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Lecture 5: 
Empirical Design 
& Rock Mass 

Characterization

EOSC433/536:

Geological Engineering 
Practice I – Rock Engineering
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Open Pit Rockslide Runout 
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Rockslide Runout Database 

Whittall et al. (2016)
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Rockslide Runout Database 
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Open Pit Rockslide Runout Exceedance 

Whittall et al. (2016)



4

7 of 59 Erik Eberhardt – UBC Geological Engineering        EOSC 433 (2017)

“Empirical design” is 
based upon 
experience or 
observation alone, 
without using 
scientific method or 
theory. Its 
application to 
engineering design 
relies on comparing 
the experiences of 
past practices to 
predict future 
behaviour based 
upon the factors 
most critical 
towards the design. 

Empirical Design in Geotechnical Engineering
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If you break a complex object 
into easily quantified 
components, you’ll be able to 
better understand the object 

Empirical Design & Classification Systems
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Empirical Design & Classification Systems

The boundaries of the structural regions usually coincide with a major 
structural feature such as a fault or with a change in rock type. In 
some cases, significant changes in discontinuity spacing or 
characteristics, within the same rock type, may necessitate the division 
of the rock mass into a number of small structural regions.

The objectives of rock mass classifications are to:

 Identify the most important parameters influencing the rock mass.

 Divide a rock mass formation into groups of similar behaviour.

 Provide a basis for understanding the characteristics of each rock 
mass class.

 Relate experiences of rock conditions at one site to those at another.

 Derive quantitative data and guidelines for engineering design.

 Provide a common basis for communication between geologists and 
engineers.
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RQD (%) Geotechnical 
Quality

< 25 VERY POOR
25 to 50 POOR
50 to 75 FAIR
75 to 90 GOOD
90 to 100 EXCELLENT

Rock Quality Designation (RQD)
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Rock Mass Classification: RMR
The Rock Mass Rating 
(RMR) system was 
developed in 1973 in South 
Africa by Prof. Z.T. 
Bieniawski. The advantage 
of his system was that only 
a few basic parameters 
relating to the geometry
and mechanical conditions of 
the rock mass were 
required.

In applying this system, the 
rock mass is divided into a 
number of structural domains 
and each is classified 
separately. Because 
parameters are not equally 
important, weighted ratings 
are allocated.

Bieniawski (1989)
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Rock Mass Classification - RMR
The adjusted value gives the final RMR value for the rock mass, for which 
several rock mass classes are described.

For example:
A mudstone outcrop contains three 
fracture sets. Set ‘1’ comprises 
bedding planes; these are highly 
weathered, slightly rough and 
continuous. The other two sets are 
jointing; both are slightly weathered 
and slightly rough. The strength of 
the intact rock is estimated to be 55 
MPa with an RQD of 60% and a mean 
fracture spacing of 0.4 m. The 
fractures are observed to be damp.

0

2

4

6

8

10

12

14

16

0 50 100 150 200 250 300

Unconfined Compressive Strength, qu (MPa)

R
M

R
 R

a
ti

n
g

 R
1

RMR =  6+R2+R3+R4+R5

Harrison & Hudson (2000)



7

13 of 46 Erik Eberhardt – UBC Geological Engineering        EOSC 433 (2017)

Rock Mass Classification - RMR

Example:
A mudstone outcrop contains three 
fracture sets. Set ‘1’ comprises 
bedding planes; these are highly 
weathered, slightly rough and 
continuous. The other two sets are 
jointing; both are slightly weathered 
and slightly rough. The strength of 
the intact rock is estimated to be 55 
MPa with an RQD of 60% and a mean 
fracture spacing of 0.4 m. The 
fractures are observed to be damp.
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Rock Mass Classification - RMR

Example:

A mudstone outcrop contains three 
fracture sets. Set ‘1’ comprises 
bedding planes; these are highly 
weathered, slightly rough and 
continuous. The other two sets are 
jointing; both are slightly weathered 
and slightly rough. The strength of 
the intact rock is estimated to be 55 
MPa with an RQD of 60% and a mean 
fracture spacing of 0.4 m. The 
fractures are observed to be damp.
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Rock Mass Classification: Q-System

The Q-system of rock mass classification was developed in 1974 
in Norway by Prof. N. Barton. The system was proposed on the 
basis of an analysis of 212 tunnel case histories from Scandinavia. 

… the motivation of presenting the Q-value in this form is to provide 
some method of interpretation for the 3 constituent quotients.
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Rock Mass Classification: Q-System

The first quotient is related to the rock mass 
geometry. Since RQD generally increases with 
decreasing number of discontinuity sets, the 
numerator and denominator of the quotient mutually 
reinforce one another.

The second quotient relates to “inter-block shear 
strength” with high values representing better 
‘mechanical quality’ of the rock mass. 

