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he orientation of discontinuities relative to

an underground structure has a big influence
on the response of the rock mass to excavation (1).
Stress redistribution and displacements depend
on the direction-dependent properties of the rock
mass, usually referred to as anisotropy. Anisotro-
py can be a result of phyllosilicates, especially in
metamorphic rock types, and its arrangement in
layers. Brittle faulting can create or intensify an-
isotropy. Anisotropy is usually associated with
weak planes also leading to a higher deformability.

The consideration of rock mass anisotropy in
rock mass characterization and design of excava-
tion and support is crucial. The neglect can result
in a significant underestimation of tunnel wall
displacements (2). Although the strong influence
of anisotropy has been pointed out by several au-
thors (3, 4, 5), guidelines for the design of excava-
tions in anisotropic rock masses are still missing.

In this paper a short review on methods for
modelling anisotropic rock mass is presented. The
focus is set on numerical methods, and continuum
and discontinuum models are discussed. Anisotro-
py planes and underground structures can have
any relative orientation which calls for three-di-
mensional models. However, phenomena are dis-
cussed on two-dimensional models. These models
are representative for situations where the strike
of the anisotropy planes is parallel or nearly paral-
lel to the tunnel axis. Due to the higher kinemati-
cal freedom of this situation compared to a more
general relative orientation, the consequences of
anisotropy are more expressed. It should be noted
that in two-dimensional simulations the develop-
ment of displacements with increasing distance
from the tunnel face is not covered.

The results of numerical simulations of both
continuum and discontinuum models are present-
ed focusing on the influence of discontinuity dip
and spacing on the displacement characteristics.

Methods for numerical model-
ling of rock mass anisotropy

The currently available numerical methods can
be classified into methods for continuum models
and discontinuum models. The choice of a suita-
ble method for the analysis of excavation in ani-
sotropic rock mass depends on the anisotropy of
the rock mass conditions. The applicability of
each model has to be judged case by case.

Aspekte zur numerischen Modellierung
der Gebirgsanisotropie im Tunnelbau

Fiir die numerische Modellierung der Gebirgsanisotropie kénnen
Kontinuums- und Diskontinuumsmodelle verwendet werden. Wel-
ches Modell verwendet werden soll, ist vom Bauwerk und den auftre-
tenden Mechanismen abhdngig. Jedes Modell bildet Mechanismen
beziehungsweise Verschiebungen auf eine andere Art und Weise ab.
Die Unterschiede in der Abbildung werden in einer Parametersiudie
genauer beleuchtet. Dabei werden im Speziellen die Verschiebungs-
charakteristik (Orientierung und Grofe), der Versagensmechanis-
mus und die Spannungssituation betrachtet. Anhand dieser Abbil-
dungsunterschiede kann nun je nach Bauwerk ein geeignetes nume-
risches Modell ausgewdhlt werden.

The numerical modelling of the anisotropy of rock masses can be
simulated with continuum or discontinuum models. These models
map the mechanisms with a different scale. Thus, the construction
and the corresponding mechanisms shall be considered by the choice
of the model. A parametric study with varying dip angle of the discon-
tinuities highlights the capabilities of the models. The capabilities are
analysed by distinctions of the displacements characteristic (magni-
tude and orientation), the failure modes as well as the principal
stress tensors. Finally the advantages of the two methods to model
anisotropy are summarised. At the end the kind of anisotropy, the
project, and the capability of the numerical models shall lead to a
suitable choice of the numerical model.

Discontinuum models
In discontinuum models the rock/rock mass and
the discontinuities are separately modelled. Con-
sequently, a discontinuum model is a system of
blocks which are formed by the intersections of
discontinuities. Constitutive laws and material
properties are independently assigned to the
blocks and discontinuities. Each single block is
treated as a continuum which interacts with the
others. The coupling between the blocks is con-
trolled by the behaviour of the bounding discon-
tinuities. Typical methods for generating discon-
tinuum models are the distinct element method
(DEM) (6) and the discontinuous deformation
analysis (DDA) (7).

