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GHWHUPLQDWLRQRIDPHDQLQJIXOHTXLYDOHQWEORFNVL]HLVDNH\LVVXHZKLFKLVGLVFXVVHGLQGHWDLO6HYHUDODUHDVRI
DSSOLFDWLRQRIWKH50LDUHSUHVHQWHGDPRQJRWKHUVIRUGHVLJQRIURFNVXSSRUW'LVFXVVLRQRIWKHVHDSSOLFDWLRQVZLOOEH
GHYHORSHGLQ3DUWRIWKLVSDSHU.
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7KH FRUQHUVWRQH RI DQ\ SUDFWLFDO URFN PHFKDQLFV DQDO\VLV RU URFN HQJLQHHULQJ LV WKH
JHRORJLFDO GDWD EDVH XSRQ ZKLFK WKH GHILQLWLRQ RI URFN W\SHV VWUXFWXUDO GLVFRQWLQXLWLHV DQG
PDWHULDOSURSHUWLHVLVEDVHG(YHQWKHPRVWVRSKLVWLFDWHGDQDO\VLVFDQEHFRPHDPHDQLQJOHVV
H[HUFLVHLIWKHJHRORJLFDOLQIRUPDWLRQXSRQZKLFKLWLVEDVHGLVLQDGHTXDWHRULQDFFXUDWH
Evert Hoek (1986).

,QWURGXFWLRQ
Rock masses may be considered as non-homogeneous construction materials built up of fragments and
blocks of various sizes. As there is great diversity both in the composition of the intact rock and in the
nature and extent of its discontinuities, rock masses exhibit a wider range in structure, composition and
mechanical properties than most other construction materials. Reliable tests of the strength of such complex
materials are impossible or so difficult to carry out with today’s technology, that rock engineering pertaining
to rock masses is currently based mainly on qualitative observational data. These qualitative observational
data have to be expressed as numerical values to make calculations in rock engineering possible.
As the quality of the input data significantly affects accuracy in rock engineering and design, there is a need
to improve the methods of rock mass description, and to develop practical guidelines for obtaining
numerical observational data. The Rock Mass index (RMi) has been developed to satisfy this need.
The RMi is based on selected, well defined geological parameters. Existing methods for field description of
outcrops, as well as logging of drill cores and geophysical measurements, have been refined. The RMi can
be applied in various types of rock engineering with adjustment for features related to the particular project
or utilisation of the rock. These applications are described in the second part to be published in the next
issue.

7KH5RFN0DVVLQGH[ 50L
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Construction materials commonly used in civil engineering and mining are mostly characterized by their
strength properties. This basic property of the material is used in the engineering and design. In rock
engineering, no such specific strength characterization of the rock mass is in common use. Most engineering
is carried out using various descriptions, classifications and unquantified experience. Hoek and Brown
(1980), Bieniawski (1984), Nieto (1983) and several other authors have, therefore, indicated the need for a
VWUHQJWKFKDUDFWHUL]DWLRQ of rock masses.
The Rock Mass index, RMi, has been developed to characterize the strength of the rock mass for
construction purposes. An important issue has been to use parameters in the RMi, which have the greatest
significance in engineering. This is discussed in detail in Section 4.1.
JOINT
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)LJXUH 7KHPDLQLQKHUHQWSDUDPHWHUVLQWKHURFNPDVVDUHDSSOLHGLQWKH50L IURP3DOPVWU|P 
RMi applies only LQWULQVLFSDUDPHWHUV of the rock mass, see Figure 1. The need to use intrinsic parameters in
characterizing rock masses has earlier been stressed by Patching and Coates (1968), among others.
RMi is based principally on the reduction in strength of a rock caused by jointing 1 and is expressed as:
RMi = σc × JP

eq. (1)

where σc = the uniaxial compressive strength of intact rock measured on 50 mm samples;
JP = the jointing parameter which is a reduction factor representing the block size and the condition
of its faces as represented by their friction properties and the size of the joints.
The influence of JP has been found using calibrations from test results. Because of problems of obtaining
compression test results on rock masses at a scale similar to that of typical rock works, it was possible to
find appropriate data from only eight large scale tests and one back analysis. These have been used to arrive
at the following mathematical expression:
JP = 0.2 jC × VbD

eq. (2)

where Vb is given in m3, and D = 0.37 jC - 0.2 has the following values:
for jC = 0.1 0.25
0.5
0.75
1
1.5
2
2.5
3
4
6
9
12
16
20
----------------------------------------------------------------------------------------------------------------------------------------------------------D = 0.586 0.488 0.425 0.392 0.37 0.341 0.322 0.308 0.297 0.28 0.259 0.238 0.225 0.213 0.203

The value of JP varies from near 0 for crushed rocks to 1 for intact rock. The exponential form of eq. (2)
fits well with the general experience that joint spacings have an exponential statistical distribution as shown
by Merritt and Baecher (1981).
The joint condition factor is expressed as jC = jL (jR/jA) where jL, jR and jA are factors for respectively,
joint length and continuity, joint wall roughness, and joint surface alteration. Their ratings are shown in
1

The term ’joint’ has been used for most natural discontinuities, which have thickness smaller than approx. 0.1 m. Thus,
joints cover fissures, partings, fractures, natural cracks, as well as many shears and seams.

3

Tables 1 to 3. The factors jR and jA are similar to the joint roughness number (Jr) and the joint alteration
number (Ja) in the Q-system.2 The joint size and continuity factor (jL) has been introduced in the RMi
system to represent the scale effect of the joints.
Most commonly, the joint condition factor jC = 1 to 2; thus, the jointing parameter will vary between
JP = 0.2 Vb0.37 and JP = 0.28 Vb0.32. For jC = 1.75 the jointing parameter can simply be expressed as:
JP = 0.25

3

eq. (2a)

