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1. Introduction

The production of building stone (dimension stone) in the form
of blocks or coups depends mostly on the size of the block to be
mined. A block or slab is a piece of stone that typically weighs

more than a few tons (up to 28 tons), and the minimum weight

ABSTRACT

Natural fractures and discontinuities such as joints, faults, and layering have a dual effect on the
extraction of the dimension stones. On the one hand, these discontinuities can help to extract rock
masses more easily, and on the other hand, they can reduce the dimensions of the extracted blocks
and reduce the quality of the stone. As a result, a detailed study of the natural discontinuities in
dimension stone mines from the perspective of geometry, spacing, surface characteristics, and so on
can play a key role in planning and managing the extraction and proper exploitation of the mine. In
this study, the development of joints and fractures in the rock mass and their geometric complexities
in the Melika marble mining area located in the Kerman province have been investigated as a case
study. After the field studies and structural geological evaluation of the mine area, the aforementioned
features were used in the 3DEC software to prepare a three-dimensional model for optimal mining.
In the process of optimizing the extraction, the maximum and most suitable number of extractable
blocks was investigated directly through the aforementioned software model. Based on the results
of this study, when mining from south to north and east to west, the highest and lowest yields of
intact blocks may be expected, respectively. Our modeling also shows that with increasing depth, the
recovery rate also reaches a maximum at depths of 22 to 25 meters. Our studies show that in addition
to the geometry and arrangement of fracture spaces, the mine’s topographic slope should also be

analyzed to optimize the mining direction.

of a slab depends on the market’s demand and the type of the
stone. For example, in the case of marble, pieces of about 500 kg
are also called slabs. Extracting a sound and voluminous block is

of vital importance in the extraction of the building stone from a
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quarry, which is controlled by the three-dimensional pattern of the
discontinuity system in rock. These discontinuities include joints,
cracks, faults or layering of the mined rock. The development of
separate blocks in an in-situ rock mass (Lu and Lathman, 1999)
depends on the cross-cutting discontinuities. Joints are more or less
found in all rocks that have been deformed near the Earth’s surface,
and yet they are important from many engineering and economic
geological perspectives (Ghasemi, 2008).

Recent studies in Iran (e.g., Alvan-Darestani and Kuhi-Esfahani,
2011; Basiri and Partashk, 2011; Shafiei et al., 2012; Yarahmadi
et al., 2015) are devoted to the improvement of the recovery rate
of dimension stone mines using different methods. Yarahmadi et
al. (2014, 2015, 2017a,b,c, 2018) have reviewed the methods of
surveying and harvesting stone blocks, comprehensively discussed
2D and 3D models and methods for evaluating the geometry of stone
blocks, determining optimal cutting directions using experimental
methods, and the effect of geomechanical properties of rock on
economic production in dimension stone quarries. They have
also introduced a quality factor for construction stones based on
uniformity and esthetic indices. This research attempts to propose
methods for the optimal extraction of dimension stone by using
appropriate field observation approaches, testing rock samples, and
applying numerical methods in the Melika marble quarry as a case
study.

The Melika limestone mine is located in the Ravar County,
north of Kerman Province, Iran. From a geological perspective, the
Melika mine is located in the Tabas block between the Lut block
and the Central Iran block. As a result, its stratigraphic features
correspond to the Tabas block. The aforementioned mine is located
in the south of a rounded syncline structure (Chahartaq Syncline)
in which Jurassic and Cretaceous clastic and carbonate rocks are
exposed (Fig. 1). The Upper Jurassic sequence with an unusual
diapiric structure is located in the core of this alluvial and includes
the Ravar series (Hajmola-Ali, 1995).

2. Research methodology

The Melika mine limestone has a color range of light brown to
dark brown, and is classified into four varieties (Fig. 2). These
varieties are: a) light cream stone without fossils, b) brown stone
(Nescafe brown) without fossils, ¢) dark brown stone with fossils
(bivalves), and d) light brown stone with fossils (bivalves). Based
on the analyses conducted on the types of these stones, they are
classified as stones resistant to physical weathering and relatively
resistant to the chemical weathering. Given that the market for
cutting and processing decorative stones tends towards cutting with
saws in large sizes, slabs of this type of stone do not require mesh
and resin for the final processing. The field surveys of this research

were limited to studying and sampling of the Cretaceous rock units

and measurements of the joints and discontinuities in and around
the mine.

The microscopic facies of the Cretaceous limestone in the
mine area is mostly biomicritic biosparitic (Fig. 4), and the
microfossils of all samples indicate an early Late Cretaceous (early
Cenomanian) age. Trenching and core drilling of the mine area are
used to evaluate the quality variations of the rocks and distribution

of the discontinuities in the area (Fig. 5).

