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A B S T R A C T 

 

Chehel Koureh mine project is located 110 km NW of Zahedan in the southeast of Iran. Due to the great depth of ore deposits, the underground 
exploitation method was chosen. In this research, the geomechanical parameters were obtained using in situ tests and empirical formulas. The 
non-pillar continuous mining method (NPCM) was selected as the most appropriate method considering the shape of the ore body and rock 
mass strength conditions. As the rock mass is fractured and has semi-continuum characteristics, the stability analysis of the shape dimensions 
was carried out using FLAC 3D software. In the proposed method, a cylindrical pillar with a height of 3.8 meters was located above the stope. 
For the safety of the drilling machine room and stope roof, height accuracy was required. Five different pillar diameters (i.e., 3, 3.2, 3.4, 3.6, 
and 3.8 m) were analyzed by considering the critical height and plastic zone created around the pillar. For these five diameters, only the pillar 
with a diameter of 3 meters had a supercritical height. It was observed that for the pillar with a diameter of 3.8 m, no plastic zone was created 
and the safety factor for this pillar was obtained 1.11. Due to the restrictions for the application of the proposed mining method i.e. NPCM in 
Iran, the Miami method was considered as the alternative mining method applicable to the Chehel Koureh copper deposit. Then, the suitable 
dimensions for stope and pillar were determined by the same software. In the Miami method, there were three spans and two pillars at each 
stope before the recovery of pillars could be undertaken. The pillars with three widths of, i.e., 5, 6, and 8 meters were studied for the stability 
analysis. The results demonstrated that a plastic zone was not created only around the pillar with a width of 8 meters, and the safety factor 
for this pillar was obtained to be 1.56. 

Keywords: Chehel Koureh mine, Non-pillar continuous mining method (NPCM), Miami method, Safety factor. 
 

 

 
1 Introduction 

In underground mining, one of the most important issues is always 
the design of pillars. Issues such as pillars strength estimation, pillars 
size, and stress focus in pillars are used to calculate the load on the pillars 
in different modes [1]. The design of pillars is very important in 
optimizing mining operations, and to achieve a safe and economical 
design, the number of loads on the pillar and how to distribute them 
along with the exact behaviour of the pillar and the surrounding 
environment must be studied [2]. With strain gauges, load cells, and 
extensometer the behaviour of the pillars can be examined for numerical 
modelling. These results are used to design mines where pillars break 
locally due to load-bearing capacity [3]. Mechanical behaviour in deep 
galleries has been investigated by considering the effect of Excavation 
Disturbed Zone (EDZ) using the three-dimensional numerical solution 
method in two modes; with and without the support system, which can 
result in reducing the plastic zone in the presence of the support system 
in gallery ends. Using the rock samples in parallel and series next to each 
other, the fracture process of rock slabs was investigated. The results of 
the numerical solution show that not only the stiffness but also the 
uniaxial compressive strength of the rock play an important role in the 
stability of the rock pillar. For deep underground structures, the strength 
of rock masses and induced stresses affect the design of the excavated 
space and the number of initial stresses. Thus, it is necessary to measure 
these stresses. [4,5]. 

In this research, the non-pillar continuous exploitation method and 

Miami mining method were used. There are, of course, other methods 
as well, such as design methods and stability analyses involving 
empirical methods, observational methods, analytical methods, and 
numerical methods [6,7]. Numerical methods can be used for the 
analysis of the excavation stages, pillar, and stope dimensions [8]. Also, 
it is possible to use them for defining plastic zones around underground 
openings [9]. The pillars should be strong enough to tolerate the 
overburdened stress. Chehel Koureh mine is located 110 km NW of 
Zahedan city in Iran. Chehel Koureh mine belongs to the Eocene age 
and consists of two units, Ef1 (alternating shale and sandstone) and Ef2 
(sandstone). To date, different researchers have investigated the pillar 
stability of underground openings and pillars’ recovery safety, and have 
recommended different methods [10-12]. 

