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Summary

Rock zones containing a high fracture density and=or soft, low cohesion materials can be highly
problematic when encountered during tunnel excavation. For example in the eastern Aar massif of
central Switzerland, experiences during the construction of the Gotthard highway tunnel showed
that heavily fractured areas within shear zones were responsible for overbreaks in the form of
chimneys several metres in height. To understand and estimate the impact of the shear zones on
rock mass behaviour, knowledge concerning the rock mass strength and deformation character-
istics is fundamental. A series of laboratory triaxial tests, performed on samples from granite- and
gneiss-hosted shear zones revealed that with increasing degree of tectonic overprint, sample
strength decreases and rock behaviour shows a transition from brittle to ductile deformation.
These trends may be explained by increasing fracture densities, increasing foliation intensity,
increasing thickness of fine-grained, low cohesion fracture infill, and increasing mica content
associated with the increasing degree of tectonic overprint. As fracture density increases and the
influence of discrete, persistent discontinuities on rock mass strength decreases, behaviour of the
test samples becomes more and more representative of rock mass behaviour, i.e. that of a densely
fractured continuum. For the purpose of numerical modeling calculations, the shear zones may be
subdivided with respect to an increasing fracture density, foliation intensity and mica content into
a strongly foliated zone, a fractured zone and a cohesionless zone, which in turn exhibit brittle,
brittle-ductile and ductile rock mass constitutive behaviour, respectively.

Keywords: Shear zones, strength and deformation characteristics, laboratory triaxial tests, rock
mass properties, tunnelling conditions.

1. Introduction

Rock zones containing a high fracture density and=or soft, low cohesion materials can

be highly problematic when encountered during tunnel excavation. Experience in such



zones has shown that the highly fractured and almost cohesionless nature of the rock

mass may result in tunnel face instability, excessive overbreak and=or large deforma-

tions due to squeezing (e.g. Deere, 1973; M€uuller, 1978; Keller and Schneider, 1982;

Schubert, 1993; Schubert and Riedm€uuller, 1997, 2000). Extreme water inflows fre-

quently aggravate such instabilities.

In the eastern Aar massif of central Switzerland, construction is currently under-

way for the new 57 km Gotthard Base Tunnel (Fig. 1). Loew et al. (2000) describe the

geologically controlled hazards expected during tunnel construction, chief amongst

which relate to shear zones. Experiences during the construction of the nearby

Gotthard highway tunnel (Fig. 1) showed that heavily fractured areas within shear

zones were responsible for overbreaks in the form of chimneys several metres in

height (Keller et al., 1987).

To enable the rigorous planning and design of deep alpine tunnelling projects,

including the selection of construction methods and the determination of suitable

support requirements and safety regulations, it is essential to estimate the impact of

the shear zones on rock mass stability. Knowledge concerning shear zone=rock mass

strength and deformation characteristics is also required to properly incorporate the

effects of the shear zone within analytical and numerical design methodologies.

Fig. 1. Geographical and geological setting of the Aar Massif (after Abrecht, 1994), showing location of the
study area, Gotthard Base-Tunnel and Gotthard Highway Tunnel
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Previous studies examining the geomechanical properties of heavily fractured rock

masses, especially fault zones, have shown that rock strength and deformation param-

eters vary depending on the different structural characteristics (e.g. fracture density)

within the zone (e.g. Chester and Logan, 1986; Habimana et al., 2002). In general, it is

assumed that with increasing fragmentation there is a reduction in rock strength and

Young’s modulus, and an increase in plastic deformation.

Shear zones in the eastern Aar massif have been widely studied, but mostly with

respect to their spatial distribution (e.g. J€aackli, 1951; Eckardt, 1957; Steck, 1968b;
Eckardt et al., 1983; Keller et al., 1987; Schneider, 1993). Given the high degree of

correlation between these features and ground control problems encountered during

the construction of the Gotthard highway tunnel, it is surprising that the geomechan-

ical properties and their variance within the shear zones have not been rigorously

studied. In fact, studies examining the geomechanical properties of such heavily

fractured shear zones and fault zones and relating these properties to the structural

characteristics are generally rare.

This paper presents the results of an extensive investigation into the geomechani-

cal properties of shear zones in the eastern Aar massif and their dependence on

structural characteristics. However, the methodologies and results obtained are also

highly relevant to fractured zones in general, when hosted in crystalline rock masses.

The paper first describes the structure of the shear zones and then presents results from

a series of triaxial compression tests performed on samples with varying degrees of

tectonic damage. The analysis concentrates on the description of the rock behaviour

with respect to the applied stress and includes the determination of elastic constants

and Mohr-Coulomb strength parameters. Variations in rock behaviour and the validity

of the parameter values obtained are assessed with respect to the structural composi-

tion of the shear zones.

2. Shear Zone Structure and Characteristics

2.1 General Characterization of Shear Zones

Shear zones are narrow zones of highly strained rock characterized by spatial gradi-

ents of finite strain. The amount of strain is generally highest within the centre of the

shear zone, decreasing outward into the wall rocks adjacent to the zone. Another

characteristic feature is their anastomosing geometry, encompassing and wrapping

around more rigid, less deformed rock bodies (i.e. shear lenses).

Four general types of shear zones can be defined, based on the dominating type of

deformation (e.g. Ramsay and Huber, 1987; Davis and Reynolds, 1996):

� Ductile shear zones display structures that have a metamorphic aspect and record

shearing by ductile flow. The deformation processes within ductile shear zones are

mainly achieved by crystal plasticity and thus involve only a minor amount of

fracturing. These rocks are often referred to as mylonites (e.g. Passchier and Trouw,

1996).

� Brittle shear zones, generally termed fault zones, contain fractures and other fea-

tures formed by brittle deformation mechanisms. Displacement occurs along a
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network of closely spaced fractures. Due to the high permeability of the fractured

material, hydrothermal inflow is promoted and faulting is often accompanied by

hydrothermal activity (e.g. Hulin, 1929; Higgins, 1971; Sibson, 1977; Wise et al.,

1984).

� Semibrittle shear zones include en �eechelon veins or joints and stylolites and involve

mechanisms such as cataclastic flow and pressure solution.

� Brittle-ductile shear zones show evidence for both brittle and ductile deformation.

2.2 Characterization of Shear Zones in the Eastern Aar Massif

2.2.1 Geological Setting

The Aar massif is situated in the central Swiss Alps and outcrops in the form of a

115 km long and 23 km wide NE striking mountain range. The study area is located in

the eastern part of the massif (Fig. 1). The Aar massif is built up by magmatic rocks

(dominantly granites) enclosed in an older crystalline basement (primarily gneisses).