3. Results

In addition to the remote sensing studies and the field surveys
before exploitation of the construction stone quarry, it is necessary
to conduct a structural study after the opening of the main quarry.
The most important structural phenomena to be surveyed are joints,
fractures, layering and faults. In this way, the geometry and more
detailed characteristics of the discontinuity network within the rock
mass are analyzed and modeled. In order to carry out a systematic
survey of the discontinuities in the Melika mine, stations were
planned in different parts of the mine (Fig. 9). The information
collected at 12 stations are averaged and summarized in Fig. 10.
The average spacing of the joints and layering is estimated to be
5.3 and 7.0 meters, respectively. The spacing of the surveyed joints
is slightly greater than the figures measured on the satellite image
(3.2 to 4.0 meters). The angle between the layering plane and the

main joint set on the stereogram was measured to be 55.5 degrees.

4. Modeling and discussion

The modeling of the virgin rock mass in the mine was based on
considering discontinuities in order to optimize the extraction of
blocks, and the 3DEC software (Itasca Consulting Group, Inc.,
2019) was used to analyze the data. For the modeling purpose, both
discontinuities (joints and layering) in a cubic mass of rock were
selected and were considered as the first step to reconstruct the
discontinuity pattern and draw the model maps. The voxel volume
selected for the model is 12 cubic meters (2x3x2 meters). A voxel
is the 3D equivalent of a pixel; each voxel has a certain volume
in space. The voxel size indicates the accuracy of the model. The
voxels were designed in a volume with a size of 50x51x50 meters
(equivalent to the east, north, and up directions in the X, Y, and Z
directions of the model, respectively) (Fig. 11).

During the modeling process, the program creates a database of
2D cross-sections around the model, which can be converted into
a 3D model. The software also allows the user to freely segment
the model and, by rotating the entire model, view the spacing and
orientation of the joints. In this way, the user can examine the
mining conditions from several different possible perspectives, get
an idea of the distribution of effective discontinuities in the mine,

and predict the dimensions and shape of the production blocks.
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The 3DEC software has the ability to model the mining progression
in various directions, and by counting the number of healthy
blocks mined in each direction, calculates the mining efficiency in
that direction as the ratio of healthy blocks to total mined blocks.
Fig. 12 shows the mining progression in the model block in the 8
main directions. As a result, for the evaluation of extracted slabs,
with the help of modeling and other information provided in this
section, it is possible to increase the quality and number of the slabs
and develop a plan and apply it to the surveying process during
the extraction. Since the main goal of the mining progress stages
and the further processing steps, is to make the extraction more
economical, the sizing of the blocks should be done consciously
and immediately after the extraction of the block according to the
routine steps, considering the information obtained from the model
(Fig. 13).

According to the modeling carried out for a section of the
Melika mine (Fig. 12), the efficiency of the modeled block has
been calculated according to the different directions of mining
progression and is summarized in Table 4. The highest efficiency
(100%) is related to the south-north direction and the lowest (77%)
is related to the east-west direction. Investigating the optimal
mining direction in different directions allows planning the location
of the ramps and other facilities in the mine area to be selected with
greater freedom of action.

The 3DEC software also allows for estimating the mine’s

efficiency at varying mining depths. To test this method, the
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efficiency of the Melika mine was examined at depths of 6, 10, 15,
20, 22, and 25 meters for both west-east and east-west directions
(Fig. 15).

5. Conclusion

The spatial geometry of natural discontinuities, such as joints, faults,
and beddings, have a significant impact on the ease of drilling and
mining of dimension stone quarries, and their evaluation can help
to optimize the mining, reduce the rock waste, and increase the
economic production in the mine. The main determining natural
discontinuities in the Melika limestone quarry include a set of steep
major joints and a shallowly-dipping bedding surface. The mine is
located in medium-bedded to massive Cretaceous limestone in the
southern part of a syncline. Exploratory drilling and test trenching
provide useful information to better identify the quality of the rock
and the attitude of the rock mass discontinuities. The surveying of
the mine discontinuities and the use of data in the 3DEC software
model revealed valuable results for the evaluation of the optimal
methods of the mining process. The outputs of this modeling reveal
that the direction of mine advancement from the south to north and
from the northwest to southeast contains the highest and lowest
percentage of recovery, respectively. However, the slope of the local
topography of the mine also plays an important role in the choice of
the direction of advancement. Modeling with 3DEC software also
reveals that with increasing mining depth, the recovery rate reaches

its maximum value at depths of 22 to 25 meters.
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Figure 1. Geological map of the Melika mine area in the northwest of Ravar. The location of the study area

is shown on the map of Iran.
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Figure 2. Four types of the polished stones from the Melika
limestone quarry. The samples belong to the following specific
steps in the mine respectively: a) Step 4, b) Step 3, ¢) Step 2, and
d) Step 1.
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Value Uint Test
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Figure 3. A cubic sample from the Melika mine cut for performing

