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1 INTRODUCTION 

Optimal geotechnical design for in situ highwall 
rock mass and dragline disposed low wall spoil in 
coal strip mines becomes more and more critical un-
der current economic conditions through increasing 
cost reduction and efficiency without compromising 
safety. To approach this objective, more effort is re-
quired to understand the nature of the rock mass, in-
cluding lithology, jointing conditions (spacing, infill, 
roughness), as well as intact rock strength values. A 
set of localised and realistic rock mass strength pa-
rameters can then be developed and applied to slope 
stability analysis, particularly for low wall stability 
analysis. 

For the sites with a long mining history, a set of 
default strength values has been established from 
back analysing previous failures which occurred due 
to unfavourable ground conditions. In reality it is 
more likely that better ground conditions exist over 
much of the mining area. Use of the default strength 
values can lead to a geotechnical floor design that 
has under-estimated the actual conditions when 
ground conditions differ unfavourably to the default 
values applied. On the other hand a slope design 
may be overly conservative when the actual ground 
is stronger than the default even in the presence of a 
thin band of weak material (Shear) below the pit 
floor. In both cases, optimal designs for safety and 
cost saving cannot be achieved.  

This paper presents the rock mass strength esti-
mation process applied to underground stope stabil-
ity assessment (Li, 2004; Villeascusa and Li, 2004); 
and its application to an open cut coal mine over a 
two year period.  

2 INTACT ROCK STRENGTH 

An intact rock is a continuum of polycrystalline sol-
id between continuities composed of mineral grains 
or aggregate. Properties of an intact rock are gov-
erned by the minerals and bonding nature between 
the grains. In reality, particularly in coal mine sedi-
mentary rock, bedding planes and/or closed joints 
are present in the rock core samples used for labora-
tory intact rock strength testing. The presence of 
these defects is not an obstacle for obtaining intact 
rock strength estimation, but it is the angle between 
the defect and axis of loading applied on the sample 
that determines if the tested rock has failed along the 
defect plane or through intact rock, the continuum of 
polycrystalline solids.  

In coal mines, the dip angle of bedding planes 
generally ranges from 0 to 20. The intercepting 
angle between the rock core axis and the bedding 
plane would differ if an inclined hole is drilled; then 
the tested sample may be more prone to break along 
the structure than through the intact rock. Failure 
along any defect in a test sample results in a lower 
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strength value; therefore, this result should not be 
treated as the intact rock strength. As shown in Fig-
ure 1, in general there are five (5) failure modes for 
intact rock samples under uniaxial compressive 
strength testing: shear along defect, shear through 
intact rock, axial splitting, conical or hour glassing 
and multiple cracking. Except for the first failure 
mode (shear along defect) the testing results for all 
other failure modes can be treated as intact rock 
strength and used for rock mass strength estimation. 
In addition, it is important to record the angle be-
tween the shear plane and the loading axis in labora-
tory reports. 

 
 

 
 
Figure 1. Examples of failure modes of laboratory intact rock 
testing: shear along defect, shear through rock, axial splitting, 
conical or hour glassing and multiple cracking.  

3 ROCK MASS CLASSIFICATION AND ROCK 
MASS STRENGTH IN THE PIT FLOOR 

Development of rock mass classification schemes 
commenced approximately 140 years ago (Hoek et 
al., 1998). Among the multi-parameter classification 
schemes, the RMR, Q-value and GSI (Bieniawski, 
1989; Barton et al., 1974; Hoek et al., 1995) are 
more widely applied in the mining industry.  