 Structural geology of ore body 

The principal joint sets were achieved to analyze fractures of the area. 
For this reason, the joints were projected on stereonet and four principal 
joints were identified in the area. The dip and dip directions of these 
joints are presented in Table 1 [10]. 

 RMR results 

As shown in Table 2, RMR for this rock mass is calculated 53 which 
is classified as fair rock. 
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Table 1. Joint sets at the studied area 

Strike (o) Dip (o) Joint sets No. 
N69 E 67 NW J1 1 
N43 W 66 SW J2 2 
S28 E 62 NE J3 3 
N3 E 29 NW J4 4 

 

Table 2. RMR results at the studied area 

Rating Parameter 

R1=7 Uniaxial Compressive Strength  

R2=8 RQD  

R3=10 Spacing of joints  

R4=13 Joint conditions  

R5=15 Water conditions 

RMR=53  
 

 Geological Strength Index (GSI) results 

Geological Strength Index is used for surface and underground 
structures. It was introduced by Hoek et al. in 1997[13]. Then, Sonmez 
and Ulusay (1999) added modifications to it and ultimately in 2002, 
Hoek et al. implemented the last modifications [14].  

To quantify the mentioned classification, structural rating (SR) has 
been used in the vertical axis as shown in Figure 1. SR depends on the 
number of joints in each cubic meter (Jv). GSI graph is a general 
description of discontinuities surface conditions and can be specified 
with (SR). This rating is based on joint roughness (Rr) value, weathering 
intensity (Rw), type of infilling, and joint spacing value (Rf), divided into 
5 sections. The parameters Rr, Rw, and Rf can be obtained using Table 3. 

 
Figure 1. The relationship between SR and Jv 

 

GSI is defined with SR and SCR values. The strength parameters of 
rock mass are achieved using available relations. Based on Hoek s' 
recommendation, the GSI value is described as a range of values. 
Therefore, the GSI value is obtained as 38. Also, GSI is calculated 
through Equation 1. using RMR as follows:  
 

GSI=RMR89 -5                                                                                          (1) 
 

Thus, the GSI value is calculated as 48 using the above equation and 
it can be said that the GSI value varies in the range of 38-48. The range 
of geomechanical parameters related to intact rock and rock mass is 
defined through lab and in situ tests in the Chehel Koureh mine. 
Considering rock mass classification of the stope site and the available 
empirical relations, the geomechanical parameters are defined. There 
are conventional methods to define the compressive strength of rock 
mass such as empirical failure criteria, empirical rules, back analysis, 
large scale tests, and mathematical modeling. Different researchers have 
presented different empirical rules based on rock mass classification to 
define the compressive strength of rocks. Table 4 shows different 
compressive strength indexes for Chehel Koureh mine. 

 Rock mass deformation modulus 

The empirical relations are utilized to estimate rock mass 
deformation modulus presented by different researchers (Table 5). 

 Internal friction angle and cohesion of rock mass 

Internal frictional angle and cohesion of rock mass are defined 
according to GSI and RMR classifications for the studied area (Tables 
6-8). 

 In situ stresses 

Brady and Hoek presented the vertical stresses based on empirical 
results. Also, Arjang has reported the material stresses based on 
empirical data from Canada. He considered an average weight of 0.026 
MPa/m for most rocks (Table 9). 

 Numerical methods 

Empirical methods are not the only way to solve the complex issues 
of underground excavation. Thus, most specialists have recommended 
both numerical and empirical methods to find accurate results. In this 
research, as the rock mass is of fair quality based on GSI and RMR 
classifications, the rock mass is considered as an equivalent continuum 
and is thus modeled with FLAC 3D software [31]. 

 FLAC 3D software 

FLAC 3D is based on Lagrangian calculations, which is suitable for 
large deformations. This software has different behavioral models, 
which allows simulating models with different linear and non-linear 
behaviors of materials. 

