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2 Introduction

2.2 Objectives

Utilizing a diverse array of data sources, including photogrammetry, field surveys, and borehole
core analyses, this thesis aims to collect data on the joint properties within the study area. From
these data, a geotechnical map will be developed to delineate various geotechnical domains, and
comprehensive Discrete Fracture Network (DFN) models will be constructed to predict in-situ joint
intensities. The thesis is structured around three main objectives:

1. Quantitative joint charachterization of the study area




This involves detailed data collection on the joint properties of the study area. The data is
collected based on different datasets:

* Rock core descriptions:Detailed logging of unoriented rock cores. Parameters in-
clude joint condition, intensity, RQD.

* Data collection on virutal outcrops

* Field Investigation: Data collection on joint parameters such as joint condition.  In-
vestigation of geological features such as large karstic zones or faults.

. Quarry wide DFN generation- and DFN based geotechnical modelling:

This section aims to produce a quarry- wide DFN. The aim of this DFN is to produce a block
model displaying the fracture intensity variation across the quarry.  The influence of joints
on the block size potential will also be investigated during this thesis.

3. Leveraging datasets for rock mass classification _
I

* Rock mass classification systemsising the collected data on joint characteris-
tics and mechanical properties of the rock material (collected in a previous study see
Appendix G) to classify the rock mass. The RMR and Q system will be used as classi-
fication systems in this study.




3 Initial site assessment

3.1 Location and background

The quarry is 1.3 kilometers in length, 500 meters in width, and 100 meters in depth. It operates
as an open-pit mine with eight levels or benches, on average 16 meters in height. The bottom
three levels—8&, 7, and part of 6—lie beneath the natural water table. The gquarry spans from an
elevation of 38 meters at its lowest level to 180 meters at the top, with a vertical extent of 120
meters being mined.
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Figure 3.2: Cross section of the topography of the quarry intersection all bench heights (MOVE
software reference)



3.2 Geological Context
3.2.1 Main formations of the MLD deposit

The quarry covers three main geological formations, the Terwagne, Longpr’e and Engihoul (Poty,
2001). These formations were deposited during the Carboniferous period in the Dinant Sedimen-
tary Area (DSA), specifically during the Toumaisian and Visean stages of the Carboniferous period
(Poty, 2001; Van der Voet, 2022). The three primary geological formations are further divided into
distinct geological members (Poty, 2001). Lhoist has classified and subdivided the main geological
formations using their own terminology, which is based on the chemical characteristics of the car-
bonate rocks (see Table 3.1). This report will only cover the main formations of the quarry which
are Terwangne, Longpr’e and part of the Engihoul formation (up and until the Maurenne member).
The formations will be referred to as formations E, D, and C respectively.

Stratigraphic bedding planes referred to as stratigraphic joints by Lhoist are represented in figure
3.3. The stratigraphic joints often delimit geological members or Lhoist's geological strata.

In the study area, geological formations D and C exhibit non-continuous bedding planes due to
the dolomitization process affecting these layers (Lauwers, 2023). The dolomitization process of
the Tournasian limestones (D and C) occurred during an early Visean regression cycle (Van der
Voet, 2022). A process known as replacement dolomitization, took place in sea-water environments
(Lauwers, 2023; Van der Voet, 2022). The bedding planes of formation E (Visean) are continuous
and clearly visible in contrast to bedding planes of formation D and C (see figure 3.8). The bed
thickness are also larger in formation D compared to formation C in particular in the upper parts

of formation D and the Avins member of this formation. The Avins member is 10-12m thick with
almost no visible bedding planes.

Table 3.1: Geological formations found in the MLD area according to Poty (2001). The Lhoist
terminology and the terminology used during this report are also given in this table.

Lhoist strata terminology  Geological layers (Poty, 2001y Member Era - Stages Terminology for this study
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Figure 3.3: Stratigraphy of the area with stratigraphic joints delimiting formations.

3.2.2 Hercynian orogeny

The Hercynian orogeny, spanning from the late Devonian to the early Permian, was characterized
by compressive stresses that led to the formation of multikilometer NE-SW folds and reverse faults
(Bour, 2010; Sonnet, 2004). The study area is situated on the Southern edge of the Namur syncli-
norium, between two major reverse faults, the Midi-Eiffel fault and the Landenne fault (Van der
Voet, 2022). The Midi-Eiffel fault delimits the structural units of the Brabant Parautochthon and

the Ardennais Allochtone (Bour, 2010;Pingot, 2022). The study area is located on the Brabant
Parautochthon, characterized by less deformation in the Devonian-Carboniferous sedimentary de-
posits than on the Ardennais Allochtone (Passagez, 2012; Van der Voet, 2022 5mall reverse faults
NE-SW associated with the compressive regime occurring during the Hercynian orogeny have been
observed in the quamry (Mathieu, 1962; Passagez, 2012).
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Figure 3.4: North-South cross-section of Wallonia study area is situated to the South of teh 'Faille
du midi' of midi fault (Bour, 2010)

3.2.3 Extensional Domains of the Jurassic and Cretaceous

During the Jurassic and Cretaceous, the system was in extension. The extensional events formed
strike-slip faults and is the origin of the two main joint sets measured of the study area Mathieu
(1962); Van der Voet (2022); Vandycke (1997). The two main subvertical joint sets described in
literature are oriented NNE-SSW (N25) and ESE-WNW (N295).

3.2.4 Current stress regime

The nearest stress regime measurements to the study area were taken in the Li'ege-Gulpen area,
where the horizontal principal stress direction is oriented east-west (Delvaux, 1997). The current
stress tensor observed in Li'ege closely resembles the paleo-stress tensor documented in the Engis-
Fl"one quarries, which are situated approximately 30 km from the study area (Delvaux, 1997).
Additionally, stress measurements taken in the Hainaut region, 60 km west of the quarry, indicate

a horizontal principal stress direction of northwest-southeast, which is consistent with the prevailing
stress regime across Western Europe (Delvaux, 1997)lt is important to emphasise that the major
principal stress in the area is expected to be the vertical stress related to the overburden.

Lege  NiT

AREA n-6

Figure 3.5: Current day Stress tensor measured in the Li'ege-Gulpen area from Delvaux (1997)

3.3 Geological features
3.3.1 Joint sets

The study area is dominated by two subvertical  joint sets oriented NNE-S5SW and ESE-WNW
(Delvaux, 1997; Mathieu, 1962; Passagez, 2012)Both subvertical joint sets can be organized into
fracture corridors (see section 3.3.5). In formations D and C, most joints are not bed-bounded
(Van der Voet, 2022). The joints formed after the dolomitization process during the Paleozoic-
Cretaceous extensional domain.
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Figure 3.6: Figures (c) and (d) represent the percentage of fractures and the percentage of fracture
length in each category, respectively (figure from Van der Voet (2022)).

3.3.2 Bedding planes

The bedding planes are not continuous due to dolomitization process, particularly in formations D
and C (see figure 3.8).Based on descriptions and field observations from Mathieu (1962), formation
D has larger bedding planes than formation G, and formation E has the smallest bed thickness.
Formation D is particularly affected by dolomitization and has few continuous bedding planes
accross the entire formation. The top of formation D (Avins member) has no continouus bedding
plane for over 10 meters. The bottom of formation D, Lhoist terminology DO, has no continuous
bedding plane for 7-8 meters as seen on figure 3.8.
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Figure 3.7: Sketch of a fracture corridor with geological features associated to fracture corridors
in the MLD quarry.
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Table 3.2: Geological features displayed on figure 3.7

Number Geological feature

1 Dissolution joint filled with orange silty clay 10cm thick.

Karstic void 0.7-1m wide.

Dissolution joint across entire bench height. Rough undulating joint
with gouge as infill.

Non-continuous bedding planes in formation D

Joints inside fracture corridor filled with a thin layer

(1-5mm) of dolomitic sand.

S I - R PSS

3.3.3 Small karstic voids

Small karstic voids are occasionally encountered in the quarry and are often associated with other
geological structures such as fracture corridors and faults related to karsts (see section 3.3.8).
Moreover, two stratigraphic locations (Joint P and Joint F) are more susceptible to the develop-
ment of karstic voids within the geological framework. The voids associated with stratigraphic
joint P exhibit varying dimensions, with widths and heights both ranging from 0.5 to 2 meters,
and are filled with silty clay. Small karstic voids are occasionally found at the top of the Engihoul
formation, just below stratigraphic joint F (see figure 3.8) (Poty, n.d.).

Longpré JointG

formation (D)

. Joint F

Engihoul
formation (C)

Figure 3.8: Bench 7, stratigraphic joint F delimiting formation C and D. 1) Typical Karstic void
for the study area 6m by 1.5m. 2) Non-continous bedding planes in formation C. 3) Small fracture
corridor across formation D and C. DO, Lhoist terminology for bottom of Longpr’e formation.

3.3.4 Dissolution joints

Dissolution joints can be observed in the quamy and in the surrounding galleries. Most dissolution
joints are observed above the water table (z=75).Quantification on the the frequency of dissclution
joints will be provided during this thesis. Most dissolution joints are smaller than 10cm wide, but
some can be 2 meters wide or more. This can be the case for dissolution joints related to minor
faults (see section 3.3.8).
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Figure 3.9: Dissolution joints found in the iron shafts near the quarry. Both are found in formation
D.

3.3.5 Fracture corridors

The two main subvertical joint sets in the area contain zones characterized by a high concentration
of joints compared to the surrounding rock, the zones are referred to as fracture corridors. These
corridors often coincide with rock mass alterations, and the joints within them are commonly filled
with silty-clays or dolomitic sand (see figure 3.10). The corridors associated to the subvertical
joints striking ENE have widths of 25 meters or less. Corridors striking ESE-WNW can be larger
(up to 50m) and are often highly affected by rock alteration.  Karstic voids and dissolution joints
are often associated to the ESE-WNW striking fracture cormridor along with iron deposition (see
section 3.3.8).

Figure 3.10: Fracture corridor with similar strike as the J2 set with background joints  with
dolomitic sand as infill
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3.3.7 Faults

Minor faults with displacements of less than 2 meters have been identified during field investi-
gations. The nature of the faults (reverse, normal or strike-slip) is difficult to determine due to
noncontinuous bedding planes, alteration and the subvertical nature of the faults. Both Passagez
(2012) and Mathieu (1962) have described observations of faults in the quarry.  Some faults are
also associated to Iron deposition (see section 3.3.8). Small ramp faults systems have also been
occasionally found on the upper benches of the quarry (Bench 4 and above).

13



a) . W b)

Figure 3.12: a) Slickensided surface with similar orientation as the J2 set on bench 8 acting as
preferential water flow path. b) Fault on bench 7 oriented E-W probably dating to the Hercynian
orogeny.

3.3.8 Iron- fault related karst

In the vicinity of the quarry, 4-5 ESE and SE (strike direction) subvertical veins have been ex-
ploited (Dejonghe, 2010a). Perpendicular to those veins, smaller karstic joints have also been
exploited at the base of the Visean Dolomite (Dejonghe, 2010b). In the quarry and in former iron
ore shafts belonging to Lhoist, similar-oriented karsts and iron veins have been found. The size of
the iron veins ranges from centimeters to 3 meters in width, according to Dejonghe (2010b); this is
consistent with our findings. It is possible to observe a 2 meter wide vein that has been exploited
in the St-Barbe gallery on figure 3.13.
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found in faults striking E-W, WNW-ESE and most likely date back from the Jurassic-Cretaceous
extensional domains (Dejonghe, 2010a). Some geologicalcross-sections,similar subvertical zones
have been described as "damaged terrain®. Such a zone can be observed in figure 3.15.

=

Figure 3.14: Iron ore concession of Landenne. 1) series of small, undetermined faults resulting in
iron veins 2) Landenne Fault (Firket, 1878)

Figure 3.15: Cross-section of former Iron ore deposits mentioning "Damaged terrain” (Dejonghe,
2010b)

During the Jurassic and at the start of  the Cretaceous, hydrothermal fluids that went through
faults and open fractures mobilised dissolved iron from the Givetian-Frasnian formations to the
Carboniferous carbonate rock deposit (Dejonghe, 2010b). Subsequently, iron, zinc, sulfur, and
other minerals precipitated to form mineral ore veins. Iron sulfides were the most common miner-
als to precipitate, but galena and other minerals also formed in the region (Denayer et al., 2010).
The iron ore veins date back to no later than the Cretaceous due to the lack of iron present in later
sedimentary deposits from the Cenozoic (Dejonghe, 2010b; Denayer et al.,, 2010). Subseguently,
meteoric water intrusion dissolved the iron sulphides to goethite when oxidized. This caused the
water to be acidic, favoring chemical alteration (Denayer et al., 2010). This created so-called 'lron-
hats’, the rocks exposed to oxygen have been altered over a wider area, and the width of the karstic
zone decreases with depth.The karsts should decrease in width below the water table (Denayer et
al., 2010).




4 Background information and methodology data collection

This section will elaborate on essential terminology pertinent to the study, including background-
structural joints and weakness zones. Additionally, the section will detail the methodologies em-
ployed to collect quantitative datasets on the joint parameters, ensuring a thorough understanding
of the technical approaches and procedures involved.

The data requirements for this study are classified into four main categories, as shown in table 4.1.
Each category consists of different parameters or datasets that will be used for rock mass classifi-

cation systems, geotechnical and DFN modelling. Data on joint characteristics were also collected
from diverse sources, including rock core descriptions, field investigations, and photogrammetry

models as seen on figure 4.1.

Table 4.1: Joint characteristics collected during field study

Category Parameter Unit RMR  Q DFEN
. . . Dip angle- Dip direction 1 B - Yes

A Joint orientation Number of joint sets [-] - Jn -
Joint spacing m A2 - Yes

Lo . RQD % A3 RQD | -
B. Joint intensity P10 [oints/m] - - Yes
P21 [m/m?] - - Yes
] Joint size (Length and persistence) | rating —[m] | Ada - Yes
C. Joint Shape Joint aperture [mm] Adb - Yes

. " Joint roughness rating Adc Jr -

D. Joint Condition Joint alteration (infill) rating Ade Ja -

/ Orientation Intensity Shape Condition \

riy N L, Foy
'.\ . ".\ ".\
LA

Photogrammetry
madel

I Photogrammetry

L Photogrammetry
model
LCore descriptions

model L Field Investigation
LF]eId Investigation

Field Investigation Core descriptions

Core descriptions

Aum=

/

Figure 4.1: The datasets gathered for joint characterization originate from various sources.

4.1 Background definitions

4.1.1 Structural and background joints

In this study, joint sets are determined based on joint orientation data and joint shape to address
censorship issues arising when some joint heights exceed the extents of the quarry benches, as
illustrated in figure 4.2. This causes truncation problems where the true joint height distribution
cannot be defined (Bisdom, 2011). To solve this problem the concept of structural joint is intro-
duced in this study. Structural joints are based on the definition of Esterhuizenetal. (2011),

16



bottom or the top of the bench, as illustrated in figure 4.2.  In such instances, joints truncated by
the bench but extending across at least 6 meters are considered structural jointsThis classification
approach is designed to prevent the overestimation of structural joints by not including every joint
that is bound by either the bench's bottom or top.
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Figure 4.2: Structural joints and background joints definition during this case study

4.1.2 Weakness zones and joints

A differentiation is made between joints and weakness zones. All discontinuities in the rock mass
that have an aperture smaller than 10cm will be considered as joints, apertures larger than 10cm
will be considered weakness zones This follows the guidelines from the NGI (2015).

4.2 Joint condition ratings from the rock mass classification systems

The joint condition is determined by two primary components, the joint roughness and joint
alteration (Barton, 1978). The assessment of joint alteration and roughness ratings follows the
rating systems outlined by Bieniawski (1989) and NGI (2015). The ratings for the joint condition
for both classification methods are determined through the specified methodologies:

* Joint Roughness rating:
The joint roughness estimates are based on the descriptive term methodology in accordance
with ISRM standards (Barton, 1978).

* Joint alteration (Weathering, infill, aperture):
Woeathering grade and joint infill estimates using rough quantitative descriptions as per ISRM
standards (Barton, 1978). The ISRM recommends conducting laboratory tests to examine the
mineralogy and swelling of the joint infill. However, no samples of the joint infill material were
obtained for testing. The granulometry and swelling of the joint infill  have been estimated
using stickiness, taste, and graininess tests, following the method described by ministry of
environment (1998).

The ratings of the RMR and Q system related to the joint condition (alteration and roughness)

is provided in the tables below. The complete ratings system for both rock mass classification
systems is found in Appendix E.
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Table 4.2: Joint roughness rating (Jr) for the Q system with the 7 categories of joint roughness

a) Rock wall contact, and

b) Rock-wall contact before 10 cm of shear movement
A | Discontinuous joints 4

B | Rough or irregular, planar 3

C | Smooth, undulating 2

D | Slickensided, undulating 1.5

E | Rough orirregular, planar 1.5

F | Smooth, planar 1

G | Slickensided, planar 0.5

c) No rock wall contact when sheared |

| H ] No wall contact after 10 cm of shear I 1 |

Table 4.3: Qualitative descriptions for the Joint alteration ratings (Ja) included in the Q system
(NGI, 2015)

a) Rock-wall contact (no mineral fillings, only coatings)

Tightly healed, hard, non-softening, impermeable filling,

Ja depends on percent of swelling clay

A i.e., qurtz or epidote 0.75

B | Unaltered joint walls, surface staining only. 25-35 1
Slightly altered joint walls. Non-softening mineral coatings; sandy particles,

C : 25-30 2
clay-free desintegrated rock, etc.