Estimating rock mass strength has been a difficult 
task in both underground stope and open pit/cut 
slope stability assessments. Rock mass characterisa-

tion requires a lot of information to represent the 
ground conditions for the area of concern. Over the 
last 20 to 30 years efforts have been placed into de-
veloping empirical relationships between laboratory 
intact rock strength data and the rock mass classifi-
cation values for rock mass strength estimation by 
numerous researchers (Hoek and Brown, 1997; Kal-
amaras and Bieniawski, 1995; Ramamurthy, 1986; 
Singh, 1993; Hoek, 1998; Sheorey, 1997). Li (2004) 
and Villeascusa and Li (2004) reviewed these empir-
ical relationships and recommended the process and 
equations established by Hoek and Brown, 1997; 
Kalamaras and Bieniawski, 1995 and Hoek, 1998 
for application to the mining industry. Since 2004 
these methods have been successfully applied to 
numerical modelling for underground open stope 
stability in numerous operations. The authors of this 
paper have started applying these rock mass strength 
estimation techniques to open cut coal mining since 
2014.  

The recommended empirical relationships for es-
timating rock mass strength values are the Hoek-
Brown method (Hoek and Brown, 1997), which 
provides the friction angle and cohesion of rock 
mass (Figure 2), and Eq.1 (Kalamaras et al., 1995) 
and Eq.2 (Hoek, 1998), result in a rock mass com-
pressive strength. However, if the friction angle val-
ue is used together with the compressive strength 
values from Eqs.1 and 2, the related cohesion values 
can be calculated by using Eq.3.  
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Figure 2. Using the Mohr-Coulomb criterion to fit the Hoek-
Brown criterion – the Hoek-Brown method.  
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where ci is the uniaxial compressive strength of in-
tact rock, cm is the rock mass uniaxial compressive 
strength; RMR89 is the 1989 version of Rock Mass 
Rating (Bieniawski, 1989) and GSI is the Geological 
Strength Index (Hoek et al., 1995). 
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The Hoek-Brown method and Eq.2 were estab-
lished from a database of civil and mining, surface 
and underground projects, whilst Eq.1 was estab-
lished from underground coal mining conditions. In 
addition, the impact of blasting damage on rock 
mass strength is not included in Eqs.1 and 2 with the 
exception being the Hoek-Brown method. General-
ly, the pit floor rock mass in open cut coal mines is 
not subjected to blasting damage. Therefore, these 
rock mass strength estimation methods could be ap-
plied to low wall stability analysis. 

m

mcmc



cos2

)sin1( 
  (3) 

where m is the rock mass friction angle. In applica-
tion, the Rocscience’s RocData or RocLab programs 
can be used to obtain the rock mass shear strength 
values for the Hoek-Brown method. 

4 APPLICATION OF ROCK MASS STRENGTH 
ESTIMATION FOR LOWWALL STABILITY 
ASSESSMENT 

4.1 Example of an over designed low wall using 
default rock mass strength values 

A total of five (5) trenches at least 5m wide and 10m 
long were excavated after completion of coal mining 
in Strip 5 (S05) of a pit. Figure 3 shows the ground 
condition in the northern three trenches (T1 to T3), 
and suggests reasonable ground conditions in T1, 
very poor conditions in T2 and competent ground in 
T3. 

 
 

T1: ≤ 1m deep, reasonably 

competent floor 

T3: 1.5m deep, 

competent sandstone
T2: Poor ground 

revealed to 2m deep

 
 
Figure 3. Pit floor conditions revealed from trenches. Very 
poor ground shown in the trench T2. 

 
Additional floor trenching around T2 confirmed 

that the weak ground was approximately 20m wide. 
No indications of faulting or weak rock mass had 
been identified in exploration holes due to sparse 
spacing. However, a fault was mapped in explora-

tion boreholes north of block line 1 (BL1) shown in 
Figure 4. Projection of the fault and identified weak 
ground indicates potential Strip 6 low wall instabil-
ity approximately 100m long around BL8, shown on 
the right-hand side plot in Figure 4.  