Vb

Significant VFDOHHIIHFWV are generally involved when the tested rock volume is enlarged from laboratory size
to field size. From the calibration described above, the RMi is tied to large samples where the scale effect
has be included in JP. For massive rock masses, however, the scale effect for the uniaxial compressive
strength (σc) has not been accounted for, as σc is related to 50 mm sample size. As shown in Figure 2,
Barton (1990) suggests from data presented by Hoek and Brown (1980) and Wagner (1987), that the actual
compressive strength for large ’field samples’ may be determined from:
σcf = σc50 (0.05/Db) 0.2 = σc50 × fσ

eq. (3)

where σc50 = the uniaxial compressive strength for 50 mm sample size,
Db = block diameter measured in metre,
fσ = (0.05/Db) 0.2 is the scale factor for compressive strength.
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)LJXUH
(PSLULFDOHTXDWLRQVIRUWKHVFDOHHIIHFWRIXQLD[LDOFRPSUHVVLYHVWUHQJWK IURP%DUWRQ  
EDVHGRQGDWDIURP+RHNDQG%URZQDQG:DJQHU 
Eq. (3) is valid for sample diameters up to some metres, and may, therefore, be applied for massive rock
masses as indicated in Figure 2. The equivalent block diameter (Db) may be found from Db = 3 Vb or, in
cases where a pronounced joint set occurs, from Db = S, where S is the spacing of this set. If the block
shape factor (β) is known (see Appendix, Sections A5 and A6) the equivalent block diameter is:

Db =

βo 3
27 3
Vb =
Vb
β
β

eq. (4)

In addition to the block shape factor, the Appendix describes various types of measurements, which can be
used to estimate the block volume.
7DEOH 7KHUDWLQJVRIWKHMRLQWURXJKQHVVIDFWRU M5IRXQGIURPVPRRWKQHVVDQGZDYLQHVV IURP
3DOPVWU|P  7KHUDWLQJVRIM5DUHVLPLODUWR-ULQWKH4V\VWHP
2

The symbols Jr and Ja have been changed into jR and jA because some minor modifications have been made in
their definitions.
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VPDOOVFDOH
VPRRWKQHVVRI
MRLQWVXUIDFH

ODUJHVFDOHZDYLQHVVRIMRLQWSODQH
planar
slightly
strongly
stepped
undulating
undulating

interlocking
(large scale)

very rough
rough
slightly rough

3
2
1.5

4
3
2

6
4
3

7.5
5
4

9
6
4.5

smooth
polished
slickensided*)

1
0.75
0.6 - 1.5

1.5
1
1–2

2
1.5
1.5 – 3

2.5
2
2–4

3
2.5
2.5 – 5

)RUILOOHGMRLQWVM5 For irregular joints a rating of jR = 5 is suggested
*)

For slickensided joints the value of jR depends on the presence and appearance of the striations; the highest value is used for marked striations.

7DEOH &KDUDFWHUL]DWLRQDQGUDWLQJRIWKHMRLQWDOWHUDWLRQIDFWRUM$ IURP3DOPVWU|P  M$LV
VLPLODUWR-DLQWKH4V\VWHPH[FHSWIRUWKHJUDGHRIDOWHUDWLRQ
$&217$&7%(7:((17+(7:252&.:$//685)$&(6
7(50
-------------------------------&OHDQMRLQWV
-Healed or "welded" joints
-Fresh rock walls
-Alteration of joint wall:
⋅ 1 grade more altered
⋅ 2 grades more altered

'(6&5,37,21
-------------------------------------------------------------------------------

&RDWLQJRUWKLQILOOLQJ
-Sand, silt, calcite etc.
-Clay, chlorite, talc etc.

Coating of friction materials without clay
Coating of softening and cohesive minerals

M$
--------------

Softening, impermeable filling (quartz, epidote etc.)
No coating or filling on joint surface, except for staining

0.75
1

The joint surface exhibits one class higher alteration than the rock
The joint surface shows two classes higher alteration than the rock

2
4
3
4

%),//('-2,176:,7+3$57,$/2512&217$&7%(7:((17+(52&.:$//685)$&(6

*)

7<3(2)),//,1*
0$7(5,$/

'(6&5,37,21

---------------------------------Sand, silt, calcite etc.
-Compacted clay materials
-Soft clay materials
-Swelling clay materials

-------------------------------------------------------------Filling of friction materials without clay
"Hard" filling of softening and cohesive materials
Medium to low over-consolidation of filling
Filling material exhibits clear swelling properties

3DUWLDOZDOO
FRQWDFW
thin fillings
(< 5 mm*) )
M$
--------------4
6
8
8 - 12

1RZDOO
FRQWDFW
thick filling
or gouge
M$
--------------8
10
12
12 - 20

Based on joint thickness division in the RMR system (Bieniawski, 1973)

7DEOH 7KHMRLQWVL]HDQGFRQWLQXLW\IDFWRUM/ IURP3DOPVWU|P 
-2,17
/(1*7+


7(50

7<3(

BBM/B
continuous joins discontinuous joints**)

< 0.5 m
very short
bedding/foliation partings
0.1 - 1.0 m
short/small
joint
1 - 10 m
medium
joint
10 - 30 m
long/large
joint
> 30 m
very long/large (filled) joint , seam*) or shear*)
*)

Often occurs as a single discontinuity, and should in these cases be treated separately.

3
2
1
0.75
0.5
**)

6
4
2
1.5
1

Discontinuous joints end in massive rock
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)LJXUH 7KHMRLQWLQJSDUDPHWHU -3 IRXQGIURPWKHMRLQWFRQGLWLRQIDFWRU M& DQGYDULRXVPHDVXUHPHQWV
RIMRLQWLQJLQWHQVLW\ 9E-Y54' 7KHGHWHUPLQDWLRQRI-3IURP9E RU54'RU-Y LQWKHH[DPSOHVDUH
LQGLFDWHG IURP3DOPVWU|P 
Figure 3 shows how the jointing parameter (JP) can be found from the block volume (Vb) and the joint
condition factor (jC). As shown in the upper left part of the diagram, the volumetric joint count (Jv) for
various joint sets (and/or block shapes) can be used instead of the block volume, see Appendix. Also, the
RQD can be used, but its inability to characterise massive rock or highly jointed rock masses leads to a
reduced quality of JP.
The classification of RMi is presented in Table 4. Numerical values alone are seldom sufficient for
characterizing the properties of a complex material such as a rock mass. Therefore, the RMi and its parameters
should be accompanied by supplementary descriptions.
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7DEOH

