes indicate that yielding has occurred.

Teét MC-7.15 - Examination of the complete curves show

cloeure:rates‘in_excess of those defined by.the CCR curve

~and appr;aching the 'PCR curve at a field stress of 12.5 MPa

(Figure 5.12a). Figure 5.12b shows that at a stress of 14

MPa the closure rate was again.in excess of the CCR curve

and then exceeded the PCR curve at a time of 20 hours (this

late surge in closure rate had been previously ascribed to
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‘instrument fluctuation). Hence, égreemént with the observed
was achieved:; and
Test MC-7.17 - Examination of the complete curves (Figures
5.13 a to c) shows that while the prescribed limits were ot
exceeded at a time of 20 hours, they had been at»an'earlier
time (at brincipal field strésses of 10 and 12.5 MPa). At a
maximﬁm field stress of 7.5 MPa, the CCR curve was nSt
exceedéd, however a»marked increase in closure rate between
-1 and 2 hours indicated thét some yielding héd occurred.
Again, completé cusgs show agreement between predicted and
observed behaviour even though at the specified time of 20
hours,‘agreement'had not been»observed; |

It may.therefofe be éoncludéd that the mode of.
'behaQioyr éould.be predicted wiﬁh reasonablelaccuracy for
ail external loading tésts. The closure rate trénd or change
in closure rate seem to pro?ide'an excellent indication of
the proximity and extent of stress redistribution processes
(even though neither the»failure mechanism nor its location
can be determined)éﬁnd hence is a gobd measure to evaluate
the short andglong—term stability of an underground opening.

The derivation of displacement rafe criteria for tunnel
‘eValuation and their subsequent verification in model tests
resulted in some impoftant observations in . the use of
diSplaceﬁent rate criteria. These are as follows:
1. The agreement achieved between predicted and obsérved

behaviour in the three specimens indicate that the’

concept of critical rate functions should be suitable

\
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- for stability evaluation practice;

&

It is necessary to consider the complete (or at least a
éignificant portion of the) closure or s;rain rate curve
and not just the rates at specific times. As shown in
‘Figures 5.11 to 5.13 the observed rate may be less than
the  critical rates at the 'test' time; Eut may have
exceeded the limits at .intermediate times. This in turn

raises two further points:

(i) Tunnel closure or radial strain measurement

- should be sta:ted as soon as possible after

excavation and should be taken as often as possible
to avoid maéking of intermediate behaviour. In |
aédition, reliable determinéﬁion of funnel advance
effects are oﬁl?‘possible if the early part of the
rock response is known; and , | ;
(ii) The tendency towards linearization (i.e. best

fit) of the-closure or strain rate versus time

relationship in a double log plot should be

discouraged. Apparent fluctuations in rate, that may
be attributed to instrument error, may be indicative
of real processes and have considerable bearing on

the - tunnel behaviour:

Multi-directional tunnel ciosufe or radial strain
measurements are required to detect behaviour indicative
of yielding. Too few readihgs may result in
misinterpretatién. Figures 5.11 to 5.13 show that often

only one of the four diameters is experiencing closure
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rates in excess of the prescribed limits. If measurement

had not been made in this critical orientation the

~prediction of adverse behaviour could not have been

made. This also suppofts the:argument for local
yielding; and

Rates in excess of the prescribed qlosure or strain rate
functions are not the exclusive indicator inbehaviour
mode. Anomalies in the double log pléts of closure rate
versus time aS shown in»figure 5.13a at_a time of 2
hours are an indication of yielding.br softening as
well. It is the deviation from the normal tfend that
should be coﬁsidered rather than a strict adherence to
specific critical values. o | Coa

In practice, the problem of determining the site

specific closure or radial strain rate functions for a-

specific rock type remain to be solved. However, by

continuous monitoring of rates in stable, intermediate and

unstable sections of an opening, one should be able to

.\ . :
determine appropriate values. These can then be related to

construction procedure and support capacity. This latter

proceés‘requires the separatibn of the effects due to face

advance from the time-dependent rock deformation.

5.3 Behavi?ur During Excavation Simulation Tests

'A total of five tests on two specimens, Samples MC-6

and MC-7, were performed to evaluate the behaviour of the

tunnel during its advance. The processes involved could only
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be dete;mined from eXtensometer‘measurements'as the
recording of tunnel convergence during excavation was not
>p§ssible. These extensometer measurements will to some
extent be 1nfluenced during the excavatlon process by the
proximity of the sample boundaries (perpendlcular to the
tunnel axis) that are one or less tunnel diameter from the
measuring points:'The effect of thése,Soundaries in the |
direction of the tunnel axis should not_domf&ate éhe‘
.behaviour because of the close simulationiof'the real
condition by maintaihing plane strain nditions in the

plane perpendicular to the tunnel axis

5.3.1 Behaviour Near thé Tunnel Face

‘Panet and Guenot (1982) haveﬂénalyzed the convergénce
behind the tunﬁel face ahd identified an apparently unique
relationship between convergence related to tunnel advance
and radius of the plastic zone. This relationéhip cannot be
directly applied to the tesf résults because of the lack of
_convergence measurements during exéavation. Hence, it was
necessary to determiﬁe é,relatiohship between éonVergence
and radigl strain. This is simple for a tunnéLJin a linear
elastic material but complicated foi tunnels in yielding
rock. | |

As a first approximation the test results were compaééd
with the prediction for advance in a linear elastid
material. The effect df time-dependent deformations are

treated independently of the tunnel advance effect and are
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assumed to superpose directly.
For a circular tunnel in a linear elastic medium under
uniform field stresses (N=1) the radial strains are given by

Equation 5.2 and the displacements by:
ul(r) = (pe/2G) (a*/r) N Egn. 5.5

The ratio of radial strain to tunnel wall displacement,

u(a), s then:

e(r)/u(a) = -a/r | . Ean. 5.6
e ‘

According to FPanet and Guenot (1982) the tunnel wall

displacement rate u'(x) for the elastic case is:

u'(x) = -2u(=)[(ka)/(ka+x)]*/ka  Egn. 5.7

where  k '0.84 (found by curve fitting);

distance from tunnel face in the direction of

>
]

the tunnel axis; and
u(=)= ultimate elastic tunnel wall convergence
(i.e., the difference between the convergence
recorded when the face i§ at the measuring
station and when the face is at an infinite
-distance from the station). | |
Employing the relationship defined by Equation 5.6 results

in the following expression for .the radial strain rate as.a



129

function of the distance from the tunnel face:

e'(x) = 2a’u(=)[(ka)/(ka+x)]3/kr? Egn. 5.8

r ,
For the condition of tunnel widenin it 1s necessary to
consider only the différeﬁtiai tunnel wall displacement;
Au(e) (i.e., the differencg in convergence, u(«), for the
two tunnel sizes), due to incremental stress change to
prediét the rates. Equation 5.8 can be rewritten to yield an
expression fér the radial strain rate as a function of time

by use of the Chain Rule:

3

e'(t) = (de /ax)(dx/dt) | - Eqn. 5.9

r r

-
where de /dx

li

e'(x) as given by Equation 5.8;~ahd
r ‘

r
dx/dt rate of tunnel advance, d'.

Expanding Equation 5.9 and substituting a't for x yields:
.

\

e (t) = 2a’u(w)d’ [k/(ka+d't)]®/kr? Eqn. 5.10
. r v

A similar expréssion for the tunnel closure rate as a

function of time can be. derived as:
u'(t) = -2u(=)d'[(ka)/(ka+d't)]*/ka Eqn. 5.11

The rates predicted by Equations 5.10 and 5.11 are

applicable only during active aadvance of the tunnel. If
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excavation or widening is interrupted or completed, the
effect of acvance is lést and onlj rates due to the
time-dependent properties cf the rock mass are measured.