D | Silty or sandy clay coatings, small clay fraction (non-softening) 20-25 3

E | Softening or low friction clay mineral coatings, i.e., kaolinite or mica. 8-16 4

b) Rock-wall contact before 10 cm shear (thin mineral fillings)

F | Sandy particles, clay-free disintegrated rock, efc 25-30 4

G Strongly over-consolidated, non-softening, clay mineral 16-24 6
fillings (continuous, but =<5mm thickness).
Medium or low over-consolidation, softening, clay mineral fillings (continuous,

H . 12-16 8
but <5mm thickness).
Swelling-clay fillings, i.e., montmorillonite (continuous, but <5 mm thickness).

J . 6-12 812
Value of Ja depends on percent of swelling clay

c) No rock-wall contact when sheared (thick mineral fillings)

K | Zones or bands of disintegrated or crushed rock. Strongly overconsolidated. 16-24 6

L Zones or bands of clay, disintegrated or crushed rock. 19-18 3
Medium to low over-consolidated or softening fillings
Zones or bands of clay, disintegrated or crushed rock.

M ) . : . 6-12 812
Swelling clay, Ja depends on percent swelling clay-size particle

N Thick continuous zor?es or bands of clay. 12-16 10
Strongly over-consolidated

o ThICII(, continuous zones orl bar.ids of clay. 19-18 13
Medium to low over-consolidation

P Thick, continuous zones or bands with clay. Swelling clay. 6-12 13-30
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Table 4.4: Joint condition rating for the RMR system (A4 rating). Ratings Adb, Add, and Ade
pertain to the joint alteration and rating Adc pertain to the roughness.

[ Very rough surfaces| Slightly rough T Slightly rough T 2 T 1
Mot continuous surfaces surfaces iricskms;djg;umrfaces ;ci:r:kg;uge i
Condition of discontinuity | Mo separation Separation <1mm Separation <1imm 3 g > z
Unweathered wall | Highly wesathered Highly weathered thickOn Separation . |, Separbon;:>Smin
1-6mm continous Continous
rock walls walls
Rating- A4 | 30 25 20 10 [1]
Guidelines for classification of discontinuity ) = )
Ada -persistence | <1m 1to3m [ 3to 10m | 10 to20m | =20m
rating 6 4 2 1 L]
Adb- Separation | None =0 Amm [0A-1mm | 1-6mm | =Bmm
rating | 6 5 4 1 0
Adc- Roughness | Wery rough | Rough | Slighthy rough | Smooth | Slickensided
rating | B ] 3 1 1]
Add- Infill | Non | "Hard infilling <5mm | Hard filling =5mm | Softinfill <5mm | Soft infilling =5mm |
rating i 4 2 2 0
Ade- Weathering | Unweathered | Slightly weathered | Moderately weathered | Highly weathered | Decomposed
rating | B B ) |1 |0

4.3 Photogrammetry model data collection

An unmanned aerial vehicle (UAV), was utilized to capture aerial photographs of quarry benches.
These images were then used to create a 3D photogrammetric model  using Agisoft Metashape
software (2022). According to ISRM standards, photogrammetry models are utilized to systemat-

ically collect quantitative data on joint properties (Barton, 1978).  Fractures within the model are
traced using the trace polyline tool in CloudCompare and are stored in separate folders organized
by set. The joint sets are determined based on orientation data and joint geometry as discussed

in section 4.1. The tracing of fractures is carried out on rectangular windows, referred to as scan-
windows (SW), on relatively flat outcrops measuring 16 meters in height.  An example of such a
scan-window, SW13 (scan-window 13), is depicted in figure 4.3.

B & £2_54.0bj (C/Users/Harald )...
» B & E2S4

Bam

Bam

- Y

B & sz

B &3 bedding
B & outline

Figure 4.3: Example of scan-window SW13. Not all the joints appear to be traced; the polylines
are sometimes hidden behind the photogrammetry surface.

The fracture traces are saved as .dxf file by set.A Python code developed for this study reads each
.dxf file and orthogonally projects the fractures on a 2D plane parallel to the z-axis.  An example
of the projected fractures on the 2D plane can be observed in figure 4.4.  Virtual boreholes (VB)
are horizontally traced each 0.5 meters across the scan-windows (figure 4.4).
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Figure 4.4: Example of 2D projected joints for scan-window 3 (SW3)

Data on joint shape and intensity were collected from fracture traces, scan-windows,and virtual
boreholes within each scan-window. Appendix B includes a Python script and a comprehensive
guide for tracing fractures in CloudCompare and executing the Python code.
in analyzing and processing the collected data,

This script aids
properties across different sections of the quarry.

allowing for a detailed examination of the joint

4.3.1 Joint orientation

Orientation data was collected from the photogrammetry model

using Cloudcompare's Compass
plugin. This plugin can be used on the failure surface of

a joint to estimate the dip angle and
direction by best-fitting a plane through the point cloud (Thiele et al., 2017). Appendix B provides

a detailed description on how to use the Compass plugin in Cloudcompare.

4.3.2 Joint Intensity

A number of studies have collected joint datasets on outcrops or from borehole rock cores. Most

studies focus on properties such as fracture density and intensity, but various authors apply different
labels to these definitions. In this study we will refer to the generic term joint intensity to refer to

the P10, P21 or P32 (Dershowitz, 1984; Nahli, Oryzavica, & Radityo, 2017). Only P10, P21 and
P32 joint intensity datasets will be collected and used during this study.
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Figure 4.5: Joint intensity definitions used in this study (figure (Nahli et al., 2017))

4.3.3 Joint intensity - VB-P10

The virtual boreholes were used to measure the P10 joint intensity (VB-P10) for structural  and
background joints within each orientation set. The VB-P10 data is corrected for orientation bias
using Terzaghi corrections. This method corrects for the sampling bias that occurs due to the
orientation of joints relative to the virtual  borehole orientation. Terzaghi’'s correction is outlined
in the equation:

P1a
sin(a)

M

Where:

P 1G: True joint intensity

P 10:: Uncorrected

a: Angle between average joint strike and Scan Window strike.

Joint Spacing

The virtual boreholes are used to compute the fracture spacing by joint set. Orientation correction
was also used to have the true fracture spacing per joint set using equation 2 as per ISRM standards
(Barton, 1978).

S=d #sin(a) (2)
Where:
S: True fracture spacing

d: Distance between fractures
a: Angle between average joint strike and scanline strike.

4.3.4 Joint intensity- SL-P10

Scan-Lines (SL), which traced only structural joints, encompassed larger sections of virtual outcrops
compared to Scan-Windows. Based on the 5L, joint intensity data of structural joints (SL-P10) can
be determined for sections of outcrop exhibiting similar joint intensities. The SL-P10 is determined
by joint set (only for structural joints).  To address the orientation bias of the P10 joint intensity,
Terzaghi correction are applied.
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4.4 Borehole core descriptions

Borehole rock cores were available for this study.Additionally, an optic scan was available for 85m
of one of the boreholes (borehole 172). The contractor, DMT, managed both the interpretation of
the fractures and the optic scan (DMT, 2019). Core descriptions were performed using the data
collection method of geotechnical consultant Geocos.This method, known as RMR geocos (Lhoist,
personal communication), is used to estimate the Q system and RMR rating from borehole rock
cores. In order to collect the data, geotechnical sections with similar joints, recovery, and rock
strength are defined. In those geotechnical sections, the data collected consisted of:

1. Joint intensity: Rock Quality Designation (RQD), recovery rate, and counting the number
of joints.

2. Joint condition ratings for RMR and Q system.

Data on joint condition and joint counts were collected only when the core recovery was good
enough to allow for a geotechnical description.The joints were categorized into three categories
based on their dip relative to the axis of the rock core. To prevent confusion with orientation-
based joint sets, the term "joint category” is used instead of "joint sets.”

Table 4.5: Joint categories used during geotechnical core logging

Joint class ~ Angle relative to core axis |

1 60-90 degrees
2 30-60 degrees
3 0-30 degrees

4.4.1 Induced fractures

During borehole core descriptions, Lhoist geologists instructed to count every fracture that could
not be defined with 100 % certainty as an induced fracture (Lhoist, personal communication).
This is a conservative counting method and leads to a high number of induced fractures counted as
natural fractures. Counting induced fractures gives erroneous RQD and P10 values due to overes-
timating the number of fractures in the rock material (NGI, 2015).  To mitigate the oversampling
of fractures, the joints observed from an optic scan will be compared to the joints counted on the
same rock core interval. The comparative analysis will be utilized to calculate the percentage of
overcounted joints per category.

4.4.2 Joint intensity (RQD and BH-P10)

The RQD and recovery were measured in accordance with ISRM standards (Barton, 1978). The
joints were classified in their respective categories by charachterizing their dip angle. The number
of joints per category was also counted per geotechnical section. The geotechnical sections were
defined based on rock core sections with similar joint conditions and RQD in accordance with

the ISRM and the works of Bieniawski (1989) (Barton, 1978). Using the length measured from
each sections and the number of joints counted, borehole P10 (BH-P10) data can be computed.
The BH-P10 are also corrected for orientation bias using Terzaghi corrections, as outlined in the
equation:

BH-P10 = M (3)
cos(a)
Where:
BH-P10 : Joint intensity corrected for sampling bias.
BH-P10" : Joint intensitiy without Terzaghi correction
¢ : Angle between the borehole and the normal of the joint set.
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Figure 4.6: Sampling bias due to joint orientation angle between the normal of the joints and the
borehole a (Figure from Wang and Mauldon (2006))

4.4.3 Joint condition

The datasets for joint alteration and roughness were collected using the methodology outlined in
section 4.2. Joint condition ratings for the RMR and Q systems are only provided for the worst
joint condition per geotechnical borehole section.

4.5 Field Investigation

Data was collected in a field investigation both in the quarry and in-situ.  Two datasets were col-
lected in the field: the joint orientations and the joint condition (joint alteration and roughness)

Figure 4.7: Dolomeuse Gallery, 1.5m wide. The shafts have been excavated at a pace of 1-3m a
day (Pacyna & Denayer, 2010)
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4.5.1 Orientation data

The joint orientation was measured in the field using a book and the FieldMOVE Clino app. The
ISRM standards call for the use of a compass (Barton, 1978); the features of the FieldMOVE Clino
app may be considered similar to those of a compass (Barton, 1978; Petex, n.d.).

4.5.2 Joint condition

The datasets for joint alteration and roughness were collected in the field using the methodology

outlined in section 4.2. Field statistics on individual joint conditions were collected at locations
where a photogrammetry model was available. The position of each joint was recorded. In the
field, joint descriptions primarily focused on structural aspects due to their importance.
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5 Results

This section focuses on analyzing and presenting quantitative data related to joint characteristics.
It will establish statistical distributions for joint parameters by utilizing the collected quantitative
datasets.

5.1 Joint Orientation

Joint sets will be defined based on the contouring of the orientation data (Takako, Elmo, & Rogers,
2018). The joint orientations are imported into the Stereonet software (Allmendinger, 2023). Kamb
contour plots are generated in Stereonet to graphically display joint cluster.

In total, 591 joints have been measured using borehole optic scan data, a photogrammetry data,
and field data. The stereoplots of each dataset can be observed on figure 5.1. Two subvertical
joints with dip directions ed NNE-SSW and ESE-WNW and the subhorizontal bedding plane are
the main orientation sets observed in the area. When measuring joints on the photogrammetry
model, sub-horizontal joints could not be measured (fig 5.1 (a)). Joint orientations measurements
on the photogrammetry model are only feasible along sub-vertical joints where blasting favored
failure along sub-vertical discontinuities. The sub-vertical joints assessed in the field exhibit greater
variability than the orientation dataset measured on the photogrammetry model (see fig. 5.1 (b)).
The greater variability in the sub-vertical joint orientations might be due to measurement errors,
joints were measured from a distance due to safety requirements. In total, three joints sets were
measured from field data, two sub-vertical sets analogue to those measured on the photogrammetry
model and a third sub-horizontal set (bedding planes).

The orientation of the 89 joint from the optic scan was also available. The same subvertical joint
sets can be observed in figure 5.1 (c). The boreholes were drilled parallel to the subvertical joints.
This causes sampling biases when plotting figure 5.1 (c) and explains the relative prominence of

sub-horizontal joints on the figure.

Three joint sets can be determined: the bedding planes and two orthogonal sets of sub-vertical

joints. Mathieu (1962); Van der Voet (2022) have also recognized the same two subvertical joint
sets.
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Figure 5.1: (a) Stereoplot of the poles from the photogrammetry dataset. (b) Stereoplot of the
orientation poles from the field dataset. (c) Stereoplot of the poles from borehole optic scan dataset.
(d) Stereoplot combining all datasets.

Two subvertical joint sets, named J1 and J2 are defined based on the orientation data of subvertical
sets collected on the photogrammetry model. The range of dip directions was selected from the
contour plot based on the photogrammetry orientation dataset (fig 5.1 (a)); because, this dataset
was acquired with more consistency.The Fisher method is the statistical approach used to generate
orientation data in Discrete Fracture Network (DFN) models in this study. The fisher K coefficient
has been computed using a python script using the python library mpl.stereonet.

Table 5.1: Orientation parameters for Joint set 1 and Joint set 2

Parameter/ Joint J1 J2
N 178 | 198
Min dip direction 280 | 355
Max dip direction 325 | 45
Mean dip direction | 301 | 19
Mean dip angle 80 | 80
Fisher kappa 45 | 35

The J1 and J2 joint sets are further divided into sub-sets based on the joint shape (see section
4.1). A diagram shows the four possible joint set terminology used in this study (see figure 5.2).
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Figure 5.2: Two sub-vertical orientation sets (J1 and J2) subdivided in background and structural
joints based on joint condition and shape

5.2 Joint intensity

The SW-P21, VB-P10 and fracture spacing have been measured independently per joint set. The
BH-P10 dataset does not take into account the joint intensity by set because of unoriented rock
cores. The subvertical joint sets can be recognized on the cores because of the dip angle relative

to the core axis.

5.2.1 SW-P21

Fracture inside 13 scan-windows were traced on Cloudcompare, the fracture traces were used to

obtain P21 data.

Table 5.2: P21 for the 13 scan-windows and SW from Van der Voet (2022).

comrected for orientation

P21 have not been

SWID.  Area[m?y P21-Js1 P21-Js2 | P21-Jb1  P21-Jb2 P21-bedding P21- Total
SW1 406 0.24 0.00 0.52 0.00 0.00 0.75
SW2 244 0.13 0.00 0.69 0.00 0.00 0.83
Sw3 783 0.20 0.03 0.25 0.17 0.16 0.81
SW4 577 0.00 0.13 0.00 0.36 0.08 0.57
SW5 601 0.00 0.11 0.00 0.40 0.12 0.62
SW6 368 0.00 0.33 0.00 0.95 0.07 1.35
SW7~ 522 0.09 0.06 0.00 0.00 0.48 0.63
Swa 339 0.19 0.15 0.28 0.20 0.41 1.43
SW9 121 0.00 0.18 0.00 0.47 0.34 0.99
SW10 185 0.00 0.15 0.00 0.31 0.17 0.64
SWT1 196 0.35 0.00 0.47 0.00 0.13 0.94
SWi2 302 0.09 0.11 0.37 0.32 0.07 0.97
SW13 381 0.30 0.00 0.31 0.00 0.00 0.60
SWEVT | 2199 Na Na Na Na Na 0.83
SWEVZ | 919 Na Na Na Na Na 0.73
SWEV3 | 820 Na Na Na Na Na 0.62
SWEV4 | 709 Na Na Na Na Na 0.97
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Table 5.3: Location and geometry of each SW

SWI.D. Formmation Orientation Length[m] Area[m® Bench X Y z
SW1 D 100 25 406 6 193925.05 | 130323.48 | 68
SW2 'D 85 14 244 6 193946.93 | 1303236 | 68
SW3 D 84 51 783 6 193936.34 | 130320.08 | 68
SWi4 D 48 a2 577 6 193974.54 | 130330.33 | 68
SW5 D 47 25 601 4 194232.37 | 130350.83 | 97
SWo D ar 23 368 4 194168.793| 130319.544 97
SW7 E 79 68 522 2 194179.721] 130254.785] 135.5
SWa E 84 51 339 2 194353.861| 130329.103] 136
SW9 D/iC 37 12 121 7 194178.9 | 130486.196| 56
SWio | C 37 19 185 7 194152.34 | 1304425 | 56
SWiT D 107 12 196 6 194051.27 | 130354.43 | 68
SW12 D 73 17 302 6 194111.85 | 130369.67 | 68
SW13 D 133 24 381 4 194518.81 | 130726.58 | 97
SWEVT | D 80 270 2159 3] 193915.55 | 130324.839 | 68
SWEVZ | DIC 35 100 919 7 194193.62 | 130518.19 | b6
SWEV3E  C 35 a8 820 7 194267.86 | 130627.99 | b6
SWEVA  C 35 80 709 8 194181.67 | 130580.2 45
5.2.2 VB-P10