&ODVVLILFDWLRQRI50L IURP3DOPVWU|P
7(50

IRU50L

UHODWHGWRURFN
PDVVVWUHQJWK

Extremely low
Very low
Low
Moderate
High
Very high
Extremely high

Extremely weak
Very weak
Weak
Medium
Strong
Very strong
Extremely strong

50L9$/8(
< 0.001
0.001 - 0.01
0.01 - 0.1
0.1 - 1
1 - 10
10 - 100
> 100

([DPSOHV
The values of the jointing parameter (JP) found in the following examples are also shown in Figure 3.
([DPSOH
The block volume has been measured as Vb = 0.003 m3 (= 3 dm3). As given in Tables 1 to 3, the joint
condition factor jC = 0.75 is determined from:
- the rough joint surfaces and small undulations of the joint wall which gives jR = 3;
- the clay coated joints, i.e. jA = 4; and
- the 3 - 10 m long, continuous joints, which gives jL = 1.
Applying the values for Vb and jC in Figure 5, a value of JP = 0.02 is found. i) With a compressive strength
of the rock σc = 150 MPa, the value of RMi = 0.02 ⋅ 150 = 3 (high).
i)

XVLQJHT  DYDOXHRI-3 LVIRXQG

([DPSOH
The block volume Vb = 0.6 m3 . The joint condition factor jC = 2 is determined from Tables 1 to 3, based
on:
- smooth joint surfaces and planar joint walls which gives jR = 4;
- fresh joints, jA= 1; and 1 - 3 m long discontinuous joints, i.e. jL = 3.
From Figure 5 the value JP = 0.25 is found. ii) With a compressive strength σc = 50 MPa of the rock, the
value of RMi = 12.5 (very strong).
ii)

-3 LVIRXQGXVLQJHT 

([DPSOH
Values of RQD = 50 and jC = 0.2 give JP = 0.007
([DPSOH
Two joint sets spaced 0.3 m and 1 m, and some random joints have been measured. The volumetric joint
count is Jv = 1/0.3 + 1/1 + 0.5iv) = 4.5
With a joint condition factor jC = 0.5 the jointing parameter JP = 0.12 (by using the column for 2 to 3
joint sets in Figure 5)
iv)
WKHDVVXPHGYDOXHIRUWKHUDQGRPMRLQWV
([DPSOH
The following jointing features are measured: one joint set with spacing S = 0.45 m, and a joint condition
factor jC = 8. For this massive rock it is seen in Figure 3 that the value of JP is determined from the scale
factor for compressive strength fσ = 0.45. For a rock with σc = 130 MPa the value of RMi = 59.6 (very
strong).

7
'LVFXVVLRQ
2QWKH6HOHFWLRQRIWKH3DUDPHWHUV8VHGLQ50L
As shown in Figure 1, the RMi makes use of the following input parameters: compressive strength of intact
rock, block volume, and joint characteristics as given by roughness, alteration and size. In addition to the
author’s own experience, the study of some 15 different classification systems have been made for the
selection of these input parameters.
Hoek et al. (1992), is of the opinion that the strength characteristics for jointed rock masses are controlled
by the block shape and size as well as their surface characteristics determined by the intersecting joints.
They recommend that these parameters be selected to represent the average condition of the rock mass.
Also, Tsoutrelis et al. (1990), Matula and Holzer (1978), Patching and Coates(1968) and Milne et al. (1992)
have been set forth similar ideas. This does not imply that the properties of the intact rock material should
be disregarded in the characterization. If joints are widely spaced or if the intact rock is weak, the properties
of the intact rock may strongly influence the overall behaviour of the rock mass. The intact rock properties
are also important if the joints are discontinuous.
Although rock mass properties in many cases are governed by joints, rocks properties have been a major
factor in the formation and development of the actual joints. In this respect petrological data can make an
important contribution towards the prediction of mechanical performance of the jointing features (Franklin,
1970). For this reason, it is important to retain the names for the different rock types, for these in themselves
give relative indications of the joint properties (Piteau, 1970). A supplementary rock description will also
inform the reader of the geology and the type of material at the site.

%HQHILWVDQG/LPLWDWLRQVRI50L
Some of the benefits of the RMi system are:
• 7KH50LZLOOJLYHVLJQLILFDQWLPSURYHPHQWVLQWKHXVHRIJHRORJLFDOLQSXWGDWDmainly achieved by
its systematic use of well defined parameters in which the three-dimensional character of rock
masses is represented by the block volume.
• 7KH50LFDQHDVLO\EHXVHGIRUURXJKHVWLPDWHVZKHQOLPLWHGLQIRUPDWLRQRQWKHJURXQGFRQGLWLRQV
LVDYDLODEOH. For example, in early stages of a project where rough estimates are sufficient, eq. (2a)
can be applied.
• 7KH50LLVZHOOVXLWHGIRUFRPSDULVRQVDQGH[FKDQJHRINQRZOHGJHEHWZHHQGLIIHUHQWORFDWLRQV In
this way it may contribute to improved communication between people involved in rock engineering
and design.
• 7KH50LRIIHUVDSODWIRUPVXLWDEOHIRUHQJLQHHULQJMXGJHPHQW RMi is a general parameter which
characterizes the inherent strength of rock masses, and may be applied in engineering as the quality
for this construction material. As RMi is composed of real block volumes and common joint
parameters for rock masses, it is easy to relate it to field conditions. This is important in application
of engineering judgement.
• 7KH50LV\VWHPFRYHUVDZLGHVSHFWUXPRIURFNPDVVYDULDWLRQand therefore has possibilities for
wider applications than other rock mass classification and characterization systems of today.
Any attempt to mathematically express the variable structure and properties of jointed rock masses in a
general failure criterion, may result in complex expressions. By restricting the RMi to uniaxial compressive
strength only, it has been possible to arrive at the relatively simple expressions in eqs. (1) and (2). Because
simplicity has been preferred in the structure as well as in the selection of parameters in RMi, it is clear that
such an index may result in inaccuracy and limitations, of which the main are connected to:
• 7KHUDQJHDQGW\SHVRIURFNPDVVHVFRYHUHGE\WKH50LBoth the intact rock material as well as the
joints exhibit great directional variations in composition and structure which results in a large range
in compositions and properties of rock masses. It is, therefore, not possible to characterize all these
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•

