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Abstract
This fhesis uses a Proce;;.Simulation Test (PST) facility to
study tHg pre-fai1ure prbcess.and some aséociated rate ’
effects around a small diameter unlined tunnel in a
naturally jointed c;ai specimen. This is a continuétfon of
a laboratory study to investigate the time-dependent X /;~
behavior of a tunnels in strain-weakening rock masses with

't ime-dependent strength and deformation properties.

~Thirteen individual tests have been carrie? out on one
test specimen. Tunnel closure, average-specimeh strain and
average radial strain m;asuréments_as-well as visual
| inspections of the tunne1~héve‘bgen recorded.
fime-independent and time-dependent deformations have been’
examined. \ |

The deformation response of this test specimen'waé

dependent on -loading histéF;T Hence, loading or stress
history have beénékonsidered in compafisons of deformatiop
results. "

Scale effects have been discussed since enlarging the

tunnel size by 25% caused about 10% higher immediate and

]
_ delayed tunnel closures.

Local "yield{ng" and "weakening" processes have.beéﬁf
assoéiated with stress redistrjbution and alteration of fhe"
immediate and delayed tunnel deformatién behavior of this
;pecimen. In part{cular, stre%s concentrations near the

, ‘ \
tunnel lead to 25% greater tunnel closyces and -a 10% lower T

propens ¥ty for delayed closures. Still, the tunnel remained

4
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self-supporting with total closures of aboutv3.5 to 4.0%.
Moreover, greater extension radial strains and strain-rates
developed further away from.the tunnel wall. Thus the. R .
radial extensometers résponded to these local deformatio% -
processes. | /

/

Homogeneous and -non-homogeneous .linear elastic analyses ! , h

have been used to predict deformafions that are cohsfstént
with the observed time-independent deformation behavio# of

the specimen. In particular, assumption of an annular’ j

region of reduced stiffness around the' tunnel Qa§ found to -
predict deformations that are consistent with the observed

alteration of the specimen deformation behqvior. ‘Analysis
- "« : .

¢ | ‘ .
of the deformation process has been carried out by -+
considering of radial strain measurements.

,
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1. CHAPTER 1
INTRODUCTION .
The design and constructlon of Eunnels is clhss1f1ed under
the following catagor1es (Ka1ser and Morgenstern, 1981)
1. emp1r1&a], based on past experience;
2. theoretical, based on prediction and analysis using
physical laws: . |
- 3. physicai model1ling, using speciffc g@diotypes\gr a model
to 1llustrate mechanisms. « '
The Process Simulation Test (PST) is a phys1ca1 modell1ng
fac111ty to illustrate mechanisms. Its purpose is to study
"the t1me dependent processes related to excavat1on of a
tupnel in a strain-weakening rock mass with time- dependent

strength and deformation properties" (Kaiser and

Morgenetern, 1881).

o

1.1-AIM OF THIS THESIS

The prime objective is to use the PST'apparatus to
study the failure process and sdme'éSSociafed rate effects
around a small unl1ned\tunne1 in a natura]ly 301nted\coa]

[4

~_specimen. Y
| Thus, tests were cd?ried out on a specfmen of jointed
coal cohtaining a small unlined funnel, MC1. They were’

based on pFevious7testing'done with the PST_facility. Over
- the period of the 10 month test program, test results were

examined to aid as a gUide for setting the course of the



" around real tunnels.

test program. Then, 'with testing complete, they.weré
studied in detail to determine trends and correlations. In
.view of the test results, a simple thedret;cal formulation
was used to Simu]ate some test obserQétions. .

These results should give insights into the

 deformational mechanisms controlling rock mass behavio

\

~

1.2 BACKGROUND ON THE PROCESS SIMULATION TEST

.The test specimen is located in a testing machine such
- that normal surface stress (field stress) may be applied to
the specimen surfaces. The state of stress inside the
specimen depends on. the magnitude of thg_field stress and
varies with' location. At the tunnel wall, the radial stgess
approaches zero and, assuming a hydrostatic field stress and
linear elastic behavior, the tangential stress exceeds the
field stress by a factor of two. Displacement of the tunnel.
- wall and specimen surfaces as well as the ‘average raéfal
strains may be monitoredwwjthﬁfime. N AT .

- The test apparatus was bd;fi and used by Kaiser (1979)
to study the pre-failure timé-dependent déformation process
for one specimen, MC2. Kaiéer (19799 interpreted
deformation measurements using linear elastic and linear
-Visco-élastic formulations.” Guenot (1979) studied the
tunne} deformation behavior by testing two specimens, MC3
andrﬁC4iiand showed tha} a conventional e]aéto-plastic

formulation inaééquately explained details of behavior near

-
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failﬂre. Using some of Guenot’'s data to check the accuracy
and validity of a boundary value problem solution for.
axi-symmetric creep around a tunnel in coal, da Fontoura
(1980) demonstrated that.an empirical non-linear creep law
for this coal showed good agreement between prediction and

observation at low to moderate field stress.

o

S

- 1.3 ROCK MASS BEHAVIOR AROUND REAL TUNNELS
| Studying the time-dependent processes associated with
‘underground openings in roCk,,ga‘Fontoura (1980) defines
cadseé, factors and characteristjcumodes of ground behavior.
The time-dependent changge jn boundary coﬁditions'fﬁeg.,
advances of the tunnel face) and the time-dependent
character of the rock mass cause the time-dependent
deformation of an bnderground~opening. #igure 1.1 (da
Fontoura, 1980) shows four characteristic modes of ground ‘
behavioﬁ and three categories of factors which control the
behavior of an undergrodﬁd opening. However, Figure 1.
doés.hbt'ihclude~é category for self-supporting tunnels.
According to da Fontow-a {:3880), the combihation of the
- factors §h6wn in Figure govern the performance of a rock
tunnel. -

The fouP characteriszti. modeslof ground behavior shown
in Figure 1.1 overlap slightiy anc a simple classification
disfinguishes between gravity controlied and Qround reactig}h\
induced mechénisms. Loosening, according to da Fontoura

(1980), relates to gravity aspects of deformq{ion (iie.,



large(displacements occur as rock blocks separate from the

rock mass and move into the opening). Fracturlng, squee21ng’

and swell1ng dominate when large stress concentratlons occur

around an underground opening. |
The term loosening has been used in discussion of

tunnels in rock that exhibit e1{2er self- support1ng or

‘support-requiring’ behavior. Terzaghi (1946) introduces
'the loosening mechanism for a discussion of 'bridge action’
“and ‘overbreak’' in self-supporting sections of tunnels in
unweathered stratified rock. For modenaiely jointed,
massive rook failure of block contacts due to excessive
deformat1on leads to loosen1ng and deterioration of the rock
mass (Terzagh1 19ﬂ6). This would be inhibited by support
designed for loosening pressure. Loosening depends on a

combination of mechanical defects and size, shape and

h

orientation of the opening Thus, strength reduction and
deformations vary in a wide range depend1ng on rock type and
the scale effect. .
;According to da Fontoura (1980), the fracturing mode
occursﬁdue to stress concentrat1ons in brittle rock and
-corresponds w1th fracture growth due to tens11e or shear
fa11ure The squeezing mode corresponds to the delayed

response due to the rheohgglcal behavior and/or due to

hY

overStressing (strength failUre) and post‘faildre behavior

\

:of the rock. The swelling mode corresponds to delayed

volumetric increase due to stress relief, water migration

and alteration of physical properties(.eg., strength loss‘

4

~

FA



. e
due to increased water content). Squeezing‘and swelling

modes are characteristically time-dependent.
’ Terzaghi (1946) used the eoncept of a 'ground cylinder;
to descripe the deformation behavior that dccure with
construction of altunnel. In particular, a Eock element at
| tne tunnel wall would eXperienze a tangential shortening and {;)
radial extension as it moves into the tunnel under
hydrostatic field stress. :Thus, a rock element is o
compressed by neighbouring rock elements. |

For analytical purposes, rock mass behavior may._ be
characterized according to time- 1ndependent and / . -

time dependent behavior, as shown in Figure 1.2 (KaiserA;nB)

Morgenstern, 1981). Deformations occur due to changes in

O

the stress conditions and accordingly, the fo]]dwing -~

defornation processes may occur (Kaiser and Morgenstern,

1981): . |

1. deformation due to time- dependent deformation properties
(viscous or general creep behavior); |

2. 'stress redietribution due to non-linear creep .
properties; S \

3.8 s redistribution due to anisotropie or

n-homogeneous creepnproperties.

4. stnress redistribution due to local yielding.

.5.- s{;ess redistribution due to global yielding;

6. 3stress redistribution and stabilization of failure
. jpropagation due to time dependent post’ failure

re31stance k ’ '

(Y



1.4 SCOPE OF THIS THESIS
Deécr{ptions of the coal test specimen used in this
study, MC1, and the test procedures are presented in Chapter
2. A summary of the characteristics of the jointeq coal
material isugiven in addition to the deformationﬁgr§gerties
‘measured in the PST. The test procedures used.in this
testing program are defined and the test aeparatus}
calculation procedures and data’praeessing procedures are
described. Finally, in Chapter 2 some limitations are
diseussed with reference to interpretation of test ﬁesults.
A summary of the test progriam ié giv in Chapter 3.
In thirteen individual tests, field stress was apbliedtto
the test specimen with a plane strain boundary condition to
produce either; | |
1. an axially symmetric stress‘cquitien, referred to as a
"hydrostatic” field stress, or | D
2.u a radially symmetrtc stress concentration, referred ée
“as a ”non-hydrostatic field stress. r
Alterat1on of the deformat1on behav1or due to radially
symmetr1c stress concentrat1ons was evaluated by conducting
tests with a hydrostat1c f1er stress In addition, some
aspects of load1ng ‘rate dependent deformat1on behavior were
studied in tests with a "B1modal Loading Rate" in which the
loading rate was reduced at the middle of the load range.
| The test results and s1gn1f1cant observations are
N descrtbed in four sections ofiﬁhapter 3, categorized N

according to the test type. A "size'effect” was discovered

¥



upon enlarging the tunnel size in preliminary tests.
Alteration the deformationaj behavior was observed due to
tests with an non-hydrostatic field streee. Stress
redistribution processes are required to ekplain alteration
of the deformation behavior. In the'last test, the |
deformation behavior changed 1ne1gn1f1cantly eveQ_LQSth the
.spec1men had been rupgtured algng jointing in the previous
test with a_non-hydrostatic f§§7/ '

y
Chapter 3 conclusions are given based on test observations.

d stress. Finally in
e .

Analytical formulations to simulate the deformation'
lbehavior of the PST spec%hen are presented in Chepter 4.
The time-independent deformation behavior prior to the
initiaT "Non-hydrostatic Episode" is simul;;ed by a linear
elastic formulation. However, a wnon-homogeneous linear
‘elastic formulation is required to simulate deformation
Q%haviour after fhe initial test wifh a non—hydrostaiic
field stress. In Chapter 4 the phenomenological model for
rock with time- dependent strength and def;rmatﬁon
properties, developed by Kaiser and Morgenstern (1981}, is
used as a basis for a qualitative discussion of the PST
‘behavior. ‘ | |
. ‘ d :

Conclusions, deformation modes and some practical

ﬁmblications based en test observations and analytical

results are presented in ChapteF 5. EN
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2. CHAPTER 11
PROCESS SIMULATIDM“TESI (PST) SPECIMEN AND TEST PROCEDURE

2.1 INTRODUCTION - .

| This chapter describes the coal material ano test
spectmen characterjstics, as We[j as, the PST procedures and
facilities. This p?bvioes'desirable information to assist
interpretation of the Pgt\test results.

Typically, the specimen 1S‘te§\ed in two physical
-conf1gurat1ons. before and afteq r1l]1ng a circular, tunnel
'at the center of the block. Prior to the test program
reported in this the51s. a 12 cm dlameter tunnel had been
drilled into this specimen. After test MC 1.7, the first
test in this test prograh, the tunnel was enlarged to a 15
cm diameter. _ | |

The PST is carr1ed out by applying and ma1nta1n1ng
prescrlbed _boundary normal stresses (field stress) to the
surfaces of the tabular shaped, Jo1nted coal spec1meny>
(60x60x20 cm) ;and by monitoring the spec1men and tunnel
d1sp1acemen:; with time. The testAspep1men functions as &
laboratory scale geologic mediuh\ahd exhibgts a J
time-independent'ano delayed deformation behavior.

The test pre

Guenot (1979).

series reported here. ' o | ‘

o ’ | /



11

The next two sections describe the physical, character
'o¥ the specimen and~the location of displacement monitoring
devicee? |

Thehfourth section describes the prqcedures. equipment
and facilities used to carry out the Process SimuLation Test
as relates to interpretation of the specimen benavior. -

\
.

The last section reviews some testing limitations that

)

S
influense interpretation of specimen behavior.

/2.2 DESCRIPTION OF THE COAL -

The coal used for the PST was taken from the.Highvale
Mine located 75 km west of Edmonton, Alberta. This strip
- mine provides coal for the nearby $undénce'power pl%nt
operated'éy'Calgary Power Ltd.

The coal;poseesses the following characteristjce,
Jdesirable fer~ProceSS Simulation Testing-(Kaiser and
Morgenstern, 1981): |
1. dﬁscontinuities; . 'ﬁf
2 cohesjve and,frictionaltstrength components;

3. time-dependent sfrength.and'deformation behévior} and
4.  a strain-weakening stress-strain relationship.

The specimen material has rock mass chéracteristies
compérable to many natural materials. It. exhibits a
sat1sfactory degree of s1m111tude in model laws but caution
is necessary if resul]ts of 1nelast1c deformation |
" measurements and fa1lure modes ‘are compared to the behav1or

‘of actual tunnels (Ka1ser and Morgenstern, 1981).
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The coal properties have been investigated by Noonan
and Morgenstern (1974), Kaiser and Morgenstern (1978, 1981),‘
Guenot (1979Xﬂ Kaiser (1979) and da Fontoura (1980).

, \
2.2.1 SUMMARY OF THE COAL PROPERTIES |

The coal, classified a€ sub-bituminous B, is bright and
banded. Classi*ication testing yielded an average moisture
content of 24% and a specific gravity of 1.58.

The coal is horizontally bedded with‘two or thogonal
cleat systems oriehted perpendicUTér‘to bedding. The
predominant cleat system is called a majbr joint system, the
other, a minor joint system. The bedding is thin]& bandéd.
The magor joints are closely spaced, approximately 2 cm on
‘average. The major joints, typically pianar. are not
continuous across major bedding planes. Thus the coal is
described as heterogeneOus'and orthofropic. |

The deformation and strength broperties for the coal
differ slightly depending on the test method. In'beneral,
‘the properties depend on the orientation and continuity of
- the defects, confinement pnafloading néte. THe variation of
the mechanisms p;evailing in'fhe various test methods causes
.some variation in the property parameters.
| The unqﬁhfined compresste.strength for the coal varies
between 8 to 12 MPa. The ultimafe friction ang]e is 30 .
degrees, obtained froq_direct shear tests on pré-cutr |
~surfaces (Morgenstern and Noonan,'1974). | |

Direct shear test results, on jointed specimens, show
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etrength anisotrooyfﬁ In addition, if the joints are
discontinuous, very little movement“occurs'along.the
discontinuity prior to peak strength (Morgenstern and
Noonan,. 1974) .

Constant strain-rate (0.3-0.8 %/hr) triaxial test
neeults on jointed coal specimens obey a bi-linear Coulomb
failure criterion (Kaiser and Morgenstern, 1980), At
confinement pressures below 1 MPa, the failure stress plot
eXhibits little cohesion and a high internal frictijon angle,
60 to 70 degrees. Yielding occurs between 0.1% to 0.3% -
axial'strain and peak strength occurs around'O.S% to 1.6 %
axial strain. For confinenent pressures up to 12 MPa, the
failure stress plot exhibifs more oohesion, 2-3 MPa, end a
Tower internal friction angle, 30 degrees . Moneover,
yielding and peak strengths occur at greater ax1a1 strains
of O 5% to 3.75%.. ’

Relaxation triaxial tests, on jointed coal specimens,
exhibiteloadind history dependent long-term and short-term
.strength (Kaiser and Morgenstern 1978). In the pre-failure
'Arange, the stra1n rate dur1ng ,single and multiple stage
'creep tests obeys a power law relat1onsh1p as a funct1on of
time and stress level (da Fontoura, 1980). Above the
long-tern peak stren?th,‘the'ayailable shearing resistance
depends on a rate-dependent nioro-structural weakening.
process and declines to ultimate resﬁstanCe with increasing'

-

plastic strain. v



2.2.2 SUMMARY OF DEFORMATION PROPERTIES MEASURED'IN THE
PROCESS SIMULATION TEST ,
Apparent déformaéion properties for the PST may be

ca]cu]af&d by using,tunhel cfosure‘and :peciméh bQundary
displacement measurements in the linear elastic formulation
shown in Appendix A1. In general, lihéar e]astic parameters
.obtained in previous testing Cofrelaie with that for MC1.
Kaiser (1879) notes the loading rate dependency of
linear elastic parameters and reports Young’'s Modulus; E,
var%ed between 1900 and 2050 MPa for fast loading without a
tunnel and 1500 MPa for slow loading of the same specimen
with é tunnel. Young’'s Modulus during“élou loading varied ,
between 1100 MPa perpendicular to jointingffo 4450 MPa |
parallel to jointing. ﬁoiséon’s Ratio varied between 0.2
parallel to bedding and 0'1-perpendicular;to bedding'
(Kaiser, 1979). Guenot (1979) reports a s1gn1f1cant
var1at1on of Young s Modulus, between 1300_§gg 2300 MPa, and.__

Po1ssons Ratio of 0.2 paral]el 'to bedding.

2.3 DESCRIPTION OF THE MC1 SPECIMEN

2.3.1 INTRODUCTION

' Specimen MC1 was trimmed from a juinted coal sample
such that the specimen thickness equals?ne-thifd of the
specimen length. The specimen reference system is shown in
-Figu?é 2.1, a schematic sKetch'uf'MC1. The tunnél axis
corresponds with the polar coobdiﬁate axis and the-top

surface of the specimen represents Station 0 on the tunnel
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‘ axis,

Prior to this testing program, an old extensometer
system had been installed into specimen MC1. For this test
program, some of these extensometers.were reclaimed to
accommodate the new improved extensometers and some were

left inside the specimen. No results are a;ailable for

previous testing.

UCTURAL CONDITION OF MC1
The bedding d jointing structure wds clearly visible

on the specimen surface Bedding planes were oriented

perpendicular to the.tunnel axis. MaJor 301nt planes .were ““‘-._
oriented at 45 degrees to the hor1zontal and vert1cal axes.

‘An indication of the orientation of. the geolog1c structure

is shown in Fdgure 2.2,

A fracture in MC1, oriented approx1mate1y perpend1cular

to bedd1ng and to the major joint set, crossed the model
4outs1de the perimeter of the circular tunnel_as shown in
Figure 2.1. Af#eé testing, no evidence of disulacement
altong the fracture surface (i.e. s]1cken51des) was "‘observed.
\ The fracture. surface was generally dull or shiny black and
slightly curved, irregular and rough (1-2 cm relief).

Small diameter holes (9 mm diameter) for -the o]d
extensometer system, 1nterupted the cont1nu1ty of the
specimen. The small diameter holes were “located as follows:
1. for radiat strain measuremeht; one hole was collared on

each lateral\face (except face 3) and on the'twojedges
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of face 4, and oriented radially around the tunnetl axis
to within 10 mm of the large diameter'tunnel wall,

2. for tangential strain measurement? three holes were
ollared on the edges of face 2 and orlented to one side

) of the tunnel wall to within.80 to 110 mm of the tunnel

axis.

It™is assumed that these small diametér holes

insignificantly'affect the deformational behavior of the

" test 'specimen.

