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The Brenner Base Tunnel — project and status of realisation

Der Brenner Basis Tunnel — Projekt und Stand der Arbeiten

C. Reinhold
Galleria di base del Brennero - Brenner Basistunnel BBT SE

Abstract

The current traffic situation at the Brenner absolutely requires the development of a
high-capacity transit connection between Austria and lItaly. The Brenner Base
Tunnel, a low-gradient railway running below the Brenner Pass, will be such a railway
link between Innsbruck (Austria) and Fortezza (ltaly). At 64 km, it will be the longest
underground railway line in the world once it is finished. The tunnel system consists
of two single track tunnels and an exploratory tunnel which is located between and
below the main tubes. Beside the two portals Innsbruck and Franzenfeste, the
access to the tunnel system is carried out by four additional access tunnels located
sidewise. Furthermore, three emergency stations will be built along the tunnel route.
Altogether, for the whole tunnel system a total length of more than 200 km tunnels
and other cavities are to be excavated. First of all this paper will give an overview of
the Brenner Base Tunnel project, presenting some interesting characteristics and
details of the project. Geological and geotechnical conditions are explained in detail.
Subsequently, the current progress of the works is shown. Finally, an overview of
several research projects with geotechnical emphasis which are currently being
carried out during the design and construction phases of the Brenner Base Tunnel
will be given.

Zusammenfassung

Aufgrund der aktuellen Verkehrssituation am Brenner ist der Ausbau einer
leistungsfahigen Transitverbindung zwischen Osterreich und Italien zwingend
erforderlich. Mit dem Brenner Basistunnel, einer Flachbahn unterhalb des Brenners,
wird diese leistungsfahige Eisenbahnverbindung zwischen Innsbruck (Osterreich)
und Franzenfeste (ltalien) geschaffen. Der Tunnel weist eine Lange von 64 km auf,
womit die weltweit langste unterirdische Eisenbahnverbindung entsteht. Das
Tunnelsystem besteht aus zwei eingleisigen Richtungsrohren und einem mittig
unterhalb verlaufenden durchgangigen Erkundungsstollen. Der Zugang zum
Tunnelsystem erfolgt neben den beiden Portalen in Innsbruck und Franzensfeste
zusatzlich durch vier seitliche Zufahrtstunnel. Des Weiteren werden im Verlauf des
Tunnels 3 Nothaltestellen errichtet. Insgesamt sind flir das gesamte Tunnelsystem
mehr als 200 km Stollen und Tunnel auszubrechen. Der gegenstandliche Beitrag gibt
zunachst einen Uberblick Uber das Projekt des Brenner Basistunnels. Es werden
einige interessante Besonderheiten und Details des Projektes vorgestellt. Die
geologisch-geotechnischen Verhaltnisse werden ausfuhrlich erlautert. Darauf folgend
wird der aktuelle Stand der Arbeiten dargelegt. AbschlieRend wird ein Uberblick iber



einige Forschungsprojekte mit geotechnischem Schwerpunkt gegeben, welche
derzeit im Zuge von Planung und Bau des Brenner Basistunnels bearbeitet werden.

1 Project

1.1 History

The idea of building a flat rail route under the Brenner dates back to the time before
the construction of the existing Brenner railway line (1859-1867). Strong traffic
growth after the Second World War intensified the search for ways to build a base
tunnel beneath the Brenner. In 1971, the International Union of Railways UIC defined
the main European rail axes, which included the Munich-Verona Brenner axis. From
the 1980s, development of the Trans-European Networks (TEN) began. In 1992, the
Brenner base tunnel was classified as a priority project during the first presentation of
the TEN networks. In 2005, the 30 TEN priority projects to be started before 2010
were presented, together with the required construction work. The Brenner Base
Tunnel, as part of the TEN-1 Berlin-Palermo axis, was among these projects. The
main project planning phases are as follows:

- 1987-1989 feasibility study

- 1999-2002 preliminary project

- 2005-2008 submission and EIA project

- 2009-2009 approval in Austria and Italy

- 18 April 2011, start of main construction phase

Since 21 December 2013, in accordance with EU Regulation 1315/2013, the Brenner
Base Tunnel project forms part of the "Scan-Med" Scandinavia-Mediterranean North-
South Corridor.

1.2  Current traffic situation at the Brenner:

Approximately 50 million net tonnes of goods currently cross the Brenner annually.
This is equivalent to approximately 2 million trucks. This is distributed as around 35
million net tonnes by road and about 14 million net tonnes by rail. Because of the
gradients on the existing Brenner railway line, three locomotives are needed for each
freight train. Furthermore, owing to the different traction systems in Austria (15 kV
16173 Hz alternating current) and ltaly (3 KV direct current), the locomotives have to
be changed on the Brenner. In addition, approximately 242 passenger trains use the
Brenner railway every day. The capacity limit is 260 trains per day.

1.3  Facts and figures

Figure 1 shows an overview of the tunnel system of the Brenner Base Tunnel. The
Brenner Base Tunnel between Innsbruck (Austria) and Franzenfeste (ltaly) has a
length of 55 km. With the Innsbruck bypass, this will form the world's longest
underground rail line, with a total length of approximately 64 km between Tulfes and
Franzenfeste. The tunnel is designed as a two-tube system, each with a directional
track. A special feature is the continuous exploratory tunnel, which is located
centrally below the two main tubes. This will be constructed one section at a time in
advance in order to explore the geological and geotechnical conditions. The



exploration results flow directly into the planning of the main tunnels. Thus reduces
the risk and also enables construction costs and construction times to be optimised.
In the operating phase, the exploratory tunnel will be used as a drainage and
maintenance tunnel.
The most important characteristics of the Brenner base tunnel are:
- Length: 55 km (Innsbruck-Franzensfeste) + 9 km = 64 km (Tulfes-
Franzenfeste)

- 3 emergency stopping points (Innsbruck, St. Jodok and Trens), 4 side access
tunnels (Ampass, Ahrental, Wolf and Mauls)

- Tunnel system overall length: approximately 230 km

- Gradient: 5 %o - 6.7 %o

- High point (Austria-ltaly border): 795 metres above sea level.
- Maximum overlying strata 1,800 m

- Excavated cross-section, main tubes: approximately 72 m?

- Excavated cross-section, exploratory tunnel: 26-49 m?

- Excavated cross-section, access tunnels: 100-120 m?

- Distances between cross passages: 333 m

1.4  Costs, risks and financing

In line with the OGG Directive (2005), the total costs of the Brenner Base Tunnel
comprise the base costs B, the portion of costs for risks R, the portion of costs for
slipping G and the portion of costs for valorisation V. The Brenner Base Tunnel costs
were determined taking account of the risk provisioning of 8,455 million euros. The
costs are distributed over approximately 60 % for the structural work, 14 % for
equipment, 12 % for management and land and 14 % for risks. The risks involved fall
into the three categories of technical risks, approval risks and administrative risks.
Risks are currently divided into 45 % for identifiable risks and non-identifiable, non-
quantifiable risks are 55 %.

The Brenner Base Tunnel is being co-financed by the European Union to the tune of
50 % for the conduct of studies, planning and construction of the exploratory tunnel.
However, the share of the cost being borne by the EU for the construction of the
main tunnel tubes is 30 %. The remaining amount will be divided equally between the
governments of Austria and Italy.



Fig. 1.1: Brenner-Base Tunnel — Site plan

1.5  Excavated material — disposal sites

The total volume of excavated material is approximately 15.5 million cubic metres in
the re-compacted state. In order to minimise transportation routes, disposal sites
have been placed directly at the portals of the access tunnels and, in the case of the
Padastertal landfill, connected by means of a dedicated spoil tunnel. This means that
no excavated material is transported via the public transport network.

1.6  Recycling of tunnel excavated material

For the Brenner Base Tunnel, targeted studies in the field of materials technology
were conducted for the recycling of excavated material from the tunnel. Three
utilization classes were defined for this

Class A) material that is suitable for use as a concrete aggregate
Class B) material that is suitable for use for embankments and backfills
Class C) recyclable material for final disposal in disposal sites

Based on prospection done during the submission phase, the recycling of
approximately 25 % of the material excavated from the tunnel was possible. Only
class A material was excluded when determining the required the disposal site
volume. However, based on more recent materials technology investigations, it can
now be assumed that it will be possible to use a significantly higher proportion as
filling material and as a concrete aggregate (see Voit, 2013).




Fig. 1.2: Brenner Base Tunnel — disposal sites

1.7

Design Guide

Following approval of the construction phase, the entire project was subjected to
basic optimisation in the course of cross-project design engineering. The aim was to
create a uniform technical basis for further planning steps (specifications and detailed
design). The main focus was on the following:

Route planning review and adoption of all optimisation measures
Incorporation of approval process regulations into the project documents

Creating uniform normative foundations and technical specifications for tender
planning and construction planning

Developing principles for dimensioning and structural design for a service life
of 200 years

Preparing detailed interface and type plans

Developing tolerance specifications compatible with surveying and
construction methods

Preparatory measures for rail engineering equipment

Furthermore, the entirety of the route planning for the project was converted from the
UTM coordinate system to a project-specific coordinate system (BBT-TM) using a
transverse Mercator projection. The average project altitude was defined at an
orthometric height of 720 m, which corresponds to an approximate ellipsoidal height




of 770 m. This means that track distortion is reduced to less than 2-3 mm per
kilometre.

1.8  Geomechanical design team

Given the special nature of the exploratory tunnel at the Brenner Base Tunnel, a
special geomechanical planning team was set up at BBT SE. This team, consisting of
geologists, hydrogeologists and geotechnical engineers, is continuously analysing
the data from the exploratory tunnel and transposing this data into geological and
geotechnical design principles for the main tunnel. This guarantees that the BBT
benefits from internal knowledge pooling and on-going internal knowledge building.

2 Geology and Geotechnics

2.1 Geology

In geological terms, the Brenner Base Tunnel passes through the central region of
the Eastern Alps. The main geological zones and their main tectonic units along the
tunnel route from north to south are as follows:

- Innsbruck quartz phyllite (lower austroalpine)

- Upper schist shell with predominantly Blndner schists (Tauern
Window/Penninic zone), — partly folded with the lower schist shell

- Lower schist shell and central gneiss cores (Tauern Window/Helvetic zone )

- Upper schist shell with predominantly Bulndner schists (Tauern
Window/Penninic zone), — partly folded with the lower schist shell

- East alpine crystalline with thin Mauls Triassic
- Mauls tonalite lamella/Periadriatic fault zone
- Brixen granite (Southern Alps)

The relevant lithological units are the following:

- Innsbruck quartz phyllte: A metamorphic, schistose rock, which
mineralogically comprises mainly quartz, mica and subordinate feldspar, and
other constituents.

- Schist shell shale — Bindner schists for the most part: These are sedimentary
and subordinate volcanic deposits in a marine trough, which were subjected to
rock metamorphosis during the emergence of the Alps. A wide range of rocks
is present, including limestone marble, calcareous slate, phyllite containing
limestone and graphitic phyllite. There are also frequent green shale and
paragneiss sections.

- Central gneiss: A metamorphic, crystalline rock, which initially sunk to deep
levels during the formation of the Alps, was subsequently lifted up, and is now
present on the surface. The central gneiss is mostly a pale, granite gneiss,
which mainly consists of quartz, feldspar and mica.