In order to verify the validity of Equatidh 5.10
comparisons cf predicted response were made with the
observed response in four excavation simulation tests,
MC-6.02, MC-7.08, MC-7.10 and MC-7.13. Test MC-6.05 was not
similarly investigated due to the dumber'qf interruptions
during excavation. Rather than just comparing the observed
rate which included all time effects with th? predictgd rate

‘ oL /0 .
due to face advance, was decided to compare it with the

1t
©

predicred total response (obtained by incorporating those

expressicns developed in Chapter 4 for the time—dependint‘
response ©f the rock mass).

. Rigorous simu;ation cf the actual response to
excavation or widening was'considered too refined for the
purpose of this investigation, however,‘it was fflt that
reasonable approximations ;o'the behaviour could be made by

rah

application cf scme simplifying assumptions:

v

1. The material is homogenecus angd i%otropic‘with respect
to both it's time—independént and t:me-dependent
properties. |

2. The time-independent response is linearly elaétic;

3. The time-dependent response is as specified in Chapter
4;

4. The stress changé due to the creatéon of.wiaening of the

tunnel at a giv

taticn along the tunnel axis occurs

/
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immediately upon the arrival of the tunnel fa._e.
Comparison of this assumed stress response with observed
stress changes during widening .(Figure 5.14) as reccrded
by Korpach (1983) shows that this assumption i?
reasonaﬁle for p:glihinary analysis. Alternati&ely, a-
progressive change in stress such as proposed by Sakurai
(1978) may be employed; and )
5. birect superposition of the various components 6f.
time-dependent deformatdon 1s acceptable.

Predictions of the radial strain rate were made, at a
given station along the tunnel axis for 'the instruments
‘nearest tB and furthest from the tunnel wall (inner ring of
extensometers only) in order to boGBd the expected
behaviodf. The predicted response was determined by
superposiﬁioqlof the following: ”

1. Extensional strain rate due.to face advance;
2. Ektension;l strain rate due to stress reiaxétion;g

©

3. Extensional strain rate due to the deviatoric stress

conditions éreéted by the excavaqion and:
4. Compressive stain rate due to the hydrostatic
compreésion of the test specimeh.
‘The respecgiVe components along with the net rates after
superposition are shown in Figure 5.15 for Test MC-7.08 at
Station 81, r/a=4.64.(extensi9n negative).
Figure$ 5.16 and 5.17 show the predicted (heavy solid

line) and observed radial strain rates during and following

excavation of a 120 mm diameter tunnel in Sample MC-6. While
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the post-excavation bghavior is reasonébly well‘predicted
fhe strain rates during-exéavation are significantly
overestimated. The poor agreement between predicted and
ébserved radial strain rates is most probably a resuit of
the boundary conditions of the model. Negligible shear |
stresses at the sample boundary result in little load
transfer during advance to and slightly beyond the measuring
.station. Strain; and therefore strain rates are be1ow those
expected in an-infinite medium. As the tunnel face
‘approaches the other boundary which again has negligible
shgar.stresses the load increases more fapidly than would be
the case in reality and strains and strain rates-exceed'
those predicted. These effects would be most pronounced
during’initial excavation. Behaviour such as this was
.observed .during bdtﬁ excavation and widening operations.
'Figures'5f18 and 5.19 sHow the pre&jcted (shaded area)
and observed radial strain rates during and foliowing
excavation-of:the 42 mﬁ'diameter tunnel in.sé@ple MC-7. The
general trend of the fadial strain rate is rea§onab1y well
predicted after a time of 0.2 hours. Prior to this the rates
are overestimated as before. The face advance effect is
clearly dominating the observed strain rates during
excavétion as demohs:rated bj the rapid increase in strain
rate when drilling recommences following an interruption.
Better correlation with the predicted value may have been

achieved with instrumentation closer to the opening.

»
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. Figures 5.20 to 5.23 present the predicted (shaded area
or heavy line) and observed radial strain rates during and
following the two tunnel widenings performed on Sample MC-7
(Tests MC-7.10 and MC-7.13). Excelient agreement between
prediction and observation was achievedr The divergence of
the predicted and obse;ved responses wiﬁh incréasing time
can be related to the inaccufacy‘of the instruments at low
strains and the deviation, at that instrument location, from
the mean time-dependent parameters employed. Once again the
dominance of the.face'advance effect is evident.

In both widenings extensometer #6 (6=135°) exhibits
strain rates considerably in excess of the others and of
‘that predicted. This exceés rate resulted from the
initiation of yieidingApr sbftehing during‘egcavation which
occurred during the tésts at this location (see Figures
10.23 and 10.29) This yielding would have caused an upward
shift (due to dilation and radial yield zone expansion) on
the‘extensional strain rate cufves resulting in khe observed
behavior. In thefviéinity of the yi%ldihg zoﬁe the stress
distribution is no longer elastic, as was assumed. The drop
in radial\stress will be greater than predictéd and the
stress level is definitely greater than predicted (equal to
1 if yieldihg occurred). Both these effects will results in
an increase in the extenéional strain rate. This increase
may, in some césés, be sufficient to qgfk Ehe.face advance
effect. A trend in that direction is évidegced,by the

response of extensometer #6 during the second wideniné
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‘(ﬁigdre 5.23). b

Accorcding =t Panet and Guenc:t ("SEI. :the ccnvergence

]

yield zcne and

Q

rate depends on the exten: cf the plastic

the ultimatg/f;hne-'convergep:e. As 1t has clearly been

-

demonstrated that the face advance generalily dominates the

ficient ¢time after advance, it shou.d

th

strain rate for a su
be possible to use these-measurec rates *c determiné the
‘extent of the yfé;d zcne.
The tuﬁgéi csnve?ggﬁég ratgades a function of the
' #

a
distance froh the tunnel face, x; % fiven by Panet and

’
o T s ) S

Cuenot (1982) as ; o
u'(x) = (-2R*ul=)/k)[(k kR+x)]> ~ Eagn. 5.12
where R = radius of the plastic (yield) zone;

1
’

k ;= 0.B4 as before; and.
u{=)= v’timate tunnel wall displacement.
1

According to Kaiser (1380) the ultimate;tUnnel wall

displacement 'in an elastic, brittle plastic material is

given by’
Fooule) = [ /(1za)]l2(R/a) +a-1lpoa/2G . Egn. 5.13
e : : ,
4‘_"
where X = [1/(m+1))[m-1+(0 /po)];
’ e c

a = Cilazion coefficient:
m = t§n=(45° -~ ¢/2); o - S,
é : argle of internal ff@ction; and
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o = unconfined compre- "ive strength.
c
Rewriting Equation 5.12 in terms of time, t, and

substituting d't for x yields: ' &
v'(t) = [-2R?*d&"ul(=)/k][k/(kR+d"'t) ]’ Egn. 5.14
where d' = rate cf tunnel advance.

s . . ’ .. .
The ratio of radial stra:n@gn the elastic zone to the

v

displacement of the tunnei. wall is given by:

e 1+a : e
e(r)/u(ay = -[(R/r)*(1+a)]/al2(R/a) . + a-1)- Egn. 5.15
c , .

and the ratio of radial strain in the'plastinzone'to_the

«splacement of the tunnel wall by: .  . : .

1+a

e+p . . .
e{r)/u(a) = {-(1+a)/2-a[(R/r) =11}/
r .

- i+a o
‘ ~ { al2(R/a)  +a-1]} Eqn. 5.16

¢

The above relationships:allow determination of the radial

strain rate dué to face advance in a yielding medium as:/

in the elastic zone: T
VoL e T
ot T

!

