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ABSTRACTS

The results of an lnvo.tl.n‘lon of the time-dependent
behaviour of jointed, strain-wveakening rock during fracture
and the response of rock nasses, with time-dependent
strength and deformetion properties, to tunneling, are
r;portod in this thesis:. Modell tests with regularly, but
discontinuocusly, Jointed coal as a model material have been
undertaken under plane strain condl tion. The to.tlnq
appara tus, w*hich allows varlationa in the streas ratio from
hydrostatic to uniaxial loading, with a maximum capacity of
15 If. field stress is described.

In the first part of thia thesis the time—-dependent
fractuse behaviour of rock has been investigated by
multiple-stage repeated relaxation tests during triaxial
compression tes ts on Jointed coal at low confinement
pressure. This brittle material can be described as a
visco-elastic, visco-plaatic strain-weakening -at.rl;l! The
stress-strain behaviour can be separated into a stable zone,
where time-dependent deformations terminate within an
engineering time-scale, and an unstable zone, within which
the rate of deformation is a tunctlop of the stress level
relative to the current avallable strength. Thises current
available strength is the resistance which can be mobilized
i the rock is loaded instantaneocusly. It is stress-history
and rock struc ture—dependent., Doponqlng on the loading
history, different rock structures are created and therefore

different current available streng ths are mobilized. The
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time-dependent behaviour ofv rock and rock masses is & direct
responme to the rock structure at a particular instant,

A phenomenological model has been developed which
simulates the evolution of the rock structure end predictas
the time-degendent behaviour of brittle rotck subjected to
many different loading histories. This model has been
verified .quulltntlvoly on tes t results available in the
literature and 1t describes successfully all investigated
loading hiastories. The model shows that bo th a
time-dependent and a time- independent resistance can be
mobilized in rock but that the relative proportion of these
resistances is history-dependent and a function of the
accumulated straine.

The model tenmt 'ro-ults reported cover wmalnly the
behaviour of tunnels in the stress range before collapse ia
initiated by rupture or local instability. It has been found
that stress - redistribution due to non—-linear
stress—-dependent CcCreep , properties, nnl-otropl; creep
properties and local yielding are much more important than
generally accep ted. Global vyielding is only one of many
stress-redistribution mechanismes. The stress—-redistribution
due to tunnel .xcavathg causes tunnel closures which are

identical to the displacement pat tern created around an
S

equivalent openind¥in an elaastic or visco-elastic material.
This approach of comparing measured displacements to

displacements around an "equivalent opening'" hae been used

to describe the test results and it indicates that

vi
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deformations in excess
have to be caused by
Zone exclueively.

»
The “equivalent

evaluate effecte of

of purely elastic de formations do noJ/

yielding or the creation of a plastic

opening approach" can be used to

influence parsmeters such eas initial

stress fieldg, rock mass properties, excavation procedures,

and inlitial suppoet

~_ ‘klnpltc.tlon- related

systems on the tunnel behaviour.

to design procedures, construction

procedures and support measures are discussed in detall.
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RESUME

Cette thase explore le comportement différe d'une roche
Jolntlvd’ et fraglle lors de sa rupture et l'influence du
p;rco-.nt d'un tunne l sur une roche dont la reéesistance et
les deformations dependent du temps. A ces fins, l'auteur a
entrepris des esmalis sur modeles réduits de tunnel, en
deformation plane, dans un charbon dont le Jointolement est
régullier mais disecontinu. Ll'appareillage utilise pour ces
teste Perme t une grande flexibilite dans les condi tions de
Chargement, qui peuvent varier d'hydrostatiques a
unjiaxjiales. It transmet a l'echantillon une preasion
maximale de 15 MPa et 1l est decrit dans le present ouvrage.

La pro.lére partie de cette these concerne l'etude de
la fracture difféerée des roches. Des essailis de relaxation
r;p‘t;a, condui ts dans des conditions triaxiales, a des
niveaux de contrainte successifs et a faible ;trolnto. ont
permis de caracteriser ce charbon comme etant
vlaco—;ln-thua et visco-plastique, et comme pr‘.ontant un
affaiblissement des contraintes ‘pr;- rupture. Le chargement
d®un echantillon comporte deux phases successives : Dans la
phase stable les deformations s'arretent apreés un certain
temps, et dans la zone instable, la vitesse des défor-atlon-
dlft;r‘::,est fonction du niveau de contreinte, relativement
a la "rasistance momentanement dlaquuble". L'expression:
"Resistance momentanement disponible"” est utiligee pour
quali fier la resistance que pourrait dévoloppor une roche a

une certaine stcpo de son chargement, si elle @talt au mGme

viii
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inatant chargée” instaentan®ment Jusqu'a la rupture, Cette
[)

variable depend de L'historique du chargement et de la

LY

e truc ture du rocher. Suivant les 3(.90- de cet historique,
le chargeaent génere dlff‘ront;; structures dans te rocher
et on observe sinal differentes "resistances wmomentanement
disponibles™. Le comportement dlffere des roches et des
wagsl fe rocheux reflete fidelewent la structure de ce rocher
a4 un instant donnée.

Un modele ph‘non‘noloclquo a ot® deve loppe pour simuler
l'avolution de la struc ture du rocher et predire le
comportement differe d'une roche fraglle soumise & de
nombreux types de chargements differents. Des resultats
exparlnont.ux. isaus de la litterature, ont servi a
confirmer la vallidite de ce modele, gul deéecrit avec succes
les differents chargeaents etudies. Il montre aussi que le
r‘chor pr‘..nto. confondues, une resistance d‘pondonto du
tempe, et une qui n‘en d;pond pas, dans des proportions qul
sont fonction de t*'historique du chargeasent et du niveau de
deformations cumulées.

Les résultats des essais sur modéeles rédults concernent
emsmsentiellement le comportement des tunnels dans la zone de
chargement pr‘c‘dant la rulne ( amorcee par la rupture ou
1'instabilité locale de la parcid). On e montre que les
ph‘no-;no- de redistribution des contreintes jouent un role
beaucoup plus important qu''on le pense en a‘n‘ral. Ces
phenomenes ont plusieurs causes: proprietes de fluage non

lineaires et d‘pond‘ntos du niveau de contr.lnte. fluage

-




aniso trope ou l;c.l. plastification locele du satérieu, le
d‘voloppo-.nt d'u;; zone plastique uniforase n'etant qu'une
raleson parmi beaucoup d'autres. Le rediestribution des
contraintes autour d'un tunnel aprés son percement falt que
les sesures de convergence sont identiques & celles d'un
tunnel equivelent, perce dane un milieu olastique ou
vl.co-‘l.othuo. Cette mé thode, consistant & comparer les
déeplacements observées dens la realité a ceux observes autour
d'un tunnel equivelent, a eté utiligee pour decrire les
résultats expérimsentaus obtenus sur sodeles., Flle montre gque
les deformations qui seablent sortir du domaline elastique ne
sont paes n‘co..-lro-ont dues au d‘volopponcnt d'une zons
plastique.

La "méthode de la cavitée aquivalente' peut servir a
evaluer les effets sur le coamportement des tunnels de
facteurs ‘t.l- : le whamp initial de contraintes, les
proprl‘t‘. de la masse rocheuse, la méthode de percement ot
le souteéenement inftiale. La méthode et ce qu'elle implique
pour le calcut, la cons truction ot le soutéenement des

tunnels sont largement décrits.




Zusamaen fassung
Das zeli tabhaoenige Dortor-.tlon;v.rhalton von
gsekluefteten FPele, [ 3 dohnun...bhn.n.l&or Featigkel t
-
vaehrend dese Bruches und dessen Einfluss auf dae Vephal ten
von Un;ortuqob.ut.n. wurde le Zusesmenhang ait dieser
Dok torarbei t un tersucht, Modell Ve rsuche wurden =it

s

sleichanecaslig und undurchgehend gekluefteter Behle alse

Modell Material unternommen. Mit der speziell angefertigten
Vor-uch.olnrlchtun. kann dn-‘ Spannungsverhael tnie vom
einachsigen zUm hydro-statiseschen Spannungszus tand, unter
Beibehal tung des ebenen Dohnun-.zu.t.ndo.. varilert werden
und diese Spannungen koennen ueber laengere Zel tepannen
konstant gehalten werden. "7\¢/

Im ers ten Tei l dieser Arbeit wird das zeitabhaengige
Bruchverhalten von Fels, in mehrstufigen Relaxatione

Versuchen wit wiederhol ter Relaxation von konstanter

Au-..n...p.nnung' untersucht, Die geklue ftete Xohle wurde

diese Versuche benuetzt, die unter drejachalialems

nanungeszus dand mit nlederem Zelldruck auvsge fuehrt wurdene.

lemes Sproegie Material kann kurz als visco-elastisch,

vi'sco—-plas tiech mit de hnungsabhaengiger Festigkei t
umschrieben werden. Das Sp.nn;ngi- und Dehnungsverhal ten
wird in zwel Zonen unterteilt: In eine stabile Zone, ia, der
zeil tabhaengige Verschiebungen begrenzt sind, und in eine
unstabile Zone, in der die Dofor-.tlon..o-chvlndl;ko!t von
~

der Groesse der Spannung relative zur Segenvaertig

vorrae tigen Festigkeit abhaengt. Diese aegenwvaertig

xi




vorruo'\l\o Foestigkeit l% dio ’\un.r wseximaler
Iol.-Qu-.ouo.ch-lndl.kolt verfueghare Pestigkeit. Bje iet
.

vom l’.-nun.-'o. und von dor augenblicklich verhandenen
FPolsa truk tup ebhaenglg. Je nech Belastungegeachlchte weerdon
verschl edene Felsetrukturen erzeugt und die d®uonveertig
vorraetige Feotigketl ¢ aendert sich enteprechend, Das
lolt.bh:..(.o Verhalten von Gestein und P.:o tet etne
direkte PFelge des Segenwvaertigen Zustandes de® Gesteilnes und
deren Verhal ten waehrend einer ln-nnun-..ondorun. raengt vos
struktur.nt-lcklun.-prozo-. ab,. .

Ein Phenomenologisches Mode t L wurde eauf Grund dieser
Erkenntnisese entwickelt. Fs weslauliert die Fntwicklung der
Felse truk tur und weagt das =zeil tabhaenige Verhal ten von
.pr;odo- FPeles vorher. Diemes Modell , wurde qualitativ an
veroceffentlichten Versuchsresultqten verschi edener
Versuchstypen erfolgrelich verifiziert. Dabel wurde gezeligt,
dasns zei tunabhaenige und =zeltabhaenglge Viedeoerataoende im
Fels mobilisiert werden koennen. Diese Viederstaende, sowlie
deren rol.tlv.; Anteil an der Gesamtfogtigkeit, sind eine
Funktion der Bol--tun.;..-chlchto und der akkumul ierten
Dehnunge.

Die Resultate der Mode lversuche beschreiben - yor allen

das Verhalten von Tunnelgyg vor dem Einsturz. E®s wurde

sezeigt, dass 8p.nnun¢-u-lg¢orun.on\4/ die durch nicht

lineare, spannungsabhaenige lrlochol.on.chttton. anisotrope

Kkriecheigenschaften und loka les, plas tieches Verhal ten

erzeugt werdeon, oft viel wichtiger sind ale senerel L
>
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. . . 'Of" v
angono---‘n wirde. Globales, plastisches Verhe lten, das s.hrm

cft in Betracht gezogen wird, uafasst nur eine von vier
moogllchoq Ursachen, die fuer die Spcﬁnungsu-lnaoruna
;fornntvortllch sind. Die durch Spannungéu-i;acrung erzeugten
‘"Verschlebungen der Tunne Lwand koennen mit berechneten

Veéachlebungen von einer equivalenten Oeffnung in einem

, -

elastischen  oder vieco-elastischen Meterial verglichen

werden. Diese neue Betrachtungsweise und Annaeherung wurde

zur Erklaerung, der Versuchsresultate benuetat. Daraus geht
hervor, dass Verachiebungen , die groesser sind als die von
der Flastizitaetstheorie vorhergesagten, nicht umbedingt

durch plastische Deformationen hervorgerufen werden .

Diese Betrachtungswelse, die "equivalent opening
approa:’“ genannt wird, kann dazu benuet;t werden um die
folgenden Einfluesse zu bourtolloné Groesse des
Spannungsfe ldes, Eigenachaften der Felsmassen, Ausbruch

Verhalten und Ausbhausystem. Schluesfolgerungen, sowie deren
Auswirkungen aut den Entwurf von Tunnels, dle Bauvorgsenge

und Ausbautypen, wurden ausfuehrlich diskutier t.

xiii
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TABLE OF ABBREVIATIONS

Sp.cl‘l symabols used in Chapter J are explalned in
Section 3.3 and the remaining eymbols are defined throughout
the text vhenever they are firet encountered.

A dot DbDelow a letter means that this letter is a

submcripte The following subscribts ar commonly used:

Ceseoeoradial or residual

$eceosctangential or tensile

Yo.od‘v.rtlcﬂl

b...--hol"izontal

Jeseoeclongi tudinal

QesesonNOrmal

ult.co\llti-.fﬁ

p.....P‘G*

leseseintarnal

..;...-nxl-u.

"D..c-lnl-un

Some of th® more frequently used symbols are:
Biceor®lgma, normal atress
Yevesrstau, shear strems
Deeos+deviatoric atrems = 6, -63
Neses*Btreas ratlo; 6p/6yy Or the ratie between minimum
and maximum principal field stress

Eeseo*B8t1ffnems, Young's Modulus
esss s PolBsmont'e Ratio

Keeeoe+Bulk Modulus

Geoses+Shear yodulus
NgpyN22seccocoefficient of viscosi ty

8C..s2UNCONfined compressive strength
Pecosrfriction angle

or *®**eemtrain

or ***eemtrainrate

or Ueceeesstunnel wall displacement or closure; and
corresponding closure rate

O..,c°8ng8le generally measured from a vertical axis

Meeoordegree of separation = area of open Jjoint / total

crossectional area

C 90

deieose®mall §ncrement or derivative.
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CHAPTER 1

INTRODUCTION

1.1 Gepsrxal S

Tﬁnnellng is an old arte. Meny different tunneling
methods have been developed over the larmt cen tury and
considerable {mprovements have been made in inveastigation,
demsign and construc tion techniques. For example, at the
Arlberg Tunnel, Austeria (John(197¢) or Pesch(1978) ), two
almost parallel tunnels have been driven; one has been
completed in 1880 and the other in 1978, With an area of
excavation of 95 mZ & free opening of S0 m?2 with a support
volume qbt 45 ®m3 was achieved in 1880 while in 1978 an

excavated opening of 95 m? resulted in a free opening of 8O0

m? with a support volume of only 15 m? (Figure 1.1). This

tremendous lmprovement has been reached through the
application of new technologies {(shotcrete, rate of
excava tion, rock bolting), new design and construction

procedures (flexible initial and stiff final support) and
field instrumentation (extensonmeters, closure measurement
devices, anchor load observations).

Today, the rock Ils incorporated into the support system
by anchors or rockbol ts and observatione are uaed to
evalua te the opening stabi li ty, to modify design, and to
optimize the lining cost and 1ts installation time. All
these factors are circumscribed by the general terms:

"Observational Tunneling Method" or "New Austrian Tunneling



Crossection of Road Tunnel (1978)
(Posch, 1978)

Figure 1.1 Rail Tunnel (1880) and Road Tunnel (187&) through
the Arlberg, Austria.



Method (NATK)". Many muthors treat these methods separately
on the basis of minor differences but this is not really
Justified sipce bo th are an application of the present
understanding of the behaviour of underground openings. They
both employ the twvo most important principles of
"mobllization of rock strength' and "monitoring to guide
both design and construction".

Current methods of tunnel design have evolved from

three different approaches to this engineering problem:

experience, based on qualitative or quantitative
observations; development of theoretical or analytical
me thods ; and model testing for specific proto types or

general investigations. Each area &as its proper application
and only a blend of information gained from all three
approaches may increase our present understanding of tunnel
behaviour. Application of analytical methods, particularly
numerical methods, has dominated the research in this area
over the last decade, Many important contributione have been
made by conmideration of the post-failure behaviour of rock,
of the discontinui ties in rock masses, the three -
dimensional state of stress near the tunnel face, and both
the active and rassive time—dependent processes such as

tunnel advance rate and time-dependent rock prrne-~ties. But

it seems that these techniques have often : « <ed by
curve fitting without proper conlLerntlon ical
processes involved. For example, - “{c,
stral n-weakening, plastic model with comp . lome of

«*



cohesion has been used in cases where obmerved straine were
not sufficient to cause complete strength loams. Linear
visco-elastic models have heen used to fit, apparently
successfully, field observations in materiels which have not
been proven to be linearly visco-elastic. On the other hand,
enorious amounts of field observations have been col lected
(e.ge. Tauern or Arlberg Tunnel) and this information has
been epplied empirically to control tunnel construction but
has not been adequately analysed from the research point of
view. There has been some interaction between cobservation
and design; nevertheless, major deficlencies still exist in
the understqndln; of the processes causing deformations and
inmtabili ties. The most promising approach which has,
because of obvious reasons, not been appli ed enough,
particularly to investigate the time—dependent procesmes, is
physical modeling. Modell tests have many disadvantages but
they altow better control of boundary condi tions (e.ge.
streme field) and materlial properties than Iin the tield, and
it ims not necessary to fix certain, poorly understood,
mechanl sme as input parame ters., The latter is a ma jor
deficiency of mos t analytic, conceptual, and numerical
mode ls.

Larger and deeper tunnels under less favorable
conditions are being bullt~today resulting in the need for
an even better understanding of the rock mass resgponse to an
cxcavatlon“\gf an underground opening. In the last few years

it has been generally accepted that flield observations are



emsent ial for the success of a tunneling project and tha t
these initial inveatments result in msignificant financial
savings it applied correctly. The feedback froma obaﬁrvatlon
to design and extrapolation beyond the time of the last
measurement are the moat difficult tasks for the tunneling
engineer and this problea constitutes the weakest point in
the tunnel design procedure. The author concluded that the
most important areas in rock tunneling are related to the
time-dependent response of a rock mass to a change in mstress
fiela, and the problem of extrapolation from field
measurements to a particular time after tunnel completion.
To make any ex trapolation in time it is essential to
understand the processes involved, and it follows that the
initial investigation should delinea te the proceases
relevant for the time-~dependent behaviour of strain -
weakening rock masses.

This view is supported by Muir Wood(1979) who, in a
detalled expomi tion on the &round behaviour during
tunneling, concluded that uni fication in the field of time -

de pendent deformation is required.

le2 wmunxmnuammu
a Iunnel

Many time-dependent pProcesses wmway cause time-dependent
straining within the rock mass and consequent deformation of
a tunnel. Some of the processes which will not be discussed

deal with viscous rock (rock salt) and swelling rocks

o e bt

e bt e s e =



(shale). Time-dependent weakenling and the influence orf
time-dependent post-fallure behaviour are two mechanisms
R
which may influence the stabili ty of an opening and may
control the time~dependent deformations around an
underground opening. Egger(1973) and Daemen( 1975) showed the
{mportance of the post-fatiluyre relationship -between stress
and strain for tunnel astability. Frée thelr work it follows
direc tly that tl-o—d;pandent failure processes and
time-dependent post-peak atress-strain reletionships must
play a dominant role in the behaviour of strain-weakening
materiales with a time-dependent peak strength.

Most rocks heve been deformed and fractured during this
long geologicall history through the action of tectonic and
other stresses. The rock wnass ie therefore weakened and
excavation of an opening in this material causesn
overstressing duvue to stress concentrations created near the
openinge. T;. followlng time-dependent process has been
developed as a working hypothesls for thise thesis.

As soon as an opening is excava ted tangential atress
concentrations are created near the opening wall, where the
radial or confining stresses are smalleat. The atfena level,
relative to the rock masms peak strength l? highest near the
openinge. Mos+t rock materials show a stress-dependent creep
rate and this results in a rapld stress relaxation near the
opening and in a streas redistribution due to dlff.rentlu}

>

creep rates to a zone of higher confinement (This is

fllustra ted in Chapter 6, Figure 6.6.a). At great depth or
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in weak rock the stress concentrations are too high and the
rock yields. A plas tic a20ne 1s created {in which elementa
closest to the tunnel are strained beyond their peoeak
strength, elements farther inelide the rock maas, Iin an
intermediate zone, are atrained to near-peak atress levels,
and elements even farther inside the rock mass are strained
within the elastic range. The process of stress
redistribution due to differentlial creep rates still applies
but other proce sses are superimposed. In the intermediate
zone, an element logses strength since most rocks have a
long—~term strength which is lower than the short-term
strengthe. This lows in strength has to be balanced by a
stress r.dl!trlbutlon to s tronger elements or elements in
higher conf inement areas. Any stress transfer resulta in
addi tional strains and displacemsents which in turn cause an
additional strength loss Iin the plastic zone closer to the
tunnel walle An element In this zone will gradually approach
ite ul timate strength and 1If it possesses a time-dependent
or rate-dependent strength, like a visco-plastic material,
1t loses some of its resistance with time and contributes to
a further stresse redistribution. (This 1o illustrated 1in
Chapter 6, Flgure 6.6.b), Furthermore, an element which was
initially in the elastic zone, but close to {*®s peak
strength, will pe loaded aend overstressed as 8 consequence
of this s tress trensfer. [t will lose strength as & function
of time and ceause propagation of the plastic zone es well as

addli tional stress redistribution. In summary,
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streas—de pendeoent creep properties, time-dependent strength
tose and satrailn - woeakenl ng are three sa jor Causes oOf
time-dependent strees redistribution which have to be
considered in the evaluation of tunnel closure and
extensome ter measurements. ih. ®ma jor aim of this thesls 1s
to Ilnves tigate the relevance of the two latter pointg ,
strength loas and wea kening, The work presented by Guenot
(1979) 1@ a contimuation of this objective and the thesis by
da Fontoura( 1880) is closely related to this topic,

The time-dependent pPropagation of the rlamtic zone
terminates eventually for several reassons. The stress level
to which rock elements outside the plastic zZone are stremsed
dereases with increasing distance from the tunnel wall and
vylelding as well as stress redistribution becOwmeas less
likely and less dominant during the expansion of the plastlc
zone, The rock mass becomes wmore ductlie‘.- the confinement
pressure increases and thim causes a fur ther slow-down of
the frac ture propagation resulting in a decelerating stress
transfer., The effective slze and shape of <the opening
changes to;.rds the most stable confjguration during stress
redistribution or vyields unless overall instability
(fracture propagation to the murface) is initiated,

In the case ot‘non—-y--otrlc propagation of a plastic
zone, strength and ductility may change due to a change 1in
rock eloment size and shape at the fracture point. Local
veaknesses become less fmportant and local instabilities

less likely. This process normally reaches a stable



equilibriues which does not preclude frac tured roc k
pene trating the opening. It indicates rather that there les
only a limited Zone oft® rock which has failed and needs
suppor t. This point |is msuppor ted DY oObservatione dimscussed
by Profemsor Tincelln at the AFTES—meeting In Paris (1P7H)
who obgerved that support presaures {in practice seldoa
excead O.1 to 0.2 MPa, preasures eignificantly lower than

theoretically predicted by various sethqds.

led Scopse and Qrmanization of thia Thesais

The objective of this themis, Very broadly formulated,
im to s tudy the influence of time-dependent rock maes
properties and the time—-dependent fracture proceas on the
behaviour _3r tunnels in a mstrain-wveakening rock nAaSS .
Because of the sapecial emphasis put on the study of rock
mass rather than on Intact rock pehawiour, S%ly two possible
approaches appeared practical: a study of cese histories or
mode l testing. The first pomsibility was eliminated for two
reasons: (a) loading history (face advance)), boundary
conditions, and rock struc ture cannot be controlled to
eliminate complex interaction, and observations can normally
be started only after excavation; (b) ideal case histories
where time-dependent fracture processes dominate are rare
and were not acceagible. Even though model testing has meny
dreawbacks, it wvas found to be the only alternative. The fact
that a natural, jointed material (coal) with moat of the

required properties wvas aval lable and could be used as a

~

~
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model material convinced the author of the usefulness of

model studies. Some of the most {important characteristica of

the selected model material are:

- discontinuous Jointing at a regular spacing of 1 to 3
oW

- briYtleness, even at high confining pressures (>1.,0
NP:).

- tlne—;zyondent strength; and

- hlgh frictional resistance.

This material had been studied by Noonan (1972) in direct

shear tests but additional informetion, especially on the

time-dependent fracture behaviour, weas needed.

Chapter 2 summarizes the origin and the geology as well
ae the mechanical properties of the coal. Data from direct
shear tests and triaxial compression tests at confining
pressures up to 1 MPa conduc ted by the author and Gueno+t
(1979) are shown.

In Chapter 3 results from multiple-stage repeated
relaxation tests are diacussed to describe the time -
dependent frac ture behaviour of the coal at low confining
pressure. Only one mode of fajilure, the development of a
shear plane parallel to eximting jJointe but through rock
bridges, is investigated., A schema tic 8 tress - atrailn
diagram for a brittle rock is=s developed and umsed to describe
the time - dependent frac ture processg. A sumemary of this
Chapter has been published by Kaiser and Iorg.n;f.rn (1879).

As a result of these investigations, a phencmenological
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model which deecribes (and explaing to some extent) the time
- dependent frac ture behaviour of strain-weakening rock has
been developed. The response of this mode 1 to various
loading histories has been {llustrated by a simpliftfied model
and compared with test da ta, reported in the llterature.
from testsas on rock sub jec tad to corresponding loading
histories. The results of thia Investigation are repor ted In
Chapter 4,

The seécond part of thim thesis deals with model testse.
Reasonse for the model testing, the scope of the rogram, and
the mode 1 test appara tus are discussed Iin C ter S, The
method of sample preparation, the &eneral loading history,
the data ;rocesslng procedures and an explanation of the
various ways of data presentation are presented in the same
chapter.,

An interpretation of the test results from tests on one
coal sample are glven in Chapter 6. Reloading cyclee and
stage creep tests have been undertaken with strees ratios N
varying between 1.0 and 0.2. The stress ratio N is defined
as the ratio between minimum (or horizontal) principal field
stress and max i mum (or vertical ) principael field stress.
Linear elastic and linear visco-elastic material models have
been used to in* erpret the test results, and a new approach,
called "equtiva ' opening approach'", has been developed to
explain obmservations nade during these model tesgts.

In the final Chapter 7 conclusions are summerized and

implications as well ag rec ommendations for further research



are discussed.
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CHAPTER 2

GEOLOGY AND MECHANICAL PROPERTIES OF COAL

2.1 Introductien

The coal inveatigated was selected es a model material
because of two ma jor factors. First, asg a jJointed, brittle
materjal with time-dependent strength and deformation
characteristics, coal is an ldeal material for the
Investiga tion of the effects of the time-dependent failure
mechanismas. Second, the regular Joint pattern, with a
spacing of less than a few centimeters, and the strength of
the coal are ideal for the modeling of a rock maEs
surrounding an opening. The use of a natural wmaterial
overcomes many deficiencies of an artificial model material.,
The brittleness allows the study of the effects of etrength

loas at low confinement vhe;.as the time-dependent strength

enables the investigation of these procesgses as a function

of time. The nearly linea lastic properties within a

limited streas' range make it possible to check the
-

instrumentation, to estimate the stress distribution and to

predict performance under changing stress conditions.

The purpose of this chapter is to describe the coal
umed as a mode 1 ma terial, to es tablish ite mechanical
properties, and to Investigate the time-dependent failure
mechanisms of a Jolnted rock mases near fallure. The term
“"failure" s usmsed in this context with & somewhat wider

definl tion than umua l to demscribe the entire range where
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excessive yielding occurs with or without simul taneous
strength losa. Initial failure occurs at peak strength and
subsequent failures are posmible after reloading at strains
exceeding peak failure strain at stresses below peak but at,

or above, ultimate smstrength,

212 Geology

21221 Site Location

All samples tested in direct shear, triaxial
compression or model tests were obtained from the Highvale
Nine of the Sundance Power Plant on the south shore of
Wabamun Lake approximately 75 ‘m weat of Fdmonton Iin Tp 52,
R4, v, Sth Mer. The Highvale Mine is operated by Alberta
Coal Ltde and produces the coal for the power plant owned by
Calgary Power Ltde The Wabamun [Lake district i an area of
low relief at elavations between 700 and 800 meters within

the plains area of central and eastern Alberta.

22222 General Geology

The geology of the Wabamun Fistrict ie8 described in a
report by Pearson( 1959) and a brief summary is given here.
Sandstones, shalesa and coal seams of late Cretaceous and
early Tertiary ages deposited In a fresh-water environment
constitute the bedrocks of the Wabamun Lake district. The
upper Cretaceousn ia represented by the ﬁpper part of the
Edmon ton Formation composed of bentonitic clay-shales, with

minor sandstones and coal seams o0f varying thickness up to S
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meters. The lower Tertiary is represented by the Paske poo
Formation, a massive san&stone with a " few thin shale bands.
A thick conl—beaflng zone haf been found near the top of the
Edmonton Formation a't numerous pointa throughout the Wahamun
district from Pembina River 6.5 km north of Entwigtle to the
North Saska tchewan River at Coal Arche This coal unit is
laterally discontinuous and can be subdi{vided into several
aean? separa ted by shale or eandstone. In the wvicinity of
Wabamun Lake 1t is approximately 10 m thicke The coal at
Sundance is less fractured than on the north side of the
lakes This can be a?tributed most likely to ice thrust
action during Pleistocene times.

A mant le of glacial tills, sande and grave ls of
general ly less than 15 ™ thickness overlies momst of the
Edmonton and Paskapoo strata in the Wabawmun Leke dietrict
except for a belt a few miles wide along the south shore of
Wabamun Lake. The tillse are largely clayey to sandy in
texturee.

The Cretaceocouns and Tertliary strata in the Wabamun Lake
district dip between 4 and 10 meters per kilometer to the
southwest, The dip is modiflied by near—sgurface features
produced by ice movement. The distance between these small
"anticlines" and "synclines" ("rolls") ie In general less

than 100 me.

23223 Structure of Coal
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All sanplea were ob talned from the west pit at the
nghwfzf\\llne (Sundance). Two ®a jor seam® are mined at this
location after removing about 10 m of till by dragline. The
seams have to be blasted with light explomive charges to
loosen them for loading.

The samples were taken frowm the upper of the two main
aeams . A detailed struc tural survey was conduc ted by
. Noonan(1972) and is summarized briefly. TLe coal seaam is
horizontally bedded wl;h a ma jor set of joints oriented
N45%E perpendicular to the bedding. The spacing of thense
essentially planar but discontinuous jointe is in general
between 1 cwm and 3 ca with an average of approximately 2 cm.
They do not continue across ma jor bedding planes that
consiat of thin bands of clay-rich coal or ghale interbedded
within the coal. Fractures normal to the joint planees are
non-planar and do not continue across joint planes. The
bedding planes and the Joints constitute ma jor planes of
weaknesa. .

Coal ie a product of plant materieal sedimented in water
together with pockets or layers ;t sand, silt or clay and i+t
is an extremely heterogeneous rock containing remnants orf
tree trunks and branches. These inclusions cause variations
in stiffness that ltead to differential straining ddrlng
stress release. As a result, fan-shaped or circular fracture
patterns can be obs erved which dominate the structure

locally. The se patterns wére often observed on the blockes

used for model testing and aus t be considered in the
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interpretation of test results.

2:2:4 Composition of Coal
' .
Standsflield and Lang(1944) classified the coal in the
Vabamun district as subbituminous B according to the
Canadian classificatione. Approximate eanalyses of three

samples showed the following composition In percent welght

(Pearson( 1958)):

Molsture 21.4 21 .8 18. 4
Ash 8.0 14.9 11.9
Volatile Matter 28.3 24.4 27.4
Fixed Carbon 42.3 38.9 42.3
Fuel Ratio 1.50 ) 1.598 1.54
Gross B.te.uese per Llbe. 8920 8000 8720

The last two columns are the results from an analyses made
by the Research Council of Alberta on samples from the Upper
Maln Seam and the Lower Malin Seam south of Wabamun Lake,
regpectively (Pearson( 1959)).

Pearson( 1959) describes the composition of the coal
using the petrographic classification system suggested by
Hacquebard(19851) (Vitrain with 100-96% Vitrinite; Clerein
with 95-51%, Claro-Durain with 50-21% and Durain with 20-0%

Vitrinite) as follows:
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"ATY seams in the Vabamun Lake district are thinly
layered, and the four rock types (vitrain, clarain,
claro-durain, and duraln) are intimitely mixed in the
heterogeneous coal masss. Clarain &enerally Predominates,
but vitralin im present in lenses up to 5 wmm thick in
some samples; the coals are essentially bright, with
lenses and layers of dull coal. Examination or samples
from drill holem south of Wabemun Lake indicate that the
ma jor parts of the two main séams are bright coals
consisting largely of vitrain and clarain."

This description appliesm accurately to the coal tested in

this research program.

Mﬂmnnnxm.l.

A number of direct shear and triaxial compremssion tegtsg
were undertaken to evaluate the Btrength parameters and the
stress~atrain relationship ot the coel, particularly in the
direction of the joints. At the ocutset, only goil triaxial
compressi on test cells with a maximum confinement Pressure
of 1 MPa and one rock shear test machine were available. In
the final stage of this study a few high pressure triaxial
compresasion tests (up to 10 MPa) were conduc ted on small

diameter samples.

223:1 Information from Previous Testing

Strength testing on this coal wvas conduc ted by
Noonan(1972) in d] rect shear testes on precut and "ifntact"
samplese. The results of this study wvere summar]lzed by
Morgenstern and Noonan(1974 ) .

A series of classification tests yielded average values

for moisture cContent, mpeci fic gravity and bulg density or

L s 0 b et 3w e = s
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24%, 1.58 and 1.38 g/cm? with no significant deviation \ro-
these average values. Saturation ranged from 79 to lOO%k,A
conatant residual angle of friction of Oy = 307 was obtained
on pre—cut samples (S.1 by Se.1 cwm) with the shear plane
parallel to the bedding plane, the Joint planes
perpendicular to it and a maximums normal etre=s of 7 MPa.
Young's Modulus E was estimated and veried depending on
sample orientation and normal stress (less than 0.7 MPa)
between 140 and 5S0 MPa . The Young's Modulus tends to
increase with increaming norsal stress due to fracture eand

Joint closure. The peak strength parameters ¢ and U for low

normal stremnes of less than 0,55 MPa were determined for
mseveral sample orientations. Along the bedding plane O =
410, c = 0.39 to 0.52 MPa and perpendicular to 1t with
varying jJoint plane orientation ¢ = 669, ¢ = 0,12 to 0.35

MPa was calcula ted. Shear displacement at peak fajlure was
several orders of magnitude greater than tte measured
dilatione. It was conc luded that the peak friction angle for
discontinuous shear planes is a function of material
satrength rather than the geometry of the discontinuities,

For continuous ahear surfaces after the peak strength
was overcome the shear resistance could be related to
tan(ogt+i) where Or s the residual friction angle eand I the
inclination of the shear surface with respect to the
direction of the appllied shear load.

These resul ts are supported in general by the direct

shear test data presented later.
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22322 Sampling and Sample Preparation for Laboratory Testing

2202244 Method of Sampling

Firamt an attempt was“ made to drill 25 cms diemeter
undisturbed samples perpendicular to the bedding plane with
the arill equipment shown in Plate 2,1, This wachine was
builte at the University of Alberta and an earlier version
was firat used and described by Krahn(1974) . Due to
rotation of the core and shearing along the bedding plane it
wag not possible to recover samples longer than
approximately 20 Cme Many of the bedding planes wer e
cseparated during the plasting operation n(:;ed to asa|«t
ioadlng of the coal. These cores were large enough to trim

sampl es for the direct shear tests but not sufficlient for

the triaxial compression testsas. From this ard Nooran's
experience it was concluded that the only way to get good
and consiatent samples was to collect large blocks of coal

(60 by 60 by 30 cm) and to drill semples from them in the
labora tory pith apecial coring equipment. By this method it
was pomsaible to recover about ten samples per block with a
succens rate of 50 to 70% end to ensure reasonable
consilstency. The digit in the sample number indicates the
block number from which the msample was cored (e.g. TR-18B,
stands for triaxial compression test sample - Block 1, Core

Be. Blocks and samples were wrapped with plastic and stored
P ad

-

in a molast room at 102 C and 100% relative humidity after
transportation to the laboretory, after coring or trimwming

and after casting before testing. Only samples which were



>

Plate 2.1 Drilling of Samples Perpendicular to Heddind of
Conal
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kept for a few years showed slgnae of dessicatione

2200222 Trimmwing
The blocks for the direct shear tests were cut to about
one half centimeter under shear box elze on all sides ueing
a Northland concrete saw (Noonan(1972)) and stored for
.
casting. The endn of the cores for the compression tests
were trimmed to the proper length by a specimen saw which
allowed more accurate alignment. Vater was used as a cutting
fluia, The cut-off ends were used to determine tte pre-test
molsture content, After trimaing, the ends were &round with
decreasring grades of sandpaper to perallel sgurfaces wlithln
about a tenth of a millimeter. It was difficult to prevent

chipping of the edges of the rsample sand extreme care was

necessary to obtain acceptable samples.

223:2,3 Casting

The samples for the direct shear test were cast Iin
Devcon B plastic steel ®epoxy to ensure snug fit in the ehear
box and flat surfaces for seating and loading. A one
centimeter gap was left open Iin the middle of the sample to
accommoda te the shear plane. If any portion of a joint was
visible 1t was positioned at this olovotlonlto cause fajlure

through the Joint.
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2:0ad DPirect Shear Tests

2adeldasl Temsting Procedure

A series of 9 tests w:rc run on 6 cam thick coal samples
in the modifled direct shear machine described by Noonan
(1972). Th.\ design of the machine allowed the use of two
di fferent sizesn of shear boxes, a 9 by 12 cm and a 5.0R by
S.0R cm hox. Temtm | to J were conducted in the larger box
and tests SA to SF in the smaller box. All samples were
teated in their natural state at & constant deformation rate
of 0.0488 mm/min up to the first peak and 0,244 se/min after

peak and on displacement reversals. The norwal load was

applied onetdey before shearing was started. A maximum shear

displacement b d one centimeter in each direction and at

least one 3,x- sal of the displacement direction wvere
imposed o samples. A wmaxi{imum of five reversals were
applied to sample SE. Horizontal dieplascemaent of the shear
box and vertical movement of the normal loaud frame were
measured ueing linear voltage displacement transducers
(LVDT®s)e The shear force was measured by a load cell with 45
kKN capacl tye. A shear load versus displecement graph was
Pplotted on a X-Y-recorder and the ogtput of the three
measuring devices was printed at gelected intervals.

All shear stress displacement graphe showed a sharp
drop of shear stress after peak strength was reached, as a

resul t of the release of strain energy stored in the

relatively soft loading system.
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23323e2 Sample Orlentation and Description

The moisture content of the samples was determined
indirectly on the portions cut off during trimming of the
samples. The average moisture content was 23.R8% with little
variation. Drying at temperatures between 759 and 1259C for
an additional period of up to S days did not produce any
significant changee in the moisture contents,

Sample 1 was the only sample tested with the shear
plane parallel to the bedding plane and the shear force
acting parallel to the vertical Joint plane. This
configuration correaponds to type . { Morgenstern and
Noonan(1974)) and the obaerved peak strength is close to the
failure envelope reported by these authors. 1he sample area
was 84 cm? and the Jjoint mpacing was approximately 6 am.

Samples 2 and 3, with an area of 10 ’.¢ «m? and 100.4
cm?2, were sheared paralliel to the Joint plane with the
bedding plane vertical and parallel to the shear force. This
confilguration corresponds to type F ( Morgenstern and
Noonan(1974)) and again good agreement with the peak
satrength envelope reported by them was observed. The degree
oY meparation ¥, the ratio be tween open jJjoint area and total
cross—sec tional area, wasn estima ted by eye to be 20% and
30%, ro.poctlvol;. Open Jolnt, cou}d be distinguished easily
from the duall, crushed rock bridges bocau,e of the bright
eppearance (vitrain and clairain) of the joint surfaces.
This method of estimating the degree of separation was gb.d

for all direct shear and triaxial c’Epretslon testa. Fven

I

>
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t hough * is not measured accurately it Zilves a good
indication of the sample’s intrinsic strength since the peak
atrength is di rectly related to the percentage of intact
rOCKe

Samples SA to SE were also of the type F configuration
with Joint planes parallel to the shear plane and bedding
planes parallel to the direction of the shear force. These
samples with cross-sectional areas of 14.7 to 158 cm? were

teated in the emaller shear box. The estimated degrees of

separation were approximately 20, 50, 55, 75, 25 and 65% for

samples SA to SF respectively, and are indicated Iin Figure

2.1 in brackets beslde the peak strengthe.

2232320 Direct Shear Test Results

The strength da ta are summarized in a shear stress

versus normal stress plot in Figure 21. The shear and
normal stresses we re corrected as e function of shear
dimsplacement to compensate for the reduction Iin the cross -

sectional area. Test numbers are circled and the maximum and

mintmum shear resiastances for each ehear dieplacemen t
revermsal are numbered consecutively (1 for first shear, 2
for reversed shear, etc. )¢ The results from Noonan (1972)

for type A and F are indicated on Figure 2.1 by two lines
for the peak atrength (normal stress range 0 to 1 MPa) and
the ultimate resistance for shear along the bedding plane
(normal stress range 0O to 7 MPa ). Reasonable agreement with

»
these data can be observed. The ultimate resistance
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correc ted for dilation, and indicated by the squares, was
calculated in the following manner (or measured at a point
where no dilation was observed). The inclination 1 of the
shear plane was determined from the measured shear and
vertical displacement and the resimstance was then calculated
under the assumption that the cohesion was gmall enough to
be neglected. Patton's (1966) shear strength equation T =
(6p) tan(Br+i) was assumed applicable. From this equation it
follows that tan(9p+i) is equal to the ratio between

measur.ﬁkkgﬁizr stress and normal stress. If i 1s known Or
. AR SR

. p ’
\ 1

can be éhicﬁlntod. The corresponding resistance Igp = (6p)
tan(9r) was then calculated and plotted as squares in Figure
21, The various da ta points correspond to the different
reversala and to values determined at the beginning and end
of a particular reversal. The fligure shows that these pointe
lay on both sides of Noonan's envelope for ultlnat*frength
and that the assumption of an ultimate friction angle of
oult = 300 ls adequa te. The term ultimate instead of
residual is used by t he author because of the fact that
there is no true residual strength of rock (Krahn and
Morgensatern( 1979) ).

During initlal loading the sample is8 deformed until
streasesn locally exc eed the strength of the wmatecial.,
Depending on the original structure of a sanmple, failure may
start from the stress concentrations near the point of load

N

application, from internal stress concentrations at the end

of existing fractures, jolnts or cracks, or from areas where
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tensile -t;essos exceed the tenallg strength of the
material. During thl"talluro process the sample dilates and
a shear surface is crea ted. Peak dilation angles in the
order of 20-300° were observed,. The displacement at peak
ehear strength was 2.96, 4.0 and 5.18 mm for the mample No.

N

1 to 3 and between 2.16 and 3.7 mm for the samples No. SA to
SFe The geome try of these she;r surfaces depends on the
failure process. In most samples a shear plane with a
etep—-like appearance with fewer steep steps in the direction
of initial shear was observed, Thie non-symnetric shear
sur face is the reason for e second, but reduced, peak
strength (called Maximum in Figure 2.1) withen the shear
dl rection is reversed. This second peek Is reached as soon
as the sample passes the + shear box mid point. If the
inclination of these steps\is too high, less force is needed
to shear them off than to dilate, and an apparent cohesion
or fundamental shear strength is observed. This additional
resistance. disappears during later reversals if these steps
are sheared off. The ul‘i-ate strength wes reached after
L4
large deformations of several millimeters. It is evident
that the shear strength 1e a function of the slize and the
number of roc k brlidges (or steps) as well ar the normal
stress acting on the shear plane. The failure envelope is
most likely non-linear with regpect to normal stress, but
there is not sufficient data to justify drawing it Iin this

mAanner. A bi-linear relationship seemed eppropriatee.

Lajtati(1869) suggested the following form for the total
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shear strength St:

St = Sg * (1 - %) 6 tan 0] ¢+ ¥ 6 tan Op

where:

Spg = fundamental shear strength

» = degree of separation (area of open joint per total

area)

pe

3] = angle of internal friction

Op = angle of joint friction
1fr 11t is assumed that B3] = Op = Ouls the above equation
reduces to Coulomb’s failure criteria St = Sg + 6§ tan Oulte.

The fundamental shear strength would have to be a function

of the degree of separation. The term '"fundamental shear

strength" im therefore used in this thesis to describe the
resistance mobilized in Jointed rock in excess of purely
frictional resistance. It is a function of rock structure

and confining pressure. The fact that both components may
not be mobilized simultaneously should b? consjidered during
application of these strength parameters. The validity of
the assumption 0]1=-0p=0ylt wae not investigated and it seems
that Op i less than O§] because of the fact that preexisting
Joint surfaces are extremely smooth. In the fremework of
this rather limited investigation such a simplification
seems reamonable, and it follows, for a normal satreses range
between | and 4 Mpa, that Ouylt = 3002 and Sg (peak) = 0.E7 to
1.90 MPa for degrees of separation between approximately 75%
and 20%., For reversed shear and the same strees range the

fundamental atrength Sg (called Maximus Streng*h in Flgure
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2. 1) increames from 0.30 MPa to 0.85 MPa as the normeal
satress, whilich restricts dilation increases. It ;anlshes
during subsequent reversals. For the low normal atre?a r;ng.
between 0 and 1 MPa the failure envelope determined by
Noonan (1872) should be applieds A si{milar approach was used
later to analyse the resulte from the triaxial compression
tests and a peak fundeamental shear strength of Sg = 0.70 to
2.05 MPa for confining pressures below 1 MPa and Sg = 2.0 to
3.3\!?& for confining pressures up to 10 MPa was calculatede.
It should be pointed out fhat a direct comparison is not
Justi fied becaumse of differences in etress fields before and

during failure.

23324 Triaxial C?-pr.--lon Tests

2232421 Teating Procedure

A series of triaxial compression tests at low confining
pressure have been conducted in a universal triaxial cell
for samples up to 100 mm in diameter (maxisum cell pressure
1.5 MPa ). Triaxial compression tests at high confining
pressures up to 10 MPe have been undertaken in e Wykehem
Farrance high pressure triaxial ;oll for rock samples up to
S0 am in diameter. These cells are conventional testing
equlpment and described in the nanﬁfacturers' wanuals. The
compression tes t machines used were both built by Wykeham
Farrance Engineerirg Ltd; WF 10,071 compremssion test machine
with 100 KN ca pe Y and a 42 epeed gearbox with a range

from 4.1 ma to 0.0000 - mum per minute, WF 10,081 compression
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tent machine with 250 kN capacli ty and a variable speed range
be tween 6¢35 mm and 0.0004 um Per minute. The-vertical ram
displacement and the load were measured electronically and
recorded on a digital data logger with a recording accuracy
of 001 mVe The voluame change in the cell was measured by a
volume .change indicator with an accuracy of $0.05 cm? and
corrected for ram displacement. Small leaks inhibited
long—-term volume Fhango measurements. Gas was emitted from
the coal during long-term testing which !ould have made
volume change measurements at the back pressure inlet
inaccurate. It was not possible to use high enough back
pressures to prevent or significantly reduce the effect of
8as generation because of the low confining pressure limi t.

