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Unconventional support assessment of mines in sedimentary bedrock
Applicability of rock classification systems in horizontally stored bedrock
JOHN BOBERG

JULIUS DETLOFSSON

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

Coal mining has been a huge industry ever since the industrial revolution but has
in more recent years started to be phased out as renewable energy sources have
been further prioritised by our society. In order to not let the vast knowledge
and experience of the coal mining industry fade, this study seeks to evaluate the
applicability of Coal Mine Roof Rating, CMRR, in other settings. The assessment of
the classification system is performed through a comparison to Rock Mass Rating,
RMR. Both systems are evaluated through a case study of the Kvarntorp mine,
a sedimentary sandstone mine in Sweden. The mine has been excavated through
room and pillar mining, resulting in horizontal rooms with pillars of rock between
them. The geological properties of the bedrock were partly gathered from older
investigations from the mine and partly through extrapolations and estimations
based on properties of rock in similar conditions. The Geological strength indez, GSI,
along with the Generalized Hoek-Brown failure criterion was utilised to characterize
the rock quality.

Two-dimensional finite element analysis was utilised to assess the system numer-
ically. Two models with differing approaches to evaluate joint sets and weakness
zones were created in the software RS2. The models were used to assess the stabil-
ity of 13 different scenarios, covering both the different classification systems and
the prospect of heightening the roof of the mine.

The behaviour of the two model types was very similar, showing no major discrep-
ancies. Their output indicates that the support recommendations from the clas-
sification systems don’t affect the vertical displacement of the roof or the general
behaviour of the model. However, the roof suffers from yielded elements and bolting
is necessary to control these loose blocks. The CMRR support recommendation is
deemed to be the most efficient alternative in the Kvarntorp mine but it requires
thorough assessment of any weakness zones in the mine. If the weakness zones are
hard to assess, the RMR support recommendation is deemed the safer alternative
even though it is potentially too conservative. As the study was only conducted for
the one case of Kvarntorp, these findings are not directly applicable in other settings
but may instead be considered as indicators for the potential to utilise CMRR in
sedimentary bedrock.

Keywords: coal mine roof rating, rock mass rating, Kvarntorp mine, sedimentary
sandstone, room and pillar mining, geological strength index, generalized Hoek-
Brown failure criterion, finite element analysis, RS2, support recommendation, bolt-
mng
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1

Introduction

This chapter serves as an introduction to the study and the topic it investigates. It
presents the origin and general structure of the work as well as necessary information
required to follow the report.

1.1 Background

Mining has been a large part of our society for generations. As an industry, it has
played a major role in shaping the world we live in today, but the world has also
shaped the industry itself. Technological advances and an ever-changing demand
of different types of ore have forced the industry to continuously evolve since it’s
appearance. The changing nature of the business coupled with the inevitability of
mines becoming depleted has led to over a million abandoned mines in the world
[1]. Oftentimes, an abandoned mine can prevent the land where it is located from
being put to other use [2]. As a result, several different ways of repurposing mines
have been introduced through the years in order to make use of the land domain. A
common approach spearheaded by mushroom grower Herman Knaust which came
in the 1950s was to turn the space into secure storage facilities [3]. In Kvarntorp,
Sweden, an old sedimentary sandstone mine was partly repurposed into a test site in
1992 by Atlas Copco (currently known as Epiroc) along with sandstone mining in a
smaller scale. Just 8 years later, the sandstone mining operations in the mine were
discontinued all-together which opened up the possibility of also using it as a secure
storage facility [4]. As of 2022, the mine is still being used for both of these purposes
and there are even plans to expand the operations. The safety and stability of the
mine is therefore still of high importance. As a result, Sweco has been contracted
to carry out continuous inspections of the mine in order to assess the integrity of it.

Another very common mining operation performed in sedimentary bedrock is coal
mining. Coal mining has been a major industry with thousands of workers for a
long time and it has in general been a very profitable enterprise. The large amounts
of resources have allowed the coal industry to develop effective methods and a more
streamlined process of assessing the integrity of a mine, thus simplifying the work
and reducing the amount of resources required. This is commonly done through
a classification system called Coal Mine Roof Rating, CMRR [5]. The system is
similar to other more well established systems such as Rock Mass Rating, RMR and
the NGI’s Q-system, which are more common practice in Sweden [6][7].
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However, ever since the beginning of the industrial revolution, the climate and the
global temperatures have been changing drastically. This is attributed to an increas-
ing amount of carbon dioxide in the atmosphere, which the use of fossil fuels such as
coal contribute significantly to [8]. This has led to new legislature and the public’s
opinion in general turning against such forms of fuel. As a result, coal mining is
being phased out in many parts of the world. Though, even if the industry itself
is fading, the long history and the accumulated knowledge that exist may still be
valuable. As sedimentary mines are repurposed and some form of operations are
continued, the need to easily be able to assess the stability of them remain. The
ability to utilise the already available classification system for coal mines, but in
another geological setting, would simplify the process immensely.

1.2 Purpose and Vision

The purpose of this study is to investigate if the CMRR classification system is
applicable outside of the coal mining industry and if it is able to streamline the
inspection and ongoing classification work that is is done by Sweco in Kvarntorp,
Sweden. This study aims to assess the following:

o Investigate how CMRR has historically been used for coal mines and how it
can be applicable to other situations

« Establish if CMRR can conveniently be utilised for the continuous assessment
of the Kvarntorp mine in Sweden

» Investigate shortcomings and strengths of CMRR compared to other classifi-
cation systems, existing structures and other support alternatives using finite
element analysis.

o Assess how finite element analysis can be utilised to compare rock classification
systems

1.3 System Boundaries

This study’s is made with stability as its main focus. The purpose is to examine
and evaluate different classification systems and their suitability in a sandstone mine
in Kvarntorp. Consequently, social and economical aspects will not be investigated
and evaluated thoroughly. Furthermore, mining strategies and performance will not
be taken into account to any large extent.

Several input parameters for the assessment have to be estimated or extrapolated
from already available test results or data. The scope and resources of this study
do not allow for extensive testing of the Kvarntorp site and consequently the study
will have to rely on what is already known. The effects of this are further discussed
in Section 5.1.

The assessment and comparison of the different classification systems will solely be
carried out using finite element analysis through the software RS2. The study will
not utilise traditional analytical methods in order to limit the scope of the study.
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Furthermore, the finite element analysis will be carried out in 2D and not 3D, even
if the mine is a 3D problem in reality. The effects of this are further discussed in
Section 5.5.

The models used for the finite element analysis will be limited in size to only include
three adjacent mine rooms, as the full mine is too large to model for the scope of
the study. Consequently, the study is to be considered as a case work that seeks to
represent the most common conditions present in the mine.
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Theoretical Frame of Reference

The following chapter will present the theoretical framework this thesis will base its
investigations on.

2.1 The Mining Process

Coal mining is done in one of two ways. Surface mining is done on shallow coal
deposits where the coal bed simply can be reached by removing the top soil. Miners
remove the soil in steps until the deposits are reached, which creates an open pit
mine where the coal can be excavated [9].

The other way of doing it is what is called underground mining or deep mining. This
is done in deposits that are far from the surface, usually several hundreds of meters
below the surface, which would make it impractical to dig down to such depths.
This way of mining is similar to how iron ore deposits are reached in the Swedish
LKAB iron mines in northern Sweden. Coal mines are generally reached by vertical
shafts or ramps to the depths where the deposits are located and then excavated
horizontally in a forward direction [9][10].

The alternative of deep mining is what is suitable to utilise CMRR for. Furthermore,
the sandstone mine in Kvarntorp is also a deep mine which is further described in
Section 2.5.1, hence why CMRR may be applicable.

2.1.1 Comparison to tunneling

Underground mining and civil constructions such as road tunnels do share a lot of
similarities. When mining underground it is common to use a vertical mine shaft or
a descending road to reach the ore or other desired natural resource. Well in place
at the correct depth, the miners then proceed to drive the extraction in a forward
direction in a similarly manner to how a tunnel face is driven forward. In other
words, miners create tunnels underground in the direction of the paydirt [11] [12].

The main difference between civil and mining rock construction is that mine open-
ings are temporary and are usually closed after the extraction has been completed,
where as tunnels usually are expected to function for decades. This puts further fo-
cus on making civil tunnel supports to be more resilient to corrosion and mechanical
damage than what is necessary for temporary mine openings [11] [13].
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As a result, when old temporary mines are closed but are planned to be re-purposed,
like in the case of Kvarntorp, the strength and the support over time needs to be
re-evaluated to revise the first intention of making the supports temporary.

2.2 Present Methods and Guidelines

Trafikverket (The Swedish Transport Administration) has a general guidelines for
rock structures called 'Projektering av Bergskonstruktioner’ (Design of Rock Struc-
tures). [14]. These in combination with the methods described i Eurocode are what
makes up the basis for any rock structure. Trafikverket has guidelines regarding
design, construction and maintenance where they both state demands and general
guidelines which are developed by themselves. Furthermore, national legislation is
always binding if any conflict of the two would occur [14].

The process of anchoring a weak roof into an overlaying stronger layer is described
in Trafikverkets guide [14], but there are no such guidelines in regards to using bolts
where the layers are of the same strength and width as described in section 2.2,
described by Bjurstroms and Heimersson in their report [15].

However, in TRVK Tunnel 11 which is Trafikverket’s specific guidelines for road
and railway tunnels, pre-tensioned bolts are described. The demands specified in
TRVK 11 are for untensioned bolts in general as well as pre-tensioned with a tensile
strength less than 800 MPa. Other bolts can be used, but if they are not described in
AMA (Guidance for the preparation of particular conditions for Building and Civil
Engineering Works and Building Services Contracts) a specific set of regulations and
specifications must be assessed [16].

Such requirement specifications are not limited to but must include [16]:

o Methods for reaching desired stability, durability, protection against water
leakage, protection against freezing damages as well as over all safety in the
tunnel

e Methods for verifying the fire-safety in the tunnel
e Material requirements

o Environmental impact and methods to minimize it
e Methods for the construction phase

o Methods used for inspections and verifications

e Description for how future use and maintenance will be performed.

A proposal with special regulations and specifications shall then be approved by
the developer. The bolts described in TRVK 11 are required to have a minimum
diameter of 20mm and the use of any type of bolts for permanent reinforcement
requires verification that the bolts meet the requirements for stability and durability

[16].

6
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2.2.1 Roofs with a strong overlaying layer and untensioned
bolts

When bolting in roofs where stronger layers are located above the tunnel roof the
preferred method is to drill a hole in the roof and fasten the bolts in the stronger
layer and letting the weaker roof rest on the bolts. This is illustrated in Figure 2.1.
The bolts are usually not pretensioned and rely on the roof deformation in order to
activate [15]. Furthermore, this method does not take the strength of the rock itself

into consideration [14].
/I//l Strongﬁyerl /
| Weak |Layer

Tunnel

Figure 2.1: Bolting in strong layer

Trafikverket has guidelines for how calculations are to be performed. The method
described here is derived from their guidelines 'Projektering av Bergskonstruktioner’
[14]. The method only considers the actual weight of the weak rock and therefore the
fundamental idea is to determine that the design load is smaller than the strength
of the bolts.

Wd < As : fyd (21)

Where A, is the cross section area of the bolt and W} is the design load and can be
expressed by:

Wa=Wx 74 YGdst (2.2)

Yaast and 4 are safety coefficents from Table 2.1. Wy is the characteristic load and
calculated according to:
Wy=51-S2-h-g-p (2.3)

where :
h = weight of the weak rock /m/
g = gravity coefficient
p = the density of the rock [kg/m3/
S; = distance between the bolts in the tunnels lengthwise direction/m/

Sy = distance of the bolt in the tunnels cross-section width /m/
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fya is determined by:
fie

Jya =
Yy /75

(2.4)

where :
vs = partial coefficient for different materials purposes interpreted
from the most fitting parameter in Table 2.1

fyx = characteristic tensile capacity of steel [MPa/
Equations 2.1, 2.2, 2.3, 2.4 can then be used to create the following expression:

Table 2.1: Table of partial coefficients yq.qst Va

Partial coefficients
Intended design YGdst
Permanent, unfavorable load | 1.1
Exceptional -
Safety class Yda
2 0.91
3 1.0

2.2.2 Roofs with homogeneous layers above

It is not possible to anchor bolts in a stronger layer located above when all layers
are of the same thickness and strength, since all layers are of equal bearing capacity.
This is common in tunnels and mines constructed in sedimentary rocks such as coal
mines. Instead pre-tensioned bolts that compress the layers located above are used
in order to create a unified laminated beam that functions as the roof. The bolts
needs to be protected against corrosion depending on how permanent of a structural
element they become. [15]

Tunnel

Figure 2.2: Bolting in weak and uniform layers
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2.2.3 Bolts in Kvarntorp

Based on a site visit at the Kvarntorp mine it was determined that all bolts, new
and old, were bolted in a pattern as shown in Figure 2.3. This systematic bolting
continued throughout the mine except in some minor locations where extra bolts
had been fitted. The old bolts that were originally fitted had served their lifespan
and replacement bolts have been fitted in most of the active test facilities and stor-
age rooms, in almost the same location and in the same pattern.

No bolts in the mine are tensioned [17]. Even though the mine does not have a strong
uniform layer above the roof, as described in Section 2.2.1, to support passive bolts
it is still the preferred method. The way that this bolts are fitted is by grouting the
entire length of the bolt and creating a firm surface for the bolt to adhere to.
Since the bolts are fully grouted, the support they provide is based on adhering
the layers together instead of compressing them together into a sort of beam as
described in Section 2.2.2.

11m

Figure 2.3: The existing bolt patterns in the Kvarntorp mine

2.3 Rock Classification Systems

Nowadays, highly sophistical methods that are used to classify rock strength through
numerical analysis exist. In general, these methods are desirable when they are pos-
sible to use. However, tasks oftentimes become so complex that it is not feasible to
model the problem through numerical analysis. Instead, there are different, more
convenient methods available that are largely built on prior knowledge and experi-
ence. What has worked before and what will most likely work again? In order to
compile and assess several years of accumulated experience, different classification
schemes have been introduced. These systems look to attribute numerical values to
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rock mass properties that are deemed to influence the behaviour of the rock. The
values are combined into a total rating for the rock mass, which signify what design
is necessary [11]. Design aspects that have been evaluated through such systems
include:

» Stable spans of unsupported excavations

o Stand-up times of given unsupported spans
» Support requirements for various spans

o Cavability

o Stable pit slope angles

« Hanging wall caving angles

o Fragmentation

While these systems offer a conventional and simple approach to assessing the neces-
sary support, there are also major shortcomings that need to be taken into account.
In particular, trustworthy results are only received when the application of the sys-
tem is in line with the rock masses and circumstances that it was initially developed
for. If the circumstances are different, the systems may instead lead to faulty or even
disastrous results [11]. Among these systems, the most prominent and commonly
used are Bienawski’'s RMR-system and Bartin et. al’'s Q-system [6][7]. While they
have very much in common, their intended uses vary slightly as they were developed
using data from different circumstances. Furthermore, within coal mines the most
prominent system is the Coal Mine Roof Rating, which will also be described in this
section [5].

