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SYNOPSIS

Rock masses range from intact homogeneous media, through
regularly jointed assemblies of blocks, to heavily sheared and
crushed clay-bearing fault zones. A brief review of the beha-
viour of openings created in these media, such as boreholes,
tunnels and large mine openings, indicate some consistent
trends. The fundamental failure mechanisms and require-
ments for support are believed to be strongly influenced in all
cases by the volume changes accompanying potential failure.
Failure, even in unjointed media, eventually occurs on failure
surfaces such as extension fractures or shear fractures. A
“plastic” zone may not strictly exist since the rock between
the failure surfaces can be intact and relatively less highly
stressed. Since the volume changes accompanying failure are
to a great extent determined by the dilation (or contraction)
along these failure surfaces or pre-existing discontinuities, an
understanding of the latter is fundamental to the prediction
of underground opening behaviour.

Careful measurements of model jointed media are used to
demonstrate some of the volume changes that can be expected
when rock masses are subjected to increased shear stress. The
components of joint deformation such as closure and shear-
induced dilation determine the type of response of individual
rock masses. Attempts are made to provide a unifying descrip-
tion of rock mass shear strength based on discontinuum be-
haviour. Both the Q-system and the JRC/JCS index charac-
terization of discontinuities are utilized here. The proposed
criterion contrasts with the Hoek and Brown criterion, which
primarily describes the strength of intact rock, with adjust-
ments for jointed or crushed media.

Examples of discrete modelling of excavations in jointed
media are given, using both physical and numerical models
as examples. Particular attention is focused on the discre-
pancy between the behaviour of jointed media and the
attempts to simulate these by means of continuum models.
Tensile opening of joints and hysteresis on unloading due to
shear are cited as reasons for the discrepancy. Examples of
recent discrete element modelling using the UDEC method
are described, to illustrate the prediction of the disturbed
zone around tunnels.
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1. INTRODUCTION

There are three specialized disciplines of rock engineer-
ing that provide us with fascinating glimpses of the way
rock behaves around underground openings. The three
areas employ different specialists who do not often
have the opportunity of communicating their different
experiences to each other. Their employees have entirely
different goals, yet their common interest is excavation
stability in rock.

Table 1. Three categories of openings and their
failure modes

Category Rock characteristics | Failure modes*

1. Deep boreholes
(Oil Industry)

Sedimentary rocks.
Low intact strength.
High Stress.

Shear failures,
lamination buckling,
«plastic» yielding

Massive, brittle
rocks. High intact
strength. High stress

2. Deep mines
(Mining Industry)

Extension failures,
rock bursting,
slabbing, buckling

3. Shallow tunnels
(Civil, Transport)

Jointed,

altered rock,

low mass strength,
low stress levels

Extension, and shear
failures on pre-exiting
discontinuities,
rotational failures

* Failure mode descriptions deliberately simplified.

2. OBSERVED FAILURE MODES

(i) Deep Boreholes

Recent research efforts, funded mainly by international
oil companies, have thrown light on the possible failure
mechanisms around deep boreholes. The subject is far
from closed. However it already appears likely that fail-
ure does not initiate at the borehole wall but some-
where inside the wall (Maury, 1987). Carefully instru-
mented experiments have also shown that the peak tan-
gential stress levels occur well away from the wall (Ban-
dis et al. 1987). Due to the disturbed and partly failed
zone, the effective modulus of the rock is lower at the
wall of the borehole than within the surrounding mate-
rial.
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Fig. 1. Anisotropically loaded boreholes. Failure by shear
and extension. Modified from Maury (1987). (Note
that face advance effects on the failure mode are not
represented in these two-dimensional simplifica-
tions.)

A dilemma remains concerning the mode of failure.
This dilemma is illustrated in Fig. 1, which is extracted
from Maury (1987) who was representing the ISRM
Committee for Rock Failure Mechanisms in Under-
ground Openings.

The concave-shaped elliptical overbreak typical for
the shear failure mode contrasts with the convex-shaped
overbreak and sharp “wedge” seen in the extension
mode. Experience from borehole “dog-earing” in deep
South African gold mines suggests the extension mode.
Experience from physical models of boreholes in weak
porous homogeneous materials proves without doubt
that the shear mode is occurring.

Figures 2 and 3 illustrate some of NGI’s experiences
with boreholes drilled under three dimensional stress
states in highly stressed, porous, brittle model mate-
rials. The curved shear failure surfaces resemble loga-
rithmic spiral slip lines that have limited relationship
to conventional ‘“plastic” zones (Bandis et al. 1987).
Furthermore, strength tests indicate that compaction
and strain-hardening of material may occur during the
successive redistribution of peak stress away from the
borehole walls. Boreholes can be drilled and will remain
more or less open under field stress levels several times
larger than the unconfined compression strength of the
materials concerned.

As a result of the above contrasts in behaviour be-
tween hard and soft rocks a tentative conclusion might
be drawn. Strong brittle rocks under very high aniso-
tropic stress can be expected to fail by successive deve-

"plastic” zone from Observed
elasto-plastic shear failure
surfaces

analysis

Fig. 2. Comparison of shear failure surfaces observed in a
physical model, with the plastic zone predicted ana-
Iytically. (Bandis and Nadim, 1985.)

. Physical model simulation of boreholes drilled
through highly stressed porous materials. (Bandis et
al., 1987.) Line-drilled grouted holes provide markers
and show shearing is the main failure mechanism.

lopment of extension fractures, while soft porous rocks
under very high anisotropic stress can be expected to
fail by the interaction of log-spiral-like shear surfaces.
Possibly we can also go so far even at this stage, to sug-
gest that the strong rock is still behaving in a dilatant
failure mode, while the soft porous rock is behaving in
a non-dilatant mode.

(ii) Deep Mines

A recent review of rock failure mechanisms in deep
mines by Wagner (1987) supports in many respects the
previous observations for boreholes. Massive brittle
rocks (Fig. 4a) appear to fail in extension, and this
mechanism is greatly accelerated if soft layers are pre-
sent (Fig. 4¢). Wedging or shear failure is seen in highly
stressed coal measure rocks, which are softer and per-
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haps non-dilatant at these high stress levels. Buckling
and folding of thin strata is also a very common failure
mechanism in such rocks.

A very interesting in situ experiment with a 1.5 m
span tunnel in massive quartzites above an advancing
stope face in a deep gold mine was described by Ortlepp
and Gay (1984). Principal stress levels measured during
tunnel driving are indicated in Figure 5. The tunnel was
subsequently lightly supported with cable lacing and
mesh and survided a final differential stress of almost
150 MPa during nearby reef mining. The sharp ellip-
tical corners of the “failed” profile were apparently
stable due to the rapid increase in confinement.

