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Abstract

For an open-pit mine, the slope must remain stable throughout the life of mining operation, and it follows that an optimized
ultimate pit limit (UPL) should have the slope stability commensurate with economic benefit. In the Shuguang gold and copper
mine, a geostatistics-block-based method is used to characterize the heterogeneous mechanical properties of rock mass. Then, the
detailed slope stability analyses for four possible slope configuration designs using heterogenous mechanical parameter block
model are performed to determine the steepest safe slope angle, and the steepest safe slope angle is next used for the UPL
optimization. Compared with the original UPL assuming the rock mass is homogeneous in the same lithology, the slope angle for
the optimized UPL has an average 1° to 6° increase, and the optimized UPL can bring 15.84 million tons of ore and reduce 20.83
million tons of waste rock. The result indicated that the application of geostatistics can make practical use of geotechnical
information to improve slope stability, and slope configurations, and thereby optimize the UPL and so bring economic benefit.

Keywords Heterogeneous mechanical parameters - Geostatistics - Block model - Ultimate pit limit (UPL) optimization - Open-pit

mine

Introduction

For a large open-pit mine, a single degree increase of slope
angle will save million dollars of stripping cost; unfortunately,
the economic benefits gained can be negated by a major slope
failure (Lily 2002). The optimization of a UPL is the balance
between safety (decrease the slope angle to improve slope sta-
bility) and economy (increase the slope angle to minimize strip-
ping cost). In general, slope designers must reconcile making
the pit slopes as steep as possible to reduce the stripping ratio
with the conflicting requirement for flatter slopes to ensure
stability (Khalokakaie et al. 2000). Since the design of an op-
timum open-pit requires an estimate of a set of average and safe
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slope angles, the steepest safe angle should be identified firstly.
The steepest safe slope angle is treated as constraints in the
UPL optimization process, and they are defined in terms of
the block unit that must be removed to provide access to a
particular UPL. Traditionally, the stability of a slope has been
determined on vertical sections in which the location and rock
mass quality within it are known. In optimal pit design, how-
ever, the position of the pit wall is unknown until the UPL has
been determined, yet to determine the optimum UPL, an esti-
mate of pit slope angles is required. The slope stability is
strongly affected by the slope structure and rock mass proper-
ties where the slope is located. Thus, a detailed description of
the ore body and the surrounding waste rock are needed, both
the grade information and mechanical parameters.

Rock mass is a mixture of many mineral grains, cement,
and discontinuities, and it is one of the most complex solid
materials formed in the natural world through geological evo-
lution and geological tectogenesis over billions of years.
Consequently, natural rock material is generally heteroge-
neous, discontinuous, and anisotropic (Jaecger and Cook
2007). The heterogeneous nature of rock implies that most
rock properties tend to vary in a wide range, even for the same
lithology in the same mine or quarry, which has a fundamental
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influence on the stability and failure phenomenon of rock
mass (Hoek 2007). Various methods have been proposed to
address the heterogeneity of rock mass. Figure 1 illustrates
four main numerical methods to characterize the heterogeneity
of rock mass including (1) method based on digital image
processing (Yue et al. 2003; Chen et al. 2007; Yu et al.
2016; Yu et al. 2018); (2) method based on statistical distri-
bution (Tang 1997; Fenton and Griffiths 2008; Cao et al.
2010; Pinheiro et al. 2018); (3) method based on rock mass
quality classification (Barton et al. 1974; Deere and Deere
1989; Barclay 1989; Irigaray et al. 2003); and (4) method
based on geostatistical theory (Stavropoulou et al. 2007;
Eivazy et al. 2017; Mayer and Stead 2017).

In situ experience has shown that abundant geological data
are essential to build a heterogeneous numerical model.
However, expensive drilling cost (more than $30-$50 per
meter in China) limits the availability of geological data (the
spacing between exploration lines is often 200 m or 100 m in
non-coal mines). Based on the assumption of many geological
parameters following geostatistical distribution, the
geostatistics-based method is an effective tool for the numer-
ical modeling of heterogeneous rock mass using limited geo-
logical data (Goovaerts 1997). However, as mentioned by
Eivazy et al. (2017), there are just a few number of studies
applying geostatistical simulation methods to model
geomechanical properties of rock masses, and the majority
of'these studies overlook the anisotropy of the geological data.
Moreover, the applicable conditions of the geostatistical anal-
ysis are ignored which may result in high uncertainties. In this
article, the anisotropy of geostatistical distribution is consid-
ered in the block-based numerical model, and the size and
shape of block units are specially selected. Besides, the exten-
sions and defects of the geostatistics-based method are
discussed in detail.

Field sampled data

Heterogeneous numerical model

Method based on
digital image processing

Method based on
statistical distribution

In this article, by collecting specific geological data during
the exploration period, an anisotropic semivariogram was built
for geological strength index (GSI) in the Shuguang gold and
copper mine. A heterogenous mechanical parameter block mod-
el was established using the ordinary kriging (OK) interpolation
and Hoek-Brown method. In order to optimize the UPL, several
possible slope configurations were identified in terms of avail-
able mining equipment, and detailed slope stability was carried
out to determine the steepest safe slope angle. An average of 1°
to 6° of increasing of slope angle can effectively excavate the
rock mass with fragile mechanical parameters and thus improve
the slope stability. The result indicated optimized UPL consid-
ering the heterogeneity of rock masses has not only led to im-
provements in slope safety but also has led to costing savings.

