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Abstract

Mechanical parameters of rock mass in mining engineering feature the characteristics of spatial variability and time decay,
and it plays an important role in the slope stability analysis. The mechanical behaviour of rock engineering in low in-situ
stress condition is highly affected by the rock mass quality. In this paper, the distribution of geological strength index (GSI)
was obtained by geostatistics-based methods to determine the spatial variability of mechanical parameters. Moreover,
mechanical parameters of rock masses in open-pit mine are deteriorating continuously in the mining process. A damage model
using microseism (MS) data was proposed to describe the time decay of mechanical parameters. Additionally, the dynamic
programming method was used to search the rough critical slip surface and factor of safety considering the heterogeneous
mechanical parameters. An example was further employed to demonstrate these proposed methods in the Dagushan open-pit
mine. The results indicated that incorporation of spatial variability and time decay into mechanical parameters leaded to a
fundamental change in the slope stability. Our study helps to provide detailed mechanical parameters, which contribute to a
more reasonable explanation as well as provide governance measures for the rock landslides.
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1 Introduction

Reliable estimates of rock mass properties are essential for
almost any rock engineering. The quality of the geological
models and of the geotechnical information available can-
not be overemphasized. Without reliable background infor-
mation, the rock engineering stability analysis becomes a
meaningless exercise (Hoek 2007). The key to geotechnical
numerical simulation is a rigorous mechanical model and
precise mechanical parameters, and the results produced by
numerical models are only as good as the input data. An
accurate geological model is essential, and realistic esti-
mates of heterogeneous rock mass mechanical parameters
are required. Due to the inherent variability within natural
geological structures, the rock mass properties have an obvi-
ous spatial variability even under the same lithology.
Ideally, enough natural geological data will give a
detailed description of the spatial variability of rock mass
properties, but expensive drilling costs limit the amount of
geological data. Geotechnical design projects often suffer
from inherent information deficiencies associated with the
difficult and often impractical nature of collecting large data-
sets (Read and Stacey 2018). Fortunately, many geological
parameters follow the geostatistics law that has an inner rela-
tionship with the spatial location (Caers 2005; Priest 1993;
Rendu 1978). Stavropoulou et al. (2007) developed a quick
solver in Fortran to perform variography analysis of 3D spa-
tial data, and fast kriging estimation of RMR between bore-
hole sampling locations. Mayer and Stead (Mayer and Stead
2017) compared the traditional, step-path, and geo-statistical
methods in the stability analysis of the Ok Tedi large open-
pit mine. The results indicated that oversimplification of the
spatial heterogeneity favors conservative design practices,
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with an overestimation of the probability of failure. Egafia
and Ortiz (2013) presented the advantages of applying geo-
statistics in the assessment of geotechnical variables. In
addition, many researchers have provided risk assessment
in geotechnical engineering without natural geological data
(Fenton and Griffiths 2008; Griffiths et al. 2009; Jiang et al.
2014; Liet al. 2015). Engineering experience indicates that
at low in-situ stress conditions like slope engineering or low-
buried tunnels, the failure of rock masses is often controlled
by persistent natural discontinuities (Cai et al. 2001). In this
paper, due to the landslide case study was an open-pit mine,
we just focused on the spatial variability of rock mass qual-
ity GSI, other issues can be considered in the future work.

Furthermore, rock mass properties are time-dependent and
loading-dependent. The deformability and strength character-
istics of rock mass are inevitably reduced due to rock damage
induced by excavation disturbances. Usually, a description of
time decay rock mass behaviour should include the effect of
mechanical parameters deteriorates with time and/or defor-
mation. Related numerical methods are primarily focused
on the strain-softening model (Bazant et al. 1984), rheol-
ogy model (Cristescu and Hunsche 1998) and damage model
(Tang 1997). By considering the continuum deterioration of
mechanical parameters in the failure process, the strain-sof-
tening method can model the overall behaviour of rock mass
without going into the micro-crack (Lee and Pietruszczak
2008; Wang et al. 2011). For the rheology model, the con-
stitutive description for the time decay behaviour are based
on the utilizing information obtained from rheology tests
(Maranini and Yamaguchi 2001; Zhou et al. 2011), or the
combination of several basic mechanical elements (Fakhimi
and Fairhurst 1994; Malan 1999). The time decay of rock
mass mechanical parameters is associated with the initiation,
propagation, and coalescence of microcracks. Micromechani-
cal damage models have been widely used to describe the
time decay behaviour of rock mass (Zhu and Tang 2004).
Besides, many researches indicated that the data-driven back
analysis method is an effective tool to character time decay of
rock mass (Feng et al. 2000; Sharifzadeh et al. 2013).

In recent years, the MS technique has been applied in
various geotechnical engineering projects for daily safety
monitoring (Lebert et al. 2011; Ma et al. 2015; Zhou et al.
2017). Many studies suggest that MS events are indica-
tors of rock damage, and MS monitoring is an efficient
method for observing rock damage. This nondestructive
technique can achieve fast, accurate and real-time source
location. The combination of numerical simulation and
MS monitoring is a promising method for analysis of rock
damage. The key issue is to establish a quantitative rela-
tionship between MS events and rock damage variables
that modify the rock mass properties. Cai et al. (2001) pro-
posed a softening anisotropic numerical model that used
acoustic emission data as input to determine the state of
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damage. Furthermore, Cai et al. (2007) presented a method
to back-calculate the rock mass strength parameters using
MS monitoring data. Xu et al. (2014) utilized the MS data
as input to degrade the mechanical parameters of rock
elements in the numerical model, and then recognized
the potential sliding surface of the rock slope. Zhao et al.
(2017) analysed the damage and failure characteristics of
rock mass based on the analysis of the temporal and spatial
change of MS events and source parameters. Zhou et al.
(2018) proposed a numerical model coupling joints, water
and microseismicity to simulate rock mass damage evolu-
tion process. In this paper, a MS-driven damage model
based on energy dissipation theory was proposed to char-
acterize the time decay of mechanical parameters.