Rocks and structures in the Aar massif are characterized by an overprint of the

Tertiary Alpine collision during which the rocks were affected by heterogeneous

ductile deformation and metamorphism under, at most, medium greenschist

facies=biotite zone conditions (Labhart, 1977; Steck, 1984; Choukroune and Gapais,

1983; Frey et al., 1980). The deformation was localized on all scales, from millimetre

to kilometre, in ductile and brittle-ductile shear zones (Choukroune and Gapais, 1983;

Meyer et al., 1989). During subsequent deformation stages (uplift) the Aar massif was

affected by brittle processes, which generated shear fractures and joint systems locally

filled with hydrothermal crystallizations (Steck, 1968a; Meyer et al., 1989; Bossart

and Mazurek, 1990). Due to the preferential weakness of existing shear zones, most

brittle fractures concentrated within mylonites. Today, uplift of the Aar massif is still

ongoing (Pavoni, 1979; Gubler et al., 1981; Kahle et al., 1997) and quaternary move-

ments are assumed to be bound to isolated shear zones (J€aackli, 1951; Eckardt, 1957;
Eckardt et al., 1983; Fischer, 1990).

2.2.2 Structural Composition

The majority of shear zones in the eastern Aar massif are between 2 and 15m wide,

strike ENE–WSW and dip steeply to the S or N (Laws et al., 2003). A minor shear

zone set strikes NW–SE and dips steeply to the SW or NE.

The deformation structures associated with these shear zones were found by Laws

et al. (2003) to be primarily ductile. A characteristic progressive evolution from the

host rock to mylonite (rocks with 50 to 90% matrix relative to the porphyroclast

content) and locally ultramylonite (rocks with more than 90% matrix) is documented

by the formation and intensification of a foliation and a stretching lineation and the

progressive replacement of the host rock by a finer-grained material containing newly

crystallized and recrystallized minerals. Rock compositions simultaneously show an

increase in the mica content. Towards the mylonitic and ultramylonitic zones, the

network of small-scale shear zones anastomosing around more competent, lozenge-

shaped lenses increases in frequency.
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Fig. 2. a) Transgranular open fractures intersecting quartz (qz) and feldspar (plag, kfsp) minerals and finer-
grained foliation domains. Thin-section is taken from a granite-hosted shear zone sample (GR3, borehole
Ia); b) Transgranular fracture showing an infill of fine-grained quartz, biotite, muscovite and carbonate
arranged in a structureless manner. Thin-section is taken from the corresponding gneiss-hosted shear zone
sample (GN3, borehole IIa). Thin sections show a cut perpendicular to foliation and parallel to stretching

lineation (crossed polars)
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The shear zones additionally show a higher fracture density than the host rock

(Laws et al., 2003). The fractures oriented parallel and oblique to the foliation can be

open but are mainly filled with a mm-thick, almost cohesionless, fine-grained, struc-

tureless arrangement of micas and quartz. Microfractures represent trans- and intra-

granular fractures (Fig. 2). The highest fracture densities are restricted to fine-grained

and strongly foliated sections of the shear zone. In addition to fracture density, the

thickness of the fracture infill generally increases towards areas with highest fracture

densities, rendering the mylonite more and more friable. In heavily fractured zones,

foliation is destroyed by the fracturing and structureless, low cohesion microbreccias

occur. The microbreccias consist of mylonite fragments separated by a mm-wide, fine-

grained matrix. The matrix is composed of the same material as the fracture infilling

and is therefore assumed to be representative of the infill.

2.2.3 Structural Model

Laws et al. (2003) examined more than 100 shear zones in the eastern Aar massif and

found that in most cases, three different textural subzones can be characterized within

the shear zones based on fracture density and mica content. With increasing fracture

density and mica content, these include a strongly foliated zone, a fractured zone and

a heavily fractured, cohesionless zone (Fig. 3). The strongly foliated zone forms

approximately 50% of the total shear zone width, with the fractured and cohesionless

zones forming 40% and 10%, respectively. The thickness of these intervals may vary

along strike and dip depending on the degree of ductile and=or brittle control on the

formation of the shear zone. The zones are oriented approximately parallel to the rock

mass foliation and often form a symmetric sequence centred by the heavily fractured,

cohesionless zone. The cohesionless zone may also anastomose within the fractured

zone, or may be absent all together.

Fig. 3. Schematic illustration of the structural composition of shear zones in the eastern Aar massif

1

Fig. 4. Fracture density, thickness of fracture infill, mica content and foliation intensity measurements along
a transect crossing a granite-hosted shear zone (borehole Ia). Figure also shows the sampling locations for
samples GR1–GR5
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The strongly foliated zone has thicknesses of up to several metres and is characterized

by mylonites=ultramylonites slightly more fractured than the host rock. The strongly

foliated zone gradually progresses into the fractured zone, which in turn may be a few

metres thick. Like the strongly foliated zone, the fractured zone is composed of mylonite

or ultramylonite, but is more intensely fractured. Some fractures contain infills with

thicknesses of up to 1mm, with increasing thicknesses correlating to an increase in the

amount of mica in the rock material. Due to the high degree of fragmentation in the

fractured zone and the thickness of the fracture infill, the rock material can be extremely

friable. Extremely strong fragmentation towards the heavily fractured, cohesionless zone

may result in the disruption of the rock fabric. Under these circumstances a structureless

microbreccia is formed consisting of cubic centimetre sized fragments of mylonite sepa-

rated by a millimetre thick fine-grained matrix. Microbreccias found within the fractured

zone may have a relatively strong cohesion, which would have formed secondarily.

The cohesionless zone has a distinct and sharp contact with the surrounding

cohesive material. The thickness of the zone varies from a few centimetres to several

decimetres. The cohesionless zone consists of structureless microbreccias that can be

distinguished from those of the fractured zone by the increased amount of matrix

material and by their almost cohesionless nature. The rock material in this zone shows

some signs of cohesion due to the fine-grained and interlocking nature of rock frag-

ments and matrix minerals. Swelling clay minerals were not observed.

2.2.4 Examples

Figures 4 and 5 show examples of the distribution of fracture density, thickness of

fracture infill, mica content and foliation intensity across granite- and gneiss-hosted

shear zones in the eastern Aar massif. It should be noted that the distribution of

fracture density in these diagrams is based only on macroscopically visible fractures.

Microfractures also play an important role in the rock’s behaviour, and in the case of

the fine-grained shear zone materials (e.g. ultramylonites), a significantly high density

of microfractures exists.

Inspection of the trends for the granite-hosted shear zones (Fig. 4) shows that the

density of visible fractures is high in the fractured zone and increases towards the

heavily fractured, cohesionless zone. This is also true for the microfractures. In con-

trast, the fracture density in the gneiss-hosted shear zone (Fig. 5) is less regular, but

does show a high number of macroscopically visible fractures at the different transi-

tion boundaries between the strongly foliated and fractured zones. This number

decreases within the strongly foliated zone intervals, but increases again within the

heavily fractured, cohesionless zone. With respect to the microfracture density in

the gneiss-hosted shear zones, numbers based on thin-section analyses are low at

the transition from the strongly foliated to the fractured zone but then constantly

increase towards the heavily fractured, cohesionless zone.