 Modeling of stope in non-pillar exploitation method 

In the non-pillar exploitation method, after excavation of two 
horizontal tunnels being apart in height of 40 m, the excavation of stope 
was carried out according to Figure 2. Each stope was divided into two 
sub-stopes, A and B. Sub-stope A was excavated in the longitudinal 
direction with 15 m length. Sub-stope B was 35 m in length. A support 
wall of the ore body was left between sub-stopes A and B. First, the ore 
material of sub-stope A was excavated. Then, it was filled with cement 
and waste materials, subsequently, the excavation of sub-stope B was 
started. To create free space for movement of drilling machine freely 
above sub-stopes A and B, a cylindrical pillar was left above the support 
wall to provide safety for the drilling machine. The dimensions of this 
pillar play an important role in the roof stability of the drilling machine 
space. Too large a dimension is an obstacle for drilling machines, and 
too small causes instability [32]. 

As seen in the above-mentioned Figure, B-B is the longitudinal 
section at the direction of the ore body, A-A is a transversal section from 
the horizontal view, and C-C is a transversal section from the vertical 
view. In this research, as shown in Figure 3, a geometrical model is 
created based on FLAC3D software with the dimension 300 m length, 
300 m height, and 160 m width. As the exploitation stope has 55 m 
length, 20 m width, and 40 m height, it is better to consider the distance 
of boundary to exploitation stope 8 times half the width of the stope 
from each side. The exploitation stope is located in the center of the 
model. The different colors related to stope show the excavation stages, 
specified with numbers. The support wall is presented above the stope. 
In the non-pillar exploitation method, after excavation of the fourth 
stage, the early spaces are fitted with cement and waste materials (5th 
stage). Also, after the completion of the 7th stage excavation, all the 
empty spaces of the stope and drilling machine room are filled. 
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Table 3. The values of parameters Rr, Rw, and Rf in GSI classification 

Slickensided Smooth Slightly rough Rough Very rough Roughness rating 

0 1 3 5 6 Rating (Rr) 
Decomposed Highly weathering Moderately weathering Slightly weathering None Weathering 

0 1 3 5 6 Rating (Rw) 
Soft (>5 mm) Soft (<5 mm) Hard (>5 mm) Hard (<5 mm) None Infilling 

0 2 2 4 6 Rating (Rf) 
SCR=Rr+ Rw+ Rf 

 

Table 4. Empirical formulas for defining compressive strength of rock mass [15- 22] 

