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Determining the hydraulic radius of the undercut in the block caving method is one
of the key issues in this method. The hydraulic radius is directly related to the
minimum caving span. In this research work, the rock mass cavability is investigated
using the UDEC and 3DEC software. Since the factors affecting the cavability are very
diverse and numerous, firstly, by 2D modeling in the UDEC software and examining
the trend of changes in the minimum caving span, the most important factors including
the depth, dip of the joint, number of joints, angle of friction of the joint surface, and
joints spacing are selected for the final study. The variation trend of each variable is
investigated by keeping the other variables constant (single-factor study) among
various factors. In the second step, the minimum caving span for the five main factors
and values is determined in the single-factor study using the SPSS software and the
multivariate regression method. Then the power function of the minimum caving span
is chosen based on the selected variables with a coefficient of determination of 0.76.
In continuation, a simple 3D model is built from the undercut. A linear equation is
achieved between the results of the 3D and 2D modeling results in similar conditions.
In a model with certain conditions, using the equation obtained from the numerical
method, the calculated hydraulic radius of caving is 22.5 m, which is close to the result

obtained from the Laubscher's empirical method with the same condition (24 m).

1. Introduction

The ability of the reliably predicting the undercut
dimensions where the initial caving occurs and
propagates is essential to the success of this
extraction method. Nowadays, this issue is so
important since the present studies have reveal that
the use of caving methods is essential in hard rock
masses as well.

The cavability of the rock mass is defined (often
non-quantitative) based on its ability to cave under
certain conditions [1] and includes all the three
stages of caving, namely initiation, propagation,
and continuous caving. The initiation of caving is
the start of the rock mass failure that is directly
related to its cavability. As soon as the undercut is
blasted, the ore column loses its underlying
support. Caving begins when failure or collapse
occurring in the above area of the undercut. At the
same time that the caved material is drawn through
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the draw points, the propagation of caving is
continued upward in the ore column. It is often
necessary to expand the undercut dimensions at
which caving begins to prevent a stable arc that
stops the continuous caving in the cave back.
Arching is the biggest obstacle to the propagation
of caving, and creates a stable arc in the cave back.
Until a stable arc gets formed, caving may extend
for a limited time indicating the initial caving and
limited propagation but continuous caving has not
occurred yet. Continuous caving is a mode of
incessant caving that is the goal of the block caving
design. By creating a large undercut to overcome a
stable arc continuous caving is also happened.
When continuous caving is achieved, the rate of
propagation is controlled by the pattern and the
draw rate of the broken material [2].
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In the empirical method based on the rock mass
classification systems (such as RMR, MRMR, Q
and RQD) as well as the gained experiences in
open stopes mines, the rock mass cavability has
been investigated. Among the empirical methods,
the Laubscher caving chart is closer to the industry
standards because in this method, both the natural
and induced factors affecting the rock mass
cavability are included.

The purpose of this work is to investigate the
factors affecting the rock mass cavability and to
obtain the statistical equation to determine the
hydraulic radius of caving based on the most
important effective parameters. For this purpose,
after introducing the empirical methods and the
background of the numerical research in the field,
the 2D numerical modeling has been performed to
analyze the sensitivity of the effective parameters.
After determining the most important parameters
affecting the minimum caving span, considering all
the selected values for each parameter, all the
possible scenarios were modeled. A total number
of 480 different modes were examined, and in each
mode, the span was changed to obtain a
displacement equal to 1 m at the roof. Then the 3D
modeling was performed, and the results obtained
were compared with the results of the 2D model.
By performing a number of 3D and 2D models, the
equation between the hydraulic radius and the
minimum caving span was determined. The results
gained from the Laubscher method were used in
order to validate the proposed equation.

2. History of Studies

In general, the methods used for assessing the
rock mass cavability and propagation of caving are
divided into three categories, namely the
analytical, empirical, and numerical ones. Tables 1,
2, and 3 show the history of the performed studies
in this field. Since the Laubscher method is used
for validation, this method is described.

In 1981, Laubscher proposed a procedure in
order to select the appropriate method for
underground mass extraction. This selection
procedure was based on his rock mass
classification system. The Laubscher's method
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used the mass mining methods (large caving)
against open stoping, and he mainly emphasized
upon discussing cavability. The parameters that
influenced the selection of the extraction method
between the caving and open stope methods were
RQD, joint spacing, and joint conditions (degree of
weathering, filling and water conditions) [3]. This
method emphasized more upon jointing as a
determining factor in cavability. In 1990,
Laubscher developed the most commonly used
method to estimate cavability based on a
combination of data from large mines in South
Africa. The Laubscher's caving chart illustrates the
three possible modes, as follow:

e No caving (stable);

e Transition status: It is a situation in which caving
begins but its propagation is low.

e Caving: It is a condition in which continuous
caving occurs.