In massive ‘“‘elastic” rock good use can apparently be
made of the ratio of stress to strength when predicting
onset of failure. The unconfined compression strength
of laboratory-size samples can be compared with the
principle stress (a;), with the vertical stress (o,), or with
the maximum theoretical tangential stress (30, - o3 for
a circular opening). However there are problems in this
approach.

In the case of borehole size openings the unconfined
strength of similar size rock specimens would appear
relevant. However, as we have seen, the rock surround-
ing a deep borehole in weak reservoir-type environ-
ments does not behave elastically. It is therefore diffi-
cult to compare secondary stresses with strength. Para-
doxically, in deep mining environments in massive rock
where elastic theory might be more reliable, the size of
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Fig. 4. Typical rock failures in highly stressed mine openings,
after Wagner (1987).
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Fig. 5. Experimental tunnel in deep quartzites subjected to
mining induced stress changes and partial failure.
After Ortlepp and Gay (1984) and Wagner (1987).

excavation induces an important scale effect on the
measured rock strength.

Hoek and Brown’s (1980) empirical equation for the
unconfined compression strength of 10 mm to 200 mm
diameter laboratory specimens has been successfully
extrapolated by South African workers (see Wagner,
1987) for application to fracturing in excavations in
massive quartzites of 2 and 3 metres in span. Based on
the data shown in Fig. 6 a logical simplification would
be:

¢ = 050 (50/d)02

where .5 = unconfined compression strength of
50 mm specimens
d = specimen diameter (mm)

This equation will later be compared with scaling
rules used for extrapolating the shear strength of rock
joints.
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Comparison of extrapolated Hoek and Brown (1980)
equation with South African mine failure data for
quartzites. Wagner (1987).
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(iii) Shallow Tunnels

In general shallow tunnels are driven in rock masses
which are jointed, perhaps faulted, and often clay-bear-
ing to a greater or lesser degree. The shallow tunnels
may be road or rail tunnels, water supply or hydro
power tunnels. Broadly speaking they can be called
civil engineering tunnels. Obviously experiences within
this category grade into the deep mining category, since
similar problems of stress induced slabbing and even

1. translation
2. rotation

2 gy I

1. translation
2. rotation

Fig. 7. Three examples of tunnel overbreak or partial failure,
caused by translational shear along clay bearing dis-
continuities. (After Cecil, 1975.)

rock bursting can be experienced in deep or anisotro-
pically stressed road and hydro power tunnels.

Shallow tunnels in jointed rock masses may be un-
stable if they are driven through rock masses of low
shear strength. The excavation span and the support
used are obviously determining factors. In order to
understand some of the important factors involved in
failure of jointed rock masses it is instructive to examine
some of the case records described by Cecil (1975) that
formed the initial data base of the Q-system of rock
mass classification (Barton et al., 1974).

The three cases illustrated in Fig. 7 show overbreak
or local failure caused by clay-bearing shear zones or
joints. The arrows indicating shear stress and shear re-
sistence (added by this author) are designed to empha-
size the role of shear strength in failure or stability.
However, shear strength in the confined underground
environment may be less important than the dilation
occurring along the shearing surfaces prior to failure.
It can be deduced that the presence of clay in the three
cases shown in Fig. 7 may have allowed shear to occur
without causing higher normal (tangential) stresses to
develop. Overbreak or subsequent roof falls could
therefore occur even if the joints actually shearing were
dilatant.

The block sizes represented in the three cases in Fig.
7 suggest translational shear along the surfaces marked
with arrows. Block rotations will only have occurred
when partial failure (Stage “1”) had already occurred,
creating space for rotations. In contrast, the two heavily
crushed rock masses illustrated in Fig. 8 had such small
block sizes (relative to the scale of the problem) that
rotational shearing was probably an admissible failure
mode from the start, and of course would quickly be-
come a rock “flow”.

3. PRELIMINARY CONCLUSIONS ON
FAILURE MODES

1. Deep boreholes in porous “non-elastic” rocks are
likely to fail by shear surface development if the
stress-strength ratio along these potential surfaces
is such that shearing will be non-dilatant.

2. Deep boreholes and tunnels in strong “elastic” rocks
are likely to fail by extension fracture development
if the stress-strength ratio along potential shear sur-
faces is such that shearing would be dilatant. Since
extension fracturing is also dilatant this mode will
tend to be progressive, from the surface inwards,
giving onion-skin-like features at the excavation
boundaries. If shear fracture surfaces do develop it
is likely that they will be minimal in number (two
surfaces intersecting, or progressive) to minimise the
incompatible dilation.

3. Tunnels in jointed, faulted rocks probably fail by
translational shear if block sizes are large compared
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Fig. 8. Two examples of tunnel collapse caused by a clay
bearing crushed zone in granite (case 56) and by a
“suger-cube” shear zone in quartzite (case 39). After
Cecil, 1975.

to the tunnel dimensions. The small block sizes typi-
cal of crushed zones may allow rotational shear to
occur as the primary mode since the required dila-
tion is minimal, particularly if clay is present within
the block structure.

4. Formulations for the strength of rock masses that
do not allow for the build-up of stress caused by
dilatant failure, will predict larger fracture zones
than observed in practice due to this limitation. This
conservatism will be reflected in over designed tun-
nel reinforcement and support, a factor not present
in empirical design methods due to the incorpora-
tion of observed behaviour which includes dilation,
or contraction, as the case may be.

4. STRENGTH-DEFORMATION
CHARACTERISTICS OF IDEAL ROCK MASSES

The importance of internal rock mass deformation, in
particular dilation, on the behaviour of rock around
tunnels has been established. How can we predict and
quantify this characteristic for use in constitutive
models?

Some clues to behaviour can be gained from an ana-
lysis of biaxial loading tests on jointed assemblies of
blocks. Laboratory experiences with jointed physical
models, and in situ block tests performed in current
nuclear waste programmes provide us with some useful
clues to behaviour.

(i) Physical models of idealized jointed rock

Figure 9 is a schematic illustration of a series of biaxial
tests on jointed slabs of a brittle model material. In
these models the first set of model joints (interlocking
tension fractures) were continuous, while the second set
were offset where crossing the pre-existing features.
This is a realistic feature common to rock masses. The
models were loaded by reduction of o, and increase of
gy, giving the loading path shown in the upper dia-
gram. The displacement vectors measured in one of the
tests are reproduced in the lower diagram. The large
lateral expansion (mass “Poisson’s ratio”) is apparent.