Engineering background
Project overview

The Shuguang gold and copper mine is located approximately
75 km away from Hunchun City, China. The mine, with a
length of approximately 1300 m from east to west and a width
of 1000 m from south to north, is suffering the threat of rock
landslides. The 3D geological model is presented in Fig. 2; the
lithology of the Shuguang gold and copper mine can be divided
into three categories: granite, granodiorite, and diorite. The
mineral compositions of the three similar lithologies are the
same, including feldspar, quartz, and mica, but in different pro-
portions. Besides, there are three main fracture zones located in
the northern pit, which will bring a negative influence to the
slope stability. The spatial distribution of those three fracture
zones has been identified by the geological investigation, and
all that information are presented in the 3D geological model.
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Fig. 1 Illustration of four main numerical modeling methods for heterogeneous rock mass
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Fig. 2 3D geological model. Surface obtained by oblique photography,
granite in yellow, granodiorite in green, diorite in cyan-blue, and fracture
zones in red. (a) Engineering geological zones. (b) Photograph of the
research area and landslide

As shown in Fig. 3a, the pit was divided into six zones due
to the different engineering geological conditions including
rock mass quality, hydrogeology, and the grade information.
In the UPL optimization process, different steepest safe slope
angles can be used for each geological zone. The engineering
geological zoning is very popular in the large open-pit mine

because it has a good adaptability to complex geological con-
dition and improves rock stability and brings economic bene-
fit. By assuming the rock mass is homogeneous in the same
lithology, the original slope angle ranges from 38° to 44°
(slope angle is 40.5° in the northern slope). A conservative
slope design was adopted to guarantee the slope stability, and
part of the ore body was left in the UPL. Even though the
factor of safety obtained by routine stability analyses using
homogeneous mechanical parameters indicates that the slope
remains in a stable situation, shallow landslides continuously
occurred on the northern slope which has a negative influence
on mining activities, shown in Fig. 3b. The significant hetero-
geneous characteristic of the rock mass has been identified as
one of the main causes of rock landslides.

Since there are several potential ore bodies around the
Shuguang gold and copper mine, grade information shown
in this article are confidential and therefore cannot be
disclosed, especially specific details concerning the amount
of mineral resources. As shown in the Fig. 3a, a research area
was selected in the northern slope. Even the mechanical anal-
yses and UPL optimization were carried out on the whole pit,
only the information located on the selected research area was
present. Besides, a representative profile was selected as an
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example to perform detailed slope stability analyses. As
shown in Fig. 3b, the representative profile was located at
the center of landslide zone and perpendicular to the slope
surface.

Engineering geological investigation

As shown in Fig. 4, from the year of 2014 to 2016, a total of
355 geological boreholes with a spacing of 100 m were drilled
in the Shuguang gold and copper open-pit mine with the pur-
pose of resource management, and the slope surface was a
three-dimensional (3D) image obtained from a drone (oblique
photography). 32,324 samples collected from the boreholes
were assayed to obtain the grade information, both gold and
copper. Since two kinds of metal, gold and copper, are
contained in the ore body, an equivalent grade of gold (dAu)
is defined with the following equation:

10kg /tCu = 2.0g/tAu (1)

Fortunately, geological logging was performed in the ex-
ploration period, and the rock quality designation (RQD) has
been recorded. In this article, the GSI was used to quantify the
rock mass quality since it is the essential input for the Hoek-
Brown method. The GSI can be obtained according to the
simple transformation prospered by Hoek et al. (2013):

GSI = 1.5JCondso + RQD/2 (2)

where JCondsgy is the joint condition rating, ranging from 0 to
30, which represents the surface condition of discontinuity,
and can get its suggested value from Bieniawski’s (1989)
previous work. Here we assumed JCondgo equals to a constant
(12 for granite, 10 for granodiorite, 8 for diorite, and 18 for
fracture zone) in each lithology for convenience. Finally, 4556

Fig. 4 Geological boreholes
investigation
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measurement points were placed in the pit and each has its
unique GSI (see Fig. 5). Besides, photogrammetry measure-
ment of rock exposure was carried to get detailed discontinu-
ity geometric information, including orientation, frequency,
trace length, and spacing, from metric 3D images (see
Fig. 6). Such information was necessary for the size effect
analysis of jointed rock mass in the “Establishment of block
model” section.

Ultrasonic wave velocity test

The loose ring range test system was used to obtain the ultra-
sonic wave velocity of the rock mass. The basic principle of
this technique can be found in the reference (Mccann and
Entwisle 1992). A typical borehole was selected to implement
the ultrasonic wave velocity test in the landslide area, using
the discrete sampling interval of 0.5 m. As shown in Fig. 7, the
ultrasonic wave velocity of rock mass keeps increasing with
the depth and remains relatively stable when the depth reaches
24 m. Considering that the unit size of mechanical parameter
block model is 12 m, which requires determining the average
ultrasonic wave velocities at 12 m intervals (see the detailed
analysis in the “Establishment of block model” section), here
we divided the rock mass into several layers parallel to the
slope surface and assumed that the ultrasonic wave velocities
remain a constant in each layer (i.e., 2.91 km/s, 5.01 km/s, and
5.45 km/s).