1

Fig. 5. Fracture density, thickness of fracture infill, mica content and foliation intensity measurements along
a transect crossing a gneiss-hosted shear zone (borehole IIa). Figure also shows the sampling locations for
samples GN1–GN5
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3. Triaxial Testing

To determine the geomechanical properties of the materials representing these differ-

ent shear zone intervals, as described in the previous section, a series of laboratory

triaxial tests were performed on samples taken from the eastern Aar massif. The tests

were performed at the rock mechanics laboratory (LMR) of the Swiss Federal Institute

of Technology, Lausanne (EPFL).

3.1 Sampling and Sample Preparation

Samples were obtained from two boreholes drilled across two shear zones intersecting

the safety tunnel of the Gotthard highway tunnel (Figs. 6, 7). The first borehole was

drilled through a shear zone within the Aar granite (borehole Ia), and the second was

drilled through a shear zone in gneiss (borehole IIa). Both shear zones had been sites of

overbreaks during tunnel construction, with overburdens of 400 and 500m respectively.

The boreholes were oriented normal to the strike and dip of the shear zones and

rock mass foliation. To minimize sample disturbance and the effects of sample hetero-

geneity on the planned laboratory tests, relatively large diameter cores were drilled to

obtain 90mm diameter test samples. To protect the weaker rock intervals, triple-tube

drilling flushed with a minimal amount of water was performed. Samples were then

sealed and stored in plastic tubing.

Descriptions of the samples tested are given in Table 1 and are illustrated in Figs. 11

and 12. For testing purposes, one sample was taken from each shear zone subzone for

both the granite- and gneiss-hosted shear zones, with the exception of the fractured zone,

where several samples were taken given the increasing fracture density towards the

cohesionless zone. Sampling locations with respect to the shear zone structure are shown

in Figs. 4 and 5. All samples were oriented with their core axis normal to the foliation.

Fig. 6. Drill site locations for boreholes Ia and IIa (see Fig. 1)
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Due to the highly fragmented nature of some samples, sample disturbance had to be

controlled by leaving the samples in their PVC liner during end preparation. Sample

ends were cut through the plastic tubing to form flat, right-angled ends. Samples were

removed from the plastic tubing only after end preparation and were supported, where

necessary, with adhesive tape and a calcite-based paste (HILTI MD 2000). For samples

GN5a-c, it was necessary to drill smaller diameters (55 to 85mm) than the 90mm

diameter used otherwise. For all samples, ISRM standards (ISRM, 1983) were met with

respect to having sample diameters 10 times greater than the maximum grain size or

fissure spacing, and with having sample height to diameter ratios greater than two.

3.2 Test Setting, Load Path and Parameters Calculated

Triaxial consolidated, drained compression tests (CD tests) were performed to mini-

mize the effects of excess pore pressures, as samples were tested with their natural

water contents to prevent any disturbance to the rock structure associated with drying.

Tests were performed according to ISRM guidelines (ISRM, 1983). The loading

system consisted of a servo-controlled, stiff testing machine with a maximum load

capacity of 200 tonnes. Both LEGEP and HOEK type triaxial cells were used.

Axial loads were applied at a constant displacement rate of 0.1mm=min, except for

samples GN5a-c which were loaded at a rate of 0.2mm=min. Initial confining pres-

sures were set at 5MPa, with the exception of specimen GN3b where a confining

pressure of 1MPa was used. Loading was applied until the peak strength was reached,

after which a form of controlled multiple failure state loading was employed. This

procedure involves periodically increasing the confining pressure to maintain different

limit equilibrium states (Kovári and Tisa, 1975). In contrast to Kovári and Tisa’s (1975)

work, where such loading paths were interpreted as being those for peak strength

conditions, results from these tests were interpreted as representing residual strength

conditions instead. The reasoning for this was that at peak strength a permanent change

Fig. 7. Sub-horizontal triple-tube drilling normal to the strike and dip of the shear zone

Geomechanical Properties of Shear Zones 281



T
a
b
le

1
.
D
es
cr
ip
ti
o
n
o
f
g
ra
n
it
e-
h
o
st
ed

(G
R
)
an
d
g
n
ei
ss
-h
o
st
ed

(G
N
)
sh
ea
r
zo
n
e
sa
m
p
le
s

S
h
ea
r
zo
n
e
u
n
it

P
re
d
o
m
in
an
t
m
in
er
al
s

R
o
ck

m
at
er
ia
l
p
ro
p
er
ti
es

D
en
si
ty

o
f
m
ac
ro
sc
o
p
ic
al
ly

v
is
ib
le

fr
ac
tu
re
s

G
R
1

st
ro
n
g
ly

fo
li
at
ed

zo
n
e

�
6
0
v
o
l.
%

q
z,

m
y
lo
n
it
e;

cm
-
to

m
m
-s
p
ac
ed

fo
li
at
io
n
,

n
o
v
is
ib
le

fr
ac
tu
re
s

�
3
0
v
o
l.
%

fs
p
,

fi
n
e-
g
ra
in
ed

(m
o
st
g
ra
in
s
in

fo
li
at
io
n
d
o
m
ai
n
s

�
1
0
v
o
l.
%

m
ic
a

h
av
e
d
ia
m
et
er
s
<
0
.2
m
m
)

G
R
2

fr
ac
tu
re
d
zo
n
e

�
6
0
v
o
l.
%

q
z,

m
y
lo
n
it
e;

m
m
-s
p
ac
ed

fo
li
at
io
n
,
fi
n
e-
g
ra
in
ed

cm
-s
p
ac
ed

fr
ac
tu
re
s
o
ri
en
te
d
m
ai
n
ly

p
ar
al
le
l
to

�
2
0
v
o
l.
%

fs
p
,

(m
o
st
g
ra
in
s
in

fo
li
at
io
n
d
o
m
ai
n
s
h
av
e
d
ia
m
et
er
s

fo
li
at
io
n
,
fr
ac
tu
re
s
ca
n
h
av
e
an

u
p
to

1
m
m

th
ic
k

�
2
0
v
o
l.
%

m
ic
a

<
0
.1
5
m
m
)

in
fi
ll

G
R
3

fr
ac
tu
re
d
zo
n
e

�
6
0
v
o
l.
%

q
z,

u
lt
ra
m
y
lo
n
it
e;

m
m
-s
p
ac
ed

fo
li
at
io
n
,
ex
tr
em

el
y

cm
-s
p
ac
ed

fr
ac
tu
re
s
o
ri
en
te
d
m
ai
n
ly

p
ar
al
le
l
to

�
2
0
v
o
l.
%

fs
p
,

fi
n
e-
g
ra
in
ed

(m
o
st
g
ra
in
s
in

fo
li
at
io
n
d
o
m
ai
n
s

fo
li
at
io
n
,
h
ig
h
d
en
si
ty

o
f
m
ic
ro
fr
ac
tu
re
s,
fr
ac
tu
re
s

�
2
0
v
o
l.
%

m
ic
a

h
av
e
d
ia
m
et
er
s
<
0
.1
m
m
)