An analysis of the results of three such tests is shown
in Fig. 10. Note that the lateral strain curves (marked
€;) have been plotted on the same side of the y-axis as
the axial stress-strain curves (marked ¢,), in order to
save space. Of particular note are the rapidly increasing
values of mass “Poisson’s ratio” (v) with increasing dif-
ferential stress, and the radically different axial stress-
strain curve of the model with 4000 interlocking blocks.

As block size was reduced, full scale moduli reduced
from 18.5, to 13.1 and finally to 7.5 GPa. Nevertheless
the highly jointed model exhibited the highest ultimate
strength, and eventually failed by block rotation in the
form of a broad kink band. The models with larger
blocks failed by translational shear along a limited
number of the most continuous joints.

The reasons for the higher strength with small block
sizes is believed to be due to the extra freedom for block
rotation given by deformable cross-joints. Small steep
asperities therefore dominate behaviour, and the grea-
ter “mobility” of the smaller blocks eventually allows
uncontrolled rotations to occur at ultimate strength.

The above biaxial stress-deformation data needs to
be synthesised in dimensionless form so that it can be
utilized in a constitutive model of rock mass behaviour.
Relationships between the following may be useful:

(0,-0 0, -0

=) Versus v or (01-0) versus v
0. 2- Tpeak

where

o, is the unconfined strength of individual rock blocks
of known size, (g, - 0,)/2 is the shear stress level, 7e.¢
is the peak shear strength of the rock mass.
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Fig. 9. Biaxial shear tests of idealized jointed rock masses in-
dicate large lateral expansions; and block dependent
ultimate strengths.

(ii) Joint deformation components in rock mass
behaviour

The general shape of the stress-strain curves for rock
masses can be deduced by considering the mechanics
of joint deformation. In normal closure, joints exhibit
strongly concave normal stress-deformation behaviour.
In shear the stress-deformation behaviour is usually
convex in shape, though this will depend on the block
size.

Table 2. Tentative estimates of rock mass expansion
characteristics as a function of differential
stress level. (v = ratio of lateral/axial strain).
Type R refers to cases with very small block
sizes where rotational failure can occur.

(0, - 0,) TYPEA®* | TYPEB* | TYPEC* | TYPER*

ZT v v v v
peak
0 0 0 0 0
0.2 0.2 0.25 0.30 0.1
0.4 0.2 0.35 0.45 0.1
0.6 0.4 0.55 0.7 0.2
0.8 0.5 0. 1.0 0.3
1.0 >0.5 >0.75 >1.0 >0.4

* Type A, B, C refers to rock mass character (Figure 11).

The two components (N = normal, S = shear) shown
in the upper diagrams in Fig. 11 combine to produce
the three characteristic stress-strain curves for rock
masses shown in the lower diagram of the same figure.
Attemps have been made to incorporate some of the
measured experiences from the model tests in the cur-
ves showing axial and lateral stress-strain.

In the following, an attempt will be made to propose
dimensionless data relating the mass Poisson’s ratio
with the stress/strength ratio (g, - 0,)/2 7peqx for the
three simple classes of rock mass represented in Fig. 10.
The data is estimated or based on the model results
depicted in Fig. 10. It is obviously extremely difficult
to obtain such data for real rock masses due to the ex-
tremely high stresses required.

.
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Fig. 10. Contrasting deformation behaviour exhibited by idealized rock masses consisting of different sized blocks.
(Prototype unconfined compression strength of intact blocks = 175 MPa.)

Table 3. Estimate of apparent «shear strength» of rock masses from the parameters J, and J, used in the

Q-system.
(a) Rock wall contact I tan-! (J,/7,)°
J, =075 1.0 2 3 4
A. Discontinuous joints 4 790 760 630 530 450
B. Rough, undulating 3 769 720 560 450 370
C. Smooth, undulating 2 69° 630 450 340 270
D. Slickensided, undulating 1.5 630 560 370 270 210
E. Rough, planar 1§ 630 560 370 270 210
F. Smooth, planar 1.0 530 450 270 180 140
G. Slickensided, planar 0.5 340 270 140 9.50 7.10
(b) Rock wall contact when sheared & tan-! (J,/J,)°
J,=4 6 8 12
A. Discontinious joints 4 450 340 270 180
B. Rough, undulating 3 370 270 210 140
C. Smooth, undulating 2 270 180 140 9.50
D. Slickensided, undulating 1.5 210 140 110 7.10
E. Rough, planar 1.5 210 140 110 7.10
F. Smooth, planar 1.0 140 9.50 7.10 4.70
G. Slickensided, planar 0.5 70 4.70 3.6° 2.40
(c) No rock wall contact when sheared 7, tan-! (J,/J,)°
J,=6 8 12
Disintegrated or crushed rock and clay 1.0 9.50 7.10 4.70
Bands of silty- or sandy-clay 1.0 J,=5
110
Thick continuous bands of clay 1.0 J,=10 13 20
5.70 4.40 2.90




5. SHEAR BEHAVIOUR OF INDIVIDUAL
DISCONTINUITIES

The shear strength of individual joints or discontinui-
ties obviously plays an important role in the shear resist-
ence of the rock mass as a whole. A clear illustration of
this fact is demonstrated by a Cundall et al. (1975) rigid
block model of a ‘“geologically” complex rock slope,
reproduced in Fig. 12. In the more confined environ-
ment around a tunnel, the dilational characteristics of

the joints will have at least as much influence as the
friction angle, due to the increase in normal stress that
will accompany any tendency for shear.

(i) Operating frictional angles deduced from
Q-system parameters

The Q-system of rock mass classification and tunnel

support selection was developed after exhaustive trial

and error with (eventually) six, parameters to describe

JCS 157 MPa, JRC 7.6
{
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Fig. 11. Contrasting load-deformation behaviour for rock masses with different degrees of internal shear
and normal deformation. Mass Poisson’s ratio and hysteresis increase from Type A—B—C.
Data for Type C derived from Fig. 10.
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Table 4. Descriptions and ratings for the parameters
J.and J,.

3. Joint Roughness number

(a) Rock wall contact and
(b) Rock wall contact before 10 cm shear

. Discontinuous JOINLS: i isisissvaviaaeismie 4
. Rough or irregular, undulating .. N |
v SIOOHH,-URARIBHRES . ... o tsmmsms s s 2
1
1
0

. Slickensided, undulating . . < covw s s
. Rough or irregular, planar S
% Siooth:plange’s .« sssscsrsopwncassivesssosms

TmgoOw >

Note: (i)
Descriptions refer to small scale features and intermediate
scale features, in that order.