2.3.3 DISPLACEMENT. MEASUREMENT

‘The displacements were monitored by electrical
monitoring devices, displacement_transducers (LVDT). -The
displacement transducers were located to measure the tunnel
wall and specimen boundary displacements as well as the

relative movement of extensometer anchorss

2.3.3.1 TUNNEL CLOSURE

Tunne] closure is deftned as the ratio of the diametral
’d1sp1acement to the or1g1nal d1ameter Tunnel closures were
- measured with eight LVDT’s, two located alongfeach of four
tunnel diameters spaced 45 degrees apart and at four
stat1ons along the tunnel axis spaced 25 mm apart as shown
in Figure 2.3. The tunnel closure measurement is deSIQnated
. by the d1ametra1 1qpat1on relat1ve to the reference radius
sho&n in Figure 2.1 {eg. O- 180 dlameter élosure) °

The LVDI s were. mounted inside the tunnel’on a stand
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;txed to the steel plate below the specimen block. The two
LVDT's along each tunnel diameter were mounted coaxially and
the LVDT~cones were forced by a spring to bear directly on
the tunnel wall. |
Translation and rotation of the.specimen plue
penetration of the LVDT core into cracks and broken zones on
the tunnel wall occasicnally influenced tunnel closune’
measurements. During'the later part of the test’ program,
broken, bulging zones on the tunnel wall also interfered
with closure measurement . Although assessing closure .
measurement interference is difficult, in general the LVDT
cores were rested'against a emooth, latex coated tunnel
surface. |
2.3.3.2 AVERAGE RADIAL STRAIN
The relative displacement of extgnscmeter anchohs'was

measurec by sixteen'LVDT’s, each connected to an »
extensometer located in a small diameter dr1l] hole adJacent
to the tunnel (F19ure 2 1) The average radial strain for
each extensometer was calculated by d1v1d1ng the measured
displacement d1fference by the distance between anchor
center points. W ‘ - T

- Each extensometer was located at one of four stat1ons
- along the tunnel axis and in one of two zones, Zone A or
Zone B, as shown in Flgure 2.3., The gauge lengths of Zone A
and B extensometers were calculated as the d1stance between

anchor centerlwnes. about 3 cm and 5 cm respectively. Gauge-

>
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length was calculated as the distance between anchor
6enterlines. The extensometér location is designated by the
‘radial location réTatjve to the tunnel axis and refebggée
radius shown in Figure 2.1, (eg., radial strain along the 180
radius). . '

An:extensometér, consistiné of a coaMal rod and ‘tube,
was grouted inside a small diameter drill hole inside the
test specimen. The rod was free to move inside of thg TUbe.
The rod anchor, about 1 cm long,'waé lbcated at the end of a
6 mh-dﬁameter drill hole. The tube anchor, abbut 1.5cem -
long, was located inside a 9 mm diameter drill hole, back 4
from the rod anchor. The ancAor length, on average, was
about equal to 1 to 1/3 of the extensometer gauge. length

The present extensometers seem to give sat1sfactory -
results. However, a quant1tat1ve evaluatlon of the
exfensometer calibration has not been done. Reducing the
anchor’siie; to decrease the ratio of anchor size to gauge
length, should increase the extensometer sensitivfty. At
least further evaluation of extensometer performance would
<c1arify the significance of'anchqrs size. ’Perhaps modified:
pfototypes with small size anchors c0uid be installed inside
the specimén and evaluated during future testing.

c

2.3.3.3 BOUNDARY DISPLACEMENTS

The bbund ry displacements, along the three principal
loading directi S, were measUred with eight LVDT!s. One

LVDT was‘]ocatéd~at each corner of the longitudinal loading
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head to measUre‘longitudinal displacement and one was ~
located on each face at station 165 to measure the average

specimen strain. The LVDT' s were ‘mounted on meta] stands

fixed to .the Steel plate below the specimen. On the lateral

faces, the LVDT cores were torced by a spring=to‘bear on

teflon discs fixed to steel ping grouted into the spec1men

at a depth of 30 to 40 mm (Flgure 2.1). Occasionally, P
boundary d1splacement measurements were unrel1ab1e since tr

1oad1ng machine 1nterfered with the. steel pins. ‘ Jg

¥

2.3.4 SPECIMEN‘CONDJTION AFTER TESTING

A shear ;one‘devenoped dgring the last low confinement
test,xMC1:18, as shown inva.photo reduced sketch of the top
of the specimen, in figure 2.4. This shear'zone is also
visible in Plateb2 1 photos show1ng the top and bottom
surfaces of the test specimen . after test1ng The crack

pattern that deveTloped durlng the test1ng program 1s alsa

shown together w1th Jo1nt1ng in F1gure 2.4, A broKen zone

s shown in F1gure 2.4, 1t 1s\also shown in F1gure 2. 5 a

sketch of the tunnel surface after test1ng, and 1t is
visible 1n the top v1ew of the spec1men in Plate 2.1. _Thei
change in the tunnel surface—due to the test- program is
1llustrated by comparing F1gure 2. 5 to Figure 2 2, a sketch

of the tunne] wal] at the beg1nn1ng of the test program.

D1fferent1al displacements occurred along the shear
zone and at the specimen boundary (Plate 2.1). Part of the

. [
shear zone consisted of a 1 to 4 cm wide broken zone
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™

4
corresponding with a regularly thin bedded zone, from

| Station O to 90. The other“part of the shear zone occurred

along a planar  joint from Station 90*to‘200lk Some )

slickénsides were visible on the planar joint surfaces. =
Inspectidn of the extensometers after Eesting revealed.‘

the following: “

1. For the 270 radius, Zone A é}tensomefer, one anyhor was
located in the bﬁéken zdne and other further from the'
tunnel in a more intact rock mass. |

2.° For the 270 radiys, Zone B extensometer, one anchor was
located in-intact rock mass and thé other further from ’/////
the tunnel near the fracture.

3. For the 225 radius, the Zone B extensometer straddled
ihe fracture, and the anchor ?urthest.from the tUnnel

_» was near the shear zone.

A1l other ekfehsometer anchors were located in tﬁe intact

rock mass.

2.4 DESCRIPTION'OE THE TEST PROCEDURE
2.4.1 .INTRODLJC:LTION | | | | )

The. process. simulation test is carﬁﬁed(qut witﬁ’a
compressipn'maéhine, consisting ofian airjhydraulfc.loading
System}anq three reaction frames for each o% three.
independegtvlqading axés: .Plate 2.2 shows a view of the’
compression m;dﬁine. The sbecipen‘is situated inside the
‘reaction frames with the'tunneT axis orientéd vertjca]ly.

The air—hydraulié system applies pressure to hydraulic ramsfl
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located around the specimen and inside the reaction frame.
An automatic @%ta acquisition unit records output from-
electrical load and displacement transducers. A .computer
program package uses test measurements to.speedily oalculate
graphits displays of test resuﬁks. |

The next subsection reviews the preparatlon of%the
specimen for testing. The last two subsections describe the
test procedures and test apparatus. A brief explanation of
th computer calculations and gr ph1cs d1splays is also
given. Kaiser (1979), Guenot (1979) ang Kaiser and v
Morgenstern (1881) cover the test ‘appaSus in more det\a\i lQ
2.4.2 PREPARATION OF A TEST SéECIMEN /

During sampling, large intact jointed coal samples
( 1m3 ) are carefully excavated from the, coal seam and
transported to the laboratory The samples are sealed with
two coats of latéx and stored 1q a humidified room.

Durigé construction of a test specimen, the surfaoes of
the specimen are made planar and snall diameter drill holes
arevdrilled into the specimenito_aocommodate the
extensometers. Small depressions on the specimen surfaces R
are filled with thin grout‘laYers and each side of the ‘
spec1men is sanded to make: the surface planar and parallel
to the. oppos1te s1de Then, the spec1men is sealed in a
thiri wax paper and plaster of-paris coat1ng Two small '
dxameter (6, 9 mm diameter) drill. holes are advanced from the

’

center of each side and each corner ot the specimen toward
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the proposed tua%el axis. Reclaimed sma]l diameter holes,
drilled for previous testing, are c1eaned4put\\p minimize ’
damage to the drill hole surfaces. Records are kept of the
drilling rate and difficulty together with the colour of
drill returns. An extensometer is located and grouted

\

insjgé each drill hole. A small diameter probe is used
ipstde the drill hole toadetermine the location and size of
the extensometer anchors.

In preparation for testing, the specimen, situated_in,

\tHe compression machine, is centered on two lubricated
teflon sheets over the top of a passive concrete reaction .

" block in the longitudinal reaction fqame. The longitudinat
rigid loading head is placed on two lubricated teflon sheets
pver top of, the.specimen then, the lateral loading platens
are p]apéd against teflon speets at the four lateral facesl\
The teflon sheets reduce frictiop forces between the
spec1men and the compression apparatus The loading and
mon1tor1ng systems are set- up to beg1n testing. Initiakiy,
the specimen is preloaded to close cracks in prsparation'For
futuré high pressure'tasting. Preloading of MC1”was\ .
"completed prtor to thishtest series.

f. During the drt]ling of the circular tunhét; the

'_specfhén is positioned in the test apparatus so that a
" concrete drill may be located over. the pnoposed tunnel

locatton No test loads are appl1ed dur1ng this dr1]l1ng

The circular tunnel is dr1lled in approx1mate1y ten m1nutes.

using a d1amond coring shell. The tunnel wall is coated

(



‘With a latex sealant éhd the_grill cote is retained for
geologic mapping purposes The specimen, with a c1rcu1ar
tunnel, is returned to its proper “location in the
compression machine and the loadIng and mon1tor1ng systems

are set up for- future test1ng

e

2.4.3 STEP BY STEP DESCRIPTION OF THE TEST PROCEDURE

Four phases of testtng ace carried 551 Huring a typical
testf | N
1. Increasjng Boundary Loed Phase; | : ‘)}.
2. Reducing Boundary Load Phase: . - ?Kk
3. . Constant Elevated Boundary Load Phase or Stage; and

~#. Recovery Phase or'Stege. -

A test blan, incorporatfhg these procedures,  is
prepared pr1or to test1ng, however occas1ona1]y the test
plan 1s altered during a test to accommodate any unexpected N,

response Typlcallyﬁ a test is Eﬂanned for a duration of ~ B
one to several days or weeks. -
The specimen 1szloadedA1h an incremehtal manner, by
increasing the latéral boundary stress white nullihg‘the
VldhéitUdinal"diSplécement (plane strain boundary cohdifion?.
' Dhrjng a test with a hydrostatic field stress, the boundary .
istress along the hog1zontal and vert1cal axes are’
approximately equal Dur1ng a test with a non- hydrostat1c "
'fietd stress, the ratio of the boundary stress for the two
~lateral load axes, N, differs from unity. - °
\TB The increasing load phase is cont1nued accord1ng to the \\'¥\‘

~ .
d . - . e N~
= .
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test plan, barring‘interruptions; and then either the load
lis reduced or held constart for a specified time. A
detailed description of the increasing load procedure is
shown in Figure 2.6. The average‘loading rate is controlled
by changing the tima-intervai between 0.5 MPa boundary
stress increments; or eise, by maintaining constant pressure
for a one day intervai at each 1 MPa stress increment (slow
loading). During a fast inCreasing'load;phase. é4ch 0.5 MPa
stress increment is usually maintained foq a constant time
interval, between 4 to 8 minutes. ‘ il . . ’

The Féaaé:ig ioad phase is carried out more rapidly
than the increasing load phase and without visually '
monitoring load cell readings Thus, the spe01men 1s
unloaded by reducing the lateral pressure, in approx1mate
0.5 MPa decrements, whire nulling the longitudinal
displacement. ¢ k

The constant elevated load and ‘recovery (zegp load)
phases or stages are carried out u51ng automatic test
equipment , thereby allowing testing to'continue for extended
time intervals. ﬂ]ybically,.electrical monitoring device
readings are recorded at increasing time intervals after the
beginning of arconstant'ioad level (one minute intervalsfor
the first 5 minutes; 2 minutes interval for the next.10
fminutes, 5 minute 1nterva1 for 45 minutes, 15 for 2-3 hours: 3
30 for’ ‘5-8 hours; 60 for 16-24 hours, and 120 minute
1ntervais thereafter.) The OperatOr is freed to observe the

speCimen QOﬂd1t10n and to process test measurements u51ng
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LA
specially designed computér software.

Typically, the p]ots of test results are reyiéwed
throughout the test and are updated with new infohmation as
it becomes available. Thus, the spec{men behavior is
interactively assessed duringya test and the testing program
may be continued according to the plan or altered to

~accommodate changes. in anticipated behavior.

2.4.4 TEST EQUIPMENT
| The geomechanical ﬁodel test equipment was designed and
‘bui1t by Kaiser (1??9) based on equipment developed and
tested by Heuer aha Hendron (1969, 1971). The major factors
considered in the design are described by Kaiser and
Morgenstern (1981).
2.4.4.1 COMPRESSION MACHINE
. Thé comqresSidn machine consists of three large
reacti@avframés, a'speCially designed air-hydraqlic sysfem
with algafety system (Plate 2.2). The air-hydraulic sysféﬁ '
maintains hy&iraulic pressure during'long-term testing with |
_small fluctuat1ons (less - than 1%) {Kaiser and Morgenstern.
1981) The saféty system is designed to prevent damage to
the test equ1pment during specimen collapse, spec1men
rotation or power fa1]ure. . b
Plane strain iS»aCtively'contrblled by a higid
long1tud1nal load1ng head located On top of the spec1men

The long1tud1nal d1splacement of the top of the rigid
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1oading head is measured relative to the passive steel plate
located below the specim;~ The longitudinal displacement
of the rigid loading head is nulled by load application
through four hydrauttc rams located to react against the
upper reaction head of the longjtudinal reaction frame.

Load cells are located between the rams and reaction head to
measure the ]oad.: A window is located in the rigid 1oadino
head to make the tunnel accessible during a test.

Lateral loading is applied by load application‘through
eight hydrau]ic rams, two on each of four sides of the
specimen, located in each of the two cantt]evered latera]
reaction frames. The load from each' ram is transferred
through a load cell and a set of triangles (flex1b1e load
platens) onto the lateral surfaces of the specimen (P]ate'
2.3). The loading system is designed to apply a maximum of

16 MPa norma] stress onto the surfaces of the spec1men

2.4.4.2 LOAD AND DISPLACEMENT MONiTORING DEVICES.
The loads and dlsplacements of the specimen are mon1tored
by two types of electr1ca1 mon1tor1ng transducers, load
cells and LVDT’ ' Each transducer is measured against a
Known . standard and a ca]1brat1on equat1on is determlned
Append1x B1 descrwbes the transducers and ca11brat1on
procedures ‘ .
Evaluat1on of the lateral load cel] cal1brat10n showed
that the . comb1nat1on of 3or 4 load cell read1ngs, taken

7along ohe load axis, provides a reasonablefload measuremqnt'

e e

e ——aon
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for evaluation-of the test results~(Appendix B1). Some load:
cells have a lower degree of uncertainty:than others. A1}
load cells should be calibrated over the range of interest,
that is, 1ncreas1ng, decreasing or constant load phase and
above 25% of their maximum load. Study of the specimen |
behavior in the low pressure range would be augmented by a
specifically designed load mcntgoring deQiCES. The degree;
of uncertainty associated’with the load cell calibrations
could explain the large load var1at1ons shown by test
results in Append1x C2

The LVDT's. are very accurate and prov1de good results
- for the PST. Stra1n sens1t1v1ty is at least 0.001% for the
.tunnel and extensometer measurements and 0.03% for two of

the four LVDT' s used for boundary displacement measurements.

2.4.5 CALCULATION‘PROCEDURES'AND GRAPHICS DISPLAYS
Stress and stra1n are calculated using load and

displacement transducer read1ngs Tunnel clcsure for each
tunnel diameter is calculated. by combining two LVDT
d1splacement measurements each normalized to the tunnel
radius‘ Average rad1al strain is obta1ned d1rectly from the
\LVDT dlsplacement measurement for an extensometer |
,"normallzed to the extensometer gauge length. Average -
specimen strain for- the lateral loading axes is calculated -
by, combining two LVDT displacement'measurements, each

. normal1zed to one-half of the specimen length Average

longltudlnal stra1n is calculated by comblnlng four LVDT

h I
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measurements, each normafized to the specimen thickness.
Mo;e than 10,000 data points may be taken during a

" typical tést.. Thus, automatic data acquisition and computer

déta.processﬁng are required for the PST. &

" Two computation procedures are carried out for
presentation'of test results. The-.initial computation
procedure uses load and displacement measuréhentsbto’produce
stress-strain and strain-time graphical plots. . The second
computation procedure statjsticallyfévalqgtes the ;

strain404me‘méasurements to produce strd{n-rate versus time .
_graphical plots. Guenot (1979) reported that thé procedure
for calculatiﬁg the time?dependeht deformation.seems '
correct. The foWléwing list chronologically outlines thé
computation procedures. . . |
Stress-strain apd'gtrajn-time-computational'procedure:'
1. Initia]ize.ali transducer and time ﬁeadinés,(i.e..

,substract zero readings from all'reaQings); ‘

2. Interéref transducen.réadings Uang the calibration -

equations to ?btain force and displacement; .

3. Normalize force and displaCemenf values, as follows:“
a. Boundary streés equéls force per loaded area;
b. Normalized diéplacement_equa]s dispiacement‘per
length eg. extensometer gauge length, tunnel.radiugA
(units of strain); . ' e
4. Combine hormalized values (eg. the avérage of 3 or 4 load
cell readings gives the axial stress): ! |

5. Plot pairs of measUrements on orthogonalvaxes, (eg. ) 
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strain versus time).
Strain-rate versus t1me computat1onal procedure:
1._ In1t1allze all measurements to the beg1nn1ng of a -
xconstant load interval;
2. Fit a linear liﬁe (aeast squares method) to three pairs
of strain-time values The pairs are selected relative
‘to time afte the start of constant load { uses
consecutlve airs for first hour, UseAevery second péir | 5\\,
for 1 to 20 |hours, use every third pair after 20 hours);
3. Repeat the rev1ous step using every tenth pa1r to
obtain the t end (neglect the first 30 pairs);
4. Plot the calg¢ulated line slopesv(strain-rate) at the .,
middle of eagh respective time interval on double log
or thogonal ax;s. ) | ; H
Examples of the computation résults;are_shawn in Figures .
C4-1,to C4-5 and :E: graphical symbols are:explained on
Table C4-1 in Appendix C4.

The stress versus strain and strain versus time plots L

are produced by joining test measurements with straight .

]ines, All‘paifs of ‘stress-strain measurements taken during
increasing and degseasing loading“phases plUs"the last' |

. measurement taken during the recovery phase are shown on , )

orthogonal, 11near axes and joined by stra1ght lines. The

'average vertical stress, shown along the ordinate axis, is
calculated by taking the average stress for 3 or 4 load
cells 1ocated long the vert1ca1 lateral load1ng ax1s, that

'1s a]ong the,O 180 diameter. Three types of strain,
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ih particular, tunnel'cldsure. averagevradial strain and
average specimen strain, shown along the absc1ssa ax1s, are
'calculated by comb1n1ng the three types of normalized
d1sp1acements. A1l pairs of strain-time measurements taken
during a constant load phase are shown on ortiiogonal, linear
axes and joined by straight lines. For these plots, ;5 ~ain
is ‘shown along the erdinate_axis and time along the abscissa
a;}s | | | g
- The stra1n rate versus time plot is produeed by
plottlng different symbo]s for pos1t1ve and negative

»stra1n rates on double lzgﬁsfﬁrdtnate axes. The symbols

used in strain-rate plot€ are shown on Table C4-1 in
A ‘ RO s

Appendix C4.

In’ each of the stress stra1n and strain-time plots. the
locat1on plan for stra1n measurements is shown on a ¢
schematic, plan v1ew diagram of the specimen. ’In the
schemat1c d1agram the solwd_01rc1e_represents~the tunnel;
the dashed circles indicate each of two radial extensometer.
Zones, A and B, on the d1agonal 11nes 1nd1cate the joint
or1entat1on A symbo] 1dent1f1es the stra1n measurement SV _
locat1on for each test curve shown. In the stra1n rate- t1me
’ plqts, the test cunye. one per e]ot, is labelled to .-

correspond with the respective strain-time curve.

S
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2.5 LIMITATIONS OF TESTING |

Var1at1ons in both the load1ng cond1t1ons and the
deformat1on measurement are discussed as re]ates to the
1nterpretat1on of the mechan1sms of deformational behav1or
A Practical requirements for the PST have been outlined by
Kaiser (1979t and Kaiser and Morgenstern (1981).

The boundary normal stress during a test varies
, non?uniformly on the lateral surfaces of the specimen. The
indicated load varies between adjacent load cells by a
maximum of about 2d§/to£25% of. the maximum -~lc stress
(F1gure C2- 1) In the low field stress range, ever larger ,
non-uniform stresses ex1st (Flgure C2-1). Figure C2-1 shows
-~ the var1at1on of boundary normal stress according to the N //)
load cell measurements However, a 10% degree of \
uncertainty for the load cell ca]1brat10n equatlons
compl1cates assessment of the non- un1form boundary normal
‘stress (Append1x B1). ' o

Constant hydrau11c pressure supply to all rams located
along a loading ax1s‘precludes a 25% variation between
adjaCent 1oad ce]!s The fr1ct1on force perpendicular to ,
the long1tud1nal ax1s due to long1tud1na1 load1ng is
,approx1mate1y 5% of the ¥1eld stress. Therefore a

ﬁconservat1ve estlmate of non un1form stress var1at1on would

be perhaps 10%. Hence,uthe_non.un1form boundary stress’

Y

‘ conditions ‘at low field stresses are assumed to .

'1ns1gn1f1cant1y affect test results

The re]at1ve posittion of the tunnel and the_-
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exfensomgters, the fadfal alignment and mechanical operation
of the extensometers,infuencé the interpretation of the
radial strain measurements. The two dist}nct zones of
extensometers, Zone A and Zone B, exhibit substantially
8}fferent results depending on location relative to ihe
tunnel. To a lesser degree, the relative position'bf
éxtenSometens within either zone may also differ.
'Thereforej comparisons of extensometeé measuréments withiﬁ a
zoné may bé slightly affected by variations inilocation.
Also, fhé nature of the grout-rock bond at the anchor; and
the rod and tube friction likely varies between . ‘
extehéométérs and may inf}uencé performancé to some degree.
The detailed differeﬁces between extensbmeters‘are assumed
to insfgnificantly affect results discussed fﬁaChapfer 3. |

-~ The loading rate during the increasing load phase
Vafies s1ightiy,‘perhaps by 15%; and pérticUlar]y.during the
earlier pbntion'of the test ﬁrogram. The 1oading'proced0re ,§_ -
" was improved during laterﬁtestfng based on experience géfned
earlier %n‘thg testing program. ’

The effect bethé latex seazaht_was'neglected fn the

analysis of results. lHowevef, the? sealant proyided
sufficient,cpﬁ}inémént to'general]y.pfevent material from .
falling from the tUﬁnel wall, | |

The influence of boundéry conditions onltheoréiical

formulation was addressed by Guenot‘(1979). Ih'particular.,'

“Guenot (1979) showed that the influence'of‘longitudina1 

~ stress and the proximity of the specimen boundany3may be



. , . i
neglected. However, a plane strain boundary condition mus

be maintained in a test..
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| 3. CHAPTER 111
DISCUSSION OF PROCESS SIMULATION TEST (PST) RESULTS

3.1 INTRODUCTION | o | Y
This testing program was designed to sfudy two aspects,

the yielding or failure process.end some associated rate

effects. Hence, three test objectives were defined, as

- follows: | -

1. study the effect of enlarging the tunnel size;

2. study the effect of weakening the rock adjacent to the

-tunnel, in,particular, by creating an "Equivalent

Opening” by applying a non-hydrostatic f1eld stress onto |

lthe specimen (low confwnement test). and
3. study the effect of decreas1ng the loading rate at, the
.m1dd1e of the loading range. | )

A series of thirteen repeated load1ng tests have been
carried out on one specimen, MC1. The tunnel size was
enlarged oy 25% during the prelfminary tests; Tests with a
hydrostatic field stress‘were carried out before.and after
each of three‘teSts_thh a non-nydrostatic field stress to -
assess fne effects of each. of the three Tow confinement
tests Tests w1th a- "B1modal Load1ng Rate" .were carrled out
to evaluate loadlng rate dependency and to further assess
the 1n1t1alxlow conf1nement eplsode The last test was

carried out, after the spec1men ruptured during a low

conflnement test, to proy1de results for an entirely altered»_

// . v
,rock mass.
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| Test observations are de cribed.and comparea to
anticipated behavior, predicted from theohetical
formulations ahd conceptual aspects. Deformational response
.is predicted assuming linear'elastiqjty and linear
visco;elasticity. ‘Stress'redtstributton is discussed
vqua1itatively. For a\sbecified:loading history, the
deformation character of a segment 6t one test may be
compared with that in another/teSt, or perhaps, with anether
segment within the same test Physical observations of the
spec1men cond1t1on dUP1ng test1ng are used to augment
1nterpretat1ons The observed and’ theoretical deformation
behavior ate assumed to be 1ns1gn1f1cantly affected by the’
- proximity of the spec1men boundary to the tunnel. .
Conclus1ons-are based on test observat1ons.