A slope stability analysis consists of the determination
of the critical slip surface with the lowest safety factor and
the calculation of a safety factor for the specified critical
slip surface. Classical limit equilibrium methods gener-
ally make use of assumptions regarding the relationship
between the inter-slice forces. However, the actual stresses
within a slope are quite irregular due to the heterogene-
ous mechanical parameters, which can lead to a more tor-
tuous critical slip surface and an uncertain safety factor.
By considering complex stress state and heterogeneous
mechanical parameters, the dynamic programming method
can provide a more complete solution for the slope stabil-
ity analysis (Baker 1980; Pham and Fredlund 2003).

In this paper, we proposed a new approach for rock
slope stability analysis considering both spatial variability
and time decay mechanical parameters. As shown in Fig. 1,
this method features the following main steps. First, the
octree method was employed to discrete the research area
into a block model. Then, specific geological data were
collected, and spatial interpolation was used to ensure
each block unit obtains its individual geological param-
eters with the geostatistical method. The spatial variability
mechanical parameters in each block were obtained by the
Hoek—Brown method (Hoek and Carranza-Torres 2002).
Furthermore, a MS-driven damage model was established
based on the energy dissipation theory. A program was
developed with the FISH language embedded in FLAC to
search rock units within the damage scope of MS events
and weakening the mechanical parameter of rock units.
The damage field evolution process was visualized, and
a time decry mechanical parameters block model was
obtained. At last, combined with the in-situ engineering
investigation and heterogeneous mechanical parameters, a
method combining dynamic programming and stress anal-
ysis was used to identify the potential tortuous critical slip
surface and safety factor. As a case study, the Dagushan
iron open-pit mine was employed to demonstrate the pro-
posed approach.

2 Engineering Background
2.1 Project Overview

The Dagushan iron open-pit mine, located in Anshan
City, Liaoning Province, P. R. China, was subject to the
threat of landslide. As shown in Fig. 2a, the mine, with a
length of 1620 m from east to west and a width of 1560 m
from south to north, has been mined more than one hun-
dred years and the depth has reached 450 m as of 2019.
As shown in Fig. 2b, a research area was selected and a
three-dimensional (3D) geological model shown in Fig. 2¢
has been built for the stability analysis. The research area
contains four kinds of lithologies, including granite, phyl-
lite, magnetite quartzite and porphyrite. In addition, there
are two main faults on the left and right of the magnetite
quartzite, namely, fault F14 and fault F15, respectively.
The engineering geological investigation indicates that
each fault has an average thickness of 6 m, and such infor-
mation is presented in the 3D geological model.

As shown in Fig. 3a, a landslide with a height over 72 m
occurred at the north of the open-pit on May 27, 2018.
Actually, in the summer of 2017, a prediction was made
for the location of landslide based on many premonitions,
including large deformation and cracks on the slope sur-
face of the open-pit (see Fig. 3b). A typical profile was
selected to perform detailed slope stability analysis. As
shown in Fig. 2c, the typical profile was located in the
center of landslide zone and perpendicular to the slope
surface. The direction of typical profile was 26.6° north to
west. As shown in Fig. 2d, the engineering investigation
presented the top and bottom border of the landslide in
the typical profile. After the rock landslide, the local slope
angle decreased from 47° to 42°. During the mining period
from September 01, 2017 to May 27, 2018, two benches
were excavated and the mining activities were mainly con-
centrated on the bottom border of the landslide. In addi-
tion, a detailed engineering geological investigation and a
MS monitoring system were installed in the research area.

2.2 Laboratory Experiment

As shown in Fig. 4, cores with different types of litholo-
gies were taken from the boreholes. During the cutting
period, water was utilized to cool down the high temper-
ature due to intense friction. Unfortunately, part of the
specimen was inevitably injured for its fragile properties
and water-weakening impact, especially rock samples from
the fault zone and chlorites. The acoustic wave velocities
of the specimens were investigated, and specimens with
a large discreteness were excluded. Finally, more than 40
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Fig. 1 Flowchart of the rock mass property modification

rock specimens were collected to test their basic physical
and mechanical parameters.

In this paper, the Hoek—-Brown method (Hoek and
Carranza-Torres 2002) was used to evaluate the mechani-
cal parameters of rock masses. The Hoek—Brown method
started from the properties of intact rock and then intro-
duced factors to reduce these properties on the basis of
the characteristics of discontinuities in a rock mass, and it
has been widely accepted and applied in a large number of
rock projects around the world. According to the demands
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of the Hoek—Brown method, the physical and mechanical
properties of intact rock samples, including density, Pois-
son’s ratio and uniaxial compression strength (UCS) were
measured. Density was measured with a high-precision
equipment. Poisson’s ratio and UCS were measured using
a compression testing machine. Besides, material constant
(m;) was assigned for each lithologies based on previously
published literature (Hoek and Carranza-Torres 2002). The
basic physical and mechanical parameters of the intact
rock were listed in Table 1.
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Fig.2 Photograph of the
Dagushan open-pit mine. (a)
Overview of the Dagushan
open-pit mine. (b) Overview of
the study area. (c) 3D geo-
logical model of the study area.
Migmatite in blue, porphyrite
in green, magnetite quartzite in
red, fault in yellow and chlorites
in cyan-blue. Typical profile

in gray, landslide zone in pink
region, MS sensors in gray
square (S9 for three-component
MS sensor), boreholes in gray
circle (ZK1 and ZK?2 for geo-
logical logging, see Fig. 4; ZK3
for drilling camera measure-
ment, see Fig. 5), photogram-
metry measurements of rock
exposure in gray band, and
photogrammetry sampling point
of Fig. 7 is located between

MS sensor S1 and S2. (d) Rock
landslide in the typical profile
(color figure online)

BPT
200
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(b) Concentrator 1.5 km away . Dump
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Fig.3 Photograph of the rock
mechanics disaster. (a) Photo-
graph of landslides. Landslide
border in red line. (b) Crack
in the top border of landslide
(— 138m bench) (color figure
online)

2.3 Discontinuity and Rock Mass Quality

To adequately represent jointed rock mass in the 3D geologi-
cal model, three methods were employed to obtain disconti-
nuity data, including geological logging of typical boreholes
(two boreholes including 16 sampling points, see Fig. 5),
drilling camera measurements (one boreholes including 8
sampling points, see Fig. 6) and photogrammetry meas-
urements of rock exposure (70 ShapeMetriX3D sampling
points, see Fig. 7). Especially, the photogrammetry tech-
nique can get detailed discontinuity information from metric
3D images, including trace, trace length, volume frequency,
dip angle and spacing. Such information was necessary for
the size effect analysis of the jointed rock mass in Sect. 3.1.