ca
n
h
av
e
an

u
p
to

1
m
m

th
ic
k
in
fi
ll

G
R
4

fr
ac
tu
re
d
zo
n
e

�
6
0
v
o
l.
%

q
z,

h
ea
v
il
y
fr
ag
m
en
te
d
m
at
er
ia
l;
co
h
es
iv
e

ab
o
u
t
1
cm

-l
ar
g
e
ro
ck

fr
ag
m
en
ts

in
fi
n
e-
g
ra
in
ed
,

�
1
5
v
o
l.
%

fs
p
,

m
ic
ro
b
re
cc
ia

co
h
es
iv
e
m
at
ri
x
,
h
ig
h
d
en
si
ty

o
f
m
ic
ro
fr
ac
tu
re
s

�
2
5
v
o
l.
%

m
ic
a

G
R
5

h
ea
v
il
y
fr
ac
tu
re
d
,

�
6
0
v
o
l.
%

q
z,

h
ea
v
il
y
fr
ag
m
en
te
d
m
at
er
ia
l;
co
h
es
io
n
le
ss

ab
o
u
t
1
cm

-l
ar
g
e
ro
ck

fr
ag
m
en
ts

in
fi
n
e-
g
ra
in
ed
,

co
h
es
io
n
le
ss

zo
n
e

�
1
5
v
o
l.
%

fs
p
,

m
ic
ro
b
re
cc
ia

m
m
-t
h
ic
k
,
co
h
es
io
n
le
ss

m
at
ri
x

�
2
5
v
o
l.
%

m
ic
a

G
N
1

st
ro
n
g
ly

fo
li
at
ed

zo
n
e

�
6
0
v
o
l.
%

q
z,

m
y
lo
n
it
e;

cm
-
to

m
m
-s
p
ac
ed

fo
li
at
io
n
,

1
–
2
d
is
cr
et
e
fr
ac
tu
re
s
o
ri
en
te
d
p
ar
al
le
l
an
d

�
2
0
v
o
l.
%

fs
p
,

fi
n
e-
g
ra
in
ed

(m
o
st
g
ra
in
s
in

fo
li
at
io
n
d
o
m
ai
n
s

o
b
li
q
u
e
to

fo
li
at
io
n

�
2
0
v
o
l.
%

m
ic
a

h
av
e
d
ia
m
et
er
s
<
0
.0
5
m
m
)

G
N
2

fr
ac
tu
re
d
zo
n
e

�
6
0
v
o
l.
%

q
z,

m
y
lo
n
it
e;

cm
-
to

m
m
-s
p
ac
ed

fo
li
at
io
n
,

cm
-
to

m
m
-s
p
ac
ed

fr
ac
tu
re
s
o
ri
en
te
d
p
ar
al
le
l
an
d

�
1
0
v
o
l.
%

fs
p
,

fi
n
e-
g
ra
in
ed

(m
o
st
g
ra
in
s
in

fo
li
at
io
n
d
o
m
ai
n
s

o
b
li
q
u
e
to

fo
li
at
io
n
,
fr
ac
tu
re
s
ca
n
h
av
e
mm

-t
h
ic
k

�
3
0
v
o
l.
%

m
ic
a

h
av
e
d
ia
m
et
er
s
<
0
.0
5
m
m
)

in
fi
ll
s

G
N
3
a,

b
fr
ac
tu
re
d
zo
n
e

�
6
0
v
o
l.
%

q
z,

u
lt
ra
m
y
lo
n
it
e;

m
m
-s
p
ac
ed

fo
li
at
io
n
,

cm
-s
p
ac
ed

fr
ac
tu
re
s
o
ri
en
te
d
m
ai
n
ly

p
ar
al
le
l
to

�
5
v
o
l.
%

fs
p
,

ex
tr
em

el
y
fi
n
e-
g
ra
in
ed

(m
o
st
g
ra
in
s
in

fo
li
at
io
n

fo
li
at
io
n
,
fr
ac
tu
re
s
ca
n
h
av
e
mm

-t
h
ic
k
in
fi
ll
s

�
3
5
v
o
l.
%

m
ic
a

d
o
m
ai
n
s
h
av
e
d
ia
m
et
er
s
<
0
.0
1
m
m
)

G
N
4

fr
ac
tu
re
d
zo
n
e

�
6
0
v
o
l.
%

q
z,

u
lt
ra
m
y
lo
n
it
e;

m
m
-s
p
ac
ed

fo
li
at
io
n
,

cm
-
to

m
m
-s
p
ac
ed

fr
ac
tu
re
s
o
ri
en
te
d
p
ar
al
le
l
an
d

�
4
0
v
o
l.
%

m
ic
a

ex
tr
em

el
y
fi
n
e-
g
ra
in
ed

(m
o
st
g
ra
in
s
in

fo
li
at
io
n

o
b
li
q
u
e
to

fo
li
at
io
n
,
h
ig
h
d
en
si
ty

o
f

d
o
m
ai
n
s
h
av
e
d
ia
m
et
er
s
<
0
.0
1
m
m
)

m
ic
ro
fr
ac
tu
re
s,
fr
ac
tu
re
s
ca
n
h
av
e
m
m
-t
h
ic
k

in
fi
ll
s

G
N
5
a,

b
,
c

h
ea
v
il
y
fr
ac
tu
re
d
,

�
5
5
v
o
l.
%

q
z,

h
ea
v
il
y
fr
ag
m
en
te
d
m
at
er
ia
l;
co
h
es
io
n
le
ss

cm
-
to

m
m
-l
ar
g
e
ro
ck

fr
ag
m
en
ts
in

fi
n
e-
g
ra
in
ed
,

co
h
es
io
n
le
ss

zo
n
e

�
4
5
v
o
l.
%

m
ic
a

m
ic
ro
b
re
cc
ia

m
m
-t
h
ic
k
,
co
h
es
io
n
le
ss

m
at
ri
x

282 S. Laws et al.



to the rock’s fabric occurs through the formation of a shear plane. Therefore, any

subsequent loading conditions can only be applicable to that of a residual shear strength

state. Confining pressures were increased and held constant two times in succession

from 5 to 10MPa, and again from 10 to 15=20MPa until residual strengths at these

loading intervals were reached (Fig. 8).

Axial strain ("axial) was measured using a linear displacement transducer and

volumetric strain ("v) was established through volume changes to the confining pres-

sure fluid in the triaxial cell. From these parameters, the radial strain ("radial) was

determined assuming axial symmetry of a cylindrical volume:

"v ¼ "axial þ 2"radial or "radial ¼ 0:5ð"v � "axialÞ: ð1Þ
The validity of this assumption was found to be somewhat limiting given the inho-

mogeneous nature of the deformations observed in most of the tested specimens.

Approximations of the Young’s modulus (E) were calculated from the axial stress-

strain curves as: (1) a Tangent modulus (ET), i.e. the slope of the axial stress-strain

curve at 50% of the peak strength, and (2) a Secant modulus (ES), taken as the slope of

a straight line joining the origin of the axial stress-strain curve to the point at 50% of

the peak strength. Values of Poisson’s ratio (�) were determined by dividing ET

through the slope of the �1� "radial curve at 50% of peak strength. Calculations of

the elastic constants were restricted to assumptions of isotropy due to limitations in

sampled core orientations. Preferably, a transverse isotropic model would have been

more appropriate given the strongly foliated nature of the shear zone rocks.