Samples with a diameter of 6.95 cm and 3,55 cm and a
length of approximately 20 cm and 7.1 cmy, for low and high
pressure tests, respectively, were used. A length to width
ratio of 2 to 3 was selec ted in order to have as many Jjoints
an possible corossing the samples without Intersecting the
load cab;.

The samples were installed in the triaxial cells with
porous stones at bo th ends and filter cloth around the
sasple to allow free drainage. Water was used as cell fluid.
For the low pressure tests the sample was sealed with a thin
(0.332 am) latex membrane with double O-ring seals at the
load capas. This membrane was not strong enough for long-term
testing and was punctured by sharp corners of the coal

sample after sustained pr.aa-.e. For long-term temting a

o e e s o e
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latex sleeve of 3 cm width at each saample end and a second
memsbrane was added. To reduce the poassibility of puncture of
the outer membrane a thin plastic sheet was imbedded in Dow
Corning Vac uum grease between the two membranes. This
plastic sheet was folded and allowed to stretct to prevent
additional confinement at large strains. The O-rings were
pressured by screw—c lamps to improve the seal between
membrane and loed cape In this way 1t was possible to seal
t he sample for long—ters teste up to more than 4 monthse
Oonly one membrane broke after about one month where the
membrane vas installed without the plastic sheet. The high
premssure sasples were sealed with a specially shaped and
manufactured high strength neoprene membrane (1.59 mm
thick)e. This wmembrane was used for short—term tests and
amall leaks at pressures of 10 M Pa we re ditficult to
prevent.
.
All samples were consoljidated for at Least one day
under the contining pressure selected for the test before
the sample was axially loaded at a constant rate of 152 mm
per hour. According to the volume change recorded during
consolidation, no pore pressures should build up at this
fixed straln rate, and the tests can be considered to Le
drained triaxial compression tests. Permeability teets by
Patching( 19865) on coal from Canmore and Star-key showed
permeabilities in the order of 1083 to 107?% cm/mec at
confining pressures between 70 and 700 kPa and less than

k=10"7 to 10-10 cm/sec for confining pressures near 7 MPa.

R Yy e v 20 PN
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Neverthelems 1t jie felt that the selec ted strain rate ie low
enough to cause full dralnage because of the fact that
failure vas anticilpated and achleved along Jjoint planes
where dralnage condi tions are favourable and the local
Permeability Is significantly higler than the overall

Permeability as measured by Patching (1865).,

2232422 Sample Orientation and Description

Tt wvas the intention of this teating programa to
investiga te fal lure procensnses in a rock mass. Shoar:along
planes of weaknessg is known to domina te rock maes
deformation and failure at least at low confining pressures.
It is therefore of pPrime interest to orient samplesgs with
thelir Jointeg am planes of weakness In such a manner that
failure occurs along these planes. For an angle of friction
of 30% a joint plane Inclined at 30° to the sample axis will
theoretically be a plane of maximum obligquity. Thlis sample
orientation wvas selected for the low confining preasure
tests and the corresponding test resul ts therefore
constitute a lower bound strength envelope. Inclinations ot
Joint planes of 30%, 459, and 609 were selected for the high
pressure triaxial t.-t: Since all samples failed more or
less along a Joint plane no upper bound strength waes
measured. The bedding plane was always parallel to the
sample axis.

The properties of sample 1A,1B and 1C are listed Iin

Table 2.1 and the corresponding data for the samples tested
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I ZE SRR R R R REEREEREER S R B
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(5,-53)‘.kPa
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and sample axis
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termes see Chapter 3.
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Properties ot Trilaxial Test Samples TR~-1A,TR-1B
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in multiple ota ge ropo-tod.rol.:.tloh tests are summarized
in Table 2.2 « The condition of elght samples tested under
high confining pressure are described by Guenot( 1979) and
thelir properties are summarized in Teble 2.3 .

Sample TR-1A: T he failure plane inclined at !lﬂso
intersected the samp le wall 36 am below the load cape.
Approximately 50% of <the shear plene wes clearly a Joint
plane, the rest was crushed coeal with e gncll por+ion
sheared along a vertical bedding plane resulting in & degree
of separation of less than SOﬁ. There was sowe indication of
vertical tensile fracture parallel to the bedding plane,
noet likely caumsed by dlftorentla} shearing after ove half?t

of the sample sheared along a Jjoint and a bedding plane.

Sample TR-1B: The slight!. crurved Jjoint and failure
plane waa inclined at 329 to - ° intersecting the sample
wall 10 ma below the load cap. Another slightly oint

intersec ted the aamp le end surface but was not ared.
Approximately 85% of the shear plane wae a Jjoint and no
shear along bedding was observed.

Sample TR-1C: The fallure plane inclined st 26° was
step—like across the sample and one Jjoint intersec ted the
load cap whereas the other Jjoint ase a portion of the failure
plane intergsec ted the sidesa of the sample 20 mms below the
load cape The coal on one corner was overstressed and
frac tured during straining and this resulted fn a
stremas~straln curve displaying ductile beheviocour. The degree

of separation was approximately 70%.
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Tehle 2.2 Properties of Triaxial Teet Sniplo- CTR-2A/2F}F
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Sr.%
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¥(estimated),%
f£4,009)angle between
Jcint end sample
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AR RN Y]
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Table 2.7 Properties of Sazples from High Premssure Triaxial

Teat
Test ID A B ( D L 3 ¢ 1
~
N
U 9308 9308 379 7240 10687 7240 1792 31792
&P 2
Back Pr. 345 345 345 345 | 345 345 345 345
&kPa
o} 8964 8964 34l 6895 10342 | 6895 1447 3447
&Pa
(o,-m)g 28108 | 25564 16651 24409 28490 | 221362 16179 |19761
&P
(33-0,) 23700 24400 14940 19792 21800 | 1649C: 7590 [14600
(€=4y (€=3%
E 1224 1342 1096 1153 | 1249 1518 1164 ' 1403
(MP g i
—_———— . — & - - 7_f - e j - . + Rap— - ’» - 4 -
¢ 0.75, 0.904| 0.42 0.80 0.73] 0.10 0 Q 0.624
C @ | | |
Yfoa 3.302 3.2730 2.359 1 3.75 | 4014 1.693 1.629 i 2. 280
{
N | |
*
¢ 0.25 0.464| 0.420' 0.85 0.39 'o.16 1 024 0.2
t (%) ; I | i
: [ ; !
al i il
{(Z/ha 0.28 0.75 0.28 ] 1.92 i 0.75 f 0.75 . 0.2k 0. 28
b  —- -t — - —4 - —T— — - —f - - 7—4 - —_- + - $ —-
G 1.60 1.60 1.60 1.60 1.60 ! 1.60 1.60 1.60 & .
assum | } !
Y ) ' i ‘
t @/cdf 1.43 1.40 1.3 , —— © 1.38 ' 1.3s J .40 1 40
K t
L |
_— ! 7
Ya @/chd 1.15 1.13 1.08 ‘ 1.0 ' 1.08 | 1.09 1.10
v . 23.86 | 23.55 | 24.72 — 128.06 | 25.30 © 27.9 .27.42
(% . 1 ‘
S 0.9824} 0.9104 | 0.8096 — 10.916 | 0.831 | 0.961 0.968
r : |
e 0.388 | 0.414 | 0.488 — | 0.491 | 0.487 . 0.464 |0.453
- ‘ — —+4
X @] so 70 40 80 | 50 60 — | 4o
(estim.) ;
e ©° ° [J ° o . ° |
4 45 25 6 ) 30°, 60°
Bjoint 20 30 5 | ‘ 0 : ( 0
™ . 45 ° 4 ° 300 ° } 0° °
Brasl. 40 58 5 0 28 6 | 26
(The gngles B |are tak with Hdespect 4o the s4mple ax{s)
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2232423 Triaxial Compression Test Resylts

The strength date are summarized in two Mchr diagraas
(Flgures 2.2 and 2.3) . Flgure 2.2 includes strength data
from tests TR—-1A, 1B and 1C, and from all repeated
relaxation tests repor ted in Chapier 3. Figure 2.4
summarizes the corresponding stress—straln curves and volume
change-strain plots ir the latter vas recorded. The
individual curves are shown later together with a detalled
descriptione. A picture ot sample TR~1B 1is shown in Pla te
2.2. Figure 2.3 summarizes data of the high pressure tests.

Filigure 2.2 shows the stress circles at failure. The
mtressa state on the failure plane ie indicated at the
failure satrain as woell as at 2% and 3% total axiel strain.
The peak failure envelope from Pigure 2.1 (the direct shear
test data) are shown by dashed line for comparison. This
comparison 1le posslble since all triaxial test samples
failed along a predetermined plane of weakness. The fallure
stresses measured in the direct shear test can be compared
with the stresses acting on the failure plane of the
triaxial test samples. Applying the same principle as used
during the dimscussion of the direct .hoar‘test resul ts, the
fundgnental _shear strength for confining pressures up to 1
MPa and a degree of separation between approximately SO0% and
85% ranged from 2.0S5S MPa to 0.7 MPa at peak strength, 1.5
MPa to 0.16 NMPa at 2% total stralin and O.84 MPa to U.14 MPa

]

at 3¢ total strain. The fundamental shear atrength

SRk o« i+ oot Ml

Nemnm
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Figure 2.4 Summary Plot of Stress-Strain and Volume Change
Data frow Triaxial Compression Tests
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determined from triaxial teasts Iincludee a strength component
due to dilation. A curved fal lure envelope eaeems wmore
loglcal but there is not enough data to support either
assumption.

Figure 2.4 indicates that the coal is a brittle
material and linearly elastic (after an initial non—-linear
stress—-strain curve due to closure of cracks) up to stress
levels clomse to the rock strengthe. During the failure
process the coal dilates. It is not reasonable to draw other
general conclusions bocauge of variability among specimens
and their fai lure modes. Each curve has to be considered
separately. Both samples TR-1A and 1B indicate (Figure 2.5,
Flgure 26) a continuous linear volgno decrease up to the
point where the stress-strain curve deviates from linearity.
Submsequently the sample dilates with a maximum dilation rate
at or after peak strength followed by a continuously
decreasing dilation rate towards t he ultimate strength.
Sample TR-1A shows the moast diletion with 1.2% volume
increase. This volume Increase is composed of two parts, the
di lation of the shear plane and the opening of vertical
bedding planes (at low confining pressures). Volume increase
due to crack opening within the "intact" coal can be assumed
to be small. Loading parallel to the bedding planes causes
tensile atresses at the ends of vertical cracksi. A8 a
consegquence bedding plane separation occurs eXxXce pt ir
failure occurs first along an inclined plaa; of weakness.

i

This bedding plane separation was observed in sowme mamples.

P
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/ . Test No TR-1B
o3 = 400 kPa

o~
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M~

Volume Change
(%)
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Vertical Strain (%)

Figure 2.6 Strees-Strain and Volume Change Deta 0of Test No.
TR-1B
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The almost constant loading, unloading, and reloading modul i
indicate that slip occurred during failure. This cannot be
consjidered to be a typicatl behaviour of a rock mansg.
Immediately after the peak strength, non-slip behaviour is
believed to dominate In rock masses, as indicated by Mueller
and Goetz(1973) and analytically modeled by Teent and
Staples(1969) .

Sudden drops in the after peak range indicate that the

stiffness of the machine was lower than the stiffness of the

tested coal at this point. In mos cases it wase possible to
continuously follow the after peak stress-strain curve. [t
i1s believed that in par}lcular the high capacil ty machine was
stire compared to the after peak stiffness of the coal. The
machine stiffnesses de termi ned from strain measureasents
during relaxation tests were approximately 80 MN/m for the
250 kN compression teat machine and 40 MN/m for the 100 kN
machine. P

Sample TR-1C (Figure 2.7) falled initially as described
earlier along a joint intersecting the load caps Rotation of

the load cap, stress transfer to the unfailed portion with

increasing strain, and crushing of this overstressed area

q
until failure occurred along a newly created shear plane 1Is

the reason for the rather ductile behaviour indicated in the
stress—-atrain curve. These data are of rather limited value

and are included only for completenesse.
g

For confining pressures botvo.6k3.5 MPa and 10 MPa the

fundamental shear strength ranges from Sg = 2.0 MPa to 3.0
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Figure 2.7 Strees-Strain end Volure Change Data of Test
No«TR-1C

(

47




48

MPa (Figure 2.,3), At total strains In excess of 5% this-
fundamental shear strength Sg was reduced significantly to
values between 0.0 and 1.5SMPa. The fundemental ethear
strength increases with confining pressure as the strength
of the Jointed rock approaches the strength of the intact
rockKe. Shear resistance along discontinuous Jjoints b‘%o-.-

ﬁ‘croaalnaly dominated by the rock bridges .



CHAPTER 3

MULTIPLE-STAGE REPRATED RELAXATION TESTS (MSRRT)

221 Introduction and Aackaround

In Chapter 1 1t 1s 1llustrated that 1t ins of interest

to inveatigate the time-~dependent deformation
characteristics of rock in the unstable zone of ite
etresa-stralin curve. It is assumed that a chenge in stress
within the stable zZone will gonera te terminating,
time-dependent deformation, and an applied, constant

digplacement will cause a terminating, tiwme-dependent stress
change. A change of stress to a etrese level inside the
unstable zone will eventually lead to fallure and a stress
change within this zone will result in a change of tiwme to
failure. Application of a fixed displacement in the unstable
zone will either directly cause fajilure or a new stress
equilibrium will be established with time due to relaxatione.
The writer assumes that all brittle rocks have
time-dependent properties and possess a stable zone in their
stress-strailn curve. Changes in properties and deformatlons
with time might be msufficiently small to be neglected within
a time scale relati ve to the (i fte time of engineering
struc tures, but cannot be disregarded when dealing vith
probleas within a geological time scale. The samne arguments
apply to the second more controversial statement on the
existence of a stable zone. HRoafer( 1958) believes that every

rock body will fail {f the stationary creep zone ia reached;

49
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1t is then only a function of the appliea .trO--’thn %h.‘

tertliary creep etage or fallure is ffitiated. fi tolYovse
g . . N

.

that there im no failure as long as there is a co&(lhuou-
decrease in strain rate ; i.e., a stable zone would ‘xlpjgn

< g
Denkhaus( 1958) and Talobre(1957) agree and state that cr"p
. N
does not always lead to faillure under moderate fo#ices vwhere

deformations stabilize. Salustowicz( 1958) dissgrees and |{e
of the opinion that creep always leads to fallure under any
suatajned load. This implies that there is no stable zone
except ir a creep limit exists below which the meaterial
behaviour i time-independent. Nadai( 1952) sta tes that
materials in the earth's crust behave viscously or deform
plastically even under streases as low as S00 kxPea, 1 f
applied over geologlcal times of tens of thousands of years.
Rheological models for rock‘-...oa often include a viscous
element in serles with others; e.ge. Burgers model oOor the
modi fied Burger mode 1 with a number of Kelvin elements in
meries ( Hardy and Chugh( 1959) ). This would indicate that
theme roc ks do not have a stable zone., Nevertheless the
simple fact that rock slopes and cliffe exist and do not
deform significantly over large periods of time justifies
the assumption of a stable zone for brittle rocks.

The stable zone, the unstable zone and the interface
between them is to some degree history—dependent. The
strength and the response of the rock at a given stress and
straln level depend on its current structure. This structure

ils primarily a function of (a) the past rate of deformation
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and (b) the confinement history (I.lna thin deformation. The

confinement ie control led by the stiffnese of the loading

system, *he surroundl‘. rocke. The eximting atress field is
-

al tered (@ege during the construc tion of a tunnel) as a

func tion of time (eege advance rate, time of lining
&

installation) resulting in different stress histories.

Because of non-linear, time-dependent rock properties and

their variability on a micro- and macroscoplic scale, the
magni tude of stress concentratjons, the local strain
pattern, and the Location of ov.JL'res-lna (fallure
initiation and propagation ?t fallure zones) are affected by
the loading rate. Different rock struc tures aré¢ created even
ir the , total accumulated deformation l; the same. The two
factpre of confinement and system asatiffness are interrelated
in most fleld situations but detached in triaxieal
compression tests with constant confining pressuree. Ir
confined rock deforms under an {nstant change in stress, the
stress field will be altered with time since reactione v.:y
as a reasult of time—dependent deformations (viz. Kg is not
the same in elastic and visco-elastic materials). Moreover,
thease detformsations are a function of the ability of the
loading system to store energy. The resulting rock structure
{ie therefore a function of the systeam reaction which in turn
is a function ot the system stiffness. The phenomenon of
rock bursts is an excellent example illustrating the

relevance of the system stiffness. The same rock responds

differently depending only on the surrounding rock mass and
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the satored energy (Walah 2t als(1977) sWalsh(1977) )e
Effec ts of system stiffneas and behaviour at hiah
confi nement pro..urAs’ﬁﬁvo not been investigated during this
research project. The failure plane vas always forced
through a plane of weakness inclined at 30° to the sample
axis. The results presented should therefore be applied only
< .

to a £rr¢-pondlng failure wmode. Neverthelewss, it is
bel levgd that the observed behaviour can be generalized as
long: ;g the mechanleas and physicel processes r:,aln the
same. ,

As a consequence of struc ture¢ and seystem dependence
the re le no such thing as en ebsolute long- term or
short—tern strengthe. Only for a given state of deformation
can wve idontity both a strength for instant loading and
loading at an infinitesimal rate. The term "“current'" was
introduced to specifty this fac te. The current short—-term
strength or current available strength (CAS) refers to the
strength which could be reached, independently of timc and
deformation hi%tory up to this point, iIf the specimen were
loaded instenteneocusly. Accordingly, the curreni long-xerm
strength (CLS) refers to the strength which could be reached
at an infinitesimal loading rate. It vanishes for a viscous
fluid end has a .flnlto value for a viscous solid. The
current ;v.llcblo strength can be determined by inatant
loading from e given point or by interpolation between two

Pointe where the current available strength was determined

for diftferent times and strainse. The current long-term
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satrength can also be deterwined in a similar manner. The
current strength is therefore a function of the present
gtruc ture of the material.

The slignlficance of this postulate is best i1ttlustrated
by Flguré 3.1 (Bleniawski(1970) Je This Figure shows two
stregss-strain curves from uniaxial compression tests on a
fine-grained sandstone at a constant strain rate between A
and C, followed by an increased or decreased strain rate
after C, After point B, corresponding to the atress level of

the peak long- term strength, any rl”ﬂ #train rate test
.

. L}
- ]
follows a stress~-strain pattoﬁn‘fko-l,pofs Retween tre
I ’
current available strength and the current long-term

.

strengthe. A hypothetical range between current available

strength and current long—- term strength 18 indicated. The

stress—-strain curve for an instantaneous increase in strain
rate at point C approaches the current available strength
curve whereas it approaches the current long-term streagth
., curve for aéqnc:eqae in strain rate. NéWw hypothotlcal ranges
‘ﬁ:oon «:e-.‘;ﬁnt avallable “"’Fatronath and Zurront long-ternm
atrength Ar: indicated after a deformation of O.]1Sam for the
new strain rates. If we consider this rock strained with the
four rate histories to a polint D (same accumule ted strain)

we can see that . the four ranges do not correspond. A

.

stronger satructure with a hlghor current available strength
and current long-term strength is created at a lower strain

rate (curve 1) and more damage resul ting in a vﬁakoté

s truc ture with a ocourrent nvnllabL‘J-trongth even below the

L4
R
&
4

i ] ' ’ %
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current long-termn strength of curve 1 i8 created a?d high

strain rates (curve 2). This .concept is applicable to intact

rock and rock masses in gonofal since the behaviour of a

rock mass can be considered to correspond to the behaviour
®

of an intact rock reloaded after it wes strained beyond peak

strength (see Fligure 3.2) (Mueller and Goetz(1873) ).

*
Considerable research has been devoted " to the

-
inveatigation of time-dependent rock properties. Mos ¢t
testing hyas been done with creep tensts. Creep tes ts,
however, cannot be used to study the post-peak behaviour of
brittle rock and are inappropriate for this study since they

correspond to an infinitely moft loading msystem. Results

from creep tests on brittle material should orly be applied
1o

te problents where initiation of failure leads to
the collabsc of the structure (e.ge. infinite slope). The
}lteratu;e on creep tests and thelir interpretation is
enormous and 18 reviewed by da Fontoura(19880) .

The time-dependent post—fal lure pro%ess has not been
studied in detail, and as a result, our understanding of the
time-dependent behaviour of ylelding rock, particularly of
brittle fock in confined conditions (e.g. around cavities)
is pOOTe The ma jority of researchers have concen trated on
the determination of the peak long—term strength and only
relatively few attemptme were undertaken, by variable strain
rate tents and relaxation tes ts, to investigate the

post-peak behaviour. Singh and B‘-tord(197f) reviewed and

compa red shart-term test procedures to predict the long-term

4

4

L4
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peak strength of rocks by varjious indirect methods. They
observed a considerable scatter between the various
predictions (124% with anfhverage long—-term peak strength of
f0% ashort-term peak strength) and they found bo’f agreement
with the loading rate method suggested in their papere. They
also pointed out forrectly that these short—terms methods of
predicting . the long-terms peak strengths are baséd on
Blonla'akl*s hypothesis of crack initiation and crack

‘yropagation for intact, brittle rocke. A direct application
L4

s ®
of these methods to rocks fqg ,‘*\C a plane of weakness
v W

could be erronecus. No ef dict the ‘long-term peak
}, .

%

atrength will be made b ‘his reason and the fact

=¥

that the

variance between samples was too large and

the numb
¥
described

’Pt. to0o small. A similar test procedure es8s

following section was used by Pushkarev and

Afanasev(1973) t; de termine the long—term peak strengthr of
ductile rockse. Using the seme teat procedure in di;oct mshear
tests of rock contacts, Afanasev and Abramov(1975) found for
a particular coal *;'lctlon angle for long-terxn shear of
o
fR3% of the short—term friction angle. As a result of further
temsting Afnnad!v and Pushkarev( 1876 ) suggest a ;lmpllt!ed
method of determining the long-term peak strength of rock,
'

¥ith the development of stifr, servo—controlled testing

machines, a ;ool to obtain meaningful data in the post-peak

range became avai labple., Testing with various rates of

loqdlAg‘ was undertaken by Bleniawski (1970), Weawersik and

‘,p}rhursttlB?O) v Vaversik(1873) ’ Rutter(19872) ' and
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Peng( 1873) to mention only a few relevant contributionse.
Fach of these tests shows that the post-peak behaviour is
atress history-dependent and that different catfgorlea can
be-identified (Vawersik(1870)). Wawersik and Fairhurst(1970)
illustrated how the fractured rock structure devélops during
shear before and after the peak strength iIs reached. Each
tent at a given loading rate followed a streSSs—strain path
somewhere between its current avajlable -trongtﬁ and ce:rcnt
long-tero stro‘kth pathe Both the current available -tf.ﬁhth
and curren? long—-term strength ag well as the test curve
itmelt are a response to the continuously changing

-

rath—dependent struc tunre. These tgsts therefore glive
N,
information about the ‘.volop-ent and strength of fractured
rock struc tures as a fug;tlon of loadthg history, but do not
yvield any information on ;ho time-dependent propertlies or
the response of a 'alven atruc ture at a given strein or
S¥reans level. They support the Ql.r statement that the
rock structure at a given deformation is history-dependent.
The only way to vestigate the time-dependent
properties of brittle rock th the post—-peak range is to
unload samples and to conduct creep tegts from stress levels
within the stable or unstable zone, or to allow the sample
to relax at vaious stages along a certain stress—strain

pathe The first procedure has been executed by Lama(1974)

and will be approxl‘a{od by the multiple-stage repeated
¥ -
relaxation tests discuesed in the following paragysphse.

The time-dependent behavijiour of failed roék was

o -7,

tu .

P

- &1

o

-



59

investiga ted by multiple-stage relaxation tests and constant
load tests ia® a wmtire tegting machine by Peng and
Podnleks( 1972) ' Hudson and Brown(1873) , and Bieniawski
(1970). Bienlawgki (1970) determined the lower bound of the

unstable zOone, the current long~-terma strength which he
TN

~

called the l%ng-tor- stability curve, and speculated that

this limit might be parallel to the constant straln rate

cCurves. He showed clearly that this lower bound depends on
X

the strain rate, Hls test results indicate that the ultimate

strength is rate-dependent and suﬁport the assuaption that

the ultimate strength of rock Ils not a material constant. No

conclusions fabout the time-dependent behaviour within the
unstable zone were drawn. v ’

Hudaon' 51"-Brovn (1973) showed that slow strain rat;
tests followed a path close to a current long—term strength
as would be expec ted. No general conclusions were drawn.
Peng and Podnleks (1972) investigated the relaxation
behaviour near peak strength, the strain rate effects before
and after peak atrength, and developed another theory of
time—dependent peak strength. They indicate that the stress
relaxation could be related to the crack propagation
velocity and conclude that this stress relaxation s the

v
reason for the stepwise drop in load at slow strain rates.

L 1
Their data shows that the inelastic strain e*x = e -~ eg -~ eg
¢for definitione see section 3.3) at failure is a function

of strain rate and increases for the brittle tuff with

increasing rate of straein. This contradicts the speculation

4
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by some authors that the inelamtic strain a< fajllure is
conmstant but 1t does no t necessarily contradict the
assumption of a critical ftnelastic volumetric streain at the
onset of failure (Kranz and Scholz(1977) )., Pushkarev and
Afanasev (1873) used multiple-s=tage relaxation tests to
develop a rheological model for a weak ductile rock but *
not investigate the post-peak range in deteil end no attempt
was made to model this portion of the s:rength curve. Thelr

model includes the existence of plastic deformations below

the creep limit, the transition of Vl‘co—%’p-tlc to plastic

M &

wmﬁugetor-atlona. and correspondence between the long-term

o
V
v

-~

strength and the stress level where irreversible

visco-elastic deformation begins.

The alim of this section is to investigate the
'
time-dependent transition from one rock dﬂructure, a

discontinuocustly Jointed rock, to another rock structure, a
sheared continuous plane of weakness., The relaxation
behaviour of & rock is an excellent indicator of the present
.t;t. of the rock but assuaptions abeut the strain-—-
dependence of the material (e.ge. strain- or time- hardening)
have to be made, or a serlies of repested relaxation tests at
increasing straln are needed to evaluate this
strain-dependence. The variabili ty from sample to sample
makes comparison difficult without a large number of tests
and this provides an incentive to obtain as much information
as poessible from a single spec imen, particularly where

long— tera testing does not allow large numbers of tasts to
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bhe conduc ted. Therefore multipl@-e tage temsting has some
advantages. The multiple-stage repeated relaxation tes t
meets thesae ;oqulro-ent-. The firmt part of this
investigation has been pub lished by Kalser and
Morgenstern( 1979) .

The literature provides information on time-dependent
properties of coal in the pre-fajilure range (i.e. Fvans and
Pomeroy( 1966) ’ Pomeroy(1956) ’ Kidybinskl( 1966) '

e
Norlier(1964) , Terry(1856) , and Ko and Gerstle(1977) ) but

no data are avalilable for coal ylelding at strains exceeding

the failure strain. Mos t studilesn conduc ted in the

pre~-failure stage conclude that the rheoclogical behaviour of

coal can be msimplified and modeled as a four-pareameter fluid
(Burgeers model). Therefore coal would not have a stable zone
or a current long-term strength and clearly would ndt give
an adequate description of the fajlure process, particularly
for a jointed mass. For a time acale relevant tb'englneerIQQ
projects it is reasonable to negleoct the viscous element in
the Burgers model. Coal ia therefore a good model of a

typical rock mass.

322 Iast Procedure and Factors Affacting the Rasults

A
2221 Test Procedure

The test equipment used ias described in Chapter 2. Here
the test procedure during the multiple-atage repeated

relaxation test is explained. The relaxation behaviour of

the equipment and {ts effect on the data interpretation are

w
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sumamarized. The pmob lem of gas re lease from the coal and
possible effects on the material behaviour are discuesed.
All multiple-stage repeated rolaxotlon tem ts were
conducted under trliaxial stresse conditions with confining
pressures below 1 MPae. The msamples were fully conmolidated
under a constant confining pressure before loading at a
constagt rate of 1.52 mm per hour to a stress level above
the crack closure range in the lilnear portion of the
stresg-strain curve. ¥Yhen a predetermined -tre:' tov.l. Da

normally in the vicini ty of 30% of the estimated peak

strength, was reached, the “‘machine wa s stopped and the
i)

L4
strems drop 3D together with the straining of the sample was
recorded, After a certain relaxation period 3t the sample
was reloaded to the original stress lavel Dg and the

relaxation test was repeat from an increased total

strain. The time ip terval 3t was originally selected to

-

maintain an average, constant stress level throughout the
duration of a stage. This required frequent re adigg at tge
ocutset In order to maintain a limited etress drlp until the
apecimen became stiffer with increasing strain and less
frequent reloading was necessarye. An example of this
procedure is given Iin Figure 3,3 for sample CTR~2A. It was
recognized that this rocl\y approximated a creep test in the
1imit and had no special werit. This procedure vas
subsequently abandoned in favour of essentially constant
time intervals 3¢ between repea ted relaxatjions of

approximately one day. Such a repeated relaxation test at a

"
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Figure 3.3 Norsalized TCeviatoric Etress .nd;‘l‘.'.f&
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fixed stage is i1llustrated in Figure 3.4. After a nusber of
reloadings, normally five over a period of flve days, the
load was increasad at conatant pate to the next stage at a

higher atress level and a nNnew set of repeat elaxation

teste were performed. | B a constant releax te waes

measured the load was increased by a amall 1-‘? or lert

conatant until failure occurred. Failure vnﬂ'c.tod by a
disproportionate ntreas drop during r.ldﬂ::!on and an
increase in vertical atrain during rol‘ng. or it was
simply not posseible to reach the original stress level Dg. A
similar tes t proc edure was used by Pushkarev and Afansev
(1973): After fallure the sample was strained at a constant
rate followling the descending portion of the stress-strain
curve. Unloading from stress levels beyond pesk or near
ultimate strength and reloading to stresse levels below the
current strength alloved the same relaxation test procedure
to be repeated. Similarly, repeated relaxation tesmts could
Co

be conducted under stepwise decreasing confining preamsure.
This will be diecussed during the interpretation of the test
resul ts. According to thies procedure the test was called
multiple-stage repeated relaxation test with the words
"sultiple" indicating step loading, “stage" referring to ?no
speci fic stress level and “repeated relaxation” indicating
thet a nusber of relaxations were started from the same
stress level within one stage of the test.

o
*

el -
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D:2:2 Testing Environment

To reduce the effects of deily and seeasonal air.
temperature fluctu-tlong of up to about $+39C, an insulated
"box with a flowing 'ator/coollng spirel was built around the

- .

loading freme. This reduced the daily temperature
fluctuation to approxlgatoly $t0.5%C and demped the seasonal
variations significantly. The confinement otl-pocl-on- in
the triaxial cell elimina ted tﬁe problem of humidity
control, ~

It wvas observed that the moisture content at the end of
a test was in gon.rél a few porconf lower, and that ga S
bubbles appeared in the drainage lines which originally were
filled with water. A back preasure of 100 kPa was used in
one test (CTR-2D) to reduce the ges releame from the coal. A
brieft dimscussion of the origin of these gases and thelr
possible implications on the test results is gliven below. No
attempt will be made to interpret the pPrecsented data in the
light of this aspect, but it ghould be recognized that the
moisturé content and therefore the geas release affects the
creep properties of coal, It is assuméd that the failure
mechanism was not affected. Nevertheless the rate of fajlure
might h;ve been reduced due to a reduction of the crack
propaga tion veloclty by the reduced &as pressure in the pore
pace.

During the deposition and compaction of plant material,
large amounts of hydrogen-containing gases (mostly methane ),

along with carbon dioxide and traces of other gases are
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produced, and some of the gases formed during the later
stages of me tamorphiem are retained. Free gas within cracks,
fissures and poresa, adsorbed layers of gas at the,surface of
these openings and perheaps ;b-orbod gas mo lecules dispersed
between the coal molecules can be released If conditions are
changed (e.ge free aas dralins under a change in premsure
gradient as a result of mine -va‘c.). in ; ;risxlnl temt,
orenings close under increased pressure and free gas as well
as adsorbed gas can be forced out of the sample. Similarly
during dilation near fallure more openings are created and
adsorption 1s increaseds. The absorbed ¢a- or gas In confined
fractures can diffuse slowly in response to differences in
concentration. This concentration difference may be caused
by drainage of interconnec ted fractures or pore volume
change. Because of the qualitatively observed slow but
continuous rate of gas release it is believed that diffusion
is one ma jor reason for this gas flowese The problem of gas iIn
coal 1s reviewed by Patching( 1970) .

Ko and Gerstle (1977) conducted uniaxial creep teste on
a subbituminous coal and found pronounced creep in wet coal
with 35S% moisture and negligible creep In dry coal with 3%
moisture. Samples sealed against moisture migration for 481
days showed no creep until the seal was removed. The
ultimate creep stral; after approximately 2000 hours was the
same lnd.pondfzﬁ of moisture history. This work indicates
that the effects of moisture diffusion have to be contained

in a realistic creep law for coal. It also indicates that

PR

B Y T
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the time—-dependent response of the coal coulq be ;ttoctod bi
gas release since creep and ltlong-term strength ot brittie
materiale are controlled in part by stress corrosion at the
'crpck tips. This corrosion (s affected by the pore ™ luid or
gas as indicated by strength testa on basal ts 1n'ultra-hl¢h
vacuum by Kkrokosky and Husak(1968) . It 1s well known thet
the compreassive strength of many rocks ie decreased to as
little as S0% of its dry -frongth by the presence of water
in <the pores space (e.g. Colback and ¥1id(1965) ). The
mechanisas of rock strength reduction due to moisture in
rock were reviewed recently by Ballivy gt al,a(1876) , Van
Eeckhout(1976) and Kenney(1878) . The main ceuses can be
attrlbuteé to fracture onor;y reduc tion, capillary tension
decrease, pore pressure increase, télctloﬁ reduction and
chemical or corrosive de terioration. The first reason | s
most likely the dominating one for brittle rock where
failure is a consequence of crack propagation due to tensile
stresses s xceeding the tensile strength at the crack tipse.
Vater mo lecules reduce the -grfac. free energy of rock and
thus reduce its tensile strengthe. The opposite effect would
therefore be expected 1f water in cracks 1s replaced by gas.
The curren t strength would increase dug!na thl. process.,
slow down cCreep or any time-dependent failure process, and
increase the current long—term strength. On the other hand
the strength could decrease 1f the gas diffusion causes a
gradual change in pore pressure in closed pores or crackse.

WVhether one ot these factors is the causé for the more
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ductile behaviour of specimedA CTR-2D, the only sample tes ted
with back pressure (100 xPa), cann;t be determined from the
avalilable datae The observed fallure mode lndicated crushing’
of « rock bridge near the top load-cap and it seess tﬁst

* this resulted in a different structure and consequently in a

more ductile behaviour with large strain accumulation during

repeated relaxatione.

D3:2:3 Relaxation of the Testing Machine
The testing system lt-olt~rel.x¢- after application of
a load due to rol.xatlon.ot the "gteel frame - load cell -
, wam - load cap" —asseably and -lqék in the gear boxe. A short
testing progras vn; undertaken to determine these effects.
’Duilng this testing period a new data acguisition -y-t.q
(Fluke 2240B Datalogger) with higher recording accuracy of
0.001t av was used, the temperature was gt controlled apd
fluctua ted approximately £2.50C over a period of one dti. A

-

steel block with the seme dimensions was installed instead

Al

of *he coal sample and preloaded to assure perfect seating
of the load caps: The loading history consisting of twelwve
increments ie summsearized in Table 3.1 and the
load—displacement curves for the rem relative to the base
and the top of the c.il as well as the absolute cell base
displacement are -ho;n' in PFigure 3.5 together with a
schematic drawing of the test asseably, The various stress

levels wvhere relaxation tests 4‘ro performed are numbered in

sequence to facilltate comparison with Figure 3.6 and 3.7.
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The stiffness of the testing fraame determinedefrom cetl bhase
displacement ie approxisately 70 MN/me The load =~
displacement curve messured between rem and cell base rhovs
[y prqnouncod hysteresis. 6nlv after unloading by
approximately 10 kN does thé displacement between ras and
base reverse. An almsost imsediate response is recorded at
the l;‘d cell and at the cell base. The reason for this is
not clear. Ream friction can be excluded since there is no
movemant between ram and top of the cell. Bending of the
base plate and magnification through the extension rod could
heave caused this hysteresis. WVhile the total displacement is
affected by this behaviour it does not influence the stress
drop during relaxation. About O0.2% of the measured total
atrain at 8 MNPa (the maximum strength of the tested coal
samples) has to be attributed to the system, resul ting in a
slight undereatimation of the Young's modulus of the coal.
The stress drop - logarithm of time dln;r‘- of the actual
test date is given in Flgure 3¢6 and fho,ilno.rlzod data 1in
Flgure 3.7. The load drop per log-~cycle is included in Table
3.1« The loading system relaxes after loading 1s stopped and
recovers after ‘unloadinge. The first reading was taken one
minute after loading was stopped. The lo-d.drop up to one
minute was not lnclud;d in Figure 3.6 and 3.7. The
tempe ra ture effects start to dominate after four hours and
lead fluctuations after this time correlate reasonably well
with room tempera ture. No cell flujd wes used and the

loading frame was not insulated. It can be assumed that the
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tempeorea ture of the whole system crenged according to the
*

rooa tempeora ture., fhl. temperature change caysed a maximsue
. . i ’

'-!ro-- varlation of only about 1%; The tempers ture control

during coal testing wes .l‘hltlc-d\ly better and the

recording anur.cy was $0.,01 mV or epproximately t0.04 kN.

An a consequence load variations related to temperature of

less than $0.1 kKN were eestiesated, e value close to the

recording accuracy during coal testing. In Figure 3.7 the
first two relaxation tests (load = 15 kN) on sample CTR-2D
are shown for comparison. The load drop up to one minute was

1.35 kN and 0.2 XN for the flret and second relaxation on

coal, and 0.3 kN and 0.08 kN for steel.

T:o following observations and conclusions cen be made:

1. After immediate application of the firet increment
(increment .No. 1 to 30 N and Noe. 10 to 17.3 N) a tog.l
relaxation oﬂ,.pproxl-.t.ly 1% during the first dey was
measured;

2 After subsequent reloading to the corresponding load
lov:t (i1ncrements No. 2 and No. 11) the relaxation
within one day was almost zero;

3. After unloading by 17% and imamediate reloading
(increment No. 5 and No. 6) the relaxation was 0.15% per
day. The purpose of this reloading cycle was to simulate
the amount of gear movement necessary to reload the coal
sample after each relaxation; s

4. After increasing the load by 13.7% to the next stress

level the relaxation within one day was about 0.5%




Te

(lncrement Noe. 3) and 0.3% (increment No. 8).
It follows that the systea relaxstion would be {in the order
of 19 for the infitial increaent, 0.18% for the follewing
increments and 0.5% for the firet relaxation after loading
to a higher atress level, The machine relaxation is not
related to setrems level or etress incresent but to gear
movement. Becauae of this fact a correction was not possible
and the preseated gpl.u.flon data includés therefere heth
syatema and coal relaxation. It will e eecn that the
conclusions drawn from the data Interpretatien ere
independent of the msachine relaxation and that date froas
first relaxations do not correlate well with data froms
subsequent relaxations. The mechine relaxation ie not
relevant near failure of the coal where large stress drops
due to sample relaxation dominate. In multiple-stage single
relaxation teats and during - relatively short relaxation
periods of a few hours the -.chln.‘:>\.x.tioa should be

considered to eliminate poseible misinterpretation.

2.3 Bsbhavieur o2 Ideal Matarials Durias Multisnlas-fitaxe
Rapsated Relaxation Isata

Multiple-stage repeated relaxation tes te, their data
and thelir intepretation are not conventional. In this
section various {deal materials and their expected behaviour
in sultiple—-stage repea ted relaxation tes ts will be
discussed. The actual test data will then be presented in

the tol}ovlng section in corresponding diagreaas to
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facilitate thelr interpretation through ccaparisen and teo
allow separation of sonees of typlcel bDehavicur. An
underetanding of the response of .KC. cleesical, ldeal

mateoriale to sultiple-etage repes

relaxation teste

assiats interpretation of teats when applied te natural

roche ‘
Seme symbole and thelr detini tions are listed below to

Yaci Litate the dlescwes ieanl

Doecssssdoviatoric strese (8, - 83) at the beginning of a
stage of repeated relaxation tents} Q

Decesssdoviatoric stress ot any time duriag relazation}

8D ceceDg ~--D nftor.onc dey of relaxation}

D@gpgeccscurrently availabdble stroeng th, when, regardloss oOf
history, the rock 19 taken directly to fejlure by faet
loading; Dgps will in gemeral vary with histerys

DP@iQeeecurrent long- ters strength, whemn regardlese of
history, the rock is taken directly to failure by
lntlnltoly‘.lo- toading: ) -

t%.,0c0stime from onset of the firet relanstion at a given
stress level Dg in each staje of the repeated relaxation
test;

3teecccstime Iincrement seasured from ;ho beginning of each
repetition ot relaxation}

NBjeosecnumber of rol.;.tlon repe ti tieons per eotagel

®cocsocvertical (or axial) strain detersined by measuring

the deformation in ‘ho direction of deviatoric leading

divided by the length of the sample;
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egecccsclinsar olaotie otgg:n tor loading ro tes that are faet
e

coapared vwvith the average, 0ad gsssvuacd te ldonilo.f
/
with the init¢tial loading evyrve} '
egecsccenon-linear eotrala ot lov strese levela due te crack
closure} '
»
0% .eenclinelastic strain corrected for arachk clogpurel d.0. o9

- o - O - @®Qge
. < o

The detiaitian of o* ae lwelastic etreln cen only be applied *

1t the wesaterial bdehaves \inearly elastic up te the yield
pointe. Otherwvise ¢* includes mon-linear elastic straline. The
inelastlic atreiln e* can de wseasured from any loading or
reloading curve. The total inelagstic etrain wvould therefore
be the sua of the Llnelastic etrain prior to leading eg*,
plue the newly accugulated inelastic strain e¢, Thie e0* i
of particular l-;orQ.nco if « rock ease e conesjidered: there
eg*® includes past inelastic strains (e.ge tectonic strains)d.
Increased damaege and a weaker roch sass structure repulte as
e fuaction o©of the tetal iselastic etrain (Mueller and
Goetz(1973)).

Th’ linear eolestlc streags-straln curve for instaat

loading ie showen as a setralight deshed 1line 1in glit

.fro.q—-tr-ln diegrems. The inelastic strein ¢ is seasured
from this line. It wvas assumed that the initial leosding rate ~
wvas relatively fast and that the deviation between Lnatant
and measured stress-strain curves could be aeglected. N~
Ideal wsaterials can be described as: (a) elastic or,

plastic with (b) strain-strengtheniag (often called

»



strain-hardening), (c) ideal plastie and (d)
straln-weakening (often called ’;fr-ln--ottonlng)
char.c}.rl-tlc- (see Figure Je8eI)e A lbrlttle rock with
constant® ultimate strength would be idealized by an elastic,
str;ln-voakonlng, jdeal plastic material. The time-dependent
straining as observed In most rocks of the earth crust are
(A) reversible, (H) partially reversible or (C) irreversible
and the recovery can be (D) fhatan;an.ou-. (E) delayed or
(F) non—‘xf-tent. The corresponding materials cogld be
called (A) elastic, (B) partially elastic and (C) inelastic,
(D) instantaneocous—elastic (spring -odél). (E)
delayed—elastic (Kelvin wmodel) and (F) plasti¢ (see Filigure
3.8.,111, 3.8¢.1IV). Rheology deals with the time-dependence of
materials (A) to ( HY. A solid will show terminating
ti me—-dependent straln (primary creep only) whereas a fluid
will deform forever (primary and secondary creep)l). The use
of these terms i= in agreement with the accepted opinion
that oﬁe shoul d di fferentiate between delayed elastic
behaviour ( terminating deformation) and creep behaviour with
continuous deformation eventually leading to failure. If a
rock behaves like a fluid with a stress—dependent
deformation rete it is called "ideal visco-plastic" (F) with
"{fdeal" indicating rate~independent strength equal to thée
vield stress. Rock with a rate—dependent or time-dependent
strength outside the yield surface (G), as observed in most
rocks (Nadai(1952)), im generally called "visco-plestic"

(eege Blingham model; see Figure 3.8.lI)¢ A rock mass behaves
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in a&a visco-plastic sanner 1f (1) the rock itself deforms
vlecoipla.tlcally (shale, soft schist or swelling rock),
ii) the strength is reduced due to chemical alteration
(weathered gneiss or granite), (i11) the rock mase s
closely and continuously Jointed, and (ilv) the joints are
open and fillled with a vigco-plastic meterial (clay or
myloni te may be highly visco-plastic). As indicated by the
Bingham model, the yleld stress of & visco-plastic ﬁatorl-l
in identical with the long-term strength Dgige:. The maximum
pomssible stress level that can be reached depends on the
loading rates A vimco-plastic material with an upper stress
limit beyond which no additional loed can be carried behaves
;iaco—plantlcelly between the two limite and can be
simula ted by a Bingham model 1in serlga with yileld elements.
This upper boundary is called available strength Dggye. It
follows that a material with a strain-dependent yleld
surface 4nd upper strength limit has a "current" long~term
Dpip and a "current" available strength Dpoy.

Partially reversible and delayed elastic solids, fluids
and visco—-plastic ma terials with constant owv decreasing
strength will be di scussed in the following sec tione. NoO
specitic assumptions about the time-strain or time-=t-ess
relationship is necessgry but 1t is assumned for
simplification that a corresponding superposi tion principal
could be found; e.ge Boltzmann's superposi tion principle for
linear visco—elastic materlals. It is therefore assumed,

according t0 the behaviour of natural rock, that rock has a
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memMOTYe. Thie wemory can change or be lost during failure or
plastic ftlow. h

Figure 3.9 1e a schematic disgrem relating (a) stress
level Do and (b)) inelastic straln e* t0o the normalized
stress drop GD,/DO where BDg is the stress drop during a
unit period qt time (@.ge 3t=1day) starting from the time
where loading is -t;ppod. Among linear visco-elastic
materials, the Maxwell model represents & simple two
parameter fluide. | & 4 repeated relaxations were carried out
from a stress level Douq s the atress drop over day is
controlled solely by the viscosity and would be a constant
that depends upon the streas level but is independent of the
inelastic strain e*. This may be represented by a horizontal
line in Figure 3.9b. .