In this paper, the GSI was used to quantify the rock mass
quality. As shown in Fig. 8, the GSI can be obtained by
two independent variables, namely the structure rating (SR)
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based on discontinuity volume frequency J,, and the surface
condition rating (SCR) based on the roughness (R,), weath-
ering (R,,) and infilling (R;) of discontinuities. Those values
can be found in Sonmez and Ulusay’s (1999) previous study,
and the SR and SCR can be obtained using the following
expressions:

SR =—17.5InJ, +79.8, )

SCR =R, +R,, +R;. )

Finally, 94 discontinuity sampling points were placed in
the research area, and each sampling point has its unique
GSI value. Those sampling points are used to evalu-
ate the spatial variability of rock mass quality GSI (see
Sect. 4.1), and enough sampling points are needed in the
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Fig.4 Rock specimens drilling
from borehole

Core taken from theboreholes

Table 1 .Basic physical a?d Lithology Wave veloc-  Density (g~cm‘3) UCS (MPa) Poisson’s ratio Material
mechanical parameters of intact ity (m S—l) constant
rock
Magnetite quartzite 4269 3586 109.29 0.18 27
Migmatite 3754 2753 62.29 0.23 21
Chlorites 2809 2478 17.55 0.28 23
Porphyrite 3839 2794 93.61 0.21 9
Fault - 2339 8.25 0.30 4

geostatistics-based method. Unfortunately, the landslide
area was too dangerous to access, and the falling stone has
covered most of the slope surface in the landslide area. The
location of most sampling points (boreholes or photogram-
metry) are remaining a distance with the landslide area. In
the open-pit mine, here we provide two possible ways to
collect large amount of GSI values effectively. For most
open-pit mine, there is an abounded geological drilling
boreholes database for the mineral resources manage-
ment, and the geological logging of boreholes can provide
enough sampling point of GSI. Besides, the combination of
drone and artificial intelligence (AI) algorithm may provide
an efficient tool to collect GSI from the rock exposure.

2.4 MS Activity

In order to monitor stress, we analyse failure progress and
locate damage zones in the rock mass; a total of nine MS
sensors were installed, forming a sensor array along the
slope to cover the research area. The array comprised eight
single-component speedometers (WTgeo-1PHONE-200
with a sensitivity of 200 V/m/s) and a three-component
speedometer (WTgeo-3PHONE-200 with a sensitivity of
200 V/m/s). The sampling frequency was 2000 Hz and the
wave data were sampled by a collector (WTgeo-24ADC-12).
The array was placed approximately 20 m under the slope
surface. Several blasts were used to verify the location
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Fig.5 Geological logging of
typical borehole

ZK1 No.12 RQD=70% Jv=3.57 GSI=50.23

ZK1 No.13 RQD=59% Jv=5.65 GSI=42.92

ZK2 No.02 RQD=66% Jv=4.59 GSI=46.24 ZK2 No.13 RQD=67% Jv=4.34 GS|=48.94

accuracy of the MS monitoring system. As shown in Table 2,
the average location error was 12.0 m.

The MS monitoring system in the Dagushan open-pit
mine recorded signals from September 1, 2017 to Decem-
ber 31, 2017. During this period, the MS monitoring sen-
sor array and distribution of MS events located in the study
zone were presented in Fig. 9a. The events were coloured
by moment magnitude and sized by source energy. The dis-
tribution of MS events in the typical profile was presented
in Fig. 9b. The MS events’ density in the landslide zone was
much higher compared with the undisturbed area.

3 Octree-Based Block Model Generation

To describe the spatial distribution of rock mass properties
via a block model, a large area rock mass should be divided
into small units, and each unit should have distinct and defi-
nite parameters. The block model was used in this paper
because it can meet the need of geostatistical analysis, i.e.
each sample should have the same volume in the geostatisti-
cal analysis. The establishment of the block model simplifies
the topology relationship, and reduces the computer memory
usage, which assists in the implementation of this method.
Furthermore, the block model can easily transform into a
mesh of the finite difference method (FDM) if necessary.
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Block-based methods have stood the test of time and have
been implemented numerous in-situ engineering endeavours
throughout the world (Caers 2005).

3.1 Size Effect of Jointed Rock Mass

The shape and size of the block units take an important role in
the geostatistics-based estimation process and FDM analysis.
Without loss of generality, we set the shape of the block units
as cube, and the representative elementary volume (REV) of
jointed rock mass was set as a reference value for the initial
size of block units. As shown in Fig. 10a, the two-dimensional
rough discrete fracture network (RDFN) models were gener-
ated with Fourier-based generic math method based on the
discontinuity geometric information in Fig. 7. The digital
image processing (DIP) technique was employed to analyse
the size effect of jointed rock mass. First, a RDFN model was
transformed to a picture with a definite rule. For example, the
RDFN model with a size of 10 m was transformed into a pic-
ture (width: 1000 mm; height: 1000 mm; resolution: 300 dpi;
line width of rough fracture: 1.5 mm; format: “.png”; back-
ground colour: white; fracture colour: black). Then, the picture
was transferred to a matrix according to the greyscale, and the
matrix can be divided into two parts: rock element and fracture
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Fig.6 Drilling camera measure-
ments, J,=2.92, GSI=51.32

[ 48-50m | 50-52m || 52-54m || 54-56m || 56-58m || 58-52m |

element. Finally, the ratio of the fracture element in the matrix,
T, was calculated.