- Granite: Modest, crystalline, medium-grained rock of magmatic origin, which is
rich in quartz and feldspar and also contains slightly subordinated dark
minerals, such as biotite.

Major fault zones:

Some fault zones occur on the route corridor, which are of both regional and
supraregional geological significance.

The significant fault zone is the so-called "Periadriatic shear". It separates the
Southern Alps from the Eastern Alps and the Southern Limestone Alps from the
Austrian Central Alps respectively. The displacement values along this fault zone are
estimated to be approximately 100 km. Displacements occurred in both the horizontal
and vertical directions. Fault rocks such ultra cataclasite, foliated proto-cataclasite,
proto-cataclasite, phyllite slate and black phyllite occur in the immediate vicinity of the
fault zone. The overlay thicknesses in the fault zone area are between 400 and 700
m. The tunnel cuts through the fault over a length of approximately 600 m.

Fig. 2.1: Geological longitudinal section

Fault register:

All fault zones encountered in the exploration tunnel are detected and evaluated by
the geomechanical design team by means of a fault register. Among other things, the
following data is recorded:

— Location

— Sketch of tunnel face/photo of working face/horizontal section/ sketch
perpendicular to the fault axis/schematic sketch of fault zone

— Orientation and stereographic representation of the fault zone

— Fault type and fault system allocation



— Geological description of rocks
— Total thickness of fault zone and distribution of fault rocks within the fault zone
— Water ingress and influence of water ingress on rocks

— Evaluation of geotechnical measuring devices within the fault zone
(deformation measurements, etc.)

— Evaluation of the tunnelling data in the fault zone
— Features (e.g. failure of construction, overbreaks, etc.)

The data from the fault register will eventually be used as a basis for preparation of
the geological-geotechnical fault zone model for the main tunnel prognosis.

2.2 Geotechnics

Methodology

The geotechnical design procedure is based on a geotechnical guideline, which was
developed as part of the guide design phase. The aim in developing the guideline
was, among other things, to harmonise geotechnical design between Italy and
Austria, in order to be able to apply uniform planning standards as a geotechnical
design basis on both territories. To achieve this, all rules, standards, codes and
guidelines that were in force in the two countries were initially compared and
evaluated for their harmonisation potential. As a result, it was decided to use the
OGG Directive 2009, which applies in Austria, and the guidelines for the planning,
tendering and construction of underground structures (S1G'97), which apply in Italy,
as the primary references for the new project-specific guideline (BBT Geomechanical
Directive) to be developed. The basic geotechnical planning process in this case
comprises the steps as shown in figure 2.2.

Rock characteristics

Extensive laboratory tests were carried out during the initial exploration phases in
order to determine rock characteristics. While the exploratory tunnel is being bored,
sampling is carried out continuously and the collected samples are analysed in the
laboratory. Two types of sampling are performed in the exploratory tunnel. In the
"short test series", uniform lithological sampling is carried out every 250 metres. In
the "long test series", uniform lithological sampling is carried out either every 1,000 m
or whenever a new lithology is encountered. Table 2.1 shows the scope of the two
test series. Table 2.2 and the chart in figure 3.3 give an overview of the main
geotechnical characteristics of the main lithologies of the Brenner Base Tunnel.

Rock mass

Based on the geological model, homogeneous regions are defined by similar
properties in terms of geological structure. A rock mass is defined by a geologically
and geotechnically homogenous unit, which has the same or comparable properties.
Together with large tectonic units, these also include structural geological units,
hydrogeological boundary conditions, the state of stress of the rock, the rock mass /
lithological unit and the geotechnical characteristics of the rock, as well as the rock
mass and its discontinuities. All the characteristics that are required for the technical
tunnel design are assigned to the rock mass.
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— lithological units,

Geological model — structural geological units,

— tectonic units

Determination of rock mass
types

— rock characteristics,
— rock mass classification,
— rock mass characteristics

Determination of
rock mass behaviour

— Stress-strain analysis (kinematics, fracture
mechanisms, etc.)

— Influence of state of stress

— Construction/rock mass structure orientation
(separation plan structure)

— Influence of mountain water on rock mass
behaviour

— Squeezing rock

Categorisation of —  Rock burst
rock mass behaviour -~ Raveling ground

— etc. seefig. 2.3

- Gas
Identification of geological — Temperature
isk — Abrasiveness
rISKS —  Karst

— etc.

Technical tunnel design
- Choice of roof supports
- Determining system behaviour
Tunnelling classes

Fig. 2.2: Geotechnical planning process

The basic procedure for determining the rock mass properties can be described as
follows:

Evaluation of the geological model and pre-determination of geotechnically
homogeneous areas based on tectonic units, lithological units and the derived
geologically homogeneous areas.

Evaluation of the available laboratory tests in order to determine rock and
discontinuity properties.

Assessment of the available in-situ experiments, e.g. for detecting the
deformation modulus of the rock or of the primary stresses.

Determining rock mass characteristics from the rock characteristics and the in-
situ rock mass characteristics (GSI, RMR) using various methods according to
current technological standards.

Evaluation of cavities that have already been created under comparable
geological and geotechnical conditions (e.g. evaluation of the tunnelling
documentation for the exploratory tunnel).

1"




- Final determination of geotechnically homogeneous areas, allocation of

corresponding rock mass and geotechnical characteristics.

A four-part system is used to provide a clear rock mass type designation. This
system comprises the tectonic unit, the lithological unit, the structurally geological
homogeneous area and the associated structure designation. While the lithological
unit describes the rocks, the structurally geological homogeneous area defines the
discontinuities. The following example shows this four-part system for rock mass

designation:

ZG

2a

EKS

Central gneiss

Granitic gneiss

Unit with
discontinuity
distribution nr
2a

Exploratory
tunnel

Tectonic unit
specifies the
geologic main
unit

Lithology
specifies the
main rock type
and it's properties

Structural
geological unit
specifies the
discontinuity
distribution

specifies the
associated
structure

For the whole tunnel system, more than 300 rock mass types are relevant.
Additionally more than 50 rock mass types for fault zones are to be considered.

Tab. 2.1: Scope of the standard test series in the exploration tunnel

Testing

Short test series

Long test series

isotropic  anisotropic  isotropic  anisotropic
Density/porosity/water content - - 3 3
Wave propagation speed - - 1 1
Uniaxial compression test 5 10 5 10
Triaxial compression tests 1 3 5 5
Splitting tensile test 1 3 3 6
MTT - - 1 1
Point load test 3 3 3 3
Shear strength of discontinuities - - 3 3
Thin sections 1 1 1 1
Equivalent quartz content 1 1 1 1
Cerchar 1 2 1 4
CLI + DRI - - 1 1

12




Tab. 2.2: Overview of the main geotechnical characteristics of some main lithologies of the
Brenner Base Tunnel.

Lithology Bulk Compressive Modulus  Splitting  Quartz  Cerchar
density strength of tensile content CAl
elasticity  strength
[KN/m?] [MPa] [GPa] [MPa] [ %] [
Quartz 27 36 30 4.7 48 3.0
phyllite
Calcareous 27 60 33 8.5 41 1.4
schists
Graphitic 27 25 15 3.5 52 2.3
phyllite
Gneiss 27 124 38 9.9 53 4.8
Granite 26 200 45 10.0 72 4.8
|
1
R =
|
|
£ |

SP;
—
L J

Fig. 2.3: Overview of the geotechnical parameters uniaxial compressive strength, Young’s
modulus and splitting tensile strength of some main lithologies of the Brenner Base Tunnel
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Rock mass behaviour

Using the rock mass types as a starting point, the rock mass behaviour during cavity
excavation must be used to determine the technical tunnel design. Potential failure
mechanisms and hazard scenarios can then be determined and described. The rock
mass behaviour for an unsupported cavity with full-circle mining of the tunnel heading
is determined in this process. The following failure scenarios, essentially, apply to the
Brenner Base Tunnel:

The B

small voluminous discontinuity controlled, gravity induced breakout of rock
wedges

breakout of voluminous, discontinuity controlled rock wedges, not only gravity
induced, but also by exceeding shear strength of discontinuities

Stress induced, shallow overstressing / plastication of the rock mass combined
with discontinuity and gravity controlled failure

Stress induced, profoundly overstressing / plastication of the rock mass
(,squeezing rock®) with large deformations

Rock burst — rapid release of accumulated strain energy within highly stressed
brittle rocks

Crown failure — over breaks on the crown of the excavation associated with
shear failure

Ravelling ground — ravelling of frictional, poor interlocked soil with low
cohesion

Flowing Ground — ravelling of frictional, poor interlocked soil with high water
content

Swelling Ground

renner Base Tunnel project-specific criteria for determining the rock mass

behaviour have been defined for this (see Figure 2.3).
Project specific criterion for definition of rock behaviour
Depth of Rock mass
Failure mechanism / dis- stress - Criterion for
geotechnical hazard scenario GSI | continuity = according to Redeiuciom s R [t ravelling ClEmen e T
u criterion flowing ground swelling
controlled Hoek ground

breakout Sen/ S

small voluminous discontinuity
controlled, gravity induced breakout >75 <0,2m
of rock wedges

breakout of voluminous, discontinuity
controlled rock wedges, not only <75 <1,5m >0,45
gravity induced

Stress induced, shallow over-
stressing of the rock mass combined <3m 0,45-0,28
Lith gravity controlled fa_\lure

profoundly

Stress induced,

overstressing /
plastication of the  Strong

h<400m - u<5%

Weak squeezing 0,28-0,20 h<800m - u<8%
h<1500m - u<10%

h<400m - u=5%

<0,20 h<800m - u>8%

rock mass squeezing h<1500m - u>10%
el oz <40
Rock burst >75 oyl ag>0,3
PES>50kJ/m?
Crown failure Relevant on the intersection of shallow dipping fault zones to intact rock mass
Frictional soil
Ravelling ground with low
cohesion
Frictional soil
Flowing Ground with high water
content
Presence of
swelling swellable
minerals
G.m — rock mass strength o, — uniaxial tensile strength
Legend: Omax— Major primary stress within the excavation oy — tangential stress at the crown of the excavation
G, — Uniaxial compressive strength PES — Potential of elastic strain energy

Fig. 2.4: project specific criterion for definition of rock mass behaviour
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Brief description of the rock mass behaviour in the main units of the Brenner
Base Tunnel:

e Innsbruck quartz phyllite (lower austroalpine):
The experience from the exploratory tunnel, 4 km of which has already been
tunnelled in Innsbruck quartz phyllite, show rocks with only small-volume outbursts
and small deformations. Because of the flat-lying foliation and steep fissured
surfaces, the relevant unstable blocks occur in the ridges. With increasing proximity
to the Tauern window and increasing overlay, it is to be expected that the rock mass
behaviour will change to slightly squeezing rock. Three distinct fault zones have been
excavated to date in the exploratory tunnel. All had an orientation that lay between a
parallel and an acute angle with the tunnel axis, with steep inclination. In the fault
zone areas, the rock mass behaviour can be described as slightly squeezing. An
increase in deformation compared to the rock outside the fault zones was clearly
measurable. Inside the fault zone areas, the support system was significantly
damaged and subsequently had to be renovated.