Laboratory experiment

Cores with different types of lithologies were taken from the
boreholes (cores taken from the exploration boreholes have
been stored in a special warehouse), and then cores are cut into
rock samples. Finally, more than 350 rock specimens of the
three different lithologies and fracture zones were obtained.
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Fig. 5 Geological logging of drilling boreholes

The rock cylinders were 100 mm in height and 49 mm in
diameter, and they were thoroughly checked to avoid any
visible flaws. The acoustic wave velocities of the specimens
were investigated using an ultrasonic tester. Specimens with
large discreteness were excluded.

The physical properties of the samples, including density,
porosity, and ultrasonic velocity, and the mechanical proper-
ties of the samples, including Young’s modulus, Poisson’s
ratio, uniaxial compression strength (UCS), Brazilian tensile
strength (BTS), cohesion, and internal friction angle, were
measured. The number of rock samples, mean, and standard
deviation of the basic mechanical parameters of those intact
rock samples are listed in Table 1. Since the rock samples
including granite, granodiorite, and diorite are igneous rock,
thus, there is no inherent anisotropy observed in the laboratory
experiment.

Modeling heterogeneity of rock mass
mechanical parameters

Establishment of block model

In this article, the block model is used to execute the

geostatistical analysis and OK spatial interpolation. The estab-
lishment of block model simplifies the topology relationship,

Depth: 175.1.183.1

Fracture zone RQD=19.38% GSI=36.66
Borehole: ZK00OT

Oepth 80-160

Date 2002-05-15

with less computer memory and computing time being need-
ed. Block-based methods have stood the test of time and have
been implemented in many in situ engineering endeavors,
especially in the resource management of open-pit mines.
Many studies show that the shape and size of block unit will
affect the accuracy of valuation (Caers 2005). Without loss of
generality, we set the shape of the block unit as cube, and the
representative elementary volume (REV) of jointed rock mass
is set as a reference to the size of block unit. Besides, the size
of block unit should be adjusted corresponding to various in
situ engineering scenarios. A suitable example is that the
block unit size can be adjusted to the integral multiple or
division of the bench height in an open-pit mine.

As mentioned in the “Engineering geological investigation”
section, photogrammetry measurement was employed to obtain
the discontinuity data from exposed rock masses. Based on the
statistical discontinuity parameters including orientation, fre-
quency, trace length, and spacing, several 2D discrete fracture
network (DFN) models with different size were generated
using the open source code ADFNE, shown in Fig. 7. The
ADFNE, written in MATLAB, can seamlessly handle a variety
of needs including fracture generations, simulation, characteri-
zation, and data exchange (importing and exporting). The gen-
eration process of DFN is trying to reproduce the natural dis-
continuities in the numerical model with random method, and
the ADFNE code can do it efficiently and accurately.
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Fig. 6 Photogrammetry
measurements of rock mass
exposure
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The RFPA2D code (Tang 1997) was used to investigate the
size effect of jointed rock mass. In the RFPA2D numerical
model, the intact rock and discontinuities are represented as
rock element and joint element. Table 2 summarizes the me-
chanical parameters of the rock and joint elements used in the
calculation. The mechanical parameters of the rock element
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Fig. 7 Ultrasonic wave velocity with depth
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were obtained by laboratory tests shown in the ‘“Laboratory
experiment” section. The parameters of joint elements are rel-
atively lower than those of the rock element. The quantitative
ratios of mechanical properties, such as elastic modulus and
strength between joint element and rock element, can be con-
sidered as a constant. In previous studies, the ratio has gener-
ally been set at 1-20% (Li et al. 2009; Xu et al. 2013). In this
article, the ratio of deformation parameters is set at 10%, and
the ratio of strength parameters is set at 3.3% according to the
reference (Zhou et al. 2018).

The REV of a statistically homogeneous rock mass is defined
as the minimum volume beyond which any submass behaves
essentially like the whole rock mass. Figure 8a presents the rela-
tionships between the elastic modulus and the UCS with the
sample sizes. As one may expect (Masanobu 1988), both the
elastic modulus and the UCS decreased gradually with the in-
creasing size of the DFN model. The elastic modulus approaches
constant when the size is larger than 11 m, and UCS becomes
stabilized when the size reach to 12 m. These results indicate that
the REV of the jointed rock mass should be 12 m.

Rock masses cut by one or several regularly spaced joint
sets are anisotropic in addition to being discontinuous. This
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Basic mechanical parameters of intact rock

Table 1

Internal friction

angle (°)

Cohesion (MPa)

Young’s modulus (GPa)  Poisson’s ratio

BTS (MPa)

UCS (MPa)

Wave velocity (m sh

Density (kg m )

Item

Lithology

20 (4 sets)
9.39

10

39

34

Number of samples

Granite

50.58

0.29

18.94
2.12
15

4.60

1.17

48

74.58

6173
324

2799
117

42

Mean

0.047

13.76

Standard deviation

15 (3 sets)

8.85

Number of samples

Granodiorite

43.88

0.31

16.74
2.44
16

4.49

59.35

6113
268

2765
)
37

Mean

0.036

1.56
39

15.19

Standard deviation

15 (3 sets)
8.57

Number of samples

Diorite

47.36

0.30

15.72
1.48

4.92

1.

