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Tunnelling in jointed rock is a very
common eactivity. In most cases,
ome degree of support of the open-
ing is required. Only occasionally is
the quality of the rock mzss suffi-
cienily high to zflow unsupported
openings. Supports for tunnels in
{issured rock are generally designed
using empirical procedures bzsedon
geomechanics quality indices, the
more popular of which are probably
the @ and RWMR parameters. A good
qeotechmcal knowledge of the rock
mass is always a prereqmsrte thisis
acquired from surface geological
surveys and from infermation gener-
pled by boring.

Such methods present ihe great
advantage of mﬁorm"‘rng the benefit of
past experience. Hence, it is our cpinion
that empirical methods should never be
tolally abandoned. However, in cerlain
cases which are progressively more
{requent due to the increasing complex-
ity of the works undertaken, the use of
numerical methods becomes necessary
for achieving a sound design of the
tuninel.

Occasionally, but unfortunately not
very often, the ground can be idealised
as 2 continuous medium. This allows the
use of traditional finite element and finite
difference approaches, the latter being
specially appropriate for large deforma-
tion problems. However, in the majority
of cases, pervasive fracturing of the rock
mass makes such methods inadequate.
It then becomes necessary to model the
rock mass as a series of deformable
blocks separated by discontinuities on
which water may be exerting pressures.
A preliminary theoretical analysis of
such jointed rock behaviour is outlined

. here.

‘Movement of an Isolated block

“. The main problem which arises in the
design of relatively shaliow tunnels in a
fractured mass of competent rock is the
fall of rock blocks from the walls and
back of the tunnel. Hoek and Brown
proposed a method for assessing the

stzbility of such blocks based onthe Lse
of the sterecgrephic projection. The
method requires representing ihe
planes of discontinuity which bound the
rock blocks using Schmidi’'s chant.

The weight of the block is obviously
needed for delermining the anchoring
force. The most probeble blocks are
formed by three planes of discontinuity
and the surface of the back orwell of the
tunnel. Their volume is usuelly calcu-
1 ted onthe ;ssumpl on of a rectangular

tunnel cross-section, with the corres-
ponding corrections in case of circularor
other sections.

The caicuietion of the volume slarts
by projecting the plane of the back or
roleling the plane of the wall on 1o a
horizontal plane. Once the correspond-
ing traces of the planes of discontinuity
have been drawn, it is then possible to
compute the base area of the block.
Assuming, for exampie, that the block is
pyramidel in shape, iis volume is one-

"third of its base area times its height.

This height is determined by rotating on
10 1he horizomal plane the seciior‘ which

py'am:d onto he wali or bacxface of Ihe
pyramid.

The weight of the block can rhen be
computed by multiplying its volume
times the specific weight of the rock and
times a scaling factor; the latter is a
function of the scale at which the
stereographic projection has been car-
ried out.

When the block is located at the
tunnel back, its fall may take place both
with or without friction. In the latter case,
the anchoring force required can be
computed simply by multiplying the
block weight by the desired safety fac-
tor. The frictional fall is identified by
inspecting the projection of the apex on
to the pyramid base: if the projection lies
outside the base, friction will be de-
veloped and the anchoring force is com-
puted using the stereographic projec-
tion.

If the block is falling from the wall,
friction is necessarily developed in one
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i jolnted rock

or two planes. The preblem is sclver
using the stereogrephic projeclicn orz.
ihe block weight hes been ceaiculatec.

The celeulztion of the enchoring force
begins by selecting the interseciions cf
pairs of discentinuity plangs which dip
fowards the tunnel. In the czse of &
pyramid, the block is defined by three
planes of discontinuity and the p!ane of
ihe wall so there will ba three intersec-
tions. Those dipping towards the tunnel,
and thus kinematically unsigble at orz
of the walls, will dip towards the roc.
mess, and thus be sieble, &i the oppe-
site well.

The study of an intersection which
dips towards the tunnel is based on
several slereographic projection criteria

designad o define the tvpe of fe!l pro-
duced: slidingenone of He three plenes
of discontinuity or siiding as a wedge on
two planes and their edge of iniersec-
tion. In the former case, the calculaticn
must use as friction angle that of the
plane of discontinuity. In the latier, the
friction angle must be determined by
means of the stereogr aphlc pr 0;ec'|on
23 a combination of i :
the two planes of the wedge on W"liwa
sliding is to take place. In this case, the
block will fall along the edge of intersec-
tion of the two planes while, in the cese
of plane sliding, the block will fall along
the dip line of the plane.