e Bulndner schists/Glockner nappe (Tauern window — Penninic)
The conditions in the Blndner schists area are variable. In addition to calcareous
schist and limestone phyllite, areas with increased incidence of black phyllite are also
predicted. In the calcareous schist/limestone phyllite areas, breakout of voluminous,
discontinuity controlled rock wedges, not only gravity-induced, but also caused by
exceeding shear strength of discontinuities to stress-induced, shallow
overstressing/plastication of the rock mass combined with discontinuity and gravity
controlled failure are expected. Where black phyllite occurs, lightly to heavily
squeezing rock is forecast, depending on the black phyllite proportion. Triassic areas
with anhydrite and rubblestone are also expected. Swelling rock is accordingly
forecast in areas with anhydrite. In areas where the anhydrite is already worn out,
non-cohesive and/or flowing rock masses are expected.

e Central gneiss Brenner massif (Tauern window/Helvetic zone)
Solid rock is generally expected in the central gneiss. However, a high potential for
rock burst is predicted owing to the high overlying strata. Squeezing rock is only
predicted in the Olperer fault

e Mauls tonalite lamella/Periadriatic fault zone
This area is characterized by fault material of varying formations. Ultra cataclasite,
foliated proto-cataclasite, proto-cataclasite, phyllite slate and black phyllite in
particular were encountered during exploratory boring and excavation of the
exploratory tunnel. In conjunction with the high overlying strata of approximately 700
m in this area, the rock mass behaviour in the area can be described as heavily
squeezing rock. It has not so far been possible to confirm the strong water inflow that
was initially predicted based on the bores during excavation of the exploratory tunnel.

e Brixen granite (Southern Alps)
In the Brixen granite, solid rock formations are projected outside the fault zones. The
tunnelling that has already been done in Brixen granite (the Aicha-Mauls exploration
tunnel, Mauls access tunnel) confirms this. However, the excavation of the Aicha-
Mauls exploratory tunnel has shown that massive fault zones are to be expected,
even in the granite. An almost axially parallel fault zone, which had not initially been
predicted, was thus encountered during the excavation. Although it is geologically
relatively insignificant, this fault caused a complete failure of the support system and
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jamming of the tunnelling machine. This meant that tunnelling had to be stopped for a
4-month period.

3 State of progress

3.1 Completed work

Innsbruck area:

The tunnelling work on the Innsbruck-Ahrental exploratory tunnels started on 04
December 2009. Since then, about 4 km of exploratory tunnels have been excavated
by drilling and blasting in the southbound direction. The 2.4 km long Ahrental access
tunnel with a 120 m? excavated cross-section with a 10.5 % gradient was completed
in October 2012 with the breakthrough of the Innsbruck-Ahrental exploratory tunnels.
Immediately after the portal, the access tunnel passes beneath the A13 Brenner
motorway with little overlying ground. The tunnel was driven here beneath running
traffic using the pipe roof securing method. The Ahrental disposal site is immediately
before the portal of the Ahrental access tunnel. This is being filled continuously with
the excavated material from the tunnelling operation in the Innsbruck-Ahrental area.
The Ampass access tunnel, which is 1.4 km long and has an excavated cross-
section of 55 m?, was completed in June 2013. The portal area of the Ampass access
tunnel had to be made to pass under the state road using the cut-and-cover method.
The excavated material from the tunnelling operation was dumped at the Ampass
South disposal site.

Wolf area:

In the Wolf area, extensive preparatory work was necessary before the actual
excavation of the Wolf tunnel could be started. This meant that the Brenner federal
road had to be moved in order to make room for the construction site area. An
interchange to the Brenner motorway also had to be created in the Plon area.
Extensive slope stabilization work, among other things, was required to make this
possible. In summer 2010, the Wolf access tunnel was created with the passage
under the existing Brenner railway line. A frame structure had to be created under
running rail traffic for this purpose. As part of Wolf | construction lot, the Saxener
tunnel, which is approximately 1 km long, was excavated to form a link between the
Plon motorway junction and the Wolf construction site. The 700-metre-long Padaster
tunnel connects the Wolf construction site to the Wolf South access tunnel to the
Padaster Valley, and is designed as a supply and spoil tunnel. In the Padaster
Valley, among other measures, the drinking water pipe supplying the Steinach
community was moved outside the disposal site area in preparation for the Padaster
Valley disposal site.

Mauls area:

The initial work on the Aicha-Mauls exploration tunnel was awarded in August 2007
and began in April 2008 with the mechanical boring of the 10.5-kilometre long
section. The tunnel was completed with the breakthrough of the machine into the
disassembly cavern at the end of the Mauls access tunnel in February 2011.

The construction site area, several deposit areas and noise control measures were
initially set up in cramped conditions to the south of the village of Mauls. The 1.8-km-
long Mauls access tunnel, with an excavated cross-section of approximately 90
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square metres and a gradient of 8.5 % was created by drilling and blasting through
the Brixen granite, and was completed in 2009. Furthermore, during the Mauls Il
construction lot the starting and logistics caverns were excavated for the mechanized
tunnelling in the Franzensfeste direction. These caverns have an excavated cross-
section of approximately 350 m?2.

Fig. 3.1: Presently already finished excavations

3.2  Ongoing work

Innsbruck area:

As part of the Tulfes-Pfons construction lot, which is currently in the initial stages, the
rescue tunnel is being excavated parallel to the existing Innsbruck bypass tunnel, as
are the two connecting tunnels, approximately 15 km of exploration tunnel from
Ahrental south to Pfons and the Innsbruck emergency stopping point.

Furthermore, the Patsch ventilation shaft is being constructed in the Patsch area,
while the ventilation cavern is being constructed in the Ahrental access tunnel.

Wolf area:

As part of the Wolf Il — Padaster Valley construction lot, the 4-km long Wolf South
access tunnel, including several cavern constructions for ventilation and spoil
removal, is currently being excavated. Furthermore, at present, further preparations
are being made for the installation of the Padaster Valley disposal site. This will also
comprise a 1,360-metre long diversion tunnel through which the Padasterbach
stream will be diverted during construction of the Padaster Valley disposal site,
including all barriers and driftwood gratings.
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Mules area:

As part of the Mules Il construction lot, work is currently being carried out on the
excavation through the Periadriatic fault zone in the southern section of the
exploratory tunnel. The aim is to complete the excavation of both the exploratory
tunnel and the two main tunnels in the Periadriatic fault zone area by early 2015.

Passage under the Isarco/Fortezza area:
Work on the "Isarco underpass" has been functionally tendered and awarded across
Europe. The plans for the construction work are currently being drawn up.

3.3  State of progress summary

Of the total of more than 200 km of access tunnels, exploratory tunnels, main
tunnels, cross passages and other underground structures to be constructed,
approximately 35 km had been excavated by mid-2014.

4 Geotechnical Research as part of planning and construction

The BBT SE also means to create scientific added value with the Brenner Base
Tunnel project. New topics are therefore being addressed and the development of
new technologies supported as part of the project. Work is being carried out on both
internal BBT SE research projects and several other research projects in
collaboration with external research partners. The following
geotechnical/geomechanical issues, among others, are currently being researched:

Determining fault zone values by back analysis

Determining rock mass characteristics applicable to fault zones as the basis for the
tunnel design is often ineffective. More than 33,000 m of exploration drillings were
drilled to a depth of 1,500 m for the Brenner Base Tunnel preliminary exploration.
Fault zones and their varying configurations were investigated during this process.
However, it was almost impossible to determine the geomechanical characteristics
applicable to these fault zones. On the one hand, it has proven difficult, or even
impossible, to obtain fault material that is suitable for geotechnical laboratory tests.
On the other hand, because of the heterogeneity of the faults, only rock mass
characteristics that are difficult to actually apply can be derived from the laboratory
results (rock characteristics). However, the exploration tunnel being excavated ahead
of the main tubes of the Brenner Base Tunnel provides the ideal opportunity for
estimating rock mass characteristics by back analysis. The rock mass parameters of
the fault zones can be obtained from the back analysis results. These parameters are
then incorporated directly into the planning of the main tubes as input parameters.
Figure 4.1 gives an overview of the back analysis procedure based on two fault
zones. Geological documentation that is almost complete was produced during
excavation of the exploratory tunnel. If a fault zone is excavated, a geological model
of the fault zone is initially developed based on the geological documentation results
(Figure 4.1, top). The geological model includes the fault zone orientation, internal
structure (fault rocks), dimensions, etc. In addition, a project-specific classification
scheme for fault materials was developed (see Reinhold, Tdchterle, 2013). The
geological model of the fault zone is then transferred to a geotechnical model in a
second step (Figure 4.1, centre). A breakdown into core zone and damage zone is
undertaken to the extent possible. The history of the entire tunnelling processes is
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also evaluated in this step. This comprises evaluating the temporal sequence of
excavation and support installation, as well as evaluating the geotechnical
measurements.

Fig. 4.1: Back analysis modelling of fault zones using the example of two fault zones in the
Innsbruck-Ahrental exploration tunnel
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In the next step, the geotechnical model finally has to be transferred to a suitable
calculation model (Figure 4.1, below). Depending on the boundary conditions,
various calculation methods (rock mass characteristic curve, 2D numerical, 3D
numerical) are applied. An overview of back analysis calculations that have been
performed in the Innsbruck-Ahrental exploration tunnel section can be found in
Reinhold, Téchterle (2013).

Development of a constitutive law for rock masses in deep tunnels

A key aspect in the use of finite element calculations for rock mechanical purposes is
the modelling of the constitutive behaviour of the rock mass. Intact rock shows a
complex nonlinear mechanical behaviour which is quite similar to concrete. The well-
known constitutive models for rock, like Hoek-Brown or Mohr-Coulomb, exhibit some
shortcomings. The development of irreversible deformations in the prepeak regime
as well as strain softening in the post peak regime as exhibited in laboratory tests
cannot be modelled. Furthermore the degradation of stiffness associated with strain
softening is neglected. Although it is well known that deformation properties depend
on the hydrostatic pressure, usually linear elastic behaviour is predicted for
predominantly hydrostatic compression. These shortcomings have been the
motivation for a cooperative research project of the Brenner base Tunnel association
BBT-SE and the Unit for Strength of Materials and Structural Analysis of the
University of Innsbruck. Within this currently running research project an advanced
3D constitutive model for rock mass will be developed, which allows for reliable
numerical simulations of deep tunnel excavations. The developed rock mass model
is based on a constitutive model in the framework of continuum mechanics — an
isotropic damage plasticity model. This model is based on the combination of linear
elasticity, single surface plasticity with nonlinear isotropic hardening, non-associated
plastic flow and isotropic damage describing strain hardening. Furthermore
hardening is predicted for both shear and hydrostatic loading. The model is calibrated
on extensive field investigations conducted during excavation of the exploratory
tunnel. Detailed information about the model and the research project is given in
Unteregger et. al. (2014).