41.99
10.56

6157
321

2798
84
18

Mean

0.055

16

Standard deviation

15 (3 sets)
4.31

18

Number of samples

Fracture zone

46.53

0.25

2.32 10.13

091

21.40
3.74

5757
193

2763

45

Mean

0.027

2.11

Standard deviation

UCS uniaxial compression strength, BTS Brazilian tensile strength

phenomenon is called joint-induced anisotropy and usually
happens when there are several sets of preferred joint plane.
Generally, this induced anisotropy may decline until it dis-
appears with the increase of scale (Amadei 1996). The an-
isotropic mechanical properties of the selected REV are stud-
ied. Figure 8b shows the schematic for anisotropy study
rotated every 15° clockwise using uniaxial compressive
tests. The anisotropic rock mass rating (ARMA), defined
as the ratio between maximum and minimum of attributes,
maintains in a low level both for the UCS (1.131) and elastic
modulus (1.064). According to the classification proposed
by Saroglou et al. (2018), rock mass can be considered iso-
tropic when ARMA ranges from 1.0 to 1.1 and fairly aniso-
tropic when ARMA ranges from 1.1 to 2.0. Thus, in the
Shuguang gold and copper mine, rock mass can be consid-
ered homogeneous and isotropic when the size approach to
12 m (REV).

The investigation domain is then discretized as a total of
68,707 block units (see Fig. 10 and Fig. 11). The block
model is a form of spatially referenced database that provides
a means for modeling a 3D body from sampling points and
interval data. However, these are interpolated values rather
than true measurements. A block model consists of cells
(block units) of a specified size which at the core of the block
center contain a centroid at which all the data is stored as
attributes, i.e., grade, lithology, GSI, mechanical parameters,
etc. This centroid point is what all data is reported on.

Geostatistical analysis and spatial interpolation of
GSI

Samples collected from the same domain have strong simi-
larities when they are spatially close, and this similarity tends
to decline until it disappears with increasing distance. The
attributes that have a location associated with each observa-
tion are called regionalized variables (Olea 1994). An exper-
imental semivariogram, which is used to measure the spatial
variation of the regionalized variable, is defined as half of the
average squared difference between two attribute values sep-
arated by vector /;:

s EX ()X (o 4+ )P ()

v(hi) = 2nlh) &

1 n(h;

where (%) is the semivariogram function, X(z;) and X(z; + &,)
are the values of regionalized variable in the location of z;
and z;+ h;, and n(h;) is the number of sampling pairs. The
experimental semivariogram is plotted on a x —y plot with
the x-axis being the lag /; and ~(h;) on the y-axis. The exper-
imental semivariogram consists of a set of discrete points
and is often fitted as a mathematical model. Common
semivariogram models can be found in the reference (Olea
2000).
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Table2  Mechanical parameters of the rock

and joint elements

Element Homogeneity index Mean of Young’s modulus (GPa)  Poisson’s ratio  Mean of UCS (MPa) Density (g cm °)  Friction angle
Rock element 10 15.72 0.31 59.35 2.795 43.88
Joint element 10 1.572 031 1.978 0.2795 4.388
UCS uniaxial compression strength
. . - 3h I
By assuming GSI following the geostatistical law (refer to y(h) = C+ 0 208 0 0<h=a (4)
the discussion), the experimental semivariogram of GSI is C+56 h>a

calculated according to Eq. 3.

semivariogram of GSI values along different directions is pre-
sented in Fig. 9 with the bullets, and the search for pairs has
been performed along the major, semi-major, and minor di-

rection at a lag of 6 m. The data in
semivariogram of GSI can be fitted
spherical model and a random model:

The experimental

Fig. 9 reveal that the
as a combination of a

where C is the nugget, which is noted as a difference at a
sample separation distance of zero; ¢ is the sill, which equals
to the difference between the maximum difference of sample
pairs and the nugget; and « is the range, which represents the
maximum distance which sample pairs can be said to have

some relationship to their separation distance.
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Fig. 9 Anisotropic experimental semivariogram of GSI. (a) Major axis; (b) semi-major axis; (c) minor axis

When the regionalized variable exhibits different charac-
teristics in various direction, the semivariogram is anisotropic.
Anisotropy is usually characterized through geometric, zonal,
or separable models, and these elementary models of anisot-
ropy can be composed to provide more complex anisotropies
(Allard et al. 2016). In the Shuguang gold and copper mine,
only geometric anisotropy is taken into consideration.
Geometric anisotropy occurs when the range, but not the sill,
of the semivariogram changes in different directions. The iso-
surface of the geometric anisotropic semivariogram is an el-
lipsoid in the 3D space defined by three principle directions
(major axis, semi-major axis, and minor axis). One way in
which geometric anisotropy can be identified is by calculating
and plotting experimental directional semivariogram.
Differences in experimental variograms computed using dif-
ferent directions could be an indication of anisotropy, and the
general steps for determining the geometric anisotropic
semivariogram can be found in the reference (Nakaya et al.
2002). In this article, following the methodology previously
stated, the anisotropic semivariogram ellipsoid parameters of
GSI are listed in Table 3.

