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Abstract

This article aims to present GAMAH-R as a new mining rock slope classification system, which was applied on three iron mines
located in the western Quadrilatero Ferrifero, Brazil. This system allows to determine the slope performance concerning drain-
age, geometry and deformation aspects based on visual inspection, using a classification chart. Additionally, it was possible to
represent all slopes evaluated on a GAMAH-R Map, providing guidance, not only for monitoring, but also to assessment of
slopes performance. The performance map of mine A, a hillside mine, shows that predominate T4 slopes, mainly due to ero-
sive processes caused by inefficient drainage system. Mine B, a deep open pit, shows that the slopes belong to classes T5, T4,
T3 and T2, due to the failure mechanisms. The mine C, due to some final pit slopes with geometry according to geotechnical
sectorization and maintenance drainage system, indicates a predominance of slopes of class T2. Herein, a new methodologi-
cal failure susceptibility slope analysis correlating the Global Slope Performance Index (GSPI) and GAMAH-R is presented.
This correlation, still under study and development in the Ph.D. thesis of the first author, allows to insert the studied slope in a
matrix of failure susceptibility, defined as “Matrix of Failure at Mining Rock Slope”. Slopes with medium—high and high failure
susceptibility are selected for a stability analysis, with a probabilistic approach using the probability of failure calculation, and
slopes with low and medium failure susceptibility can be evaluated using deterministic approach.

Keywords Mining - Rock slope classification system - Slope performance map

Introduction

Due to the mining boom at the beginning of the twenty-first
century, the mines have increased in depth and in surface
area, experimenting a higher state of stress and strain of the
rock masses, presenting deformation, cracks or even failures
on the mining slopes. In addition, the mining safety became
more rigorous, imposing restrictions or even forbidding
mine operation activities in failure-susceptible areas.
Focusing in planning and the development of stable
open pit mines, the slope design requires an important input
from geotechnical, mine planning and operation teams.
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The success of this process is dependent on these groups’
capability, interaction and compliance. This is only feasible if
there is increased communication and understanding between
the different teams (Grenon and Hadjigeorgiou 2010).

Classification systems have the main characteristic of
selecting essential parameters for the performance of slopes
and/or rock masses, and their use is simple and practical.
However, it requires professional experience, both in the
formulation (classification chart), score and arrangement of
parameters, as well as in the interpretation of results.

In this matter, the mining rock slope operating classification
system, GAMAH-R, allows the slopes to be clustered into five
classes, T1, T2, T3, T4 and T3, according to an index, denomi-
nated the GAMAH-R Index, which provides for the evaluated
slopes a level of performance concerning drainage, geometry and
deformation, defining the physical integrity of the slopes. A slope
with a low GAMAH-R index (T2 and T1) is prone to present a
good performance, while a high GAMAH-R index slope (T4
and T9) indicates a low performance of the slope, which can,
if not treated properly, cause the rupture and even its collapse.
The scored slopes can be represented in the GAMAH-R Map,
that provides visual information for fast and easy decision make.
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It is a reliable tool to visualize and establish, in a
preliminary way, areas of susceptibility to slope failure
along the pit. This approach can facilitate communication
between the mine planning and geotechnical teams.

One of the advantages of the GAMAH-R system is
that it can be used by any professional, engineers and
technicians, as it is based on parameters raised in field
inspections. Another advantage, still under study and
testing, is that, being a system of practical and routine
application of a mine, it can be correlated to any other
classification system, either of rock masses or slopes.
In this way, it is a complementary slope classification
system.

Some points related to the application of the system are
still being studied in the doctoral thesis of the first author
and try to establish if there is a limitation in the scale of
the slopes or in the resistance of the rocks for its applica-
tion, that is, if they provide reliable results in hard and
weak rocks, and on slopes of any height.

Large-scale rock slope failure, in an open pit mining,
may often be a combination of failures along pre-existing
geological planes of weakness and the failure of intact
rock (Sjoberg 1999). According to this author, a slope can
be considered high when the excavated rock mass contains
discontinuities with low persistence and small spacing
compared to the dimensions of the slope (Fig. 1).

This article presents the GAMAH-R slope classification
system providing three case studies in different iron mines
located in Moeda syncline, western portion of Quadri-
latero Ferrifero, mineral province in the central Minas
Gerais state, Brazil.
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Fig.1 A Discontinuity pattern for an inter-rampa rock slope with a
slope height of 90 m, a slope angle of 50° and two different pre-existing
joint sets. B A high slope (500 m of height and 50° of overall
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Literature review

According to Aleotti and Chowdhury (1999) for an evalu-
ation of failure susceptibility analyses, it is necessary to
answer the following basic questions:

e  Where will it occur?
e What type of failures will occur?
e How will it occur?

Only by answering these questions can one define the
failure susceptibility in the study area.

They show too that qualitative approaches are based
entirely on the site-specific experience of experts with the
susceptibility determined directly in the field or by combin-
ing different index maps. The input data are usually derived
from assessment during field visits.

Susceptibility maps are widely used in landslides and are
misunderstood with hazard assessment. According to Lee
and Jones (2004), landslide susceptibility is the potential
for land sliding to occur, while landslide hazard is the poten-
tial for land sliding to cause adverse consequences from a
human perspective. Landslide susceptibility studies clearly
form the essential basis for landslide hazard assessments.
The results are frequently presented in map form, and the
revealed spatial patterns are of value to both development
planners and engineers.

According to Corominas et al. (2014), the methodology
to make susceptibility maps can be roughly divided into two
categories: empirically based and statistically based. The
empirically based approach produces an index based on a

Height = 500 meters
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slope angle) dug into a rock mass with two families of discontinuities
with joint length between 8 and 10 m and spacing between 3 and 7 m
(after Sjoberg 1999)
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slope inventory and the weights assigned to conditioning
factors. However, Van Westen et al. (1999) claim that this
can result in very reliable maps, on the condition that the
mapping was done with care, but it involves the subjective
definition of the weights of each conditioning factor.

The interest in risk management regarding mining slope
failure mechanisms has increased considerably. Qualita-
tive and quantitative techniques are available (Karam et al.
2015). A common characteristic of these systems is the lack
of emphasis on the geology and morphology of slopes, while
the role of climatic conditions in the stability of slopes is
very limited (Pantelidis 2011).

