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"The geotechnical engineer should apply theory and experimentation but
temper them by putting them into the context of the uncertainty of nature.
Judgement enters through engineering geology." 

Karl Terzaghi, 1961

� ,QWURGXFWLRQ

This is the second of two papers presenting results from the Ph.D. thesis "RMi - a rock mass
characterization system for rock engineering purposes" (Palmström, 1995a). The main goals of the
RMi (Rock Mass index) system have been to improve the geological input data and their use in rock
engineering. RMi makes use of selected inherent parameters of the rock mass which are combined of
to express the following relative rock mass strength index:

RMi =  σc × JP eq. (1)

where   σc  = the uniaxial compressive strength of intact rock
JP  = the jointing parameter; it is composed of the block volume and three joint

characteristics (roughness, alteration and size)

The development of RMi and how it is determined has been given in the first paper of this series
(Palmström, 1996a). The Rock Mass index (RMi) is numerical and differs therefore from earlier
JHQHUDO classifications of rock masses, which are mainly descriptive or qualitative. A numerical
system is a prerequisite for application in rock mechanics and rock engineering calculations.
This paper shows the following application of RMi and/or its parameters in rock mechanics and rock
engineering:
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• Input to the Hoek-Brown failure criterion for rock masses.
• Assessments of stability and rock support in underground excavations.
• Quantification of the classification applied in the New Austrian Tunnelling Method (NATM).
 
A general use of  RMi  is in communication between people involved in rock engineering and construction�
for example in description of ground conditions and in exchange of information. Other applications of RMi
are:

- input to ground response curves�
- assessment of penetration rateV of full-face tunnel boring machines (TBM)�
- assessment of rock blasting and fragmentation� and
- input to numerical models.

� $SSOLFDWLRQ�RI�50L�LQ�'HWHUPLQLQJ�&RQVWDQWV�LQ�WKH�+RHN�%URZQ�)DLOXUH�&ULWHULRQ
IRU�5RFN�0DVVHV

The Hoek-Brown failure criterion provides engineers and geologists with a means of estimating the strength
of jointed rock masses.1)  Following presentation of the criterion in 1980, the ratings of the criterion’s
constants (V and P) have been adjusted in 1988, 1991 and 1992. A modified failure criterion was published
by Hoek et al. (1992).

In its original form the Hoek-Brown failure criterion for rock masses is expressed in terms of the major and
the minor principal stresses at failure (Hoek and Brown, 1980; Hoek, 1983)

σ1’ =  σ3’ + (P�× σc × σ3’ + V�×�σc
2)½ eq. (2)

where  σ1 ’ = the major principal effective stress at failure
         σ3 ’ = the minor principal effective stress  (for triaxial tests, the confining pressure)
         σc = the uniaxial compressive strength of the intact rock material
� V  and  P are the empirical constants which represent inherent properties of joints and rocks

For  σ3’ = 0  eq. (2) expresses the unconfined FRPSUHVVLYH�VWUHQJWK of a rock mass

σ1’ = σcm = σc V eq. (3)

According to Hoek and Brown (1980) the constants �P  and �V� depend on the properties of the rock and the
extent to which it has been broken before being subjected to the [failure] stresses.  Both constants are
dimensionless. To determine  P and �V��Hoek and Brown adapted the main classification systems; the RMR
system of Bieniawski (1973) and the Q system of Barton et al. (1974). As these systems include external
factors such as ground water and stresses, they do not in the best way characterize the mechanical properties
of a rock mass. Another drawback is that they both apply RQD, which only approximately represents the
variation in jointing (Palmström, 1995a, 1995b, 1995d, 1996a).

As both RMi and eq. (3) express the unconfined compressive strength of a rock mass, RMi can (with
advantage) be applied to determine the constants  V  and �P.
7KH�FRQVWDQW��V
From eqs. (1) and (3)  the constant V can be found from the jointing parameter (JP):

V = JP2 eq. (4)

As shown by Palmström (1995a, 1996a) the value of  JP is found from the block size (Vb) and the joint
condition factor (jC), i.e. only the inherent features of the rock mass.

7KH�FRQVWDQW��P

                                                
11))    WWhheenn  aappppllyyiinngg  tthhee  HHooeekk--BBrroowwnn  ffaaiilluurree  ccrriitteerriioonn  ffoorr  rroocckk  mmaasssseess  iinn  ccaallccuullaattiioonnss,,  iitt  sshhoouulldd  bbee  bboorrnnee  iinn  mmiinndd  tthhaatt  iitt  iiss
oonnllyy  vvaalliidd  ffoorr  FFRRQQWWLLQQXXRRXXVV��rroocckk  mmaasssseess..
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In addition to adjustments in the ratings of the constant  P,  Wood (1991) and Hoek et al. (1992) have
introduced the ratio  PE���PL , where  PL  represents intact rock as given in Table 12)���Palmström (1995a,
1996b) has shown that  PE  , which varies with the jointing, can be expressed as:

 a) For undisturbed rock masses PE��= �PL × JP 0.64 eq. (5)
 b) For disturbed rock masses PE�� =�PL × JP 0.857 eq. (6)

Applying eqs. (4) and (5) in eq. (2), the failure criterion for undisturbed rock masses can be written as:

σ1 '  =  σ3' + [ σc�×�JP 0.64 (Pi� × σ3' + σc × JP 1.36�)] ½ eq. (7)

Here  V  and  P� have been replaced by  JP  and  PL .

Table 1. Values for the  mi  factor in the Hoek-Brown failure criterion (after Palmström,
1995a,  based on Wood, 1990, and Hoek et al., 1992).