Detection of pre-deformation ahead of the tunnel face

Pre-deformation is the proportion of rock deformation that appears before the zero
measurement of the usual convergence measurements that accompany tunnelling.
This consists of both deformation proportions ahead of the tunnel face and non-
measurable deformation proportions behind the tunnel face up to the zero
measurement of the convergence measurement points. In conventional tunnelling,
the convergence measurement points are incorporated after the excavation and
initial shoring at a defined distance behind the tunnel face. The zero measurement of
this measuring bolt is usually made before the next blasting round. These measuring
bolts are used to measure all the deformations that the support system is subjected
to during further tunnelling. These deformations consist of two important parts: Firstly,
the deformations resulting from immediate further tunnelling produce stress
redistribution by longitudinal carrier effect in the axial direction. Secondly,
deformations that appear from the excavation of the cross-section in which the
measuring point is located owing to delayed development (time-dependent
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deformation behaviour of the rock). Any analysis of these deformation components is
made almost impossible because of fast tunnelling progress. Numerical simulations
of deformations are therefore usually made using theoretical approaches. These are
often based on the evaluation of three-dimensional numerical calculations.
Knowledge of the pre-deformation is of crucial importance in the design of the
support system. The later the support system is installed, the greater the
deformations that have already subsided and the lower the required resistance of the
support system. The detection of deformations is of even greater importance in
mechanical tunnelling. Pre-deformation has a significant influence in the machine
type selection decision (open machine or shield machine). For shield machines in
particular, the proportion of deformations occurring immediately behind the cutter
head is of particular importance, since they indicate the risk scenario of the cutter
head jamming. Knowledge of the deformations is therefore a decisive factor, which
must be evaluated. This applies in particular to the Brenner Base Tunnel construction
projects, in which a majority of the tunnels and galleries are to be excavated
mechanically.

BLA laboratory correlation

The engineering fracture theories and constitutive equations that are commonly used
in geotechnical engineering are usually based on an elastoplastic approach. This
means that characteristic values are required for both the elastic component and the
plastic component (failure mode) in order to describe the material behaviour of soil
and rock. The elastic component and the identification of the relevant parameters
specifically are taken into account in the BBT-SE internal project. The elastic
parameters can be determined by means of laboratory tests, such as unconfined
compression tests or triaxial tests, as well as in-situ tests, such as dilatometer tests.
For each of these tests, several evaluation methods exist worldwide. The results
show significant differences, depending on the evaluation method used. The difficulty
for the geotechnical engineer in the course of geotechnical design now consists of
defining the corresponding characteristic values based on the experimental results.
The most common evaluation methods for the individual tests are initially compared
during the project. The main focus is finally placed on comparing the results, the
elastic characteristics from the laboratory and in-situ testing. A variety of laboratory
and field tests were conducted as part of the Brenner Base Tunnel exploration.
These were fully incorporated into the evaluation. This means that, currently,
approximately 70 dilatometer tests at depths of up to 1,000 m, more than 100
uniaxial compression tests and more than 100 triaxial tests have been evaluated and
examined for interrelationships. Various correlations between the results of
laboratory tests and field tests were found. The first results are expected to be
published to experts in 2015.

Evaluation of rock mass parameters without the use of a rock mass
classification system

For the geomechanical design of tunnels in rock, knowledge of the mechanical
properties of the groundmass as input parameters for static analysis is of crucial
importance. As part of the planning approval of the Brenner Base Tunnel, the rock
mass was classified using, among other things, the GSI and rock mass parameters
determined from the characteristic values obtained from rock core samples using the
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known Hoek/Brown method. Meanwhile, the exploratory tunnel was driven to several
kilometres and the findings from it were geomechanically evaluated. This has shown,
in particular, that the rock mass characteristics determined using the GSI method are
not applicable and that actual rock mass behaviour with these characteristics cannot
be detected. The problems of determining rock mass parameters were then
analysed. The known problems that arise in the conversion of rock characteristics via
the GSI based on empirical formulas have been discussed and published frequently
within the professional world (e. g. Anagnostou, Pimentel 2012). The fact that the
proposed method has no scientific basis in particular has been criticised and the
accuracy of the method has been called into question. Further problems were also
determined during internal investigations, in particular regarding the application of the
GSI method in strongly foliated rocks. As part of an internal BBT SE research project,
intensive work is currently being carried out on a method in which rock mass
characteristics can be determined without using a classification system.
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TBM Tunneling in Deep Underground Excavation
in Hard Rock with Spalling Behavior

TBM Tunnelvortrieb fiir tiefliegende Auffahrungen im Hartgestein
mit Spodbruchcharakter

G. Barla
Politecnico di Torino, Italy

Abstract

It is shown that for an accurate TBM excavation design the complex interaction
between rock, tunnel machine and its system components and tunnel support can be
analyzed through a 3D finite element model. A 3D simulator recently developed is
presented with reference to two rock mass conditions which may characterize deep
underground excavation, i.e. squeezing and spalling. In this paper spalling is
considered. Two case examples are discussed with reference to the Alpine Base
Tunnels: the Lyon-Turin tunnel (between lItaly and France) and the Brenner tunnel
(between Italy and Austria). Brittle failure in the Ambin Massif (Gneiss and
Micaschist) and in the Brixner Granite respectively are analyzed. The results
obtained show that the 3D model implemented is effective in reproducing the rock
mass response and its interaction with the TBM components and may contribute
effectively to TBM excavation design.

Zusammenfassung

Es wird gezeigt, dass fur ein korrektes TBM-Design die komplexe Interaktion
zwischen Gebirge, TBM mit ihren Systemkomponenten sowie dem Ausbau mittels
3D-Finite-Elemente-Berechnungen analysiert werden kann. Ein klrzlich entwickelter
3D-Simulator wird vorgestellt mit Anwendung auf 2zwei unterschiedliche
Gebirgsbedingungen, die tiefliegende Auffahrungen charakterisieren: drickendes
und brechendes Gebirge. In diesem Beitrag wird nur brechendes Gebirge betrachtet.
Die Anwendung wird an zwei Projekten der alpinen Basistunnel diskutiert: dem Lyon-
Turin-Tunnel (zwischen Italien und Frankreich) sowie dem Brenner-Tunnel (zwischen
ltalien und Osterreich). Sprodbruchverhalten im Ambin-Massiv  (Gneis und
Glimmerschiefer) und in den Brixener Graniten werden analysiert. Die Resultate
zeigen, dass das implementierte 3D-Modell in der Lage ist, das Verhalten des
Gebirges und seine Interaktion mit der TBM zu reproduzieren und zu einem
effektiven TBM-Design beizutragen.

25



1 Introduction

Tunnels to be excavated to a depth greater than 1000 m and with lengths in excess
of 10-15 km, in complex geological, hydrogeological, and geomechanical
conditions, represent significant challenges in providing, prior to excavation, reliable
geological and hydrogeological models, appropriate understanding of ground
behavior (including the rock mass parameters), selection of the
excavation/construction method to be adopted, and design and optimization of the
tunnel support in short- and long-term conditions. This has been and presently is the
case of the deep tunnels constructed to cross the European Alps, with mountains in
height up to 4800 meters and a width of about 150-200 km.

The first tunnels (Frejus Railway, Gotthard Railway, Lotschberg, Simplon, Arlberg),
constructed in the second half of the 19th century with overburden of 700-2100 m,
were located such that tunnel length and overburden were minimized. The Alpine
tunnels constructed today cross the mountain belt at the elevation of the main cities
and are longer (up to 57 km) and deeper (up to 2500 m) than all tunnels constructed
before (Fig.1.1). As the first railway and traffic tunnels could in general be excavated
successfully by conventional methods, although with unexpected ground behavior
which in cases led to severe delays and cost overruns, the new base tunnels need
preferentially be excavated by using TBMs (Tunnel Boring Machines).

One is aware that the use of the TBM in severe ground conditions has not always
been successful and negative experiences which resulted in cases in very low rates
of advancement and even TBM entrapment are well known (the Yacambu-Quibor
tunnel (Hoek and Guevara, 2009) or the Headrace Tunnel of the Gilgel Gibe I
Hydroelectric Project (Barla, 2010) can be mentioned). However, the improved
technology has permitted impressive development in the last decades, including
large diameter TBMs, decreased dependence on ground conditions, new cutting
technology and efficient auxiliary processes. Thus, there is no question today that
long deep tunnels such as the Alpine Base Tunnels need be excavated by
systematic mechanized tunneling.

For the design of mechanized tunneling, the complex interaction between the rock
mass, the tunnel machine and its system components, and the tunnel support has to
be analyzed in detail and three-dimensional numerical models including all these
components are suitable to correctly simulate this interplay. This lecture will describe
an advanced 3D model which has been recently developed for the detailed
simulation of TBM excavation, with specific problems in mind as in the case of
excavation of deep tunnels through rock masses which exhibit either spalling or
squeezing behavior (Barla et al., 2011; Zhao et al., 2012).

Following a few preliminary remarks on the latest improvements in TBM technology
and the presentation of the main features of a TBM of reference for this lecture, the
3D model is described. Then, a short introduction to the hazard scenarios during
tunnel excavation will be given, with a special attention to spalling. Two case
examples are finally discussed with reference to the Alpine Base Tunnels: the Lyon-
Turin tunnel (between Italy and France) and the Brenner tunnel (between ltaly and
Austria).
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Fig.1.1: AlpTransit Base Tunnels and High-Speed Railway Links under the Alps
(L: Lotschberg Base Tunnel, G: Gotthard Base Tunnel, M: Lyon-Turin Base Tunnel, and B:
Brenner Base Tunnel).

2 Remarks on TBM tunneling

TBMs can be grouped into three main categories: Gripper TBM (i.e. Open TBM),
Single Shield TBM and Double Shield TBM.

The Gripper TBM (Fig. 2.1 a) is suitable for all the rock conditions, provided that a
minimum “stand-up” time is available for installing the support behind the cutter
head. Over the years, two different clamping systems have been developed, single
clamping and double clamping. Sometimes a cutter head shield can also be used to
protect the crew from isolated rock falls.

The Double Shield TBM (Fig. 2.1 b), which is the type of machine to be considered
for application in this lecture, has come into fairly common use in rock tunnels. It
consists of the front shield with a cutter head, main bearing and drive and a gripper
shield with clamping unit (gripper plates), tail shield and auxiliary thrust cylinders.
Both parts are connected by a section (the telescopic shield) with telescopic thrust
cylinders, which operate as the main thrust cylinders.

The basic principle is that the machine is clamped radially to the tunnel wall through
the grippers and the excavation and installation of the segmental lining are performed
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at the same time. Where the rock is weak and it is not possible to clamp radially
through the grippers, the necessary thrust forces can either be provided by the
telescopic cylinders or by the auxiliary thrust cylinders.

In the first mode with the telescopic cylinders, the auxiliary cylinders only transfer the
thrust forces to the segmental lining. In the second mode, which is also called single
shield mode, the front and gripper shield form a rigid unit and the auxiliary cylinders
produce the necessary forward thrust (Maidl et al, 2008).

The capability of the Double Shield TBM design was clearly demonstrated at the end
of the 80s when it was used in the Channel Tunnel. In 2000, the design was
completely reviewed and improved with the introduction of the Double Shield
Universal (DSU) TBM, in order to cope also with important and rapid developing
squeezing phenomena and very unstable tunnel faces as typical for flowing ground
conditions.

(a) (b)
Fig. 2.1: TBMs: (a) Gripper TBM; (b) Double Shield TBM (from Herrenknecht website:
www.herrenknecht.com).

3 Remarks on geological/geomechanical hazards

The major geological/geomechanical hazards encountered during deep tunnel
excavation relate to the prediction and behavior of faults at depth, heavy water
inflows and high water heads, in heterogeneous fractured or karstified rock masses,
stress-induced brittle failures (spalling and rockburst), plastic shear failure and
squeezing of weak rocks (mainly fractured schists, phyllites and cataclastic fault
rocks), instability of the excavation face and sidewalls, exceptional stress anisotropy,
karstification of evaporites and limestones in relation to regional groundwater
circulation systems and other hydrogeological problems (Loew et al., 2010).