In this article, the OK method is employed to estimate
unknown values from sampled data using the obtained aniso-
tropic semivariogram. The OK method, developed by Danie
Krige and Georges Matheron in 1960s, is an unbiased, opti-
mal, and linear valuation method under certain conditions
(Olea 2000). A key feature of the OK method is that it uses
any spatial correlation that may exist between sample points to
inform the weighting of the effects of sample points on a
prediction point. The weights are generated by the
semivariogram for the geological domain for the block being
estimated. In essence, the OK method is a spatial-based re-
gression approach to obtain the optimum weighting to apply
to the samples informing the block estimate. As shown in
Fig. 10, each block unit gets its individual GSI value through
the OK spatial interpolation.

Generation of the heterogenous mechanical
parameter block model

In this article, the Hoek-Brown method (Hoek and Carranza-
Torres 2002) is used to evaluate the mechanical parameters of
rock mass in each block unit. The Hoek-Brown method starts
from the properties of intact rock and then introduced factors
to reduce these properties, and it has been widely accepted and
applied in many rock projects around the world. The Hoek-
Brown method can give smooth continuous transitions for the
entire range of GSI values, which means the Hoek-Brown
method can handle rock mass with clear heterogeneity range
from poorly interlocked rock mass (GSI<25) to very well
interlocked rock mass (GSI > 75) in a rock slope engineering.
Four kinds of parameters, including intact rock parameters
(density, UCS, and material constant), GSI of rock mass, dis-
turbance factor, and buried depth of rock mass, are required in
the Hoek-Brown method. Laboratory tests and geological ob-
servations can provide a rigorous and unambiguous input for
the analysis. As the output of Hoek-Brown method, the defor-
mation (elastic modulus) and strength parameters (compres-
sive strength, tensile strength, cohesion, and friction) of rock
masses are obtained. Those mechanical parameters are next
used in the slope stability analyses with limit equilibrium
method (LEM).

For an open-pit mines, the properties of rock mass are
particularly sensitive to engineering disturbance, including
blast damage and stress relaxation, which is considered in the
Hoek-Brown criterion. The Hoek-Brown criterion has given
simple recommended values for the disturbance factor D in
different operating conditions (Hoek 2012). Ideally, numer-
ical modeling should include several layers parallel to the
slope surface, with a decreasing disturbance factor assigned
to each layer (Hoek 2012). In situ experience show that the
ultrasonic wave velocity can effectively reflect the rock mass
loosening and damage caused by engineering disturbance.

Table 3  Anisotropic semivariogram ellipsoid parameters of GSI
Nugget Sill Range Bearing Plunge Dip Major/semi Major/minor
5.80 5.30 210 m 66° 0° —30° 1.2 1.4
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Fig. 10 Block model of GSI (a) 63.0
elastic modulus. (b) Profiles of
elastic modulus. (c) Compressive 59.7
strength. (d) Profiles of compres-
sive strength. (e) Tensile strength. - 56.5
(f) Profiles of tensile strength. (g)
Cohesion. (h) Profiles of cohesion - 53.2
ﬂ 499
46.6
434
40.1

Therefore, itis practicable for the wave velocity to be utilized
to determine the disturbance factor. To achieve this goal,
drilling boreholes are set in the direction along the vertical
wall to measure the wave velocity. A comparison ofthe wave
velocity before and after the excavation or the deep and shal-
low rock mass can be used to determine the disturbance factor
and its extension. In addition, the Hoek-Brown method sug-
gests that the elastic modulus E,, can be estimated using the
following equation:

D Oci iSI—
En(GPa) = <1—2> o 010(“40”’) e < 100MPa
D -
En(GPa) = <1—7>10(—°Sio‘°) 0o > 100MPa
(5)

For an undisturbed rock mass, the disturbance factor D =0,
and the elastic modulus is £ p; the elastic modulus is £, for a
damaged rock mass with a disturbance factor D:

E UD 1
2= (©
Ep 1-D/2

Recall that the elastic modulus of rock mass and its ultra-
sonic wave velocity can be related via:

_ Em(lilLL)
=\ o (=2 7

where v, is the ultrasonic wave velocity, p is the density of
rock mass, and p is the Poisson ratio. The average ultrasonic
wave velocity is vy for the undisturbed rock mass, and v, for
the damaged rock mass. The disturbance factor can be deter-
mined from Eq. 6 and Eq. 7 as:

D =2(1-K) (8)

where K = (vp/vyp)*. To ensure D < 1, the K is set to 0.5 when
(vplvup)* <0.5.
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In the Shuguang gold and copper mine, we assumed that
the whole pit follows the same ultrasonic wave velocity test
result with the typical borehole, shown in Fig. 7. Equation 8 is
employed to obtain the disturbance factor D, and vyp=
5.45km/s. Following the velocity test result, two layers parallel
to the open-pit surface, with buried depth 12 m and 24 m, are
assigned with the disturbance factor 1.00 and 0.31. However,
in the heterogenous numerical modeling, this level of sophis-
tication is not justified, especially the spatial variability of
disturbance factor is ignored. In fact, the selection of distur-
bance factor D is still a challenge problem in the heterogenous
numerical model when applying the Hoek-Brown method.