€' (t) = [2R*(1+a)d u(=) /kezal [k/ (KRG £) 125557

R <.
et .

l+a .. _ S
[2(r/a)” -1 ‘ - Egn. 5.17
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in the plastic or yield zone:

1+a
e'(t) = {[(1+a)/2)+a[(R/r) -1J}[2R* ¢ "ul=) ‘ka ]
r

i+a

[k/(kR+d't)]1*/[2(R/a) +a-1] EqQn. 5.18

Assuming that the plastic flow causes no change in volume

(i-.e., a=1.0) Eguations 5.17 and 5.18 can be reduced to:

e'(t) = [2R*ad"u(=)/kr*][k/(kR+d't)]® Eqn. 5.19

and

e'(t)

[R¥ad'ul=) /kr®][k/(kR+d"t)]> . Eqn: 5.20

fespectively:'

As mentioned previousiy, y{slding was noted inathe 135°
orientation during widééing of theatunnefs of'Sampie MC-7.
In an attempt to determine the exteni of this yield zone,
Equation 5.19 was employeq)to predict the relationship
between szrci rate and time for different extents of the
y1eld zone., The ac*ual behav1our cannot be modelled as
"Eqﬁezlon 5.18 assumes ax1symneer1c behaviour; hencef_only‘an
.equivaleet, annular, yield zone radius is reported. fhe
results of thls 1nvestlgatlon are presented 1n Figures 5 24
to- 5.27 for the twc extensometers located in this

o
a2

'fVOrlentatlon._Whlle these two instruments were located in the
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3 _

yie;d‘zone Equation 5.19 was still employed due to the
uncertainty in the value of the dilation coefficient and the
fact that‘the yield zone was localized (i.e;, not annular)
and therefore more rigorous analysis would not be justified.
The results éuggest that an gquivalent radial yield

zone would extend some 1 'to 2°tunnel radii ffom*the tunnel
wall. The extensométer closest to the tunnel wall

Q(Figurés 5.24 and 5.26) predicts a smaller extent of the
yield zone, however, this is probably due to the fact that
there is less dilation occurring in this region as compared
to the active yield front. In any event, the results of this.

©

study show that it should be possible to determine the
. N ! . A\ \

y ‘probable ektent of the yield zone around an advancing tunnel
by heans of displacement,:ate‘measurements.‘Limitations to
be considered in the anaiysis.are,fhe certainty of the '
values selected for £he variables in the equations'and the
axisymmetric nature of theisolution. ' iﬁ”’g

.Several coﬁclsgions based on the above results may be
arawn: ‘

1. Reliable prediction of material behaviour can be
achieved by relative;y'éimple models in thewébéense of 5
yielding or softenin;;

2. In the absence of yiélding; ihmediafely after the tumnel
face adyanceé past a giben point, the radial strain raté
'1s dominated by the continuéd adVahée, for a périod'gf
time that depends on the material properties and_the-*

rate of advance;
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3. The face ad?ance.effect mey not be as dominant in the
presence of a propagating yield zone but, as will be
seen later, will dominate for a longer period of time:
4, Significant deviation from anticipated behavior is
indicative of yielding or softening processes; and
5. A fitst approximation of the extent of the yield zone:
can be achieved by analysis of the strain or closure
rates due to face advance. |
In order to more fully unders€6nd the significance of
the face advance effect the behav1or under field. cond1t10ns
for this rock type has been 1nvestlgated by means of the
previously described relationships. The radial strain rate
was determined at a diStaﬁce of 1/2 tunnel radii from the
tunnel wall (r/a=1.5); the tunnel, wvas assumed to be 5 m™in
diameter and the field stress to be 12.5 MPa (corresponding
to a depth of 500-600 m). It was further’essumed that the
material behaved in a linear»elastic manner, the tunnel
excavation process was not interrupted nor terminated before
1000 hours and there was'ho scale effect on the materie&
properties. | R
The radial sttain rates experienced in the rock‘maes
upon excavation of a tunnel at three rates, 0.1, 1.0 and
10 m/hr, were predicted and are.presented in Figure 5.28.
Both the total strain'rate and the rate excluding the effect
of face adqijce are plotted. The domlnance of the face

advance effect over a sxgnlflcant time 1nterval (and hence,

tunnel length) is evident. These results show that the

e
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- effect of face advance on the measured strain rate cannot be
neglected in this material until the faée 1s further than 10
tunnel diameters from the point of measurement. Displacement
rate measur=ments made to evaluate tunnel performance or |
rock mass properties (for extrapolation) will therefore
reqguire adjustment prior to comparison with prescribed
limits unt@l the face is far advanced. In addition the use
of the slope.of the strain rate decay curvé-in estimating
the long term displacement will result in significant
underestimates of closure if taken pfior to the dissipégicn
of the face effect.

Figure 5.23 presents the accumulated strain versus log
time plots resqlting from tﬁé°ekcavations described above.
From this figure it is appareht-that.thé %adial-strain
actually measured in the field will be very much dependent
'oﬁ the rate of tunnel advance as well as the time elapsed
prior to instrument inétallation. If the instrument was
installed 1 hdur after the face advanced (Pt. Ai 59 % of the
total time-dependent rock mass resboase would be recorded |
regardleés of the rate of advance. The amount of strain
recorded due to the face advance would be very much’
dependent on the ra;e;of advance with only 3 % Qf the total
at an advance rate of 10 m/hr, 45.9 % at 1.0 m/hr and 91.1 %
at 0.1 m/hr. If, however, the instrument,was install:d

> hours after the face advanced (Pt. B) the time-dependent
. . b ‘:L,'

rocl mass response measured would be only 46.1 % of the _a

total and the face effect strain would be 0.2 % of .the total
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at an advance rate of 10 m/hr, 8.8 % at 1.0 m/h; and 65.2 %
at 0.1 m/hr. These results demonstraté the combinedvéffect
of'ipstrument insta}lation time and rate of tunnel advance

on radial strain measurements and-hence, instrumentation

design.

If the purpose of the instrumentation is to provide

‘ihformation‘regarding the possible extent of yielding and

the development of radial strain around the opening then it
should be installed Qery sdon.after face advance and be of
sufficieﬁ; fange to accomodate large stfains. If, however,
the purpose is to determine the.long—térm strain to give an
idea of ultimate lining load then more accuracy is required
and late installation is acceptable. This gegprallj implieé
a ‘shortened range and therefore the,instrumegg should

possibly not be installed until the'face gdvénce effect has

dissipafed.

(~ . The degree to which the facé advance effect influences

the instrumentation design and analysis depends very much on

the material through ‘which the tunnel is excavated. As the

face advance effect is directly proportional to the ultimate
FFE -

tunnel closure (excluding creep ciosure), the greater this
closufe the greatér the influence of the face advance on
measured'stfain or closure rates. Large values of the
ultimaté‘tpnnel convergence méy be‘afresult of soft rock
(low défofﬁatib modulus) or the creation of a yield zone. ;‘
The in’ .uence »f thz yield zone oh the face advance effect

for t: situa’..on previously described is presented in
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Figure{5.30 for the tunnel closure rate and Figure 5.31 for
the radial strain rate. An increase in the fadiUS of the
plastic zone causes an increase in both the magnitude of the
deformation rate and an extension of tﬁe t}me period over
which'ig is of influence. This is clearly seen in

Figure 5.32. In the elastic case (R=a) convergence to the
ultimate is achieved within approximately 2 tunhdi:.f‘
diameters. For increased extents of the plastic 2one, the
fotal closure increases as wéll as the distance.frbﬁ the
face where it reaches its ultimate wvalue.

