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Abstract. As a result of the intense exploitation of mineral resources on the sur-
face, mining excavations must migrate to deeper environments. At greater depths,
in-situ stresses increase along with the probability of rockburst occurrence. Dif-
ferent authors have studied this phenomenon in depth, however, the influence of
the variability of environmental parameters on rockburst potencial has not been
studied in detail. This paper proposes to respond to this limit. More than 300
numerical models have been ran using Rs3 software to perform a sensitivity anal-
ysis of the main geomechanical parameters of the environment such as UCS, GSI,
rock density and the elastic parameters (Young and Poisson’smodulus).Moreover,
various depths have been considered to vary the in-situ stress. The Damage Ini-
tiation Spalling Limit (DISL) approach proposed by Diederichs (2007) has been
considered to simulate the brittle failure of the rock mass and estimate the depth
of failure around the excavation in all simulations. This work highlights the influ-
ence of the uniaxial compressive strength (UCS) and the in-situ stresses over the
rest of the parameters. The elastic parameters of the rock mass do not influence
excavation instability. Moreover, the GSI has no influence in our study. This can
be explained knowing that small GSI values have been considered, according to
“El teniente” mine, and therefore rockburst might not occur. To better understand
the GSI influence on rockburst potential, its influence has been compared with
Hoek & Brown failure criterion. Based on this work, a series of recommendation
when simulating deep excavation is provided.
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1 Introduction

Various unwanted phenomena can occur in underground mining, and rockburst are one
of these. They can be defined as a dynamic phenomenon of brittle failure of the rock
mass that manifests itself in the sudden and often violent ejection of a large volume
of rock that detaches from the advancing front or from the contour of an underground
excavation [1]. This rock ejection can cause severe damage to the excavation as well as
to machines and people working on the ground. In the last decades, techniques based
on numerical models have shown their potential to investigate in depth the phenomenon
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Fig. 1. (a) Martín [2] and (b) Diederichs [4] method to determine depth of failure

of rockburst and its triggering mechanisms. There are different authors that have devel-
oped empirical methods based on historical cases [2, 3] and analytical methods using
numerical modeling [4] to relate and determine the depth of failure in deep excavations.
On the other hand, different authors have studied this phenomenon (many of them using
numerical modeling) with respect to determining its occurrence’s mechanism, how to
assess its magnitude [2, 3, 5] and how to prevent them [6]. However, the influence of
the variability of the geomechanical parameters of the rock mass has not been studied in
depth while it can have a strong impact on the rockburst level assessment. In this paper,
numericalmodeling is used to study the rockburst phenomenon in deep excavation.More
specifically a sensitivity analysis of different study parameters is performed to see the
influence of their variability on the depth of failure of a rockburst.

1.1 Rockburst’s Depth of Failure Assessment

To date, it is complex to predict the moment, location, and magnitude of a rockburst.
However, it is possible to get closer to these three components considering some empir-
ical, analytical and/or numerical methods that have been developed by different authors.
Martin et al. [2] proposed an empirical graph to determine the depth of failure (Fig. 1a)
in an unstable excavation considering about twenty-three historical cases of brittle fail-
ure with spalling. They determined that when σmax/σc is greater than 0.4, instability
occurs. Diederichs [4] proposes a depth of failure prediction graph that is more rigorous
(Fig. 1b), based on numerical modeling analysis using the Damage Initiation Spalling
Limit (DISL) approach [7]. The DISL approach was developed to simulate the brittle
failure of the rock mass in conventional engineering software. It is based on the gener-
alized failure criterion of Hoek & Brown [8] modifying the peak and residual resistance
parameters as shown in Table 1. The author was able to estimate the maximum depth
of failure for a deep circular tunnel for each “K” value (ratio between the two principal
stresses).