2.3.1 Rock Mass Rating, RMR

The Rock Mass Rating, RMR, was developed using data from excavations in sed-
imentary bedrock in South Africa [11]. The first widely used version of it was
presented in 1976 by Bieniawski, who also later updated the system in 1989 [14] [6].
It consists of the following five parameters.

1. Strength of intact rock material is the uniaxial compressive strength of
the intact rock [11]. It is defined as the strength measured on rock specimen
with a diameter of 50mm and can be assessed through the following tests [14]:

o Uniaxial test

» Point-load tests

e Results from prior tests in the same or similar rockbed
e Index-testing through ISRM standard

2. Rock Quality Designation, RQD, is a quantification of the discontinuity
spacing. It can either be determined through drill core mapping or calculated
through Equation 2.6 and 2.7 [14].

RQD = 100" . (0.1A + 1) (2.6)

A=1/z (2.7)

10
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where T is the average distance between discontinuities measured in meters. In
the case of A values between 6-16 per meter, RQD can be calculated through
Equation 2.8 [14].

RQD = —3.68)\ + 110.4 (2.8)

3. Spacing of Joints indicates the perpendicular average distance between joint
sets in the rockbed [14]. The term joints is used to describe all discontinuities
in this context [11]. Furthermore, the rating acquired from this parameter is
intended for a rockbed with three joint sets. The determination of the rating
should be treated conservatively if the amount of joint sets is less than three
and an increase of the rating by 30% is adviced in such cases [14].

4. Condition of Joints indicates the aperture or separation between disconti-
nuities as well as their continuity or persistance, their surface roughness and
the character of any in-filling material [14][11].

5. Groundwater Conditions represent the groundwater conditions in the bedrock.
A forecast of the groundwater flow or pressure can be made through hydro-
logical investigations or groundwater modeling. In this case, the groundwater
condition can be described and rated by inflow per 10 meter tunnel length.

If this is not feasible it can instead be determined through the ratio between
joint water pressure to major principal stress or by a qualitative observation
to determine general conditions [14][11].

The rating value for each of these parameters is obtained through Table A.1. The
actual rock mass rating is obtained by adding these parameter values together as
per Equation 2.9.

RMR =Ry + Ry + R; + Ry + R; (2.9)

This rating can be adjusted to take into account the influence of the rock disconti-
nuities orientation through the corrections described in Part B of Table A.1. The
expressions used in this part of the table are further explained in part F. The values
from Part B are added to the rock mass rating but as they are negative they will
reduce the rating. This table further shows how to make use of the total rating.
The class assigned to rock mass from it’s total rating is described in Part C on a
scale from ’very poor rock’ to 'very good rock’. Part D shows an interpretation of
the rating through average stand-up time for underground excavations as well as the
cohesion and friction angle of the rock mass [11]. Furthermore, assistive guidelines
regarding the classification of discontinuity conditions are found in Part E.

The support recommendation acquired from RMR is dependant on the rating itself.
Figure 2.2 shows the recommendations based on the rating.

11
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Table 2.2: Recommended support based on the rock mass rating [6]

Support
Rock q Rock bolts
mass class IR (20 mm diam., fully Shotcrete Steel sets
bonded)
1. Very good rock | Full face: Generally no support required except for occasional spot bolting
RMR: 81-100 3 m advance
2. Good rock Full face: Locally bolts in crown, 3 | 50 mm in crown | None
RMR: 61-80 1.0-1.5 m advance, m long, spaced 2.5 m where required
Complete support 20 m from | with occasional wire
face mesh
3. Fair rock Top heading and bench: Systematic bolts 4 m 50-100 mm in None
RMR: 41-60 1.5-3 m advance in top long, spaced 1.5-2 min | crown, and 30
heading; crown and walls with mm in sides
Commence support after wire mesh in crown
each blast;
Commence support 10 m
from face
4. Poor rock Top heading and bench: Systematic bolts 4-5m | 100-150 mm in Light ribs spaced
RMR: 21-40 1.0-1.5 m advance in top long, spaced 1-1.5 min | crown and 100 1.5 m where
heading; crown and walls with mm in sides required
Install support concurrently | wire mesh
with excavation - 10 m from
face
5. Very poor rock | Multiple drifts: Systematic bolts 5-6 m | 150-200 mm in Medium to heavy
RMR < 21 0.5-1.5 m advance in top long, spaced 1-1.5 min |crown, 150 mm | ribs spaced 0.75 m
heading; crown and walls with in sides, and 50 | with steel lagging
Install support concurrently | wire mesh. Bolt invert mm on face and forepoling if
with excavation; shotcrete as required. Close
soon as possible after invert
blasting

2.3.2 Q-System

The original version of the Q-system was presented in 1974 by Barton, Lien and
Lunde [7]. It was developed with the aim of being able to estimate support require-
ments for tunnels in hard rock in Scandinavia [11]. The five original parameters
have remained since then, with a new parameter called Stress Reduction Factor,
SRF, added in 1993 [18]. While the parameters remained the same, the system was
further updated by Barton in 2002 [14][19].

The six parameters used in the Q-system are presented below.

1. Rock Quality Designation, RQD, is assessed as presented in Section 2.3.1.
It is advised to be assessed in three perpendicular orientations, with several
measurements in each direction, using the average value of RQD in each direc-
tion for the final assessment of Q [11]. It is further described by the Norwegian
Geotechnical Institute that for weakly consolidated or strongly weathered non-
cohesive material, for example clay, RQD should be valued as 10. This is the
case even if no discontinuities are found, as the whole material is to be con-
sidered as a weakness zone [20].

2. Joint Set Number, J,,, represents the amount of joint sets in the rock mass.
It can vary between 0.5 for massive rock with few or no joints and 20 for
disintegrated rock [11]. It is also influenced by the foliation, schistosity and

12
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the layering of the rock. The value for J,, only take into account joints that
define blocks in the rock mass [14].

3. Joint Roughness Number, J,, represents the roughness of the joints. It
can vary between 0.5 for sleek planar joints to 4 for discontinuous joints [14].
The roughness is to be determined in the direction where gliding is the most
probable and shall be determined for the least favourable joint set in terms of
stability with both orientation and shear resistance in consideration [19].

4. Joint Alteration Number, J,, represents the condition or alteration degree
of the structures in the rockbed. It can vary from 0.75 for tight, healed,
rigorous, non-softening and impermeable filling materials up to 20 for thick,
continuous zones or bands of clay [14] [11].

5. Joint Water Reduction Factor, J,, represents the groundwater or inflow
of water into the tunnel or rock structure. In some cases it can be determined
in an early stage through geological interpretations and hydrogeological inves-
tigations. It is commonly determined as the tunnel is driven forward as it is
more conventional. As a result, the pre-grouting affects the value of J,, and
therefore also the final Q-value. Furthermore, the inflow into the tunnel may
vary with time as cracked or broken material is washed away and if the tunnel
or room is close to the surface it may vary with the season. The value of J,,
can vary between 0.05 for exceptionally high continuous inflows without any
noticeable decrease by time to 1.0 for dry or minor inflows such as moisture
or occasional dripping [14][11].

6. Stress Reduction Factor, SRF, is a factor that corresponds to the effect of
stresses acting on the rock mass. It varies between 0.5 for high stress but tight
rock structure conditions without any noticeable decay and 400 for heavy rock
burst conditions or heavy squeezing rock pressures and instantaneous dynamic
deformations in the rock [11]. The factor is determined by establishing what
the current rock mass condition is from four main conditions:

o Weakness zones that cross, and are deemed to influence, the stress-

conditions around the tunnel or rock structure

o Capable rock with rockstress issues

e Creeping rock that shows time-based deformation or behavior

o Swelling rock caused by clay minerals in contact with moisture
As a main condition has been established for the rock, there are further more
detailed classification conditions that are used to find the final value of SRF
for the rock [14].

The Q-value is calculated through Equation 2.10 using the values garnered for each
parameter. In the equation the parameters are paired together two and two, forming
three different parts that each represents a part of the rock quality. % represent

the block size, j—; represent the frictional shear strength between blocks and &fWF

represent the active stress. If a part is deemed irrelevant it can be taken out of the
equation [14].

Q= . (2.10)

13
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The Q-value is then used to determine the required rock support through Table
2.3, with the Q-value represented on the x-axis. The y-axis is calculated through
Equation 2.11, where ESR is a factor dependent on the safety requirements of the
underground opening. A low ESR value indicates that a high level of safety is
necessary while a low value indicates that a lower safety level is acceptable.

_ Span or height in meters

y = SoR (2.11)

14



2. Theoretical Frame of Reference

Table 2.3: Permanent support recommendations based on Q-value and span/ESR

@ Unsupported or spot bolting

@ Spot bolting, SB

@ systematic bolting, fibre reinforced sprayed concrete, 5-6 cm, B+8fr
@ Fibre reinforced sprayed concrete and bolting, 6-9 cm, Sfr (E500)+B
® Fibre reinforced sprayed concrete and bolting, 9-12 cm, Sfr (E700)+B

® Fibre reinforced sprayed concrete and bolting, 12-15 cm + reinforced
ribs of sprayed concrete and bolting, Sfr (E700)+RRS | +B

@ Fibre reinforced sprayed concrete >15 cm + reinforced ribs of sprayed
concrete and bolting, $fr (E1000)+RRS 11+B

Cast concrete lining, CCA or Sfr (E1000)+RRS Ill+B
©® Special evaluation

Bolts spacing is mainly based on @20 mm

E = Energy absorbtion in fibre reinforced sprayed concrete
ESR = Excavation Support Ratio

Areas with dashed lines have no empirical data

[20]
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0.001 0.004 0.01 0.04 0.1 0.4 1 4 10 40 100 400
Rock v Q rR@D JJ,
ock mass quality @ = 0 X ) X SRF
Support categories RRS - spacing related to @-value

§i30/6 @16 - @20 (span 10m)
D40/6+2 @16-20 (span 20m)

=

Si30/6 =Single layer of 6 rebars,
30 cm thickness of sprayed concrete

Si35/6 @16-20 (span 5m)
D45/6+2 @16-20 (span 10m)
D55/6+4 @20 (span 20m)

D40/6+4 @16-20 (span 5 m)
D55/6+4 @20 (span 10 m)
Special evaluation (span 20 m)

D =Double layer of rebars
@16 =Rebar diameter is 16 mm
c/c =RSS spacing, centre - centre
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2.3.3 Coal Mine Roof Rating, CMRR

Coal Mine Roof Rating was developed in the mid nineties as a way to combine site
characterization and engineering design. The driving forces behind it were similar
to other classification systems like RMR and Q), in that it tries to make a complex
problem more comprehensive. It utilizes the shared and accumulated experience
and knowledge of what works and what does not in order to streamline any initial
design plans for supports underground [5].

CMRR works in two parts, first it characterizes the different layers, which are called
units in the rating system. The units assessed are all within the span of the bolt
length. Each unit is then given a unit rating "UR". The unit rating consists of
different parameters that are added together. The ratings are based on Table 2.4 -
2.7. The final UR is the sum of all the individual rating as per Equation 2.12. To
manage and present the observations and test results for the CMRR classification
the chart seen in A.1 can be used.

UR = UCS Rating

+Discontinuity Intensity Rating
+Discontinuity Shear Strength Rating (2.12)

~+Multiple Discontinuity Adjustment

+Moisture Sensitivity Deduction

Table 2.4 shows which CMRR-rating that corresponds different compression strengths.
Either from conventional laboratory compression tests or by assessing it from the
indentation a ball peen hammer makes in the rock when hit. See Figure A.1 for
visualization of the indentations.

Table 2.4: Uniaxial compression strength ratings and ball peen hammer approxi-
mations recreated from [5]

Ball Peen Hammer Williamson UCS CMRR UCS CMRR

Classification Range [MPa] Range [MPa] Rating
Molds <7 14 5
Craters 7-21 14-35 10
Dents 21-56 35-70 15

Pits 56-105 70-120 22
Rebounds 105 120 30

Table 2.5 gives the user a CMRR-rating based on the observation of the joints and
the cohesion within them. To test the cohesion, one can use a hammer and a chisel
and based on how much force in necessary, one can then assess how strong the
cohesion would be and receive a CMRR-rating from the table. If the bedding is
without joints or discontinuities it is possible to apply the test to the intact rock
mass. 5]

16
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Table 2.5: CMRR-rating for Bedding/Discontinuity recreated from [5]

Roughness Cohesion
Strong Moderate Weak Slickensided

Jagged 35 29 24 10
Wavy 35 27 20 10
Planar 35 25 16 10

Table 2.6 is linked to the moisture sensitivity and presents a corresponding CMRR-
rating to both and immersion test as well as a slake durability test. Note that this
CMRR-rating is negative and is thus used as a reduction.

Table 2.6: Moisture Sensitivity Classes and ratings from both immersion and slake
durability tests recreated from [5]

Moisture Sensitivity Rating Immersion Slake Durability
Class Adjustment Index Index

Not sensitive 0 0-1 98-100

Slightly sensitive -3 2-4 92-98

Moderately sensitive -7 5-9 80-92

Severely sensitive -15 9 80

Table 2.7 creates a rating based on the persistence and spacing of the discontinuity
of the rock mass. As an example: If a joint set is longer than 3m (has a persistance
of >3m) and the individual joints within the set are spaced by one meter, then the
rating would be 25.

Table 2.7: Bedding/discontinuity intensity rating for underground data recreated
from [5]

Spacing
Persistence | >1.8 [m] 0.6-1.8 [m] 0.2-0.6 [m] 60-200 [mm] <60 [mm)]
0-1 [m] 35 30 24 17 9
1-3 [m] 32 27 21 15 9
>3 [m] 30 25 20 13 9

The second part is to calculate the roof rating. These units are weighted together
in order to create the thickness weighted average called RRW, calculated through
Equation 2.13 [5].

