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ABSTRACT
This thesis iIs part 0of a more general research program
investigating the failure process of a tunnel in a brittie
Jointed material, For this purpose a model testing technique
on natural material {coal) is used. Two specimens have been
tested for this particular thesise One of the tests was
carried beyond the rupture of the tunnel wall,

The test results and experimental conditions are
reported but the analysis 1is concentrated on the study of
the time - independent mechanisms invelved in the rupture,

Closed—-form solutions for the isotropic elasto-plastic
analysis of the tunnel closure measurements have been
adapted to the model test conditions. Different hypotheses
for the post—failure and volume change behaviour have been
consldered,. Comparisons with experimental data have showed
that an isotropic time-independent elasto-plastic analysis
cannot explain the failure process in details, even if it is
consistent with +the elastic and strength properties of the
material. It 1is suggested that an isotropic elastic -
anisotropic plastic analysis be used,also taking into
account the time—-dependent and time -independent anisotropic
stress redistribution processes.

The rupture of the tunnel wall in the second test is
described and commented. Joints in the material have been
proven to play a role in the rupture process by intercepting
and shortening the plastic slip lines. The rupture

initiation, propagation and eventual stabilization have been



explained by a model taking inte account the joint density
and the local radius of curvature of the tunnel walle. Local
instabilities of the tunnel wall could generate collapse of
a tunnel and should be analysed by an anisotropic plastic

egquilibrium analysis.
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RESUME
Cette these est incluse dans un programme de recherche plus
genaral destiné a etudier le processus de ruine d’un tunnel
dans une roche fragile et jointive., A ces fins, on utilise
des modeéles reduits de tunnel dans un ma teriau
naturel{charbon). Deux blocs differents ont ete teste pour
cette these ; l'un d%eux présentant une ruine du tunnele.

Les resultats de ces essais et les conditions dans
ltesquelles 1ls ont etée effectues sont decrits mails l*analyse
concerne essentiellement l'etude des mecanismes independants
du temps inmpliqu@s dans la ruine de l'ouvrage.

La convergence du tunnel a ete etudiee par des analyses
elasto-plastiques et isotropes, adaptées pour la
circonstance aux conditons partlculléres du modele réeduite.
Ces analyses classiques consideérent differentes possibilltés
pour le comportement de la roche apres sa rupture ou en ce
qui concerne les variations de volume. Une etude comparative
avec les réesultats expérlmentaux a montre que ce type
d?analyse, lndépendante du tempsy, ne peut expligquer
complétement les deformations menant a la ruine de
l%ouvrage, meme si elle peut expliguer individuellement
chague convergence avec des paramétres d?élasticite et de
résistance consistents avec les essals de laboratoire. Une
analyse isotrope dans le domaine élastique et anisotrope
dans le domaine plastique devrait etre utilisee pour ce
genre d'étude ; elle devrait aussi considerer les processus

complexes de redistribution des contraintes qui sont
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anisotropes, et qul dépendent ou non du temps.

La rupture de 1la paroi du tunnel dans le second bloc
est decrite et commen tée. On a montrée comment le
Jjointoiement du milieu jouait un role important dans cette
rupture en interceptant et raccourcissant les lignes de
glissement plastiquese. L? amorce de cette rupture, sa
diffusion et sa stabilisation finale sont expliquées par un
modele dont les principaux paramétres sont la densité du
Jointoiement et 1le rayon de courbure de la paroi. Des
instabilites locales de la parol peuvent engendrer la ruine
de l1%ouvrage et doivent etre eatudiees par une analyse

anisotrope de l'equilibre plastique.
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CHAPTER 1
INIRODUCTION

1.1 General

The last fifty years have witnessed tremendous progress
in the construction of stable tunnelse, The major
contributions are known as the New Austrian Tunnelling
Method (NATM) and the Observational Tunnelling Method. New
technologles such as rock bolting and shotcrete, new
construction procedures involving rate and seguences of
excavation and subsequent supports with different
stiffnesses, monitoring of deformations and loads and
subsequent adjustment of the design are the main features of
these successful methods.

More recently the availability of advanced computer
techniques has permitted theoretical analyses of some of the
processes involved in tunnel stabilitye Although an
important contribution, these analyses are now over -
sophisticated and need to be supplied with observations on
the actual mechanismg involved in the time - dependent and
time - 1independent failure of an épenlng. For instance
stress redistribution due to isotropic or anisotropic creep,
or to global or local yielding around a tunnel are rarely
taken into account in analyses because the processes
involved are not well understood.

Kaiser(1979) initiated a research program at the

University of Alberta in order to investigate the time -



RS

dependent deformations around a tunnel in a brittle
materials. For this purpose he chose to develop model tests
rather than to analyse actual case histories {(which have the
disadvantage of being rarely documented in sufficient
details)e He used coal as a model material because this
natural material was readily avajlabley,had suitable
structural characteristics and had already been studied by
Noonan{1972)¢ Even if it has disadvantages such as lack of
control of uniformity, the use of a natural material has the
essential advantage of supplying the test with the intrinsic
properties of a true scale natural material . Time -
dependent rupture mechanisms may thus be controlled,
monitored and recorded.

The purpose of the model testing underteken Iin this
research 1s not to simulate +the behaviour of an actual
prototype, but to understand the fallure process of a tunnel
in natural material. Kailiser{1979) studied in detail the time
- dependent deformations of the tunnel before failure
occurred. This present thesis analyses the time -
independent processes of rupture, Future work will

investigate the time —- dependence of this rupture process.

122 Behaviour of the Rock Nass near ap Opening in a Brittle
Jointed Nediume

Excavation of a tunnel generates a tangential stress
concentration In the vicinity of the wall. Because the creep

properties of most rocks are also stress dependent, stress



relaxation occurs near the tunnel where the confinement is
the 1least. This causes a time ~ dependent redistribution of
stresses to zones further from the tunnel wall,

If at any time the stress level exceeds the time -
dependent strength of the rock, vyielding occurs. These
plastic deformations may be global or only local and are
another cause for stress redistribution to occure. After
larger deformations, the tunnel wall may vrupture. This is
controlled by the structure of the ylelding rock element and
it 1is most likely local. This is a third reason for stress
redistribution to occur. The redistribution of stress may be
isotropic but 1t is most likely anisotropice.

Propagation of the plastic zone and propagation of
rupture terminate eventually. Where the confinement
increases {(away from the opening) the material becomes more
ductile and the stress redistribution process becomes
inhibiteds The bhoundary condi tions of rock elements involved
in the rupture process become less favourable for a local
instabill ty. The recognition of these stress redistribution
processes 1s essential for a proper evaluation of the load

on a tunnel supporte.

l:3 Scope of this Thesis

The objective of this thesls is to study the time -
independent mechanisms involved in the stability of an
opening in a brittle rock mass. This thesis 1s part of a

more general research program and for +this reason, the



testing procedure {multiple—-stage creep tests) is similar to
the one used by Kailser(1979)., The time -~ dependent data are
repor ted and described but the analysis is concentrated on
the rupture mechanisms. Time - dependent aspects of rupture
will be analysed in a further study. For the same reason,
testing procedure and equipment are only broadly described
in this thesise. More detalils have been already given by
Kaiser(1979).

Chapter 2 summarizes the knowledge about the material
used 1in the model tests. This coal has been already studied
by Noonan(1972) ,Kaiser(1979) and da Fontoura(1980) . High
pressure triaxial tests are reported to constitute the
contribution of  this thesils to extending our knowledge of
this material.

Testing procedure and equipment are described in
Chapter 3. More details regarding the development of this
equipment are given by Kaiser{(1979)

Two coal specimens have been tested during a eight
months testing period., They are called MC—-3 and MC-4 (MC for
Model test on Coal). These tests are described in Chapter 4.
The resulting stress - strain curves are given in Appendix
Bl.

Chapter 5 analyses the data near failure. In order to
study the deviation from 1linearity of the tunnel closure
measurements, elasto—-plastic analyses with different
hypotheses of post—-failure and volume change behaviour have

been adapted to the model test condil tions. Appendices Al to



A4 give the complete derivations of these methods, a list of
symbols and other miscellaneous 1itemse. Theoretical and
experimental da ta are compared and the discrepancies
analysed, In the same chapter an. attempt is made to
determine independently elastic parameters of ccal from the
model test data.

Sample MC-4 experienced a rupture of the tunnel wall,
The description of this rupture and of the mechanisms
involved in its 1initiation, propagation and eventual
stabilization is the objective of Chapter 6. Time -~
dependent data of the rupture are described in the same
chapter and reported in Appendix B2.

A summary of the conclusions, some implications and
recommendations for future research constitute the

concluding Chapter 7.



CHAPTER 2

COAL AS A MODEL MATERIAL

2:1 Introduction

To use a natural material such as coal as a model
material has similar inconveniences to those encountered by
any geotechnical engineer 1in fileld worke: The material is
heterogeneous, anisotropic and its properties cannot be
controlled but have to be determined.

The purpose of this chapter is to describe briefly the
origin, structure and mechanical properties of the coale.
Results from several triaxial tests with high confining
pressures will be summarized and the structure of two blocks
used in the model tests will be described.

This chapter mainly summarizes the work done by
Noonan(1972) , Kaiser{1979) and da Fontoura(1980) in the
determination of the properties of the coa}. Detailed

explanations will be found in the above references.

2:2 Origin apnd Siructure

222+1 Origin and geology

The coal samples were collected at the Highvale Mine
located on the south shore of Wabamum lakey, 75 km. west of
Edmontone. This strip mine provides coal for the nearby
Sundance power plant operated by Calgary Power Ltd.

Large blocks were collected in the mine and samples

were trimmed from these blocks for triaxial tests as well as



for model tests (Xaiser(1973)).

Wabamum Lake is located on the boundary between the
masslive sandstones of the Tertiary Paskapoo Formation to the
west and the Upper Cretaceous Edmonton Formation to the
easte The coal is in the Scollard member of the upper Ardley
coal zone, at the top of the Edmonton formation, which is
one of the most promlising sources for Albertan coal( Holter
et al(1975) )e This coal-bearing stratum overlies different
types of bentonitic shales. Pearson{(1959) describes the

Wabamum Lake district in detail,

222+2 Physical Properties

The coal is classified as "Sub-bituminous B" according
40 the Canadian classifications Its natural molsture content
ranges between 21% and 24%. Values for the specific gravity
{1.58) and the degree of saturation (70%-100%) have been
provided by Noonan{1972).

Most <coals are orthotropic in structure ,containing
bedding planes and two orthogonal cleat systems (Evans and
Pomeroy(1966) , Ko and Gerstle(1976) ). The Highvale mine
coal contains horizontal bedding planes, a vertical,
discontinuous , closely spaced(0.5-2 cm) first cleat system
and a poorly developed, irregular second cleat system. The

first cleat system will be called a joint system hereafter.

2+2¢3 Alteration of the Physical Properties



292¢3+1 Introduction

It will be shown at the end of this chapter that the
two blocks used #for model test purposes have a different
structural aspecte One block contains more micro-fractures
than the other. However, they have been collected and
handled together in the same manner before being storede. The
only difference is in the storage time and in the sample
preparation. These observations create a concern to
determine the reasons for the alteration of the physical
properties of the coal, in order to optimize the storage and
sample preparation conditionse.

When extracted from 1ts natural environment a coal
sample may suffer two major types of alteration =
1. moisture content change
2. oxidation
These processes have been described by Fryer and

Szladow( 1973) o This section mainly summarizes this work.

222:3+2 Changes in moisture content

In its natural state, coal is more or less saturated
with water. ¥Yhen exposed to air, the moisture content
reduces until a new state of equilibrium is reacheds, If the
relative humidity of the envirenment increases , the coal
will reabsorb moisture. This cycle may be repeated many
timese.

AS the moisture transfer is gradual from the surface to

the interior of the <coal sample, internal stresses are



generated by differential expansion and cause a partial
disintegration of the structure. As well as causing this
alteration, which 1is called "decrepitation" or "slacking",
abpsorption of moisture generates heat which accelerates the

oxidation processe.

202:3:3 Oxidation

While losing and absorbing molisture when exposed to
air, coal will also '"chemisorb" oxygen and so0 become
oxidizedes This process may lead to a molecular degradation.