For the modelling of an anisotropic rock mass
one discontinuity set is generated representing
the orientation of the anisotropy. In the simula-
tion the rock mass behaviour is controlled by the
constitutive laws of the blocks and the disconti-
nuities. The blocks are discretised into finite ele-
ments or finite difference zones. The constitutive
law of the blocks can be either elastic or elasto-
plastic. The mechanical behaviour of discontinu-
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Fig. 1 Stress redistribution in the rock mass results in different kind of
mechanisms. The observed displacement vectors at the tunnel wall

contain contributions from these mechanisms. In mode 1 (green vectors)
discontinuity separation and bending of layers dominates while subordinately
the elastic relaxation takes place. In mode 2 (red vectors) the shearing

along kinematically free discontinuities and separation has the dominating
influence. Elastic relaxation subordinately takes place. In mode 3 (blue vectors)
the main contributions result from discontinuity closure and elastic
compression.

Bild 1 Die Spannungsumlagerung im Gebirge verursacht verschiedene Arten
von Mechanismen. Die Verschiebungsvektoren an der Laibung beinhalten

je nach Ort verschieden grof3e Anteile aus diesen Mechanismen. In Modus 1
(griine Vektoren) werden die Verschiebungen hauptsachlich durch Trennfidchen-
éffnung und Biegung der Schichten beeinflusst; die elastischen Verschiebungen
spielen eine untergeordnete Rolle. In Modus 2 (rote Vektoren) haben Scher-
verschiebungen entlang kinematisch freien Trennfidchen und Trennflachen-
éffnung den gréBten Einfluss. Die elastischen Verschiebungen spielen ebenfalls
nur eine untergeordnete Rolle. Die Haupteinflisse in Modus 3 (blaue Vektoren)
sind die Trennflichenkompression und die elastischen Verschiebungen.

ities is described by shear models which include
stress-strain relationships perpendicular and
parallel to the discontinuity orientation. The
simplest relationships are linear elastic springs
represented by their stiffness, typically referred
to as the discontinuity normal stiffness and shear
stiffness. Common nonlinear relationships for
the normal stiffness are hyperbolic laws as de-
scribed by Goodman (8) or Bandis et al. (9).

Continuum models

In continuum models the stress-strain behaviour
of the rock mass including the behaviour of the
discontinuities are modelled with one constitu-
tive law. The unsteadinesses in stress and dis-
placement field caused by discontinuities are av-
eraged within the material law. Thus, the result-
ing stress and displacement fields are steady.

Table 1 Material parameters for the blocks and joints.
Tabelle 1 Materialparameter flr das Gestein und die Trennfldchen.

Block Parameters Joint Parameters
K 16000 MPa jkn 5000 MPa/m
G 8000 MPa jks 2500 MPa/m
c 20 MPa o 0 MPa
@ 40 i @ 15 2
o]t 5 MPa Oy 0 MPa
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The effects of the discontinuities and the aver-
aging can affect the elastic and/or the plastic be-
haviour of the rock mass.

In continuum models the anisotropy is mod-
elled by application of a direction-dependent
constitutive law. The elastic anisotropic constitu-
tive laws demand direction-depended properties
for Young’s modulus and Poisson’s rate. The
plastic anisotropy is modelled by adding a direc-
tion-dependent weakness to the constitutive law
(e.g. ubiquituous joint law). The direct modelling
of spacing with this law is not possible as the
name suggests.

Numerical simulations

The Universal Distinct Element Code UDEC (10) is
used for simulations of discontinuum models. For
the blocks a linear elastic-perfectly plastic consti-
tutive law (Mohr-Coulomb strength criterion with
tension cut-off) is applied. The behaviour of the
discontinuities is controlled by a spring-slider
model where the springs obey a linear elastic rela-
tionship. A tension cut-off is applied perpendicu-
larly to the discontinuities while the stress parallel
to the discontinuity is limited by the Mohr-Cou-
lomb strength criterion. The basic input parame-
ters for the model are summarized in Table 1. The
overburden was chosen to be 600 m which results
in a primary vertical stress of 15.9 MPa. The pri-
mary horizontal stress is 70 % of the vertical stress
(11.1 MPa). The tunnel diameter is 10 m.