In the case of the wedge, the safety
factoris defined as the ratio between the
tangent of the friction angle ¢ and that of
the angle =, formed by the weight of the
block and the normal to the falling trajec-

fory:

F=tan®/tan =,

To increase the safety factor, it is
necessary to compute the required
angular deviation of the block weight
towards the normal to the trajectory.
That deviation is achieved by combining
the weight with the anchoring force; its
value must be such that the ratio of the
tangents equals the safety factor
sought.
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Figure 1.

Figure 2.

The angle =, (see Figure 1) can be
celculated using Equation 1. Once the
anchor direction and the weight of the
block are known, the anchoering force is
calculated.

It is evident that the described pro-
cess can be programmed in a computer
and carried out automatically rather than
developed using the stereographic pro-
jection. This is obviously faster, but the
srocess is less easy to visualise and
-zlies on equipment which is not always
available in the field.

Up to this point, no special considera-
tion has been given to existing horizon-
tal stresses in the rock. Such a case is
studied below for the tunnel back; the
sama calculations are valid for the walls
witn some minor modifications.

The forces acting on a block at the
tunnal back are the following: its weight
=3 caiculated as mentioned ebove; the
: zl (N) and tangential (T) compo-
renis of the force applied at the block
faces, which depend on the stress field
in the rock mass: the resultant of the
water pressures which may be actingon
the binck faces; and, lastly the anchor-
ing force (A). Inthe procedure described
below, the resultant of water pressures
IS not taken into account.

ne section presented in Figure 2
~rzzponds to aroof block, shapedasa
wrical triangular prism and with its

. nad with that of the tunnel. The
caiculation of the anchoring force is
carried out by establishing the force:

at

F=A-P=F=2(TcosO-Nsin8) (2)
Thevalue of Tis:

T=Ntano (3)

- ¢ =isthe friction angle of the faces
K.
“0mdining Equation 2 and 3:

‘
[}

F = 2N Sin(db-x)/cosd (4)

s‘l‘!‘lis means that if there are horizontal
23825 which produce N on the block

faces, F will point upwards only if 6<®.
If &>, the block will fall evenifit had no
weight.

The calculation of F from the horizon-
tal stresses (Brady and Brown, 1885) is
carried out by the stress reiaxation
methed. First, an elastic analysis is
carried out on the assumption that the
joints have a very high stifiness. This
allows anelysing the rock mass &s a
conlinuum and determining the stress
state at the locaticns of the joints. With
the areas of the block faces and their
siress state, the forces acting on the
block faces are immediately calculated.
Then, the force F defined previously can
be evaluated:

F=2Htan($-0) (5)

where H is the horizontal force com-
pressing the block.

Finally, the safety factoris obtained as
a raiio between the force F and that
resulting from the combined action of
the biock weight P and the anchoring
force A,

When driilling 2 tunnei in a rock mass
with several joint systems, blocks of
various shapes and sizes will appear at
the walls and back of the tunnel. Some
of those blocks may fall into the tunnel,
while others will remain stable either due
to their attitude and gsometry, or be-
cause their movement is impedad by
other blocks. When the unstable biocks
fall, some of the previously stabie ones
will start moving as they lose their con-
finement. This process continues until
final collapse of the excavation, uniess
one or more stable blocks act as a
barrier for the others. Such blocks are
termed “key” blocks and their stability is
most important for the giobal stability of
the excavation.

Itis therefore advisable to identify the
new key blocks as the drilling process
proceeds. Once identified, special
attention must be dedicated to their
stability and adequate supports will
have to be provided if necessary. The
identification of key blocks is generally

55

complex due to the three-dimensional
character of the problem.

Behaviour analysis

The methods discussed in the pre-
vious section provide guidance for
analysis of isolated blocks located in the
wzlls and back of the tunnel. However,
they do not allow solving for the dis-
placements undergone by the array of
blocks surrounding an underground
opening. Cundall was the firstto develop
a procedure for modelling the mechanic-
zl behaviour of rock masses as arrays of
individuzl blocks or particles. Following
some developments, his method is now
well known as the distinct element
method.