URy-L1+URy-Ly+UR;3- L3
Ly+ Lo+ Ls

RRW = (2.13)

Where:
Lbolt = L1 + L2 + L3 (214)

Ly, L3, Ly are the actual thickness of the layers unless any layer thickness exceeds
the bolt length. In that case the last L will be the remaining length of the bolt as
illustrated in Figure 2.4
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LAYER 3
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L3
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LAYER 2
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LAYER 1

Figure 2.4: Illustration of how the layer thickness is included in CMRR

To get the final CMMR-rating, different reduction indexes are added to the RRW.
An example of this is the moisture reduction seen in Figure 2.6.

To then utilize the CMRR in practical support applications in determining the
preliminary support (PRSUP) Equation 2.15 is used [21].

Lbolt : Nb : Cc

PRSUP = bt b ~e
rSU 14.5-Sp - W,

(2.15)

Lyoix = length of the bolt /m/
N, = number of bolts per row
C. = capacity [kNJ
Sy, = spacing between rows of bolts [m/
W, = entry width /m/

An empirical study found that the value for PRSUP in order to solve for the desired
parameter was: [21]

e PRSUP =15.5-0.23-CMRR (Low cover)

e PRSUP =17.8—-0.23- CMRR (High and moderate cover)
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2.3.4 Geological Strength Index, GSI

The original Geological strength index was first introduced in 1994 and 1995 by Dr.
Ewert Hoek and Hoek et. al respectively [22]. It is a rock characterization and
classification system, which was originally intended to make it possible for educated
observations to be represented as a numerical value [23]. The system uses a chart to
determine the GSI-value. The original chart has seen some changes over the years
but has in general stayed the same. The one published by Hoek and Marinos in 2000
can be seen in Figure A.2. The GSl-value received is a numerical value between 0
and 100, where 100 represents completely intact and structurally sound rock. This
value is then utilized in the generalized Hoek Brown failure criterion to calculate the
principal stresses and plotting the failure plane. Unlike the Mohr-Columb failure
criterion, the Hoek-Brown criterion is nonlinear.

Unlike the other rock mass classification systems such as the Q-system and the
Rock Mass Rating system (RMR), the Geological strength index does not suggest
anchoring and supports directly. As mentioned earlier, GSI is merely a method to
visually observe the surroundings and make it applicable to the the Hoek-Brown
failure criterion in order to calculate the failure plane.

What makes the GSI system quite hard for inexperienced engineers is that the
descriptive axis of the chart may seem arbitrary which can lead to a misuse of the
system if its outputs are used directly in numerical models [24].

2.3.5 Generalized Hoek-Brown

The Generalized Hoek-Brown failure criterion is expressed by the following Equa-
tions 2.16 through 2.19 [22].

/

o) =0+ 0w (my—2 + 5)° (2.16)
Oci
my = m; - e S5-TiD) (2.17)
s = e (2.18)
1 GSI/15 —20/3
a=—-+—(e —e ) (2.19)

2 6
where :

oy = the major effective principal stress at failure MPa
o4 = the minor effective principal stress at failure MPa
m; = material dependent Hoek-Brown parameter

0. = unconfined compression strength MPa

D = disturbance factor

The disturbance factor D is linked to how well or rather how much the excavation
itself affects the surrounding of the tunnels. D spans from 0 to 1 depending on
the quality of the excavation where D=0 represents perfectly executed blasting with

19



2. Theoretical Frame of Reference

minimal influence of the surrounding rock or excavated with a road-header tunnel
boring machine in good quality rock. Values closer to 1 is used for worse performed
blasting in lesser quality rock. Where damage from the blasting extends around
2-3m into the existing rock structure [22]. The variable is sometimes simplified to
simply 0.5 [22].

m; is a material dependent constant and can be derived from the ratio between the
compressive and the tensile strength of the rock [22].

Figure 2.5 shows how the the failure surface looks like after utilizing the GSI-value
in the Hoek-Brown failure criterion. It also shows the relation between tension and
compression and failure would occur.

35 T T T T T T T T T

30

95 Hoek-Brown Failure Surface

20

o, [MPal

15

10

o, [MPa]

Figure 2.5: Schematic illustration of how the Failure Surface looks in the non-linear
failure criterion.

In figure 2.5, oy is plotted as a function of o3 using equation 2.16. This assumes that
o1 always will be greater than o3. Stresses above the line are not possible and failure
will occur along the line. Every stress value that occurs underneath the graph will
not result in failure.
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2.3.6 Area of use for RMR and Q-system

In a study conducted to find differences and similarities between the most common
classification systems for rock, the Q-system was found to be the most sensitive to
variations in parameters. Though, it was also found to be the simplest and most
convenient to use [25]. However, the Q-system was created for use in hard rock
in Scandinavia, while the RMR system was created for sedimentary rock similarily
to CMRR [6][7]. Furthermore, RMR is more commonly used in mining studies
compared to the Q-system [26].

2.4 Numerical Analysis

The numerical analysis utilises the Finite Element Method (FEM) through the soft-
ware RS2, created by Rocscience. The software is suitable for both mining and civil
applications [27].

2.5 Existing Conditions in Kvarntorp

This section presents the geological foundation of the Kvarntorp area and the mine
itself. The data used in this chapter has been compiled of archived material from
Sweco, publicly available data from the Swedish Geological Research, SGU as well
as observations from a study visit to the mine by the authors. Furthermore, several
tests where performed on rock from the site in order to garner the necessary input
data. The theoretical context of the tests is presented in Section 2.6, while the
detailed execution of the tests is outlined in Section 3.1.

2.5.1 Geological foundation

The area around the Kvarntorp mine consist of shale clay and sandstone as described
in Section 1.1 [28] [29]. Eight boreholes were created for the initial geological investi-
gations performed in 1980 for the mining operations and their location is mapped in
Figure 2.6. These boreholes and the data collected from them were used to evaluate
the thickness of the different layers as well as their geological characterization [29].
A cross section of the geological foundation in the Kvarntorp area is illustrated in
Figure 2.7. The sandstone that is mined is a type called lingulid sandstone which is
located upon a layer of mickwitzia sandstone, which is a common geological struc-
ture around the area of Kvarntorp [30]. The mickwitzia sandstone is reported to be
sensitive to water as it may significantly reduce it’s strength. However, it is also
reported that there is a relatively low inflow of water from overlaying layers due to
the impermeable nature of the clay shale. Furthermore, above the layer of lingulid
sandstone there is a layer of phosphorite sandstone, with a thickness varying between
1.20 and 2.50 meters [29]. As the lingulid sandstone layer is of highest relevance
in this study, it will from here on simply be referred to as the sandstone while the
other two will be referred to with their respective full name.
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Figure 2.6: Satellite image of the Kvarntorp area with boreholes 1-11 mapped

Within the sandstone layer, slightly different properties were found at different
depths. This affected the mining operation as it was only economically viable to
mine the sandstone of the highest quality. As a result of this, the geological in-
vestigations carried out for the mining operations had the sandstone layer divided
into five different sublayers, which are illustrated in Figure 2.7. In the material it
is described that sandstone layer 4 and 5 were deemed profitable to mine. Further-
more, these two layers are separated from the above sandstone by a segment of gray
striped sandstone. This segment is apparent in all eight boreholes and the thickness
of it varies between 0.03 and 0.17 meters. Therefore, it is also an indicator as to at
what depth the mine tunnels have been excavated [29].

The geological properties of the different sublayers are presented below.

Sandstone Layer 1 (SL1) consists of fairly light to light fine-grained sand-
stone with slightly gray features. It has local additions of phosphorite in the
top parts of the layer as well as occasional bands of shale clay. The thickness
of the layer varies from 0.7 to 1.2 meters.

Sandstone Layer 2 (SL2) consists of varied layers of sandstone and shale
clay in different proportions as well as sandstone with grains of clay (mainly
in the lower parts). The thickness of the layer is 0.2 to 0.5 meters in boreholes
1 and 8 while it varies between 1.0 to 1.6 meters in boreholes 2-7.
Sandstone Layer 3 (SL3) mainly consists of fairly light to light fine-grained
sandstone with few sporadic layers of shale clay. The layer also contain a seg-
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ment of gray striped sandstone in its bottom part, which form the boundary
to the mineable sandstone underneath in all eight boreholes.

Sandstone Layer 4 (SL4) mainly consists of light fine-grained sandstone
with very minor additions of clay. The thickness of the layer varies between
1.6 and 2.7 meters. This layer is the first layer after the gray striped sandstone
segment.

Sandstone Layer 5 (SL5) consists of clay-layered light fine-grained sandstone
with varying density between the clay layers. The clay-layering is particularly
prominent in the lower parts of the layer and even more so in borehole 7 and
8.

The thickness of the profitable sublayers of sandstone varies, as can be seen in
Figure 2.7. Table 2.8 presents the total thickness of the profitable sublayers for each
borehole. The average thickness of the boreholes is calculated to 4.9 meters.

. Overlaying soil

. Phosphorite

Sandstone 1

3] Sandstone 2

Sandstone 3

6 Sandstone 4

~
1

"""" = [~ i Sandstone 5

I

Mickwitzia

Figure 2.7: The soil and rock layers in Kvarntorp from boreholes created in 1980
[29]

2.5.2 Mine geometry

The mine in Kvarntorp has been shaped after the existing geological foundation de-
scribed in Section 2.5.1. The principle of the excavation process is characterized as
room and pillar mining, where the mined sandstone is extracted across a horizontal
plane forming horizontal rooms with pillars of untouched rock between them [31].
In the Kvarntorp mine the pillars are not split up but instead shaped as a long rect-
angular wall along the rooms, as illustrated in Figure 2.8 [29]. This mining process
is most suitable for deposits that are located in flat horizontal stratum as is the case
with the sandstone in Kvarntorp [32]. Furthermore, it is specified that the bearing
capacity is designed for the full operational period. This time period has passed and
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Table 2.8: Thickness of the profitable sandstone for each borehole

Borehole | Thickness [m]
4.75
5.28
4.76
4.65
5.06
4.61
5.15
4.90

O || T = | W DN~

new reinforcement through renewed bolts has therefore been implemented [29].

P r - =7

|§oo:u mz—§|

Figure 2.8: Illustration of the excavation rooms and pillars in the Kvarntorp mine

In the archived investigation material it is reported that the mickwitzia sandstone
is very sensible to moisture as it can reduce it’s strength significantly. Therefore it
was determined that a 0.3m thick layer of the profitable sandstone was to be left
above the boundary to the mickwitzia sandstone. As a result, the height of the mine
tunnels would consequently be 4.6 meters as the average thickness of the profitable
sandstone is 4.9 meters. However, in a later investigation carried out in 1990 of the
mine, the height is referred to as 5 meters. It is unclear if this is a simplification for
the calculations or if the height actually ended up as 5 meters in the mine. However,
in this study, a height of 5 meters will be used as this is the latest available data
[29]. The thickness of the pillars was determined to 6 meters, which coupled together
with their long rectangular formation establish a large pressure area. This reduces
the specific load on the mickwitzia sandstone and consequently deformations in it.
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Furthermore, the roof span in the mine is reported as 11 meters with a flat roof
shape. The full geometry of the mine tunnels is illustrated in Figure 2.9.

,\,

P

el

Figure 2.9: 3D sketch of a typical mine section
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2.6 Laboratory Tests

Two tests were performed in the materials laboratory at Chalmers University of
Technology to gather input data for the study. These two tests were a slake durabil-
ity test and an immersion test. Furthermore, a point-load test was performed at the
Sweco office in Gothenburg. The theoretical context of these tests will be presented
in this section.

2.6.1 Point load test

Point load tests are used to determine the uniaxial compressive strength of rock. It
is widely used due to the simplicity to perform it as it is an index test that requires
little equipment. It is also capable to be used on specimens of various sizes, usu-
ally between 1.5 to 10 centimeters, and requires little to no specimen preparation.
Due to the simplicity of the test it can easily be performed on-site and it is also
simple to perform multiple tests. The shape of the specimen decides what type of
point load test is to be performed. There are four commonly used types which are
diametral, axial, block lump and irregular. The deciding factor for which type of
test is the most suitable is the geometry of the available specimens. In the case
of Kvarntorp, the available specimens are cylindrical, which is suitable for the di-
ametral tests. Hence, only the diametral test type is further discussed in this report.

During a point load test a rock sample is subjected to compression between two
conical steel units until it fails. The test apparatus is equipped with a loading
measurement system and a system to measure the distance between the two steel
units. It is deemed that the load measurements are accurate to at least 5%.
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In a diametral point load test the dimensions of the specimen are crucial. The
total length of the specimen must be twice as long as the diameter, as illustrated in
Figure 2.10. The specimen is placed in the apparatus perpendicularly in order for
the steel points to touch the specimen along its diameter. The distance between the
steel points is measured, which should be equal to the diameter, before the sample is
uniformly loaded until it breaks. Furthermore, anisotropic materials should be tested
both parallel and perpendicularly to the anisotropy planes in order to determine
maximum and minimum strength. As the sedimentary bedrock in Kvarntorp is
anisotropic, this applies to this study [33][34].

L/D>0.5

Core sample

T

Figure 2.10: The required shape of specimen for a diametral point load test [35]

2.6.2 Immersion test

Immersion tests are used to determine the specimen’s sensitivity to moisture or
water [5]. It is performed on either one or multiple specimens and each part of the
test is observed and given a score as in the data sheet shown in Figure A.3. The
specimen(s) is first tested for hand-breakability. It is then rinsed to remove any dirt
or dust on it, before being placed into water for 1 hour. The water and specimen(s)
is observed as the specimen(s) has been raised from the water. The appearance
of the water, the talus formation and the cracking of the sample is determined
and rated according to Figure A.3. These ratings summed up determine the total
immersion index. In order to observe changes in the breakability of the specimen(s),
it has to be retested for hand-breakability. The change in breakability determine
the breakability index. The final test index to be used is the greater of the total
immersion index or the breakability index [5].

2.6.3 Slake durability test

Slake durability tests are used to determine how sensitive rock is towards water
and erosion. It is performed on ten samples that each weight approximately half a
kilogram (0.4kg - 0.6kg). The test is based on repeated wetting, drying and abrasion.
The samples are dried in an oven and weighted before being rotated in a cylindrical
metallic drum partially submerged in a waterbath for 10 minutes. This process of
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repeated wetting and drying causes moisture or water sensitive rock to fracture or
break down. The test can be used to determine the natural moisture content as
well as a slake durability index. The natural moisture content is calculated through
Equation 2.20 and the slake durability index through Equation 2.21, with the latter
being the ratio between the initial dry weight and the final dry weight expressed in
procent which is utilised as an input parameter in CMRR [5].