Table 5.4: P10 fracture intensity per joint set corrected for orientation measured using virtual
boreholes on the scan-windows (WVB-P10)

Scan-window VB-P10: Js1 VB-P10: Jb1 VB-P10: Js2 VB-P10: Jb2 VB-P10: Tot
SWi1 0.27 0.24 0.00 0.00 0.61
Sw2 0.17 0.81 0.00 0.00 0.98
S5W3 0.24 0.30 0.10 0.48 1.12
5W4 0.00 0.00 0.16 0.43 0.59
SW5 0.00 0.00 0.15 0.48 0.63
5We6 0.00 0.00 0.33 0.95 1.28
SW7* 0.14 0.00 0.1 0.00 0.25
SwWs 0.30 0.63 0.15 0.60 1.68
SW9 0.00 0.00 0.20 0.49 0.69
SW10 0.00 0.00 0.17 0.37 0.54
SW11 0.54 0.66 0.00 0.00 1.21
SwW12 0.14 0.56 0.29 0.66 1.64
5W13 0.34 0.37 0.00 0.00 0.71
5.2.3 SL-P10

The SL-P10 only collected joint intensity data on the structural joints Js1 and Js2. Statistics on
the Js joints have been collected on 1.2km of scanlines. The scanlines and the structural joints
mapped in the quarry can be observed on figure 5.3. The large scanlines are broken down into
sections with statistically similar joint condition. A single point data on each location is collected.
The SL-P10 results are given in table 5.5.
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Figure 5.3: Example of scanlines, the SL-P10 values are found in table 5.5

Table 5.5: results for the SL-P10 data

Scanline  P10-Js1_P10-Js2 | X Y Z  Formation Domain
SL_.1 0.30 0.29 | 641100.06] 5594140.11] 64.5 | D S52a
SL2 0.25 641059.86 | 5594124.35| 645 | D S52a
SL3 0.21 0.14 641022.81| 559411452 645 | D S52a
SL4 0.23 0.12 641001.26| 5594114.45|, 645 | D S52a
SL5 0.19 0.077 640864.53| 5594090.71| 645 | D S52a
SL6 0.15 6407759 | 55940786 | 645 | D S52a
SL7 0.32 0.17 640679.5 | 5593982.1 82 D S52a
SLS8 0.46 640606.99| 5593831.77| 100 | D S52a
SL9 0.25 641338.6 | 5594480.7 | 39 C 52b
SL10 0.29 0.09 641069.29| 5594081.83| 97 D S2a
SL11 0.21 0.17 641005.58 | 5594065.63| 97 D S52a
SL12 0.30 0.08 640914.4 | 5594066.73| 82 D S52a
SL12.5 | 0.22 0.23 640849.91| 5594060.98| 82 D S52a
SL 13 0.06 641271.7 | 5594374.01| 39 C 52b
SL.14 0.21 641217.96| 5594311.44| 39 C F
SL_15 0.05 641184.3 | 5594233.67| 39 C S52b
SL.16 0.09 641607.25| 5594457.6 | 97 D 52a
SL 17 0.11 641582.09| 559441517 | 97 D S52a
SL18 0.20 641523 55943391 97 D S52a
SL19 0.23 641368.55| 5594190.41| 97 D F
SL 20 0.33 641348.11 | 5594163.54| 97 D F
5.2.4 BH-P10

Three fracture categories based on the dip angle relative to the core axis have been collected during
rock core descriptions (see section 4.4). The number of induced fractures for each category was
estimated by comparing the number of fractures interpreted on 80 meters of optic scan with the
same 80 meters of rock cores available for BH172.
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Table 5.6: Estimates of the % of induced fractures counted during fracture picking

% of j'o'ints observed on optic scan

e e e and during core description.

1 60-20 deg 19%
2 30-80 deg 54%
3 0-30deg 84%

The amount of category 2 and 3 joints was overestimated compared of to the interpreted joints
on the borehole optic scan. In those categories, 54% and 84% of fractures counted during fracture
picking are not observed on the borehole optic scan. Three reasons might explain the discrepancy
between optic scan data and rock core description data:

1. The borehole optic scan may have been limited to interpreting only visible fractures; closed
and incipient joints may not have been consistently detected due to resolution issues of the
borehole optic scan. (Genter et al., 1997).

2. Fractures can develop during the drilling process due to various factors. Stress induced
fractures originate from stresses related to the drilling activities, as discussed by Chatterjee
and Mukherjee (2023). This can lead to the formation of petal or disc fractures. Petal
fractures, which are easily recognizable, have been ocbserved on the rock cores.

3. Human induced sub-horizontal fractures might occur as the drilling operator hammers the
cores out of the drill casing or trims the core lengths to make sure they fit inside the core
boxes. During the drilling of BH176, the operator was instructed to identify and mark all
human induced fractures on several core boxes (Figure 5.4). QObservations indicated that
the majority of the sub-horizontal joints observed on the rock cores were of human induced
origin.

< BTl Yikiya W A7 Atk

Figure 5.4: Red boxes surround joints originating from hammer blows to retrieve cores from the
casing or to fit the rock cores into core boxes. These human induced joints have been marked by
the drilling operator.

The discrepancy between the category 1 joints observed on the rock cores and those detected by
the optic scan is minimal compared to category 2 and 3 fractures (see table 5.6). 81% category 1
joints are both observable on the rock cores and on the optic scan.

Intensities of joints related to categories 2 and 3 were excluded from the analysis because they
are difficult to estimate reliably from rock core descriptions. Most category 2 joints, which are
sub-horizontal, are associated with bedding discontinuities and this will be addressed in section
5.2.5. Consequently, only BH-P10 of category 1 (subvertical joints) are considered, as they are
more accurately estimated from core descriptions.

The mean dip angle (80 degrees) measured from the orientation data (section 5.1) was used for
Terzaghi correction. The results of the P10 estimates from the rock core descriptions are provided
in table 5.7
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Figure 5.5: Fractures (red boxes) not interpreted on the borehole optic scan in formation E. Some
display clear signs of surface staining.Black boxes are joints observed during core descriptions and
observed on the optic scan.

Table 5.7: BH-P10 for each formation and BH, aggregate dataset (i.e. J1 and J2 combined in P10)

' BH | Formation Core recovery P10 estimates
172 | E 0.81 1.44
172 | D 0.80 2.56
172 | C 0.73 4,32
176 | E 0.95 0.43
176 | D 0.99 0.62
176 | C 1.00 0.69
177 | E 0.62 0.93
177 | D 0.83 2.61
177 | C 0.86 2.75
180 | E 0.88 0.83
180 | D 0.87 1.41
180 | C 0.96 1.67
181 | E 0.93 0.68
181 | D 0.99 1.10
181 | C 0.99 0.89

5.2.5 Bed thickness

he bed thickness was interpreted using measurement data from Mathieu (1962), core descriptions,
and field observations. Mathieu (1962) defined the bed thickness of formations E, D, and C with de-
tailed descriptions for each continuous bedding plane Alongside these descriptions, non-continuous
bedding planes are also mentioned. The bedding planes are least continuous in formation D. In
the upper parts of formation D and the bottom part of formation D (referred to as DO in Lhoist
terminology), some stratigraphic sections lack continuous bedding planes for up to 5-10 meters
(Lauwers, 2023; Mathieu, 1962).
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Figure 5.6: Rock core samples indicate bedding thickness at least 1 meter thick for formation D.

Based on the descriptions of Mathieu (1962) and rock core descriptions, the average interpreted
bed thickness is higher than the one estimated by Van der Voet (2022) for formations D and C,
which was interpreted at 25cm. Van der Voet (2022) traced every bedding plane, including non-
continuous bedding planes, across entire sections of outcrop (80 - 200 meter sections) to define the
interpreted bed thickness. Using this methodology, she interpreted the average bed thickness to
be 25 cm. It is possible that her findings reflect the average bed thickness of the initial  bedding
planes prior to dolomitization. However, this appears too conservative for design purposes, as the
presence of incipient bedding planes every 25 cm is unlikely. Borehole cores longer than 25 cm
were frequently retrieved, and even under drilling stresses, cores at least one meter in length were
commonly obtained. The integrity of the dolomitized bedding planes as potential weak points for
failure remains uncertain. However, the retrieval of large, over one-meter thick core samples may
suggest that at least part of the dolomitized bedding planes may have significant cohesion.
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Figure 5.7: Formation C in BH1786, bed thickness including all sub-horizontal joints is around 70cm
similar to Mathieu (1962) descriptions.

The continuous bed descriptions for formation C are smaller than for formation D. Based on rock
core descriptions, the bed thickness interpreted including all sub-horizontal joints on figure 5.7 (11
in total) should be around 70cm. This disregards the induced sub-horizontal joints.

Formation E shows a significant difference in bed thickness compared to Formations D and C. lts
bedding planes are less affected by dolomitization due to differing dolomitization processes between

the Tournaisian and Visean formations (see Section 3.2.1).

Table 5.8: Table of the visual and interpreted bed thickness for formations D, Cand E

' Average continuous Average interpreted bed thickness with

FeEmanon bedding plane (cm) non-continuous bedding plane (cm)
E 20-35 20-35
D2 (above joint P} | 400 150
D1 (belowjoint P) | 250 1100
C 70-100 50

5.2.6 Joint spacing

The joint spacing is calculated from the Virtual Boreholes. The true fracture spacing, i.e. fracture
spacing corrected for orientation bias, is calculated according to ISRM standards (Barton, 1978).
The average true joint spacing in fracture corridors is below 1Tm. Outcrops that did not included
fracture corridors have higher joint spacing between 1.4 and 2.7 meter per joint set. Geological
settings with fracture corridors typically exhibit exponential fracture spacing distributions {(Olson,
2004). This is also the case for the study area, joint spacing exhibit a typical negative exponential
distribution as seen on figure 5.8.
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Negative Exponential Distribution Fit of joint spacing
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Figure 5.8: Joint spacing displaying negative exponential distribution.

Table 5.9: Mean fracture spacing for the joint sets 1 and 2 (Includes Js and Jb together)

SW J1 - mean spacing [m] J2 - mean spacing [m] = Fracture corridor
1 2.7 MNan Mo
2 0.94 Nan Yes
3 2.2 2.34 No
4 NaN 1.69 No
5 NaN 1.63 No
6 NaN 0.73 Yes
8 NaN 2.81 No
9 NaN 1.43 No
10 NaN 2.11 No
11 0.76 2 Yes
12 2.14 None Mo
13 2.12 None Mo

5.3 Joint Shape

The goal of this section is to determine the joint geometry in the study area.
rocks, proportionality rules between joint spacing,

(Bai, Pollard, & Gao, 2000).

/ M Fracture tip

!
)

Rectangular
cross-section

-

Z ‘\ Elliptical

cross-section

Figure 5.9: Hydraulic fracture geometry. L= length, w= aperture, H= heigth
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Defining the mechanical layer thickness within the geological setting poses significant challenges.
Additionally, the proportionality rules linking joint spacing, bed thickness, and fracture geometry
cannot be applied in environments characterized by fracture corridors (Olson, 2004) Consequently,
the modeling of joint geometry will rely primarily on field observations, complemented by statistical
analyses of joint height measurements obtained from scan-windows.

Figure 5.10: Bedding plane F delimiting formation D and C. Most joints are bounded by this
bedding surface. A fracture swarm, or corridors can also be observed on the left of the figure.

5.3.1 Maximum joint height and length

The maximum joint heights and lengths of structural joints were estimated using Cloudcompare,
field observations and archives.

In the archives, a figure was found without scale, but based on the geological contacts, approxi-
mate location given by Mathieu (1962), surface topography and historical maps, the outcrop was
geolocated on the current quarry and its height estimated at 70m. Figure 5.11 brings valuable
information on the fracture height. The maximum joint height observed on figure 5.11 is between
25 to 30 meters high. In addition, one dissolution joint has been observed across two bench heights,
this joint could not be traced further (figure 5.12). This joint may be extending further than 30
meters but joints extending further than two bench heights are rarely observed. It is reasonable
to assume a maximum joint height of 30 meters.
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joen

Figure 5.11: Figure from Mathieu (1962), located in an excavated part of the quarry.  This figure
was approximately taken near the Lambert/2 coordinate (193297.3,130068.2, 90.5).
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Figure 5.12: Joint at least 30 meters in height on bench 1 and 2. The joint is not observed on
bench 0 (bench with overburden removal)

Using the Compass plugin in Cloudcompare, nine structural joints have been traced across two
bench heights when the orientation of the bench was sub-perpendicular to the strike of one of the
joints sets.

Figure 5.13: Structural joints traced across multiple bench heights by extending surfaces (green
rectangles) with the measured dip direction and angle of  structural joints. a) Js1 joints traced
across 20m in height. b) Js2 joint at least 15m in joint height that could not be traced across 3
bench heights.

Mo joints have been traced across more than two benches. Furthermore, when a structural joint
was traced across two consecutive benches the joints strike had to be sub-perpendicular to the
bench orientation. If the angle between the joint strike and bench, referred to as beta (5.14 (b))},
was too small, tracing joints across two bench heights proved challenging. Interpretation of joints
traced across multiple benches indicate that most structural joints range between 10-20 meters.
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Figure 5.14: Example of three joints traced in the MLD quarry (Black lines). a) Js1 joint traced

across two bench heights, Js2 with low 5 could not be traced across multiple benchesb) Js1 joints
traced along the length using surface staining and across it's heigth with perpendicular benches to
the joint's strike.

5.3.2 Aspect ratio

Surface staining on freshly blasted outcrops parallel to the strike of joint set 1 indicate the presence
of a subvertical joint. The stained surfaces were used to interpret the height and length of 4 joints,
the results are provided in table 5.10. One joint in a corner of the quarry could be followed across
both height and length.  This joint is estimated to have a height of 25 meters and a length of
100 meters and is schematically presented on figure 5.14 (b). Based on the four joint observations
made, the range of aspect ratio’s is estimated to be between 3 and 4.5.

& :Visible joint outline
=" ¢ Interpreted joint autline

Figure 5.15: Joint traced along the surface staining

The results show that the fracture length is much longer than the fracture height, this is typical for
materials with a high subcritical index (Olson, 2004). Odling et al. (1999) researched the aspect
ratio on non-strata-bound joints in Norway and found an aspect ratio of 8. Such a value for the
aspect ratio seems unrealistic for the study area as more fractures should have been able to be
traced across multiple benches even with low sub-parallel joint strike to the bench orientation (see
figure 5.14).

Table 5.10: Interpreted aspect ratio's of four joints based on surface staining from freshly blasted
outcrops

i.d. Interpreted length [m] Interpreted height[m]  Aspect ratio [-]
1 75 25 3

2 | 98 26 3.8

3 |55 1.8 3.1

4 |29 6.5 45
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5.3.3 Joint geometry distributions for DFN modelling applications

This study assumes that the joint length distribution matches the joint height distribution scaled
by the aspect ratio, similar to assumptions made by Bisdom (2011); Odlingetal. (1999) for
generating DFNs. DFN models using three different combinations of length/height distributions
could be generated:

' DFN | Joint length-height distribution
] Power-law with combined
background and structural joints.
5 Power-law fitted separately for
structural and background joints.
3 Power-law for background joints.
Constant height for structural joints

Combined structural and background joints modelling approach

The empirical cumulative distribution function (CDF) for both the structural and background
joints was compared to the theoretical COF of a power law distribution. A minimum joint height
of 1 meter was applied across all formations. The choice to use a power law distribution was
influenced by the fact it is a very common distribution for the joint height (Bisdom, 2011; Odling

et al., 1999).

Table 5.11: Power low exponents and minimum/maximum joint heights for aggregate height dis-
tribution

Formation - set = Minimum height [m] = Maximum height [m] Power law exp
E-J1 1 30 1.5
E-J2 1 30 1.5
DandC -J1 1 30 1.1
Dand C-J2 1 30 1.3

Companison of Empirical against Power Law against |1. Formation E

Comparison of Empirical against Power Law against |2. Formation E
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Figure 5.16: Best fit CDF for combined structural and background joint approach in formation E.
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Figure 5.17: Best fit CDF for combined structural and background joint approach in formation D
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Separate structural and background joint height distribution

Separate joint height distributions were established for background and structural joints. The best
fit power-law exponent was used for the background joint sets Most structural joints are estimated
to be between 9-20 meters in height, based on the difficulties in tracing these joints across different
benches.

Table 5.12: Dissagregate power law deistribuiton for structural and background joints. Range of
constant joint height can also be used to model the DFN for structural joints.

Formation - set  Minimum height [m]  Maximum height [m]  Constant joint height [m] = Power law exp
E-Jb1 1 10 i 1.6

E - Jb2 1 10 i 1.6

E-Js1 9-14 30 13-25 1-1.5

E-Js2 -1 30 13-18 1-1.5
DandC—-Jb1 |1 10 i 1.25
DandC-Jb2 |1 10 i 1.4
DandC-Js1 | 914 30 13-25 0915
DandC-Js2 | 911 30 13-18 1.2-1.6

Most power law exponents for joint length distribution are between 1.5 to 3, the power law exponent
found for the study area are lower than the typical range of power-law exponents expressing the joint
length distributions (Bonnet et al., 2001). Bisdom (2011) studied the fracture height distribution

for carbonate deposits in Southern France found power law exponents in a similar range as this
study (between 0.6 to 1.3).