An elastic, vlsco—plna;lc materiel where the behaviour
within the rate—dependent plastic zone can be described by a
Maxwell model, does not show any relaxation behaviour up to
the yield pointe. At higher sestress levels a streas drop
proportional to the stress difference 3Dg: between the
applied stress level Do and the vyield stress can be
observed. For an elastic, ideal visco-plestic material with
no stress relaxation points plot on the abscissa (8D; is
zero). The relationship between stress level and normealized
strems drop for this material plots as an inclined line
(Figure 3.9.0) who se slope depends on the vl.cgu. element
and s independent of stress history or nuaber of relaxation

tents NB-. The simple linear visco-elastic solid 1is
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represented by a spring Iin serjes with a Eelvin sodel. In
this case repeated relaxation from a given strees lewel Do,
resul te in a decreasing strese drop per unit time,
" approaching .zoro et infinite tiwme but at a finite inelastic
strain e*. This plots as -nvlncllnod curve (limear for a
lineaw visco-elastic model) Iin Pigure 3.9.b l‘gor-octln.'tho
abacissa’ at a meximum inelastic strein e%g3 ¢ The shape of
these curves depends on the loading history, but the ;sxl-u.\
strain accusmulated at infinite time is a function of stress
level , only and independent of- stress history. The
inclination of tho-, curves decreases tor-&;cre.-ln. time
intervals between relaxations, and more strain is
accumulated in th..'-.-. time during relaxation tests with
fast ropotlthni. If the maximum inelastic strain during one
stage * ot re pea ted relaxations tes ts ie reached
(fhoor?tlcally at infinite time) and the stress increment
from stress level to satress level is constent, parallel
curves displaced by.‘n constant ilnelastic strain {ncrement
resul t, The lond;ng- curve between incresents would be
parallel to the initial 1loading curve and this 1ideal
material would therefore resemble a strain-strengthening
material (Finnie(1860) Yo If the norsalized stress drop
versus Inelastic -tr;ln curves for subsequent relaxation
stages are identical, as will be reported for some tests on
coal, inelastic strain is recowvered during loading and the

maximum inelastic strein ls stress independent (at least for

a limi ted stress range ). The behaviour discussed can be



‘ 88§

illustrated by a series ;t curves indicated ln Figure 3.P.a.
For a single stage test with repeated felexation each stress
drop would fall on an inclined ldne according to stress
1.vo§ Do .and number of relaxation NF. Relaxatfon decreases
vltﬁ -ccu.ulnt(;pu,ot inelastic etrain. In multiple-stage
repeated rol.x;;ion teste only the firet stage would plot on
these l1inea and the ro-ult, from later stages would fall on
curves whose ;:;‘\’dopond. entirely Qn fhc stress history
(the number of relaxations during o.rilor stages, fhi
duration of each relaxation and the stress iIncrement between
stress evels). Again, for constant {nerements end complete
.tr;lnln per stage, parallel and horlzon4.l lines would
resulte. For a stress history seimilar to the one used in the
coal testing a set. of lines labeled with "m" would be
expected. The reason for this shape is that there is a larg._
first increment which is followed by smaller but constant
increments.

The behaviour of a Burgfr- model which is often used
for coal before failure, lg Indicated in Figure 3.9.b. At
low inelastic strajns and 1;-.dlntoly after loading the
Kelvin model dominates in coal, and later the viscous,
Maxwell element controls <the roltx‘tlon behavioure. For
single stage tests (Figure 3.9.b),"a set of Iinclined lines
with a decreasing slope for an increasing ;u-bcr of
relaxations NB would teruinate at the line shown for a

Maxwell material (and not at the abscisse as for the Kelvin

material)e. For multiple - stage tests no schematic curves
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can be included because of the complexity due to the
history-dependence. Qualitatively linear superposi tion gilves
a gsood indication of the response which could be expec ted.
For an eleastic, visco-plastic msaterial the same concept as

.

discussed earlier would apply, and the behaviour .ou(&

Y
depend on the stress difference between the atress level and
the yleld stress rather than to the stress level itselfr.

For an - elastic, visco-plastic material with a
-tralh-dopondont strength the stress difference 38Dy changes
gradually as a function of the .ccu-ulntod‘ln1:9nt;c strain
even 12 the stress level Dg 1ls kept constant, A d;cro.-o of
the yield strength with strain in [ strein-weakening
material results in an increase In the strems difference 800
up to a maximum at ttlluroq!>0n the contrary, for a

.
strain-strengthening material the stress di fference
decreases as the stress level approaches the yield strength.
The corresponding behaviour is indicated in Figure 3.8b with
strain-weakening leading ' tJd failure ut')o*: and strain-
strengthening to a stable c;ndltlon with no relaxation at a
finlte, inealstic straine The shape of these two curves |is
controlled by the slope of tite after failure stress-strain

A
curve.

. v

As smoon as the relaxation becomwes insensitive to the
ln;ls-tlc strain ex*, as in the visco-plastic zone or near
ultimate strength where the strength loss is small relative
to a gliven strain (ncrement, it is hetter to plot the stress

ratio versus the normalized stress drope The stress drop and
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the satress level are normalized to the current available
strength Dppx to take into account a possible strength loss
or the corresponding lqcro.-o in atress level:. This was not
neceasary in the previously discusesed diagreams where D..;
may be assumned conatant for the prefaillure range or at
strems levels below Dgpjpy the current long-terms strengthe. In
the following the relaxation boﬁqvlour in this zone of a few
ideal materlals is discuseed and echematicelly illustrated
in Figure 3.10.

}fff A visco-elastic solid (ecge spring + Kelvin model)

showa a linearly increasing streses drop in single stage

teats as indicated by the straight dashed lines. Subsequent
relaxations from the same stress level will tend towards
zero relaxation and at a fixed number of relaxations NR = n
fall on a straight 1line between NE = 1 and the ordinate.
Because of the stress history dependence of this model the
‘response at a higher stress level depends on the stress
increments and t ime intervals be tween relaxations. An
example is indicated for a three stage himtory (labeled I).
After ma jor relaxation during the first stage (after a large
inltial stress increment to stress level A) the relaxation
decreasss rapidly, even at slightly higher stress gev.la.

An elastic, visco-plastic material does not relax up to
the yYield point at stress level A, Above this level tiLe
relaxation is proport;onal to the stress difference between
stress level and yield stress (Maxwell w=model) and the

relaxation after infinite time is equal to this stress
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Stress Ratio D,/Dnma,

Normalized Stress Drop 6D/Dy,,

g
Elastic, Visco-Plastic Material
——— — Visco-Elastic Material (single stage)
— -—— — — Visco-Elastic Material (multiple stage)
—— . — - — Visco-Elastic Superimposed on Visco-Plastic
Material (no interaction assumed)
@ Stage Number 8t = 1 for stage loading

Figure 3.10 Sehematic TCiagram: Stress Ratio versus
Normalizec Streas Drop for Ideal Materiale



dl fference. This type of ma teriasl Qlll therefore terminate
at a Lline inclined at 459 (labeled for en Infinite time
increment), or at ssaller time intervale the normalized
stremss drop will plot on an inclined line through A as
indicated for a unit time Iintervel 8¢t = 1, It is essumed In
this plot that the rate-dependent range (s lisited by Dgegs
(St. Venant eleaent in meries with Maxwell model ). During
repeated relaxations from a fixed stresse level Dg of @
visco-plaatic msaterial with strain—dependent strength, the
current available strength Dpg3s end the stress ratio change.
This resultsg in data points displaced parallel te the lines
of constant time increment 3t as indicated by the two arrowe
parallel to the relaxation limit 3t equal to infinity.

For a visco—elastic, vimco-plastic me terial it was
emsumed that the two processes were independent and could be
superimposed directly. This is quantitatively not correct
since the stremas drop‘of the visco-plastic elemeat affects
the relaxation of the visco—elastic element and vice versa.
The expec ted behaviour during a three stage re peated
relaxation tes t £or two stress histories (II and II[) is
lnqlcated“ in the schematic diagram (Figure 3.10). The
visco-elastlc part dominates at early stages and low number
ot ro{nx.tlon. whereas the visco-plastic part dominates
eventually when the visco-elastic element is strained to its
limite. Figure J. 11 glves examples for linear viscous
materials and varlable stress hl-toglo- using specific

parame ters:
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1. Aarias aad kalvia asdal
The et rose ‘otco_r 'toodtuc ie eotopped (In givea o by
Pluegge( 1067)

D(t) = qoolll-olp(-tlpg)D’D.olp(-'lp.).....(lqnoaol)
and the normalized etrese drop after umit tiwse andg
inetant loading le

8D1/Do = (1-(qo/Be) N 1-0xp(=1/Pg)deccsmensol BqQo.3.2)
or for repeated relaxationas, a constant loading modulus
and a constant time increment equal to unity

3D 4/De=( 1-Cqo/Bo M 1+3,(3D,(1=1 }/Dg) )¢ 1-exp(-1/n,))

©080000c0csc00e0rcrecssrssedescrvcssrnccccl BaReII)
since e; at the begianing ef each relaxa tion is

014=(Pe/Rg)*3 (3D ( §1)/B0) =e0®e®.cecoccce( Bqned.4 )

(e* g & function of <the loading sodul ue ),

- where?

l...nu-b:r of relaxation teat NR:

.o.._n.l/(n°+l), long~term stiftaess (3.853 03 MPea);
Egeentiffhnesw of spring la:Lorlo- with Kelyig model (4.0
x 107 urPa);

\ E.ccotiffness of Spring in Kelvin model (30 x 103 MPa );

Picerolaxation time (2.45 days);

21cesummation from 1 to i.

The nuabers In parentheses correspond to the values
assuased for Figure 3.11. They are taken froa temsts on
coal published by Morlier(1864) and lldybln.(l(1966) . C3

Data is indicated in Figure 3.11 for twe cases; lo.dlp.

to one stage only, with five relaxations at ii.; and
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>~ 03
loading to a first etage at 0.9 Dggxy vwith flve
relaxations fol lowved by loading to> a second etage of
repeated relaxations at Dggjs. r
Maxwmall gluigd
The stress after loading le etopped ia (Pluegge, 1967)

D(t) = Dogexp(—-¢t/p,;). ®evcecsrcstcsscccccscc(Bgnel.B)
or for repeated loaeding /.nd constant time iacrement 3¢
the noprsalized .;PO.. drop l7

3Dy /Do = 1-.?p(-8'/p.).....................(nqa.a.sf

independe of number of rolcx.‘lon NB. The parameter p,

wvas a used to be 0.5 dayeo for PFigure J.11. For a

materi with a yield point and Y behavtiour
corresponding to the I.x'olf @ocodel at higher stresses,
Do is to be replaced by 800. the stress difference abdve
the vyield stress. A series gt curvees for various tiae
increwents be twveen eilx hours and infinity are given.

The previously discussed wmimplified essumption of
-upor‘og!tlon of the imdependent relaxation behaviour
was used to i{llustrate the response of e visco—elestic
material’ with viscous flow above a glverh.stress level
0.9 “Dpeg- Three stress himstories, all starting with a
first stage of five repeated relaxations at Dg = 0.9
Dpeg+y are 1indicated. fhl- first stage was followed by
loading to a msecond stage of vrelaxations gt Dpaxe N.94
Dpgs or 0.92 Dgaye The latter wes subsequently loaded to

4

a third stage at 0.94 Dgg5-.
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2:4 Resulis from Multiple-Stage Repsated Relaxation Issts

In th{s section the test results of five multiple-stage
repea ted relaxation tents on coal are presentede. The
speclaens and their failure mode is described and a general
descr&ﬂ‘lon of the individual test is given. Difficulties

-\ .
durlnad the ecearly stage of this testing program and changes
in the testing procedure did not allow a consistent analysis
of all test results. Because of thie fact no relaxation data
are included for Tests CTR—-2B and CTR-2C but a gualitative
discussion of the stress—-straln behaviour 1s given. The
figures for the remaining three tests are located at the end
of this smsection 3.4 1in chronological order to facilitate
comparison during the interpretation given in Section 3.5,
The mechanical proper ties of all five samples were
summarized in Table 2.2,

Ieat No. CIR-2B

This specimen was intersected by a&a number of Joints and
failed mainly along one joint intersecting the sides of the
sample 6 mm helow the ltoad cap. The shear plane was inclined
at approximately 652 t0o the horizontal plene and conslsted
of about 25% rock bridges only. One bedding plane separation
was observed on one slide of the shear plane. The
stress—atraln curve In Figure 3.12 seems to lndlcnt’ that an
Initial falilure occurred durting stage one of repeated
relaxation tests due to shear of the Jjolint plane cn one side
of "~ thie bedding plane sepgration and that the remaining,

intact part allowed reloading and fajled at increased
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Test No CTR-2B o3 = 588 kPa

Deviatoric Stress (MPa)

A

Vertical Strain (%)

Figure 3.12 Stress-Straln Ciagram of Tesgt Noe.

CTR-2B
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strain,. A sudden loms of confining pressure during stage
three resul ted in excessive shear of the sample and the
total strain is therefore unknown. Two weeks later the
pressure system wam repaired, the sample was reloaded and
relaxation tests were conducted near ultimate strength. The
total testing time was 151 days. The data is not roﬁort;d in
detail because of two reasons: firstly, the total strain is
un known and secondly, the effects of shear on the rock
struc ture during the loss of conilncment and the two week
unloading ., period cannot be evalua ted. Nevertheless the
results of the eleven stages of repeated relaxations near
ul timate strength are consistent with the results of other
tests, confirm the conclusions drawn in the following
section and show a rate-dependent visco~plestic zone above
92% Dpe¥+ There was some indication that Dpgx ie not only a
function of accumula ted strain but aleo a function of the
time during which the normal stress acts on the shear plane.
A strength increase with time might be explained by a
time-dependent "over—-closure", a term introduced by
Barton( 1974) to demcribe a stress—-dependent interlocking of
shear surfaces or roc k was8s struc tures. Dﬁ;ldg reloading
after stage three Depax = 2.3 MPa was reached. After
unloading 'Qnd reloading followed by two etages of repeated
~
relaxations (4 and S) a Dpe x = 2.43 MPa was reached at
increamed straln during stage sixe No sufh..etfect was

observed later and Dppx was almost constant during

accumulation of another 1% strain. This indice tes that this
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test serles was conducted close to the ul timate strength of
this specimen. Dpagy was determined three times after stage
6y 8 and 14 by fast straining at a rafo corresponding to the
initial testing rate. _'5
Iest No. CIR-2C

The failure plane along one Jjoint inclined S89 to the
horlzont plane eme rged 10 mm below the load cape. No

~

bedding plane separation was observed and only 15% of the
shear plane consisted of rock bridges. Other visible joints
were approximately 20 mm apart. The volume change of the
cell was recorded during this test. During each stage of
repea ted relaxation tes ts the volume change indicator was
closed because of a minor leéake The volume change behavfour
(Figure 3.13) is mimilar to the one recorded in short—term
tests. Failure occurred during stage five of repea ted
r{laxatlon tests and the post-peak cyrve indicates a less
brittle behaviour than during test CTR-2B (tested at the
same confining pregsure ). The test had to be discontinued
after 75 days due to a membrane falilure. No valuable
information was gained from stages 6 to 8 because of
inconsistent test;ng procedures or loading too close to the
current availaeble strengthe.

In the prefai lure range th}. following qualitative
observations were ma de . Up to lE%.go four continuocusly
decreasing relaxation indicated a limi ted time-dependent

zone with a behaviour siwmilar to that of a rheological model

with a spring in serlies with a number of Kelvin models
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(Herdy and Chugh(1959) de This zone would thet.foqo be
limlted by a .-hort—tor- -odqlu- and a long-term -o&“lu-.
During a load increase to the following stage the
atro..--tr.ln'curvo was steeper and most of the cro.e atrain
was recovered if the increment was sufficiently large. From
this observation it appears that the coal can neither behave
11 ke a time—-hardening materlal, where the slope to the next
s tage would be reduced, nor like a strain-hardening
material, where the s lope would remain the same
(Finnie(1060) de The time—~dependent response seems to be
propotional to t‘p stress level and the inelastic streain e*.

The model suggested by Hardy(1959) or Terry(1956) could

describe the behaviour at a given stress and atraln
-

accurately but would not reveal the strain recovery

beshaviour since it siwulates a strain-strengthening

ma terial. During loading to stage five the reloading modulus
was approximately egual to the initial short-term modulus
EgQ e Contlnuourly increasing stress drops of three percent
per 12 hour: interval indica te that this stage was at a
stress level well above the long~term peak strength.
Ieat No. CIR-2A

A picture of this specimen ;ttor testing 1is given in
Plate 3.1, The shear rlane developed along a Jjoint plane
inclineda at 619 to the horizontal and a bedding plane
separation similar to sample CTR-2B was obmerved. Crushing

of the remaining part resulted in a rather ductile post -

failure curve (Figure 3.14). The collapse of this separa ted
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Sample CTR-2A after Teatilng

Plate J.1



100

KT

Test No. CTR-2A
o3 = 400 kPa

"}
| 1 =
! x
' g s
! —
: S 3 S
[ v =
e - 1R N
@ ©
o
/ L))
4o >
o
y ©
Ve
//
(/
(=~ lo
(@]

(edW) sso1S ouojeina

Flgure 3.14 Strees-Strain Diggram 0f Test No. CTR-2A



101

part is indicated by a sudden change Iin post - failure
slope., <

Six stages  of repeated relaxation tests at increamsing
stress levels before and through peak strength, three stages
at decreasing stress levels atto; reloading (7 to 9), one
.stagc at decreasing confining pressure (10), and 14 astages
near ultimate strength were under taken during a total
testing time orf 178 dayse. Between stage 19 and 20 tne
contining pressure accldently dropped and the sample had to
be reloaded after t he original pressuce waws built up
immediately. Two sets of typicel test results with
normalized deviatoric stress drop versus  time and total
vertical strain versus time are glven in Figure 3.3 for
stage sl x through peak strength and Figure 3.15 for stages
13 to 15 near ultimate strength. The firet one shows the
relaxation behaviocour as the failure point is reached ( from a
primary through a secondary to a tertiary creep stage) and
the second shows a linear relationship be tween time and
strailn during multiple-stage repeated relaxation tests near
ultimate astrength.

Figure 3.16 gives the data of two prolonged relaxations
(S «aye) at stage 14 and 24. It can be seen that thre
relation between norsalized stress drop and logarithm ot
time is 1linear. This fact was used to determine 4D;, the
stress drop after upnit time, if the test period was less
than \gnlty. The testing frame stiffness as determined from

this diagras is approximately S0 MN/m. During stage eight
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the load was cycled at the initial mtrain rate and the
accumulated strain versus number of loading cycles is glven
in Flgure 17. The amplitude was 5% of the streas level Dg
4 .

= 2.39 I‘” "equivalent to the stress drop measured over a
relaxation per {od of one daye For comparison the
corresp®Rding points during regular testing with one day
relaxation intervals are plotted on the sane figure
(different scale). The s train accumulated during one
relaxation cycle ie approximately equal to the atraining
during the ten short-term cycles. Repeated loading .tt;r
relaxation has some resemblance with fatigue t.itlna with
the ma jor three di fferences being that the number of cycles
in wmultiple-stage repeated relaxation tests is small, the
cyclesn are asymmetric in tjme and that the stress range was
kept below a few percent of the wmean stress. Another
observation of interest is thct'ceeq-ulutcd damage during
cycling resulted in an increased relaxation ( from S5.3% to
T.6% during a one-day relaxation ilncrement) which wvams
followed by @ reduced relaxation due to strengthening bdbefore
failure was initieted (compare with Flgure 3.18)-

Figures 3.18, 3.19 ‘and 3.20 (at the end o©f this
section) contain the relaxs tion data for the stages one to
ten in normalized stress drop v;r-u- deviatoric stress or
vertical strein e* disgrams. The stress ratio versus
normalized stress drop Tfor the stages 8 to 24 is given in
Figures 3.21, 3.22 and 3.23. The current -hort-to;- strength

Dpgs was calculated by interpolation between points where
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Dpes weas known frows rapid etraining at ¢ ronstant rate. Both
Dyes and 3D, the strees drop, are affected by the loading
rate and wshould theoretically be determatned from inetant
loading. The rate of 1.527 --/hou: vae kept conatant
throughout the to-tlng. program and {s relatively fast, In
princlple the stress drop should be normalized to Dplp \t:’*
current long~-ters st rength, but this value 1s difficult to
determine.
Iaat No. CIR-2D

This @epecimen failed along & Joint inclined $7° ¢o the
hortzontal, A strong rock bridge n‘cr the upper ;-rt of the
Joint caused a tensile creck to propagate towarde the load
cape Loading, over—-streseing and crushing of this rock
bridge is mos t likely tg: reason for‘ the more ductile
bohﬁvlour of this semple. A minor part wes sheared along a

-t

bedding plane which intersected the sample side 40 mm above
the bottom load cape. Approximately S0% or the shear p¥®ane
congisted of open joint surface. Froam the relaxation data 1t
applars that the jJoint sheared when loaded to stage elght at
an inelsstic strain of e*f = 0.26% as lédlc.tod by the arrow
in Figure J3.24.

Eleven stages ot repeated relaxation tests at
increasing stress levels before and through short-term peak
-tfongth were followed by five stages after unloading and

I

reloading in the after faillure range. The total teeting time

was 83 days. The wmesbPane failed during the second
r

unloading~reloading cycle at 2% total strain and po further
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testing near ul timate astrength was possible. Two sets of
typlical teet results with time versus normalized deviatorlé
stress drop and total vertical stﬁaln versus time are given
in Filgure Je4 for stage one before faillure and Figure 3.25
for stages eight to ten near the long-term peak strength

be fore collapse.

A diagram of normal ed deviatoric stress and rtical

<

rtrain versus logarithm of time for stage
Figure 3.26 indica tes again a linear relationship and a
machine atiffness of approximately K0 iN/m was calculated.,
All relaxation curves for the prefallure stagee 1 and S5 are
given in Flgure 3.27; some non~-linearity, most likely due to
tempe ra ture effects, can be observed. Flgures 3.28 and 3.29
contatin the relaxation data for stages 1 to 11 and 12 to 16
in deviatoric stress and vertical strailn ex versus

normalized stress drop diagrams.

A picture of this specimen after testing is given in
Plate Je2e .Tho shear plane developed along four different
Joint planea inclined at 60 to 65 degrees to the horizontal.
The left side of :ho sample sheared along one plane with
some 4oock bridges whereas the right part sheared along three
stepped Joints, Thene steps wer e between S5 and 15 mm In
height and they were created by tensile fractures
approximately perpendicular to the Joln; planes The lowest

part of the shear plane intersected the lLoad cap. Because of

this irregular failure surface the seample was sreared along



Plate

3.2 Sample CTR-2F after Teating
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a portion: of a beddling plane. The overall degree of
separation was roughly 85%. The stress-strair curve is given
in Figure 3.30. Failure occurred during stage three and the
post-peak curve ‘i- relatively steeop. Between the two
prefallure stages at stress levels above 75% failure stress
only a por tion of the accumula ted inelastic strain was
recovered. The sample was unloaded three times and reloaded
in the post failure range . These loading cycles were
followed by repested relaxation tests at etage 4 and stages
S to 8 at decreasming stress levels. Stages 8 and 9 involved
testing at increasing cpnf!nlng pressure (contrary to Test
No« CTR-2A) followed by a gradual cell pressure decrease to
the original level and anaother three stages of repeated
relaxation teasts from decreasing stress levels near ultimate
strengthe. The total testing time was 133 days.

Figures 3.31 and 332 contain relaxation data from
étaee 8 at increasing confining pressures and stage 9 at
decreasing contining pres surese. A tinear normalized
deviatoric stress—logarithm of time relationahip is again
obvious. Figure 3.33 summarizes the relaxation data froms
stages one tol/f0u¥\;;‘Q>xortlcal strain versus normallzed
stress drop diagram an& tﬁo t:/lowlng Figures 3.34, 3.35 and
3.36 give the nor-allzo;r stress drop versus stress ratio

diagrams for the remajining stag§4 to 13.
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245 Interpretation of Rasultias

22821 Introduction

During deformation, the microstructure of rock changes
continuously, Crack closure occurs at the beginnirg of
loading, shear displacement develops along cracks, cracks
propagate and finally the confluence of cracks results Iin a
shear zone. The time-dependont properties of rock are
s tructure-dependent and therefore extrapolation from
behaviour at one struc ture to another requires an
understanding of this dependencee. The rheol ogy of rock
cannot be effectively described Iin simple terms as a time-,
strese—, or strain-dependen t material except over limited
ranges of s tress or straine.

In this mection a description 1s offered of ranges of
typical behaviour and the transitions between them as a
brittle rock is deformed over the peak strength to the
ul timate resistance. Thise description is glven in
phenomenological terms in order to delineate the various
procenases involved. It should be noted that the recognition
of transitions from one type of time-dependent behaviour to
another is of particular interest for constrained rock
s truc tures such as underground epenings where the
interaction between elements strained to different levels is
important and portions of the rock are stressed beyond their

capacli ty.
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In order to meparate zones of typical behaviour, it is
first of all necessary to decide whe ther the coal has a
stable zone below a current long~term strength or not. If a
current long—term strength existe, terminating creep or
repeated relaxation and finite yleld should be measured at
stress levels below this current long-term strength. As
indicated earlier wany authors represented coal by a Burgers
model, a fluid with no current long—term strengthe. Using the
data given by Kidybinski (1966), which iIs comparable with
parameters given by others and which predicts the relaxation
during multiple-stage repea ted relaxation tests at low
stress levels reasonably well, a minimum creep rate of
approximately 10;5S/hr under a stress of 1 MPa would be
reached after more than 250 hours. The daily relaxation at
this time would be less than about 0.024%/day, values well
below the limits of the test accuracy. Most of the repeated
relaxation tests at low stress levels were extended over a
period of five days and showed stress drops in the order §f
a few percent. These drop® are dominated by the Kelvin
eloement and coal therefore behaves initially like a viscous
solld. Kldyblnskl{e tests indicated an asymptotic long-term
strength of approximately S0% of the short—term strength
after a tenmt period of 1550 hours. Considering thie
information, it is impossible to de termine whether a test isa
conduc ted below or above the long— term strength by
extrapolation from one-day relaxation tests or five repeated

relaxation tests at one s tage. However, it tests are
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conducted above the current long-ters strength, a "constant"
or increasing strese drop per unilt time or a "constant" or
increasing Creep rate is measured after an initial decrease.
If a <current long-term strength exl.}a. these rates witll
decrease as the s tress level approaches the curren t
long~term strength and vanish at the current long-term
strength. It is therefore evident from the teast rasults that
a current long—term atrength exists and that relaxation and
creep must termine te at stress levels below the current
long-term strength. Thie assump tion i only suppor ted by
da ta within comparable time intervals and an extrapolation
to geologic time scales is not permissible.

The normalized deviatoric stress is plotted in Figures
3.16, Je.26, 3.27, J3.31 and 3.32 against the logarithm of
time. A linear relationship without termination i{s evident
even in relaxation tests over an extended period of 100
hours. The non-linearity in Figure 3.27 can most likely be
attributed to temperature effectas. The same ie valid for the
bi-linear relationshlp indicated in Figure 3.31. Comparable
trends can be observed i1n accumulated strain versus time
plots (e.g. Figure 3.4) which indicate continuously
decreasing strain accumulation, "hile neither set of data
pProves termination, the assumption of termina tion is
strongly suppor ted by the linear relationship between
normalized stress drop and vertiz;l Strain e* and a definite
trend (indicated by dashed lines) towvards a maximum e*, The

Figures 3.18 (curves | to 4), 3.28 (curves 1 to 4 (or 6)),
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329 (curves ‘1 and 2) and 3.33 (curves 1 and 2) ll}u-tr.to
<
this point.

During test CTR-2A, the sample was unloeded after stage
nine and no relaxation wes measured over & period of several
dayse The confining pressure vas dec reased in wteps
resulting in a stepvise decrease in Dpgses No relaxaticn wae
obsmerved until the stress ratio reached about 0,92 (Filigure
3.22). This behaviour is only possible iIf the sample haé;
been loaded to a stress level below the current long~terns
strength. The existence of a current long-term strengtt is
further suppor ted by t he data shown in Flgure 3.23 where
stages 11 and 19 ehow continuously decreasing and stages 14
and 20 constant stress drops. The current long-*.r- strength
is therefore higher than 0.80 Dpax and most likely

>
app;éxlmutoly 0.92 Dgpay +» Additional msupport ie gliwen by the
data shown in Figure 3«35 where an increase in confining
pressure resulted in an immedlate decrease in estreas drop
and only above a streas ratio of 0.4 was increased
relaxation measured. Flgure 3.31 shows the corresponding
data in a normalized d.vln{lorlc atreas versus logarithm of
time plot. The stress drop at unit time, time tg (Lacerda
and Houston(1873)), decreases with increamsing confining
pressure am well as with the nuaber of relaxations
under taken at ;he same atage. The slope of the stress drop
versus logarithm of t1ime curve remains constant until { ¢

decreases after a confining pressure increese of more than

4% and becomes almost zero at confining pressures 8 to 109%
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above the original atress level., At this stage an injitial
atress drop, which is most likely due to the testing system

relaxation, is followed by an extremely small relaxation.

32542 Schematic Stress~Atrain Diagram for Rock

Based on the assump ti on that a current dkna—tor-
atrength ox}-t- a schematic stress—strain diegram has been
deve loped in Pigure 3.37 . Three zones can be identifjed.
Zons A is characterized by a d.cro“ln- stresa drop during
repeated relaxations (or creev rate) if loaded to -técsn
levels below the peak long~tera strength ‘(;o!nt (a) on
e=0-curve ). Above this level, the strain will accusutate
untit the limit a-a ims reached at which the available
resistance ﬁeglna to changee. Zone B is a rate-dependent
yleld or visco-plastic zone with strain-dependent upper and
lower boundaries (current available strength and current
long—term strength). The ratio between the current long—term
strength .ndr' current nv;l}abl. strength (D.Ln/b..;)
increases and 1t is expected that this ratio becomes unizy
at large strains where both limits coincide. Highly‘-tril;rq

rock would behave 1like & visco-plastic -atorl.l‘gn&fth‘
. ’ : -

- - ’4\ .
ultimate strength would be tl-o-lndopondont.ﬁTh;. point was

g k

i -2
not proven since the maximum strain vas ll-ltpd§ Lln.dfﬂt

o

equal creep rate or stress drop per unit time c bep fouand

between th’.e limite. Cons tant stress tests o

Y

relaxation from a constant stresse level will =
{=

relaxation or creep rate incresases and to f-llurq}q‘ these
q,;i
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Vertical Stragh

Figure 3.37 Schematic Stress~-Straln Diagram of Rock
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linee are crossed and the current available st;enath is
reached. Similarly, a stress—-strain path crossing lines of
constant strain rate in descending order will approach the
current long-term strengthe. Zone C 18 a transi tiop zone
whose extent de pends upon the ductility of the rock. The
behaviour in this zone is a function of the available
strength which may increase, remein constant or change
instantaneously., If tho»current available etrength dec reases
continuously zone B is reached, For brittle materials the
two limi te a-a and b-b coincide and the transition zone is
non-existent. Failure 1= reached if the current n;allnble
strength drops below a glven stress level by either
{nstantaneous strength loss dug to structural change or
gradual strength loss during strain-weakening. The tertiary
creep stage, accelerating deformation stage or failure
initiation, fe reached as soon as lines of equal strain rate
are crosmsed in aacendlﬁg order. The inelastic strain e*f at
this point, where the first significant stress drop increase
was obmserved, is given in Table 3J.2. It varied between 0.05%
in sample TR-1A and O.2é§ in CTR-2D.

Kranz  and Sgholz( 1877) sugges ted that the inelastic

~
-

volumetric mstrain at the onset of tertiary creep should be a
constant critical valtue., A direct comparison with their
results is not possiblé. Kranz end Scholz tested Intact rock
(granite and quarzite) and measured the volume change,
whereas in the tests presen ted here, only the vertical

strain during failure of a jointed rock weas measured. If 1t
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can be assumed that straining of a joint is directly related
to velume change of a sheared joint, a similar relatiocnship
between inelasmtic vertical strain and onset of fallure would

be expected. The reported inelastic strain at fajilure

initiation is not constent and var hin a wide rangee.

The wri ter bcilovos that the inelasti rain at fei lure and
failure initiation is a function of the present rock
struc ture, This structure varies from sample to sample and
as a function of the loading history. It is therefore not
surprising that there is no direct correlntioﬁ. The same is

to be expec ted for a rock nass where the failure is

controlled by the structure within the overstressed zone.

220:2s]1 Behaviour in Zone A (below peak long—-term strength)
At stremss lédvels below the current long-term s trength,
time-dependent deformation terminates. The deformation
contains both recoverable and irrecoverable components, and,
in +the case of repeated relaxation tc.tlﬁg. yields a
continuous decrease of stress drop per unit time tending
towards zero stress drop at a finite inelastic estrain e* as
illustrated by curves 1 to ) in Figure J3.18, 1 to 6 in
Figure 3.28, 12 and 13 in Figure 3.28, and curves 1 and 2 in
Figure 3.33. The expected trend is indicated by the dashed
lines. The exact amount of irrecoverable strain would have
to be determined from unloading and recovery tests but
vyielding may be observed in the figures mentioned above. The

increasing separation between the curves connecting points
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of normalized etress drop during one ntage of a
multiple—stage repeated roquatlon‘}’at and the increasing
curvature indicates that nore'l’;nolastlc strain |is
accumulated during sl-ltar loading gi;tory but lncrb#qad
stress levels. It has to be recognized that this separation
includes recoverable, stress—dependent strain and depends on
the estimated s lope of the fast loading curvee. An over -
estimati on of the short-term stiffness would tead to a
linear increase of this separation with stress. A
correspondi ng behaviour wvas found during reloading tests
(e.g:. stages 12 and 13 in Figure 3.28),

The near parallelism of these curves revealg theat the
relaxatlon response during this mode i essentially
independent of the {irrecoverable gstraln accumulated prior to
the particular loading stage, even though thie strain is

O
1ncro§eln¢ throughout the test. An‘ attempt was made to
analyse the pre;allure stages of sample CTR-2D by fittirg a

relatienship similar to the one suggested by Lacerda and

Houston (1873) to the deta f$Prom each relaxation test

(Hungr (1977) )¢ It was found that relgggtlon tests starting
) e

from parallael Linear stress strain curves showed the same
time-—dependent response at least up to stage S(CTR-2D).
These lines were inclined at a lower angle than the fast
loading curve. The slope would have to be equal to the
long— term stiffness because of the parallelism. This
predicts ; time-dependent behaviour Iindependent of stress

level and etress increment but dependent on the strain
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[

remaining to the long—-term s tress-stralin curve. Even though
>

the analysis showed @ood correlation with correlation

coefficients ranging from 0.85 to 0.99 this approach proved

not entirely satimfactory because of the difficulty in

selecting the correct origin of the time axis,

Similar to the problem of strain recovery in
multiple-stage creep as indicated in Figure 3.9 ,there might
be full or partial stress recovery between relaxation tests.
Therefore, the stress measured at the beginning of a
relaxation test is only the true Dg if the temt is started
from the instantaneous loading curve after full recovery in
mul tiple-stage tests. This means that functions were fitted
through data without knowling the exac t location of tLo
origin of the coordinate system. Neverthelese, this suggests
that the time-dependent deformation of ébal at stresses
below the current long—term strength can be expressed sgimply
by relating 1t to the remalining time-dependent deformation
or the distance from .the long-term stress-strain curve. The
more detailed investigation of the time-dependent prefailure
behaviour by means of mul tiple-stage creep tests on the same
coal, conducted by da Fontoura(1980) , supports the v{ew
that the creep relations are independent of the accumulated
straine.

It isms not the pPurpose of this work to develop
rheological models for this go.b but {t iIs of interest to

check the data against the' available models. Since not

enough data was collected to determihe the pareame ters for
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t&p~ﬁ8urgor- model and due to the fact that both ll:;bln-kl
(1966) and Morlier (1964) determined very similar parameters
for coals completely different in origin, average parameters
from these two publications were usede. The relaxation
behaviour during the first three stages wes calcula ted by
"linear superposition (Boltzmann'sas principle). Good agreement
with the measured data was found in the shape of daily
stress-drop versus time as well as In magnitude of the
relaxation after each relaxation test with the exception of
the first increment of each stage. This deviation of the
first relaxation tem t on each stage was also detected by
Hungr (1977) and can be attributed to an addlitional initial
relaxation ln” the gear box of the testing machine after
ma jor atr.{glng to a new load increment. The shape of each
relaxatlion curve was found to be linear in the stress drop
versus logarithm of time plot which indicates that a Burgers
model is an oversimplification and that a model with e
number of Kelvin models in serier and a certain retardation
spectrum ( Terry( 1956) ) would have to be used to describe
the coal accurately, The most important polint, mainly for
the interpretation of the model test data, is that the
behaviour in the prefailure range, well below the long-ternm

peak strength can be predicted by linear superposition since

the coal behaves like a linear visco-elastic material.

2252222 Behaviour in Zone B (near ultimate strength)
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Tests are conducted "near ultimate strength" if a
strength loss can be achieved only during extensive
straininge. The behaviour in this zone is ovalu;tid first
because of the atr;ln independence. Two ma jor factors will
be discussed besides the general pehaviour in this zone; the
effects of repeated loading with variable time-delays in
between loadings, and the effects of confining pressure
changes,

(a) Slow versus fast repeated loading:

From the brief test with enforced loading and unloading
(Figure 3.17) it appears that the rate of deformation or
strain accumulation in Zone B is directly related to the
locally concentrated streas caus;na faillure of asperities or
extens ion of cracks and the time period over which thils

stress is actinge. Straining of this brittle coal is only

possible ir cracks or fractures extend and relative
displacement along the crack planes occurse Crack
initiation, crack propaga tion, and crack propagation

veloclities are controlled by the stress concentrations a<t
the crack tips. Each loading cycle induces stress
concentrations high enough to cause crack extenslon. In the
case of fast cycling the tlme over which high stress
concentrations are maintained is small, and the accumule ted
strain, proportional to the product of time and crack
velocity, is also small. On the other hand, during repeated
relaxation the product between time and crack velocity g;h

larger since the stress drops slowly during relaxation as a
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function of crack extensione. This resplts in higher
accumulated strains and therefore leads to failure in fewer
load cycles.

Ir these atress concentrations diaminish due to
redistribution ' or other factors, strain accumulation

.

decreases @ the s table zZON® is entered, This happens
durlna a relaxation test and as a consequence the stress at
the end of a relaxation test is below the current long-term
strengthe. Figure 3.35 shows a series of curves predicted by
extrapolation whioh illustrate this point clearly. It was
assumed that normalized deviatoric stress versue logarithm
of time could be extrapolated linearly from Figure 3.31.
During repeated relaxatjion tests the stress drop per unit
time has to decrease in the stable zone and increamse or be
at least constant Iin the unstable Zone B.

(b) Zone B as a rate~dependent visco-plastic zone?

This aub-title ils formulated ae a question 1n
anticipation of the conclusions drawn from the following
discussion. Because of the novelty of the test procedure and
the complexity ot the test data presentation, it 1s more

3

convenient to discuss the data in "the 1light of the

conclusions rather than in general terms. The dijagrams with

C
"stress ratio on one axis and the normalized stress drop on

the other (e.ge. Figure 3.21) are used for this purpose. A
general di ecussion and 1llustration of ideal i.t.rlgls has
)

been given in section J3.3. Comparable stages of repeated

relaxation tests are Qor:'bly summarized on the same diagraas
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and the stress drop after halft a day and one deay are
indicated by empty and full cirles respectively, The
dependence of Zone B on stra will be discussed later.

A comparison of the schematic diagram in Figure 3,11
and the Flgures 3.21, 3¢22 and 3.23 for sample CTR-2A or
3.35 and 3.36 for esample CTR-2F shows a remarkable
similarity indicating that the coal bperaves Llike a
visco-plastic materlal when stralned beyond a certain stress
level Dpip. Before each €igure is examined individually and
in detail 1t is necessary to consider certain fectors which
could affect the behaviour.

Measurements of stress level or stress drop are
normalized to Dpg¥ey the current availeble strength, a
parameter which has to be determined by interpolation. Dgags
is therefore relatively inaccurate, particulariy if the
stress—strain curve is discontinuous or strOley curvede.
Linear interpolation between known values was normally used.
It is necessary to normalize these parameters for comparison
to either the upper or lower boundary of the Zone B. The
upper boundary was se lec ted because of two reasons: (a) the
upper boundary, the current avai lable strength, can be
determined quickly by fast straining and (p) one ailm of this
thesis is to define and find the lower boundary Dpip, the
current long—-term strengthe The advantage of this diagream is
that for a visco~plastic material, the measured data at a
constant time increment should fall on a straight line and

the slope of this line should be 459 at a time interval
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equal to infinlty. Lines for constant time increments should
intersect the abscissa at a stresa ratio Do/Dpex equal to
Dplo/Depgs at the current long-term strength ratio.
Inaccuracies in the determination of Dpex affect the
magni tude 0f the stress ratio much more than the normallzed
stress drope. This means that points calculated with an
overestimated Dpo¥ are plot ted too low or, i1t
underes timated, too highe. For example, an initial
underes timation of Dggy would lead to curves shaped ilke the
ones plotted on Figure 3.34 (but thies is not the reason for
the curvature in this figure):. The major two reasons for
underestimation of Dgpx are (a) the difference between the
.
static and dynamic friction and (b) the possibility of
over—closure or interlocking. Both mechanismas lead to a
local peak strength, an additional resistance above the
current avallable strengthe. A different response would be
expec ted for stress level lycroasos approaching the
visco-plastic zone than for stress level decreases
approaching the current long-term strength from inslde the
visco-plastic zone. These mechanisms might explailn the
non-linear shape of stage 10 in sample CTR-2A (Figure 3.22),
but in general no clear evidence can be founc in the data to
support this process. Dggy could have been overestimated ir
the stress-strain curve wae etrongly non-linear or

discontinuouse. -4

oA
‘. h

Depending on the stress history, theu §b.orved

relaxation 18 &a combination of relaxatlon dyé to the
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visco-elastic and the visco-plastic element. The effecte oOf
this factor were tllustrated in Fligure 3.11 for ideal
materials. Only 1f the time-dependent deformation from tﬁe
mtable portion has terminated, as in the case of incremental
loading with extensi ve repeated relaxation tests, can the
s

pure visco-plastic behaviour be observed. Particularly close
to the curro;t long-term strength decreasing stress drops
are often observed due to the superposition of visco-elastic
and vimco-plastic rock properties. As long ae’the stress
drop per unit time decreases, the current long-term strength
is elither higher than the stress level or the terminating
deformation has not vye t stoppedo. In the first case, the
abscissa will be reached eventually and in the second case,
a constan t etress drop value will be approached from the
right side (msee atages 11, 19 and in Figure 3.23). The
terminating portion is emall and can be neglected after a
few stages of repeated relaxation within the viseco-plastic
zone. .

Machine relaxation is another factor which could affect
datas It wase not pomssible to correct the data for the
machine rela ted streés arop as discussed earlier, but it can
be assumed to be constant for each retaxation during teating
within the visco-plastic zonee. The stress level and the
amount of straining be tween increments is more or less
constant and all data points would therefore be shifted to
the left by a constant amount.

Durling repeated relaxation tests, straein accumulation
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results in e decrease in Dgaz. If 1t is eassumed that Dg is
kept conmtant , and repeated relaxations are conduc ted to
failure, Dgpox decreases continuously and lines of constant
strens drop are crossed. Transformed into the stress ratio
versus norsalized streses drop diagram this means thst the
curves for constant relaxation time increments should
theoretically (visco—-plastic material) be linear and
intersect t he absclasa at the long-term strength ratio
DPyio/DPypoy¥e Such test data are given in Figure 3.34 for stage
four in Test CTR-2F. Possible reasons for the non-linearity
were dlscussed earlier. It was possible to 1llustrate the
lineavity of such curves when the straining was kept low and
Dpo¥ was reduced by lowering the confining pressure (e.g.
Figures 3.35 and 3.36).

The width of Zone B should decrease with increasing
strain and eventually disappear. As a result Dpip would
approach Dpgy and data wo;ld be displaced parallel to a
450_-1line towards the upper left corner of the stress ratio
versus normalized stress drop dlagram. This trend can be
observed by comparison of Figures 3.35 and 3.36 where an
estimated Dgpio decreases from about 7% to 5% Dgexe These
da ta were observed relatively close to the peak strength
where a relatively rapid decrease in estrength and extent of
Zone B would be expected. A similar trend can be observed iIn
Flgure 3.23 but it is not consistent, poseibly b;cauer of
other more dominating factora. These data were collected in

Zone B where almont no strength loss occurrede. The
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eatimation of Dpoy was difficult due to locel Dygy increases

and the change 1in zone width would be expec ted to be small

except if strained extensively.,

Zone B can be crossed by single relaxation, by repea ted
relaxation from a constant stress level, or by reduction in
confining pressure. Thiwe latter path was studied at two
Iocatlon; in Zone B.

(c) Effects of confining pressure Changes:

le Stage 10, sample CTR-2A: the sample was unloaded after
stage -9 and partially reloaded (Figure 3.14). The
confining pressure was decreased in steps and repea ted
relaxation teats vere mtarted as soon as a stress drop
was measured. The data is summarized in Figure 3.23.

2. Stagen 8 and 9, sample CTR-2F: a series of normal
repeated relaxation tests at stage 8B was followed by an
instant confining pressure increase of 10% and a
stepwinse decrease to the original pressure. The data is
shown in Flgure 3.3S. After the confining pressure was
increased by 20% the sample was loaded into Zone B and
repeated relaxations at 119% and 118% confining pressure
tead to failure. The deta, during stepwise relaxatlbn to
the original confining Pressure, ls summarized in Figure
3.36.

With this background information it is now possible to

di acuse each Figure, compare them and illustrate that Zone B

can be considered as a visco-plastic zone.

Sample CTR-2A:
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lop‘qtodA relaxation tests at three stages cm--;#on_'o 58
durling strain accusulatione. Figure 3.21 shows thrci'nlﬁpif
identical curves. Stage 7 was anSIQIIy be low thoArolo‘dﬁnq‘
peak and decreasing relaxation resulted in points ;onvorclég
towvards t he lines indicating visco-plastic behaviour.

4
Similari ty with i{deal visco-plastic materials is obvious. A
Dygip ©f less than 0.92 Dpspx was estimated by drawing a line
through the data with a slope greater than ;50 (since the
relaxation i®s measured after one day). The extent of Zone B
seems constant over the limited strain range.

Figure 3.22 contains da ta from confining pressure
reduction temts at stage 10. No relaxation was observed up
to 0.92 Dggy Elving a lower bound for the current long-ternm
strengthe The two points in brackets are data points from a
single relaxation test. The non-linearity, mainly the small
stress drop at 0.64 and 0463% of the original confining
pressure, can most likely be attributed to the phenomenon of
over-closure. The sample did not relax glénlt!cantly until
the additional resistance due to interlock or increased
adhesion wWaAS OVercomuee. This argument is supported by the
data in Figure 3.38. Over~closure could not occur during
this test because of the opposite stress path:e The confining
presgure was Increased until relaxation vanished. It was
slso obmerved that a higher percentage of the total one-day
ostress drop occurred during the firast twelve hours at the

highest two satress levels (0.62 and 0.61% of the original

confining pressure). This indica tes that these points are

r
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c&:or to the current long-term etrength, .‘.r one day of
relaxation, than the others after the same time. Dgjig

estimated from this % fligure 1is 0.892 Dgeg, slightly higher

Pl

L )
than estimated from Flgure 3.21. NO conclusions should be
drawn from this fact since stages 8 and 9 were started from
&

atress levels significantly higher than the current

4
long— term strength which had to be de termined by

extrapolatione.