As presented by Diniz (2005), an adequate performance
of mining slopes depends mainly on the geological and
deformational history of rocks, history of slope failures and
deformation mechanisms and surface drainage conditions.

The slopes are characterised according to their stability
conditions (Sullivan 2013; Naghadehi et al. 2013) as stable
slopes, failure in set of benches and/or inter-ramp failure
and overall failure.

According Wesseloo and Read (2009), the acceptance cri-
teria at bench slope scale are associated to the consequences
of failure as presented in Fig. 2.

In limit equilibrium analyses, the factor of safety, a deter-
ministic measure of the ratio between the resisting and driv-
ing forces in the system, is the most basic design acceptance
criterion in engineering. The uncertainty about the likely
performance of the slope over a specified period under the
proposed operating conditions usually results in the setting
of a prescribed minimum design acceptance value, derived
from experience, for the factor of safety. Due to this, dur-
ing the last 35 years an additional measure, the probability
of failure, has become increasingly used as an acceptance
criterion (Wesseloo and Read 2009).

The acceptance criteria also take into account the scale of
the slopes, as well as a preliminary and qualitative ranking
of the consequences (Fig. 2). The susceptibility studies for
mining slopes aim, among other things, to estimate the shape
and the scale of the failure, inter-ramp or global (Fig. 1).
These studies yield susceptibility maps.

Most susceptibility maps are of a qualitative nature
and concentrate basically on determining the susceptibil-
ity, which can be seen as a relative indication of the spatial
probability, which can be obtained using different analytical
approaches (Van Westen et al. 2006).

According to Varnes (1984), the failure susceptibility
deals with the predisposition of a slope failure, based on its
constructive, functional and operational factors, regardless
of its period of recurrence.

Mining slope classification system

Mine production activities require procedures to ensure a
safe and efficient work area. Tight coordination is required
between mine operations, mine engineering and the geotech-
nical and hydrological groups.

The geotechnical group contributes among other issues to
daily, weekly and monthly maps of failed or unstable areas
such as rock fall hazards, failures, engineering controls, spe-
cial dig permits and no-dig areas (Williams et al. 2009).
This tool proposes a systematic assessment of the opera-
tional safety of the mining process, based on the analysis of
some parameters, which can influence the stability of slopes,
assigning risk assessment concepts to classify the pit sectors.
The proposal contributes to the fact that the slope suscep-
tibility assessment reduces the subjectivity of the analysis,
in addition to systematizing and parameterizing the critical
data of the rock mass and the analysis of potential rupture
of the slopes sectored from the pit, in consensus with some
studies that are being developed in mining pits (Menezes
etal. 2019).

According to Read and Stacey (2009), the stability of
the mining slopes is a major source of risks mainly due to
the uncertainties related to the parameters that form the
geological-geotechnical database, as well as the levels of
stability analysis accepted in the designs of these slopes. The
uncertainties, due to lithological variations and structural
geology, as well as the properties of rock masses, led to a
significant increase in the number of variables, justifying a
probabilistic approach in studies of slope stability. However,

Acceptance criteria®

Slope scale Consequences of failure FoS (min) (static) FoS (min) (dynamic) PoF (max) P[FoS < 1]
Bench Low-high NA 25-50%
Inter-ramp Low 1156-1.2 1.0 25%
Medium 1.0 20%
High 1.2-1.3 11 10%
Overall Low 1.2-1.3 1.0 15-20%
Medium 1.05 5-10%
High 1.3-1.5 11 <5%

a: Needs to meet all acceptance criteria

Fig.2 Typical factor of safety (FoS) and probability of failure (PoF) acceptance criteria values (after Wesseloo and Read 2009)
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since the concept of likelihood in geotechnics is still not well
understood, deterministic analysis to calculate the safety fac-
tor continues to be widely used in mining slope designs.
The Mine Slope Instability Index (MSII) from Naghadehi
et al. (2013) assesses the instability conditions of slopes in
open-pit mines. It uses eighteen parameters (Fig. 3) that can be
obtained and rated in the field and that are important for open pit
slope stability. MSII can be computed as a simple weighted sum

of ratings for all parameters considered. To minimize subjectivity,
the weights are computed in the context of the rock engineering
system (RES) paradigm, using an optimizing back propagation
artificial neural network that has been trained with an extensive
database of worldwide open pit slope stability historical cases.
Slope instability levels are defined based on MSII values. The
validation of the system was obtained by comparing the predic-
tions of the behaviour of 12 slopes with historically known cases.