The Fast Lagrangian Analysis for Continua in
three Dimensions FLAC3D (11) is used for the
simulations of continuum models. The constitu-
tive law applied for the rock mass is the same as
for the blocks in the discontinuum model. The
rock mass properties are also equal to the prop-
erties in the discontinuum model (Table 1). The
joints are considered with the ubiquituous joint
law. The boundary conditions of the model like
tunnel diameter, and overburden are the same as
used for the discontinuum simulation. A series of
simulations was made with different discontinuity
dip angles. The influence of the discontinuity spac-
ing on the displacement characteristics was only
studied with the discontinuum model.
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Failure states and discontinuity

displacements

The failure states of the continuum model are

compared to the normal and shear displace-

ments of the joints in the discontinuum model.

In the discontinuum model the displacement
vectors result from combinations of different dis-
continuity displacements modes. Figure 1 shows
displacements normal to the discontinuity due to
discontinuity closure (blue) or separation
(green), and shearing parallel to the discontinui-
ty (red). The homogeneous response of the
blocks has a minor influence.

The discontinuity displacements mentioned
above interact and cause different displacement
vector orientations at the tunnel wall. These vec-
tor orientations are classified into three modes:
= Mode 1 (green vectors): vectors governed by

discontinuity separation,

o Mode 2 (red vectors): vectors governed by
shearing on discontinuities and discontinuity
separation,

© Mode 3 (blue vectors): vectors governed by
discontinuity closure and homogeneous re-
sponse.

The transition between mode 2 and 3 is rather
gradual while the transition between mode 1
and 2 is characterized by an unsteady change of
the displacement vector orientation.

The discontinuity separation is a result of
stress release and causes also bending of the lay-
ers. The bending of two adjacent layers results in
shear displacements on the discontinuities
reaching deeply into the rock mass.

The failure states of the continuum simulation
are presented in Figure 2 for the small strain and
in Figure 3 for the large strain calculation mode.
These figures show three different failure states;
shear failure along the discontinuities in red;
shear and tension failure on discontinuities in
green, and failure of the rock mass in the blue.

In contrast to the small strain calculation
mode failure of the rock mass occurs in the large
strain calculation mode (blue zones). This failure
leads to additional shear zones at the vertex of
the rock mass failure zone.

In the discontinuum and continuum models the
failure states and the corresponding displace-
ments occur in comparable regions. The regions
of failures are more extended in the continuum
simulation due to the ubiquitous material law.
The tension failure of the rock/rock mass occurs
only as result of buckling. The buckling leads to
additional shearing in further distance to the tun-
nel and thus the shearing areas are increased.

Influence of the discontinuity dip angle
The discontinuity dip was varied from 0 to 90° in
10° increments. The discontinuity spacing was
kept at 100 cm for the discontinuum model. In
the continuum model the effect of the spacing
was assessed by a low cohesion (55 kPa) and ten-
sile strength (18 kPa) of the weak planes. In or-
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der to quantify the influence of the dip angles the
orientations of the displacement vectors have
been evaluated at the crown and both sidewalls.

For the discontinuum model the vector orien-
tations have been evaluated from a limited area
adjacent to the crown or sidewalls. The repre-
sentative orientation is defined as the median
value of the data set. The spread of the orienta-
tions is shown in terms of its standard deviation.
The reason for this statistical treatment is that

Fig. 3 The domi-
nating failure states
distinguished in shear
and tension failure of
the joints and burst of
the rock/rock mass,
respectively. In the
simulation the effects
of the deformed geo-
metry are considered
(large strain).

Bild 3 Die domi-
nierenden Versagens-
mechanismen getrennt
nach Scher- und
Zugversagen in den
Trennflachen bezie-
hungsweise Versagen
im Gestein. In dieser
Berechnung werden
die Einfllisse der ver-
formten Geometrie
berticksichtigt.
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the orientations obtained from single points can
significantly differ from the general trend.

In the continuum model the local effects on
the vector orientation are averaged by the con-
stitutive law. Therefore, the orientations have
been evaluated from specific points.