A-B
YT B.C

- 100 (2.20)

where :
w = percentage of water content
A = mass of drum and samples at natural moisture content
B = mass of drum plus oven-dried samples before first slake durability cycle

C = mass of drum

spr— Vi-B

.100 (2.21)

where :
SDI = slake durability index
W = mass of drum and oven-dried samples retained after the second slake
durability cycle
B = mass of drum plus oven-dried samples before first slake durability cycle

C' = mass of drum

The full procedure of the test based on the established procedure by ASTM Inter-
national is listed below [36].
1. Weigh the drum.
2. Place the samples in the drum and weigh the drum and samples together.
3. Dry the drum with the samples in an oven for 16 hours or to a constant mass.
Take out the drum and let it cool for 20 minutes.
4. Weight the drum and the samples together again.

Calculate the natural water content using Equation 2.20.

6. Fill the water basin with distilled water at a temperature of 20°C. Mount the
drum in the water basin and to the rotation motor so that 60mm of the drum
is below the water surface.

7. Perform the first slake durability cycle by rotating the drum for 10 minutes at
a speed of 20 rpm.

8. Remove the drum immediately as the slake durability cycle is completed and
dry it in the oven for 16 hours or to a constant mass again. Weigh the drum
and samples after drying.

A

27



2. Theoretical Frame of Reference

9. Repeat steps 6-8 again to obtain a final mass.
10. Calculate the slake durability index using Equation 2.21.
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Methods

The method of this study evolved from the purpose to evaluate the applicability
of CMRR in sedimentary bedrock. To achieve this, it was considered necessary to
make a comparison between CMRR and the existing reinforcement system in Kvarn-
torp. To further broaden the scope of the comparisons, it was deemed appropriate
to also include another classification system into the study. To fully comprehend
the available classification systems as well as the existing reinforcement system in
Kvarntorp a thorough investigative literature review as well as an observational site
visit was carried out, which is presented in Chapter 2.

RMR is deemed to be the classification system that is most suitable to compare to
CMRR, as described in Section 2.3.6. Consequently, both CMRR and RMR were
evaluated for the Kvarntorp mine in order to retrieve the support recommendation
appurtenant to each system, which is described in Section 3.2.2 and 3.2.1. The exist-
ing support system in Kvarntorp as well as the support recommendations obtained
from the classification systems were then analysed through finite element simula-
tions, described further in Section 3.3 and 3.4. Furthermore, GSI and Generalized
Hoek-Brown were used to model the characteristics of the existing bedrock. The
purpose of the finite element analysis was to observe deviations between the meth-
ods and from that establish which method is the most representative and suitable
for rock construction in sedimentary bedrock.
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3.1 Laboratory tests

Three laboratory tests were performed for this study, a slake durability test as well
as an immersion test that was performed in Chalmers laboratory as well as point
load tests at Sweco office in Gothenburg. The execution of these tests is outlined
below.

3.1.1 Point load tests

Four point load tests were performed in Sweco’s laboratory, as it is the recommended
test to determine the compressive strength when using CMRR [5]. The tests were
performed on drill cores and tested both normal and parallel to the horizontal joint
set in order to better understand how the strength of the rock will behave in different
directions. The procedure used for the point load tests is described in Section 2.6.1.

3.1.2 Immersion test

The immersion test was performed according to the standard described in Section
2.6.2. As the test is very simple in it’s execution, no deviations from the standard
had to be made. The test was carried out using five different specimen of slightly
varying sizes.

3.1.3 Slake durability test

The slake durability test was performed according to the standard set out by ASTM
International, described in detail in Section 2.6.3. However, as no equipment specif-
ically manufactured for a slake durability test was available in the laboratory, equip-
ment had to be crafted from scratch and certain minor deviations therefore had to
be made. The dimensions described for the drum by ASTM International could not
be fulfilled, and instead a larger drum had to be used [36]. The specified diameter
was 14cm but the drum used for this study instead had a diameter of 15.5cm. ASTM
International specifies that the drum should be submerged 2cm below the drum axis
and as a result the water level was adjusted to reach the same submersion with the
larger drum. The drum crafted for this test can be seen in Figure 3.1. Furthermore,
the motor used for the test could not be set to a constant speed and instead had
to be manually maneuvered. As a result, the speed varied slightly during the test.
Though, the correct amount of rotations were still done in a 10 minute period as
specified by ASTM International.
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Figure 3.1: The drum constructed for the slake durability test filled with the 10
selected samples

3.2 Rating of Classification Systems

In order to acquire support recommendations from the classification systems a thor-
ough rating process must be performed for each system. The process of acquiring
these ratings is outlined in this section. Furthermore, as described in Section 2.3.6,
the RMR system is better suited for the specific case of the Kvarntorp mine than
the Q-system, as Kvarntorp is a sedimentary mine and the input data for this study
contain uncertainties. Consequently, the RMR system will be used in this study and
not the Q-system.

3.2.1 RMR

The theoretical foundation, charts and tables used for the RMR assessment is de-
scribed in Section 2.3.1. More specifically, Figure A.1 was used when determining
the classifications and acquiring ratings for the RMR assessment. All parameters
were judged based on visual determination on-site and the Sweco archived material
[29]. Certain parameters were hard to determine with certainty and therefore a con-
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servative approach was taken when making the assessment. As a result, an interval
was established with a minimum and maximum value. For the minimum value the
lower rating was always chosen if there was any uncertainty regarding the rating
output of a parameter and vice-versa for the maximum value.

The strength of the intact rock material was determined through the uniaxial
compressive strength of 100 MPa available in the Sweco archived material [29].
The rock quality designation, RQD, was calculated using Equations 2.6, 2.7 and
2.8. However, no exact value for Z, the average distance between discontinuities, was
available. Therefore intervals of T were established for each possible rating output
available for the RQD parameter, as can be seen in Table A.1. Table 3.1 shows
the possible values calculated for each rating. This approach allowed an estimation
to be made based on the available intervals, which was carried out based on the
descriptions of the overlaying sandstone layers described in Section 2.5.1 as well as
observations of Sandstone layer 4 and 5 on-site.

Table 3.1: RQD rating for different average distances between discontinuities

RMR Rating for RQD Parameter ‘ 20 ‘ 17 ‘ 13 ‘ 8 ‘ 3

Average discontinuity spacing [cm] | 18.8 | 10.4-18.8 | 6.1-10.4 | 4.31-6.1 | 0-4.31

Similarly, the spacing of joints was estimated based on the descriptions of the
overlaying sandstone layers described in Section 2.5.1 as well as observations of
sandstone layers 4 and 5 on-site, as no exact value could be acquired. As described
in Section 2.3.1, it is advised to add 30% to the rating of this parameter if there is
less than three joint sets in the rockbed. As only one joint set is to be found in the
Kvarntorp mine this was done in this study.

The condition of discontinuities was also assessed based on the descriptions of
the sandstone layers in Section 2.5.1 together with observations on-site.

The groundwater was assessed using the ’general conditions’ section of Table A.1.
It was based on on-site observations and the information available about the geo-
logical layers and groundwater from the archived material.

Furthermore, the effect of discontinuities’ strike and dip orientation was
taken into account using part F of Table A.1. In the case of Kvarntorp, a horizontal
banking plane with a dip of 0.7° was the only present discontinuity.

The support recommendation acquired through RMR was retrieved from Table 2.2
using the calculated rock mass rating. As RMR is designed for tunnel excavations
and not mines, the recommendation for shotcrete and steel sets is deemed to have a
very minimal impact on the structural integrity necessary for the excavation in this
specific case. Consequently, only the rock bolts are included in the finite element
analysis described in Section 3.3. This simplification is further discussed in Section
5.2.

3.2.2 CMRR

The theoretical foundation, charts and tables used for the CMRR assessment is de-
scribed in Section 2.3.3.
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The strength parameter used in CMRR can be determined in a number of ways.
In the CMRR-~chart it is suggested to use a ball-peen hammer and to analyze the
impact and indentation it creates in the rock. The indentation in the rock will cor-
respond to different compressive strengths of the material, as can be seen in Figure
A.1. This method makes it easy to quickly and visually assess the features of the
rock on site. Alternatively, laboratory tests such as uniaxial compressive strength
tests and/or point load tests can be performed. These tests are more advanced
and their execution demands more resources but they do make it more reliable for
inexperienced engineers to assess the strength of the rock, rather than determining
rock strength on the spot. For this study, old results of uniaxial tests available in
the archived material from Sweco were used as it was deemed more reliable than
ball-peen tests and cheaper than performing new uniaxial tests [29].

There are several ways to determine the resilience to weathering of rock. The param-
eter called "Moisture Sensitivity" in the CMRR-chart shown in Figure A.1 can be
assessed by either visually inspecting it or using an immersion and/or slake dura-
bility test as described in Section 2.3.3. For the purposes of this thesis, both an
immersion test and a slake durability test has been performed. The method of these
tests is presented in Section 3.1.

A visual assessment of the joints were made on-site in the mine. The distance
between the joints were measured with a ruler.

Assessing the joint spacing in the three overlaying layers (SL1, SL2 and SL3), it
was determined that the spacings were in the span of 0.2-0.6, this is representative
but probably in the conservative end of the spectrum but a good point for assessing
the worst case scenario. Since the discontinuities in the mine all come from hori-
zontal joints that span most or often the entirety of the mine, the persistence was
determined to 3m or above which results in an UR-rating from Table 2.7 of 20.

The joint roughness was observed on site and determined to be "Wavy’. The joint
cohesion was harder to determine as one would need to be very experienced to
reliably determine it through the chisel method outlined in Section 2.3.3. However,
it was noted that it was not possible to split the intact rock by hand but it was
possible in certain joints. This indicates that the joints are significantly weaker
than the intact rock. Similarly, the joint cohesion was determined on site and was
established to be "Weak’. Choosing "Weak’ and "Wavy’ results in an UR-rating of
20, as shown in Table 2.5.

The results of the observations on site as well as the calculated UR values are
presented in Figure A.2. These values were then used in Equation 2.13 to get the
RRW value as seen in Table 4.8. The adjustment rating was subtracted in and the
final adjusted CMRR-value is also shown in Table 4.8.

Rearranging Equation 2.15 to solve for Ny, gives the number of necessary bolts per
row. The values used for this are seen in Table 4.8 and are acquired from the existing
support in the mine as described in Section 2.2.3.
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3.2.3 GSI

As described in Section 2.3.4, GSI utilises observations of existing rock mass in order
to determine its overall quality. Using Table A.2 and matching the observations from
the mine with the descriptive axis of the chart a final GSI-value can be obtained.
This value can later be utilised for the Hoek-Brown failure criteria.

The rock in the mine is not very fractured based on what can be observed from the
open surfaces in the mine, as can be seen in Appendix C. Almost all joints originate
from the sedimentation stages during the formation of the sandstone itself. Among
the alternatives on the left axis in Table A.2 the most fitting description was deemed
to be blocky. Though, in some places it is almost intact while it is severally frac-
tured in others. Generally, the sandstone looked and felt quite unweathered in most
places. Based on the site visit and the pictures from it the sandstone was deemed
to fit within the ’Good’ column, being described as slightly weathered with some
stains of iron, other metals and minerals along the length of the mine.

These observations and descriptions bring the final GSI range between 70 and 80,
with slight variation between the different sandstone layers.

It is however hard to be able to assess how the fractures look in the layers above
the roof with certainty but a range of 70-80 is considered reasonable for most of
the general mine. Furthermore, based on the descriptions of the 5 main sandstone
layers in Section 2.5.1, different values will be used for the different layers within
the range of 70<GSI<80 in the RS2 model for the Hoek-Brown failure criterion. A
sensitivity analysis of this parameter is presented in Section 4.3.9 investigating the
effect of these assumptions.

The final GSI values used for the simulation are presented in Table 3.2.

Table 3.2: Summary of GSI-values for the different sandstone layers

Sandstone Layer | GSI
SL1 7
SL2 72
SL3 75
SL4 80
SL5 70

3.3 Finite Element

In RS2, the existing support as well as the recommended support from RMR and
CMRR will be modelled, as well as a model with bolts mounted with an angle of
45°. In addition to those, a model with an increased height of the middle room will
be made, both with existing bolt patters as well as a concrete liner. To compare
these a final model without any support will also be analysed. The finite element
analysis was carried out as a 2D analysis using the condition of plain strain.
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As the mine consists of parallel tunnels, a cross-section of three representative tun-
nels will be drawn. This is to be able to analyze how the load will affect the long
wall pillars that are a vital part of the supporting structure, as can be seen in Figure
2.8 and 2.9.

The bolt lengths used in Kvarntorp is almost exclusively 2.4m [17]. This will be
used as the basis for the modeling of the existing support.

3.3.1 RS2 models and anisotropy

In order to establish a finite element analysis that represent the reality as well as
possible two separate model types were created with the same geometry. The two
model types were called Anisotropic material model and Jointed material model.
Both model types were used for the the scenarios assessing the classification sys-
tems while five extra scenarios were created explicitly using the anisotropic material
model. All the different models created for the scenarios are listed below. Addition-
ally, images of bolting patterns and liner placement for each scenario can be found
in Appendix B.

List of created models:

« Existing support - Anisotropic material model

« Existing support - Jointed material model

o« RMR maximum value - Anisotropic material model

e RMR maximum value - Jointed material model

e« RMR minimum value - Anisotropic material model

e RMR minimum value - Jointed material model

e CMRR - Anisotropic material model

o« CMRR - Jointed material model

» Bolts installed at an angle of 45°- Anisotropic material model

o Increased height of the middle room without support - Anisotropic material
model

o Increased height of the middle room with bolts - Anisotropic material model

o Increased height of the middle room with concrete liner - Anisotropic material
model

o Unsupported initial conditions - Anisotropic material model

The difference in the model types concerned the anisotropy of the rock mass and
thus how the joints were incorporated within the model. As this did not concern
the geometry of the model it could be kept identical for both models. The geom-
etry of the model in the region around the excavations is specified in Figure 3.2.
However, the model size was increased significantly in order to assure that the side
and bottom boundaries were not affected by the excavations. As a result, the model
was increased by 800 meters from the excavations on each side and 100 meters from
the bottom of the excavation. This resulted in a very stable stress state around the
boundaries.
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Figure 3.2: The geometry of the models zoomed in around the excavations, pre-
sented in meters with each color representing a unique rock layer

3.3.2 Overburden and pore water

In order to minimize the calculation times within RS2, the overlaying soil was re-
organised into a load distributed evenly over the top of the model. The structure
of the overburden in terms of soil layers and their thickness was retrieved from the
Sweco archive and is illustrated in Figure 3.3 [29]. Representative values for the
unit weight were then retrieved for each soil type which was used to calculate the
distributed load through Equation 3.1 [29][37][38]. These unit weights can be seen
in Figure 3.3. Furthermore, the load was increased to take the pore water of the
overburden into account. As no information was available regarding the porosity
of the overburden, an estimation had to be made. This resulted in the load being
rounded up from 0.37905 MN/m to 0.4 MN/m as this increase was deemed to be
on the conservative side. The distribution of the load is shown in Figure 3.2.