It is a function of the exposed surface and the temperature,

222:3:4 Precautions to take in storing coal samples

Generally 1low rank coals will slack much more quickly
and extensively than coals of higher ranks. To quantify this
phenomenon a slacking Index was defined as the proportion of
~0e¢265 in material formed when a #1.05 in coal sample is
alternatively air dried and rewetted by immersion in water
(Fryer and Slazdow(1973)). This index was statistically
correlated to the natural moisture content of the coals The
coal used for the tests, with an average molsture content of
24% , has a slacking index of 50%.

1t is important, when storing samples to minimize
drying-wetting cycles and oxidation. This can be achieved by
storing the samples under conditions of constant humididity
or more simply under water, keeping the temperature as low

as possible, but above freezing.
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2¢2,3:,5 Storage and Handling of the Model Test Blocks.

The coal samples have been stored in a moisture room
with 100% relative humidity and at a temperature of S°C. To
prevent any moisture loss, the model test blocks have been
protected after trimming by a latex coating, wrapped in
plastic and strapped with plywood sheets. Moisture content
determinations on samples stored in such a way for a year
have shown that this method prevents any significant
alteration.

When in the compression machine, the samples are
covered by a 3 mm plaster of Paris layer and a sendwich ''wax
paper—plaster—-wax paper', and the tunnel wall is covered
with a double coating of latexe. In the room where the
experiments are carried out, the relative humidity |is
unfortunately not kept constants. However, determination of
moisture content on the core obtained when drilling the
tunnel and on the sample at the end of the test are
similar.This shows that the method used to protect the
sample is efficlent.

The samples will suffer much more during the transient
stages of the handling process:the original transfer from
the field to the laboratory, the trimming and the

preparation.

232436 Conclusions
it appears that repetitive drying-wetting cycles have

t0 be avoided in handling coal samples. The best solution is
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to keep the original moisture content. Storage conditions in
the moisture room are sufficlient to achieve this protection
agalnst moisture loss for a long period of timee It is
essential however to keep the sample protected at all times
during the transient stages described abovee. The most
efficlent solution is to keep the sample wrapped in plastic
sheets and to uncover 1t for minimum time periodse The
practice of "watering'" the sample during the preparation, in
order +to reduce molsture loss, has to be avolided as it may
be detrimental for the sample structure. This may have

caused the '"decrepitation" effect in sample MC-4,

223 Mechanical Properties
223:1 Review of Previous Testing
2:3.10.1 Strength Properties
Direct shear tests on both precut and intact samples
have been conducted by Noonan{(1972)(see also Morgenstern and
Noonan{ 1974) Je¢ The wmain conclusions can be summarized as
follows =
1e For a discontinuously open joint, the angle of friction
g assoclated with the peak strength depends only upon
the shearing resistance of the intact material and the
cohesion intercept increases with decreasing degree of
separation of the Joint, The degree of separation is
defined as the ratio between the total area of the plane
containing a Jjoint and the area of open joint surface.

2. The Young®s modulus , back-calculated from direct shear
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test results, ranges between 140 and 550 MPa, increasing
with normal stress,
3, The ultimate @-value of the strength envelope is 300,

Kaiser(1979) conducted further direct shear tests with
normal stresses between 1 and 4 MPa and concluded that there
was a reasonable agreement between his results and Noonan?®s
conclusions. Assuming a linear Coulombp failure envelope and
a friction angle of 30%, cohesion intercepts were calculated
between 0,87 MPa and 1.9 MPa for the peak strength, and 0.3
MPa and 0.85 MPa for the reversal strengthe. The higher the
value of the strength, the lower |is the degree of
separation.

A similar approach was used by Kaiser(1979) to analyse
the results of several +triaxial tests with confining
pressures up to 1 MPa. The cohesion intercept ranges between
0.7 and 2.05 MPa at peak strains, and between 0.14 and 0.84
MPa at strains of 3 %, These values are affected by the mode
of failure, the confining pressure level and the degree of
separation of the Joints. The c¢oal was described as a
elastic strain—-weakening material with a Young?s modulus

between 850 and 1300 MPae.

2232122 Time—-dependent properties

Kaiser(1979) and da Fontoura(1980) have investigated
the time—-dependent properties of this coal. XKaiser conducted
multiple-stage repeated relaxation tests and concluded that

coal, as a brittle rock with time-dependent strength, can be
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described as a visco-elastic, visco-plastic,
strain-weakening materlial (Kaiser and Morgenstern( 1979) ),
From single-stage and multiple-stage creep tests, da
Fontoura determined an empirical creep law for the

pre~failure range of this coals

233:2 High-Pressure Triaxial Tests

22322s1 Introduction

In order to understand the behaviour of the coal at
high confining pressure, triaxial compression tests were
conduc ted with confining pressures between 3 MPa and 10 MPa.
Sample preparation, testing and analysis are described by
Kaiser{1979) and only a brief desciption will be presented

heree.

22322¢2 Sample Preparation

Cylindrical samples, 4 cm in diameter and 8 cm in
length were drilled from blocks of coal in the laboratorye.
Water was used as the cutting flulde The axis of the core
barrel was orientated parallel to the bedding planes and at
angles of 309, 459 and 600 respectively with the major joint
sete. The samples were cut with an attempt made to keep the

ma jor visible joints from intercepting the ends.

2+J:2+3 Testing Procedure
The samples were tested in a Wykeham Farrance

high—-pressure triaxial cell designed for rock specimens up
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to 50 mm in diameter with a maximum allowable cell pressure
of 10 MPae. The compression machine is a relatively soft
testing machine (Wykeham Farrance).

All samples were consolidated and sheared at a constant
rate with free drainage. The highest rate was 0.56 mm /hr.
The test may be considered as fully drained at this

strain-rate( Kaiser{ 1979)).

2:392:4 Test Results

In order to determine the dependence of the strength of
a <coal mass on the direction of the joints with respect to
the principal stress directions, joint orientations of 300,
459 and 600 with respect to the sample axis were selected
for this study. A 300 sample should fail along a joint and a
60% sample may be expected to fail through the intact
material, with a strength approaching the strength of the
intact material,

All the samples exhibited a composite failure plane and
the majority of them falled partially along ,joint surfaces.
This is unfortunate as the results will not indicate the
maximum strength exhibited by +the intact materiale. The
resul ts thus cannot be considered as an upper limit of the
strengthe.

The results of the eight tests are summarized in Table
2.1« The strength envelope 1is presented on a Mohr circle
diagram which 1Is assumed to be linear{Figure 2.1), and the

stress—strain curves are plotted together in the Figure 2.2,
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Teble 2.1 Properties of the Triaexial Test Samples

Test ID A B C D E F G
O3 9308 9308 3792 7240 10687 7240 3792 3792
kPa
Back Pr. 345 345 345 345 345 345 345 345
kPa
o} 8964 8964 3447 6895 10342 6895 3447 3447
kPa
(03-01)f 28108 25564 16651 24409 28490 | 22362 16179 {19761
kPa .
(03-0;) 23700 24400 14940 19792 21800 | 1649C 7590 |14600
€=47 (€=37%
E 1221 1342 1096 1153 1249 1518 1164 1403
MPa
ec o 0.75 0.904 0.42 0.80 0.73 0.10 0 0.624
ef 9 3.302 3.273 2.359 3.75 3.401 1 1.693 1.629 2.280
*
Ef v 0.25 0.464 0.420 0.85 0.39 0.16 0.24 0.25
£ . 0.28 0.75 0.28 1.92. 0.75 0.75 0.28 0.28
%Z/hr
1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60
assum
Ye g/ch| 1.43 | 1.40 | 1.34 1.38 | 1.35 | 1.40 | 1.40
Yd g/cﬂ 1.15 1.13 1.08 1.07 1.08 1.09 1.10
w v 23.86 23.55 24.72 28.06 25.30 27.9 27.42
S 0.9824| 0.9104| 0.8096 0.916 0.831 0.961 {0.968
r
e 0.388 0.414 0.488 0.491 0.487 0.464 10.453
X % 50 70 40 80 50 60 40
(estim.)
B. . 20° 30° 45° 45° 25° 60 ° 30° 60 °
joint
Bfail. 40 58 45 40 30 28 60 26
(The 3ngles B |are taken with despect fo the sample axds)
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Two 300 samples (F and 1I) falled along joints on a
step—~1like surface. The remaining samples, as indicated
before, failed partially through the intact material and
along Joints. The interpretation is complicated by several
other factors
1« The 1load <cap 1is not particularly designed to allow
lateral deformations and the large deformations after
failure will thus be influenced by the apparatuse.

2e Subsequent +to failure the upper corners of the sample
were crushed, which makes the vlisual observation of the
failure zone difficult.,

3¢ As described previously, the axis of the sample is
parallel to the bedding plane direction. In some of the
samples the composite fallure surface included parts of
bedding planes in their step—-like shape.

Hence some of the stress-strain curves appear peculiar
after a first load peak, and before large strains occurred
(see Figure 2.2), the analysis will only consider the
behaviour of the sample up to the first load peake The
corresponding points are plotted as circles in Figure 2.1
("Peak values").

Assuming a linear Coulomb failure envelope and a peak
friction angle of 309, all samples but sample I were found
to have a cohesion intercept between 1.5 MPa and 2.4 MPa.
Sample I has an unexpectly high shear strength of 3.6 MPa.
This may be explained by the fact that the failure surface

intercepted the upper end of the sample.
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The general tendency in the volume-change measurements
is to show compression prior to failure (0.3% to 0+.7% volume
change) and dilation subsequently. Since they are

incomplete, they will not be presented hereafter in detail.

224 Description of the Model Test Samples

2:4,1 Introduction

The purpose of thlis section is8 to describe the coal
blocks used 1in model tests MC-3 and MC-4. A careful
description, in particular of the heterogenelty of the
samples, is essential for the evaluation of the experimental

resultse.

2:4,2 Sample MC-3

29492201 Sample Without Tunnel

A sketch of the sample 1s shown in Figure 2.3. At first
sight the sample seems +to be particularly heterogeneous.
Vegetable remalns, apparently from a trunk or a root, were
exposed while trimming face 1. The macerals present iIn this
lentical seems to be harder than the average and as a result
of differential stiffness a radial fracture pattern
developed centred on these remainse This is particularly
apparent on the bottom face. Moreover, the main joint
pattern is perturbed by this hard zone from its regular
direction, and seems to go round the lentical.

These features, as interesting they may be from the

geological point of view, are obviously not desired in a
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—~  fracture

Figure 2.3 Sketch of Sample MC~-3 before Preparation
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sample for model test, whilich should be as homogeneous as
possible. However, these features are located near the
boundaries of the sample and the central part is fairly
homogeneous with regular jointing. It appears also that the
fractures apparent on the faces are not continuous through
the whole sample and thus this block was chosen for test
MC-3.

The Joints inclination varies between 40° and 450 from
the "horizontal axis® {1-3) and are uniformly spaced {about
1cm)e Corner 2-3 exhlbits an existing fracture surface which

makes it fragile.

22432:.2 Core Drilled in the Centre of Sample and Tunnel Wall
The visual observation of the tunnel wall confirmed the

structure of the block. It showed three ma jor planes of

weaknesses 3

1. A major plane of separation crosses the sample at
mid-height.

2« The main fracture noticed on the top face dips at 459
towards face 4.

3+« Another fracture noticed on the bottom face is parallel
to the first one. These fractures are not continuous
through the sample.

Due to these major discontlnuities the core was recovered in

five separate pleces. The core was sheared in rotation along

the median plane of separations The moisture content of the

core, measured after drilling, was found to be 23.8% on
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average, which indicates that the procedure followed to
maintain the original moisture of the sample was efficient.
After drying, the pieces exhlbit a well defined _joint
pattern with a spacing of about 1 cm and several ma jor

bedding planes with an average spacing of about 4 cm.

2243 Sample NC—-4
22423+1 Sample without Tunnel
This block does not show any maJjor fracture. The

Jointing 1s regular(1-2 cm) and is inclined at 450, However

the block is heterogeneous 3

1. Some inclusions have been exposed by +the saw while
trimming the block. They have a smoother and harder
surface than the other parts of the sample. The joilnting
does not appear to be continuous through these
inclusionse The hard inclusions are located principally
near corner 3—-4 on the bottom face.,

2« The ma terial surrounding the inclusions {is more
intensively jointed.