 Equation Calculated value 

Hoek and Brown   ) 1980 ( 
𝜎𝐶𝑚𝑎𝑠𝑠 = 𝜎𝐶𝑖

√𝑒(
𝑅𝑀𝑅−100

9
)(𝑀𝑃𝑎) 4.71 

Yudhbir et. al.  )1983) 𝜎𝐶𝑚𝑎𝑠𝑠 = 𝜎𝐶𝑖𝑒(7.65(
𝑅𝑀𝑅−100

100
))(𝑀𝑃𝑎) 1.76 

Ramamurthy (1986) 𝜎𝐶𝑚𝑎𝑠𝑠 = 𝜎𝐶𝑖 𝑒(
𝑅𝑀𝑅−100

18.75
) (𝑀𝑃𝑎) 5.23 

Kalamaris and Bieniawski (1995) 𝜎𝐶𝑚𝑎𝑠𝑠 = 𝜎𝐶𝑖 𝑒(
𝑅𝑀𝑅−100

24
) (𝑀𝑃𝑎) 9.04 

Sheorey (1997) 𝜎𝐶𝑚𝑎𝑠𝑠 = 𝜎𝐶𝑖 𝑒(
𝑅𝑀𝑅−100

20
) (𝑀𝑃𝑎) 6.11 

Trueman (1998) 𝜎𝐶𝑚𝑎𝑠𝑠 = 0.5 𝑒(0.06𝑅𝑀𝑅) (𝑀𝑃𝑎) 12.02 

 
Aydan and Dalgic (1998) 𝜎𝐶𝑚𝑎𝑠𝑠 = ( 

𝑅𝑀𝑅

 𝑅𝑀𝑅 + 𝛽(100 − 𝑅𝑀𝑅)
 ) 𝜎𝐶𝑖(𝑀𝑃𝑎), 𝛽 = 6 10.14 

Hoek (2002) 𝜎𝐶𝑚𝑎𝑠𝑠 = ( 
𝜎𝐶𝑖(𝑚𝑏 + 4𝑠 − 𝑎(𝑚𝑏 − 8𝑠))(

𝑚𝑏

4
+ 𝑠)𝑎−1

2(1 + 𝑎)(2 + 𝑎)
 ) (𝑀𝑃𝑎) 8.59 

σci (64.11) is UCS of intact rock (MPa) 
𝑎 =0.509, s=0.0018, mb=1.45 Constants   
Ei (24.46 × 103) is the elasticity of rock mass (in MPa) 
𝛾   (2.5) density of rock mass (t/m3)   

 

Table 5. Empirical equation of different researchers to define rock mass modulus [23- 30] 

 Equation Calculated value 

Bieniawski (1978) 𝐸𝑚𝑎𝑠𝑠 = 2𝑅𝑀𝑅 − 100(𝐺𝑃𝑎), RMR > 50 6 

Verman (1993) 𝐸𝑚𝑎𝑠𝑠 = 0.3𝐻𝛼10(
𝑅𝑀𝑅1979−20

38
)(𝐺𝑃𝑎), 𝐻 > 50𝑚 11.4 

Mitri (1994) 𝐸𝑚𝑎𝑠𝑠 = 𝐸𝑖 [0.5 {1 − (𝑐𝑜𝑠 𝜋 ×
𝑅𝑀𝑅

100
)}] (𝐺𝑃𝑎) 18.71 

Hoek and Brown (1997) 𝐸𝑚𝑎𝑠𝑠 = √
𝜎𝐶𝑖

100
× 10

(
𝐺𝑆𝐼−10

40
)
(𝐺𝑃𝑎) , 𝜎𝐶𝑖 < 100𝑀𝑃𝑎 5.35 

Read et al (1999) 𝐸𝑚𝑎𝑠𝑠 = 0.1 (
𝑅𝑀𝑅

10
)

3

(𝐺𝑃𝑎) 14.89 

Ramamurthy (2001) 𝐸𝑚𝑎𝑠𝑠 = (
𝐸𝑖 𝑒𝑥𝑝( 𝑅𝑀𝑅 − 100)

17.4
) (𝐺𝑃𝑎) 5.44 

Hoek (2002) 𝐸𝑚𝑎𝑠𝑠 = (1 −
𝐷

2
) × √

𝜎𝐶𝑖

100
× 10

(
𝐺𝑆𝐼−10

40
)
(𝐺𝑃𝑎) 3.21 

Ramamurthy (2004) 𝐸𝑚𝑎𝑠𝑠 = 𝐸𝑖𝑒(−0.0035×.003500−𝑅𝑀𝑅)))(𝐺𝑃𝑎) 10.75 

Hoek and Diederichs (2006) 𝐸𝑚𝑎𝑠𝑠 = 𝐸𝑖 (0.02 +
1

1 + 𝑒
(

60+15𝐷−𝐺𝑆𝐼
11

)
) (𝐺𝑃𝑎) 2.12 

σci (64.11) is UCS of intact rock (MPa) 
Ei (24.46 × 103)is the elasticity modulus of rock mas (in MPa) 
D=0.8 (Disturbance factor) 
𝛼:  For strong rocks (0.16) and weak rocks (0.35) 
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Table 6. Values and classification of rock mass strength parameters based on RMR 

Rating 81-100 61-80 41-60 21-40 Less than 20 

Rock mass class I II III IV V 

Description Very good rock Good rock Fair rock Poor rock Very poor rock 

Cohesion (kPa) More than 400 300-400 200-300 100-200 Less than 100 

Internal friction angle (Degrees) More than 45 35-45 25-35 15-25 Less than 15 

 