Section 3.2 establishes some theoret;eal concepts and
terminology needed for dtscussion of the test results. The_
effect of the ]oad1ng hlstory is d1scussed assum1ng llnear
elastic and’ l1near visco-elastic behav1or Stress y
redistribution mechanisms are reviewed ‘ |

Sect1on 3. 3 describes. ‘the loading h1story during the
test program. The test1ng procedure aﬁd genera] deformat1on“
behavior are{character1zed. Section 3.4 describes the
method‘of presentingfthe test results and explains the

terminology used;’
Sections 3.5 to 3.7 describe the test results in
detail; pr10r to break1ng the spec1men Initia]ly,

s1gn1f1cant observat1ons are’ sbmmarized In three



45

sub-sections, the increasing field Stress response and
'constant field stress response are desribed, then'the tunnel
closure and radial strajnvbehavior“are compared. thsical
observations are given to”aUgment understanding of the =
deformational behavior. Results obtained by Kaiser'(1979)
and Guenot (1979)'are_given, when possible. for comparative

\

purposes.
4

\ Sectionl3l8 describespthe breaking of the specimen and
compares test observations for two different rock masses.
The’last section. presents conclusions evident from the’
‘."Process S1mulat1on Test" (PST) observations.
| Tables and f1gures showhng test results-are located at ’
the end of the- chapter Deta1ls and examples of test R
results are located 1nuAppend1x C': The f1gures prov1de ‘an
invaldable reference to the descript1on of the test resultsﬂ
A complete record of test curves are summar1zed in an

1nternal report for this nesearch program at the Department

of C1v1l Engjneer1qg, University of Alberta.

_§3 2 SUMMARY OF ANTICIPATED BEHAVIOR ¢

The PST specimen may - be v1ewed for purposes of B
“discuss1on. as a spec1f1ed. spatial arrangement.of small
size rock elements Each rocK element respo s to the .
movement of adJacent elements Moreover, the stress level
and stress path vary for each element~between—thevtunnel
k,wall and specimen'ooundary. 'lhus.hvariOUs typestdf'element;'

behavior mechanisms and modes, with time-lndependent and
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)

:time-dependent"behavibr, combine under given loading
conditionsAto,prdduce a characteristic behavior.

~ Considering two types of boundary ioading conditions,
incremental incbeasing 1oading and COnSfant;load”(elevafed
and zero constant load) | simplifies loadihg path N
conSiderationérfor.test jnterpretation; Specffying the
incremental load{ng procedure>with fwo loading rates, fast
and slow, with intervals ofyconstant load between each step,
efacilitatES comparafive analysis between tests, albeit, the
physical conditfon of the Specimen”may differ for each test.

The PST load1ng path dev1ator1c plus 1sotrop1c
1oad1ng, d1ffers substant1a1]y from the genera] field
\1oad1ng path of dev1ator}c unloading. For_a 11near system,
deviatoric and isetropicrcomponents are direcfly additive..

In particular for the'PST,ithe loading path consists of
loading a plate‘and unloading a hole in a prestressed medium
(real case). Specifying_lineabity‘ever 1imited rangeshmay
vappreximate non-linearity. vFor'example; several ShortA
'straight 1ine'segmenta with d#fferent s10pes apbroximates a -
curved line. However, the load1ng h. story is assumed not to
affect Lhe mechanlsms of behav1or (Ka1ser and Morgenstern,
1981). | -

The PST rock mass behav1or may be character1zed
‘accord1ng to a class1f1cat1on of types of rock mass behav1or
“that. dIStlngu15hes between t1me 1ndependent and |
txme dependent behaV1or (Ka1ser and Morgenstern, 1981)

1

Evalua?1on of rad1a1 straln results 1s necessary to: 1dent1fy
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the deformation mechanisms (Kaiser, 1979). .

3.2.1 LINEAR SYSTEM BEHAVIOR
Linear elastic and llnear}vi5co-elastlc formulations

_exhibit,time-independent and t ime-dependent deformational
behavior respectively. The closed form solution in terms of
the Airy stress func{ion by Kirsch for boundary loading of
an infinite isotropic elastic’plate with a hole_brovldes.the
basis-for calculating the parameters of "interest. The\v-
'elast1c visco- elast1c correspondence pr1nc1ple prov1des a
simple procedure for solv1ng the t1me dependent formulat1on ‘
(Findlay, 1976). The equat1ons for these formulations are
shown in Appendices Af and A2. The stress distribution;asr
Well as the diSplacement and strain distributions for a
homogeneous l1near elast1c formutation are shown in Figure
3.1. Both formulat1ons predict 1nstantaneous initial
" behaviour and the l1near v1sco-elast1c formulat1on predicts
delayed deformations as a function ofrthe.constitutive
:relat1ons and load1ng hlstory | Vo
A Assuming homogeneous behavior, enlarg1ng the tunnel
rfd1ameter by 25% changes the stress d1str1but1on The

'1nstantaneous and delayed tuﬁhel wall d1splacements 1ncrease.
J “hy 25% but tunnel closure rema1ns unchanged since, by
def1n1t1on, it is normallzed by tunnel size. In addition,
negative rad1al strain 1ncreases by about tw1ce as much in
Zone A as'%bmpared to Zone B. Tunnel closure exceeds the

'average spec1men stra1n by about 3 or 4 times.
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Assuming linear elastic behavior, tests carried out
with a non-hydrostatic field stress create radially
symmetric distributions of deviatoric stress level (Figure
3.1b). The loading rate is lower forrelements located along
the maximum load axis. In addition, the average confinement
level is 16wer since 1ess:field stress is applied in’ the
minimUm‘loao direction. |

Assuminp Wstantaneously fast loading simp1ifies/
t1me dependent 1nterpretat1on ‘and an incremental loading
procedure comp11cates 1nterpretat1on Assum1ng incremental
Toading of-a linear v1sco-e1ast1c specimen. tests carried

out w1th a "Bimodal Load1ng Rate" exhibit IOadlng rate and
load1ng history dependent deformat1on - For example, fast
incremental load1ng produces less‘tunnelgclosure'than slow
~loading. According to the Bo]tzman Superposition Principle,'
the stra1n output depends on the 1ncremental stress input.
For a Ke1v1n element, a spr1;g an para]]e] with a dashpot,
the stra1n is 1ndependent of load1ng history in the long
' term. . \

For comparison wi th test results, Kaiser (1879) used
the three parameter.lfnear solid, a spring in series with a
Kelv1n element in a linear vwsco elast1c formulation with.
d1fferent mater1a1 propert1es for deviatoric and isotrgpic
stresses Short retardat1on t1ne for-the dev1ator1c |
component and longer retardat1on t1me for the isotropic

‘~component pred1cts stra1n rate reversals Some strain- rate’

results obta1ned by Ka1ser (1979) for a un1form 1 MPa . <



instantaneous field stress increment are shown in Figjre
3.2. Hereafter, this formulation is called a binary
,visco:elastlc formulation. The material propert1es were
‘selected to produce results comparable with PST

: observatlons. The deformation magnitude depends directly on

stress increment magnitude and most deformations occyr

within the first_daygat;iﬁwlhtﬁﬁward the same compression
rate’bontrolled‘bifibe@;ﬁ frﬂlreep parameters (Ka1ser.
1979) . - The .strainsre '
strain-rate depend‘on' h iatlve niiure of the deviatoric
‘land 1sotrop1c creep propert1§%, or COnversely. chang1ng the

material properties affects the strain behaviour.

3.2.2 STRESS REDISTRIBUlde PRQCESSES

Kaiser (1879) tsed a non-linear, stress dependent bulk
modu lus and deviatoric creep of a three parameter l1near
sol1d in a binary visco-elastic formulation to predict the~
change in the slope of. the average radial stra1n curve in
'the low f1eld stress range. Assum1ng the bul modulus
1ncreases with stress, the strain d1str1but1 n changes from
compression at low field stress- toward exte sion at higher

field stresses.

Kaiser (1978) developed the “EquiVa“
,Approach (EOA) to describe PST resUlts and to qual1tat1vely
evaluate pract1cal 1mpl1cat1ons of st'ess red1str1button
The equivalent open1ng is an open1ngf1n a ltnear elast1c

med1um whose wall d1splacements correspond at a part1cular

P . o .‘;ﬁ'
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.instant to the wall displacement pattern observed in fhe
real opening (Kaiser, 1879). Hence, the "EOA" represents an
approximatiOn of a hon-]inear system by assuming a- lipear
system, and provides a method «for practical inierpretaxion
of the deformat}on mechanism .eg.. to develop’ approprwate g
instrumentation systems. excavation layouts and support
systems.

#

Several factors may control SIress redisfribution in s
the PST, as follows (Kaiser, 1979):
1. Non-linear, stress dependent creep properties;
2 Anisotropic creep properties; |
3 Asymmetric cheep property distributions;
4. Yielding, local and global; ‘
5 Strength loss and strain- weaKen1ng

“Analysing some of Guenot s (1879) test data, da
Foutoura (1880) illustrated quwte c]ear]y the mechan1sm of
stress transfer due to creep Kaiser (1979) used ‘an EOA to
illustrate the time- dependent stress redistribution. “In
_part1cu1ar, as the EO expands the radial stra1n rate changes
»toward more extension. This change is comparable to the

d1fference between a stra1n rate curve for R=2a as compared

to R=1.5a for example. as shown in Figure 3.2.

3.3 SUNMARY ;OF THE TESTING PROGRAM
~For purposes of deta]led d1scuss1on the test1ng
nrogram is descr1bed in four sect1ons, sections 3.5 to 3.8,

def1ned accord1ng to the loading M@Story durlng a test.

et .
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Details of testing, including testing difficulties, are.

shown on Table C1—1 in Appendlx Ci. The deformat1ona1 -

-~

response dur1ng a test depends on the load1ng h1story. hence
specifying the loadlng hmstory for the spec1men fac11}tates

N

comparison of deformat1ona1 behavior. L

A summary of the bo&ndary 1oad1ng and tunnel closure‘
history 15 shown ‘in Figure . 3 3. The Tower part1of.F1gure
3.3 shows aCcumulated turnel closure with time.-ﬁeginning
Wifh'test~MC1 8. The upper part of Figure 3.3 shows the.
vertical field stress or boundary normal stress,,the f1eldﬁ”
stress ratio "Nt‘and the field stress loading rate for each ‘
test. Field stress ratio "N is defined as the ratio of the
“_fleld stress for the 90-270 d1ameter ax1s. the hor1zonta1
d1rect1on. to that for the’ 0 180 dlameter axis, the vert1cal
darectlon A numerical field stress ratio is gLown for'
tests d1ffer1ng sugstantlally from unity, .eg., tests with a
"non-hydrostatic” field stress. Test numbers 1ncrease
= sequent1a1]y with time, for example€ MC1.9 then MC1 10; and

-

\ "MC" stands for coalrspec1men. " for specimen numbeﬁ’and

10" g%r test number. The testlng history reported herein ;:

begvns with test MC1.7 and finishes WIth test MCT.19.
In summary, the load1ng procedures for a test 1nclude

incremental 1ncreas1ng, decremental reducing and constant

" a

fweld stress (elevated or zero): Each test ‘finishes by
' redue1ng the field stress lo zero and allow1ng most delayed
L - ‘_{Q’w N » i .
. deformations to terminate, o ' ;¥¥ v

o
s . B

Preliminary tests MCt.7 and MC1.8 were carried out in a

SN



similar manner. Test MC1 7 'is not shown in-Figu e 3.3

becaus& the tunFel diameter d1ffers from all other tests.

To study the effect of 1ncrea51ng the tunnel diameter by
A‘25% the spkcimen was tested on each occas1on y rapid1y

'1ncreas1ng the field stress to 10 uﬁé. heduc1n to

approx1mate1y 5 MPa and 1ncreas1ng to IO“MPa gain; a d then
) malnta1n1ng ‘constant field stress for one daﬁ before
“finishing the test. However, the field stress ratio ’
differed from unity dur1ng test MC1.7, N 1, 3 The everage '
increasing load1ng -rate was 6 to 10 MPa per hour for test

MC1.7 and 9.5 MPa per hour for test MC1. 6

on-hydrostatic Episode” consists . of three

&

A "
consecuh1ve tests. the f1rst and last test béing conducted i

_ under hydrostat1c f1eld stress, the second test: be1ng

‘conducted under a short-term non-hydrostat1c field stress
The tests with non-hydrostatic field stress were carried out

vby rép?d]y_1ncreas1ng the f1eld stress to mach1ne capac1ty

y %ﬂmaw;to zero f1e4d stress. To evaluate the

,-‘2. . R f
'{‘iﬁbarr1ed out before and after each short-term

.o
B e o




ear11est ep1sode MC1.10-.11-.12, and the second ep1sode.
‘MC1.15-.16- 17 were done on the.spec1men pr1or to excessive
fajTure. Durwng the th1rd~eplsode“'MC1 17-.18-. » the
specimen broke cons1derably under non hydrostat1c f1e1d
stress. The field stress ratwo and loadlng rate for each ' 'f,
tgst is shown in F1gure 3 3. - ‘

Two tests with a “B]modal Loading Rate" MCT 9 and

MCt. 14 were carr1ed outﬂbefore and after the earliest-

"Non- hydrostat1c Episode”. This test was conducted by .

rapidly increasing field stress to 10 MPa and ma1nta1n1ng 'f*t
,constant load. for one day, then rapidly increasing the f1e1d
stress by 1 MPa 1ncrements and ma1nta1rtng constant load for

one day intervals at 11 12, and 13 MPa requgt1vely Thus.

after the 10 MPa f1eld stress, the average 1ncreme tal’ "~

v,

5
loading rate was decreased by two orders—of magn1tu e

Then after one day at 13 MPa, the f1e1d stress was qu1ck]y ':.A‘fgé}'
reduced to 10 MPa and held for one |day before rapidly :M
increasing ‘it agaln to 13 'MPa and malnta1n1ng constant field -
stress for one day Thus. a cycTed loading sequence 1s-"

_ Jncluded 1n the loadlng h1story Thereafter‘ the f1e1d
sthess was rapldly increased to 14 MPa and® ma1nta1nedﬂtor

J“ f
: c%s;d&g then Jncreased to machine capac1ty, 14,5 - 15 MPa,

;gﬂhd‘held for four of f1ve days defore f1n1sh1ng”fhe test
The‘f1eld stress rat1o for - MC1 9, approx1mateby 0. 95 dur1ng -

..;( <

' 1n1t1a] load1ng to 10 MPa was adJusted'toward un1ty

4

dur1ng the 40 MPa - constant f1eld streSs 1nterva1 Between

NP

~each test the average field stress rat1o duffered by ‘

; L

-

SR -
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approximatelyflo% and the average loading rate differed by
about 2 MPa per hour (Figure 3.3).

Routine visual inspection of the specimen during the
testtng program served to locate specific phenomena which
;were then followed durlng subsequent tests. Thourouqh

Hifﬁspectton was . d1f?1cult swnce the spec]men was nearly _
ﬂiclosed in by the Lest&ng,pwthtne but a }argéaport1on of the

tunnel wall was v1s1ble»dur1ng testing. Phys1cal change of

I

-

the‘spec1men segmedrto be more pronounced during the latter

part of tegt1ng .1f only because more emphas1s was. placed ‘on
: recordlng phyé&dal change in the latter part of the test1ng |
. program ”%‘;j . — :nyy,lﬁ' 4

Althbugh changes in deformat1onal behavior oc¢cur during

the testing’ program,~some typlcal.deformattons recur. - For
exbmple ‘stress-strain curves are generally non-linear over c
the full range of f1eld stress, partlcularly at low values? |
and frequently l1near ove spectfled ranges. Delayed tunnel_f
*_closure and boundary d1splacement rates decrease with time,

however radtal strain rates typ1cally change from extens1on

to compre5510n w1th tlme The tunnel closure and radtal

O
strain pattern is asymmetr1c durlng hydﬂbstat1c field stress
tests and rad1ally s?mmetrtc dur1ng non- hydrostatlc f1eld

stress tests ‘The rad;il strain measurements are plotted atll

a scale approx1mately one order.of magn1tude sma?ler than
\ that for tunnel closures. Partly 1rrecoverable tunnel

closure and radtal strain pers1st after f1n1sh1ng a test

(F1gure'3 3. Y
. YA : TLoEw o . ' : ) L : ) S
E : ¥ ’ lg» ST S R S e
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Discussion of thé'testing results is presented with ' f_/

reference to three types of figures showing test results.

"Apparent deformation moduli" are calculated using selected
tunne i’ closure measurements a. - me average specimen strain. . s

measurements in the closed form linear elastlc-formulation

shown in Appendix A1.. They are presented in a normal1zed

fash1on to provide quant1f1ed results for dlscu531on of .;

tunnel behavior and rock mass behav1or in general.

Secondly, selected tunnel closure measurements, taken from

stress closure curves and closure rate-time curves. are also_

-l

presented in a normalized fash1on for discussion purposes. S VS

Finally, plots of tﬁh. 1 closure, average specimen strain ,

I 2

and average radial strain are presented in summary diagrams R

» to prov1de a reference for qual1tat1ve discussion of rock -

‘segments were specified for increasing loading paths as
: ’ . o .

e

.mass behav1or

The tunnel, closure measurements and avgg,ge specvmen

strain mesurements used in the linear elastic formulatJOn

e

and in normalized comparlsons, were obta1ned by @hh

‘ approx1mat1ng test results with a stralght l1ne On the

_ stress closure curves..four types of-straight line slope S

follow5'

1.

2.

3.

Average_ﬁ_average slope between 4 and 10 MPa,

Tangent - tangent Slope at 10 MPa;

: Fast Reload - average s lope for increas1ng load1ng

port1on of the cycled loadang h1story at elevated field

B -
kY 5

SR Ky




vdecrease in the value of the "b" parameter actually

!
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kpressure during one test;

4. Slow - average slope for slow loading through the 11 to
13 MPa f1eld stress range, "Bimodal™ Loadlng Rate" tests
only. _

On the double logar]thmlc closure rate versus time curves.,J

closure rate parameters are defined for a straight line

approx1mat1on of the test curves. The geometr1c stra1ght
line slope is def1ned as parameter "n". It_represents the

rate of decrease of clOsure-rate with time. The logarithmtc;'
! P RN » .

value of closure-rate at one hour is defined as parameter ., &% 0

"b". It represents the potential for closure. For the

purposes of d1scuss1pn, it is 1mportant to realize thpt a

\
represents an 1ncrease in the potent1al for closure, since

closure rates reportéd here are less than unity. Sam!ﬂe
calculat1ons of the l1nearlzat1on technique agk_the apq.se
deformatlon modulus are shown Jn F1gure C3 1.

Slgn1f1cant relat1onsh1ps and trends . are’d1scussed w1th
reference to summary - plots of ttress- stra1n and .
strain-rate-time. Quantitative evaluation of radial strain
trends is compltcated by variationsyin-heasurements, hence
radial strain trends are discussed'qualitatively'only. For
brevity, stra1n time plots are seldOm presented However,'
strain-rate-time plots. statlst1cally evaluated US1ng .
strain- time data, represent the character of the stra1n‘t1me "

plot and fac1l1tate comparlson between varlous constant load

intervals. Uork1ng draw1ngs show1ng both stress stra1n and
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strain-rate-time curves were studied and_then some test
‘results were‘selected,for presentatlonp |

| Figures 3.9 to 3.14 summarize ‘the stress-strain results
for specimen MC1. In these figures, field ‘stress 1s shown
along the ordinate, at one scale, and either tunnel closure.
- average specimen strain or average radial strain is shown
along the abscissa, at various scales.”’The initial strain
'for»each'test is marked by a'vertﬁgg% Tine and the test

“ number together w1th field stress ratio are shown above the
curves for each test (test MC1.7 not shown). The"

d1splacement or strain monitor location is schematically

shown in an inset sketch. Stress-strain curves are shown

for Zone A extensometers in Figures 3.11 and 3.12 and for

‘Zone B extensometers ln Flgures 3. 13 and 3.14,

F1gures 3ald to 3.17 summar1ze the selected

strain-rate-time results. Voluminous results were obtatned
- at constant f1eld strésses but they are not 1ncluded here.
ATl summary f1gures have beeq traced by hand from computer

generated plots examples of Wh1ch are shown in Appendtx C4.