As shown in Fig. 10a, a series of RDFN models were
performed to study the size effect of jointed rock mass. The
relationship between the ratio of fracture element with the
sample sizes is presented in Fig. 10b. The ratio of the frac-
ture element was strongly affected by the sample size. The
ratio was quite unstable when the sample size was less than
7 m, and the change of ratio was not significant when the
sample size reached 8 m. The convergence condition was
settled as Eq. (3) according to reference (Kanit et al. 2003),
and these results indicate that the REV size for the jointed
rock mass should be 10 m:

w <1%. 3)

t

3.2 Generation of Block Model

In this paper, we combined all the geological information
(GSI, lithology), physical and mechanical parameters for
rock mass (density, wave velocity, elastic modulus, Pois-
son’s ratio, compressive strength, tensile strength, cohe-
sion and friction), mining information (mining schedule)
in one block model. The octree-based block model genera-
tion method has been widely applied in the mining engi-
neering, especially in the resource management and min-
ing schedule of open-pit mines. The basic principle and
coding process of the octree method can be found in the
related literature (Yerry and Shephard 1984). As shown
in Fig. 11, in this paper, three block models with different
unit size were generated using the octree method:

@ Springer
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Fig.7 Photogrammetry meas-
urements of rock exposure,
J,=4.18, GSI=42.18

3D rock mass exposure
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1. A full tree with a uniform size of 12 m for the GSI block surface, lithological interface and MS events. Due to the
model (see Fig. 14). As mentioned before, the REV special demand of octree method, the mesh size must be
size for the jointed rock mass was 10 m, considering the sequential half of the initial mesh size (12 m, 6 m,
the bench height of the Dagushan open-pit mine was 3m, 1.5m, 0.75 m, 0.375 m etc.). As shown in Fig. 12,
12 m, to get a good compatibility with the 3D geologi- when the minimum mesh size reached to 0.375 m,
cal model, we adopt the 12 m as the unit size of the GSI the element number increased to 8,846,976, and this
block model. exceeded the computing ability of ordinary computer.

2. An octree tree with a maximum size of 12 m and a min- Finally, considering the balance between computational

imum size of 0.75 m for the heterogeneous mechani-
cal parameters block model (see Figs. 15, 17, 18). The
mechanical parameters block model was then trans-
formed into an FDM mesh for stress analysis. As we
all know, a smaller mesh size will bring high-precision
numerical simulation result. Also, smaller mesh size
will increase the number of elements and the computing
time. In the mechanical parameters block model, rock
masses were remeshed in the region near to the slope
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efficiency and result accuracy, the minimum size of
octree-based FDM mesh was set as 0.75 m.

A full tree with a uniform size of 0.75 m for the land-
slide analysis (see Fig. 20). The landslide analysis block
model was then transformed into the FDM mesh in the
typical profile. The critical slip surface searched by the
dynamic programming method is a polyline between
the FDM nodes. To get an accurate critical slip sur-
face result, the mesh size should be as small as possi-
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Fig. 8 Quantization of GSI system

ble within the calculation ability. Besides, the dynamic
programming method performs better when the nodes
of FDM mesh are evenly distributed. Finally, a full tree
with a uniform size of 0.75 m was used. Since the typi-
cal profile was perpendicular to the ground and has an
angle of 26.6° counterclockwise from the north direc-
tion. The size of FDM mesh for landslide analysis in the
typical profile was 0.84 m in width and 0.75 m in height.

It is worth to notice that the block model with a smaller
unit size can inherit the parameters from the superior block
model. Those three block models share the same 3D geo-
logical model, but different block unit size, and that is
the key and main principle for the octree-based method
in this paper.
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T;acbllle 2Mé,ocatlf)n accuracy tests Time Location coordinate of blasting points  Location coordinate in monitoring Location
of the monitoring system (m) system (m) error/m
using blasting tests

North East Altitude  North East Altitude

2017/9/11 4,546,559.1 504,696.8 —2224  4,546,566.1 504,688.2 —232.6 148
2017/9/11 4,546,4754 504,6979 —222.5 4,546,477.5 504,705.7 —220.6 8.3
2017/9/12 4,546,592.5 504,705.3 —-222.2 4,546,587.1 504,687.8 —230 19.9
2017/10/11  4,546,621.5 504,861.7 —221.5 4,546,614.5 504,861.6 —2144  10.0
2017/10/11  4,546,626.3  504,880.1  —222.2 4,546,631.1 504,889.8 —2237 109
2017/10/12  4,546,640.6 504,846.9 —222.6 4,546,637.0 504,851.3 —226.3 6.8
2017/10/12  4,546,642.5 504,868.3 —222.3 4,546,651.6  504,877.7 —2229  13.1

Fig.9 MS monitoring system

and spatial distribution of MS e -66m Bench
events. (a) MS monitoring < O Migmatite
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Fig. 10 REV determination of

jointed rock mass. (a) Two- (a)
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4 Spatial Variability and Time Decay
Mechanical Parameters

4.1 Geostatistics-Based Assessment for the Spatial
Variability

Geostatistical analysis techniques are used to evaluate the val-
ues of unknown points using sampling points, and geostatistical

4 6 8 10 12 14 16
Sample size (m)

methods are only valid for spatially dependent data. The basic
method is to first identify and quantify the spatial structure of
the variables of concern and then to interpolate or estimate the
values of variables from neighboring values taking into account
their spatial structure. Many researches have proven the volume
frequency of discontinuity (Priest 1993; Caers 2005) and rock
mass quality (Egafia and Ortiz 2013; Eivazy et al. 2017) follow
certain geostatistical principle.
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Domain