•

combinations in one, single number. Nevertheless, the RMi probably characterizes a wider range of
materials than most classification systems.
7KHDFFXUDF\LQWKHH[SUHVVLRQRI50LThe value of the jointing parameter (JP) is calibrated from a
few large scale compression tests. Both the evaluation of the various factors (jR, jA and Vb) used in
obtaining JP and the size of the samples tested, which in some of the cases had a small number of
blocks, may be sources of error in the expression for JP. The value of RMi found may therefore be
approximate. In some cases, however, errors in the various parameters may partly neutralize each
other.
7KHHIIHFWRIFRPELQLQJSDUDPHWHUVWKDWYDU\LQUDQJH. The parameters used to calculate the RMi
will in general H[SUHVVDFHUWDLQUDQJHRIYDOXHV. As with any classification system, combination of
such variables may cause errors. In some cases the result is that the RMi may be inaccurate in its
characterization of the strength of the complex and varied assemblage of the materials and defects
which constitute a rock mass. For these reasons, the RMi may best be considered as a UHODWLYH index
in its characterization of the rock mass strength.

2WKHU6LPLODU5RFN0DVV&KDUDFWHUL]DWLRQ0HWKRGV
A similar approach to a strength characterization of rock masses has been proposed by Hansagi (1965,
1965b), who introduced a reduction factor (Cg ) comparable to the jointing parameter (JP) to arrive at an
expression for the FRPSUHVVLYHVWUHQJWK of the rock mass, expressed as
σmc = σc × Cg

eq. (11)

Hansagi named Cg as a "gefüge-factor" (joint factor) that is "UHSUHVHQWDWLYHIRUWKHMRLQWHGHIIHFWRIDURFN
PDVV". This factor consists of two inputs: a factor for the "structure of jointing" (core length), and a scale
factor. Hansagi (1965b) mentions that the value of Cg is 0.7 for massive rock and 0.47 for jointed rock
(containing small joints) for two test locations in Kiruna, Sweden. Hansagi did not, however, as far as the
author knows, publish more on his method.
The expression for the RMi is similar in structure to the expression of unconfined FRPSUHVVLYHVWUHQJWKRI
URFNPDVVHV (σcm ), which is a part of the Hoek-Brown failure criterion for rock masses expressed as
σcm = σc × V ½

eq. (12)

Here V = an empirical constant. The value of V ranges from 0 for jointed rock masses to 1 for intact rock.
The value of V is found using the RMR or the Q classification system as described by Hoek (1983), Hoek
and Brown (1980, 1988), and Wood (1991). This constant is more accurately found from JP than via these
classification systems. RMi introduces an easier and more direct method to find the values of V (= JP 2 ) as
JP involves only inherent features in the rock mass which have a direct impact on V. In this way, RMi may
contribute to a future improvement of the Hoek Brown failure criterion.

3RVVLEOH$SSOLFDWLRQVRIWKH50L
The main purpose during development of the RMi has been to work out a practical system to characterize
rock masses which is applicable to rock engineering and design. When applied, the RMi-value or its
parameters are adjusted for local features of importance for the engineering purpose, see Figure 4.
Figure 5 shows the main areas for application of RMi together with the influence of its parameters in
different fields. Some of these will be shown in a subsequent paper which will outline the practical use of
RMi.
The RMi-value can seldom be used directly in classification systems as many of them are systems made for
a particular purpose. Some of the input parameters in RMi are sometimes similar to those used in the
classifications and may then be applied more or less directly.
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Finally, the system for characterizing block geometry (volume, shape factor, angles) may be of use in
numerical models.

INTACT ROCK

52&.0$66,1'(;
50L

JOINTING

A general, numerical
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of a rock mass

Input of features
of importance for
the actual design

PROJECT
RELATED
FEATURES

ROCK DESIGN AND
ENGINEERING IN:
- rock support
- TBM excavation
- rock blasting *)
- rock fragmentation *)

Application of RMi
parameters in
practical design
and engineering

applied as
input in other
engineering
methods

used in
communication

Other
applications
of RMi

QRWVKRZQE\3DOPVWU|P

)LJXUH 7KHSULQFLSOHDSSOLFDWLRQRI50LLQURFNHQJLQHHULQJ IURP3DOPVWU|P 

)LJXUH 7KHPDLQDSSOLFDWLRQVRI50LLQURFNPHFKDQLFVDQGURFNHQJLQHHULQJ IURP3DOPVWU|P 
$FNQRZOHGJHPHQW
This paper is part of a Ph.D. thesis titled "RMi - A rock mass characterization system for rock engineering
purposes" which has been made at the University of Oslo, Norway. The funding by the Norway Research
Council (NFR) has made this work possible. I am most grateful for all support from the Norwegian
Geotechnical Institute during my studies and to Ole Berthelsen for valuable comments.
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Williamson D.A and Kuhn C.R. (1988)

$ ,QWURGXFWLRQ
The block size is usually the most important factor in the RMi. Consequently, the accuracy of this measure
has a significant impact on the quality of the RMi. This appendix presents methods to determine the block
volume from various types of jointing observations and measurements.
The block size is a result of the detailed (small to medium scale) jointing in a rock mass formed mainly by
the small and moderate joints (Selmer-Olsen, 1964). The block dimensions are determined by joint spacings
and the number of joint sets. Individual or random joints and possibly other planes of weakness may further
influence the size and shape of blocks. Impact from rock blasting may also be an influence.
Different methods have been developed over the years to measure the quantity or density of joints in the
rock mass. The selection of the method(s) to be applied at a particular site is often a result of the:
a) availability of exposures to observe the rock and its jointing,
b) quality requirements for the collected data,
c) the type and cost of the investigation or survey, and
d) the experience of the engineering geologist.
If all the blocks in a rock mass could be measured or "sieved", a block size distribution can be found similar
to the particle size distribution of a soil. As the joint spacings generally vary greatly, the difference in size
between the smaller and the larger blocks can be significant, see Figure A1. Therefore, the characterization
of block volume should be given rather as an interval than as a single value. The relationship between block
volume and soil size particle is outlined in Table A1.
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)LJXUH$ ([DPSOHRIDEORFNVL]HGLVWULEXWLRQFXUYHIRUDURFNPDVV IURP0LOQHHWDO
If less than 3 joint sets occur defined blocks may not be found. However, in many cases the presence of
random joints or other weakness planes may contribute to defining blocks. Where the jointing is irregular, or
many of the joints are discontinuous, it can sometimes be difficult to recognize the actual size and shape of
individual blocks. Thus, from time to time the block size and shape therefore have to be determined using a
simplification where an HTXLYDOHQWEORFNYROXPH is used as is described in Section A9.
7DEOH$&ODVVLILFDWLRQRIEORFNYROXPHUHODWHGWRSDUWLFOHVL]H YROXPH IRUVRLOV IURP3DOPVWU|P
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....Coarse gravel
5 - 100 cm3
....Cobbles
0.1 - 5 dm3
....Boulders
5 - 100 dm³
....Blocks
> 0.1 m3

has been applied in the correlation between particle diameter and particle or block volume.