Figure 3423 containe a large number of stages from a

'3

L4 . ..
zone with almdbet constant strengthe. Reloading was negessary

after stage 19 because of an acc idental loss of confining
-
pressure. Corresponding stages 11 and 12, and 19 end 20 show
docrea.lqg svelaxation and converge towvards the abscissa
(stages .11 énd 19) or towards a finite stress drop (stages
¥ -
b12 and 20). ThHe current long—term strength has to lay in
between ﬁho-o fvo stress levels: All other stages ahow a
more or’, less cons tant stresse drop per unit time. In the
first _;qption (stages 13 to 18); the first three stages 13,
l;' and 15'tall an a line intersecting the abscisss at about
Dpjiyp 'f 0;515; Dppy and stages 16, 17 and 18 fall on a line
lntoyno;tlng at epproximsately 0.93 Dgey. In the second
.ccfian (mtages 20 and 21 to 24) all gstages fall on e line
lnto}ioctlng at eabout 0.91 Dgpegse The estimated current
‘lonlogor- strength is 0.92 $0.01% Dppy. Even though the data
are qcatt.r.d over a wide range this figure supports the

working hypothesis of the existence of a vigco-plastic zone.

This scatter can be explained by the factors discussed
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earlier.
Sawple CTR-2F:

Figure 3.34 summarizes data from comparable stages.
Filgure 330 glives the loading historye. All stages were
started after the stress level was lowered and in an area
where a ‘'significant no;-llnoar sSgength drop has to be
assumed. It was difficult to estimate Dpgx and the
calculated stress ratios are somewhat questionable. Fallure
during staa§ 4 occurred due to otr-;n—vonkenlng. The
non-linearity in Figure J. 34 can be explalined by the
curvature ot the current long-term strength CuUrve. It
repeated relaxation is undertaken through the peak strength,
the current long-term strength starts to drop aradu;lly and
levels ottt after a maximum post-pesak slope is passed. IT
relaxation tests are atarted from a constant stress lsvel
the stress drop will increase according to the stress
dlftorenc"to the current long-term strength and result in a
non—lln.n; curvee. Test at? gtages § to 7 were undertaken
within a transi tion ZONG « At stage 8, where the current
long—term strength shows less curvature, this non-lineer
behaviour disappears gradually.

The first 12 roldxatlon-. of stage 8 are included in
both Filgures 3.34 and 3.35. After a series of repeated
relaxation tes ts, the contining pressure was changed as
indficated in Figure 3.35. Figure 3.31 shows the normalized

deviatoric stress versus ltogaritha of time of the individual

relaxation curves. An almost perfect linear relationship is

7~
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observed which supports the assumption of & visco-plastic
zane, The deviatoric streas versus logarithm of time curves
were used to predict ( by linear extrepolation) the
relaxation after 100, 1000, and 10,000 hourse. These
predicted curves are included in Figure 3.35. The non-linear
shape suppor ts first of all the earlier statement that
relaxation close to the current long-term strength will
terminate at the current long~-term strength and that
relaxation from high stress levels can cause stress drops

~

below the current long-term strengthe These® predicted ,urvﬁq
(B .

* L
show, corresponding to the assumsed linearity, conw ous

relaxation and contradict the assumspti on of a long-term
. [
strength. Nevertheless, the detini te trend towards zero

relaxation near a long-term strength ratio of 0.3 strongly
supports the assuapt ion of a current long~term strength.
Some indication of terminuation of relaxation can al though be

detected in Figure 3.31.
) o«

Flgur..f.3; . aa.l onfir-- the» existence o a
» iféa? }"VQ Ls ad

visco-plastic zone nnd }lt can be seen, by comparison with
Fl gure J.35, that the o}tont of this zone decreases with
increasing strain. The extent of Zone B dropped from about 7
to 5% of Dgggxe.

A

d252223 Behavior in the Transition Zone C

<

The transition from terminating cveep at low sgtress

levelas to the visco-plastic behaviour in- te’ strain -

.
’

wveakening range is° best discussed by r.fi?cnco to,’h’.u
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idealization in Figure 3.37. Above the long—terms peak
atro:gth. the strain will accumulate until the limit a-a i
reached at which the available resistance begins to changee.
It is understood that th;-. limits may not be aes abrupt as
indicated. In Zone By the visco-plastic behaviour discussed
previously dominates beyond the limit b~be For brittle
materiale the limits a—a and b-b coincide. Zone C is a
trannltléx whose extent depends upon the ductility of the
rocke. The behaviour in this ;one is a function of the
available strength. Ir this strength is constant for a
certain strain increment, tho.str.tu drop per unit time in a
repeated relaxation tenxt will also be constant. If creepn
tests were performed at the stress level of this stage,
decelerating 'croop wou ld be observed at the qut..t with a
transition into steady-state croe;. In most rocks the
available strength is not constant and a steady-state creep
stage does not exist. The stress droé per unit time during
repeated relaxation teats changes diacontinucusly if the
rock strength decreases in a discontinuous manner. This type
ot de terioration is illuatrated by the limit c-c in Figure
3«37 A creep test would display a transition into tertiary
creep at this limit. The details of the behaviour during the
transition from zone A to zone B will be governed by the
development of the microstruc ture to,:.d by crack
prop.g-tlon; The behaviour in the trensition Zone C ob.qrv.d'

in the tests s illustrated in Pigures 3.18, 3.28 and 3{33.

These .figueres show normalized stress drop versus deviatoric



1§52

stress in part (a) and versus inelastic strain e* in part
(b)), Curve 6 in FPlgure 3.18 and cuwerve 3 in Figure 3.33
dimplay brittle boh;vlour with only a o-all.ln.l.-tlc straln
lncre—ontr dex of less than 0.0S% separating disinishing
rolaxatl;n per uni t time from large increases 1: the
norsalized stress drope. Hence the transition 2Zone C is
narrow, Curves 7 to 11 in Pigure 3.28 represent the more
ductile failure at peak strength of sample CTR-2D. The
extent of the trun,ltlon Zone C is about 0.4% e* and the
dlscontinuou- nature of the failure process Is exhibi ted by
the sudden increase in stress drop per unit time found

during stage 9, Figure 3.28, and similarly during stage 6,

Figure J.18. In the more ductile transition zone b5 ¢ sample
Nd

CTR-2D, almost ant relgxation corresponding to

secoadary creep was o

-~ = .

/ L /

stage 9 afnd - lou,aftoq a discontinuous strength loss. This
a 7/

sanmple would h-vq entered the tertiary creep atage after

erved at atage 8 (Figure 3.28) and at

approximately 0.3% lnelastic strain and would have fal!ﬁe in
a creep tent because of the softt loidlng system. During

repe@ted relaxa tion tes ts the sample does not fail. A new

rate of relaxatlon corresponding to the available strength

will be established after the strength loss and failure
e

occurs only iz the current available strength drops below

the stress level Dg. v
Similar behaviour 1is found during e reloading cycle of

the esame sampl e after straining beyond the peak strength

=R
(see " "Flgures 3.19, 3.29 and 3.33 (stage 4)). The behaviour
) " ' 4

(84
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in these areas ls nor-nlfy more ductile end the transition
zone 1s often continuous wi thout instant strength losses. As
indicated in Figure J3.29, a decrease in strese level ceauses
a reduced relaxation or correspondingly s reduced strain
rate. This fact in combination with all other observatlions
resul ted in the schema tic stress—-straln diagrem ( Flgure
3.37). Lines of constant strain rate or lines of constant
stress drop per unit time .arc indicated.

The date of stage 10, sample CTR~2A, are presented iIin
Flgure 3.20. The stepwise decrease in confining pressure
causes a tre‘lnllntlon of the lines ot‘n-tnnt relaxation and

¢

action .‘nf the strain axls and a stepwise curve with

.
L3

lw strain is. needed to reach failure. This results in a

e

increasing, but almosd constant, relaxation per confti n#nt
R4 «
levele. -
) S
with thise inforsation and an‘\mdcr-tandlng of the

-

behaviour in Zone A, C, and B noa':t ultisn te .tl’h.ath. it 1s
<
eamsy to connect Zone C and B and understand the bédhaviour iIin

the strain-weakening portion of the vl.co-’la-tlé Zone B,
The two boundaries, current long—-term strength and the

current avajilable strength as well as the lines of constant

relaxation or creep rate are sloped and curved. To maintain

F g
a constant rate of deformation, the stress level has to be

<
lowered continuously. Terminating deformation can be
. expec ted ir the strese drops faster and below the current

long—- term strength curve. Fal lure occurs |1f the stress

decreases slower and the current avelilable '-trongthllo

Ae
~

A



154

reachedwThe Zone C is a speclal case of Zone B.

3.6 Conclusions

Multiple-stage repeated relaxation tests constitute an
effective - temt procedure for investigating the
time—dependent behaviour of natural, intact or discontinuous

3
rockse. The test prqéeeure im too time-consuming for

commercial use but shle could eventually be improved by Q

reduction of the +timg Iintervala. Interp w-s to be

improved by further researche. Data 4 1 ¢tests on
' .
frac tured coag' have been reported in d ¢t is seen

c ted over e full range of

that suc tea®s can

behavijiour, prior k ‘strength, through the

strain-weakening zone, se to the ultimate resistance.

stent pattern *of time-dependent

From these tests a <
L]
‘I'kbehavlour has been identified. In particular, decreasing

stress drops, which are associated with decreasing creep,
characterize the time—dependent “bon-. {if the long—term
strength curve s approached, at wid ch creep terminates, or
ir the transition zone is Gyrroached where the strength of
the rock begins to deteriorate. At these stresas levels,
ob&vg"‘ib, . poak long—term strength, the tl-o-d.p?adont
behaviour d;pond. upon the extent of the transition zone
which in turn is a function of the microstructural weakening

process. ¥ithin <the strain~veakening zone and towards the

ul timate . itanco.‘ the time—-dependent behaviocur |is
R ‘ )

domina ted by the ,r;to-d.pond.at available shearing

!

L3
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resistance or visco-plasticity. This 1-911;- that there is a

possible stress—strain path along which the rock deforms at

constant strain ratey, or, in terms of repeated relaxation

tests, shows a oconstant stress drop per unit time. This does

not Lleply that a constant strain rate temst would follow this

line.. -The available shearing resistance decllinem to the

ultimate - with increasing irrecoverable stralne. ™aé

distinction between the va rious processes governing the

tiwme-dependent behaviour 'of rock 1ls important and

comprehensive experimental programs will be needed to

characterize them in more detail.,

fm

-

The concluélons from this chipt.r are summarized and

X,
isplemented in a schematlic 'tr.---:‘raln diagream in Figure

oA ks
3?37 and the moat important conclu‘g;n-,pro summparized and

N

described below. The schematic stress-strain diagram, and

therefore the conclusions, are b;.'d on the agfsumption of

the

existenc® o2 a stable, zone with innatlng

)

timeJIdependent deformation. A phenomenological model for

-

rock 'lh& be developed on the bases \q{\\the following

conclusions in Chapter 4,

1.

£

A current leng-term strength exists beloywy which
time-dependent de torma tion ‘torninnto-. Thlis conclusion
should not be extrapolated ¢® far beyond e time interval
comparable to the test duration;

A current avallable strength exl‘:- a8 an upper 5tron¢th

limit which cons titutes the locus of strength for.

instant londlnﬁ;
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Both 1}-1t- are stress—history—-dependent, are functions
ot the current -tr‘.turo and éigrcumscribe a
time~-dependent failure zone. They define the limite of a
rate—~dependent fal lure envelope. Any rock strained under
any stress~history will yleld Q:tuoon these current
~ .
limitse and a change 1% rate will c-u;.{. shift towards
either limit. At a given strain the oxt.nt’.nd magnitude
of the tl-o-dopondont;rango is history—-gependent.
Thll.tll.-d.p.nd.nt zone can be split into two sections:
Zone A where any stress path causes Intersection of
llaéi “of constant strain rate, Oor constant stress drop
per unit time, in descending order, and Zones B and C
where lines of constant strain ratey or conagant atr;sb
«

drop " per unit time, "r. intersected In descending or
ascending order or followed depending on the stress
pathe In Zene o the current nvalla?le strength may
increase, remain constant or decrease discontinuously
whereas 1t decreases continuously in Zone B;

The date reported allows one to separate these zonem and
to describe the tiwe—-dependent 'boh.vlour within each
onee Within Zones B and C, the stress—history-dependent
rock structure development (frac ture process) has been
tested. In this ;ol..rch program only one rock structure
development with shear failure along a originally
dl-contlndou- Joint under low confining pressure was

investigated., It is beliewved that the process -tudle& is

nepresentative of a rock mass under similar confinesent

g
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condli tions;

The relationship between strees drop and logarithm of
time is linear;

Zone A:

Finite ylelding can be obwerved;

The time-dependent response at a glven point (e.ge.
atress Qrop per unit time) could be predicted by linear
auperpOﬁ}tlon. 1t was found (Bunge(1977)) that the
rolafifl;n yohavlour at low stress. levelg was
proportiodﬁl to the }nol.atlc straln remeining botvﬁsn
the cyﬁ@g&%intuto .nd‘the long—term stress—atraln curv;.
This 1s con-l:‘ont with the behaviour found in the model
tests ‘ﬂivo almost identical curves (with constant slope

K %
and ld‘»copt) were found for subsequent creep mtages,
-«

when* ‘T‘garlth- of strain rate was plotted versus
s -

logoflfh- of time;

The ’-;ro-a drop per unit time during multiple-stage
repeated rataxntlon tests did not terminate in zone A
above t he long—term peak strengthe. An almost steady
state was reached or acceleration led to failure. This
observation allows the determination of the long-term
peak strength by increasing or decreasing streas levels;
Zones B and C:

Above the current long—term strength a strain-dependent
visco-plastic zone exists within which the

time—dependent deformation behaviour assocla ted with

rock structure changes can be related to the stress



11.

12.

1S8

difference between stress level and curnent available
.
strength or current long—term strength; K.

A transition Zone C exl-%a where the availeble strength
increase is reduced, becomes zero, and a discontinuous
loss in current avallable strength occurs. This partial
strength loss causes acceleration of relaxation or creep
but may not lead to failure immediately. Thiam zone 1is
encountered whenever the un-t;blo zone is entered (e.y.
reloading) and {ts extent depends on the‘ductlllty and
total accumulated strain;

Near peak strength, lines of constant strain rate or
constan t stress drop per unit time ere convex. They
change gradually to concave curves near the ul timate

strengthe. Th%Po lines will be crosmsed during a

particular stress path leading to failure or stable

condi tions. During a creep test these lines are crossed
at a large angle near peak and a small angle near
ultimate strength. As a result, rapid accol.g.tion leads
to fallure after little atrain near peak strength and
slow acceleration causes collapse after extensive
stralning near ultiwmate strength. The time to failure is
a function of the slope of these lines relative to the
applied stress path as well as the extent of the

'S
visco-plastic zone. As in any visco-plastic material the
< .
vield stralin accumula ted is a function of the stress

increment applied beyond the yield stress and the time

this stress Is acting;
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13 The behaviour in the visco-plas tic zone and the extent

of this zone are sensi tive to such processes ams
over—closure or interlocking, local and global stress
v

alteration allowing instant -trq.tﬁr. changes and any
other fector which causes slmilar effects (®o.d.
weathering).

Several implications follow from these conc lusions:

1. If rock ie deformed plastically beyond its peak strength
under a given stress—history, it will follow & curve
hetween the current avallable strength and the current
long-term strengthe. Further, if the eyetew is statically
do};r-lnod ( no stgz-s change results froms deformation)
this rock cannot fail without acceleration in

‘deformation rate and before the time—~dependent zone

vanishes. The de formation in a cree confined
LI Y
slope aus t accelerate betore collap nd deform
&
’3 .
s

sufficiently to reduce the extent of the visco-plastic
zone.

2. A rock element stressed tc a stress level inside the
visco-plastic zone deforws in a stable or uﬁgtnblo
manner depending on the ratio between stress change and
enforced strain change. I1f rock is unloaded by stress
transfer to atiffer zones, thg current long—terns
atrength is approached and dotor—;tlon terminates. On
the contrary, it a yielding element is loaded or the
stress reduction is not sufficient, the current

available strength will be approached, the déformation

e e e o .
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rate increases and the element will eventually fail,
This proceas im affected by the development of the L)
confining pro--uro.[WConflnod slopes, rock pjllars eand
tunnel faces are ﬁQf e of the most important examples
where this proceas can be opserved. In a confined slope,

originally overatresaed zonesg deform with time but will

)

be unloaded gradually due to stress trensfer to the
confining boundar ies. Similar processes wmay go on in
unconfined slopes where deformations are mobilized in a
non-homogeneous aanner; 1.0,y arching within the slope
maase. In a pillar, original loading cauges stress
concentrations near the plllar v.ll-- which cause
vyielding of elements with low confinement. This strength
losn causeésa a stress transfer to the center of the
piltlar. This proc...: ot unloceding near the walls and
loading at the centréd 1e a function of time. Depending
on the total load on the plllar (wvhich may also be e
function of time) and the ratio between load end overall
strength of the plillar, thias process may leed with time
to a atable, but almost continuously deforming, or
unstable plillar. At the tunnel face, or‘;n general at
the mlning face, the stresaes increase durlng excavation
according to the advance rate and drop in between face
advances due to stresa rediatribution, This loading
history may cause an element to be stressed into the
visco—-plastic zone and aubssequently to be unlosded

v

causing stabilisation, constant rate of dofor-.tlonr_aqi"f




T

fallure. During continued advance the atress renge
during each cycle will decrease but the stress level and
the accumulated strain will increase. Due to the convex

shape of the 11ines of constant deformation rate near

Peak this process may be more catastrophic neer peak
strength due to the fact that the sSeme stiffnese
relationshipg say tead to feilure near peak strength a

steble conditions near ul timate strength. The

o

processes are discussed in more detail in Chepter 1 '
IUpPort;d by Cogan(1878) ., —

The oexietence ot a transition zone with strength
Pleteaux indicates that an instant but partial loss of
current availgble strength does not lead to immediate
cothe:o.r A streoes reduction may lead to a stable
cOndlelon.

The fact that the transition =zone becomes -6ro

ductile with i nc reased straining combined with the

-

A Y
assumptionr (Mueller and Goetz(1873)) that a rockmas®

behaves as r::o.dod. fractured rock, lead to the view
that tectonlically deformed and largely overstressed
zones behave in a visco-plaas tic sanner with less
pronounced strain-weakeninge.

The fact that the post—-tailure behaviour is

streas-hiatory dependent has implications for both, the
[ ]

node l temst and tunneling 1in real rock wmeasses. The

development of a pl.n?iq zone will be rate—dependent and

. LFLEE

Ry, BOth  the tiLme—independen t and time-dependent !

A

’
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deformations will be affected by the stress~history. Por

the model thie weans that measured deforsations cannot
-
be directly co-p.r.d,vl‘ﬂ r;dllty since the loading path
ils different, and for an oct,‘* tunnel thl-‘lnp}lo- that
the excavation history At;dkdo the development and
extent of the plastic zone. Consideration of the final
!

(limit equillbrium) -tJto only ;.y lead to misleading
results.

Since the visco-plastic 2zone ie -on-itlvc to stress
changes and other fac tore arffecting rock structure, the
followling parame tera have an influence on the
time-dependent fajilure proceas:? vibrations due to
blasting, drilling and construction traffic as 'oli as
esarthquakes: weathering of rock and rock Jjointg; and
eftfects of water flow, e.ge. outwash of infilling.
Numerical me thode for visco-plastic materials
(Zienklewicz gqt ala(1975) ) can be uged to consider the

time-dependent failure process in the post-peak reange 1{i°f

connected with strain-weakening materfial propertiese.




- CHAPTER 4

PEENOMENOLOG ICAL NODRL FOR ROCK VITER TIMEB-DEPENDENT STRENGTH

4a1 mmmm .

In this chapter the principles established in the
preceding chapters are uged to develop a phenomenological
model which describes th..tl‘.-dopond.nt failure of rock and
rock -u-;o-. Such a wodel will be userful in three ways: {t
will help to characterizxe the tl-f—dopond;nf failure process
through interpretattion of oxl.tln’ data; it will help to
di rect future research programs as woell es assiat in the
development of numerical ‘models; and, 1f expanded to rock
masses, it will allow the pf.dlctlon and interpretation of
rock mass behaviour under various conditiona. The purpose of
this ‘ch.ptor im to develop the model in general terms, to
prove itas inldlty by & qualitative diecussion of data
available in the literature, and to suggest a possible way
to transform the Phenomenological model into a -utho-.tlcni

’
model., This lasgt point e tor-ul;tod as a recommendation for
future r.-o.rch;

From the results of multiple-stage repeated rolaxnflén
tests on Jjointed coal it was concluded that the respohse of
rock at a given stress and strain state depends entirely on
the current rock structure. Therefore the boh.vl;ur during
any particular stress-history depends on the development of
\

the rock structure during deformation. This has led to the

conclusion tha t the rock behaviour is a function of the

163
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current avallable st rength. This point 1llustrated in the

schematlic strees-stralh diagram in Figure 3.37 end will be

clarified further by the proposed phenosenological model.

Time-dependent rock properties are in general evaluated
4

by one of the following three approaches::

1.

Empirical fitting of exponential or, pover _laws to
experimental data:s this approach is based on
interpolation and any oxtrnpol;tlon fyom such laws is
hazardous (Prlco(l§69) especially where the deformation
mode changes. It is mogt Justi fied where creep
terminates but any oxtrnpol.tlo; into the near feailure
range (e.g. prediction of time &nd streln to failure) is
difficult since it has to be based on assumptions about
the roék s truc ture c hange, a process which is not
completely understood at’ the present time.

Mechanical or mathematical models or analogues: this
approach allows one to doecrlb? all stages of
time-dependent deformation up to fallure but does not
explaln the mechanisms of rock deformation, even though
it may be related closely to the physical processes. In
reality, the -odpl- might be co-po.od"ot co-plo;

-

elements whose parameters are difficult to determine.
Simplifications, necessary to o;erco-e this difficulty,
may again lead to un§on11.t1c predictions. Many models
are onlyu:.ppltcabyo for res tricted Zones, e. g the
Burgers medel for coal is valia only for the pre~fallure

stage and limi ted time intervels.

4
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,
-

3¢ Theories of physical processes or statistical mechanics:
many theories were d.v.lop.d.tor different rock typ;..
@ dislocation theories for crystalline rocks, and
ér.ck propaga tion theories for brittle rock
(eegeBloniaweki(1967) | 9 It is believed that procoino-
such as time~dependent crack initiation, crack
propagation and, in general, stress~ and time-dependent
s truc ture changes result in creep wi th time and
time~dependent strength of brittle rockge No attempt was
made to eslucidate th;-. pPhysical processes here.
Nevertheless, the propo-.; model will reflect to some
extent the process of time-dependent crack propagation.
Durlgg loidlng of rock a non-uniform true stress field
ie created ' and certaln areas (e.g. gr;ln contacts or
crack tips) are highly stressed and will relax due to
strength loss or stiffneses changes with time.
The physics of the failure process hes been thoroughlyv
investiga ted by many authors. However, the application of
the knowledge gained has been slqQw, partially beceause of the
fact that there 18 no model availeble to describe the
observed behaviour during time—dependent failure of rocke. If
the initial gtate of the rock and the chana..ln boundary
cond] tions can be described, a model would be most userful to
evaluate the controlling paremseters, their dependence anh
significancee. It would be possible to make predictions from -
. -

information sained during the early stages after boundary

condi tions are changed and apply thea to later stages in the
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d.for;.tion history.

4:2 Raguirasd Preapertias of Medsl : ' : :

The aatn presented in the preceding chapter end results

from rock to-tinc in general rovi.l the following major

]
facte: : s,
A )
1. Rock deforms elastically over a limited stress range;

2. Rock deforas vg:h time ovon'b.lﬁ:‘tho'ylold limit, but
deformations terminate below the yield point;

3. The yleld limit is rate-dependent, but in ;cuoril theére

-

is a minimum long~term yield point;

4. ,The yield limit s straln-dependent:;

Se The strength liamit ’l. rate- or history-dependent; the
range bofvoon both the upper and lowes limit is variable
;Q extent;

6. The resistance o0f rock s composed of frictignal:. anc

<

cohesive (or intrinsic) strength. "
-

Any 'rodot should possess these pronoftlo-. be applicable to
inte#ct rock and r‘ek  masses et low or high confining
pressure and -it any accumulated strain. It follows that a
model which can satisty tﬁo-o requirements will conseist of
at least three typew of olo-o;t-: .
1« Elastic elements (E);
2. Tise-independent yield ol;;;JL- (Y);

3. Time-~-dependent yield eleoments (T) with loading

rate-dependent strength.
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4.3 Prompossd Modal and its Rlsasat Presartias

FPigure 4.1a shows ; .cho-.t;c diagram of the proposed
phenomenological model. It consists of a block of two types
of parallel unite; (m) A-units vlth_ time-independent
properties only, {nd (n—-‘ B-~units with both time—-dependent
and tl-o-lndopo.doﬁt properties. The individual olo-ont;~.ro
described below in general terms and (lluatrated by sliaple
mechanlical clo-ont.spo-l.--ln. the corresponding properties.

Non-linearity lc.m be achleved by superposition of linear

units in parallel or by ueing elements with non~linear

propertiese. . ’ ;_

1. Elamtic .1.-.31. BAL) or B(Bi1); & linear or non-linear
elastic element. ¢
‘och.nlcnl model: . Spring vlthl stiftfness E=2(86)e The
stiffness of these ;lo-ont- may vary tro-’unlt to unit
and is best described bDy a stiffness distribution
fuh ione. This s called a parameter distripution
fyhction and assigns & specific value to each unite.

e E-elements may be .oxtondod t; }hcludo limi ted,
partially Iirreversible or rovor.lblo'ylold elements to
-od;l crack or Jjoint closure.

21 Iime sleapepntas T(Rj): an element which transaits loead to.
the yleld elements as a functiom of loading ratei zero
load at an infinitesimal loading rate and saximum load
for instantaneous 1o.dln.; ----

Mechanical model: dash pot.

Termination of strain under a constant stress below the



{ External Stress

84z, 845, v
[‘(‘” e Elastic Element
f=t,m (8 Time - D.D‘ﬂd‘n'
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(m) A-Units #nd (n - m) B-Units

Filigure 4.1 a) Schematic Dla.r-- of Model
) Simple Version of Mode l 'lth Ioch.nlc.l Elements
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yield stress of ¢the block of unlti‘ is achieved by
parallel arrangesent of A- and B-units due to internal
load transfer.

3. Xisld slamants X(AL) or X(Ri)i: « time-independent
element ' ‘with cohesivh and frictional strength
components. Both resistances are do-gribtd by a strength
distribution function.

Mechanical model: a cracking element C, with brittle
-tr.-.—-tr.{n behaviour, in parallel with a plastic or
frictional element F (St. Venant).

The Yyileld strain may be partially recoverable to mode 1
t he hyqtoro.l. observed during unloading and reloading
of. rocke A spring in parallel with the cracking and
frictional element would ha;o to be included in the
mechanical model.

The behaviour of natural rock can be modelled by a number of

A- and B-units in parallel, I? th; relevant parameters of

each unit can be determined this model will predict the

short-term and long—ters strength, the -ccudhlat.d
deformationse, the dJdeforsation rate after a certaln load
history, and the time to fallure. The sieplest possible
model, wi th the mec hanical elements described above, is
shown in PFPiligure 4.1 ;nd the stress-strain curves for
inastant and infinitely slow Uloading (labeled "fast" and

"slow"”) of this model are given 1in Figure 4.2. In this

figure the internal stress, the stress carried by individual

uni te, is plotted against strain Iin the upper diagrea (a)
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and . the external streses, which is the sum of ;ho fntorn.l
stresses of all unite, is plotted against strain in disgrans
(b)e. This w=odel is -..q,.cd to con.(u' of one elastic,
brittle, time-independent A-unit, which exhibits an inetant
atrength loss at e4f of magnitude C§ and & constant ultimate
strength Fho and one ti me~dependent B-~unit. Two c.-bf of
B-unite are shown: The first case vhoro.unlt B feile before
gnlt A is lebeled Bl and the second case where the unit B
fails after 7&.“ A 1s labeled B2. Both B-units show an
inatant strength leoes CP and possess s constant ultimate
strength Fp. g
Three loading histories (I to II1) are superimposed in
Figure 4.2 and described in the legend. The followting
observatione are of interest:
1. Only the unit A carries load if the loading rate is
infinitesimal (I)3
2. The failure strain, whe re the first 1nelastic
deformattion eccurs or the peak strength is reached,
depends on the loading rate and the properties of the
time-~-dependent B-units. In toading history I failure
occurs at a lower sastrain -but higher stress than in
loading history III and a block composed of A + Bl-units
faile before a block composed of A + B2-uni ts.
By inc reasing the number of units and by selecting a proper
parameter distribution function for the elements E, Ty C and
F almost any stress-strain-time relationship can bde

modelled. This simplifled model indal tes that the
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resietance of the B-unite le only lost during etreseing at o
. .

finite loading rate whose lower limit s eo&ﬁﬁoll.d by'-ghe
properties of the T-oﬂ‘-ont. fhAies dees not coerrespond in
general to observed rock behaviour and a different T-eleaent
might be nedgssary to sedel natural rocke. This point will be
ignored during the following diecussion but 1t could be
included by gradually changing the properties of the element
0, a® a funct ion of the total accusulated etrain, to
maintaln the model's validity over a large range of straine.
Because of the arrangemsent of both the frictional and
cracking elements in serties with the tige element T, it 1s
assumed that a portion of the frictional resistance is
®
time-dependent. This point has to be Proved by testing and
the frictional element FP might have to be eliminated.
Hudson and Brown(1973) describe the shape of the
stress—strain cufve of brittle rocks on the bases of crack
propagation as follows:
“"The shape of the complete strese-strain curve will
depend on the variability of the microstructure. If the
rock is composed of a uniforama structure of elements that
have the same elastic-brittle characteristic, the test
specimen will behave elastically until all the elements
fall simul tanecusly and the load-bearing capacity of the
specimen drope Iinstantly ¢to zeroe. Conversely, if the
rock is composed of different elements in & random
struc ture and with extreme strength variations, the test
specimen will fail very gradually as the dl.plaeo-qnt is
progressively increased. It is this principle of
progressive destruction that produces the basic shape of
the complete stress strain curve."
This description fits the proposed model especially (¢ it {g

added that scee eoleoements (cealled unite in this model) may

fail as - function of time due to a time—dependent load
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transfer froe seftening te etire elementes. Various physkoal
Proecesses are the ro..;- fer ¢thie weakon ing of olements wvith
time.

Hudeon end Brewn'sg descriptied can be expamded %o |
describe the behavious of reck mawses 1if the sicrestructure
e replaced by the Sacorocetructure and the sample eize s
increaged accordingly., Other physical Presesses may be the
cause for the material dehaviews but Qh; rock -;.. reeponse
fe comparadble and can be described by the propesed amedel.

Kovari(1877) has developea o model which he celled a
"micromechanics model of progressive faiture in rock”™ for
rock with tise-independent propertiea. A comparison of this
model with the proposed model for time-dependent rock ehows
that they are identical for the case of instant loading.
Kovari's wodel i@ & speclal case of the proposed model 1ir
the T-element 1is n.-ﬁnod to be gg::nltoly atiff or the
B-units are eliminated. Because of this -l-llgr!ty and the
description gsiven by Kovari, the following discussion
concentrates on the tl-o-dopondont.proportlo- of the model.
An explanation of the effects of confining pressure and
pParameter distribution functions on the shape of the
stress-strain curves 1is not repeated. The same terminology,
am far as applicable, 1is used to simplify comparison.

Many rheological models have been developed for various
rock types to describe the reaponse of a material within a
speciftic stress or strain range. These mode le were often

created to fit test data up to falilure. Yield eolements have

’
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been ineluded ond awooumed to have o eenstant time -~
i ndepondent etrength ang ceuld met be everstressed (ooa.
Cohen( 1978) ), In other medels (e.g. coaplex Blagham model
(Price(1069) or BDreaddreant and Ko(1872) ) ¢the yield olements
are time-deopondent, due te e viesceus element in seriece aefter
the yieole .o\o-o.Q. but exhibit an unrealietic infinlte
staength for imetanteaneeus londln‘o Bven the amedel sugge e ted
by Pushharev .;d A!....O;J:).73,.CIIM‘QQOO ia principle o
vidco-elastic, vl-co-.t.;tle saterial only. The proposed
sodel overcomes these limfiteations. It ie ctptle.blo to
various rock types, fer the pre-feailure and post-faj lure
range, and it i wvalid after the rock (s everatressed ag
long as the same stress Mistory je applied to the model as

experienced by the reck.

mmnmmmmm

224.] Special Case of Nedel

In this section the ge*nevral model compesed of one block
of A-units and another bloak of B-unite will be tested on
da ta reported from single- and sultiple-stage creep tests,
single- ana multiple-~stage relaxation tests, and conatant
and variable -;r.l; rete tests. As & epecial case it will be
Sssumed that the number of units and their parameter
distribution functions are selected such that both blocks of
unite ehow a linear stralin-veakening behaviour as indicae tea
in Pligure 4.3(a and b). If the model is loaded infinitely

slowly the B-unlt; wvill net carry any load and the

)
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stress-strain curve in Figure 4.3.c will be identicel to the
one gliven in Figure 4.3.a. On the other handy, at an infinite

loading rate the two types of units will carry their maximums
1loads and the resulting stress-straln curve can bo.tound by
direct supe rpos! tion of Flgure 4.3.0 and the curve for
fntinlto ?trcln ra te in Picuré 4.3.bs At an intermediate
rate the B-units --yv reach the same peak afr.n.th and
residual ltr?ngth but at larger stralfs a-~lnd1c.tqd in
=
Figure 4.3.b. They will always exhibit a lower stiffness as
& function of the loading rate. If this rate is too slow to
reach the peak strength of the block of B-uni ts, this block

will show pl.-tlc_ yielding at a reduced stress level. The

stress-strain curve b the model can be determined by

b
PR ]

superposi tion. In Flgure 4.3.c -uporpositlons for four
loading rates (numbered 1 to 4) are shown together with the

curves for instantangpous and infinitely slow loading. This

7
figure l-rba-o? on the assumption that yielding occurs first
in the block of A-uni ts. Figure 4.3.d gives the
corresponding curves for the oppoesl te assumption that
’
yielding occuras first in the block of B-units. All

atress-strain curves fall within an arees limited by the
"actual peak fracture envelope" and the stress-strain curve

of the time- independent unitse.

4.4.2 Constant Strein Rate Test
The stress-strain behaviour of the simplified model was

illustrated in Figures 4.3 (c and d)¢ The particular shape
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{

of the intermediate strain-rate tests de pends on the
properties of the T—element and the relative .tr;ngth of the
A- and B-units. Because of tﬁo selected stress-strain curve,
compo sed of linear segments torkboth types of units, the
resul tant stress-strain curve ie cosposed of linear
segments. The stress—-strain curve would show contiasnuous
curvatpro 1f continuous pareameter distribution functions had
been selected. For decreeasing loading rates the model
predicte (Figure 4.3.c) several phenomena:

1. Decreasing peak -tron.th{

2. Increasing ductility vith decreasing post-failure slope
of the -tre.--ltrnln'curv;;

3. A rate-dependent ultimate strength which may be highor
than the ul timate gtr‘hgth for fast loading or at least
higher than the ultimate strength for infinitely slow
loading;

4. All strems-strain curves lie within an "actual peak
fracture envelope™;

and ( from Figure 4.3.d):

Se. The instantaneocus Lloading curve may not touch the
"actual peak fracture envelope®. The pesk strength
deterained fr?- a intermediate loading rate way be
slightly hlgh:a than for infinitely fast loading.

The %actual peak frac ture envelope" can be determined 1if 1t

is assumed that the time-dependent units are loaded to thelr

peak strength and remain at that stress level during further

stralning without losing strength, Fligure 4.4.a shows a copy

o~
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of data from uniaxial compression to-t" conduc ted on a
sands tone with various cons tant strain rates
(Bienlawsaki,1870). The similarity to the predicted curves in
Figure 4.3.c¢ is obviocus. A very similar trend was found by
Ruesch(1860) from tests on concrete (Figure 4,4.,b). From his
test data Lt can be seen that the peak strength was almost
constant, This would indicate that the block of A-units was
composed of frictional elements only and did not possess aay
or only very little cohesive resistance.

Another typical responsge of rock t6 various constant

©
loading rates is illustrated in Figure 4.4.c. These da ta,

from ﬁnlaxl.l compression tests o; tury by Peng and
Podni eks(1972) vy are similar to results from tests on other
rock types reported by many authors (e.g. Wawersik(1973) and
Peng( 1973) on marble and sandetone). To predict this type ot
behaviour the wodel sust be modified slightly to reproduce
the rate-independent stiffness up to a certain stress level
(22 MPa in Flgure 4.4.c). Thia can be achleved If it in
assuwed that the time-dependent B-units are only activated
after the A—-units have been strained to thelr ;oak strength
;r by introducing a second ylield element in p;rqllol wlth"
[
the time-dependent element, The B-units 'oulq have to be
visco-plastic units with or without straln-woaken}ng. The
behaviour of these units and fho prdélctod response of the
corresponding mode Ll is shown in Figure 4.5. To model the

da ta presented in Figure 4.4.c beyond a total strain of

0.45% the B-units would have to be assumed as
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strain-veakening units.

Other observations made by Peng and Podnieks (1872,

‘Figure 7) on the strain rate effect in the post-yield region

are consistent with the model behaviouri the slope of the
stress-strain curve beyond a certain stress tevel (about 23
MPe Iin Figure 4.4) decreases if the etrain rate is decressed
and every becomes negative if the strain rate drops below a
certain critical value. | , '
Another set of test results from tests on Solenhofen
Limestone (Rutter(1872) ) {is summerized in Flgure 4.6,
Diagram (a) shows the brl;;lo behaviour at a relatively low
confining pressure (30v Mpa ). This could bé modelled by
introducing meainly trlctlon:} elements as yield elements Sor
the A-pn!ts and mainly crncklné elements for the B-units. Aps
[ resul t the block of A-units 'ouldAbc elasto-plastic with
little strain-weakening and the block of B-unite

visco-plastic with almost no ultimate strength. The

~rollov1n¢ diagram (b)) contains data from tests with the same

effective confining pressure but with an equivalent back

pressure. At a strain rate ot 107¢*/gec or lower the results

indicate that the law of effective stress s applicable and

the model can be used accordingly. At igher strain rates
dilatancy hardening (Brace .né lartln(19§8 y due to a pore
pressure reduction during volume increase in this 1low
permeability rock, increases the frictional resistance

causing a similar response as a confining pressure increase

(compere with diagram (c))e This pore pressure decrease is a
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function ' of the loading rate and the rock permeability. In
the model the yield element F is & function of the effective
confining preéssure. The process described above -oulé
increase the strength of the model and make it more ductile
em the ratio between the ro‘tit.nco of the cracking and
friction eleoments decreases. The model agein shows good
agresemsent with the observed behaviour. At high confining
pressures (@) the rock behaves in a ductile manner with a
somewvhat higher yleld point for rapid loading and strength
loss at increased strain. This indicates a visco-plastic
behaviour where frictidnal elements control the
time-dependent response at low straln and some cracking
elements are activated after significent etreining. A
detailed analysis is necessary to evaluate whetfrer these
data can be modelled by one set of parame ters. The proposed
model describes qualitatively all ocbserved variations in
strength and ductility.

From this brief discussion it follows that the proposed
model with properly selected parameter distripbution
functions can describe the various observations of strain

Q

rate-dependent behaviour of failing rock. This model ghould

therefore explain the response to changes in gtrain rate.

4:4:3 Tests with Varying Strein Rate
The testas reported by Bieniawski (1970) were conducted
with varying straln rate to determine the behaviour of

fractured rock. To the author's knowledge these are the only
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variable strain rate tests documented in the literature. The

.hdpo of the stress-strain curves from tests on a sandstone

are shown in Figure J.1. Two pertinent observationas can be

made?

1. A decrease in strain rate in the post-peeak zone results

- in an 1initially. faster sestrese a;op with & subseguent
leveling off at a hl.hor‘ultl-.t. -fron.fh;

2. An increase in ;trnln rate In the post-peak zone results
in an secondary peake. The slope of the -tro--;-trcln
curve changes to a positive slope immediately after the
rate increase 'and a steeper, negative slope, leveling
off at a lower ultimate strength, can be obszerved after
this secondary peak.

The corresponding behaviour for the model discussed in

Figure 4.3 (special case c), which was found to fit the

constant strain rate data from tests on the same rock

(Blon;.v-kl(l970)), is illustrated in Figure 4.;. Four

streas histories are itlustrated in this figure: the two

cases of infinitely fast !gd slow loading, which have
already .boon discussed 1Iin Figure 4.3, aend two eddi tional

casesn 1 and I1) with Interwediate strain rates 3. and ;2

(where 31>32). If it is Q--u-;d that an original strein rate

@2 is selected so that the B-units do not fail (cese KEI) and

that the straln rate after a total accumulated straln e{ 1I)

is increased to infinity or decreased to a lower strain rete

®3, the resulting stress—-strain curve can be found by

superposi tion of flgure 4, 7ea and 4.7 <be. The predicted
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stress-strain curve showa a eecondary poeak, due to the
strength reserves of the B-unite, and leveling off at e
different ultimate strength level. The predicted behaviour
ia given 1in Figure 4.7 (c) together with another case (I)
where the strain rate was changed at a total eccumulated
straln e(1I) before the peak strength of the B-units was
reached. It can be seen that the sodel duplicates the
behaviour observed by Bleniawski suprisingly well. The model
supports the conclusions drawn in Chapter 3 that different
rock -;ructuro- with variable ul timate strength and
time-dependent propertiens can be created during loading.
Dependi ng on the ttro-.—hlntory. B-uni tm may Or may not
falil, The response ;t nvglvon strain 1s controlled entirely
by the current avallable strength; specifically, the current
av;ll.bto strength of the B-units. The .p.él.l case of the
model predicts a structure independent, constant long-ters

ultimate strength, but a history—dependent current available

-~

strengthe. This is the case because of the assumption that

the time-dependent element T is a vieceus dash pot.

4:42.4 Multiple-Stage Single Relaxation Tests

As mentioned earlier, this type of test is a special
case of the variable strain rate test where the strain rate
is reduced to zero at varifous locations along the
atress-strain curve. Such test procedures were reported by
Bienlawski (1970), Peng(1973) , Hudson and Brown(1973) and

others. This loading history applied te the model means that

{
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the B-unite are loaded to a certaln streés ‘loevel, before or
after their peak strength, and then .{\ovon to r;l.x
sradually es e00n as loading is stopped. Theese units will
not carry any load at infinite time (Figure 4.8.b). The
relaxation will therefere terminate at the current long-ters
strength which {is controlled by the -trﬁnqtp of the A-unli te.
This process 1is wshown for three single relaxations with
instant loading in between them in FPigure 4.8 for the
special case deacribed in Pigure 4.3.c. During the first
relaxation (1) the load c.rrloq by the B-units drops to
zoro. These units will therefore po;ooon an unch.n.‘d&
strength reserve as long as they hﬁ" not bedn overstregsede.
During loading to the esecond stage (II) the A~uni te ;t.rt to
fall at a strain e(Agy) but the B-units can take further load
until they start to fall when the "actuel peak fracture
envelope” is reached, | 8 4 the loading rate between
relaxations 1is high enough, the B-units will reach thelr
peak strength and reach the "actual peak fraecture envelope"
independent of ‘loadlng history. S tages II and I1I,
illustrate relaxations within the zone where some of the
B-units are overstressed. The aveilable strength after
relaxation is equael to the -fro-. carried by these units
before relaxation was started.

Agailn excellent agreement with documented observations
can be found by comparison of the model behaviour with
resul ts published by Peng(1973) (eege Figure 4.,9.a),

Bloninwnﬁl(1970) or Hudson ang B;;vn(1973). From these three



~ 188
i
g —
2 0 €@ e
[}
Z
o(AN) 0(A2)
. ’ Strain
o\
(-] @ A
) ..
" .
g é. oD \ v
a \n .
% y / 5 VA e -
- H o )
E i /O. = % IL X v
4:/ e &8 L E /
(g” 2) e
\ Strain
Ly
@ exco ) "Actual Pea
© Fracture Envel
g R T
c‘?) \n _
[ ! /\ezx
c '
s i N 3 / . m
x Neé=0 H H
w N ; VS
/ O e— —— —— — —— —“——
/ Relaxation at Point |, Hl, 1l Confined Test
® / Atter Instant Loeding ;>0
. C(AAI) 0(3‘2) e(A2) e(B2) r
K Strain

Figure 4.8 Srecial Case of Model for Rock in Multigple=8tage
Single Relaxation Teest

N,



*189

40 -

30
@ Tennesse Mardie

201

Loed (kN)

0 Y Y —d 4 L A A
004 oos o1 oie 020 024 028 032
Deformation (mm)
/ (Peng. 1973)
( - @ A\ -Uni
® /N
.&3
I
, c
$
£
Strain

®
- @ e=x
g 1/ e=2 I
7 PN
e AR \ Uncontined Test
g’ ' N | e 93 =0
2 N
w / N ! - f1°4
/ '
'
/' 1to v Number \\ !
1/ of Relaxations N
N
ey, e(al) ~N
' Strain

Filgure 4.9 Speciel Case c¢f Model during l'ol.x.tlo- for
Copparison with Teat Data (Peng, 1973)

Y



190

publications it appears that the B-~uni ts of the tested
materials ‘possess only a miner cohesive realstango and that
they <can be -od.l.d-a- slastic, visco-plastic uni ta. (The
sandstone tested by P‘ng (1973, Figure J3) shows some
atrnl‘é?&ak-nlng of the B-units). The behaviour of a model
with correspondi ng properties is shown for comparison with
the real behaviour in Figure 4.9 (b And cle It is assumed
that the yield elements of the A~unl ts are composed of
cracking elements only and that reloading {s undertaken
after complete relaxation., A yield element must be added in
parallel to the time-dependent element (or the B-~units must
be delayed) to mode’l the time-independent portion of the
stress—-strain curve.

The effects of the machine stiffness on the behaviour
of failing rock in connection with the proposed model have
been discussed in detall by Kovnr1(1977) for the case of
time-independent rocke. These effects have to be considered
when the results from relaxation tests during unconfined
uniaxial compression tests are compa red with the model.
Depending on the parameter distribution runcflon- of the
elements E, C and F, it may be posmsible that B-units fail
during relaxation ir stress redistribution within the
B-units or excessive strength loss of A-unite leads to a
loading of other B-units. In both cames mudden changes in

)

relaxation rates AQy be obmerved.
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4, 4.5 lultlp!:~stn.o Repeated Relaxation Test *

The wma jor dltt,ronc. between the single relaxation test
and the multiple-stage ro;o.t.d rol.x#?;on test 1# that the
rock 1Is not reloaded to the current available strength
during testing within one stage. The model has to be
co;pared wilth the data presented in Chapter 3. Because the
model was developed on the ba‘l- of téﬁ- information, the
following discussion cannot be considered as a proof of its
validity, but 1¢ {illustrates anoth:r case where the model
predictes the real behaviour, The mocdel can be used to
describe the behaviour in the three Zones A, B and C ( see
Flgure 3.37).