(¢) No rock wall contact when sheared

H. Zone containing clay minerals thick enough

to prevent rock wallcontact ................... 1.0
J. Sandy, gravelly or crushed zone thick enough to

prevent rock wall contact ..................... 1.0
Note (ii)

Add 1.0 if the mean spacing of the relevant joint set is
greater than 3m.

Note (iii)

J, = 0.5 can be used for planar slickensided joints having
lineations, provided the lineations are orientated for
minimum strength.

Seciiaae
g

)

Fig. 12. A rigid block model of a rock slope illustrating the
influence of joint friction angles on the failure mode.
After Cundall et al. (1975).

4. Joint alteration number
J) (er)
(a) Rock wall contact (approx.)
A. Tightly healed, hard, non-soften-
ing, impermeable filling i.e. quartz
OrepIdOte . . ¢.wivs s e sanisans 0.75 -)
Unaltered joint walls, surface
stainingonly ................. 1.0
& Slightly altered joint walls. Non-
softening mineral coatings, sandy
particles, clay-free disintegrated
POCIKIPIE, o o950 s aarotomaran st 2.0
D. Silty; or sandy-clay coatings, small
clay fraction (non-soft.) ........ 3.0
Softening or low friction clay
mineral coatings, i.e. kaolinite or
mica. Also chlorite, talc, gypsum,
graphite etc., and small quantities
of swellingclays............... 4.0

(25-35°)

(25-30°)
(20-25°)

(8-16°)

(b) Rock wall contact before 10 cms shear
E Sandy particles, clay-free
disintegrated rock etc. .......... 4.0
G. Strongly over-consolidated non-
softening clay mineral fillings
(continuous, but <5 mm thick-
NESS) iSRS RLE R 6.0
H. Medium or low over-consolida-
tion, softening, clay mineral fil-
lings. (continuous but <5 mm
thickness) i sz ssuyseisgias 8.0
35 Swelling -clay fillings, i.e. mont-
morillonite (continuous, but
<5 mm thickness). Value of J,
depends on percent of swelling
clay-size particles, and access to
WRLETBIE. o0 o s st

(25-30°)

(16-24°)

(12-16°)

(6-12°)

(c) No rock wall contact when sheared

K, L, Zones or bands of disintegrated or
crushed r_ock and clay (see G, _H, J
for description of clay condition) 6,8 (6-24°)
N. Zones or bands of silty- or sandy-
clay, small clay fraction (non-
goftening) ... cvsanmasnns s 5.0 (=)
O, P, Thick continuous zones or bands
R. of clay (see G, H, J for description

of clay condition) ............. (6-24°)

rock mass characteristics (Barton et al., 1974). The indi-
vidual ratings of the six parameters were successively
adjusted in order to get the best fit between observed
behaviour (i.e. the need for rock reinforcement) and the
predicted reinforcement needs.

The six Q-system parameters have the following
general form
1. RQD/J, = equivalent block size
2 L. = inter-block shear resistance
3. J,/RSF = active stress

The “inter-block shear resistance” (J,/J,) resembles
a limit equilibrium, back analysis result since, as shown
in Table 3, the arctangent (tan™'2" J,/J,) happens to
provide very realistic values of effective shear resistence,
expressed as “friction angles”. Table 4 should be refer-
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red to for descriptions of the joint alteration and clay
filling characteristics (J,).

This “friction angle” finding is remarkable, since the
extra significance of the ratio (J,/J,) was discovered by
accident after the Q-system was developed. Of parti-
cular interest is the fact that both J; (joint roughness
number) and J, (joint alteration number) are designed
to apply to the “joint set or discontinuity most likely
to initiate tunnel failure”. In this respect tan™ (J,/J,)
resembles a limit equilibrium back-analysis result.

In the light of the foregoing discussion of the rela-
tive importance of friction angles and dilation charac-
teristics, it is significant that Table 3 shows exagger-
atedly high “friction angles” for the rough unweathered
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joints which dilate most under shear (i.e. tan™! J,/J, >
70°), and exaggeratedly low “friction angles” for the
thick, clayfilled discontinuities which dilate least or
even contract under shear (i.e. tan™! J./J, < 10°). Inter-
mediate categories which dilate only slightly and at
least do not contract under shear show values of tan™!
(J,/J,) which closely resemble friction angles measured
in shear box tests under moderate normal stress levels,
for example 1 MPa.

(ii) Prediction of the friction and dilation
components of rock joints

A great deal of work has been performed on the shear
strength of rock joints. As a result of many contribu-
tions, particularly those reviewed by Bandis (1980) and
by Barton and Bahktar (1983) it is now possible to make
quite accurate predictions of the peak shear strength,
and of the shear strength-displacement and the dis-
placement-dilation characteristics of rock joints over
a wide range of block sizes. An example of this predic-
tive capability is illustrated in Fig. 13.

The basic equations describing the friction angle
(¢m) and the dilation angle (d,,) mobilized at any given
shear displacement, are based on the concept of mobil-
ized roughness (JRC,,) which is defined in Fig. 14.

0u = IRC,, log (Q>

On

JCS
< —

d,, = "4 JRC, log (

where JCS = joint wall compression strength
JRC = joint roughness coefficient
¢, = residual friction angle
o, = effective normal stress

Evaluation of these two equations using the desired
input data for JCS, JRC and ¢, and the simple table of
dimensionless numbers given in Fig. 14, provides the
necessary data for producing the laboratory scale shear
stress-displacement and dilation-displacement curves
shown in the example in Fig. 13. One additional equa-
tion is required however. This provides an estimate of
the displacement (6).,x) needed to reach peak shear
strength.

033
6 peak = Lo (ARG o orivonnsnsa s
500 \ L,

where L, = sample size, or in situ block size (spac-
ing between cross-joints) in metres
JRC, = joint roughness coefficient of joints
of length L,

Example:
L,=10m,JRC =5
equation 4 gives 6 (peak) = 0.0034 m (3.4 mm)

The need to consider block dimensions in this equa-
tion will be clear from the contrasting curves in Fig. 13.
The table inset in the figure also indicates the scale
effects acting on JRC and JCS.
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Fig. 14. The concept of roughness mobilization with increased shear displacement.
In this example JRC = 15 represents the peak value of roughness.

(iii) Scale effects on asperity strength and
surface roughness

Scale effects on JRC and JCS have been investigated
by several authors (e.g. Barton and Choubey 1977,
Bandis 1980). As a result of many experimental results
Barton and Bandis (1982) produced the scale reduction
factors shown in Fig. 15. Subscripts (0) and (n) refer to
laboratory and in situ block sizes respectively.