Displacement vector orientations
Figure 4 shows the development of the vector ori-
entations with increasing discontinuity dip. The
upper diagram represents the result of the discon-
tinuum model while the lower diagram shows the
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Fig. 4 Development of displacement vector orientation with varying discontinuity
dip angle of the discontinuum (upper diagram) and continuum (lower diagram) simula-
tion. The vector orientations are evaluated for the crown and both sidewalls. For the
discontinuum simulations additionally a statistically evaluation of the values in the
vicinity of the measurement points is performed. Numbers indicate the modes while
the arrows indicate the transition between the modes defined in Figure 1.

Bild 4 Anderung der Orientierung der Verschiebungsvektoren mit unterschiedlicher
Trennfldchenneigung fir Diskontinuums- (oberes Diagramm) und Kontinuumssimula-
tionen (unteres Diagramm). Die Vektororientierung wurde an der Firste und den Ulmen
ausgewertet. Zusétzlich wurde fiir die Diskontinuurmssimulation eine statistische Aus-
wertung der Daten in der unmittelbaren Umgebung der Messpunkte durchgefihrt.

Die Nummern bezeichnen die Modi von Bild 1 und die Pfeile allméhliche Ubergénge
zwischen den einzelnen Modi.

results of the continuum model. For both models
with a discontinuity dip of 0° (horizontal disconti-
nuities) the orientation of the displacement vector
at the crown is vertical and at the sidewall almost
horizontal showing only slight settlements.

In the discontinuum model the influence of
the discontinuity separation at the crown
(mode 1) is supplemented by shearing (mode 2)
from about 20° dip on. With increasing dip the
effect of discontinuity separation disappears and
gradually the effects of mode 3 become evident.
The maximum deviation from vertical is about
20° at 30° dip for the median value. The standard
deviation of the orientations is in the range of
8 to 12°, In the continuum model the maximum
deviation is also 20° at 20° dip angle. With fur-
ther increase of the dip angle the vector orienta-
tion tends back to the vertical and finally to the
left side. The maximum deviation from the verti-
cal to the left occurs at 60° dip angle. The orien-
tation of the crown tends back to vertical when
the dip angle approaches 90°.

At the sidewalls of the discontinuum model
the influence of discontinuity closure gradually
decreases with increasing discontinuity dip and
shearing and discontinuity separation becomes
more pronounced. The arrows indicate this tran-
sition from mode 3 to mode 2. The maximum
deviation from horizontal at the right sidewall is
about 30° and at the left sidewall 20° (median)
while the standard deviation of the orientations
is about 20° at maximum. With a dip angle great-
er than 40° the influence of discontinuity separa-
tion without shearing (mode 1) becomes obvious
near the sidewalls and is represented by a sec-
ond branch and labelled with mode 1. These ef-
fects are more pronounced with further increas-
ing dip. The deviation from horizontal is about
50 to 60° at 40° dip and almost linearly decreas-
es to horizontal with increasing dip angle. Note
that the co-existence of two branches signifies
two prominent displacement vector orientations
near the sidewalls and represent their unsteady
development in discontinuous systems.

In the continuum model the maximum devia-
tion of the vector orientation of the left and the
right sidewalls is about 30°. The shape of the ori-
entation looks similar to the orientation of the
crown. For a dip angle between 0 to 50° the dis-
placements at the left sidewall tend upwards
while those at right sidewall tend downwards.
For higher dip angles the trend is vice versa.

The comparison of both models shows a good
agreement for the vector orientations from 0 to
40° dip angle. For dip angles from 40 to 90° the
displacement vector orientations show an in-
creasing difference. This is explained by the dis-
crete shear displacements in the discontinuum
model. For flatter discontinuities mode 1 and
mode 3 displacements take place at the crown
and sidewalls, respectively. These displacements
have only subordinate influence from shearing.
For steeper discontinuities mode 2 displace-
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ments occur at the sidewalls (indicated by two
branches in Figure 4). In the continuum model
the effect of these phenomena is averaged re-
sulting in a significant deviation from the orien-
tation obtained from the discontinuum model.
For dip angles steeper than 40° shearing along
discontinuities due to kinematical freedom aris-
es. This shearing causes discrete displacements
near the sidewall and results in different vector
orientation above and below the discontinuity.