the required tests. The size of each side of the cube is 10 centimeters.
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1) Microfacies: Biomicrite
Fossils: Nezzazata sp., Cyclammina sp., Cuneolina sp., Miliolidae, Rudist
debris, Lamelibranchia debris, Acicularia sp., Cymopolia sp.
Age: Late Cretaceous (Early Cenomanian)
2) Microfacies: Biomicrite in parts poorly washed micrite
Fossils: Nautiloculina oolithica, Orbitolina spp., Cuneolina sp., Textularitea,
Rudist debris, Acicularia sp.
Age: Late cretaceous (Early Cenomanian)
3) Microfacies: Biomicrite
Fossils: Nezzazata sp., Nummoloculina sp., Cuneolina sp., Textularidea,
Miliolitea, Rudist debris, Lamellibranchia debris
Age: Late Cretaceous (Early Cenomanian)
4) Microfacies: poorly washed biosparite with sparry calcite veins
Fossils: Nodosaria sp., Miliolidae, Rudist debris Lamelibranchia debris,
Crinoid debris, Solenopora sp.

Age: Late Cretaceous (Early Cenomanian)
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Figure 4. Microscopic images of the thin-sections prepared from the 4 samples in the mine.
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Figure 5- a) Digging a trench using a diamond wire cutter and an excavator. b) Vertical exploratory drilling in ore with

a wagon drill (Rasol rig).
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Figure 6. Map showing the points (1 to 5) and cores drilled in the Melika mine along with the
cores extracted from these points. a, b and ¢ show the cores extracted from boreholes 1 to 3,

respectively. The symbols A to F indicate the mine's license area.

Aledd 0505 Guded (lac)ys Cg b =0l (£, Sose LsLhoK:.;) Odre (glaaly (L5,

Figure 7. The direction of the main joints in the mine area with a general direction
of 032 degrees and a steep slope (yellow arrows). The mine steps (pink arrows) are

gradually aligned with the direction of the Joints.
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Figure 8. Preparation of some test coups in a triangular section of the mine.
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Figure 9. Twelve stations for surveying of the joints and discontinuities in three mine walls

(benches). The Ls indicate the extraction level and the Ss are the station number at that level.

The rock is extracted from the mine levels in order from the top to the bottom (L4 to L1).

\Al



VA=51 () P <1 F ol (o j pgle/gl jSas g 631 jule Lo/ 533 Sy SaS oy laidle Saw 2l 2wl (5 jlueiags | loSiwSh sglSlg

S

2 s 5 laejys Condy ol S el e S
e Sdae
Figure 10. Stereogram of the attitudes

of the joints and layering in the Melika

mine.
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Table 2. Two main discontinuities in the thick-bedded

Cretaceous limestones of the Melika mine. J1 is the main

joint set and J2 is the layering discontinuity.

J, J, Discontinuity set
135,23NE 015,65SE strike, dip
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Table 3. Specifications of the planned blocks based on the rock mass specifications for the mine area.

Property Value
Model’s dimension (m?) 127,500
Block’s dimension (m?) 12
Blocks’ density (ton/m?) 2.68 S L
ton) Reserve 341,700
(ton) m;;:;&ld{ﬂs@w@;ldh—\\ﬁ
Number of blocks (n) 10,625 _ _
0T 335 50 é:.« 35U
Annual production rate (APR) (ton) 3,000
Consumable life of the mine based on the APR (year) 114 Figure 11. The initial 3D model of the
main block in the main, and the two
Tonnage of the blocks (ton) 322 ) o ) ?
discontinuities cutting across the block.
Number of blocks mined per year based on annual tonnage (n) 93.3
Annual blocks mined based on tonnage for the first decade (n) 933
Annual blocks mined based on tonnage for the first decade in east-west direction (n) 1037
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Figure 12. 3D model of the final extracted block in the 8 main

directions of the mining progression.
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Figure 13- a to ¢ show the routine steps of laying the block, designing the blocks, and converting the block into sub-blocks, respectively.
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.(Mosch et al., 2011)

Figure 14. Schematic figure to show the amount of stone waste in one of the sub-blocks of a parent building stone block that is cut by two

major discontinuities. Block 5 has the highest waste and block 3 can have up to 33% waste depending on the location of the slab cut (Mosch

etal., 2011).
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Table 4. Efficiency of the three-

Progressian from west to aast dimensional block model per direction
Block recovery (%) Block recovery (%) . . . . . .
66 70 T2 74 76 75 BO B2 68 70 72 74 75 78 80 52 B4 86 88 90 92 of progression in the main directions in
6 6 order of efficiency.
10 10
Ets E1s Yield % Mining direction
B f‘,
s g% 100 South to North
22 22
25 25 99 Southeast to Northwest
‘ b 94 Southwest to Northeast
Progression from east to west
(o) 7l sl 5 (VL) ol 4y sl o il S 53 53 6,5 Sk L e 31 O Sl 10 IS 89 West to East
Figure 15. Variations in the mine recovery rate with changes in depth in two mining 81 Northeast to Southwest
directions: west to east (top) and east to west (bottom). 80 North to South
78 Northwest to Southeast
77 East to west
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