.

o

'_I'

'3 5 PREL,}MINARY TESTS, ‘MC1.7 and MC1.8

Iﬁcrpas1ng the tunnel d1ametertby 25% creates greater
Lo
"short- term delayed t*nnél closure and a correspond1ngly
reduced.apparenf deformat}pn modulus. Moreover, linear

S
theoretical formulat1ons fa*lvtoipred1ct the observed tunnel

closure response Thus,Athe°delayed tunnel closure behav1or-l

fde§Eh85‘bn the tunnel s1ze ; . e




3.5.1 INCREASING FIELD STRESS RESPONSE -
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) ,
As anticipated, radial strain measurements, during both

incremental increasing and constant field stress, exhibit s

greater extension behav1or after 1ncreas1ng the tunnel size

- since now the extensometers are located nearer the tunne]

wall. However, radial strain depends on location (Flgure
3.1a). The rock mass Ehanges,with loeation. therefore
inappropriately cpmplex analysis would be necessary to

evaluate the radial strain results in detail.

-

The average apparent deformation modulus for test MC1.7’
pred1cts only 90% of the tunnel closure for test MC1. 8
Thus. the average apparent deformat1on modulus decreases
after enlarging the tunnel (Figure 3.4). F1gure 3.4 shows a'
plotlof the average apparent deformatio ‘ odu 1 derived by
averag1ng the apparent deformation moduligcaICulated for the "
four tunne] d1ameters. and normalwz1ng the average to one ~~:ifL
test MC1:.10. F1gures C5}1 to C5 8 in Append1x C5 show the ’
apparent deformat1on moduli and the tunne] closure for each
d1ameter on two types of normalJzed plots _ In one type of |
plot, modu11 and tunnel c]osure measurements are normal1zed

to one test test MC1 10. In the other type of p]ot modull

and tunnel c]osure measurements are normalized to one -

d1ameter, the 0 180" d1ametér.» Compar1ng the apparent
deformat1on modu11 for tests MC1. 7 and MC1. 8 the least
change occurs along the 43 22& d1ameter (Flgure C5-1).
' Apparent deformat1on modul1 d1ffer sxgn1f1cantTy

e
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between each diameter, eSpecially for test MC1.7, as shown

'ﬂ in Figure C5-4. Actually, in ‘this f1gure, two of the modul1

' are off scale. The tunnel closure measurements vary only "
slightly between each diameter.. Thus, the linear elastic i

formunat1on 1ncons1stently represents'tuhnel closure

3

- response. The non hydrostatwc field stress ratio in test )
S

\\MCl 7, N 1 3, compl1cates d1rect compar1son of prelwm1nary

ttest results. - However, tﬁe‘less field stress dependent

\
dlagonal d1ameter tunnel ¢losures 1ncrease by 10%-30% after
enlargtag the tunnel size (thure C5- 3) -

The stress versus closure plots are s1m1lar for the

2y

prel1m1nary tests Append1x C4 contains the field stress
V:vé

v versus tunnel closure resultsﬂﬁhd some of the f1eld stress
versus radial strain results for these téstsuL For-test‘

- MC1.8, the stress-closure curves for the 0-180 and 135-315
diametérs exh1b1t Very sllght y1eld1ng at elevated fxeld .
stress Both tests exhibit a greater fast reload stlffness
as compared to the initial loadtng st1ffness After .
'unloadtng, tunnel closure recovers 1ncompletely, however due
to d1ff1cult1es dur1ng test MC1.8, not all of the. recovery .

s o \

results are ava1lable

Compartng average radtal stra1n results .;' th tests,
test MC1.8 exhibits more extenston at low fteld stress and
espeqtally at elevated f1eld stress (Appendtx ca). ‘.

tCompartnp.average radlal stra1n in both’ Zones A and B for
'test MC1 8, zone A exhiblts a greater change than predicted

by a ltnear elast1c formulatton ‘Generally, thelobserved
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radial stragn'response iS'éonsistent with linear

- predictions. howeyer} stress.dependentrmatertal properties’
preclude quantitative evaluation. |

The average rad1al stra1n response varies ;

..asymmetrusally around the tunnel due to6 defects 1ns1de the'
spec1men' For examplep the fracture, straddled by_thev225’
radips.extensometer in‘Zone B, causes substantially more

' crack closure rad1al straln as compared .to other locat1ons
(F]gures C4-1 and C4 2) Superpos1tton of fracture ap%

conttnuum deformatvon modes contr1butes to the asymmetr1c

\
rad1al gTFE7FFtﬁETTTbUTTUn“““ThUS Knowledge of the FOEK

mass cond1t1on 1n the v1¢1n1ty of the extensometer 1s
necessary for accurate interpretation of the stra1n results.

‘ The average speclmen stra1n. approx1mately one quarter

" oﬁathe tunnel closure. increases after, enlarg1ng the tunnel.
; Th1s is con51stent w1th the linear elasttc predlct1on .-

\

, N
° Boundary‘effects 1ns1gn1f1cantly 1nfluence the results.

-

3

AssumIng lvnear elasttc behavior, 1ncreaswng the

l

hypothet1cal specimen s1ze 1n proport1on to the change in

the tunnel size affects boundary d1splacement by less than

1‘5% . - . - ’ S '::,\\~;;‘ .

The closure rate parameters. b and 1 n, together with t e\\\\\\‘

-~ -

total delayed closure change by 15- 20% after enlarging the
tunnel (F1gure 3 6) The "b" parameter decreases and - the

"n" parameter tncreases togéther with the total delayed



cTosuhe. Figure 3.6 shows the average closure rate - c

parameters for each test hormatized to one test MC1.10.
“Compar1son of the delayed tunnel closure’ shown in Flgures |
.C4 -3 and C4-4 illustrates the increase in total delayed

;. tunnel closure for the’]arger tunnel. The change in the |
cfbsure‘natevparameters suggests delayed tuﬁhei closure
.occurs more rapidly andvalso terminateeJmore rapidly, thus
xeffectively becoming a short-term phenomenon. \Thue, an
increased ahount df'shert-term'delayed tunnel clbsure
correSponds with a lower apparent deformatwon modulus.
Mowever 11near visco- elast1c1ty pred1cts né change in tunne]

e\glgfghe\response after 1ncreas1ng the tunnel size.

' Compar1son of the rad1a] stra1n time plots for both
'tests, shown in Figures C4-3 and C4- 4, shows the 1ncrease ir
“the amount of extension strain after increasing the_tunnel'
eiz‘i;lThis change is consisteht with the anticipated |

variation of delayed radial'strain'for different distances

-'from the tunnel, as~1llustrated in EJgure 3.2 for the b1nary :

visco-elastic formulation. |
’,Dur1ng delayed recovery of test MC1,7.'eXtenstoni'

strains'ecedr in zone A and ione B{'changingato compreseion
in zone A afterUSOAtb 70.hoursr Novreébveryxresuits are
availible for test MC1.8. e |

The delayed tunnel closure rate parameter ”b" exceeds
the comparable boundary d1splacement parameter by
approx1mate1y one-half order’ of magn1tude ; Non hydrostat1c

, *
-fteld stress during test MC1. 7 and - test1ng problems dur1ng

61
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test MC1.8 compl1cate comparisons, however the observed
behav1or is cons1stent w1th pred1ct10ns assum1ng linear

visco- elast1c1ty.

3.5.3 COMPARISON OF TUNNEL CLOSURE AND RADIAL STRAIN
'RESPONSE N | ;

Increased tunnel closure and extension radial stra1n
occur after enlarg1ng the tunnel size, for both incremental
1ncreas1ng and constant field stress. Although amb1gu1ty
exists about réﬁval strain 1nterpretat1on, to a f1rst
ap9r0x1mat1on, linear theoretical formulat1ons pred1ct the‘
observed radial strain observat1ons However, linear .
theoret1cal formulat1ons fail to pred1ct the 1ncreased
tunnel closure. , o ' -

- The coal materlal exhibits a non-linear, stress
Vvdepehdent creep respohse (da Fontoura 1980). . The effect ‘of
1ncreas1ng the tunnel d1ameter in this type of material fsv
" not readily apparent ‘ ;jﬁ% '

"~ The d1fference .in. load1ng“rates between eachstest
-1ncons1stently expla1ns 1ncreaseo tunnel closure Assuﬁ1ng
l1near materwal propertles for .a faster loadlng rate,
greater delayed tunnel closure would‘occur perhaps
comparable to results for test MCIA§ However, ‘a greater ‘
| closure st1ffness would be expected, contrary to test
observat1ons I S | ,\-

" Local rupture the tunnel wall and the assoc1ated

%:nmgmhcantly affect r?ponse in

. &

stress redistrmbut
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either test. Local rupture initlally occurred during test
MC1.9, at 12 MPa field stresswv - ‘

| Test1ng pPlOP to enlarglng the tunnel size complicates
interpretat1on. If an EO were created prior to' test MC1. 8
.’the change in tunnel closure after enlarging the tunnel size

'may conservatively represent this "size effegt". As will be

d1scussed next, development of an EQ creates a “softened" or

"weakened" zone adjacent to the tunnel. Increasing the -
tunnel size removes some of thvs 2one and exposes a larger
volUme ofirock to dev1ator1c stress. Then, due to stress
coneentratlons near the tunnel, time- dependent deformat1on |

wou ld 1ncrease perhaps comparable to test r°5ths

3.8 NON-hYDRosrATic.besooEs MC1. 10-11-12 AND MC1.15-16-17

1

The deformat1on response changes s1gn1f1cantly dur1ng

the earlier Non hydrostat1c Ep1sode", MC1. 10 11-12, more so

“than during the later ep1sode In part1cular durxng
'1ncremental loadlng. tunnel closure 1ncreases and
coincidently, dur1ng constant field stress, tunnel closure

rate parameter n. decreases and parameter b 1ncreases : Also,

more extension radial strain occurs further away from the L

tunnel 1nswde the rock mass. However dQInear elastlc
formulat1ons predlct comparable reSponse for both
hydrostatic field stress tests MC1..10 and. MC1 12 S

' Stress red1str1butlen—mechanlsms are required to
explain test observat1ons In particular. an ED, of about

-

125% to 135% of the 1n1t1al tunnel stgsg,as\created undert

R N
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;he short4termfn0nfhydrostatic field Stress. fhus the size"
of the time—indepengent.EO igoreaSes. iThe propensity for
delayed closure and the rate of decrease of‘the delayed
closure decrease s1ight1y.' Thereafter. proportionally
greater tunnel olosure ocours together with correspondingly

greater extension strain away from the tunnel wall,

3.6.1 INCREASING FIELD STRESS RESPONSE

Average apparent elastic deformation noduli, derived
" from tests-prior to teSF MC1.11, exceed thoseﬁfbr subsequent
fests by approximate]y.2o%f35% (Figure 3.4f. Als., tunnel
closure measurements differ for each djameter especially
after the initial low confinement episode. However, doring
“the latter part of testlng, they correspond; between |
dxameters QF1gures C5-1 and €5-3). F1gure 3.4 also '
1llustrates the 1ns1gh1f1cant change in apparent deform;t1on
propertles dur1ng tests MC1.15-.16-.17. $o, the flrst test
w1th non- hydrostat1c f1e]d stress creates an 1ncreased
—amounf of tunnel closurerdur1ng subsequent tests, plus to a
vlesser degree, influences the closure-symmetry Therefore,
test MCI 11 evvdently creates a non-circular shaped EO,
about 125%135% larger thait the 1n1t1al ‘tunnel size. Ihe
‘isecond ep1sode 1napprecrab1y 1nf1uences—%unnel response '
The mechanmsms alterlng tunnel response during the f1rst
ep1sode do not prev311 durrng the second episode
L Stress red1str1but1on occurrlng after test MC1. 11 and a
~comparat1vely larger conf1nement reductwon between tests'

Tof " . Ale
v - , :
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" MCt. 10 and MC1. 11, as compared to between tests MC1.11 and
MC1. 16 may exp1a1n the relat1vely 1ns1gn1f1cant response:
alterat1on dur1ng the later episode. The “Equivalent |
Opening” created during test MCi.11 red1str1butes streqs

| 1nto higher conflnement zones. away from the tunnel.
Y1e1d1ng 'would be anticipated only after stress

concentrations exceed values previously experienced by the

specimen.” Although, the field stress ratio "N" in testﬂ/

S MC1.11 s nearer unity than in test-MC1.16, the magni tude of

the change of "N" between tests MC1 10 and MC1 11 exceeds
that between tests MC1.11 and MC1.16 by approx1mately tWJce
(Lie.; ! to 0.6 as compared to 0.6 ﬁo 0.4). Also, proximity
:Qf’tl ’Seéinen’boundaries may subdue thehstrain'response in
test MC1 16 as more extens1on stra1n occurs further from the
tunnel F1nally. h1gher conflnement away from the’tunne]
‘may 1nh1b1t expans1on of an equ1valent opening. -‘.
Apparent deformat1on modu]1gexh1b1t rad1al Symmetry

P
dur1ng tests with a non- hydrostat1c f1e1d stress. In,test_

MC1.11, apparent ‘deformation moduli, obtained from - wr

measurements in test MC1.10, under- estlmate tunne] closure
by 10% for the max i mum load axis and by 25% for ‘the dtagonal

d1ameters,°and over est1mate tunnel c]osure by 60% for the

et

~1nﬂrﬂmﬂa—%ead—ax1s : e ——
' The—radTat'straTn—owstrxbutlon also. exhib1ts rad1al
symmetry durang nqn hydrostat1c Fleld stress tests Rad1alﬁ
istra1ns respond prxmarily along principal axes with more

fcompress1on along the 0-180 ax1s and more exten51on along

(e
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the"90-270 axis (Figures 3.11 to 3. 14)' Radial. strains e

» respond moreso in zone A than .in zone B and in zone ‘B, .w
moreso along the 90 270 diameter than the 0-180 diameter.
Thus. the observed radial strain pattern is consistent'with
the anticipated behavior assuming a linear ‘elastic material, Q§i
however discrepancies exist. For example, the magnitude of rg
response varies between comparable diagonal locations ’

'a

’. These results illustrate the influencF of the local rock ;’.'
mass conditions on the radial strain- behavior gvf' .o d ’
The tunnel closure pattern changes slightly after test
T MC1.12 (Figure C5- 1) An eJliptical closure pattern occurs
during test MC1.11, and upgn hydrostatic loading during test _
MCi 12.ogreater tunnel closures occur along the 90-270
diameter During the first "Non-hydrostatic Episode", the.
apparent deformation modulus changes by approximately 10%
for theﬂl 180 diameter as conpared to 25% for .the 90- 270
diameter (FigUre C5-1). Subsequently. in tests after test
MC1 12 ‘the apparent deformation modulus for the 0 180 |
7 diameter crntinually decreases while remaining ”
apprQXimately constant for the 90-270 diameter (Figure
C5-1). Indeed a field stress ratio ©f 5-10% abéve unity .
~ could cause the radially symmetric closure pattern '
particularly since the rock mass exhibits stress dependent ;-
de‘ormation properties Non uniform field stress during the “
. earlier tests. shown in plots of boundary stress variation

ix c2, precludes detailed study of the variation e

closuae patterns However. ﬁievd stress varies .
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‘h pon_untformily during the later tests but tunnel closures
vary only slightty.- Thus. the tunnel closure pattern
. .becomes more axi-symmetric. - _;' v
1nd1cates that stress'transfer occurs as more compression.’

e

straln occurs in zone A and-more extension strain oqgurs 1n

F

zone B. However the magn1tude of this alteration 1?3
greatest after a test w1th a non hydrostattc fweld stress
Compar1son of the average stress stratn curves for each
test sHown in F1gure 3.10, 111us@rates the change 1n
average*rad1al stratn behavior- durtng the test program.
Stress stra1n curves for tests. du51ng a "Ndn hydrostat:c
Ep1$ode" differ s1gn1f1cantly_(F1gures g 11 to 3%14)
partvcular, note the change 1n the shape of" the 4,@?‘

a .i ‘.
stress stra$h curves for, zone: & . and zone B dur1ng tests

MC1.10-'%. 11-1 12. Comparlng curves forqtests MC1 10 ang

. r"\.‘\- . J/t
MC1. 12, .generally more compress qpcurs in zone A and more

H

Dur1ng the test program the rad1al stratn d1str1but1on L

extens1on in zone B 1n test Mgg 12 tpts beha¥1or 1s not soO .. .

x

~ evident for tests C1.15-16- 17 In aart1cular, no‘phange or:"
sllght compression occurs in zone A and elther more - ’
‘compression or more extens1on occurs in zone B (thares 3'1t
to 3. 14)' This alterat1on of radlal straln ls cons1stent
~;w1th stress red1strzbut1on away from the tunnel '
After unload1ng, 1rrecoverable tunnel closure and
'.radlal strain ?gma1n after tests wwth elther hydrostat1c or
- .non- hydrostatic field stress Less than 0 4% irrecoverable

'vtunnel closure remains after tests during the 1niti l' i
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“Non-hydrostatic Episode” (Figure 3.3). Durlng the later
eplsode, 1rrecoverable E?nnel closure varies between zero

<

and 1%. \hHowever 1£§ecoverable closure for spec1men MC4

.Guenot %1979), exceeds that for

I ing curves presented in. Figures 3.11 to

", -

. 3 14, the magnltudeﬁof 1rrecoverable stra1n vartes, but it

g

. . . . . r . , ‘,.
N [ P ) N S
. : SRR S g&? N
: ]

Jdecrease respect1vely by 5-10% while n;lial stra1n rate \

is usuallyﬂﬂ than 0 05% Irrecoverable ‘strain forl .
spec1men MC4 near fa1lure g1ven by Guenot (1979}, exceeds‘
that for spec1men MC1be‘hpprox1mately dﬂh;half order of
ﬁébﬁVlUWe§

magn1tude 2 Thus, comparattvely mtpor 1nelad§£§

““*4“ m

SRR i (A
g rs ‘CONSTANT FIELD" STRESS RESPONSE R R e

Y

exﬁ1p1ts sl1ghtly‘more extens13h—aftér]¢T
A el
%on hydnqgtatlc f1eldxstress, especi-:

the fgést ep1sode F1gune 3. 8 a normal1zed compar1§5n of’

ﬁ?/1n zone ;) dur1ng

l'the average closure rate parameters,,1llustrates thé change

“in closure rate parameters Closure rate parameters are not

' shown ﬁor test MCl 11 51nce no constant elevated f1eld

'»stress was not applied Flgure 3.45, -shaqwing ‘the tunnel

-and MC1 12 qual1tatrvely 1llustrates fhe change 1n'stra1n ;“

) Tunnel closure rate parameter% b and n, lnCrea 'E'nd3“-

. g ¥ ST :
occurs - ln/the MC1 - spec1men“v c f“=* . %w”;"- :

raie behav1or ' cIn particular, the“sarye shape dwffers after

.‘J.

.“-'

ave sllghtly non-llnear as campared to those for 1est

_,.'._!.‘ 13_“ - a.' N . I
L2 .

-

c. - - Tt e R T

“closure rate and radlal stra1n rate curves- for tests MCl 10 .;'

N
et
.‘ f& :

L.

' -test MC1 11, Also, the')closure eate cﬁrves for tes - .MC1 12 o
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¥ \,f,a\
mMC1 10 Radiab stré"in rate behav1or d1ffers slaghtly pr1or
to. each low confmement, test, that 1s more compressmn e
. 'strain rates occur durmg testu MC1.15 as compared to test
- MC1.10. However aft’er both 16w confmement tests, rachal .
_ strain rate behavwr changes shghtly toward more extens1on,
especially in zone;B. .‘ _./‘
' The time dependent behav‘uor o'f?» Tow confmement

. ep1sode is d1fferent ~\‘rom the effec‘gof enl,a,rgmg the tunnel

slze Compared to: the prelmmar‘ h y

-.c]osure apparentLy t@’hds toward a Hor € ﬁong term, lower ‘* d
- potent1a1 behav_:aor ' oj o ( L 0 s e
A‘ssummgva bmary visco- et‘&amstm? spec1men, the - *’.Q

- d1ffereﬂ'ce£ 1n 'slvoadmg rates fop tests MCf&fﬂ and MC1 12@6

P ] "A

.as compared to 4 MPa ﬁer hour ~~could cause gre?t'é’r tunnel
c]osure“#-dr slower 1nc@emental loadu. wi th’a correspondmg }3‘
decrease of the c]osure vat‘e parameters, perh'aps comparable
thh test observatlons Howeven a .Fbe explamed later
w1th ref,erence ‘ test t"esults, morzompressmn radlal '

é‘ye' ;
stram occurs a‘ifter #aster mcremental loadmg._contrary to

observat1ons for zone B shown in Flgure 3 15, Thus;‘Q a **
| loading rate dlfference inconcluswely explains delayed
deformat1on behavwr _ . s - S s
L Also after test MC1 11, the recovery closure rate -
parameters, b. and n, respectwe]y 1ncrease and decrease
. sllghtly and rad1a1 stra1n rate behavior exhib1 ts sl‘ightly
-greater conpressmn : No response changes occur durmg tests

MC1 ‘rS 16 17 __~Th1~s behavwg 1nd1cates that a responSe

-

- - .
hai - PN -
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G o t%t
alteration occurs after test MC111,, comparable with the -
%{elevated field stress resppnse 'alteration”' I‘-'io'urever

'ompl 1cated %

g‘ procedure. ‘and

interpretation :»f the -recovery requ P o™

delayed resp ¢ depends on the unhoa

-unlQading prcsedur'es vary between tests moreso than the
‘Toading procedure
s

' .
] . . -

9. .