Using this chart and determining the mining rock
mass rating (MRMR) and the hydraulic radius of
the deposit footprint, the status of the rock mass can
be determined. The MRMR system was first
introduced by Laubscher in 1974 [5], and was
further developed as the extended RMR system by
Bieniawski (1976) [6] for the mining activities. In
2000, he made some changes to the calculation
process. RQD was removed in the new procedure.
The system included the parameters of intact rock
strength, discontinuity frequency, discontinuity
conditions and weathering adjustment coefficients,
joint orientation, induced stresses due to mining,
and blasting effects. Finally, Laubscher presented
a diagram for the hydraulic radius-MRMR.
Although this method is capable of predicting
cavability in weak and large deposits, it also has
some disadvantages including:

e The accuracy of this graph depends on the
homogeneity of the deposit and the reliability of
the input data for the MRMR calculation;

e At high MRMR rates (hard rocks) and small
deposits, there is a considerable difference
between the observed behavior and the predicted
behavior [7].
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Table 1. History of analytical and empirical methods used for cavability assessment.

Model type References Purpose and application
Rice and Panck (1948) [8] Prov@mg a simple 1D vqlumetrlc methqd to investigate the caving propagation behavior by
assuming constant coefficients of volume increase
Ross et al. (2005) [9] Estimation of caving propagation rates at the Northparkes mine in Australia
Analytical Carlson et al. (2008) [10] Estimation of caving propagation rates at Henderson mine, Colorado, USA
Beck et al. (2011) [11] Estimation of caving propagation rates at ridgeway deeps mine, Australia
[Slo Zr? eehneshin ef al. (2015) Determination of the optimal block size in the block caving method by the analytical method
King (1945) [13] E;tlmatlon of rock mass cavability based on the rock type, discontinuities spacing, and its
mineralogy
Presentation of the cavability index (CI) to predict the cavability, fragmentation, and secondary
McMahon (1969) [14] blasting requirements using the data from the Climax and Urad mines and establishing a
relationship between CI and RQD
Morison (1976) [15] Providing a qualitative procedure for selecting the extraction methods in hard rocks
Laubscher (1981) [16] f;;)r\l/ldmg a procedure for selecting the underground mass mining method based on the minimum
Empirical Laubscher (1990) [16] Presentation of hydraulic radius diagram in MRMR by combining the caving mine data

Mathew et al. (1980) [17]

Potvin et al. (1980) [18]
Stewart (1980) [18]

Trueman (2000) [19]
Mawdesley (2003) [20]
Mime et al. (2008) [21]

Presenting a hydraulic radius graph in terms of stability number by combining the caving mine
data

Adding the data to the Mathews graph and modifying the stability graph

Adding the data to the Mathews graph and modifying the stability graph

Development of the data related to stability, minor and major failures of the studied areas, and
application of the Mathews method in a wide range of rock mass characteristics

The method of predicting the spontaneous propagation of caving through the stope stability graph
Combining the Mathews graph with the dilution diagram data related to the design of the hanging
wall of open stope

3. 2D numerical modeling

The dimensions of the studied model were 1000
m X 350 m. The model which was divided into two
parts, the jointed zone (areas with potential for
caving) and non-jointed zone (areas without
potential for caving) to save the time required for
program execution. Figure 1 shows the model
geometry. The jointed zone includes the areas with
the potential of caving, and as a result, has a higher
mesh density. The non-jointed zone has a lower
mesh density. The model boundaries have been
extended to avoid their effects on the results (4.5
times the maximum span created). This type of
mesh geometry and the used dimensions have
already been utilized by Vyazmensky et al. [47] in
the analysis of subsidence resulting from the block
caving.

Due to the fact that in most of the previous
numerical and experimental studies, three joint sets
were included in the model, in the initial model,
three joint sets with dips of 20, 70, and 90 degrees
were included.