Displacement magnitudes
The magnitudes of the crown and sidewalls are
taken from single locations of the discontinuum
model without any statistical treatment. The eval-
uation of the magnitude for the continuum models
was not performed because the magnitude of the
displacements depends on the calculation mode.

In small strain mode the effects of the deformed
geometry is neglected. Therefore, buckling is not
considered. The large strain mode considers the
effects of the deformed geometry. Thus, buckling
as fundamental failure mode can occur. It occurs
where the discontinuities are tangent to the tun-
nel, and increases the displacements from about
3 cm in small strain to more than 35 cm in large
strain calculation mode.

Mode 1 and 2 mechanisms govern the dis-
placements at the crown for flat discontinuities.
The magnitudes gradually decrease from about
4.6 cm to 3.2 cm at 40° dip. Between 40° and 50°
dip an unsteady change of the development of the
magnitudes is caused by the transition from
mode 1 to mode 2. The displacement at 90° dip is
about 1.6 cm (Figure 5).

At the sidewalls the magnitudes of the displace-
ments are about 0.65 cm for dip angles lower than
20°. For dip angles from 20 to 60° the magnitudes
gradually increase to about 3 cm. Between 60 and
70° dip the transition from mode 2 to mode 1 re-
sults in a drop of the displacement magnitudes to
about 2.3 cm (see Figure 5).

Principal stresses
Figure 6 displays the principal stress tensors of
the discontinuum model. Three regions are iden-
tified by distinctive features of the stress tensors.
The stress tensors rotated due to shearing along
the discontinuities are highlighted in the orange.

The separation of the discontinuities reduces
the minimum principal stress and rotates the
tensor to be parallel to the discontinuities. These
tensors are highlighted in cyan.

As result of the shearing (orange) the stress
tensors (green area) are rotated and have a max-
imum deviation from the discontinuity normal of
the discontinuity friction angle.

Figure 7 shows the principle stress tensors of
the continuum simulation. The same regions as
described above can be identified. In the contin-
uum model the joint-dependent stress tensor ro-
tation (orange) is more gradual because no dis-
tinct shear plane can develop (ubiquituous

An der Montanuniversitét Leoben, Osterreich, ist die Stelle
eines/einer

Universitatsprofessors/-professorin
fur das Fachgebiet
Subsurface Engineering

am Department Mineral Resources und Petroleum Engi-
neering in Form eines unbefristeten privatrechtlichen
Dienstverhéltnisses nach Angestelltengesetz im vollen
Beschaftigungsausmal zu besetzen.

Der Kandidat/die Kandidatin soll eine Personlichkeit von
internationalem Rang sein, der/die das Fach Subsurface
Engineering mit dem Schwerpunkt Untertagebauwerke
in Forschung und Lehre vertritt.

Das Fachgebiet ,Subsurface Engineering” umfasst die
Planung und Herstellung von untertdgigen Hohlrdumen.
Die Aktivitdten des zukinftigen Lehrstuhlinhabers/der zu-
kiinftigen Lehrstuhlinhaberin sollen schwerpunktmaBig im
Bereich der daflir erforderlichen technisch-wissenschaft-
lichen Grundlagen liegen. Dazu gehdéren insbesondere
der Bereich der Geomechanik, die GesetzmaBigkeiten
von Gebirge und Ausbau und deren Wechselwirkung, die
Bemessung sowie die Uberpriifung des Bauwerksver-
haltens mittels geomechanischer Messverfahren (Geréte,
Datenerfassung, Datenverarbeitung und Visualisierung)
und die Interpretation aller Beobachtungen.

Weiters sind Themen des Bauvertrages und des Baube-
triebes schwerpunktméBig fir den Untertagebau in der
Lehre zu vertreten.

Es ist beabsichtigt, am Department Mineral Resources
and Petroleum Engineering die Laboreinrichtungen der
einzelnen Lehrstihle zur Erhéhung der Schlagkraft zu-
kiinftig in einem neu zu errichtenden Technikum zusam-
menzufassen.

