Deep Mining 2024 — P Andrieux & D Cumming-Potvin (eds)
© 2024 Australian Centre for Geomechanics, Perth, ISBN 978-0-6450938-9-6
doi:10.36487/ACG_repo/2465_ 93

Three-dimensional modelling of de-stressed rock mass using
classification systems

Shahé Shnorhokian **, Samar Ahmed ®
9 Department of Mining and Materials Engineering, McGill University, Canada

bDepartment of Mining, Petroleum and Metallurgical Engineering, Cairo University, Eqypt

Abstract

De-stressing and preconditioning blasts have been used in the past 70 years at underground mines on all
continents. The main design approach for implementing the technique has been empirical in nature and an
engineering assessment methodology was developed only at the turn of the century. As mining progresses to
increasing depths, additional tools are required to evaluate the impact of various de-stressing techniques and
designs. Numerical modelling has been adopted since the early 1970s to simulate de-stressed rock masses
and to aid in the assessment of the resulting stress distributions. In most cases, a percentage reduction (often
by an arbitrary quantity) in the deformation modulus E.» has been used to represent the de-stressed regions.
Rock fragmentation and stress dissipation factors have constituted another approach used in modelling the
affected areas.

In this paper, the rock mass rating (RMR) classification scheme is used as the basis for determining model
input properties for de-stressed regions. Based on an extensive literature review, it is shown that the two main
mechanisms responsible for de-stressing are the creation of new fractures or slippage of blocks on pre-existing
ones. The RMR allocates 20 points each to the rock quality designation (RQD) and spacing of discontinuities,
which can be incrementally reduced to account for the first mechanism. The conditions of discontinuities
constitute another 30 points that can be used to adequately represent the second mechanism. Using a
simplified 3D model of a typical mine in the Canadian Shield, the E. is calculated at an underground drift and
crosscut system based on relative reductions in the RMR corresponding to both de-stressing mechanisms.
Not only is the new approach found to be suitable for design purposes by validating it against reported field
measurements, but the changes in the rock mass classification represent physical modifications that can be
observed and that make sense from a rock mechanics perspective.
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1 Introduction

The consensus within industrial, governmental, and academic circles is that the future of underground mining
is at increasing depth (Fairhurst 2017; Wagner 2019). Some of the deepest operations are already planning for
mining geologic extensions to the orebodies being currently extracted. While there are multiple operational
challenges to mining at significant depths, the key one associated with rock mechanics is the presence of
extremely high in situ stresses. One of the techniques that has historically been implemented is the use of
special blasts to de-stress or precondition the rock mass. Despite its having been applied since the 1930s and
an assessment methodology having been developed in the first decade of the 21 century, the exact
mechanisms involved are still not well understood. According to a categorisation adopted by many authors
(Willan et al. 1985; McMahon 1988; Andrieux et al. 2004; Saiang & Nordlund 2005; Konicek et al. 2014, among
others), de-stressing fractures and weakens the rock mass in areas where elevated stresses already exist, while
preconditioning implements the same where future stress concentrations are anticipated. The authors recently
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published a comprehensive literature review on de-stressing and preconditioning applications in underground
hard rock mines, in collieries with hard coal seams or competent roof formations, and in caving mines
(Shnorhokian & Ahmed 2024).

Based on theoretical postulations and in situ measurements or observations, two main mechanisms have
been put forward to explain the phenomenon of de-stressing. The creation of new fractures (or densification
of existing networks) and slippage along pre-existing planes of weakness have constituted the two prevailing
schools of thought. They were initially thought to be mutually exclusive but were later deemed to act in a
complementary manner; multiple field observations and measurements in different mines have supported
the presence of both mechanisms. The application of the technique in other geologic settings or to attain
other objectives (such as in coal mines or for failure propagation and fragmentation improvement in caving
mines, respectively) were observed to generate similar effects to classical de-stressing in hard rock metal
mines. It was observed that in the latter geologic environment, stress drops of 6-19 MPa were typically
measured, closure rates of around 1 cm were registered, and seismicity velocities decreased by 16—30%. Rock
mass properties were altered with the modulus loss having a very wide range of reduction of 10-95%, and
the intact rock strength was affected as indicated by lower unconfined compressive strength (UCS) values. In
preconditioning applications, where hydraulic fracturing was used in caving mines, the percentage loss in
rock mass strength was at the lower end of the spectrum previously established.

1.1 Overview of modelling techniques for de-stressed rock mass

Different techniques have been reported in the literature with respect to the modelling of de-stressed rock
mass in underground mines. Examples include:

¢ the use of an in-house 3D elastic, boundary element code to determine the sequence of slot
excavation between levels 6600-7000, and the total volume of de-stressed rock mass at the
Creighton mine (Wiles & MacDonald 1988)

¢ a general finite element approach to examine the effect of a 1.8 m thick reef extraction on the
de-stressing of the overlying rock mass in South African mines at 3,200 m depth (Whittaker
& Reddish 1990)

e a simplified 2D finite element model to evaluate shaft stability in the Coeur d’Alene district (CDA)
(Corp 1980)

¢ a displacement discontinuity, viscoplastic interface model to study the time-dependent growth of
fractures resulting from preconditioning at the Blyvooruitzicht mine (Malan & Spottiswoode 1997).