Based on the international caving studies, the
height of the ore block was 210 m, the width of the
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undercut was 60 m, and its height was 8 m [1]. the
undercut (60 m x 8 m) is developed in stages in 2
m increments (in ore block). The height of the
waste and overburden was assumed to be 200 m, of
which 40 m is specified in the model, and the rest
of it is applied as the gravitational stress on the
upper boundary of the model. The properties of the
ore and the waste are assumed to be the same. In
this modeling, it is assumed that the draw operation
is done regularly. The sides of the model are
restrained along the vertical direction, and the
lower part of the model is restrained along the
horizontal direction. The model properties are
selected based on the characteristics used in the
modeling of Vyazmensky et al. [47] as well as
international caving studies [1]. In the models, the
effects of the geometric and strength properties of
the joints along with the gravitational stress
horizontal to vertical stress ratio and compressive
strength of the intact rock on the minimum span for
the caving initiation are investigated. A view of
displacements at the first steps of simulation is
presented in Fig. 2.
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Table 2. History of numerical methods used in cavability assessment.

Model type References Purpose and application
Barla et al. (1980) [22] 2D finite element simulation at the Grace Mine in Pennsylvania, USA
Rech and Loring (1992) [23] Reproduction of caving conditions at the Henderson mine in Colorado, USA
Singh et al. (1993) [24] Study of caving at the Rajpura Dariba mine
Karzulovic et al. (1999) [25] Studying the propagation of caving at the El Teniente mine
Lorig (2000) [26] Cavmg §1mulat10n in axial-symmetric models considering cylindrical undercut and
lithostatic stress
Trueman et al. (2002) [27] Determining the amount qf stresses in production and gndercut production tunnels in
some block and panel caving mines as well as the required support system
Investigation of the effects of depth, stress, large-scale discontinuities, rock mass
Flores and Karzulovic (2003) [1] strength, and groundwater on the cavability by determining the caving propagation
factor (CPF)
Yasitli and Unver (2005) [28] E:t/il:lsen;r(l) ;ef the abutment pressure around the face and the type of the material flow
. Pierce et al. (2006) [29] 3D Simulation of caving behavior at the Northparkes mine
Continuous Evaluation of the caving propagation behavior in nickel and diamond deposits usin,
Beck et al. (2007) [30] & propag P &
Abaqus
Investigation of the effects of mining depth, extraction height, horizontal stresses,
Gauri Shankar et al. (2010) [31] immediate roof thickness, immediate roof strength, main roof thickness, and main roof
strength on the caving behavior
Wooa et al. (2010) [32] Evaluation of subsidence at the Palabora mine using FLAC3D
Sainsbury (2012) [2] Studying the caving propagation and subsidence
Potvin et al. (2018) [33] Centrifuge modeling of caving mechanism using 3DEC and FLAC3D
Oge et al. (2018) [34] Prediction of cavability in the Top Coal method using the empirical and numerical
methods
. Investigation of the mechanism of ground pressure damage caused by poor
Xia et al. (2019) [35] undercutting using FLAC3D
. Investigation of the mechanism of ground pressure damage process on the extraction
Xia et al. (2020) [36] opening during deposit extraction by FLAC3D
Lorig et al. (1995) [37] Using the PFC2D code to better understand the in-situ fracture and improved shape of
the cave back
Brown (2003) [1] D;r'no.nstratmg th§ capacity of the discrete element method to simulate both the caving
initiation mechanisms in jointed rock mass (stress and gravity)
Gilbride et al. (2005) [38] Evaluation of subsidence at the Questa mine using PFC3D
Kalenchuk (2008) [39] Prediction of dilution in sub-level caving mine at Ekati Diamond
Distinct Zhao et al. (2009) [40] Simulation of caving process in the TOP coal method using PFC2D
Element Sharrock et al. (2011) [41] Modeling caving mechanisms in the large-scale subsidence analyzes
Modeling of progressive caving of layers on top of coal mining panel by the long wall
Gao et al. (2014) [42] method using UDEC
Rafice et al. (2018) [43] gzﬁrsltitiaetmg the effect of 7 different parameters on cavability using the SRM
Song et al. (2019) [44] Numerical modeling based on 3D particles for process simulation (LTCC)
Wang et al. (2020) [45] Investigating the effect of top coal block size on the caving mechanism
Yasitli and Unver (2003) [28] Simulation of the caving process in the block caving method
Elmo et al. (2007) [46] Dlsc'rete fracture network approach applied to the characterization of surface
subsidence
Hybrid Vyazmensky ef al. (2010) [47] i;l\;elztélg{a(t;(‘)/riln(;f rt:; ;(S)le of rock mass fabric and faulting in induced surface subsidence
Rance et al. (2007) [48] Determination of the amount of in situ fragmentation
Mohammadi et al. (2020) [49] Evaluating the cavability of the immediate roof and estimating the caving span in the
long wall method
Tollenaar (2008) [21] Application of DFN in determining the cavability and fragmentation of rock mass in
Other the block caving mines