The signifitance_of the face advance effect on the
méasﬁred radial strain or tunnel closure rate has beenb
clearly demonstrated and the éxpressions for its
determination verified;fb;ghg model tests. As these tests
‘were of limited time andgéigént, extrapolations to field
behaviour were madg to provid; additional insight. The
results of this study have demonstrated that fhe influence
of the face adVance effect is very much dependent 6n thég
material through which the excavation is made and the raté

~of advance. Tnstrumentation for tunnel mc coring requires

an apprec.at -~ of this effect for its reliable design.

[

_5.3.2 Developmént of Radial Sgrainé Near the Tunnel Face
‘The layout of the instrumentation provided an excellent

.ogportunity to investigafe the‘near face behavior duting tﬁe

initial excavation and subsequent wideninég of the tunnel.

The - tunnel excavation and widening of Sample MC-6 were

o
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- and 270°-315°) indicating that stress redistribution was

" tunnel gpce.arrlves at*the level of each instrument 1s 'W;

compared to that noted during the original excavation,
suggesting that significant alteration of the sample had
occurred. Strains were maximum in similar, though more

extensive, areas as during the initial excavation (45°-180°

b ~

-~

contilnuing.

Sample MQ¢7- , » ’ o

recorded dur1ng excavatlon and w1den1ng of the tunnel for -

those extensometers ‘nearest to and furthest from the tunnel

wall. These instruments were a}wafs‘oriented in a_true
radial direction during all‘three'tests. The.complete record
of measured radial etrains for all extensometers during-
advance are presented 1n Appendlx D. The t1me at which the

-

denoted by a vertlcaLH%1ne, the type correspondlng to théj

appropriate radlal strain versus time curve (algo indicated

by arrows). The near face behavior is also summarized in

Table 5.3.

g In all te%té but partlcularly Tests MC-7.08 and

MC-7.10, there was some increase in compressional radial

ot

strain prior to the expected exten51onal straining. This was

caused by oth an 1ncrease in radlal stress ahead of the_ﬂ
face (seé Figure 5.14) and the t1me dependent sample

compression. . Loy ' L

:'.(‘.‘( .

,Neglecting‘the compréssional effect &tlface advange,

the_instrumentsgnear,the tunnel. wall (r/a<£i%4)ﬂdetected the

. .., . .
) ta Ea . . I s
A N ; T i Ers
PRr-2E, U S, . i :
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Table 5.3 Near Face Radial Strain Behavior
Test No Location r/a Face Advance |Face Advance | Max’'m Radial , €a/€t
N Noted Complete Strain at (%)
7.08 Sta.56 n 3.45% ~-1.20 1.54 -0.24 52.4
Sta. 56 '@ 6.40 -0.32 1.57 1.10 17.4
Sta.81 n 4.64 -1.20 2.37 0.26 27.6
Sta.81 e 7.64 -0.54 2.68 (o} 5.9
Sta, 106 n 3.48 N/A N/A N/A 0
Sta. 106 e 6.48 | -0.54 2.79 1.18 28.2
Sta. 131 n 4.62 e =0.32 1.2Q -0.25% 13.7
Sta.1%6 n 3.%0 -1.32 1.94 -1.19 88.4
n <4 .64 | -1.014/-0.46 1.76+/-0.51 36.4+/-34.9
e >6.40 | -0.474/-0.13 | 2.32+/-0.65 16.9+/-11.6
Sta.56t01%6 0.16+/<0.82 { 29.1+/-28.9
"Sta’.56t0131 0.38+/-0.62 | 20.6+/-17.5%
7.10 Ste.56 n - 1.69 . -0.43 1.85 *0.13 18.9
Sta.56 e 2.14 -0.51 0.93 0.12 21.6
Sta.81 n 2.15% ~0.46 1.10 -0.12 3% .7
Sta.81 @ 2.62 ~0.42 1.23 -0.07 38.7
Sta. 106 n 1.70 -0.46 0.93 -0.22 27.3
Sta.106 e 2.17 -0.77 0.78 -0.22 50.0
Sta.131 n 2.14 -0.69 0.46 -0.55 52.3 ,
Sta. 156 n 1.71 -0.72 0.96 -0.42 61.2
<1.71 | -0.54+/-0. 16 1.25+/-0.52 35.8+/-22:4.
>2.14 | -0.57+/-0.15 | 0.80+/-0.30 37.7+/-13.9
n . 37.1+/-18.5
'3 o 36 .8+/-14.3
Sta.56t0156" 1-0.17+4/-0.24 {37.0+/-15.9
Sta.%56to0131 ¥1-0.13+4/-0.23 |33.54/-13 .6
7.13 Sta.56 n 1.36 -0.63 -0.22 43.8
Sta .56 e 1.36 -0.74 -0.49
Sta.81 n 1.69 -0.48 -0.30
Sta.81 e 1.70 -0.71 -0.47
Sta.106 n 1.36 -0.30 -0.13
Sta.106 e 1.38 -0.87 -0.30'
. Sta.131 n 1.68 -0.56 . -0.46
Sta. 156 n 1.37 -0.81 *-0.31
. 1.37 | -0.67+/-0.23 51.7+/-18.2
- 1.69 | -0.58+/-0.12 61.5+/-2.3
n 48 .5+/-13=8
e - » 66.8+/-7.8 '
. Sta.56t0156 -0.34+/-0.13 [55.4+/-14.7
, Sta.56to131 -0.34+/-0.14 |57.2+4/-15.0
n = instruments near initial heading
e = {nstruments tovnrds'uhtgh;tunn.l expanded

€a/€t = ratio of strafpn ahead

'NOTE: all values, uniess othen
terms of tunne! radii (a).

©

Ta

o

he face to total \strain

'q'spociffcd. are given in

N
B
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presence of the initial tunnel advance approximately 1
tunnel radius in advance yhi}e those further auay (r/az6.4)
detected it on}y U.5 tunnel radii in advance oniaverage. A
similar iag fn.responseibehind the advancing face was also
noted; d?;placement levelled off at 1.76'radii for near
1nstruments and at 2.32 tunnel rad11 for far 1nstruments
ThlS 1s 1nd1cat1ve of the 3- D nature of the near face
'behav1or._ . '
'Dughng widening, extensometers at lower r/a ratios.

\_\ ‘.

(<2 62) reacted g@en the face was approx1mate1y 0.5 to 0.67 )

G

radii from the measurlng sectlon All 1nstrument reisponse
levelled off between 0.45 and 1.25 tunnel radii behind.the
face. H | = . |
'The dlstance over which the- dlsplacements occur due- to
face advance dur1ng the 1n1t1al excavation is approx1mately
2.8 tunnel radii for all instruments. During w1denfngs this
.dlstance is between 1.59 and 1. 1& radii. o |

e An 1ncre351ng proportlon of the total strain occurred

ahead of the tunnel face durlng subseque&&gyldenlngs._
G S

Approx1mately 20 6% (standard dev1a8%on‘g 17.5%) of the’
total straln occurred ahead of the face durzng the 1n1t1al
éxcavation, 33. 5% (s=13. 6%) durlng the first widening and
57 2% (s—15 0%) durtng the second and ilnal w1den1ng (note:
readlngs at Sta..156 neglected because of prox1m1ty to'v

sample boundary) The relatlve 1ncrease in the natlo of
\ =

‘Rstraln ahead of the face during, w1 1ng also mas found to

w

;dependwon thé locatlon of the extensometers. Those located
.‘?" ) L . . : ’ - "
R o - . .

e wra

e
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in the region towards which ® ie excavation was expanded

-(denotedqby 'eé' in Table 5.3) showed increasing percentages

of'straining‘ahead of the face aslsombared'to those near the
initial‘heading (denoted by 'n' in Téplg 5.3)n This |
resultsd, most probably, from propagation of the yield zone
in the direction of tunnel expansion. Appropriate values

corresponding to the percentages of strainiahead of the face

 relative to the total strain for the three tests are:

N 36.4%34.9% ; 37.1£18.5% ; 48.5%13.8B%
e 16.9%11.6% ; 36.8+14.8% ; 66.6+7.8%
. E

(a4

There was also a shift of the maximum strain rate from

-approximately 0.16 radii'bghind the face during'initial

excavation to (.17 radii ahead of the .ace during first
widening and then to 0.34 radii ahead during final widening.
A probable explanation of the above monitored processes and

their significance with regard to deformation monitoring

-

follow.