7DEOH$ 7KHPDLQW\SHVRIREVHUYDWLRQVDQGPHDVXUHPHQWVZKLFKFDQEHXVHGWRHVWLPDWHWKHGHJUHHRI
MRLQWLQJDQGWKHEORFNVL]H IURP3DOPVWU|P
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6XUIDFHREVHUYDWLRQV
3-D observations
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Block volume estimated from
defined joint spacings (and angles
between joint sets)

- Block volume

Block volume estimated from the
volumetric joint count ( Jv )

...........................
- Equivalent
block diameter

Block volume measured directly
in the field.
....................................................

'(*5((2)
-2,17,1*
- Joint
frequency

Observation of the volumetric
joint count ( Jv ).

............................ ....................................................
- Joint spacing

*
1)
2)

2-D observations

'ULOOFRUHRUVFDQOLQH
REVHUYDWLRQV
1-D observations

....................................................
Estimated block diameter (Ib)
according to ISRM (1978).

Fragment volume found in drill
cores1).
..................................................
Indirect block diameter measure
(given as RQD).

Measured number of joints
intersecting an area.

Measured number of joints
intersecting a line.

*Weighted joint density
measurement.

*Weighted joint density
measurement.

....................................................

Measured spacings for each joint Measured average joint spacings
set.
related to a plane.

Density of joints estimated from
refraction seismic velocities.2)
..................................................
Measured length of core pieces
along a bore hole (fracture intercept (ISRM, 1978))

Measurement method introduced by Palmström (1995), see Section A8.
The particle volume referred to has the size of core diameter or less (gravel or pebble size)
Not included in this paper

Observations made on surfaces or on drill cores are most commonly used to characterize the density or
amount of joints in a rock mass. The methods most commonly used are shown in Table A2. As the blocks
generally have varying sizes and shapes, the measurements of characteristic dimensions can be timeconsuming and laborious. To remedy this, easy recognizable dimensions of the blocks and simple correla-
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tions between the different types of jointing measurements have been preferred, as is shown in this
Appendix.

$ %ORFN9ROXPH0HDVXUHG'LUHFWO\,Q6LWXRULQ'ULOO&RUHV
Where the individual blocks can be observed in a surface, their volume can be directly measured from
relevant dimensions by selecting several representative blocks and measuring their average dimensions. For
small blocks or fragments having volumes in dm3 size or less, this method of block volume measurement is
often beneficial as it is much easier to estimate volume compared to all the measurements which have to be
made to include all joints. Block volume can also be found in drill cores where small fragments have been
formed as a result of crushed rock.

$ %ORFN9ROXPH)RXQGIURP-RLQW6SDFLQJV
The terms MRLQWVSDFLQJ and DYHUDJHMRLQWVSDFLQJ are often used in the description of rock masses. Joint
spacing is the distance between individual joints within a joint set. Where more than one set occurs, this
measurement is, in the case of surface observations, often given as the average of the spacings for these sets.
There is often some uncertainty as to how this average value is found; for instance, the average spacing for
the following 3 joint sets having spacings S1 = 1 m, S2 = 0.5 m, and S3 = 0.2 m is Sa = 0.125 m, and not
0.85 m which initially may seem appropriate.3
When logging drill cores the average length of core pieces4 or frequencies are seldom true spacings, as
joints of different sets probably are included in the measurement. In addition, random joints which do not
necessarily belong to any joint set, have an influence.
As the term ’joint spacing’ does not indicate what it includes, it is frequently difficult to determine whether a
’joint spacing’ referred to in the literature represents the true joint spacing. Thus, there is often much
confusion related to joint spacing recordings.
Especially where irregular jointing occurs, it is time-consuming to measure all (random) joints in a joint
survey. In such cases, as well as for other jointing patterns, it is often much quicker - and also more accurate
- to measure the block volume directly in the field. Where three regular joint sets occur, the block volume
can easily be found from the joint spacings as

Vb =
where

S1× S 2 × S 3
Vb0
=
sin γ 1× sin γ 2 × sin γ 3 sin γ 1× sin γ 2 × sin γ 3

eq. (A-1)

γ1, γ2, γ3 are the angles between the joint sets, and
S1, S2, S3 are the spacings between the individual joints in each set.
Vbo is the block volume in cases where joints intersect at right angles.

For a rhombohedral block with two angles between 45o and 60o, two between 135o and 150o and the last two
being 90o, the volume will be between Vb = 1.3 Vbo and 2 Vbo . Compared to the variations caused by the
joint spacings, the effect from the intersection angle between joint sets is relatively small.