Erfordernisse flr die Bestellung zum Universitatsprofes-
sor/zur Universitatsprofessorin sind ein abgeschlossenes
Universitatsstudium und ein facheinschlagiges Doktorat.
Die Habilitation oder eine gleichwertige wissenschaftliche
Qualifikation wird vorausgesetzt und didaktische Eignung
ist nachzuweisen.

Vom Bewerber bzw. von der Bewerberin wird einschldgige
Erfahrung in der Wirtschaft, insbesondere im Zusammen-
hang mit der ganzheitlichen Befassung mit dem Bauen
im Gebirge, von der geotechnischen Vorerkundung, der
Planung und Baudurchfiihrung bis hin zum Betrieb der
baulichen Anlagen erwartet. Fiihrungskompetenz und ins-
besondere die Fahigkeit zu Teamarbeit werden vorausge-
setzt.

Das Department ist weltweit an internationalen Ausbil-
dungs- und Forschungsprogrammen beteiligt. Die Unter-
richtssprache am Department ist Deutsch und Englisch.

Die Montanuniversitét strebt eine Erhéhung des Anteils
von Frauen an und fordert qualifizierte Frauen nachdriick-
lich auf, sich zu bewerben. Bei gleicher Qualifikation
werden sie bevorzugt eingestellt.

Bewerbungen mit den Ublichen Unterlagen und den flnf
wichtigsten Veréffentlichungen als Beilage sind bis zum
18.4.2006 an den Rektor der Montanuniversitéat Leoben,
Franz-Josef-StraBe 18, A-8700 Leoben, Osterreich, zu
richten.

Fur Auskinfte steht Prof. Dr. Horst Wagner
(Tel.: +43 (3842) 402 2001, Fax +43 (3842) 402 2002,
E-Mail: Horst.wagner@mu-leoben.at) als Vorsitzender der
Berufungskommission zur Verfigung.

Fur das Rektorat:
O.Univ.-Prof. Dipl.-Ing. Dr. W. Wegscheider

FELSBAU 24 (2006) NO. 2 63




LEITNER, POTSCH AND SCHUBERT: ASPECTS ON THE NUMERICAL MODELLING OF ROCK MASS ANISOTROPY IN TUNNELLING

Size of the
displacement vectors

—— Crown
— Left sidewall
—— Right sidewall

Discontinuity dip positive
counter-clockwise from
harizontal

Discontinuum

mp=d=m==p =1

2.0

Displacements [cm]

dadeshabkad=

\\

'NUMERICAL MODELLING

1.0

m=peh=f-=p=1=o4--r

cmbededeabk=d=o=

mhede o -

0.0

(=]
-
=]
(]
(=]

Fig. 5 Development
of displacements with
varying discontinuity
dip angle for the crown
and the sidewalls.
Bild 5 Anderung der
VerschiebungsgréBfen
der Friste und der
Ulmen mit unter-
schiedlicher Trenn-
flachenneigung.

30 40 50
Discontinuity dip angle [°]

joints). The tensor rotation due to tensile failure

on the discontinuities (cyan) develops further
into the rock mass.

Influence of the discontinuity spacing
The discontinuity spacing significantly influenc-
es the anisotropic compliance of the rock mass.
From a simple elastic point of view the deforma-
bility normal to the anisotropy planes in terms of

an equivalent modulus of elasticity follows equa-
tion 1.

sxky,

E, =Ex
7 E+sxk

E is the modulus of elasticity of the host materi-
al, s is the discontinuity spacing, and k _ is the lin-
ear discontinuity normal stiffness. Using this ex-
pression the elastic anisotropic displacements can
be determined. However, contributions from dis-
continuity separation, bending of layers and buck-
ling are not included in this formulation. On the
one hand, the limited stress transfer through the
discontinuities causes increased stresses parallel
to the layers. On the other hand, the thinner layers
have a higher slenderness. In addition to bending
loads on the layers buckling failure can occur.