Parameters Classification categories and ratings
Rock type (lithology) Igneous: Granite, Sedimentary: Breccia, Sedimentary: Sedimentary: Metamorphic: Sedimentary:
Granodiorite, Greywacke, Sandstone and Anhydrite and Limestone shale, Schists and Clay shale,
Diorite and Gabbro; Conglomerate; Metamorphic: ~ Gypstone; Dolomite, Limestone, Mylonites Mudstone,
Metamorphic: Hornfels; Igneous: Dolerite, Igneous: Tuff, Chalk and Siltstone; Claystone and
Gneiss, Quartzite, Obsidian, Andesite, Norite and Basalt, Breccia, Metamorphic: Slate, Marle;
Amphibolite Agglomerate Dacite and Phyllites and Marble
Rhyolite
0.0 0.2 04 0.6 0.8 1.0
Intact rock strength-UCS (MPa) >150 100-150 75-100 50-75 25-50 <25
0.0 0.2 0.4 0.6 0.8 1.0
RQD (%) 75-100 50-75 25-50 10-25 <10
0.0 0.3 0.6 0.8 1.0
Weathering W1 Fresh W2 Slightly weathered W3 Moderately W4 Highly weathered W5
(unweathered) weathered Completely
weathered
(Decomposed)
0.0 0.3 0.6 0.8 1.0
Tectonic regime Weak (almost Moderate (presence of Strong (presence  Very strong (high- Intense
absence of foliation, schistosity and of folds, faults and fractured zones) (Imbrications
meaningful tectonic cleavage) discontinuities) and
events) overthrusts)
0.0 03 0.6 0.8 1.0
Groundwater condition Completely dry Damp Wet Dripping Flowing
0.0 03 0.6 0.8 1.0
Number of major 0 1 2 3 > 3
discontinuity sets
0.0 03 0.6 0.8 1.0
Discontinuity persistence (m) <5 5-10 10-25 25-40 > 40
0.0 03 0.6 0.8 1.0
Discontinuity spacing >3hy 2hp-3h, 1hy-2hy, 1/5hp,-1h,, <1/5hy
(hp is bench height; see Fig. 6)
0.0 0.3 0.6 0.8 1.0
Discontinuity orientation Very favourable Favourable Fair Unfavourable Very
(cq=discontinuity dip direction; B4> Bs and Ba > Bs and og—os < 30° 0< Ba<Ps/4 or Bs/4 < Ba < Bs/2 and ¢g— unfavourable
as=slope dip direction; og—0ts > 30° og—0ts > 30° o5 < 30° Bs/2 < Ba< Bs
Bq=discontinuity dip; and o~
Bs=slope dip ) os < 30°
0.0 0.3 0.6 0.8 1.0
Discontinuity aperture No separation <0.1 mm 0.1-1 mm 1-5mm >5mm
0.0 0.3 0.6 0.8 1.0
Discontinuity roughness (JRCyacro) Very rough Rough Slightly rough Smooth Slickensided
>7 5-7 3-5 1-3 <1
0.0 0.3 0.6 0.8 1.0
Discontinuity filling Not filled Very hard filling Hard filling Soft filling Very soft
filling
0.0 0.3 0.6 0.8 1.0
Slope (pit-wall) angle <30 30-40° 41-50° 51-60° > 60°
0.0 0.3 0.6 0.8 1.0
Slope (pit-wall) height (m) <50 50-100 100-200 200-300 > 300
0.0 0.3 0.6 0.8 1.0
Blasting method Presplitting Postsplit Smoothwall/ Modified production Regular
cushion blast blasting/
mechanical
0.0 0.3 0.6 0.8 1.0
Precipitation (annual rainfall and <150 150-300 300-450 450-600 > 600
snow) (mm/y)
0.0 0.3 0.6 0.8 1.0
Previous instability None Inactive Quiescent Relatively active Highly
(obviously)
active
0.0 0.3 0.6 0.8 1.0

Fig. 3 Mine Slope Instability Index chart (after Naghadehi et al. 2013)
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Stability performance of open pit slopes is affected by
many factors, namely complex geological setting, water
flow, in situ and induced rock stresses, continuous blasting
effects and construction methods. It is therefore important
to identify the critical parameters affecting slope stabil-
ity, in order to reduce the associated uncertainty and risk
(Ferentinou and Fakir 2018). These authors concluded that
depending on the open pit mine slope stability index result
in important information on the levels of susceptibility of
the mine slopes, associating them to the status of stable or
failure at benches or overall slope scale failure.

As proposed by Sullivan (2013), the Global Slope Perfor-
mance Index system (GSPI) is an empirical system of slope
calibration used in risk management that aims to predict the
current and future slope performance, being applicable to
slopes of mine and civil works with a height greater than 30 m.
It is based on decades of experience in designs and evolutions
of hundreds of excavated slopes. Also, it recognizes that three
main elements contribute to the stability of slopes, namely
intact rock strength, geological structures and groundwater.
To apply GSPI, these three elements were divided into five
indices: resistance of intact rock (Fig. 4), characteristic of the
rock masses (Fig. 5A), dominant geological structure (Fig. 5B),
orientation of the dominant structure in relation to the direction
of the slope (Fig. 6A) and groundwater conditions (Fig. 6B).

To determine the individual GSPI classifications for
each index using Figs. 4, 5A, B and 6A, B, the following
methodology proposed by Sullivan (2013) was used to
obtain the GSPI classification presented in Fig. 7.

Existing classification systems discussion

Rock mass classification systems (Rock Mass Rating, Q Sys-
tem, Geological Strength Index, etc.) are used in the general

practice of slope design to obtain construction methods or
strength and deformability parameters. In this way, they clas-
sify the rock masses and not the excavated slopes.

The other limitation is that some of these systems were
developed initially for structures that are at completely dif-
ferent scales to most mine slopes, for example tunnels and
caverns of 10 to 20 m in diameter, compared to excavated
slopes hundreds of metres high. In addition, most of the
input parameters are scale dependent, for example, strength,
RQD and defect spacing (Sullivan 2013).

According to Sullivan (2013), the Global Slope Perfor-
mance Index, based on intact strength, geological structure
and groundwater, has been benchmarked against actual slope
performances and demonstrated by statistical analysis, which
allows the likelihood of different slope performances and
risk to be determined. It provides a simple system for iden-
tifying the potential for an adverse stability outcome, the
event or hazard, to identify what the event or hazard may
entail either as a single hazard or range of possible outcomes
and to supply guidance in terms of potential scales.

The identification of a potential event or hazard would
then be the basis for a review of all the monitoring data,
a more detailed groundwater and the geotechnical param-
eter review and assessment of the need for additional
investigations.

Geological setting

The Quadrilatero Ferrifero (QFe), one of the most important
regions of the Brazilian Precambrian shield for its reserves of
iron, manganese and gold, is a granite—greenstone terrain located
in the southern portion of the Sdo Francisco craton in south-
eastern Brazil (Fig. 8). It comprises a supracrustal sequence of
Archaean metavolcanic rocks (the Rio das Velhas greenstone