Through the testing procedure and load paths applied, a linear Coulomb residual

strength envelope could be obtained for each sample tested. This envelope was calcu-

lated using a linear regression fitting routine (Shah and Hoek, 1991) to establish the

residual cohesion (cr) and residual internal friction angle (�r). In practice, the assump-

tions inherent in the use of a linear Coulomb strength envelope (e.g. the development

of a discrete, continuous shear plane) can be an oversimplification when applied to the

Fig. 8. Example of multi-stage loading path applied during triaxial testing (sample GR4)
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peak strength conditions for most rock types. However, Brady and Brown (1993)

suggest that the criterion does provide a relatively good representation of the residual

strength conditions, as strength values tend to increase with increasing shear plane

roughness or with the development of multiple shear planes. This is of practical

importance and highly relevant to the samples tested given the varying degrees of

fracturing represented by the different shear zone rock types.

Fig. 9. Stress-strain curves for test samples from: a) granite-hosted shear zone; b) gneiss-hosted shear zone
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4. Experimental Results for Granite-Hosted Shear Zone Samples

Axial stress-strain curves for the granite-hosted shear zone samples are presented in

Fig. 9a. Results from the analysis are summarized in Table 2. The axial stress-strain

curves clearly show that elastic stiffness decreases with increasing degree of tectonic

overprint (i.e. increasing mica content, foliation and fragmentation intensity or

‘‘tectonic damage’’), as the sampling interval moves from the strongly foliated zone

(GR1) to the cohesionless zone (GR5). Non-linearity in these curves can be attributed

to the closure of pre-existing fractures during the initial stages of loading and plastic

yielding prior to attaining peak stress, the degree of which increases with increasing

tectonic damage. As such, values calculated for Young’s modulus are seen to decrease

across each shear zone subzone (Fig. 10). Schneider (1992) reports the value of

Young’s modulus for intact Aar granite to be 45GPa. This compares with a value

of 17GPa obtained in this study for the strongly foliated subzone immediately neigh-

bouring it.

In contrast, the trend observed for the Poisson’s ratio was not as consistent

(Fig. 10). The value obtained for the cohesionless zone was greatest, approaching a

value of approximately 0.5, the upper limit for Poisson’s ratio indicating that the

material did not change its volume. A relatively high Poisson’s ratio would also be

indicative of a significant degree of plastic deformation contributing to the overall

strain, bringing into question the applicability of the elastic constants (i.e. E and �) in
describing the stiffness=deformability of the highly fractured=cohesionless zone

material.

In terms of peak strength, values were seen to considerably decrease with increas-

ing tectonic overprint=damage (Figs. 9a, 10; Table 2). A 38% reduction in peak

strength was seen in the strongly foliated zone, compared to the value given by

Table 2. Summary of test results; where ET¼Tangent Young’s Modulus, ES¼Secant Young’s Modulus,
�¼Poisson’s ratio, �peak¼ peak strength, �confining¼ confining pressure, �¼ angle of failure plane with

respect to core axis, cr¼ residual cohesion, �r¼ residual angle of friction

GR1 GR2 GR3 GR4 GR5

ET [GPa] 17.15 14.49 1.53 2.38 0.80
ES [GPa] 12.07 8.07 1.00 1.83 1.16
� 0.33 – 0.15 0.15 0.5
�peak=�confining [MPa] 109.4=5 82.1=5 50.5=5 30.4=4 12.0=41

� 30 30 40 – –
cr [MPa] 1.21 2.05 – 2.61 4.22
�r 27.0 21.5 – 36.8 28.7

GN1 GN2 GN3a GN3b GN4 GN5a GN5b GN5c

ET [GPa] 6.47 0.05 0.50 1.32 0.63 0.24 0.27 0.53
ES [GPa] 4.63 0.02 0.46 1.42 0.65 0.27 0.30 0.66
� 0.24 0.43 0.23 0.34 – 0.35 0.38 0.25
�peak=�confining [MPa] 53.9=5 10.8=51 – 7.5=1 29.3=5 16.6=51 31.5=101 54.1=201

� 60 – – 40 – – – –
cr [MPa] – 1.38 – 0.69 1.70 – – –
�r – 10.5 – 30.0 36.1 – – –

1 Stress at yield point.
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Fig. 10. Variation in tangent Young’s modulus (ET), Poisson’s ratio (�), peak strength (�peak), residual
cohesion (cr) and residual angle of internal friction (�r) with respect to the structural composition of the

granite- and gneiss-hosted shear zones
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Schneider (1992) for the intact, homogeneous granite host rock of 176MPa. Addi-

tionally, the sharpness and degree of the post-peak drop in load bearing capacity from

peak strength to residual strength decreased with increasing tectonic damage (Fig. 9a).

For example, sample GR1, representing the least overprinted=damaged material,

experienced a sharp 86% drop in strength from peak to its residual value. Post-peak

drops of 82%, 74%, and 13% were observed for samples GR2, GR3 and GR4,

respectively, and sample GR5, representing the heavily fractured=cohesionless zone,
underwent strain hardening. The decreasing sharpness in the drops from peak to

residual strength clearly implies a transition from brittle behaviour (samples GR1

and GR2) to fully ductile rock behaviour (sample GR5) with increasing tectonic

overprint=damage.

This transition from brittle to ductile rock behaviour manifested through the

increasing degree of plastic deformation contributing to the overall strain can likewise

be related to the modes of failure observed in each of the different samples (Fig. 11).

Samples GR1 and GR2 failed in a typically brittle manner with the development of a

single, discrete failure plane with a 30� angle towards �1 (Fig. 11; Table 2). Closer

observation of sample GR1 reveals that the failure plane developed through the

coalescence of stress-induced microfractures, some of which developed preferentially

along foliation planes. Sample GR2 failed through the propagation of a pre-existing,

filled, macroscopic fracture oriented oblique to the specimen axis. Thin sections of the

failed sample show that the development of the failure plane also involved the prop-

agation of microfractures along foliation planes.

With increasing tectonic overprint=damage, though, the formation of a distinct,

brittle failure plane became less prominent. In the case of sample GR3, for which the

stress-strain curve showed a clear transition from brittle to ductile rock behaviour,

failure occurred through barrelling and shearing along several planes. This ‘‘shearing

zone’’ enclosed an area of crushed and intact rock material (Fig. 11), bounded by

shear planes oriented at 40� to �1. Thin sections analysis showed that these multiple

shear planes developed through the coalescence of pre-existing microfractures and

foliation planes facilitated by the high pre-testing fracture density (Fig. 13). Samples

GR4 and GR5, representing those samples with the highest pre-test fracture density,

failed by fragmenting into cm- to mm-sized pieces. As such, failure was predomi-

nantly ductile occurring in the form of large deformations and barrelling of the entire

sample volume, accommodated by the presence of either numerous pre-existing

microfractures (GR4) or almost cohesionless infill along macroscopically filled

fractures (GR5).