In Zone A relaxation decelerates and tersine o8 at
stress levels below the long-term Peak strength. AtlL units
in the model are lLoaded to .troe? levels below their
capacity and the predicted behavi our corresponds to the
behaviour of a number of spring oloeont- in parallel with e
number of Maxwell elements., Below the long~term peak
strength this wvill lead to terminating creep or relaxation
and above the long-term peak strength strees transfer fron
the B-unlits to the A-units will eventually, at the limit
between Zone A and C, lead to collapse of mome A-units (or
B-units). The response of the model during stage testing in
Zone A can be determined by linear superposi tion. At strains
beyond the peak faillure strain but at stresses below ;he

current long~term strength the model predicts a behaviour

similar to that observed In Zone A. No additional yield
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elements fail and the time-dependent behaviour is controlled
by the E and T elements.

In Zone B near the ultimate strength most or all
cracking elements are exhausted. If the yleld elements in
the B-units consist of frictional elements the material will
behave in a visco-plastic manner as soon as zone B 1s
en tered. Oon the other hand, if the yield elements in the
B-uni ts are cracking elements only, the material will show a
time-independent ultimate strength as soon as the last yleld
element of the B-units has failed. The behaviour within a
strain-weakening zone B follows as a logical consequence.
Yielding of all yvielda elements is superimposed on the
visco~-plastic behaviour and the extent of Zone B decreases
with increasing strain as the number of failed cracking
elements of the B~units increases,

The behaviour within the transition zone C ie dominated
by the sudden bregkdovn of major load carrying regiones
within the rock structure., The resulting discontinuouasa
stress-strain relationship is simulateda by a model with
groups of elements poaa..glng similar parame ters which leads

to an even loading of these units and simul taneous collapse
ot group;'rof units. The concajtion of constant current
avallable strength and therefore secondary creep |is a
special case and can only be modeled by specific parameter
distribution functions.

The view expressed in Chapter 3 that the results from

relaxation tests near falilure cannot be usmed to predict
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creep behaviour without making assumptions about the fajlure
process is satrongly supported by the model. A single
relaxation is a resposse to the current state of rock (or
model ) whereas creep describes the transition from one state
to another during the specific stress history of constant
loade. Different stress histories resul ¢ in a different
stresn tribution at a given strain (Kranz(1979) ). The
same units that will fail during relexation are not the same
am those which would fail under constant load at the same
accumulated atrain. Two relaxations executed immediately
after each other could show éompletely different behaviour,
It a uni t Juat tailed during reloading, relatively little
relaxation will be observed, whereas a ma jor stress drop is
recorded it a uni t collapses during relaxation. This
drawback is overcome in repeated relaxation tests where (a)
d;creaslng relaxation means that units are loaded and
capable of carrying load transferred from the time-dependent
units, (b) constant relaxation means that elenentéitall but

i :
in a stable manner with load transfer to stronger units and
—_——

e

(c) increased relaxation wmeans that unstable condi tions
exist where more load is transferred than can be carried.
The latter case may become steble if strong units cen be
mobllized at increased -train. Reﬂﬁi}od relaxation tests 1in
a atirt temsting frame show essentially the mame advantages
over a creep test as does strength testing with a stirye
testing machine over testing with a soft testing machine.

The energy release of the test frame {s contro‘lod and
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little damage Iis created due to the teast system; pure rock

reaponse is observed.

4.4.6 Single~Stage Creep Tests

Single-stage cr;.p tests at stress levele below the
long-term peak strength, where none of the yield elements
are overstressed, can be used to investigate the properthn
of the asseably of E and T elements. Creep will terminate at
the se etresab levelm. The model assembly corresponds to a
three—parame ter solid with constant parameters. Consequently
it does not predict a linear relationship between the
logari thm of atrain ra te and the logarithm of time as
observed for coal by da Fontoure( 1880). A varliation of the
parameter dlstrlbutlon' functions does not affecf this
predicted non—-1linear trend. it is necessary to alter the
typdl and arrangement ot the E and T elements to satis?ty

A

linearity at these pre-failure stress levels. For cos a
number of Kelvin elements in series, with a retardation time
mpectrum (Terry(1956) )y will be required.

Above the long-term peak strength the model will
initially predict a decreane in creep rate followed by

acceleration leading to collapse. Only as a speclal case,

with a certain arrangement of distribution functions, might

”
K

1t be possible to model a secondary creep stege with a
constant creep ra te. It follows froa the model that
secondary creep is not characteristic of failing brittle

rocke. Many typen of strain-time relationships have been
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observed in creep tests on rocke The various types can be

simulated by a model with the right parameter dlntrlbu%‘on

functionse. The follaowing  example will serve to {illtustrate
this.

Daia from creep tests on shale and merble by
Singh(1975) are re produced in Filigure 4.10. Three typlical
behaviours are revealed: (a) sudden increases in strain rate
on generally d;colorctln.chpop curves; (b) gradual failure
by continuous satraln rate increase; and (c) almost instant
failure after a sudden strein rate increase during
continuously decreasing creep rate. A similar stress-strain
curve was observed during coal testing. The model explains
these th,o camses:

1. A st;e-- transfer L between B-units and a gollapse of
these units will result in a momentary s&ra!n rate
increase. Subsoqn‘nt deceleration is caused if the
A-units are never loaded beyond their capacl ty;

2. Gradual failure 1s ceused if the stress transfer is slow
and the B-units are able to carry temporarily the
strength losses due to the collapse of A~unlits;

3. Stress is transferred to A-units and their estrength loss
leads to an overstressing of the B-units, resulting in
collapse within a very short time span.

Another feature of the proposed -;dol is that it can predict

the total straln to failure. Depending on the selected

parameter distribution func tions, collapse occurs at a

straln corresponding to the accusulated streain for reapid
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loading or at much higher strains. Both types of behaviour
may be observed during testing of rock. A schematic ;odol
behaviour (for the sSane® case as :hovn in Flgure 4.3.c) is
illustrated in Figure 4.11. A similar dl.éra-. for a
material where the time-dependent units fall before the
time-independent units is given later in Figure 4;13.

Figure 4.11.a includes stress-strein curves for loading
at winimum and maximus strain rate V(c.llod "“slow" and
"fast") and the "actual fracture envelope" (Lana(1974))
which is not identical with the "actual Peak fracture
envelope if the A-units yielcd first, The "actual peak
frac ture envelope" can only be reached i1f the B-Onits have
not been damaged during the loading and the "actual fractuge
envelope' pun'bc roachod if some damege has been done during
loading. élngl.—gtop creep tests are conducted at stress
levels(I), (1I1) and (III)e Figure 4.11.b gives the stress
carried by the B-units as a function of strain for these
three cases. A constant maximum loading rate up to the creep
stress level was assumed. At stresas level (1) all gtress
initially carried by B-units will transfer to the A=uni ts,
the creep rate (Figure 4.11l.c) will drop to zero, and creep
will terminate (Figure 4.1i.a) at the long-term s{rength
curve (Figure 4.11.a). At stress level (II) (apove the
long—term peak stroﬁgth) the creep rate decreases initially
due to unloading of the B-units to a minimum at eC Ay )y, the
strain where the A-units begin to fail, This stage i

followed by =a rate increase due to stress transfer from A-
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to B-units and failure will occur at the "actual fracture
envelope". The corvresponding curves for internal stress on
B-unitas and strain rate as well as ;he creep curves are
glven in Flgure 4.11. At an even higher stress level (III)
only a minor stress transfer from B-— to A-units is followed
{mmediately by a atress transfer reversal. This results in a
small primary creep zone before failure jis initiated at a
constant atrain e( Aq ). Fallure will occur beyond the fast
)

loading strems-atrain curve except in the special case where
the B-units are represented by visco-elastic, plastic unite
with no matrain-weakening. It the peak strength of the
B-uni ts im larger than the di fference between the peak
strength and the ul timate atrength of the A-units, 1t is
theoretically possible that creep will not lead to failuree.
After a period of Primary creep, the creep rate will
gradually increase to a maximum level, depending on the
T-elements and the relative stress level, and remaln
constant as long as the current available strength remains
constant.

Figure 4,12, Test Noe. 470a/30, gives an example of a
single-stage creep tes t, It provides experiwental
verification of the behaviour predicted by the model (Figure
4.11.a). The se creep to.tg on marble were reported by

Lama( 18974) .,

4:,4,7 Multiple-Stage Creep Tests
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Creep teste are undertaken fromw increasing or
decreasing stresse levels (stages) until failure is resched

at the fln.k;%'oop stage. The stress-etrain curves froms such

teatm with increasing stress levels (Lama(1874)), together

with an average stress-strain curve for tests at strain
rates 10;- than 2¢5 x 104 units net given in lama's
publication), are shown in Figure 4.12, One test at a higher
strain rate indicated higher strength wi th an almost
parallel poat—-peak strems—a in curvee. It appears that all
three creep tests failled at stress levels relatively close
to the long—~term peak strength. This means that no load wes
carried by the B-units at rates below 2.5 x 10°%*. The
observed stress~-satrain curve describes therefore the
response of the A-units.

Other aultiple~atage creep tests from reloading curves
after the long~term peak strength showed comparable results
(Lama(1974),Figure 11). This supports the view that the rock
mass should behave in & manner similar to reloaded tailed
rocke

Before Lama's date can be compared vlt§~tho proposed
wmodel, a few observations must be -ado: It seemws lmpossible
to predict the stress level of the creep stages relative to
the peak ;trongth determined for constant strain rate to.f
due to & considerable veriation in strength between samples.
To connect the failure points by an Yactual tract&ro

envelope" seems ques tionable. Furthermore, because of the

previous statement that & secondary creep stage exists only
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under ;ondltlon.. . 4t ie necessary to
reinterpret the given limits between primary, secondsry and
tertiary creepe The sinimum creep rate mshould lje gsomewvhere
within the ‘"gecondary" (S) zone and scceleration must have
been obvious at or beyond the limit between the (S) and
"tertiary" (T) zone+ The model in Figure 4.11 predicts that
the transition pdkn‘ between primary and tertiary éroop
would :;rro-pond with the lon.-tor- peoak -trcnqth”.nd that
creep tests closer to the long~term peak strength would ghow
a sore pronounced prisary creep stage and more strain to
feailure. This 1is very slmilar to the behaviocour observed by
Lema. *

The schematic diegrem for sultiple-stage creep tests on
a material whose B-unitm fail before the A-units ie given 1in
Flgure 4.13, Three single-stage creep teata (I)y (I1) and
(I1IX) (similar to the ones in Pigure 4.11) are included in
thim figuree. ¢ can be observed that a single-step creep
test at s tress l.V\? (ll!),b(b.yond fajilure initiation in
the B-uni€s), will not reach the Yactual peex fesilure
envelope" due to Sose strength loss of B-units before the
creep level was reached (Figure 4.13.b). On the other hand,
it can be seen that multiple-stage creep tosts with fei ture
at the same gtress level may fail at the hcctual peak
fracture envelope™ 1f the B~units J&d not lose any strength
during the previous loading history (both V4and VI )e The

loading history ( VI) indica tes that loading b‘yond’the il-lt

called "gctual fracture envelope" by lama C1974) mey be
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poesible, It follows that there are some rocks (Figure 4.13)
where the strain to failure is history-dependent and others
(Figure 4.11) where it is history-independent. The "actual

fracture envelope"

introduced by Lama is therefore
history—-dependent, MoReover, it is possible, as was

.

)
mentioned during the dis ssion of single-stage creep tests,

that this limit is nev reached during creep tests. The
term "actual fracture envelope!" is therefore questionable
and has been replaced by "actual peak fracture envelope" to
indicate that this envelope can be reached if the peak
strength of the B-units is mobilized. No further attention

is glven to this limit since i1t does not seem to have any

practical jimplications.

4,4, 8 Static and Dynamic Fa tigue

The proposed sode l as discussed lQ connec tion with
single—-stage creep tests (Figure 4,.11) -hovﬁ clearly static
fatigue behaviour. The time to failure (Figure 4.11.d) is a
function of the applied stress level and fatigue failure has
to be expected above the long—teram peak strengthe Dynamic
fatigue could bdbe ‘xplalnod by this model too, but 1t will
nqt‘ be discussed in detail., Stress level, stress range and
loading frequency can easily be identified as some of the
relevant paremeters by examination of Figures 4.11 and 4.13.

re is of some interest to evaluate the model 1in

connection with the brief testing program undertaken during

Test No . CTR-2A, Stage Be A comparison of repeated
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 ;‘:axatlonl with enforced rapid cycling was given in Figure
'Sf!7. Thims test was performed near fallure eabove t;e
. long-term strength,. Rapidly enforced cyclirg may therefore
c;use som® elements in oth types of units to yleld due to
minor stress redistributions b;tveen the time-dependent
units or from tho.tlne—lndependent unites. The total testing
time during cyclic loading is relatively short compared with
the time n eeded for the same number of load cycles during
repea ted relaxation tents. As a conseguence, only minor
stralning occurs during rapid cycling since not enough time
is glven for the T-elements to deform and less damamge is
done to th; rock structure. On the other hand, duélng'
repea ted relaxation, a ma jor un}oadlng of the B-units over
an extended time interval combined with loading of the
A-units will result in strain accumulation at the T-—-element.
Furthermore, during reloading between relaxation, more and
more load will be carried by the A-units and ov.r-ttoasing
will result in strength loss and strain accusulation. This
behaviour is clearly supported by the observations reported
in Chapter 3 and by Kranz (1979).

Further support for the proposed model may be found in
many other publications, hat because of incomplete
information 1t is often diff: .lt or impossible to evaluate
the data in detail. For example, Jorn(1974) published very
intereasting results on single-stage creep and constant .

straln rate tes ts on nori te but reported only #lne to

fallure and strength at failure. Hi®s data indiceaete that
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.

additional strength can be mobilized 1f rock Is loaded
relatively fast or after a crecvp test of limited time. He
no tes that, in a strength versus time to failure diagram,
".,eethe strength for: continuous loading lies alweys
above the strength for constant load teste by a constant
amount."
He further explalns?
Hafter tfailure inttiation the deformation behaviour
\ depends on the loading rate. This meang that crack
initation and crack propagation are time -
dependent."( Translated from German by the author)
Thie process im descrlb:d by the suggested model.
L 4
Developments Iin other areas, e.ge geophysical research,
indicate that time-dependent models can be used to describe
fairly accurately several phenomena such as post—-seismlc
creep, foreshocks and aftershocks (Cohen( 1878) ). The model
used in Cohen's study is a mspecial case 0of the proposed
model with both time-dependent and time-independnet elements
[ 4
connec ted to ane frictjional element. Froma the previous
discussion it ‘gppears that even better agreement with
observa tions nld&t be achieved if the visco—elastic, plastic
model would be replaced by a special case of the proposed
model, a non-brittle vimsmco-elastic, visco-plastic model.,

Application of the model to thl‘t’rea of research should be

investigated in more detail.

1
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4.5 Recommended Amproach 1o Develop the Phenomsnological
Model to a Mathematical Model

The purpose of this section 1s to outline briefly e
possible procedure to develop the proposéd vphenomenological
model into a mathematical model. The recommended approach i s
based on the procedure ocoutlined by Kovaril (1977) whict he
ueed to analyse time-independent rock behaviour during the
fracture process. To obtain a fmooth stress-strain curve,
Kovari assembled a large numbor‘of time-independent A-units
with a con tinuous parameter dietribution function into a
"block" of units (Figure 4.14). The parameter di:trisuflon
function gives the parameters for each element Iin the (m) A-
and now (n-m) B-units. At the limit with an infinite number
of uni ts the distribution functions can be written as
functions of one variable x: E(x), F(x) and C(x), and new
T(x)e Because of the dependence of the frictional resistance
on the confining pressure py the distrib function F
depends on the two variables: x and P Xyp)e Kovari
calculated convex and concave poc‘jgcnk stress—strain curves
as a function of the ratio between the minimum and maximum
value of the stiffness disteibution function, which was
assumed to be linear. Since most stress-streln curves are
compofed of a convex apd a concave portion, two blocks of

units with different parameter distribution functions had to

N
be superimposed. The confining pressure effec ts were
simulated by expressing the strength of the cracking

eleaents and the strength of the frictional elements as a
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function of a hydrostatic pressure p. In sumsary, this wmwodel
ellowed the simulation of uniaxial and triaxiel compression
test results from test on various rock types, éartlcularly
for the two .rock classes suggested by Vawersik(1968). The
model explains the effects of machine stiffness, does not
;ncludo hysteresis in a reloading cycle and describes only a
so~called "no—allp"_ material, where the reloading modulus
decreases as a function of accumulated strain. Some of these
deficlencies could be overcome by adding new elements to the
lndljlduel units.

From the discussion of the proposed time—-dependent
model it follows that a portion of the units in a block have
time—dependent proper ties. For the simplified assumption of
a viscous T-element in series with one elastic and one yleld
element, a fourth parameter T(x) for (n-m) units has to be
added when (m) units are assumed to be time-independent.
(See Figure 4.14). With this addition it is possible to
calculate the stress-strain—-time relationship as a function
of the stress—-history. The formulation adopted by Kovari can
be expanded to calculate the internal state of stress as
well as the corresponding deformation at a speciflc tim§.
For, variable loading histories an incremental ‘approach will
be necessarye. This Process ie 1llustrated graphically in
Figure 4,15 for the special case of a single stage creep
test on a rock model composed of elastic E(x),
time-dependent T(x) and cracking elements C(x) onlye.

It this model is loaded instantaneously to a certain
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stress loYol 8=8; the stiffness Eg is given by the elastic
elements in parallel Eg = 3IEl(x)y, (where § = 1,n), the
corresponding external strain eg = EgBby and the internal
estremss 351(x) = egE{(x)e At Infinite time the stiffness will
be B = 3E{(x), (where: § = 1,m), the external strain : = E6
and 361(x)=0 for 1>m or 361(x) = SEJ(x) for i<m, since the
elastic elements in mseries ;1th the dash pots will not carry
any load. The strain ra te will gradually drop from an
initial max isums to zero ;t infinite times The external
stress-strain-time relationship is controlled by the
di fferential eqﬁatlon of a three parameter solid 6 + al = Be
+ ce, where a, b, and c are constantse.

At a higher stress level 6=6; the model might initially
s8till behave elastically but internal stress transfer during
creep will cause yielding of msome C—-elements. The codetants
in the differential equa tion will changoA as uni ts are
eliminated. An incremental approach will most likely be
needed to analyse the model behaviour during this process.
At an even higher stress level 63 stiff units will fail
during t he initial loading process and constants in the
differential equation at the onset of a creep stage will
have to be derived from the properties of the still active
elements, The response and behaviour at these two levels is
itltustrated in a w@achematic diagram in Figure 4.16. To
simplifty the diagram the stress level is assumed to be the
same for both cases but two strength distribution functions

C(x)1IT1) and C(x)III) have been useds The stress level
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E(x) and T(x) same as in Figure 4.15
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A
8C(I1I1) ims therefore loweir, relative to the model strength,

than the stress level S(ill).. Up to time ;‘ stress is
transferred (1) to the t;-o~lnd.pend¢nt units and the
bpehaviocour can be described b* the dltt.roﬁtl.l'oqu.tlon.
Further streass transfer will lead {o collapse of a number of
elements (e@.ge 1) elements). This changes a) the aodel
parameters and the constants in the differentlial equation of
the model and causes b) an addi tional stress transfer to
time—-independent units (2 and 3)y and 1f the rate is high
enough, to time-dependent uni ts( 4). A numerical and
{terative program could be developed to model this process.
Depending on the parameter distribution functions (e.g.
C(x)) different strain-time retationships will result. For
example, as shown in Figure 4.16 failure will start in both
cases at time ty as soon am the unit C(n) is overstreased.
In case (IITI) strailn will gradually increase and collapse
occurs, In case (I1) the matrength of the remaining units is
high enough even at infinite time to carry the applied load .
and the deformation rate will increase initially and then
decreasmse during stress transfere. The deformation will
terminate eventually. More complex models and effects of

different parameter distribution functions can be evaluated

.r the proposed mathematical model.

*
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VA phonononologlcngg,-nd.i for Ql-o~doé.ndont failure
processes in strain-weakening rock has been presented,
described and teasted qualitatively on Published test resulte
from creep temts, relaxation teasts and varlable strain rate
testm. The model indicates that rock bamically consiste of a
time-independent and a time~dependent resistance to
deformation. The time~independent reslstance is mobilized
and the strength ias lost am a func;lon of total accumulated
strain. The time-dependent resistance is @ function of
strems-history. Various parameter distribution functlpn- are
necesasary to medel different types of rocke but it was found
that the proposed model can descrlbe. essentially any
observed time-de pendent rock fatlure behaviour. Figure 4.17
summarizes in schematic -treei-straln diagrams the predicted

respdOnse of the model to various stress bistories. In each

diagran hypothetlical curves for

- the "actual peak fracture envelope';
- the curront {on¢-torm strength (a);
and

- the current avaltlable strength (b)

are shown to facilitate comparison. Curve (b) represents the

current available strength for the special case of iInstant

loading. Any other stress—history creates 1ts own current
4

availlable strength curve. It may be observed from Figure

4.17 that:

- Constant strain rate tests may or may not reach the
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nactual peak failure envelope', They exhibit a
raté-dependent ultimate strength (curves (c) and (d));
Singte-as tage creep tests faill at or below the "actual
peak failure envelope" (curves (e) and (f£));
Iultiplo-.fn.o creep teats fail, as a function of
strese~-history, at or below the "actual peak fajilure
od‘olopo". but not noce;--rlly at the same fajlure
strain as .iﬁglo--t... creep tests (curves (g) and (h));
A strain rate decrease results in an initially faster
strength decrease with a higher u!tlnato strength (curve
o
1))
A strain rate increase resul ts in a secondary, peak
atrength (or at least in a reduced strength loas)
followed by a more rapid strength loss and a feduced
ultimate strength (curve (k));
Single-stage relaxation terainas tes at the curren?
long~terma strength (curve (1)), ieiaxntlon beyond the
long—-term strength is possible in the post—-peak range 1°?
time-independent units are overstresred due to energy
release . from time-dependent unlt-4§urlng the relaxation
period; .
Multiple—-stage repeated relaxation teats terminete at
the long-—term strength curve before the long-term peak
strength is ro.cpod and thereafter follow a peth (curve
(m)) between the current long-term strength and the

current available strength. The rolaibklon rate varies

as a -~ function of the stress level relative to the
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current avai lable strength and the extent of the range

between the current avallable strength and the current

long~-terms strength. .
. ) -

An extensive research prograa im necessary to teat this
«

model , to extend the phenomenological model into a
mathematical model, and to de teraine the parameter
distribution functions for various classes of rocke A
possible procedure for the development of the msathematical
model was discussed briefly.

The implications of the proposed model with respect to

the behaviour ot rock masses are numerous. Rock masses

behave in a manner -l-l\nr to overstressed "intact" rock

specimens ( Mueller and Goet 73)) and exhibit, in general,

a less brittle stre in relationship (Relk and
Zacas(1978) )¢ The model = ed to simulate rock masses
ir the stress~history, which was experienced by the rock
'durl;g. tec tonic and msan-made stress changes, is applied to
the model or 1if the stress-strain curves for the time -
independent and time-dependent units are selected so fhnt
they correspond to the rock mass properties. Thin-od.l
should predict adequately the response of a rock mass with
time due to a given stress change whenever the behaviour is
dominat ed by the properties of overstressed rock. A general
dil scusslon of the implicatiens of the time-dependent failure
process is given in Chapter }Lin

Areas of  application of the presented model meay be

separated into three classes:

[
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- uncontined failures (e.g. rock slope stability);

- progresaive fallures;

- confined fajlures (e.g. underground excavations),

From the model it can bo;concl?dod that unconfined tslluro.(
are controlled largely by the long-term peak strengthe.

Fajlure initiation leads to a repida collapse, This failure

mode is similar to fallure mode during creep testing and

therefore s adequately described by creep tests.

In natural ma teria ls, even under uniform load
condi tions (e.g. gravity), complex stress di-;rlbuflonc are
created within the rock mass due to‘-tlf(no-- variations,
di scontinuities and the roughness of such discontinuities.
Local overstressing and stress-redistribution es sisula tea
by the model explains progressive fajilure modes in materials
with 't i me—dependent s@peng th and strain - woakcﬁlng

\
characteristics. *

High atress concentrations are created near openings
and may cause overstressing of rock in the low—confinment
area near the openinge Am & conseguence of time-dependent
failure or ylelding, stresses are transferred away from the
opening to high-confinement areas. Several protective shells
are developed around an opening (Mueller ot al,(1978) ). The

\ -y
proposed mode l will be extremely userful in numerical

;4
simulations to describe this processe.
In opposi tion to the case of unconfined failures the

time-dependent stress-redistribution in confined conditions

is largely controlled by the visco-plastic, -thih-voqk.nlng

/(
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post—peak . atress-~strain behaviour. The propémsed mode t

constitutes therefore .; ssaential element in support of

current ~ro-o.rch efforts to explain time-effects on tunnel

design in overstressed rock. Stress qovelop-ent within fault

zones and rela ted energy tranafar or release constitutes
-

another area where the process described by the model is of

great 1lmportance.

oy



CHAPTER S

DEVELOPMENT OF GEOMBCHANICAL MODELING TECHNIQUE

S:21 Introduction

S11:]1 Reasons for Geomechanical MNodel Studies

The main purposo- of the g.o-?chanlcal model studies
reported here is to evaeluate the behaviour of cavities in

~

rock masses with time—-dependent properties and particularly
to study the time-dependent failure process in overstressed
rock surrounding cavl ties. Our understanding of the
behaviour of overstressed rock masses near underground
openings is poor because the physical fai lure process is an
extremely complex problem and is not fully understood.

Underground cavities are often expanded to collapse or
they have to be supported to allow further excavation. As a
CONSOegUence, the rock surrocunding the opening is
overstressed' and will eventually fail. Because ot the
time-dependent strength ot these rocks and the Cﬁnflned
conditions around an opening, a progressive t:lluro prbé.ss
and streas redistribution develops. fhls process controls
the behaviour of an_, opening and depends largely on the
following factors: natural.state of stress in the rock mass ;

N -
mechanical properties of the intact rock and the
dlscontinultlog of all -lz?-_‘ﬁjch control the properties of
A , '
the rock “Zt; ¢eod;tr¥ of the opening; excavation method;
-

‘upport sya{:i: and conpstruction sequence, with time as an

lnportaﬂt parame ter . The importance of this process ia

~

,‘—l' -4
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recelving increased attention by researchers but there have ..

been only limi ted attpmpts to develop cavity suppor t
procedures based on an understanding of the time-dependent
strength of rocke.

There are two promising ways to attack this problem: a
study of case histories, or the use of physical models.
Ideal case histories are limited in number, are often not In
the public domain, and extrapolation to other sites is of ten
not possible. loddl’t,.&:‘bgv. the drawback that artificial
materials have b..é‘&‘&d&iﬁf\h. rast, but this drawback has
been overcome through - the selection of a natural material
(coal) which represents an almost ideal model material for a
Jointed rock mass possessing the required time-dependent
properties. Mathematical or numerical models cannot be used

At this stage since the purpose of this research is to
3dellneato the fajlure process. Nevertheless, the results
from Chapters 3 and 4 give Qone indication as to how the
results from the model test might be simule ted by numerical
models, The required mode l for a strain-weakening,
visco-plastic material for finite element modeling is not
available at the present time and has to be developed fqor
this purpose.

The most promising technigue for the study of the
time-dependent behaviour of openings in rock masses appears
to be the use of geomechanical models. In the conventional
technique, a small scale model is constructed in a material

which accurately represents the properties of the actual
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rock wmass in the fields All other conditionse such as stress
state and boundary conditions ejibthon se lected S0 that the
requi rements ot simi litude are satisfied. The behaviour of

the mode 1l then represents the behaviour of the prototype

with respect to stress, satrain and displacement

distributione. There are relatively few theoretical
. » :

limitations on this technique. Elastic and {°nelastic

material as well as failure modes can be simulateds However,
technical rroblems are often not insignificant and it is
often not possible to satisfy all similitude requirements.
The mode l tensts undertaken here differ from
conventional tes ta. No attempt wvas made to model one
specific prototype as far as mechanical properties, geometry
and excavation process, are concerned. Thd purpose of these
model tests is to simulat the time-dependent response of a
rock mass to a glven stress-history and to simulate the
time~-dependent failure process of an opening in a strain -
so ftening ‘or more accur.t}ry\<traln-woakonlng materiel with
time-dependent deformation and strength p:;pertlea. ’
The validity, usefulness and theoretical basis of model
setudiesn in general and of structural and geomechanical
models Iin particular has been well established. Heuer and
Bendron( 1971) glive a brief literature review and summearize
the similitude considerations necessary for the study of
underground openings in rock with time-independent

properties. Mandel( 1963) discusses similitude of

time-dependent materials such as vi sco-elastic and



223

visco-plastic materiale.

Many investigators did not satisfy some critical
aspects of similltude requirements sth as boundary lo;dlna
conditions or materlal properties. Their work is therefore
of limj ted value:. The test system used by Heuer and Hendron
(1969) overcones many of these deficlencies and it was
decided to rebul ld and modify their test apparsa tuse. The most
important factors of this system are that it allows testing
of materials with high friction anglon'ln e plane straln
condition while controlling friction along the loaded faces
of the mode l. In addltlon, the system of loed application

makes strain measurements behind the tunnel well possible.

Se2l1:2 Scope of Study

This study consisted of two phases: 1) the development
and modification of the geomechanical modeling technigues,
and 2) testing of coal aa’plea to study the pre-failure
behaviour of an opening in a rock mess with time~dependent
deformation properties. The first phase included the
development of: a) the test frame and the hydraulic pressure
system, b) a sampling procedure and a method to prepare and
instrument thé sample, and c) the data processing system. In
the second Phase, model blocks of Jjointed coal, without or
wlth a circular unsupported opening, were loaded in stages
to external pressures of up to 15 MPa, more than two times
the expected unconfined compressive strength of the coal.,

The tunnel closure and the strains within the model mass
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were recorded as functions of time during S-day perlods of
constant loade The ratio between the vertical and horizontal
stress wem varied between tests. The results of these tests
are compared with solutions for elastic and visco-elastic
materials to contribute to our basic undor-t.ndln; of the
behaviour of underground openings. This information ls most
valuable in the evaluation of the results from a third phase
on which Guenot (1979) bhas reported. He describes and
discuases the data recorded during the collepse of a tunnel
in a coal sample. The results from all three phases will be
valuable in plenning instrumentation programs for fleld
measurements in real openings and assist in the development

of the observational tunneling method.

S:2 Rock Modaling Materials

A mixture of water, plaster of Paris end nanﬁ (1.2/1/9)
as designed by Heuer and Hendron (1969) was used for the
preliminary tes ting to check the loading apparatus and the
sample instrusentatione. Since the results from these tests
will not be reported in this thJ-ls further details ebout
this material are omitted. Nevertheless it 1s of interest to
summarize the q.chanical properties ot this nixfuro as
de termined by Heuer and Hendron (’971) since it was used to
calculate the capacity of the test frame. The mixture had an
average angle of internal friction of 35 degrees and an

average unconfined compression strength of 4.15 MNPa. The

ratio of Young's modulus to unconfésed compression strength
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was about 1500’ which is higher than the average for rocke.
The Poisson's ratio was found to be strongly Influenced by
the loading path but assumed to be higher than 0.15.

The propo;tloa and orlgin of the coal used as a model’
material were dimscussed in detail in Chapter 2. The average
angle of internal friction i 30 degrees and the average
unconfined compression strength, which depends largely on
the structure of the sample tested, was estimated from
triaxial tests on Jointed samples and at low confining
pressure. It wvas found to be comaparable to the unconflined
compression strength reported for the sand-plaster mixture
(Heuer and Hendron, 1969). After extensive testing of coal
blocks it was realized that this value wae underestimated
slgnificantly or that the stress concentration near the
tunnel was much less than predicted from ltinear elasticity.
" The unconfined compession strength of the coal would have to
lie between 8 and 12 MPa. The corresponding ratio of Young's
modul us to uncontlnod‘q;-ﬁron'lon strength is about 200 for
instantaneocus loading, similar to'an average for rock, and
100 for infinitely slow 1loading, which is somewhat lower
than average for rocke The Poisson's ratio, calculated by
Guenot (1979) from tests on blocks without a tunnel and
subsequen t tests on blocks with a tunnel, increases with
stress level from close to zero to approximately 0.2 at
field stresses of 6 NPa.

Without discussing in detall the theory of aimili tude

it is ot interest to mention a few of th&'ore stringent
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requirements on the behaviour of model materials as compared
to real rocke The theory of simili tude requlires that
Buckingham pi-terms containing all of the pertinent
variables which influence the phenomenon under study have to
be equal for the model and the prototype. For actual rock
the most relevant pl-terms which have to be satisfled are:
5%<(84/68¢ )<10%; 250<( E/ B¢ )<500; 259<@<60%; 0.1<nu<00.3¢ The
model laws require further that, on any dimensionless plot
of strength (eege normalized to 6g), the date for both the
model and prototype materials must collapse onto a single
linee. Similarly for the deformation charac teristice,
normalized stress—-atrain curves must coincide, This 1mplies
that the two materlials must fail, under co-p;rab{e confining
conditions, at the eame strain. Axial failure strains for
natural rock range be tween 0.2 to 1.0% in unconfined
compression tests and 1% to as high as 10 to 20% in trliaxial
compression tests at confining pressures equal to the rock's
unctonfined strengthe. For a model study in which inelastic
deformations and failure conditions are important, the model
laws must be satisfied as nearly as possible. Patterns of
stress and strain distribution differ considerably from
those of the prototype if these model laws are not satisfled
accurately.

In summary, t he static strength and deformation
properties compare well with properties of real rock. A
satisfactory degree of simill tude is achieved but extreme

care has to Be teken when results of inelastic deformation
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measaurements and failure modes are applied to real
condltionse. Further testing to determine the time-dependent
™

material properties and an .xt.nilvo evalua tion of

similitude to time factors 1ls relegated to further researche.

S522s1 Sampling Procedure

The origin, geology and location of the coal sesam from
which the samples were collected are described in Chapter 2.
The following describes the procedure adopted to collect
block aa-plo-. of approximately 90 by.90 by 45 cm from the
top ot the upper main seam In the west pit at the Highvale
Mine (Sundance).

The usual mining procedure of removing the overburden
by dragline, lmmediate loosening of the coel seam by
blasting and subsequent excavation of the coal by a power
shovel, was altered to accommodate a one~-week smawmpling
periode. Blasting was stopped about S50 to 100 m from the
sampling site, the overburden was then removed by dragline
and the coal surface weas cleaned by a bulldozer. A pattern
for 9 samples was outlined and a series of closely spaced
holes (d=6cm) were drilled to a depth of at least 2 m (Plate
Setea)de. The rock bridges between the holes were removed by
hand-drilling 1inclined 2.5 cm holes. In a later smsampling
progrem ‘these rock bridges were broken to a depth of S0 cm
by use of a pneumatic hammer (Plgte S{I.b). The coal was
then excavated on two sides of the predrilled sampling area

(Plate S.2.a) to a depth of approximeately 1.5 = by a



228

Plate 5.1 Drilling of Holes along Sample Boundaries and
Breakage of Rock Bridges
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Plate 5.2 Excavation around Samples, Breaking off and
Loading of Samples
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bulldézcr. Depending on the composition of the coal and
particularly the lqcatlan of clay-shale gseams, one or two
lov;l. of horizontal holes vwere drilled to vo;kon the
bedding plane. Two steel rods vere inserted at theee levels
and a wasteel ceable was connected to each end of ‘Eo-o rods
and to the blade of the bulldozer which broke the ;g-plo ot}
and loaded it on to a truck (Plate Se¢2e.ble The ..-plo? vere
then triamed to create a flat -ugyort :;.‘, posi tloned on
24;- tQ reduce vibrations during transportation, and
strapped and prestressed with steel bands to iInhibit tensile
stressing., Upon arrival at the laboratory the samples were
cleaned (all loose material was ro-o;od) and sealed with two
coats of latex. The samples were stored in a humidified
TOOme

Before testing, the samples were trimwed to size (61 x
61 x 20,3 cm) by Alberta Granite Marble and Stone Co. Ltd.
Thi s company owns tq. biggest rock sawv (4 foot blade) in

1 T

Edmontone. The two larger sides (61 x 61 cm) had to be aut
- ’ -

from two sides. This created alignment problems and -Qq.
o, - ©

addi tional (undesired) handling of the sample . .necemsary, The
t" ! T e

coal possesses very little tensile strenath perpendicular ¥

Y
»

: - .
the wajor Jjoint set and perpendicular to the ‘bedding plqg%.,x

.

To reduce the possibility of breakage and to inpreasé the

]

recovery rate, g.;pl.l were strapped after each c rallel

to the next cutting plane. Finished faces were cév d wlth

plywood to protect the sample corners and to dl.k’@b%to the
Toe LA :

prestressing stresses. This procedure ro-dlgfh; 17 a
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reasonable recovery rate. Visual inspection of the samples
during the trimming showved that all of @ msomevhat descicated
crust of approximately S5 cpu thicknees wa® removed. After
trimming, the bloc ks were sepled with two coats of latex,
wrapped in plastic, covered with plywood, strapped In the
three prlnclpcl directions, and stored at iOoc_and 100%

humidity.

S:0 Model Isat Amnparatus

S23s1 Introduction
The general concept of the equipment described below

wans developed, tes ted, improved and modiftied by Heuer and

Hendron (1969,1971). The extensive evaluation, description

’

Al i
and discusailon of this syetem, of all success ful and

unsuccesasful al terationnm, and the consistent resulte
produced by these authors showed that an extremely versatile
° .
model test apparatus had been developed which fitted the
proposed research ob jective. Fprtgor-oro. it weas ;olt;thfg
the development of a completely dd;;;ront system would ;QU‘.
a delay of at least one year. The strength of the proposed
model ma terial was es timated on the basis of direct and
shear test data (Noonan{1972)) and found to be almost
identical to the strength of the model material used for the
design of the original temst frame., As a consequence, it was
decided to rebuild an almost identical test freame and to

design an hydraulic system with a slightly higher capaci ty.

A briefr sSuUNmary ot the original design aeand a detsiled
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description of all alterations is given in the following

sectionse.

Heuer and Hendron (1968,1871) discues in detail the
reasons for the selection of the final model configuration,
boundary conditlona, design criteria and various
.unsuccessful attempts to satisty these requirements. The
ma jor points which wore cons lidered in the design of the
model test system are summarized in the following list.

1. A circular, cylindrical opening can be excavated easily
by coring and simple mathematical .olutiogn. are
avallable for comparison.

2. The model should be as small as possible for economy but
as larg‘ as possible for ¢echnical reasons. The only
modeling requirements on linear dimensions are that the
ratio of Joint spacing to tunnel diame ter be modeled
accurately, and that the block be at least 4 to 6 tunnel
diame ters in width 80 that a relatively unifora "free
fleld stress state" can be achieved. A tunnel opening of
10 to 1S cm is desirable to reduce complications during
the ln-tullationa of the instrumentation to measure
tunnel closure.' ‘

3. Body forces are neglected as a matter of convenience.
The position of the block with the tunnel vertical
greatly simplifies ¥ho designe.

4. Various N vnl&o- (N=81H/8y) with uniform pressure
dietribution along the block sides are desirable.

Se Plane strain conditions with no strain In the direction
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ot the tunnel axis best represent the field condi tions.
Three poasible techniques were evaluated: uni form
pressure application, rigid heads and load-controlled

rigid heads. The latter was sel d after extensive

evaluations.

Under plane stress condition ar failure into the
unloaded face could develop but plane strain cdndition
do not eliminate this possibility completely.

The frictional resistance between the model block and
the rigid heads should be njnl-al- A extensive testing
program showed that a waxpaper—teflon-teflon-waxpaper
eandwich with a friction angle of 3° gas the best
solutione.

On the basis of a minimum stress concentration factor of
two and tho'assu-ptlon that the unconfined compression
strength (4 MPa) should be exceeded by at least a factor
ot three, the load frame and hydraulic systew have been
des igned for 7 MPa lateral or vertical field stress
( Heuer and Hendron(1969), Figure 44). ( The University of
Alperta version of the loading frame was later
atr.ngthonoq to accommodate more than twice this des ign
load and was used at fleld stresses of up to 16 MPa).
For a Polsson's retio less than 0.25 and N greater than
1/3, the longitudinal stress is the minor principal
stress. Fallure of the intact block should not occur

except 1if N is less than one and if the Jointse have low

cohesive and _ frictional resistance ( Heuer and
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Hendton( 1869), quuroa 45 to 48).
To maintain plane strain CO?&*Qlon! the longitudinal
expansion of the modoi‘ahould b;(ro-trlctcd to the order
of less than 0,01 mm ( this Va1u6ﬂ$a a function of the
material properties).
A flexible, lateral loading system ( msets of trlangles)
vas .selectod to accommoda te( 1 to 2 cm of lateral
movement and non-uniform deformationse.
The load is applied actively to all four sides of the
block to maintain loading symmetry, to keep the tunnel
axis stationary with respect to the loading frame and to
have symmetric distribution of the frictional resistance
between longitudinal loading heads.

Our experience shows that these criteria resul ted
in unsatisfactory condi tions especially for long-term
testing. Firstly, the sample, loaded by 8 "point loads",

A

is free to ro ta te. Such a rotation actually occurred
whén the 'rsms were not aligned perfectly or a?ter some
translational movement had%‘occurred due to small load
differentials between ramse. The%gs load differentials
. v
were not detected by Heuer and Hendron (1969, 1971)
since they did not measure the load between ram aﬂd
sample. During long-term testing the ro; friction
changes from static to dynamic friction as soon as the
ram moves and may reach relatively high values if the

direction of the ram movement 1s reversed. Translation

of the sample causes a slight rotation of the reams
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resulting in a force comples The effects on the stress
and strain distribution ln‘ the sample may be
unde tec table, but this force couple may cause rotation
of t he sample because of the low frictionel resimtance
between the longitudinal loeding heeds (2=3%, the
longl tudinal stress §] is esmall especially ir the
Poisson's ratio is small). Socondfy. it was observéd
that the load measured be{'o.n the sample and rams
pressured from one pump varlied up to about 10%. This
occurred when the sample translated or started to
rotate. Again, it 1is felt that the iInternal ram friction
and particularly the differepnce between static and
dynamic friction, as a function of movement direction,
was the reason for this load variation. A test set-up
with tvq passive reactions and individually controllable
rams would be advantageous.

13. The stress distribution within a tfst block was
evaluated by lntor;al strain measurements and crack
pattern studies of samples sprayed with a brittle
lacquer coatinge It was found that ; uniform strain
distribution was reac hed at less then 4 cm from the
sample boundaries.

S23,2 Description of the Model Loading System

The original design is describved by Heuer and Hendron

(1971). In the tollowing onl A e ®rief description of the

-aJor{ unal tered parts togothgr ;lth a discussion of the

modifications is given, Working drawings are glven in

L4 )

ALY
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Agpendix AS. An overview of the loading frame is given in

Plate 5-3.
Longltudinal Restraint and Reaction Frame: The sample

is orien ted with the tunnel axis in the vertical direction

and the plane strain condition ie mainteined by a controlled

'rlgld longitudinal loading head (Figure AS.1). The smemple

sits on & passlve_r.nctlon head composad of a concrete block
(covered with a s=steel plate) above the Iovo; longl tudineal
reaction head (Figure AS5.2). On the opposite side a rigid
lo;dlng head (Figure A§.3) 18 pressed actively by four rams
against the upper longlfu&lnnl reac tion heaed (Flgure AS5.4)
and the aaqplo top. Two channel irons instead of stiffener
bars are ;b:& in our version of the upper reaction head to
facllitatghtestlng of smaller (1 x 1 foot) samples with only
one ram per sample face. The displacement of the loading
head is measured relative to the passive reaction head and
longitudinal expansion 1s‘nullod by load application through
tho. tdur rams. The deformation measuring devices (dlal
gauges and LVDTs) are mounted on rods which are fixed to the‘
ateel plate between the concrete block and the bottom face
of the saample blocke The loads are recorded on four load
cella; this allows the calculatlon of Poiesson's ratio in the
longitudinal direction (perpendicular to the bedding plan.i.
Values of less than 0.1 havé been measured. The hydraulic
system is designed t§ supply &and maintain constant oil

pressure for each ram or to pressure each rem individually

by hand and lock in o0il pressure. Even though the hydraulic
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system 18 gquite versatile, a certain oxperlof’e is necessary
to pre?int translational or rotational movement. Note that
the loading head contains a removable steel plate. This
allowe pressurization of the full face durlng-tosta without
a tunnel, N in-ortlon and adjusting of instrumsentation
through a @Lo in the steel plate during testing with a
tuphel, or visual observations of fracture.devolopnont.
Cantilevered Lateral Reaction System: A eymmetric
cantilever with movable special steel tie rods wae designed
to inhibit bending stresses due to eccentric force
application and for simpliftied sample installation. For
those members in which deformation was not a controlling
factor, the reaction frame was designed for extreme fiber
stress of 138 MPa in both tension and compreseion in the
rolled steel sections, which were of A36° mteel. The
horizontal and vertical tle rods were subjected to higher
stresses in the threaded sections, and were of higher yleld
steel (H.T.SPS). The capacity of the original design was
increased after an initial testing period by welding
additional angle frons to the cantilever and improving the
condltlo;- at points of load tran-f;t at the horizontal
reﬁctlon heads. The modi fled design and a general view of
the lateral loading assembly are shown Iin Figure AS5.5, AS.6,
and AS.7. The last figure indicates schematically and Plate
S.4 shows Row the load is transferred from thc.r.-c t;rough

the load celll! and a set of triangles to the semple. Heuer

and Hendron (1969,197} roved that this system leads to a

-
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Plate 5.4 Lateral Load Distribution by Triangle System
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satisfactory strese distribution within the test block. The
load cells, which were added to determine the exact load
distribution, are hollow aluminiums cylinders with internally
mounted str.{n g&auges. Thesme load cells are positioned on a
flat sur face on one side and on a luprlc.tod, spherical
seating on the otp;r side to ensure that no bending moments
are introduced.

Hydraulic Loading System: This system consists of three
ma jor parts: 12 rams; a pressure console with three
Haskel-gneumatic pumps; and a safety system to‘provont
damage of the instrumentation during tunnel collapse, power
fallure or sample rotatione. .

The hydraulics wasa designed to our specifications by
Northern Hydraulics Ltde, Edmon tone. The double actlﬁg
hydraulic rams, with ; piston area of 129 cm?2, have a
capaclfy~ of 890 kN at 69 MPe maximum o0il pressure. The rams
are controlled in groups of foury from a console with three
pneumatic (air - over - otl) pumps with a pressure
multiplication factor of 100. A schematic drawing of the
hydraulics is given In Filigure AS5.8 and the console (s shown
in Plate S.85. Alr pressure of maximum 1.7 MPa is normally
supplied by an alr compressor or from a general
alr-supply-system (maximum 0«5 MPa) in case of a power
faillure. The switching is automatic if the required pressure
is Lless than 0.5 MPa and manual with a 24—-hour alczg sys tem,

¥

otherwise. This is necessary since a small proq;gfo drop

below the requli red level may result in a dlftorqaflal load

— Pl ———— —
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on the rams 1f one ram 1ls leaking internally.