Ivars et al. (2011) [50]

Studying the behavior of jointed rock mass using the synthetic rock mass

Kareka et al. (2011) [51]

Application of the SPH methods to simulate the caving process

Jointed rock mass *10°2)
(m)
| 2000
Intact rock mas
~-=410m B
100 m
Under cut | 0000
T T T T T T T T T T
0.100 0.300 0.500 0.700 0.900
*10°3) (m)

Figure 1. 2D model geometry.
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Table 3. History of other methods used in cavability assessment

Model type References

Purpose and application

Park and Kicker (1985) [52]

Whittaker ef al. (1985) [53]

Study of the stress distribution around chain pillar in the long wall method

Study of mining-induced subsidence by the long wall method, and investigation of the fractures
at the upper floors of the stope

?;[Z?EARNY and ABEL (1993) Study of draw behavior of jointed rock mass in the block caving method
(Czagllgl)c }[15a ; and Hebblewhite Analysis of crack propagation and the areas formed in the large caving extraction method

Physical modeling Potvin (2016) [56]

Analysis of the caving mechanism under the plane strain conditions in a centrifuge experiment

Jacobsz and Kearsley (2018) [57]

In a centrifuge experiment, the results of placing a weak mass of artificial rock under high and
low horizontal stress conditions were examined.

Bai et al. (2018) [58]

In this study, experiments were performed on two large-scale physical models including sand,
gravel, gypsum, and mica to investigate the cavability of top coal with hard rock bands based
on two real cases.

Khosraviet al. [59]

Investigation of caving mechanism in the block caving method using numerical and physical
modeling

Fuzzy rock
engineering Rafiee et al. (2016) [60]
system

Investigation of the effective factors on cavability using fuzzy system

Rock engineering ~ Azadmehr et al. (2019) [61]

Estimation of rock mass cavability in the mass caving method using the RES engineering
systems method

system
Rafiee et al. (2015) [62]

Investigation of the factors affecting cavability using rock engineering system (RES)

Probabilistic Mohammadi et al. (2020) [49]

Presenting a probabilistic model for estimating the minimum caving span in the long wall
method

Y displacement contours
contour interval= 2.000E-01
-1.200E+00 to 0.000E +00

{30 2. (i

T T T T T T T T L]
4%0 [ 4] arn L ]

R A e

Figure 2. Displacement contours in a model with 60 m length undercut at first steps of solving before undercut.

According to Sainsbury (2012), in the numerical The model was solved, and during the solving,
modeling, the caving zone is depicted with a the blocks with displacements more than 1 m were
displacement greater than 1 m. This criterion has removed to simulate the regular and continuous
been selected using the numerical analyses extraction of the caved material. The extracted area
performed at the Northparkes mine in Australia, and deformation zones in the numerical model are
and has been validated using the results obtained presented in Figure 3.
from the Palabora mine in South Africa [2].

| 4000
Y displacement contours
contour interval= 5.000E-01 L
-2.500E+00 to 0.000E+00 1'?':"
-2 500E+00 | 2000
~2.000E+00
-1.500E+00
-1.000E+00
~5.000E-01
0LODOE+DD
L 6000
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0100 0x0 0500 arem o
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Figure 3. Final cavity and displacement contours around cavity.
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3.1. Investigating impact of effective parameters
on cavability

A total number of 283 spans were examined in
order to find the effects of such parameters as the
gravitational stress, horizontal to vertical stress
ratio, compressive strength of intact rock, number
of joints, cohesion, friction angle, dip, and spacing
of joints on the minimum span to initiate caving. In
each model, only one parameter was changed and
the remaining parameters were considered
constant. Table 4 shows the fixed conditions. The
criterion for caving initiation is to reach a
displacement of 1 m at the roof of the undercut. Per
each state, the undercut width was changed until
the desired displacement was reached (In 42
models, a total of 283 span with different widths
were modeled). Changes in the properties of the
joints were applied to all, except the dip. Also the
joint properties were changed except for the dip
parameter in all the states. In order to perform the
sensitivity analysis for the joint dip parameter, only
the dip of one joint was changed. The following
eight sets of models were built to investigate the
effect of the above-mentioned variables on the
minimum span of caving:

Journal of Mining & Environment, Vol. 13, No. 1, 2022

e Five models to evaluate the effect of mining
depth (H)

e Four models to find the effect of horizontal to
vertical stress ratio (K)

e Five models to evaluate the effect of compressive
strength of intact rock (UCS)

e Four models to evaluate the effect of joint
adhesion (Cj)

e Seven models to find the effect of joint friction
angle (¢j)
e Eight models to evaluate the effect of joint dip

(o)

¢ Seven models to find the effect of joint spacing
®)

e Four models to find the effect of the number of
joints (N).