With their gradual availability around the turn of the century, commercial codes replaced the individually
developed ones or programmed software. Displacement discontinuity codes DZTAB and NFOLD 3D were used
at the Macassa mine for modelling pre-de-stressed and post-de-stressed conditions, concentrating on the
post-peak properties of the rock mass to obtain results comparable to field observations
(Hanson et al. 1987). FLAC (finite difference) and MUDEC (distinct element) were used to verify stress and
displacement values at the Pyhdsalmi mine before implementing de-stress slotting (Antikainen 1990).
A special detailed review of techniques in numerical modelling for de-stress blasting noted some inherent
limitations of this approach (Andrieux 2005). It should be mentioned that specialised codes and software to
dynamically simulate de-stress blasts and the ground response from them are not covered in the current
study, and the focus is on the simulation of already de-stressed or preconditioned rock mass.

During the second decade of the 21° century, further advances in numerical codes allowed for the use of
more sophisticated modelling approaches for de-stressed rock mass. In an overview of the literature with
respect to the use of controlled blasting for enhancing safety, the adoption of the Hybrid Stress Blasting
Model to assess the zone affected by preconditioning blasts was presented (Toper et al. 1998; Sellers 2011).
Map3D was also used to study the potential failure mechanism of the I1 rib pillar at the Mt Charlotte mine
before implementing de-stressing (Mikula et al. 1995). Another study was conducted there with the same
code for the planning of tight slot de-stressing in the ROB5 remnant pillar, and to assess the potential for
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triggered fault slips and energy releases (Mikula et al. 2005). The inelastic version of Abaqus was adopted to
model the de-stressed condition of a stiff dyke and Map3D was used to analyse the displacement
along it, with the conclusion that the structure required preconditioning for development to go through
without incurring major seismic events (Sengani & Amponsah-Dacosta 2018; Sengani & Zvarivadza 2018).
The references mentioned above are only some examples from the literature (among others) where different
types of numerical codes have been used in connection to de-stressing.

Just as multiple codes have been used to simulate de-stressed rock mass, modelling approaches have
also varied. Reductions in modulus have comprised the main technique, but others such as assigning
relaxation factors have also been reported. More sophisticated methods have been suggested such as the
use of ‘strain cohesion softening-friction hardening’ values based on adjusted triaxial results (James 1998).
Another recommended approach has been implementing a progressive process whereby affected or
de-stressed material is gradually replaced and softened at each stage (Vlachopoulos & Diederichs 2014).

1.2 Quantitative reductions in rock mass properties

In addition to the general use of numerical models, authors have reported quantitative reductions in rock
mass properties when used as input parameters for de-stressed regions. In studies where field test
measurements were obtained, these have been introduced into the model directly. In other cases where
conceptual models were simulated, the changes have been based on previous studies or the authors’
judgement. A few examples can be cited here from a much larger literature on the topic. In a 2D finite
element modelling for the 40-135E stope at the Galena mine in the CDA district and based on seismic velocity
surveys, reductions were made in both the rock mass modulus and Poisson’s ratio. Fractured areas were
represented with a modulus of 6,895 MPa compared to the original 80,670 MPa, the Poisson’s ratio was
modified from the original 0.19 to 0.25, and the UCS was reduced from 174 MPa to O (Blake 1972a). In a
second study of a diminishing sill pillar at the same mine, the maximum principal stress attained values of
244 MPa when its thickness approached 9 m. A de-stressed version of this pillar was modelled by reducing
the orebody modulus from 39,645 to 6,895 MPa, which represented 17% of the original value (Blake 1972b).
In a related study at the Star-Morning mine, fractured and de-stressed rock mass was also simulated in 2D
using a modulus of 6,895 MPa and 3,447 MPa instead of the original 25,855 MPa, with the Poisson’s ratio
changing from 0.2 to 0.25 (Karwoski et al. 1979). The study of de-stress slotting in the footwall roof at the
Nasliden mine was simulated with a 2D finite element model where the properties in the slot were reduced
to 2.5, 5, and 10% of the original modulus, resulting in a reduction of up to 60% in the horizontal stresses
(Krauland & Séder 1988). A 3D finite-boundary element model was used to verify the effect of another
de-stress slot at the Malmberget mine where the modulus was varied between 12 and 28 GPa compared to
the original 40 GPa of the rock mass (Borg 1988).