Brittle failure, which is to be considered in the following, is a typical hazard which is
difficult to be anticipated at the design stage and may pose challenging problems
during construction, affecting the performance of TBM excavation. In such conditions,
considerable uncertainties and many unresolved issues are present so that reliable
predictions become very difficult. Nearly a half century ago, mines began to
experience a form of rock damage called “spalling” in which apparently intact rock
walls fractured into slabs, typically in a symmetrical pattern, parallel to the excavation
boundary and to the far-field maximum compressive stress.
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These slabs can range in thickness from a few millimeters to tens of centimeters and
with large openings can be several square meters in surface area. In unsupported
conditions and under anisotropic in situ stress field, spall progression results in the
formation of a v-shaped notch, regardless of the original opening shape or size that
deepens as the tunnel advances until steady-state conditions are reached (Martin,
Kaiser and McCreath, 1999).

This failure mode can create a significant safety hazard for workers immediately
behind the shield. Gripper problems and machine operations delays can result when
a vertically dominant stress leads to substantial wall spalling and overbreak in front of
the grippers (Fig. 3.1). The interaction with subtle structure in the rock mass can lead
to delayed release of spall damaged ground. In extreme cases, this delayed release
can be associated with significant energy release in the form of a rockburst. Spalling
and bulking within the TBM shield can even lead to jamming of the shield. Spalling
can also happen at the tunnel face, if enhanced with face-parallel foliation.

Rock formations prone to spalling are principally granite, granodiorite, gneiss,
quartzite and more foliated metamorphic rocks, but also many weaker rock types
such as lightly cemented sandstones, clay shale, mudstones, etc., do often fail in a
brittle manner if they have few joints.

Fig. 3.1: Severe operational issues (gripper pads cannot be seated on the sidewall)
associated with overbreak (notch) in the Létschberg Base Tunnel (Loew et al., 2010).

4 3D Model for simulation of mechanized excavation (TBM)

A completely 3D simulator of mechanized excavation in deep tunnels has been
recently developed (Barla et al., 2011; Zhao et al., 2012) by using the finite element
method and the midas GTS computer code. This simulator is intended to be more
general than previous 3D models and allows one to consider both hard rock and
weak rock conditions. The presence of water pressure and consolidation problems
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are not yet taken into account. The focus is on the mechanical behavior of the rock
mass and on the interaction between the rock mass and the TBM and the support
components.

Under the assumption of symmetry with reference to a vertical plane through the
tunnel axis, the finite element model as developed consists of 8-nodes hexahedron
solid elements and considers only half of the entire domain (Fig. 4.1). The in situ
state of stress is applied as a uniform initial stress without consideration of the free
ground surface and of the stress gradient due to the gravity. The three principal
stresses can be input independently and this is one of the important advantages of a
3D model.
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Fig. 4.1: 3D mesh at the initial stage (only rock mass elements are shown) with detail.

4.1 Modeling the main TBM components

The following TBM components are considered in line with the use of the Double
Shield TBM:

- Shields (front and rear), which are modeled with plate elements applied at the
excavation boundary and with the stiffness properties of steel.

- Cutter head, which is modeled with plate elements (with the stiffness properties of
steel) at the current excavation face and where a pressure is applied.

- Backfilling, which is modeled with solid elements; the material filling the gap
ranges from pea gravel to cement grout and is given specific properties as
desired.
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- Lining, which is modeled with plate elements (with the stiffness properties of
concrete); no joints are introduced and the lining is considered to be continuous.

- Grippers, which are modeled with plate elements at the excavation boundary (with
the stiffness properties of steel); they are positioned at a certain distance from the
face and a given pressure is applied on them.

- Jack pressure, which is applied, in the form of an edge pressure, on the last lining
ring installed, if the rock is weak, in place of the grippers.

All these components are modeled with a linearly elastic isotropic law. For plate
elements, 4-nodes quadrilateral elements are used. The self-weight is applied to all
these components.

4.2 Modeling TBM advancement

The model simulates the ongoing TBM excavation by a step-by-step method. This is
characterized by the excavation length and construction stages. The excavation
length is taken to be equal to 1 m. The construction stages and the total number of
steps to be performed depend on the geometry of the excavation, the TBM type, and
the rock mass, as:

- the construction length has to be such as to allow for a representative steady state
condition to be reached, also considering the boundary effects (the first few meters
of the excavation containing these effects are removed from the results);

- the operation modes of the Double Shield TBMs, which are different for hard rock
and weak rock.

In hard rock, the only case reported here with some details, the TBM operates using
the grippers.The construction stages are defined as follows:

in the first step, initialization takes place accounting for the in situ stress field;

- in the second step, the TBM enters the model (the cutter head elements are
activated) and the first slice is excavated;

- in the third step, the first slice of the front shield invert is activated;
- in each step thereafter the TBM progresses into the model;

- in the tenth step, the grippers and the applied pressure become active for the first
time. The position of the grippers is changed every 2 m, in order to simulate the re-
gripping, with a distance from the face comprised between 6 and 7 m. The re-
gripping operation phase (in which the cutter head do not excavate and the
clamping of the grippers is released) is not simulated as a stand-alone step but it
is associated with the further excavation step;

- in the fifteenth step, the lining is activated as well as backfilling;
- the stages proceed until a steady-state condition is reached.

To illustrate the simulation process, the model for a typical case is shown in Figure
4.2. The shield invert in contact with the rock mass is also shown.
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Fig. 4.2: 3D model in a typical case of TBM excavation in hard rock.
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4.3 Rock mass models

The rock mass is considered to be continuous, homogeneous and isotropic. Any
constitutive law based on these assumptions for rock masses can be implemented in
the model. As already noted, the simulator so far has been developed and tested to
deal with the spalling and squeezing phenomena and different constitutive models for
reproducing them have been implemented (Barla et al., 2011; Zhao et al., 2012). In
view of the case studies illustrated in the following, some details of the model used
for spalling are given.

With the assumption that the rock mass is a continuum, the failure zones around the
tunnel are simulated by using the criterion developed by Diederichs (2007), which si
based on an elastic-perfectly-brittle plastic model. The composite strength envelope
for brittle materials (Diederichs, 2010), resulting from studies and observations on the
mechanisms leading to spalling, can be implemented in numerical codes through the
use of the generalized Hoek-Brown criterion (Fig. 4.3). Peak and residual yield
functions are defined by the damage threshold and spalling limit, respectively.

The procedure for determining the input parameters for the generalized Hoek-Brown
criterion is the following (Diederichs, 2010):

- Determine the crack initiation threshold C/ from uniaxial compression tests;
- Set apear t0 0.25;

- Obtain a reliable estimate of tensile strength, T (from laboratory tests);

- Calculate the appropriate s and m from:

1

$ pous = (CI/UCS) " (1)

m S eat (UCS/|T)) (2)

peak
In order to model the transition envelope to high confinement shear (spalling limit),
set @6s=0.75, S;s=0 or 10 (for numerical stability) and ms=5 to 9.

The equivalent Mohr-Coulomb parameters can also be used and the equivalent
cohesion, friction and tensile strength parameters can be varied according to the
plastic strain (Cohesion Softening-Friction Hardening approach, CSFH; Diederichs,
2007).

The process of fracturing generates dilation; nevertheless, an accurate reproduction
of bulking and of the resulting displacements with continuum models in spalling rock
is still an open issue, as actually the process is discontinuous after yield. According
to Diederichs (2007), a near-maximum dilation can be used for supported tunnels,
while a near zero dilation for unsupported conditions, as there is free fallout of spalls
of rock.
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Fig. 4.3: Constitutive law for brittle behaviour: Diederichs (2007) criterion and stress-strain
relationship. The intact rock criterion is shown for comparison.

4.4 Interaction between the machine components and the rock mass

The simulation of the interaction problems requires a special attention to the
discontinuous behavior at the following interfaces: (i) rock mass-shield and (ii) pea
gravel-lining. This behavior involves frictional sliding and the possible closure of the
gap between the shield and the rock mass. Zero thickness interface elements are
used to represent the frictional shearing mechanism. High normal and shear stiffness
values are set and, for plastic slip, a Coulomb friction law with null-cohesion and a
value of the skin friction coefficient y=0.3 is adopted for both the interfaces.

Since the numerical formulation used is based on the small-strain/displacement
assumption, the shields are modeled right on the tunnel boundary even if there is a
gap in between. In order to simulate the gap between the rock mass and the shields,
special interface elements are used in which the elastic stiffness is set to zero, i.e.,
K,=Ks=K:=0, so that no stress can transfer from the rock mass elements to the shield
elements.

In the case of hard rock, the closure of the entire gap should not occur as
convergences are small in the elastic zones. In the localized failure zones due to
spalling, dilation is followed by the fallout of rock slabs and it is assumed that the gap
is not closed because (i) during the re-gripping operation, the front shield sweeps and
displaces the material accumulated and (ii) the crushed material cannot provide a
consistent support. Therefore, only the invert of the front shield is significantly in
contact with the rock mass, as the gap is really very small.

The load transfer between the rock mass and the lining occurs through a backfilling
layer. In particular when tunneling in hard rock, the gap is filled, at the invert, with dry
mortar in order to support the ring. Along the remaining surface pea gravel and later
cement grout are injected. It is important, in the case of spalling, to correctly fill this
gap which could even be bigger due to the stress-induced notches. The backfilling is
usually performed at a certain distance behind the shield. Therefore the backfilling is
modeled in only one stage. The pea gravel and the lining are activated 2 m behind.
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5. Case studies

In order to illustrate the 3D simulator of TBM excavation in brittle rock conditions, the
case studies of the Lyon-Turin and Brenner Base Tunnels are briefly considered in
the following.

5.1 Lyon-Turin Base Tunnel

The Maddalena exploratory tunnel, along the Lyon-Turin Base Tunnel, is presently
being excavated. The 6 m diameter tunnel will cross the “Ambin complex” (Gneiss
and Micaschist) and the “Clarea complex” (Micaschist) with a maximum overburden
of 2000 m approximately. Fig. 5.1 illustrates the spalling model adopted for the rock
mass.

Based on the available hydro-fracture tests the in situ state of stress in the rock mass
is assumed to be defined by the following components: o, (minimum vertical principal
stress) = 33.2 MPa; o, (maximum horizontal principal stress) = 53.1 MPa. The
excavation is assumed to be performed by a Double Shield TBM.

Fig. 5.1: Lyon-Turin Base Tunnel, Maddalena exploratory tunnel, rock mass behavior:
Diederichs model (based on the generalised Hoek-Brown criterion) and modified model
(based on the traditional Hoek-Brown criterion).

Fig. 5.2 shows the 3D spall damage and overbreak prediction along the tunnel axis.
The degree of spalling failure and over-break is expressed through the equivalent
plastic strain, defined as:

2
g, = \/g(g; +5 +52) (3)
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with Eps €pas

Fig. 5.2 a gives such a prediction when a steady simulation in unsupported
conditions is reached, whereas Fig. 2 b gives the same prediction when the 3D
model accounts for the presence of the TBM.

It is shown that the over-break zones exhibit a maximum depth of failure of 0.8 m
approximately. Due to the moderate in situ stress ratio of 1.6, over-break zones are
all around the excavation, although moderate in intensity at the sidewalls. It is seen
that the front shield and its self-weight produce a confinement at the invert so that
over-break is significantly reduced.