3. Some discontinuities may be observed, crossing the side
faces 1 and 4 at 45%, They are thin bands of finer
material widening sometimes to accommodate several small
inclusions of the same type as the ones described above
(1 cm in diameter).,

4. All over the sample surface 1lenses of a dark brown
material are visible. It was observed later that this.

material also filled the discontinuities apparent on the



Plate

2.1 Sample MC-4 before Preparation



24

side facese X—-rays analyses iIndicated that the material
was wmainly composed of kaolinite (85%), montmerillonite
(10%) and illite (5% or 1less)y with no organic
material).
22423:s2 Core Drilled in the Centre of the Sample and Tunnel
Wall

The tunnel was drilled by using a core barrel which
transmitted lateral vibrations to the material. As a result,
there was no recovery from this drilling operation. The core
was reduced to small pieces, mainly horizontal flakesy with
an average size of 3cme Some round—-edged pieces of coal were
recovered, The average moisture content of the recovered
material was as low as 18.1%.

This low moisture content indicates that the sample
suffered from dryinge. Even if the mass looks intact and
homogeneous, the sample at this stege contains some
microfracturings Actually the sample was left uncovered for
8 hours during the preparation and then heavily watered
which may have caused the '"slacking™ of the structure.
However 1f highly confined, the sample should not be very
much affected by this alteration, but the structural
alterations may requce the strength of the material around

the tunnel,



CHAPTER 3
DESCRIPTION OF THE MODEL TEST APPARATUS AND PROCEDURE

d+1 Introduction

331s1 Preliminary Remarks

This geomechanical model study follows that of Kaiser
(1979) who designed the test apparatus, based on egquipment
developed by Heuer and Hendron {1967, 1971). The equipment
and the procedure used for this thesis are identical that
described by Kaiser (1979) and a complete description of the

system will not be repeated here.

3:1:2 Required Specilfications of Test Apparatus

The most important aspects of the testing equipment are
summarized below,.

A block of coal (60cm/60 cm/20 cm) has to be tested
under plane strain conditions. Access for instrumentation
has to be provided in the middle of each lateral face and at
each corner of the sample, and for the tunnel deformations
measurements and visual observations through the loading
heads A surface pressure of maximum 15 MPa is required on
the lateral faces of the sample and will have to be
maintained with minor fluctuations during long term creep
tests (>5 days)e The lateral loading systems have to be
independent in order to apply different stress ratios to the
model blockes A large amount of data is expected and

automatic data processing is essential to control the teste.

25
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This chapter describes brlefly the testing system designed
in accordance with the above specificatlons. The purpose is
to 1introduce the reader to the test apparatus and to make
the remainder of this thesis understendables, For a detailed

discussion, see Kaiser (1978).

3:2 Degcription of the Testing Egquipment

322+1 Compression Machine

A picture of the compression test machine is presented
on Plate 3.1« The sample with the tunnel in the vertical
position 1s seated on a steel base plate. Plane strain is
maintained by a rigid loading head which is controlled by
four rams (visible on the picture in vertical position). Two
rams act on each lateral face. The four rams in each
direction are connected to each other and pressurize the
sample simultaneously. An upper and a lower reaction head
are connected by four rods and constitute the reaction frame
in the direction of the tunnel {called hereafter
"longitudinal direction), In the lateral directions (called
"horizontal" and "vertical! directions) the reaction frames
are cantilevered beams, supporting the rams, and restrained
from bending by %two upper movable rodss. A window is provided
in the loading head to make the tunnel accessible during the
teste The load is distributed uniformly to the sample sides
by a set of triangular prisms In a vertical position.
Between the ram piston and the prisms is inserted a load

cell (aluminium hollow cylinder with strain gauges glued on



Plate 3.1 Model Test : Compression Machine and Data
Acquisition System
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the 1inside wall) sitting on a spherical, lubricated seating
to avoid the transmission of any bending moment.,

The rams are controlled by three independent hydraulic
pumps, one for each direction of loadings A maximum surface
pressure of 16 MPa can be applied to the sample side and
maintained with 1load fluctuations of less than one percent
for days or weeks. This system allows maintenance of plane
strain conditions and loading with different ratios of the
applied load:

N=86p/by
8h being the load in the "horizontal" direction and 6y the

load in the "vertical" directione.

32,2 Instrumentation

The instrumentation 1is designed to monitor three
different types of displacements 2
1. Tunnel deformations in four directions;
2+ Internal strains around the tunnel;

3. Overall external deformations of the blocks
The deformations are measured by electronic transducers
(Linear Voltage-Dlisplacement Tranducers or LVDTs ).

The device measuring the deformations of the tunnel is
presented on Plate 3.2 (upper picture)s A vertical stand is
fixed on the steel plate below the samples On each diameter
two LVYVDTs measure the displacements of <the tunnel wall
giving the closure of +the tunnel with an accuracy of 2.

10~4*%., The closure of the tunnel is defined as the ratio



Plate 3.2 Instrumentation 2 Tunnel Closure Measuring Device
and Extensometer
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between the change in diameter and the original diameter of
the tunnel and is expressed in percent.

The average internal strains are calculated from the
measurement of the relatlive displacements of two points of
known original separation within the rock mass. This 1is
achleved 1in practice by use of the extensome ters shown on
the lower picture in Plate 3.2, Two coaxial rods are grouted
at thelr ends, in a hole within the sample masse. The inner
rod 1s glued at the end of the hole whereas the outer rod is
glued at a known distance from the end of the hole (5 cm).
The relative displacement of these points 1s measured by an
LVDT fixed +to the other end of the coaxial rodse. The third
tube shown on the picture is a protective rode The strains
are thus calculated with an accuracy of +2.10"3, Two rings
with elght extenscometers are installed radially in the
direction of the principal stress axes and in the diagonals
of the sample. The first ring is set up as close as possible
to0 the tunnel wall (tip at 1 cm from tunnel wall), and the
second ring measures the strain further away from the wall
{(tip at 5 cm from the wall).

The extgrnal deformations of the sample are measured in
the three directions of loading. Four LVDTs measure the
displacements of the four corners of the loading head in
order to check the plane strain conditione. Four LVDTs
mounted on stands fixed on +the base plate measure the
displacement of each face.

The combination of the readings in each lateral



31

direction gives the overall strain of the sample.

323 Sample Preparation

Block of about 1 m? are collected from the mine as
described by Kaiser (1979). They are trimmed by saw to the
shape of a regular parallelepipedone The jolnts of the coal
are parallel to one of the diagonal plane of the sample and
the bedding planes are perpendicular to the tunnel. The
faces are carefully mapped and then sanded to create
parallel surfaces and to remove any loose material. Small
depressions and broken corners are filled in with a stiff
grout and sanded until a uniform flat surface is obtained on
each face.

The sample is then placed in an aluminium mould with
reﬁovnble sides, Faces and sides of the sample are coated
with a 3 mm layer of Plaster of Paris. Two protective sheets
of wax paper isolate the plaster layer from the coal surface
and from the ocutside. This surface preparation is necessary
to ensure a uniform transmission of load to the sample.

Holes are drilled and the extensometers are installed.
Accurate records of +the sample dimensions and of +the
instrument 1locations are essential for the +test result
interpretations. The sample is then moved to the testing
machine and the loading heads are installed, isolated from
the sample by teflon sheets to minimize friction on the
sample faceses The LVDTs are mounted and the zero readings of

the 1load cells are taken. The rams are brought into contact
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with the loeading heads and a zero reading of the LVDTs is

takene The sample is now ready for testing.

324 Loading History

The intact sample is loaded several times up to 10 MPa,
about 2/3 of +the capacity of the machine. This iIs done in
order to determline the elastic properties of the sample, to
compress the plaster layer and to induce crack closure.
Sustalined load tests are also carried out to study the
time—~dependent compressibility of the material under
hydrostatic compression.

The tunnel 1is drilled after the loading head has been
removed., The tunnel wall is immediately covered with two
coatings of latex to prevent it from dryinge. The sample is
reinstalled and loaded by 2 MPa increments, after an
original increment of S5 MPa up to the upper limit of the
loading range (16 MPa)e The load is kept constant at each
load stage for a period of one or five days.

If rupture of the tunnel wall does not occur the sample
is unloaded and left for recoverye In Chapter 4 the actual

loading histories for the two tests are given in detail,

325 Description of the Data Procesging System
33551 Data Processing
A data logger scans automatically the measurements of

44 instruments (36 LVDT and 12 load cells) at regular time
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intervals. The data are recorded on a cassette on a computer
terminal and can be +transfered directly to a file in the
main computer of the University. Datalogger, transducers
conditioner, and computer terminal are presented on the
lower picture in Plate 3.1,

Several computer programs allow one to process the data
and produce among other things stress—strain and strain—time
plots. These plots may be visualized on a graphic terminal
within less than one hour after the last reading has been
recorded. This rapid data analysis allows optimal control of

the test procedure.

32532 Data Presentation

Most data are presented in the following plots:
1. Stress—strain plot {or stress—closure);
2 Strain—-time plot {or closure—-time);
3. Log straln rate-log time {or closure rate—time).
The first two types of plots have linear axes: there are
four curves per diagram, each being identified by a symbol,
corresponding to the sketch in the upper right corner of the
frame. This sketch represents the samplej; two diagonal lines
indica te the jointing, the solid circle the tunnel and the
dashed circles the two rings of internal extensometers. On
each figure the N-value calculated as an average over the
data presented on the figure is given. On the stralin—time
plots, TZERO is the zero time of the sustained load test

with respect to the beginning of the test, and SIGMAV is the
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average stress in the "vertical" direction. Stress versus
strain curves are presented in Appendix Bl. Typical creep
curves {(strain versus time) are presented on Figure 3.1 for
the closure of the +tunnel and the external deformations.
Other curves are presented in Chapter 4.,

The strain rate versus time plots are presented on a
log—-log scales The strain rate 1is the slope of the line
calculated by linear regression over +three points and
plotted at the time corresponding to the mid-point. Only the
absolute value is plotted, If the rate 1is positive a
straight, solid line is drawn between the points and if the
rate 1is negative, the points are plotted as small solid
triangles. After 30 readings have been taken, a "trend" is
obtained by calculating the slope of the line between three
points separated by 10 readings. The results are plotted as
plus for positive rate and crosses inclined at 45 degrees
for negative rate. Two typical examples of strain rate time
plots are shown in Figure 3.2 and correspond to the creep
curves presented 1in Figure 3.1, Other curves showing

negative strain rates are presented in Chapter 4,



CHAPTER 4
DESCRIPTION OF THE IESTS AND EXPERIMENTAL RESULTS

4.1 Introduction

Two different specimens were tested in this study (MC-3
and MC-4). Each sample was subjected to a series of
sequential loadings (e.ge. Tests MNC-3.0 to MC—~3¢2)e The
actual 1loading histories are described in Sections 4.2 and
4.3 and are based on the procedure discussed in Section 3.4.
They are also presented In graphs in Appendix Bl.

Too many data have been acqulred to be presented fully
here. All data has been summarized in an internal report
(1979) of +the Geotechnical Section of the Department of
Civil Engineering, University of Albertas Only the
stress—~strain curves are reported in full In this thesis and
are given in Appendix Bl. Some representative strain - time
and strain rate - time curves are shown in Section 4.4.

Although similar, the two tests differ 1in several
aspec ts:2
l1e Diameter of the opening 2 12,7 cm for sample MC-3 and

152 cm for the sample MC-4.
2e Duration of the creep tests: 5 days for sample MC-3 and

1 day for sample NC-4.

3. Ultimate behaviour: Sample MC-3 collapsed by shearing of
a corner, while the tunnel was still intact; Sample MC-4
did not collapse fully but the test was stopped after

extended rupture of the tunnel wall,

37
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The interpretation of the experimental data may be
subdivided into three parts: elastic properties, strength
propertlies and time - dependent {visco - elastic and visco
-plastic) properties.

While the 1loading of a classical triaxial sample can
provide independently an elastlic constant (e.ge Young's
modulus), the loading of the model test cannot permit the
distinction between two elastic parameters which Influence
simultaneously +the measurements (eege Young's modulus and
Poisson's ratio)d. An attempt was made to de termine these
elastic parameters independently (Section 5.2). It led,
however, to scattered results. Because of this complexity
the elastic deformations will not be analysed in detail. The
assumption of a Poisson's ratio of 0.2 leads to values for
Young?s modulus between 1000 and 1700 MPa. These values are
slightly higher than the results of triaxial tests.

