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Abstract

The engineering behaviour of rock masses is in many cases anisotropic due to the presence of either
bedding, schistosity or joints and fractures. Anisotropic rock mass rating (ARMR) has been developed
to assist in rockmass classification and design of structures in anisotropic rockmasses. A modified
Hoek & Brown failure criterion, that incorporates ARMR rating, has been developed to calculate the
strength of transversely anisotropic rock masses in various orientations with the context of rock
engineering design. The paper presents the methodology of applying ARMR and the modified Hoek &
Brown criterion to design a slope in an open pit in the Dominican Republic. Slope stability analysisis
performed using anisotropic rock mass strength in 2D and 3D. It is demonstrated that the modified
Hoek & Brown approach for anisotropic rock mass is slightly higher factor of safety compared to the
Generalised Hoek & Brown criterion for isotropic rock masses.
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1 Introduction

1.1 General

Directional shear strength models allow the application of different shear strengths to different slip
surface orientations in numerical analyses. They can be applied in such a way so as to ubiquitously
represent weaker bedding planes and foliations upon which shearing is expected to preferentially occur
relative to the remainder of the rock mass. In order to apply such models, it is necessary to deter-mine
the shear strength of intact rock or rock mass shear strength, the shear strength of the anisotropy plane
and define the 'transition' from intact rock or rock mass shear strength to anisotropy plane shear
strength (Bar & Weekes, 2017; Saroglou & Bar, 2020).

Linear approximations of non-linear shear strength envelopes derived from Hoek et al. (2002) or
Barton& Bandis (1980) failure criteria can be used to predict the behaviour of rock masses and
bedding in numerical analyses.
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An alternative approach is to determine the strength of anisotropic rock masses for different
orientations of the anisotropy plane by using the anisotropic rock mass rating system, ARMR
(Saroglou et al., 2019), in conjunction with the Modified Hoek-Brown failure criterion (Saroglou &
Tsiambaos, 2008). Using this method, both the shear strength of the intact rock and rock mass strength
(in terms of Hoek-Brown or Mohr-Coulomb criteria) can be determined for any orientation of the
anisotropy plane, while the least strength of the anisotropic rock mass occurs when the orientation of
the anisotropy plane is such that failure takes place along the anisotropy plane, usually at an angle
between 30 to 45°.

In this paper, a case study from a slope stability assessment of an open pit mine in the Dominican
Republic is presented. The slope is dominated by weak anisotropic rocks and design of future mine
slope in this geological environment requires careful consideration of rock mass anisotropy. The slope
design is based on a 3D Limit Equilibrium Method (LEM) slope stability analysis using the modified
Hoek-Brown criterion and ARMR for the anisotropic rockmass. This assessment is compared with
conventional directional shear strength model and recommendations for design are discussed.

2 Anisotropic Rock Mass Rating (ARMR)

2.1 General

The behaviour of anisotropic rock masses is generally dictated by two key aspects — inherent strength
anisotropy and structure anisotropy (Saroglou, 2025).Inherent strength anisotropy within the intact
rock due to the variation of uniaxial compressive strength (UCS) with respect to the direction of
loading relative to the plane of anisotropy (measured in degrees, ). The anisotropy of intact rock can
be characterized by the strength anisotropy index (R.). Structure anisotropy originates from the
intensity of anisotropic structure (e.g. foliation, bedding etc.) and the quality or condition of the
anisotropy surfaces.

Saroglou et al. (2019) developed the anisotropic rock mass rating (ARMR), specifically developed for
anisotropic rock masses to account for the anisotropy of intact rock and rock mass structure
anisotropy. Transversely isotropic rock masses, with one or two joint sets in addition to the
foliation/bedding can be classified using ARMR, as these joint sets don’t influence the persistence of
the anisotropic structure. The rating approach of ARMR for each parameter is based on the Rock Mass
Rating system (RMR) system by Bieniawski (1989), while the rating scores are modified as two new
parameters are added, strength anisotropy index (R.), and spacing of anisotropy. To account for the
effect of confining stress, an adjustment of the rating of anisotropy degree is proposed following the
stress classification proposed in Martin et al. (1999).