At the Red Lake mine in Canada, NFOLD displacement discontinuity and finite element modelling were used
to simulate de-stressing. The rock mass modulus was reduced by 25 and 50% to replicate the de-stressed
zones, which agreed reasonably well with the installed instrumentation (Makuch et al. 1987). In addition, 2D
finite element modelling was adopted to determine the required reduction in modulus to represent
de-stressed field conditions (Scoble et al. 1987). Assessing the 25 and 50% reduction results in the model,
monitored field stress changes of around 5.5 MPa and closures of up to 3 mm were deemed to be closer to
the latter. Another displacement discontinuity modelling study was conducted to predict the location of
potential bursting in the 1604E stope at the Red Lake mine and to compare the effects of de-stressing. Sample
closure and stress change data after the blast was compared to 2D model predictions and the indication was
a reduction of 50% in the rock mass modulus (Cullen 1988). NFOLD was used at the Macassa mine on L 5725
to model a de-stressed crown pillar and it was observed that the modulus required a 67% reduction to match
field observations (Hedley & Udd 1989). Apart from the displacement discontinuity approach, the finite
difference code FLAC was used in a 2D conceptual study of de-stressing in development heading shoulders
and backs. To achieve the stress transfer required, the bulk and shear moduli were reduced, as well as the
friction angle, to 50% of their original values, with the cohesion set to zero (Hedley 1992). Both 2D and 3D
boundary element modelling were used to study the impact of a de-stress cut at the South Deep mine, and
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the fractured zone was simulated by reducing the rock mass rating (RMR) from 82 to 53, using a modulus of
10 GPa instead of the original 64 GPa, and reducing the bulk (K) and shear (G) moduli from 45.38 and 25.19
GPa to 8.86 and 4.67 GPa, respectively (James 1998).

Within the category of in-house codes, the 2D finite element code MSAP2D was used to conceptually model
a steeply dipping 3 m wide vein being mined with the overhand cut-and-fill method in the Canadian Shield.
To simulate the de-stressed rock mass, its modulus was reduced from 80,700 to 8,070 MPa, which was 10%
of the original value. In addition, the Poisson’s ratio was increased from 0.22 to 0.25, the cohesion was
reduced from 25 to 15 MPa, and the friction angle was modified from 35° to 25° (Mitri et al. 1988). Another
2D linear elastic conceptual modelling of a 5 m wide, steeply dipping orebody using the cut-and-fill method
was examined and regions of de-stressed rock mass in the orebody, footwall, and hanging wall had their
modulus and the Poisson’s ratio reduced to 20% of their original values. Based on the results, it was observed
that stresses were reduced by 50%, and the conclusion was that a de-stressed zone would have 10-50% of
the original modulus value of the rock mass. Significantly, it was determined that simply reducing the rock
mass properties of the modelled region was not enough to generate a decrease in stresses but that a manual
reduction should also be implemented by the user (Momoh et al. 1996).

The advanced 3D discontinuum discrete element code 3DEC was used for de-stressing analysis in the 29-9
pillar at the Brunswick mine (Andrieux et al. 2003). The strain softening constitutive model was used and two
approaches to simulate the de-stressed rock mass were adopted. Firstly, the stiffness was reduced by 10 and
then 50%, which did not provide matching results to the stress drops measured at the mine. Secondly, the
de-stressed rock mass was numerically removed, and a much better agreement was observed between
model and instrumentation readings (Andrieux et al. 2003). Map3D was used to model tight slot de-stressing
at the Mt Charlotte mine and the modulus reductions implemented for representing the affected zone
ranged 0—6.5 GPa compared to the original 65 GPa (Mikula et al. 2005). The code was also used for modelling
a de-stress blast in the I1 rib pillar at the same mine and results indicated a change in the magnitude and
orientation of stresses after the blast, with a reduction from 65 to 11 GPa in the pillar modulus (Mikula & Lee
2002). In another study, reduced cohesion and friction angles were used to represent a preconditioned drift
in 3D, along with 10-40% reductions in the modulus and an increase of the Poisson’s ratio from 0.28 to
0.35-0.40 (Yu et al. 2021).

In coal mines, RS2 has been used to examine stresses in the roof at Lazy, Dubrava, and CSA, specifically to
compare them without and with de-stressing being applied. At the Lazy mine, a modulus of 250 MPa and a
Poisson’s ratio of 0.40 were used to represent completely fractured and caved rock mass at locations where
bursting had taken place in longwall no. 140704 (Konicek et al. 2014; Konicek & Waclawik 2018). The 2D
discrete element code UDEC was adopted to study the effect of hydraulic fracturing in a typical coal section
with the cohesion and tensile strengths reduced to zero and the friction angle set at 20° to represent
fractured rock mass due to de-stressing (Kang et al. 2018).