For the final study, a five-factor tree was created.
Each tree has values that are based on a single-
factor change. Finally, 480 different cases were
investigated (Figure 4). In each study, the span was
changed till reaching a displacement equal to 1 m
at the roof.

Table 4. Fixed conditions in one-factor study of variables.

Intact rock Value joints Value Parameter Value
UCS (MPa) 130 Cohesion (MPa) 0 H (m) 500
Density (Kg/m?) 2700 Friction angle (degree) 30 K 1
Cohesion (MPa) 4.7  Normal stiffness (GPa/m) 2 S (m) 3
Friction angle (degree) 45 Shear stiffness (GPa/m) 0.2

Mini](lgl ;lepth ‘:l(:li::ltbi‘i_t Joint(zll))acing
50 | 2 -1
100 3 L3
200 Ll 5
500

Joint friction Joint angle

angle (Degree) (Degree)
— 10 — 25

— 23 — 45

— 30 — 60

— 35 — 70

— 40

Figure 4. Possible modes for numerical experiments.
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The effect of intact rock UCS was investigated
using the numerical models. The results obtained
indicate that in UCS below 100 MPa, by increasing
the unconfined compressive strength, the minimum
caving span increases dramatically, while in UCS
more than 100 MPa, this parameter is not affected
sharply by increasing UCS. According to the
results of international caving studies, the average
of UCS for underground mines is 130 MPa, and
therefore, considering the high values for this
factor, this factor has not been considered in the
final study. The outcomes of simulations indicate
that increasing the ‘k’ ratio does not affect the
displacements of the caving area significantly. On

55 52
o
E 50 48
S 4
£E 0
£5 35
=&
£ 30
E 25 23
]
= 20
15 + T T T T T T
5 55 105 155 205 255 305
Unconfined compresive strength (MPa)
(@)
0
Eﬁ 90
= 80
bt
o 70
R 0
£ & 60
9'-‘;‘ l
Eg 40
ERY 30
|
g 20
) ! ! ! ! ’
50 200 350 500 650 800
Undercut depth (m)
(©)
70
2 60 60 60
= 60
g, 50 50
2 50
S 40
2 30,
£ 30
=
5
g 20 b
;E 10
2
0
5 10 15 20 25 30 35 40 45
Joint surface friction angle (degree)
(e)
¢ =30°

$=23°

Minimum required caving span (m)
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“ 3 5 8B 8 8
ﬁi
]
L
>
2

25 30 35 40 45 50 55 60 65 70 75
Conjugate joints dip angle (Degree)

(®
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the other hand, the height of the caving area is
developed by increasing the undercut span.
According to these results, it can be concluded that
the ‘k’ ratio does not affect the cavability of rock
mass significantly. Therefore, its value was
decided to be constant at one. In most references,
the amount of cohesion of joint surface is
considered zero. The result shows that the
dimension of caving span does not change with the
change of cohesion. However, due to the small
amount of this variable and the lack of effect in this
range (0-0.4 MPa), this factor was not studied in
the final study. The results obtained are shown in
Figure 5.

! 44
E
s 2
i 40 40
HoR -
£2 1
- &
EREYS
i 34
g

0.3 0.5 0.7 0.9 L1 13

k(horizantal to vertical stress ratio)
(b)

90

80

70

60

Minimum required caving span (m)
@
3

0 1 2 3 4 5 6 7 8
Spacing (m)
35
E 30
=
g
g 25
0
£
g 20
=
E 15
=
ES
& 10
g
g
= o0
0 0.1 0.2 0.3 0.4
Joint cohesion (MPa)
200
2175
=
£ 150
9
£ 125
g
g 100
£
£ 7
E 50
£
El
= 25
0
1 2 3 4
Joint set number

Figure 5. Effect of a) UCS, b) horizontal to vertical ratio, c) depth, d) joint spacing, e) joint friction, f) joint
cohesion, g) joint set dip, and h) joint set number on minimum caving span.
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3.2. Statistical investigation of 2D modeling
results

Table 4 shows an example of the findings at this
step. In the numerical modeling, the range of
changes of the minimum caving span from 2 to 100
meters was obtained. Multivariate regression is
used in order to predict the minimum caving span
in terms of the dependent variables. By performing
regression in the SPSS statistical software, the

Journal of Mining & Environment, Vol. 13, No. 1, 2022

equations listed in Table 5 were obtained for the
minimum caving span based on the variables.