€,,, €, the principal plastic strains.

I a) 11b)

Fig. 5.2: Lyon-Turin Base Tunnel, Maddalena exploratory tunnel, plastic strain contours
along the tunnel in a 3D top view: a) in the intrinsic (no TBM interaction) model and b) in the
TBM interaction model.
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5.2 Brenner Base Tunnel

A section of the Brenner Base Tunnel starting from the lItalian Portal in Fortezza is
taken as a case study. The 9 m diameter tunnel is to be excavated in the “Brixner
granite complex” with a maximum overburden of 1350 m. This granite is medium to
coarse grained. Fig. 5.3 illustrates the spalling model adopted.

In order to demonstrate the capability of the 3D model to capture the spalling
behavior, the state of stress in the rock mass has been assumed to be characterized
by a stress ratio o, (horizontal stress) / o, (vertical stress) equal to 2, with
o,= 24 MPa. It is noted that no data are available in the tunnel to confirm such
assumption. The excavation is assumed to be performed by a Double Shield TBM.

Fig. 5.3: Brenner Base Tunnel, rock mass behavior: Diederichs model (based on the
generalised Hoek-Brown criterion) and modified model (based on the traditional Hoek-Brown
criterion).

Fig. 5.4 shows the 3D spalling failure and over-break prediction along the tunnel axis.
As for the previous case, the degree of spalling failure and over-break is expressed
through the equivalent plastic strain given by equation (3). The spalling zones are
shown to occur at the invert and at the crown with a maximum depth of
approximately 1 m.
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Fig. 5.4: Brenner Base Tunnel: plastic strain contours along the tunnel in the TBM interaction
model: (a) upper half and (b) lower half.

It is seen that the front shield and its self-weight produce a confinement at the invert,
so that the plastic strain at the front shield invert is reduced. The grippers are shown
to have very limited influence whereas the support produces only a slight decrease of
the failure extent, as it is applied at a certain distance from the face, where most of
failure did already occur.

As soon as the front shield is passed and the invert walls are exposed, the plastic
strain increases, reaching however a value in steady state conditions which is lower
than in the intrinsic case (reduction of 14 %). This means that the crushing and
subsequent fallout of rock at the crown and at the invert will take place along the rear
shield.
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6 Conclusions

With major interest in mechanized tunneling (TBM excavation) and with reference to
the Alpine Base Tunnels, the Lyon-Turin tunnel (between lItaly and France) and the
Brenner tunnel (between ltaly and Austria), this lecture has illustrated a 3D finite
element model of deep mechanized tunnel excavation in rock masses. This model is
intended to simulate the complex interaction between the rock mass, the tunnel
machine and its system components, and the tunnel support.

With specific reference to “spalling”, one of the important geological/geomechanical
hazards in deep tunnel excavation, two case studies have been briefly illustrated
under the assumption that a Double Shield TBM (and the support system) is used for
excavation in order to cope with “hard rock conditions” (Gneiss-Micaschist and
Granite) where this type of instability is expected to occur.

The results obtained with the numerical simulations show that the newly developed
3D model is highly effective in reproducing both the rock mass response and its
interaction with the TBM system components. The 3D nature of TBM excavation has
been taken into account by using a non-axisymmetric model for the state of stress in
the rock mass, the geometry of the TBM, and the support system.
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Deformation processes at the area of the closed
Idrija Mercury Mine

Deformationsprozesse im Gebiet des stillgelegten Idrija Quecksilberbergbaus

J. Likar, T. Marolt
University of Ljubljana, Faculty of Natural Sciences and Engineering

Abstract

The history of the Mercury production at the Idrija area was extra important for better
understanding the wider deformation processes in the rock structure and
consequently in the surface above mine. In the past five centuries mine operations
have had consequences on the environment, which have directly influenced the
deformations developing in the wider exploration area. During the more centuries of
mercury ore exploitation, the cross-stope mining method with backfilling from bottom
to top was used. This had big influence on the stress-strain field transformation in the
surrounding rock masses and backfilling, caused long-term deformation processes
that are not finished yet till nowadays. The deformation process has a small time
gradient and thus bigger breaks or faster sliding terrain above old mine workings is
not expected. The surface displacements are bigger in the area built of Permian-
Carboniferous, low-bearing-capacity rock mass, which in the past was destroyed by
major tectonic movements in the rock structure in different geological ages. Mine
closure works, which included grouting and hardening of destroyed underground
areas, as well as filling parts of the mine and backfiling empty spaces (i.e., mine
roadways, blind shafts), were finished two years ago. In mean time the hydraulic
level of mine water was arise from Xl. Level at altitude 65.13 m to IX. Level at altitude
133.09 which caused some additional surface displacement. The efficiency of mine
shutdown works is constantly being verified by means of geotechnical, other
measurements and observations, and will continue in the future.

Zusammenfassung

Die Geschichte der Quecksilberproduktion im Gebiet Idrija ist sehr bedeutend fur das
bessere Verstandnis der Deformationsprozesse innerhalb des Gebirges und
schliel3lich auch der Erdoberflache oberhalb des Grubengebaudes. Die letzten 500
Jahre Bergbau haben die Umwelt beeinflusst mit Auswirkungen auf das
Deformationsgeschehen im gesamten Erkundungsgebiet. Uber die Jahrhunderte des
Quecksilberabbaus hinweg wurde die ,cross-stope’ Abbaumethode mit Einbringen
von Versatz von unten nach oben angewendet. Dieser Prozess hat gro3en Einfluss
auf die Anderungen des Spannungs- und Deformationsfeldes im umgebenden
Gestein und im Versatz, die langzeitiche und bis heute andauernde
Deformationsprozesse verursachen. Diese Deformationsprozesse sind durch geringe
zeitliche Gradienten charakterisiert, so dass grof3ere Verbriche oder schnelleres
Rutschen von Erdmassen an der Erdoberflache nicht zu erwarten sind. Die
Oberflachendeformationen sind gréfier in den geringer festen geologischen Einheiten
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des Perm/Karbon, die durch grofere tektonische Bewegungen stark beansprucht
wurden. Vor 2 Jahren wurden die Arbeiten zum SchlieRen der Gruben beendet, die
das Verfullen offener Grubenraume und teilversetzer Bereiche (z. B. Forderstecken,
Blindschachte) sowie das Ertluchtigen verbrochener Bereiche mittels Injektionen
beinhaltete. In der Zwischenzeit ist das Grundwasser vom Niveau der XI. Sohle
(65,13 m) auf das Niveau der IX. Sohle (133,09 m) angestiegen, was zusatzliche
Deformationen an der Oberflache hervorgerufen hat. Die Effizienz der
Stillegungsarbeiten wir permanent Uberwacht mittels geotechnischer und anderer
Messungen und Beobachtungen und wird auch in Zukunft andauern.

1 Introduction

The Idrija Mercury Mine has caused extensive deformations in the wider mining area
in the last five centuries. The mine closure works were finished, but various
observations and measurements in the mine and on the surface above the mine are
still active, because the time-dependent deformation processes in the wider area
were not finished. The measurements are conducted in the prescribed time intervals
twice a year in order to ensure the monitoring of deformation processes.

Fig. 1: Layout of the town Idrija with Mercury Mine Structure
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The results of measurements and observations give a realistic insight into the actual
occurrences, which also enables verification of the effects of consolidated and
backfilling works in the mine. Long-term, time-dependent processes which are closely
linked to the extent of ore exploitation and the type of mining methods, which were
used in the past, and in particular to the geological and geomechanical conditions,
are still present. That process is present particularly on the ground surface above
Permian-Carboniferous layers and other low-bearing-capacity ground layers. The
main goal of mine closure works is the final stabilization of the area which will be able
to use land for new construction projects. Fig 1 has shown complex mine structure
developed below the town Idrija.

2 Geological and Hydrogeological Interpretation of the Wider Mercury
Mine Area

The mercury ore deposit which is 1500 m long and 300 — 600 m wide extends in the
directions northwest and southeast. It has a depth of the ore-bearing zone at about
450 m below the surface. The deposit was open in mine history by entrance gallery
and vertical shafts. The deepest shaft which is now entirely closed with concrete
backfill, reached a depth of 420 m at approx. 20 m below sea level. Over a period of
500 years underground operation, miners have continually excavated more than
700 kilometers of mine roadways, drifts, and blind shafts.

The hydrothermal mercury deposit in Idrija is a geological natural treasure of global
significance, and is ranked among the most complex ore deposits in the world.
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Fig. 2: Geological cross section through the Idrija Mercury Mine [6], [7]
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The mercury ore deposit is classified as a monometal, as well as a monomineral,
deposit and has the second largest concentration of mercury in the world. Most of the
mercury appears in the form of cinnabar (HgS, ~70 %), and in the form of native
mercury (Hg, ~30 %). Pyrite, marcasite, dolomite, calcite, kaolinite, epsomite, and
idrialin (named after Idrija) represent the main gangue or waste rocks [1], [2], [3]. The
mercury ore deposit was formed during two phases: in the lower part of the Middle
Triassic (Anisian), and in the second, Ladinian phase during a period of intense
volcanic activity in Slovenian geological history. Middle Triassic tectonics led to the
upwelling of hydrothermal solutions, which expelled their deposits onto the sea bed
through a thick layer of Upper Palaeozoic, Permian, Scythian, and Anisian clastic and
carbonate rocks [2]. Due to gradually declining temperatures, part of the mercury
condensed and was released as pure mercury in the form of drops.

Hydrothermal underwater springs deposited the mercury in littoral swamps forming
the synsedimentary ore beds and lenses in the black Skonca shales and tuffs of the
Ladinian age [4], [5]. In the final phase of alpine orogenesis, ore bodies were
disintegrated and moved along the faults. The Idrija ore deposit has 158 known
orebodies, 17 with native mercury are in carboniferous shale, while the remaining
141 are in clastic and carbonate rocks. These ore bodies have extremely different
forms and sizes, and are irregularly distributed throughout the entire ore deposit [4],
[5]. The geological cross section is shown on Fig 2.

The ore deposit and its surroundings are comprised of several hydrogeological
blocks and impermeable hydrogeological barriers. It is also characterized by the
presence of backfills (40 % porosity) and filled shafts on different levels of the ore
deposit. The impermeable barriers, enclosing the old part of the Idrija ore deposit, are
built of Carboniferous shale below the deposit, thrust sheets along the southern edge,
and a Carboniferous layers above the deposit. On the north side, the deposit is
closed in by an impermeable, clayey zone of the Idrija fault [6], [7]. In all aquifers, the
level of ground water is above the level of mine infrastructure. The main inflows of
water into the ore deposit occur through shafts, galleries, drilled hydrological barriers
or barriers partly demolished due to exploitation works. Due to the geological
structure of the Idrija ore deposit, water inflows into the mine facilities are relatively
small (average 25 I/s). The flooding of the ore deposit up IX" level (+ 115 m) keeps
mine waters within the limits of the abandoned ore deposit, and the only possible
source of pollution with pumped mine water into the above-ground water course — the
Idrijca River (+ 331 m).