The dewatered and cleaned air is regulated to the
requli red pressure which is then wmultiplied 100 times by a
pneumatic pumpe. A separate air line (not shown In Figure
AS.8) is used to move a pilot valve In the pump which
otherwime would wmove too mlowly due to the air-flow-volume
restriction L‘the regulator. From this pump the oil flows
througp a high pressure hose/valve system t0o the rams. The
magni tudes of the ailr and the oll pressures are displayed on
the console, a reversal valve allows retreat of the pilstons
and a fine bleed-by valve toge ther with an alr-pressure
reduction is used to unload the sample. A hand pump was
installed in parallel with the pneumatic pump tc maintain
the pressure during air pressure loss and to control each
ram individually by locking the remaining rams. A special
arrangement which allows oeoratlon of each ram without
locking other rams was used for the longitudinal rams.

This system can maintalin pressures over a period of
five or more days with pressure fluctuations of less than
. one percent (see Figure Se2)e The cycling of the pumps
introduces load variations of less than 0.1% and the number
of cyclos per hour depends entirely on the internal leakage
of the rams and the leakage of the hoses. Thie points out
the two most critical fac tors of the hydraulic proangre
system. It is almost lmpossible to prevent these l.;ks at
pressures of 70 MPa. Extreme care must be taken when

handling high pressure hoses to prevent any bpending near the
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connectione. As far as the rams are concerned, there is a
trado-off between Internal leakage and rams friction, It was
found that: (a) low pressure seals are easily damaged after
one or two loading cyclee but prevent high ram friction; (b))
high pressure seals are adequate at high pressures but are
too stirs t® provide a good seal at lower pressures, and
high ram .trlctlon must be accepted. Two additional factors
have to be considered in the design of high presaure rams
for long-terms use: (a) the wall thickness or the material
type has to be mselec ted ;uch that barreling during operation
ie less than the tolerance required for the seala; (b)) the
ram should be short and capable of operating with the pleton
close to the bottom of the rame. This reduces the pr.é-urod
section of the ram and prevents barreling and therefore
leakage.

NOTE : All rams are designed for 69 MPa but the plping
for pump number three, for the longl tudinal reams, was
designed for 41 M Pa only. Eight new rams with high ylielda
steel were bullt and are marked accordingly.

Safety System: Micro-switches were Iinstalled at each
ram to turn off the ai r-pressure as soon as excessive
movement occurs. This prevents damage of instrumer ts during
collapae of the tunnel, unexpec ted failure of the model
block or undesi red (but possible) rotation of the sample
blocke These switches are powered troq a battery and are
therefore active during power or air pressure failure.

Another safety system turns off the high pressure air system
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it the switch ¢to lower air pressure was .ctlv.goﬁ& Tnts

-

prevents uneven reloading by the autosatic pressure -y-t‘ﬁ\

The system described has been used successfully during

continuous test perjiods of sore than three months.

Data Acquisition System: The data from all load ¢ells
and deformatjion measuring devices (LVDTses) are recorded
automatically., About 50 instruments are scenned in even time
1n;orvnl. of lews than a minute up to several hours by a
Fluke 2240B Datalogger. The readings are recorded by a
Silent 700 ASR terminatl qy tape and paper, and can be
transferred to the pontral computer between recordlings
(Plate S5.5). The data may then be processed from the same
terminal and the results may bhe plottoa on a Tectronix 4014
or a ha rd copy may be obtained. The data transmsissicn and
processing takes in general less than one hour from the time
the last reading was taken to the point where tre processed
results can be examined on the Tectronixe. This procedure
aLiovs dxaminati on of data from a loading increment before

the next increment is applied. Unprocessed date can be used

in the meantiwme to evaluate the test performancee.

82320 Instrumentation, Preparation and Installation of Model
Blocks

All model blocks of coal tested were lnat;llod with the
following parameters fixed: unlined tunnel with a tunnel

diewmeter of 12.5 cm, bedding plane perpendicular to the

tunnel axis and major Joint set inclined at 45° to the
- .

‘;“; E - ‘U) siq A l.,- L Tt
,
'3"";‘ \d‘ ** ‘
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Qunr&( axiese The following measurefents wvere ‘k.n durling

the duratigon of each test: loads applied by each ram to
samnple, overall -tr.lnl&’ of the blocs stra’dn measurements

. -
inside the test sample by extensometers measuring over an

average distance o0f S cm at distances of approximately 1.75

and 2.5 t&-o- the tunnel radius from the tunnel axis, and
the tunnel closure in four direc tions ( parallel,
perpendicular and at 459 to the joint direction).

N Sample Instrumentation: The tunnel closure was measured
by LVDTs (with a range of $2.5 aa) mounted on a stand flxed
to the steel plate below the sample. The cores of the LVDTs

.
were spring loaded. The set up was such that two LVDTs
mounted on % ‘one diagonal measured points on two
circumferehcex qpproxl.&t.ly 1.5 cm apart and LVDTs oriented
ia ditferent b‘dlroctlon. measured poin ts on two
circu,tor.nco- approximately 2.8 ca aparte, Closure

measuremen'ts were therefore made over about S50% of the

;

tqu!} lengthe. In a newer devélopment, two LVDTs were

moun ted on the: same axls with the cores pressured towards
Y .
the .tupnel wall by a spring in between the two LVDTs. A
plcture of this set—up is shown in Plate 5.6 The distance
»

‘betveen the diagonals 1is about 2.5 cm. The tunnel closure

v

has to be calculated in both systems from the difference
. Y 2
between two LVDT readingse.

The overall straining wvas calculated ‘- from the

dlaplaco-.nt- difference measured from stands fixed to the

steel plate, to polinters on opposi te sides of the sample.
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Plate S.6 Instrumentation for Tunnel Closure Measurements
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These pointers have been grouted into the sawple at a depth

of 3 cm.

Extensometers wvere used to measure average radial
strain within the ;;-plo magse. The system which was used
initlally is shown in Plete S5.7. Two 7 mm holes were drilled
2.4 cm apart, perpendicular to the tunnel axis to depths S
Cm aparte Two pipes with 3 mm outside diameter were ingerted
into these holes with washers fixed to them at a distance of
1 cm from the end. Five-minute—-epoxy va; then fxycod t quh
this pipe to grout the split end of the ;lpe. ;2’ vqﬁrri:'i
the epoxy was controlled by filling the pilpe botor:';; was
}gsortﬂp into the hole. An LVDT was fixed to one pipe and
,the core of this LVDT was pressed by a spring ontoc a polnter
moun ted on the other plpe. This syatem worked ln.gon.ral
satl.factorliy except if one pilpe was bent during the

iohdlna process. Thils rotational movement of the LVDT caused

questionable radial strain measurements in eome casgs.

coe o S v
Ap a ‘ﬂh"-.‘q%nafgﬂ%ho foll ovl"& new -y-ten'vua

‘developed and used -;hc.. One 10 mm hole 1s drilled first

and then extended by a 7 mm hole. In this case, both anchors
©of the .extensometer are installed in one hole. Firet, a
stalnless s teel i.2 am rod }.ogroutod to the end of the
hole, then a stainless steel pipe (3 mm OD) is inserted over
the rod and grouted § ca further backe The' grouting
‘ procedure had ;Q be altered esince thére was no space to

inject glue bdesides the rod or the plpc.ﬂ;/‘lght teflon

washer |ia located approximately 3 cm behind the tip oé:tﬁb&w.‘
ok A
4 ‘e '

» .
’ e
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Strain

3.7 Old Extensometer to Measure Internal

Plate
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rod or pipe, Colma-Dur Gel, a paste-like glue, is then
painted around the. egd of the rod (or.plpe) and carefully
inserted into the hole. The teflon washer 1; ;h.n pushed by
a pi pe ot larger dlameter. This teflon washer pushgs the
glue ahead and compacts it against the end of the hole. For
the mecond anchor a rubber washer |ls positioned at 1| ¢cm from
the end of the plpe and the glue is forced towards this
washer. After testing, all instruments were excavated and
the bond between r;d or plpe end sample was checkeds The
exact location of the first and second washer was measured
before testinge. A protection rod, with the same outside

diameter a-. the hole, 18 inserted over the extensome ter to

reduce friction durg

testing and te reduce the effects of
=&y 6

t he holes on the ® stiffness. Outside the sample, the

—

beT im fixed to fhe pipe and the core of the LVDT is=s
- DT v

- S
connec ted té the r#d. Plate S.8 shows this set-up and a rod

'
which wa's excavated after testinge.
.

Sample Preparation: The pretrimmsed sample is taken ¥rom
the .'uolsﬂrroo- and all sides are sanded with coarse
sandpaper and to insure that all faces are planar. At this
stage all surfaces n;: mapped carefully. Because of the low
tensile strength of the Joints and bedding planes 1t is
often necessary to inflll swmell broken off corners or Jjoint
blockse. Sulfaset 190 (a wtirr, hlag-.tronath grout) 1s used
. for these repalrs. This may create some stress

concq@ﬁratlon- near the boundary but assures plane strain

conyltlonu. The sample is then placed in an .lu-lnI’- mould

1t

[8)
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Plate S8 New Extensometer to Measure
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with removable aides (Plate 5.9) . The top face ias cast with

plaster of Paris (about -3 mm thick) and covered with

P

waxpaper - teflon - teflon - waxpaper sandwich before the

mould is closed andg loaded with the loading head. After onl’

~

day the sample is turned over and the other face is caste.
- A9

This time the loading head is put directly onto the

waxpaper—-teflon aandvl“&h since this side will be the top

face of the semple, After ‘?he Plaster has gained its

L4

strength the loading head 18 removed, tr)‘!“p

is clomsed

“

er until

and the remaining faces are cast in

1 .
N

the whole aatplo is covered with Paris and

y

eady to pe umented. Holes

vaxpaper" The 3a-plo. is nO W
are drilled parallel edding planes near the rentre
of the sample. D\.zrl' “Hdrilling the msample has to be
con‘flned to inhlibit te b’racklvrrg due. to wedge action of
'“th: drill, The sample 'ls then transported to the testing
machine, the sould is removed (except the bo ttom plate), the
hbolen are surveyed carefully a*tho extensometers and
protection rods are inastalled. ‘rh; &;-plo is centered in the
test frame and the vertical and lateral lon&lng_heada are
inatalled. Finally t he LV'D'T- are mounted. At this stage

zero-readings for loadcells and LVDTs are taken.

b '”Q‘Bg ; ;/

"S52d3:4 General Loading History

The loeding history consiate of two phases. During
) .
phase one, the test sample is tested without a tunnel to

determine tﬁQ .gtorl.{ deforsation préportl.- and their

.
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Plate 5,9 Coal Sample Iin Mould Ready for Casting

18 - Al
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distribution within the sample. For a homogeneous, 1sotropic
material all jnestruments -hou’t thooreticqll& show ldentical
stress-strain curv.-' as long as the mstress ratio between
horizontal and vertical field atress s uni ty. In the second
phase, after the sample is unloaded, fh(\!n;ﬂcpncnfatlon and
the loading heads are :onoved and tho‘fﬁnnol is drilled

through the sample (Plate S5.10). The tunndg] :}. sealed

s *

immediately after driligng ‘with at leas® two coatings of
l.gix and the sample is returned to its proper location, the
lnstrumentnglon. including the tunnel closure measuring
Ly
«sdevice ‘and -the loading heads, is then installed. The core

v

recovered from the tunnel is amapped caﬁéiully and the
v -
moisture content is dot,rmln.d. The cor: was usually broken
along bedding planes and@could not be ueed for strength
tesf!ng. After the zero-readings have been taken, the sample
is loaded in small increments of 0.5 MPa to a certain stress
level where the dotqr-atlon- are recorded during a constant
load test for time intervalse up to § (meximum 10) days.
Further increments and creep tests follow until the capacity
of the testing frame is reached or the tunnel collapses.
he ’ncron.nt. Petween stress levels and the length of creep
periods are nor;ally kept constant except rear fajlure.
Af ter the test is terminated the sample i unloadedfund the
recévery b.hav}our ims recorded for at least S to 10 days.
During lJadlng the plane strain condition is maintalned

by application of a longitfudinal 1load according to a

precalculated value or until ¢the dial gauge (with one
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Plate 5.10 Drilling of Tunnel through a Coal Sample
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hundredth of a millimeter accuracy) fndicates §o-pro--lon.

)
This load is normal ly high enough to prevent expansion
during application of the l-;.ral load 1ncr.-.nt; Friction
in the rams prevents thles expansione The movement of the
longitudinal 1loading head is recorded continuously and any
movemen ¢ is stopped lmmediately by load adjustment, Due to
c pacthp‘ of thea coal with time it 1l often necessary to
unload slightly during e« creep stage.

1t the tunnel has not collapsed and no pl:-tlc zone oOf
slgnificant extent has been created, the test procedure is

repesated (after recovery) with a different N-value (for Test

MC-2 with N=0.7S. 005' 0033' or 0.2).

52345 Data Processing

Several computer prograns have been written to
calculate and plot stresses and strains from recorded data.
Calibration curves have been fitted by regression analysis
with linear, bi-linear or power functions  snd these
functions have then been used to calculate the load and
deformations. The dimensions of the original sample and the
measured distance between anchors before the test wvere then
used to calculate streases, strains or closure (=deformation
of tunnel wall/tunnel radius). The r.-ult-~h‘vo been plotted
on four types of dlcgr:.n as shown in Figure 5.1 and 5.2, It
is the purpose of this section to t.-lll.flze the reader
with the method of data presentation. Only specific points

will be discussed on graphs presented later.



256

-
o - e
=< | Nz0.33
9

~ w
a
a
x
ey
> -y
= e
o
[VoN
o ‘.4
|
bre) (-]

e

c"rL —T Y v g

-l.GQ ‘1-‘0 ‘0080 -0-10 0-40
. AV.STRAIN (%) -
LT . @
//’—

. B | )
~o \
-~
=z | N=z0.3
— SIOMAV<KPR>
T _ 8983.7
— e TZERO<HRS>
"o 208 .1 [
o
(V9]
> - -
aaw

e

o

IJF’ v A J B v T T T

0 20 40 60 80 100 120 140 160

REL .TIME <HOURS?>

TEST #MC-2.8 WITH TUNNEL 1977

\
\
}

Figure S.1 Tygical Stress versus Strain and Strain versus
Time Plot



STR.RRTE<Z/HRS>
o

-
2 6 28 2 3 2 5 4 N 3 2 b 2 85 2 6 2
102 10-t 109 10! 102 10°2 10! 109 10! 10%
REL.TIME <HRS> REL.TIME <HRS>

TEST MC2.8 AT 8000 KPA

O SIGHMA VERTICAL

1.000
.\

4

NORM .STRESS

0.980

“2 8 265 26 268 26
102 10! 109 10! 102 109
REL.TIME <HOURS>

v

Ftgure S.2 Typlical Lcg St“ln Rate versus Log Tiwme and/ ‘,"'*'

Normalized Str&®s versus log Tiwme Plot

6

257

103

b

o

3




LN

| v

y .
& 258
4

t 4

Stress versgus Strain Plot: All records, with the
exception of the data recorded dur!ng creep temste, are
plot ted and joined by straight lines, Every thlrtloth point
is plotted with a symbol, The mseaning of t.’. symbol i@
indicated in the upper right hand corner la:. schematic
dlagras of the sample. The outline of the sample, the Jolqt

orientation (two lines from opposite cormers), the tunne

(full circle) and the location of the two rows of interna | L
L d

instruments (dashed circles), as well as the -p’”xl-."
location of the instruments whose readings are plotted ;p;
indiceted. The axes are lpbeled "Surface Stress Vertical"
for the applied floid -tro;s in the vertical direction and
"Average Strain %" for ov.rolt strain or average internal
strain o=/ tunnel closure (=tunnel wall deformation divided
¥y
e
by tunnel gadius)e.

Stralp versus Time Plot: All rgcords are plot ted n;d
con“ptod with _ straight lines. Evgry thirtieth record ias
plo;kod with 'a symbol oyho-o meaning is indicested 1In th:ﬁ)
schematic diegram. In addition, the N-value, the verticel
surface stress and TZERO, the time at the beginning of the
creep stage, are shown., The time axie is lebeled "Rel. Time"
to indicate that the time is related to the beginning of the
creep stage.

Normalized Stress ve rauns Log Time: Each w®stress
measurement is normaljized to th; ;v.rcgo strees s calculated
segurately for each -5}g39~d$rqqtlon over: the whole creep

iihi. The example .hbv..}h;t;;t is possible to maintain the

ety B . ) .
1 A
L]

L 4
’
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stresses over a period of 180 houre witr a variation in

3

stress of less than $0.5%., - _ o

Log Strein Rate versis Log Tieme: The -t,ritn é-to was
calculated in the following -xli.r: The strain’ rate is the
slope of o line 'cnlculltod by.llno.r regresasjion through
4hree data points and le plotted .t.she t{-o corresponding
to the sid-pointe. These three points .r; selected by the
following procedure: 1f the time from the bpginning of the
creep test ils loems than one hour, consecutive points are
taken; it the time is betwean one and twenty hours every
second point is consldered; and 1f the time ia greater than
twenty hours every third point ias selected. This regults in
en .increased smoothening vrocess as time increases and the
recorded strain di fferences hecome smaller. If the strain
rate is negative it is plotted am a triangle and if i1t ig
posi tive no symbols are plotted but all positive strain
rea tes are connected by e stralght line. These points are
connected even it there are negative strain rates between
posi tive strain rates (e.g. Figure 5.2, curve 16 petween 12
a;d 60 wminutes). If the absotute stralin rate is less than
107%*%/hre 1t is plotted at 10-*%/hres. Furthermore rates are
calculated by linear regression through three points where
only every tenth da ta point is consjidered. These strain
rates are plotted as plusses for positive strain rates and
crosses inclined at 45° for negative strain rates. The
strain raete is again plotted at the midpoint and 1s called

50 0 e

thS  tredd of the strein rate since it neglects locel

N
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variations. This trend Is calculated only after 30 readings
are taken. Finally, an ovorall‘trond is calculated betw..;
the thirty-firs<e point (approximately at one hour) and the
las™ point measuro? to indicate the overall inclination of
the mtrain-time curve after one hour. This point is plotted
at 700 houfa» with 'a plus or a 45%-cross depending on the
signe.
N This representation allows plotting of all positive and
negative strain rates on one diagrem. The trend analyeis is
a smoothening process wﬁlch nay be useful if the rate
fluc tuation is too large. T‘. nu-bgr and the symbol in the
upper left corner relates these diagrems to the‘-tra!n—tlm:
plots. Two examples of log strain rate versus log time plots
are shown in Figure 5.2 for curves 16 and 14 in Figure S.1.
Curve 16 changes from {nitial extension to compression with
a 2 hour transition zone between 1.5 and 3.5 hours as
indicated by ttre mshaded area. A few posi tive strain rates in
the initial zone could be attributed to pressure varl;tlons.
The trend analysis mhows that there is a strain rate minimum
at about 40 hours but the overall trend is still positive
trending towards lower strain rates at large times. Curve 14
shows a case where a zone of almost zero strain rate is
followed’ by compression as indica ted by the shading.
Compression is initiated at the mame time (at about 3 hours )
as in curve 16. Up to this point, the strain rate fluctuates

between negative, posi tive or negligible values of atralyd

ra te. This variation is a result of the recording accuracy
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and diminishes as soon as the time intervals increase since
the ratio ot recording error to time interval becomes

.--allor. As soon as the "true'" strain rate is in excees of
about 10 3%/hrs or tgo time interval iws @greater than about
15 Minutes the effects of the recording accu;acy become
negligible. Figure Sﬂ3 shows artificial ?ata which were
generated in the following wmanner: kn orror was superimposed
on a power functione The absolute value of this error was
increased six timesn by a con-t.nt-anounf and the sign was
changed after each increase resulting in the strain-time
curve shown In Figure S5.3. After 6 increases thie procedure
was reinitiated. The timg intervals were increased Iin a
manner simllar to the changes undertaken during a real test.
The corresponding log strain rate versus log time plots are
shown in diagram 1, sfor the power function, and in diagram
2, for the function vlth'auporl-po.od error. A comparison

with real da ta shown that the artil ficial error is

significantly larger than the real recording errore.

S23:6 Proliminary Tests
Several tests on sand—-plaster model blocks of various
slzes (1 x 1 foot and 2 x 2 teet), with and without tunnel,
have been under taken with the maln purpose of gaining
experlenco. on the test equipment. One smample was loaded
until ;tho tunnel collapsed and similar resul t¢ as the ones
S

reported by Heuer and Hendron ( 1968) have been achieved.

Some creep testing indicated that a portion of the

"0
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time—~dependent deformations were most llk‘ly e result of
ti me~dependent compaction comparable to tﬁ. behavious
di scussed later on test nuaper - lé~2 (or MC-4
(Guenot(1878)))e No new ftnformation, compared with Bﬁu‘r and
Hendron's tests, was Seined from these teata. The reuslts
have been omitted t;o- this thesis for this reason.

Duning the first tegt on ceal, MC-1 (NMC-1 stends for
“Model test’ on Coal number ("), the capacity of the testing
machine was reached botorcé vyielding occurred around the
opening. Even under dlttoron§ stress cohdltionl (N<1) 1t was
not possible to fail the tunn;l. As s consequence, testing
was stopped ;o strengthen the test traio. The results are
similar to the ohes reported later on sample MC-2 but much

more variable due to inexperfience in lon¢~zrr- testing.
Plane strain conditions could ;ot be maintained adequately
during several creep s tages mainly because of the
~ .
unexpec tedly low Polssontsg ratio of }’q. th.ﬁ 0.1
perpendicular to the bedding planes. The data is again
omitted from this theais for two reasons: the test will be
continued In the near future on the test frame with higher
capaclity and with an {increased tunnel opening. Under these
condi tions 1t should bpe possible to cause yielding and
collapse of the tunnel; the amount of recorded data and its
interpretation would increase the volume of this thesis
without significant contribution to the solution of the

problem investigated.

Reproducability will be shown on Teat MC—~2 where
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repea ted .lo‘dlng at various stress ratics has been
undertaken. '

~!n summary, the model test facilities developed tof‘tho
study of the time-dependent rock »a e behaviour around
underground ‘cavities has the following ;.p;b!llt}o-. Various
sanple sizes, presently 60 x 60 x 20 ca with tunnel
diemeter of up to 1S ca, can be tested uander plane strain or
triaxial atress conditions. The seximum fleld stress of 16
MPa for th; present sample geometry is pfivldod by rams of a
maxisum cepacity of 880 kN at 68 MPa oil p;;-.uro. This
pressure is esupplied by hydraullic puaps vlt;—. pressure
multiplication tsc"r of one hundred. The loed can be
-.lht.lnod ovof several days or weeks with fluctuations of
less than tl.O;. The overall straining of the saaple,
internal average strains from multiple extensometers, and
the tu;nol closure in various directions can be measured
with high ACCuUuracye. Cresp or closure rates as low as
10-3%/nhr have been recorded consistently without major
influences due to cycling of the hydraulic pumps.. or
varijiattitone in the applied field stress. The electronic data
recording and processing systea nliov- troquoﬂt reading of
lerge numbers of instruments and rapid data evaluation to
assure an optimum testing progrnn: Intended al terations to
the testing apparatus will allow application of support

pressure by a pressure—meter or a model lining, end deilling

under load for improved modeling of the reality.
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INTERPRRTATION OF MODBL TEST DATA
[

6al lh:znﬂnnxxnl

Many worthwhile solutions and processes of geoneral
applicability have been developed in the last decade and
the position is reached where - in principal at least -
solution of all engineering aeatress analysis problems

- with properly described censtitutive relationshipe 1
poseidble. (Quote: Zienklewicz and Valliappan(1969) )

.

While this stetement was true in 19680 and still is ten years
later, it must be realized tﬁ.t the most critical point In
. the above s ta temen t is the requi rewment of proper
con-tltutlvo rolntlon;hlpn. In most geotechnical problems 1t
is difficule <o determine theee releationships, especially ir
the -.toriai to be considered is a non-linear,
inhomogeneocus, orthotropic,y, discontinuous medium with time -
dependent .tféhgth and deformation properties. If model
tests are undort.kon with such & material and, as is the
case itn this study, relevant parameters to describe the
constitutive relationship have not been determined Iin an
extensive msaterial teating program; 1t would be irrational

to try and analyse model test data with complex material

models. In the following ih.ptor the mos ¢ basic
w
relationships are used to compare the results with

theoretical predictions. 'TJ; purpose of this comparison is
to evaluate some of the dominant parameters in order to
guide future testing, and to establianh & process model to
Justity reasonable assumaptions for more e laborate

calculationse. ¢
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The following lntorpfotnflo; of thée pre-yleld stages
concentrates on linear elasticity for the time-independent

constitutive relationship and on a history dependent (lineer

vl.cp-o!.-tlclty) relationship for the time-dependent
J -

constitutive lawe ° After vyieldirg is initis ted an

elasto-plastic or visco-elastic, visco-plastic material

model may be used in an initial investigation at small
straine and a limit oéulllbrlu- approach (Feder(1977) ,
Feder(1978) , or Rabcewicz(1969) ) could be applied at large
strains. This latter portion of the study is not described
in detail in this thesis but is being undertaken in a
companion study by Guenot (18979). The use of finite element
models, with joint elements and strain-weakening as well as
time-dependent propoftl.-, is relégated to future worke.
Avallable theoretical solutions for predicting the
behaviour of a circular unlined opening have been applied to
the problem under investigation. Since no new theories have
been developed all derivationk and available equations are

sumsarized Iin Appendix A6.1l.

PN

-~

€22 Description of Iamt MC-2

fa2al Sample Description

The sample was trimmed in such & manner that the
boddlﬁg plane was perpendicular to the tunnel axis and the
Jointing parallel to a diagonal of the sample (45° to the
principal stress axis). The dimensions of Sample MC-2 before

r

the test were 61.4 x 616 x 20.8 cm (including the Plaster
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)
of Parlis layer). The Jjolnt pattern was varlable across the

sample and Jjoint spacing changes between bedding planeg. At
'tho top? face of the sample the -paclné’betvoon Joints was
between 0.3 and 1.6 cm but ho me jor Jjointing was observed
near the intended tunnel l;cctlon. On one side of the sample
two wmajor tractures almost parallel to the side at about 2
to S cm depth have been observed. These fractyres may have

™~ 4 NN
influ d the external di splecement meamurements at low

\

stress levels. The moisture conte sample wams on

average 19% after Test MC-2.9, abouy Jower th.n‘
average moisture con tent in the fielde. During drilling
the tunnel with e diameter of 12.1 cm the core broke into 4
plecen alonav bpedding planes. fhe Joint spacing was 0.6 to
1.4 cm near the top and much larger or invisible at lower
levels. Figure 6.1 shows the crack pattern inside and near
the tunnel after the sample was unloaded following Test
MC-2.9e Ma jor cracks along thé spring lines, roof and floor
have been observed. All cracks were open after unloading and
O 4 is difficult to determine whether they were created by
4

shear or tension. The longitudinal cracks near the left

spring line and the fioor showed some indication of shear

-

displacement whereas the roof crack appeared tolbp a tenalt’;
cracke Plate 6.1 shows the total creck pattern on the }op
face of the semple, the jolnting and cracks near the tunnel,
and several de tails inside the tunnel (e.g. tensile and
"sheared'" cracks)e.

The location of the internal gauges measuring average
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Figure 6.1 Crack Pattern Inside or Near Tunnel after
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Plate 6.1 Crack Pattern on Top Face of Sample MC-2 and
Detaila near and inside Tunnel
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redial etrain are dhown (to escale) in Figure 6.12 and
numbered according te the diagrams presented later. The row
of geugea near the tunnel measures the average strain aver a
distance of § ;- betwveen approximately 1.4 to 2.2 timee the
tunnel radius (&) and corresponds therefore to the strain at
apout 1.75a. The second row measures over a dietance of S cm
between 2.2 and J.1lay corresponding to the straln at about
2.7e¢ Two Iinstruments measure sver e distance of 10 cnlnnd
thils strain corresponds to the strain at about 2.1a. ThLe
external gauges are grouted into the sidee of the masple at
a depth of 3 cm. The tunnel closure was measured froms a
stand fixed to the eteel plate at the bottom of the sample.
The vertical distance between each LVDT is 1.3 cm (the two
LVDTe measuring one dlameter are therefore 1.3 cm apart) and
these LVDTs are rotating coun ter~c lockwise starting from the
top (parallel to the Jolns{af) to the bottom (parallel to
the ma jor principal stress dlrocthn)o According to this
arrangemen t, the diameter parallel to the Jointing was
measured at 14.6 cmy, the one perpendicular to the Jjointing
at 9.5 cm, the one parallel to the minimum stress direction
at 12,1 é-, and the one parallel to the maximum stress

direction at 7.0 cm from the bottom of the sample.,

£22:2 Loading Mistory

The Sample for Tenat MC-2 wae collected and trimmed
during winter 1976/1977. It was instrumented during August

1977 and testing at various strese ratlos (N) wae undertaken
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September 19077 wuntil Juse 19780, The gellewing is o

sumsary of the complete leading history!

1.

10.

NC-2.03 streess ratio N=l] block witheut tumsel loaded to
)

7T MPa with th!roo creep Btages of lees than t" hours

one reloading cycle}

MC-2.1: N=1; loading gf sample wih tunnel to I3 MPa with

one reloading cygle; no results reported ia thie thesle}

MC-2.2: N=1; same he MC-2.1} testing of intermal ..u.o:;

no results reported in thie thesis;

MC-2.3: N=1; seme as MC-2.1} testing of internal geuges;

no resul te reported in this thesis;

MC-2.4: N=1; loading to 12 MPa with S-day creep teste at

approximately 3, S + (nx 1) to 12, 10 and O MPe; load

cells overstressed at 10 MPa;

MC-2.5: N=0.85; loading to 3 MPa with one S-day creep

test at maxlmum load and one S-day recovery test; no

data reported in this thesis;

MC-2.62 N=0,75; loading to 14 MPa with S-day creep tests

at approximatly 3, S5¢(nx1) to 14, 0 Mpe;

MC-2.7: N=0.33; loading to 10 MPa with S-day creep tests

at 3, S$ 4+ (nx 1) to 10,0 MPa; un@o.dlng vas necessary

boé.u-‘ of increasing sample rotation;

MC-2.8: N=0.33; loading to 1S NPa with S-day creep tests

at 5, 8 ¢+ (n x 1) to 18,0 MPa;

MC-2.9: N=2p2; loading to 1S MPe with S-deay creep tests

at S, 8 + (n x 1) to 1S NPa; test had to be terminated

due to damage of the seaple during uncontrolled
]
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Jotation. \\\ (’ ¢
The ttcdla. or uatr.‘ln. rate beotweon ofpges veas nevaally
bot;oon 0.08 and V0.1 MPa’/umin resulting in & tetal time of
saxiaus 2.5 hours fer rapid leading te the --liu- capallty
of 18 MPa.

N ~

84223 iro.o-'.i{’-(ot Neasureneate ' N .

Duriag this Untemeive teating poried deata '..’eoltooQoq
electronically and stored ea magne tic tape. In the order of
300,000 readinge have been recerded and plotted In

>
-trooo--tr.!n. straln-time and Llog etrain rate - log time
diasgrams. These diagrase have been collected in an interaal
report (1979) of the Geotechaical Section in the Departament

.

of Civil Engineering, University of Alberta. Bgcause of the
extent of thie report only a limited selection of data i
included in this thesie throughout Chapter 6 and in Appendix
AG6,2. The selec ted data are typlc‘l vith a normal range of

scatter. This data hae been selected to 1llustrate specific

pointse which will be discussed later. :

£22sds] Strese-Strain Relationship
Pne complete set of stress-strain diegrems is laliqr
glven, as an example, for Test MC~2.8 (N=0.33) in Figure
613 for the {internal radial oxton-o-otor.\eﬂy in Figure
——Hel14 for the overall strain (triangle and clrclou top left

di agram), for the tunnel closures (bottoms left diagrem) the

loading head displacement (4 corners, top right diagram) and
»
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the loading history (circle=meximum load, triangle=minimum
load ,and croms=longltudinal load, bottom right diagram). A
summary plot of maxiwum field stress versus overall astrain,
tunnel closure, and selected radial strain measurements for
the other tests MC-2,0, 2.4, 2.6, 2¢7 and 2.9 are presented

in Appendix A6.2 (Figures A6.1 to A6<S).

€3223:,2 Steain — Time Relationship >

One complete me t of strain-time dlagrams and the
corresponding log strain rate - log time diagrams= for Test
MC-2.6 at 9 MPa are shown in Appendix A6.2 (Figures A6 € and
A6.13). Corresponding curves are identifiled by the same
numbere. The jftr.aa varjiation {is srown for the Ssawme creep
mtage. A summary plot for one radial extensometer for Test
MC-2.4, 246 and 2.7 to 2.9 is shown later in Flgure 6.17 and
a few exanples of laog strain rate - log time diagrams are
glven in Figure 6.16. Figures 6e2 to 6.5 summarize the
development of the time-dependent tunnel closure during
incremental loading of Test MC-2.6 (N=0.75) and MC-2.9
(N=0.2) ( compare with the radial sgtrain summary 1In Figure
6.17). .

Figure 6.2 glves the tunnel, closure rates for the
stress increment at 13 MPa for the two Tests MNC-2.6 and
MC-2.9 together with t he normal ized fleld etremss. The
closure is not significantly affec ted by the load

fluctua tions, which were lems than 10.1%. The most obvious

d] fferences between the two sets of data is that extension
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was observed in the "J‘roetlon of minimsum sestress
(18-triangle) during Test MC-2.9 ( N=0.2, for oxplnn‘tlon of
sywmbols see Chapter §). Furthesr differences will be
discussed later but 1¢ -hou}d be noted that these éurvo-
correspond to ;\¢toront equivalent openings in. discussed
later) and different stress flelds. (Curve 17 corresvponds to
the dl.-;tor in the direction of the maximum tlcld.-tro...
curves 19 and 20 ‘to di.-.t?r- parallel and perpendicular to
the Jjointing, respectively).

. Flgures 6.3 and 6.4 summarize the tunnel closure rates
for the two Tests NC-2.6 and 2.9 for all load Increments.
These curves have g-on sketched by hand to follow the
general trend ( throWlh trend points) and are not l.ntended to
show details which are given in the internal report or in
selected diagrams like Figure 6e2e The following
observations of the general cﬁaract.r of this data cen be
made: the rate decreases almomst linearly 1in these
logarithmic plots with a slope a of 0,6 to 0.83 (individual
vaiuos are given inside each plot); a leveling off of the
strain rates towards a constant ve lue may be observed for
higher stress levels whereas deceleration to very small
rates seems apparent for lower s tress levels; and all
increments fall within a wsurprisingly narrow band ;v.n
though load increments vary between 1 and S MPa and stresas
levels inrease from 3 to 15 MPa.

From a éé;p.rlnon of the two Figures 6.3 and 6.4 the

effect of the stress ratio N can be evaluated. During Test

&k
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MC-2.6 the strems ratio N wes 0.75 and during Test MC-2.9
this ratio N was 0.2. it can be seen that the average strailn
rates after 100 hours for tHe curves 17, 18, 19, 20 are 0.4,
£0.0, 0.4, 0.3 times 10-3%/hr, and 1.5.\-0.4. 0.5, 8.5 times
lO”S{hfi’tor N=0.78 and N86.2. respectively; the average
s .
strain rates “after one hour are 7.0, 30,0, 7.0, 1.8, and
25.0, B.S, 13.0, 6.0 tlh...lo;’llhr tor the corresponding
instruments; -opd instruments No. 18 and 20 in Test MC-2.6
(N=0.75) are ‘strongly affected by load variations since very
low creep r;}o- are observed throughout the teste. In
general, the creep ratem are almost one o:for of magnitude
higher in creep tests with N=0.2 than in tests with N=0.75.
Plguro' 6.5 summarizes ¢the creep stpains accumula ted
during esach creep stage up to 20 hours and up to 100 hours.
During Test MC-2,6 this creep strain remeins almost constant
or increases onl§ slightly ué to relatively high stress
levels, A higher creep strain was observed during the firet

creep =mtage and this is most likely due to initial crack

closure and larges ini tial load increment. The behaviour

- s

observed im alilll; te the response expected from a linear
visco—-elastic material exposed to an identical loading
history. The same holds true for Test MC-2.9 except for the
instrument parallel to the Jjolnting (cross) and at stress
1¢vo!e higher than 1.3 MPa. These observations will be

discussed in more detail in Section 6.4.
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.3 Interpratatien 2f Dats by Linear Elastic Model

The elastic esolution for the stress distribution around
a circular hole in a flat plate is attributed to Kirsch and
the derivation of these equations from an Airy stress
function is given tn' numerous texts (@Ko Obert and
Duvall( 1867) Jo ' These equations for strains and
qisplacé-ontl around " tunnel are summarized in Appendix
A6.1 and describe the model boh-Qio\r (called: "Model")
where the field stress {is applied t;\ e sample with a
preexcavated tunnel, 6nly radial -}rclns lnd displacements
are given since No measurements have been taken Iin the
tangential direction.

The strains and displacements measured during the
excavation of a tunnel in an elastic ‘wedium (called:
"Reallty")’can be found by direct superposition of the above
solutions and the solutions for e sample without a tunnel
(called: "Plate'")e. While the stress distribution remains the
same, the stralns and displacements ere lower In reality
than in the model where the plate is compressed during load
application. The corresponding equations for the additilonal

o
two states - Plate and Reality - are given 1In Appendix A6.1.

Examination of these egquations shows that the strains
measured in reality always show extension whereas in the
model extension is measured only close to the tunnel and at
high values of Poisson's Ratio where the material is almost

incompressible. This point will be discussed in more detail

in the section on time-dependent straein measurements. The
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tunnel closure and the external diaplacements in general are
larger in the model than in reallty, again due to the
compregsion of the plate 1tselrfr.

It is=s evident that a non-linear behaviour may result
from e non-linear w=aterial stiffneas or & non-linear
Polsson's Ratio. Theme non*ilnonrltlo- will not affect the
behaviour of the model tunnoi in the mame proportion as the
tunnel {n reality. For example, if only fh‘«gﬁkb Modulus is
non~-linear, the stress-strajin ro-pon-i for a stress ratio
N=1 will be linear 1in roalfty but non-linear in t;o model.
The radial strain for N=1 1ls a function of 1/G In reali ty,
where G 1a the Shear Modulum, and the radial strein for the
plate is a function of E/KG, where K is the Bulk Modulus and
E the Young®s Modulus. For the model therefore, the radial
strailn must be a function of K, G and F. It should be
realized that a change in N-value during a test may cause an
apparent non-linearli ty. During most tests it wvas o0t
possible to control N with an accuracy higher than $S%.

The most reliable deformation measurements made during
the test are the tunnel deformations and the overall
straining of the model b}ock. The internal deformations or
average radial strains are strongly affected by local
material properties and show, as expected, wide variations
in resul ts. In addition, many of the instruments produced
questionable results and the others may therefore be used
only to suppor t genaral conclusions from the overall

behaviour, In later tests (MC-3 and NC-4, Guenot (1879)),
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with an improved measuring device’, {t wam found that these
internal gauges ntill ghowed large veariations, but that the
average calculated from correesponding gaugen wan in
agreement with the overall measurements. As a consequence ,
1t is preferable to try ;nd interpret the tugnel closure anda

the external deformations firgt. A

The ratio between the external deforma ons of a block

without a tunnel loaded in g}an. strain cogp 'tlon (N=1) ana
the (N=1) |
a MLold, T38hag1.18, 1.29
and . 0.2, 0.25

and 0.3). From Test NC-2.0 and lC—i.4 this ratio wam
determined to be 1«43 for the horizontal and 1.34 for the
vertical direction. The corro.pond%na Poismon®s Ratios are
0.29 and 0.24. The Poiwsson's ;.tlo in the longitudinal
dlrection wan determined from load meesurements under the
amsumption of isotropic material properties to bpe equal to
about O.1. Two factors have to be considered in this
de termination sof Poisson's Ratioes First, the losading rate
durlng Test MC-2.0 was a?proxl-atoly S00 times the rate
during Tes t MC-2.4. This results in a significant
overestimation of Poisson’s Ratio if the stiffness decreames
with dec reasing loading rate. From a comparieon with tests
(NC-2.8 or 2.8) where the straln rate wag changed during the
test it wam found that the measured dcfor-.thn ratio was at
leasnst 1.25 times the ratio for tests with equal loading

rate, After thle correction Poisson’s Ratio must be between
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0.1 and 0.2 Secondly, the deformetions in S.-élo MC-2.0
were taken from the reloading curve whereas they had to be
taken froa the initial loading curve of Test MC-2.4 '
dritling of the tunnel. The vibrations during drilling sust
have caused some loosening of the sample end & slight
underes timation §f Poimsson's Ratio would be expected. Taking
both factors Into account and comparing with results from a
similar analysise by Guenot (1278) it can be assumed that
Polsson's Ratio is equal or alightly lower than 0.2 parallel
the bedding plane and about 0.’.berp¢nd1culnr to‘fhe bedding
plane.
.

Ae mentioned earlier the coal showas a non-linear
stresea—-strain relationshipe. The tangen t modulums was
determined from several strees—strgln curves to glive an
indication of the sample stiffness. Assuming a Poiasson's
Ratio of 0.2, this modulus, for a mstress range between 5 and
7 MPa, reached a maximum value of 1800 to 2050 MPa during
the reloading test on Sample MC-2.0 without a tunnel at a
fast loading rate ot 6800 MPa/thouTe. This value was
determined from external displacement meagurerents and must
be slightly lower than the short—teram modulus. During Test
MC-2.4, with slow loading at & rate ot'about 14 MPa/hour,
the tangent modulus between stresses of 6 anc B ﬁPa was
determined from external displacement measurements to be
1500 MPa (at 450 to the Jolntsf and from tunnél closure
measurements to be 1360 MPa (at 459 to the Jjoints), 1100 and

1450 MPa (paraltlel and perpendicular to the Joints,

{
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respectively)e. 'Tho-o latter v.lui. '-u-t be clome to the
tlong~term wntitfneas wsince creep had almost tornlnat;d at
these strems levels, An anilsotropy ratio of approximately
1.3 would result from these results but this ratio could not
be veri fied by the internal th.nlo-gt.r- and might be
exaggeora ted duye to non-symmetric stress re&l-trlbutlon ( see
later).

In sumBary, conventional elasticity theory has been
used to evaluate the material properties. The extensometers
instelled did not perform satisfactorily during the loading
of the sagpple without a tunnel., Because of this t‘o paterial
propertieg, Young's Nodulus and Polsson's Ratio, have been
eptiveated frowm a cowparison with the firast test with a
tunnel, It was found that these parameters were loading
rate- dependent and non— linear. The initial closure was
extremly varisble but the stiffneess, c-‘n tangent modulue
over a mspecific stress range, was re.-;nably congistent. To

eliminate the weffects of v bility in stiffness the test

results fros further t; t-‘ were compared in a normalized
form, A closure ratio, d;t d as the ratio of the closure
for a given N—;aluo to the closure measured during the test
with N equal to unity, has been used. From linear elasticlty
this ratio can be calculated as a function of N, Poiseon's
Ratio, and for verious dlaseters. This predicted, tlinear
rolatlon;hlp is shown later |In Flgure 6«8.A for three

&
orientationa, at 452 to each other, and for three cases; for

the '""Model", for the "peallty", and for the “"External
P4
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Deformation Gauges”. Thig relationship le independent of the
Poleson'’s Ratio for the case of the Model. The full clrecles
in Figure 6.9.A represent ebeserved tunnel closure retios and
the full squares represent the external deformation retioms.
Reasonabdble agreement -vlth the predicted retle can be
observed at 0=48%, At 0209, 1n the direction of the meximum
‘flield stress, increasing deviation le evident and at @=90° o
non-linear trend with einmilarly increasing deviation at low
N-values can be notliced.

In general, it vas observed that the tunnel deformed to
an elliptical shape. Three condlflon; ®may cause this t{p. of
deformation pattern: (a) a principal strese ratio N of less
than one; (b) anisotropic (orthotropic) material properties;
and (c) non-syametric stress redistribution. A decrease of
th; horizon tal stress field increases the closure ip tgo
verfical direction and decreases or reverses the tunnel ;.ll
‘"dieplacement in the horizontal direci{ti e The same response
can be achieved by a Llower modal wof elasticity in the
direction of maximum closure and @ higher modulus in the
direction perpendicular to {t. The first point has already
been considered in Pigure 6.9.A and the second point cannet
be Jjustified because of the 45%-inclination of the joints.
The deviation can thorctorg not be explalned by conventional
ol-.tlflty theory. e .
The third condition (c) of non-symmetric streas

redistribution has to be discussed in some detail before the

test resulte can be examined. It is based on the working
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hypothaalis of mtreass redietributlon due to non-linear,
atrean-dependent creep properties, time-dependent -Qron‘tn:
and strailn~wveakening which hae been introduced in Chapter 1.

| I 4 e circular opening le excavated in en lsotropic,
initially elaatic material, concentreatione of the tangentisl
etresses In areas of reduced: radial etrese cauee rock

eloements near the tunnel te he loaded to high strese levels

L]
relative to thelr peak strengthe. These etements will creepg

more than elements further away from the tunnel due to low
caMtinesent pressure and the fact that most rocks exhiblt a
in-rate whicnh depends on the streas level, This process,
which has been -nnly-‘h for an axisymsmetric case by dea
Pontoura (19880), causes tangentiatl stresses to be
transterred away from the tunne l. Thie is echematically
illustrated 1In Fligure 6.6.a, Nalr gt al,(1968) (or Nailr and
Bores 1(1970) ) investigated this process, by application of
the finite element -.thod‘ for spherical and egg-shaped
openings in a material with non-linear time-dependent
properties and Hayashi opd Hibino( 1968) studied this process
around an underground cavity by a finite element .n.lf;J.
based on a atress-dependent creep laws Nalr concluded that
these "streass relaxations™ take place after & short interval
of él-. and signiticantly influence the strees and
displaceament flield. Due to this stress redistribution the
stress concentration near fho opening reduces significeantly
and yielding is inltiated only ntto:’lo.dln- to much higher

v
field stremsses than predicted from elasticl ty.

P
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The equivalent processa for the case where ylelding

f
occurmna is illustrated schematically in Figure ©6,6.b.
Visco-plastic flbw‘ ot elements stressed bpeyond their

capaci ty (A) and creep of element (B) loaded to stress
levels below their yield strength cause comparable mtress
redistribution and propagation of the plastic zone. The time
dependence of this process will Be discussed and illustra ted
later on resul ta from the model test. At this stage the
stress-strain relationship L & considered only, but it |is
assumed that the Young's Modulus is a function of loeding
himtory and decreases with increasing loading time and

decreasing loading rate.

62321 The "Equivalent Opening Approach®

The equivalent opening ?pproach has been used to
deacribe the model test results and to quali tatively
evaluate practical iamplications of stress redistribution.

This approach atates that the re is an equivatent
opening in an linear elastic or yisco-elastlc medium with
the same atiffness which, under the same stress fileld,
de forms in the same manner as the real opening in a medium
experiencing stress redistribution. The shape and the size
of this fictitious opening is a function of time {1 € &tress
redistribution occurs with time. This is 1llustrated in
Figure 6.7 for an axisymmetric case and in Flgure‘b.S for a

camse wlth anisotroplic creep properties. After estadblishing

an initial stress field, stress redistribution may occur
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either instantaneously or gradually. The stresses are at any
time in equilibrium with the field stresses and the sum of
these stresses has to be equal to the sum of the mstresses
around the equivalent opening. [t Ils further assumed that
the tunnel wall displacements, for the real and the
equivalent opening, are the saae and that the trend and
shape of the wstrain pattern is siwmilar. It {s understood
that thie is an approximate model which ie to mome extent
inaccurate. This fictitious opening has a boundary somewhere
between the wall of the real opening and the maximum
tangential stress. The exact location is effected by many
factors such as local ylielding, change of the real opening
shape (due to instability), and support measurese.