Apart from reductions in RMR, modulus, Poisson’s ratio, UCS, cohesion, and internal angle of friction, several
authors have used the concept of blast-induced damage to provide weaker properties for de-stressed rock
mass. For example, the blast damage factor D (Hoek et al. 2002) has been adopted in several modelling
studies, as well as reduced intact rock mass properties and Geological Strength Index (GSl) values (Torbica &
Lapcevi¢ 2015; Jessu et al. 2018). A parametric study was conducted where factor D ranges of 0.25-1 were
used in conjunction with a bilinear strain softening model to simulate blast-damaged rock mass for pillar
stability analysis in FLAC3D (Jessu et al. 2018).

1.2.1  Rock fragmentation (a) and stress dissipation ([) factors

Within the literature of quantitative reductions in properties, a technique adopting rock fragmentation (o)
and stress dissipation ([3) factors was also developed (Mitri et al. 2000; Tang 2000). The rock fragmentation
factor was introduced to implement a reduction of the rock mass modulus in the model after de-stressing, a
phenomenon that had been reported by multiple authors. To account for de-stressing due to block slippage
on discontinuities where no modulus reduction was required, the authors also introduced the stress
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dissipation factor to initiate changes in model readings after de-stressing. They were implemented for two
de-stressing patterns around a conceptual drift typically found in Canadian mines, using o and 3 values of
0.4 (Mitri et al. 2000). This approach was then used for several conceptual studies in 2D and 3D, including a
model to study de-stressing work conducted in the 1902 and 1802 crown and sill pillars at the Campbell mine
where an average d of 0.5 and a 3 of 0.6 were derived (Tang 2000). Apart from Canadian mines, the same
technique was adopted for a back-analysis of the Star-Morning mine (Mitri 2000). While the primary
objective of the factor a was to reduce the rock mass modulus, it was also applied to the Poisson’s ratio (Tang
& Mitri 2001). In later studies, the importance of directional fracture growth was underlined for rock mass
under confinement (Saharan 2004). Multiple combinations of o and 3 were used in FLAC3D to model a
conceptual de-stress panel and create a stress shadow for an ore pillar (Vennes & Mitri 2017). A 10-30%
immediate reduction in stresses was obtained using a combination of a = 0.1 and 3 = 0.9 and a holistic
approach was used where the sum of the two factors was assumed to be unity (Vennes et al. 2020). FLAC3D
was adopted to study a large-scale de-stressing programme in the 100 orebody at Copper Cliff mine, which
was calibrated based on readings from uniaxial stress sensors, and resulted in a combination of a = 0.05 and
[3 = 0.95 to provide the best overall results (Vennes et al. 2020). Table 1 presents a selection of changes in
input parameters from the literature that were implemented to represent de-stressed rock mass.

Table1 Selected references where input parameters were modified to represent de-stressed rock mass

Mine/model Reference Efm K, G V) RMR D a/B
Campbell Tang (2000) - - - - - 0.5/0.5
Chengzhuang  Zhu et al. (2013) 3,000 to - - - - -

30 MPa
Conceptual Hedley (1992) = 50% = = = =
Conceptual Jessu et al. (2018) - - - - 0.25 -

tol

Conceptual Mitri et al. (2000) - - - - - 0.4/0.4
Conceptual Momoh et al. (1996) 50-90% = 80% = = =
Conceptual Vennes & Mitri (2017) - - - - - 0.1/0.9
Copper Cliff Vennes et al. (2020) - - - - - 0.05/0.95
Galena Blake (1972a, 1988) 79.29 to - 0.19to0 - - -

6.89 GPa 0.25
Galena Boler & Swanson (1993) 50% = = = = =
Huize Yu et al. (2021) 10-40% - 0.28to0 - - -

0.4

Macassa Hedley & Udd (1989) 67% = = = = =
Malmberget Borg (1988) 40 to - - - - -

12-28 GPa
Nasliden Krauland & Soder (1988) 2.5,5,10% - - - - -
Red Lake Makuch et al. (1987); Scoble  25-50% of - 0.23 - - -

et al. (1987); Cullen (1988) 95 GPa

South Deep James (1988) 64 to K:45.38 t0 8.86 GPa; — 82 to - -

10 GPa G: 25.19 to 4.67 GPa 53
Star-Morning Karwoski et al. (1979) 25.9t0 6.9 - 0.2 to - - -

and 3.5 GPa 0.25
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As an overall summary for this section, modulus reductions of at least 50% have been required to calibrate a
model with field observations. The Poisson’s ratio has been modified in only a few studies with a general
increase of 10% in value to render the rock mass softer. The o and [3 factors have varied between average
values initially and minima-maxima in recent studies.