3 Mining Methods Used During the Mine's Operation

In the five centuries of the mine's history the mercury ore mining technologies have
employed and adapted to the development of mining science — taking into account
existing geomechanics and mining conditions. On the basis of historical sources, the
most frequently used the mining method with backfilling from bottom to top, where
ore was transported through blind shafts to lower levels and then exported to the
surface for further processing. It should be emphasized that throughout the mine's
operation, wood was the principal support material used in mining stopes, as well as
at the main and auxiliary mine roadways. The cross-stope method which was
developed over last 200 years was conducted in several phases, depending on the
geometric and geomechanical characteristics of the ore bodies and surrounding
rocks. In order to develop an individual level, it was initially necessary to carry out
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preparations of the main drift on the main level, and install a separate ventilation
system so that mining works could be started at individual excavation areas (Fig. 3 A).
These were made from a preparatory drift at a 45 or 90° angle with respect to the
main drift axis. The dimensions of the cross-sections in drifts were within the limits of
2.0 m to 4.0 m in width, 1.8 m to 3.0 m in height, and a variety of lengths from a few
meters to about 50 m to 80 m in some cases. The horizontal and slightly inclined
mine stopes were lined with wood supporting. Ore was transported on various levels
and roadways using small and medium-sized mine carts (volume from 0.3 to 0.8 m?)
on wooden and steel rails. After the mine's modernization in the 20™ century, mine
locomotives were used to transport extracted ore and reproductive materials to
various levels, while on working levels the ore was mostly transported manually to
blinded shaft or chutes.

A

Fig. 3: Cross stopping with backfill and sublevel mining with consolidated backfilling

Technical evaluation of the mining method from bottom to top is shown in Fig. 3 A.
The preparation and mining of higher lying levels, was conducted successively after
the lower level was backfilled and works had begun on a higher level. The height of
each level was approx. 2.5m to 3.0 m, allowing miners to manually perform all
mining works. The relatively complex geological and geotechnical conditions
additionally contributed to the worsening mining conditions in higher production levels.
In some cases, e.g. when ore was mined from Carboniferous shale, the additional
stresses in the rocks on the first level were so intense that mining from bottom to top
was practically impossible, because the time-dependent phenomena were so
intensive that backfills have still not stabilized. The complex geological and
geotechnical conditions accompanying mining works in Carboniferous ore bodies, as
well as increased environmental requirements and special concern for the health and
safety of miners at work, called for radical changes in the mining method. In the
1970s and 1980s, introduced a new mining method from the top downwards [8],
which involved highly different mining and backfilling technologies than had
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previously been used. The new system of mining from the top downwards
represented a significant turning point in the history of the mercury mine, as it
completely changed individual technological procedures, particularly those designed
to protect miners against caving and collapses in the roof and partly also the side
walls.

The use of reinforced backfill with a minimum required compressive strength, the
minimum subsidence was developed and the substantial improvement of mining
conditions was achieved.

The final requirement based on a test stopes back analysis, backfill with compressive
strength 4 MPa, was sufficient for normal mine operation. This was also proven by
calculations used the Finite Element Method, taking into account the nonlinear
relations between stresses and strains by means of simulations of mining works and
successive use of reinforced backfill into each mining area separately [8].

The calculated vertical displacements amounted to maximally 10 cm, which is
substantially lower than the subsidence that would have developed when using the
old cross-stope method. In addition, mining from the top downwards also has positive
effects on the reduction of losses during the mining of mercury ore and native
mercury present in Carboniferous shale.

4 Summary of Mine Closure Works

Several reasons influenced the abandonment of mercury ore excavation, initially in
the 1970s and finally in the late 1980s. On the one side, an intensive international
campaign had been launched against mercury, whose harmful effects were
researched in various fields. Another reason was the very low selling price of this
metal, which in some cases fell below 100 USD per flask (34.5 kg of mercury). All
activities which were done in preparing mine closure works faced particular issues on
the long-term effects on the time dependent surface subsidence. More questions
were raised, because the town of Idrija location is directly above the mining
infrastructure. In addition, the potential instability of the natural and artificial slopes
above the mine, and the pollution of the environment with mercury in the town of
Idrija itself and far downstream along the Idrijca River and the Soc€a River, including
the Gulf of Trieste, were present as well. The principal tasks were to select and justify
the technology required for mine closure works, with the clear goal of attaining the
long-term stability of the vibrant surface area above the mine, reducing to the
greatest possible extent any possible damage to buildings caused by mining
activities, regulating the hydrological and hydrogeological environments, establishing
supervision over harmful concentrations of mercury in various forms or aggregate
states, and constantly controlling the effects of mercury on miners and other
inhabitants of the town of Idrija. Surveying and geometric observations of surface
movements in the wider area of the mine from the beginning of the 20" century
onwards, as well as the excellent geological and hydrogeological studies and
interpretations of the origin of the ore deposit and subsequent tectonic and other
occurrences are a useable base for deep interpretation for the complex deformation
process. For this purpose, extensive simulations and analyses of the impact of
reinforcement processes on the rock structure and old mining works using the finite
element method were performed. A specific question was raised in connection with
the estimated consequences of possible flooding of the mine up to different height
levels, as the considerable worsening of geotechnical conditions was expected in
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areas where mine water came into contact with rocks and old backfills, which are
sensitive to water. In situ investigations in the mine confirmed the fear that increased
surface subsidence would develop in the event of uncontrolled flooding of the mine.
This is the main reason for anticipated flooding level was deeper instead of the first
assumptions. In this context intensive grouting of old mine works and backfills
including mine roadways, drifts and vertical mine connections were done over more
than 10 years.

5 Measurements of Geotechnical and Hydrogeological Parameters

Geodetic measurements began in the initial years of the 20™ century, while extensive
geometric observations aimed at monitoring the stabilization of the mine were not
performed until year 1990. Measurement was carried out in profiles net installed on
the disturbed surface above the mine. Measurements were also performed on
important infrastructural buildings and facilities, too. Before the commencement of
shutdown works, the horizontal and vertical movements of terrain above the mine
were up to 25 mm/year and up to 14 mm/year, respectively.

5.1 Displacements measurements in the mine

The wide mine surveying mesh included measuring points placed on different mine
levels connected to main points near the main shafts “Joseph” and “Francis” (Fig. 1.).
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Fig. 4: Measured settlements at the 111" level
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Each measuring point is stabilized on the bottom or in the roof of mine roadways to
allow for the measurement of vertical movements and, in some cases, horizontal
movements as well. Each measuring cycle was performed twice per year with the
aim to keep subsidence control. A trend of vertical displacement similar to that on the
surface was also found in the mine. The measurements executed on levels | to Xl
showed a displacement syncline near the Inzaghi shaft (Fig. 2.), where a maximum
subsidence was found. The measured movements gradually decreased and, during
the past years, horizontal movements declined to an average 7 mm/year and vertical
displacements to 4 mm/year. The typical result of vertical movements is shown in
Fig. 4.

5.2 Horizontal displacement measured by inclinometers

Inclinometer measurements in boreholes have been conducted since 1989. In the
period from 1989 to 1996, 17 inclinometric boreholes were activated and
measurement carried out twice a year, and attained values of up to 21 mm/year and
vertical movements of up to 10 mm/year (Fig. 5.). The period from 1996 to 2001 has
shown that the terrain above the mine continues to move, but with a decreasing
tendency as a result of consolidation and fortifying works. In the last eight years
(2003 — 2011), we measured some local increasing deformations in an area with
geotechnical, unstable rocks (Carboniferous shale), but these are still in the process
of stabilizing and do not present any major hazard.

The results of several years of measurements and observations have shown that not
only are different slow slides forming above the mine, but a large subsiding crater is
also forming with its center around the Inzaghi shaft (Fig. 2.), where most of the
exploitation works took place over the last 100 years.

Fig. 5: Results of the inclinometer measurement G13
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5.3 Measurements stress changes in rocks and backfills

A very important part of measured data was related to determining secondary stress
changes with time in different locations at the deepest levels in the mine. For the
purpose of monitoring stress deformation changes in rocks and backfills in the
deepest parts of the mine during flooding up to the XI™ level, measurement probes,
i.e. cells equipped with a strain gauge in the vertical direction tested in the laboratory
in biaxial cell, were incorporated into boreholes, and injected with cement grouting
material. Since the incorporation of measurement probes at the XIV" and XV levels
in the middle of 1992, measurements of specific deformations in backfill (XIVth level,
elevation — 6.45), dolomite (XIV"" level, elevation. — 6.45), and shale (XV" level,
elevation — 32) have been performed twice yearlg/. The results of these
measurements are shown in Fig. 6 and Fig. 7 at the XIV"™ and XV levels where the
deformation processes were in progress during the time when the flooding of lower
part of the mine was present.

It is evident from the results of measurements shown in Fig. 6 in the form of diagram
that the course of time-dependent stress changed in 1995 and partly in 1996, when
changes in stresses and deformations in the rock structure occurred as the
consequence of mine flooding up to the XI" level. Rapid changes in deformations
stopped occurring later on. The results of measurements indicated that the
deformation processes are still in progress, but the trends do not point to any major
stress changes in surrounding rocks. All measuring points still indicate changes in
increasing vertical stresses particularly in shale.
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It is highly probably that the changes found are linked to the sinking of areas above
mine extraction works, and the effects of time-dependent occurrences around the
Idrija fault where stress changes have been more intensive in dolomite on the XIV"
level, while those in shale on the XV" level are rapidly decreasing.Measurements of
secondary stress states on the IV", VI'™ and VII" levels with triaxial cells for the
measurement of stress changes were installed on the IV" level in the beginning of
1996, on the VII™ level in December 1996, and on the VI™ level in July 2004. In the
most recent period, measurements were performed twice a year in order to
determine whether there are any stress changes in consolidated backfills in the
broader area, where extensive mining works were performed in the past. The results
of measurements shown in Fig. 8 indicate that the time-dependent secondary
stresses changes considerably more extensive with no continue trends because
consolidated backfills persisted in time intervals.

The substantially increased stress on cells on the IV" level is explained by the fact
that the rigidity of old reinforced backfills in the broader areas is incomparably higher
than in other backfills, which were not additionally injected or grouted. Results on the
VII™ level have shown strain softening deformation process because the lower backfill
layers and low bearing ground strata weren’t grouted enough.

6 Evaluation of Adequacy Executed Consolidated Works

It cannot be denied that five centuries of the mine’s operation below the town of Idrija
have caused various changes in the mine, the rock structure in the vicinity of the
mine, and on the surface. Although mining works were continuously accompanied by
backfilling of dug out areas during the mine’s entire operation, the backfills were so
deformable that they were unable to prevent surface subsidence.

Also, their rheological characteristics were not such as to reduce subsidence without
additional reinforcement measures. Frequent visual inspections of various facilities
on the surface have shown that the intensity of time-dependent displacement is
gradually decreasing, and that damage in the form of cracks and shear movements
has also decreased considerably. In some cases cracks were more open in a specific
period, but closed after a number of years.