2.2 ARMR rating
The Anisotropic Rock Mass Rating (ARMR) considers the following parameters:

e Strength anisotropy index, R..

e Uniaxial compressive strength of intact rock, o, in which the loading direction is applied
perpendicular to the anisotropy planes.

e Degree of structure anisotropy (spacing of anisotropy planes). Scale effects have an influence
on the degree of structure anisotropy, so an appropriate scale must be used. For example,
when planning a slope excavation of say up to 10 m, an appropriate scale for characterizing
the degree of structure anisotropy would be in the order of 2 to 5 m.

e Corrected rock quality designation (RQD,) whereby the principal anisotropy plane is omitted
from calculations. This reduces the direction-dependence of RQD that can arise from sampling
bias with 'higher values' when drilled parallel to anisotropy planes or 'lower values' when
drilled perpendicular to anisotropy.

e Condition of anisotropy surfaces based on RMRgy (Bieniawski, 1989) considering
discontinuity length, aperture, roughness, infilling and weathering.

The rating scores of each parameter and the classification to five rock mass quality classes, ranging
between isotropic to very highly anisotropic, are presented in Figure 1.
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Rating 20 17 13 8 3
UCS (MPa) >250 100 - 250 50 - 100 25-50 525 15 | <1
Point load strength (MPa) >10 4-10 2-4 1-2 R e
Rating 15 12 7 4 2 [ 1 0
R0 MRSl >12m 06-12m 200 - 600 mm 40 - 200mm <40mm
Rating 20 15 10 8 5
RQD (%) 90 - 100 75-90 50-75 25-50 <25
Rating 15 10 7 4 2
Very rough surfaces, Rough surfaces, Slightl St Slickensided surfaces or Soft gouge >
= not continuous, no separation <1mm, Ny IOt SUMAces, ouge < 5mm thick or 5mm thick or
Condition of surfaces separation, slightly weathered separation <1mm, highly g.epgration 1-5mm, separation > 5
Unweathered wall rock rock weathered rock continuous mm, continuous
Rating 15 10 7 4 0
Groundwater Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0
Low in-situ stress <0.15 No change to rating
Adjustment of total rating based on confining stress Intermr—;?rl:s: in-situ 015-04 Move one %ee_l;trg:a(?; If:t g; :_h; anisotropy
FEnge) High in-situ stress >04 Move two cells towards left in the anisotropy
degree
ARMR Rating 100 - 81 61-80 60 - 41 40 - 21 <20
Class number | ] 1] v v
Description Massive or isotropic Slightly anisotropic Moderately anisotropic Highly Anisotropic Very highly
rockmass rockmass rockmass rockmass anisotropic to
sheared
rockmass

Fig. 1 Anisotropic rock mass rating (ARMR) classification.

2.3 Modified Hoek & Brown criterion for anisotropic rock mass

The generalized Hoek—Brown criterion (Hoek et al, 2002) is widely used nowadays for the estimation
of rock mass strength. The criterion was proposed for isotropic conditions, but in many cases, it has
also been applied in anisotropic conditions. The modified Hoek-Brown failure criterion for anisotropic
rock (Saroglou et al, 2019) is used to estimate the strength of anisotropic rock masses at different
orientations. The modified criterion has been linked with ARMR to derive a criterion for anisotropic

rock masses. The total ARMR value is effectively used as a replacement of the GSI in the modified
Hoek-Brown failure criterion as described in eq. (1).