 
Figure 2. The exploitation stope in three conditions [32] 

Figure 2. Shows numbers and symbols as follows: 
1-Sub-Stope A 2-Supported wall between two stopes  
3-Sub-Stope B 4-Below the stope (Transport tunnels below the cones) 5-The pillar of the ore body 6-Drilling room (location of drilling machine) 
7 and 8-Horizontal transport tunnels and vertical shaft, respectively 
9-Blastholes L1-Length of sub-stope A L2 –Length of sub-stope B L3-Width of the ore body (Width of stope) H-Height of the stope 
 

 
Figure 3. Geometrical model using FLAC3D software and sequence of excavations 

 
Table 7. Shear strength parameters based on RMR for the studied area 

Internal friction 
angle (Degrees) RMR Class Cohesion 

(kPa) Type of rock   

25-35 53 III 200-300 Fair rock   

 

Table 8. Geomechechnical parameters of rock mass in the studied area using 
Rocklab software 

Rock mass parameters GSI 𝝈𝑪𝒊 
(𝑴𝑷𝒂) 

Type of 
rock 

𝐸𝑚(𝐺𝑃𝑎) 𝜎𝐶𝑚(𝑀𝑃𝑎) 𝜙(°) 𝐶(𝑘𝑃𝑎) 
38-48 64.11 Fair rock 

5.18 8.515 46.24 629 

Table 9. in situ stress definition 

 Equation Calculated value 

Brady and Hoek (1978) 𝜎𝑣 = 0.027𝐻(𝑀𝑃𝑎) 3.24 

Arjang (1998) 𝜎𝑣 = 0.026𝐻(𝑀𝑃𝑎) 3.12 
 

 Behavioral model selection 

There are different behavioral models in FLAC3D software which can 
be utilized according to the conditions of the problem. Due to the 
compatibility of the Hoek-Brown behavioral model with rock mass 
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behavior, this behavioral model was used to analyze the support wall 
above the stope. Also, this model can be used to specify the parameters 
related to the plasticity such as the degree of the damage induced during 
construction. The required parameters, obtained based on empirical 
equations and different tests, for using the mentioned behavioral model 
to analyze the rock mass stope are summarized in Table 10. 

 

Table 10. The required parameters for the Hoek-Brown model at the studied area 

Value Parameter 

64.11 UCS of intact rock (MPa) 

8.59 UCS of rock  mass (MPa) 

43 Geological Strength Index (GSI) 

24460 Elasticity modulus of  intact rock (MPa) 

5.11 Elasticity modulus of rock mas (MPa) 

200 Cohesion (kPa) 

0.2 Poisson's ratio 

40 Internal friction angle (Degrees) 

25 Density of rock mass (kN/m3) 

8 Hoek-Brown constant for intact rock (mi)  

1.044 Hoek-Brown constant for rock mass (mb) 

0 Disturbance factor (D) 

0.509 Rock mass constant (s) 

0.002 Rock mass constant (a) 

 Excavation stages and filling of the stope 

12.1. First stage of excavation 

As shown in Figure 4, in this stage, the upper part of stope in the left 
pillar is removed and the model is solved.  

 

  
Figure 4. The first stage of excavation of stope 

 

12.2. The second stage to 5th stage of excavation 

In the second stage, the upper part in the right pillar is removed. In 
the third stage, the lower part of sub-stope A is removed. The excavation 
stages are shown in Figures 5-7. 

 

  
Figure 5. The second stage of excavation of stope 

 

 
Figure 6. The third stage of excavation of stope 

 

 
Figure 7. The fourth stage of excavation of stope 

12.3. Fifth stage (Filling of empty spaces in excavation stages of 3 &4) 

This part is shown in Figure 8. In this stage, the upper and lower part 
of sub-stop A removed before is filled with cement and waste materials. 
Then, for these materials, the Mohr-Coulomb is chosen to solve the 
model. The geomechanical characteristics of these filling materials are 
presented in Table 11. 