) :
D. “:3 the initial excavation, the stress originally
- .

carr1ed by the’ now excavated mater1a1 1s transferred around
the excavatzon and to some extent to the rock at’the ‘

-

advancing face: This increase in stress ahead of the face

-

causes the, 1n1t1al increase in compress:ve radial stress and

<

strain as prevxously ‘mentioned. These xncreased stresses can

3 .

lgad'to deformation ‘and’ possible falque of the tunnel face

'resultipg in.the onset of extensional straining dhead of the

[

1



o 173

fade. Do unnel widening, there is only a weakened f(by

4 o

initia. excavation) unexcavated rock core (hollow cylinder)

v

left to resist the additional stresses. Overstressing nea:
the tunnel wall is increased. This results in the increased

straining ahead of the tunnel face. This process as well as

yielding of the tunnel walls ahead cf the face has
effectively advanced the tunnel ahead cf its present
iocation. . /
' s
. The" significance c¢f{ tne above findings :c the
instrumentaion des.gner are as follows:

~ & -
amount 2f :nformat:cn on the
,

o

n-order to max:mize th
defcrmation fleld arcund the excava:iion, where multiple

head:ing advance .s emgloved, the .nstrumertat:on shou.g

et
Y

heagings., with ~ac

- ~
- ae

g g

be .nstal.ec from the

Success:ve expens.:on cf the excavat.on the magnitude o

the pcet-excavation defcrmat:cr will decrease:

J. Part:icuiar attenti:on should be pa:d o Zefcrmations in
the direct.on Cf cavity expansion. Yielding in:itiated
arcund the cr:uginal heading will tend t¢ propogate in
the _._rection of expansion as the magnitude of the
stress change :n the other direction will be much lower:
and - . - S

3 Interruptions ..h the tunn€l advance provide an

opportunity to determine tunnel stability by .
: ’ ¥
‘displacement rate criterion or to determine the

time-dependent rock mass response.



6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

A rational design of underground excavations in rock
should employ the concept af the convergence-confinement

method where the the ground-support interaction is

considered as presented in Figure €.7. The convergence curve

\grounc react:.crn curve) depends on the rock mass properties.

It s linear 1n a ..near elasti:c mater.a.. curved :f

~

ravitaticnal fcrces

3

vielding occurs andé may tend upwards :if

com:nate .- weak .oCcsen:ing rock. Eguil:brium car be reached
at any point a.ong tihis curve ! the appropriate pressure s
appl:ec at the ccrresponding disp.acement {(intersect:on of

cenfinement QSuppCffi and convergenég éuryeé). Where the
rock mass prsper:;es.are time-dependent the cbnvergence
curve is a function cf time, rotating about its origin
(u :-O, P = Po) with time as shown in Figire 6.1.‘
"EqQuilibrium is therefore not assuréd'at,the intersection of_
the convergence and confinemert curves at a given time -
(Pt. A). Addi;ional creep deformation cén shift. the
equilibrium posit on tc r . B on the confinement curve for
infinite time. 7T ... r-sult in overstressing or faif&fe
of the support sy "=~ <.milarly a shift of tﬁe convergence
curve may occur if the field-stress increasés due to nearby
mining operations. This may lead to a further increase in
support load (Pt..C). For design it is therefore ﬁecessary
to determine the ground coﬁvg;éence curve fro— "he rock mass

N
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properties and the established mode of opening behavior in
order to calculate the shape of the coﬁfinement“curve for
the selected support system and support activation -time.

The ground éonvergence ¢urve can be determined
aﬁalytically by methods such as those presented by,Brown et
al. (1983) if the rock behavibr‘is time—independeﬁt. For
;ock masses with timé—dependent responses, the determination
?quthe é?ound convergeﬁce‘curve becomes much more difficult.
Iﬁ—fbis situation two approaches to the problem are
pbgsiblej.an énalyt{qalvor an observational approaéﬁ.

The analytical approach entails eﬁployﬁent of
-visco-elastié“or'visco-plastic material modelé. These,
ﬁowever; have difficultyAﬂn incorpofating geologic :
complexities and different modes of failure. In ;ddition{
the required parameters céq seldom Se determiped in a
rational manner because they do not represent actudal rock
pfoperfies. Hence, this approgéh‘is geneFally unsucceésful“
in accuratelyArepresenting’the greund responée. The method
proposéd by Ladanyi (1974). can, however, be used for;
:parametricostudies.

In the obsgpvational approach, the designer resigns
himseif tb'thg fact that the 'ground response is analytically
incaiéulable and that the design mustvbe derived from
in-situ eiperience. This experience is gained f}om the

-

analysis of peffqrmaﬁce'records‘of openings constructed

under'simiiar conditions or preferably during pilot

excavations.
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Deformation or displacements'serve as the best
indicator of opening performance because stress and stress
changes are difficult toimeasure reliably. The di .acements
and especially ﬂisplacemént rates constitute, the most e sily

obtained and most reliable measurement and, "hence, are

selected as per formance indicators during most tunn ll.ng

operatlons.

Because of the 1mportance of the deformatlon mon1tor1ng

-

p;ogram to the design of underground,excavat1ons in rock, a.
review of its application and'limitations was in crder.

Th.s, essentially, constituted the thrust of the researcn'

reported herein. - . .

‘ \ . - . , ) o
6.2 Conclusions from Model Tests .

I3

The design ver1f1cat1on and stab111ty assessment “

,aspects of deformat1on mon1tor1ng in typical underground

excavations are perfprmed in d;fferent manners._The

stab1l1ty of . the excavatxon is generally made on the basxs

<

of convergence measurements recorded at regular 1ntervals

along the tunnel axis whlle design verification 1s.perfo:med .
\
at selected s1tes representatlve of typical conditions.by-

more 1ntensxve 1nstrumentatzon arrays, partzcularly borehole

extensometers. Both‘genecally employ dzsplacement rate -
criteria in their applxcatxon, hovever, aes1gn ver1f1catgon
also relies on d1sp1acement magnxtudes (tor serviceability .
requ1rements) and often 1ncludes support stress

measurements. NS
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- The response of the selected instrumentation depends on
the mater1al property distribution and its stress level
dependence. In a heterogeneous,'discontinuous rock masshthe
varlatlon in 1nstrument .response WIll be 51gn1f1cant The
appllcat1on of & un1versa1 d1splacement cr1ter1on in sueh

51tuat10ns is ot practlcal. Judgements must be based on the

change in esponcr at a given locagﬁon or on the difference\
when compared to nther instruments under s1m11ar condztlons.

Slmllar conclusions were also drawn by Guenot et al (1984).