Fig.4 Field estimates of UCS ISRM T UCS (MP 1550 (MP Field Estimate of Strensth
(after ISRM 2007 apud Sullivan Grade erm (MPa) 1550 (MPa)  Field Estimate of Streng
2013) and GSPI classification— Rock  material only chipped under
ISRM strength categories (after R6 Extremely Strong >250 >10 repeated hammer blows, rings when
Sullivan 2013) ;t:;il;es many blows of geological
RS Very Strong 100-250 4-10 hammer to break intact specimens.
R4 Strong 50-100 -4 Hand held specimens broken by a single
blow of geological hammer.
R3 Medium Strong 2550 12 Firm blow w1th‘ ge'ologwal pick indents
rock to 5mm, knife just scrapes surface.
R2 Weak 5.25 Na Knlfe 'cut's mater'lal but too hard to shape
into triaxial specimens.
Material crumbles under firm blows of
Rl Very Weak 1-3 Na geological pick, can be shaped with knife.
RO Extremely Weak 0.25-1 Na Indented by thumbnail.
ISRM Grade Term UCS (MPa) GSPI Classification
R5/R6 Extremely to very strong >100 1
R4 Strong 50-100 2
R3 Medium strong 25-50 3
R2 Weak 5-25 4
R1/RO Very weak <5 5
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Fig.5 A GSPI rock mass
classification ( adapted from
Marinos and Hoek 2000 apud
Sullivan 2013) and B geological
structure hierarchy and GSPI
classification (after Davis 1984
apud Sullivan 2013)
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ORIENTATION RELATIVE ALTERNATE GROUNDWATER
TO EXCAVATED SLOPE DESCRIPTION CONDITIONS
Score] TYPICAL MODELS AND ORIENTATION DATA SCoRE
Ground
Dip Strike Condition | Description |Water Level| Rainfall Groundwater Pore Pressure
Change Response Level Conditions
P(kPa)
1 1
1 Into <50° Into >15° No 2 £, Hydrostatic
slope slope 1 DRY significant s
groundwater 3 O3
a4 a4
25%
Parallel Plkpa)
2 |parallel| +10°| to Oto Generally
slope ° i
+’_) 30 Low level Falling Hydrostatic
2 Low relative to
slope
Parallel
3 |Outofioto| to |oOto
slope | 5° | siope | 45°
+- Generally
Level Falling Hydrostatic
3 MODERATE| approaches
half slope l
height
Out of | 5to <50%
slope | 20°
Level around P(kPa)
" two thirds of| Stead
eady or
SI.O.pe and or Rising No Hydrostatic
4 ELEVATED | "ising levels or
and or with T Yes \
Into {50 to possible \
slope | 80° rainfall
response <75%
Essentially a P(kPa)
A fully
o / HIGHTO | saturated .
outof _ [Parallel ot >N P 5 FULLY |slope and or Yes Hydrostatic
5 Outof 5207 | to 253 v { - SATURATED| significant
P slope Vi -/ peak rainfall
*- 5 reponses
100%

Fig.6 A Controlling structure orientation relative to the excavated slope and GSPI classification, and B groundwater conditions and GSPI clas-

sification (after Sullivan 2013)

unit, 2.9-2.7 Ga) and Lower Palaeoproterozoic metasedimentary
rocks (the Minas supergroup, 2.1-2.5 Ga), which have been
regionally metamorphosed to greenschist to lower amphibolite
facies during the Transamazonian (2.1-2.0 Ga) and Pan-African-
Brasiliano (0.8-0.6 Ga) orogenies. Available U-Pb zircon dating
indicates that the Rio das Velhas greenstone unit was deposited
on an Archaean granitic—gneissic basement. Reactivation of this
basement in subsequent orogenic events has produced the dome-
and-keel structure (Hippertt and Davis 2000).

The axial traces of the kilometre-scale synclines anas-
tomose around the granitic domes (Fig. 8) form a discon-
tinuous keel that is approximately 240 km in length and
20 km in width. Both the Archaean greenstone unit and the
overlying Palaeoproterozoic metasedimentary sequences are
folded within this keel, forming tight synclinoria or, locally,
overturned homoclines. The geometry of the interconnected
kilometrescale synclines varies greatly from one point to
another.

Moeda syncline

At west of the Bacdo metamorphic complex (BMC), its east
limb of Moeda syncline (MS) is progressively overturned

towards the south where the Bag@o complex lies on the over-
turned supracrustal sequences (Fig. 8).

Several strike-slip faults cut both limbs of the Moeda syn-
cline (Fig. 8). N-S trending structures (thrust faults and shear
zones) and fracture systems are superimposed over all pre-
existing structures (Chemale et al. 1994) and are recorded
on rocks that host iron ore (itabirites) and country rocks
(quartzites and phillytes).

This structural assemblage formed by ductile and brittle
structures determines the mechanical behaviour of the rock
masses in which the mine slopes were excavated.

GAMAH-R classification system

The GAMAH-R system, a Portuguese acronym for geom-
etry, surface water, failure mode, erosion and past failure
mechanisms, is an operating system for mining slope classi-
fication, which allows several levels of slope responsibilities
(planning, operation, maintenance, monitoring and others) to
assign time action necessary to obtain better slope stability.

This system allows to group the slopes into five catego-
ries, T1, T2, T3, T4 and TS5 according to the GAMAH-R

@ Springer
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22 history. This is probably due to good design and mainte-

nance, especially in relation to the drainage system. A poor

20+ s performance, a high GAMAH-R index slope (T4 and T5),

b - 1 is directly associated with no adequate bench geometry,

18+ T deteriorated rain drainage system and mainly with active

/“/ | !/ 7 ‘ - failure and deformation mechanisms, most often perceived

5 167 1 ‘ T by tensile cracks, which can, if not treated properly, cause

2 // /i B ‘// the rupture and even its collapse. It is also possible to

g 149 1 1| subdivide the classes into low and high, using inferior and

g Bl — Vv // superior limits variations.

:g \ 7 The classification provided the representation of the min-

& 104 L T ing slopes in a map (GAMAH-R Map) that can be constantly

%’_ 4+ /J,j 4 > updated, providing a reliable and useful tool to visualize the
S g yd Increasing Increasing slopes most susceptible to instabilities.