The default strength values for fresh Permian 
rock mass are 256kPa cohesion and a 50 friction 
angle. Assuming  MPa, GSI = 25, mi = 9, the 
estimated rock mass values using the Hoek-Brown 
method are 18kPa for cohesion and 22 for friction 
angle. When applied to stability analysis, the factor 
of safety (FoS) using the Sarma method was 1.18 for 
a general dragline spoil profile resulting in a failure 
surface through the dragline spoil (Figures 5 and 6). 
Therefore, no floor preparation was completed in 
S05 and no instability experienced for the S06 low 
wall.  
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Figure 4. Location of trenches, extension of a fault from north 
and its relation to S06 low wall.  
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Figure 5. Single search using Galena® suggests no instability is 

expected through the weak rock mass below pit floor.  
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FoS = 1.18 (Multiple stability analysis)
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Figure 6. Multiple search analysis using Galena® suggests a 

potential failure surface above the pit floor.  

 
From this case study we learnt that the default 

material strength values cannot be applied to any 
ground conditions; and a weak rock mass in the pit 
floor does not necessarily mean that floor prepara-
tion must be implemented. Sound engineering as-
sessment can save operational costs reducing the 
need to spend time and resources dozer ripping or 
blasting the floor for slope stability. 

 

4.2 Example of an over conservative design 

When the floor rock mass is weak and / or a shear 
plane exists, floor preparation, either by dozer rip or 
blasting, are inevitable for low wall stability. How-
ever, in many cases the floor rock masses are 
stronger than the default strength parameters speci-
fied. As a result, floor preparation may not be re-
quired dependent on the strength values reflecting 
the actual rock mass conditions. Floor trenches in 
combinations of rock core photographs from coal 
quality holes have been used to identify the exist-
ence of a floor shear. Figure 7 shows a shear approx-
imately 20mm thick, 1m below the coal seam floor. 
Two uniaxial compressive strength (UCS) tests were 
carried out failing through axial splitting resulting in 
a UCS of 14.9MPa. 

 
 

Weak clayey material existed 

in the open structure

 
 

Figure 7. Shear structure at 44.10m depth or 1.0m below the 

coal seam. 
 

With ci = 14.9MPa, RQD = 75 - 90, > 0.3m joint 
spacing with > 5mm gouge and dry conditions the 
GSI = 49 and RMR89 = 44. Assuming mi = 19 for 
sandstone, the estimated rock mass friction angle is 
35.6 using the Hoek-Brown method. Figure 8 
shows the estimated pit floor rock mass strength 
values and the default strength. The cohesion values 
from Eq. 1 and Eq.2 are similar, but Eq.2 results in 
the lowest cohesion value among the three methods.  
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Figure 8. Comparison between the estimated and default pit 

floor rock mass strength values.  
 
Low wall stability analyses were carried out us-

ing the GLE/Morgenstern-Price (GLE/MP) method 
incorporated in Rocscience Slide® software by ap-
plying the strength values shown in Figure 8. As 
standard practice at design stage a general dragline 
spoil profile is used in the assessment. The FoS re-
sults using each method are presented in Table 1. 
Figures 9 and 10 show the stability analysis results 
using the average of estimated strength values and 
the default rock mass strength. 
 
Table 1.  Stability analysis results using different strength  
values.  ______________________________________________ 
Strength values used        FoS ____________  _       ____________  ________________________________________________ 
Hoek-Brown method        1.29 
Eq.1              1.22 
Eq.2              1.18 
Average of above 3 methods     1.23 
Default strength values       1.13 

 
Based on the results from the stability analysis 

and the FoS greater than 1.2, it was decided that no 
floor preparation (dozer rip or floor shot) was to be 
required.  Nevertheless, close observation of the low 
wall performance was completed throughout mining. 
The strip was successfully mined with no low wall 
instability issues experienced.  