In these equations, S,,;;, is the minimum caving
span in meters, N is the number of joint sets, H is
the depth in meters, S is the joint spacing in meters,
a is the friction angle of the joint surface in degrees,
and D is the dip of the joint in degrees. The analysis
showed that the best model was the power
regression model obtained according to Equation 6.

Table 4. Representative samples of 480 numerical models input data and the results of numerical simulation.

Model Joint set Undercut depth Joint spacing Joint friction angle Joint inclination Minimum required
No. number (N) (H, m) (S, m) (0, degree) (D, degree) caving span (Smin, M)
1 3 100 5 10 60 6
2 3 100 5 10 25 8
3 2 200 1 10 25 2
4 3 50 1 23 45 3
5 3 200 5 10 60 5
6 3 50 1 30 45 14
7 2 100 1 40 60 12
8 3 50 5 23 45 26
9 2 50 3 30 45 32
10 2 50 5 10 25 14
11 2 200 3 35 45 27
12 3 50 1 30 70 36
13 3 50 5 23 70 46
14 3 50 5 30 70 62
15 3 50 5 35 60 30
16 3 200 5 35 70 54
17 2 50 3 40 70 76
18 2 200 5 40 70 90
19 2 100 5 35 70 84
20 2 50 5 35 70 98
Table 5. Statistical Equations to determine minimum caving span.
No. of equation R? Equation
1) 0.63 Smin = 2.47 — 6.13N — 0.038H + 5.585 + 1.016a + 15D
) 0.76 Sin = 100680 15N —0.009H +0.135 +0.026a+0.0021D
3) 0.76 Spyin = @158—0:34N -0.002H+0.35+0.62a+0.005D
4) 0.59 Smin = 16.83 — 0. 03N5 +0.0315* + 0.0046a> + 0.0021D? — 0.038H
5) 0.6 Smin = 48.37 — 15.12In(N) — 17.8In(H) + 13.181n(S) + 20.94In(a) + 4.19In(D)
(6) 0.767 Smm =43.11N" 0842H 093350 .740 1303D0 .12

The F-test was performed based on the analysis
of variance for regression. The corresponding
values of Sig and F in Equation 6 are 7.5 x 107'*
and 314.415, respectively. The Sig factor is used to
investigate the existence of a linear relationship
between the independent variables and the
dependent ones. In other words, it shows that at
least one of the independent variables has a linear
relationship with the dependent variable. In the
present equation, the value of Sig is less than 5%
(95% confidence level is considered); that is at
least one of the independent variables has a
significant effect on the dependent variable. In
order to have a zero correlation between the model
errors, the Durbin-Watson coefficient should be in
the range of 1.5-2. This coefficient obtained for the
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resulting equation is equal to 2.017, which
indicates that the errors are not correlated.
Another assumption considered in the regression
is the normality of error distribution with a mean of
zero. For this purpose, the standard values of errors
must be calculated. Figure 6 shows the frequency
distribution of errors and the normal distribution,
which has a mean close to zero and a standard
deviation 0f 0.995. As a result, this distribution can
be considered as a normal one. The absolute value
of the standardized column coefficients shows the
effect of each independent parameter on the
dependent variable. It is observed that the friction
angle of the joint surface has the greatest effect on
the minimum caving span. The statistical
coefficients for Equation 6 are given in Table 6.
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Table 6. Statistical coefficients for Equation 6.

Non-standardized coefficients standardized .
Parameter . t Sig
Std. Error b coefficients
a 0.536 43.11 - 7.024
N 0.109 -0.842 -0.171 -7.712 7.35e-14
H 0.076 -0.933 -0.273 -12.327 1.76e-30
S 0.033 0.74 4980 22.457 1.32e--76
[od 0.045 1.303 0.643 29.013 3.75e-137
D 0.056 0.12 0.047 2.132 0.033
Mean=176E-14
50 Std. Dev. = 0,095
N=480
407
™
y LN A
g 30 ] x
&
\
=
\
10 \

Figure 6. Probability distribution of standardized residual values.
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In order to compare the results of Equation 6 and
those of the direct modeling, different values that
had not been used in the previous modeling were
utilized for the variables. Figure 7 shows this
comparison. It can be seen that the values obtained

from the formula are close to the values obtained
from the direct modeling. For the lower values of
caving span, the values are closer to each other but
for the larger values, they are more scattered.
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Figure 7. Caving span prediction diagram using Equation 6 according to the result of direct modeling.
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4. Caving Hydraulic radius investigation

In 3D modeling, a simple undercut model is
considered in the block caving method. In this
model, which is built in the 3DEC software, only
the beginning of the caving is shown. In other
words, the hydraulic radius of the square undercut
is changed to the extent that the roof blocks reach
a displacement equal to 1 m. In continuation, the
longitudinal and transverse sections of the center
are given. As it can be seen, the amount and shape
of the displacements are the same in both sections,
indicating the model symmetry. In addition, it can
be concluded that the form of caving is dome-
shaped. The corresponding 2D modeling is
performed, and the corresponding results are given
below.