_'8° ‘ P K‘J'C‘I‘(f::::f 'G":L“uen“;;;fer It is based on a chart with three different fields as pre-

[CR iyl Character and | and Structure sented in Fig. 9. The upper field provides general informa-

,‘/ (S:S':g:%[:?fype Qrientation tion about the slope: mine name, wall location and number

4 - of benches, wall height and angle, lithology, structural geol-

ogy, date and the classification of the slope (GAMAH-R

2+ Index). The intermediate field presents the classification of

the five parameters used on determination of GAMAH-R

0 T T T T T T T Index, in a similar way to other rock mechanics classifica-

2 = '{é < %_ < gg £ 2 tion systems, with the highest values on the left side and the

& § gE = ET; éqE) E’ ‘=°° lowest on the right side, under the qualitative description of

“ T = s 33 © the classification categories for each parameter. Below, it

3 é EE is presented the colours, used on GAMAH-R Map, and the

Slope Performance Classification

Fig. 7 GSPI trends (after Sullivan 2013)

index, defined by the sum of the scores given by five
parameters:

e Slope geometry

e Water seepage and berm drainage conditions

e Failure modes, in accordance to discontinuities number
and their geometry

e Erosion processes evaluation

e History of past slope failures

The score for each parameter is assumed as linear, due
to the observation of the parameter more common and
relevant in relation to the performance of the iron min-
ing slopes. The values of the groups vary from 5 to 25,
where 5 denotes a slope with good performance (T1) and
25 a slope with low or poor performance (T5). For a good
performance, a low GAMAH-R index (T2 and T1), the
slope is expected to have a geometry in accordance with
the geotechnical requirements (in other words, to consider
geomechanical characteristics of the rock masses), a good
drainage system, no failure, no erosion and no deformation

@ Springer

range for each group. Finally, the lower field provides details
of the mitigation measures taken by technical areas of the
mining site (mining, planning and geotechnical teams) to
reduce failure susceptibility and, finally, a punishment for
non-visual inspection.

The classification of each evaluated parameter is subjec-
tive but is a function of mine site observation and geotechni-
cal experience.

To decrease susceptibility, i.e. improve slope perfor-
mance, some considerations must be taken, such as mainte-
nance of drainage systems, responsibility of mine operation
team; modification of the slope geometry, responsibility of
planning and geotechnical teams; buttresses and contain-
ment structures, responsibility of mine operation team and
monitoring systems, responsibility of geotechnical team.

The goal of the classification is to define the level of
urgency for maintenance, instrumentation and monitoring,
to minimize the risks of slope failure and maximize the slope
safety.

GAMAH-R index guidance

To use the GAMAH-R classification system properly, for
each selected slope, the following procedures and recom-
mendations are necessary:
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Paleoproterozoic Archaean
Minas Supergroup Rio das Velhas Supergroup
B Schist and metagraywacke [ Metaultramafic, metavolcanic rock, schist and Itabirite N
Graphite-rich phyllite, quartzite and metaconglomerate [l Metaultramafic rock (komatiite) A
I Quartzite and quartz-rich phyliite Quartzite and metaconglomerate

B Banded-quartz hematite (Itabirite)

\g

(Quadrilatero Ferrifero
Province

Morro Velho Mine (332.02 t Au)

,-.//‘3" '

Shear Zones and structures §

—a Thrust fault

()

-43°30'

e
s "
—— Dextral transcurrent
== Sinistral transcurrent 0 15 30
Maijor gold mines = ;
@ Maporg —A— Transpression zone — —
« Other gold occurrences — Indiscriminate structure kilometers

Fig.8 Simplified geological map of the Quadrilitero Ferrifero Prov-
ince, with emphasis on the Rio das Velhas Supergroup and the Minas
Supergroup. Yellow filled circles represent the gold mines and the

e QObserve the geometric conditions of the slopes based
on the geotechnical sectorization

e Analyse the conditions of water seepage and drainage
of berms

e Verify the failure modes
Evaluate the erosions

e Recover the history of slope instabilities (deformations
and failures)

1. Define the slope sectorization: the pit slopes must be
grouped according to their dip direction (with max range
of 20°). The possible limits of this grouping are the bot-
tom pit, main accesses, slope ridges when positioned at
pit boundary and open pit external limits. This grouping
should be designated by the capital letter C, followed by
a number of the sector, 1, (e.g., C1) (Fig. 10).

black dots represent the other known occurrences and small mine
sites (modified from CPRM, CODEMIG 2014 apud Costa et al.
2019). The studied mines (A, B and C) are represented by red circles

2. Assessment of suitable slope geometry: the evaluation
of the adequate slope geometry will be determined by
geotechnical sectorization (e.g. which takes into account
the type of rock for iron ore mines) as presented in
Fig. 11:

e C(lass 1, slopes with appropriate geometry (geo-
technical sectorization) (Fig. 12B)

e Class 2, slopes with berms less than 7 m wide

e C(lass 3, slopes with height greater than 10 m

e C(lass 4, slopes with bench angle higher than those
of Fig. 11, for the corresponding lithologies

e C(lass 5, slopes higher than 10 m and bench angle
higher than those indicated in Fig. 11, are charac-
terized as extreme cases (Fig. 12A)

3. Drainage conditions: seepage conditions evaluation

@ Springer
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Fig. 10 Example of slope sectorization. Aerial view of an open pit
mine

e C(lass 1, slopes with good drainage (suitable rake)
(Fig. 13B)

e (lasses 2 and 3, saturation of the slopes due to water
accumulation, on berm-crest (class 3) or on berm
(class 2), may cause bench failures

e C(lass 4, subsequent erosion of the slopes due to over-
flowing the ridge (Fig. 13A)

e C(lass 5, slopes with seepage

4. Failure modes: evaluate the possible failure modes by

the number of geological structures, intersections, per- 7.

sistence, spacing and their implications in the instability
of the slopes.

e (lass 1, no failure mode

e (lass 2, circular surface

e C(lass 3, rockfalls (three or more discontinuities)
(Fig. 14B)

e (lass 4, wedge (two discontinuities)

e C(lass 5, planar or toppling failures mechanisms
(Fig. 14A)

Evaluating the erosions: this issue promotes changes of
bench stability and are correlated to maintenance dif-
ficulty.

Class 1, no erosions on slopes (Fig. 15B)

Class 2, erosion on one slope

Class 3, erosion on two non-subsequent slopes
Class 4, erosions in two subsequent benches
(Fig. 15A)

e C(lass 5, slopes with multi erosions

Historical slope deformations and failures: slope history
is understood as previous deformations or failure mech-
anisms. It could present field features, such as sealed
cracks and recovered slopes:

e C(lass 1, slopes with no history of deformation

e C(lass 2, slopes with isolated cracks (Fig. 16B)

e Class 3, slopes with more than one crack and/or
cracks connected (Fig. 16A)

e (lass 4, slopes with recurrent deformation

Class 5, slopes with permanent deformation

Slopes with permanent deformation, in general, are

associated with a deformation mechanism, while slopes
with recurrent deformation can be associated with rainy
seasons or even mining development.
Visual field inspections: this information is obtained by
visual inspections carried out by geotechnical or techni-
cians. Therefore, the lack of inspection in the selected
sector implies a depreciation of 4 points on the slope’s
classification.