The strength properties will be analysed in Chapter S,

The visco - elastic properties of the material in the
pre—failure range of the loading have been analysed in
detail by Kalser(1979) based on the results of previous
testse The time - dependent behaviour of samples MC-3 and
MC-4 are Iin agreement with his conclusions which are
summarized in Sectlion 4.4, The analysis of the time -
dependent plastic deformations is beyond the scope of this

thesls,.
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4.2 Semple MC-3 : Loading History

442.]1 Introduction

Sample MC-3 was collected and trimmed during winter
1976-77 and instrumented in August 1978, It was tested over
a three month period between August 30th and December 9th
1978, The 1intact sample was loaded 4 times and the sample
with tunnel was subjected to two loadings: the first one is
a multiple—stage creep test and the second cone a short term
loading test. The complete loading history is presented in
the followinge The different steps are described for each
test. For each step a time is glven {t=ses)e¢ It corresponds
to the end of the 1load step and 1Is measured from the
beginning of the test. The vertical stress and the N-value

are also givene.

452:2 Loading History

Intact sample

*¥ Test MC-3.0 ¥ Aug.30th * N=0.75
- Loading = 8500 kPa t=2h.

1000 xPa t=4h,

- Unloading

- Reloading 4500 kPa t=7ha.

* Test MC-3.01 % Septs 1st * N=1.01
- Loading = 6000 kPa t=2h.

- Unloading ¢ 0 kPa t=2.5h.

¥ Test MC—3.02 * Septs 4th * N=1.,09

- Loading : 9500 kPa t=3,5h.

- Unloading : 0 kPa t=4h.



Test MC-3.03 * Septe 6th * N=1,01

Loading 2 8500 kxPa t=2.5h.
Creep : 8500 kPa t=20h.
Unloading = 0 kPa t=20h.
Recovery : t=4Sh.

The tunnel was drilled

drilling operation +took about

September 8th 1978,

minutes
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The

The core was

recovered 1Iin five major pleces and is described in Section

2¢4.2.2,

Sample with Tunnel

Test MC~3e1 % Sept. 28th *
Loading 2 4781 kPa t=2h,
Creep * N=1.06 t=120h.
Loading = 6917 xPa t=121h.
Creep N=1.02 t=238h,.
Loading = 9000 kPa 1t=240h,
Creep N=1.00 £=350h.
Loading 2 11117 kxPa t=350h.
Creep N=0,99 t=609h. (double
Loading : 13336 kxPa t=610h.
Creep N=0.98 t=719n,
Loading = 15000 xPa +t=715h.
Unloading t=717h
Recovery t=1067hr

Test MC-3.2 ¥ December 9th
Loading 2 14902 kxPa t=3.5he.

Creep N=0.97 t=6+5he.

duration)
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- Uncontrolled unloading after the rupture of a corner of
the sample
422+ Comments

The complete stress—-strain curves are presented on
pages Bl.1l to Bl1.12 in Appendix Bl. This test was disturbed
by several accidents. It happened several times during the
tests that a hydraulic ram leaked internally and was
temporarily unable to maintain a constant pressure on the
sample. This caused a break in the symmetry of the applied
pressures and the sample rotated slightly. In the worst
cases the sample had to be unloaded and the ram repaired.
This happened at the end of test MC-3,1, preventing any
creep test during the last load Incremente. This also
accounts for the important time lapses during the loading
programs, New rams with higher load capacity have now been
built to prevent these delays.,

The sample failed by shearing of corner 2-3 along a
plane parallel to the joints. After being loaded, the sample
rotated slightly during the creep test and the rams, no
longer perpendicular +to the sample faces, created stress
conditions which sheared the sample along this plane of
weakness,. The readings of the strain gauges do not show
evidence of the shearing process at the corners, This
suggests that the presence of a major plane of weakness
parallel to the tunnel axis is not critical for the

stability of this openinge.
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4+:3 Sample NC-4 = Loading History
423.1 Introduction

Sample MC-4 was collected and trimmed during winter
1976-77 and instrumented in January 1979. It was tested over
a 2 month period between February 3Ird and March 23th 1979,
The intact sample was subjected to 7 loadings and the sample
with tunnel to two multiple—-stage creep testse.

Because the previous samples did not show any
significant rupture of the tunnel wall, 1t was decided to
increase the tunnel diameter by 2.3 cm « As the behaviour of
the sample in the prefailure range has been investigated and
because most of the creep occurs in the first day, the creep

test duration was reduced to 1 day.

4+3:2 Loading History

Intact sample

* Test MC-4.0 * Febs. Ird ¥ N=1.04

- Loading 2 10000 kxPa t=1.2hr (test MC-4.01)
- Creep t=2.2he.

- Unloading 2 0 kPa t=3.5h.

- Time laps t=5he.

- Reloading : 10000 kPa t=6.2hs { test MC-4,02)
- Unloading 3 0 kPa t=7.4he

¥ Test MC-4.03 * Febs. 4th

- Loading = 4885 kPa t=0.9h.

- Creep N=1.,08 t=24h.

- Loading : 7004 kxPa t=25h.



Creep N=1.07 t=48h.
Loading : 9294 xPa t=49h.
Creep N=1.00 t=71h.,
Loading 2 11356 kPa t=73h.
Creep N=1.00 t=95h.
Unloading 3 0 kPa t=9%hr,
Recovery t=119h.

Test MC—4,04 % Febe. 10th
Loading 3 9168 kPa t=1,8h,
Creep N=1,00 t=24h,
Unloading 2 0 kPa t=26h.
Recovery t=42h.

Test MC-4.11 % Feb 22nd
Loading = 5008 kPa t=0,8h.
Creep N+1,07 t=5.5he
Unloading : 0O kPa t=6.5h,.
Recovery f=22h.

Test MC 4,13 * Feb 23rd
Loading = 4995 kPa t=1.2h.
Creep N=1.02 t=24h,
Loading 2 7166 xPa t=25h.
Creep N=1.02 t=49h.,
Loading = 9419 kPa t=49.3he.
Creep N=1.00 t=73h.
Loading = 1535 kPa t=74h.
Creep N=1.00 t=897.5h.

Unloading = 0 kPa ¢=105he.



Recovery t=182h.

The +tunnel was drilled on March

minutess The core was recovered in small

described in Section 2.4 ,

Sample with tunnel

Test MC-4.,2 ¥ March 8th

Loading : 4499 kxPa t=0.7h.
Creep N=1,11 t=24h.,
Loading = 6469 kPa t=25h.
Creep N=1.13 t=49h.
Loading : 8525 kPa t=50h.
Creep N=1.10 t=73nh.
Loading : 11109 xPa t=74h.
Creep N=1.02 =97, 3h.

Loading 3 13354 xPa t=98h.,

Creep N=0,98 t=123h. {first rupture of the

Loading : 15867 kPa t=128h.
Creep N=0.95 t=152h,
Unloading 3 0 kPa t=153h.

Recovery t=238h.

Test MC-4.3 * March 21th

Loading : 7129 kPa t=1.1lh.
Creep N=0.99 t=24h.
Loading : 9361 kPa t=25h.
Creep N=0.98 t=48h.,

Loading 2 11753 kPa t=49h,

44

in about 10

pleces and is

tunnel)
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- Creep N=0.95 t=73h.

- Loading = 14109 kxPa t=74h.
- Creep N=0.94 t=98h.

- Loading : 15018 kPa t=99h,
- Creep N=0.95 t=115h.

- Loading = 15216 xPa t=115h,
- Creep N=0,95 t=142h.

- Loading : 16628 kPa t+=143h,
- Creep N=0,90 t=16%h.

- Unloading 2 0 xPa t=171h.

- Recovery t=421h.

4:3:3 Comments

The stress — strain curves are presented in Appendix B1
(pages B1.13 to B1.30). This test Is characterized by the
rupture of the tunnel wall during the 5th increment in test
MC—-4.,2. The rupture 1s described in detail in Chapter 6.

During +the first sustained load test in test MC-4.01,
the intact sample exhibited high time -~ dependent
deformations (0.12% in 30 minutes). At the same time water
was expelled <from the sample as drops forming along the
coaxial strain gauges. This water had previously been
introduced into the sample cracks by a heavy watering of the
sample during the preparation, Consequently, the inner rods
of the extensometers rusteds This explains the peculiar

results of tests MC-4.03 and MC-4,04 during which an
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unsuccessful attempt was made to clean the extensometers.

The gauges were changed at the end of test MC—4.04 and
results improve the change. Only one instrument could not be
changed and it was not monitored further (lower right corner
3-4, second ring of extensometers). The available LVDT was
installed to monitor the displacements of the triangles
applying the pressure on the sample facee. This was done in
order to compare the measurements of the external
displacements of the sample given by the usual me thod { see
Chapter 3) +to the displacements of +the triangles. This
measurement is given in the figures presented in Appendix Bl
and the corresponding symbol is in the right position on the
reference sketche

The data for test MC—-4.2 are presented twice in
Appendix Bil: the first serles shows the data for loading
only and the scale allows the analysis of the small
deformations; the second serlies presents the data for the
whole test where the large deforma tions require a larger
scale.

A safety system protects the testing system from
excessive displacements of the ramse Micro-switches are
installed close to +the 1loading heads of the rams during
creep testse These switches control electro - valves which
stop the air pressure supply iIf large displacements of the
ram occur, In test MC-4.3 this 1line was accidentally
switched off for 30 minutes in the first creep test at 1500

kPae The 1load 1in the rams dropped anisotropically which
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explains the particular aspect of the stress - strain curve
for this teste The sample was reloaded for a second creep

test at an equivalent stress level.

4.4 Iime-Dependent Data

4:4,1 Reliability of the Time - Dependent Data

The testing equipment and procedure are satisfactory to
study the time - dependent deformations around the tunnel.
Responses of an instrument in a sustained load test are very
accurate in particular in a recovery test. Typical curves
are given on Figures 4,1 and 4.3. Responses of the closure
measuring device have already been shown in Chapter 3. The
procedure to calculate the strain rates seems successful 3
most of the data show a linear relationship between log
strain rate and log time. The slope of this line is negetive
and is more or less constant throughout a teste. This
corresponds to the response of a rheological model composed
of a series of Kelvin models with a particular retardation
spectrum. This model has been proposed to explain the time -
dependent behaviour of coal (Terry(1956) ) Typical strain
rate — time curves are shown in Figure 4.2 and correspond to

some of the strain - time curves presented on Figure 4.1

424:.2 Interpretation of the time - dependent data
Similar time - dependent data in the pre - failure
range have been analysed by Kaiser(1979). He explained the

time - dependent process by a non -~ linear bulk modulus at
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low stress level, superposition of hydrostatic and
deviatoric creep at iIntermediate stress levels and by an
isotropic or anisotropic time - dependent stress
redistribution at higher stress levels. He also mentioned
the importance of the anisotropic character of the time -
dependent process.

The time - dependent data near failure are described in
Chapter 6 but a detailed interpretation is beyond the scope

of this thesis,

4.5 Summary and Conclusjions

Two model tests samples have been tested during the
eight months of the testing program for this thesis. For the
first time 1in this research program a test was carried out
beyond the initial rupture of the tunnel wall., Because the
data In the pre-failure range are in agreement with the
conclusions of Kaiser(1979) based on similar data, the test
interpretation has been oriented towards the analysis of the
rupture processs The different ultimate behaviour of the two
tests deserves a comparative study of the faillure processes

This is given in Chapters 5 and 6.



CHAPTER S
INTERPRETATION OF SIRESS-STRAIN DATA NEAR FAILURE

S21 Introduction

Ss1s1 Steps In the Data Interpretation

Visual observations on both tests Indicate that plastic
deformations occur before the completion of the loading
programe Since this initiates on the tunnel wall, therefore
only the tunnel closure measurements will be analysed in
detail, The internal extensometers measurements are
perturbed by local effects. Therefore their interpretation
is more difficult and it will not be undertaken here. The
behaviour of the sample near failure will be studied by
comparison of the experimental data with the response of a

theoretical elasto-plastic model.