4.1. 3D numerical modeling

The studied model had the length and width of
1000 m and a height of 350 m. The mode was
divided into two parts, with and without joints, to
save the computation time, and also due to the
limited software memory. Figure 6 shows the
model geometry. The joint covers the areas that

Journal of Mining & Environment, Vol. 13, No. 1, 2022

have the potential for caving, and as a result, have
a higher mesh density.

In the built model, three joint sets were inserted
(Figure 8). The dip of the two joint sets is 90
degrees with the dip directions of 0 and 90 degrees,
and the joint set is horizontal. The joints inserted in
the model are inserted continuity and without
aperture, due to the limited memory of the
software, with a spacing of 5 m.

According to the caving studies performed
worldwide, the ¢ ore block height was considered
to be 210 m, and also the length and width of the
undercut were 100 m and its height was 8 m [1].
The undercut is created at 20 m x 20 m increments
in the model. The height of the waste and
overburden were assumed to be equal to 200 m, of
which 40 m was specified in the model, and the rest
of it was the input as a gravitational stress on the
upper bound of the model. The properties of the
mineral and the waste were assumed to be the same
(Table 7). In this modeling, it is assumed that the
drawing is done regularly. In other words, the
amount of draw will be the same in all the draw
points.

3DEC _DP 5.00
2015 rasca Gonsuming Group. inc
Step0

11712022 95500 Al

Block
Colorby: Block

o,

vertical joint set 2

Horizontal joint set

Inical o

vertical joint set 1

7

set

(b)

Figure 8. Final geometry of 3D model; (a) Schematic model, and (b) 3DEC model.
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Table 7. Input parameters of 3D model [47].

Parameter Parameter
value value K
Intact rock joints
UCS (MPa) 100 Cohesion (MPa) 0 1
Density (Kg/m?) 2700  Friction angle (degree) 30
Cohesion (MPa) 4.7  Normal stiffness (GPa/m) 2
Friction angle (degree) 45 Shear stiffness (GPa/m) 0.2
In the prototype model, the initial caving along the longitudinal and transverse sections of
occurred due to the resulting displacements. The the new model, respectively, in which a
model made with a hydraulic radius of 25 m had a displacement of 1 m has occurred. In other words,
displacement greater than 1 m (Figure 9). Since the the caving initiate at the hydraulic radius of 22.5 m.
goal was to reach a displacement of 1 m to start the Next, a 2D model corresponding to the 3D
caving, a new model was built with the 90 m x 90 conditions was built. The minimum caving span in
m undercut dimensions (22.5 m hydraulic radius). the 2D model was 68 m (Figures 12 and 13).

Figures 10 and 11 show the vertical displacement

Z displacement
5.4491E-02
0.0000E+00
-1.0000E-01
-2.0000E-01
-3.0000E-01
-4.0000E-01
-5.0000E-01
-6.0000E-01
-7.0000E-01
-8.0000E-01
-9.0000E-01
-1.0000E+00
-1.1000E+00
-1.2000E+00
-1.3000E+00
-1.3057E+00

Figure 9. Diagram of displacement of a model with a hydraulic radius of 25 m.

Z-displacement
5.0415€-02
0.0000E+00
-1.0000E-01
-2.0000E-01
-3.0000E-01
-4.0000E-01
-5.0000E-01
-6.0000E-01
-7.0000E-01
-8.0000E-01
-.0000E-01
-9.7260E-01

Figure 10. Longitudinal displacements (x direction) of a model with a hydraulic radius of 22.5.

Z-displacement
4 .9864E-02
0.0000E+00
-1.0000E-01
-2.0000E-01
-3.0000E-01
-4.0000E-01
-5.0000E-01
-6.0000E-01
-7.0000E-01
-8.0000E-01
-9.0000E-01
-9.8896E-01

Figure 11. Longitudinal displacements (y direction) of a model with a hydraulic radius of 22.5.
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Figure 12. 2D model with a span of 90 m.