Many investicators have followed this
lire of work and the initial code, de-
signed for two-dimensional rigid blocks
separated by cry, plane, elastic joints,
has now beccme a tool eble to deal with
three-dimensional ceformable blocks,
non-linear discontinuities and water
fiow. The codes, currently knewn as
UDEC (Universal Distinct Element
Code) and 3DEC (3-D Distinct Element
Code), constitute very useful tools for
analysis of jointed rock masses.

The first stepin the numerical analysis
of a rock mass consists of the mathema-
tical idealisation of the three-dimension-
alarray of blocks around the excavation.
Lain (1685) carried out an atlempt to
provide some automatic generation of
biocks. Similar initiztives have been
conducted in other places and a Block
Generation Language (BGL) has been
proposed by Heliot.

The compressive and shear be-
haviour of the joints, as well as their
dilatancy, are all non-iinear processes
which programmes like UDEC must
represent in a realistic fashion. Barton
has dedicated a major part of his scien-
tific endeavours to studving joint be-
naviour and hias proposed ior iis repre-
sentation modeis of great practicai use.
Typical stress-strain curves for jointed
spaecimens are shown in Figures 3 and
4: they are concave for the behaviourin
the normal diraction and convex in the
shear direction. The influence that the
joint behaviour exerts on that of the rock
mass can be observed in Figure 5. The
data required for the models is relatively
easy to acquire from shear tests under
small normal loads and using Schmidt's
hammer.

Hydraulic conductivity

The hydraulic conductivity of the dis-
continuities is related to their geometry
and their stress state. Two types of
aperture can be distinguished in a joint:
the actual physical aperture and a
theoretical equivalent aperture. The lat-
teris that of a smooth joint with identical
conductivity. In models, these two aper-
tures are represented by E and e, re-
spactively. The conductivity K of a joint
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can be obtained from:
K=e?12 (8)

Codes such as UDEC, which are
utilised for modeiiing the rock mass,
must be able to simulate the mechanical
and thermal processas which influence
the real aperture E and to express the
results in terms of the theoretical aper-
fure .

Not only do the discontinuities display
non-linear behaviour, but the blocks
themselves may also behave in a non-
linear fashion. be it of a plastic, viscous
or viscoplastic nature. These types of
benaviour have been extensively in-
vestigated using both laboratory tests
and on-site measurements. The corres-
ponding constitutive laws are usually
xnown with considerably better approx-
imation than those of the joints. The
blocks are modslied as continuous
structures, using finitz element or finite
cdifference approaches. The imple-
mentation of the constitutive laws in
explicitintegration codes such as UDEC
is straightforward even for complex
faws, although difficulties increase when
deaiing with static or implicit integration
solvers, :

Following the dstermination of the
geometry of the rock mass discon-
tinuities, their thermal, hydraulic and
mechanical behaviour, and the thermo-
mechanical behaviour of the rock
blocks, it is then possible to simulate the
global response of the rock mass.

With codes such as UDEC, the
simulation process starts by solving for
the initial conditions, that is, the rock

pre-existing mass with gravity and other
epplied forces. Once equilibrium is
achieved under those loads, the ex-
cavation process is simulated by prog-
ressive removal of blocks to create the
opening. Deformations around the tun-
nel typically grow with time until a stable
condition is reached or global collapse
takes place.

The lining is introduced as a series of
curved structural eiements and their
mechanical properties are assigned so
that they represent the lining support
characteristics.

Analytical approaches have been pre-
sented for studying the behaviour of

jointed rock masses. Both limit equilib-
rium and numerical methods have been
proposed as tools for the design of
tunnels and other underground open-
ings. Traditional approaches based on
geomechanical indices are also prop-
osed as a first approximation in any
case.

Limit equilibrium procedures, such &3
the key block method, are useful for
studying the stability of isolated roof and
wzll biocks and for determining the
forces requiredin orcer to support them.
the excavation affect a considerabie
region of the rock mass, numerical mod-
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Figure 5.
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Application of the I::“'—F recuires .he
sprevious cetermination of the consiitu
live behzaviour of joinis and blocks “v

he epproprizte experimentzl

Finaily, it must be stressed that 2 any of
the theoretical sclutions described

ebove for solving tunnel stability prob-
:"nsrecurecg;ver\c' EJicdk"lO\"JC— ge
o{ the site ceclogy. This constitut es an
Lneveiceblep ere“usste.or;ryc ous
siwdy of an underground project. 0
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