S:21:,2 Existing Methods

Numerous methods employing elasto~plastic analyses are
available to evaluate the stability of an opening.
Daemen{ 1975) reports the most important methods and gives
his own contribution, the use of particular strain-weakening
models. Egger(1973) was one of the first to investigate the
effect of the post—failure behaviour of the material,.
Descceudres{ 1977) gives a detalled derivation of the solution
which employs an elastic perfectly plastic and elastic
perfectly brittle material model. Florence and Schwer{1978)

point out the importance of the intermediate principal

52
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stress. Borsetto and Ribacchi{1979) studied the influence of
a strain-weakening behaviour after strength failure. A ring
of "weakening!” material between the remalning elastic and
the NHpesidual? material provides an apparent support
pressure,

Most of these aunthors analyse the unloading of a
prestressed rock mass due to tunnel advance. They also take
into account an internal support pressure provided either by
the nearby tunnel face or by an artificial supporte The aim
of these theoretical methods is to evaluate criteria for the
design of underground cavities.

Model tests have the same stress and strain
distributions as encountered in an actual tunnel, but do not
have the same displacement filelde At an infinite distance
from the tunnel the displacement in the model test has a
finite value, The test behaviour results from the
simultaneous 1loading of a finite intact plate and unloading
of an infinite wmedium due to a cavitye. As a conseguence,

particular solutions for the model test have to be adapted.

2143 Outline of the Analyslis

¥Yhen testing a nonhomogeneous material with time -
dependent properties, it appears reasonable at the outset to
try and explain the observations by simple methods,
preferably with closed-form solutions,. This allows
identification of the processesy, the dominant parameters and

provides a basis for more advanced calculations.
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Closed-form solutions for the model test are developed
1n the second section of this chapter. These solutions
facilitate the analysis of the influence of different
elasto-plastic models on the deformations of an opening near
failure, as a function of material properties. They requi re
very restrictive assumptions, such as homogeneous and
time-independent characteristics of the material and
axisymmetric stress conditions. Experimental results permit
the validity of the solutions and the importance of the
assumptions to be evaluateds. This analysis is presented in
the +third section. A first section presents a method for
evaluation of the elastic parameters of the material by use

of the experimental data.

S22 Determination of Elastic Parameters

S522:1 Introduction

It will be shown in the next sections that one
limitation in the analysis of the experimental data is due
to non-linearity of the elastic response of the systeme It
is therefore of interest to know +the <variation of the
elastic constants with stress level.

The slope of the response of any instruments measuring
the deformations in the model test is always a function of
two elastic constants, and one curve is not enough to know
the variation of each parameter Iindependently, It is
possible to get this variation by comparing the responses of

two different instruments. Two methods have been derived and
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are explained 1n detail in Appendix A4, Both are based on

elasticity and are only valid before the yield point.

532.2 First Method

The first method consists of comparing the responses of
an Iinternal strain gauge before and after excavation of the
tunnels It assumes that the elastic constants are not
affected by the loading history and that the rate of loading
is the same in the two different tests. For each model test
the method has been applied to the deformations of the 16
internal gaugese. This study is valid because the rates of
loading are similar, and because the effect of the loading
history was not important any more, as the sample had been
loaded several times before the studied tests. The results
are presented in Appendix A4. They are extremely scattered.
The values of Polisson's ratio are between 0 and 0.2 and of
Young'!s modulus between 1300 and 2300 MPa.

It can be seen from the expresslons given in Appendix
A4 that the accuracy of the values of Poisson's ratioc is a
function of the distance of the gauge from the tunnel wall.
In other words the further the gauge is from the tunnel, the
less 1is the effect of the presence of an openinge. Thus the
results are totally erratic for the furthest row of gauges
from the tunnel wall. The results for the other instruments
are affected by +the inaccuracy in determining the exact
position of the gauge and by the heterogeneity of the

sample.
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542¢3 Second Method

The second method deals with one test only, in
comparing the response o0of a tunnel diameter and of the
external deformation of the block in the same direction. The
limitetions encountered in the first method by using two
different tests with different loading histories are thus
overcome but only +two values (instead of 16) are now
obtained 1in each model test (one for each of the vertical
and horizontal directions)e The ' results are presented in
Appendix A4. They show a tendency for the Polssonfratio to
increase from a value near 0 t0o a value near 0.2. The
corresponding values for Young?'s modulus range between 1300
and 2300 MPa.

The value of Poisson’s ratio appears to be lower than
the values published for coal (Labasse(1949) ’ Ko and
Gerstle(1976) )y, which are around 0.4. However, the high
density of jointing, the presence of bedding planes and the
state of fracturation make that the overall value of
Poisson?s ratio for the rock mass to be lower than this
published valuees While 0.4 is a value of Poisson’s ratio for
coal as a mineral, 0.2 or less is the value to be input in

any theoretical analysis of the behaviour of the coal masse.

5+:2¢:4 Conclusions
The methods used to calculate the elastic constants do
not give accurate results, but indicate a trend. They could

be used to characterize the variation of stiffness in the
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sample on a qualitative basis. Similar methods, but assuming
an orthotropic s truc ture for the material, must be
considered in further work {see Ko and Gerstle{1976) for the

study of an orthotropic coal).

823 Elasto-Plastic Models

S5323:1 Assumptions

In the following the assumptions used throughout the
theoretical analyses are given. It is assumed that the
material is homogeneous, isotropicy, and 1linear elastic
before the yleld point., Plastic and strength failures are
assumed to occur simultaneously when the Mohr circle touches
a linear Mohr-Coulomb failure envelope, characterized by a
cohesion intercept C and a friction angle @. After failure
the stresses in the material obey a “"plastic criterion''e For
a perfectly plastic material only, this criterion coincides
with the failure criterione This criterion is different for
materials with a different post-failure behaviour, and is
strain-dependent for a strain-weakening material.

The model test block is considered as a plate with a
circular hole {radius a) under plane strain conditionse. The
hydrostatic loading conditions (N=1) make the stress field
axisymmetric.

Cylindrical coordinates are used and the longitudinal
stress is the intermediate principal stress. No support
pressure is applied +to the tunnel wall. The radial stress

therefore increases continuously from zere to the applied
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field stress,

The material properties are time-independent.

S23:2 Elastic-Perfectly Plastic Model
Only the loglic of the solution is presented heres The

complete derivation is given in appendix A2.

5532:2:,1 Elastic Behaviour

The elastic analysis of a cavity in an infinite medium
was originally attributed to Kirsche The derivation of the
stress distribution by use of Alry?s stress functions is
found in numerous textbooks {i.e. Obert and Duvall(1367) ).
Hooke?s 1law will be used to obtain the strain distribution.
The integration of the strain-displacement relationships,
with the appropriate boundary conditiens, will give the
displacement fields The elastic closure of the tunnel,
defined as the ratio between the change In diameter and the
original diameter, ias equal to

u/a=69(1-nu?)/E

where u is the displacement at the tunnel wall, a the radius
of the opening, B¢ the external stress, nu is the Poisson’s

ratio and E the appropriate modulus of elasticity.

593:2:2 Plastic Behaviour
If the tangential stress at the tunnel wall exceeds the
unconfined compressive strength of the material, faillure

occurs uniformly around the tunnel. An annular zone of
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vielding material develops and propagates into the rock mass
as the 1load is inc?eased. For a given value of external
stress, the stress, strain, and displacement fields and the
radius R of the plastic zone are determined in the tollowing
menner,

The combination of the equilibrium equetion and the
failure criterion gives +the stress distribution in the
plastic zone. By assuming continuity of the radial stresses,
the radius of the plastic zone cen be determined. If the
boundary between the plastic and elastic zones is known, the
radial stress at this level is given and may be considered
as e support oressure for +the remaining elastic zone.
Therefore the stress, strain, and displacemenrt filelds can be
determined In the elastic zone.

Strains in +the plastic zone are assumed to be the sum
of elastic and plastic componentse It is further assumed
that Hooke's law maonlies for the elastic part of the strain
in the plastic zone, with the same elastic constants as in
the elastic zone, As the stresses in the plastic zone are
known, the elastic part of the strain can then be determined
by avoplying Hookel's law,

In order ¢to obtain the plastic part of the strain, a
flow rule must be postulatede The following relationship
between the radial and tangential plastic strains was chosen

(Egger, 1973),

e‘%meg: 0

The parameter a is a measure of the dilation associated with
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the plastic flow. If a 1is eqgual to one, the plastic
volumetric strain 1is equal to zero since the longitudinal
strain is considered to be zero during plane sterain loadinge
It can be shown that the strain increments are then normal
to the Von Mises criterion failure surface (Salengon(1969)
)¢ The associated flow rule +together with +the Coulomb
failure criterion will 1lead to a similar relationship
between principal plastic strains, with the boundary
conditions statedes This vrelationship is equivalent to the
above expression where o is replaced by m, coefficient of
failure earth pressure and also coefficient of the Coulomb
feilure criterion. The parameter o will then be between 1
and me

The combination of the compatibility equation and this
relationship will give the plestic strain and the
displacement field. The closure of the tunnel under these

conditions is as follows ¢

o (1-v2)
u_ ¢ m+1 R\m+
a - T (s [3)T%])

The normalized closure has been introduced as the ratio
between the closure given by the above expression and the
closure of a tunnel in a linear elastic material. This ratio
is one up to the yield point and increases for higher
stresses as a function of the strength parameters C and @,
and of the dilation characteristics of the material. It is
independent of <the elastic properties of the material. If

the strength parameters are time independent, the normalized
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closure 1s independent of the rate of loading. It is valid,
however, only if the loading 1s hydrostatic and if no stress

redistribution occurs within the sample.

S52352:3 Volume Change

The dilation parameter a has been introduced and the
sensitivity of +the closu;e to this wvalue will be studied.
The amount of volume change induced by using a particular
value of +this parameter and the variation in volume change
for different values of a will be givene. Such a detailed
study was not found in the literature becsuse most of the
authors are concerned with real tunnels where volume change
does not present any particular interestes This is not true
for the model test where the volume of material is finite.

The volumetric strain is the sum of the values of the
principal strains. It is determined at each point as soon as
the strailn fileld 1is knowne. The volumetric strain is also
defined as the change In volume of a unit volume surrounding
the points. The volume change of a body is the integral over
the entire volume of the body of this unit volume change. It
can be shown that if the volumetric strain is constant
throughout a body, the corresponding volume change of the
body 1s equal to this constant valuee.

The volumetric strain is constant in the elastic region
and varies in the plastic region by becoming more dilatante.
In reality, this constant value is zero and only dilation

occurs in the plastic =zone. However in the model, this
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constant value is compression due to the displacement of the
external boundaries and this compression 1Is superposed on
the dilation in the plastic zone.

The volumetric strain in the plastic zone is the sum of
an elastic and a plastic component. It the dilation
parameter increases, the elastic part remains constant in
the plastic =zone as 1t 1is a function only of the stress
distribution. The total volume change is only equal to the
elastic volume change if the dilation parameter is 1. If the
dilation parameter 1increases, the plastic part of the
volumetric strain changes and becomes more dilatant.

The integration of the varying values of the total
volumetric strain, through the plastic zone, glves a
constant average value which will be called hereafter the
"average volume change' (Ladanyl(1974) )

Figure S.1 shows typical closure stress curves and the
corresponding average volume change versus closure curves.
The strain due to the comgression of the plate only is given
as a reference. The behaviour of the model test is shown for
a purely elastic material and for an elastic-perfectly
plastic material with different values of the dilation
coefficients The elastic and strength parameters are typical
for the behaviour of the actual model., The friction angle is
30 degrees; the corresponding wvalue of the passive earth
pressure coefficient m Is 3, which Is the highest value for
the dilation parameter on the figure (associated flow rule ).

The values 1 and 2 correspond respectively to no volume
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change and 40 an intermediate stagee. Throughout the
remainder of the chapter these values of the dilation
parameters (1,2,3) will be usede.

The figure shows how much the average volume change is
affected by the use of a different value of dilation

parametere.

52392:4 Parametric Study of the Normalized Closure

The normalized closure as previously defined depends
only on three parameters: C, @ {strength parameters), and «
{dilation coefficient). The purpose of this section is to
evaluate the influence of changes in these parameters on the
normalized closure values.