5.4 Joint condition
5.4.1 Joint condition ratings Ja, Jr for structural joints

The descriptions of joint infill, aperture, and roughness have been utilized to determine Jr and Ja
ratings according to the Q@ system (see Appendix D).

Joint roughness

The joint roughness was evaluated using a photogrammetry model along with the roughness scale
provided by the ISRM (Barton, 1978). Variations in the joint roughness ranged from rough undu-
lating to rough planar. A significantly higher proportion of Js1 joints are classified as rough planar
(Jr=1.5), with 29% of Js1 joints falling into this category—nearly twice the percentage of Js2
joints at 19%.
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Figure 5.18: a) Roughness profile for a rough planar joint (Barton, 1978). b) Rough planar joint
profile overlain on Js1 joint (Bench 6). d) Roughness profile for a rough undulating joint (Barton,
1978). e) Rough undulating Js2 joint (Bench 4)

Joint condition
A couple of observations can be made on the joint condition:

1. Joint condition improves below Bench 6, with no dissolution joints observed. The only
dissolution ’joints’ observed below bench 6 are faults.

2. A higher percentage of Js2 joints are more likely to be affected by dissolution phenomena

leading to a higher percentage of Jr=1.
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(b) Joint set: Js2

Figure 5.19: Jr and Ja measurements for structural joint sets Js1 and Js2
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5.4.2 Joint condition ratings Ja, Jr for background joints

The Ja and Jr ratings for joints described in the borehole rock core were used to establish the
distribution of these ratings among the background joints. No differentiation is made between Jb1
and Jb2 joints with regards to joint condition. Field observations suggest that all background joints
exhibit rock wall contact during shearing; however, they can occasionally contain thin mineral
fillings. Dolomitic sand from alteration is prevalent across background joints. The roughness
ratings for the background joints range from rough undulating to rough planar.

=15 [59.6%I F =3 040,45

¥ 3 5 [
I tindien

Figure 5.20: Jr and Ja measurements for background joints

5.4.3 Estimates of the joint friction angle

Using the rating parameters Jr and Ja, it is possible to estimate the joint friction through Equation
4. Equation 4 provides a fair estimate of the actual friction angle under different joint roughness
and alteration conditions Barton, Lien, and Lunde (1974); NGI (2015).

Joint friction = tan ™' (Jr/Ja) 4)

Differences in joint frictions between joints with no wall  contact during shear or with joint wall
contact are significant. In the case of no wall contact after 10cm of shear (Jr=1), the joint friction
will be dominated by the joint infill.  Three cases of the joint infill have been observed at MLD.

1. Unconsolidated orange clay.
2. Fine grained dolomitic sand from alteration of the dolomite.

3. Thick gouge as infill (see figure 5.21).

42



Figure 5.21: Structural joint with thick gouge infill.

Using Equation 4, estimates for joints with thick clay infill yield friction angles of 6%. When the
infill consists of gouge, the estimated joint friction is around 10%, both of which are slightly lower
than literature reports. Joints with non-swelling clay infill 10-20 mm thick exhibit friction angles

of 13-14% (Rocscience, n.d.). Joints with gouge shear zones typically have friction angles around
20% this is much higher than the 10% estimated (Wyllie & Norrish, n.d.). Bartonetal. (1974)
recognizes that friction angles for clays and gouge are lower than the residual peak strength of non
swelling clays. Significant dissolution phenomena can adversely affect shear strength, making the
values estimated by Equation 4 a conservative design criterion for low friction angles.

Figure 5.22: 1) joint with no wall contact when sheared, clay infill. 2) Rough planar and rough
undulating joints with thin coating of dolomitic sand
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Most joints in the ar i in di ct with rock walls, which
Barton (1978) note For unaltered, rough, un-
dulating joints, the highest friction angle can reach up to egrees, as calculated using equation

4. Friction angles for these joints can also be determined through other rock mass classification
systems, such as the SSPC, which estimates a friction angle of 53 degrees (Hack, 1998). There
is a 20-degree difference in friction angles between these two classification systems for rough, un-
dulating joints without infill. The discrepancy in high friction angles remains a topic of ongoing
discussion in rock mechanics (Ngan-Tillard, 2024). The friction angle variation between the SSPC
and Q systems is minimal for lower friction angles. This study adopts a conservative maximum
friction angle of 50 degrees, which aligns with the SSPC estimate for rough, undulating joints
without infill (Hack, 1998).

Using Equation 4 along with the Ja and Jr values and assuming a maximum friction angle of 50
degrees, categorical statistics were created to describe the percentage of each joint friction angle.

Table 5.13:; Categorical statistics for the friction angle of Js1 joints

Friction Angle [deg] | Percentage of joints [%]
7 2%

10° 10%

21° 6%

27 12%

ar 30%

45° 15%

50° 25%

Table 5.14: Categorical statistics for the friction angle of Js2 joints

Friction Angle [deg] | Percentage of joints [%]
7 13%
10° 10%
27 16%
ar 20%
45° 18%
50° 23%

Table 5.15: Categorical statistics for the friction angle of background joints (Jb1 and Jb2)

Friction Angle [deg] | Percentage of joints [%]
10° 10%

27° 9%

3rs 15%

45° 6%

50° 60%

5.5 Geotechnical domains

Geotechnical domains are defined based on quatitative datasets and based on observations of geo-
logical features (Barton, 1978; Bieniawski, 1989). A geotechnical domain should have statistically
similar geotechnical features, such as joint orientation, condition, or intensity.
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The geotechnical domains are classified into two types of domains, subvertical fault domains (F
domains) and stratigraphic domains (S domains). The stratigraphic domains (S domains) are
based on two variables: the depth of cover and the geoclogical formations. The S domains are
situated between the subvertical F domains.

Table 5.16: Summary of the geotechnical and DFN domains

' Geotechnical domain | Formations

F1 E-D-C

Fz E-D-C

F3 E-D-C

S0 E-D-C

S1 E

52a D-C

52b D-C

5.5.1 F1 domain

The F1 domain is one of the most prominent karstic features in the quarry. As observed in figure
5.23, this zone is striking E-W. The extent the domain decreases with depth, typical of an iron-hat
structure (see section 3.3.8). Karstic voids filled with silty clay can be observed in this zone, (figure
5.24). To the West of the exposed karstic surface observed in figure 5.24, Mathieu (1962) mentions
the presence of a nomal faults with two meters of  displacement. A. Lauwers also mentioned
chemical anomalies when this area was exploited (personal communication).
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Figure 5.24: F1 subvertical domain, heavily altered dolomite, karstic voids and high fracture
intensities dominate the domain. The alteration decreases with depth.

Borehole 172 was drilled 150 meters to the East of the outcrop seen in figure 5.24 along the strike
of the F1 domain (see figure 5.23). The fracture frequency and joint condition in this borehole
were three to four times higher than in other boreholes (see sections 5.2.4). The recovery was also
bad, with 80% and 73% recovery in formations D and C respectively. It is likely that karstic voids
similar to those in figure 5.24 (left) filled with clay and silt were encountered during drilling.

Figure 5.25: Borehole 172 drilled accros karstic voids, between 128.7 and 131.7 only 60cm of cores
are recovered on a borehole section 3m long.

Collapse zones in the fields above the quarry have also been identified in the strike direction of
the F1 domain. The collapse zones are two-to three meters of elevation change and are probably
buried dolines (see figure 5.26). Lastly, the geological map of Wallonia indicates the presence of
underground iron mines. Iron ore and subvertical karsts are related to each other, as discussed in
section 3.3.8. The F1 domain was mapped taking into account the literature review mentioning
karst, field observations, and the borehole core descriptions.
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5.5.2 F2 and F3 domains

Lhoist has mapped two subvertical zones based on high iron contamination of their deposit. Both
high iron zones are displaying the typical geometry where the horizontal extent of the iron vein

is decreasing towards the bottom of the quarry. This is likely associated with the phenomenon

of iron hats described in section 3.3.8. The main vein in the F2-domain is 1.5 meters thick and
consists of goethite. On both sides of the vein, there are numerous subvertical fractures and the
rock material has been weathered reducing the UCS of the intact rock material. A fault aligning

with high iron zones was mapped by Lhoist in a now backfilled area of the quarry. Those high iron
domains will be used as structural domains and are referred to as F2 and F3 (see map in figure 5.23).

5.5.3 S0 domain

The S0 domain consists of the top superficial karst and sand pockets related to former river
channels. This area is referred to by Lhoist as the pinnacle zone, more information can be found
in section 3.3.

DOMAINS
: 51 ! :Pinnacle zone
1 82a - 50

B:s»

Figure 5.27: Schematic cross-section representing the geotechnical domains of the MLD quarry
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5.5.4 51 domain

The S1 domain encompasses formation E outside the fault domains and below the 50 domain
(see fig 5.27). Formation E has different geotechnical features than formations D and C. The bed
thickness of Formation E are smaller than those of Formations D and C.  This is due to varying
dolomitization process during diagenesis (see section 3.2.1). This also affected the joint height
distribution compared to formations D and C (see 5.3).

5.5.5 S52a and $2b domains

The S2 domains consist of formations D and C outside the F domains and below the S0 domain.
Mo significant statistical differences in fracture intensity were observed between formations D and
C. However, field observations indicated an improvement in joint condition with increasing depth.
As mentioned in section 4.2, no observations of joints without rock wall contact have been made
below bench 6, except for faults in F2 and F3 domain.  Joint condition plays a key role in block
stability (NGI, 2015). Observations of improved joint condition with increasing depth have led to
domain 52 being subdivided into sub-domains $2a and S2b. The sub-domains can be cbserved in
figure 5.27.

5.6 Interpretation of joint intensity datasets
5.6.1 Interpretation BH-P10 dataset

The BH-P10 does not differentiate between the Js1, Jb1, Js2 and Jb2 joint sets. In contrast, the
VB-P10 dataset does differentiate between the different joint sets.DFN modelling requires fracture
intensities determined by set. Consequently, the percentage ratio of each joint set in the BH-P10
will be interpreted using the optic scan and the VB-P10 data.

Table 5.17: Percentage of P10 data corrected for orientation by joint set.

'_ Location - Formation | % J1 ] % J2
S domains

SW3-E (S81) 49% | 51%

SW8-D (52) 56% | 44%
F domains

| sw12-D 42% | 58%

Optic Scan-E 22% | 78%

Optic Scan-D 43% | 57%

SW8 and 5W3 are the only scan-windows that include all sets inside the S-domainsSW12 and the
optic-scan were both situated inside F domains and included all joint sets. Inside the F domains,
heavily weathered fracture corridors with similar orientation as J2 joints are observed (see section
3.3.5). The percentage of J2 set should be higher for boreholes situated inside F domains because
of fracture corridors consisting of J2 joints found in those domains.

The percentage of background joints and structural joints for each set has been estimated using

the average percentages of Jb and Js. On average, around 35% of J1 VB-P10 values consist of
structural joints, and 20% of J2 VB-P10 values consist of structural joints.
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Figure 5.28: (a) High frequency of subvertical fractures in formation C, BH172. (b) and (c) optic
scan from BH172.

Table 5.18: Interpreted BH-P10 values defined by joint set.

“BH | Formation Domain | P10-Tot | Js1-P10 Jb1-P10 Js2-P10 | Jb2-P10
172 | E F1 1.44 0.13 0.19 0.28 0.84
172 D F1 2.56 0.44 0.66 0.36 1.09
172 | C F1 4.32 0.74 1.11 0.62 1.85
176 | E S1 0.43 0.08 0.13 0.06 0.17
176 | D 52 0.62 0.14 0.21 0.07 0.21
176 | C 52 0.69 0.15 0.23 0.08 0.23
177 | E F2 0.93 0.08 0.12 0.18 0.54
177 | D F2 2.61 0.45 0.67 0.37 1.11
177 C F2 2.75 0.47 0.71 0.39 1.17
179 | C S2 1.69 0.29 0.44 0.24 0.72
180 | E S1 0.83 0.16 0.24 0.11 0.32
180 | D 52 1.41 0.31 0.47 0.16 0.47
180 | C 52 1.66 0.37 0.56 0.18 0.55
181 E S1 0.68 0.13 0.20 0.09 0.26
181 | D S2 1.10 0.25 0.37 0.12 0.37
181 C S2 0.89 0.20 0.30 0.10 0.30

To verify the interpreted BH-P10 values from table 5.18, the VB-P10 and interpretted BH-P10 are
plotted against each other.
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Figure 5.29: VB-P10 values and interpreted BH-P10 values per joint set.

5.6.2 relationship between P32, P21 and P10

MOVE software does not give the option to use P10 and P21 values as input;  only P30 or P32
datasets can be used. The higher-order fracture frequency should be equal to or slightly higher
than the lower-order fracture frequency (P32 P21 P10) (Bisdom, 2011; Wang & Mauldon, 2006).
This holds true when joint frequency has been corrected for orientation. A numerical stereclogical
rule introduced by Wang and Mauldon (2006) also exists. Bisdom (2011) used this stereological
rule to relate P10, P21 and P32 and found that the differences between P10, P21 and P32 were
small. In this study, itis assumed that P32 = P21 = P10 when fracture intensity has been cor-
rected for orientation.

To verify that P32 = P21 = P10, the VB-P10 and SW-P21 datasets were plotted against each
other as both datasets are derived from the same fracture traces. As observed in figure 5.31, there
is almost no difference between the P10 and P21 values. The largest variation between P21 and
P10 in figure 5.21 is 12%, seen in scan-window 8/B-P 10 values will be used as they are considered
more reliable than P21 values. Variations between P21 and P10 can be attributed to fractures on
the edges of the scan window not always being properly traced (see figure 5.30).
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Figure 5.30: SW12, P21 include areas where joints are not properly traced.
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Figure 5.31: Comparison P21 and P10 for J1 joints (Js1, Jb1)

5.6.3 DFN P32 dataset

The complete dataset of interpreted P32 values is given in Appendix C.

6 Model building (Quarry wide DFN)

6.1 Integrated dataset

Based on the joint characterization in section 5, statistical datasets for joint orientation, intensity
and shape have been determined (Table 6.1).
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Table 6.1: Range of parameters and distribtutions used to generate a quarry wide DFN's

Set  Property  Distribution  Parameters
. | Dip d= 300 deg; dip ang = 80 deg;
Orientation | Fisher Ficher k = 45
. P32 [m*m®] interpolated;
Intensity Range P32= 0.13- 0.74
a=0.9-1.5;
Js1 Power-Law min h= 10m, max h= 30m;
Shape Aspect ratio= 3-4.5
P Uniform | h=15-25m; Aspect ratio: 3-4.5
. | o Dip d= 300 deg; dip ang = 80 deg;
Orientation | Fisher Ficher k = 45
. } P32 [m*/m®] interpolated,
b1 Intensity Range of P32= 0.21-1.11
| Shape Power-Law a=14;
P min h= 1m, max h= 10m; Aspect ratio= 3—4.5
. . . Dip d= 19 degq; dip ang = 80 deg;
Orientation | Fisher Fisher k =35
. } P32 [m*/m®] interpolated,
Intensity Range of P32= 0.05-0.62
a=1.2-1.6; min h= 10m, max h= 30m;
Jsz2 Power-Law .
Shape Aspect ratio= 3-4.5
P Uniform | h=15-20m; Aspect ratio= 3-4.5
. . . Dip d = 19 deg; dip ang= 80 deg;
Orientation | Fisher Fisher k = 35
. | P32 [m*m®] interpolated;
Intensity Range of P32= 0.21-1.85
Jb2 | a=1.4: min h= 1m max h= 10m;
Shape Power-Law o - - '

| Aspect ratio= 3-4.5

6.2 Spatially modelling the P32 fracture intensity

Geostatistical methods are used to interpolate the P32 values for each joint sets. The steps to
model the P32 dataset on a block model are the following:

* Import and project the P32 dataset on 2D surfaces in MOVE.

* Perform variography to determine the model and parameters an perform Kriging interpola-
tion on 2D horizons.

* Transfer the interpolated P32 values from the 2D horizons to their corresponding positions
within the 3D block model

6.2.1 Kriging interpolation

The P32 point cloud on 2D horizons was interpolated using the Kriging algorithm. Kriging stands
as a valid interpolation method, known for generating the best linear unbiased estimations (Rogers
etal., 2014). However, limitations accompany Kriging interpolation, notably in parameter and
model selection, which rely on variography and can introduce subjectivity, potentially impacting
interpolations (Todini, Pelligrini, & Mazzetti, 2001). Another limitation of Kriging interpolation
pertains to edge effects; interpolations at the dataset's boundaries are uncertain because of the lack
of data beyond the point cloud Xu and Dowd (2012). The joint intensities interpolated between
the boreholes and quarry walls will be most precise. Interpolations were carried out across three
horizons by joint set. These horizons mark the top and bottom of the Tournaisian formations D

and C, respectively, as well as an intermediate horizon.
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Figure 6.1: Figures of the P32 point cloud data and interpolation of P32 values on a 2D horizon.