2 Methodology

378 numerical models were run using the RS3 software to simulate the opening of a deep
underground tunnel. The basic model consists in a box of 30 m by 30 m, with a tunnel
in the center of 5 m of diameter. An elastoplastic model is assumed for the rock mass
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Table 1. Peak and Residual parameter proposed by Diederichs [4]

Peak Residual

Parameter Value Parameter Value

ap 0.25 ar 0.75

sp (CI/UCS)
1
ap sr 0.001

mp sp × UCS
T mr 6-12

surrounding the tunnel. The brittle rock failure behavior is define considering the DISL
approach. The base model (or first model) considers an unstable excavation presenting
spalling (great depth, good quality of rock mass and mi = 25) and assesses the rockburst
potential considering the depth of failure around the excavation, and the failure angle
and width. The advancing front is assessed when half tunnel has been built. To assess the
rockburst potential, the yielded elements are observed. When there is 100% of yielded
elements, it is assumed that the zone is failed. Variability in the models is integrated
based on first unstable model by modifying various parameters according to Table 2.
The models consider an Andesite rock, as it presents the typical high strength needed to
the rockburst occurrence.

A different model is run each time a parameter is modified. The base model includes
the average values of each parameter at a depth of 1500 m, when all models have been
run, the depth of the excavation is increased by 500 m. It is well known that burst should
not occur for GSI values less than 65–70 [7], however, there are cases of smaller GSI
rock masses in “El Teniente” mine (where rockburst occur) and their values are included
in this work. To assess the influence of each parameter, a sensitivity analysis is carried
out considering an increase factor. This increase factor is defined as the relationship

Table 2. Variation range of geomechanical parameters

Parameters Range Interval Number of
models

Source

UCS (MPa) 120 – 270 25 90 Gonzalez de Vallejo
(2002)E (Gpa) 30 – 50 4000 42

v 0.20 – 0.30 0.02 42

Rock density(
ton/m3

) 2.50 – 2.85 0.05 64 Vergara (2006)

GSI 55 – 85 5 98

Diameter (m) 5 – 10 5 42

Depth (m) 1500 – 4000 500 6 loops
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between the measured depth of failure (or other rockburst potential indicator) and the
initial value for the initial model.

3 Results

Figure 2 presents the influence of the UCS based on the graph made by Martín et al.
[2]. This includes the failure envelopes presented previously, and the depth of failure
measurements normalized by the radius of the excavation “a”, when the UCS parameter
is varied. It allows us to validate that these results coincide with the literature reviewed
and generates confidence to continue running the remaining models. Table 3 shows the
measured depth of failure (Df ) obtained at 1,500 m of depth when the geomechanical
and elastic parameters value is varied as defined Table 2. It highlights the uniaxial
compression strength (UCS) as the parameter that presents the greatest variation between
the maximum and minimum measured depth of failure. When the UCS’s magnitude is
doubled, the depth of failure is reduced to 30% of the initial measurement. As the GSI
increases, the depth of failure is always the same measure and when the value of the
rock density is increased up to 20%, the depth of failure also increases by the same
percentage. Moreover, the influence of the elastic parameters analyzed shows minimal
influence.

Figure 3 shows the increase factor for each geomechanical parameter (UCS, GSI
and rock density). Moreover, the figure proposes to approximate a trend line. The UCS
and the depth of the excavation are the parameters that has more influence on variation
of the measured depth of failure.

During the sensitivity analysis it was observed that the depth of the excavation
(therefore the in-situ stresses) has considerably influenced the severity of a rockburst.
The results shown in Fig. 3c, when the depth is doubled from 1500 to 3000m, on average,
the depth of failure measurement increases up to 230%. This paper also analyzes the
measurements of the unstable advancing front when half excavation has been built and

Fig. 2. Influence of uniaxial compressive strength (UCS)
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Table 3. Measurements obtained from the variation of geomechanical and elastic parameters

Geomechanical parameters Elastic Parameters

UCS
(Mpa)

Df (m) GSI Df (m) Rock
density

(ton/m3)

Df (m) Poisson’s
Module

Df (m) Young’s
Module
(Gpa)

Df (m)