Figures 52 to 5.4 present the results of a sensitivity
analysis in the form of normalized closure versus external
stress plotse. The following conclusions can be shown:

1. The normalized closure increases with decreasing
cohesion and angle of friction and with increasing
dilation coefficient.

2. The yield point where the curve deviates from 1, is
directly proportional to the cohesien intercept C, but
it is relatively insensitive to changes in the friction
angle.

3. In Figures 5.2 and 5.3 the curves have similar shapes.
Therefore several groups of values {(Cy, @) could fit
given experimental data. However figure 5.2 shows that

the cohesion 1s clearly determined by the yield point
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where the normalized closure deviates from unity.

5333 Other Elasto-Plastic MNodels

52323s1 Introduction

Two other types of elasto-plastic models have been used
to explain the behaviour of an opening: an elastic perfectly
brittle model and an elastic—-strain-weakening model. The
first one leads to a closed form solution of the problem and
the latter requires numerical treatment. Only the perfectly
brittle model will be used to derive a solution for the
model test case. Published results on the strain~weakening
material indicate a particular shape for the closure curve,
which 1s characteristic for this model (see curve 4 on

Figure S5.5A, after Egger{1973)).

5:3:3:2 Elastic Brittle Plastic Material

This model has been used to derive expressions for the
normalized closure in the case of the model test and typical
results are shown on figure 5.5A. The derivation, presented
in Appendix A2 {(Section 4), does not differ significantly
from the previous one. The failure criterion 1Is the same but
the plastic criterion relating the stresses in the plastic
zone 1is 3

6t = mBp + sbg ... 0<s«1

where 6t and 61 are the saximum and minimum principal
stresses, m the coefficient of passive earth pressure, B¢
the unconfined compressive strength and s a parameter to

evaluate the strength drop after brittle failure. If s is
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equal to 1, this is equivalent to a perfectly plastic
material, If s 1is equal to O, the wmaterial 1s purely
frictional 1in its ultimate states In the latter case the
stability of the opening 1is impossible without a support
pressure, and the tunnel collapses immediately. This model
has been used to study rockbursts in deep tunnels by
Panet(1976) .

Figure 5.5A shows a discontinuity In the slope of the
stress closure curve immediately after ylelding. This slope
after yielding decreases with decreasing ultimate strength

towards zero where the ultimate state is purely frictional,.

523323 Elastic~-Straln Weakening Naterials

Figure S.5B indicates the results obtained by
Egger{1973) in using different elasto-plastic models. They
are presented as ground reaction curves resulting from the
progressive unloading of a rock masse The closure curves
obtained in the model test by progressively loading a tunnel
have a similar shapes. The elastic response is different, but
as far as the normalized closure is valid, the results shown
in figure ©S.5B may be used as a qualitative description of
the response of a strain—weakening material,

Four material models are presented in Figure S.5B,
characterized by +the sketch in the upper right cornere. The
strain-weakening material has a response intermediate
between the perfectly plastic and +the perfectly brittle

materials. There is no discontinuity in the slope of the
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response curve after yielding, but this slope decreases
quickly +to become equal to the slope of a perfectly brittle
material response,

The response of a strain-weakening material, as
described here, requires a numerical treatment. However, the
closure-stress curves have the characteristic shape
described above and this will be recognized if evident on
experimental data. If necessary, a numerical analysis could

then be carried out.

$5:3:4 Factors Influencing Data Interpretation

5323241 Influence of the Longiltudinal Stress

Throughout the derivation it has been assumed that the
longitudinal principal stress is the intermediate principal
stress and that the Coulomb failure criterion holds in terms
of the tangential and redial stresses. It is reasonable to
assume, as did Florence and Schwer(1978), that at a certain
distance from the tunnel the longitudinal principal stress
becomes' equal to the radial stress which increasess Further
the longitudinal stress will become the minimum principal
stress,. In the latter case, the failure criterion i1s to be
taken between the tangential and the longitudinal stress. In
the intermediate =zone where the two smaller stresses are
equal the stresses have to satisfy simultaneously both
above—-mentioned failure criteria, The failure surface
changes from the original pesition, parallel to the

longitudinal axis.
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‘The analysis of +this problem is reported in Appendix
A3.2. It shows that a value of Poisson?s ratio higher than
0.15 1is required to avoid a change in failure surface, at
the upper 1limit of the loading range of the machine. The
value of Poisson's ratio measured in the longitudinal
direction and based on the assumptions of isotropic material
properties 1is about 0.1 ({measured as a ratio of the applied
loads).

The problem will be more significant if a support
pressure is applied on the tunnel wall. As there is no
experimental evidence of a change in failure direction, this

effect has been neglected in the present study.

5:3:4.2 Influence of the Boundaries

The sample block wused in the previous analysis was
assumed to be infinitely large with respect to the gize of
the opening. However its size 1s finite and the ratio of the
width of the sample to the tunnel diameter is 4.80 and 4,0
for the tests NC-3 and MC-4, respectively. Theoretically +the
analysis should be corrected by assuming that the external
stress 1Is multiplied by a coefficient:2

Bo=69 x b2/(b2 - a2?)

where 69 is the external stress, a the radius of the
openingy, and b the distance from the center of the tunnel to
the boundary of the sample,

However, this only means an increase in the true

external stress of 6.7% and 4.5% for the test MC—-4 and MC-3,
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respectively, This error is not significant and is

neglected.

S523:4.3 Plane Strain Condition

The expressions for the normalized closure have been
established by use of an elastic relationship valid only for
plane strain conditionse The experimental data would differ
from the theory 1f this plane strailn condition was violated.
As explalned in chapter 3, the loading head is rigid and
controlled by four independent rams which allow control of
the displacements 1in the longitudinal di rection (Heuer and
Hendron (1969)). It can be shown that the minor longitudinal
displacements occurring during the test cause an
insignificant error. This is partly due to the low value of
Poisson's ratio.

It 1is important that the operator maintain plane strain

conditions within reasonable limits during the whole test,

S:4 Experimental Resylts

From the experimental measurements of the tunnel
closure in four directions inclined at 450 to each other,
the normalized closure has been determined for the two

different tests and related to the external stress.

S24:1 Method of Analysis
The gsample was loaded in increments to stages where it

was allowed to creep for a constant period of time (5 days
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for test MC-3, 1 day for test MC-4). In order to get the
normalized closure from the experimental stress-strain
curves, some assumptions about the time - dependent
behaviour of the sample have to be mades The following
approach has been adopted as a result of analyses undertaken
by Kaiser{1979) on the time-dependent behaviour in the

pre~failure zone.

S24s1+s1 Theoretical Model Response at a Constant Loading
Rate

The modulus of elasticlty of rock is time~dependent and
varies between two extreme 1limits: the upper limit
corresponds to instantaneous loading ( short—term stiffness),
whereas the 1lower 1limit corresponds to infini tely slow
loading (long—term stiffness)e If a rock sample is loaded at
a finite rate +to a given stress level and left under a
constant load, it will creep until the accumulated strain
reaches the value which would have been obtained during
infinitely slow loading of the samplee. This is achieved
theoretically after an infinitely long period of time, but
in practice, most of +the creep strain occurs within the
first daye. The amount of creep strain is a function of the
rate of loading and of the stress increase during the latter
loading (comparable to a visco—elastic material).

Assuming limits for the modulus of elasticity and a
value of Poisson's ratio, the corresponding limiting curves

for the closure can be determined. This has been done in
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Figure 5.6. From the elastic curves, which are assumed to be
linear (dashed 1lines), the corresponding elasto-plastic
limits have been obtained by muliplying the elastic closure
by the value of the normalized closure at a given stress
level, Reasonable elastic and strength parameters, as

indicated on Figure 5.6, have been assumede.

D24.1:.2 Theoretical Model Response to Step Loading

A theoretical closure curve for the stress history of
the model test may be plotted within this frameworke The
sample is loaded up to +the first iIncrement along a
constant-rate loading curve, In order to simplify the
explanations, this rate of 1loading 1is assumed to be the
instantaneous Lloading . Then the sample creeps along a
horizontal 1line until it reaches the long—term loading
curvee. It 1s reloaded to the next increment following a line
parallel +to the instantaneous elasto-plastic loading curve
and this cycle repeats up to the upper limit of the loading
range. It can be further assumed that the materlal behaves
as a linear visco-elastic material and then the amount of
the creep deformation at any stage is proportional to the

previous stress increment.,

S:4:,1.3 Application to Experimental Model Test Responses
As a consequence of the above analysis, it is assumed
that the curve which is obtained by Jjoining the points

corresponding +to the ends of the creep tests is the
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elasto-plastic long-term 1loading curves A stralght line
drawn through the initial portion of this curve is the
linear elastic long-term loading curve. This enables a
calculation of the experimental normalized closure (see
later Figures 5.7, 5.8 and 5.9). By assuming that the
reloading curve 1is parallel to the instantaneous loading

curve, this latter line can be determined.

5+:4.2 Experimental Measurements

The original tunnel closure measurements for the two
tests have been reproduced in Figures 5.7 and 5.8. The
sketch in the upper right corner indicates the orientation
of the Jjoints{(line portlions) and the relative direction of
the instrument, From this experimental step-like curve the
elasto-plastic {axis 1line) and the constructed linear
elastic {(dashed 1line) 1long-term 1loading curves have been
determined in the manner explained in the last sectione. This
latter 1line intersects the abscissa at a strain which
corresponds to the strain necessary to close the cracks in
the rock mass and to allow some initial seating of the
instruments. This crack closure is deducted from the total
strain values to calculate the nermalized closure, by
dividing the reduced value of the elasto—-plastic closure by
the reduced value of the elastic cleosure at each stress
level {see section 5.3.4).

The second solid line on each plot corresponds to the

constructed instantaneous loading curve. Its shape confirms
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the validity of the method of analysise. It has been
construéted in the following manner ( the references in the
brackets refer to figure 5.6).

For a linear visco-elastic material the amount of creep
strain 1is proportional to the letter stress incremente The
amount of creep strain occurring In the second creep test
{(cd) corresponds to a gtress Iincrement of 2 MPa. It is used
to calculate what should theoretically be the amount of
creep strain in the first stage of loading corresponding to
a 5 MPa stress increase {(ab)e The first point (a) of the
short—term loading curve is determineds It iIs not a point of
the experlmental curve as some creep already occurred before
the completion of the first load iIncrement. Assuming that
the reloading curve between stages 1is parallel to the
elasto-plastic short—-term loading curve {(in other words
ab=ec) the next point (e) of this curve may be determined.,
The same process is repeated to get the complete short—term

leading curve.

524,33 Limitations of the Method

The actual shape of the estimated loading curves show
some Iinconsistencies which 1iIndicate that the method of
analysis is limited by several restrictive assumptions, such
as linear elasticity, linear visco~elasticity, and

uniformity «<f loadinge.
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544:3:1 Linear Elastic Reference Line

A linear elastic reference line was assumed in order to
calculate the normalized closure. However, i1t is evident
from the loading tests on the sample without the tunnel that
this assumption 1Is not completely satisfiede The elastic
properties of the material tend to change with increasing
stress in such a way that the coal becomes less
compressibles. A 1linear elastic reference line leads to an
overestimation of the elastic closure and an underestimation
of the normalized closure., Linearity is not a criterion for
elasticity; a straight 1line could be interpreted as the
yielding line of a non—-linear stiffening elastic line.

On the other hand, the elastic line is based on the
first two creep tests where the material is assumed to
behave elastically. If this 1is true for the first stress
stage, this assumption may be questionable for the second

creep test at 7 MPae.

S5+4:3:2 Time-Dependent Strength

The method supposes that the normalized closure is
time—-independent and that the strength parameters are
constant throughout the test,. However,coal has a
visco-plastic behaviour (Kaiser and Morgenstern, 1979); the
strength parameters and particularly the cohesion intercept
C decrease with time, and as explained in the sensitivity
analysis, the normalized closure increases for a given

stress levele. The experimental normalized closure has been
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calculated from long-term loading curves where the strength
parameters have +their Llower but constant valuese The
analysis of the data should give a lower bound of the

strength parameters.