Research area

Uniform: 0.75m  Fyll tree J

Uniform: 12m

GSI block model

Profile 26.6° north to west

Minimum: 0.75m

s

Full tree Octree tree

‘ Maximum: 12m
|
Mechanical parameters
block model & FDM mesh

FDM mesh: 0.75x%0.84m

/
[)

Landslide analysis
block model

Fig. 11 Octree-based block model generation

There are many available methods including ordinary
and universal kriging, inverse distance weighting (IDW),
interpolating polynomials, splines, and power and Fourier
series fitting are used to address the spatial interpolation.
Compared with other methods, most notably kriging, the
IDW method is not based on any mathematical or statistical
assumptions; it is strictly intuitive. Regression, kriging inter-
polation method is based on specific statistical/mathemati-
cal assumptions (second-order stationarity conditions). In
general, these assumptions may not be testable and certainly
with a small number of data locations deciding whether the
relevant assumptions are satisfied is more difficult. In the
case of kriging, one of the critical steps is estimating the
variogram and this is more difficult with a small number of
sampling points. As for using statistical error tests to deter-
mine the best method it is likely that the statistical assump-
tions required by the tests will not be satisfied because the
underlying assumptions are different for different interpola-
tion methods, or in the case of IDW, there are no assump-
tions (Myers 1994; Adisoma and Hester 1996; Henley
2012). In this paper, only 94 GSI values are collected in the
Dagushan open-pit mine, we cannot estimate an accurate
semivariogram for the GSI, the IDW method is the appro-
priate choice to evaluate the GSI in each block unit. In fact,
we can adopt different spatial interpolation method based on
the abundance of sampling points. Kriging is employed to

@ Springer

Block model & Profile

FDM mesh in profile

handle GSI with abundant sampling points, and the IDW is
applied when limited sampling points are available (Ferreira
etal. 2017; Sajid et al. 2013).

The generic equation for IDW interpolation is as
follows:

“

=
<
I
M=
ENE
~
M=
Al

1

where x, is the point to be estimated, x; is the ith sampling
point, d; is the distance between x; and x,. Besides, N is an
exponent related the degree of variation. To minimize the
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8846976

its

8.0E+06
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4.0E+06 |
2101989

Number of block un

2.0E+06 -

121385 494302

21328 37649

0.0E+00

12m 6m 3m 1.5m

0.7.5m 0.3'./5m
Size of the minimum block unit in the octree method

Fig. 12 Number of block units with different minimum block unit
size using the octree method
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Fig. 14 Block model of GSI

estimation error, cross-validation is used to select an opti-
mal exponent N from finite number of candidates (Tomczak
1998). The method is based on removing one sampling point
at a time, performing the interpolation for the location of the
removed point using the remaining samples, and calculat-
ing the residual between the measured value of the removed
point and the estimate value for this point obtained from
remaining samples. This scenario is repeated until every
sample has been removed in turn. The overall performance
of the interpolator is then evaluated as the root-mean of
squared residuals (RMSE), and the exponent N with a low-
est RMSE is taken as optimal:

2?:1 (xi(inl)_xi)z (5)

n

RMSE =

where RMSE is the root-mean-squared error, x
interpolated value and x; is the measured value.
As shown in Fig. 13, the optimal exponent in the Eq. (4)
is 2 for the GSI interpolation process. The estimate result
for GSI block model in the Dagushan open-pit mine is

) is the

i(int

shown in Fig. 14. Compared with the surrounding area,
the GSI was lower (approximately 6—8) in the landslide
zone. Inevitably, the lack of sampling points will bring esti-
mation error of GSI, and it is hard to quantify this error in
the IDW method. But we believe this error can be reduced
with an appropriate interpolation method if enough sam-
pling points are available. Compared with traditional rock
mass quality classification method, our proposed method
still can give a more detailed description for the spatial
variability of GSI.

As we mentioned before, the GSI block model was next
remeshed as a mechanical parameters block model. Using
the octree method, the mesh can be divided small enough
in the focused area without too many elements, which was
beneficial for the accuracy and speed of numerical simula-
tion. MATLAB codes were developed to implement the
Hoek—Brown method in each mechanical parameter block
unit. Four kind parameters, including intact rock param-
eters (density, UCS, Poisson’s ratio and material constant),
GSI of rock mass, disturbance factor and buried depth of
rock mass, are required in the Hoek—Brown method. The
basic parameters of intact rock were obtained by laboratory
experiment (see Table 1). The discontinuities were charac-
teristics by GSI which were obtained by engineering geo-
logical survey (see Sect. 2.3) and geostatistics-based esti-
mation (see Sect. 4.1). Since the blast was well controlled
in the Dagushan open-pit mine, the blast damage factor
was ignored throughout this study and a constant value of
0.0 used. Besides, gradient growth height of the slope in
each element was taken into account. As shown in Fig. 15,
the mechanical parameters obtained by the Hoek—Brown
method were mainly controlled by the lithology and bur-
ied depth. Besides, lower rock mass quality leaded poor
mechanical parameters in the landslide zone. The mechani-
cal parameters varied widely even within the same lithol-
ogy, which indicated the mechanical parameters have an
obvious spatial variability characteristic in the Dagushan
open-pit mine.

4.2 MS-Driven Damage Model for the Time Decay

To analyse the time decay characteristic of rock mass
mechanical parameters under the influence of mining activi-
ties, a damage model driven by MS data was proposed to
describe the rock mass failure process based on the energy
dissipation theory. The degree of damage and dimension of
the damage zone can be quantized by the MS-driven dam-
age model.