Distributed load = o + 5.1 4+ Y5 - 2.5 4+ Yes - 9 (3.1)

where :
Yop = unit weight of overburden
~vs = unit weight of shale
ves = unit weight of clay shale
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Figure 3.3: The overlaying soil reorganised into an evenly distributed load

As previously mentioned, two different models were created in order to handle the
anisotropy of the model in two different ways within RS2. These two models are
described below.

Anisotropic Material Model

The Anisotropic material model was created using an anisotropic failure criterion for
the materials within RS2. This failure criterion is called the 'Jointed Generalized
Hoek Brown’ and it functions in the same was as the 'Generalized Hoek Brown’
criterion described in Section 2.3.5 but also takes joints into account. This jointed
failure criterion use multi-yield plasticity formulation to take one failure criterion
for the jointed rock mass matrix and a virtually unlimited number of joints. The
material model is further described in the ’Anisotropic Material Models’ section of
the manual for RS2 [27].

Jointed Material Model

The Jointed material model was created using the 'Generalized Hoek Brown’ failure
criterion described in Section 2.3.5. Unlike in the anisotropic model though, the
joints were not taken into account in the material model and were instead added
manually to the model. It is highly likely that the weakest joints are found in
the border of the different sandstone layers described in Section 2.5.1. In order to
simplify the model these joints were the only ones to be created as these are the
most probable locations of failure.

3.3.3 Boundries of the FEM Model

As described in Section 3.3.1 above, two different types of models were made. How-
ever, both models have the same boundaries and mesh type. Low coverage and
modeling most of the overburden as a distributed uniform load led to the model
having a unrestrained top surface. The sides were instead restrained in the hori-
zontal direction, but not vertical. Vice-versa the bottom boundary was restrained
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in the vertical direction, but not the horizontal. Furthermore, the connecting nodes
between the sides and bottom boundaries were restrained in both directions.

In order for the boundaries to not affect the results close to the excavations, the
model was made very wide and deep, as described in Section 3.3.1. This was done
through an iterative process until the stress state at the boundaries had no significant
changes through the excavation process. Figure 3.4 and 3.5 shows the vertical and
horizontal stress state at the vertical boundaries and bottom horizontal boundary
respectively for the initial stage and the excavation stages. As can be seen, the
variation of the stress is very minor and as a result deemed to be neglible.

Vertical vs Horizontal stress

uuuuu

uuuuu

zzzzz

Figure 3.4: Vertical and horizontal stress state at the node with the most significant
stress fluctuations at the vertical boundary
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Vertical vs Horizontal Stress

Figure 3.5: Vertical and horizontal stress state at the node with the most significant
stress fluctuations at the bottom horizontal boundary

3.3.4 Excavation stages

Besides the initial stage, the stages in all models and for each separate mining room
are: "Material", "Bolt" and "Excavation". In the material stage, Young’s modulus is
reduced with one third in order to simulate the initial deformation caused by the
progressing excavation. This was done as in reality, the rock is first excavated and
left unsupported whilst the support is installed. The bolts are then installed for
each stage after the "Material" stage, right before the actual excavation is carried
out in RS2. This was done in order to simulate that the bolting process occur as
quickly as possible after any excavation progression.

3.3.5 Mesh discretization

A thorough mesh study was performed in order to generate a mesh that find an accu-
rate solution but simultaneously keeps the computational times reasonable. Firstly,
a large array of input settings was tested for the mesh of the full model. The main
objective of this part was to create a mesh that has the same quality over the full
model without any clearly noticeable discrepancies. This was done to assure the
mesh will create similar results for all three different excavations within the model.
Furthermore, the model size was increased significantly in order to assure that the
side and bottom boundaries were not affected by the excavations, as described in
Section 3.3.1. As a result, the model was increased by 800 meters from the excava-
tions on each side and 100 meters from the bottom of the excavation. This part of
the mesh study resulted in the general mesh setup settings shown in Table 3.3.

Secondly, an Advanced Mesh Region was created with the intention to further im-
prove the mesh quality in the region around the excavations, where most of the
displacement occur. The mesh region was setup to include all three excavations and
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Table 3.3: General mesh settings

Parameter Input

Mesh type Graded

Element type 6 noded triangles
Gradation factor 0.02

Default number of nodes on all excavations | 110

at least one excavation width extra on each side. The geometry for the advanced
mesh region was set to x; = 15, xo = 95, y; = -14, yo = 2. This resulted in the
advanced mesh region shown in Figure 3.6.

037 HNim2

Figure 3.6: Advanced mesh region of the model in RS2

The element length of the advanced mesh region was then further tested through
an iterative process. This process was performed to assure that the mesh produced
accurate results around the excavations, as this area is the most interesting area for
the study. The iterative process was performed by testing different element lengths
and observing the maximum displacement occurring within the model, as shown
in Table 3.4. The final element length was determined as the change of maximum
displacement within the model became negligibly small between tests even as the
element length was improved, which is illustrated in Figure 3.7.
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Table 3.4: Iterative process to determine element length of advanced mesh region

Element length

Maximum Displacement /m/

3
2.5
2
1.75
1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

2.03 -
2.02 -
2.04 -
2.04 -
2.04 -
2.05-
2.05-
2.05-
2.05 -
2.05 -
2.05 -
2.06 -
2.06 -
2.06 -
2.06 -
2.06 -
2.07-
2.07-
2.07 -

1073
1073
103
103
103
1073
1073
103
104
10
10
10
10
10
104
10
10
10
10

103 Iterative process for mesh quality

—e— Maximum displacement [mm)]

b

)

o)
T

2.06

2.04

2.02

Maximum displacement [mm]

0.2 0.6 1

1.4

1.8 22 26 3

Element length

Figure 3.7: Plot of the iterative process to determine the element length of the

advanced mesh region
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Lastly, the mesh quality was investigated through the tool Show Mesh Quality within
RS2. This highlights any problematic low quality sliver elements within the mesh.
The criteria that define a low quality element was set according to Table 3.5. The
mesh quality control was run with element lengths of 0.8 and below. It showed
a total of zero problematic elements when being reduced to 0.5. As a result, an
element length of 0.5 was determined as the final element length as the change in
maximum displacement had halted at this point with no further significant changes
if the element length was further reduced and no low quality elements were found.
Simultaneously, the calculation time for the model was still deemed reasonable for
the scope of the study.

Table 3.5: Criteria defining a low quality element

Parameter Input
Ratio of (maximum side length / minimum side length) | 30
Minimum interior angle 2°
Maximum interior angle 175°

3.4 Material Parameters and Assumptions

This section presents the material properties used in the finite element analysis. It
also describes assumptions that had to be made and uncertainties are highlighted.

3.4.1 Sandstone parameters

The input parameters for the rock in the mine were gathered from a few different
sources. In all cases possible, the archived material available from the investigations
carried out in 1980 and 1990, previously mentioned as the archived material from
Sweco in Section 2.5, was utilised. The available parameters that were utilised from
this archive are listed in Table 3.6 and were assessed to have a low uncertainty as
they are from on-site investigations carried out by professionals.

Table 3.6: Input data from the sweco archive

Parameter Abbreviation | Value | Unit
Compressive Strength | UCS 100 MPa
Tensile Strength UTS 4 MPa
Density p 2.65 | g/cm?
Unit Weight Vss 2650 | kg/m?

As the elastic modulus and Poisson’s ratio were not available from the initial in-
vestigations, both had to be estimated. Unfortunately, sandstone has a massive
variation in both parameters and as a result the determination of it was difficult
and uncertain.

The elastic modulus is deemed to have a large variation. Several empirical equations
between the elastic modulus and the compressive strength of sandstone are compared
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in Figure 3.8 [39]. A potential range of values for the elastic modulus can be assessed
through these empirical relationships and the UCS from Table 3.6 resulting in a
range between 3 and 50 GPa.

4m |} ] 1 1 T T 1
* Lama & Vutukuri (1978)
& Carmichael (1982)
o Jizba (1991)
300 F o Wong et al. (1997) .
¢ Bradford et al. (1998) A

UCS (MPa)
N
3

100

E (GPa)

Figure 3.8: Correlation of the compressive strength and elastic modulus from
different empirical equations on 260 sandstones [39]

A multitude of sandstone properties were analysed in order to find reasonable values
for the elastic modulus and Poisson’s ratio to be used in this study. Among all of
the analysed sandstones, the ones with the closest correlation to the known values
of the Kvarntorp sandstone were summarised in Table A.3. The variation of the
parameters remain very large and no clear correlations between them were found.
As a result, the values had to be assessed through a qualified estimation using the
values available. The elastic modulus was estimated to 25 GPa and Poisson’s ratio
was estimated to 0.2. The uncertainty of this is further discussed in Section 5.1.

3.4.2 Joint parameters

The parameters for the joints were acquired separately for the two different models
described in Section 3.3.1. Table 3.7 and Table 3.8 shows the input parameters used
in the models.

Table 3.7: Joint input parameters for the anisotropic model

Parameter Value | Unit
Dilation angle 0 °
Tensile Strength | 0.4225 | MPa
Peak cohesion 2 MPa
Friction angle 35 °
Incliation 0 °

In order to determine the tensile strength of the rock mass for the RS2 model, the
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Table 3.8: Joint input parameters for the jointed model

Parameter Value | Unit
Normal stiffness | 25000 | GPa/m
Shear stiffness 2.540 | GPa/m
Tensile Strength | 0.4225 | MPa
Peak cohesion 2 MPa
Friction angle 35 °

Hoek-Brown failure criterion was used with Equation 2.16. The tensile strength of
the rock mass can be acquired using this equation together with the input values
listed in Table 3.6 while letting o1 be equal to zero and solving for os.

3.4.3 Shear strength of joints in isotropic model

The normal- and shear strength of the joints are unknown. It can however be
estimated based on the shear stiffness and the normal stiffness of the intact rock.
The stiffness of the intact rock is 25 000 MPa and since the joints are very thin,
their thickness is assumed to be Imm. Assuming a strain of 0.1 in the peak strength
scenario makes the total displacement in the joint 0.0001m.

oc=¢-F (3.2)

Normal stiffness
Solving for ¢ in Equation 3.2 with Ej4,,=25 000 MPa and €=0.1 gives 0=2500 MPa.
The unit used in RS2 is MPa/m, and to achieve this o is divided by the total
displacement of §; = 0.0001m, which results in Equation 3.3.

O joint 2500

[ _ — 25000 GP 33
Normal = = A" = 3 0001 a/m (3.3)

Shear stiffness

The shear stiffness is estimated similarly but is taking Poisson’s ratio into ac-
count. Following the same procedure as for the normal stiffness, the normal strength
0=2500 MPa and the Poisson ration v=0.2 results in Equation 3.4.

o 2500
Espear = - —10.4 GP 3.4
Shear = 9 1 +v)- A, 2-(1+0.2)-0.0001 ajm - (34)

3.4.4 Bolts

The bolts in the mine are as described in Section 2.2.3. They are all 2.4 meters in
length and have a spacing of 1.5m and 2m as shown in Figure 2.3. Furthermore,
the bolts have a diameter of 25mm and a steel class equal to B500-BT. This class
means that the steel achieves an elastic peak tensile strength of 500 MPa at a strain
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of 5%. Using this diameter and the peak tensile strength, the peak tensile force F),;
can be calculated through:

Fow=o0-A; =500-0.00049 = 245 kN (3.5)

Where F,,; is the maximum tensile capcity of the bolt and A, is the area of the
cross-section of the bolt. With ¢ being 500 MPa in B500-BT and A,=0.00049m>
with a cross-section diameter of 25mm the tensile capacity result in 245 kN.

3.4.5 Calculating largest block

The largest block possible will be assessed in the yielded elements analysis from the
RS2 output. Since the fractures in the mine are all horizontal, the block size will
depend on local weakness zones and fractures due to displacement originating from
the excavation. The maximum length of the block in the out of plane direction that
any one row have to carry will be two times the out of plane spacing of the bolt
rows, as illustrated in Figure 3.9. This is deemed to be the worst case scenario.
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—
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Figure 3.9: Theoretical maximum length of the largest block that any one row of
bolts has to carry, with an example with 2m out of plane spacing

From the yield analysis in the unsupported anisotropic model, the size of the block
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face will be measured using the software Bluebeam which allows the total volume
of the largest block to be calculated.

Fblock = %lock * Vss (36)

where :
Fyioer, = Force of the block [kNJ
Vioek = Volume of the block /m?]
Yss = Unit weight of sandstone [kg/m?’]

Fyoer 18 then compared to F),; from Equation 3.5 to assess if the bolt capacity is
sufficient.

3.4.6 Sensitivity analysis

Since many input parameters are unknown and some are estimated based on limited
background data it is deemed necessary to perform a sensitivity analysis. In the
analysis it, different values on a few key and uncertain parameter will be tested to
see of they affect the model overall. Specifically how this variation will affect the
yielded elements and maximum vertical displacement.

The parameters that are deemed to be the most critical as well as the most uncertain
and thus subject to sensitivity analysis are:

o GSI
e m;
e Young’s modulus

3.4.7 Groundwater

The mine is located underneath an aquifer but is shielded from it by the quite im-
permeable sandstone and other soil layers, which makes the mine almost completely
dry. For the FEM modeling, groundwater and pore pressures will hence be ignored,
except for the increase in the overburden load described in Section 3.3.2, as it is not
thought to be a major contributing factor for the overall stability. Also, since the
sandstone isn’t calcitic, it is not very sensitive to moisture. The slake durability test
along with the chemical structure indicates that the rock is not very sensitive even
if water condition would be damp or somewhat wet.
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Results

The following section will present the results of the laboratory tests carried out, the
evaluation of CMRR and RMR as well as the FEM models.

4.1 Laboratory tests

The following section will present the results of the laboratory tests conducted for
the study.

4.1.1 Point load tests

The results shown in Table 4.1 show the point load test required to break the
samples in different directions. Due to the limited sample size and values not quite
corresponding to the expected absolute values and anisotropy, a decision was made
to not include these results further in the investigations.