2 Rock mass classifications, de-stressing, and modelling

Based on the reviewed literature, blast-induced de-stressing or preconditioning in rock masses result in a
limited set of observable phenomena. While all of them are not present in each case, they are confined to
the generation of new fractures, the densification and extension of pre-existing fractures, forced slippage on
pre-existing fractures that may include shearing of asperities and an increase in aperture or dilation of pre-
existing fractures. Similarly, field observations of the impacts of successful de-stressing or preconditioning
can be described as the softening or weakening of the rock mass, lowering of its deformation modulus Em, a
reduction in stresses, the release of accumulated strain energy, an increase in convergence and/or closure
and their rates, and a decrease in the magnitude and frequency of seismicity. However, modelling techniques
adopted for de-stressed rock masses are not correlated quantitatively with geologic or rock mechanics
observations in the field. The modulus reduction approach is used almost ubiquitously but it is rarely
qguantified based on actual measurable changes in the rock mass. Rather, a simple percentage reduction is
applied to it until the model results are comparable to field observations. Since there might be other
unknown variables that are responsible for differences between field and model readings, the modulus
adjustment might result (unbeknownst to the researcher) in assigning the full weight of all discrepancies to
that single parameter.

The new approach introduced here assigns reduced model input properties of de-stressed regions based on
rock mass classification systems or related parameters, which can be measured or observed in the field. The
novelty is in the quantitative effect of using a reduced classification number to represent a decrease in Ery, in
de-stressed areas, and its comparison to assessments from field monitoring. Furthermore, since formations
in most mines are already classified using these systems, the approach represents continuity in the
methodology and makes sense from a rock mechanics perspective.

2.1 Rock mass rating (RMR)

The RMR classification system (Bieniawski 1976, 1989) is widely used in underground mining and allocates
up to 70% of its value to fracture properties. In several studies, extensive analyses of the various
interrelationships between classification systems comprising RMR, Q, modified Q', and GSI were conducted.
As a conclusion, several equations were recommended for conversions between RMR and modified Q', as
well as to calculate the En, value (Ahmed 2011; Russo & Hormazabal 2019). Since all these relationships are
empirical in nature and are based on different datasets, the formulas by Hoek & Brown (1997) and Hoek
& Diederichs (2006) will be adopted in this paper to provide analytical uniformity. Apart from these
relationships, the modulus of the rock mass (P1) and degree of fracturing (P4) needed in the Destressability
Index approach could also be related to the RMR value, although this is used for calculations prior to the blast
taking place (Andrieux et al. 2004; Andrieux & Hadjigeorgiou 2008). The relationship between RMR and GSI
is presented in Equation 1 based on the formula by Hoek & Brown (1997).

GSI = RMR -5 (1)
where:
GSI
RMR

geological strength index.

rock mass rating.

The Erm can then be calculated using the formula proposed by Hoek & Diederichs (2006) (Equation 2) where
the GSI and damage factor D are combined with the intact modulus E;.
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D
Epm = E{0.02 + ﬁ} (2)
1
where:
Erm = rock mass or deformation modulus
Ei = modulus of intact rock sample
D = blast damage factor
GSI = geological strength index.

In the final step, the bulk (K) and shear (G) moduli can be calculated using the Em and Poisson’s ratio (V)
(Equations 3 and 4).
E
~ 3a-2v)
E
= 2(1+v)

(3)

(4)

The RMR system allocates various percentages to the effects of rock quality designation (RQD), spacing of
discontinuities, and their conditions in terms of roughness, separation, or weathering. The total for a perfect
rock mass is 100 points, out of which 70 originate from these three properties. If a rock mass were classified
prior to and after de-stress blasting, its RMR value would not remain the same. While artificial fractures that
result from drilling are not part of the usual RQD or RMR classification schemes, intentional blast-induced
damage in the rock mass does not fall within that category. Firstly, the purpose of discounting artificial fractures
due to drilling is to avoid designating the rock mass to be weaker than it is beneath the ground surface. With
de-stressing, the rock mass does indeed become weaker and softer as observed by multiple authors (e.g. Board
& Fairhurst 1983; Scoble et al.1987; Mikula et al. 1995; Andrieux et al. 2003; Hashemi & Katsabanis 2021) and
new fractures are generated in it. Secondly, the rock mass that is damaged due to de-stressing is unable to carry
elevated stresses, a limitation shared with a natural formation of comparable fracture density. Thirdly, a
modelling code does not comprehend the differences between natural and blast-induced fractures within the
RQD system. However, it requires a modified input based on these parameters that describes a weaker rock
mass and allows it to generate lower stresses accordingly. Based on the RMR classification system, the effect of
de-stress blasting can be quantified by one or more of the three properties mentioned above. It should be noted
that stress-induced fractures generated between the excavation and de-stressing stages are not considered
here. The reasoning would be that if they were present in sufficient density, they would partially dissipate the
elevated stresses and there would not be a need for de-stressing.

As an example, a class Il (good rock) rock mass with an RMR of 79 is considered prior to de-stress blasting.
The total score is the sum of an intact UCS of 150 MPa (12 points), an RQD of 80% (17 points), and a single
set of discontinuities spaced at 1 m (15 points), which can be described as less than a metre in length.
Their surfaces are slightly weathered and rough, having less than 0.1 mm separation (25 points), and are
under damp conditions (10 points). As a result of de-stress blasting, the intact UCS, weathering, and
groundwater properties will remain the same in the short-term, and one or several others will change in the
rock mass. The latter ones are first presented in the sections following, along with their specific changes in
this example.