E? 6.3 COMPARISON OF THE TUNNEL CLOSURE AND RADIAL STRAIN

Generally lower confmemen‘t‘ together w1th rad1allyQ

L]

symnetr1c stress and Ioadmg rate concentrations ,gombme to”

produce an alterat1on of thehpparent dgfor‘étton properhes . “
0

durmg test MC§| . Also the r‘%dml strain behawor : &

7¢,

X o
gqhanges, Zone A exh1b1ts more compressmn and Zore B RN

Y

exhibits more eg(tension However,‘“ the delayed tunnel oA
™ .

c]osure an radlal stram behav1or change only shght]y
durmg ﬁwe NOn hydrosta'hc Eplsode" ' Thus,@a ;softened“ or

weakened" mne 1s created adJacent to the: tunnel wh1ch »

o tansfers stress further 1ns1de the rock mass. - “‘ \

A radwally synmetricﬂunnel closure, pattern during test
MC1 12 1nd1cates that an elhphcal Equwalent Opemng 1s :

" developed—duruag test, MC1.11. The ka‘_]or ax1s of thls ED 1s
N - o

or1entated parallel tp the 0-180 d1ameter, the mimmum ~°

1 4

closure d1ameter Assummg hnear elastic propert1es and (g
w.

N<1 max1mum tangen.t1al stress and Ioading rate occur along
{

theﬁo 270 ax-1s. the minimum load (hor1zontal) ax1s (F1gure
- 3.1b). Further. if. h“gher stress causes yieldmg of

elemeﬁ/; along th; gp 270 axis an elllptical O or1ented'
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N

opposite to'the observed behaviOr would be anticipated

~(.ie., the major axis or1entated parallel to the 90 180

diameter) Hence upon reload1ng dur1ng test MC1 12

* maximum closure of this elliptical opening would occur along .

s

" diameter, s?pwn in F1gure 3. 12 Secohdly. after test

the 0-180 diameter, contrary to the observed behavior
Therefore. aﬂ’ell1pt1cal EO. is apparently developed due to
Tower stressﬁéevels which leads to soften1ng" or.

"weakening"” of the rock mass near-#the tunnel and along the

“yo ,-

-

@1’80 diameter.
" Several rad1al -strain measurements and phys1cal
observat1ons indicate that con51der1ng only tunnel closure
s1s of PST results leads to a m1s1nterpretat1on of '
thelméﬂhan1sms of behavvor!ﬁ FJis‘dWWMBomparlson of radial
straln curves for the 45 and 225 rad11£zshowg 1n Flgures 3)51
and 3 7 illustrates the varLat1on in radial strann along'-

one d1ameter durang d1fferent tests However, Jhe tunnel

N

> closure curves are comparable in both testi for the 45- 225a

MCl 11@?¥he\rad1al strain response “along ¢he 270 rad1gs 1n .

‘ zone A, shown in F1gure 3 11 differs. from other

measurements along the hor1zon§%l a;?i’jfbur1ng rupture of
the specimen a broKen zone was created at thIs locat1on in’
zone A (F1gures 2 4 & 2 5) Indeed comparatlvely h1gher
| i.n zone A;va*long the 27Q ';;?9,&“5 may have caused -

larger tunnel closures, thus indlcat1ng an\ellipt1cal shaped N

EO as prev1ously dIscussed As well..the fracture located

: as shown in Flgure "2 1 concentrates stresses between the _t»ft



|

tunnel'w%ll and the fracture plane,thereby¥excessivelys

loading these rock elements. Thus, the radial. strain
S

d1str1butlon varies between d1fferent locat1ons around the
4 , .
tunnetl. - =~ - o ”““3* T

Moreover, local variations in the radial strain
measurements indicateS'local "softening” or "weakening" ~of
)

the rock mass. Therefore development of an asymmetr1c§1 EO

seems. most likely. . "Aﬁ SR 'iff?' ." Lo

By N
. »

Examination of PST results brought Ka1ser (19797 to

l

H,mass response and rad1al stra1n responds to" local creep and
?‘ .

_ y1eld (.ie., to the processes ‘of deformatlon) Also,

'J

Tpostulate tha%;tunneﬁbclosure represents -an ovaraﬂl rock ‘;/

an1sotropic tunne] closuryif

\s.,_ Loed

. propérty dlstr1but1on and moreover,-t”%symmetry causes
O

, ,radwa] stkaln in other locat1ons (Kalser. 1979) ' e

e

Compar1son of tunnel’ c]osure and rad1a1 stra1n jor MCH

1nd1cates that tunne] closure represents an average '

2

response Also, the local rock mass cond1tlonst

part1cu1ar1ly an asymmetrlc property dlstrIbutlon, 1nf1uence

a;

- the PST performance

- A ’ [

53 7 BIMODAL LOADING RATE TESTS MC1 9 AND MC1 14

The PST specimen exh1btts loadIng ra&e dependent tunnel
| “‘closure andbgatha.‘r steain behawor ¢ 2h. ‘oadmg rate

”Ldecreases. larger tunne] closures occur, thus the s1ze of

-~

.T:this EO increases. This change‘in the ED—size 1s called a
'gdelayed,EQ. In dgtail tﬁﬂ&-dependent tunnet cldSure

. e “-T-' ¥ =N
T R TN S N
- te . " o -~ T . .
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o results generally depend on loading hlstory, 1n part1cular,

on the. magn1tude of thé f1eld stress 1norement f1eld stre55‘

lix magn1tude and stress path Rad1a1 stra1n rate behav1or may
also exh1b1t stress path and f1eld stress magn:tude '

dependency Therefore, when evaluat1ng Qeformation
&,

behav1or. loadlng h1story must‘%e c0nsrdered Apb1nary
'vgsco ela=z1c formulatlon codﬂd~pred1ct load1ng rate
"dépendent bepav10r buts wou 18- fa1l to pred1c¢ f1eld strpis

magni tude ahd stress path dependency ’f‘%' @'fnf ‘ f;<p

0

e Twme dependent behaV1or dvffens between tests MC1 g and

“ﬁ&o the "Non hydros}a¢1c Ep1sode carr1ed out

gthese testsﬁv In pértlcﬂlar upon redUc1ng ther

ng rate in test MC1 14 the cbange 1n the svze of the ,
fdelayed EO 1s smallér than Jn tesi MC1 9. A b1nary ‘
Jvisco elastvc formulation fatls tO'pred1ct this alterat1on

;'of t1me dependent behav1or Jf:"“ o o : ‘ 'ﬁylu‘ .

A o Bt ayg R . B .‘J‘l'f‘i"f%ih‘-'m:-’s;
¢ - ﬂ« K Lo ’

N ) L amnt o . : . . : o
< . I R . o . . % . ‘ . ., . 3;;

HL3 l l INCREASING FIELD STRESS RESPONSE ‘

i?h S]ow loading allows greater t1m3 dependent tunnel
"closure thus the apparent deformatlon modulus ns lower for
U slow load1ng as compared to«fast load1ng Tunnel closure
'fcurves fbr tests MC1.9 and,MC1 14, presented in F1gure 3. 9

" and the slope calculatlon procedure presented 1n F1gure

L
3

t'\

‘“C3 1a.‘1llustrate the effect of reduc1ng the load1ng rate at .

,L10 MPa field stress In terms 6f the‘EOA,Vreduc1ng the -
'?joadtng rate allows the s1ze of the delayed ED to 1ncrease.

Typmcally.lsl1gh§ly greater totaJ compressive radial

=

N - - -
rv‘-' R - .
r
wr

SR R R o
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strain occurs during the slow loading 'procedure as comparedfs
‘to the fast loading prdhedure Radwal strain curves
o0 presented in Figures 3. 11 to 3.14 show an increased amount

Qof compress1on for. tests" w1th a "Bimodal hanglng Rate“ras o

4

compared to rapid loading to machine capacity. For example,

compare curves for tests MC1. 9 and MC1.14; in particular,

»

note the trend change at 10 :MPa. Also. approximately two

y oL

. EL
t1mes more 1rrecoverable»compre551ve radial ‘strain- persists

. Yy s
‘%fter a. test with a “Bimodal Loadtng Rate" as compared to
rap1d load1ng to mach1ne capacity. A b1nary visco- elasttc
3 ) v

formulatlon could approx1mate the 1ncreased compressive ,

stra1n durtng slow load1nkgﬂfﬁowever, the increased total

% 4 eld stress together with

: compre551on strain at elvi
'proport1onally larger lrrecovenable stratn 1nd1cates that.. -
the specﬁme@ compacts sllghtly under susta1ned and var1able {
'elevated fteld stress, thus v1olat1ng elastlc theory ‘
‘ The apparent deformatumlnbdulus dlffers for the two b
tests with a "B1modal Load1ng Rate" due to the | -
non- hydrostatlc fleld stress- episode ‘wﬁlgure 3. 5, show1ng
the rat1o of the apparent deformatdon maau11 of each
. diameter for t%§$ MC1 14 to that for test MC1 9, 1llustrates .

L the difference between the tests The fast reloadtng modul1

-show the greatest mean alteratlon, abodt 35% wh1le the slow -

s .

“loadlng modql1 show the least-mean alteratIOn, about 25%

AN
q(Figure 3, 5) - The tunnel closure and-apparengrdeformat1on
mole1 vary for each d1ameter (F1gures CS -4. and C5-6) .

least alteration of apparent deformation moduli ochYs along

s “'w o .
‘e a4 . o
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. the 90-270 dtaneter-(?igure 3.5). Comparing the two testsT
a smaller difference eXists between the fast and slow modul i
in test MC1. 14 (FIgure 3; 5) Therefore. the effect of the N
load1ng rate change is less s1gn1f1ca after the Tow L
confinement ep1sode. In partlcylar, Eg: delayed-EO expands
by 24% in test MC1.9 as compared to’ only 14% in test MC1, 14} o
Thu§ the delayed EO depends on loading h1story ' K
| The average radial stra1n behavior d1ffers - v
s1gn1f1cantly between test MC1.9 and test MC1 14, - u
partlcularly in zone B. Compar1son of stra1n curves forv
: test MC1. 9 and MC1. 14 presentgd in F1gures 3.11 to 3. 14,
%cﬂ;lldstrates -this difference. The largest amount 2: . -,a
R compress1ve stra1n at ‘elevated: field stress .occurs dur1ng
_r!f test MCl 9 in particular, in zone B. The leas:t %ompresswe
stra1n response due to loadang rate‘change occurs 1n zone A
durlng test MC1. 14 Thus, the least delayed radial stra1ns o
.ﬁ oc%gr in Zone A after the Tow conflnement test. | '
In general the asymmetrlcal cadtal,strain dtstribut1on
anound the tunnel may be attr1buted to the superposit1on of
non linear response\d;e to the crack closure at low f1eld ij

stress, and the defor ation mechantsm caustng alterat1on of

3

/R

deformatlon behav1or The rad1al straln curvée for thé 225
rad1us in zone B,-shown rn Figure 3. 14 illustrates the
51gn1f1cance of crack closure at low fneld stress
Alteratzon of the apparent deformation propertles during A
test MC1 11(pauses the dtfferent radial straln pattern iftgt ’
betweén tests MCl 9. and MC1 14 ':,~- g ,';fig:;;\,'f],fs"%
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3.7.2
A A |
{' 't ime-dependent tunnel closure parameters b and n,

N 1ncrease~and decrease respect1vely by about 15% after

reduc%@g the load1ng rate Figure 3.7 shows the average

_. _normalized tunnel closure rate parameters, b and n, for each

elevated f1eld stress increment dur1ng test MCi1.14. The

changewof b and R for the 11, 12, and 13 MPa field stresses‘l

*

seems reasonable, assuming a binary visco-elastic material. -

In'particular, the magnitude of stress input differs”by a
ratio of 10:1 between the 1n1t1al 10 MPa f1eld stress and 1
MPa increments for 11 12 and 13 MPa f1eld stress, therefore

the potentlal for delayed stra1njng should crease Thus,
' str ggstory.

the delayed tunnel closure dep-"

After unloadlng to 10 MPa-

o

.
iy

[ >

13 MPa f1eld stress closure rate parameters are about equaltxf

to the initial values for the 13 MPa field stress (F1gure

3. 7) AssumIng a b1nary visco elastic formulatlon, sl1ghtly

hfgher b and n values would be ant1c1pated for a -3 MPa

stress Input as compared to a 1 MPa StPESSﬁ,MDbnyiﬁPOVTded o

full deformatlons occur at 10 MPa f1eld stress Also, upon

0

loadtng to 14 MPa f1eld stress. b and n 1ncrease sl1gh;ly,

thus 1nd1cat1ng f1eld stress dependency B However. stress .

path effects, aftewqule%g1ng gnd reload1ng at-. 13 MPa fleld

stress, compl1cate 1nterbretatlon of the fleld stress 3

76

tness and reload1ng to’ .

9.

R

L

dependencyr F1nally, s1gnif1cantly lower-values for b and n-

- at - 14 5 MPa further illustrates the field.stress 1ncrement

e . . . ‘-

dependency (F!gure 3. 7) ’*[_' ’f"-.f } ,‘,”V »If o
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Superg s1t1on of 1sotrop1c and deviatdr1c components of
‘{ deformat1on compllcates evaluat1dn of tunnel closure rate

4 L

y‘i Var1atlon in the magn1tude of fleld stress 1ncrements. +15%

. \
1

durwng slow load1ng 1ncrements, also’ compl1cates compar1son
of. d%{ormat1on response for var1ous field stresses.
Exclud1ng these compl1cat1ons. comparlson of tunnel
. closure rate parameters for different f1eld stresses in ; e
P Fugure 3 8 illustrates their load1ng h1story dependence “
Suitable testing is requ1red\\o evaluate 1sotrop1cdcreep - ;
behavior and to separate stress path and. fleld‘%séess “'
magn1tude effects Nevertheless these resultsddﬂlustrate'

the necessity for spec1fy1ng loa%ﬁ?g h1story.i:3%gomparmsomn
) < ‘" qti ﬁr.
~ i )N' \ , . :1

3

..bc}
: of deformat1on behav1or

i gt

- ,1llustrates-the load1ng h1story dependent deformat1on |

¢ behav1or Compafﬂson of radIal strain rate results fo lowl
load1ng in. test MC1 9 to that for fast loadlng 1n test

. MC1. 10 shows that sl1ghtly more extens1on occurs in both
zones dur1ng slow loadlng, qﬂcept in zéne . A durlng test

«
_MCY. 9  The- load1ng history differs between Jiah load1ng 1n
test MC1.9 and fast load1ng in test MC1 10 ( Le , @ 1 MPa

€.

load 1ncrement takes 15 m1nutes whereas a 15 MPa load
1ncrement takes 3/hours) Thus, assymlng a b1nary _

v1sco elastlc formulatlon together w1th lncremental load1ng,
more extens1on would occur after a shorter loadlng interval -
"since mob1ltzat10n of the: Isotrop)c deformatIOn component .

1 . . +

'»taﬁes longer

~
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Radial_straln)rate response differs between zone 'A and
zone B as shown in Figures 3.16 and 3 17. After loadlng to
10 MPa, zone A exh1b1ts ~a greater amount of extens1on than

| zone B. Subsequently, durtng slow loading 1ncrements. no -

change or sllghtly more - compreSSIOn occurs in zone A while

more extension occurs 1n zone B espec1ally durrng test

¢ &

‘MC1.14. This qualltat1ve analysis of’ rad1al strain 15‘based,

on summary analys15 of results for each f1e4d stress

»_magnltude. The 1nd1v1dual}curves are shown in the internal .

report. h ) IR e ."; .
| Indeed th1s alterat1on of rad1al straln%rate behav1pr

correlates with expans1on of the delayed“EO.qfter reduc1ng
“the load1ng rate However. as prev1ously shown,” .,J

' superpos1t1on of 1sotrop1c and deviatoric deformatfﬁns and'{t
non- l1near. stress dependent deformatlon propert1es o
compl1cates evaluat1on of“radial . stna1n rate. behav1or

_ Delayed deformat1on behavwor for tests- w1th a'"Bimodal
toadtng Rate" d1ffer sl1ghtly due to the “*Non- hydrostat1c

. €p1sode" carried out between tests For test MC1. 9, tunnel

" closure rate parameter;, b andan slightly exceed those forp
test" MCl 14, part1cularly along the 90 270 d1ameter‘_ F1gure

:“3 8, show1ng the ratto of closure rate parameters of test

MC1 14 to that of test MC1 9 illustrates the closure rate :g{;;

zl-' .#1
‘gd1fFerence between tests The redUctron of the parameters L

#or the 90 270 diameter correspondsfw1th alteratton of the'
apparent deformatidh%odulus However, other dlameters .do

not exhlbit this type of behavior In additioﬁ comp!rison

L e

J
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f‘strams occur
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.of Zone B radial Strain rate cur'ves shown in Figures 3.16
and 3. 17 shows the greater amount _of extension in test
MCl 14 as. compared to test MC1. 8. In Zone B in test MC1. 14
mcreased delayed extenswn radial: straln corresponds mth
greater extension strain observed during mcremental

loadmg Thus, alteration of the closure rate and radia.l,l

stram rate 1s con51stent w1th ﬂe tlme 1ndependent

4

ﬁél:yed conpressive rad1al s‘tram récovery continues at
somee:%ﬁensometer locations\lmg&ftew removmg the f‘ieldﬁ _
str&’s »For example, durlng test MCl g-in Zone B, "'&
conpresswe radial strawmcontinues at some locatlons and

1ncreased» conpresswe stram after 160 %

"'-'f""_hours wh1 'e"i 1 zone B. smaller magni tude delayed recovery

| D%‘ing test MC1 11 conparable recovery 4

'behavior occurs except some’ locations in zone B also exhib1t

.sl ghtly mcreased con'presswe radial stram after several

- *at zero fleld stress. Append1x ce shows the ,
'\.",tf curves for tests‘ MC1. 9 and MCJ 14 ‘at recov%ry €

Tl‘le dé’Payed recovery further exenphhes a superg sed.

] deformatwn behavlor._' A bmary visco elashc formu‘lahon |

b e

. may predict creep rate change However conparable behavvor

would be expected at all Zone B locatwons. Local y1eld

.effects .could account for this asym‘netrwc nesponse and "‘

_lndeed some extenspmeters exh1b1t1ng response changes\ are

" ~located near \local ylel‘d zones Ip partlcular, 'the ‘Zone A

270 radius extensometer was located in the Sectlon that ' ’,

# K i K4

-
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broke up during test MC1.18 (Figune 2.5).

3.7.3 COMPARISON OF TUNNEL CLOSURE AND RADIAL STRAIN

Loca\sdeterioration of the tunnel wall affects tunnel
closure measurements and slightly ihfluences the radial
strain'distribution. For example, alteration of the
apparent deformation modulus for the 135-315 diameter
exceeds the mean value for the tunnel by 10% (Figtre 3.6).
Local rupture at the tunnel wall along the 315 radius
exaggerates the aiteratTQn of this apparent deformation
modulus. Moreover, thg“ﬁotal rupture creates a‘radially
éymmeﬁric EO. ﬁ

During the initial 12 and 13 MPa field stresses ip fest
MC1.9, coal dust collected on the LVDf located along the 315
radius, plus at 13 MPa field stress, an open tension crack
(about 2mm wide) was identified on the tunnel wall adjacent
to the 315 radius. The open crack did not_interfere with
the LVDT operation. Relative to other parts of the ?unnel,
the 270-315 section of the tunnel wall exhibited a broken
texture. This section of the tunnel also broke up during
test MC1.18 (Figure 2.5). During test MC1.14, the tension
crack obened at elevated load and closed during recovery.
This rupture mechanism may chrespohd with the buckling moede
described by Guenot (13979). B ' "

The deformation behavior changes é]ong the 135-315
diameter during the init%a] slow loa lng ﬁh test MC1.9. The

4

apparent deformation modulq;mefceeas‘fhat for other
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diameters by about 15% (Figure C5-4). Also, thé closure
rate‘parameter "b" is about 15-25% greater than the average
for‘all diameters at 11 and 12 MPa f%eld stress. Thus tbe
propensity for immediate and delayed closure isg less than‘
other diametefs. Then, at‘i3 Mpa\field stfess increased

. tunnel wall displacements occur éﬁincident with a more
sBort-term closure rate behaQior and the appearance ofighe
tension crack. Figure C3-1a shows  the increaseg closure for
thé 135-315 diameter at 13 MPa field stress. Figuse C5-7
shows the "n" and "b" parameters for fhe 135-315 diameter at
13 MPa field stress. The potential for de]ayed’closure and.
the rate of decrease of defayed cioéure'increase. The
apparent de}ormation modu i and closure rate parameters are

arable with other diameters during the latter part of

Tf:jb;est program (Figures C5-5 and C5-8). Thus, for the
135-315 diameter, local rupture causes the 10% deviation
from the 'mean value as shown in Figure 3.5. This alteration

\of the closure rate is Qenera]ly coq‘ﬁstent with beha ior
seen in the preliminary tests. | g -

The radial strain behavior along the 315 radius also
changes. Radial strair measureménts along the 31§’radius
indicate no abnormality due to the local rupture at 13 MPa
during test MC1.9 (Figures 5.13 and 3.15). However, radial
strain results d-“fer significantly between tests MC1.9 and
MC1.14, at least moreso along the 315 radius than along the
135 radius. In particular, for the 315 radids, zone A

exhibits more compression and zone B exhibits morc extension &

J
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during test MC1.14 (Figures 3.13 and 3.15). Thus, the
tunnel closure measures an average response whereas the
radial strain responds to.Jocaj conditions.