Table 4.1: Results from point load tests conducted at Sweco

Point Load Tests [MPa]

Normal to discontinuities | Parallel to discontinuities
9 4.5
7.5 9
8.5 9
9 11

4.1.2 Immersion test

The results for the immersion test were acquired through the methodology described
in Section 3.1.2.

Table 4.2 presents the results of the immersion test.
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Table 4.2: Results acquired from immersion test

Immersion Breakability
Observation Rating | Observation Rating
Appearance of water
Clear = 0 No change = 0
Misty = -1 0 Small change = -2 -2
Cloudy = -3 Large change = -6

Talus formation

None = 0
Minor = -1 -1
Major = -3

Cracking of samples
None = 0
Minor/Random = -1

Major/Preferred Orientation = -3 -1

Specimen breakdown = -9

Immersion Index -2 Breakability Index -2
Total immersion test index = -2

4.1.3 Slake durability test

The results for the slake durability test were acquired through the methodology
described in Section 3.1.3.

Table 4.3 presents the data gathered from the test as well as the natural mois-
ture content and slake durability index calculated through Equation 2.20 and 2.21
respectively.

Table 4.3: Data acquired from slake durability test and calculated indexes

Unit Weight [g/ Label
Drum 579.4 C
Drum and samples at natural moisture content 1082 A
Drum and oven-dried samples before first slake cycle 1081.4 B
Drum and samples after first water rotation cycle 1091.8 -
Drum and samples after second oven-drying 1068.7 -
Drum and samples after second water rotation cycle 1083.5 -
Drum and oven-dried samples after the second slake cycle 1060.85 Wi
Final mass of drum and samples 1083.5 -
Calculated indexes (%] Label
Natural water content 12 W
Slake durability index 95.91 SDI
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4.2 Classification Systems and Recommended Sup-
port

The following section describes the recommended support acquired through the
classification systems CMRR and RMR.

4.2.1 RMR

The support recommended by RMR was acquired from the methodology described
in Section 3.2.1.

The rating determined for each parameter of RMR is presented in Table 4.4. Due
to uncertainty when determining some of the parameters several ratings had to be
acquired for certain parameters. This was done in order to present an interval of pos-
sible values based on the available material and observations made. The minimum
column represent the smallest possible value while the maximum column represent
the largest possible value. The columns SL1, SL2 and SL3 represent the rating
deemed most probable for sandstone layer 1, sandstone layer 2 and sandstone layer
3 respectively. The rating of these three columns were acquired using a conservative
approach as described in Section 3.2.1.

Table 4.4: Minimum, maximum and each sandstone layers rating for each param-
eter in RMR

Parameter Min | Max | SL1 | SL2 | SL3 | Uncertainty
Strength of intact rock | 7 12 7 7 7 Very certain

RQD 17 20 17 17 17 Relatively certain
Spacing of joints™* 10.4 | 13 10.4 | 10.4 | 10.4 | Relatively uncertain
Condition of joints 12 15 15 15 15 Relatively certain
Groundwater 10 15 10 10 10 Certain

Strike/dip reduction 5 5 5 5 5 Certain

RMR 51.4 | 70 54.4 | 54.4 | 544

*Increased 30% as only one joint set. See Section 3.2.1.

Two different support variations are recommended depending on which RMR value
is to be used, as can be seen in Table 2.2. The minimum rating as well as the rating
for the sandstone layers were all in the same rock mass class "Fair rock". However,
if the maximum value were to be used the rock mass class would instead be "Good
rock". These classes result in the following support recommendations:

Fair rock - Systematic bolts 4m long, spaced 1.5-2m in crown and walls with wire
mesh in crown.

Good rock - Locally bolts in crown, 3m long, spaced 2.5m with occasional wire
mesh
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4.2.2 CMRR

The support recommended by CMRR was acquired from the methodology described
in Section 2.3.3.

The final assessments and the chosen values for the respective category are presented
in Appendix A.2, as well as in decontructed form in Tables: 4.5, 4.6 and 4.7. The
results for the base value RRW along with the final adjusted CMRR-value as well
as the preliminary support PRSUP are presented in Table 4.8.

Table 4.5: Results from CMRR classification table 1 of 3

Bolt lenght 2.4 ‘
UNIT BY LAYER
Layer Name | Thickness | UCS [Mpa] | Strenght rating | Moisture sensitivity
1 SL1 0.9 100 22 0
2 SL2 1.2 100 22 0
3 SL3 0.9 100 22 -3
Table 4.6: Results from CMRR classification table 2 of 3
UNIT DISCONTINUITIES
Joint set number | Description | Cohesion | Roughness Spacing Persistance
Joint.1.1 Banking Plane Weak Wavy 200-600mm 3m
Joint.1.2
Joint.1.3
Joint.2.1 Banking Plane Weak Wavy 200-600mm 3m
Joint.2.2
Joint.2.3
Joint.3.1 Banking Plane Weak Wavy 200-600mm 3m
Joint.3.2
Joint.3.3
Table 4.7: Results from CMRR classification table 3 of 3
Cohesion rating | Bedding rating | UR
Joint 1.1 20 13
55
Joint 2.1 20 13
55
Joint 3.1 20 13
52
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Table 4.8: Table showing results from the CMRR process

RRW 54.6
Groundwater -2
Number of unit 0
Surcharge 0
Strong bed 0

Adjusted CMRR | 52.6

Lbolt [rn] 2.4
Ny [

C [kN] 245
Sb [m] 2
W, [m] 11
PRSUP 3.4
solve for N, 1.8

4.3 Finite Element Analysis

The following section will present the results acquired through the finite element
analysis of the different scenarios investigated. The geometry used in the models is
specified in Figure 3.2 and the support for each model is shown in Appendix B.

4.3.1 Anisotropic model - CMRR, RMR Maximum, RMR
Minimum, Existing Support and Unsupported

The results acquired from the anisotropic models listed below was identical in terms
of vertical displacement and yielded elements. These results are presented in Fig-
ure 4.1 - 4.3 and apply to all the models listed below. The bolt axial force varied
slightly between the same models and is presented in Figure 4.5 - 4.8 for each model
separately.

The forces in the bolts are shown to vary between the support cases depending on
their length and numbers. However, the forces are very minor and the bolts aren’t
loaded all that much in any of the scenarios.

Model results presented in this subsection:
« Existing support - Anisotropic material model
« RMR Maximum value - Anisotropic material model
« RMR Minimum value - Anisotropic material model
e CMRR - Anisotropic material model
o Unsupported initial conditions - Anisotropic material model
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Figure 4.1: Illustration of the vertical displacement after all 3 excavations in the
anisotropic model for the different scenarios listed in Section 4.3.1
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Figure 4.2: Plot over the vertical displacement along the roof for the initial stage
and each excavation stage in the anisotropic model for the different scenarios listed
in Section 4.3.1
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Figure 4.3: Depiction of the yielded elements in the anisotropic model for the

different scenarios listed in Section 4.3.1
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Figure 4.5: Plot of the bolts axial force against the bolt distance in the anisotropic
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Figure 4.6: Plot of the bolts axial force against the bolt distance in the anisotropic
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Axial force along bolts with RMR Mini support r ion
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Figure 4.7: Plot of the bolts axial force against the bolt distance in the anisotropic
model with RMR Minimum support recommendation
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Figure 4.8: Plot of the bolts axial force against the bolt distance in the anisotropic
model with CMRR support recommendation

4.3.2 Jointed model - CMRR, RMR Maximum, RMR Min-
imum, Existing Support and Unsupported

The results acquired from the jointed models listed below were identical in terms of
vertical displacement and yielded elements. These results are presented in Figure
4.9 - 4.11 and apply to all the models listed below. The bolt axial force varied
slightly between the models and is presented in Figure 4.13 - 4.16 for each model
separately.
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Much like in the anisotropic model, the bolt forces are shown to vary between the
support cases and the maximum forces are very small overall in the same way as

well.
Model results presented in this subsection:
» Existing support - Jointed material model
« RMR Maximum value - Jointed material model
e« RMR Minimum value - Jointed material model
o« CMRR - Jointed material model
o Unsupported initial conditions - Jointed material model
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Figure 4.9: Illustration of the vertical displacement after all 3 excavations in the

jointed model for the different scenarios listed in Section 4.3.2
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Figure 4.10: Ilustration of the vertical displacement after all 3 excavations in the

jointed model for the different scenarios listed in Section 4.3.2

56



4. Results
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Figure 4.11: Depiction of the yielded elements in the jointed model for the different
scenarios listed in Section 4.3.2
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Axial force along bolts with existing support
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Figure 4.13: Plot of the bolts axial force against the bolt distance in the jointed
model with existing support
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Axial force along bolts with RMR Mini support recommendation
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Figure 4.15: Plot of the bolts axial force against the bolt distance in the jointed

model with RMR Minimum support recommendation
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Figure 4.16:
model with the CMRR support recommendation

4.3.3 Bolts installed at an angle of 45°-

Bolt #6 Stage: 10. Room 3 Excavation

Plot of the bolts axial force against the bolt distance in the jointed

Anisotropic model

The results acquired from the anisotropic model with bolts installed at an angle are

presented in Figure 4.17 - 4.20.

The bolts in this scenario are shown to experience a higher maximum force. This is

due to the angled bolts are anchored in different layers t

hat displace differently. In

turn, this also leads to a greater displacement in the bolts themselves. However, the

maximum force is still very low in comparison to the ten

sile capacity of the bolts.
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Figure 4.17: Ilustration of the vertical displacement after all 3 excavations in the
anisotropic model with bolts installed at an angle of 45°

Vertical displacement along roof with bolts installed at an angle

-0.0013

-0.0014

-0.0015

-0.0016

-0.0017

-0.0018

Vertical Displacement [m]

-0.0019

-0.0020

-0.0021

Distance [m]

——&— Query#11.initial  ——®— Query#1 4. Room1Excavation ¥ Query#17.Room2Excavation  ~——— Query#1 10. Room 3 Excavation

Figure 4.18: Plot over the vertical displacement along the roof for the initial stage
and each excavation stage in the anisotropic model with bolts installed at an angle
of 45°
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Figure 4.19: Depiction of the yielded elements in the anisotropic model with bolts
installed at an angle of 45°

Axial force along bolts installed at an angle
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Figure 4.20: Plot of the bolts axial force against the bolt distance in the anisotropic
model with bolts installed at an angle

4.3.4 Increased height of the middle room without support
- Anisotropic model

The results acquired from the anisotropic model with the height increased in the
middle without any support is presented in Figure 4.21 - 4.23.

The displacement in the different rooms changes when the roof is elevated in the
middle room. More displacement is focused on the elevated roof. Some bolts in this
scenario do also experience negative forces which could indicate that some parts
of the bolts are experiencing compression forces. This is unusual as bolts are not
manufactured to work in compression, but the values are very low.
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The liner is shown to carry some load and works as intended. A great reduction in
vertical displacement is not seen however and the liner would likely mostly work to
keep blocks in place as will be discussed further in section 5
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Figure 4.21: Illustration of the vertical displacement after all 3 excavations in the
anisotropic model with increased roof height and no support
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Figure 4.22: Plot over the vertical displacement along the roof for the initial stage
and each excavation stage in the anisotropic model with increased roof height and
no support
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Figure 4.23: Depiction of the yielded elements in the anisotropic model with
increased roof height and no support

4.3.5 Increased height of the middle room with bolts - Anisotropic
model

The results acquired from the anisotropic model with the height increased in the
middle with bolts as support is presented in Figure 4.24 - 4.27.
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Figure 4.24: Illustration of the vertical displacement after all 3 excavations in the
anisotropic model with increased roof height and bolts
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Vertical displacement along roof
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Figure 4.25: Plot over the vertical displacement along the roof for the initial stage
and each excavation stage in the anisotropic model with increased roof height and
bolts in the middle room
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Figure 4.26: Depiction of the yielded elements in the anisotropic model with
increased roof height and bolts in the middle room
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Axial force along bolts
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Figure 4.27: Plot of the bolts axial force against the bolt distance in the middle
room in the anisotropic model with increased roof height

4.3.6 Increased height of the middle room with concrete
liner - Anisotropic model

The results acquired from the anisotropic model with the height increased and con-
crete liner as support in the middle room is presented in Figure 4.28 - 4.32.
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Figure 4.28: Illustration of the vertical displacement after all 3 excavations in the
anisotropic model with increased roof height and concrete liner in the middle room
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Vertical displacement along roof
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Figure 4.29: Plot over the vertical displacement along the roof for the initial stage
and each excavation stage in the anisotropic model with increased roof height and
concrete liner in the middle room
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Figure 4.30: Depiction of the yielded elements in the anisotropic model with
increased roof height and concrete liner in the middle room
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Liner Displacement
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Figure 4.31: Plot over the vertical displacement along the liner after all 3 excava-
tions in the anisotropic model with increased roof height and concrete liner in the

middle room
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Figure 4.32: Plot over the axial force along the liner after all 3 excavations in the
anisotropic model with increased roof height and concrete liner in the middle room

4.3.7 Vertical stress in initial unsupported conditions

The vertical stress acquired from both the anisotropic model and the jointed model
for the initial unsupported scenario is presented in Figure 4.33 and 4.34.
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Figure 4.33: Illustration of the vertical stress after all 3 excavations

anisotropic model for the different scenarios listed in Section 4.3.1
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4.3.8 Weight and support of largest block

The face of the largest block measured based on the yielded elements acquired from
initial unsupported scenario in the anisotropic model is illustrated in Figure 4.35.
The area of the face of the block was measured in Bluebeam Revu 20 (a blueprint
and PDF reviewer) and resulted in 3.85 square meters.

As described in Section 3.4.5, the theoretical lenght of the largest block would be
two times the distance between the bolt rows which for the existing support system
and the CMRR suggestion is two times two meters. Hence the lenght of the largest
block would be four meters.

Table 4.9 shows the results of the largest block calculations. Where Fgj. is the
maximum force, the block could exercise on the bolts.

Figure 4.35: Face of the largest block based of yielded elements

Table 4.9: Ultimate block force from largest block according to yielded elements

ALargestblock 3.85 m2

LLargestblock 4 m

VLargestblock 15.4 mg
Yes 0.0265 | MN/m?

Fower | 04081 | MN
E 0.245 | MN
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4.3.9 Sensitivity analysis

The results of the sensitivity analysis are presented by the graphs in this sub-chapter.
The results shown will focus on how the changes in one individual parameter will
affect the yielded elements as well as the maximum vertical displacement in the
mine. Charts showing all the effects on displacement from all changes in parameters
are included and images of how this affects the yielded elements in those cases were
a significant change has occurred in the result.