Y daplacement contours
contour ntervals 2 DOOE-01
-1.400E+00 o 0.000E+00

-1.400E+00
-1 2006400
~1.000E+00
-8 000E-01
- 000e-01
-4 000E-01
-2 D0CE-01
0 DOOE «00

L 2000
P2 imi

| QoD

owe  exe

ee  ome  ow®

Figure 13. 2D model with a siléln of 68 m.

4.2. Determination of caving hydraulic radius
using Laubscher chart

In this section, incorporating the parameters
listed in Table 7, the hydraulic radius of caving was
estimated using the Laubscher chart. In Table 8, the
MRMR classification of rock mass was calculated

step by step with respect to the conditions of Table
7. The total rate was approximately 46, which
according to the Laubscher chart showed an
approximate hydraulic radius of 24 m. This value
is close to the number of hydraulic radii obtained
from the numerical modeling (22.5 m) (Figure 14).

Table 8. Determination of MRMR based on 3D numerical model conditions.

Factor Calculated values rate

Rock block rate RBS=0.8 x IRS=0.8 x 100 =80 20
joint spacing Sm 35
Joint condition C=0and ¢ = 30 (40x0.9%0.75=27) 27
Ot e e et Ty 0s
Water adjustment An environment without water is considered. 1
Blasting adjustment - 1
Weathering adjustment An environment without weathering is considered. 1
induced stresses adjustment Depth of 400 meters and as a result the correction factor is 0.7 0.7
Sum of rates 82

MRMR 82 x0.8%x0.7=45.92 46

RBS = Rock block strength, IRs = Intuit rock strength
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Figure 14. Calculation of hydraulic radius in numerical modeling.

4.3. Determination of caving hydraulic radius
based on minimum span

In order to establish a relationship between the
minimum caving span and the hydraulic radius of
the caving, several 2D and 3D models with the
same conditions were built. In these models, all the
parameters were applied according to Table 4, and
only the friction angle of the joints was changed.
The friction angles of 10, 20, 30, and 40 were
considered. As shown in Figure 13, the hydraulic
radius has a linear relationship with the minimum
caving span.

35

30 vy =0.3737x-4.5455
R¥=0.9784

/o
25

HR (m)

20 40 60 80
S (M)

100

Figure 15. Hydraulic radius-minimum caving span
graph.

Taking into account the conditions of Table 7 and
the friction angle of 25 degrees, the MRMR value
was (similar to Table 8) equal to 36, which resulted
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in a hydraulic radius of 18 m. By placing this
hydraulic radius in the equation shown in Figure
15, the minimum caving span of 60 m was
obtained. By placing the conditions of Table 8 in
Equation 6, the minimum caving span was 57.92
m. There is a good agreement between the
modeling results and the Laubscher method.

5. Conclusions

e Among the investigated factors, the uniaxial
compressive strength of rocks and the horizontal
to vertical stress ratio have minimal effects on the
minimum caving span.

e Mainly, the effect of five prominent parameters
including the joint set number (N), joint spacing
(S), joint inclination angle (a), joint surface
friction angle (¢), and undercut depth (H) were
simulated numerically, and the effects of these
parameters on the minimum caving span for the
initiation and continuation of the caving process
through the ore body were studied.

e Totally, 480 numerical models were simulated
with a wide range of input parameters for each
model.

e The maximum caving span is related to the
condition of two joint sets with a dip of 70
degrees, a friction angle of 40 degrees, a depth of
50 m, and a distance of 5 m.

e The minimum caving span is related to the
conditions of two intersecting joint sets with the
dips of 60 degrees, friction angles of 10 degrees,
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depth of 400 m, and spacing of 1 m. The joint
angle of friction has the greatest effect on the
minimum caving span.

e As the joint spacing decreases, the depth and
number of joint set increase, and the minimum
caving span decreases. The rock mass with joints
having a dip of 60 degrees has the highest
potential for caving. For values less than and
greater than 60 degrees, cavability decreases.

e From the functions fitted to the data, a power
function with R2= 0.767 was selected in order to
estimate the minimum caving span. Comparison
of the results of the 2D modeling and the
minimum caving span calculated from the
formula showed that the mean value of the errors
was approximately equal to 12%.

¢ A linear equation between the hydraulic radius of
caving and minimum caving span was obtained
by changing the angle of friction of the joints
with a coefficient of determination of 0.97.
Assuming a minimum span of 68 m, the
hydraulic radius is approximately equal to 21 m
(from formula), which is in good agreement with
the result obtained from the empirical Laubscher
method (24 m).
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