The shift in rock behaviour from predominantly brittle to predominantly ductile

failure had a significant effect on the calculated Mohr-Coulomb residual strength

parameters. Residual cohesion values systematically increased with increasing tec-

tonic overprint=damage (Figs. 16a, 10; Table 2). Similarly, values for the residual

angle of internal friction also increased but not as consistently. These increases in

residual strength with degree of tectonic damage signify an increased residual shear

resistance along the failure plane as the formation of the failure plane varies from that

of a smooth discrete plane to that of a ductile=yielding shear zone. Observations

therefore suggest that an increase in load carrying capacity during post-peak deforma-

tion exists relative to that of the intact host rock with increasing degree of tectonic
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Fig. 11. Transformation from brittle to ductile failure modes for granite-hosted shear zone samples (sample
diameter¼ 90mm, height¼ 180mm)
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overprint (although the intact host rock would obviously be able to sustain higher

loads before failing). Accordingly, the controlling processes and energy release rate

mechanism involved in the formation of a discrete brittle failure surface (i.e. through

fracture propagation and coalescence) act to eliminate=destroy almost all inherent

cohesive elements existing along the path of the developing shear plane. As such,

post-peak strength would only be provided in the form of frictional resistance along

the discrete shear surface. In contrast, the development of a thicker ‘‘failure zone’’

involving a number of shear planes encompassing crushed and intact rock material

would act to maintain some cohesion during post-peak deformation. Observations

further demonstrate that the magnitude of the residual cohesion increases with the

thickness of the yielding shear zone that develops during peak failure, as does the

frictional resistance provided by the sharper, more complex asperities mixing with

smaller intact rock fragments.

5. Experimental Results for Gneiss-Hosted Shear Zone Samples

Results from the tests performed on the gneiss-hosted shear zone samples show a less

regular pattern than those taken from the granite-hosted shear zone (Figs. 9b, 10;

Table 2). Such divergences are indicative of the more complex and heterogeneous

nature of the gneiss-hosted shear zone (Fig. 5). Still, similar trends were observed in

terms of the failure mode progressively changing from brittle to ductile with increas-

ing tectonic overprint=damage. Again in a similar fashion, this shift led to a decrease

in the Young’s modulus, peak strength and sharpness and magnitude of the post-peak

strength drop.

Peak strength and Young’s modulus values were seen to decrease by 70% and

80%, respectively, at the transition from intact rock to the strongly foliated zone when

compared to values determined by Schneider (1992) for intact biotite gneiss repre-

sentative of the undamaged host rock (UCS¼ 167MPa, E¼ 38GPa). Poisson’s ratio

values were seen to widely vary and again approached values that brought into ques-

tion the applicability of elastic constants in rock materials exhibiting a high degree of

plastic strain. Drops from peak to residual strength with increasing tectonic damage

were measured as 16%, 4%, 25% and 11% for samples GN1, GN2, GN3b and GN4,

respectively. Samples GN5a-c showed strain hardening.

Descriptions of the transition from brittle to ductile rock behaviour, as seen in the

failure modes for the gneiss-hosted shear zone samples, are documented in Fig. 12.

Unlike its granitic counterpart, sample GN1 representing the most competent of the

gneiss-hosted shear zone rocks, did not fail along a single, discrete shear plane.

Instead, failure occurred along a zone of several fractures oriented at an angle of

60� to �1 (Fig. 12; Table 2). Thin-section observations revealed that the formation

of the failure planes involved the coalescence of pre-existing microfractures with

those originating along foliation. Samples GN3b and GN4 also failed along similar

failure zones, which in turn increased in thickness with increasing degree of tectonic

overprint. In the case of GN3b, failure occurred through the coalescence of pre-

existing, macroscopically visible fractures oriented obliquely to the sample axis.

The failure zone formed in sample GN4 involved the propagation and coalescence
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of fractures initiated along pre-existing, filled macrofractures oriented obliquely to the

specimen axis and foliation planes (Figs. 14, 15). Failure of sample GN4 also involved

a high degree of plastic deformation leading to barrelling of the test sample (Fig. 12).

Fig. 12. Transformation from brittle to ductile failure modes for gneiss-hosted shear zone samples
(approximate sample diameter¼ 90mm, height¼ 180mm)
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Fig. 13a,b. Thin sections taken from GR3 after testing to failure. Photos show a long, transgranular, open
fracture intersecting quartz-rich areas (qz) and finer-grained foliation domains. Within the foliation domains,
the general propagation direction is sub-parallel to axial loading (oblique to foliation) with occasional steps
deviating sub-parallel to foliation. Thin sections show a cut perpendicular to foliation and parallel to

stretching lineation (crossed polars)
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Fig. 14a,b. Thin sections taken from GN4 after testing – specifically from barreled region of failed sample.
Photos show a transgranular fracture intersecting quartz-rich areas (qz) and finer-grained foliation domains.
Fractures generally propagate in a direction sub-parallel to axial loading (oblique to foliation) but with
interconnecting steps aligned sub-parallel to foliation. Thin sections show a cut perpendicular to foliation

and parallel to stretching lineation (crossed polars)
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Figure 14 depicts the state of the material taken from the high-strain (barrelled)

interval and shows that this region contained a high amount of fine-grained mica

and a high number of microfractures. The fractures are generally short and have

extremely rough surfaces. Samples GN2 (uncharacteristically with respect to the

granite-hosted results) and GN5a (characteristically) failed by preferentially frag-

menting into cm-size pieces along pre-existing fractures. The failure modes again

correlate well with the values of residual cohesion and residual angle of internal

friction (Figs. 16b, 10; Table 2). However, the trends obtained were based on a more

limited data set and are not as conclusive given the heterogeneous nature of the more

highly strained and altered gneissic rock mass. In general, the gneiss-hosted shear

zone material was weaker and showed less brittle rock behaviour than the granite-

based samples.

6. Comparison of Experimental Results for Fault Zone Materials

Results of drained triaxial tests performed on faulted rock materials have been simi-

larly presented (e.g. Chester and Logan, 1986; Habimana et al., 2002; Ehrbar and

Pfenniger, 1999). These laboratory studies primarily differ from one another in their

host rock lithology and the degree of brittle and=or ductile control. Chester and Logan

(1986) tested sandstone samples from the brittle Punchbowl fault zone in California

Fig. 15. Contrasting thin section taken from GN4 after testing – specifically from non-barreled region of
failed sample. The photo shows a transgranular fracture intersecting feldspar minerals (plag), quartz-rich
areas (qz) and finer-grained foliation domains. Fractures propagate in a direction sub-parallel to axial
loading (oblique to foliation) with only minor stepping sub-parallel to foliation. Thin section shows a cut

perpendicular to foliation and parallel to stretching lineation (crossed polars)
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and defined samples as being either undisturbed, containing single and=or multiple

subsidiary faults or consisting of fault gouge material. Habimana et al. (2002) tested

rock material from fault zones developed in quartzitic sandstone and phyllitic schists.