The F domains were associated with fracture corridors consisting of J2 joints, independent inter-
polation of J2 P32 data within and outside the F domains were performed to force higher fracture
frequencies within the F domains. The P32 data of the J1 joints were interpolated as a single
dataset across the entire 2D horizons.  No relationships between F domain and J1 joints were
observed based on field observations Kriging interpolation is capable of incorporating directional
bias (anisotropy). 120 meters (equal to maximum joint length) of anisotropy along the strike of
the sets was introduced to emphasise the directional trend of the high P32 data related to frac-
ture corridors. Bisdom (2011) modelled each fracture corridor as a continuous features across his
domain with high P32 values.

6.2.2 Block model

Between each of the three horizon surfaces, Geocellular volumes with blocks 25x25m wide were
generated to create a block model of the joint intensities. The block height varied between 25-30m
in height. The nearest interpolated P32 value on one of the three horizons is assigned to each block
(Petroleum Expert, personal communication).

Horizon 2

Horizon 3
1.0E50 i 02057

2 imm)

Figure 6.2: Block model of the P32 data per joint set. Example for joint set Js2Z.
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6.3 DFN model

DFN model can be created by employing various combinations of distribution values listed in Table
6.1. Based on the quarry wide-DFN's, total P32 (excl. bedding) values can be calculated. The
DFN was however generated using interpolated values of the P32 datasetDFN has only a limited
practical application when using MOVE and a P32 point cloud. Generating different DFN models
using different combinations of values inside table 6.1 does not affect P32 data.DFN models using
MOVE to predict joint intensity could have been useful  when using Optic Scan logs where local
DFN’s could be generated and scaled to the entire quamy (Petex, 2022). Only blocks that had
complete fracture intensity data for all joint sets were selected.

B : )s1joint set
B : Js2 joint set

Academic License

Figure 6.3: Example of a quarry wide DFN for the study area.

The P32 values corresponding to the centroids of selected blocks were employed to produce a heat
map in QGIS, visualizing the total P32 fracture intensity (excl. bedding) across the quarry (see
Figure 6.4). The heat map can give valuable information on:

* Subvertical joints sets influence the hydraulic networks of the area.  This hydraulic network
plays a pivotal role in the dissolution processes of the rock, as noted by Passagez (2012). In
essence, a greater intensity of subvertical joints may indicate higher risks of karsts.

* The majority of the area has a total P32 (excl. bedding) between 1.1m*m® and 1.6m*/m?.

* Higher fracture frequencies may influence the RMR, Q values and block size potential.
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6.4 Block size analysis

To develop a geotechnical model for the quarry, understanding the relationship between P32, bed
thickness, and block size is essential Using true joint spacing data from section 5.2.6, a sensitivity
analysis and empirical solutions will explore:

1. How bed thickness influences block forming potential.

2. The impact of P32 (excl. bedding) on the block volume potenial.

6.4.1 sensitivity analysis

The sensitivity analysis of the the block volume distribution was estimated by using the following
formula:
51 #5852 53

= _ _ 5
sin(y 1) = sin(y=) = sin(ys))

1. S: Spacing
2. y: Angles between the joint sets

For this study, it's assumed that all joints intersect at right angles, leading to the block volume
formula Vb=S1x52x53, which yields the most conservative volume estimation (90 degree angle
providing the largest possible denominator to the equation aboove).
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5m

$1: Spacing joint set 1
S2: Spacing joint set 2
S3: Spacing bedding planes

Figure 6.5: True joint spacing for the bedding, J1 and J2 joints.

Results: Influence bed thickness

The volume of the blocks is greatly affected by the assumptions on bed thickness. In cases where
the bedding planes are widely spaced (with spacing exceeding 1.5 meters), it is expected that more
than 50% of the blocks will have a volume larger than 1 cubic meter for P32 (excl. bedding) below
1.3m*m?.
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Cumulative Distribution of Block Sizes for Different Bed Thicknesses
joint spacings measurments for |1 and |2 from SW3
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Figure 6.6: Influence of the bed thickness on the block size

Results: Influence P32 (excl. bedding)

Five different scenario’s have been tested to examine the influence of the P32 joint intensity of
subvertical joints on the block size. The five scenario’s are provided in table 6.2. The P32 value
listed in Table 6.2 is calculated as the sum of the P10 data from where the spacing data from teh
SW has been retrieved.

Table 6.2: Scenarios used to investigate block volumes for a 1.5m bedding plane

Scenario Comment S1data S2data P32 (excl. bedding)
1 Low fracture intensity. S5W3 SwW3 1.05 m*m?®
2 Mean fracture intensity SW13 Sw4 1.29 m*m?®
3 High fracture intensity for 1 joint set, SW2 SW5 1.59 m®/m?®
fracture corridor associated with J1
4 Fracture intensity equally high for both | SW12 Sw12 1.56 m*/m?®
sets, based on a single outcrop in the F
domain
5 Worst case scenario for joint intensity SW11 SWe 2.44 m*/m®

The findings indicate that while fracture intensity affects block sizes, the spacing distribution of
fractures also impacts the size of the blocks. Scenarios 3 and 4 exhibit similar fracture intensities.
Monetheless,the block distributions vary between these scenarios, due to two distinct factors. In
the scenario with a high fracture intensity associated with a single joint set (scenario 3), the blocks
tend to be more rectangular.  In contrast when both joint intensities are high, equidimensional
cubical blocks form. The influence of the block shape is taken into account in empirical solutions
(Palmstrom, 2005). This difference in shape, along with variations in the joint spacing data, may
account for the dissimilar block distributions observed between scenario 3 and 4.
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Cumulative Distribution of Block Sizes for different fracture intensities and bed thickness of 1.5m
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Figure 6.7: Influence of different scenario’'s of fracture intensity on the block size

6.4.2 Empirical solution

Empirical correlations relating the volumetric joint count (Jv= P30) and the average block volume
have been established by (Palmstrom, 2005). The volumetric joint count (Jv or P30) is equal to
the number of joints intersecting a m® of rock volume.

Jv=1/51+ 1/52 + 1/53 (6)
51, 52 and 53 use the same terminology as the sensitivity analysis. A correlation between Jv and
the block volume was determined to be:

Vb=p = Jv? Q)

Where [ is the block shape factor, for this study equidimensional cubical blocks are assumed which

provides the safest estimates (= 27).

Results:
The same five scenarios as in table 6.2 for the sensitivity analysis have been used for different
combinations of bed thickness.
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Log-Scaled Heatmap of Block Volume Size [m?]

Scenarios

Vb (S3= 4m)
Vb (53=1.5m)
Vb (S3= 1m)
Vb {S3= 0.5m)
= 0.25m)

Vb (53

Figure 6.8: Heat map of the mean block volume using analytical solutions for different scenarios
and bed thickness. (53 = bed thickness). Block volume (vb) smaller than 1m® is considered as
blocky rock mass (Schlotfeldt & Carter, 2018).

Scenarios 3 and 4 both feature a P32 (excluding bedding) of 1.60 m*/m®*. The average block
volume approaching this threshold suggests a transition towards a rock mass characterized by
smaller blocks (with volumes less than 1m®) as the bed thickness falls below 1m. The reduction in
block volume is evident in Figure 6.6, where there is a significant shift in the distribution of block
thickness towards smaller blocks between 1 and 0.5 meters. This contrast is more pronounced
compared to the shift observed between blocks with bed thicknesses from 1.5 to 1 meter. For
very massive bed thickness (4m), the average block volume is larger than 1m® for 4 out of 5
scenarios. The estimates provided in figure 6.8 are conservative, as increases in bed thickness will
also provide more favorable block shapes which should positively influence the block shape factor
[ (Elci & Turk, 2014; Palmstrom, 2005).

6.5 Geotechnical model displaying blockiness of rock mass.

(Schlotfeldt & Carter, 2018) identified that a P32 lower than 4m*m?® leads to a massive rock mass
with volumes greater than 1m®. Empirical solution for block volume estimates that a massive rock
mass should have subvertical P32 joint intensity lower than 1.5m*/m?® for 1m bed thickness. This
equates to a total P32 (P32 bedding + P32 subvertical joints) of 2.5m*m?®. Rogers et al. (2014)
used DFN to investigate the block forming potential and found similar results.
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Figure 6.9: Relationship between block forming potential and P32, showing the transition between
massive rock mass and blocky rock mass.Figure from Rogers etal. (2014)

Three geotechnical models displaying the block size potential of the quarry are produced assuming
three scenarios for the bed thickness. The thresshold determining massive and blocky rock mass
comrespond to a total P32 value of 2.4m*/'m® for all models.
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7.1 Rock mass classification

Parameters of the classification system are assigned to individual geotechnical sectionI'he assign-
ment of classification system parameters (RMR and Q system) to each geotechnical section relies
on quantitative data for joint characteristics and UGS tests of the intact rock material (Appendix
G).

The equations to estimate the RMR and Q values are provided below. The description of the
ratings for each individual parameter is given in Appendix E.

RQD Jr Jw

= T "7 TsRE ®)
With:

* RQD: Rock quality design.
* JJn:  Joint set number
* Jr:  Joint roughness number
* Ja: Joint alteration number
» Jw: Joint water reduction factor
* SRF: Stress reduction factor

RMR = X Arating - B (9

With:
1. Al: Intact rock strength (Stress condition)
: RQD (Block volume)

: Discontinuity spacing (Block volume)

2. A2

3. A3

4. Ad: JCond89 (Joint condition)

5. AS: Groundwater condition (Stress condition)
6. B:

Discontinuity orientation (Stress condition)

7.1.1 Field Q values

The parameters of the Q system have only been interpreted when a photogrammetry model was
available. The results for each individual geotechnical section can be found in Appendix E. Some
assumptions were used to define the parameters of the Q system:

* A conservative approach to estimating the Jn was used. A Jn rating of 9 (3 joint sets) was
utilized for all geotechnical sections (see section 5.1)Some geotechnical sections in formation
D have no visible bedding due to dolomitization of the bedding planes. It is unclear if the
dolomized bedding planes may act as incipient joints in an underground excavation. For this
reason a conservative Jn was selected.

* The RQD was estimated horizontally, utilizing the measurements of joint spacing. Moreover,
the presence of dissclution features and highly weathered rock material were also considered
in the RQD assessment. Sections of outcrop with a void or very weathered rock are assumed
to have an RQD of 10 as per the NGI (2015).

* The joint conditions of the least favorable joint set for each geotechnical section was selected
(NGI, 2015). This gives simple statistics on the the Jr and Ja for the worst joint conditions
inside each geotechnical section. A larger quantitative dataset for individual joint statistics
is available in section 4.2.
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* The NGI also uses a strength reduction factor (SRF). SRF values have been selected based
on the presence of weakness zones and karstic zonefwo SRF values have been used during
this study when a weakness zone was encountered (5 and 10). The SRF values used, along
with a description of it's use is given in table 7.1. When no weakness zone was presenton a
geotechnical section, an SRF value of 1 was used.

Table 7.1: SRF values used for different weak zones found in the study area.

' SRF value Corresponding weak zones
5 Single narrow weakness zones (0.5m-3m wide)
10 Multiple narrow weakness zones inside a single geotechnical section
Large weakness zone (weakness zone ;3m) low UCS values
10 ) : : R
due to chemical weathering. Long sections with incompetent weak rock.

Example:

In table 7.2, typical Q values found in the study area are displayed. An example of to three
geotechnical sections analysed with the Q system is given on figure 7.1.

Table 7.2: Typical range of Q values found in the study area.

Rock condition /RQD Jn ' Jr Ja SRF  Q  Comment
Typical Minimum o | ACRE | & 0.1g | Area containing a small weakness zone.
(WVery poor rock) | ’ Including heavily weathered joints.
[ Joint without shear wall contact after 10 cm
Typical Poor condition | 90 9 |2 6 |1 3.33 | of shear. Spacing =3m between joints.
[ Silt infill.
Spealn, . [OfL 105 jeal i 18 Lo | Bowhpaas i witispack o
Typical Max (good) 100 9 |3 1 |1 33.33 | Rough undulating jeint, no alteration.
Most frequent 8 9 |3 s 1.4 10.56 | Rough undulating joint with thin sand coating.

Figure 7.1: Qutcrop divided into three geotechnical sections. The description and Q value for each
section is provided in table 7.3.

Table 7.3: Example of Q values for three geotechnical sections observed in figure 7.1

ID. Wwidth[m] RQD[%] Jn Jr Ja SRF Q Description
| | Fracture corridor with altered joints.
5 15 75 g |2 |3 |1 8.33 | Infilling of joints is Tmm maximum
and consists of dolomitic sand.
1 joint without wall contact after 10cm of shear but,
6 15 95 9 |2 |6 |1 3.52 | with wide spacing between next joint Jr=2. (NGI, 2015)
Gouge as infill.
‘Massive dolomite, bedding is not visible.
Mo joint infill.

7 26 100 g2 |12 |1 1 33.33
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Results
It was only possible to recover reliable results for the geotechnical domains S2a, 52b and the F
domains. No photogrammetry model was available for domain S1.

Table 7.4: Percentages of rock quality in the different geotechnical domains based on 81 geotechnical
sections.

' Geotech domain >Very poor Poor Fair Good Mean Weighted Q value
S2a 3% 29% | 23% | 45% | 11.49
S2b 5% 9% | 17% | 72% | 14.53
F-domains 43% 16% | 12% | 29% | 4.49

The % of good rock (NGI classification) is much higher in domain S2b than in domain S2a. This is
because the joint condition improves below bench 6 {outside the F domains). The F domains have,
on average, much higher percentages of very poor rock conditions. This is due to the presence

of many weakness zones. Domain S2b has a higher mean weighted average Q value because of
improved joint conditions.

Figure 7.2: (a) Narrow weakness zone on bench 2 (Domain S0)b) Large weakness zone in domain
3

7.1.2 Field RMR

The field RMR was collected on the same locations as the Q values. A RMR value was only
provided when a photogrammetry model was available for the purpose of third party verification.
The results for the parameters of the RMR for each geotechnical section is provided in Appendix
E. The parameters of the RMR have been estimated as follows:

* A1, UCS: Laboratory tests have been performed on the rock samples from the MLD quarry
(Appendix G). The UCS results from the laboratory tests varied between 54-300 MPa. Heav-
ily altered dolomite rock have not been tested because they could not be recovered from rock
cores, however Schmidt Hammer tests performed on altered dolomite in the field suggest that
heavily weathered rock material have UCS values between 25-50 MP3dhe three ratings used
for parameter A1 are given in table 7.5.

Table 7.5: Interpreted UCS values based on 27 UCS tests provided in Appendix G.

UCS (Mpa) Rating
Heavily weathered zone 25-50 4
Moderatly altered dolomite (associated with fracture corridors) 50-100 i
No chemical alteration of the rock material 100-250 12
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* A2, RQD: The same RQD values as estimated for the Q system have been used for the RMR
rating.

* A3, joint spacing: The average true joint spacing per set measured in section 5.2.6 are used.
The values range from 0.73 to 2.7m in average fracture spacing. Ranges slightly lower (0.2-
0.6m) in fracture spacing will be used as parameters of the RMR for geotechnical sections
inside fracture corridors. Two ratings for the joint spacing were used according to simple
rules.

Table 7.6: Ratings used for the joint spacing based on quantitative datasets collection on virtual
outcrops

Interpreted joint spacingJoint spacing A3 Rating
Inside fracture corridor 0.2-0.6m 10
Qutside fracture corridor = 0.6-2m 15
* A4, joint condition: the worst joint condition will be used for each geotechnical section.

Four main joint ratings will be used to rate each geotechnical sections (see table 7.7). All
geotechnical section have been estimated to have joints with persistence (equal to joint height)
of over 20m.

Table 7.7: Four typical joint condition found in the study area and used to estimate field RMR.

Ada-Persistence
Adb-Aperture |
Adc-Roughness
Add-Infill

Ade-Weathering
Ad-Total |

Persistence (joint height) = 20m,
aperture =5mm and silty clay infill, 0
decomposed joint.
Persistence =20m,
aperture =5mm with gouge infill 00 |3 20 |5
and slightly rough surface.
Persistence =20m,
aperture between 1-5mm with hard infill. 01 5 |2 |3 11
Moderately weathered.
Persistence =20m, aperture
Imm with no infill, 0|4 |5 |6 & |20
and slight joint weathering.

(=]
o
o
=]
=

* AL, water inflow: similarly to the Q system it is assumed that the area is dry and no inflow
of water is taken into account.

* B, joint orientation:  a B rating of "fair® (-5) was used for every geotechnnical section.

Results:

In total, the same 81 geotechnical sections as the Q system have had geotechnical descriptions, the
results are displayed in table 7.8. The results show that the mean weighted RMR {(mean RMR
taking into account the length of each geotechnical section) value for both domain 52a and 52b
can be considered as good rock quality.More than 95% of the geotechnical sections in domain S2a
and S2b have a fair or good RMR rating. The F-domains have 35% interpreted poor RMR rating

with an average fair RMR rating.