The third quotient is an ‘environment factor’ 
incorporating water pressures and flows, the 
presence of shear zones, squeezing and swelling rocks 
and the in situ stress state. The quotient increases 
with decreasing water pressure and favourable in situ
stress ratios.
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Rock Mass Classification – Examples

 blocky rock  

 low stress 
regime

 minimal but 
systematic 
ground support

 RMR = 70          
(good rock)

 Q = 15               
(good rock)

Courtesy - Golder Associates
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Rock Mass Classification – Examples

 Weak, 
foliated 
rock  

 low stress 
regime

 RMR = 40          
(poor to 
fair rock)

 Q = 0.9               
(v.poor to 
poor rock)

Courtesy - Golder Associates
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Rock Mass Classification – Examples

 massive, strong rock  

 extremely high stress 
regime

 rockburst failure, 
complete closure of 
drift, extremely heavy 
support, screen 
retains failed rock

 RMR = 80                  
(good to v.good rock)

 Q = 0.5                    
(very poor rock)

Courtesy - Golder Associates
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Rock Mass Classification – Examples

 blocky rock  

 high stress 
regime

 RMR = 40                                                              
(fair rock)

 Q = 0.8               
(very poor 
rock)

Courtesy - Golder Associates
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Rock Mass Classification – RMR versus Q
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Bieniawski (1993)
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Classification Systems & Empirical Design

Rock masses can be 
extremely complex, making 
the derivation of predictive 
equations difficult. As an 
alternative, rock mass 
classification methods have 
been calibrated against 
large databases of case 
histories to provide 
guidelines for support 
design. 

Bieniawski (1989)
Empirical design of stand-up time, the duration within which an 
unsupported excavation will remain serviceable, after which 
significant caving and failure may occur. The database used in 
its development examined 351 civil tunnel and underground mine 
case histories.
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Experience-Base: Empirical Design

Gr
im

st
ad

 &
 B

ar
to

n 
(1

99
3)

24 of 46 Erik Eberhardt – UBC Geological Engineering        EOSC 433 (2017)

Empirical Design – Rock Support

Kaiser et al. (2000)
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Empirical Design – Mine Stability
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Mathew’s Method, through 
various updates, compiles 
more than 189 case 
histories of unsupported 
open stopes plotted on the 
Stability Graph. Stable 
stopes were those that 
exhibited little or no 
deterioration during mining. 
Unstable stopes exhibited 
limited wall failure and/or 
block fallout involving less 
than 30% of the face 
area. Caved stopes
suffered unacceptable 
failure. 
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Empirical Design – Caving Subsidence Angles
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Subjectivity in Empirical Design - JRC

Beer et al. (2002)
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Subjectivity in Empirical Design - Undersampling
It must be remembered though, that such guidelines are drawn 
from previous experiences (i.e. case histories) and are therefore 
limited by the range of conditions under which these experiences 
were generated.  

Bieniawski (1989)
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Rock Mass Characterization vs. Classification
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Rock Mass Properties - Strength
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Remember!! – we’re 
now talking about rock 

mass failure, not 
structurally controlled 

failures.
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Problems with Mohr-Coulomb
Although the Mohr-Coulomb failure criterion remains one of the most 
commonly applied failure criterion, and is especially significant and valid 
for discontinuities and discontinuous rock masses, several key limitations 
apply to rock slope stability analyses.  

Non-linear failure envelopes.

linear

non-linear

Scale effects.
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Hoek-Brown Failure Criterion

Generalized Hoek-Brown failure criterion:

Intact rock strength:
m = lab-determined
s = 1

Rock mass
strength

1

3

c

m & s are derived from empirical charts that 
are related to rock mass quality

m ~ Friction
s ~ Cohesion
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Rock Mass Properties - Strength

Generalized Hoek-Brown

Mohr-Coulomb
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Hoek-Brown Failure Criterion

Intact rock strength:
mi = lab-determined
s = 1

1

3

c

Hoek & Brown (1997)
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Hoek-Brown Failure Criterion

Intact rock strength:
mi = lab-determined
s = 1

1

3

c

Eberhardt (2012)
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Geological Strength Index (GSI)

mainly jointing

mainly faulting

The GSI provides a system for estimating 
the reduction in rock mass strength for 
different geological conditions. 

Values of GSI are related to both 
the degree of fracturing and the 
condition of the fracture surfaces.
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GSI (for those familiar with rock mass classification)
Bieniawski (1989)

Not a rock mass characteristic!

For RMR 89* > 23: GSI = RMR 89* -5

For RMR 89* < 23: GSI = 9 LogeQ’ + 44

Where
Note that the Q-system quotient terms 
“Jw/SRF” are dropped as these, likewise, 
are not rock mass characteristics!

Hoek et al. (1995)
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Hoek-Brown Simplified Procedure

First, calculate mb:  

A simplified procedure to determine the 
Hoek-Brown rock mass strength parameters:
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Hoek-Brown Failure Criterion

Intact rock strength:
mi = lab-determined
s = 1

1

3

c Rock mass strength:
mb = rock mass adjusted
s = <1 (rock mass varied)

for GSI >25:  

for GSI <25:  

“s” is a rock mass constant based 
on how fractured the rock mass is 
(where s=1 for intact rock).Hoek et al. (2002)
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GSI Disturbance Factor

A disturbance 
factor, “D”, may 
also be applied to 
the Hoek-Brown 
parameters to 
account for the 
degree to which a 
rock mass may have 
been subjected to 
blast damage and 
stress relaxation.
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Rock Mass Properties - Strength

Generalized Hoek-Brown

Mohr-Coulomb
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GSI, Hoek-Brown & Mohr-Coulomb
Where Mohr-Coulomb properties are required (or preferred because we have 
more experience and an intuitive feel for c and ), these can be derived by 
fitting a linear failure envelope across the non-linear H-B envelope:
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GSI, Hoek-Brown & Mohr-Coulomb
Where Mohr-Coulomb properties are required (or preferred because we have 
more experience and an intuitive feel for c and ), these can be derived by 
fitting a linear failure envelope across the non-linear H-B envelope:

Note change in 
sig3max for increased 
slope height, and 
corresponding change 
in fit of linear M-C 
envelope.
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Applicability of the GSI?

Hoek’s GSI
Classification

fractured
rock

rock mass

intact
rock

foliated
rock

ground response
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