Moreover, local déterioration of the t.innel wa 1,
comparable to reduced load carrying capaci'y < incal rock
elemenis, promotes local deformations comparab « (o that
observed during the "Non-hydrostatic Episode”. For the
apparent deformation moduli to decreése and extension radial
strain to increase in zone B, a zone of "weakened" or else
“softened"” rock elements must exist adjacent to the tunnrel.
fHowever, in the "non-hydrostatic episode", the delayed s
closure potential and the rate of the decrease of thé
delayed closure decréase. opposite to the behavior at the
local rupture. '
| Gepera]ly, tunnel closure and radiql'sirain behavior
indicate compaction of the sbecimen during the test program.
Irrecoverable‘tunnel closures (typically about 0.4% and
slightly higher after tegts with a "Bimodal Loading Rate")
exist for each diameter, except the 90-220 diameter (Figure
3.3). Although incomplete results are avai]ablé. |
irrecoverable average specimen strain is about 25% of the

'irrecovérable tunnel closure (.ie. about 0.1%). Radial
stbéins exhibit history dependent total strain, as
previous1§rdiscussed. Irrecoverable compressive radial .
strains (typically less than 0.1% and about 0.2% after tests
with a "Bimodal Loading Rate") exist at most“1ocations,

except if large extension strains occur whence irrecoverable

o
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>

- strain is less (Figures 3.11 to 3.14). :Irrecoverable radial
strains indicate that theDSpecimen compacts only slightly
during the testing~history}/ The specimen compacts slightly
between each test however this is insignificant iﬁ
compar ison with aspects studied during this testfprogram.
iQr'example: compare the radial strain.curves for the test
sequence Md1.12-13-15, conducted wifh hydrostatic field |
stress, to that for the initial "NSH hydrostat1c Eplsode
(Figures 3. 11/#0 3.14). Typically, in tests MC1.12-13- 15.
the radial strain cque shapes change 1ns1gn1f1cant]y
However in the "Non- hydrOstat1c Ep1sode" the trends of the
rad1a1 strain curves at elevated field stress change

'markedlyv

>

3.8 BREAKING THEVSPECIMEN

The specim%p ruptured along jointing at 10 MPa field
stress during test MC1.18. Large d1sp1acements occurred
during loading to 10 MPa field stress and rema\ned after
unload1ng. One final hydrostat1c field stress test, MC1.19,
was carried out on the broken specimen'to evaluate the

behavior of a structurally different rock mass:

3.8.1 DEFORMATION RESPONSE

The deformation behavior during_the ndﬁ-hydrostétich
field stress test, MC1.18, prior to failure, generally
correspands with previous results for specimen MC1. jfhe

apparent deformation mo8luli obtained for test MCt1.17
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under-estimate the tunnel closure along the 0-180 diameter
and over-estimate tunnel closure along the 90-? diameter.
for test MC1.18. Also, radial strain is general

consistent with previous tests. After failure, large

‘\\/

irrecoverable strains exist, contrary to previods resuﬁts.
About 2% irrecoverable tunnel closures exist for the 0-180
dlameter (Figure 3.34. However, other displacement monitors
went off scale when.the specimen broke, therefore
.irrecoverable d1splacemen£s could not be measured.

The physical cond1t1on of the specimen for test MC1.19
differed markedly from that for test MC1.17. In particular,
a shear zone was created ag shown in Figure 2.4.

" Comparing tests MC1.17 and MC1.19, shows that the
tunnel closures differ insignificantly however the radial.
strain(distributions differ‘significantly. especially in and
adjacent Eo the brokeﬁ regions in the specjmen. The
apparent deformation moduli correspond betweeﬁ tests (Figure
3.4). The radial strain distribution differ, for example,
aloﬁg the 315 radius (Figures 3.12 and 3.14). Also, general
deterioration of the tgnnelAwall corresponding with the
broken zone shown in Fjgure 2.5 corﬁésponds with mpré_
.extensfon strains in Zone 3 (Figures 3.13 and 3.14).

_ The delayed deformations apparently change
insignificantly between tests MC1.17 and MC1.18. Tunnel
closure raie parameters correspond between tests (Figure

3.6). Radial straip rate results differ slightly (located

in the internal report). For example, zone A generally
_ Q d



85
v

exhibits slightly more compression, however, broken zones
exhibit variable response. Finally, the difference in
constant load vklues for test MC1.17, 15 MPa field stress,
and test MC1.19, 12'MPa field stress, precludes eﬁabo:ate
comparisons.

The tlnnel closure behavior apparently does not change
significantly. Therefore, “softening” or "weekeningf"
processes evidently were not reactivated at 10MPa field
stress in test MC1.18. ‘ |
B} , ) | g

4

- ' N
- 3.8.2 PHYSICAL OBSERVATIONS /

The general condition of the tunmel wall deteriorated
sign1f1cantly during test MC1.18. The shear zone, shown in
Figure 2.4, developed dur1ng the low confinement test
MC1.18.. Deterioration of the tunnel wal] was evident at
quite low field stress. For example, at 2 MPa, in test
MC1.18, a 2 cm® bTock of coal fell from near the top of the
- tunnel ey the 245 radius: ané at 4.5 MPa, a wedge of coal
int;uded about 2-4 mm into the tunﬁel along the tunnel axis
at the 245 radius and interfered with the LVDT at this
locat1on 'In general, the condition of the specimen
deteriorated at h1gher field stresses. Ffor example, at 8
MPa, the tens1on crack on the tunnel wall at the 315 radius
was open about 5 mm; a%d rock noise waS\guite distinctive.
Incidently, minor increase in\bonfihement stress, or else,
“incrementing the field stress\tqr the minimum load axis

prior to that for: the maximum }pgqb35j5~prevented excessive,

ey
X
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rock noise. The épecimen_moved excessively during the last
load increment to 10 MPa maximum fif]d stress and the field
stress was quickly reduced to avoid rotation or translation
" of the specimen. During recovery, the tunnel wall was -
remarkably infact except for material bulging into the
tunnel near the 315 radiué (the 1ate§ seal on the tunnel
" surface prevented debris from falliné off the wall). Also,
the specimen boundaries.exposed to maximum loading were
concave in Eoward the tuﬁne].

The shear zone was clearly identified during test
MC1.19, hence 1bad{ng was stopped at HZ_MPa to avéid
excessive differential displacement between loading platens
on either sidg of tHe #pear zane. _ |

Tunnel wall deteriération continued at the tunnel wall -~
~during test MC1.19, thus interfering with some tunnel
closure meassu{éments. The intrud}ng wedge, at the 245

)

radius, interfered;with tunnel closure measurement. The 315 \

LN

radius LVDT core penetrated the‘lqose..broken materia]
bulging ipto the tunnel. During constant elevatea load,
loqal bulging occured along the 155 radius, perpendicular to
jointing. Bulging ofﬁthe tunnel wall along an axis
perpendicular to jointiﬁg may be due tq a buckling failure
mechanism as described by Guenot (1979).

The deformation mechanism changes significantly fn the
broken zbnes as compared with intact rock mass zonés.

Physical deterioration of the tunnel wall is coinc{aentJWith

physical alteration of rock structure, for example, bulging
.\ " R
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of the tunnel wall. Also, co1n01dént with the local bulging
. mechanism, the effective size oflthe opening increases.
Accordingly, local rupture ‘apparently causes local stress
redistribution around broken zones. However, study of local

rupture requires small scale instrumentation to record local

e

details.

3.9 CONCLUSIONS o | ' 2
. The time-independent and time- dependent deformat1on
behavior of the test spec1men change dur1ng the test"
program. The most significant change in deformation
behavior occurs with test MC1.112 Figure 3.4 shows the
change in the apparent defdrmation mgbulus with test MC1.11
Also, radial extensometers respond to local deformation
processes and exhibit more compression near the tunnel and
more extension further from the'tunnel. ”Thebefore, an
"Equivalent Dpeniﬁgf (EO) develops to a size of abguf 25-35%
larger than the initial tunnel size?  A "weakened" ‘or
"éoftened” region must develop around the tunnel which
causes étress to redistribute awéy from the tunnel to
regions of higher confinement. In tests with N=1 and in the
latter part of the test pbogram, this stress redistribhtion
process insignifican(]y alters tHe de?orm?;ien éehavior, at
least yith respect to tunnel closure. : .

The magni tude ofAdelayed defobmations depehd on the

loading rate. In particular, after reduc1ng thﬁ loading

rate at 10 MPa .field stress, delayed deformations lead to
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more tunnel closure. Relative to the longterm deformation4
behavior, the magnitude of the ti@e—depehdent change in the
delayed tunnel'closhre will depend on loading rate and is
referred to as a delayed EO. \

" The magnifude of the delayed'EO also depends on loading
histd%y.} In particular, the s{ze of the delayed EQ in test
MC1.14 is about one-half of that in test MC1.9. [Figure 3.5
illustraFes the aifference in the change of the fast and
slow modpli due to test MC1.11. -Less delayed radial strains
occur in test MC1.14, asqshown by ¢omgaring curves shown in
Figures 3.11 to 3.14. In addition, more extension strain
rates occur in Zone B with‘only éﬁight éhangés occurring in
Zone A, after test MC1.11. The funne] closure rate
parameters changelinsjgnificantly during tHe:test program

(Figure 3.6). In-the‘fihst "Non-hydrosfatic Episode”, the
closure Fate parameteré change sljghtly as shown in Figure
3.8, gspeciallyvfor the 90-270 diameter. Superposition of
deformations due to isotédpic and deviatoric siresﬁ and the
load history dépendent deformation behavior complicates

sevaluation of the delayed EO.

The secohd test with a non-hydrpstatic fi%ld éfress.
test MC1.16, influences.the ED0 only slightly. ’Also, the
tunnel closure behavior changes insignificantly after the
Specimen»rubtures along jointing in test MC1.18. However,
the radial strain results show appreciable irréco?érable
radial strain after test MC1.16. Also, in test MC1.19, the

radial strain pattern varies, in particular due to broken
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zones. Thus, the deformation mechani;ms that lead té
‘alteration of the equivélent opening size inA}eét:MC1,11 are
not'significahtiy reactivated fn‘the later.tests.

The test specimen exhibits linear ;Téitic and linear
visco-elastic‘pehavior'in general andcgspe ially in tests ///
with hydrostatic field stress. Insig;i ant irrecoverable
radial strains develop, especially in comp@_ison with
changes in the deformation behavior. In #grticular. loading
" path dependent.compagfion of the specimeé occurs in’tests
with a "Bimodal Loading Rateq. .Also, a binary visco-elastic
formu]ayion may simulate alteration of the radial strain
rate behavior depending on loading rate. | |

Deformation behavior depends on loading history.

(

Moreover, loading or stress history must be considered when
L 4

comparing the deformation results. Variations in the
closure rateAbehaviQr depending on stress increment’

magni tude, 1oading/?;te and stresé 1evé1 illustrate the
necessity for specifying the loading hsistory in comparison
of deformations. Finally, stress redistribution processes
evidently control deformation behavior in detail. Local
creep and yieldi;g or strength loss control local stress
redistribution and represent the most significant ®

\
deformation mechanism.

-

Kaiser.and Morgenstern (1981) describe the
t ime-dependent yielding process.. The creep behavior
evidently depends on load incremeét. At higher field

stress, yielding actively occurs and is charéqterized by a
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decrease of the closure rate parameters. Closure rates
stabilize and stress redistriﬁufidn processes evideptly
control the stabilization. In particular, accordiﬁb»to

Kaiser and Morgenstern (1981), the actual cldsuée rate

closure rate. : k&}
Prior to rupture at the tunnel wal'l on the 315 radius
during test MC1.9, small tunnel closures and low closure
rates .occur. With ruptur1p§?ﬂfaﬁnel closures increase while
closure rate parameter b decreases and n increases. The
local rubture differs from general yielding in that the
decrease in closure raté wifﬁ time occurs more rabidly.
Perhaps prog;essive.yielqing may have dbntinued at higher
stresses, however, the rupture apparently stabilizes with
the unloading and reloading test history. Although radial

-

strain does not change immediately, in subsequent testés
ﬁﬁ}ad1a1 .Strain changes markedly. Thus, the deformation ,
-behavior depends on the rock mass condition.
The behavior due totest MC1.11 differs. slightly from
the response around the local rupture. After test MC1. 11
tunnel closures increase and ¢losure raté parameter b
increases and n decreases slightly. The rock mass condition
"must change with test MC1.11., This causes the lowsr
' potential for closure and more gradual decrease in closure

rate. Correspond1ngly, the magnitude of the delayed EO

' decreases. This is consistent with observations concerning

)

o
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the active time-dependent yielding process. Thus, the
yielding process evidently occurs primarjly during the
shbrt-térm test MC1.11. | L

Coﬁsidéring tunnel closure only m&y lead to a
misinterpretation of the—me;hanisms of behavior. The radial -
strain measurements are necessary to evaluate the mééhanisms
causing the alte}ation of : the deformation behavior in
detail. For examp)é.‘deteribration of the tunnel wall

©

during test MC1.9 correlates with alteration of radial
strain pehavior dur ing subsequent testgf Thuskbknowledge of
the conditioH of - the rock mass at-the exXtensometer augments

. interpretation of'test results. In addition, tunnel cloaure
. measurements indicate an elliptical EO develops in response
to test MC1.11. Howevér, radial strain rgsuIts exhibit a
radially, symmetfic pgttern; Eve; after the gpecimen failed
along ‘jointing in a low confinement f§e1d~stress test, the
fuqnel c]osuré behavior changes ingignif%cant]y. Some
radial strain meésurements change, particularly for
extensometers located in bfoken_portions of \tHe test
specimen. owever, superpositioh of crack gloSure and
conti;:u deformafigr complicates evaluation of the average
radial strpin gesdlts, iﬁdeed, the extensometers rééppnd to
superpose ‘deformation modes . - Suitablg deformatiqn gauges
would be required to fonitor the local, -small scale
deformafiqns. Cérrespondingfy, smatl scale mapping of the
rock structure woula augmeht aﬁé1ysis. However, this maybe
practically useless. The.PST is designed to study the

»

~ -4
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deformation behavior as a response to local effects.

- In the preliminafy tests, enlarging the tunnel size
causes alteration of the time-dependent tunnel clgsure. In
particq}ar,“short-term closure rates occur with an increase
- in total delayed closure. ‘Thus, the magnitude of the
delayed EO ihcreases. » |

Testing prior té test MC1.8 éompiicates‘evaluation of -
the preliminary’teéts. Expansion of the eduivalent opening |
during tests briér to test MC1.8 may also explain the
observed behavior. In partiéu]ar.'assuming-tests}wﬁth Ehe
smaller tunnel- lead tb “sof?eningﬂlér "weakening(‘ofltﬁe
rock elements located near fheltunnel, the stresses
redistribute further inside the §peciﬁ§n. Subsequ;ntly
en]arging'the'tunnel size effectivgly‘temoves these rock
elements. Then, loading during test MC1.8 cayses increased
stress concentration around.the tunnel and an associated
increase 6? time-depeﬁaent tunne1‘clo§::;, peréaps
comparable with tgst obse;vation§f Further testing is:
required to investigate this process;” |

ATso, since this material exhib?ﬁs nonlinear,
stresé-dependént creep (da antoura,‘1980). the‘fesponsé to

enlarging the tunnel is not readily appareni. ‘Consideragjon~

o !

of scale effééts, discussed in Chapter 4, also complicates
. - L - ' g
evaluation of changing the tunnel diameter. h
: - ,

R
S¢
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4. CHAPTER IV
ANALYSIS OF TEST RESULTS

4.1 INTRODUCTION

The objective of this chapter is to simulate test
resuits by analysis, when possible, and otherwise to
qualitativeTy explain testxbehavior. A closed form solution
wifh=homogeneous elastic deformation properties and a finite
element analysis with non-nomogeneous elastic deformation
properties simulates some test observat1ons The
phenomenological model for, a strain- weakenlng rock w1th
t ime-dependent strength and deformation properties,
developed by Kaiser and Morgenjﬁern\i198ia¥. provides the
basis for qualitative discussion of the'PSTvbehavjor. In
the preliminary tests,»coneideration of»soale effects lends
understanding, too. : ’ | o s

Tunnel closure, average radial strain.and also average
spec1men strain have been simulated for tests MC 1.10,
MC1.11 and MC 1.12.»$The associated stress distribution has
also been calculateoé These results provide an additional
ﬂbas1s for qua]1tat1ve discussion of test behav1or
The measured apparent deformat1on properties of the PST
~specimen assuming homogeneous behavior, vary with stressf
magn1tude and between d1fferent tests. Assumang values for
Po1sson s Ratio of between 0 3 and 0.35, the average Young' s
Modulus, rangesSLetween 1800 MPa and 1000 MPa for fast

~

loading and between 1560 MPa and 925 MPa for siow loading.

110 ,
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However, a significant reduction of the apparent deformation

properties occurs wjth test MC1.11, as shown in Figure 3.4.

| The liﬁéar elastic simulation provides a simple

“Wtechnique for'evalﬁation of tgg trends observed in the
deformation behavior of the specimen. Detailed analysis of
the yielding mechanism may benefit by analytical formulation

and attention to local deformation mechanisms including

stress redistribution.

4.2 HOMOGENEOUS LINEAR ELASTIC SIMULATION
The predicted deformation behavior, assuming -a
homogeneous linear elastic formulatign $6r the PST, is
consistent With the observed deformation behavior of test
MC1.10. The predicted deformation behavior éhanges
significaﬁt]y when varying,the'elastiq,pérameters ove} the
~range of values back-caléulated from'tést measurements.
Assumption of elastic parameters backfcélculated from tunnel
closure meégurements for test MC1.10 predicts the observed
'average radial strain behaviof, particulérTy,in Zone B.
For the boundary condition in theﬂPST, thé.elastic
vtunne]_closuré‘depends more on'the choice of the shear
modulus, G, than on the choice of the bulk modulus, K. The
elastic average radial strain changes with a variation in
the shear or bulk modulus.
The theoretical tunnel clpsure and .average radial:
strain assumihg a homogeﬁéous lihear‘elastic material are

shown in Figure 4.1. .The upper graph in Figure 4.1 shows
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two plots of~normali?ed tunnel closure as a function of

- Young’' s Modulus and boisson’s Ratio. Tunnel closure is
‘normalized to closure %or é Young’s Modulus of 1500 MPa and
a Poisson’s Ratio of 0.3. The solid line represents
constant Poiéso?’s Ratio and the dashed line represents a
constant Young’'s Modulus. . The center diagram shows average
radial strain for three values of Young’s Modulus, with a
constant Po{sson’s Ratio. The bottom diagram shows average
radial strain for three values of Poisson’s Ratio. The .
aVerage radial strain is calculated as a displacement
difference between two points divided by the distance
between the poihts, to correspond to the PST calculation
pfocedure. In Figure 4.1, the average radial strain is
;howhvfor the two zones, A and B, and is plotted at a séaIe
similar to Figures 3.11 to 3.14.

With a decrease in Young's Modulus, the tunnel closures
ifncrease and the average radial strains become more negative
in Zone A and less positive in Zone B (Figure 4.1). The
tunnel closures change insignificantly with a decrease in
Poissén‘s~Ratio however the average radial strains change/
markedly (Figure 4.1). Tunnel closure varies mostly withg
Young’s Modulus aﬁdwradip] strain with Young’'s Modulus and
Poisson’s Ratio. Finally, reducing Young’ s Modulus and
Poisson’s Ratio over the range of interest in this test
'program produces increased tunnel closure with a
cérrespondingly increased positive average radial strain.

The tunnel closure and average radial strain for a
3 :
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Young' s Modulus of 1500 MPa and Poi;son’s Ratio of between
0.3 and 0.35 is consistent with bST results prior to test
MC1.11. For test MC1.10 at 10 MPa field stress, .the
measured tunnel closure is about 1.15% to 1.2% and the
measured'average_specimen.strafn is.about 0.35% to 0.4%.
For tests MC1.8 to MC1.10, the back-calculated value of
Youné’s’Modulus ranges frdm 1500 to 1600 MPa anleoi§§on's,
Ratio ranges from 0.31 to 0.35. Finai]y,the elastic average
radial stfain for a Young's Modu]us of 1500 MPé and a
Poisson’s Rﬁfio of 0.35, shown in Figure 4.1, is consistent
with linear segments of the observed averagé radial strain
prior to test MC1.11. The .similarity between caiculated»and
observed radial strain is illustrated by cémparing Figure
4.1 with Fiéures 3.11 to -3.14. | |

The assumption of linear elastic properties
approximates the test results, however stress dépendency is
evident in the tést results. ,For}eXample, at low field
stréss. tunnel closure is typica11y‘nonTinear (Fiqure 3.9).
Kthawy (1975a),illustrates the importance of considering
stress dependency in a.study of sfrésses and displacements
éround an opening in rock: In particular, és the stress
depehdent’modulus ﬁncreages'the tunnel displacement
decreéses} For simplicity, neglecting stress dependenéy
allows evaluation bf fhe changé in the deformation behavior
with test MC1.11.

.Homogeneous elasticity fails to approximate test’

results after test MC1.10. The observed tunnel closure
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jncreases and the average radial strain in Zone B tends
toward more negative values after test MC1.10, as discussed

" in Chapter 3.

4.3 NON-HOMOGENEOUS LINEAR ELASTIC SIMULATION‘

In this simulation, a se]ected spatial arrangement of
material deformation propert1es s1mulates the radial
alteration of the rock mass in the PST spec1men By trial
and error: various deformation properties are specified in
annular‘regions near the tunnel until the calculated results
are consistent with the observed tunne] closure, average
radial strain and average specimen stra1n In this way, the
test observations provide the basis for selection of an
aporopriate non-homogeneous property distribution.
- 4.3.1 FINITE ELEMENT CALCULATION

A non- linear construct1on finite element program
designed by Simmons (1980) was used for the non- homogeneous
.simulation. Economical calculat1ons costing approx1mate1y .
two dollars per solution were obtained with this program

The progpa

In additjon, considerable flexibitity 1s allowed for

'is designed for stepwise construct1on analysis.
material specification (Simmons, 1980)-

‘ The finite element mesh used in the analysis is shown
in'Figure 4.2. 1t represents one plan quadrant of the PST
specimen and cons1sts of two types of 1soparametr1c

elements. Small size, e1ght node quadrat1c elements are

RS
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located near the tunnel, in the region with_non-nomogeneous
deformation properties, and larger size, six node linear
elements are located away from the tunnel (Figure 4.2). The
quadratic elements satisfy interelement compatibf]ity at
corner andlside nodes. Element stresses are evaluated at
“four Gauss points within each element and then extrapolated
to- the element nodes. oA

For homogeneous material,‘the finite element stresses
and displacements are generaljy consistent with the values
obtained from a closed form solution. At the tunnel wall,
the average nodal tangential stress exceeds the closed form
calculated tangential stress by 5% to 7%.  Also, fﬁe nodal
displacements exceed &he closed form displacements by 3% to )
4%. The'closed form soldtidn assumes an infinite\distanceu
tc the specimen boundaryi The two solution me thods differ‘
and hence some discrepancy may be anticipated. This

discrepency is not significant for the purposes of this

analysis.