Similar scale effects trends were exhibited in Fig. 6.
This showed the scale effects on unconfined compres-
sion strength deduced by Hoek and Brown (1980), and
those experienced in practice in South African tunnel
failures (Wagner, 1987). The changing size of “signifi-

cant” asperities along a joint, as sample or block size
increases, show similar trends of reduced strength to
the scaling of unconfined compression strength. Con-
stitutive equations of the trends exhibited in Fig. 15 are
given below, and compare closely with the general form
of equation 1.

L\ -002 JRC,
JRC, = JRC, (—) ................... ®)
L,
L\ -0.03 JRC,
ICS, = ICS, (L—) .................... ®)
0,

Examples of the magnitude of these scale effects are
given in the inset in Fig. 13.
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(iv) Relationship between the J, and JRC roughness
descriptions

The descriptions of roughness given in the Q-system by
the parameter J, (see Table 4), and the more sophistic-
ated parameter JRC just described, are obviously rel-
ated. Fig. 16 has been prepared for the benefit of poten-
tial users of these rock mass descriptions. The ISRM
(1978) suggested methods for visual description of joint
roughness profiles have been combined with profiles
given by Barton et al. (1980), and with the scaling equa-
tion S, to produce some examples of the quantitative
description of joint roughness that these parameters
provide.

The roughness profiles drawn in Fig. 16 are assumed
to be at least 1 metre in length. The column of J, values
would be used in the Q system, while the JRC, values
for 20 cm and 100 cm block sizes could be used to
generate appropriate shear stress-displacment and dila-
tion-displacement curves, such as illustrated in Fig. 13.

Approx. JRCQ

Jcs,
JCSs, 0.5

L

—1La

1 1 1 1 |

2 4
L/Le
Methods of scaling laboratory size values of JRC,
and JCS, up to the full scale values (JRC,, JCS,)
relevant for in situ block sizes L.

6 8 10

Fig. 15.

Relation between J; and JRC,
Subscripts refer to block size (cm) Jr | RGy RCus
h
1 B e 6 [0 |
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I —_——— 3 % (9
slickensided
I — — 2 |1 |8
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u 1507 |6
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h
m 15 | 25| 23
smgath 10 [15 |09
slickensided
LIehnee 05|05 |06
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Fig. 16. Suggested methods for the quantitative description
of different classes of joints using the J, and JRC,
concepts. Subscripts refer to block size (cm). The

profiles are at least 100 cm in length.

6. APPROXIMATE ESTIMATES OF THE
SHEAR STRENGTH OF ROCK MASSES FOR
TUNNEL STABILITY ANALYSES

(i) Hoek and Brown criterion

Hoek and Brown (1980) have produced an excellent
treatise on the design problems encountered in under-
ground excavation engineering. They have symbolized
the problems involved in a useful figure which will be
reproduced here (Fig. 17). Their illustration of the
changing character of the rock mass with increasing
scale can also be utilized to represent the wide range of
rock qualities that can be encountered. One could for
example suggest that the five sub-diagrams in Fig. 17
represent Q values of the order of 500, 100, 50, 10 and

1, if the five “samples” were of about the same dimen-

sions as the underground excavation.

Hoek and Brown (1980) have listed several require-
ments for a rock failure criterion for use by under-
ground excavation designers.

a. “It should adequately describe the response of an
intact rock sample to the full range of stress condi-
tions likely to be encountered underground. These
conditions range from unaxial tensile stress to tri-
axial compressive stress.’

b. “It should be capable of predicting the influence of
one or more sets of discontinuities upon the behavi-
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Fig. 17. The transition from intact rock to a heavily jointed
rock mass with increasing sample size (Hoek and
Brown, 1980).

our of a rock sample. This behaviour may be highly
anisotropic, i.e. it will depend upon the inclination
of the discontinuities to the applied stress direction?’

c. “It should provide some form of projection, even if
approximate, for the behaviour of a full scale rock
mass containing several sets of discontinuities.’

The approach they finally adopted was to develop a
new criterion describing the strength of intact rock and
modify it directly, to account for the discontinuous
nature of rock masses. Their basic equation was as fol-
lows:

R

(©)]
RELEVANT
PARAMETERS
JCS for oc |
a
@ JRC
A @r {or ®b)
weathered
unweathered
b S (strengthl
R lroughness)
@ B Or (friction)
b S (<JCS)
® RC (<R}
A Dr {<Bp)

INTERFACE

Fig. 18. Method of selecting input parameters for use in equ-
ations 8 and 9. (After Barton and Kjernsli, 1981.)

where ¢, = major principal stress at failure
o3 = minor principal stress
g. = unconfined compression strength of the
intact rock
m and s are constants

|

The constant s = 1.0 for intact rock and reduces to 0
as the fracturing of the specimen (or degree of pre-exist-
ing jointing) increases. The constant (m) describes the
curvature of the strength envelope and reflects the
degree of particle interlock. As Hoek and Brown freely
admit, the choice of (m) and (s) is extremely difficult
for the case of rock masses. They utilize the RMR and
Q system classification methods to help in this choice.

In essence Hoek and Brown (1980) utilize a criterion
for the intact strength of the rock pieces, and attempt
to modify it to account for the jointing. This philo-
sophy contrasts with the approach which will be adop-
ted here, which relies on established empirical equa-

tions for the shear strength of jointed and crushed
rock.

(ii) A discontinuum-based strength criterion for rock
Joints and crushed rock

Barton and Kjeernsli (1981) showed that the peak fric-

tion angles (¢) of rock joints and crushed rock (i.e. rock

fill) could be described by essentially the same equa-
tions:

1. rock joints ¢; = JRClog (JCS/o,) + ¢, .. (8)
2. crushedrock ¢, = Rlog(S/o) +e¢p....... ©
70 LA B I T :

65°}—— TSI, (PO SNBSS
60° .
S~
e
= _s
1 Average '-\‘h.\ B Tlg‘llla' uadth:d sasSs
=3 " % well-graded,
: = \rid‘m e ( strong particles
[T I %
B \‘.\ >~ -
e w 7 < . o
45 . x
S~ " =S
. P Y
57 3 TR 3 ~
40— Loosely packed_/ + e 5
poorly-graded, = e, 9.
weak parhicles. = ~
350 3
<
~
N
PR N T W e PO YN BV (VAU RN (N
001 002 006 01 a2 06 10 20
On (MPa)
Fig. 19. Peak drained, friction angles for rock fill (Leps,

1970). Natural, crushed rock might correspond to
the upper half of the data, i.e. average to tightly
packed, but with adjustments for strength reduc-
tions due to hydrothermal alteration or weathering.
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Fig. 20. Illustrations of the non-linearity of equations 8 and
9 describing the shear strength of rock joints and
crushed rock (S, R and ¢, refer to crushed rock,
JCS, JRC and ¢, refer to rock joints). Compare with
Figure 19 test data.

where JRC, JCS and ¢, are as defined previously
and R = equivalent particle roughness,
S = equivalent particle strength.