Convergence measurements were found to be 1nsensftive

.-

to the deformat1on fleld czround the excavatlon. The

non- axxsymmetrzc nature of the y: ‘eld .process was not always

readrly 1dent1f1able from the convergence recbrds..ln

) .,

-

P

addltlon the magnltudes of the observed closures did not

-+

allow for the 1dent1f1catxon of ‘the deformat1on process or
its. locat1on and extent Extensometers. however, were agle,
“to prov1de the requxred 1nformat1on conﬂernrng the |
dlsplacement f1e1d ’

The magn1tude of the deformatlon observed at any
statiaon along ‘the tunnel axis will depend on the t1me of
1nstrument 1nstallatxon and the stage of the excavat1on

process. In order to maximize the defprmatxon 1nformatzon,

51nstrumentatxon should be 1nsta11ed ahead of the advanczng

i

.face. Thxs 15 often 1mposszb1e or 1mpract1ca1 in deep A .

' excavatlons. In these 1n$tances, 1nstallatxon at the face *
- q

-iwlll prov1de sufflczent 1nformatxon for analysxs. In } ‘

multlfstage,ercavatxon, 1nstrumentatqon should be'placed oo

B 2
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N ' ‘ . \
N N -

dur1ng the headlng excavatlon as the magnltude of the

(deformations decrease w1th each succe551Ve stage (unless

1nstab111ty arlses) N

ll

y The 1ntended use of the 1nstrumentat10n to a large

extent, d1ctates the measurement range and t1me of
. N
installation. If the objective is”the determination'of the

Y

development of radlal straln around the openlng .in‘order to;

ascertaln the locatlon and extentrof yleldlng or the

8

‘ ver1f1cat1on of de51gn assumptlons then the 1nstruments

0

should preferably be 1nstalled ‘ahead of the face or as soon

as poss1ble after face- advance ‘and be of suff1c1ent range to,,

F]

. accomodate large stralns. Ifi however, the purpose is the

predlctlon of ult1mate 11n1ng loads from extrapolated creep

straln curves then. later 1nstallatlon of treduced range (more

,,.accurate) 1nstrumentat10n 1s perm1551ble. In fact it may be

. » -

- appropr1ate in these c;rcumstances to allow dlsszpatIOn of’

-

N o

face advance effects prlor to 1nsta11atlon. i

‘ The»d1stance (in tunnel dlameters)vover"which'the“,

!

dlsplacements are 4nfluenced by the advanc1ng face. depends

" on the type of ex.avaqlon as well The dlstance 1s-max1mum

dur1ng the.1n1t1al e&cavat1on and becomes progre551vely 1ess*

~

“in subsequent wzdenxngs. In such c1rcumstandes, 1nstruments

desxgned to deteot the yleid zone must be 1nsta11ed dur1ng ;

the 1n1t1a1 hcad:ng excavataon orat the face dur;ng V; ’ »:.5;i

~ . 4 1

wxdenzng,_Instrumentatzon for long term d;splacement “

measurements may be 1nstalled soon after final. w1den1ng.

N N ! B ’ . ',’ - 0
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In'order that Ehe ma x imum amoun: of'information be‘

obtalned from the 1nstrumentatlon treQuen' readxngs are

v

rugged remote data acquxsatxon systems and compu er data

proce551ng Contxnuous records of dxsplacement can vxeld

1nformat1on ~on the 1nterm1ttent, loqalxzed behavfour vhxch

] ~ —~

may be of a551stance in’ understanding the overall tunne1

1

behavxour. Frequent readlngs near the’ tUnnel face are

essent1al 1f detérm1natlon of. the face advance effect is

requ1red e v g . '

A -

- Durlng external load;ng tests,~1t was. observed that

exlsted for the small tunnels in the coal These cr1t1cal

rates, wh1ch were employed as tunnel behavaor evaluatxon

crxtefla, were applxcable to the txmerdependent rdck mass

deformatlon rate (1 e.," creep rate). The exxstence of such

- .

crltical rates should be tested by fleld measurements.

A

T, The deformat1on rate measured durlng tunne}1ng

operatlons 1s a functlon “of. the rate of tunnel advance and

the t1me dependent tock mass propert1es. Tmme dependent

e -

measurements made to evaluate tunnel performance or rock

mass propert1es therefore requzre adjustment prror to .-

-

comparlson w1th prescr1bed llmlts untIl the face is far

advanded in order to apply the cr1t1cal rate functxons

\ v

prev1ously descrrbed it is necessary to separate the

[ ~

obserVed rate 1nto that due to the face advance and that due

-

“to. creep 1nclud1ng tame dependent y1e1d processes. This was

5

’

- ot >
- . ’

~requ1red Th1s 15 becomlng more prac’xcal w.th the adven: cf

crit1¢a1 deformat1on rates, indxcat1ve of a behavxour mode,»'



delineate the location and exten: of the yielding or’

1

_interpretation of the mode of abnormal P@ha‘}ibr.. :

achicved by extension of an expression relating tunnel -

181

r

v »

closure to face advance propoffed by Panet endAGuenot (1982).

AN

Relatfonships_for both the t@nnel closure and radial strain

rates ‘due to the advance of the tqnnelras functions of time -

’

and advance rate were derived and sﬁbsequently verified in

.

the model tests. Substitution of reasdnaﬁle‘values‘for the

parameters in these express1ons demonstrated that the face

N

advance may domlnate the observed deformatlon rate for a
conside ~able dxstance behind the tunnel face (approx1mately

10 t'unnel diameters for this coal).kWhere the slope of the

“
~

strain rate decay curve is used in estimating the long term‘

¢
L

displacement, elimination of the,face édvance effect must” be

achleved in order tc prevent szgn1flgant underestamates of .

-

'tunnel closure. : . o .

Q - -

Closure rates in excess ‘of the closure rate functlons,\

A 1

uhile_i"“ca *ing a behavior node, dld not 1nd1cate where -the

_process was occurrxng Measurements. of rad1a1 'strains were

found to be necessary in comb:rdtion with closure rates to

. (

softening zone. Furthermore it was.found necessary to

measure the tunnel closure rate or radial strdin rate i4

[
\ . .

many directions and continuously, beginning as soon.after

. the  tunnel advance as possibhle, 'to ensure correct .

N

\

A
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6.3“Recommendations‘
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Y

Deformatlon mon1tor1ng of underground excavatxons n

: weak rock can - be adequately achleved by- the use of . - "K

convergence measurements and borehole oxtensometers._These

two ‘means complement each other and should be 1ncorporated

- as such in: the monltorlng sgheme. Th1s research has shown

that the onset on 1nc1p1ent 1nstab111ty can be predlcted by.

o dbmpar1son of tunnel convergence rates with approprlate

critical rate funct1ons but that the Iocat1on and exc’ent of

.

- the 1nstab111ty requ1res the use of-borehole extensometers,

.

A recommended procedure for the su;table appllcatlon of such

a deformatlon monltorlng scheme follows" ', R S

1. Establlsh cr1t1cal closure rate~funct10ns. These may be

- ~

obta1ned from performance records of tunnels of- 51m11ar

.

’-geometry, constructed in 51lear geologlc sett1ngs or
from test sectlons or. pxlot headlngs of the same tunnel-
2. 'Take convergehce readrngs as soon as p0551ble after ;

tunnel advance.,Frequent read&ngs should be taken unt11

R
-the mode of behau&br 1=Awell eStabllshed -

ro.

’.‘\

~Mult1 dlrectio

t o
. " 4
. \ ; { \

gence array as a mlnlmum'

_%Qiéﬁsure measurements should be made
wﬁthla 4 poznt}co .

3. separate the“tume'dependent closure from the face

RN ( y \\E

.advance effect by appllcatlo“ of the derlved'expressrons

A
i

/

L and compare with' the'approprlate functlons to determlne .