4.3.2 SIMULATION OF PST MEASUREMENTS ASSUMING )

- NON-HOMOGENEOUS ELASfIC BEHAVIOR

| The predicted deformation behavior, assuming
non-homogeneous elastic deformation properties in the
annular. region near the tunnel, is consistent with the

\

measured time-independent deformation behavior observed in

~ testsiMC1.11 and MC1.12.
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4.3.2.1 SIMULATION OF TEST MC1.12 BN
‘.\

The tunnel closure and average specimen strain e

calculated assuming a low value of Young’s!&edglus in the
reqjons near the tunnel are shown in Figure 4.3. The tab]e_
in Figure 4.3 shows tge elastic properties specified for
three regions around the tunnél. The elastic properties for
regioﬁ 1 are the saméaas values found to simulate test
MC1.10. ‘The graphs show the normalized tunnel ~16sure and
averége specimen strain under hydrostatic field st. »ss ‘as a
function of the siie of the non-homogeneous regic’. 'gejgga
tunnel closure and average specimen strain are normalized fo
values calculated assuming homogeneous properties witr a
Young’'s Modulus of»1500 MPa and a Poﬁsson’s Ratio of 0.3%%.
The average fadial strain assuming a non;homogeneous
property distribution is shown ihv}igure 4.4. ‘Thé material
propertieg for Case 1 in Figure 4.4 correspond to those
shown in Figure 4.3. The,matéria] properties for Case Il 0
differifrom’Case I in that the value of Poisson’s Ratio is
lower in the region ﬁéar the tunnel. Thus,ufor;Case I1, the
region near the tunnel is more compressible.. The averége
radfal‘strain calculation procedure shown for Zones A and B
corresponds to the PST strain ca1cylétion. The radial
strain for the homogeneous case corresponding to.test MC1.10
(.ie. for’R‘=R2ia) is shown fbr rgﬁerence as a dashed line.
The predicted tunnel blpsure éfter reducing the
magnitude of Young's yodulus near the tunnel is consistent

with- the observed funnel closure of test MC1.12. . In Figure
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4.3, the tunpel closure for R2z=1.5a and R'=1.75a cdrresponds
to a 30 to 35% iﬁcreage in gunnel closure observed between
tests MC1.10 and" MC1.12 (Figure C5-3). However, the changgm
in avéragé‘specjmen strain'for R2=1.5a and R'=1.75 is ébout‘.
one half of the observed change. Moreover, thgiaverage
radial strain for Zoné A also tends toward hqre negative
values, as shown for Case I in F{gure 4.4, This is cohtrary
to the test resuits as)éhown by comparing Figure 4.@ with
ﬁjgures 3.11 to 3.14.

The predicted deformation behavior after reducing

i
t

Poisson’s Ratio in-the }egipn,near the tunnel/iogether with .
a reduction of Young's Modulus is consistent with the
alteration of the obserwed behavior between tests MQl,ké/gnd
MC1.12. Case fl shown in Figure 4.4, illustrates the effect
of‘reducing'both Young’'s Modulus and Poisson’s Ratio. |
Reducing Poisson’shRatio by 15%‘insi§nificantly affects the
ghear modulus, but the bulk modulus decreéseg substantially,
as illustrated by compérison of the deformétion properties
for Cases I and 1I, shown in Figure 4.4. Thus, for Case 11,
the predicted tunnel closure decreaseé by about 5%, a
be}étiveﬂy insignjf%cant cHange as shown in Figure 4.3
(R2=1.5a,R'=1.75g). . In addition, the chgpge in average

'”specfmen strain increases toQabout 15% és shown in Figure

~4.3, which is closer to the observed 20% alteration.
Finally, the calcujatgd average radial strain for Case {I
tends toward compression in Zone A and extension in Zone, B

relative to the homegeneous behavior. This is coéparablé‘to'
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|

the observed trend between tests MC1.10 and MC1.12.. The \\/r’
similarity of the radial strain for Case .ll énd test results
is iLlpstrated by comparing the radial strain shown in NS

b

Figure 4.4 to the results shown in figures 3.11 to 3.14.

4.3.2.2 SIMULATION OF .TESTS MC1.11 AND MC1.16
The non-homogeneous property digtribq&ion for Case 11

| also simulates the tunnel closure, the average radial ;train
and,.'to a lesser degree, the average.specimen strain for
"test MC1.11. Also, the homogeneous formulation, assuming
elastic property values back-ca]cu]atéd from test yC1.12.
simulates the tunnel QJOSUPG &Qd average specimen strajn for
test MC1,11. ‘For both‘assumptioﬁg, thé calculate tuhnel
clbsure is consistent with measured values for tej¥>MC1.11.
except for the variable resultis querved'for the di;gonal
clog;res. However , the homogeneous formulation is not
consistent with the observed rad%al strain behavior. ‘;;e
defdrmgtionvprpperty distribution and aQerage radial strain
for .a HOmogeneous case’, Case 111, and the‘nqn-homogéneous
case,’Case 11, are shown in.giéure 4.5. Comparison of the
calculated radial strain shown in Figure 4.5 and the
measured radial strain shown in Figures 3.11 to 3.14 i
illustrates the similiarity between the non-homogenedus
“formulation and test results. In particular, ther
.non-homogenegus,formulation'simulates the positive radial
strain along the ‘maximum load axis.in Zone A. | |

The property distributions given in Figure 4.5 fail to
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~
\

predict the deformation behavior of test MC1.16. For a.
field stress of 10 MPa and a‘fie]d.stress ratio of 0.4, the\,
calcu]gted‘£unnel closure is out 2.1 - 2.2% for the
maximum loading axis and abouzgg\a for the minimum loading.
axis. For the comparable condition in test MC1.16 the

measured closure is about 3% and 0.25% respectively.

Moreover, reducing the elastic parameters in the region- near

the tunnel to 60% of the values in gegion 1 produces a
maximum tunnel closure of 2.5%. !

| AsSumption of an elliptical shaped non%pomogeneous
region apparently reduces the amount of tunne] closure
Thorough ana]ys1s of the shape effect requires mod1f1cat1on
ofr the finite element mesh shown in Figure 4.2. However,
calculations using this mesh indicate that the‘e]]ibse
orientatibn influences the tunnel closure in a a
non- hydrostatic field stress. In'particular, for N~0 4,
when the major ax1s of an elliptical shaped non- homogeneous.

reg1on coincides with the minimum load1ng ax1s, less tunnel o

closure occurs as compared to a circular region. 1n

addition, when thé major axis of the e]lipée‘coincides whth

the maximum loading direction, even less. tunnel closure .
.. AR B

] ) T

occurs. . ‘

Any d1scont1nu1ty around. the tunnel influences t'
tunnel closure. Studying the stresses and d1splacements
around an opening in rock conta1n1ng“a p]anar‘\Tasfac\\\\

discontinuity, Kulhawy (1975b) shows the effect of the .|

‘orientation of a soft planar-discontinuity under N
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non-hydrostatic field stress. , When the planes of the
discontinuity and the initial mwnlmum pr1no1pa1 stress
coincide, ‘the max1mum pr1ncupa1 stress. decreases and the

least lnward dlsplacements ocecur re]at1ve to when the %

. d1scont1nu1ty is offset 90°, A]so "these changes are very

Y-

" . tunne) c¢losures. MJ{eover the tunnel closure may not be

—~.. 4, 3 2 3 CALCULATED STRESS DISTRIBUTION ] -

jdentifying the deformatlon mechanism in ofder t

swgn1f1cant with initial softening in the discontinuity.
Thus. any discontinuity will markedly alter the behav1or

(Kulhawy, 1975b). In a companion paper, Kulhawy (1875c)

R

shows that stress-dependency of the discontinuity
significantly affects the opening behavior7 Thus, the
discontinuity must be modelled correctly. N
These results illustrate the inportance of orrectly .
‘?predwt

the deformation behavior of_an opening, A non-hydrostatic
field stress causes non-uniform tunpel closure for a

‘circular non-homOgeneous region. In addition, an elliptical

non-homogeneous region and elastic or inelastic

d1scont1nu1t1es create non-uniform stress d\str1but1ons ané?

*t?

simply .implied s1ncé:non un1form tunnel closure ‘may octur

~due to rad1ally symmetric property d1str1but1on as well as

due to non- hydrostatic field stress. ‘ . ) é -45

v
R

/

The average nodal values for the minimum and max1mum~ ,;:>
\ 1
principal stress and deviatoric stress for a homogeneous and

a non- homogeneous prop»nty distribution at" 10 MPa fweld
Pl

7’ “,‘n SR ‘.“‘ B
S
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stress aFEQshown in F1guce 4.6. The homogeneous case, with
a Young’'s Modulus of 1500 MPa and a Poisson’s Ratio of 0.3,
‘shown in F1gure 4.1, corresponds to the deformation behavior
of test MC1.10 - The noh homogeneous case, Case‘II in Figure
4.4, corresponds to the deformation behavior of test MC1.12.
The stress dlstr1but1on for the non- homogeneous Case 11
exhibits a lower dev1ator1c and conf1nem:nf/stress Tevel
adjacent to the tunnel with a correspondwng]y greater
deMszo::c and confinement stress “level away from the
tunnel. ’

Compat1b111ty of deformat1ons_at the'contacts between .
each region creates a discontinuity in the average nodal
stress distributions, particularly for the maximum principakﬁ
stress distributions The curves for Gauss point stresses
111ustrate the variation of the stresses within each neg{on.
In particular, the ground cylinder’ cdﬁdition'described éy
Terzaghi (1946) occurs within each elast1c region and the
stres;es increase closer to the tunnel In the spec1men,
greater softening would 1likely occur nearer the tunnel,
perhaps in a continuous manner and‘siresses would then vary

. ]

. accordingly.

4.4 PHYSICAL BEAAVIOR OF COALV

. The time- dependent failure process of coal spec1mens
has . been 1nvest1gated by Kaiser and Morgenstern (1978).
F1gure 4.7 shows the schemat1c stress-strain curve developed

by Kaiser and}Morgenstern (1978) to illustrate, in a
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phenomenological manner, the various processes of
t ime-dependent strendth and deformation behavior. Figure
4.8 (Kaiser and Morgenstern, 1981a) shows a simple version of
a phenomenological model with mechanical elements which
simulates the deformational behavior of Zones A, B and C,
shown in Figure 4.7. The model is shown to simulate
pubTished test results from creep tests, relaxation tests
and variable'strain rate tests (KaiSerland Morgenstern,
1981a). |

The phenomenological model consists of time independent
units with elastic and yield elements (Figure 4.8). A
number of A.; and B - units with different properties
.arranged in parallel would simulate nonlinear, stress
dependent behavior; typical of this coal. At stress levels
‘pr1or to fa11ure, Zone A in F1gure 4.7, and below the Tong
‘,term strength, deformation behavior of a rock specimen is
rate- dependent and load transfers from the B - units to the
A - un1ts 1n.t1me.‘ For stress levels at yielding of some A-
aand/or B - units, friction sliding or strength loss occurs
41n some y1e1d e]ements and load transfers to other units.
’ The load transfer causes more overall deformation in the

'deel.

4.5 PHENOMENOLOGICAL BEHAVIOR AND THE PST BEHAVIOR A
The phenomenological model given by Kaiser and
Morgenstern (1981a) and the e]ast1c simulation methods shown

—

in this chapter prov1de a basis for qua11tat1ve discussion

Far )
Sy
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of the observe PST deformation behavior. Likely, fihite
element formulation could be used to apply the .
phenomeno]ogicq] model, and finally such a method will be
necessary for analytical verification of any qualitative
evaluafioﬁ; |

In the finite element formulation, each element may
exhibit'a’pérticular behavior depénding‘on the element

-

deformation chafacter and the inter-element compatibility.
\\:A rock element'experie%cing yielding t}ansfers load to
neighbouring rock elements. In generalk\for a physical
system in which yielding and strehgth loss may occur, stress
redistribution shou]d‘miniﬁize stfessvdifferences and redﬁce
stress»conéentrations.' Therefore, deformation Cjiiifibi]ity

would primarily influence simulation of this de ormation

process.

4.5.1 TIME-INDEPENDENT YIELDING AND PROPERTY ALTERATION

In the testslqn the PST specimen with N<1, radially

symhetric loading rates, stress concentﬁatiohs ;long<the
minimum load axis and lower confinement sfress fn general
leads to stress redistribUtidn. as illustrated by test
measurgmehts sthn in Chapter 3. On the basis of a
comparison of théfnoh-hpmogeneous simulation qnd test”
observation, discussed in sectipn.4.3. a non-homogeneoﬁsi
- stress distributién exists during test MC1.11.

In the simulation method, Softer rock elemenﬁs .

correspond wifh a "yielded" or "éoftened" zone near the
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tunnel. The phenoqenologica] model indicates that yie]ding
-of some A - and/or B - units cause an alteration of the
model stiffness. The alteration of stiffness occurs in
response to displacement fnduced overstressing, thereby
activating the stress dependent yield elements.

In addition, test results indicate radially symhetric
alteration of deformaf%on behavior, as described in section
3.6. More time-independent closure occurs along the 90-270
axis after test MC1.11. Perhaps the observed radiak
symmetry could be simulated by techniques incorporating the

\.

phenomenological model.

4.5.2‘TIME-D§PENDENT YIELDING AND PROPERTY ALTERATION

‘ In test‘MC1.9; more {unnel closure énd positive radial

strain occur with slow loading rates. ‘ —
The'rete dependent. behavior of tne phenomenological

mode].depends on the load transferwfrem B - qnifs to A -

units, contro]]ed by the‘visCous element in the B - unit.

For s low load1ng, more load is taken by A -units as compared.

to fast load1ng

»

'After test MC1.11, the slow loading deformat1on modu]us
and the size of the delayed EOQ decrease. . The closure rate
behavior changes slightly. Assuming the sloW loading'

'modulus represents a t1me 1ndependent response (. o.. the B‘
- units have transferred load to the A -unit w1thout
extensive yielding),*reduction of the slow loading modulus

‘would correspond with an alteration of the A -unit property -

I
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E distribution. Reduction of the delayed EO could represent
a]terat1on of the B -unit property distribution. Slight
alterat1on of the closure rate may represent an
insignificant change in load leved on the viscous element.
Test results discussed in Chapter 3 indieate a
non-homogeneous alteration of the PST specimen after test
MC1.11.. Radial strain and strain rate.behavior change with
more negative strains occurrihg away froh the tunnel. Also,
delayed radail strains deéﬁeaseJ especially in'idne A. Thez
" non-homogeneous formulation adérqximates the yielding;geer
the tunnel. Coupling of a non-homogeneous elastic and a
viseoje1astic formulation may well approximate the observed:

alteration of the delayed deformation behavior.

. 4.5.3 SCALE EFFECTS
~Scale effecfs may ofien ¢concern tunnel designers,-
~particularly when'they are extrapolating results oflsma11
size test tunnels to the prediction of larger size tunnel
behavior. _En]arging the tunnel size in the PST caeses
increased 1ihe-dependent closure and more totel closure, as
| discqssed in Chapter 3. ~ |
.The fracture.in-the test specimen; shown in Figure:2.4
is»a fair.example’of a 1%rge scale defect w?ich may |
influence the specimen behavior. Enlarging the tunnel size
effect1vely relocates the fracture nearer to the tunnel.
Thus the macro-scale conditions change test‘MC1 7.

The compressive strength and deformation behavior.of
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vcoal specimens depends on specimen size. In an extensive
literature study, Heuze (1980) found that the compressive
stréngth of coa1~specimené decreases substantially with an
increase in the specimen size. In addition, deformability
of test Spetﬁmeﬁs may decrease in a simi]iar manner , howeQer
inconsistencies in the reported results preg]udes positive
conclusions about deforhabi]ity (Heuze, 1980).

Increasing the tunnel size effectively increases the
1ength of rock elements located at the tunne] wall. ,For a
given tangential angle enlarging the'tunnel size by 25%
also increases the arc length of the tunnel surface. |

Hence, y1e1d1ng or strength 1oss for unconflned rock
elements at the 1arger size tunne] wall would occur at lower
field stress as compared to the smaller ‘size tunne]

Yielding would cause stress redistribution with an
associated reduction of the deformation modulus.
Appafentiy, this process occurs_rapidly‘since closure rate
Earémeters change insignificantly in the latter part gﬁ'the
test program. - : ' N ' .

" Scale effects may influence tunﬁeﬁ behaviéq'as the EO
size éhanges. Direct éorrelation of analytical methods wiih

tquel performanée may incorporate scale effect.

4.6 CONCLUSIONS
1. A homogeneous elastic formulation‘prediptS'deformation
behavior ihat\is consistent with resulfs for/test

. Mct.10. o
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- A non-homogeneous elastic forhulation with an annular
region of.reduced stiffnessvaround the tunnel predicts
deformation behavior that is consistent with results for
test MC1.12. Also, the non-homogeneous formulation
predicts deformation behavior that is consistent with
results for test MC1. . tpe test with a non-hydrostatic
field stress. Considerat on of loiuing path effects for
the specification of material properties may improve
predictions. Alteration of deformation behavior
evidently proceeds rapidly since the elastic property
distrloutions are the same for the simulation of tesfs
MC1.11 and MC1.12. |

To simulate test results in the non-homogeneous
simuletion’ Young s Modulus and Po1sson s Ratio must ‘be
'reduced in the annular region around the tunnel A Thus, .
the stiffness of th1s reg1on is reduced , ' |
Caution is neccessary when 1nterpret1ng tunnel closure
measurements since nonfuniform tunnel oloSUre‘may occur
due toi@ radially symmetric property‘pattern‘as Qell as
‘due to non-hydrostatic fier stress Cons1deratlon.of
'extensometer results 1mproves evaluation of ‘deformation
mechanisms. _ |

The phenomenolog1cal model developed by Kaiser and
Morgenstern (1981) prov1des a basis for expla1n1ng the
'correlatlon between aylinear elast1c formulation and
test observatqon - In particular, in terms of the model,

a rock element may yield under stress with an associated
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alteration of the stiffness character. The
,ﬁbn-homogeneous*linear elastic technique presented here
.predicté,defoﬁhatibns that are consistent withithe
alterationtof the deformat%on behavior observed with
test MC1.11. The PST ;pecimen manifests an elastic
behavior and local yielding leads to a regional
alteration of stiffness character. Thus, the
'lphenomenalogical mode 1 seemsca convenient
characterization of,the observed behavior.

., Large_and small scale effer s may-influence the

preliminaﬁy test results.
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5. CHAPTER V
CONCLUSIONS

5.1 STATEMENT OF THE TEST STUDY

A Process Simulation Tesfl(PST) facili‘y has been used

to study the response of ene small diameter unlined tunnel
in a naturally jointed c;al specimen. Pre-failure
deformat1on processes, some associated rate effects and
stres$ red1str1but1on have been 1nvest1gated
In response to a serjes of repeated 1oad1ngs}.the
condition of the block of coal changed, particularly near
the‘fuhne]. However, the tunne remaineq self—supportﬁng g
with total tunnel e1osures of about 3.5% to 4%.
Tennel closure, average specimen stra1n and average
5_‘rad1a1 straln measurements as well as visual inspection of
the tunnel dur1ng testing showed the alteration of the rock
mass near the tunnel The test specimen d1splayea\ _
t1me 1ndependent and time- dependent deformat1on behavior
wh1ch-was nonlinear and stress-dependent. However, linear
'e]astic‘and linear viscgelastic,formg]ations adeqz.‘ely '
appro*fmafed e0me deformation reSults; -
The‘deformation behavior ef the test specimen changed
during the test program. The greatest a]terat1on in
-deformation beﬁavior occurred with test MC1.11, a test w1th
" a non-hydrostatic field stress; Th%s lead to an expansion

of the equivalent opening (EP) size and shape with an

associated decrease in the miagnitude of the delayed

’ 137
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equivalent opening. Moreover.-closure rate parameters
changed only slightly for tests with a hydnostaticvtield
stress. The stress redistribution was caased by "yielding"
or "weakening" of rock eTements near the tunnel wall.

Inappreciable deformational change occurred after the
second test with non-hydrostatic fie]d_stress and after the
soecimen ruptured along jointing. In particu]ar, tunnel
c]osures and closure rates changed 1ns1gn1f1cant1y, but
radial strains changed slightly, especially in broken zones
‘near the tunnel. Thus, the extensometers responded to local
deformation processes. The stress redistribution process
stab111zed and was only reactlvated by stress concentrations -
not prev1ously exper1enced by the spec1men Moreover, the
rupture 1napprec1ab1y affected the immediate and delayed
tdnnel closure response. | |

The deformation behavior of this test specimen depends

on loading history (.ie. loading rate;'streSS»increment!
stress path and field stress magni tude) . _Thereforev. loadiﬂg
history must be cons idered in comparisons of deformation
results. Superposition of deformation due to isotropic and
deviatoric stresses complicated the evalution of histOry
dependent»behaVior o . ’ | e

Long last1ng and chang1ng e]evated field stresses h
compressed the ‘test specimen slightly. However, relat1ve]y
insignificant trrecoverable strains remained in compar ison

to the deformation changes that occurred with a change .in

the loading rate or field stress ratio.
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After increasing the tunnel diameter by 25%, the
magnitude of.the‘delayed E0 increased with an,associated
increase in the immediate tunnel closuhe. However, test -
history, material non11near1ty and scale effects complicated

the 1nterpretat1on of the preliminary tests

. 5.2 SIMULATION OF THEisﬁECIMEN BEHAV;OR )

A linear elastic formulation was used to simulate the
deformation behavior for the-tests prior to test MCj.11. A
'non-homogeneous elastic analysis was used to simulate the
alteration of the deformation behavior due to the first low

J4

confinement test.