Young’s modulus vs total vertical displacement
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Figure 4.36: Plot of the effect Young’s modulus has on the maximum vertical
displacement

0.4 MN/m2

Figure 4.37: Yielded elements with Young’s modulus reduced to 5000 MPa
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Figure 4.38: Yielded elements with Young’s a modulus of 25000 MPa

GSI reduction vs total vertical displacement
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Figure 4.39: Plot of the effect GSI has on the maximum vertical displacement.
x-axis represents the amount reduced from the ’original’ GSI values found in table
3.2. The model collapsed when the GSI-values from table 3.2 was reduced by 14
points.

0.4 MHim2

WS W W 27 ] VA . |V —
_’;ﬂ-m_';"" 0.

NS N NN
-]

Figure 4.40: Yielded elements with GSI reduced by 12 points
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Figure 4.41: Yielded elements with the original GSI

m; vs total vertical displacement
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Figure 4.42: Plot of the effect m; has on the maximum vertical displacement
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Figure 4.44: Yielded elements with m; increased to 40
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Figure 4.45: Plot showing how m; affects the Hoek-Brown failure criterion
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Tensile strength of joints vs total vertical displacement

—e—Maximum displacement [mm] ‘

2.07s o - o o

Maximum displacement [mm]|

| | |
0 0.1 0.24 0.34 0.44
Tensile strength of joints [MPa]

Figure 4.46: Plot of the effect tensile strength has on the maximum vertical dis-
placement
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Figure 4.47: Yielded elements with joint tensile strength reduced to 0.1
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Figure 4.48: Yielded elements with joint tensile strength of 0.4425
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Cohesion in joints vs total vertical displacement
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Figure 4.49: Plot of the effect cohesion has on the maximum vertical displacement
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Figure 4.50: Yielded elements with ¢ = 0.1 [MPa]
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Figure 4.51: Yielded elements with ¢ = 0.25 [MPa]
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Poisson’s ratio vs total vertical displacement
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Figure 4.52: Plot of the effect Poission’s ratio has on the maximum vertical dis-
placement
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Figure 4.53: Yielded elements with Poisson’s ratio being v = 0.1
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Figure 4.54: Yielded elements with Poisson’s ratio being v = 0.3
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Figure 4.55: Yielded elements with Poisson’s ratio being v = 0.4
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Figure 4.56: Plot of the effect friction angle has on the maximum vertical dis-
placement
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Figure 4.57: Yielded elements with the friction angle reduced to 15°
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Figure 4.58: Yielded elements with the original friction angle of 35°
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Discussion

The following section will discuss the results of the study as well as uncertainties of
the method.

5.1 Uncertainty of input properties

There are many uncertainties linked to this study. A computer model is only as
strong as the certainty of the parameters available or worse. Many of the parame-
ters used in this study, such as the compressive strength, friction angle and tensile
strength are based on investigations made in the 1980’s and 1990’s. To make the
analysis as reliable as possible it would have been a good idea to redo these tests in
order to confirm the results. However, no reason was found to distrust the investi-
gations. They were all performed by skilled engineers and miners and their results
are reasonable in magnitude and thus deemed reliable for this study.

The information that was not available from the archived material has either been
extrapolated or compared to those of rock in similar conditions to find a repre-
sentative value. This method is viable and should in theory generate somewhat
representative values for the respective parameters. However, it is hard determine
how representative it really is to reality and unfortunately, it is impossible to know
without an extensive testing procedure. However, extensive testing was not possible
for this study and the extrapolated or estimated values were deemed to be repre-
sentative enough.

The GSI input is arguably one of the most crucial input parameters in geological
estimation in general and specifically when used in computer modeling. The GSI
value is the basis for the Hoek-Brown failure criterion used in the models and also
used for many of the strength parameters used in the software. It really is a good
tool to use, the fact that visual observations can be used numerically and it makes
investigations standardized and neatly packaged. However, since its descriptors can
be subjectively interpreted it can and most often will be subject to discrepancies.

Figure 4.39 shows the variation of the vertical displacement with differing GSI
ranges. When reduced by 12 points in all layers the vertical displacement increases
by about 13% and if GSI is reduced by 14 points the model ceases to converge and
the mine seems likely to collapse. The estimations done for GSI in this study are
uncertain as it is impossible to see the condition of the rock in the layers above and
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below the mine rooms. They have been assessed by looking at the rock that is visible
within the mine and compared to text descriptions from the borehole investigations
in the archived material from Sweco. To make this assessment safer it would be
necessary to make new drill-cores and observe them thoroughly.

The bottom line is that it is crucial to estimate GSI correctly. The risk of misus-
ing the classification system has been subject for debate previously, as mentioned
in Section 2.3.4, and the only way to be able to use it with certainty is to gather
experience of it as well as having a vast experience of rock behavior in general.

Rock mass classification systems such as CMRR and RMR all come with similar
challenges. Much like GSI, some parameters are descriptive and subject to subjective
decisions which can make it hard for inexperienced engineers to use them properly.
The anchoring suggestions made from the systems are often used as a guidelines in
preliminary stages in the design phase to get an idea and an overview before active
construction takes place. For the applications of RMR, CMRR and GSI in this
thesis, both supervisor from Chalmers and Sweco have been consulted in order to
make the most use and and with the most certainty possible.

Young’s modulus and Poisson’s ratio were particularly hard to estimate, as the pos-
sible ranges of both parameters are very large in different types of sandstone. In a
case with a large discrepancy in Young’s modulus the results may vary largely, as
illustrated in Figure 4.36. However, the disparity in the results is relatively small
for the adjacent intervals to the value used in the study. In other words, as long as
the estimation is not off by a significant margin, the variation in the results will be
minor. The scenario is similar for the case of Poisson’s ratio as illustrated in Figure
4.52 - 4.55. However, the variation in maximum vertical displacement is lower for
Poisson’s ratio compared to the variation with Young’s modulus. The yielded ele-
ments are affected more by Poisson’s ratio though, and become slightly larger with
a lower value. As can be seen in Table A.3 it is not unlikely that the Poisson’s ratio
is lower than 0.2, which could be problematic. However, the location of the yielded
elements is relatively unchanged and as a result any supporting structure would be
installed similarly anyways. The only alteration would be the weight the support
would need to hold up and the distance potential bolts would need to penetrate
in order to reach a layer with stable rock. Though, with a greater risk of yielded
elements as in the case with a lower Poisson’s ratio, any weakness zones could po-
tentially become even more problematic.

Furthermore, the cohesion was also estimated. However, as is shown in Figure 4.49,
the cohesion has a negligible effect unless it’s below 0.5, and the effects at that point
is relatively small. However, as it approaches zero the model starts to see large vari-
ations in vertical displacement and yielded elements. However, it is safe to assume
that it is above zero and most likely higher than 0.5 as well.

Regarding m;, a higher value results in a lower displacement and a decrease in
yielded elements. This is due to o3 being negative in the places where the yielded
elements and vertical displacements occur. See Figures 4.4 and 4.12. Figure 4.45

80



5. Discussion

shows that in the Hoek-Brown failure criterion, the strength is lower when o3 is
negative for the cases with a lower m;. This likely means that the rock fails in
tension as the horizontal principal stress is negative.

5.2 Simplification of RMR support recommenda-
tion

Technically, the RMR output suggestions seen in Table 2.2 also call for a concrete
liner in the Fair rock class, which is the rock class attained for the RMR Minimum
scenario. However, a decision was made not to include this liner. The reasoning for
this is that concrete liners will cover the materials that are desired to extract and as
a result it is not very suitable for mining applications in general. In many cases with
room-pillar mining it is desired to even extract the pillars at the end of the mines
lifespan, in order to maximize the economical returns. This would be a lot harder
with a liner installed, and it’s also more expensive and arduous to install compared
to bolts. Furthermore, the existing mine does not have a liner and it is clear that
the mine is stable without support at all based on the other scenarios. A liner could
however prove beneficial for catching smaller blocks and rocks falling from ceiling.
However, in the Kvarntorp mine, a rock net has been fitted where this is deemed to
be a problem instead.

However, one could argue that since this particular mine is no longer used for sand-
stone extraction but instead mainly used for storage and testing, concrete liners
could be a good alternative. It would both hold blocks in place as well as create a
more refined look to surfaces that may better serve the new purpose. Though, this
is not a typical situation for a mine and as a result it was not taken into account in
the finite element analysis to any large extent.

5.3 Disparity between model types

The anisotropic model and jointed model behaved very similarly in most aspects.
This is not unexpected as the models share the same input parameters for the intact
rock, such as GSI, UCS, Young’s Modulus and Poisson’s ratio. However, the joints
are handled quite differently in the models. The jointed model only have a total of
six horizontal joints placed in the material transitions while the anisotropic model
assumes there may be planes of weakness anywhere. As a result, the anisotropic
model was deemed to be more nuanced and its result to be on the more conservative
side. Furthermore, the input parameters of the joints in the jointed model also take
the normal and shear stiffness into account while the anisotropic model doesn’t.
Both of these parameters were estimated based on shear and normal stiffness of the
intact rock and are therefore deemed relatively uncertain. Consequently, the same
uncertainty is carried over to the jointed model as a whole.

Due to this uncertainty and the knowledge of a much larger amount of joints being
present in the mine than what was incorporated into the jointed model it was deemed
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that the anisotropic model better represents reality. Therefore the anisotropic model
was used for the analysis of the additional scenarios beyond the CMRR and RMR
scenarios and the sensitivity analysis was carried out using the anisotropic model.

5.4 Impact of bolts

The tensile load experienced on the bolts is not anywhere close to their capacity in
any scenario. This is due to the roof displacing as a single unit downwards resulting
in the bolts being displaced in the same rate as the roof. In this aspect the bolts
seem to be unnecessary for the overall stability and displacement and the existing
bolt pattern can be considered excessive. However, from the results showing the
yielded elements it is clear that failure and loose blocks are present. In this case the
bolts percolating the yielded elements would definitely help to keep them in place.
For example, when looking at Figure 4.19, the results show failure in the form of
yield in the middle while not much occurs at the edges. Judging by that, it would
be a good idea to focus the bolting to the middle of the rooms and thus reducing
the overall amount of bolts.

5.5 Three-dimensional problem in a two-dimensional
model

This thesis has focused on a two dimensional analysis but in reality the mining
rooms and their intersection to the main corridor is very much a three dimensional
problem. Each mine room perpendicularly intersects the main corridor in reality,
illustrated in Figure 2.9. The 2D-model does not accurately represent the situation
in the vicinity of the main corridor as the supporting capacity of the pillars will di-
minish closer to their ending. This could lead to larger amounts of yielded elements
in the pillars and the roof in these areas and additional support may be needed as
a result, such as clearing up small loose blocks and/or spot bolting. As a result,
further stability assessment is required in these areas.

Also worth noting is that the model was limited to only include three adjacent mine
rooms, whilst in reality the mine is much more extensive. The reasoning was that
for the scopes and purposes for this study it was sufficient to model a representative
sample of the mine. Three adjacent rooms still gives an indication of how one room
affects the other and the simulations in the end seems to confirm this.
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5.6 Reinforcement suggestion based on the find-
ings in this thesis

It is clear from the finite element analysis that the bolts have a negligible effect on
the vertical displacement and the general behaviour of the models. However, it is
also clear that the roof easily suffers from yielded elements that needs to be con-
trolled. If blocks are allowed to fall, the stress distribution could eventually change
in the overlaying segments of the roof leading to further stability issues. As a result,
it is crucial to handle these loose blocks properly. Using a rock net would control
blocks from falling down, but would not necessarily maintain the stress in the over-
laying roof. Using a liner would cope with both issues, but is an expensive and
impractical alternative for a large mine as in the case of Kvarntorp. Using bolts, as
is the current method utilised, would both maintain the stress distribution and keep
blocks from falling down, while simultaneously being relatively inexpensive and easy
to install. However, the difficulty with bolting yielded elements is to safely assess
where it is necessary to bolt. The quality of the roof undoubtedly has variations and
consequently the assessment is arduous. This is currently solved by bolting densely
and therefore minimizing the risk of any blocks having the possibility to fall. How-
ever, as can be seen in the results of the models of the CMRR scenario and the
unsupported scenario this method clearly exaggerate the necessary amount of bolts
for a regular part of the mine. In a sense, the recommendation from CMRR is very
feasible if the yielded elements always are centered in the middle of the tunnel roof
as is the case in the models. This would allow the usage of two bolts which would
most likely be enough to sustain the weight of those blocks. This method would
be cheaper, more environmentally friendly as less steel has to be used and easier to
install and maintain than the existing support and the RMR recommendation. Still,
the reality of the precise location of the yielded elements is hard to assess through
a finite element analysis, as the quality of the roof may vary throughout the mine.
Consequently, the trouble with the recommendation is the need to clearly locate
any weakness zones in the rock mass. If those are located, the specific location of
the bolts can be altered in weaker areas to accommodate for the irregular rock be-
haviour. As the Kvarntorp mine mainly consist of sandstone with strictly horizontal
joints, such an assessment is deemed to be possible. Deviating joints could possibly
be located in such a homogeneous rock mass and as a result the weakness zones
are also easier to locate. However, many other aspects also affect the roof quality
such as the filling material of the joints and the proportion of other material bound
within the sandstone.

If it is not possible to locate the weakness zones, it may be hard to simply follow
the support recommendation established by CMRR as it would be a risk. In that
case, the RMR recommendation or existing support would be a safer bet.
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5.7 CMRR outside of the coal mining industry

As this study has focused on the Kvarntorp mine in particular, the conclusions that
can be established are mainly applicable to this specific case only. They may be
considered as indicators of the general functionality of the classification systems
in horizontally layered sandstone, but as only one case has been studied no wider
conclusions can safely be determined.

However, in the case of Kvarntorp this study provides a competent foundation for
the implementation of CMRR. In general, the mine seems to be stable without any
support aside from the yielded elements that need to be supported by bolts. The
existing support has six bolts in a row which is similar to the recommendation pro-
vided by RMR Maximum. RMR minimum instead gives an even more extensive
support suggestion while CMRR gives a preliminary support suggestion PRSUP of
only two bolts in a row with an out of plane spacing of two meters. If the yielded
elements are located as in the model results and the bolts are placed in the middle
to support the falling block it might be sufficient to only use two or maybe three
bolts instead of the current six.

The results of the study indicate that CMRR actually suggested the most efficient
solution for this particular scenario and could potentially be more economical and
easier to implement than the other alternatives. It is however hard to determine for
certain if the entirety of the mine behaves the same. As there have been instances
of roof collapses throughout the mine this is deemed unlikely. This has mainly oc-
curred in older sections of the mine though where the old bolts already have served
their lifespan. However, in some areas of the mine it is possible that six or even more
bolts would be required, but if the rock mass could be assessed to locate weakness
zones, the amount of overall bolts in the mine could be reduced significantly.