"A.Q If yqeld1ng is. rndlcated or’ ant1c1pated 1nstall . -

e
.. Y

behav1or mode' and v -

N

oo multl—po1nt boreholefextensometers around the excavatlon

» -
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‘or l»cally, if the probable location. of y1eld1ng is
known te del1neate»th{ 1ocat10n "nd extent of the,
overstressed rock so that remedial measures may be
taken. ‘ ". . . " cot

The above.procedures are very much dependent on quick data

o

‘tassembly and proce551ng as well as flex1ble contract '

arrangements that allow for 1nstrumentatlon based .on

rational de51gn cr1terra rather than-predetermlned criteria.

-

However, instruments may be placed for other reasons as

«

»mentloned in the 1ntroductory ch apters

a

Th1s oroposed dnformatlon monltorlng program was .

\

‘derived from a serles o6f model tests conducted on coal

samples under controlled laboratory COﬂdlthnS. To verlfy

their sultablllty for other\materlals would requ1re &
add1t10nal laboratory 1nvest1gat1ons. However it would be'

much more, beneficial. to explore the1r va11d1ty in f1eld “h

scale operatlons and poss:bly some - parametr1c stud1es

DI

'performed with sophlst1cated numer1ca1 mater1a1 models

An additional requ1rement.1dent1f1ed'1n“thls research .

is the need for the dééelopmeht of instrunentation‘capable

’of continuoﬁsly.recording the radial’displacement or strain'

ahead of, the face in deep excavatlons. Only with these fully

deflned deformatlon records will verification of de31gn

i assumptions\be,established. T P

P . ~
~
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8. APPENDIX A - DETERNM INATION OF TIME-DEPENDENT PROPERTIES

Linear Elastic, ‘Isotropic Pgrameters

The Young's modulus, E, and Poisson's ratio, VY, °
required for the linear elastic, isotropic representation of
m,teriaijresponse were determined by one of the following
methods depending upon the sample loading history.
Method 1 °

In this method, developed by Guenot (1979), the
respSnse of an extensometer during the application of an
increment of stress before and after tunnel excavation is
compared. It assumes that, during subsequent reléadings of
the sample, the elastic'pardmefer§“hre loading histbry
independent, the rate.of loading is similar for both
situations and that linéar elastic solutions and
superposition-are applicable.

The radial étrain\iﬁcremgnt (ae ) due to a change in
- the major érincipSI field stress (Aaé) in the intact .

v
specime: under plane strain conditions is given by:

Ae = Ao (1+U)[(1-2V) (1+N)+(1-N)cos26]/2E e
r v '

a

where N = ratio of minor to major principal field stress
and - - _
6- = angle with respect to o .

Equation 8.1 can. be rewritten to yield an expression for

-

‘Young's modulus as:
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E = A0 (1+V)[(1-2V)(1+N)+(1-N)cos26]/2Ae 8.2.
v . | r .
\ .

Both A0 and Ae¢ are measured during testing and can be
v r \ »
incorporated into a single variable

m' which represents the
slope of the tangent to the stressistrain curve at a given
siress; | o o, o

' m - Ao /Ae 4 ‘ 8.3

v r

Equation 8.2 can then be rewritten as:
E=0.5m (1+WM[(1-2V) (1+N)+(1-N)cos26] 8.4

Under cond1t1ons of equal lateral field stress. (N 1),

Equation 8.4 can be rewritten as:

E = m(14¥) (1-20) 8.5

NS

The radlal strain increment due to a change in the. major
prlnczpal field stress in a spec1men containing a tunnel of
radius 'a’ nder plane strain and equal lateral stress (N=1)

conditions is g1ven by~ /

Ae = Ao [(1-V)(1-a®/r*)-v(1+V) (1+a?/r?)1/E ' 8.6
r v - S '
where r = distance from tunnel centre to point of
measurement.

Equatlon 8.6 can be S1mpl1f1ed and rewritten to yield an

1

!
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expression for Young's modulus as:

fi

E = m(1+v)(1—2v—a’/r’X; 1 : 8.7

Substituting m, for m in Equation 8.5 and m; in Equation 8.7
and then equating the two expféssions yields an expression
for Poisson's ratip as:

'

"U =.'[m2(1~a"/r"'mb1):]/2(m2'2m1) . 8.8

The value thu§ obtained céh bg;gﬁbstitutea in either
Equation_8.5;or-8,7 iéAyieldnéhe vaiue of Young's modulus,
Method 2 . . )

In this method comparison of the response of an
extensoﬁéte:fundervdifferenta;oading conditions (N values)’
on the intact speéimen é}é combarea. Conaucting.two tests at
différent stféés ratisg, N, and N;, and employing
pquatidﬁ 874 results in the following-é#pfes;ion for‘

i Ppiésoﬁ's ratio: | o

vV=20.5- [ﬁz(I—Nz)-m,(1—N1)lcosze | 8.9

2[“‘1(1"’1“31);“\2(-1""1‘2)]'

o

‘This value may then be substituted into Equation 8.4 to

determine Young's modulus.
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' Linear Elastic, Transverse Isotropic Parameters
For a linear‘elastic, transverse isotropic’ body, whose
plane of isotropy is the r- 0 plane the relationship between

stress and strain is:

(¢ ) er, Veo/Er Vpe/E; O 0 o (o )
€ | |Vro/Er VE; e /E; O 0 0 0,

4 € - Yor/Ep Ypr/Er VE; 0 0 0 4 0y } 810, -
Yro 0 0 0. 126 0 O Tre -
Yez 0o 0 0 .0 126 O Tz '
|72 ) 0. 0 0 o0 0 Vlro/Er | | Tar)

‘where ¢ denotes the_normgl strains, y the shear strains, o
the normal stresses and 7. the shear stresses. The 5

~constants required for material description are:

oy

E ig_pbé’Young's’moduius in the plane of‘isotrépy (r-6
i plane); \ - o " | |

E = the Young s modulus normal to the. plane “of
? 1sotropy (z dlrectlon) }

G = the shear modulus relatiﬁg.shear streéses to shear'
zr : ST

. strains out of the'plane_df isotropy; and“

v ,V = the Poisson's ratio relating*strainihg in the
ro. r d1rectxon of the second subscrxpt to the stra;n 1n:
~ the d1rect1on of the first. \
Poisson's ;é:io and Young's modulus in.andAnormal‘to the

‘plane of .isotropy are related by the following expression:



v /E = V /E
A Z rz r

.

Considering normal stresses and strains only and

substituting Ko for .¢ the following expressions
A r -8 ' I
derived:
e =1[o (1-KV ) - V o 1/E
r r ré rz z r A
. e =[o0 (K-V ) -V ¢ l/E
] r ré rz z r
e = [0 -v o (1+K)]/E
z z z2rr oz
| ' .
where: K = [(1+N)-(1-N)cos20]/[(1+N)+(1-N)cos26].
Under plain\strain cohditions (e = 0) Equation 8.
1 “ ) . z
rewritten to yield an expression for vy as:

» zr

v =0 /lo (14R)]
zZr - Z r .

~ Under conditions of hydrostatic compression (¢'= ¢

o ) Equation 8.15 can be rewritten to Yield an exp
for E once V is known as: ‘

r4 : zr

E = o(1-2V )/e
z zZr z

Equation 8.12 can then be rewritten as:

are
8.12
8. 13.
8.14
14 can be
8.15.
= O’ =
r 8
ression

8-- 1 6;
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[o (1-V K)/E] -V o /E

€ =
r r ré - r Zr z 7 -
’ 8.17.
or E = [o (1-KV )]1/[e +(Vv o /E )]
T r ré r Zr z 2z

~

As 0 , 0 , ¢ , V and E are all known, conducting two
r z r' zr z _
tests at different stress ratios (N) will result in two

equivalent expressions for E . This then allows for the

. r, ' :
determination of V by inputting the values of the measured
_ ré o ) .
variables in the following expression:

o (1-k,v ) o (1-K.VU )
L, ré ) 2 “ré
E = ‘ * = 8.180
r e +V o /E e +V o /E
r« 2r z, 2z r, 2zr z, zZ
"Once V is known, substitution of its value in
o , : :
Equation 8.17 yields the value of E . Substitution of the
‘ r
values for V , E and E into Equation 8.11 yields the
zr z r
value of V ., _
: rz ' *

Similar expressions for the relationships and constants

can also be derived in cartesian coordinates.