In fact, the heterogeneity of rock mass mechanical param-
eters is affected by many issues including rock properties (li-
thology, mineral composition, cementation, etc.), discontinu-
ity properties (rock mass quality, joint surface condition, etc.),
and external disturbance (weathering, blasting, unloading, hy-
drogeology, etc.). In this article, only the spatial distribution of
rock mass quality GSI, lithology, and external disturbance are
taken into consideration. Other issues (including properties of
intact rock) are simplified as constant in each lithology.
MATLAB codes were developed to implement the Hoek-
Brown method in each block unit. As shown in the Fig. 11,
both the deformation and strength parameters have a strong
heterogeneity even in the same lithology.

Validation of the heterogenous mechanical
parameter block model

The block model can easily transform into a finite element
mesh if necessary. As shown in Fig. 12, the smooth lithologic
interface is represented by a jagged interface in the block
model, which will lead to a local stress concentration in the
finite element analysis. As reported by Cai and Kaiser (2018),
the lithologic interface has a significant influence on the over-
all stiffness of an engineering rock mass. Thus, block units
that intersect with the lithologic interface need be remeshed. A
block unit is divided into several parts by the lithologic
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Fig. 11 Block model of
mechanical parameters
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then be written into any element mesh file format. Morgenstern method embedded in the software SLOPE/W is

L. REV mesh

Block unit boundary

Lithology interface

[ ]
remesh

Natural
lithology interface

Jagged
lithology interface

® Remesh (§

Fig. 12 Remesh of the block model
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used to search the critical slip surface with the lowest factor of
safety. In this process, the Mohr-Coulomb methods are used
to get the resistance force and the nonlinear failure criteria are
ignored. Thus, only cohesion, friction angle, and density are
considered in the slope stability analyses process. The single
bench landslide occurred in the northern pit with a height of
12 m. Compared with the resolution (block unit is 12 m in
cube) of the mechanical parameter block model, the landslide
area is relatively small. In fact, opportune disposal measures
were executed after the landslide immediately, and we cannot
find a landslide case that crosses several benches in the north-
ern pit. Still, the analysis for the shallow landslide can verify
the heterogenous mechanical parameter block model to some
extent.

A detailed geological investigation was carried out in the
representative profile, shown in Fig. 13. Geological boreholes
and surface photography have indicated the rock layers and
GSI of rock masses. Especially, the fracture zones were deter-
mined which have a negative influence on the slope stability.
Besides, two water table measurement wells and the water
outlet point have given a rough estimation for the water table
line which was taken into consideration in the calculation.

As shown in Fig. 14, when assuming the rock mass is
homogeneous in each lithology and the average strength prop-
erties are used in the calculation, the factor of safety is esti-
mated at 1.16 and hence the slope is considered remaining in a
safe state. However, the factor of safety decreases to 0.96
when the heterogenous mechanical parameter block model is
taken into consideration, revealing landslide tends to occur
which is consistent with in situ investigations. The result in-
dicated that the geostatistics-based mechanical parameter
block model can represent the natural fact of rock mass more
effectively, compared with simple lithology partitioning.

Optimization of the UPL
Determination for the steepest safe slope angle

As shown in Fig. 15, according to the available mining equip-
ment including drilling rig, power shovel, and mining truck,
four possible slope configuration designs (A, B, C, and D) in
the northern pit were proposed, and the slope design dimen-
sions (bench height, bench width, bench face angle, and ramp
width) are listed in Table 4. Each design will bring its unique
UPL and thus different location and veins of slope, shown in
Fig. 15. In general, the slope angle of a UPL should be as steep
as possible within the premise of safety (Bye and Bell 2001).
According to the service life of the final slope, the allowed
safety factor for the overall slope is set at 1.30. Since any
engineering disaster may bring an irreparable consequence,
the stability for partial slope including interramp slope and
single bench are taken into consideration. After communication
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with the in situ engineers, the slope stability for interramp slope
and single bench is checked to avoid potential landslide, and
the allowed safety factor is set at 1.15 and 1.05 for interramp
slope and single bench, respectively.

Many studies indicated that the seismic loads and water
table hav a significant influence on the slope stability. Here,
the seismic load is set at 0.1 g both in horizontal and vertical
according to the suggestion from in situ engineers. Two kinds
of water table condition are taken into consideration; the high
water table line in pink is obtained by field measurement, and
the low water table line in white is an assumption with drain-
age measures. Besides, we assume that the disturbance factor
is aligned with the ultrasonic wave velocity test for each slope
geometry. Both the homogenous and heterogeneous mechan-
ical parameter block model are utilized to examine the stabil-
ity of open-pit slopes in different slope deigns.

The slope stability analysis result for four possible slope
configurations is shown in Fig. 15, and the safety factor pairs
for two kinds of water table condition are recorded. The safety
factor of the overall slope continues decreasing with the in-
crease of slope angle when assuming the rock mass is homog-
enous, and the unacceptable safety factors are marked in red in
Fig. 15. The slope design A and B features the constraints of
safety factor in different situation. Thus, a steepest safe angle
41.2° (corresponding to slope design B) is determined in the
original UPL optimization program.

When the heterogeneous mechanical parameter block mod-
el is taken into consideration, the safety factor for the overall
slope of slope design A is minimum even the slope angle
remains at a low level. The slope stability gets much improve-
ment in slope design B, C, and D. A higher slope angle can
effectively excavate the fracture zone, and the bottom strong
rock mass is exposed which brings a higher safety factor.
Especially, the slope remains stable from every single bench
to overall slope in design C under different water table condi-
tion. Finally, the result of the limit equilibrium method con-
sidering heterogeneity can give a steepest safe angle (43.6°)
for the northern pit.