Table 7.8: Percentage of poor, fair and good rock mass rating for each geotechnical domain.

Geotech domain Poor Fair Good Mean Weighted RMR
SZa 1% 32% | 67% 65
S2b 5% 7% | 88% 73
F-domains 35% | 27% | 38% 51
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7.1.3 Borehole Q values

The borehole (1 values have been estimated using the geotechnical descriptions of the rock cores.
The NGI cautions against using rock core descriptions to estimate the Q values.Some assumptions
had to be made for the parameters of the Q system.

* Jn: Every geotechnical section was assumed to have 3 joint sets (Jn = 9).The same assump-
tion was made to determine the Jn parameters for the field Q values.

* RQD: The RQD was measured for every geotechnical section using a measuring tape.
* Jaand Jr: The worst joint condition description was used for every geotechnical section.

* Jw: The water condition rating (Jw) used for very geotechnical section is 15, itis assumed
that any excavation would be dry.

* SRF: All geotechnical sections were rated with SRF value of 1, the subvertical weakness zones
observed in the quarry were parallel to the drilling direction and could be hard to estimate.
However, the percentage of core recovery can give indications on the presence of weakness
ZONEes.

The weighted average Q values was measured by accounting for the length of each geotechnical
section similarly to Golder Associates reporting methodology (Golder, 2013). The Q values in
addition to the % of cores without geotechnical description and percentage of core recovery is
given for all geotechnical domains.

Table 7.9: Weighted Q values from borehole core descriptions, percentage of borehole length with-
out geotechnical descripiton and percentage recovery by domain

| ; [ ) Percentage rock core Percentage
. Domain Weighted average @ Min Q@ MaxQ with no echnical desriptions y.
S1-
(BH176, BH180, BH181) | 172 11214444 | o% 92%
SZ2a-
(BH176, BH180, BH181) | 149 13 | 4344 | 6% 88%
Sob-
(BH176, BH180, BH181) | 1879 032 | 4444 | 1% 96%
F-BHIT2 581 033 | 3268 | 29% 50%
F-BHI77 7.09 029 (4122 | 29% 73%

The results from the borehole Q values are higher than the field Q values. Geotechnical borehole
sections usually had better joint condition. The boreholes are subparallel to the joints J1 and J2,
and not all borehole sections intersected J1 or J2 joints. Subvertical joints J1 and J2 usually had
adverse affects on Jr and Ja ratings for the field Q values. Additionally, no SRF value could be
estimated, increasing the minimum Q values.
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Figure 7.3: Single visible bedding plane (Black box) on a 30 meter wide, 15 meter high outcrop
(Bench 2 location without karst).

Table 7.10: Q values with Jn=4, assumption of large bed thickness without continuous bedding
surfaces.

Geotech domain =Very poor Poor Fair Good Very Good Mean Weighted Q value
S2a 2% 3% 24% | 66% | 6% 25.71
S2b 5% 0% 7% | 61% | 27% 32.69

7.1.5 Joint condition influence on RMR and Q values




Table 7.11: Q values disregarding large dissolution joints with wide spacing between each other.

Geotech domain =Very poor Poor Fair Good Mean Weighted Q value
S2a 3% 10% | 32% | 55% 13.01
S2b 5% 0% 24% | 72% 14.90

Table 7.12: RMR values disregarding large dissolution joints with wide spacing between each other.

Geotech domain | Poor | Fair | Good Mean Weighted RMR
SZa 1% 25% | 74% 66
S2b 0% 7% | 93% 74
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8 Discussion
8.1 Dataset validity

The dataset on joint intensities collected based on photogrammetry can be compared to Van der
Voet (2022) P21 data on large orthophotos on bench 6, 7 and 8 (named SW EV in table 5.2).
Human biases in joint tracing, the resolution of the model, lighting conditions in photographs,
and the methodology used for data collection can all impact the P21 data (Bisdom, 2011). The
similarities in P21 results between this study and those reported in the study by Van der Voet
(2022) serves to validate the data joint intensity acquisition methodology. SW6 exhibits higher P21
values compared to those reported by (Van der Voet, 2022) because the measurements were taken
within a fracture corridor. Additionally, SW8 and SW7 have been traced on a different formation
(E) than Van der Voet (2022) data. Those datasets have been removed from figure 8.1.

« P21 »

1.2

0.6

P21

0.4

0.2

Figure 8.1: Aggregate P21 results from this study (Lightgrey) and aggregate P21 values from
Van der Voet (2022) study (Darkgrey)

The joint intensities interpreted from the boreholes are more uncertain. Oriented rock cores or
borehole optic scans could help to improve statistics on joint intensities collected from boreholes.
Resolution issues from optic scans should also be considered and core descriptions should be done
adjacent to optic scan interpretations.

The range of joint orientations collected during this study are also similar to those collected by
Mathieu (1962); Van der Voet (2022). No dataset on the joint condition in the study area were
available. Verification on the joint condition dataset is thus impossible.  Further statistics on the
joint condition should be collected. It is advised to collect joint condition data in the mine shafts
as they better represent the in-situ joint condition because the joints have not been affected by
weathering. The joints in the mine shafts were a — i
hydraulic machinery (Pacyna & Denayer, 2010).

8.2 DFN modelling for geotechnical application

The variations in subvertical joint intensity interpolated can give insight on the joint intensity
distribution across the quarry. The main finding is that the variations in subvertical  joint inten-
sity outside the F domains are generally not substantial enough to significantly affect block size.
Instead, variations in bed thickness plays a more critical  role in determining the block forming
potential. This indicates that while the DFN and kriging interpolations provide valuable insights
into subvertical joint distribution throughout the quarry, the variation in bed thickness, is a more
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decisive factors influencing block volume in the study area.

In this study, the practical applications of DFEN for geotechnical modeling are limited. However,
the datasets collected during this study could be used for other DFN modelling applications in
rock mechanics, mainly:

1. To conduct block size analyis (Rogers et al., 2014; Schiotfeldt & Carter, 2018; Takako et al.,
2018).

2. To explicitly represent fractures in the rock mass for numerical modelling applications.

The MOVE software is primarily developed for reservoir engineering applications, allowing users to
model reservoir properties such as permeability, construct geclogical models, and simulate large-
scale subsidence. However, it has significant limitations for geotechnical engineering uses. For
example, DFN models cannot be used for block size analysis.

Variations in fracture intensities can also shed light on the hydraulic network of the quarry.  Pas-
sagez (2012) established that the subvertical joint sets J1 and J2, along with strike-slip faults
dating back to the extensional domain, act as preferential networks for water flow paths. These
preferential water flow paths, associated with the main joint sets, have created favorable conditions
for rock mass alteration. The findings from Passagez (2012) are also evident on bench 8, which
did not exist at her time (see figure 8.2 (a)). A slickensided surface, with an orientation similar to
that of the J2 set serves as a preferential water flow path. Observations of water percolating or
gushing from the bench walls of the quarry mainly comes from high-iron zones defined by Lhoists’s
chemical data. This is not surprising given the relationships between Iron sulphides- faults and
karst discussed in section 3.3.8.

a) % 4 b)

Figure 8.2: a) Slickensided surface with similar orientation as the J2 set on bench 8 acting as
preferential water flow path. b) Fault on bench 7 oriented E-W probably dating to the Hercynian
orogeny.

Coupled geostatistical models like those introduced by (Bruna, Guglielmi, Viseur, Lamarche, &
Bildstein, 2015), which integrate fracture intensities with hydrogeological data (for example, slug
well tests), could equip the study area with a structural model that enhances understanding of
karstic zones. Increasing the hydrogeological dataset could also serve to build more complex nu-
merical geohydrological models that incorporate anisotropy, unlike the models presented Passagez
(2012). ltis also recommended to prioritize sub-horizontal drilling to better assess the extent of
the karsts inside the F domains.
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9 Conclusion

The research aimed to leverage a diverse array of data sources, such as photogrammetry, field
surveys, and borehole core descriptions, to gather information on joint properties within the study
area. The objectives were twofold: to create a geotechnical map that delineates different geotechni-
cal domains and to develop comprehensive Discrete Fracture Network (DFN) models for predicting
in-situ joint intensities.

During this study, datasets detailing the joint properties have been collected throughout the quarry.
The dataset on the joint properties bring valuable information to Lhoist. Combining the data col-
lected in the field, literature review and corroborating field observations established that:

* Chemical contamination, high joint intensities, chemical alteration and preferential water
flow path are all related. The alteration and hydrology of the area is mainly organised along
the two main subvertical joint sets and minor strike-slip faults with similar orientations dating
to the Jurassic-Cretaceous extensional domain.

* One of the two subvertical joint sets (J2) is more likely to be affected by dissolution phenom-
ena.

* The amount of dissolution joints, and width of the subvertical karstic zones decreases with
depth. Below bench 6 and outside the F domains, large dissolution joints should only occa-
sionally be found.

* Dolomitization during the Visean has significantly affected the bed thickness of Tournaisian
dolomite. Some locations in the stratigraphic sequence can be 5-10 meters thick without

The characterization of the joint properties also influenced the geotechnical domain definition. The
domains can probably provide a reasonable assumptions on the geotechnical conditions between
the boreholes and the outcrops of the quarry. Sub-horizontal boreholes could help refine the char-
acterization of the subvertical F domains.

One of the goals of this study was to predict in-situ joint intensities using DFN models. The
methodology used during this study does not work, the DFN models in MOVE are generated from
interpolated joint intensities. The application of DFN to predict in-situ joint intensities, or to assist
in the design of a geotechnical model is limited in this study. The datasets collected during this
study can be utilized for further DFN applications, which may prove more useful for geotechnical
purposes.

Assumptions regarding the bed thickness plays a critical role in determining the block-forming
potential in the study area. Further research is needed to explore the influence of dolomized bed-
ding planes and variations in bed thickness. Variations in subvertical joint intensity have a limited
impact on block size, outside of the F domains.
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C Integrated P32 dataset

ORANGE VALUES= INTERPRETED DATA.

Location Js1 - P32 Jb1 - P32 Js2 - P32 Jb2 - P32 P32- Fotal

BH172
BH172
BH176
BH176
BH177
BH177
BH179
BH180
BH180
BH181
BH181
SwWi
Swz2
SW3
Sw4
Swh
SwWe
SwW9
SW10
SW11
Swi12
SW13
SL1
SL 2
SL 3
SL 4
SL 5
SL 6
SL7
SL 9
SL_10
SL_11

0.44
0.74
0.13
0.15
0.45
0.47
0.28
0.31
0.37
0.24

0.2
0.27
0.17
0.14

0.54
0.14
0.26
0.21

0.21
0.23
0.19

0.32
0.25
0.29
0.21

0.66
1.1
0.21
0.23
0.67
0.71
0.44
0.47
0.56
0.37

0.3
0.34
0.81
0.34

0.66
0.56
0.41
0.46

0.31
0.34
0.29

0.43
0.33
0.44
0.32

0.36
0.62
0.06
0.07
0.37
0.39
0.24
0.15
0.17
0.12
0.09

0.07
0.1
0.13
0.33
0.2
0.13

0.29

0.29
0.25
0.14
0.12
0.08
0.15
0.17

0.21
0.13

1.09
1.85
0.21
0.23
1.1
1.17
0.72
0.47
0.55
0.37

0.3

0.458
0.45

0.5
0.95
0.49
0.41

0.66

0.62
0.58
0.43
0.47
043
0.50
0.52

0.54
0.48

2.56
4.32
0.62
0.69
2.61
2.75
1.69
1.41
1.66
1.10
0.89
0.61
0.98
1.12
0.59
0.63
1.28
0.69
0.54
1.21
1.64
0.71
1.67
0.83
1.14
1.17
0.99
0.65
1.49
0.63
1.48
1.14

105

640884.272
640884.273
640966.639
640066.64
641431.308
641431.308
642009.898
641149.576
641149.576
641519.282
641519.283
641014.44
641040.22
640910.731
641063.89
641320.16
641258.59
641266.805
641241.855
641140.56
641200.672
641611.985
641100.06
641059.86
641022.81
641001.26
640864.53
640775.9
640679.5
641338.6
641069.29
641005.58

Y

Formation Domain

5593864.05 57.39 D
5593864.05 -10.2C
5593586.05 3.37D
55835686.056 -61C
5593829.31 254D
5583829.31 -38.3C
5594975.42 106 C
5593723.24 2752 D
5583723.23 -336C
5593907.84 4043 D
5593907.84 -16.1C
559411543 72D
55684115.17 72D
5594100.31 72D
5594125.11 72D
5584150.12 97D
5594116.59 97D
5594288.06 56 D-C
5594243.37 5B6C
5594150.47 72D
5594161.7 72D
5584530.28 97D
5594140.11 72D
5594124.35 72D
5594114.52 72D
5594114.45 72D
5594090.71 72D
5594078.6 72D
5593983.1 82D
5594480.7 39C
5594081.83 97D
5584065.63 97D

F1
F1 MNothing
52
S2b
F1-F2
F1-F2
S2a
52b
S2b
52b
S2b
S2a
S2a
S2a
S2a
S2a
F2
52b
S2b
F2
F2
S2a
S2a
S2a
S2a
S2a
S2a
S2a
S2a
52b
S2a
S2a



SL_12
SL_13
SL_14
SL_15
SL_16
SL_17
SL_18
SL_19
SL_20

0.3

047

013
0.06
0.21
0.05
0.09
011
0.20
0.23
0.33

048
042
0.54
o4
0.45
0.48
0.54
0.567
0.65

1.28
0.48
0.75
0.46
0.54
0.58
0.73
0.80
0.98

640878.55
6412717
641217.96
6411943
641807.25
641582.09
641523
641368.55
641348.11

559406525
5594374.M
5594311.44
5594283 .67

5594457 .6
559441517

55943391
5594190.41
5594163.54
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82D
BC
BC
BC
a7 D
a7 D
arD
arD
arD

52a
S52b
F3
S52b
52a
52a
S2a
F3
F3



Measured data
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D Joint Condition

The Joint traces for each 1.D. can be found under :
#GAE&M LWE internship - documents/Data acquisition/Joint condition/locations

Joint set Js1
Joint_set D Jr Ja Bench | Domains
Js1 1 3 4 B|S2a
Js1 2 1 5] 6|52a
Js1 3 3 4 6|52a
Js1 4 3 3 B|S2a
Js1 5 1.5] 2 B|S2a
Js1 G 3 4 6|52a
Js1 7 1.5] 2 6|52a
Js1 8 1.5] 3 B|S2a
Js1 9 1 5] 6|52a
Js1 10] 3 4 6|52a
Js1 11 1.5] 2 B|S2a
Js1 12 1.5] 2 B|S2a
Js1 13 1.5] 4 6|52a
Js1 14 1.5] 3 6|52a
Js1 15] 3 4 B|S2a
Js1 16| 3 3 B|S2a
Js1 17| 3 4 B|S2a
Js1 18] 1 6 6|52a
Js1 19 1 8 6|52a
Js1 20 3 3 B|S2a
Js1 21 3 2 B|S2a
Js1 22 3 2 6|52a
Js1 23 1.5] 2 6|52a
Js1 24 3 2 B|S2a
Js1 25 1.5] 2 6|52a
Js1 26 1.5] 2 6|52a
Js1 27| 1 B B|S2a
Js1 28 1.5] 2 B|S2a
Js1 29 3 3 6|52a
Js1 30 3 3 6|52a
Js1 21 1.5] 4 B6|S2a
Js1 32 1 B B|S2a
Js1 33 3 1 B|S2a
Js1 234 1.5] 1 6|52a
Js1 35 3 2 6|52a
Js1 36 3 1 B|S2a
Js1 37 1.5] 1 B|S2a
Js1 38 3 2 6|52a
Js1 39 1 B B|S2a
Js1 40 3 2 4152a
Js1 41 3 2 4|52a
Js1 42 1.5] 2 4152a
Js1 43 3 3 4|52a

108



Joint set Js2

Domain

Bench

6|S2a

6|52a

6|52a

6|S2a

6|52a

6|S2a

6|52a

6|52a

6|S2a

6|S2a

6|52a

6|S2a

6|S2a

6|52a

6|52a

6|S2a

6|S2a

6|52a

6|S2a

6|S2a

6|52a

6|S2a

6|52a

6|52a

6|S2a

6|52a

4|52a

4|52a

4|S2a

4|52a

4|52a

4|S2a

4|52a

4|52a

4|52a

4|S2a
6|F

6|F

6|F

6|F

6|F

6|F

6|F

6|F

6|F

6|F

Ja

10

10

Jr

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.D.

10

11

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27

28
29
30
31

32

37

39
40

41

42

Joint_set

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2

Js2
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E RMR and Q values

Q system and RMR rating systems

| Appendix C: Rock mass
classification tables
| — RMR and Q

The following tables are provided to support the questions in Chapter 12.
1 Note that although we have used the term ‘fracture’ in this book, the

| originators of the RMR and @ classifications used the words ‘discon-

| tnuity” and ‘joint’, respectively. To avoid confusion with the original

| pub]i-:atiunsl, we have retained these words in the tables below.