In Ehe nonfhomogeneous elastic analysis, the magnitude
of both Young’'s Modulus and Poisson’s Ratio was reduced in
an annular region near the tunne]i This adequately
simu]ated theieffect of the initial low confinement episode.
The»stress distributton was calculated. ‘

- This anatysis'tllustrates the hecessity of considering
strain‘results for simulation ot»deformation hehavior
Cons1derat10n of the shape of the non- homogeneous reg1on and
the load1ng paths of rock elements may improve s1mulat1on of

the tests w1th a ‘non- hydrostat1c field stress.

5.3 MODES OF DEFORMATION - | B

The following modes ‘of deformat1on affect the

»

deformatIon behavior of this test specimen in response to

¢
- A
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increasing and constant elevated field stress

1. local macro- scale brittle rupture at the tunnel wa]] or
local strength loss and strain- weakening behav1or.

2. d1s1ntegrat1on and fracturing or local y1eld»ng,

3. compact1on of the test specimen; |

4. loosening, in particular, slip and adjustment along
JOlnts and fractures;and

5. squeez1ng due to rheological behav1or ’

Evidently, swelling does not contribute to the observed

deformation, at least at the scate of the above modes of

Pdeformation.

] ;he character of the local macro-scale rupture

illustrates the effect of local conditions on the

deformation behavior. Prior to the local rupture along.the

| 315 radius at the tunnel wall, ‘the c]osure stiffness is . -

greater and the propens1ty for delayed closure is[]ower than

for other diameters. Then w1th rupturlng, immedtate and

delayed closures increase, a crack appears on the tunnel

wa11 and coal dust appears in the tunnel "However, the rate

of decrease of the closure rate 1ncreases qu1ck1y

Inc1dently, th1s is genera]]y con51stent with the behav1or

observed'upon 1ncreas4ng the tunnel size. In particular,

the immediate and delayed equ1va1ent openings increase’ and

‘short- term closure rates occur Extensometers along the 315

rad1us on]y respond to the rupture later in test MC1.10, in

" much the same fash1on as in test MC1 12. In part1cular,

more extens1on straln occurs away from the tunnel and more
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compression strain occurs,near the tuhnel. Thus, the local
rock mass condition affects the“specimen behavior.

The gradual active y1eld1ng ‘process has been d1scussed
‘by Kaiser and Morgenstern (1981). 1In particular, in a test
with a non-hydrostatic field stress-and at a stress that
causes active y1eld1ng, the delayed tunnel closure rates
increase and continue for a longer duration than otherw1se
The closure rates may stabilize to values observed prior to
the onset of yield. = i

. The deformation_behavior in test MC1.12.differs from

previous tests. In particular the size'of the |
time- 1ndependent EO 1ncreases by 25% wh1le the magn1tude of
the delayed EO decreases by 10%. " The delayed closure rates
'also decrease sl1ghtly. thus the propensity for delayed
_closures decrease. This yielding process is consistent with
the active yielding process described by Kaiser and

~Morgenstern (1981).

N ~
~ .

“The predicted deformat1on using . the same \
non-homogeneous elast1c propert1es is cons1stent ulth
results for teSts~MC1 11 and MC1.12. Rock elements near the
tunnel must have a lower load re51stance The radial strain
and stra1n rate exh1b1t extens1on away from the tunnel.
Therefore short duration load1ng in test MC1. 11 may be

N

assoc1ated with a rapid fractur1ng and d1s1ntegrat1on 1n the ﬂ

§
rock mass adJacent to the tunnetl.
The EO size changes 1n51gn1f1cantly in the later-tests .

“with non-hydrostatic field stress. The extensometers

—
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'1nd10ate some local alteration of response However, the
local yielding processes evidently do not affect the tunnel
closure behavior. ‘

The physical character of the d1s1ntegrat1on and
fracturing is evident dur1ng test1ng. In particular, the
v1sual texture of the tunnel wa]l-changes over the test |
'program. Also; - for examp]e, in test MC1.18, a block of.coal
fell from the tunnel wall at only 2 MPa field stress.
However, no macro-scale rupturesloccur at the tunnel wall.
4_Therefore smaller scale processes must lead to’“yielding"
or weaken1ng of the rocK at the tunnel wall and this must
proceed rap1d1y The exact processes may vary around the

tunnel however the overall behav1or is generally conswstent

“
N )

Finallyr the insignificant alteration in later tests may
occur due té the combination of higher»COnFinement away from
the tunne] which 1nh1b1ts this process and due to lower
departure from prev1ously experienced stress 1evels
. The deforé%t1on measurements 1nd1cate compactlon of the

test spec1men. In part1cu1ar, ‘'on average for tests w1th
nydrostattc.field stress, about‘0.4% Trrecoverable tunnel
closure and aboutld.t% irrecoverable specimen strain remain
_after each.test Also, on average. about 0.1% irrecoverable
-radlal stra1n occurs except after tests with a |
- non- hydrostat1c f1e1d stress. Compact1on of the spec1men
.1ns1gn1f1cantly affects the modes of deformation. out11ned
_above, In part1cu1ar, test measurements are repeatable
except When yteiding near the tUnnel»caused'stress _

. A
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» redlstr1but1on

The d1fference be tween 1rrecoverab1e tunnel closure and
average spec1men stra1n in tests with N=1 1nd1¢ates some
loosening occurs in the rock at the tunnel wall. Slip and
adJustment on Jo1nt surfaces and perhaps even fa11ure at
some locat1ons may be ant1c1pated as the field stress is
applied to the specimen. The effect of loosening
1nSIgn1f1cant1y affects the specimen behavior, at least in

omparlson with the local y1e1d1ng processes.

The squeezing mode evidently causes the delayed
deformation behavior. However, due to the loading
conditions in -the. PST, superposition of deformation due to
isotropic and deviatoric stresses complicates eva]uation of

the rheological behavior.

5.4 ﬁRACTgCAL IMPLICATIONS

p] The practica1 tmp]ications‘of these test results
generally apply to tunnels and particularily to tunnels in
stra1n weakening rock masses with time- dependent strength‘
and deformation properttes

~The PST 111ustrates the 1mportance of correct

' mon1tor1ng for evaluat1on of deformat1on behav1or "The

\extensometers respond to local deformat1on processes and to

enhance evaluat1on of ‘the measurements, the local cond1t1on

: of the rocK mass should be known. Tunnel closure

-processes. : ' ' - -

3

measurements may respond poor.ly to the onset of y1e1d1ng

4
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The . 1oad1ng history generally influences the tunnel
behavior and in particular. loca] processes affect the
1ntegr1ty of the tunnel. Local rupture in test MC1.9 and
local yielding in test MC1.11 generally cause'stress to

redistribute to .zones away from the tunnel. Thus,

stabilizing processes in real tunnels may depend on this

deformation behavior.
For this test series, the time-dependent tunnel

behavior depends primarily on 1oadiﬁg'history. 'Therefore.

~ when evaluating deformations of a tunnel in similiar rock

masses, loading history may be importanf,

The deformation behavior of the "softened".or
"weakened" rock mass in the PST specimen has been simu]atedu‘
using a non- homogeneous linear elastic formulat1on
Perhaps, delayed deformatlon behavior may be approx1mated by

assum1ng such noﬁ-homogeneous chahacter coupled with

t ime-dependent deformation parameters. Local processes
- create this non-homogeheous character. . Active yielding
- processes would cause more. tunnel closure. Perhaps,

'longterm evaluat1on of real tunnels may be accomp lished by

con51dervng the'non-homogeneous character evident in the PST
resulfsi | | | o
| The characteristic behavior of this specimen has been
simolated_by eonsidering the"nature.of the deformation
behavior in the-’ground'cylinder;.p In particu]ar,_]Oca]
deformatlon _processes control stress red1str1but1on For'

example, in the PST spec1men. loca1 y1e1d1ng and weakening
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_ procésses confro] stress r?distribution. In general,
consideration of the deformation .in the ;ground cylinder’ is
necessary to proper understanding of the tunnel behayior.
Theh; wfth proper consideration of initial and boundary
conditions, derivation and‘solution'of the governing -
physical. equafions may prbceed rationally.

Analys1s of tunnel deformat1on behavior depends on
appropr1ate evaluation of tunnels Analysis of real tunnel
behavior may benefit by practical app11catlon of the results /

presented here.
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APPENDIX A1

" LINEAR ELASTIC FORMULATION FOR A TUNNEL IN AN INFINITE

PLATE WITH A PLANE STRAIN BOUNDARY CONDITION®

Lo

DEFINITIQNS S
i ﬁ‘

SER Thevpotar éoord1nate system is used and the

jpbmponents of stress and strain are s1gn1f1ed by a

o~

AN
J"

,{subsdrlpt For example, in the radial direction, stress

'1and stra1n are~6f, €. In the tangential direction, they

are bq, ee._ﬁhe Fg@ponents of dfsplacement are u and v
in the radial and;tangenttal directions respectively.
The coord1nate radius -is. s1gn1f1ed by r and the tunne]
radius by a. A ) . | ™.

~ The field stress is: app11ed at 1nf1n1ty \A
longjtudlnal stress, 51, is also present for a p]ane
strain boundary condjt1on. The field stresses are
signified by 5;in tne_vertieal direction (O-TéOvaxis)
and 6pin the horizontal- d1rect1on (90 -270 ax1s) The
ratio of field stres#”is signified by N = BR/6,. m

,° Fotr th1s reference system, compressive stresses and
stra1ns are positive. Extension strains are negative.

Rad1afbd1splacement 1s pos1t1ve‘when it is directed

EPI

. toward the tunnel Angles are measured counterclockw1se

+ from the horizontal axis 1n the first quadrant

The 1ndependent elastic parameters are 51gn1f1ed by
=

E for, Young s Modulus and u for Pp1sson s Rat1o e K‘QT
Lo

Youngﬁs=Modulus 1s def1ned as the ratlo of un1ax1a]

¢ -

- [ L2
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stress to axial strain. Poisson’'s Ratio is defined as
‘the rat1o of .ateral to axial stra1n in un1ax1atA;'j
loading. . | ‘. g% 1

The shear and bulK modul1 are s1gn1f1eqaqg%9 and K
respectively. The shear or rigidity modulus is defined

as the ratio of shear stress to shear strain. The bulk

S
modulus is defined as theratio of mean stress to .ﬁb' '
volumetric strain. -For a plane strain boundary ™ . : tq:!

conditien, the shear and bulk moduli may be written as:
| | | = E/2(1+v) ; K = E/3(1-2u). ’
CONTINUS MEcﬁiAkgxés REQUIREMENTS B S
A. Assumptions: | . | ‘u 9
‘ -isotropic continuum; ‘ ‘
-homogeneous cont inuum;
-infinitesimal deformations;
B. Physica] conditigns in the differential system,
governing eguations: L ' ‘
 -Static Equilibrium, je.diffementjal equations of
equilibrium;’ S, | |
-Condition of COmpétiBilify'for
Strain- dlsplacement Relatwons.
-Mater1al Behav1or : Hooke's Law.
JQC:' Boundary Cond1t1ons;l 0
| -Plane strain; -
-Field stress appled at 1nf1n1ty.
) -No pressure inside the tunnel.
SOLUTION OF THE TWO DIMENSIONAL ELASTIC PROBLEM
13 in the stress formulation, w1th constant body forces,
>; terms in the govern1ng equatlons may be eliminated to obtann

‘;ﬁfé. . S k : ‘;A
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the Biharmonic equation:
Ve =
Sblution of this equation is obtained using the following
Airy stress function: .
O = Alogr + Br2+[Cr2+Dr4+E 1/r 2451 cos28
in polar- coordinates, the stress components 5re given
by (P;:nder, 1980) : _
6= 1/r @y + 1/r2
6 = 0, .;¥p;ﬁp.,

-8
. r

s

Constants are evaluated knowing the stresses Q&ar é and

r=infinity. » »

By backfcafculation, the elastic stress-strain

H

relationship gives straid:
¢ E= (T+u) [(1-v) &, -&¥5,)
B = (1+u) [(1-v) 6,4 ]

Integration of these straiﬁ-displacement eqUations:

€ = UL
- a . ot
€g= u/r + vy 1/r
g1ves the ‘displacement. ‘f. e

The constants of 1ntegrat1on are obta1ned by cons1der1ng o
R

»d1splacements at r = 1nf1n1ty.

The radial displacement equatﬁon‘is given by Pender

-(1980) : N o L r
UE = 0.58[(1- u2)[(1+N)(r+a2/r) - (1-N) (- a‘/r3+4a2/r)cos29]
-U(1+u)[(1+N)(r az/r) + (1-N)(r- a‘/r3)005263]
.At the tunne1 wall, radial d1sp1acement is:

= Bya(1-u2) [(1+N)- 2(1- N)cos26] R 7
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APPENDIX A2
LINEAR VISCOELAST C RELATIONS

‘The elastic-viscoelaefie'correspondenee‘pFincip]e may be

v_Qsed‘to determihe the linear viscoelastic relations

(Findlay, 1976). Linear elastic behavior is a limiting

-cond1t1on of the 11n§§5 xgscoelastic formulation. The

fo]]ow1ng procedure may be used for a vvscoe1ast1c ¢

'formu]at1on. | . . |

1. obtain the Laplece transform of the elastic equations{'"

2: substitute the eorrespohding material.parametere fn
terms of the transfofmed variable (e);

"3, so]veAthe transformed equaﬁion; and '

,A." apply the inverse‘Laplace.transferﬁ ta bbtain the
desired quant1t1es with a time variable.
The‘equ1valent to E and v for a v1scoe1astn@ mater1al

in terms of llnear differential .operators.is given by

(Flndlay 1976) > ‘

E(t) =30 02/(P*Ql+ 2P, Q,)
(P 02 PZQ )/(P Q 2 P Q J

Ih1s fo]]ows from the ana]ogy between elastic. and*

u(t)

? v1scoeJast1c const1tut1ve equat1ons, in part1culah.

't??g{”ﬁ sa: 26 djand PyS;(t) = Qd; (1)
'1, o "‘ ’5 3K.< and P 5 (t) = ch“(t)
o ' , Whe‘re ’ a .33‘/ 'g~

{f - 6 - devwator1c and 1sotrop1c stress tensors
Y
.dU,eﬁ- deviatoric and isotropic stra1n_tensors
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G,E - shear and bulk moduli '
P,Q - linear differential operators with regpect
- to time, containing material céhstants.
quhthe'§ST formulation shown in Appendjx At (N=1;r=a),
in bfief terms, the viscoelastic formulation is as follows
(Kaiser, 1879): : _ | o
- u = 2a B,(1-v2)/ E = 2a B,f
- Laplace transform gives: u = 2a 6,f(s)/s since b(s) =
/s _ ) |
- §ubstitute'materi£1 properties
- inverse. transform: d(t) = 2a B;f(t)
(Note: The stresses for this formu]ation are independent of

the material constants. ) ’

% v
1&-}*& :
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APPENDIX Bt
, )
REVIEW OF ELECTRICAL MONITORING DEVICES

. This appendix describes the transeucers, their
calibration procedures and their degree of uncertainty.
Lead eell'calibration.relates voltage to load measured with
‘a Baldwin-Southwark compression machine. LVDT calibration
relates voltage to displacement measured with é screw
micrometer. A least squares method determines the.

calibration equation and the 95%. confidence-interval defines

j xuthe degree of. uncerta1nty »

JJG

Load cellwcal1brat1ohs were done after tests MC1. 15 and
MC1.19. Prev1ously determ1ned ca]1brat1on_equat1ons were
.used for, some calculations howeyer the aQerage vertical
strees calculated by eacn set of equatione dif%ers | X

‘,insignfficantly LVDT calibrations were done in the spring

of 1879, pr1or to test MCt. 7

'DESCRIPTION OF TRANSDUCERS - |
A load"cetl (Dynamometer) is a device~for measuring
' force It eonsvsts of a bOnded res1stance strain guage as
the tranduc1ng element wh1ch converts deflection &f on -
annular a]umtnum r1ng into- changes in electric current
‘Four res1stance straln gauges are mounted inside the annular'
ring, two orientated ax1ally and two or1entated |

01rcumferent1ally The load cells are fitted W1th two types‘

A
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' of‘interchangeable'end platens to provide .a flat bearing
7 surface The moveable end platen cons1sts of two metal
Ldtscs mach1ned to contact at a concave- convex lubr1cated
sur face thereby to allow small seat1ng movements dur ing
test1ng The flat end platen consists of a metal discs ‘also
mach1ned tO—flt onto the annular ring. Two s1zes of'load
cells are psed the lateral load cells (10 cm 0.D., 10cm
-length) operate to approximately 1 MN and the long1tud1nal
load cells operate to 0. 25 MN. The sensor range is O to. ,
20-23 millivolts with a smallest readtné>of O 002 ,
millivolts (The long1tud1nal load cells were not .
altbrated during this test program) _
' A LVDT-Linear Voltage Differential Transformer is a
'device;for measuring displacement using an "iron core
travelltng inside an electric coil as the transducing
'element. Alchange of the relat1ve pos1t10n of the core and
coil causes a voltage change, Five s1zes§ﬁf LVDT's are
used. The LVDT voltage ranges are *5, #7-or +10 volts at 6
~or 22 volt-excitation with displacement ranges of +12.5 mm (
two boundary dtsplacement LVDT's), %6. mm (extensometers)
,.and +2 5 mm (tunnel) The sensor sensitivity (dQ in /dQ
_out) is’ between 0.0001 and 0 0003 and stra1n sensitivity
(smallest nead1ng/measurement length) is at least 0.001% for

‘the tunnel and extensometers and 0.03% for two boundary

dlsplacements,

DESCRIPTION'OF THE TEST PROCEDURE
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Load cell calibrations were done in three sessions, | N
once . in Februafy 1980 and twice in April 1980, using a
19 t "
cont1nu9us read1ng compresswon machine (1% accuracy) located 'Rﬁgz

in the Civil Eng1neer1ng Building. The- f1rst two

RN

N
. ca]1brat1ons were done with a proving r1ng (1% accuracy)

" located in series with a stack of 3 load cells thus to

opt1m1ze time. Flat'end platens were 1ocated between 1oad
cells. Moveable bearing surfaces were located at the ends
of }he\stack, like a p1nned column. During the third
session, SOme load cells were tested {ndividually and all
were tested in a stack of 2 load cel1s with one flat and one
moveable end platen plus, in a stack of 4 load cells. ,Tov'

andom1ze tests, the load cells were’ moved b .ween each test
but always connected to the same electr1ca1 lines and
conditioner channels at least: 15 minutes before a test.

A typical calibration test was done by 1ncreas1ng 1oad

in 0.045 MN”increments to 0.85 MN and decreas1ng load in

0'225 decnements while recording voltage at each load

‘sett1ng

[

Arithmetic and doubie log: coordvnate systems were
1nvest1gated to seek su1tab1e calibration equations. A
student-t stat1st1ca1 evaluat1on for linear cal1brat1on
equations was done for increasing load data on an average of

37or 4 category A test per load cell (catagory A tests were

done with one f1at'end one moveable end'pleten, catagory B
tests were done with two flat end p)atens), Thus; the

confidence interval of y given x'eqLals plus or minus,,fhe _ ~

W .
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student t statistic times the square'root of:.all of the |
est1mated standard dev1at1on of pred1cted Y, squared plus
an estimate of variance (standard deviation of y about the
regression l1ne squared) This method glVes a relat1vely
uniform confidence interval in the range of 1nterest and
d1ffers only slightly from ASTM E 74

The LVDT calibration procedure was carried out by
sett1ng twenty displacement values at equal 1ncrements over
the transducer range and record1ng voltage at each setting.
‘gmrst order polynomial equat1ons were determined for each

_LVDT. Regress1on statwst1cs were 1nvestlgated for one LVDT.

SUMMARY OF RESULTS : ’ o v o, .Fk
First order polynomial calﬁbnation‘equations adeduately"i
represent calibration results for load cells in the loading.
range of 25% to 100% of maximum. The degree of uncertainty“
is less than +0 025 MN in this range, except for LC 19
~ (+0.047 NN) anﬂ 1C 25 (+0 036 MN). Operating in a range
above 0.25 MN provvdes better than 10% error for most of thev
load.cells. 'Inhc" nt non- l1near1ty _of the test data
restricts thelval1d1ty of statistical inferences about
'uncertainty Results forftests'on load cells with tw0'fla5
end platens generalgy estimate a 10% lower m1d range load |
than when both types of end platens are used Acceptable
drift stability occurs dur1ng short term loadlng (not
%i}?ﬁﬁd for long term), however, hysterlsxs affects

un'oading’calibration. Hence,.load cell calibration should'
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be done for the range of 1nterest and by duplication of thé
load1ng cond1t1ons in the PST. 1

The LVDT’s seem to comply w1th manufacturers
spec1f1cat1ons of at least 0.5% linearity error. For tﬁe
analysis of regress1on on one}LVDT ‘the resxduals exh1b1t a
normal distribution with a 0.027 volt standard deviation and
the plot of residuals over the sensor range exhibits a
sinuisoidal d1str1but1on w1th peaks at *50% of the

transducer scale.

[ BRPY i . N

auy
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APPENbIX Ct

’

SOME TEST RESULTS
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