524:3:3 Uniformity of Loading

The solution 1s based on the assumption of isotropic
loading conditions. However, if the N-value is kept sensibly
constant during each load stage, it is difficult +to
reproduce the same N-value at different load stages and also
to get the N-value exactly equal to unity. This analysis of
the data appears to be extremely sensitive te a change in
N-value at different load-stages. The elastic reference line
used to calculate the normalized closure is no longer linear
as the elastic response is a function of N. The upper right
‘plot on Figure 5.8 is a good example of this featuree. The
linear elastic line crosses the 'Yplastic!" line which is
impossible.

If N differs from 1, the concept of normalized closure,
independent of the elastic constants, is no longer of value.
But as the variation of N from unity is small, values of the
normalized closure, corrected for a change in N-value at
different load stages have been calculated.The method 1is
explained in detail in Appendix A3.1 . It is assumed again
that the first two points of the experimental closure curve
are In the elastic ranges Theilr secant moduli result from

the multiplication of a function A of the elastic constants
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by a function of N depending on the relative orientation of
the gauge and the maximum applied stress. To close the
cracks an original "closure strain" Ecl is necessarye. The
secant moduli are calculated by assuming & translation of
the origin of value Scl as in the conventional method.The
knowledge of the N-value at the first two load stages will
permit +the calculation of the values of the unknown A and
Bcl for each curve. Knowing these values and knowing N at
each subsequent stress stage, i1t iIs possible to calculate a
reference elastic closure for each stress level and then to
calculate the normalized closure. The application of this
method to the experimental data {(lower plot on Figure 5.9
and S.10) proved to be successful in reducing the scatter of

the resultse.

S5:4:4 Interpretation of Experimental Results

Figures 5.9 and 5,10 present the experimental results
as dashed lines for the tests MC-3 and MC-4 respectively.
The upper plots correspond to data directly interpreted from
Figures 5.7 and 5,8. Only threé measurements are given3 in
each case one of the diameters shows a normalized closure
smaller than 1 and is not represented on the figure. The
lower plots show the data corrected for a varying N-value
according to the method noted in the previous sectione. The
curves are smoother and the results become more consistente.

The comparison between the experimental data and the

results of the theoretical analysis given in section Se3e2,
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has been undertaken in the following mannere.

1.

2.

3.

4,

5.

A computer code permits the visualization on a graphic
terminal of theoretical elasto-plastic responses of the
model with any set of parameters C, Dy ay Se The
analysis consists of comparing plots of the experimental
da ta with different theoretical curves for changes in
parameters.

The cohesion intercept C will vary around 4 MPa, as 1t
has been shown that the response is sensitive to a
change in Ce Moreover, as the analysis has to take into
account the relative orientation of the joints in the
failing elementy, C 1s an appropriate parameter with
which to study variation due to structural anisotropye.
The angle of friction @ is kept equal to 30°, which is
the value given by triaxial tests, as it does not affect
substantially the elasto-plastic response.

The dilation parameter & is taken equal to 1 {no volume
change) or to 3 (associlated flow rule if O equal to 300
Je This is done in order to account for the theory found
in the 1i terature, by which one may expect the material
to dilate according to the associated flow rule only to
a limited ﬁortion of the post-failure strains and then
to maintain a constant volume. (Ladanyi ,1974 )

The strength loss parameter s is given the values 1, 0.8
and 0O.6s The three curves then obtained will give an
indication of what would be the response of a

strain-weakening material with a progressive strength
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loss.

This analysis leads to the following conclusions about
the elasto-plastic closure of an opening. These conclusions
are in accordance with the generally accepted practice in
the interpretation of field data. Right after the onset of
vyielding the material di lates according to the associated
flow rule. This effect 1is dominant but tends to decrease
when yielding proceeds, until the material no longer shows
volume ‘change. This reduction in volume change may be
explained by some arching after dilation has taken place.
This would explain why the curves B and C on Figure 5,9 show
a change in curvature and tend to exhibit less closure. At
the same time, as the plastic strains increase, the
strain-weakening material 1loses progressively its strength
and more deformations occure The strain-weakening effect
become progressively more dominant,

This scheme explains individually every curve on
Figures S.9 and 5.10 and the following conclusions can be
drawn =
1 Test MNMC-4 results {where the tunnel ruptured) are more

dominated by the strain-weakening character of the
material than test MC-3 results.

2 The D-curves presenting the closure in the direction
perpendicular to the Joints are much more affected by
the strain-weakening effect than the other measurementse.

3 The anlsofropy in structure and in strength may be

argued to explain the different behaviour of the four
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gauges in the same test.

4, The strength parameters found to fit the experimental
curves are in accordance with our knowledge of the coal.
The cohesion intercept may be considered as high with
respect %o the values obtained in triaxial tests. This
can be explained as an effect of the size of the
rupturing element which is much smaller in the tunnel
wall than In a triaxial test.

Se This size or shape effect which influences also the
post-failure behaviour (see Chapter 6 Fige. 6.8) may
explain why the test MC—-4 with a bigger opening and a
larger rupturing element may exhibit a larger strength
loss for the same value of the strain than the test
MC-3. {See Chapter 6 for more details about the shape
effect on the stability )

However, this interpretation does not explain a major

inconsistency. In both tests, the diameter C parallel to the

Joints shows much more closure than the diameter D

perpendicular to the Jointse The above interpretation

indicated an effect of the anisotropy. But if this was true,
the cohesion intercept would have to be much lower along the

C-diameter (where the Joints are perpendicular to the

maximum principal stress) than along the D-diameter.

Acco

of a jointed mass, this cannot be true. Moreover visual

observations on the samples show that in particular on

sample MC-4, the tunnel wall was Iintact in the C-direction
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after unloading and the large closure cennot be attributed
to yielding only, This serlous inconsistency occurs in both
tests, showing that some asgsumptions on which the theory is
based are not valid.

Because of the heterogeneous and time—-dependent
characteristics of the material, it is reasonable to assume
that the discrepancy between the data and elasto-plastic
theory 1is dué to non~axisymmetrical yielding conditions and
to an anisotropic time-dependent stress redistribution.
Simplifying assumptions were essential in order to derive
closed—form solutions to analyse this problem and only
numerical analyses, which are beyond the scope of this
thesis, will give a gquantitative answer to the problem with
this increased complexity.

Kaiser (1979) analysed the results of a similar test
and studied in detail the time-dependent pre-failure
behavioure. He was able to explain the time-independent and
time—-dependent behaviour by stress—redistribution due to
non—-linear creep properties, non-isotropic creep properties
or local yielding and argued that an "equivalent opening"
approach can be used to describe the observed non linearity
of the closure—-stress curves. This weork, in connection with
the conclusions from +this chapter, leads to the following
interpretation of the failure process In the model test:

1. elastic deformations {more or less isotropic) ,
2. anisotropic stress redistribution (creep),

3. anisotropic stress redistribution (yielding),
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4, anisotropic rupture.

Each of the last three phenomene makes the tunnel behave
1like an elliptical opening. In the <cases 2 and 3 the
elliptical opening is only apparent while in case 4 the
opening actually become elliptical.

In the light of this interpretation a simple analysis
of the experimental data was carried out by use of charts
glven by Feder (1978) for the elastic deformations of an
elliptical opening {Figure S.11)., The particular expressions
for the closure of the model +test are indicated on the
Figure Se.ll. These charts provide only the closure of the
cavity 1In the direction of the axes of the ellipse and the
experimental measurements are not necessarily along the axes
of +the "apparent” ellipse. The application of these charts
shows that the curves C and A on Figure 5.9 and 510 may be
interpreted as the elastic closure of an elliptical cavity
along 1its small axisy, while an istropic elasto-plastic
analysis interprets them as substantially influenced by a
plastic behaviour. The curves B, and in particular D,
correspond to the minor deformations along the long axis of
a similar elliptical cavity, under uniform loading
condi tions (N=1). They are influenced by yielding effectse.

It appears then that the deviation from linearity of
the tunnel closure measurement curves are not essentially
due to the yielding of the material but may be due to other
effects associated with the anisotropic character of the

materials, As shown above, the interpretation of closure data



91

S1EYD puey 143 syl Juisn pue Hy
pue 47 jo uonisod oy Burdueydxs saanbas uawsdedsip-jEm Jo uonend[e) “udwdT|dsip
JOn4 01 833531 11 10§ uonenbs umoyg ‘eare dedwod jo aZpa pisut jo uawade[dsip [eipey

plop [ —="4  tpipf=4y
(win) spiem ayy uo4 _ (3s4t4) 4004, 3yl 404
u d e ] e u Jd .
(0 4+ (a-1) m+.mﬁ>mu—vv.dmﬂﬂwqmu.m (44 (- 1) 4+ (02-1)) .NJNWﬂwqmu m
M< LI —d qtz/wﬂ Trr T \ Q u “mm“ —.mUOE
1.0 ”:
LN 9- (7Y + 725%) % D=y
- N .M. £ z / o
..I.’h“vw -...aa_.. TTrTT T Ty T y 2
s (@771 MH z7g aLH\\HM“\ [0
— \.Qy//./ /// P IllN“‘..\‘l = \dﬁ.\l 4
ASSSSSSNAN g . = ‘
/9 MM/T/ // A €
n%-kﬂuﬁ = - ¢ L 4
U DUV PO A e i ~ d
£ z Y o A
u\miunﬁ_-—4 T — \
] ~
w7 _
0 s
v /
l\ms N
«@ 177
0° ]
‘ o/
i | | P | @l‘ TN P .>.>_....—.b-IILI'%)‘

Figure S.11 Elastic Deformations of an Elliptical Cavity

(after Feder(1978)



92

by mean of elasto—plastic methods is apparently possible but

may lead to incorrect conclusions.

S5 Summary and Conclusions

In order to explain the non-linear behaviour in the
experimental closure-stress curves, several elasto-plastic
models have been adapted to derive the theoretical value of
the tunnel closure in the model tests. These models are used
commonly iIn the iIinterpretation of field measurements. They

are: .

1. elastic perfectly plastic model (closed-forn solution)

2,2 elastic brittle-plastic model {(closed-—form solution)

3. elastic strain-weakening model (after Egger (1973) and
Borsetto (1979)).

For isotropic 1loading, the concept of normalized closure

{ratio of elasto-plastic over purely elastic closure) has

been iIntroduced and the analysis of the sensitivity of the

strength parameters C and g and the dilation coefficient «

on the closure, leads to the following conclusions 3

1. The closure increases when decreasing the cohesion C,
when decreasing the friction angle @ and when increasing
the dilation parameter .

2. The yield stress where the closure-stress curve deviates
from linearity is proportional to the cohesion C but is
not particularly affected by the other parameterse.

3. The use of the perfectly brittle model causes the curve

to present a discontinuity in the slope right after the
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onset of yielding.

A strain-weakening model shows an intermediate response
between a perfectly plastic model and a perfectly
brittle model and may be recognized in this manner.

The influence of several factors such as plane strain
conditions, isotropic loadingy, and sample boundaries has
been recognized and their effect has been either
neglected or taken into account in the analysis.

The interpretation of the experimental data after this

theoretical elasto-plastic analysis leads to the following

conclusions:

1.

2.

3.

The closure of a tunnel seems to be dominated by two
superposed effects 3 right after failure by a volume
change following the associated flow rule and whose
importance decreases with increasing plastic strains and
by a strain-weakening post-failure behaviour which is
sensitive after some plastic strains occur.

The influence of the strain-weakening is more sensible
in test MC—-4 where the diameter of +the opening is
larger.This may be explained by the size effect of the
rupturing element on the strength and on the
post—failure behaviour of this element.

In the 1light of +this interpretation each individual
normalized closure curve may be fitted by a theoretical
curve with values of the parameters C and O in agreement
with our knowledge of the coal (300 for the friction

angle and values varying around 4MPa for the cohesion
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intercept)e.

However the group of four measurements in the tunnel
cannot be consistently interpreted in such a manner, and
the discrepancy is too important to be attributed to
some error in the experimental procedures or in the data
analysise. In particular the measurements of the closure
along the diameters parallel to the joints show a major
deviation from linearity as visual observations indicate
an intact material. Even if it appears so, the closure
of the tunnel cannot be completely explained by an
isotropic elasto-plastic analysis.

The original assumptions of an isotropic,
time—-independent material were suspected to be not valid
and contribute to the discrepancy between theoretical
and experimental closures, These assumptions are,
however, essentlal for the derivation of closed-formed
solutions and 1If they are not wvalid the solutions
require a numerical analysis which has to be developed
for this purpose.