2.1.1  Rock quality designation

If new fractures are formed due to de-stress blasting, then it is obvious that the geologist or engineer logging
the rock mass would assign a different de-stressed RQD value to it than the pre-de-stressed one. However,
the effect would be minimal on the overall RMR value. If the new fracture density reduces the RQD from 80%
to 45%, for example, only four points are lost from the total RMR score. In the example prior, if new fractures
are formed and 20 cm of core per 1 m loses lengths more than 10 cm, then the RQDge-stress Will be reduced to
60% and the RMRge-stress changes to 75 due to the loss of four points.
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2.1.2  Spacing of discontinuities

Newly formed fractures (assuming that they are aligned parallel to the natural ones due to the same geologically
induced defects in the rock mass) would have a significant impact on the rating allocated to their spacing. Even
when this is only reduced to 0.5 m from an original 1 m, five points are deducted from the RMR score for this
property alone. A closer spacing (0.06-0.2 m) could result from a second set of fractures generated at an angle
to the first one, which would deduct seven points instead of five. Since the difference is relatively small, the five
point deduction is considered for simplification. Combined with another potential four points from the RQD
value, it would result in a total reduction of nine points. In the example prior, if only the spacing of fractures is
reduced to 0.5 m from an original 1 m, the RMRge-stress becomes 74 due to the loss of five points.

2.1.3 Condition of discontinuities

The RMR score is most sensitive to the condition of discontinuities in the rock mass after de-stressing. Several
authors (e.g. Toper et al. 1997; Swedberg et al. 2018; Konicek et al. 2019) have reported that blasting forces
slippage on existing fractures, sometimes breaking the jagged surficial features that had been interlocking
the blocks together up to that point. In addition, gaseous expansion from blasts have been reported to
separate blocks along existing fractures (e.g. Cullen 1988; Grodner 1999; Sengani et al. 2019), thus dilating
them and increasing the aperture in between. Up to five points can be lost due to a change from a slightly
rough and weathered fracture surface with less than 1 mm of aperture and no infill, to a 2 mm one that is
allowed to slip since the surface roughness would also be rendered ineffective with dilation. In the example
above, if only the aperture separation of blocks increases from 0.1 to 1.5 mm, the RMRge-stress becomes 75
due to the loss of four points. However, this separation will directly affect the surface roughness parameter
as well since it can no longer be relied upon to provide resistance to movement. Hence, an additional 2-3
points could be lost for a maximum total of seven points, bringing the RMRge-stress dOwn to 72.

2.1.4 Combined effect

The combination of any two or all three of the factors outlined prior would result in an even more significant
reduction in the RMRgestress Value. In the example, if all three properties change simultaneously, then the
RMRde-stress is reduced from the original 79 to 63 for a total maximum drop of 16 points.

2.1.5 Reduction in deformation modulus

It would be instructive to quantify the impact of these reductions on the rock mass deformation modulus.
Using the conversion formula from RMR to GSI (Hoek & Brown 1997) and the relationship by Hoek &
Diederichs (2006), the results would be as follows:

¢ RMR 79: in the original rock mass, the Em is 119.3 GPa, which translates into a bulk modulus K of
76.5 GPa and a shear modulus G of 48.1 GPa.

*  RMRyestress 74: if only the RQD or spacing properties change, the lowest Erm de-stress Will be 106.4 GPa,
With Kde-stress = 68.1 GPa and Gde-stress = 42.9 GPa.

¢ RMRygestress 72: if only the condition of discontinuities changes, the lowest Em destress Will be
100.4 GPa, With Kde-stress = 64.4 GPa al’ld Gde-stress = 40.5 GPa.

¢ RMRyge-stress 63: if all three properties change simultaneously, the Erm de-stress becomes 70.7 GPa, with
Kde-stress = 45.3 GPa and Gde-stress = 28.5 GPa.

It can be observed that the quantitative physical changes due to de-stress blasting have varying impacts on
the input parameters typically used in numerical modelling codes. With all three properties changing at the
same time, the Erm de-stress Can easily diminish to about 59% of its original value. However, it is also shown that
only increasing apertures of existing fractures through explosive gas pressure reduces the same parameter
to 84% of the original deformation modulus.
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2.2 Numerical modelling

To evaluate the newly introduced approach of quantitatively reducing the Em of de-stressed rock masses
based on the RMR system, a simplified model of a typical underground mine in the Canadian Shield was
constructed in FLAC3D (ltasca Consulting Group Inc 2019). It comprises a tabular orebody striking
north—south and dipping steeply within a host greenstone formation. Two parallel dykes are present on
either side of the orebody, with a norite unit further to the north and metasediments to the south. Haulage
drift systems with north, central, and south crosscuts are included in the footwall (north) and hanging wall
(south) sections of the greenstone formation on four levels: L 1460, L 1490, L 1520, and L 1550. Figure 1a
presents an isometric view of the model and Figure 1b provides a closer view of the studied drifts on L 1490
and L 1520. In Figure 2, the geologic formations and the dimensions of the orebody are provided for L 1490.
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Figure1 Isometric views of the numerical model. (a) Overview of levels; (b) Drifts on L 1460, L 1490, L 1520,

and L 1550
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Figure 2 Geologic formations and orebody dimensions on L 1490