Figure 18 illustrates how the choice of parameters
JRC, JCS, R, S, ¢, and ¢, depends on the physical
situation, i.e. whether the rock is jointed, crushed, or is
an interface between the two. Simple index tests (tilt
tests and Schmidt hammer tests) can be used to obtain
the required input data, with suitable corrections for
block size (Fig. 15) and particle size (Barton and
Kjernsli, 1981) respectively. Examples of the stress
dependent friction angles obtained from tests on rock
fill are given in Fig. 19. Theoretically generated enve-
lopes (Fig. 20) show similar trends.

A more familiar picture of the potential range of
shear strength envelopes for tunnel failure in discretely
jointed rock masses and in crushed zones is given in
Fig. 21. It is assumed that translational failure will be
most likely in discretely jointed rock masses, and rota-
tional failure in crushed zones. Rotational failure might
also occur in the discretely jointed cases where the ex-
cavations are very large compared to the block size.

The peak dilation angles (d,) indicated on the enve-
lopes at specific stress levels, and tabulated below Fig.
21, are based on the approximate equation:

d& = ¥ JRC, log (JCS")

On

It will be noticed that as the value of (JCS,/0,)
approaches 1.0, dilation is supressed. The five examples
of shear strength envelopes given in Fig. 21 illustrate
the versatility of equations 8 and 9. The three input

parameters needed to evaluate each equation have phy-
sical meaning and can each be measured in principle
and usually in practice, by means of Schmidt hammer
tests (for JCS and S) and by tilt tests (for JRC, R and
¢y) as illustrated in Fig. 22 and 23. In comparison, the
parameters needed to extrapolate the Hoek and Brown
criterion (m and s in equation 7) for application to rock
Jmasses are extremely uncertain, and rely too much on
poorly correlated rock mass classification schemes (Q
and RMR).

Table 5 summarises some of the assumed characteri-
stics of the five rock masses represented in Fig. 21. Pre-
dicted peak friction angles at low, medium and high
stress are also given, to aid comparison with the “inter-
block shear strength” term; tan™ (J,/J,) given in Table
3.

It should be noted from Table 5 that the predicted
peak friction angles obtained from equations 8 and 9
change by exactly JRC degrees or R degrees (i.e. 15°,
10° or 5°) for each order of magnitude change in effec-
tive normal stress. This is a fundamental result for rock
joints and for rockfill, and will presumably also apply
to crushed rock in shear and fault zones, as assumed
here.

When stress levels are very high, for example normal
effective stresses higher than one half of the value of

T

2\ ot Rk n- RG, = 15
© =0, tan JR( 109(_). ] @ J(S =3u00r1pa
‘L.—
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Values for crushed rock (4+5) are very uncertain

Fig. 21. Estimates of shear strength and dilation angles at
peak strength for five examples of jointed and
crushed rock.
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USUAL RANGE
OF b =25°—35°

JCS, the asperities begin to benefit from confinement
and their effective strength rises to g, - g3, the confined
compression strength. Barton (1976) showed that the
peak shear strength is then best described by:

7=0,tan [JRC log (M) + ¢,]

On

Table 5. Physical descriptions and friction angle
ranges for the five rock masses represented
in Fig. 21.

Nr.| Physical description of mass ¢’ ato, = 0.1, 1 and 10 MPa

1 | Hard, blocky rock mass,
unweathered, rough joints,
strongly dilatant

79.5° 64.5° 49.5°

2 Massive, jointed rock mass, 60.0° 50.0°
unweathered, rough joints,
moderately dilatant, wide joint

spacing

40.0°

3 | Weak or weathered blocky rock 37.0°
mass, smooth undulating joints,|

low dilation

32.0° 27.0°

4 | Weak, crushed, partly clay- 31.5° 26.5° 215"

bearing zone associated with
shear zone, slight dilation

5 | Very weak, altered crushed rock|
and clay, associated with fault
zone, non-dilatant

25.5° 20.0° 15.0°

(PA2d AL By
REMOVE SHEAR PLANE STIFFENERS AND BEGIN TILTING ™
Tre N
N4
£ )

BACK- CALCULATE (R)

-y

¥ .
leg(s/0_ )

MEASURE TILT ANGLE () AT WHICH FAILURE OCCURS

Fig. 22. Tilt tests for obtaining joint roughness (JRC) and
basic friction parameters (¢, and ¢,) for jointed
rock.

Fig. 23. Method for obtaining an estimate of equivalent par-
ticle roughness or interlock (R) for crushed rock,
based on a rockfill test method suggested by Barton
and Kjernsli (1981).
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Triaxial data needed to derive these values of (g, - 03)
will also be scale dependent, but whether the scale cor-
rections for JCS given in Fig. 15 are also relevant to
(0, - 03) at high stress is uncertain at present. The cor-
rections for scale will at least be on the conservative
side.

(iii) Stress transformation with dilation

When analysing the stability of rock masses it is fre-
quently necessary to transform principal biaxial stress
components o, and o, into their shear and normal
stress components 7 and o,. These components are
assumed to act across specific joint planes inclined at
an angle 3 to the major principal stress. The classical
transformation equations given below are based on the
assumptions that the medium is isotropic, that the joint
planes are imaginary and that they do not slip. At least
two of these assumptions are usually violated. In the
classical theory

0y = Y20y + 03) - Va0, - 02) cOS (2B) « oo e v ... (12)
7= Y50 =02 SIN(2B) «v e 3)

Besides the violation of assumptions, there is a fur-
ther very important factor which is not accounted for in
equations 12 and 13. As shearing begins along a joint
the roughness (if present) is gradually mobilized and
results in dilation. This dilation must, by definition,
occur out of the plane of the joint. The end result is
non-coaxial stress and strain.

It would appear to be simple to correct equations 12
and 13 for this dilation component. However, as indic-
ated in equations 3, 4, 5 and 6 the dilation angle (d,,)
mobilized at any instant is a stress and displacement-
dependent variable. It also varies with block size owing
to the scale effects on both JRC and JCS.