In connection with the conclusions of this chapter,
Kaiser (1979) showed that an '"equivalent opening
approach" can be used to describe the observed
non-linearity in the stress—-closure curvess. A brief
analysis conducted on the experimental data in the light
of this hypotheslis show reasonable agreement between the
data and the closure of an apparent or real elliptical

cavity.
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The wmost important conclusion of this chapter Is that
even 1If an 1isotropic elasto~plastic analysis predicts well
the deformations of a tunnel, it may lead to incorrect
conclusions about the failure process. An anticipation of a
global yielding around the cavity leads to an incorrect
design of the support 1if the failure 1is 1local and
anisotropice. The importance of the different anisotropic
stress redistribution processes has to be analysed and

evaluated in future worke.



CHAPTIER 6

ANALYSIS OF THE RUPTURE PROCESS

6s1 Introduction

621:]1 Scope of the Chapter

Chapter 5 concludes that the recognition of the failure
mechanisms is essential to develop a design criterion for
the support of a tunnel. The advantage of model tests
performed on real material over a case history study or a
test on artificial material 1s that it allows wus teo
instrument, control and observe the failure mechanism of an
opening, in a real material, under known stress conditions.
However the laws of similitude are particularly difficult in
the inelastic range of the material, and as explained in
Chapter 3, they have t0 be carefully investigated before the
conclusions obtained on the model could be applied to real
cavities .

In this chapter, the tunnel fallures observed during
the tests are described, In particular, the actual slip
lines are described in the context of a plastic equilibrium
analysise. An hypothesis on the rupture initiation and
propagation is given and the role of preexisting

discontinuities is emphasized.

6£31+2 Nomenclature
In acccordance with Bieniawski{(1967) , the following

nomenclature will be useds The material is linear elastic up

96
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to the yield point. As the stresses increase further,
irreversible deformations occur. Strength failure is
characterized by a loss of resistance to the load ('"peak'").
Rupture is a failure which corresponds to the separation of
the rock element In several pieces. Experiments have shown
that the behaviour of a rock sample between strength failure
and rupture may be controlled, if the loading frame is stiff
enoughe In a rock mass subjected to differential stress
condi tions, intact elements surrounding a rupturing element
play the role of the loading frame and may control the

rupture. Rupture depends on the stucture of the rock masse.

6+2 Description of the Observed Ruptures

6221 Sample MC-3 after Unloading

As noted in the test history (Chapter 4), this test was
interrupted when a corner of the sample sheared off. No
rupture was apparent on the tunnel wall during the teste. The
block was taken out of the compression machine. Plate 6.1
shows the crack pattern on the bottom face of the sample.
The sheared—off corner indicates the directlon of the joints
as the sample falled along a steplike plane parallel to the
Joints,

If the stresses are released, a tensile crack pattern
develops in the plaster layer covering the samples. The
cracks are theoretically perpendicular to the direction of
the maximum principal stresss This is due to a difference in

plastic behaviour between coal and plaster. Irreversible



plastic strains are created in the plaster by loading, and
they cause tensile stresses during unloading as the coal
imposes the displacementse.

The crack pattern is randomly distributed near the
boundaries and is radial around the tunnel. The assumption
of a uniform radial stress field is therefore supported. The
extent of +the cracks is a function of the state of stress
reached in underlying coal elements. 1f stress
redistribution occurs during the test, the stress level
increases first and decreases subseguently on each element
around the tunnels The plaster layer will "memorize" this
stress increase as an lrreversible straine A circular crack
pattern will indicate a uniform stress distribution, and an
ellintical zone will show a non—-uniform stress
redistribution, and will give the preferential direction of
this redistribution.

A careful observation of the crack pattern presented in
Plate 6.1 indicates a vertical preferential direction for
stregss redistributione. This corresponds to the behaviour
recorded by the instruments and described in +the last
section of Chapter S5S.,The other major cracks correspond to
preexisting faults described in Chapter 2.

The plaster covering the sample and the latex film
which prevented the tunnel wall from drying were removed.
Some debris remainded attached to this membrane, leaving
cavities and cracks on the tunnel wall, Some slip lines

opened up, indicating that even if the +tunnel did not



Plate 6.1 Sample MC~3 after unloading :GCverall view of the
bottom tace and close~up of the zone around the tunnel
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Figure 6.1 Sample MC-3 after Unloading : Map of the Tunnel
Wall
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622:2 Description of the Rupture in Sample MC-4

692¢2+1 Rupture History

The sample was loaded in stages as described in the
test history {(Chapter 4). The rupture initiation occurred
about two hours after the sample had been loaded to the
increment of 13.3 MPae. Then, as shown on the strain
rate-time curves (Appendix B2), the rupture proceeded by
wavesy, until the process stabilized {(see next section)e.

Deformations of the tunnel wall have been pnbserved at
mid-height in the tunnel, on both ends of a diameter
inclined at about 40 9 to the vertical axis, close to the
points where the joints are tangent to the circular tunnel.
A square area {2cm by 2cm) of the tunnel wall is broken with
a V-shape, pointing towards the cavitye.

After a creep test of 28 hours, the fallure became
stabilized and the sample was reloaded to the next increment
{15.9 MPa), Failure proceeded immediately after loadingjit
was again characterized by the wave-like aspect of the
strain rate—time log-log plots. The ruptures extended not
only in the horizontal but also in the longitudinal
direction. The debris contalined by the latex film was so
loose that the points of the LVDT's penetrated into it, and
it then occupied a large volume of the cavitye. The
measurements of the closure In the direction perpendicular
to the joints are thereafter questionable, not only because
of the crushing of the wall, but also because of the large

displacement values, beyond +he 1linear range of the
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electronic transducers, After a 24 hour creep test, the

sample had to be unloaded because it began to rotate.

After recovery, the sample was uncovered, the debris
cleaned out and the measurement device was removede. The
sample at this stage 1is shown on Plate 6+2. On these
pictures, several details should be noted 3
1« The rupture occurred in a direction between the vertical

and a direction inclined at 45 P, This deviation is most
likxely due to the error in maintaining isotropic loading
at the beginning of the test. The actual value of this
angle, measured on the cleaned tunnel, is 35% from the
vertical direction.

2. The rupture is more apparent on one side of the tunnelj}
more displacement occured In this locatione.

3s The plaster covering the sample followed the
displacements of the broken mass and cracked along lines
whose shape approaches a logarithmic spiral,

4+ The close~up of the failed area shows clearly in the
debris broken %bands" of coal. The joints are still
parallel, but the whole mass is rotated towards the
inside of the cavity.

Se Another remark concerns the crack in the plaster which
is, on the picture, the closest to the openinge. The
edges of the crack are displaced and show evidence of a
sliding movement of the underlying rocke. This movement
is directed +towards the bottom of the failed cavity.

Feder{( 1978) proposed a movement in the other direction
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Plate 6.2

Sample MC—~4 after the First Rupture
Tunnel Wall and Debris

Ruptured
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( towards the intact part of the wall) in his analysis of
an elliptical failed cavity.

6o Because of this sliding wmovement, the rupture is not
only a splitting phenomenon.

The section of the broken tunnel, presented on Figure
6.2, is more or less ellipticaljthe ratio between the
dimensions of the axes is 1.7. The value of this ratio is in
accordance with the estimated value presented in Chapter 53
it is smaller than the calculated ratio for the equivalent
opening, but only the material in its ultimate state was
removed, leaving a zone of weakened material around the
cavitye.

The tunnel walls were protected by another latex
coating and the sample was loaded by increments of 2 MPa,
after an initial increment of 7 MPa. Evidence of failure
appeared after loading to 11 MPajthe latex membrane
containing the broken material swelled again into the
cavitye. Loading proceeded by steps up to 16.6 MPa where the
rupture process seemed to terminate and the sample was
unloaded and left for a recovery test.

The new cross—-section of the opening is shown on the
Figure 6.2. It seems that the rupture started again from the
bottom of the failed zone and created an elliptical cavity
propagating radially outward from this pointe.

Pictures of the sample after the plaster has been
removed are shown on Plates 6.3 to 6.5. Plate 6.3 presents

the general aspect of the sample after unloading, before and



1st Loading
MC 4.2

2nd Loading
MC 4.3

Scale 1/2

Figure 6.2 Sample MC-4 :

i

Cross—-Sections of the Ruptured
Tunnel

106



107

after the debris was removed. The overall view shows that
there are +two major sets of cracks, on each side of the
ellipse, along joints, proceeding +towards the upper left
corners. The sample would have finally collapse by
"through~stamping” of the cavity roof. Feder{18978) conducted
similar tests on artificial material and described such an
ultimate collapse of the sample. The internal strain gauges
now visible inside the broken tunnel are 1Iin the 4509
direction, and the deviation of the major axis of the new
elliptical section from this direction is apparente. On both
pictures of Plate 6.3, the set of slip lines and the manner
in which 1t is affected by the Jjoints is also apparent{ see
further Flg. 6.6A). The following explanations refer not
only +to Plate 6.3 but also to Plate 6.4 and Figure 6¢3¢ A
set of tensile cracks approximately parallel to the free
tunnel surface can be observed. On one side the debris is
highly crushedjon the other side, a whole broken lump
remains intacte Actually this block failed by shearing along
the slip 1line, apparent in the remeining material, and by
breaking along the other side. This difference in the
consistency of debris could be due to a wvariation in
structure and strength throughout +the samples. It is also
apparent that the rupture is more pronounced on one side
than on the other side.

These features are more visible on the close—-up
presented on Plate 6.4 and on the Interpretive sketch of

Figure 6.3 =
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Plate 63 Sample MC-4 atter unloading :0Overall views of the
Sample



Plate 6.4 Sample NC-4 after unloading :Close-up of the
tunnel with debris; characteristic piece of debris collected
at the back of the excavation



Plate 6¢5 Sample MC-4 after unloading :Close-up of the
tunnel after the debris has been cleaned oute.
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1. propagation of a logarithmic spiral slip line through
the jolnts.

2 the shortening of these slip lines due to a joint

3. tensile cracks

4. compact failed blockse.

A small plecé of debris found at the bottom of the failed

opening shows clearly two fallure facestone of them is

slickensided and results from a shear whereas the other one

is irregular and may result from tensile failure. The third

hidden part of +this block is a slip line parallel to the

Joints.

Plate 6.5 shows +the tunnel after the debris has been
removed, A strain gauge is now visible. The picture shows
the wall inside <the +tunnel, the granular aspect of the
broken section, and the intact section in the direction of
the jointse. A crack developed at the limit of this intact
section. It may be due to tension in the "roof" of the
elliptical cavityes The material is highly jointed as 1is
apparent on the second picture in Plate 6.5, Near the end of
the excavatlon, the material is more dislocated than near
the sidess Slip 1lines start from the acute end in both
directions, sometimes wusing Jjoints and cross-cleats, or
shearing the material. At the bottom of the same picture, a
crack crosses the jointse. The corresponding block will have
falled by splitting of this crack and shear along a joint. A
similar mechanism caused the cavity visible on the tunnel

wall at the bottom of the first picture.
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The preceeding describes only one test, The
interpretation of the failure and of the role played by
di fferent cracks has to be confirmed by other tests, carried
up to this state of fracture prpagations The following
conclusions can be drawn from the observations:

1. A local instability generates the rupture which then
propagates in giving to the cavity an elliptical shape.

2. This propagation did not mean collapse in this test, as
the opening reached a stable condition at each step
after propagation stopped.

3¢ The preexisting discontinuities, mainly the joints, play
an important role in the rup ture process, by
intercepting and shortening the slip lines (see further
Figure 6¢5).

4, Each failed 1lump is separated from the mass along two
crossing slip lines; the displacement occurs by sliding
on the 1line subparallel to the joints and splitting on
the other line (see Figure 6.3).

60202:2 Description of +the Rup ture as Recorded by the

Instruments

In this section the measurements recorded during the
rupture process will be presented, They will only be
described and commented on briefly.

The stress—strain curves of the tests MC-4,2 and MC-4.3
up to failure are given in Appendix Bl and described in
Chapter 4. The strain—-time curves and the straln rate—time

curves are presented in Appendix B2 for the last twoe load
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