GAMAH-R index map

The map of mining rock slopes providing guidance, not

Rock types |Bench angle

Fig. 11 The geotechnical sectorization for iron mine slopes with 10 m
height and 7 m berm width

only for repair and monitoring works, but also an assess-

Hard itabirite 70 ment of performance of the slopes along the pit and is
Medium itabirite 60 used to:
Soft itabirite 50
Hard hematite 70 1. Indicate the slopes more susceptible to good perfor-
Medium hematite 60 mance.
Soft hematite 50 2. Quantify the instrumentation of the open pit.
Cangue 60 3. Guide field inspections.
Quartzite 50 4. Define regions where probabilistic stability analyses
Phyllites 50 should be carried out.
Intrusive rock 40 5. Support mining plans and the maintenance of slopes.
Laterite 40 6. Select slopes that must undergo a risk analysis.
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Fig. 12 A Slopes with no appro-
priate geometry and B slopes
with suitable geometry

A)

This map is the clustering of slopes in accordance with
the ranking. It should not be confused with risk maps, as
these should include the damage.

The GAMAH-R map shows regions of the mine
where the slopes do not behave according to the design
premises, which would show the most critical sites for
failures (preliminary failure susceptibility map), as it
partially answers questions raised in this type of study,
i.e. where they occur and what are the possible types of
failure.

CASE studies: GAMAH-R index to three
mines in east limb of Moeda syncline

The GAMAH-R classification system was applied to
rock slopes of three iron mines, A, B and C, located on
the eastern limb of the Moeda syncline (Fig. 8), and the
charts of classifications for some of the compartments of
each mine are shown on Figs. 17, 20 and 24.

These mines show different operational development:
mine A is characterized a recently opened mine on the
hillside with dry slopes. Mine B is a well-developed
open-pit mine, with water inflow. Mine C is defined
as an old open-pit mine with water drawdown by pump
wells.

Fig. 13 A Erosions of the
slopes due to over-flowing and
B slopes with good drainage

@ Springer

MINE A

Mine A was divided into 15 compartments, according to the
dip direction of the slopes and main accesses. As an example,
the compartment C8, localized on north of mine, was clas-
sified according to the chart GAMAH-R in Fig. 17. Itis a
compartment with NW direction and height of 70 m, between
1420 and 1490 m elevations, with an inter-ramp angle of 26°
(Fig. 18A). The rock mass is formed by hard, medium and
soft itabirites, with the discontinuities characterized by the
compositional banding Sb and three families of fractures.

Because there are no inspections in this part of the
slope, the score was penalized by 4 points, and the
GAMAH-R index for this slope was 19, i.e. a T4 slope.

The susceptibility map of rock slopes of mine A (Fig. 19)
shows that in this mine T4 slopes predominate, i.e. with
GAMAH-R index between 16 and 20. This classification
is mainly due to erosion processes occurring in the slopes
(Fig. 18B).

MINE B

Mine B, a well-developed open-pit mine, was divided
into 4 compartments, according to the dip direction of the
slopes and the bottom pit. As an example, compartment
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Fig. 14 A Slope with potential
to planar failure and B slope
with rockfalls

C2, localized on northeast of mine, was classified accord-
ing to the chart GAMAH-R in Fig. 20. It is a compart-
ment with NW direction and height of 211 m, between
1207- and 1418-m elevations, with an inter-ramp angle
of 28° (Fig. 21A). The rock mass is formed by medium
and soft itabirites and laterites, with the discontinuities
characterized by the compositional banding Sb and three
families of fractures (Fig. 21B).

The compartment C2 shows erosion due to slope over-
flow (Fig. 22A) and circular failure on slope excavated
in laterites (Fig. 22B).

The susceptibility map of rock slopes of mine B
(Fig. 23), a deep open pit, shows that the slopes belong
to classes TS5, T4, T3 and T2. The slope TS5 of compart-
ment C3 presents toppling and permanent deformation.

MINE C

Mine C was divided into 6 compartments, according to
the dip direction of the slopes and the bottom pit. As
an example, compartment C3, localized on south of
mine, was classified according to the chart GAMAH-R

Fig. 15 A Erosions in two
subsequent benches and B no
erosions on slopes

in Fig. 24. It is a compartment with NNE direction and
height of 40 m, between 1380 and 1420 m elevations, with
an inter-ramp angle of 25°. The rock mass is formed by
quartz-sericite-phyllites and laterites, with the principal
discontinuity characterized by the compositional banding
Sb (Fig. 25A).

Compartment C3 shows adequate geometry, drained
berm, no erosion (Fig. 25A) and slope’s cracks (Fig. 25B).

The susceptibility map of slopes of mine C (Fig. 26) indi-
cates a predominance of slopes of class T2, due to some final
pit slopes with geometry according to geotechnical sectori-
zation and maintenance drainage system.

Failure susceptibility matrix for rock slope
mining

Herein too, a proposal and a case study are still under devel-
opment in the Ph.D. thesis of the first author, for the new
mining slope failure susceptibility analysis procedure cor-
relating the Global Slope Performance Index system (GSPI)
and the slope classification system, GAMAH-R. This is
present as a susceptibility matrix to mining rock slopes

@ Springer
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Fig. 16 A Slope with more than
one crack and B isolated cracks

(MatRTRM) (Fig. 27), in which the less susceptible slopes
will take the fields near the origin of the matrix.
GAMAH-R does not indicate the instability or slope fail-
ure. For this reason, the relationship with the GSPI system
is necessary, understanding that these systems complement
each other. The correlation made it possible to select the
most unstable slopes, which provide a risk management

tool for mining slopes, so that the ones with medium-high
to high susceptibility were selected for stability analysis,
according to a probabilistic approach.