It may therefore be concluded that the time dependent movements of the surface
was not uniform, and that reinforcement measures indirectly influenced the gradual
reduction of damage on the surface. Grouted and backfilling works were evaluated
based on results of presented measurements and observations which indicate that
adequacy of planned and executed procedures were in the expected domain.
Retaining walls and other surface civil structures only cracked and damaged to the
extent of requiring rehabilitation when the time gradient of deformations will be
sufficiently small, or when a differential subsidence rate will be less than 1cm/year.
Similar requests can be used in the case of building new structures and rehabilitation
works on existing civil facilities.
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Fig. 8: Stress changes versus time in the consolidated backfill on the V" level and VII" level
with triaxial cells

The estimation of time-dependent deformations on the surface above the mine has
allowed preparing a short time prognosis of the development of the deformation field
in the next 10 years. According to the simple linear approximation shown in Fig. 9,
the time dependent subsidence can be expected to continue for at least 10 years but
with different intensity. A detailed analysis of the time — depend settlements
development, which are present in recent years have found lower relative surface
deformations which means lower time settlements trends. Some reference measuring
points (Fig. 9) have begun to slowly settle around in 2003, and others later, after
2008. This is the result of successfully executed injections and other hardening works
at the mine in past decades. Partial settlements increased during intensive injection
works were the result of action additional loads that were caused a large amount of
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mass grouts in the yielding state on the underlying compressible ground layers and
old mine backfills.
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Fig. 9: Estimation of the time dependent settlements of points in measuring profile on the
surface above the mine
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7 Conclusions

More than five centuries of mining activity in the area below the town of Idrija have
caused major changes in the stress strain states of rocks and backfills in the affected
areas of the Idrija Mercury Mine. Some implementations of measures for
improvement of the rock structure and backfills were done in the period of intensive
mercury ore exploitation.

The present complex geological structure in the wider area of the Idrija Mercury Mine,
including major tectonic and neo-tectonics occurrences with extreme geological
changes are the principal factors which, alongside mining works, continue to
influence the development of deformation fields in the mine and on the hilly surface.

In past, before the mine closure works had approved, extensive numerical models
were done by checked, proposed, grouted, and other consolidation measures
supported by laboratory and in situ investigations in the goal to determine the
relevant geotechnical characteristics of rock mass and backfills.

Different measurements and observations were carried out in the mine and on the
hilly surface, with particularly attention on making an analysis of time dependent
movements of unstable surface areas. Some parts of hilly surface have potential
unstable slopes relating to basic very complicated geological structure.

Monitoring which are still active included inclinometric and piezometric
measurements, as well as measurements of stress changes using measuring cells,
which are still used today and will continue after the completion of the shutdown
works and further, depends on risk analysis.

Time-dependent occurrences of potential sliding areas on the surface and in mine
rocks and subsidence of artificial backfills are still present, but the intensity of time-
dependent movements is considerably reduced.

Analysis and calculation of the development time-dependent surface subsidence
shows that in the coming years certain areas can be used to build facilities that will
be tolerated by differential settlements around 0.25% (1:400) or smaller.
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Deformation behavior of jointed rock mass-
Lessons learnt from large scale triaxial testing

Zum Deformationsverhalten gekliifteter Felsmasse — Was zeigen uns die
Ergebnisse von GroBtriaxialversuchen?

T. Mutschler
Karlsruher Institut fur Technologie, Institut fur Angewandte Geowissenschaften,
Karlsruhe

Abstract

The strength and deformation behavior of jointed rock mass (JRM) is a key question
of rock mechanics. Rock masses with narrow-spaced systems of discontinuities allow
determining this behavior directly on representative elementary volumes (REV)
through large scale triaxial tests (LSTT). The strength behavior can be described well
by linear boundary conditions of the Mohr-Coulomb type. The stress-strain behavior
and the volumetric strain behavior need more complex approaches. This publication
summarizes experiences from more than 250 LSTT and shows general results of the
deformation behavior of JRM.

Zusammenfassung

Das Festigkeits- und Verformungsverhalten von geklufteter Felsmasse ist eine
SchlUsselfrage der Felsmechanik. FUr engstandig gekliftete Felsmasse ermdglicht
die Groftriaxialversuchstechnik deren Bestimmung direkt an Reprasentativen
Elementarvolumen (REV). Wahrend das Festigkeitsverhalten fir einen begrenzten
Druckbereich sehr gut mit linearen Grenzbedingungen nach Mohr-Coulomb
beschreiben lasst, ist das Spannungs-Dehnungsverhalten und das
Volumendehnungsverhalten komplexer. Der vorliegende Beitrag fasst die
Erfahrungen von mehr als 250 Grol¥triaxialversuchen zusammen und zeigt
grundsatzliche Ergebnisse zum Deformationsverhalten von geklufteter Felsmasse.
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1 Introduction

Large scale sampling and triaxial testing is a method to investigate the mechanical
behavior of jointed rock mass (JRM) on representative elementary volumes (REV). It
was developed in the 1970ies at Karlsruhe University. The detailed description of the
sampling and testing procedure (specimen diameter about 60 cm, height about
120 cm) is given in a Suggested Method of the ISRM-Commission on Testing
Methods (Natau, O. and Mutschler, Th., 1989). The wide variety of sedimentary rock
masses tested by this method is presented in Natau et. al. (1983).

Fig. 1.1: Sampling equipment (left), flattening of the bottom of the sample (right)

The sampling is based on a drilling technique with a single-core barrel. An annular
slot is cut into the rock mass using air-flushing to keep the influence on the water
content low and to avoid washout of joint fillings and other loose components. A steal
casing is put into the slot and the gap between the sample and the casing is filled-up
with plaster. After hardening of the plaster the sample can be pulled out using a
truck-mounted crane. The end faces of the sample are flattened and sealed with a
layer of plaster in order to avoid desiccation and loosening.

This publication is focused on the evaluation of the testing results and here again on
the deformational behavior of JRM. After a short description of the testing procedure
and the standard evaluation of the raw data, an extended evaluation of the data
within an elasto-plastic concept is presented. JRM behaves elasto-plastic from the
very beginning of loading. In most cases viscous behavior occurs too. In order to
exclude influences of viscosity the loading rate is kept constant during all tests.

It can be shown that not only the strength behavior but also the deformation behavior
is stress dependent. A variation of the confining pressure in the range 0 < 63< 1 MPa
e. g. can give a variation of the modulus of elasticity up to a factor of 5. The plastic
(anelastic) stress-strain relations are pressure dependent too and can be described
by a parabola of 2" order. The strain reached at the limit stress is pressure
dependent too.
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2 Testing procedure and evaluation concept

2.1 Testing procedure
Multi-stage testing is used to gain as much as possible information from one sample.
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Fig. 2.1: Loading path (left) and stress-strain curve (right)

Fig 2.1 left side shows the loading path of a multi-stage triaxial test (MST). The
loading starts with an isotropic increase of the principle stresses o4 and o3 (a-b). At
the desired first confining stage o3' is kept constant (b) and the deviatoric loading is
started (b-c). In order to exclude effects of viscosity the loading rate de/dt is kept
constant. Unloading-reloading cycles (c’-b”-c’) allow separating reversible (elastic)
from irreversible (anelastic) behavior. The inclination of a secant on the curve c'-b”
gives the modulus of elasticity E. When the limit state of stress (point ¢, tangent
stiffness zero or below a defined value) is reached, the deviatoric loading is stopped
and an unloading to the isotropic state is done (b’). The next testing stage (ll) starts
again with the isotropic increase of the principle stresses o4 and o3 to the next
confining stage o3 (d). The procedure is repeated up to two times thus having a MST
with three confining stages. Sometimes the material allows one or two further
confining stages.

2.2 Extended evaluation of testing results

A synopsis of the extended evaluation is given in fig. 2.2. The stresses and strains
are calculated from the raw data of the test. Step | is the conventional plotting of the
deviatoric stress q = o1 - o3 over the axial strain g4. Unloading-reloading cycles give
the modulus of elasticity E. Plotting E vs. o3 (ll) shows the pressure dependence
which can be described by a linear relation (eq. 2.1).

E(O-3) =el'03+E0 (21)
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Fig. 2.2: Extended evaluation of LSTT within an elasto-plastic concept: Conventional stress-
strain behavior (l), stress dependence of E (ll), plastic stress-strain behavior (lll), strength
behavior (IV), stress dependence of the ultimate strain at the limit deviatoric stress &,y (V),
depencence of the tangent stiffness H of the plastic strain ;"
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The plastic strain &+* (eq. 2.2) is used to plot the plastic stress-strain curve (lll).

el = & — (0, — 03)/E(03) (2.2)

The limit state of stress is evaluated in a diagram (o' - 63)/2 vs. (o1 + 63)/2 (IV). The
stresses o1 and o3 denote the stresses at the limit state (see fig. 2.1). For a limited
pressure range a linear boundary condition (eq. 2.3) can be used

01—03 — O'1+O'3

> — sing + ¢ cos¢@ or g, — a3 = (205 sing + 2c¢ cos)/(1 —singp) (2.3)

where ¢ stands for the friction angle and c for the cohesion.

The plastic strain at the limit deviatoric stress &+*,; = 1" (5+' - 53') in the first confining
is plotted vs. the confining pressure o3 (V). It can be described by a linear relation.

l
&pr = D1- 03+ Dy (2.4)

The tangent stiffness of the plastic stress-strain curve H = dg/de+” decreases linearly
with the plastic strain &" (VI). This means the plastic stress-strain curve can be
approximated by a parabola of 2" order.

The step (VII) is plotting the normalized plastic stress-strain-curve q¢' = q/qy,, vs.

!
e?' = e/l where quris the deviatoric stress at the limit state and 7} is the
associated plastic strain.

3 Results

Results are given for a series of LSTT on weathered granodiorite which was sampled
from the lower beds of the Grube Messel near Darmstadt. The JRM consists of a
green-yellow to green-brown rock substance. The joints are coated with a black-
brownish film of a few millimeters thickness. The joint system in the vertically drilled
samples is governed by two sets (KK 1: 270°t 20°/50°+15°%KK 2: 000°+ 30°/50°+
10°). The joint spacing was 10 to 20 cm. The rock strength was very low. Joint body
could be crushed by hand. The grain size distribution gave 55 to 70% silt, 25 to 40 %
sand and about 7 % clay. The water content was about 25%.

61



Fig. 3.1: Weathered Granodiorite from Grube Messel, near Darmstadt, Hessen
The tests were carried out at a confining pressure range 0.1 < 63< 1.2 MPa. The

deformation rate was de/dt = 0.03 %/min. One test (B2) was carried out with a
stepwise variation of the deformation rate over two orders of magnitude.
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Fig. 3.2: Five LSTT in MST on a weathered granodiorite from Grube Messel near Darmstadt,
Hessen, step | plotting the deviatoric stress vs. the total strain (here denoted &4 4¢) and
volumetric strain (here denoted ¢, 4s) respectively. Test B2 was carried out with stepwise
variation of the loading rate, which shall not be handled here.
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Fig. 3.3: Three of five LSTT in MST on a weathered granodiorite from Grube Messel near
Darmstadt, Hessen, step Il plotting the deviatoric stress vs. the plastic strain (here denoted
€1ges) @and volumetric strain (here denoted ¢, gs) respectively. Test B2 was carried out with
stepwise variation of the loading rate, which shall not be handled here.
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Fig. 3.4: Five LSTT in MST on a weathered granodiorite from Grube Messel near Darmstadt,

Hessen, step Il plotting of the modulus of elasticity E vs. the confining pressure o3 (ledt), step
IV plotting of the stress boundary condition

Fig 3.4 shows a good linearity of the stress boundary condition and the dependence
of the modulus of elasticity E from the confining pressure o3. Fig. 3.5 shows the strain
boundary condition which can also be described by an linear relation.
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