The rock mass is assumed as a closed isotropic system.
According to the first law of thermodynamics (Xie et al. 2005)

U= Ug + Up, 6)
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Fig. 15 Block model of spatial variability mechanical parameters. (a) Bulk modulus. b) Bulk modulus in the typical profile. (¢) Cohesion. (d)
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Fig. 16 Quantitative relationship between energy release and energy
dissipation in an elastic-brittle rock mass unit
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where U is the total energy exercised by external forces on
rock mass unit, Uy, is the releasable strain energy and U, is
the dissipation energy. In this paper, we assumed that the
deformation behaviour in each rock mass unit follows the
elastic-brittle process. The relationship between the releas-
able strain energy Uy and the dissipation energy Up in a
rock mass unit is shown in Fig. 16. Eyp, is the initial elastic
modulus of the rock mass unit, and Ep, is the elastic modulus
of the damaged rock mass unit.

@ Springer

The total energy of rock mass unit in the principal stress
space can be expressed as follows:

U= ﬁ[a%+a§+6§—21)(0'10'2+0'20'3+6103)], (7)
where 0, 0,, 05 is, respectively, the maximum, medium and
minimum principal stress and v is Poisson’s ratio.

During the failure process, the dissipation energy Up
stored in a rock mass unit was released and transformed
into the kinetic energy, MS energy et al. The MS energy,
Uy, can be obtained by the MS monitoring equipment,
and then it was evenly assigned into each rock mass unit
located in the damage zone. The MS energy was consid-
ered to occupy a fixed part of dissipation energy (Sagasta
et al. 2016):

UM =”IUDa (8)

where 7 is the seismic efficiency and can be obtained by
blast tests.

The degree of damage can be represented by the dam-
age variable D, and the damage variable D of a single rock
mass unit within seismic source dimension can be defined as
follows:

Up

U

=Y

D = .
nu

®
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The elastic modulus of damage rock mass unit can be
expressed as follows:

Ey = Eyp(1 = D). (10)

By bringing Egs. (7) and (9) into Eq. (10), the elastic modu-
lus of damaged rock mass unit can be obtained as follows:

%={1

where ¢/, 6, and o5 can be obtained by numerical simulation,
and U, can be monitored by the MS system.

Additionally, we assumed that the cohesion and friction
angle share the same damage variable with elastic modulus
(Martin and Chandler 1994):

_ 2Eup Uy E
VI[0'12+a§+0'§—21)(0']0'2+o'253+0'10'3)] UD»

an

¢p = cyp(1 = D)

tan @ = tan pyp(1 — D)’ (120)

Apparent volume is the volume of seismic source with
inelastic deformation, which can be calculated as follows (Cai
et al. 1998):

MZ
V. =
AT 2GEy’

13)

where V, is the apparent volume, M is the seismic moment

and G is the rock stiffness; Eyg is the source seismic energy,

and the relationship between E\;q and U\, is as follows:
N .

Eyis = X Uy (14)
i=1

where N is the number of rock mass unit located in the range

of MS apparent volume.

Assuming the apparent volume of MS events is an iso-

tropic sphere, the dimension of damage zone is defined as
follows:

Therefore, the source dimension R is used to quantify the
damage dimension of rock mass corresponding to the MS
events. The elastic modulus, cohesion and friction of the
rock mass units within the distance R of the MS event loca-
tion were weakened by the damage model.

As shown in Table 3, seven blast tests were employed to
determine the seismic efficiency. Assuming the damage vari-
able D =1 in the apparent volume of a blast event, which
means rock mass unit is completely damaged:

NN N,
YU=3TU,=3 =" (16)

The average seismic efficiency can be calculated as
1.8508%. Therefore, in the research area of the Dagushan
open-pit mine, only 1.8508% of the energy released during
rock mass failure was spread in the way of elastic wave and
received by MS sensors.

An initial stress field was obtained with the Mohr—Cou-
lomb model in FLAC. The boundary conditions for the FDM
model are listed as follows: the vertical displacements are
fixed in the bottom boundary, and the displacements at the
normal direction are fixed for the vertical boundaries. Besides,
other slope surfaces are set as free. Then, the damage model
driven by MS data was implemented in the FLAC software by
using the FISH language. According to the location, energy
and apparent volume of MS events in the area, the MS events
were mapped to the numerical simulation. The code can auto-
matically search and weaken mechanical parameters of rock
units within the damage scope of MS events. Figure 17a gives
a damage field of the research area, and the damage field in
the typical profile is shown in Fig. 17b. Additionally, time
decay mechanical parameters based on MS events are shown
in Fig. 18. Due to the MS events concentrated in the landslide
zone, the rock mass mechanical parameters were further weak-

R = o) 30 15 ened which led to final rock landslide.

~ V 8zGE® (15)

Table 3 Acquisition of seismic efficiency based on blast tests

Time Maximum Intermedi- Minimum Elastic Poisson’s Apparent Dissipation ~ MS energy  Seismic
principle ate principal  principle modulus (Pa) ratio volume (m?) energy (J) J) efficiency
stress (Pa) stress (Pa) stress (Pa) (%)

2017/9/11  5.17E+05 4.69E+05 3.02E+05 1.82E+09 0.21 5.41E+04 5.23E+06 8.51E+04 1.6264

2017/9/11  4.05E+05 3.38E+05 2.50E+05 1.50E+09 0.23 1.44E+04 9.24E+05 2.26E+04 2.4497

2017/9/12  3.92E+05 2.91E+05 2.46E+05 1.49E+09 0.23 2.15E+04 1.22E+06 3.39E+04 2.7765

2017/10/11 5.05E+05 1.92E+05 —1.05E+04 1.46E+09 0.23 4.30E+04 3.70E+06 6.76E+04 1.8295

2017/10/11 5.54E+05 4.43E+05 —9.57E+04 1.47E+09 0.23 6.84E+04 1.03E+07 1.08E+05 1.0447

2017/10/12  4.19E+05 2.29E+05 —7.18E4+04 1.45E+09 0.23 3.86E+04 2.80E+06 6.07E+04 2.1698

2017/10/12 5.34E+05 4.64E+05 —7.57E+04 1.44E+09 0.23 7.64E+04 1.14E+07 1.20E+05 1.0590
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Fig. 17 Damage field driven by MS data. (a) Damage variable. (b) Damage variable in the typical profile
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5 Landslide Analysis Using Dynamic
Programming Method