X

01 = 03 + Oeip* k|3' mp 4n + San

Gcl?,

(1)
Where, 6. uniaxial compressive strength of intact rock at orientation of anisotropy,
my . reduced value of m; parameter for anisotropic rock mass
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Based on the modified criterion, rock mass strength at different orientations can be calculated, which

may be lower than the strength determined perpendicular to anisotropy planes by the generalized Hoek
& Brown criterion.
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3 Open pit slope design in anisotropic rock mass

3.1 Geotechnical conditions

An example from a large open pit mine (3 x 2 km) in the Dominican Republic is presented in which
the pit slopes are up to 300 m in highly anisotropic and weak carbonaceous sediments (mudstones),
overlying various, relatively isotropic volcanic and volcanoclastic rocks (Figure 2). The carbonaceous
sediments are in the order of 100 m thick in the upper portion of the slopes and several instabilities
were encountered, generally involving sliding on anisotropy planes and intact rock failure. Several of
the instabilities within the carbonaceous sediments have been back analysed to derive and calibrate
material properties using 3D LEM in Slide3 software (Rocscience Inc), with directional shear strength
and 3D finite difference method (FDM) in FLAC3D software (Itasca, 2019) using the ubiquitous joint
model considering ¢' and c¢' of bedding and UCS of rock mass (Cancino et al, 2024). 3D LEM models
were developed in Slide3 software to assess the stability of each different conceptual inter-ramp slope
angle (IRA) design within the carbonaceous sediments (Bar, 2024).

a)i
Fig.2 a) Open pit showing area of weak carbonaceous sediments (mudstones), b) exposure of sheared mudstones.

3.2 Slope stability analysis
Two methods of slope stability analysis (using 2D and 3D LEM) were used for future slope design:

a) Conventional anisotropic directional shear strength approach using the generalised isotropic
Hoek & Brown criterion for the rock mass and the Mohr-Coulomb criterion with anisotropic
linear transition for the bedding planes,

b) Modified Hoek & Brown criterion using ARMR classification with orientation dependent
strength rock mass properties. The Hoek & Brown parameters are UCS = 8 MPa, m; = §,
GSI=35, the bedding strength is ¢’= 6 kPa and ¢’=18° (based on back analysis) and the
anisotropic linear model transition parameters are A=5° and B=30°. Based on ARMR
classification the rock mass is characterized as highly anisotropic (Table 1).

A shear-normal function (non-linear failure envelope) is calculated for different bedding orientations
using the modified Hoek & Brown criterion, considering a variation of uniaxial compressive strength
and parameter kg. The failure envelopes for the shear strength of the rock mass using the generalized
and modified Hoek & Brown criteria are shown in Figure 3.

Table 1. ARMR classification of mudstone.

Rating parameter Description Rating
Strength anisotropy degree R, 17/5.3=3.2 8
Uniaxial compressive strength (MPa) 17 12
Spacing of anisotropic structure (cm) 5-10 8
R.Q.D. (%) 30-50 4
Condition of surfaces Slickensided, highly weathered 4
Groundwater Damp 10
Total rating Highly anisotropic rock mass 36
Stress adjustment 01 /6.<0.14 No
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Fig.3 Shear strength of rock mass using generalized and modified Hoek & Brown criteria.

3.3 Slope stability results

The conventional anisotropic directional shear strength approach results to a critical slip surface, that
is failing in the carbonaceous mudstones predicting a Factor of Safety (FoS) equal to 0.54 (Figure 4).
The stability analysis using the modified Hoek & Brown and ARMR approach resulted in slightly
higher FoS equal to 0.77 and the critical slope area is less extensive in relation to that predicted in the
previous approach (Figure 5). It is noted that when using the modified Hoek & Brown with ARMR in
the 3D LEM model, only anisotropic strength envelopes at minimum (p=40") and maximum (=90°)
strength orientations were used due to limitations of Slide3 software.

F5:0.538

man 1934

Fig.4 3D slope stability results using anisotropic directional shear strength.
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Fig.5 3D slope stability results using the modified Hoek & Brown criterion and ARMR.

4 Conclusions

The advantage of ARMR is that it can be used jointly with the modified Hoek & Brown criterion to
determine the rock mass strength in different anisotropy orientations. Based on the results of the 3D
slope stability analysis performed in the open pit case study this approach provides a slightly higher
factor of safety but generally compares well to the anisotropic directional strength approach. Slope
stability of anisotropic rock masses is very sensitive to orientation and strength anisotropy and more
analysis is necessary to model the behaviour of anisotropic rock masses. Continued improvement of
understanding anisotropic rock masses is key to reliably predicting the stability of slopes.
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