Rock mass properties from a previous case study were adopted and pre-mining stresses were generated
using boundary tractions. Both drift systems were partially and simultaneously excavated in five 5m
advances to assess induced stresses on the development faces. Two identical models were used with
different RMR values assigned to the drifts on L 1490 and L 1520 based on the example above, while the ones
on L 1460 and L 1550 retained their original values. In the first baseline model, RMR 79 was used and the Em,
K, and G values were calculated according to the formulas presented previously. In the second case,
RMRye-stress 63 Wwas assumed to represent a combination of new fracture formation and slippage on
pre-existing ones. The model input properties are presented in Table 2 and the simulation was done in linear
elastic mode to provide maximum stress magnitudes.
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Table 2 Input parameters for the baseline and de-stressed models

Geologic unit Ei(GPa) v Baseline Em(MPa) RMRgestress  Erm de-stress
RMR (MPa)
Norite 178 021 59 69,234 59 69,234
Dyke 126 024 63 58,816 63 58,816
Greenstone 149 0.24 79 119,380 63 70,726
Metasediments 77 0.29 55 23,127 55 23,127
Orebody 69 030 75 50,564 75 50,564

3 Results and discussion

The focus of this study was an analysis of the maximum stress magnitude obtained in the drift face prior to
and during the various stages of excavation. Hence, the major principal stress (01) was monitored and
comparisons drawn between values obtained in each stage within the two models. It should be noted that
an examination of the minor principal (03) and differential (0:—03) stresses would yield a more
comprehensive assessment of the mechanisms of de-stressing, which will be the focus of an upcoming
publication by the authors. In this study, 01 was the basis of comparisons between the two models for each
stage of excavation to evaluate the merits of de-stressing.

3.1 Baseline model - RMR 79

In Figure 3, stresses at and around the south drift face are presented in isometric view for the pre-excavation,
first, and fifth stages of development in the baseline model, focusing on L 1490 and L 1520 in the centre.
A 0 isosurface for 170 MPa is also plotted to monitor areas of extremely elevated stresses. As mentioned
before, the implementation of de-stressing does not remove high stresses altogether but simply transfers
them to another location. Hence, it would be of interest to identify those regions where this transfer is made
to, with their absence probably indicating that the de-stressing application was unsuccessful. The pre-mining
01 magnitude on the south drift face on L 1490 is 156 MPa with 163 MPa registered along the drift axis behind
it until the western crosscut intersection. This is a high stress region due to the proximity of the south dyke
to the orebody as shown in Figure 2. It is precisely because of these high stresses that the south drift was
selected for modelling the effects of de-stressing.
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Figure 3 Baseline model (RMR 79) — pre-excavation, stage 1, and stage 3 magnitudes of 0y, focused on
L 1490 and L 1520 drift systems

On the other hand, the north drift indicates a 01 magnitude of 126 MPa with 134 MPa at the western crosscut
intersection. Hence, there is a pre-excavation difference of around 30 MPa between the north and south
drifts. With increasing depth, the g, magnitude is slightly elevated to 158 MPa on L 1520 for the south drift
but the western crosscut intersection remains at 163 MPa. A similar 3 MPa increase is observed for the north
drift and intersection on L 1520.
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At the first stage of excavation, the d; magnitude on the south drift face on L 1490 decreases slightly to 145
MPa in its centre but remains elevated at 163 MPa along its boundaries and just behind it. Of note is the
appearance of the 170 MPa 03 isosurface to the north of the drift, indicating that high stresses have moved
from the excavated region to the adjacent rock mass. The importance of this mechanism was already
mentioned above, but its appearance in the model validates that the simulation is representative of field
conditions. A similar trend is also observed for the excavation of the south drift on L 1520. In the north drift,
the 01 magnitude decreases to 115 MPa in the centre of its face, with the original 134 MPa still registering at
its boundaries and behind it.

Similar trends are observed in the south and north drifts on L 1490 and L 1520 in stages 2, 3, and 4. By stage
5, the maximum 031 magnitude of 163 MPa dominates the south drift and 134 MPa prevails in the north one
at every step of excavation. The notable difference is the increase in the 170 MPa 0, isosurface that
envelopes the south drift and extends from L 1490 to L 1520. Hence, the practical aspect of the analysis is
that developing the south drift will be conducted under high face stress conditions, which will also result in
a significant volume of the adjacent rock mass being under a 170 MPa 0; stress regime.