 

 
Figure 8. The fifth stage of excavation of stope 

 

Table 11. Geomechanical parameters of filling materials for Mohr-Coulomb 
criterion 

Filling material properties Parameter 

3.5 UCS of intact rock (MPa) 

0.5 Tensile strength  (MPa) 

1000 Young's modulus (MPa)   

0.3 Poisson 'ratio 

0.65 Cohesion (MPa) 

35 Internal friction angle (Degrees) 

22.1 Density of rock mass (KN/m3) 
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12.4. 6th to 7th stages of excavation 

In this part, at first, the lower section of sub-stope B and then the 
upper section of sub-stope B are removed. The excavation stages are 
shown in Figures 9, 10. 

 

 
Fig 9. The 6th stage of excavation of stope 

 

 
Figure 10. The 7th stage of excavation of stope 

12.5. The 8th stage of excavation 

This part is shown in Figure 11. In this stage, the upper and lower 
sections of sub-stope B removed before are filled with cement and waste 
materials. Then, the Mohr-Coulomb criterion is chosen to solve the 

model. The geomechanical characteristics of the filling materials were 
provided above.  

 

 
Figure 11. The last stage of excavation as filling the empty spaces 

 

 The selection of critical stages in pillar stability 

The maximum displacement of the roof and ground surface, and the 
creation of a plastic zone around the pillar occur in the 7th stage when 
emptiest spaces are created in the stope. This is shown in Figure 12. 

 Analysis of pillar dimensions 

After 7th stage of excavation, because of the emptiest spaces in the 
stope, we face the most critical stage for the stability conditions of the 
pillar. As mentioned before, the height of this pillar is always constant 
(3.8 m) relative to the height of the drilling machine. Thus, the diameter 
of the pillar is chosen to analyze the pillar dimensions. It is necessary to 
mention that the oversize diameter of the pillar reduces the 
maneuverability power of the drilling machine. For the selection of 
desirable diameter in the pillar, at first 5 different diameters (3, 3.2, 3.4, 
3.6, 3.8) are considered and then two methods are utilized for the 
analysis. The first method concerns subsidence conditions in the ground 
surface specified by measuring the critical surface (or height). The 
second method is the creation of the plastic zone around the pillar. 

 

  
Figure 12. The excavation stage at exploitation stope excavated model, displacement contours at the pillar and its surrounding (left), and vertical stress contours around 

the pillar (right). 

 
 Analysis of the pillar diameter using subsidence 

parameters 

The subsidence conditions for each pillar diameter and draw area in 
the ground surface are specified with FLAC software and then, the 
horizontal distance of draw area relative to the edge of stope in left and 
right sides at the ground surface is defined. Also, the angle of the draw 
for each side is calculated and finally, the critical height of each pillar 
diameter is defined. As shown in Table 12, the supercritical height is 

created if the pillar diameter is equal to 3 m or less. To determine the 
suitability of the other four-pillar diameters (3.2, 3.4, 3.6, 3.8), the 
analysis of pillar diameter is implemented by the assessment of the 
plastic zone around the pillar 

 Pillar diameter analysis using assessment of plastic zone 

The plastic zone or peeling around the pillars and galleries is called the 
damage zone [22]. The four-pillar diameters which were suitable before, 
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due to lack of subsidence at the surface, are investigated according to 
the plastic zone around the pillar. The lack of a plastic zone represents 
the stability of the pillar. Then, the suitable diameter will be specified 
for the stability of the pillar and the stope. 

 
Table 12. The results obtained from pillar diameters according to a critical height 

Pillar diameter (m) 3 3.2 3.4 3.6 3.8 

The distance from center of the 
excavation at right side (m) 23.8 31 46 54 85.1 

The distance from center of the 
excavation at left side (m) 29 39.6 58 89.6 102.