UPL optimization

As one of the most popular UPL optimization method,
Lerchs-Grossmann (LG) algorithm (Lerchs and
Grossmann 1965; Hustrulid and Kuchta 1998) uses graph
theory to yield the optimum final pit outline. In this arti-
cle, the LG algorithm embedded in the mining software
Whittle is employed to perform the UPL optimization.
This model requires defining, assessing, and assuring
many important parameters used in the feasibility study
and that may have relevant consequences over the future
results of the project. The selection of such parameters is
a complex engineering decision due to their enormous
economic impact on the mining operation, as they will
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Fig. 13 Geological investigation in the representative profile with landslide

significantly affect the mine design and planning. The
economic parameters of the UPL optimization are listed
in Table 5, and the price unit is Chinese yuan.

As shown in Fig. 16, compared with the original UPL, the
slope angle of the new UPL has an average 1° to 6° increases.
The stripping ratio is decreased from 0.92#/¢ in the original
UPL to 0.53#/t in the new UPL. The cutoff equivalent grade
of gold (dAu) in the current economic parameters is 0.38g/z.
Besides, zone 1V is divided into two new geological zones
with different slope angle. Finally, the new UPL considering
geostatistics-based heterogeneous mechanical parameter
block model can bring 15.84 million tons of ore and reduce
20.83 million tons of waste rock. In addition, the slope angle
can be further steepened if drainage and reinforcement mea-
sures are applied.

Fig. 14 Slope stability analyses
of homogeneous and
heterogeneous rock mass. (a)
Homogeneous rock mass. (b)
Heterogeneous rock mass. Color
in each block represents cohesion
that shares the same legend with
Fig. 11. Water table line in pink
and critical slip surface in white

In fact, the Shuguang gold and copper mine is a large multi-
origin magmatic hydrothermal deposit. As shown in Fig. 17,
metallogenic hydrothermal fluids will preferentially enter the
fractured rock mass, and the contamination further reduces the
rock mass quality. The fractional crystallization of
metallogenic hydrothermal allows the formation of deposits.
This special mineralization leads to a phenomenon that the
higher the grade, the worse the rock mass quality. As shown
in Fig. 18, there is a linear negative correlation between equiv-
alent grade and GSI of rock masses.

To keep the slope in a safe state, the original UPL
design is trying to decrease the slope angle by leaving
some low-grade ores in the pit. The new UPL prefers to
excavate the low-grade ore body with fragile mechanical
properties. Due to the specific genesis of deposit, the new

Bench 554

Fs=1.16
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Table 4 Dimension of four possible slope geometry designs

Slope design ~ Bench height ~ Bench face angle =~ Bench width ~ Ramp width Interramp slope angle ~ Overall slope angle
A 12 m 65° 8 m 16 m each three benches ~ 47.7° 38.8°
B 12m 70° 8§ m 16 m each three benches 51.1° 41.2°
C 24 m 65° 12 m 24 m each two benches 54.5° 43.6°
D 24 m 70° 12 m 24 m each two benches 58.4° 46.5°
UPL can improve slope stability and bring economic ben-  than 2 years. No new landslide records have proven the

efit. Until the end of 2019, the new UPL design has been  rationality of the geostatistics-based heterogenous me-
carried out in the Shuguang gold and copper mine more  chanical parameter block model.
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Fig. 15 Slope stability analysis of four possible slope geometry designs. that shares the same legend with Fig. 11. Safety factor pairs are calculated
(a) Homogenous rock mass. (b) Heterogenous rock mass. High water under high water table and low water table with drainage measures, and
table line in pink, low water table line in white, and potential landslide unacceptable safety factors are marked in red

with lowest safety factor in gray. Color in each block represents cohesion
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Table 5 Economic parameters of the UPL optimization

Mining cost Stripping cost Reclamation Tax Salary

6.42 ¥/t 4.95 ¥/t 0.64 ¥/t 8.49 ¥/t 6.50 ¥/t

Mineral processing cost Metallurgical recovery of gold Metallurgical recovery of copper Safety fee for mining Safety fee for mineral processing
33.87 ¥/t 64.1% 80.72% 5.00 ¥/t 1.00 ¥/t

Recovery Dilution Price of gold Price of copper

0.97 1.045 242.61 ¥/g 23,473.67 ¥/t

Price unit ¥: Chinese yuan

Discussion

Applicable conditions of the geostatistics-block-based
method

The appropriate spatial scale and object for proper appli-
cation of the geostatistics-based analysis should be defined
at first. In other words, the object must follow certain
geostatistical rules within the scale of investigation. Since
rock masses in the Shuguang gold and copper mine are
similar in lithology, geological structure, and geological
age, we believe that the application of geostatistical anal-
ysis in this article is appropriate. As for the suitable objects
for the geostatistical analysis, grade and mineral composi-
tion are the most reliable parameters, which have been
proven by numerous studies (Rendu 1978), and they have
been widely applied in the mineral resource management.
Besides, many researchers demonstrated that geostatistical
methods can be used for the analysis of discontinuity
(Priest 1993) and rock mass quality (Stavropoulou et al.

