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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, β). The anisotropy of intact rock can 
be characterized by the strength anisotropy index (Rc). 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 (Rc), 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:  

 Strength anisotropy index, Rc. 
 Uniaxial compressive strength of intact rock, σc, in which the loading direction is applied 

perpendicular to the anisotropy planes.  
 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. 

 Corrected rock quality designation (RQDc) 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. 

 Condition of anisotropy surfaces based on RMR89 (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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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 φ' 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) b) 

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, mi = 8, 
GSI=35, the bedding strength is c’= 6 kPa and φ’=180 (based on back analysis) and the 
anisotropic linear model transition parameters are A=50 and B=300. 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 kβ. 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 Rc 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 σ1 /σc< 0.14 No 
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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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