5.1 Theory of the Dynamic Programming Method

As shown in Fig. 19a, for an arbitrary critical slip surface in
two-dimensional space, the safety factor f, can be obtained
by Eq. (17):

Top
f — 2 Bottom deL
s —  ,Top

a7

Bottom

@ Springer

where 7 is the mobilized shear stress along the critical
slip surface, and 7; is the shear strength of the rock mass.
As shown in Fig. 19b, we divided the critical slip surface
into several stages, and the safety factor can be defined as
follows:

P
f — Z,’:l TfiALi
S

= AL (18)

where P is the number of discrete stages, and AL; is the
length of the critical slip surface in the ith stage.
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Fig. 19 Search for the Top border
critical slip surface based on
the dynamic programming
method. a An arbitrary surface;
b an arbitrary surface in the
discretized form; ¢ actuating
and resisting forces acting on
the ith stage

Top border

Bottom border

state

As shown in Fig. 19c, to determine a critical slip sur-
face with a minimum safety factor, an auxiliary function is
defined as follows:

P
G, =min Y, (R, —£.S;),

=1

19)

where S, is the actuating force acting on the ith stage of
the critical slip surface, and R; is the resisting forces acting
on the ith stage of the critical slip surface. We assume that
rock mass obeys the perfectly plastic Mohr—Coulomb failure
criterion:

Ty = ¢; + oy tan @, (20)

where o, is the normal stress, c; is the cohesion and ¢; is the
friction of rock mass in the ith stage. The normal and shear
stresses acting on the ith stage can be computed from a stress
analysis in two-dimensional space (it was noticed that the
positive for compressive stress and negative for tensile stress
in rock mechanics) as follows:

o, = 0,sin* 6 + o, cos? 0 — 7,,8in 20

Ty = 'L'xy(sin2 6 — cos? 0) - @ sin20’

2y

where 0 is the inclined angle of the ith stage with the hori-
zontal direction, and o,, o, and 7,, can be determined with
any stress analysis software. Then, the actuating and resist-
ing forces acting on the ith stage of a critical slip surface can

be calculated with Eq. (22):

state
state

Q[ Ql
Si=2Sa) = 2 Tiplisp
=1 =1
0, 0
R; = Z‘i Rijp = 21 Tiplap (22)
J= J=

©

-y (i)
= [C(i,;>+‘7n tan ¢(iJ)]l(iJ)

~
Il

where (i, j) is element across the critical slip surface in
the ith segment, and Q, is the number of (i, j). Consider-
ing the kinematically admissible, the resisting force and the
actuating force along the slip surface must be in contrary
directions.

An optimal function, H,(j), obtained at state point {j}
located in stage [i] is introduced. The optimal function
is equal to the minimum value of auxiliary function G,
between the initial stage and stage point {j} located in stage
[7]. According to the principle of optimality (Richard 1957),
the optimal function, H,, ;(k), obtained at state point {k}
located in stage [i+ 1] is defined as follows:

Hyy1(6) = H,G) + G, (). @3)

where G; (J,_k) is the auxiliary function calculated from state

point {j} of stage [i] to state point {k} of stage [i+ 1]. At the
initial stage, the value of the optimal function is equal to
zero, and at the final stage, the optimal function is equal to
the minimum value of the auxiliary function.
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Hl(j) :Oj: 1,2,...,Q1

P
Hok) =Gy =min ¥ (R —£.8) i=12..,0," ¥
i=1

P

The optimal point in the final stage is defined as the state
point at which the calculated optimal function is a minimum.
It is worth noticing that only the state points under the slope
surface have the opportunity to be chosen. From the optimal
state point {k} found in the final stage, the optimal state
point {j} located in the previous stage is also determined.
The optimal path defined by connecting optimal state points
located in every stage is eventually found by tracing back
from the final stage to the initial stage. This optimal path
defines the critical slip surface. The value of the overall fac-
tor of safety, f;, in Eq. (19) should be assumed with an initial
value (usually the initial value is set as 1). The trial value of
[ is updated using the value of f; that is evaluated after each
trial of the search. The optimization process will stop when
a predefined convergence is reached.

5.2 Landslide Analysis in the Typical Profile

The present dynamic programming method is only suitable
for two-dimensional slope stability analyses. As shown in
Fig. 2, a typical profile with the rock landslide was selected.
The stresses were computed using FLAC with Mohr—Cou-
lomb model, and the stress at the centre point of each ele-
ment was interpolated using the surrounding nodes. The
stress-interpolation process was done prior to the perfor-
mance of the dynamic programming search. The grid with
corresponding stress was imported to the open source code
DYNPROG developed by Pham and Fredlund (2003).
Since the optimization search for the dynamic program-
ming method was performed on a grid of stage-state points
(referred to the search grid). In this paper, the FDM mesh
was also set as the search grid. The top and bottom border
of landslide obtained by engineering investigation was set
as the entry and exit point for the critical slip surface. DYN-
PROG can search a critical slip surface and factor of safety
automatically.

Following the flowchart shown in Fig. 1c, three different
mechanical parameters conditions in the typical profile were
studied to illustrate the rationality of the mechanical param-
eters block model: (1) Homogeneous model: the rock mass
unit was sorted into two discrete homogeneous domains
based on the lithology, and the mechanical parameters were
set as the average value in each domain. (2) Spatial variabil-
ity model: heterogeneous mechanical parameters consider-
ing the spatial variability but without considering the time
decay. (3) Time decay model: heterogeneous mechanical
parameters considering both the spatial variability and the
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time decay. The slope stability analysis results are shown
in Fig. 20.