For high slopes (above 500 m) (Sjoberg 1999) due to the
requirement of GSPI parameters, such as intact rock, geological
structures and hydrogeological variations, the sectorization of
the slopes must take into account the litho-structural domains.

Mine A Region North
Slope / Direction / Benches C8/NW/1420-1490 Slope Heigth (m) / Slope Angle (°) 70/26
Rock type Itabirites Structural Geology Compositional cleavage/ fractures
Date of Classification 01/11/2019 Responsible Personal Flavio A.F.Filho
Slope Geometry
High height and High face angle High face angle | High heigth | Narrow berm | Adequate geometry
5 4 | 3 [ 2 | 1
Drainag =n
Seepage | Slope overflow | ‘Water embedding on the berm - crest ‘Water embedding on the berm Drained berm -
5 | 4 [ 3 2 1 g
Failure mode =
One di ity (Planar - Toppling) I Two di ities (Wedge) I Three or more discontinuity (Rocfall) I No dis ity (Circular) | No failure mode =
5 | 4 3 2 1 §
Erosion s
Multi-slope erosion l Erosion on two subsequent slopes l Erosion on two non-subsequent slopes l Erosion on a slope | No erosion
5 4 [ 3 [ 2 | 1
History
Permanent deformation Recurrent Deformation Connected cracks | Isolated cracks | No deformation histo
5 4 3 | 2 | 1
RANKING SCORE Score (GAMAH-R Index) Observations: T4 - 19
5
6---10
T3 11--15
T4 16 --20

Actions Suggested for Reduction of S ptibility

Infrastructure of mine

Geotechnics

Mine Planning

Survey

No inspection (4)

Fig. 17 Mine A, compartment C8. In purple, the selected parameters
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Mine B Region Northeast
Slope / Direction / Benches C2/NW/1207-1418 Slope Heigth (m) / Slope Angle (°) 211/28
Rock type Itabirites - soft and me dium Structural Geology Compositional cleavage/fractures
Date of Classification 09/12/2019 Responsible Personal Flavio A.F.Filho
Slope Geometry
High height and High face angle High face angle l High heigth l Narrow berm | Adequate geometry
5 4 [ 3 [ 2 [ 1
Drainage conditions
Seepage I Slope overflow I Water embedding on the berm - crest I Water embedding on the berm | Drained berm -
5 | 4 [ 3 [ 2 1 3
Failure mode =
One discontinuity (Planar - Topplin; Two discontinuities (Wedge Three or more discontinuity (Rocfall) | No discontinuity (Circular) | No failure mode =
4 3 [ 2 1 é
Erosion 3
Multi-slope erosion | Erosion on two subsequent slopes | Erosion on two non-subsequent slopes | Erosion on a slope | No erosion
5 | 4 3 2 1
History
Permanent deformation Recurrent Deformation Connected cracks l Isolated cracks | No deformation history
5 4 3 [ 2 | 1
RANKING SCORE Score (GAMAH-R Index) Observations: T4 - 17
5
6---10
T3 11 ---15
T4 16 -—-20
21 ---25

Actions Suggested for Reduction of Susceptibility

Infrastructure of mine

Geotechnics

Mine Planning

Survey

Fig.20 Mine B, compartment C2. In purple, the selected parameters

Fig.21 A Overview of the
northeast slope of mine B
(compartment C2). B Medium
itabirite with three planes of
weakness, two vertical and one
sub-horizontal

Fig.22 A Slope overflow. B
Circular failure on slope exca-
vated in laterite
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Fig. 23 Susceptibility map of mining rock slopes (GAMAH-R Map) of mine B. The legend of classes is red for slopes T5, orange for slopes T4,

yellow for slopes T3, blue for slopes T2 and green for slopes T1

Case study: failure susceptibility matrix
formine A

One of the applications of the GAMAH-R slope classifica-
tion system is the determination of the failure susceptibil-
ity matrix of mine rock slopes.

Mine A was chosen as a case study for applying the
failure susceptibility matrix by the correlation between
the GSPI and GAMAH-R systems.

As example, the GAMAH-R index of the compartment
C8 is showed in Fig. 17, and the GSPI is represented in
Fig. 27.

Figure 28 shows the failure susceptibility matrix for
all slopes of mine A, considering the correlation values
obtained from GAMA-H and GSPI.

A direct correlation between the GAMAH-R and GSPI
system is expected, due to the same number of parameters
(5), with the same weight for each element (1 to 5), and these

@ Springer
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Mine C

Region East

Slope / Direction / Benches C3/NNE/1380-1420

Slope Heigth (m) / Slope Angle (°) 40/25

Rock type

Sericites-phyllites and laterites

Structural Geology Compositional cleavage

Date of Classification 09/12/2019

Responsible Personal Flavio A.F.Filho

Slope Geometry

High height and High face angle High face angle | High heigth | Narrow berm | Adequate geometry
5 4 [ 3 [ 2 1
Drainage diti
Seepage I Slope overflow I Water embedding on the berm - crest I ‘Water embedding on the berm | Drained berm .
5 [ 4 3 [ 2 [ 1 3
Failure mode =
One discontinuity (Planar - Toppling) | Two di (Wedge) | Three or more di inuity (Rocfall) | No discontinuity (Circular) | No failure mode uu:
5 l 4 3 l 2 | 1 g
Erosion <
Multi-slope erosion | Erosion on two subsequent slopes | Erosion on two non-subsequent slopes | Erosion on a slope | No erosion <
5 | 4 3 [ 2 | 1
History
Permanent deformation Recurrent Deformation Connected cracks | Isolated cracks | No deformation history
5 4 3 [ 2 [ 1
RANKING SCORE Score (GAMAH-R Index) Observations: T2 - 7
S
6---10
T3 11---15
T4 16 --- 20
21 ---25

of Sus ceptibility

Actions Suggested for Red

Infrastructure of mine

Geotechnics

Mine Planning

Survey

Fig.24 Mine C, compartment C3. In purple, the selected parameters

systems are interchangeable and complementary. In this way,
the matrix may show the null or non-applicable extreme
fields, since they represent the inverse relationship between
the systems. Among the studies are the extreme fields of the
failure susceptibility matrix (squares with black outline in
Fig. 27), as these probably did not present classified slopes.