The rock mass strength estimation methods were 
also applied to a few strips in another pit of the 
mine, where the floor dip was < 5 with an interbur-
den thickness of 0.3 – 0.5m to an uneconomic coal 
band below the pit floor. No shears were observed in 
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the floor trenches; however the coal band was highly 
brittle and broken. No floor preparation was required 
due to very competent interburden with much higher 
strength parameters than the default values calculat-
ed by using the rock mass strength estimation meth-
ods. No low wall instability was experienced even 
with 40% of the low wall consisting of weak Ter-
tiary and weathered Permian materials. 
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Figure 9. Stability analyses for a dragline low wall using aver-

age strength values from the Hoek-Brown meth and Eqs.1 & 2 

(GLE/Morgenstern-Price method).  
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Figure 10. Dragline low wall stability analyses with the default 

strength values (GLE/Morgenstern-Price method). 

5 DISCUSSION AND CONCLUSIONS 

The rock mass strength estimation methods have 
been used in the mining industry for many years, 
particularly in underground open stoping mines. 
Considering the nature of strip mining, these meth-
ods may only be suitable for low wall stability as-
sessment, where the pit floor rock mass is not sub-
ject to damage from blasting and no rating 
adjustment is required for joint orientation (for 
RMR). Examples presented in this paper have con-
firmed the applicability of empirical rock mass 
strength estimation methods in open cut coal mining. 

Reviewing the failure mode of laboratory testing 
samples and using the real intact rock uniaxial com-
pressive strength value is the first step for properly 
applying these empirical methods. Understanding 
the pit floor rock mass characterisation is the most 
critical and challenging step for rock mass strength 
estimation. Identification of floor shear and weak 
ground can be easily missed due to sparsely spaced 
exploration holes and limited floor trenches in coal 
mines. In a word, the default material strength val-
ues should not be blindly applied to any rock mass 
condition from aspects of either safety or cost reduc-
tion and productivity increase. 

6 ACKNOWLEDGEMENTS 

The authors would like to acknowledge BHP Billi-
ton – Coal and BHP Billiton Mitsubishi Alliance for 
their permission to publish this paper. 

7 REFERENCES 

Barton, N. R., Lien, R. and Lunde, J. 1974. Engineering classi-
fication of rock masses for the design of tunnel support. In 
Rock Mechanics, vol.6, 189 – 236. 

Bieniawski, Z. T. 1989. Engineering Rock mass Classifica-
tions. Wiley, New York.  

Hoek, E., Kaiser, P. K and Bawden, W. F. 1995. Support of 
Underground Excavations in Hard Rock. Rotterdam: 
Balkema. 

Hoek, E. and Brown, E. T. 1997. Practical estimates of rock 
mass strength. In Int. Journal of Rock Mechanics & Mining 
Sciences, vol.34, no.8, 1165–1186.  

Hoek, E. 1998. Practical Rock Engineering. 
<http://www.rocscience.com/roc/Hoek/Hoek.htm> (Oct. 2, 
2000). 

Hoek, E., Kaiser, P.K. and Bawden, WF 1998. Support of un-
derground excavations in Hard Rock. Rotterdam: Balkema 

Kalamaras, G. S. and Bieniawski, Z. T. 1995. A rock mass 
strength concept for coal seams incorporating the effect of 
time. In Fujii T. (ed.), Proc. 8th Int. Congress on Rock Me-
chanics, ISRM, vol.1, 295 – 302. Rotterdam: Balkema. 
Li, J. 2004. Critical Strain of Intact Rock and Rock Masses. 

PhD Thesis, Western Australian School of Mines, Curtin 
University of Technology. 

Ramamurthy, T. 1986. Stability of rock mass. In Indian Geo-
mechanics Journal, vol.16, no.1, 1 – 74. 

1121



Sheorey, P. R. 1997. Empirical Rock Failure Criteria. A A 
Balkema, Rotterdam, 176p.  

Singh, B. 1993. Indian case studies of squeezing grounds and 
experiences of application of Barton’s Q-system. In Work-
shop on Norwegian Method of Tunnelling, CSMRS, New 
Delhi. 

Villeascusa, E. and Li, J. 2004. A review of empirical methods 
used to estimate rock mass compressive strength and de-
formability in mining industry. In Massmin 2004, 59-68, 
Santiago, Chile. 

1122