Incorporation of spatial variability and time decay into
mechanical parameters resulted in a fundamental change
in the slope stability. For the homogeneous model, shear
stresses were typically concentrated at the toe of each bench
slope with a smooth stress contour. However, strong spatial
heterogeneous characteristic of the rock mass leaded to a
complicated stress state, especially in the landslide zone.
By considering the time decay mechanical parameters, the
stress of MS-driven damage area (from bench — 66 m to
bench —210 m) was lower compared with the undamaged
model (see max shear stress field in Fig. 20).

All the critical slip surface in three mechanical param-
eters conditions featured the characteristics of decline rap-
idly near the top border, slide straightly in the middle and
remain rough near the bottom border, which suggested that
failure was generally geometry controlled in rock slope. For
the spatial heterogeneous models, rough critical slip sur-
face searched by the dynamic programming method indi-
cated that failure was preferential to the weakest areas of
the rock mass, and the characteristic of time decay exacer-
bated this tendency. In comparison, the rock mass affected
by critical slip surface both considering spatial variabil-
ity and time decay has an average reduction of 15-30% in
strength and elastic modulus compared with undamaged area
(see Figs. 17b, 20). This preference led the main difference
among those three critical slip surfaces, i.e. the depth and
area of slide body. Compared with the heterogeneous model
(12.5 m), heterogeneity led to a deeper slide body especially
in the top border of landslide (13.5 m for spatial variabil-
ity model, 15.4 m for time decay model). Besides, with the
similar length of critical slip surface, the area of slide body
in the typical profile has an obvious difference (1034.5 m?
for heterogeneous model, 981.7 m? for spatial variability
model and 1131.0 m? for time decay model). Engineering
investigation showed there is a large vertical settlement of
the slide body in the top border of landslide. We believe the
critical slip surface considering both spatial variability and
time decay mechanical parameters have a good correspond-
ing with the in-situ engineering.

A critical component of any stability analysis is estima-
tion of the mechanical parameters of the rock mass and the
critical slip surface that control sliding. Landslide analysis
with homogeneous mechanical parameters ignored inevita-
bly overestimates the safety factor. Compared with homo-
geneous model, the application of geostatistics and MS-
driven damage model provided more detailed mechanical
parameters, and this shift resulted in a reduction of the
factor of safety from 1.444 in the homogeneous model,
to 1.143 within the geostatistics-based spatial variability
model and 0.974 within the MS-driven time decay model.
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Fig. 20 Slope stability analysis result in the typical profile

Theoretically, the factor of safety should be smaller than 1
under the landslide. The shift of safety factor under different
mechanical parameter conditions can verify the rationality
of the proposed rock mass property modification method.

5.3 Discussion

1. Due to the optimization search for the dynamic pro-
gramming method was performed on the discrete nodes
of FDM mesh, the grid size might affect the results of
slope stability analysis result. Theoretically, to get a
more accurate critical slip surface and factor of safety,
the mesh size should be as small as possible within the
calculation ability. On Pham and Fredlund’s (2003) pre-
vious work, four densities of the search grid were exam-
ined for a slope at 70 m x40 m, including the coarse
(5 mx 1 m) grid, the medium (2 m X 0.5 m) grid, the fine
(2 mx0.25 m) grid and the dense (1 mx0.25 m) grid.
The result indicated that the density of the search grid
does not seriously affect the factor of safety. Besides,
Baker (1980) suggested that the ratio of the distance
between two state points over the distance between two
successive stage points should be about one to four. In
this paper, the FDM mesh was set as 0.84 X 0.75 m, have

aratio of 1.12, which corresponds to the medium or fine
grid in Pham and Fredlund’s (2003) work. Besides, the
slope stability analysis result has a good correspond-
ing to the engineering investigation. We believe that the
octree-based FDM mesh can meet the need of dynamic
programming method in this paper.

For the Dagushan open-pit mine, the mining depth has
reached 450 m in 2019, mine operations are progressing
towards ever deeper targets in response to the depletion
of near-surface deposits. A single degree increase of
the slope angle will save millions of dollars of stripping
costs; unfortunately, the economic benefits gained can
be negated by major slope failure. A critical component
of any stability analysis is estimation of the mechanical
parameters of the rock mass. The proposed geostatistics-
based method and MS-driven damage model are used to
character the spatial variability and time decay of rock
mass mechanical parameter. Although the proposed
approach is more data intensive and difficult to apply,
the inability to account for spatial heterogeneous in the
geological data and damage process of the rock mass
may lead to systematic errors, invalid results and poor
designs.

@ Springer
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6 Conclusions

In this paper, a geostatistics-based method and a MS-driven
damage model were proposed to characterize the spatial
variability and time decay of rock mass mechanical param-
eters. Additionally, by combined heterogeneous mechani-
cal parameters and stress state, the dynamic programming
method was used to search the rough critical slip surface
and the factor of safety. A detailed engineering geological
survey and a long-period MS monitoring system provided
a suitable application scene in the Dagushan open-pit mine.

1. Focusing on the spatial distribution of rock mass quality
GSI, the geostatistics-based method and Hoek—Brown
method allow us to obtain more detailed spatial vari-
ability mechanical parameters from limited sampling
data. Moreover, the MS-driven damage model based
on energy dissipation theory can quantify the damage
location, extent and dimension, thus providing the time
decay mechanical parameters of rock masses.

2. Compared with the homogeneous model, incorporation
of spatial variability and time decay into mechanical
parameters resulted in a more reasonable slope stability
analysis result, both in the critical slip surface and fac-
tor of safety. Rough critical slip surface for the hetero-
geneous model was preferred to pass through the area
with weak mechanical parameters. Besides, engineering
investigation indicated that ignoring of heterogeneity
inevitably overestimates the safety factor.

3. Instead of relying on ambiguous geological and engi-
neering judgment, the block model generated by octree-
based method can give a detailed characterization to
the heterogeneity of rock mass. Furthermore, the block
model can transform into FDM mesh without many
processes, which simplified the pre-processing for the
numerical simulation.
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