Rock mass rating system?

|

|

! EMR = Z[classification parameters)

{ + dismntinuity orientation adjustment

(A) Classification parameters and rafings

Strength of intact rock material

Point-load strength * * ® 1-2 24 4-10 =10

index (WMPa)

Uniaxial compressive <=1 1-5 525 2550 50-100 100-250 =250
! strength (MPa)

Rating; 0o 1 2 4 7 12 15

" For this Jow range, uniaxial compressive test is preferred.

Groundwater
Inflow per 10-m tunnel =125 25125 10-25 <10 ToIe
length {l/min)

joint water pressure

! Ratio =— e =05 0205 0102 <01 0

i major principal stress
General conditions flowing dripping wet damp completely dry
Rating; ] 4 7 10 15

! Bieniawski Z. T. (1989) Engineering Rock Mass Classifications. Wiley, Chichester, 251pp.
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496 Appendix C: Rock mass classification tables — RMR and Q

Drill core quality RQD (%) (‘C} E
<25 25-50 50-75 75-90 90-100
Rating: 3 3 13 17 20 | !_i_trike
- drive 1
Spacing of discontinuities dip 45
<60mm  60-200mm  200-600mm  06-2m >2m | very f
Rating: 5 8 10 15 20 | ;
Strike
Condition of discontinuities | '[-hp 20
2 air
Lse Table (B), or the following guidelines
Soft gouge Slickensided Slightly rough  Slightly rough Very rough I
=5 mm thick surfaces or surfaces, surfaces, surfaces, no (DJ R
or separation  gouge <5 mm  separation separation separation,
=5 mm, thick or =1 mm, highly =1 mm, unweathered
continuous separation weathered wall  slightly wall rock, not Effect
1-5 mm, rock weathered continuous i arient
continuous wall rock —
Rating: 0 10 20 25 30 et
Foun
| Slope
(B) Guidelines for classification of discontinuities
Discontinuity length (persistence) ‘_’E] R
<lm 1-3m 310 m 10-20 m =20 m .
Rating; 6 4 2 1 0 Rating
Class |
Descri
Separation (aperture)
none =0.1 mm 0.1-1.0 mm 1-3 mm _ =bmm
Rating; 6 5 4 1 0 (F) Ir
Roughness Class
very rough rough slightly rough smooth slickensides : Avera
Rating & 5 3 1 0
o Cohes
Infilling (gouge) (kPay
FricHc
hard filling soft filling (deg)
none <5 mm =5 mm <5 mm =5 mm
Rating: 6 4 2 2 0

Weathering

unweathered  slightly  moderately highly decomposed
weathered weathered weathered

Rating: 6 5 3 1 0




—

Appendix C: Rock mass classification tables — RMR and Q@ 497

90-100

20

=2m
20

y rough
faces, no
aration,
veathered
1 rock, not
tinuous

30

=20m

=5 mm

ickensides
0

(C) Effect of discontinuity orientations in tunnelling

Strike perpendicular to tunnel axis

drive with dip

drive against dip

dip 45-90 dip 20-45

very favourable favourable

Strike parallel to tunnel axis

dip 45-90 dip 2045
fair unfavourable

Irrespective of strike

dip 2045 dip 45-90
fair very unfavourable

dip 0-20
fair

(D) Rating adjustment for discontinuity orientations

Effect of discontinuity Very fa- Favour- Fair Unfavour- Very unfa-
orientation (from Table C} wvourable able able vourable
Ratings:
Tunnels and mines 0 =2 =5 -10 =12
Foundations 0 -2 -7 —-15 -25
Slopes 0 -5 25 50 60

(E) Rock mass classes determined from total ratings

Rating 100-81 80-61 6041 4021 <20

Class no. | I

v Ay

Description  very good rock good rock  fair rock  poor rock  very poor rock

(F) Interpretation of rock mass classes

Class no.: 1 i

111 v v
Average stand-up time 20yrfor l1lyrfor 1lwkfor 10hfor 30min for
15-m span 10-m span 5-m span 2.5-m span 1-m span
Cohesion of rock mass =400 300400 200-300  100-200 <100
(kPa)
Friction angle of rock mass =45 35-45 25-35 15-25 =15
(deg)




498 Appendix C: Rock mass classificotion tables — RMR and Q
Q-system of Rock Mass Classification 2

)
RQD 4 Iy

I J, SKRF

Q=

0-25 ({a) Very poor
25-50 (b} Poor
50-75 (c) Fair
75-90  (d) Good
90-100 (e) Excellent

Note: Where RQD is reported or measured as 10 (including ), a nominal value
of 10 is used to evaluate Q. RQD intervals of 5, Le. 100, 95, 90, etc., are
sufficiently accurate.

Joint Set Number (J,))

0.5-1.0 (a) Massive, none or few joints

2 (b} One joint set

K {c) One joint set plus random

4 (d) Two joint scts

[ (e) Two joint sets plus random

9 (f) Three joint sets
12 (g) Three joint sets plus random
15 {(h) Four or more joint sets, random, heavily jointed ‘sugar cube’, etc.
20 (j) Crushed rock, earth-like

Note: For intersections, use (3.0 x J,); for portals, use (2.0 x J,).

Juint Roughness Number (J,)

{1} Rock wall contact and
(i) Rock wall contact before 10 cm shear

4 (a) Discontinuous joint

3 {b) Rough or irregular, undulating small-scale

20 () Smooth, undulating

1.5 (d) Slickensided, undulating, scale

1.5 (e} Rough or irregular, planar increasing

1.0 {f) Smooth, planar

0.5 (g) Slickensided, planar intermediate-scale

(i) No rock wall contact when sheared

1.0 {h) Zone containing clay minerals thick enough to prevent rock
wall contact

1.0 (i) Sandy, gravelly, or crushed zone thick enough to prevent rock
wall contact

Notes: Add 1.0 if the mean spacing of the relevant joint set is greater than 3 m.
Jr = 0.5 can be used for planar slickensided joints having lincation,
provided the lineations are favourably orientated.

Descriptions (b} to (g) refer to small-scale features and intermediate-scale
featurcs, in that order.

! Barton, N., Lien R. and Lunde . {1974} Engincering classification of rock masses for
the design of tunnel support. Rock Mech., 6, 183-236.

Joint

0.75

1.0
20

3.0

4.0

4.0

6.0
8.0

8.0-1

6.0, E
or 8.0

10.0, 1
or 13,

= Valu
prope




iinal value
0, etc., are

ube’, etc,

ale

sing
diate-scale
t rock

ent rock

han 3 m.
lineation,

liate-scale

masses for

Appendix C: Rock mass classification tables — RMR and Q@ 499

Joint Alteration Number (J,)

(i) Rock wall contact i, (approx.)
0.75 {a) Tightly healed, hard, non-softening,
impermeable filling, i.e. quartz or epidote
1.0 (b) Unaltered joint walls, surface staining only ~ 25-35°
2.0 (c) Slightly altered joint walls. Non-softening 25-30°

mineral coatings, sandy particles, clay-free
disintegrated rock, etc.

30 (d) Silty or sandy clay coatings, small clay 20-25°
fraction (non-softening})
4.0 (e} Softening or low-friction clay mineral 818"

coatings, i.e. kaolinite, mica. Also chlorite,
talc, gypsum, and graphite, etc., and small
quantities of swelling clays (discontinuous
coatings, 1-2 mm or less in thickness)

(i) Rock wall contact before 10 cm shear

4.0 (f) Sandy particles, clay-free disintegrated rock, 25-30°
ote.

6.0 {g) Strongly over-consolidated, non-softening 16-24"
clay mineral fillings (continuous, <5 mm in
thickness)

8.0 (h) Medium or low over-consolidation, 12-16"

softening, clay mineral fillings {continuous,
<5 mm in thickness)

B.0-12.0 (j) Swelling clay fillings, i.e. montmorillonite 6-12°
{continuous, =5 mm in thickness). Value of J,
depends on percentage of swelling clay-sized
particles, and access to water, etc.

(i1} No rock wall contact when sheared

6.0, 8.0 (k) Zones or bands of disintegrated or rock and ~ 6-24°
or 8.0-12.0 clay — see (g), (h), (j) for description of clay
condition
5.0 (1) Zones or bands of silty clay, small clay
fraction (non-softening} -
10,0, 13.0 (m) Thick, continuous zones or bands of clay —
or 13.0-20.0 see (g), (h), (j) for description of clay
condition

*Values of ¢, are intended as an approximate guide to the mineralogical
properties of the alteration products, if present.
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Stress Reduction Factor (SRF)

10.0

5.0

5.0

25
1.0
05-2.0

5-10
10-20

53-10
10-20

5-10
10-15

{i)

(i1)

Weakness zones intersecting excavation, which may cause loosening of

rock mass when tunnel is excavated

{a) Multiple occurrences of weakness zones containing clay or
chemically disintegrated rock, very loose surrounding rock
(any depth)

(b) Single weakness zones containing clay or chemically
disintegrated rock (excavation depth <50 m)

(c} Single weakness zones containing clay or chemically
disintegrated rock (excavation depth =50 m)

(d) Multiple shear zones in competent rock (clay-free), loose
surrounding rock (any depth)*

(e) Single shear zones in competent rock (clay-free) (depth of
excavation <50 m)?*

(f) Single shear zones in competent rock (clay-free) (depth of
excavation =50 m)?

(g) Loose open joints, heavily jointed or ‘sugar cube’, etc. (any
depth)®

Competent rock, rock stress problems® ooy ooy
{h) Low stress, near surface =200 =13
j) Medium stress 200-10  13-0.66

{k} High-stress, very tight structure (usually 10-5  0.66-0.33

favourable to .t'.hﬁbiliiy, may be
unfavourable for wall stability)

1) Mild rock burst (massive rock) 525 03316

{m) Heavy rock burst (massive rock) <25 <0.16

(iif) Squeezing rock; plastic flow of incompetent rock under the influence of

(fv) Swelling rock; chentical swelling activity depending on presence of water

high rock pressures
(n) Mild squeezing rock pressure
(p) Heavy squeezing rock pressure

(q) Mild swelling rock pressure
(r) Heavy swelling rock pressure

2 Reduce these SRF values by 25-50% if the relevant shear zones only influence,

but do not intersect, the excavation.

" Few case records available where depth of crown below surface is less than
span width; suggest SRF increase from 2.5 to 5 for such cases. For strongly
anisotropic stress field (if measured): 5 = oy/0; = 10: reduce o. and o, to 0.8z,
and 0.85; oy/oy > 10: reduce o, and o, o 0.60, and 0.60; (s, = unconfined

compressive strength, o, = tensile strength (point load), 7 and oy are major and

minor principal stresses).

.

Joint

0.33
0.2-0.

0.1

Note:

(2)

(4)

P e nh— Y ]

=
| -

B =
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Joint Water Reduction Factor (J,,)

ening of Approx. water
pressure {kg/cm?)

lay
23 011; 1.0 {a} Dry excavations or minor inflow, e.g. 5 1/min <1
g foe locally
0.66 (b) Medium inflow or pressure, occasional outwash 1.0-25
of joint fillings
0.5 (c) Large inflow or high pressure in competent rock 2.5-10.0
with unfilled joints
obe 0.33 (d) Large inflow or high pressure, considerable 2.5-10.0
outwash of joint fillings
{h of | 0.2-01 (e} Exceptionally high inflow or water pressure at =10.0
| blasting, decaying with time
h of 0.1-0.05 (f) Ex-::e:pl"ipnall}'l high 'Iﬂﬂl.fm.’ or water pressure =10.0
continuing without noticeable decay
- (any | Nale: Factors (¢) to (f) are crude estimates. Increase J,, if drainage measures are
'! installed. Special problems due to ice formation are not considered.
ayfoy '
1 ,;é:; : ' When making estimates of 0, the Rock Mass Quality, the following
Déé-ﬂ?’& guidelines should be followed, in addition to the notes in the tables.
Y |
F (1) When borehole core is unavailable, for the case of clay-free rock
. masses RQD can be estimated from RQD = 115 — 334, (approx.)
”“5'3;1);16 where J, = total number of joints per m* (RQD = 100 for J, < 4.5).
=\

J. is evaluated as the sum of the number of joints per metre for cach
ence of | joint set.
: (2) The parameter J,, representing the number of joint sets, will often
| be affected by foliation, schistosity, slaty cleavage or bedding, etc. If
strongly developed, these features should be counted as a complete

s of ater ] joint set: if they are poorly developed or rarely wvisible, then it
) will be more appropriate to count them as ‘random joints’ when
evaluating J,.

T— (3) The parameters J, and J, [reprerienting_ shear strength) should nor
. mally be relevant to the weakest significant joint set or clay-filled

T ] discontinuity in a given zone, but the value of J,/J, should relate to
strongly ' the surface most likely to allow failure to initiate. Thus, if the joint
v to 0.8a, set or discontinuity with the minimum value of J,/J, is favourably
confined orientated for stability, then a second, less favourably orientated

najor and joint set or discontinuity may sometimes be more significant, and its
| higher value of J,/J, should be used when evaluating Q.

(4) When a rock mass contains clay, the factor SRF appropriate to
'loosening loads’ should be evaluated. In such cases the strength of
the intact rock is of little interest. However, when jointing is minimal
and clay is completely absent, the strength of the intact rock may
become the weakest link, and the stability will then depend on the
ratio rock stress/rock strength. A strongly anisotropic stress field is
unfavourable for stability and is roughly accounted for as in the note
in the table for SRF evaluation.

(5) The compressive and tensile strengths (o, and of ;) the intact rock
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should be evaluated in the saturated condition if this is appropriate
to present or future in sifu conditions. A conservative estimate of
strength should be made for those rocks that deteriorate when
exposed to moist or saturated conditions.

| ¢ theo
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RMR values

1.D width [m] [RQD [%] [Az [A1 [A3 a4 [A5 RMR [Domain Class
1 23 95 20 12| 15/ 10] 15| -5  67|s2a Good
2 31 1000 20[ 12] 15| 20] 18] -5]  77[s2a Good
3 18 95| 20| 12| 15| 5| 15| -5  62|s2a Good
4 50 100 20] 12[ 15| 10[ 18] -5]  67[s2a Good
5 15 75| 13] 12| 15] 5| 15| -5  55|s2a Fair
5 15 95 20 12| 15/ 5| 15| -5  62|s2a Good
7 26 1000 20[ 12] 15| 20] 18] -5]  77[s2a Good
8 37 oo 17 12| 15/ 5| 15| -5  59|s2a Fair
9 29 75| 13| 7| 10 5| 15| -5]  45|s2a Fair
10 31 100 20[ 2] 15[ 10[ 18] -5]  67[s2a Good
11 40 75 13 7] 10] 5| 15| -5]  45|s2a Fair
12 20 1000 20[ 12] 15| 20[ 18] -5]  77[s2a Good
13 42 s5| 17| 12| 15| 20 15| -5]  74|s2a Good
14 29 go| 17| 12| 15/ 10| 15| -5  64|s2a Good
15 18 75 13] 12| 10[ 10[ 15| -5  s55/s2a Fair
16 42 go| 17] 12 15/ 5| 15| -5  59s2a Fair
17 20 75 13 12| 10 1o 15| -5  55/s2a Fair
18 10 100 20[ 12| 15| 20[ 18] -5]  77[s2a Good
19 15 100 20[ 12] 18] 5] 18] -5]  62[s2a Good
20 20 1000 20[ 12] 15| 20[ 18] -5]  77[s2a Good
21 15 go| 17] 12| 15/ 5| 15| -5  s59s2a Fair
22 16 75| 13| 7| 18] 5| 15| -5  50|s2a Fair
23 14 o5 20 12| 15/ 5| 15| -5  62|s2a Good
24 40 o5 20 12 15| 5| 15| -5  62|s2a Good
25 18 100 20[ 12] 15[ 20[ 18] -5]  77[s2a Good
26 30 95| 20 12| 15/ 10] 15| -5] 67|S2a Good
29 56 95| 20 7| 15| 5| 15| -5 57|s2a Fair
30 33 95| 20 12| 15/ 20| 15| -5  77|s2a Good
31 15 s0f 8| 7| 15 of 15| -5  40|s2a Poor
32 20 go| 17] 12| 15| 20| 15| -5]  74|s2a Good
33 15 so| 17 7| 18] of 15| -5  49|s2a Fair
34 27 go| 17| 12| 15| 5| 15| -5  59|s2a Fair
35 60 100 20[ 2] 15[ 20[ 18] -5]  77[s2a Good
36 37 go] 17] 12] 18] 5| 15| -5]  59s2a Fair
37 26 95| 20 12| 15| 10| 15| -5  67|s2a Good
38 19 go 17] 12| 15/ 10| 15| -5]  64|s2a Good
39 37 go 17| 12| 15| 10| 15| -5]  64|s2a Good
40 15 so| 17] 12 18] 5| 15| -5  s59s2a Fair
41 10 so| 17] 12] 15[ 10 15| -5]  64|s2a Good
42 15 75| 13 7| 10 5| 15| 5]  45/s2a Fair
60 22 95 20 12| 15/ 20 15| -5] 77|s2a Good
61 22 95 20 12| 15/ 10] 15| -5  67|s2a Good
67 29 95| 20 12 15[ 20 15| -5  77|s2a Good
68 19 1000 20] 12| 15| 20] 18] -5]  77[s2a Good
69 13 o5 20 12| 15/ 10| 15| -5  67|s2a Good
70 11 o5 20 12| 15| 20 15| -5  77|s2a Good
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Q values