The samples were differentiated by the degree of folding, faulting and jointing

phenomena (i.e. ‘‘tectonisation’’). Faulted gneisses, schists and phyllites from the

Tavetsch massif (Fig. 1) were reported by the Ehrbar and Pfenniger, 1999. The tested

material was divided into slightly faulted rocks (‘‘kakiritisated’’ rocks), intensely

faulted, fine-grained rocks with low cohesion (‘‘regional Kakirites’’) and extremely

Fig. 16. Coulomb residual strength envelopes for: a) granite-hosted shear zone samples; b) gneiss-hosted
shear zone samples
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heavily faulted, very fine-grained, clay-rich, structureless and cohesionless rocks

(‘‘zonal Kakirites’’).

Similarities do, however, allow for generalized comparisons to be made with

respect to fracture density and its influence on test results between these different

studies. As such, a comparison of Young’s moduli established in these testing cam-

paigns and scaled with respect to fracture density is presented in Table 3. The values

provided demonstrate that elastic stiffness decreases with increasing fracture density.

Chester and Logan (1986) additionally describe a gradual decrease in strength and an

increase in ductile rock behaviour with increasing fracture density and clay content.

Similarly, Habimana et al. (2002) report a decrease in rock strength and an increase in

plastic yielding with increasing degree of tectonisation, and Ehrbar and Pfenniger

(1999) show a reduction in the post-peak drop from peak to residual strength with

increasing fracture density.

As such, the results from these studies concur with those established herein for the

eastern Aar massif shear zone rocks. Yet it should also be noted that the eastern Aar

massif shear zone rocks differ from those mentioned above given their pre-brittle

ductile shear zone history (i.e. their mylonitic fabric). Within this study alone, com-

parative differences between granite- and gneiss-hosted shear zone samples clearly

demonstrate the important role foliation plays in forming preferential planes of weak-

ness, which when later exposed to episodes of brittle deformation influenced shear

zone development and accordingly, the corresponding failure mechanisms observed

during testing.

7. Discussion

7.1 Strength and Deformation Characteristics of Shear Zone Samples

The triaxial tests performed demonstrated that an increasing degree of tectonic over-

print=damage corresponds to: an increase in stress-strain non-linearity, a decrease in

Table 3. Comparison of elastic moduli for fault zone and fractured shear zone materials

E-moduli [GPa]

Chester & Habimana et al. Ehrbar & This study This study
Logan (1986) (1998)= Pfenniger (granite-hosted (gneiss-hosted

Habimana (1999) (1999) shear zone) shear zone)
(phyllites)

intact material 22.54 – 10.05 17.12 6.52

22.04 8.72 8.05 14.52 –
17.04 5.62 – 1.52 1.31

– 0.83 7.55 2.42 0.62

intensely fractured
material

8.54 0.22 2.05 0.82 0.22

1�radial¼ ca. 1MPa; 2�radial¼ ca. 5MPa; 3�radial¼ ca. 13MPa; 4�radial¼ ca. 50MPa, values for
E-modulus are estimated from axial stress-strain curves; 5�radial not given.
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elastic stiffness, a decrease in peak strength and an increase in residual strength. Failure

modes show a transition from brittle failure along a single, discrete shear plane to ductile

failure encompassing a definable yield zone, the thickness of which increases with

increasing tectonic damage. These trends can be correlated to increasing densities of

pre-existing planes of weakness (especially those inclined at 25–40� to �1), increasing
thickness of fracture infill and the increase in visible mica content (Figs. 4–5, 11–12;

Table 1), the propensity of which increases as a function of brittle tectonic overprinting

across the in situ shear zone. Pre-existing planes of weakness were associable with

micro- and macrofractures and foliation planes. However, as foliation planes were

oriented normal to the loading direction their influence was somewhat reduced.

As such, the controlling influence of pre-existing micro- and macrofractures can be

followed throughout the entire stress-strain curve. During the initial stages of loading,

samples with increasing tectonic damage=fracture density would require higher stress

thresholds to attain crack closure (see Eberhardt et al., 1999). This increase in the ratio

of plastic to elastic strain is especially visible in the axial stress-strain curves for

samples GR1 to GR3 (Fig. 9), where continuously increasing pre-test fracture densities

correspond to increased non-linearity during the initial stages of loading. Subsequent

to crack closure, the pre-existing fractures and foliation planes may be viewed as

planes of weakness and stress concentrators along which new, stress-induced fractures

may initiate, propagate and coalesce more easily, especially if they are inclined at

angles greater than 25–40� with respect to the loading direction. An increasing number

of pre-existing fractures, when critically stressed, would therefore lead to an increasing

number of actively propagating fractures widely distributed throughout the sample. As

a result, the development of plastic deformation mechanisms (e.g. slip, cataclastic flow,

etc.) would be more frequently facilitated. Accordingly, increases in the amount of

plastic strain during loading would correspond to decreases in the elastic stiffness, and

subsequently peak strength. Thus, given the increase in fracture density, fracture infill

and mica content with increasing brittle tectonic overprint=damage, moving from the

host rock to the strongly foliated zone through to the heavily fractured=cohesionless
zone, a full transition can be traced from typically brittle to fully ductile rock behav-

iour. The associated increase in the amount of plastic strain contributing to the overall

deformation manifests itself in form of increased sample barrelling, as opposed to the

formation of a discrete shear plane when brittle mechanisms (i.e. microfracture prop-

agation and coalescence) dominate the failure mode.

These factors can also be used to explain the lower strengths and elastic moduli seen

in the gneiss-hosted shear zone samples relative to their granitic counterparts. Higher

fracture densities, foliation intensities and mica contents were seen in the gneiss-based

shear zone samples (Table 1). These increases in structural complexity and heteroge-

neity led to several exceptions to the general trends established, most notably in sample

GN2 where the presence of a higher density of long, macroscopically visible fractures

(Fig. 12), led to the most ductile and weak rock behaviour encountered.

7.2 Strength and Deformability Characteristics of the Sheared Rock Mass

Laboratory observations suggest that it may be possible to assign each shear zone

subzone a typical rock mass constitutive behaviour and a corresponding dominant
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mode of expected failure. For example, the host rock and the strongly foliated zone

would be expected to behave in a predominantly brittle manner, with failure likely

involving the development of discrete shear planes with reduced residual strength

bearing capacities. Tunnel convergence would not be expected to be a major factor

and instability problems may be limited to wedge failures, brittle breakouts=
overbreaks and=or, under high stress conditions, bursting. The neighbouring fractured

zone represents a transition from brittle to ductile behaviour and failures may incor-

porate more yielding along a zone of finite width than along a single, discrete plane.

As a result, the peak strength of these rocks would be generally lower than those of the

strongly foliated zone but may carry a higher post-peak load given its greater residual

strength. Material encountered in the heavily fractured, cohesionless zone would

behave in a fully ductile manner. Large deformations, squeezing ground and=or the
development of progressively upward unravelling chimneys may be expected. Unlike

the other shear zone materials, where a strain-softening constitutive model may be

adopted, this material would require a strain-hardening model.