3.2 De-stressed model — RMRge-stress 63

In Figure 4, stresses at and around the south drift face are presented for the pre-excavation, first, and fifth
stages of development in the de-stressed model, focusing on L 1490 and L 1520. A g, isosurface for 170 MPa is
once again plotted to monitor areas of extremely elevated stresses. An immediate observation that can be
made is that the pre-mining g; magnitude on the south drift face on L 1490 now reads a maximum of 141 MPa
along its boundary, with 148 MPa registered along the drift axis and at the western crosscut intersection. The
01 magnitude in the north drift reads 106 MPa in the face centre, and a maximum of 121 MPa appears around
its boundaries and along the axis towards the western crosscut. It is therefore clear that de-stressed rock mass
has been successfully simulated with a reduction in pre-excavation stress levels in both drift systems, reflecting
values typically reported in the literature. The reduction of around 15-20 MPa matches the upper limits of
typical stress drop ranges in field implementations of de-stressing, which reflect the combined mechanisms
represented by an RMRge-tress Of 63. It is also interesting to observe that the 170 MPa 03 isosurface is more
voluminous on L 1520, thus indicating that the de-stressed status of the south drift has shifted the high stresses
to the adjacent rock mass.
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Figure 4 De-stressed model (RMRge-stress 63) — pre-excavation, stage 1, and stage 3 magnitudes of o,
focused on L 1490 and L 1520 drift systems

With the first stage of excavation, the centre of the south drift face indicates a ; magnitude of only 90 MPa,
with a maximum of 142 MPa appearing around the peripheries and increasing to 151 MPa behind it. As a
minimum, a 10-15 MPa drop in the 0; value is observed at the locations of highest stress concentration around
the south drift, with more significant reductions in the face centre. The 170 MPa 0; isosurface appears at this
stage on L 1490 as with the baseline model, but its volume on L 1520 is less than before. This is due to the high
stresses already having shifted to the adjacent rock mass before the excavation stages, which did not happen
in the case of the baseline model. At stage 5, the established trends continue to persist on L 1490 and L 1520,
and at both the north and south drift systems. The main observation is that the 170 MPa 0, isosurface does not
connect the two levels as before and is less voluminous than the one in the baseline model at the same stage.
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Due to the de-stressed state of both drift systems, all transfers were already completed prior to the excavation
stage and minimal changes occurred afterwards.

3.3 Comparative analysis

It can clearly be observed that the de-stressed model provides a measurable reduction in maximum stress
values on the drift faces before excavation commences. The lower magnitudes of 0; are within the range of
measured reductions in stress found in the literature. Furthermore, this was achieved with a logical reduction
in Erm that was directly linked to the two main mechanisms of de-stressing postulated by various authors and
verified by field observations, which are the creation of new fractures and slippage along pre-existing ones
due to a reduction in their surface shear resistance. The new approach of correlating changes induced by
de-stress blasting to a rock mass classification system provides multiple benefits. Firstly, it allows the
determination of model input properties based on actual observable and quantifiable changes in the rock
mass. This prevents oversimplified reductions in the deformation modulus values based on generalised
percentages. However, it also requires specialised instrumentation to obtain details of fracture density and
geometry. Secondly, it provides a possible explanation as to the contradictory reports on successful,
moderate, and unsuccessful de-stressing tests in the literature. Depending on the blast design in the previous
example, the E:m can be reduced by up to 41% from its original value, which covers the entire range of field
assessments made for de-stress blasts. Thirdly, it correlates well with the observations in the field that a
combination of forming new fractures, slippage and shearing on pre-existing ones and rock block movements
are key requirements for de-stressing as none of them alone reduces the E:m by more than 16%.

4 Conclusion

In this study, a literature review on de-stressing of competent rock mass in underground mines indicated that
its mechanisms congregated around two main schools of thought. In the first case, the generation of new
fractures or the densification and extension of pre-existing ones were thought to release strain energy and
move stresses into adjacent formations. In the second case, the shearing of asperities and dilation of
pre-existing fractures were proposed to be responsible for de-stressing. A related review concluded that the
main approach for simulating de-stressed rock mass, has been a reduction in the deformation modulus Eim
by using a generalised percentage that did not necessarily fit the geologic properties of the affected rock
mass. A new quantitative approach was then proposed to simulate de-stressed rock mass based on
classifications commonly used for characterisation in underground mines such as the RMR system, which
allocated three quarters of its value to parameters affected by specialised blasting for this purpose. Using a
simplified numerical model of a typical mine in the Canadian Shield, a comparison was made between the
baseline simulation where no de-stressing was implemented and an identical one where a combination of
new fractures and slippage on pre-existing ones occurred. A reduction in the major principal stress magnitude
was observed in the latter, which was within the range typically reported from field applications.
Furthermore, de-stressing the drifts transferred high stresses to the adjacent rock mass at the onset of
excavations and provided improved ground conditions for development.
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