1.D. (Polylingwidth [m] |RQD [%] Jn Jr Ja SRF Q Geotechnical Tmiegory
1 23 a5 2l 3 4 1 782528 Fair
2 3 100} El 3 1 1 33.3352a Good
3 15 95 9 2 g 1 3.5252a Paor
E 50 1004 9 2.5 3 1 9.26 52a Fair
5 15 75 2l 3 3 1 833523 Fair
[ 15 a5 El 2 [3 1 352528 Paar
7 26 1008 9 3 1 1 33.3352a Good
[ 37 a0 9 2 [ 1 2.5052a Paor
9 29 75 £l 3 3 1 8.3352a Fair

10) Ell 1004 9 3 3 1 11.1152a Good
11 40 75 El 2 i 1 208528 Paar
12| 20 100} El 3 2 1 16.67 52a Good
13 42 85 £l 3 2 1 14.17 52a Good
14 29 a0 9 2.5 2 1 12.50 52a Good
15 18 75 El 25 3 1 694525 Fair
16 42 an El 3 4 1 750528 Fair
17| 20 75 9 3 4 1 6.25 528 Fair
18 10 1008 el 3 1 1 33.3352a Good
19 15 1004 El 2 3 1 370528 Paar
20 20 1004 ] 3 2 1 1667 52a Good
21 15 a0 9 2 [3 1 3.3352a Paor
22 16 75 El 3 [3 1 4.17|52a Fair
23 14 a5 El 15 3 1 528528 Fair
24 40 95 9 3 4 1 792528 Fair
25 18 1004 9 3 1 1 33.3352a Good
26 30 a5 2l 3 3 1 10.56 52a Good
29 [ a5 El 3 i 1 396523 Paar
30 33 95 9 3 2 1 15.83 52a Good
31 15 50 9 1 10 5 0.1952a Very Poor
32 20 an l 3 2 1 1500 52a Good
33 15 80 El 1 g & 022528 ery Poor
34 27 a0 El 4 i 1 500528 Fair
35 &0 100} El 3 1 1 33.3352a Good
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Mathieu 1964 bedding height analysis




) cARRIERE DE TA S.A. DES DOLomMr:

. DE_MARCHE-LES-
( DAMES ,
1§_lQEE-QE—lE_EEEE_EEEEEE_QE_lg Meuse, sur 1g
gonmune ¢ Namdche, & 1'Est de 1'Haigneaux, e

A) Qﬁﬁé_gﬁest de la carridre:

Description des bancs du sommet & 1a base.

9 31 cM. Calcaire dolomitique & grain fin, invisible

<.

8 pellicule argileuse de 0,2 cm. entre deux surfaces

§352- de stratification pas trés irrégulidres. Ces deux

surfaces sont le démoin de 1'arrét de la sédimen-
tation, & deux reprises,

38 11 cm. Calcaire dolomitique comme 39.

il @ZjT pellicule argileuse entre deux surfaces de strati-
o fication.

37 9 cm. Calcaire dolomitique & grain fin, comme 39.

ﬂ— ;TZ?G Le sommet de 36 se termine par une surface de stra- //A\\
- tification sur laguelle repose le banc 37 dont la
base est légérement argileuse sur 1 cm.

36 8 cm. Calcaire dolcmitique formé de plages calcai~

ciles & établir avec certitude.Il s'agit
cependant de Jjoints argileux.

w
. ~
i res & grain fin entourdes de dolomie grenue,
}6{55 Entre deux surfaces de stratification, r'epose une
pellicule argileuse de 0,2 cm,
N 35 8 cms Calcaire dolomitique & grain fin,
jﬁﬁﬁg 1 cm, Calcaire dolomitique argileuse, '
L 34 71 cm. ) Bancs de calcaire dolomitique. Le grain
33 9 cm. ( de la roche est plus fin que celui des
32 1l cm., ) bancs inférieurs, et un peu moins fin
31 4 cem. ( que celul des bancs supérieurs,
3028 em. ) Ies limites entre ces bancs sont diffi- —_
29 6 cm. (
)

L 28 52 cm,

— &
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.
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'L q

Joint ouvert par 14 dissolyty,
I n,

AT
=
L1531
i‘—-l

167 cm. Banc de dolomie com
¢e banc est parcoury de 3 minces

argilauseg avec argile expri :
a 12, 16 et 32 cn, du sommet

AT
-3

PEcte, & grayp moyen,

asgbeg rlus
mée syp 01 em
ggﬁgﬁ Te sommet du banc 26, clast une
2 tification marquant un t
sédimentation.

Surface de stra-
©mps d'arrét qgng la

26 133 cm, Dolomie grenye, compacte,

& poches de calcite réparties uni
la masse de la dolomie,
pellicule argileuse de

& grainp moyen,
Tormément dans
A 19 em. du Sommet,

0,2 cm. avep
vers le haut et vers le pas,

A B4 et & 111 cm. 4y Sommet,
thigques.

passage
Joints styl1014-

pg/25 Mince Joint argileux de 0,1 8°0,3 cm, qui re-

pose entre deux surfaces de stratificatien trés
irréguliéres,

25 135 cm, Méme dolomie compacte, & grain moyen
et & poches de calcite, comme 26.
L 6 cm, du sommet, joint stylolithique.
A 52 cm. du scmmet, sur une surface érodée, re-
pose une pellicule argileuse passant vers le
haut & la dolomie,

26

25{3& Pellicule argileuse de 0,2 cm, Teposant sur
une surface de stratification assez irrégulidre,
Cette pellicule passe au banc supérieur rapide-

ment.

Tolomie finement grenue, compacte, sans traces

]3]
(B

d'organismes, plus claire que le sommet du
bane inférieur.

A 63, 100, 133, 138 et 155 cm. on peut voir
de trés minces pellicules argileuses (0,1 gfy

=
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au NeBls j@&;&&;ﬁﬁ%ﬁgﬁ%»&ﬂ commune de Namdche,

S —— e s

heseripitann des banes dw sommsd b 15 base..

28 ﬁg €M, envioan. Bane de

dolemie conpracte, homm-
- gowe, A graim assez fiip,

BP7 Limie se maQaatt par un aliggoanant

59 650 cm. envimnn de dolomie comme 28.
a6 3
26 500 cm. envimon. Lolomie s hommggane, comypacte

fdbarque: les bancs 26, 27 et 28 sont q:
La natmee de leurs limitess n!
été possitiiee 3 déterniireer

26/25 Simples sueffacas |dd@vnement)

dwit.. CTest un disssdame ,

=

=

acces diiffiidiae,
a pas tomjinuss

rhdulseses, sang en-
Il y a eu un arms tem-~

cettee limiree est souliggdée par un
' emt; de poches de disswllitann,

X 28 168 cm. hrdbomive comprrte & grain assez fim, 3 peu
d'encriness visitHags (0,5 & 0,7 em)
22/8Y: Disstme comme 26/25,
1

2k 438 cm, Gros ensemble de dolomie homegium, eir
PACtS, & peu d'encritess visitiizes (0,5 3 0,7 ems)

2423 Nlignement de pochess remplibss d'smsfide. Ep EBF-

s peints, ces podiess sont eentibwe’s, gp
d'antress, il n'y a pas conbimuiss.
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r— 59

o

(Fo

B

2

%f21

Gros SNSEMPle de dolnmie conpacte 3 g?@ﬂf;
135 Eﬁfﬁm Le 19%% des surfumss alddeéss, gp Bel*
assed . ﬂém%gsg E8ENess dont le dfamdipe VaFie
VOiIF

e 0,2 et Q9 CH., 188 grandes encritges Gt
ok suse, b
b :

€8 que les petirkes.
réparrtitiof 96 6es encriness st A8SEZ Unifbonpe .
Pﬁ"%iﬂm@ 23 PEUt Etie subdiwissé op 6 phus petidts
Li

vy

i 172 ey

%&mm pellitelae BFgilbeyge .

£ i 100 em.

E}_&n_,‘jﬂ@e pelliteize angipgmge.

g : 97 em, .

F0mineee pellivelae angileesee Alsenmingue.

c ¢ 104 em.

&b idimstdime .

0 ¢ 127 cm,

9/& Minee: pellituiae argiléesee gp Q.1 em,

€ 135 em,

Limite se mErcgent biep g

un bout Frautee ge la
CaFFigree . 1 segitt d i

um joi

500 cm, Gros ensemble de dolomiee homnoggne 3 graiim
assez fim, 3 pey d'@roningg 5 visitildgs (o7 a 0,8 cm)
Ciet ensemiple eg Parcauty; de dicesteRmps semblantt;

non continys ,

Le sommedr gy banc 21 Passe, sur | ¢p,
Joimd; argileamx de Q1 cm Le Sonmmmdt

& un mince
est ondlulé imégaliesr et biem

dle ce joim
remchied '
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r (60

= celles sépatant les bams de 1'teseenble 20
(Riasiboees ROR e ORTHTNS)) .

coppe ans 20, les emcilhegs soontassees mewbbeeyses,
cepentldnt, les petittes (0,3 em.) sunt plus nem-
hrguses que les gravdes (0,8 em.) comiraiieeent

aii banc 22+

Qualges teases de Blaciiopoths et Polypiers,

)

ZpQ Gome 33/31.

20 477 om. EpseniBRe qjui diffthne du précédent (19) par
sa grandle ricihesse en encrimes (des petitess, 6),2em.

et des graniks, 0,7-0,8 am.)

Les petitbes enerinss sont pllss r.gtiveenses gue les

grandles .

La dolomiie 18t compatie & graim assew fim, elle

renfetine d'asvez rurh¥enses poches de caleilee &t

guelques poches & pseudo-lmfidiess,

(. ensentile peut &tme subdiwiséé en 10 plus pe~

titss banes, tous séparmés par des diasitess HoR
comtinms. .

i

Odne les emcrimss, les wrganismes présemtss €y
portent qQudyuess PBitpidisrs et une colenie: de

2Q[le Limite de bancs biem nmrguée,

i 12 399 em. Ersenmbble de 8 petitss bames de dolOntie
compates, & graim assez fim, & emrimes peu nom-
breuses (0,3 em. maximum). Ces petitss banrs
étaiot sépards les uns des autmss, probablemserit
par de minces pellitmléss argilbesess (cette argilke
a dlisparnu preszpes entidrereeat)t) . Sur ces joimts
sont aligndéss dles poches, soit remplies, soif
tapisseéss de walcitte.



i

" cotl6HE de ces bamcs dtifpape
frun & Touures.

s jeint drgilensx de 01 a 0,2
Cl

QielQie peu de

n

g dattEe, de #fRes mintes,
powvaat @titdiee 13 5 o,

18 272 CH: ERVikm. 'Dolomie nmpactee & eneriigss LS &

" [OHBPIGHSEs et asew petikbes (g, 3 em); il y 8 éga-
]b {%M Qusi€dess encriipss IORMRR (0,5 @mj et
{{uelQues poches LEpiEsEées de ealeie.
18 PeUt Etre subdiwisgé en 4
79 6. (semmat)), 58 cm,
78 &W. chacun.

CI. accompagné de part
argideed o tif fvees,

Cm. et 1'ampili-
-tide 2 cm,

ta direciiann des onilulatiangs
LILJ 11 674 cm, Ensenitile

comparte, & graim assay
fim, Les bancs diffrrant lag yng des autmss par
lewr coulemr,

d 122 ¢m, 2 banes.,

€ 90 em. tmsg Peu d'emuiness visililkgs,
bz 110 em,

graim fim, chamarpdee ,
Revuomess cencemrnys 1 ensemble 17,
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i enselife 17 est asserz ridite en Polypiesss et

ggmc@mﬂ@ par .Eﬂﬁi‘ﬁ' S . :E i d#

i (R Lithhgeate «
H@g Joint sthgl Taa

- 16 181 B, Eﬂﬂﬂlﬂﬂle de 3 bancs de méme naturee que

g = ceux de 17, sépaés par des passéess plus argilveu-
sgs.. Ces 3 bancs rewfermeemt des géodes die calcites,
gyslqu% encriess et quelquess colomiess de
§yHDgappoaa basculéess .

. 48 cm. Dolomie blemu fomod, camme 15,

. 62 cm. Dulomie légeremmemt jaundtree,

. 71 cm. Doleaniec pluss claiiee que 15,

8142 Joim: styiohil thitie.

12 347 cm. Dolomie compactee rewfefarment queluess

X colamitss de Syringogmras basculéess, d'assegz nome
breusess ppobless & psewdo-brechess et dasseez raress
encriness. 15 est un ensemble fBomeé de 4 ou 5
bancs sépanéss par des passébss plus argiltusess.

.16 120H | Le sommedt du banc 14 f-est énduleerc (a léadiedlee -

ST du emy) et imégplieer (2 léchallee du mim.)
Sur cettee surffmee de sttifift-atdadion, repasee un

Jrl wiois | joimts argiléexx indurd, dont léppidseenr varie

entree 0,1 et 0,4 cm. et qui aplamitt les imme-
. guillaritéés de la surffmee imfénibewes. Ce joimt; passe
sur 01 cm, & une mince couche dolsdiisseusme de
1.4 fii,§5 cm, d'épsisseaur. Emfim, ce doschistee passe
3 la dolomie: diu banc 15 sur 0,2 cm. envioom.

WL 11 485 cm. Ensemble de bamcs de dolamie & colamibes
de Syringepssea pas toés nomineuses;, bascultess.
f . 130 em. Dolomiee plus clairee que le banc imfé-
rigi 14 ey non stnadiduldée, homugtore, S&NS
encrihess visibiless .
His: 1 n'y a pes de limirce biem nette entie f et
e. H y a simplesvettunee intermynion” de 1a

|0 12:) jert

- 175 A



ivr (3

g iCHiation qui earseténise le banc g,

st' 'ﬁgm, Buie fORRE diune Siderancee de St gh -

£ Jes e dolonir et de dplomiie légiremeni argi=
iguse, Vers lé Somfint:, Iiaddernacec est dg plys -
gh plus 8eRe. L'épaiseerdiss lits varie Bt
0,2 et 0,6 efh CRtaine présemtkant des épississ_
seneans lentialtaiess; d'autves se recoupent
(stratiffasabion entrecwsised)). Certe stratifis_
cation dénole wie sédimentratian en milieny
Egités,

gii entre @ &% & i1 B'y & pas de limite bien netie,
Ia seule difféteacecenticecess deux hancs gst
que Llun @3t sixsicoldé et l'autree pas.

d T2 e Bane de doloniie 3 emTines asses RERL:
breuses (0,2 & 0,8 cm.)

%j Juind stylolitiiguee .

¢ ¢ 58 ¢m Dijiefire & escrines assez mewsprayses
(0,2 & 0,8 em.). Le sommdt de ce bape est
strpticul @

g/b: Joint seyliliifiitpguee,

b: 82 ef. DUlowiie & emrines naxbbeeuses ®,2
0,8 o). Le sommed de ce banc est straticulés.

b/a: Joint stylaliikigues,

g’z 58 em. Banc de dolomiie & encrines bis RERL

breuses (0,2 & 0,8 em.) qui ressepteni: LEess
bien le long des parois alndifess

- Hl1p Joint argileanx fmpentant (2 cm. emviron) ne mon-
trant aucan passage wi vers le haut, mi wers le bas,

C'est le joint princijml JP. des carrivess (7) et
iﬂ), 731, Ll

Les banes vemant sous 14/13 seromt déorits assez
briévemsenf, ces bames se retreamwant en (7) et en
(8) ol ils omt été étudids en détaill.

13 83 cm. Dolwmie grise, fieuwmes, 3 podiies de psewtto-
bréghws, & encrines assez mémibresses (0,3 & 0,8 em.)

176




EREEREEE®

o300

= i~ k= |5 kD 1oy k=2

¢4

s d¢ Syringenwne pasculées -

o ot gusiayiess cOLOiR
J@m wa@e’
70 am: pomme 13-
' do delomiee flmuwibe dont le SORRRE &Y
220 £ st pifdife en erinoifless . Quelqwas COLONHSS

; B
g?;‘;ﬂw basculedss -

150 €M Epsemble de 6 bance prabubidstesntt gépaiss

or 368 joiniss styllelithiguss. La dolomice de eet
%%‘SEHMS gst flmmies, elle Ranbenes des poches &
Bé%ﬂﬁgzlnﬁhha,s, et des colomitss de Syrimgymras

pasculées -
95 o, Dolomie flenwite a4 colomipes de Syringoymona
paseuliéss et queliuess poches 3 psemdo-treebhss.

32 cm. Dolomie grises, fleawtite, & colemibss de
Syringopporas basculdess, 4 raress encriness, a guel=
gues poches die psendo-tireEbRss .

25 cm. Comme 8.

80 cm. Dolomie fleawie,
52 em, Dolomie fleawmite,
30 cm. Dolemiie flmumite,
32 cm, Dolemie fleurie.,
25 cm. Dolemiie fleurie,

Base visibiee sur queliigss cm. Dolanie fleumiee,
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