$%ORFN9ROXPH)RXQGIURP-RLQW)UHTXHQF\0HDVXUHPHQWV
When the frequency is given for each joint set, it is possible to find the block volume directly. In other
cases, when an ’average frequency’ is given, it is uncertain whether this frequency value refers to one-, twoor three-dimensional measurements; hence no accurate correlation can be presented. The use of joint
3

4

The average spacing is found from 1/Sa = 1/S1 + 1/S2 + 1/S3
Joint or fracture intercept is the appropriate term for measurement of the distance between joints along a line or bore hole.
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frequency measurements presented in the following are similar to the joint spacing measurements shown in
Section A3.
$)URP'-RLQW)UHTXHQF\0HDVXUHPHQWVRQDQ$UHDRU6XUIDFH
The 2-D joint frequency is the number of joints measured in an area. The length of the joints compared to
the size of the area will, however, influence on the frequency observed. Thus, some sort of adjustments have
to be made to estimate the block volume from this type of measurement. The joint frequency (Na) found in
an observation surface, therefore, should be adjusted for the lengths of the joints if they are shorter than the
length of the observation plane, expressed as
Na = (1/ $ ) Σ(nai ⋅Li) + Naj

eq. (A-2)

nai = the joint L with length Li shorter than the length of the observation area,
Naj = the number of joints longer than the length of the observation area, and
A = the area of the observation surface.

where

The joint frequency (Na) varies with the orientation of the observation plane and with respect to the attitude
of the joints. Recording of Na in several surfaces of various orientation gives a more accurate measure of
the jointing. Being an average measure, Na should be measured in selected areas showing the same type
and density of jointing. Thus, a large area should be divided into smaller, representative areas containing
similar jointing, and the variation in jointing for the whole area calculated based on these observations.
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)LJXUH$ 7KHFRQQHFWLRQEHWZHHQ'MRLQWREVHUYDWLRQVLQDVXUIDFHDQGWKHYROXPHWULFMRLQWFRXQW -Y
IRUYDULRXVMRLQWLQJSDWWHUQVDQGRULHQWDWLRQVRIWKHREVHUYDWLRQSODQH IURP3DOPVWU|P 
The correlation between 2-D measurements of the joint density in a rock surface and the 3-D frequency
values (given as Jv) can be done using the empirical expression
Jv = Na × ka

eq. (A-3)

where ka = correlation factor shown in Figure A2; ka varies mainly between 1 and 2.5 with an average
value ka = 1.5. The highest value is where the observation plane is parallel to the main joint
set.
$)URP'-RLQWLQJ)UHTXHQF\0HDVXUHPHQWVDORQJD6FDQOLQHRU'ULOO&RUH
This is a record of the joint frequency along a bore hole or a scanline given as the number of joints
intersecting a certain length. This 1-D joint frequency is an average measure along the selected length of the
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core. As in other core logging methods, it is important to measure the joints in sections along the line or core
which shows similar joint frequency. At the start of the logging it is rational to divide the length into such
sections.
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)LJXUH$ 7KHUHODWLRQVKLSEHWZHHQ'MRLQWREVHUYDWLRQVLQGULOOFRUHVRUDORQJDVFDQOLQHDQGWKH
YROXPHWULFMRLQWFRXQW -Y IRUYDULRXVMRLQWLQJSDWWHUQVDQGRULHQWDWLRQVRIWKHERUHKROH RUVFDQOLQH 
IURP3DOPVWU|P 
The correlation between 1-D joint frequency observations in drill holes (or scanlines) and volumetric 3-D
frequency (Jv) can be done using an expression similar to eq. (A-10). The joint frequency, given as the
number of joints per metre, can be expressed as:
Jv = Nl × kl
where

eq. (A-4)

kl = correlation factor. As shown in Figure A3 kl varies between 1.25 and 6, with an average
value kl = 2. As expected there is a rather poor correlation between Jv and Nl.

$%ORFN9ROXPH&DOFXODWHGIURPWKH9ROXPHWULF-RLQW&RXQW
$7KH9ROXPHWULF-RLQW&RXQW -Y
The volumetric joint count (Jv) has been described by Palmström (1982, 1985, 1986) and Sen and Eissa
(1991, 1992). It is a measure of the number of joints within a unit volume of rock mass, defined by
Jv = Σ (1/Si)

eq. (A-5a)

where Si = the joint spacing in metres for the each joint set L.
Also random joints can be included by assuming a random spacing for each of these. Experience indicates
that this can be set to Sr = 5 m; thus, the volumetric joint count can be generally expressed as
Jv = Σ (1/Si) + Nr/5

eq. (A-5b )

where Nr = the number of random joints. A more accurate determination of Nr can be found applying a
method similar to that described for nai in eq. (A-2).
Jv can easily be calculated from joint observations, since it is based on measurements of joint spacings or
frequencies. In the cases where mostly random or irregular jointing occur, Jv can be found by counting all
the joints observed in an area of known size as described in Section A4.1.
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$&RUUHODWLRQEHWZHHQ%ORFN9ROXPH 9E DQG9ROXPHWULF-RLQW&RXQW -Y
Since both the volumetric joint count (Jv) and the size of blocks in a rock mass vary according to the degree
of jointing, there is a correlation between them (Palmström, 1982). Jv varies with the joint spacings, while
the block size also depends on the type of block. A correlation between the two parameters has therefore to
be adjusted or corrected for the block shape and the angle between the joint sets, as shown below.
The volumetric joint count determined from three joint sets with intersecting angles γ1, γ2 and γ3 is
expressed as
S 2 × S 3 + S1× S 3 + S1 × S 2
eq. (A-6)
Jv =
Vb × sin γ 1 × sin γ 2 × sin γ 3
where

S1, S2, S3 are the joint spacings.

From eq. (A-4b) the block volume is
Vb =

× Jv -3

1
sin γ 1 × sin γ 2 × sin γ 3

eq. (A-7)

Using Vbo = Vb⋅sinγ1 × sinγ2 × sinγ3 the block volume is, for cases where all angles between the block
faces are 90o, given as
Vbo = β × Jv -3

eq. (A-7a)

The factor
=

(α 2 + α 2 × α 3 + α 3)
(α 2 × α 3)

3

2

eq. (A-8)

(where α2 = S2/S1 and α3 = S3/S1) depends mainly on the differences between the joint set spacings. It has
therefore been named the EORFNVKDSHIDFWRU and is further described in Section A6.
As the volumetric joint count (Jv) by definition takes into account in an unambiguous way all the occurring
joints in a rock mass, it is often appropriate to use Jv in the correlation between joint frequency
measurements and block volume estimates (Palmström, 1982). Important here is the block shape factor β
which is included in all equations to estimate the block volume.