The equivalent opening is therefore an opening in a
linear elastic medium vhé-o wall displacements correspond at
a particular iIinstant to the wall displacement pattern
observed in the real opening.

The shape and orientation of such an equivalent opening
can be determined from fleld or model test data {f the type
of the geometrical shape is selec ted, eege circular or
elliptical opening. If the equivalent opening 1Is known the
aTape of the stress redis tribution zone is known too and
this> can be checked against the local rock structure, the
material property distribution, and the etress field.
Optimum excavation layouts and suppor t systems can be
designed if the shape and the orientation of the equivalent

opening 18 knowne This will be discuseed in Chapter 7.
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The most important point emerging from this approach 1is
that deformations, in excess o0f deformatione predic ted from
the original 'onnlng shape in an elastic medium, can be
explained by the shape change of the equivalent opening. For
example, iz a circular tunnel in an elastic medium
experiences axisymmetric stress redistribution to a depth of

v 0.5 times the tupnol radius the equivalent opening will
be between 1 an 1.5 times the original tunnel radius. Due to
the linear relationship between the tunnel wall displacement

L 4
and the radius of the opening, the tunnel closure could be
between 1 and 1.5 timee, but most likely in the order of 1.3
to 1.4 timesn, the predicted elastic closure. If the shape
changes, in addition to the stress redistribution due to
local creep or vielding, to san elliptical opening, then
slgnificantly higher closures of more than double the

predicted value would ocCure. These two camses are now

discussed in some detail.

€2Js1s]1 Tunnel Closure and External Displacement
Figure 6.7 1llustrates stress, strain and displacement
patterns around a circular opening without 8 tress

redistribution for an axisymmetric case (N=1, all properties

isotropic ). The equivaleny*epening is a circular tunnel with

1
iR “d

increased diameter but with an elastic stress field. The
corresponding strailn and displacement distribution are
plotted in the same diagram, and the stress - internal

strain diagram with initiation of an equivalent opening at
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8% is shown below this figure. It ha- been assumed that no

stress redistribution occurs when the flo{% stress is
increased to‘-st, but that stress transfer occurs at higher
stress levels. Ah equivalent opening therefore develops
above this stress level and the tunnel wall displacements
increase at a faster rate. ¥With the transfer of tangential
stresses away from the opening the radial strain pattern is
altered to a shape sisilar to the one shown in Figure 6.7,
Ams a result of this, the radial strains decrease and tend
towards negative radial strainse. - |
2

It must be realized that this approach assumes a voluae
decrease in the zone inside the equivalent opening but this
could be eamily adjusted Iif necessary.

A further step in this ltogic is to assume isotroplc,
static properties but anisotropic (e.g« orthotropic) creep
properties. A schema tic diagram ot the resulting stress
redistribution for an example where an element (1) creeps.
faster than an element (II) is shown in Figure 6.8 for a
hydrostatic stress fiela (N=1). During a fixed time
increment stresses drop more rapidly at point (I) than at
point (I11) resulting in a rapld stress redistribution away
from the opening along the horizontal axis and a slow stress
transfer along the vertical axis. An equivalent opening of
the shape of an ellipaese is created. This causes a reduction
ot the tangential stress concentration at the roof and an

increase at the spring line at a distance by inside the rock

RASS. As soon as an elliptical, equivalent opening is
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created the tangential -fro-- concentratior increases In the
direction of the major axis of the ellipse end enhances the
stress redistribution procenan. Stable propaga tion is
achileved due to a steady increase of the{contlnlng pressure
Sr+« The development of the tangential 8% and radial streesses
6r around an ellipse as the ratio between the length of the
ma jor and minor axis increases is given by Feder(1978,
Figures 16 to 18), for ratios b/a = 1.0, 1.5, 2.0. It cen be
meen that the radial stresses exceed the field stresses even
under hydrostatic stress conditions (N=1i it b/a reaches
about 2.0. -

As a first approximation it can be assumed,
particutarly in the case where no fracturing or yielding of
the rock occurs, that the overall volume change during
stress redistribution 1s zero since the sum of the stresses
remalns constant. Under this condition it is possible to
determine the shape of the equivalent opening, the ratio b/e
for an ellipse, from the measured closure of the initially
circular opening. For this purpose a closure ratjo has been
introduced, similar to the one deflpgd earlier for circular
openings, as the ratio between the closure of an equivalent
opening in an elastic medium under the applied field stress,
measured at r=a, and the closure of a circular ops«:- o
the same elastic medium under an hydrostatic stre-«:-
(N=1). The calculated eclosure ratios (ordinate) - . -

with some test data are summarized in Figure 6.9.A,

Filgure A glves, as discussed earlier, the predicted c"
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ratio for a circular opening in an isotropic medium as a
function of stress ratio N (abmcissa ), angle © (orlientation
of tunnel diameter) and Polsson's Ratio for the "RQallty".
the "Model" and the "External Dieplacement" for the mocdel
(overall deformation of the wmodel block). For the remaining
Figures 6.9.B and C only the case of the "Nodel" has been
considered,

Figure 6.9. 8B shows the predicted closure ratios for
elliptical openings as a function of Ny ©, the axis ratio
b/a, and Poisson's Ratio (for equations see Appendix A6.1,
;ﬁd for data Appendix A6.2,‘Tnbles A6el,y, A6.2). The shaded
area in ;hl- diagram indicateas a range of axis ratios b/a
which have been predicted from the actual observations on
Test MC-~2., Dashed lines with arrows show the prediction
pathe

AS mentioned earlier, the full circles In Figure 6.9.A
glve the closure ratios for the various Tests MC-2.4 to
MC-2,9 and the full squares give the corresponding ratios of
external displacements. At N=0.5 the stiffness ;us
underes timated (due to loading to 3 MPa only) and the point
would move, it corrected, in the direction of the arrow near
the stars in parantheses. Where two Oor more squares ;re
shown, the one close to the theoretical line corresponds to
a higher loading rate than the one farther away from this
line. The arrows therefore indicate the effect of a loading
rate “decrease and it can be mseen, in connectlon with Filigure

6.9.B, ° that the ratio b/a of the equivalent opening
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increases as the loading rate decreases. From thise

‘rmmorvatlon it can.bo concluded, and this will be supported
later by the internal measurements, tha t the stress
redistribution Is a function of ¢tlme and that the egquivalent
opening increases in mize or changes shepe with tluo; From
the tunnel closure ratio tt follows that the equivalent
opening wvas close to the reel opening up to a etress ratio
of approximately 0.5. Thim ie misleading due to the loading
history. Test MC-2,5 at N=0.5 was executed before NC-2.6 at
N=0.75 and =stopped at a stress level of 3.0 MPa. No stress
rediatribution “occurred during these first two tests. The
equivalent opening then fncreased, during Test MC~2.6
(N=0,75) to b/a=1.3 and to b/a=1.5S§ during Test MNMC~2.8
(N=0,33), which wmeans that the atress redistribution zone
propegated to a max imum depth of at least 4.5 cm at the
beginning of Tes$;¥0-2.9. From the crack pattern shown later
in Figure 6.12 1t can be seen that b/a was in the order of
2.0 at the end of Test MC-2.9.

The sase trend can be obseved from the external
displacement ratio ( full squares, Flgure 6+.9«A)s Figure
6.9.8 has not been construc ted toz the external
displacements but it would show a corresponding trend.

The effects of anisotropic deformation properties have
been neglected so far. The data points for a mtress ratio N
= 1 (Filgure 6.9.A) show that there is more closure parallel
to the joints and less closure perp?ndlcul.r to the joints.

To evalueste this effect a third graph (Figure 6.9.C) has
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been constructed showing th; predicted closure ratio es a
function of E;/Ez, the stiffnesm ratio, and N for b/a = 1,
Q%-son'a Ratio equal to zero, and dlirections of loeding
parallel and perpendicular to tﬁ@ di recti on of maxiaum
stiffness. The equa tions have been derivead from
Sonntag( 1958) and are susamarized in Appendix A6.1. The
ratios for N = 1 are drawn in full circles for temta MC-2, J
and 4 and the reaulting astiffness ratios are 165, 1.1 and
0.8 for the directions perpendicular and parallel to the
Jointing, and 1.0, 0.6 and 2.5 in the directions of the
principal fleld streases (empty triangles). Priite |t appears
that Sample MC-2 could have a anjisotropy retio of 1.65 (not
proven by internal atrain measurements) in the direction
expec ted for the coal, the samples MC-3 and 4 show little
anisotropy in the corresvonding directione. This is
suppor ted by internal strain measurements. The tunne
closure ratio in the principal field stress direction of
these teagts shows a high anisotropy which is not expec ted
because of the Jjoint orientation at 452 to the tunnel axis.
It seems thecrefore entirely possible that this closure ratio
im a result of stress redistribution, or the creation of an
;lliptlcal, equivalent opening, due to anisotropic creep
Lropertlos. The corresponding b/a vealues lie between 1.1 and
1.2 but with the ellipse oriented parallel to the Jointing
in Test MC-2 and at 452 to the jointing in Test NC~3 and 4.
The explanation of the ocbserved closure by non-symmetric

-

stress redistribution appears, at least for Tests MC~3 and
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4, to Dbe naéo‘pl.u.lblo due to the isotropy observed from
internal and external strain measurements.

The implication ot this obmservation is that
non-symaetric stress rediatribution may occur around a
circular opening even if the streses field is hydrostatic.
Non-axlsymmetric and non-llinear closure of an opening does
not Qhorotqre necessarlily indicate a non—-hydrostatic stresns
field, non-ilnonr elastic properties or yloldln.'ot the
rocky but rather a non—-axisymmetric stress redistribution.
Many interpretationa of fleld obmervations by elasto-plastic
or linear viaco-elastic models seem therefore questionable.
Furthermore, eva luation of the stabili ty of underground
openings on the basis of stress concentrations predic ted
from elasticity theory may be very conservatlve in
condi tlions where stress redistribution can be expected. This
resul ted in the underdesign of the model test freame by at
least a factor of twoe.

. \(
6232132 Internal Radial Strains

Figures 67 and 6.8 indicated how the internal radial
strains are affected by the development of an equivalent
opening. The following discussion of the radial straln
pattern around an opening 1' based on the equivalent opening
approach and is only gqualitative for two major reasons: (a)
the radial strain meagsurements are -trongiy affected by
local properties and therefore vary over a wide range (e.g.

closure 0f discontinuities seems to dominate at low stress
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levels), and (b)) the solution for radial straine around an
elliptical opening under a blaxial gstress field were not
readi ly avallable, and ¢ 'n-‘Locldod that thelir derivation
wams not emmential at this stage due to the fact that the
general strain pattern could bhe estimated from the stress
distribution around an elliptical opening (Feder(1978)).
Figure 6.10‘ shows scho--tfc.lly the expec ted
stress—-strain relationship 'far e ssall NFv.luo and thoo
speclal shapes of openings 1In & linear elastic material.
Corresponding to tho.ln-tru-ont locations Iin Test NC-2, the
straines have been plot ted for a point at ¢ distance of
approximately 1.7 times the tunnel radius. Figure 6.10.a
ashows for a circular opening (N<LK1) that extension |is
expected along the horizontal axis and compression at an
angle w©f 459 a5 well as in the vertical direction., The next
rfigure indicates that the amount of strein in tHe principal
direc tions 1s expected to Increase if an equivalent opening
with a ratio b/ad>l exiats. The instruments at 452 to the
principal axis may show compression or extension depending
on geome try of the opening, Poisson's Ratioy, and anisotropy
ratio. Ie it is now assused that stress redistribution
propagates non-symmsetrically, due to non*idinifors creep or
vyield, as indicated in Figure 6.10.cy the radial strains are

»

expec ted to be af fectad as ske tched. In the vertical
direction (1,5), ‘n alight increase due to shape and msize
change of the equivalent opening would develop while the

inatruments in the direction of the opening expansion would
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show Increasing extension. The non-linearity introduced in
the stremsa-straln curves will be obvious at different stress
levels as the! propagation increases with streng., and

f

pomsibly tl-ox at dif ferent rates for the various

-

directions.
Figure 6.11 summari zes the Oobmerved stress-strain
curves for Test MC—2.8 (N=042)¢ All {nstruments smshow trends

which correspond to the predicted stress-strein relationship

after some scatter at low strenas levels. As mentioned
earlier it is not reasonable to try and expla eact.
individual instrumen t. | G 4 was observed that some

contradlc tions, in the light of ;he equivalent opening
approach, exist when explaining radial strainse measured
during‘ tests at di fferent stress ratioce. Nevertheless, the
general trend supports the existence of an elliptical mstress

redistribution zone and the curvature of these curves at

‘hlgher stress levels indicates the mode of propagation of

-

this stress redistribution zonee. The early deviation from
linearity of two ga uges parallel to the jolinting shows a

definite propaga tion towards the upper left corner and with

a total strain accumulated “of more than 2% it can be
expected that sOome vielding occur red in thies region in
addition to the s a8 transfer., Non~linearjities in two

gauges perpencdicular to tha jointing and In two horizontel
gauges at higher stress levelsg indicate clearly that the
Btress redistribution zone propaga tes, al a lower rate,

towards the lower left corner. Since etrains do not exceed
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0.4% in compression and -0.6% 1in extension it can be assumed
that very little vyielding occur red in thls region. This
suggestion of no yielding could not be verified for Test
MC-2 because no unloading curves have been recorded durlng
uncontrolled unloading while the sample rota ted.,

For cowmparison, the maximum closure of the tunnel at
this point is 6.8% and the winimum closure -1,2%. The
instrumentation on t he other sgides of the tunnel (lower
right) support the existence of an elliptical, equivalent
opening but do not show propagation of this elliptical
stress redistribution zonee.

The mechanism considered here is suppor ted by the
observgd crack pattern. Filigure 6.12 showe a picture of the
top face of the Sample MC-2 after unloadirg at the end of

Test MC-2.8 (N = 0.2). The following information is shown:

the location of the instrumentation ( to scale); the
direction of the jointing; the ap imate direction of the
maximum (parallel to the Jjoints) an inimum tunnel diameter

after unloading (b/a 3hproxl-at.ly 0.97); the location of
the longitudinal cracks In the tunnel (by the dot in e half

4
circle close to the tunnel wall); and a posslble outline of

the stress redistribution Zone. The orlen;atlon of the
minimum axis of this elliptical zone co¥ncides with the
location of the longitudinal cracks which seem to be tensile
cracks and support agalin the hypothesis of the existence of

>
an elliptical strese redistribution zone. The crack pattern,

which is essentially an indication of differentiel straining
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(between coal and Plaster of Paris) during unloading,
confirms the assumed mechanism. Tensile cracking is visible,
as expected, perpendicular to the direction of highest
compressive straining,

The time~dependent behaviour will be dlscussed later In
more detail but it become s obvious, from the stress-strain
curves presented in Figure 6.11 and from the process
discussed above, that stress redistribution ig not the ma jor
reaso’ for creep at low stress levels but that it dominates
the time-dependent deformations at high asetreass levels as

800n as the egquivalent opening is e xpanded.

Qadelaed Extensi on of "Equivalent Opering Approach" Beyond
Yielding

From the previous discussion 1t followe that non -
linearity in the 8tress-gtrain or stress—closure
rolatlonahlp may be a result of two factorm: stresg
redistribution and expansion of an equivalent opening due to
(a) non—linear, stress-dependent Creep and (b) ylelding ot
overstressed rocke. It is rather difficult to Sseparate the
two factors from the recorded measurements but there i s
strong indication of very little yYielding up to th; final
test MC-2.9, The following observations are in support ot
this view. The tunnel wall rematned intact during the whole
testing program and no cracking was observed before the las+t
unloading. Mos t of the external displacements and tunne l

closures have been recovered. For example, in Test MC-2.8
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both principal closure measurements have recovered
completely (Figure 6.14) whereas the tunnel diapeter

perpendicular to the Jointing showed about 0.35% extension
and the diameter parallel to the Jointihg showed 0.45%
compresnsi on after 10 days of recovery. ( Recovery had not
completely terminated at this time)., Thl; observation may be
explained, but is not !quo;'t.d analytically In this thesis,
by the stress redistribution process due to animtropic, or
non-linear, stress-dependent Creep properties. A certain
stress pattern which has been created during the loading
history of the mode 1 test is8 relieved elastically if the
sample is unloaded. The streas patterns createcd during
loadling and during unloading are not identical due tc¢ the
di fferent loading histories, and a residual -trgsa pattern
wi th tepslle str?ssos inside the equivalent openirg and
compressive stremses near the limit of this egquivalent
opening remains, The se stresses are redistriputed slowly
during rec overye. Because of stress—-—dependnent creep
parameters it is lmpossible to reach the original state of
zero etress and the original shape of the openiong. This may
’
result in an over-closure in one direction and an under-
closure in the other, The existence of such a residual
atress field way be the reason for the gradual increase of
the equivalent opening between tests (b/a = 1.0, 1.1, 1.4,
1.75, see Figure 6.9). This point is further supported by

some internal gauges which showed over—-recovery (Figure

6.13) whe reas others did not recover completely. The proof
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for this explanation cannot be given here but it should be
possible to support it by a finite element analyeig with the
corresponding material propertiese. In addition to the
evidence glven, it can be seen from the two tests with
N=0.33 that no change In equivalent opening size occurred
due to the first lnading to 10 MPa during Test NC—-2.7 (see
Figure 6.9, both closure ratios of Test MC-2.7 and NC-2.8
are equal to 1.7)s This would not be expected if ylelding or
atress redistribution had occurred.

It is not the intent to extend the equivalent opening
approach to predict the model behaviour after extensive
yielding has occurred. The following comments are therefore
speculations based on some gualjitative observations during
further teuting and are included only as a hypothesls end es
a proposmsal for further research; eege for further analysis
of the results from Test MC-3 and MC-4 (Guenot(1879)) and
for the evaluation of data from case hietories.

Volume change characteristics consti tute one broblem
which complicatesn the equi valent opening approache. The
eftfect of dilation may for many rock masses be emall, =mince
displacement occurs mainly along shear planes or
discontinuitiese. The overall volume change may therefore be
negligiblee. Nevertheless, the effect of dilation on the

[ 4
clomaure of the reatl opening must be incorporseted In the
determination of the equivalent openinge Any volume change
in the stress relieved zone affects the closure measureaents

and therefore bears on the method used to determine the
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shape of the egmlvalent opening. Other rock properties such
as the po;t-poik slope of the sStress-strain relationship do
not influence this approach. The stress distribution and
therefore the shape and size of the equlv%lent opening 1s a
direct response to the rock mass deformation
characteristica. For example, 1f & 2zone of overstreased rock
im created, one portion will be at its ul timate resistance
while an intermediate zone isa weakening. The zone farthest
ferom the tunne l will de form elastically but will undergo
stress: redistribution. The extent of the equlivalent opening
will lie between the Zone with material at ultimate strength
and the zone with maximum tangential stress. The time -~

dependent strength and fracture process will influence the

deforma ti on pattern ‘a8 soon as a weakening zone existe. In
practice, howeve r, this process may be jimportant only in
suppor ted tunnels, In unsupported tunnels, ae observed in

the model teats MC~3 and 4 (Guenot(1979)), rupture due to
sudden local instabl li ty (mpalliing or buckling) may dominate

the time~-dependent fai lure proceas of an opening.

€edsle4 Implications Resulting from Stress - Strain
Observations

Local zZones of weakening or rapidly deforming material
caua&g, streas redistributions which dominate the time -
dependent strain deformation pattern long before yielding i s
initiated. In prac tice, this stress redistribution may be

af fec ted significanttly by the excavation process (full or
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partial face, blasting or machline oi;dv.tlon, rate of
advance ), initial suppor¢t (rock polting, anchoring,
shotcrete), water itnfiltration, and other factors. MNany
generally applied me thdde cf comparing fleld measurements
assume no atresana transfer and a constant shape of the
equivalent openinge. This assumption leads to fundamentally
wrong data interpretation because of the neglected effects
of a change in the shape of the equivalent opening boundary.
The elastic deformations are altered significantly 12 lam-
opening is changed from a circular to an elliptical shape. !
The tlne~dep§ndent weakening process has not been
studied in detail in this test series but it evolves from
the observed behaviour in the pre-yield stage that weakening
may be an important procesaa, particularly for supported
openingse. This conc lusion suppor ts the view expressed by
Nakano( 1979) that softening in shale may be a more important
factor than awelling or that long—term loading of supports

in shales must be attributed to softening and weakening

rather than swellinge.

A

"6+4 Interpretation of Iime - Depsndsot Dasts

From the previous discussion it follows that time -
dependent processes during the loading of the model tunnel,
due to deviatoric and hydrostatic creep of the rock mass,
results in time-dependent stress redistribution and the
development and propagation of an equive lent opening. This

process is controlled by non-lineer, stress—dependent and
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anistropic cresp properties at stress levels lower than the
long—- terns strength, and by the time~dependent strength,
ylelding and weakening of the rock mass If the long-term
peak strength is exceeded.

The equivalent op.nlpg approach may aleo be applied to

predict the tl-.-dopondjﬁt behaviour and to explain the test

P

resul ¢s. It is necessary to concentrate on the internal
radial straln measurements to evaluate streas
redistribution. The tunne l closure or the external

displacement measurements are influenced by the overall rock
mass reeponse whereas the internal gauges react to local
processes. A gradual stress redistribution away from the
opening with increasing stress level will influence internal
gaugemn more and mor e depending on the location of the

measuring pointe.

6241 Interpretation of Time - Dependent Results by
Equivalent Opening Approach

Flgure 6.15 schematically illustra tes the process of
propagat]ion of an equivalent opening and shows prodlcto&
strain - time curves. For a circular opeping under a
hydrostatic stress Jdlela, ol;;tlc extensior. near the opening
changen gradually to compression further away from the
opening. Over the -o;surlnc distance (AC) it is likely that
for fh;'ﬁgoo-otry chosen for ish. test, compression ils

recorded due to the overall compression of tre sample. Under

devijatoric stresses, time~dependent extension wou ld be

’
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expected but time-dependent compression may be observed if
hydrostatic creep dominates immediately after loading or
after deviatoric creep terminates. The corresponding etrailn
- timé relationship is shown for this .low stress level (the
extension portion may be mismsing or be replaced by a low
creep reate plateau). It is important to realize thqt this
hydrosta tic creep process does not occur in reality, at
least not in an axisymmetric case.

At a higher stress level, or after an equivalent
opening has been developed, the second drawing showe tha t
the extension zone moves away from the tunnel. OQwer thre
measuring distance ( AC) the rela*ivo importance of the
deviatoric creep increases, and lese compression 1Is observecd
as indicated by the straln - time curve for a high stress
level. It propagation of the egquivalent opening occurs
simul taneously ‘t this stress level even more extension i s

observed. Thias is shown by another strain - time curve. The

\

same process ls 1lluatrated schematically, and suppor ted by \

real data from Teat MC-2.6, in Filgure 6.16 in log strain
rate - log time diagram=s. For the schematic diagram it was
assumed that the hydrostatic creep (I, compresslnn), the
deviatoric creep cIrL, extension), and the mtress
redistribution effects (III, extoqylon)ﬂplnt ag linear lines
in a log atrain rate versus log time plot. The resultant
curve (1) for a test at a low stress level 6; and no Aatress
redistribution shows decreasing negative atrain rates for

the firet 20 hours and then positive strah)‘. roates. The same

)x?!

A\

.

~
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trend has been observed for example Iin Test MC-2.6 at 6 MPa
and 9 MPa. At higher stress levele stress redistribution
influences this behaviour as shown by the schematic curve 2
and test data from Test MC-2.6 at 13 MPa, Test MC-2.9 at 14
MPa and Test MC-2.8 at 15 MPa. At thie stage various types
and shapes can be observed. After an initial deceleration
the atrain rate may increase, change sign or behave in a
wave—like fashion indicating surges of Ftress
redistribution. Some of these surges can be attributed to
load variations but usually indicate local ylelding. Stress
redistribution occurs at lower stress levels but does not
dominate; it is a time-independent or short—-term process.
During the crelected loading history the time-dependent
etraining ims control led largely by the magni tude of the
stress increment relative to the stress level.

Figure 6.17 summarizes typical data recorded by an
internal strain measuring device. The location 1e shown in
Flgure 6.12. It measures the average radial gtrain between
about 1«4 and 2.35 times the tunnel radius Iin the direction
of the minimum field satress. The“ ratio b/a for the
elliptical, equivalent opening, as discussed earlier,

i

increases duriling Test MC-2.6 from 1.0 to 1.4 and during

4

Tests NC-2.7 and 2.8 to 1.7S. The point of zero radial
strain lies, depending mainly on Poisson's Ratio, at least

y . '
%{-os fhe tunnel radius further awa) from the tunnel.

0025 /'}

b/

g .
1 4 the average radial creep strain at the location of the

sinstrument is small, as observed during MC-2.4, it follows
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that the lnstru;ent is clo.e‘to this zero strain point, that
no significant oqulvnisgt opening is being developed, and
that hydrostetic and deviatoric creep are more or less
balanced (at B6y=3, 5 and 11 MPa deviatoric creep and at 6, 7
to 10 and 12 MPa hydrostatic creep dominates slightly). I;
would therefore be expec ted tha t the iqelvhlont opening
would propaga te and 1Influence this instrument during Test
MC-2.6 (N=0.75) and at high stress levels in the following
tests. This can be observed ver)y clearly from Figure 6.17,
N=0.75. -~ At stress levels below 8 MPa deviatoric creep is

followed by hydrosta tic creep; at 8 MPa time-dependent
 d

streass redistribGGtion occurs and increases the radial

extension but ::?b-.h stable after about 70 houre; between 9
“»

and 12 MP@ deviatoric creep 1s more pronounced; at 13 MPa

another increased gtress redistribution with no d;qeleratlon

i= observed; and at 14 MPa further, but decelerating, stress

AN
redistribution occurs. i

Throughout' the three t.sﬁ! wi th N=0.33 and N=0.2
deviatoric creep dominated. Thie is reasonable '’Bince less
compression of the coal occured during repeated reloading
and due to the reasons discussed earller. During Test NMC-2.8
a major time-dependent stress redistribution was observed at
the maximum stress level of 15 MPa. The equivalent opening
must have increased to b/a=1.75 at the end of this last
loading inc rement. Test MC-2.8 which had to be dimscontinued

at 10 MPa did not show any significant gtress redistribution

effect and this was supported by the results from the study
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of the equlvalent opening slze (Figure 6.92) which showed no
significant change of the ratio b/a between MC-2.7 and 2.8

Finally, during Test MC-2.9 (N=0.,2) (note: doubl e
scale) time-dependent stress redistribution wees apparent at
low stress levelas, most likely due to strese redistribution
in the tenmile stress zone at the tunnel roof. At streeses
of 14 and 15 MPa the equivalent opening increased
significantly but no collapse of the tunnel occurred. The
sample rotated at this atress level and the test had to be
discontinued due to damage of one cornere.

It is now of interest to go back and review the time -
dependent tﬁnnel closure measurements, Figures 6.2 to 6.5.
From the equivalent opening approach, it is concluded that
tunnel closure is governed entirely by the properties of the
rock mass surrounding the equl valent opening and the
propaga tion ot the stress redistribution ZOonee. A non -
symmetric propagation resul ts in a shape change of the
equivalent openlng and affects the tunnel closure ratio
between diemeters in different -orientations. This
explanation is generally suppor ted by the time-dependent
tunnel closure measuremen ts. Figure 6.5 shows nearly
constant creep strains up to high stress levels. This woulda
be expec ted for a linear visco—-elastic rock mass under the
given ltoading history it no significent stress
redistribution at low stress levels occurs. If the rock mass
can be described by a three parameter solid with a number o?

KEelvin elements in series, resulting in a power-law
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relationship between atrain rate and time, the tunnel
closure should show a power relationship with different
parameters depending on strens ratio and angle of tunnel
dieameter orilentation. A change 1n shape ,0of the equivalent
opening would alter these parameterse and, 1f this change 1s
time-dependent, it should affect the linearity of the log
closure rate - log time plot. No such non-lineer trend can
be observed from the summary sketches, Figures 6.3 and 6.4,
even though internal gauges clearly indicate stress
rediatribution with ti-e ( see Figure 6.17). Nevertheless,
individual _curves show some non-linearities; curves 18 and
20 (NC-2.6), and 20 (MC-2.9) in Figure 6.2. None of these
deviatione fFupport clearly the development observed from
internal gauges. Th;s doesa not contradict the equivelsnt
opening approach because- of the strong support by the
meagsured s tress—tunnel closure relationship but 2t confl ras
the earlier sta temen t that tunnel closure is dominated by
the overall rock mass response to strese redistribution.
Strees transfer In one zone may result 12 tunnel cloaure in

another direction depend#ng on the shape change of the

equivalent openinge

€24:2 Interpretation of BAta by Linear Vieco - Elasticity

In this section, a linear visco-elastic material model

is used to describe the observed creep behaviour at low
LN
stress levels. It muet he realized that this mode 1

represents the material pg.verties only to 2 limited extent

P d
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and may have to be replaced by e non-lidear model for better
interpretation of the data. Nevertheless, this @eimple model
will help to explain the difference between the
time-dependent behaviour of the model tunnel and a tunnel in
realli ty, p‘rtlcularly the effect® of hydrostatic creep or
consol idation. Furthermore, it will be possible to
1llustrate the effect of a non-linear Bulk Modulus on the
model behaviour.

No attempt was made to determine the rheological
parameters for the felec ted models by curve fitting model
test or laboratory test da®%a. It is possible to determine
these parameters by comparison of creep and recovery data,
but this i not necessary for the purpose described above.
Parameters for the calculations were estimated from test
results presented by Kidybinski (1966) and Morller (1964)
and selected in such a way that calculated creep rates and
retardation times compared with observations from the model

4
temsts. Lin.nr’i§-éo-olq-ticlty wag chosen for three reesons:
many authors describe the‘tlne—dependent properties of coal
by a Burger Model, some with a number of Kkelvin elements
(Terry(1956)) in series and some with bi-linear properties
(Kidybinski( 1966 )); the results from repeated relaxation
teats repor ted in Chapter 2 support the selection of a
dinear visco-elastic model; the chosen loading history can
be modeled by linear superposition and it ieg pomsible to

compare the behaviour at different stress levels without

unnecessary compl ications. 49
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The atresn field predicted from linear visco -
elaasticity does not change with time under the boundary
condl tions of the model tes t, The effectsm of atress
redistribution can therefore not be described by this
material model but the equivalent opening approach may be
applied ir the opening does not change size or shape with
t1ime (no time-dependent stress redistribution)e. The
behaviour during time-dependent estrese redistribution could
be simulated by considering an equivalent opening In a
linear-elastic medium with time-dependent shape parameterse.
This has not been undertaken in this thesis but this process
model describes conceptually the observations made during
the model tests . For example, creep (extension) rates and
total creep strains decrease after the tangential stress
maximum has pasased by an instrument. This may be obmerved
from Flgure 6.17 from remsults collected during tests after
Test MC-2.6. As discussed earlier it can be asmsumed that the
stress redistribution zone affec ts the instrument mainly
during Test MC~2¢.6. Much less strees redistribution can be
observed in later tests except during further extension of
the equivalent opening in Test MC-2.8 at 1S5S MPa and Test
MC~2.9 at 14 and 15 MPa.

The procedure to derive of the visco-elastic solutions
for radial strains and tunnel closure from known elastic
solutionx by application of the Laplace Transformation ig
described in Appendl x A6.1., The diagrams discussed later

represent specific solutions calculated and plotted by
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computere. The results are presented in similar diagrams as
the test data and have been calculated for a unit load
increment of 1 MPa. The Eesponaehdue to higter Increments
can be detog-lnod by linesr superposi tion.

For comparison, the radial strains at the tunnel wall
in reatity (REAL) are given together with the radial strain
at a dimstance (a) from the centre of a plate without tunnel
(PLATE), the displaceaent at the tunnel wall (U(A)) and the
sample .boundary (U(4a)), and the radial streins (at R=1.0A,
1.25A, 1¢5A, 2.0A and 3.0A , see Figure 6.19)s A J3-parame ter
solid (Kelvin element in series wilth a-Hooke spring) has
been selec ted to investigate the deviatoric creep effecte
During this analysis the hydrostatic component was assumed
to be linear elastic (spring element). In the second part
both deviatoric and hydrostatic material properties have
been represented by J~parameter solidse with different

rheological parameters. The individual parameters selected

will bhe discussed later.

€s4:201 Ef fect of Time — Independent, Non - Linear Modulus
of Conpresslblllty-

The Bulk Modulus K (or 1/K, the moduius ot
compressibility) varies as a function of stress, in many
porous or fissured materials like coal. It increases from an
initial minimum towards a maximum which is equal to the Bulk
Modulus of the intact material, It mey be assumed therefore

that K increases during a model test as the fleld stress
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increases. The corresponding radial strain distribution for
strems increments at various K-values is fhown in a
schemat ic diagram in Figure 6.18K and two stress-straln
curves tor the radial mtrain near the openirg and at depth
are aketched in the same figure. A comparison of these
curves with reatl da ta premented Iin Flgure 6.,11 (top left
dlagram) shows that the coal sample posmssesses s low Bulk
Modulus at stress levels he low approximately 4 MPa and
gradual ly approaches a maximum above this stress level. The
opposite behaviour OoObserved in the same figure but in the
bottom left diagram Is a result of the stress ratio N=0.2,

For an i’{onpr.nsible material the.atraln pattern in
reality corres&hﬁds to the atrain pattern in the model. For
a lower Bulk Modul us radlnl' strains increaee (bec;me
posi tive) and tunnel closure increases accordingly. The
latter may be up to two times the closure of the eguivalent
case (N=1) in reality. The strains and diaplacements for a
gtress ratio of uni ty are independent of K in reality but
depénd etfongly on K in the model. Thie applies as well to
time~dependent strains and tunnel wall displacements.

The effects of compressiniliy on the time-dependent
behaviour is fllustrated by Figure 6.19, The rheological
mode 1 selec ted to calculate these curves wag composed of a
Kelvin Model with a %;rlng atiffness Fy; 6000 MPa and a
coefficient of vimcoci ty Ny 2=20000 MPa-Hr (both values are

one order of magni tude lower than the ones given by

Kidybinski( 1966) or Morlier( 1964) and have been selected to

ke
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meintain the retardation tiwme but reduce the total creep
-{ra;n to valuyes coaparable with actual observations). Tune
spring {in eseries with the ‘lolvin Flement hed an assumed
stiffnees E11 2000 MPa (corronppoqlna to & short-terms
material asatiffness of Fg=2400 MPa for Poisson's Ratio :;u.l
to O.2. This is slightly lower than dotor;lnod by Kidybinskl
or Morlier). Am a first approximation |t was, assumed, and
this is reasonable for the time intervels considered, that
the viscous element in series with the spring can be
neglec ted in the Burger's Model. A 4nit load of | MPa has
been applied instantaneocusly to this model c;d the resulting
stralinse and displacements were plotted as ¢ function of time
for three Bulk Meduli K = 1000, S00, 100 MPa and & stress
ratio N of u;lty. %or a linear elastic saterial (above 4 MPa
flield stresms) and t he given rheological perame ters the
KE-value would be sxpected to be clomse to 1000 MPa. A emaller
K means a smaller Polisson's Katio (for K near 500 qu.
Poimson's Ratio is about zero if E is assused constant) or a
negative Poiamson's Ratl“c; lk?l is less than $S00 IPa.'

It can be mseen that extenslion creep should be observed
to a depth of 1.5a chopt 1f the material is extremely
compresaible. Furthermore, these di agress show thet creep
atrains should decreasnse continuously l;‘ extension or
compression with increasing distance fros the tunnel and
that displacements should continuously increese. This does

not correspond to observations froms soae of the

extensometers which showed a reversal of creep rate after
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about 20 hours.

I+ may also be seen from these figures that the radial
creep strains at the tunnel wall are inderendent of kK in
reality (REAL) and increases with decreasing K in the model
test due to compression of the plate without tunnel (PLATE).
This comparison can also be made in tuture figures and will
not be repeated each time.

From this discussion 1t follows that:

1. the compress ibill ty has to be considered if model test
results are compared with or applied to real field
conditions;

2. compreseibili ty may dominate both the atress—-strain and
strain-time relationship obsetved in the model;

3. the time-independent effect would be expected to
dominate mainly at low stress levelas; and

4. ir K is time-independent the observed strain rate
reversals cannot be explained from linear visco -
elasticity.

Because of this lamt point it was decided to study the

«

influence ot time~-dependent compaction (hydrostatic creep).

S

N

040222 Effect of hydrostatlc Creep

Time-dependent comspaction, consolidation or hydrostatic
cCreep, would be exp ec ted to dominate at stress levels in
excess of rhg instant crack closure range but below stress
levels where deviatoric creep dominates. In addition, {t ie

reasonable to assume that both parts, the deviatoric and the
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hydroastatic creep components, possess different rheological
parameters which could explain the observed reversals in
satrain ratee. The observa tion of a general trend towards

radlial compression after & cert time led to the foljowing

selection of rheological ters. The deviatoric creep

was simulated by% a O-param@ter solid with F,,=4000 MPa
( Spring) and E42=8000 MPa, N;2=50000 'MPe—-Hr (Kelvin
element), and the hydrostatic creep was represented by a
J-parame ter solid with E;,=4000 MPa (Spring) end E>,=12000
MPa, N22=600000 MPa-Hr (Kelvin element). These parameters
result in a strain—-time relationship where the deviatoric
portion has a short retardation time end the hydroste tic
part has a long retardation time. They have been selec ted to
produce strain Eat.s, strain reversal times, and
strese—st;aln relationshlps comparable to the model test
results. Two satress ratios N=1 and 1/3 have been analysed,
for the latter case in three directions &, parallel and
perpendicular to the principal field stress and at 459 ¢to
1 t. The resulte are shown for a load increment of 1 MPa and
a stress ratio of unity in Figure 6.20 in strain—-time oend in
log styrain rate vof;ﬁs log time diagrames. Filigures 6.21 and
6.22 give the corresponding curves for a stress ratlio of one
third and for orientation angles 8 or 02, 459 and 9809. The
following Fligure 6.23 summarizes strain rate plots for both
cases and for all locations. These curves have been copied

by hand and are therefore not as accurate as the other

curves. -
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A comparison of figures of tegt)data, presented earlier
or in Appendl x A6 2, shows that this simple linear
visco-elastic mnodel predicts the observed behaviour
accuratgly. A varla;lon of the individual parameters would
re‘Ez) in a change of the relative ilmportance of the two
creep components or retardation times and almost eny of the
observed strain~-time rela tionships could be modeled. The
first row of instruments measures the radial strain between
R=1.5 and 2.0 A and shows, according to Figure 620, slight
extension or a no-creep plateau whieh gradually tends
towards compression. It an equivalent opening has been
developed the expected behaviour would be close to the curve
corresponding to R=1.25A, which ehows more exteneion and a
clear reversal of strain rate.

The siejilarity with real tes t da ta is even more
pronounced in Filigure 622 It must be realized that the
originally horizontal log straln rate - log time curve is a
result of the selec ted model of two single 3-parameter
solidse. Linking of a seriesn of Kelvin elements with a
Fetardation epec trum would r.1plt in an almost linear
relationship 1in Figure 6.22 for bo'th the deviatoric and the
hydrostatic componente. The dotted lines in this figure
correspond to extension rates and the full lines to
compression rates. For & stress ratio equal to unity initial

extdnsion close to the tunnel changes to compression between'

.
~

8 and S0 hour depending on instrument locatlon.O All

instrumen ts t.ﬂd towvards the same compession rate wh

'I

| 2
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completely controll ed by the hydrostatic creep parameters.
Examination of tho.plcal data Bset glven Iin Appendix A6.2
for Tesat MC-2.6 (N=0.75, not unity) supporte these
theoretical curvese. The msame is true for the results shown
in the remaining three diagrams for a stress ratio of 1/3. A
few interesting observations are worth describing in more
detail. The predicted behaviour at an angle 6 of 459 1e very
similar to the resul ts from N=1. Ac tual data stowed
significant deviations from this prediction and hes been
attributed to stress rodl;tributlon effects or the
“development of an equivalent opening. For =000 (minimum
stress direction) the tunnel closure rates u(a) are very low
and change from extenasion to compression and back to
extensione. This was actually observed in some creep tests
end can not be explained by load fluctyatl Nnee. similar
behaviour, but with opposite migns, has been p dicted for
the instrument at R=2.0A and ©€=0° (maximum stress
direction). Again, such behaviour was observed during
testing and can not be explained otherwise.

In summary, the model of linear visco-elastic creep
under deviatoric and hydroetatlc.stress condi tions predicts
observed mode l test results extremely well. The parameters
selected for this prediction are close to values reported in
the li terature, A modification of the rheologlical model
would be necessary to improve the prediction for the time

intervals of less than one hour and more than about 100

hours, )
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3423 Conclusion

Stress redistribution occurs around an op;nlﬁa as a
result of non-linear, stress—dependent creep, non—-isotropic
creep properties and/or yielding, strength loss and
strain—-wveakeninge. Col lapse le initiated by rupture due to
strength loss or local instabili ty. The time-dependent
process obmserved in the model test may be explained
considering e non-linear Bulk Modulus at low s tress levels,
hydroatatic and deviatoric creep at intermediate mtress
levels, an& i}-e-depondent propaga tion of an equlvelernt
opening at igher stress levels. This time- dependnent
propagation i a result oef non—linear strese- dependent
creep properties, local creep, and local or global yielding
due to time-dependen t atrength lossge. The time-dependent
rupture process has not been investlge ted.

The implications are that:

1. time-dependent compréesibliliy must be considered when
applying the results from mode 1 test to fleld
conditions;

2. time-dependent compressibility may play an important
role in reality 1f the mtress ratio is not unlty;@ﬂg ir
this compressibility is not 1sotropic; and

3. non-i{sotropic creep properties and the principle of an
equivalent opening due to time—-dependent Atress
redistribution must be considered in }30 interpretation

D
of fleld observationse. o

These three points will be diecussed in Chapter 7. 336



CHAPTER 7

CONCLUSIONS, IMPLICATIONS AND RECOMMENDATIONS

1:1 Iime-Depsndent Propsrties of Rock Massss

De tai led conclusions related to time-dependent
propertiems of rock and rock masmes resulting from laboratory
testing and the development of a phenomenoclogicsel model'aro
given at the ends of Chapters J and 4., Only & few of the
most {mportant points are repeated here and discuesed In the
light of their implications or ar a Justification for
further research.

A schemetic stress - strain curve for brittle rock has
been developed on the basis of resulte from multiple—-stage
repeated relaxation tests on coal, It has been concluded
that the étress - atraln - time relationship is a response
to the rock struc ture at a partf&ular instant arnd ite

’
evolution as time, strain or stress increases. Strain -
weakening rock can be stressed within a stable zone, where
time-dependent deformation terminates within an engineering
‘'t ime scale, and within an unstable zone where the rate of
deformation depends on the stress level relative to the
current available strength; the current avaj lable strength
is the maximum strength which can be reached {if the rock is
loaded instantaneocously. The rock struc ture which develops,
and therefore the curren t available strength mobllized,

dependsa on the stress history and the accumulated strain.

The BEtresa history is controlled by three {mportant

338
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parameters: the loading history, the development of the
confinement premssure, and the stlffnessn of the toading
syasteme. A particular rock possesses a Structure~-dependent
peak strength, straln to fallure, Jltl-atc roaletanco and
extent of the unstable zone within which tl-.&gbﬁend.ﬁg
fracture processes occure. The same rock or rock h(iﬁ‘may
deve' different struc tures in alty and respond
accordingly. Many authors have Investigated the responee oOf
rock to a certain loading history at various stages of the
rock structure evolution but more effort should he directed
towards the atudy of the development of different fracture
modes, and the related time-dependent and time-independent
behaviour,. The results presented in Chapter 3 describe only
one fracture mode, the development of a shear plane trrough
a discontinuous Joint sys tem ( coal) at low contTining
pressaure, It has Peen concluded that such a material,

representing a brittle rock mass under a low stress field,

\

can be deacribed as an elamstic or visco—-elastic,
strain-weakening, visco-plastic material. Further research
should concentrate on the investigation of xhe

time-dependent behaviour of rock during the development and
evolution of different fracture modes for various rock types
under different condl tions,. It is essential for practical
applications to understand this evolution rather than the
response at a particular instante.

A Phenomenological model of rock with time-dependent

properties, supported quelitatively by results from various
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testing me thods repor ted in the 11 terature, has been
developed. It illustraten clearly how the rock structure
controls the time-dependent bhehaviour of rock. Both a time-
dependent and a time-independent resistance of a rock can be
mobilized or exhausted depending on fhe-streln himstory, the
é*ato of stress, and other factors like rock alteration.
This rhenomenological mode l has to be extended to a
numerical mode 1 and expanded to include other easential
parame ters., It should eventually be implemented by finite
element analyses to allow investigation of structures In

rock experliencing time-dependent fracture.

7.2 Underground Queningm in Rock Mammes with Iime- Depsadent
Properties

7223l Model Testing

Practical conclusions and impl ications are discussed !n
Sec tion T7e2e2¢ In the following a few comments on the model
testing itself will be presented.

The model studies under taken for this research project
are unconventional in the sense thht it is not the intent to
simulate a specl fic prototype but rather a particular
process. Difficulties normally encountered during wodel
testing are significantly increased as soon as time -
dependent processes are involved. Similitude relationships
can only be esteblished if severe assumptions about the
material creep law are made (e.g. linear visco -

elamticlity)e. This very important probles of simill tude has
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not been Investigated and is relegated to'&ﬁrthor,roteptch.
It is assumed that the observed processes (o.‘. -*ﬁ,.a
redistribution) exist in reality but lt‘l- unders tood *&it

the time—smcale and even the relative importance o\a

3 -

individual processes may differ. It is r.co--en;.d thdt.thll

»
problem of time-scale be investigated by a study of existing
da ta from case histories rather than from dimensionless
analysis or similitude considerations.

%ho non-linear and time-dependent compressibility of
the model material has complicated the interpretation of the
time-~dependent measurements considerably. This is
particularly important because the rock mass compressibility
does not influence the deformation behaviour in reality in
the sa e n@nner as in the model. In reality, under a
hydrostatic stress field and with isotropic material
properties, displacements are a func tion of the eshear
modulus only and independent of the compressibility or Bulk
Modulus. The stress path {s therefore very important and it
im recommended that the possibllity o2 drilling the tunnel
under applied field stress or loading with simultaneous
application ot an internal ( tunnel support) prosiure be
iavestiga ted. Nevertheless, the total straining of the rock
is the same In both reality and the model, and it can be
assumed that the fracture mode itsel? ie not atfected
significantly by the compressibility. On the other hand, it

is likely tha t the time~-mscale and the amount of stress

redistribution is exaggerated due to the compressibility.