Fig. 25 A Slope with adequate
geometry, drainage berm and no
erosions. B Slope’s cracks

@ Springer

Thus, it will be able to compare different mines,
in their different stages in relation to the mining and
pit geometry, as a function of the distribution of the
slopes, represented by points in the failure susceptibil-
ity matrix.
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Fig. 26 Susceptibility map of

mining rock slopes (GAMAH- \

R Map) of mine C. The legend PIOWA
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SLOPE C8
GSPI
ISRM strength categories 3
Rock mass 2
Geological structure 2
Structure orientation relative to the excavated slope 1
Groundwater conditions 1
9
Performance Stable

Fig. 27 The GSPI classification to compartment C8 from mine A

Conclusions

Rock mass classification systems (Rock Mass Rating, Q
System, Geological Strength Index, etc.) are used in slope
designs to establish construction methods or parameters
of strength and deformability of rock masses. In this way,
they classify the rock masses and not the excavated slopes.

The GAMAH-R, a new mining rock slope classification
system, allows the mining operation group (miners, geo-
technics and technicians) to assign time action and respon-
sibilities necessary to ensure better slope stability in iron
ore mines. This system allows to group the slopes into
five categories, T1, T2, T3, T4 and TS5, according to the
GAMAH-R index, defined by the sum of the scores given
by five parameters: slope geometry, water seepage and berm

25
Z
¥
5o Gl Multiple bench failure
/collapse
— C4
% 15 0
C14y ‘33 Local bench failure/
C.15 cs rockfalls
C12 C13
c2 e « gg
c1
10 ° ° -
C10 7
C11 Ccs @
°
C6 Stable
7
o
5 7
5 10 15 20 25
GAMAH-R

Fig. 28 Failure susceptibility matrix for rock slopes mining, correlat-
ing the GAMAH-R and GSPI systems. The fields in red are of high
susceptibility to failure, the fields in orange are medium-high, the

@ Springer

fields in yellow medium—low and the fields in green are low suscepti-
bility. C1 and C2 are the sectorization of the slopes from mine A. The
fields defined by square are under study
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drainage conditions, failure modes, erosion processes evalu-
ation and history of past slope failures. The values of the
groups vary from 5 to 25, where 5 denotes a slope with good
performance (T1) and 25 a slope with low or poor perfor-
mance (T5). For a good performance, a low GAMAH-R
index (T2 and T1), the slope is expected to have a geometry
in accordance with the geotechnical requirements, a good
drainage system, no failure, no erosion and no deformation
history. This is probably due to good design and mainte-
nance, especially in relation to the drainage system. A poor
performance, a high GAMAH-R index slope (T4 and T5),
is directly associated with no adequate bench geometry,
deteriorated rain drainage system and mainly with active
failure and deformation mechanisms, most often perceived
by tensile cracks, which can, if not treated properly, cause
the rupture and even its collapse.

The classification provided the representation of the min-
ing slopes in a map (GAMAH-R Map) that can be constantly
updated, providing a reliable and useful tool to visualize the
slopes most susceptible to instabilities, and is used to quan-
tify the instrumentation of the open pit, guide field inspec-
tions, define regions where probabilistic stability analyses
should be carried out, support mining plans and the main-
tenance of slopes and select slopes that must undergo a risk
analysis.

GAMAH-R system was applied on three iron mines, A, B
and C, located in the western Quadrilatero Ferrifero, Brazil.
These mines show different operational development: mine
A is characterized a recently opened mine on the hillside
with dry slopes. Mine B is a well-developed open-pit mine,
with water inflow. Mine C is defined as an old open-pit mine
with water drawdown by pump wells.

The performance map of mine A, a hillside mine, shows
that predominate T4 slopes, mainly due to erosive processes
caused by inefficient drainage system. Mine B, a deep open
pit, shows that the slopes belong to classes TS5, T4, T3 and
T2, due to the failure mechanisms. Mine C, due to some
final pit slopes with geometry according to geotechnical
sectorization and maintenance drainage system, indicates a
predominance of slopes of class T2.

The authors believe that some parameters of the Mine
Slope Instability Index—MSII (Naghadehi et al. 2013)
have little relevance for the slope excavated selection on
iron mines on tropical areas. Iron mine pits are, in general,
opened on metamorphic rocks, with little lithologic varia-
tion, mainly composed by itabirites, quartzites, schists and
phyllites. Tectonic regime has also uncertainties, as the high-
est score is related to thrust faults, and the lowest score is
related to the absence of tectonic structures. This does not
happen on very deformed pre-Cambrian regions, as there
are several overlapped geological structures. As some of the
slopes have been excavated a long time ago, detonation is
also not of key importance. As the climate of tropical areas

has rainfall much higher than 600 mm/year, the index pro-
posed is not applicable for these zones.

The GSPI is essentially a slope rating system. However,
it is fundamentally different from many of the systems used
in general slope design practice. In part because of the com-
plexity of design in many rock masses, many attempts have
been made to correlate rock slope design with rock mass
parameters or slope design angles, using simple classifica-
tion systems. One of the benefits of the GSPI over these
rating systems is that it requires the engineering geologists
to directly evaluate the input parameters at the scale of the
slope under consideration. The GSPI is also not related to
slope angle and makes no attempt to predict this, because
the GSPI is designed for use with excavated slopes, at least
at this stage, and all of these excavated slopes have been the
subject of a slope design (after Sullivan, 2013).

The proposal for a new methodological failure suscepti-
bility analysis applied to the mining of rock slopes is still
under study and under development in the Ph.D. thesis of
the first author, based on correlations between GSPI and
GAMAH-R.

The slopes C3, C4, C7, C9, C10, C11 and C13 should be
assessed by more detailed stability analyses carried out from
a probabilistic approach, which will determine the proba-
bility of failure, because they are situated in medium-high
field (orange field) in the MatRTRM, i.e., with GAMAH-
R greater than 15 and GSPI greater than 10. The slopes
Cl1, C2, C5, C6, C8, C12, C14 and C15 are situated in the
field medium—low susceptibility (yellow field) and can be
evaluated by deterministic approach which is stable by
GSPI system. Although slopes C6 and C8 are in the field
of medium-high susceptibility, they are stable for the GSPI
system.
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