$%ORFN7\SHVDQG6KDSHV
Methods to determine the block shape factor β given in eq. (A-8) and its characterization are described in
this section. The W\SHDQGVKDSH of blocks are determined by:
- the number of joint sets;
- the differences in joint spacings; and
- the angles between the joints or joint sets.
For a rock mass with 3 joint sets intersecting at right angles the values of β are given Figure A.4. The types
of blocks delineated by joints have in the literature been characterized in different ways and by different
terms. Where relatively regular jointing exists, it may be possible to give adequate characterization of the
jointing pattern according to the system presented by Dearman (1991). In most cases, however, there is no
regular jointing pattern; a rough characterization of the blocks is generally more practical, for example a
division into three main groups only, as presented by Sen and Eissa (1991). The terms applied by Palmström
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PHGLXPVSDFLQJ
VPDOOHVWVSDFLQJ

(1995) are shown in Figure A4. For β = 27 to 32 the block term ’compact’ has been introduced to include
cubical, equidimensional, blocky and other existing terms for blocks not being long or flat.
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)LJXUH$ %ORFNW\SHVFKDUDFWHUL]HGE\WKHEORFNVKDSHIDFWRU β IRXQGIURPWKHUDWLREHWZHHQVSDFLQJV
RIWKHMRLQWVHWV7KHGDWDDUHEDVHGRQMRLQWVHWVLQWHUVHFWLQJDWULJKWDQJOHV IURP3DOPVWU|P 
([DPSOH)RUα DQGα β  
The use of Figure A3 requires 3 joint sets. As blocks often have more than six faces or have irregular shape,
it can be difficult to estimate β. Therefore, the following simplified method to estimate β has been developed by Palmström (1995), in which the longest and shortest dimension of the block are applied:
β = 20 + 7 a3/a1 = 20 + 7 α3

eq. (A-9)

where a3 and a1 are the longest and shortest dimension of the block.
The evaluations made by Palmström (1995) have shown that eq. (A-9) covers most types of blocks (where β
< 1000) within reasonable accuracy (± 25%). For very flat to extremely flat blocks eq. (A-9) has limited
accuracy.

$$&RUUHODWLRQEHWZHHQ54'DQGWKH9ROXPHWULF-RLQW&RXQW -Y
It is not possible to obtain good correlations between RQD and Jv or between RQD and other measurements
of jointing. Palmström (1982) presented the following simple expression:
RQD = 115 - 3.3 Jv
eq. (A- 10)
Here RQD = 0 for Jv > 35, and RQD = 100 for Jv < 4.5
Especially where many of the core pieces have lengths around 0.1 m, the correlation above may inaccurate.
However, when RQD is the only joint data available, eq. (A-10) has been found to be the best simple
transition from RQD via Jv to block volume.
The block volume can be found from the volumetric joint count using input of the block shape factor (β)
(see eq. (A-7) and (A-7a)). Where β is not known, it is recommended to use a 'common' value of β = 40.
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$:HLJKWHG-RLQW'HQVLW\0HDVXUHPHQWV Z-G
R. Terzaghi (1965) points out that the accuracy of jointing measurements can be increased by replacing the
number of joints measured on a surface or in a bore hole (Nα ) intersected at an angle α, by a value N90. N90
represents the number of joints with the same orientation which would have been observed at an intersection
angle of 90o. This is expressed as
N90 = Nα /sinα

eq. (A-11)

Terzaghi stresses the problem connected to small values of α, because, in these cases, the number of
intersections will be significantly affected by local variations in spacing and continuity. 1RFRUUHFWLRQ
ZKDWVRHYHUFDQEHDSSOLHGLIαLV]HUR+HQFH1 ZRXOGIDLOWRFRUUHFWO\LQGLFDWHWKHDEXQGDQFHRI
KRUL]RQWDODQGJHQWO\GLSSLQJMRLQWVLQDKRUL]RQWDOREVHUYDWLRQVXUIDFH


The weighted joint density method is based on measuring the intersection angle between each joint and the
observation surface or bore hole. To solve the problem of small intersection angles and to simplify the
observations, the angles have been divided into intervals as shown in Table A3.
'
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)LJXUH$ 7KHLQWHUVHFWLRQEHWZHHQMRLQWVDQGDGULOOFRUHKROH OHIW DQGDVXUIDFH ULJKW  IURP
3DOPVWU|P 
For 2-D measurements (surface observations) the weighted joint density is defined as
wJd = (1/ A ) Σ(1/sinδi) = (1/ A ) Σ(fi )

eq. (A-12)

and, similarly, for 1-D measurements along a scan line or in drill cores
wJd = (1 /L) Σ(1/sinδi) = (1/ L) Σ(fi )
where

δi
A
L
fi

=
=
=
=

eq. (A-13)

the angle between the observation plane (surface) and the individual joint.
the size of the area in m2, see Figure A.5.
the length of the measured section along core or line.
the interval factor given in Table A3; its ratings have been determined by Palmström (1995)
from trial and error of various angles and joint densities.

In practice, each joint is multiplied by the value of (fi ) for the actual angle interval. After some training it
should be possible to quickly determine the intervals in Table A3 for the angle δi. The intervals chosen

20

removes the strong influence of the smallest angles, i.e. angles parallel or nearly parallel to the observation
plane or bore hole.
7DEOH$ 6HOHFWHGLQWHUYDOVRIWKHDQJOH δ  DQGWKHFRUUHVSRQGLQJIDFWRU I  VLQδ 
L

L

L

DQJOHδ
IDFWRUI
-------------------------------------------------------------------1
> 60o
1.5
31 - 60o
3.5
16 - 30o
6
< 16o
L

L

As the weighted joint density method reduces the inaccuracy caused by the orientation of the observation
surface or bore hole, it leads to a better characterization of the rock mass, which in turn may result in a
reduced amount of bore holes required in an investigation.
The weighted joint density is approximately equal to the volumetric joint count, i.e. Jv ≈ wJd