The scale effects associated with using laboratory test values, especially where

structure plays a significant controlling role, is evident. The importance and conse-

quence of scale effects, however, is expected to diminish in the shear zone rocks as the

rock quality progresses towards the heavily fractured=cohesionless zone. For example,

at the laboratory scale the strongly foliated zone has a relatively low fracture density,

but on the rock mass scale, it contains widely spaced, discrete, persistent joints that

will locally control the rock mass behaviour. As such, the test results applied to this

zone would require more attention to scale effects. Towards the cohesionless zone, as

fracture density increases, the influence of individual, persistent, discrete fractures

locally controlling rock mass behaviour diminishes. As such, the heavily fractured

nature of the fractured zone and cohesionless zone means that their behaviour can be

more easily approximated as an isotropic continuum, and therefore more closely

represent the material behaviour at a larger in situ scale. This would seem to be true

for samples GR4, GN4, GR5 and GN5a-c. In its extreme, the dimensions of samples

GR5 and GN5a-c are of the same scale as the complete thickness of the cohesionless

zone and may therefore be regarded as being highly representative of the rock mass

scale properties for the heavily fractured=cohesionless subzone.

7.3 Hoek-Brown Strength Estimates Applied to the Sheared Rock Mass

To further derive more information with respect to the in situ scale rock mass proper-

ties and their variance across the shear zones, Hoek-Brown strength parameters were

derived (see Hoek and Brown, 1997; Hoek et al., 1998; Hoek, 1999). The Hoek-Brown

method appeared to be highly suitable given its emphasis on the role pre-existing

discontinuities, joint surface roughness and fracture infill play in controlling rock mass

strength.

Input values and results are given in Table 4. The general form of the Hoek-Brown

criterion was used where:

�0
1 ¼ �0

3 þ �ci

�
mb

�0
3

�ci
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and, assuming Geological Strength Indexes (GSI) greater than 25:

mb

mi

¼ exp

�
GSI � 100

28

�
ð3Þ

s ¼ exp

�
GSI � 100

9

�
ð4Þ

where �0
1 and �0

3 are the effective major and minimum principal stresses, mb and mi

are constants for the rock mass and intact rock, respectively, s and a are constants

dependent on the characteristics of the rock mass and �ci is the uniaxial compressive

strength of the intact rock. For the calculations performed, �ci was based on peak

strength values obtained for the strongly foliated zone (GR1 and GN1). The value of

mi was estimated as that for foliated gneiss, as given in the table provided by Hoek

et al. (1995). The different shear zone subzones were characterized using the Geologi-

cal Strength Index (GSI), as described in Hoek et al. (1998) and Hoek (1999). As

shown in Table 4, several different rock strength values were estimated for the frac-

tured zone given the strong increase in fracture density across this zone. Estimates of

the fracture surfaces were taken as ‘‘good’’ as described in Hoek et al. (1995), given

that most surfaces were relatively rough (Fig. 2b) and infills were relatively thin and

compact.

The resulting estimates of rock mass strength (�peak in Table 4) reflect the varia-

tions in peak strength values observed in the laboratory, showing decreases with

increasing fracture density. However, the estimated rock mass strength of the

granitic-based strongly foliated zone was found to be less than half the laboratory

value. This discrepancy between Hoek-Brown rock mass values and laboratory deter-

mined values decreases with increasing tectonic damage and converges towards the

cohesionless zone, where strengths are approximately the same. Rock strengths for

the gneiss-hosted shear zone materials show a similar trend. It should be noted that the

50% difference between laboratory and rock mass compressive strength values for the

strongly foliated zone corresponds to the general rule of thumb used in mining and

tunnelling. The convergence of these values with increasing tectonic damage, confirms

the assumption that as test samples approach the cohesionless zone, they become more

and more representative of the rock mass behaviour (i.e. as fracture density increases

and the influence of discrete, persistent discontinuities decreases).

8. Conclusions

Results from this study show:

1. Rock mass strength and deformability within shear zones in the eastern Aar massif

are related to their complex, multiphase structural characteristics. The geomechani-

cal properties are mainly influenced by fracture density, foliation intensity, thick-

ness of fine-grained fracture infill and mica content.

2. With increasing fracture density and mica content, the shear zones in the eastern

Aar massif can be divided into a strongly foliated zone, a fractured zone and a

heavily fractured=cohesionless zone. In this respect, it is possible to assign each
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subzone a characteristic rock mass constitutive behaviour and a controlling mode

of failure:

� The strongly foliated zone neighbouring the host rock can be expected to

behave in a predominantly brittle manner and fail along a single, discrete

shear plane with a higher peak strength but relatively low residual strength.

� The fractured zone represents a transition from brittle to ductile behaviour and

can be expected to fail through the development of a yielding shear zone of

lower peak strength but with a higher residual strength.

� Material from the heavily fractured, cohesionless zone can be expected to

behave in a fully ductile manner and fail through large deformations in the

form of barrelling over the whole sample volume, while simultaneously

undergoing strain hardening.

3. As fracture density increases and the influence of discrete, persistent discontinuities

on rock mass strength decreases, behaviour of the test samples becomes more and

more representative of the in situ rock mass behaviour. Heavily fractured and

fragmented test samples may be regarded as an isotropic continuum and represen-

tative of the rock mass itself.

The gradual degradation in rock stiffness and strength observed in the different test

samples can have significant practical implications with respect to ongoing and future

tunnelling projects in the Swiss Alps and elsewhere. The high density of fractures

parallel and oblique to the foliation, particularly within the fractured and almost

cohesionless intervals of the shear zone, implies that in lower stress environments

increased ground control problems may be encountered in the form of unravelling

interlocked blocks and wedges (i.e. structurally controlled instability). The size of the

blocks and wedges should generally decrease as foliation and fracture intensity

increases. This process would likely be progressive in nature, starting with the un-

ravelling of smaller blocks exposed at the excavation surface and gradually working

its way back into the rock mass. Such trends would correlate with observations made

during the construction of the Gotthard highway tunnel where steeply dipping frac-

tured and almost cohesionless shear zone intervals were intersected and progressive

instabilities developed both at the tunnel face and in the tunnel roof.

In higher stress environments, results from this study would suggest that along the

less tectonically damaged rock mass intervals, failure would predominantly occur

through sliding along discontinuities and=or spalling of intact rock pieces (i.e. stress

controlled instability). Along more heavily fractured sections of the shear zone,

increased plastic yielding may result in floor heave and sidewall closure (i.e. squeez-

ing). High pore water pressures would only further aggravate the situation and act to

increase the magnitude of the resulting displacements.

As such, the selection of tunnelling=excavation method, the use of numerical

models and the design of adequate support measures in such geological environments,

must consider and include the variability of the sheared rock mass behaviour with

respect to the degree of tectonic overprint=damage, and the respective problematic

implications the response of these materials may have when intersected during

tunnelling.
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