3 

Angle of draw (Right-degrees) 16.6 21.14 30 34 46.8 

Angle of draw (Left-degrees) 20 26.33 36 48.2 52 

Critical height (m) 83.5 62.4 42.4 30.7 23.5 

 Plastic zone around the pillar in the 7th stage of 
excavation 

The plastic zone is created around the pillar as shown in Figures 13, 14, 
15, and 16. The positive contours of stresses around the pillar reaffirm 
this condition. (Around the pillar, red color shows: +128 kPa stress for 
diameter 3.2; +112 kPa for diameter 3.4, +104 kPa for diameter 3.6). 
Therefore, these pillar diameters are not suitable for the support of the 
stope roof [11,12,33]. Figure 16. shows that the plastic zone is not created 
around the pillar and the stope roof. Negative contours of stress with the 
least value, i.e., -79.4 (Red color), indicate that the pillar with a 3.8 m 
diameter is suitable for the support of the stope roof. 

 Safety factor definition for the pillar of 3.8 m diameter 

The method of strength reduction is utilized to calculate safety factors 
using FLAC3D software. Using this method for the stability analysis, 
different C and φ values (Cohesion and internal friction angle) are 
considered as the test conditions. The highest values of these two 
parameters are the natural values, at which the model gets balanced.  

 

 
Figure 13. Stress contours around the pillar of 3.2 m diameter 

 

 
Figure 14. Stress contours around the pillar of 3.4 m diameter 

 
Figure 15. Stress contours around the pillar of 3.6 m diameter 
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Figure 16. Stress contours around the pillar of 3.8 m diameter 

 

Finally, equation (3) is used for the calculation of the pillar safety 
factor. In this equation, C and φ are cohesion and internal friction angle, 
respectively, in pillar stability conditions. Generally, this equation 
represents the relationship between stable and unstable conditions. 
There are many different standards in the literature for stability analysis 
(Figure 17). 

C'= (
1

SF
) ×C  (2) 

 

SF= tanφavailable

tanφrequired
  (3) 

Where C' and φ required are cohesion and internal friction angle, 
respectively, at the last stage of analysis (The stage which creates tension 
zone around the pillars). As C and φ values are 200 kPa and 40 degrees, 
respectively, in natural conditions of the rock mass around the stope, 
the model is balanced by considering the Mohr-Coulomb criterion at 
the 7th stage of excavation with 3.8 m diameter pillar. Then, C and φ are 
reduced according to equations (2) and (3), and the model is solved 
again. If the tension area around the pillar is created, the calculation is 
not continued. Otherwise, the trend of lowering those two parameters is 
continued until the tension area is created around the pillar. 

 

 
Figure 17. Stability probability of underground structures [34]. 

 
Finally, in the last stage where tension area is created, C and φ are 

plugged into Equation (4) instead of C' and φ required respectively. In this 
way, the safety factor is determined. The stress conditions at a point in 
the pillar are shown in Figures 18, 19, 20, according to different cohesion 
and internal friction angles. In Figures 18 and 19, the stress values are in 
negative areas indicating a lack of tension areas. In Figure 20, as shown, 
the stress value includes a positive area which represents the tension 
area around the pillar. Thus, by considering the cohesion and friction 
angle in Equation (4), the safety factor is calculated as follows: 

 

SF= tan 40
tan 37

=1.11  (4) 

There is a need for a special drilling machine which can operate at the 
limited height and width of the stope. Also, the machine should be able 
to drill holes of 40 m depth. Below the stope, a vibration machine is 
needed to help transfer the excavated materials to transport tunnels. 
Since the technology required is not available in Iran, the Miami 

exploitation method is selected. Through the combined method, which 
is called shrinkage and pillar caving or the Miami method, the ore body 
is excavated with the pillars left between them. After completion of the 
shrinkage method, the supporting pillars of the stope roof are destroyed 
and recovered. In Figure 21, the cross-section of the stope (right side) is 
shown and the pillar conditions are presented. 