Figure 8 shows the dependence of the dis-
placement magnitudes on the discontinuity
spacing for a model with a dip angle of 60°. The
material properties are equal to those in the pre-
vious simulations. Models with spacings of 100,
50, 40, 30, 20 and 10 cm were analysed. The dis-
placement magnitudes are shown for the crown
(green) and the sidewalls (blue and red). Addi-
tionally, the maximum (orange) and minimum
(violet) displacements in the excavation are
shown. The black dashed line represents elastic
anisotropic displacements perpendicular (using
equation [1]) to the discontinuities.

The orange area highlights the difference of
the maximum displacements between elastically
determined displacements and the results from
the numerical simulation. Down to a spacing of

Fig. 6 Principal stress tensors of the discontinuum model
with a discontinuity dip angle of 60°. Three areas are iden-
tified by distinctive features of the stress tensors: shearing
along the discontinuities (orange), discontinuity opening
(cyan), shearing and displacements in direction to the
tunnel wall (green).

Bild 6 Hauptnormalspannungen des Diskontinuumsmo-
dells fir eine Trennfldchenneigung von 60°. Drei Bereiche
wurden anhand von Auffélligkeiten der Spannungstensoren
unterschieden: Scherung entlang Trennfldchen (Orange),
Zugversagen der Trennfldchen (Cyan), Scherung mit Ver-
schiebungen zum Tunnel (Griin).
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Fig. 7 Principal stress tensors of the continuum model
with a discontinuity dip angle of 60°. Three areas are iden-
tified by distinctive features of the stress tensors: shearing
along the discontinuities (orange), discontinuity opening
(cyan), shearing and displacements in direction to the
tunnel (green).

Bild 7 Hauptnormalspannungen des Kontinuumsmodells
fir eine Trennflachenneigung von 60°. Drei Bereiche
wurden anhand von Auffélligkeiten der Spannungstensoren
unterschieden: Scherung entlang Trennflachen (Orange),
Zugversagen der Trennfidchen (Cyan), Scherung mit Ver-
schiebungen zum Tunnel (Grin).
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20 em the difference gradually increases. With
decreasing spacing the influence of shearing
along kinematically free discontinuities on the
radial displacements decreases. The influence of
bending or buckling of the layers on the radial
displacements increases.

Buckling leads to stress concentrations further
apart from the excavation boundary. At this point
a change of failure mechanism takes place includ-
ing the development of secondary shear planes.

The displacement magnitudes in the discontin-
uum model can be split into portions originating
from different mechanisms. Shear displacements
take only place at kinematically free locations.
Displacements from bending or buckling are influ-
enced by discontinuity spacing. The governing
mechanism on the displacements can be clearly
addressed. In contrast, the continuum model with
the ubiquituous joint approach judges the govern-
ing displacement at the elements assuming omni-
present weakness planes. Displacements in the
plastic regions are only dominated by the plastic
flow and do not take into account the mechanisms
occurring in the rock mass. Although it is sup-
posed that displacement magnitudes can be con-
trolled by the parameters of the ubiquituous joint,
a clear correlation between those parameters and
the discontinuity spacing could not be found.

Conclusion

In the preceding chapters results from numeri-
cal simulations with continuum and discontinu-
um models have been presented.

Coincidences are only found for specific dip
angles and single results such as the displace-
ment vector orientations at the crown for a dip
angle of 40°. The differences in the results arise
from the capabilities of each model to represent
the rock mass behaviour. Especially, the differ-
ent consideration of the flexural stiffness of the
rock mass layers and the discrete displacements
along the discontinuities cause deviations.

To decide the suitable method for the specific
simulation, the dominating mechanism has to be
identified:
© If the mechanism strongly depends on the

spacing (flexural stiffness or discrete dis-

placements), the discontinuum model should
be preferred.

© The continuum model should be chosen, when
the strength of the rock mass is determined by

small scale buckling on various locations e.g.

thinly layered schist or phyllites.
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Fig. 8 Development
of the displacement
magnitudes with
varying discontinuity
spacing for a dip angle
of 60°.

Bild 8 Anderung der
VerschiebungsgréBen
mit unterschiedlichem
Trennflachenabstand
bei einer Trennfldchen-
neigung von 60°.
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