120 1.2 55 0.6 2.50 0.5 0.20 0.6 30 0.6

145 1.0 60 0.6 2.55 0.5 0.22 0.6 34 0.6

170 0.7 65 0.6 2.60 0.6 0.24 0.6 38 0.6

195 0.6 70 0.6 2.65 0.6 0.26 0.6 42 0.6

220 0.5 75 0.6 2.70 0.6 0.28 0.6 46 0.6

245 0.4 80 0.6 2.75 0.6 0.30 0.6 50 0.6

Fig. 3. Influence of geomechanical parameters: (a) UCS; (b) GSI; (c) Excavation Depth

the scale effect is slightly studied by running the same models considering doubled
diameter. The results are shown in Table 4 and it is observed that these measurements
behave similarly in comparison with previously parameters studied (biggest influence of
UCS). Considering D5 and D10 like 5- and 10-m diameter and the comparison between
both depth of failure normalized by the radius of the excavation and show us no increase
in Df/a factor when diameter of the excavation is increased.
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Table 4. Influence of UCS and GSI on the advancing front (Red) and influence of diameter

UCS (MPa) Advancing front
(m)

GSI Advancing front
(m)

Diameter (m) Df (m) Df/a

120 1.6 55 1.1 2 0.24 0.24

145 1.3 60 1.1 4.5 0.54 0.24

170 1.2 65 1.1 5 0.58 0.23

195 1.1 70 1.1 6 0.71 0.23

220 0.8 75 1.1 7 0.76 0.22

245 0.0 80 1.1 10 1.24 0.24

4 Discussion

The results shownpreviously are consistentwith the literature reviewed,whenσmax/UCS
is greater than 0.4, instability occurs. As expected, the geomechanical parameters of the
environment influence more than elastic parameters. The non-influence of the GSI was
to be expected for quality of rock masses less than GSI = 65. Considering that it is
well assumed by the community that rockburst occur in good to very good rock masses
quality [7]. This section attempts to respond GSI behavior for values less than 65–70
where bursting does not occur, but El teniente mine has rock masses with that quality
and less. There are other more important parameters such as strain rate [7], however, the
approach of this study is to determine the influence of the input parameters to simulate
underground excavations. The influence of the increase of the GSI is studied in new
models considering theHoek&Browncriterion [8],which directly includes the blocosity
of the rock mass. Figure 4 shows the wide difference between both approaches and is
notable thatmodels that uses theHoek&Brown criterion allows a considerable influence
of the GSI parameter to be highlighted. This can be explained since the DISL approach
used throughout this work does not directly include the GSI in the calculation of the
parameters. After these new models, when GSI is varied considering DISL approach,
the difference between the maximum and minimum depth of failure measurement is just
5%, while using Hoek & Brown criteria, the difference increases up to 68%.

5 Conclusions and Recommendations

Throughout this work, the “DISL” method proposed by Diederichs (2007) was used,
which represented a solid and robust tool specially designed for the simulation of brittle
failure behavior in conventional engineering software such a Rs3. The depth of failure
is considered a good indicator to measure the severity of a rockburst. In this project, the
results concur with literature reviewed as to the instability of deep excavation. Regarding
in-situ stresses, throughout this work they have shown to categorically influence on the
severity of a rockburst even more than expected.When the depth at which the excavation
is simulated is doubled from 1,500 to 3,000 m, the depth of failure increases up to 230%,
evidencing a clear and considerable influence similar to that of the “ucs”, but no greater.
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Fig. 4. Influence of the GSI comparing the DISL approach (a) and Hoek & Brown criteria (b)

When the magnitude of the “ucs” is doubled the depth of failure decrease up to 30%
or one third of initial measurement and when the rock density is increased by 10%,
the depth of failure increases in the same proportion. The scale effect is studied by
varying the diameter of the excavation, this produces an increase in the depth of failure,
however, “Df/a” ratio varies slightly less than 10%. When comparing the influence of
the “gsi” with different approaches, it shows us an increase close to 60% in the variation
of the depth of failure. There is a great difference in the depth of failure measurements
between the different approaches used for blocky rock masses that is beyond to scope of
this project andwepropose to consider the fracturing of the rockmass in its definition.We
recommend focusing in collecting reliable information of the geomechanical parameters
of the rock mass to simulate underground openings including in situ stress. Also, we
recommend an in-depth study in terms of the GSI influence with different approaches
including scale effect to see more about that anomaly and to simulate very deep mining
and its support methods and carry out studies focused on in-situ stress. These areas
are a good topic to develop in future research. Our industry needs to build safe deep
excavations, and this work recommends investigatingmore andmore about underground
mining with modelling simulation that is a very useful tool to achieving that goal.
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