Large scale biaxial shear tests on joints performed by
Bakhtar and Barton (1984) indicated that the following
versions of equations 12 and 13 provided the best fit to
experimental data

a, = Y2(0, + 03) - Y2(0) - 03) cos [2(B + dp)] - . . .. (14)
T=Y(o-0)sin[2B+dp)] ...t (15)

The usual failure to include dilation in stress transfor-
mations has important consequences in rock mecha-
nics. It is doubtful that stability analyses currently per-
formed in plane strain environments give enough credit
to the potential strength and stress changes caused by
slip of non-planar joints. Numerical analyses using
joint elements or discrete element codes may also be
simulating conservative behaviour in this respect.

It is of interest to note from equations 14 and 15 that
the inclusion of a (d,;,) component will always increase
the normal stress estimate. However, the estimate of
shear stress may increase (for B+ d, <45°) or de-

crease (for 8 + d,, > 45°). When the joint plane is at
45° to the principal stress, the inclusion of the d,, com-
ponent will therefore cause the normal stress compo-
nent to increase and the shear stress component to de-
crease. Both these factors will cause increased difficulty
in shearing the rough joints, ie. they will result in
improved stability.

The need to account for dilation both in the estima-

tion of shear strength and in the estimation of the shear
and normal stress components emphasizes the extreme
influence of this parameter. The difficulty of overcom-
ing dilation in the confined sub-surface environment
will tend to limit eventual shearing to very few joints,
in place of the mass shearing in the failure of rock mas-
ses with plane, non-dilatant or clay-filled discontinui-
ties.
A block shearing out of a tunnel perimeter will usually
need to mobilize shear on a minimum of two joint pla-
nes simultaneously. This would theoretically result in a
maximum dilation of ¢(peak) - ¢, degrees, i.e. twice the
value given by equation 10. This simple result empha-
sizes the benefit to stability of all joint characteristics
that increase the difference between ¢(peak) and ¢,, i.e.
roughness, absence of clay filling, and so forth. It may
also be observed that a “reversible-rocking” mode of
failure (i.e. slip one on plane at a time and rotation
about the other) will result in the least dilation angle
and therefore the least build-up of normal stress at any
one time.

7. DISCRETE MODELLING OF EXCAVATION
BEHAVIOUR

The foregoing treatment of the shear strength and dila-
tion characteristics of jointed rock and crushed rock
can be used in principle in continuum analyses, ubiqui-
tous jointed analyses, and distinct element analyses.
Simplifications will obviously be needed if only linear
joint properties can be handled by the relevant compu-
ter code. In such cases, single values of cohesion (c),
friction (¢) and where appropriate, shear stiffness (K;)
and dilation (d,) must be derived for the appropriate
stress levels. This in itself may be an improvement over
earlier practice, since scale effects will have been incor-
porated. Continuum models using elastic-plastic for-
mulations will provide some indication of stability pro-
blems, but, as stated earlier, may greatly over-estimate
the size of the “plastic” zone if dilation is actually
occurring in practice, and has not been modelled.

The correct modelling of the dilation accompanying
shear in the case of strong rock masses, and of tensile
opening of joints, is fundamental to a correct under-
standing of the way rock masses respond to excavation.
Two discontinuum approaches that can be used are
physical models and discrete element models. Some
illustrations of the capabilities and limitations of these
models will be given in this concluding section.
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Fig. 24. Example of failure mode visualization using physi-
cal models (Bandis, 1987).

(i) Physical models of regularly jointed rock

A beautiful illustration of the potential for visualiza-
tion with physical models is provided by Figure 24. The
layered model was developed and tested by Bandis
(1987) in current physical model studies of underground
openings at NGI. The initial unlined opening was larger
than that shown. The very high stress-to-strength ratio
applied caused plastic yield, buckling and dilation of
the layered media, and resulted in final loading of an
instrumented liner. The elliptical zone of “failed mate-
rial” has a long axis several times the initial opening
diameter.

The difficulties of physical modelling increase con-
siderably as one moves from homogeneous models, to
layered media, and finally to discretely jointed model
rock masses. With these difficulties there also arise
limitations. The physical model results illustrated in
Fig. 25 show very large displacement. In most cases
with such an unfavourable jointing pattern, the walls
would have needed heavy rock bolt support before
benching down. The reasons for the lack of failure are
the very rough model joints (interlocking tension frac-
tures), which have full-scale JRC, values in the range
of 20 to 25, an unrealistic range for almost all rock mas-
ses. Nevertheless, a considerable amount can be learned
from such models.

Great care was taken to derive realistic input data to
represent these model jointed media in FEM conti-
nuum analyses (Barton and Hansteen, 1979). Shear
tests of the model joints using full-scale block sizes,
and normal closure tests on single and multiple joints
also using full-scale block sizes, were each used to
derive representative moduli for use in the FEM models.
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Fig. 25. Deformation in a very large near-surface cavern
using a 20,000 block physical model. Note the in-
creasingly non-linear behaviour with increasing wall
height.

The results of such a modelling exercise are shown in
Fig. 26. The excavation had the same prototype span
and isotropic stress as the initial physical model. How-
ever the latter was excavated deeper in the two stages
shown in Fig. 25. It can be seen that even in the “elastic”
portions of the physical model, deformations were
roughly an order of magnitude larger than in the finite
element model.

One of the reasons for this discrepancy is undoub-
tedly the hysteresis in unloading illustrated earlier in
Fig. 11. However the largest differences are seen in the
non-linear shallow wall displacements. The larger dis-
placements seen in the right hand wall are due to the
dominance of joint opening over shear displacements.
This is because the shear strength of the secondary joint
set (2, see inset) is higher than the strength of the pri-
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Fig. 26. FEM predictions of behaviour for the near-surface
cavern depicted (at later stages of excavation) in Fig.
25.

mary joints which were generated first and were conti-
nuous. In this particular model primary joints could
open in tension more easily than the secondary joints
could shear.

Solutions to the above discrepancies between elastic
prediction and non-elastic practice, are available but
only “after the event”. For example an instrumentation
programme would have enabled the designers of such a
cavern to “calibrate” their elastic moduli during excav-
ation and obtain a pseudo-fit to the subsequently ob-
served behaviour. Non-linearity (excessive wall deform-
ations) could have been partly avoided in practice with
long systematic bolting, if the problem had been anti-
cipated.

The chief reasons for the discrepancy between obser-
ved and predicted behaviour in the case cited above are
believed to be the hysteresis and volume changes that
occurred when stresses were relieved radially, and built
up tangentially, by excavation.

A final illustration of the hysteresis seen in physical
modelling is shown in Fig. 27. The caverns were excav-
ated in the order 1 to 4 as shown. Each time a new
cavern was excavated, the displacement vectors in the
newly created pillar remained pointing in the direction
of the previous cavern. It almost appeared that pillar
deformation was “frozen”, presumably due to the very
high unloading stiffness (i.e. hysteresis) that we have
seen earlier for this type of joint structure (Fig. 11).