2007; Egafia and Ortiz 2013; Mayer and Stead 2017).
Other parameters, such as porosity and density (Maliva
2016), also follow geostatistical distribution, even though
they are not discussed in this article.

In rock engineering, the discontinuities are divided into
five classes (I, II, III, IV, and V), and this classification
can be found in literature (Cai 2002). Since different
scales of discontinuities have different mechanical prop-
erties, thus different analyses methods are used. In an
open-pit mine, small-scale discontinuities (class IV and
V), size ranges from 10°m to 10" m, are called statistical
discontinuity. Rock masses containing those statistical
discontinuities are considered equivalent continuous me-
dium using the Hoek-Brown method. Large-scale discon-
tinuities (I, II, and III) ranging from hundred meters to
several kilometers have a fundamental influence on the
slope stability and control the failure pattern. Those
large-scale discontinuities prefer to cross several strata
and should reflect in the 3D geological model and be
treated as a special lithology.

North pit: Zone I-2

Less ore 1.39 million tons

Less wa

Zone |-2

Zone I-1
t0 43.5° (+2.5°) 4

West pit: Zone I-1 and Zone V
More ore 1.28 million tons
More waste rock 0.75 million tons

Zone V
to 46° (+0°)

to 46° (+6°)

South pit: Zone V-1 and Zone V-2
More ore 8.88 million tons
More waste rock 7.06 million tons

ste rock 29.94 million tons

to 41.5° (+1°)
Zone |l
to 38° (+3°)

Zone |l
to 46° (+5°)

East pit: Zone Il and Zone IlI
More ore 7.17 million tons
More waste rock 6.04 million tons

Zone V-1
to 44° (+4°)

Fig. 16 Comparison of new UPL and original UPL. New UPL in red and original UPL in cyan-blue

@ Springer



1698

F.Liuetal.

Fig. 17 Illustration for the multi-
origin magmatic hydrothermal
deposit

Extensions and defects of the geostatistics-based
method

It is inevitable that the established mechanical parameter block
model using the geostatistical method remains an error, and
we attempt to identify and reduce the errors. For the geological
valuation process, we can adopt different spatial interpolation
methods based on the abundance of geological data. OK in-
terpolation is employed to handle geological parameters with
abundant measurement data. The inverted distance weighting
(IDW) method is applied when limited measurement data are
available (Ferreira et al. 2017; Sajid et al. 2013; Myers 1994).
We believe that the valuation error can be controlled effective-
ly with enough natural geological data and a precise
geostatistical valuation process. Another error source is the
inaccuracy of the Hoek-Brown method, which is the key to
this method. Since the Hoek-Brown method is a
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Fig. 18 The relationship between GSI and equivalent grade of gold
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semiquantitative empirical method, the mechanical parame-
ters obtained by the Hoek-Brown method are more of an es-
timation than an accurate measurement. Although a detailed
geological investigation and sufficient laboratory experiments
may help us obtain a more reliable result, further studies
should be launched to mitigate this error. A feasible way to
solve this problem is to perform additional correction based on
back analysis using the monitoring data.

This article indicated that the heterogeneity of rock mass
plays an important role in the UPL optimization. Geostatistics-
based method can give a precise characterization for the nat-
ural heterogenous rock mass. Stability analysis considering
heterogenous properties of rock mass can get a more reason-
able slope angle, which can improve the slope stability as well
as bring economic benefits. Besides, the block model is an
effective tool in characterizing the heterogeneity of rock
masses. In fact, the block model for ore grade (mineral com-
position) has been widely applied in the open-pit mine espe-
cially in the optimization of pit limit using computer-assisted
hand methods. Geological data, mechanical parameters, and
mining information can share the same data format and be
stored in the same block model.

Conclusion

With the continuous resource development, deep open pit is
the tendency of surface mine; the increasing complexity of
UPL design in heterogeneous rock masses necessitates the
application of more advanced models considering the large
variations of rock properties. This article proposes a
geostatistics-block-based method to characterize the
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heterogeneous mechanical parameters of rock mass. The UPL
optimization considering heterogeneous rock properties in the
Shuguang gold and copper open-pit mine can not only im-
prove the slope stability but also bring economic benefits.

(1) By collecting specific geological data (especially rock
mass quality GSI and ultrasonic wave velocity) in the
exploratory boreholes, the combination of geostatistical
analysis and the Hoek-Brown method allows us to obtain
more detailed heterogeneous mechanical parameters
from limited measurements. The error of the heteroge-
neous mechanical parameter block model can be con-
trolled in a reasonable range when sufficient geological
data are available.

(2) Compared with the homogeneous mechanical parame-
ters field, the slope stability analysis of the rock landslide
is more appropriate using heterogeneous mechanical pa-
rameter block model. The results have verified the ratio-
nality of geostatistics-block-based method and indicated
that heterogeneity is an indispensable part of engineering
analysis.

(3) Inthe Shuguang gold and copper mine, a new optimized
UPL design was proposed by considering the
geostatistics-based heterogenous rock properties. Due
to the specific genesis of deposit, the UPL limit can ef-
fectively excavate the fragile rock mass; the slope angle
and safety factor are both increased. Although site-spe-
cific, this optimization process considering heterogeneity
of rock properties can be useful for similar situations.
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