342

The model test -ynf;- le d.vo'!pod to a estage whervre 1t
produces reliable data. The sample instrumentation poffor-.
well but lig is lmport..r to record the location of the

-

instruments nécurnf.ly and to minimize the distance betwveen
the anchor Ppointe of the extensomseters. The instruments
A.hould be positioned as close as possible to the tunnel 1f
the 1influence of the tunnel is to be observed and further
away from the tunnel 1f the time-dependent fallure process
im to be investigated. More teeting should be undertaken on
the sample’ wilthout a tunnel to ..tngalch the creep
propertiea of the coal, the logding and un loading moduli for
fast and slow loading, the anisotropy ratio, and the
.hekteérogeneity of the sample (s;lrrne-- distribution).

* It fe now essentlal to develop numerical tools which
allow “%the investigation ot many of the questions that have
arisen, Numerical methods ha ve to be adop ted meainly because
1of the apparen t importance of anisotropic and non -
fhomogeneous rock -.-.i properties. More -tron:th and creep
tesrting of coal at high confining Pressures may be needed to
d.:ornlno the material properties more accureately,

Because of the problem of material Compressibility ¢
seous advisable to concentra te, during further model tests,
on the study of the time-dependent failure process r(thor
than on the pre-failure behaviour. A flexible tunnel support
system nmight have to be developed and installed in the

tunnel to inc rease the value ot the tunnel c losure

measurements recorded during the failure process. During

v
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+his phase of the test spring-loaded LVDT-pointers may
pene trate into the broken material and render the
* /

v

measurements useless,

12222 Application to Underground Openings

The time—g;pondont d‘rn-- rodlstrlbutl#n and féilure
process around an underground opening can be separated into
four phasesa:
1) .Dovolop-.nk of an initial stress state (elastic or
elasto-plastic);
IT) Stress redistribution to zones of high confinewment;
I11) Progreassive yielding and rupture (ir etress level
higher than long- tetm yield stress);
1V) Development of stable equilibrium or protective zone
(German: Schutzhuelle). '
The mechanisms involved in each phase and particularly the
1'lat1ve importance of the se processes are not clearly
underetood. Oplnlog- still diverge considerably o;poclally
in connec tion with the time-dependent development of these
phases. Yielding and the expansion of a plastic zone are
generally accepted as fhe ma jor factors causlna‘q*re-a
r.dlatrlbution. "This écct is reflected in design methods
based on elasto-plastic, dilatant ~and strain-weakening
material models., The results of this investigation do not
support the relative importance of the progressive yielding

process. This is true, even though global yielding has not
v

been reached {n the test, since theoretical calculations

- - e - om o - -
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with reasonable material properties predict significant
vield zones at the maximum streses level, It has been
conc luded tha t other processes causing comparable stress
radlstrlbution'. pattorns_ may be egually *élevnnt.
Furthermore, 1+t follows from the conclusions in Chapter J
that the stress-history must be considered in the cvaluatlpn
of the plastic zone since the stress-strain relationship of

a certaln rock mass may be significantly affected by the

atress—-hlstorye.

o~ \ 7
i -
The resul ts of Test Mé~2 dF:?rih" ‘abnly the
’ L]

developments within Phase I, I1 and Ive ¥

pon—oxlstent, because of the load level, or its importance

is minor. The relevance of Phase I{I will be investigated in

more detail in the future on the basis of the data reported

by Guenot(1979) but some of the obmservations made durlng his
tests are reflected in the conclusions presented heree.

Tho loadlng ln -top-, as applied to thg model, differs
from vrﬁllfy, byﬂi sl.ulates tp actual condl'lons durlng
tunnel advance }roa.oncbly well, In reality, the initial
stress fleld chnggo- from the initial state of nt“s-
through a three dimensional to an axisymmetric stress fleld
(for N=1) a® the facf ot the tunnel passee a particular
chainagee. The ‘radlal stress, or the equivalent support
pressure (Lombardi(1971) ), corr;-pondina to the initial

field stress is gradually decreas@d from a maximuam ahead of

the face to zero at some distance ﬁzblnd the face. The

g

stress pattern which develops at thie poin$ airig “the
ST, v B

: ; " o . ;%

-

< .
Phase 111l 1s

-e
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» tunnel advance is comparable to the stress pattern which

develops during step loading of the model blocke The
tangentlial stress rogchos a maximum at the tunnel face and a
plastic zone develops {f the tunnel is advanced further or
the stress is increased in the model test. Ther;efornatlon
patterns are significantly different as a result of the
stggps historye The defosrmations in the model are increased
because of the compression due to application of the field
stresses. The differences can be corrected by conasidering
the deformations observed- durling the compression of the
sample wilthout a tunnel. The observgf!ons made during the
model test can therefore be related directly to describe the

behavlo?r of a real tunnel during., face advance. The
siwili tude in time or the r’}atlve time scale has not yet
been established. It appears that it is more appropriate to
determine this time scale from field obsemvations rather
than from similitude considerations.

It has been found that strese redistribution due to
differential creep, non—-linear, itr.as-dopondont éreep
properties or local yilelding of stiff and weak zones may he
much more important than generally accepted. Tunnel closure
has been explained to be a result of stress redistribution
but the interpretation that yielding is the dcminant cause
for stress redistribution may be -1J§0ndlng. This has been
{illustrated in a convincing manner by Guonét (IEYP). During

Test MC-2, tangential stress concentrations in eic.sn oL 30

MPa should have existed according to .la,}lcity theory and a

'
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(%)
plastic zone of several centimeters should have been created
according to an elasto-plastic uat;rl.l model. No such yleld
zone has been observed and this c;n only_b. explained by
strees redistribution to zones of higher con‘inement. In
addition, local ylelding in zones of high stiffness, not
necesmsarily at the tunnel wall, may have occurred as
indicated by the internal gauges.

During later testing (Gueno t( 18978)) again no clear
evidence of glLbal yvielding has been observed. Collapse was
initiated in {hos. tests, after stress redistribution, due
to local instabilties or rupture of rock in areas of

~

weakness. The bohavlqur in Phase II] was observed in these

‘qulllbrlu- (Phase I1V) was reached after
. .

N &

propagation k““‘i fracture zone terminated, possibly due to
Qi;._effects gnd a general change in post—peak behaviour due

e 4

to lnéreasiné confining pressure (more ductile). As a result

ot these ogaervatlons 1t has been concluded that Phase I,II
and 1V are most important and that Phase I1II -:& not exist
eve& it displacements in excess of the ones predicted from
elasticlity occ%r, or it low tangential stresses are measured
near an opening. Phase I11 might be initiated by local
instabilities but it dominates the pehaviour in general only
near collapse of the opening. A flow chart in Fligure 7.1
summarizes processes and c;ntrolllng.proportles, and smhows
the influence of parameters affecting individual phases. 1t

can be seen that most factors which are under the control of

the designer intfluence the streas ro$£-trlbution or
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wef limina te Phase III.
The lnpllcatlong of these observations are, if directly
applied to field condltion-.’ qui te significantes Present
me thods ot interpretation of tunnel closure meaeuq'rents.

Goge by ground reac tion curves determined from

\

elasto-plastic materialas models under the assumption of a

]
consatant openipg shape, are under certain conditions
questionable. lPurthor.ore. it appears also that field

1natrunontati&h is not always 'doalgnod in a msanner

compatible with these processes.
»

Three major conclusions of importance follow:

o
3

l‘ Stress redistribution may be
ws .

‘by time—-dependent

detormation tiles rather than yielding or strength

loss. The bhape of the resulting stress pattern,

of both ,tanaonﬁlal and radial stresses, ie
C . *
comparable to the one predicted from an elesto-plastic

material model and general conclusions which had been

drawn from these modela may in principle still bpe

applicable. On the dther hand, the non-symmetric
L3

distribution of time-dependent properties, eegoe
4
compressible fault or shear zones, and their influence
on the stress redistribution has to be investigated in
more detail. The equivalent opening approaéh can be used
to predict the shape of the stress redistribution zones
and these predictions should be cowmpa red with
a0

observations of field stresses and leocal rock mass

Qt‘uro-. The concept of ¢he ground reaction curve
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should be reviewed in this light since non-linearities

can be attributed to stress redisteribution rather than

, v
yieldinge.

Excavation layout, tunnel orientation, rate of
excavation, and support sys tem .r;' very important
fac tors which  control the process 05 atress
redistribution. The first three have otten Eoey

-

neglected in the design of tunnels. The aim of a tunnel
.
deslign should bpe to keep the size of the equlvalé;f
opening minisal, to maeintain it at an optimum shape, and
to qontrol the stress h%-tory. For example, it is better
to excavate the top hen{}r‘ first, then the middle (left
and right) and botto,y*hoadlngs; e.ge Arlberg Tunnel
( Pacher an® Seober(lé?S)gt or others In the same
publication), than tg excavate two ‘parallel adlts and

” -

then expand them to a full openlvo.g. St.Gotthard,
Lombardi(1974) Yo In the first cas

(Flgure 7.2), the
egquivalent opening tncreases whenever the real opening
is expanded but a portion of ::}\goal, and thercefore the
equivalent, openi ng is ulroady‘ -upd"tod or at laast
reinforced. In the second case, the Q;:lvalont opening
ise almost equal to the final equivalent opening as soon

P

an the two adits eare excavated. Only a minor portion of
this equivalent Oponlng-fhn be supported easily, without

anchoring areas which will have to be"xc.vatod §u¥3r-
P

The related deformations causing straining of the rock

mass will be much larger ({n the second case. This might

t ses &

Ja .~ . -

B¢
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be at least one of the reasons for the extreme
difficulties encountered at St.Gotthard and it may also
explain the significant differences between the
behavlour observed during the excavation of the small
safety tunnel near the location of the ma jor tunnel and
the problems encountered during excavation of the maln
tunnel.

. * It follows from the same loglc that tunnels

-

: ’ —_—
advanced simultaneocusly will experience more
© ..

diffticulties .than during delayed advance. f&e suppor t
, T
proviged by the firet, already lined tunnel will reduce

.

+he size ‘of t he equivalent opening. But at the same

§_1'
'H‘Z*
‘JI

LN

'\,tho suppor t of the first tunnel Iin the case of delayed

me, more load would be expected to be trensferred onto

. o 8dvance due to changing size of the equivalent opening
after the support has been installed.

The excava ti on rate may influence the type of
lns‘hbllity exper ienced 17 it is comparable to the
stresas redistribution rate, e.ge & rock burst may only
occur {f th; excavation rate is high relative to the
streass redistribution rate. This is supported by an
extensive literature on rock bursts.

The excavat lion procedure (blasting or machine
excavation) does not only reduce the rock mass strength
but it may also change it creep properties by
prefracturing t he rocke énl-otrOplc property

distribution may result as a function of the excavation
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method and ct the shape and x;z. of the egquivelent
openinge. .

Suppor t aystems (anchoring, shotcrete, steel ribs
and lagging, etc.) further influence the stress
rediastribution and change the shape and extent of the
equivalent opening by increasing the rock mass ntren;th,
by préeventing local yielding and instebility, and by
changing the creep properties do® to reinforcement and
confinemente. -

Both wa ter infiltsration and water presgure may
influence the creep properties and the strength
parameters caus ing etrenss redistribution and time -
dependent overstressing of the rock.

9

It is impor tant to point ocut that the equivalent
opening approech (as presented here) does not consider
gravitational forces and that their effect on tunnel
stablility has to be considered separately.

3. The type of monitoring program -ust.be di rected towards
two possible problems: (a) the observation or the
overall rock mas8s re sponse and performance ot the
opening, and (b) t he stabjlity of the cavity. In the
first case, closure measurements are adequate and allow

N
extrapolation for the design of the final lining. In the

< .
second came, multiple extensome ters (or, less
prac tically stress measurenents) are best sul ted to

detect local ylelding end possible zones of instabili ty.

Only a combination of the two methods allows delineation

.

"‘—‘---....-...-.--l------"""""""""'°'-il.......’
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ot the actual meché@nism involved in the development of
the streass redistribution zone. This is ir agreement
with current practice ln. Austrilae whq‘. the time of
tnatallation of the final lining is determined by
limiting the closure rate (e.ges Teuern Tunnel 6 wm/month
or approximately 1 x 10"*%/nhr, Arlberg Tunnel 10
mm/ month or approximatly 1.5 x IOL’S/hr (Pacher and
Seeber(19878) ))e Ex te nsome te r readings bhave been used
for the same purpose but not directly for the eva‘u;tlon
of the real deformation process. It ie recommended that
reasul ts from fleld -easuro-ent; be studled in the light
of th; conclusions presented in this thesis.

1t appears to be esmential for the evaluation of
the limit equilibrium atate an the time-dependent
transition atages of a to consider the
streass-himstory slnc%ﬁth@ post-failure behaviour of msmany

~

rock masses is affec ted by the stress—history. The

‘ . .
extent and the shape of the plastic zone as well as the
type ot instability occuring in such a material may be
streas—history-dependen t.

The implication ) ot these conc lusions on design
criteria can be summarized in three astatements. Firastly, the
initial tunnel support should limit and control the stress
redistribution or the developnenf of the equivalent openinge.
It should be flexible and it should mainly lmprove the rock

mass propertieas in the critical areas. Secondly, the initial

support must prevent local yielding or instabililties and,

-
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under extremely high strems cond|{ tionas, stop .mAJor
instabllities like wedge failures. Thirdly, the *ln-l lining
must be demigned to stop stress vredistribution b§ increasing
the cenfinement and the refore reducing rock mans
deformations.

It 1 recommended that theme conclusions be verified ey
further model testing, but even more imsportant, by an
evaluation of closure measurements, observations from
extensone ters, and anchor load records. Detailed studies of
case histories are heceasary to support and prove some of
these conc lusionsn. Simple numerical models applied to the
concept of the equivalent opening will be most useful during
the initial stages of this investigation.

The objective of thiae research project has been to

-

Investiga te the time~dependent fracture process around an

underground openinge. The resul ts presented Iin this thesis
indicate that this process may not be as dominant as
expected or alternatively may be significant only near the
rupture point, This would imply that the time-dependent
fracture processa occurs only locally.ﬂFurther testing and a
detaileda analysis of the data collected by Guenot (1979)

will clarify this point.

\

L




S e

355

Reterences
Afanasev,B.F, and Pushkarev,Vel., 1976. "A siopla fiec
me thod of determining the long—ters matrengthe o
rocks", Soviet Mipinx Sciancesmr Vel.1Z, pp.218-221g%

R s7 .

Afanasev,B.G. and Abranmov, ReK. 1878, "Determining,
long—term shear strength of contacts between roc
Soviat Minlong Sclancemss Vol.1i, pp.S588-561. , 8

Ballivy,G., Ladanyl,B. and Gill,D.F.,1976. "Efgaffe
wa ter saturatlon history on the strengh
low~poroesi ty rocka', Soil Specimen Preparati
Laboratory Testing, ASTM STP 509, pp.4-20., 6

Barton N« ,1974. "Rock slope performance as revealof
rhysical Joint model', Third Conggress the
International Society of Rock Mechaalics, er,
Vol.2B, pp.765-773. , 95

Blenlawski Z.T.,1967, "Mechanism of brittle fracture of
rock'", lnternational Journal of Reck Machapics apd
Minipns Sclencasy Vol.4, pp.395-430, , 168

Blenlawaki,Z2iT.,187d, "Time - dependent behaviour of
fractured rock," Rock Mechanics., Vol.2, No.J,
PPe 123‘137., 53

Brace,W.F. and Martin,R.J., 1968, "A test o0f the law of

v,, effective stress for crystalline rocks of Low

« Porosity", Interpational .Journal of Rock Mechenics
° and Minlom Sclepcess Vol.S5, pp.615-626., 181
Broadbent ,CeD, and Ko¢K«Ca,;1972, "Rheologic espects of
rock slope failure", Thirteenth Sympoeium on Rock
Mechanics, Illinols, pp.593-593., 174

CoganyJ«, 1978, "An approach to creep behaviour in faliled
rockan, 19th UeSeRo¢k Mechanics Synpoaju-.
Stateline, Nevada, Vol.l, PP.400-407., 161 -

Cohen,yS.Cey1978. "The visco-elastic stiffness wmodel of
seismicity", Jeurnal af Geophysical Regearch,
Vol.83, No.Bll, pp.5425-5431., 174, 206

ColbackysPe«Se«B, and Wiid,B.L.,1965. "The influence of
moimture content on the compressive strength of
rocka', Proceedings of the Third Canadian Rock
Mechanic¢cs Symposium, Toronto, pp.65-83., 68

da Fontoura ,S.,1980. PheD:.Thesie (to be published),

Depar tment ot Civil Engineering, University of
Alberta., 551 138 4
Daemen,J.J.K.,1975, "Tunnel Support Loading Caused by

Rock Failure", PheDs thesis in Civil Engineering,
University of Minnegsota., 6

Denkhaus, H.G.,1958, "Usber die - Bedeutung einiger
Eligenschaften des Gesteins fuer das Problem der
Geblrasachlc(.o in Gruben grosser Tiefe",
Internationale " + Gebirgsdrucktagung, Leipzig,

Akademie-Verlag Berlin., 80 )
EggeryP.,1973., "EFinfluss des Post-Failure-Verhaltens von
Fels auf den Tunne | Ausbau™, Veroceffentlichungen des



lnatltut}. fuer Bodenmechani k und Felsmechanik,
Universitaet Fridericiana Kerlsruhe, Hef t57,
pp.l—SJ.. () - L J

Evane,l. and Po-irpy.c.D..lebb. "The Strength, Fracture
and Workebillty' of Coal",Pergamon, Press., 61

Feder ,G.,197%. "Ver sergebnisne und analytieche
Ansae tze zum %rbruch-.ch.nl sous im Berelct
tiefliegender Tunn ”y Rock Meachanlia, Supplesentua,

6' ppo7l-102.' 266
Feller,G., 1978, "Bergbau und Tunnelbau - Anregungen und
Ergeaenzungen', Rock MAashanlcse ., Supplementum 7,
PP.103-127., 266 ' .
Flndloy.'.N..Lal.J-S..On.r-n.lo.1976. “Creep and
Relaxation of Nonlinear Viascoelastic Materials'’,
North - Hollanda Publisnhing Company, J364pp., 354
Finnie,1.,1960. "Stress analysis in the presence of
creep™, Applied Machanics Raviawga, Vol.13, No.10,
PPe 705-712, . 84, 98
Guenot,A.,1979, “"Investigation of Tunnel Stebility by
Model Tents", MeS¢.Thesls, Department of Civil
Engineering, University of Alberta., 38
Haequob.rd.P.A-.1951-"Th. correlation, by petrographic
analyses, of No.S ®eam in the St.Rose and Chl-ngy
Corner Coalfields, Invernens Country, Cape Breton
Island, Nova Scotla"™, Geological Survey 9f Canada.,
Bull.lQ, 33pp.. 17
Hardy ,HeReJr. and Chugh,Y.P.,1959. “Time-dependent
deforma tions and fallure or &eo logical materialg”,
Quarterly Coloradg School o Kinem: Vol.S4,
ppolss-l"s., 50' 88
Hayashi,M. “and Hibino,S.,1968. "Progressive relaxation
ot rock sasses during excavation of an underground
cavi ty", Proceedings of the International Symposium
on Rock Mechanice, Madrid, Spain, pp.343-349., 286
Heuver,R.E. and HendronsAeJ.,1971. "Geomechanical model
study ot the behaviour of unde rground openings in
rock sub jec ted to static loade" ,U.S.Corps of
Engineers Report N-69-1, Report 2, Contract Noe.
DACA39-67~-C-0009 , 222
Hoefer,K.H.,1958. "Die Gesetzmaessigkelten des Kriechens
der Salzgesteline und deren allgemetine Bedeutung fuer
den Bergbau", International Goblra-druckt.gung.
Leipzig, Axademie—-Verlag, Berlin., 49
Hudson,Je.A. and Brown,B.T.,1973. "Studying time -
dependen t effects in failed rock", Fourteenth
'Sy-poslu- on Roc k Mechanics, Pennsylvaniae State
UanQl‘.ltYy ASCBQ ppo25~34o' 59' 1720 186
Hungr,0.,1877,. "Personal Communicetion",, 137
John M« ,1974. "Time-dependence of fracture process of
rock materials™, Third Congress of the International
Society of Rock Mechanice, Denver, Colorado, Vol,2a,
>+ Ppe330-338., 208
John,M.,1976. "Geotechnical weasurements in the Arlberg
- Tunnel and thelr consequences on construction®™,

AN

Jse



. (in German), Rack Mechapicsy Supplementum 5,

PPe 157-17701 1
Kaiser,P.K. and Iorg.n.torn.N.R.,IS]p. "Time—dependent

deformation ot Join ted rock near feilure",
Proceedings of the Fourth Internstional Congress on
Rock Mechanics, Montreux, Switzerland, Vole. 1,
PPe 195-202. ) 61 ’

Kenney, T.C¢.,1978. "Influence of water on t he
compressibility of rock - il materials®,
Thirty—tirset Canadian Geotechnical Conference,
pp.3.3.1—3.3.13.. 68

Kidybinski ;A. 1966, "Rheological models of Upper

Silesien Carbonlferous rocks", Lnternational Journal
af Rock MKeschanice apnd Mining Scisncem, Vol.3,
PDe 279"3061' 61' 91

Ko¢yH.Ye. and Gerstle,k.,H.,1977, "Cr..b of coal", Personal

Commun ication, to be published in "Creep and
time-dependent strain', mon og raph published by
JdJourgal of Strain Analysis, 12pp., 61

Kovari K., 1977. "Micromechanics models of progressive
failure in rock and rock - like materials",
International Symposium on Geomechanlics of
Structurally Complex Formations, Capri (Italy),
Vol,1, pp.307-316., 173

Krahn,Je. and Morgenstern,N.R.,1979. "The ultimate
frictional resistance Qf rock discontinuities",

International Journal of Rock Mechanics and Mining
Science, Vol.16, pp.127-133., 27

Krahn,J.,1974." Rock Slope Stability," PheDesThesis,
Depar tment of Civilt Engineering, University of
Alberta., 20

Kkranz,R.yLe.,1979. "Crack growth and development durlng

creep of Barre granite', ﬁnxnxnaiinnnl Journal of
Rock Mechanlcs and Minipng Scisncesy Vol.16, No.l,
PPe23~-36., 193

Eranz,R.L. and Scholz,C.H.,1977. “"Critical dilatant
volume of rocks a't the onset of tertiary creep",
Jeournal of Geonhyaical Ressarchsy Vole.82, No.30,
PpP. 4893~-4898.,, 60, 135

Kﬁ?kosky,E.l. and Husak,A«y1968. "Strength

characteristics ot basalt rock in ul tra-high
vecuum', Journal 9f Geophvmical Remearchs Vol.73,
Noe6,y, ppe2237-2247., 68 . .

La jtai,E.Z.,10969."Shear strength of weakness planes in
rocks,™ Interpational Journal of Rock Mechanics and
Minipng Sclepceam," Vol.6, pp.489-51S5., 2R

Lama,R.D.,1974. "Concept on the creep of jointed rocks
and the status of research pro ject A=T71",

slahresbericht SEB=-177., Institut fuer Boden- und
Felsmechanik, Universi taet Karlsruhe, pp.105-134.,

199
Lombardi ,G. ,1871. “Zur Bemessung der Tunnelauakleidung
mit Beruecksichtigung des Bauvorganges®",

Schwelzeriache Bauzeltungs Jehrgang 89, Heft 32,

357



PpPe793-801., 344
Lombardi ,Ge«y 1974. "Felemechanische Probleme am
\/Gotthnrd"v‘ Rack Mechanica. Supplementum 3,
pPpP.113-130., 349
Mandel ,J< ,( 1963) "Tests on reduced scale models in soil
and rock -ech-nfca. a study of the conditions of
similitude", Interpational Journal of Rock Mechanics
’m Minipng Sclencey Vol.1l, pp.31-42., 222
Morgenstern, N.R. and NoonanyD.KeJe,1974. "Fractured coal
subjected to direct shear'", Proceedings of the Third

Congress of the International Society of Rock
Mechanics, Denver, Colorado, Vol.2A, pp.282-28T7., 18
Morlier,P.,1964, “"Etude experimantele de la deformation

des roches", Rayus ds lllosiitut [Francais du
mxgh' Octobre, Pt.2, p.118'7., 61, 01
Mueller-Salzburg,Le. and GoetzyHePe 419873, "In~-Situ
Measurement in Jointed rock masseés af a means to
study thelr failure behaviour", Veroceffentlichung
III. Internationale Tagung ueber den Bruch, Teill 10,

Ppe( L X-423)-1-7.,. 46, 55

Mueller~Salzburg,Le, Sauer,G. and Vardar,M., 1978,
"Dreldimensionale Spannungsumlagerungsprozesse im
Bereiche der Ortsbrust', Rock Mechanics.
Supplementum 7, pp.67-8S5., 218

Mulir ¢Wood,AeyM., 1979, "Ground behaviour and support of

mining and tunnelling'", JTunoels and Iuonelling.
Vol«.l1l, No.4/5, pPp.43-48/ 47-51., s

Nadai,A.,1952. "Ueber den Spannungszustand und die von
inm hervorgerufenen Verformungen der aeussern
Kugelschale der Erde", Iranmactions of the Amsrican
Geophvaica Upnliopy Vol.3d3, No.2., 50

Nair,K. and Boresi,A.P., 1970, "Stress Analysis for
time—-dependent problems in rock mechanica",
Proceedings ot t he International Socliety for Rock
Mechanice, Beograd, Vol.2, paper 4-21., 286

Nair,Ke, Sandhu,R«Se and WilmonysE«L.,1968.
“"Time—-dependent analysis of underground cavities
under an arbitrary {initial stress flield"”, Tenth

Symposiuam on Rock Mechanics, Texasw, Chapter 27,
PPe 699-730. y 286
Nakano,Re ,1878, "Geotechnical properties of mudstone of

Neogene Tertiary in Japan with special reference to
the mechanisme of squeezing swelling rock pressure in

tunneling”, International Symposi um on Soil
Mechanics, Mexico, Vol.1, ppe«75-92., 312
NoonanyDeKeJ.,1972. "Fractured Rock Subjected to Direct

Shear", N.Sc.Thesis,Department of Civil Engineering,
University of Alberta, Edmonton., 16

OberfeLe and Duvall,W.1.,1967. "Rock Mechanics and the
Design of Structures in Rock", John Wiley and Sonws,
New York, 650ppe., 280

Pacher,F. and Seeber ,G.,1978. "Spezielle Probleme bel
der Durchoerterung des Arlbergs aus der Sicht der

Gutachter", Qesterrelichiache Ingenieur Zeltschrift,

358



E

Vol.2l. NO.‘.I' pp.402-407.. 349' 383

Patching,T«He 41865, "Variations in permeability of
coal'", Proceedings of the Roch MNechanics Symposium,
Toronto, ppe.185-199., 32

Patching)TeHe 1970, "The retention and release of gas in
coal - review", Irapnsacitions 9f 1ibhs Canadian

lonstitute af Minlipg and Metallurgy., Vol.73,
PPe 328‘334.' 67

Pearson ,G.R.,1959. “Coal remerves for strip wmining,
Wabamun Lake District Alberta, Research Council of

Alperta, Geology Division, Preliminary Repert 59-1,

37pp-. 14
Peng,S.Se. and Podnleks,.E.R.,1972, "*Relaxation and the
behaviour of falled rock", International Journal of

Rock Mechanlca and Minilog Sclencessy Vol.P®, No.6,
PP.699-712,, 59, 178

Peng¢Se¢S«.y1973. "Time-dependent aspects of rock behavior
as measured by a servo-controlled hydraulic temting
machine'", Ipnternational Journal o2 REeck Mechapice

and Miping Sclences, Vol.10, No.3, pp.235-246.,
178, 186, 187

Pomeroy CeD.,y,1956. "Creep Iin coal at room tempers ture',
Nature, Vol.178, ppe.279-280., 61
Posch.H.,T978. "Die Bewael tigung des

Verkehrshindernisses Arlberg", Qensterrelichlache
Ingenieur = Zeltachcei Lt, Jahrgang 21, No.ltl,
Pp.356-373., 1 '

PriceyNeJe. 1969, “ILaws of rock behaviour Iin the earth's
crust", The Eleventh Rock Mechanics Sympodlum,
Berkeley, California, pp.3-23., 164, 174

Pushkarev,V.1. and Afanesev;BeGe, 1973, "“A rapid method

of deteraining the long—-term satreng th of w
rocks", Soviet Mipnipg Sciences Vol.9, pp.558-560.,
Rabcewicz,Leve,1069, "Stabilities of tunnels under rock

load", Yater Powers No.5/6/7, pp.225-229/ 266-273/
Reik,G. and Zacas, M. ,19878, "Strength and deforma tion
charactegpistics of Jointed wmedia in true triaxial

compressdion",Internpational Journsl of Rogck Mschapice
and Minlipg Scisncess Vol. 1S5, Noe«6,y, pp.295-303., 217
Ruesch,H.,1960. "Research <toward a general flexural
theory for struc tural concrete'", Proceedings of the
American Concrete Institute, Vol.57, ppel1-28., 178

Rutter,E.H.,1972, "The effect of mtrain—-rate changes on
the strength and ductility of Solenhofen Limestone
at low temperatures and confining pressures",

Interpnational Journal of Rock Mechanice apnd Miping
Scilencess Vol.9, ppe.183-189., §7, 181

Satustowicz,A.,1958. "Neue Anschauungen ueber den
Spannungs-— und Formaenderungszustand ia Gebirge in
der Nachbarschatt bergmaennischer Hohlraeume",

Internationale Gebirgsdruck Tagung lelpzig, Akademic
Verlag Berlin., 50
Simgh,D.P. and Bamford,¥e«F. 41971, "The prediction and

359

T

'4

&



measuresent of the long—term strength of rock",

Proceedings of the First Australia-New Zealand
Conference on Geomechanics, Melbourne, Volel,
pPpel3T7-44., §S

Singh,D.P.,1975. wa study ofs creep of rocks",

Interpnational Jaournal of Rock Machanics and Miniag
Sclencesy Vole.l12, pp.271-27S5., 196

Sonntag¢Ge 1958, "Einfluse der Anisotropie aur die
Beanspruchung des Gebirges in der Umgebung von
Stotlen', DRer Bauingeniaur., Vol.33, no.8/9,
pPpe.288-294/ J44-351.,, 298

Standafield,E., and Lang,VeAs, 1944, "Coalss of Alberta,
thelr occurrence, analysts and utilization",

Research Council of Alberta, Raport A8, 174 pp., 17
TalobreM«.T. 1957, "Lea Mécanlique des Roches®", Dunod,
Paris., S0

Teeni M. and Stnp\...G.ﬂt.leB. "Stress phase
interaction models'", 1in: ®Steruc ture, Solid Mechanics
and Engineering Design®,  Southhampton, Vol.1l,
PP« 469-486., 46 ’

Terry,N«B«.,1956. "The elastic properties of coal',

British Natiopnal Conl Beard, Mining KResearch
Establishmeént Report 2080, Part 6., 61, 139, 194

Van Eeckhout,E¢Me,1976,, “"The mechanisms of strungth
reduction due to moisture in coal mine shalem",
Internaticnal Journal of Rock Mechaulicse and Mionlng
Sclencess Vol.13, ppe.61—-67., 68

'alsh.J-B.. Loydo.E.E., 'hlt.'AQJoAu and
Carragher,B.L.,1977, "Stope closure studies at Vest
Driefontein Gold Mine", Interpational Journal of

Rock Mechanlcas and Miping Sclesnces, Vol.14,
PP 2‘77-2810' 52 \

Walsh,JeBe 41977, "Energy changes due to ‘minlng',
Interpational Journal of Rock Mschanics and Minlng
Sciepcesy Vol.14, pp.25-33., S2

Wawersik,W.Re and Fairhurst ,Ce,1870. "A study of brittle

rock frac ture in labora tory compression
experiments!, Iotarpaticonal Jeournal of Rock
Mechanics and Miplog Scisncesy Vol.7, pp.561-57S.,
S8

Wawersik,WeR«,1973, “Time-dependent rock behaviour in
uniaxial compression”, Proceedinge of the Fourteenth
Symposium on Rock Mechanics, Pennsylvania,
pp.85—106.. 57 -

Zienklewicz ,0.C. and Valliappan,S.,19689. "Analysis of

real struc tures for creep, plasticity and other
complex congtitutive laws", in2 "Structure, Solid

360

Mechanics and Engineering Design", Vol.l, pp.27-48.,

265 .
Zienklewlicz,0.Cay Humphesony Ce. and Lewis,R.V¥e.,1975.

“"Ammociated and non—associated visco-plasticity and

plasticity in soil mechanics", Qigigghnlggg. Vole«25,

N004' pp.67l'689.' 162



f\/'

ARPENDIX AS

WORKING DRAVINGS OF MODEL TEST APPARATUS
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APPENDIX Ab

A6.1 DERIVATIONS AND EQUATIONS

A6.1.1 Linear Elasticity .

a) " Behaviour of a Tunnel in_an Elastic Medium i Plane Strain
Conditjons:
PLATE: refers to the behaviour of a sample without a tunne;f
MODE#? refers to the behaviour of a sample with tunnel; and
REALITY: refers to the behaviour of a tunnel excavated in a

prestressed material.
For a linear elastic medium the MODEL behaviour can be
determined by superposition of the PLATE ané REALITY behaviour.
Compression is positive; —_—
Volumetric strain: Evol = Er + Ce;
Stresses, Strains,.and Displacements:

- 1in radial direction: Or’ Cr’ u

- 1in tangential direction: ce,ze, v;
Field stresses:

- ver{ical o} } Tt

-~ horizontal o]

- longitudinal o©

VU . . . Poisson's Ratio; 5
. Gl
G . . . Shear Modulus; %
’ r
K . . . Bulk Modulus; \ Fe—— 0,-NO,
E . . . Young's Modulus.




- Stress bistribution (MODEL and REALITY) (Obert and Duvall, 1967)

< L2 4 2
o = L+ 0 =5+ (- M+ 3%+ 4% cos2) (A6 1)
v a? ah
o= (L 4+ )+ ;7) - (1 = N)(1 + 3?r) cos2f] (A6.2)
) - 4
4\' aL. a?
el ST 5 (1 - (1 - 3;: + 2~r—7) s1n2t (A6 . 3)

Note: Stresses are independent of materialv properties.
s

MODL

-

- Radia! Strain Distribution (MODEL)

ﬂvll - ) an 3a” a*
LT o [(1 + N)(1 - ;7) + (1 - N - v 4;7) cos
R a’ 3a"
R KR N PR N §7 ) - (L= N)(h 4+ =) cos2] (A6 .4

el = ) 2 " 2
v . a . a _ .
P LA e+ ) 4 (1= N - B 4 u) cos? }?h
‘v e a’ al'
S L, L N = T - (L = N)(r = Z9) cos 27 (A6 .5)

37¢
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at r = a:
Ov(l - u) :
T al(l + N) + 2(1 - N) cos2¢g] (A6.6)
or 1n general tor the axisymmetric case of a circular tunnel:
- a_u R - u .
r ar * '+ r o’
PLATE
- Radiai Strain Distribution (PLATLE)
e \ |
= Ve 1= 2) M)+ =N cos2f] (A 6.7)
) CVE
ang tor No= 1: . 610

- Kadial Displacement (PLATE) (Berrv, 1967)
o= e r{ (1l = 29)cl + W) + (1 - N) cos2rt) (A6.8)

and by subtracting the twe sets of equations from each other:

REALITY:

- R%dlﬁlﬂgpfaiﬂ.Dl%ﬁ(l?!ﬁlQﬂ (REALITY)

-0 (1 + ) W

2 2
T S LS M) + (- N) (cos28) {4y - 3

—u(- 2 - 6§r + “%;)1] (A6.9)
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a2
and for o= l: + = == (;7)

- Radial Displacement (REALITY) '

(L + ) s R .
v .y al ] a* a" a" a’

= R 1 + N) (= + - N ~os2t) 4= - - u(?2 -
u oF [ ( )(r ) (1 N) (cos2¢) br =3 (b(_r 2;1 + h;~)?]

(A6.10)
ande at T = a: (Berrv, 1967)
‘v(l + )

e [(1 + N) + (1 - N)(cos2%)(3 - &)
b Closure Ratic for Circular and Elliptical Openings:

The following 1s based on the'equatlon and ‘the graphs given
bv Feder (1978). The Closure Ratic (CR) is defined as- the
ratio between the closure of an elliptical (or circular)

.
opening, with an axis ratio b/a,subjected to a particular
stress field (i), and the closure of a circular opening,
subjected to a stress field with a stress ratio N of unity.
The closure of the ellipse in the direction of the long axis b
has been calculated as if it was measured at a distance r = b
from the tunnel axis. It is therefore assumed that the material’
between the equivalent opening and the real opening does

experience a volume decrease. (Short axis of ellipse = tunnel

radius a; long axis of ellipse = b; b/a = 1 + circle;

-
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v
b/a > 1 +» ellipse-in direction of b;
P
el ... ellipse;
c1 ... circle;
Fx, ...) constants given by Feder (1978, Figure 23).
™~ Nova
Fn ce)um e [Fr(l - uT) 4+ Fnu(ld 1))
i
. , + A
- o Mertipse = 4NMey gEazry * U ®piate -y
S Dgrcie Y0 DG ppariy * U - Dprate,r = 4
}
: Z 0%y 4
- N[Fr,el(l ue) Frhelu(l W]+ CNGY) (Ab.11)

NF (1 - 2y ¥ F W1+ W+ C(N=T1,1b = a
r,ca n,ci
where :

L]

Cvub®= 2l )+ M)A -2 + (1 - %) cos2t]
This equatiun (A6.11) has been used to calculate Figure 6.9.¢.

<) Circular Tunnel in an Orthotropic Medium:

From Sonntag (1958, eqn. 1.33, 1.34) the following tunnel wall
displacement (r = a) has been derived:

(Ey parallel to o, and E, parallel to Oh)

MODEL :
N
u, = 0 a[€" + f}V:_EDJ’
! VEE2

(A6.12)
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PLATL
Ova No a .
““ "E, P YT OE, (A6.13)
REALITY: :
1 - X 1 -~ N
u, =< va(-——-—‘—)r Pou = ovaL--—) (A6.14)
VEE; VELE;
A6.1.2 Linear Visco-Elasticity
The correspondence principle has be%n used to calculate the
time-dependent tunnel closure and the radial strains for a
linear visco-elastic material. The elastic behaviour under
hydrostatic pressure and the visco-elastic behaviour under
distortion (Case 1), as well as case (II1) with visco-elastic
behaviour under both hydrostatic and deviatoric stress, has
Been amalysed. The stresses are independent of material proper-
ties and theretore independent of time. This follows from the

correspondence principle.

The equivalent to a Young's modulus in terms of the time operators

1s (Findley, et al., 197¢):

(Relaxation Modulus (A6.15)
Ev(t) = o(t)/e(t))

|
~
Vol
+
N
ol
o
~N

,//ﬁ\\\\\\ and the equivalent of Poisson's ratio is

P1Q: - PoQu
Uv(t) - — (46.16)
Q
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- ) .
The traTsformed time operators are tabulated for various
material models in Findley, et al. (1976) or Fluegge (1967).
For the two cases consideﬁgd here they are:

distortional 1: Hooke + Kelvin(3-parameter solid)

(Ey1, Ey2. Ni2)

Hvdrostatic 2: elastic (E;;)

AN
Pi(s) = 1 + p;s Qi(s) = qo + @s
. \ (A6.17)
Po(s) = | Q2(s) = 3K
where: K = Bulk Modulus; ~

P1 = N1o2/(E)y + E;2);
qe = B Ey/(Ey 4+ Ey L)

qy = ErgNy/(Epy 4+ By Q). N

distorticnal 1: Hooke + KelQ;n (3-parameter solid)
(Eyay Eyoy N2

hydrostatic 2: Hooke + Kelvin (3-parameter sclid)
(E21v Ez22, Nz:)

Py(s) = 1 + p;s Qi(s) = go + qis

(A6.18)
Po(s) = 1+ r;s . Q2(s) = vg + v;s
where: r; = N;,/(E>; + Ej3)

ve = Ez1E2;/(Ez1 + Ejp)

vy = E;yN2,/(Ez) + Ezz).
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The time-dependent closures or strains can be found by trans-
formation of the known elastic solution, e.g. the tunnel wall
displacement u(r = a) for a hydrostatic stress field N = 1 1is

in reality (from A6.10):

(}_f“}Q = - [ + U
L O\p. f T + u f Ov a

(A6.19)

After Laplace transformation and substituting the transformed

equivalents for E and « (A6.15, A6.16): s
P P,

u(;) - JTOVB; f(s) = 67 (A6.20)

(Note: tunnel closure in reality is independent of hyvdrostat:.

behaviour) .

For a suddenly applied field stress 3y the transformed stress
is ﬁv(s) = "v/s. Inserting this, and equations A6.17, for

case 1 gives:

N 17_4;}_)_1_5' . } £(s) )
u(s) = q; + 918 S T A s va (a6-21)

After the inverse Laplace transformation, employing mathematical

tables or partial fraction expansion (Findley, et 1., 1976, A4);

the displacement as a function of time is:

P19o Qo

-at
Ye ]ova, a = - (A6.22)

u(t) = l~[1 - (1 -
qo

L )

f(t)

- u(t) = f(t)oya.
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In short form: u = fﬂvﬁ - o
u(s) = 1—(3—2\1 a -
8 v
u(t) = f(t)o a.
Y
!
Examination of equations Ab6.4 to A6.10 shows t}“at various
t-functions have to be transformed.

t i fi(s) = - ; for "REALITY'".

S0 T .
f. = (1 + ) - 2v) i fa(s) = - o LA

(1L + )
E

L P;Q, + 2P1Qy
(1 - 9 P, (2P,Q, + P1Qy)
f 0= Tl i fa(s) = — for "MODEL".

(Po0y ¥ @D

(1 o+ ) " o "
fo = ~--T-— fo(s) = - - — - ) fo MODEL" and "RLALITY'.
L L la( ) Ql (P2Ql + ZP]QZ) or I an

(A6.213)
The time functions after inverse transformation are:
CASE_]
Pi1qc  _ 9o
F,(0) = (1 - (1 - ye 41, a = —
qc q1
(A6.24)

q + 6K
-0
q1 + 6Kp,
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a P
t (t) = L | B+ (gf*' + De stlio B o= al (A6.24)
q1A (
Lo + b RS
aCa = ") (- ) (a - )
.
T G

a = 2q0 + 3K; b = 2q, + 3Kp; + 2pi;qc + 3Kp,;

C = ZP]Q) + 3Kp1:.

f,.(t) was not used.

CASE 11

f1(t) same as tor case |;
The other tunctions are ot the following general torm:

-s5-t -st
F(t) = Colly + Coe + Cie 01T (A6.25)

with complicated constants .C,, C;, (> , and C,.

A small computer program has been written to calculate the indieidual
constants, the displacements and strains. It is not reproduced in this
thesis since it is a Qtraighpforward application of the principles
discussed above. For example, the tunnel wall displacement in the model

test, as a function of time, follows from equation A6.6:

ua(t) - fz(t)Cv = al(l +# N) + 2(1 - N) cos26].
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SELECTED MODEL TEST DATA

Ab .

dicted Closure Ratios:

and Pre

1

¥
-

Ab

of Measured

Tables

The data presented in Figure 6.9.A and the predicted values are

presented in the following two tables:

Displacement u and Displacement Ratio u/u, of External Lauges

Ab.1:

TABLL

Tests MC-2.0 to MC~2.9 (u = displacement at 10 MPa minus

tor

crack closure displacement).

*Z°9V 2and14 33s uotjeue(dxa 1aylinj 10} -
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x(e0-)s70- | v0'0 | 80°0 2570 z9°0 | ¥ vt n
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,N~mm.o._mm.o-4 12070 ; %070 _ 292°0 1€ 0 20$°0 25¢°0 n
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_ S 1107 T2lE6°0)8L°0, %$8°0 %$9°0 2$9°0 IS 0 X8€°0 n
J Bujuajjos dutuajjos Juruajjiis
183Ul -uou 1BAUT] -UOU JBAUT] -UOU, m = 0n .0 =9
T e T
V I
_ Ty _ Butpeotay (9dK)
! |
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| 1
| [s 8196 [s- 1ot e 0089 1T i 099 Ammmvu
: 20 (0 CCTh 50 % s '0 01 | 01 N
T |||||| \Jr - *-- - + 4 - q —_— - —— 4 - - —
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ﬁi 6 80 teoose 9. | w1t 0°2Z
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Table A6.2: Tunnel Clesure u and Closure Ratio u/u, for Tests MC-2.4

to MC=2.9 (u = closure at 10 MPa minus eftect ot crack

Llonure)
A S e 4_~_,{ . o
MC MC MC MC M( M(
2.4 2.6 2.5 2.7 2.8 2.9
o —— e e - +— T R e —s - - — . - — 4 - -
N o= p/oy 1.0, | 0.75 0.5 0.33 0.33 0.2
|
ov(max), MPa 7 14 J(*) 10 15 15
— - FE— S - - - —4 e e e e 4 + —4‘
? r
u | 1.4% 1.6% 1.88% | 2.44%! 2.44%° 3.05"
t = 0° 33 f| -0 1.14 1.34 1.74 .74 | 2.18
(vertical) up'i(1.0) (1.13%-(1.25) 1 (1.33) (1.33)’ (1.4)
|
\
o | 1.7% 1.49% | 1,477 1.15%] 1.1 | 125
€ = 45° 39 | L2 | 0.88 | 0.86 | 0.68 | 0.65  0.74
(parallel to uol((1 ( (0.88) | (0.75) ) (0.66)! (0.66) (0.6) |
jointing) | ! | 1
i i } |
) ! i
P L32n e e 1.012} 0.87%  0.8% |
= 135° %9 i 0.94 ' 0.88 | 0.86 0.77 0.66 . 0.6
(perpendicular [uel[(1.0) } (0.88) ' (0.75)1 (0.66) | (0.66) (0.6) '
to jQinting) i
\ | :
| u o 1.44%| 0.85%, 0.58% 4% 0.14x 1 -0.6% ' -
€ = 9¢° ;u { 1.03 | 0.59 | 0.40 i 0.1 | -0.42
i(horizontal) . rl.O) l (O.63)J (0.25) | . (0.0) i (~0.2)
L. , ] :

Note: (%) extrapolation to 10 MPa might result in overestimation of

strain and closure ratic u/u,
o M)
/ (...) predicted value for opening in elastic medium

U ... tunnel closure at 10 MPa assuming a linear tangent modulus

at 7 MPa
U ... tunnel closure for N = ] and 8 corresponding to 6 ot u
ui%)
A6.2.2 Collection of Diagrams: r

The following thirteen figures include additional data which have not

been presented in the core of this thesis.
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Figure A6,.,7 log S*rain Rate - Log Time D!'agram: Test vC-2,6,
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Flghre A6.9Q Log Strain Rate - Log Time Diagrem: Test M.
Gauges 9 to 12 ‘



392

STR.RATE <Z/HRS>

OTR.RATE<Z/HRG>
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REL.TIME <HRS> REL.TIME <HRS>

TEST MC2.6 AT S000 KPA

$

.

e

Figure A6.10 Log Strain Rate - Log Time Diecaram: Test MC-2.6,
Gauges 13 to 16
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Figure A6.12 Log Strain Rate ~ Tog Time Ningram: Test MC-2,6,
: Gauges= 17 +o 20
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Tigure A, 113 Log Strein Rate - lnog Time Disegram: Teest NC-2,6,
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