(ii) Distinct element modelling using Cundall’s UDEC
The disadvantages of excessively high joint roughness
in tension fracture models (and an unrealistic zero
roughness in the case of cast brick models) can be over-
come with the advent of distinct element models. The

Cundall (1980) universal distinct element code (UDEC)
and the micro computer version (uDEC) has opened
up a new era in rock mechanics design capabilities.

At NGI we are making full use of these capabilities,
and have especially concentrated on realistic constitu-
tive modelling of the jointing in these codes. The capa-
bilities of our version of the code (WDEC-BB) are de-
scribed by Barton et al. (1987).

Briefly summarized, the BB (Barton-Bandis) joint
constitutive model accounts for the non-linearities,
scale effects, loading-history effects, shear reversals
and deformation-conductivity coupling seen in real
rock masses. The non-linear characteristics illustrated
in Figs 11 and 13 are incorporated in the model. Full
descriptions are given by Barton and Bakhtar (1983).

One particular feature of the BB constitutive model
is the ability to calculate the theoretical conducting
apertures (e) of the joints. These apertures (typically in
the range 10 to 100 um) are distinguished from the
physical apertures E (typically 50-250 um) by an empi-
rical relationship. The physical apertures are a function
of normal stress, shear and dilation, and are funda-
mentally related to the JCS and JRC values for the
joint in question. The conductivity (K) of the joints is
given by the classic relationship:

KO8, i ansvvsanssmsions ms vt s v e Ty 0% (16)

The single example that will be shown here is a nu-
merical model of twin tunnels presently under con-
struction beneath the city of Oslo (Fig. 28). Due to the
thick clay deposits in some areas, there is considerable
interest in controlling the magnitude of water inflow
into the tunnels caused by disturbance of the preinjec-
ted zone around the tunnels. Flows larger than about 3
litres/minute/100 metres of tunnel will cause an unac-
ceptable drawn-down of pore pressures in the over-lying
clay, resulting in the differential settlements, and build-
ing damage.

The geology and joint structure assumed to represent
atypical cross-section of the tunnels is shown in Fig. 28
(top). Input data for the joint modelling was obtained
by the following means:

1. JRC, - from tilt tests on jointed core (Fig. 22)

2. JRC, - scaling from equation 5

3. JCS, - from Schmidt hammer and point load tests

4. JCS, - scaling from equation 6

5. ¢, - from tilt tests on core sticks (Fig. 22)

6. L, - natural block size from field mapping

7. e - from borehole pumping tests and use of
Snow’s statistical method. Note variation
with depth.

8. 0y, 05 - from hydraulic fracturing stress measure-
ments and depth - density calculations

Figure 28 (top) illustrates the calculated distribution
of conducting apertures (e), which vary from about 60
pm immediately below the clay, to a minimum of about
20 pm at 60 metres depth. The two sets of joints (1, 2)
in the shale and modular limestone were given slightly
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Fig. 27. Upper figure depicts model pillar failures during scaled earthquake loading of unreinforced model storage caverns.
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Fig. 28. Application of the distinct element code QDECBB
to estimate conducting apertures around twin tun-
nels excavated in jointed rock (Makurat et al., 1987).

different characteristics, likewise set 3 in the igneous
dyke, which was a stronger rock type. The discontinui-
ties bounding each side of the dyke were given fault-
type characteristics, ie. altered (low JCS) and low
roughness (low JRC). This resulted in apertures of less
than 5 pm.

The lower diagram in Fig. 28 illustrates in detail the
result of excavation on the joint apertures. Note that
the liner elements have been given “soft” properties
during excavation. Correct concrete stiffness is model-
led at a later stage, after rock deformations have fully
stabilized, to represent lining operations some distance
behind the face. At that stage, full water pressures are
built-up in the surrounding rock mass, to investigate
final stress levels in the concrete.

The uDEC-BB model has recently been used for esti-
mating permeability changes in a fractured petroleum
reservoir caused by compaction, and for studying de-
formation in the rock mass surrounding a high pressure
gas storage cavern. Its potential uses in rock mechanics
are many. However it is important that careful valida-

tion is performed against known cases. A limited num-
ber of well controlled in situ tests such as those illu-
strated in Fig. 11 have been performed, and should be
used for careful validation. Physical models of the type
illustrated in Figs 25 and 27 also offer an ideal object
for validation since the input data has been obtained
from “in situ-type” tests, i.e. using the jointed model
material itself to conduct shear and deformation tests,
as for example illustrated in Fig. 10.

CONCLUSIONS

1. The failure mechanism for excavations in highly
stressed intact rocks is believed to be determined by
the volume change or dilational characteristics of
the failure surfaces themselves. A strong dense rock
is unlikely to develop deep intersecting slip surfaces
if these surfaces are dilatant at the relevant stress
levels. In contrast, a weak porous rock which may
compact at the relevant stress levels will readily de-
velop intersecting shear surfaces. For the above rea-
sons, excavations in dense dilatant rock will be more
likely to fail by successive development of extension
fractures, starting close to the tunnel wall, where
dilation is possible. In addition to dilation effects,
the more elastic stress state in the case of the strong
dense rock will also mean that the stress difference
(tangential minus radial) is maximum close to the
wall. This is not the case for a compacting porous
rock.

2. Underground excavations in jointed or faulted rocks

probably fail by translational shear on a limited
number of discontinuity surfaces if block sizes are
large compared to tunnel dimensions. However, the
small block sizes typical of crushed zones may allow
rotational shear to occur if the associated dilation
is minimal, as in the case of clay-bearing zones. Con-
stitutive models for the strength of rock masses that
do not allow for the build-up of stress caused by
dilatant failure, will predict larger fracture zones
than observed in practice.

3. A constitutive model for the shear strength of rock
masses is suggested which is based on a large amount
of empirical data. Scale effects caused by block size
variations are incorporated in the model, and the
strength and dilation can be predicted as a function
of shear displacement. Input data for the model can
be physically measured using well-tried simple tech-
niques such as tilt tests, roughness profiling,
Schmidt hammer and point load tests.

4. Improved predictions of jointed rock mass behavi-

our around excavations are possible, when discretely
jointed rock masses are modelled, either physically
or numerically. These show that non-recoverable
shear strains, tensile opening of joints, and out-of-
plane shear due to dilation are important features.
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Numerical distinct element analyses can now be per-
formed that allow one to calculate such features as
joint shear, joint aperture, and permeability changes
resulting from underground excavation.
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