Additionally, CMRR was found to be the more flexible classification system to work
with. As described in Section 3.2.2, several input parameters can be decided by the
user such as the bolt length or spacing between bolt rows. For certain cases, espe-
cially in sedimentary bedrock, it can be very valuable to allow the bolts to pierce
into a stronger layer above. Consequently, it is very valuable for the user to be able
to assign the length of the bolts for such cases. In comparison, RMR determines the
bolt length through the rock mass class. This can be problematic as the option to
bolt into a stronger layer above is harder to take into account while using the system.

Altogether, this indicates that CMRR has the potential to be valuable outside of the
coal mining industry. As is clearly seen in this case, CMRR provides a more efficient
support recommendation than RMR. If the recommendation is explicitly considered
to be a recommendation and not a clear cut support affirmation, it is deemed to
be useful for cases similar to Kvarntorp. However, in conjunction with CMRR it is
important to investigate the rock mass properly in order to locate possible disparities
in the rock quality and assess these properly. As a result, the option of using CMRR
concerns the possibility and ability to assess the quality of the roof in a safe and
simple manner. If this is possible, CMRR is a feasible method to proceed with.
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However, if the rock quality has large disparities or is difficult to assess, the safer
choice may be to follow the recommendation of RMR.

5.8 Stress distribution around mine rooms

As can be seen in Figure 4.33 and 4.34, the stress distribution around the mine room
is constrained by the top side of the model. In reality, the phosphorite sandstone
layer has a superjacent layer of soil above, as visualised in Figure 2.7. As the
overburden soil was restructured into a distributed load, the stress distribution is
confined within the sandstone and cannot disperse into the overlaying soil as it is
not part of the model. This does not fully represent reality, as the stress would be
further distributed into the overlaying layers. However, this is not deemed to have
a significant effect on the results in general.

5.9 Conclusions

The distinct conclusions of this study is summarised below.

o« CMRR is deemed to be a useful classification system for the case of Kvarntorp
and the study indicate that that it may be useful for other locations with
sedimentary bedrock as well

e CMRR is to be used in conjunction with a thorough assessment of possible
weakness zones in the area, as they may generate zones requiring additional
support or an alteration of the precise bolt location.

o« CMRR is a more flexible system for the user compared to RMR, as it allows
more control of the desired output

e« CMRR is easier to perform on-site by an experienced user compared to RMR

o In cases where a thorough assessment of weakness zones is arduous or impossi-
ble, RMR gives a more conservative support recommendation associated with
less risk of falling blocks.

o In the case of Kvarntorp, the bolting does not affect the vertical displacement.
However, it is necessary to control the yielded elements.

o The existing support in Kvarntorp is excessive, as further assessment of weak-
ness zones in conjunction with CMRR would allow for a more efficient bolting
structure.

e Both the anisotropic model and the jointed model used in this study show
very similar behaviour and results.

o Among the input parameters used in this study, the GSI value is the largest
contributor to the models behaviour. Simultaneously it is also the parameter
that leaves most interpretation up to the user. Consequently, experience be-
comes the most important input factor as all other parameters can be safely
determined through on-site or laboratory testing.
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5.10 Further studies

As the findings of this study indicate that CMRR can be applicable in other set-
tings than coal mining the potential for further studies is vast. The scope of this
study was the qualitative analysis of a single case, the Kvarntorp mine. However, a
larger sample size would allow for broader conclusions concerning the applicability
of CMRR. As an example, a study investigating a multitude of sedimentary mines
with slightly differing properties would be able to gather correlations between the
cases and allow for a more thorough investigation of CMRR. This could determine
the general usability of the system in different types of sedimentary bedrock. Addi-
tionally, it would allow for further evaluation of how CMRR may be utilised and if
any adjustments to the system would be necessary to make it more versatile.

Furthermore, the effect of weakness zones is not investigated comprehensively in this
study. Unfortunately, the assessment of weakness zones can be arduous and expen-
sive, in turn neglecting the economical and practical benefits of utilising CMRR.
Consequently, the system would benefit greatly from being able to incorporate the
assessment of weakness zones into the system itself. This could be possible if strong
correlations between different types of weakness zones could be found. A thorough
study with a large sample size comparing the CMRR support recommendation to the
necessary support with weakness zones taken into account could potentially achieve
this.

In general, any further studies within the subject would also benefit from further
comparison between FEM model types with mines that have already had their sta-
bility thoroughly assessed through traditional methods. Further investigation of
correlations and possible issues with utilising finite element analysis would improve
the credibility of studies in the subject area.

For the specific case of Kvarntorp the largest obstacle is considered to be the un-
certainty of the input parameters. To be able to distinctly assess the applicability
of CMRR or RMR in the mine extensive testing of the bedrock is necessary. All
parameters that were linked to uncertainty in this study can be retrieved through
further testing, except the GSI which is partly based on experience. However, fur-

ther testing and investigation of the bedrock would also benefit the assessment of
GSI.

In addition, the Kvarntorp case would benefit from a three-dimensional finite ele-
ment analysis to evaluate the diminishing stability effect of the pillars closer to the
intersection between the main corridor and mine rooms. The effect of this is as-
sumed to be similar in most intersections, and thus a study investigating this effect
would be valuable for the stability assessment of the full mine.
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A. Appendix 1 - Tables

Appendix 1 - Tables

Table A.1: Geomechanics classification of Rock Mass Rating system [40]

L

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parametar Range of values
J For this low range -
Strength Pont I??dnde =10 MPa 4 - 10 MPa 2-4 MPa 1-2MPa uniaxial compressive
of sirength index test is prefemed
1 | intact rock |Uniasdal comp. iy a0 - = - . 5-2511-5] =1
matenial | srength 250 MPa 100 - 250 MPa 50 -100 MPa 25-50 MPa wea | vPa | wea
Rating 15 12 T 4 2 1 0
Drill core: Quality RQD 20% - 100% 75% - 90% 5% - 75% 25% - 50% = 25%
2 Rating 20 17 13 8 3
Spacing of discontinuities >2m 06-2.m 200 - 500 mm 60 - 200 mm = 50 mm
3 Ratng 20 15 10 2 5
Very rough sufaces | Shightly rough SILHT..';- rough Slickensided surfaces | Soft gouge =5 mm
Not continuous surtaces surtaces or thick
Condition of discontinuities |No separation Separation < 1 mm | Separation < 1mm  |Gouge = 5 mm thick or
4 (See E) Unweathered wall Slvﬁmy weathered Hi%ﬂ-,r weathered or Separation > 5 mm
rock walls walls Segparation 1-5 mm Continuous
Continuous
Rating 30 25 20 10 0
Infiow per 10 m - R N -
funnel lengfh (Im) None 10 10-25 25-125 125
Ground | (Joint water pressy - n .
5 | water |(Major principal o) 0 <01 0.1,-02 02-05 05
General conditions Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)
Strike and dip ofientations Very favourable Favouralie Fair Unfavourable Very Unfavourable
Tunnels & mines 0 -2 5 -10 -12
Ratings Foundations 0 -2 -7 -15 -25
Slopes 0 -5 -25 50
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 100 — 81 B0 — 61 60 «— 41 40 = 21 =21
Class number | I in v v
Description Very good rock Good rock Fair rock Poor rock Very poor rock
D. MEANING OF ROCK CLASSES
Class number | I 1l v v
Average stand-up tme 20 yrs for 15 mspan | 1 year for 10 mspan | 1 week for 5 mspan | 10 hrs for 2.5 m span | 30 min for 1 m span
Cohesion of rock mass (kFa) = 400 300 - 400 200 - 300 100 - 200 =100
Friction angle of rock mass (deg) > 45 35-45 25-35 15-25 <15
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY conditions
Discontinuity length (persistence) =1m 1-3m 3-10m 10-20m =20m
Rating 6 4 2 1 0
Separation {aperurs) None =< 0.1 mim 0.1-1.0 mm 1=5mm = 5 mm
Rating L5 5 4 1 0
Roughness Very rough Rough Slightly rough Smocth Slickensided
Rating L 5 3 1 0
Infilling {gouge) Nane Hard filing < 5mm | Hard filing > 5mm | Soft filing < 5 mm Soft filling = 5 mm
Rating 6 4 2 2 g
‘Weatherng Unweathered Slightly weathered Moderately Highly weathered Decomposed
Ratings [ 5 e 1 0
3
F.EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING™
Strike perpendicular to tunnel axis Strike paralkl to tunnel axis
Drive with dip - Dip 45 - 90~ Drive with dip - Dip 20 - 45° Dip 45 - 90° Dip 20 - 45°
Very favourable Favourable Very unfavourable Fair
Drive against dip - Dip 45-90° Crive against dip - Dip 20-45° Dip 0-20 - krespective of strke®
|1 Fair Unfavourable Fair
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Table A.2: GSI Chart [41]

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of G5I. Do not try to

be too precise. Quoting a range from 33
to 37 is more realistic than stating that
GSI = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be
reduced if water is present. When working
with rocks in the fair to very poor
categories, a shift to the right may be made
for wet conditions. Water pressure is dealt
with by effective stress analysis

STRUCTURE DECREASING

R
Slickensided, highly weathered surfaces with compact

1 coating or fillings of angular fragments

v

Slickensided, highly weathered surfaces with soft clay

Rough, slightly weathered, iron stained surfaces
coatings or fillings

SURFACE CONDITIONS

GOOD

POO

Smooth, moderately weathered and altered surfaces

Very rough, fresh, unweathered surfaces

VERY GOOD
VERY POOR

FAIR

wn

URFAC

7
7&/ N/A| N/A
/

UALITY

m
2

INTACT OR MASSIVE- Intact

rock speciments or massive in-
situ rock with few widely spaced
discontinuities

\8\

\\\

BLOCKY - Well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

N

77V
7/

'~

47— DECREASING INTERLOCKING OF ROCK PIECES
\\a
(=]

Y

AN

3

VERY BLOCKY - Interlocked,
partially disturbed mass with
multi-faceted angular blocks
formed by 4 or more joint sets

BLOCKY/DISTURBED/SEAMY

- Folded with angular blocks
formed by many intersecting
discontinuity sets. Persistence
of bedding planes or schistosity

DISINTEGRATED - Poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

N
\\\\
\
s
e
~
-

O~y

LAMINATED/SHEARED - Lack of /
blockiness due to close spacing N/A N/A /

RS

of the weak schistosity or shear planes

ITT
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IMMERSION TEST
Mine: Date:
Unit No.: Tester:

Sample Description (Lithology, bedding, etc.):

Immersion

Observation Rating
Appearance of Water

Clear=0
Misty = -1
Cloudy = -3

Talus Formation
None =0
Minor = -1
Major = -3

Cracking of Sample
None =0
Minor/Random = -1
Major/Preferred Orientation =-3
Specimen Breakdown = -9

Total Immersion Index

Breakability

Observation Rating

No Change 0
Small Change-2
Large Change -6

Breakability Index

Procedure for Immersion Test

Select sample(s) - ~ hand sized.
Test for hand breakability.

Immerse in water for 1 hour.
Sum Rating for Immersion Index.

Retest for hand breakability.
Determine Breakability Index.

CONDIO AN

Index.

Rinse specimen (to remove surface dirt, dust, etc.).

Observe and rate water appearance, talus formation, and cracking of sample.

The final Immersion Test Index is the greater of the Breakability Index or the Immersion

Figure A.3: The data sheet used for determination of the breakability and immer-
sion index in the immersion test [5]
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Table A.3: Laboratory mechanical properties of different sandstones with similar
quality to the Kvarntorp sandstone [42]

Sandstone .. Density Elastic Poisson’s Comp. | Tens.
Location Description fo/em?] Modulus Ratio Str. Str
[GPa] [MPa] | [MPa]

USA, . Sandstone 2.43 13.79 0.20 102.04 | 15.86

Pennsylvania

USA. W. Va. Areill .

Kanawha HEACCONS 9 80 31.50 0.05 105.49 | 4.14
mg-fg

Eagle

USA. Bridge | Ferruginous,

Canyon Dam, | mg, porous, 2.39 27.58 0.04 90.32 5.17

Arizona. massive

USA. Flaming | Quartzitic,

Gorge Dam, ferroginous, 2.54 14.82 0.06 113.07 | 3.24

Utah dense, mg

USSR, Coal, mg,

Prokopevsk, siliceous- 2.54 22.40 0.22 113.70 | 6.40

kieselevsk argillicious

USSR, Coal, fg,

Prokopevsk, argillaceous, | 2.66 32.0 0.28 149.50 | 9.90

kieselevsk siliceous

USSR, Coal, cg,

Prokopevsk, aleurolites, 2.80 30.0 0.34 99.80 9.0

kieselevsk argillaceous

USA,

White Pine, Wet 2.80 49.99 0.11 122.73 | 13.1

S-W
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Appendix 2 - Bolt patterns and
liner placement in different models

Figure B.1: Bolt pattern for scenario "Existing support'
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B. Appendix 2 - Bolt patterns and liner placement in different models

Figure B.2: Bolt pattern for scenario "RMR Maximum'

Figure B.3: Bolt pattern for scenario "RMR Minimum'

Figure B.4: Bolt pattern for scenario "CMRR'

N/ N/ N
N 7 AV

Figure B.5: Bolt pattern for scenario "Bolts installed at an angle of 45°"
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B. Appendix 2 - Bolt patterns and liner placement in different models

Figure B.6: Bolt pattern for scenario "Increased height of the middle room without
support"

Figure B.7: Bolt pattern for scenario "Increased height of the middle room with
bolts"

AV
AX
i

Figure B.8: Liner placement for scenario "Increased height of the middle room
with concrete liner'

Figure B.9: Bolt pattern for scenario "Unsupported initial conditions"
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C. Appendix 3 - Pictures from the Kvarntorp mine

C

Appendix 3 - Pictures from the
Kvarntorp mine

Figure C.1: Inside one of the main corridors in the Kvarntorp mine. Sandstones
layers SL.4 and SL5 are visable
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C. Appendix 3 - Pictures from the Kvarntorp mine

Figure C.2: Intersection between a main corridor and a mine room
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C. Appendix 3 - Pictures from the Kvarntorp mine

Figure C.3: Wall of a main corridor. Ruler is 60 cm for scale.
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C. Appendix 3 - Pictures from the Kvarntorp mine

Figure C.4: Intersection between a main corridor and a mine room
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