$ 0HWKRGVWR)LQGDQ(TXLYDOHQW%ORFN9ROXPH:KHUH-RLQWV'R1RW'HOLPLW
%ORFNV
According to Section A1, a minimum of three joint sets in different directions are theoretically necessary to
delimit blocks in a rock mass. There are, however, cases with irregular jointing where blocks are formed
mainly from random joints, and other cases where the blocks are delimited by one or two joint sets and
additional random joints. In cases where the jointing is composed of one or two joint sets with no or few
random joints, the joints do not define individual blocks. In such cases an HTXLYDOHQWEORFNYROXPH is used in
the calculations. Such block volume may be found from one of the following methods:
1. Where only RQHMRLQWVHW occurs, the equivalent block volume may be considered to be similar to the area
of the joint plane5 multiplied by distance between the two joints: Vb = L2 × S Here L is the joint length
and S is the spacing between the joints.
(Example: For foliation partings with lengths L = 0.5 m to 2 m and joint spacing S = 0.2 m, the equivalent block volume will vary between Vb = S × L2 = 0.2 × 0.5 2 = 0.05 m3 and Vb = 0.2 × 2 2 = 0.8
m3)
2. For WZRMRLQWVHWV the spacing for the two sets (S1 and S2) and the length (L) of the joints can be
applied: Vb = S1 × S2 × L
3. For most cases the equivalent block volume can be found from eq. (A-7a): Vb = β × Jv -3 which requires
6
input from the block shape factor (β). β can be estimated from eq. (A-9): β = 20 + 7 a3/a1
where a1 and a3 are the shortest and longest dimension of the block.
A method to arrive at a better estimate of β using the length and spacing of the joints, is given in the
following:
Eq. (A-9) was developed for three joint sets. Where less than three sets occur, it can be adjusted by
a factor nj , which represents a rating for the actual number of joint sets, to characterize an HTXL
YDOHQW block shape factor:
β = 20 + 7 (Smax /Smin )(3/nj) = 20 + 21(Smax /Smin × nj )

eq.(A-14)

The ratings of nj are given as:
Here is assumed that the joint plane is circular, i.e. A = π⋅L2/4 ≈ L2
As the volumetric joint count can be measured also where joints do not delimit defined blocks, this approach can be
applied where few joints sets are found.
5

6

21

3 joint sets + random
3 joint sets
2 joint sets + random joints
2 joint sets
1 joint set + random joints
1 joint set only

nj = 3.5
3
2.5
2
1.5
1

4. For small discontinuities (fissures, partings and small joints) for which the lengths can be measured or
easily estimated, the length and spacing of the joints correspond to the longest and shortest block dimension, hence the ratio length/spacing = L/S can be applied in eq. (A-14):
β = 20 + 21 L /(S × nj )

eq. (A-15)

For long joints it is often sufficiently accurate to use a length L = 4 m.
([DPSOHFor one joint set (nj = 1) spaced at S1 = 0.2 m having an average joint length L1 = 2 m, the
block shape factor according to eq. (A-15) is β = 20 + 21 L1/(S1 × nj ) = 230.
The volumetric joint count for this set is Jv = 1/S1 = 5. This gives Vb = β × Jv - 3 = 1.84 m3
(For a defined block limited by 3 joints sets crossing at right angles with spacings S1, L1, L1, the volume is
Vb = 0.2 × 2 × 2 = 0.8 m3 )
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Measuring block volume instead of the density of joints in the field is often easier and more accurate,
especially when the volume can be found from direct observation. Figure A6 shows a summary of the
various methods of estimating the block volume described in this Appendix. The methods are based on the
main measurements to determine joint density or degree of jointing. The correlations are indicated in Table
A4.
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BLOCK
SHAPE
FACTOR

LARGEST AND SMALLEST
DIMENSION OF THE BLOCK
= transition / correlation

)LJXUH$ 7KHSULQFLSOHVLQHVWLPDWLQJWKHEORFNYROXPHIURPYDULRXVW\SHVRIMRLQWGHQVLW\PHDVXUHPHQWV

22
7DEOH$

7UDQVLWLRQVEHWZHHQYDULRXVW\SHVRIMRLQWGHQVLW\REVHUYDWLRQV

The block volume (Vb)

The volumetric joint count
(Jv)

7<3(2)2%6(59$7,21RU0($685(0(17
'REVHUYDWLRQV
Average joint spacing (S ) for
each set: -Y Σ 6

'REVHUYDWLRQV

L

L

Average joint spacing (Sm):
-Y 6 ND

Average length of core pieces (fracture
intercept, Fi): -Y )LNO

Average joint frequency (Na):
-Y 1D ×ND

Average joint frequency measurement (Nl):
-Y 1O ×NO

Weighted 2-D joint density
measurement (wJd): -Y Z-G

Weighted 1-D joint density measurement
(wJd): -Y Z-G

P

or
where also random joints (Nr)
occur: -Y Σ  6 1U

'REVHUYDWLRQV

**)

Rock quality designation, RQD:
-Y 54'
Average joint spacing
(S1, S2, S3) of 3 sets: *
9E  6×6×6

Weighted joint density measurement (wJd): 9E  β×Z-G

Weighted 1-D joint density measurement
(wJd): 9E  β×Z-G

Average joint frequency (Na):
9E≈β 1D ×ND

Average joint frequency (Nl) or spacing
(Nl = 1/S) measurement: 9E ≈β 1O×NO



R



R

R

Volumetric joint count (Jv):
9E  β×-Y






R

Rock quality designation, RQD:
9E ≈β 54'


R

Direct measurement in situ:
9E PHDVXUHGYROXPH
RIWKHEORFN

Direct measurement in situ:
9E YROXPHRIEORFNHVWLPDWHG
IURPWKHMRLQWLQJSDWWHUQ

Direct measurement in drill cores (of
fragments of core diameter or less):
9E YROXPHRIFRUHIUDJPHQWV

&RPPHQWV
*)
Vbo = block volume for joints or block faces intersecting at right angles. For intersections at other angles the volume
can be found from: 9E 9E VLQγ×VLQγ×VLQγ
(γ1, γ2, and γ3 = angles between the joint sets or between the block faces)
**)
Nr = the number of random joints observed within the observation area.
(A more precise measurement of Nr can be made as is shown for Na in eq. (A-2))
β = block shape factor; it may be estimated fromβ DD
(a3 and a1 are longest and shortest block dimension respectively)
β = 27 to 50 for equidimensional to slightly long or flat blocks, β = 50 to 150 for most flat or long blocks.
Values of 2-D and 1-D correlation coefficients: ka = 1 to 2.5 (average ka = 1.5); kl = 1 to 7
(average kl = 2)
R