9. APPENDIX B - RADIAL S'I"RAIN AND TUNNEL CLOSURE RATES
MEASUPlED DURING CREEP TESTS PERFORMED ON THREE'SAﬁPLES
The meanhand range of tne radial strain rates measured

by extensometers at‘tines of 1 (empty symbol), 5 (half full)
and 20 hours (full symbols) after load appllcatlon are
presented in Figure 9.1 for Sample MC-S; Flgure 9.7 for
Sample MC-6 and Figures 9.l2 to 9.14 for'sample MC.7. Also
shown on these figures are the boundary strain rates deflned,'
as the:ratio of sample loading boundar&ddiSplacement to |
‘sample width per unit time. The remaining figures present
the measured tunnel convergence (closure):rates; Figures 9.2
to 5.6 for Sample MCfS; Figures 9.8 to 9.11 for'MC-G and .
Figures é 15 to 9.19 for ‘Sample MC-7 Also shown on these
flgures are the .two behav1or evaluat1on functlons, CCR and
PCR (range denoted by shaded area), at a time of 20 hours
after load application. The region denoted,by the arrow
between the CCR and PCR denotes the range of closure rates
jWhéfe behaviour is determined by the trend of closure rate
versus time curves (iﬁfa double'log plotl: If the closure
'rate function converges to the CCR, y1e1d1ng has termxnated
and a new_stable equ1l1br1um-w1ll,be reached. If the rates
are approaching the PCR'range then yielding will tend to
propagate.'A stable equ1l1br1um may still be reached but the

“_ accumulated closure ‘may be unacceptable.
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Figure 9.16 Closure Rates: MC-7.12"
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Figure 9.17 Closure Rates: MC-7.15
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10. APPENDIX C\ — TUNNEL CLOSURE AND RADIAL CREEP STRAIN
INCREMENT PATTERNS OBSERVED DURING TESTING OF THE THREE
o SAMPLES
The-ﬁime-dependent tunnel closure (acfoss 4‘diameters)

and fadial strain observed during a single creep stage
(eXtensionél strains and outward movement of the tunnel wall
shown negative) are presented in Figure§ 10;J-to 10.6 for
Sample MC-5, Figures 10.7 to 10.22 for Sample MC-6 and
Figeres 10.23 to i10.39 for Sample MC-7. The contours of
radial strain were generated by a computer program tﬁat
neglects the tunnel boundary and hence, do not accurately
reflect strains near the tunnel wall. The§ do however
adequately represent strain contours in the vicinity of the
extensbmeters. Only those stages where significant creep
strains were recorded are presented. These figeres assist in

the determination of zones of active overstraining and

possible overstressing.
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Figure 10 2 Creep Closure and Contours of Creep Strain -
MC-5.07 at 12.9 MPa
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Figure 10.3 Creep Closure ‘and Contours of Creep Stram -
\ MCSOSatIBGMPa
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Figure 10.4 Creep Closure and Contours of Creep Strain -
' MC-5.11 at 11.1 MPa
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Figure 10.5 Creep Closure and Contours of Creep Strain -
- MC-5.11 at 13.8 MPa = ‘ :
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’P'igure 10.6 Creep Closure and Contours of Creep Strain -
' . . MC-5.13 at 11,0 MPa B
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| Figure 10.7 Creep Closure and Contours of Creep Strain -
MC-6.02 at 12.6 MPa (t=28.8)
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Figuré 10.8 Creep Closure and Contours of Creep Strain -
MC-6.02 at 12.6 MPa (t=29.9)
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Figure 10.9 Creep Closure and Contours of Creep Strain -
MC-6.03 at 12.4 MPa '
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Figure 10.10 Creep Closure and Contours of Creep Strain -
‘ MC-6.04 at 14.9 MPa
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Flgure 10. 11 Creep Closure” nﬁ Contours of Creep Strain -
MC- 6 05 (108mm) ‘at 12.4 MPa °
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Figure 10.12 Creep Closure and .Contours of Cree
‘ MC-6.05 (152mm) at 12.4 MPa
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Figure 10.13 Creep Closure and Contours of Creep Strain -
MC-6.06 at 12.4 MPa -
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Figure 10.14 Creep Closure and Contours of Creep Stram -
MC-6.07 at 12.4 MPa
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F1gure 1015 Creep Closure and Contours of Creep Strain -
MC-6.07 at MBMPa
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Figure 10 16 Creep Closure and Contours of Creep Sttam -
- : MC-6.08 at.12.5 MPa
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Figure 10.17 Creep Closure and Contours of Creep Strain -
' " MC-6.08 at 15.0 MPa . '
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ngute 10. 19 Creep closure and Contours of Creep Stram -
MC 6.09_ at 15.0 MPa :
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?igure 10.20 Creep Closure and Contours of Creep Strain -
’ ' © MC-6.10 at 12.1 MPa
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- Pigure 10.21 Creep Closure and Contours of Creep Strain -
_ | MC-6.11 at 12.1 MPa
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Figure 10.22 Creep Closure and Contours of Cr Strain - »
MC-6.11 at 14.5 MPa '
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1. APPENDIYX D - DEVELOPMENT OF RADIAL STRAINS NEAR THE
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TUNNEL FACE - SAMPLE MC-"

Tne "nree JLUr€eE Tresertec rere_ - Enlw trne
- 4

.

»
- - BN " 1me - — -~ - > v - —~ - - -
Taltlae. stra: cé.e-cpmettqe.,e 2 whe agvencInz . e. Iazce
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* ) - o
S mir e mracemcan e s . T - !
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\
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ke o

“flgure.(dashed llnes). . o L g

The. excavatlon of the 42 mm dlameter tunnel ¥~

(Test MC- 7 08 F1gure 1.1) was 1ntbrrupted 'me to.‘
1‘1-3
':mechanlcal problems at Statlon 146 fgg a peqiod of

.0

0.3 hours._Atter thlS 1nterruptlon the rate of advance was.

o,
e

1ncreased from the pr:

»t

ayerage). thtle exten51onal stralnlng‘was observed until

the tunnel was w1th1n 0.5 dlameter of the 1nstrumentat10n

- 3

statlon. Typlcally the extensometers exhibited a rapld

increase in extensional strain as the: face advanced. with a.
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1ous 0 026 m/hr to 0.102 m/hr (on >
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Test MC-T,°0, Figure ) was interruptés rtwice by
mechanc:.a. groblems. The first occurred at Station ‘4% for a
perioc of U.43 hours and she second at Station 170 for a

gte of advance,;tnlttalty at ., &

.074 m/hr was 1ncreased to 0. 984 m/h. after the second

inte:ruption.-Straln patterns were 51m11ar to those observed

in Test'MC-7.08 however, exten51onal stralnang was

A

"generally not observed untll the face was w1th1n 0.26

v

diameters of the instrumentation station:uThe distahce over

which the gteater»paft of %training occurred (in terms of

'tunnelﬂdiameters)fwas much reduced. Strains greatiy-in B 4t

koprev10uslj?ﬁ1th contlnuedahlgher than avenage stralnlng ‘in’
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