 

 

 
Figure 18. Stress condition at a point around the pillar with a friction angle of 39  

Degrees 

 
Figure 19. Stress condition at a point around the pillar with a friction angle of 38 

degrees 
 

 
Figure 20. Stress condition at a point around the pillar with a friction angle of 37 

degrees The Miami exploitation method for Chehel Koureh mine 
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 Geometrical model for Miami exploitation method 
using FLAC3D 

The model is created by FLAC3D software in the dimensions of 240 
m length, 200 m height, and 160 m width (Figure 21). 

To ensure that the model is balanced, the history of unbalanced forces 
needs to be investigated. Also, Figure 22 shows vertical stresses contours 
in natural ground conditions. 

 Pillar stability analysis using assessment of plastic zone 

As there are three stopes and two supporting pillars in this method, 
the most critical condition arising from strength and pillar stability 
occurs when one of the pillars is destroyed. The analysis of the 
remaining pillar is carried out at this critical stage. 

At this point, the plastic zone around the supporting pillar in different  
 

widths of the pillar is investigated (Figures 23, 24, and 25)  
According to stress contours around the pillars for three different 

widths (5, 6, 8 m), the plastic zone is not created around the pillar when 
the pillar width is 8 m. Figure 26 shows the stress conditions of a zone 
in the pillar (Red circle in Figure 26). 

Because the vertical and horizontal stresses are negative, which 
indicates the stability of the pillar, the 8 m width is suitable for this pillar. 

 Safety factor definition for the pillar of 8 m width 

The stress conditions at a point in the pillar are shown in Figures 27, 
28, 29, 30, and 31. As shown in Fig 32, the stress value reaches the 
positive area, and the tension area begins. Thus, by substituting cohesion 
and internal friction angle into Equation (2), the stability factor is 
calculated as follows (Equation 5): 
SF= tan 40

tan 28
=1.58                                                                                              (5) 

 

 

Figure. 21. Geometrical model for Miami method using FLAC3D 

 

 

Figure 22. Vertical stresses contours in natural ground conditions 
 

 
Figure 23. Stresses contours with the remaining pillar of 5 m width 

 

 
Figure 24. Stresses contours with the remaining pillar of 6 m width 

 

 
Figure 25. Stresses contours with the remaining pillar of 8 m width 
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Figure 26. Geometrical characteristics of a selected zone in the pillar (Pillar 

diameter: 8 m) 
 

 
Figure 27. Stress condition at a point around the pillar with an internal friction 

angle of 37 degrees 

 
Fig 28. Stress condition at a point around the pillar with an internal friction angle 

of 35 degrees 

 
Figure 29. Stress condition at a point around the pillar with an internal friction 

angle of 30 degrees 

 
Figure 30. Stress condition at a point around the pillar with an internal friction 

angle of 29 degrees 

 
Figure 31. Stress condition at a point around the pillar with an internal friction 
angle of 28 degrees 

 Conclusions 

1) Considering the strength characteristics of rock mass and thickness 
of ore body, non-pillar and Miami method was selected as the suitable 
method for exploitation of Chehel Koureh mine. The non-pillar method 
compared with the Miami method has a high ability of mechanization, 
and is thus more effective with respect to the speed of operation and 
efficiency. Generally, this method compared to the Miami method is less 
expensive since it reduces the operation time. 

2) In the non-pillar method, the pillar with a 3.8 m diameter was 
regarded as suitable to support the roof of the drilling machine. The 
safety factor was calculated at 1.11, which is nearly fair for pillar safety. 
In the Miami exploitation method, the pillar of 8 m width was suitable 
for the support of the stope roof. The safety factor was obtained at 1.58, 
which is fair in terms of the safety factor. 

3) Because of limitations in non-pillar methods, such as the type of 
drilling machine and special vibration apparatus, the Miami method was 
selected as an applicable method for the exploitation of the Chehel 
Koureh mine. 
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