Sedimentary
rocks

Rating of
the factor

mi 1)
Igneous rocks

Rating of
the factor

mi 1)
Metamorphic
rocks

Rating of
the factor

mi 1)

Anhydrite
Claystone
Conglomerate
Coral chalk
Dolomite
Limestone
Sandstone
Siltstone

13.2
3.4
(20)
7.2
10.1
8.4

 18.8
9.6

Andesite
Basalt
Diabase (dolerite)
Diorite
Gabbro
Granite
Granodiorite
Monzonite
Norite
Rhyolite
Syenite

18.9
(17)
15.2
27 ?
25.8
32.7
20 ?
30 ?
21.7
(20)
30?

Amphibolite
Amphibolitic gneiss
Augen gneiss
Granite gneiss
Gneiss
Gneiss granite
Greenstone
Marble
Mica gneiss
Mica quartzite 
Mica schist 
Phyllite
Quartzite 
Slate
Talc schist

31.2
31 ?
30 ?
30 ?
29.2
30 ?
20 ?
9.3
30 ?
25 ?
15 ?
13 ?
23.7
11.4
10 ?

1) Values in parenthesis have been estimated by Hoek et al (1992); some others with question mark have been assumed by
Palmström (1995a)

� 7KH�8VH�RI��50L��LQ�(YDOXDWLQJ�5RFN�6XSSRUW

There are no standard analyses for determining rock support, because each design is specific to the
circumstances (scale, depth, presence of water, etc.) at the actual site and national regulations and
experience. Support design for a tunnel in rock often involve problems that are of relatively little or no
concern in most other branches of solid mechanics. �7KH�PDWHULDO�DQG�WKH�XQGHUJURXQG�RSHQLQJ�IRUPV�DQ
H[WUHPHO\�FRPSOH[�VWUXFWXUH��,W�LV�VHOGRP�SRVVLEOH��QHLWKHU�WR�DFTXLUH�WKH�DFFXUDWH�PHFKDQLFDO�GDWD�RI�WKH
JURXQG�DQG�IRUFHV�DFWLQJ��QRU�WR�WKHRUHWLFDOO\�GHWHUPLQH�WKH�H[DFW�LQWHUDFWLRQ�RI�WKHVH" (Hoek and Brown,
1980).

Therefore, the rock engineer is generally faced with the need to arrive at a number of design decisions and
simplifications in which judgement and practical experience must play an important part. Prediction and
evaluation of support requirements for tunnels are largely based on observations, experience and the
personal judgement of those involved in tunnel construction (Brekke and Howard, 1972).

The design of excavation and support systems for rock, although based on scientific principles, has to meet
practical requirements. In order to select and combine the parameters of importance for stability of an

                                                
22))    TThhee  ccoonnssttaanntt    PPEE      iiss  tthhee  ssaammee  aass    PP��  iinn  tthhee  tthhee  oorriiggiinnaall  ccrriitteerriioonn  sshhoowwnn  iinn  eeqq..  ((22))
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underground opening� the main features determining the stability have been reviewed in the following
section.

��� ,QVWDELOLW\�DQG�)DLOXUH�0RGHV�LQ�8QGHUJURXQG�([FDYDWLRQV

The instability of rock masses surrounding an underground opening may be divided into two main groups
(Hudson, 1989):

1. %ORFN�IDLOXUH, where pre-existing blocks in the roof and side walls become free to move because the
excavation is made. These are called�
VWUXFWXUDOO\�FRQWUROOHG�IDLOXUHV
 by Hoek and Brown (1980) and
involve a great variety of failure modes such as loosening, ravelling, and block falls.

 
2. )DLOXUHV�LQGXFHG�IURP�RYHUVWUHVVLQJ, i.e. the stresses developed in the ground exceed the local

strength of the rock mass, which may occur in two main forms, namely:
         a. Overstressing of massive or intact rock, which takes place in the mode of spalling, popping, rock

burst etc.
         b. Overstressing of particulate materials, i.e. soils and heavy jointed rocks, where squeezing and

creep may take place.

In addition, squeezing may take place in over-stressed ductile rocks.

A third group is LQVWDELOLW\�LQ�IDXOWV�DQG�ZHDNQHVV�]RQHV. They often require special attention in
underground constructions, because their structure, composition and properties may be quite different from
the surrounding rock masses. Zones of significant size can have a major impact upon the stability as well as
on the excavation process of an underground opening. These and several other possible difficulties
connected with such zones, commonly require special investigations to predict and avoid such events.
Bieniawski (1984, 1989) therefore recommends that faults and other weakness zones are mapped and treated
as regions of their own.

Many faults and weakness zones contain materials quite different from the ’host’ rock  as a result of
hydrothermal activity and other geologic processes. Thus, the instability of weakness zones may depend on
factors other than the properties of the surrounding rock. They all interplay in the final failure behaviour. An
important factor in this connection is the character of the gouge or filling material in the zone.

It is not possible to include all the factors, which may affect the stability of an underground excavation in a
single practical method, which assesses the stability and evaluates rock support. Therefore, only the
dominant factors have been selected in the RMi method for rock support, see Table 2.

In the author’s opinion it is very difficult to work out a general method to express the VWDQG�XS�WLPH
accurately as it is a result of many variables - among others the geometrical factors. Such variables can
generally not be combined in a simple number or value. On other factors which influence the stability in
underground openings, the following comments are made:

     - The effect from VZHOOLQJ of some rocks, and gouge or filling material in seams and faults has not been

included.3)  The swelling effect is dominated by local conditions and should preferably be linked to a
specific design carried out for the actual site conditions.

    - The ORQJ�WHUP�effects must be evaluated in each case from the actual site conditions. These effects may
be creep effects, durability (slaking etc.), and access to and influence of water.

There are aspects of specific cases which should be evaluated separately. They include safety requirements,
vibrations from earthquakes or from nearby blasting and other disturbances from the activity of man.

                                                
33))    TThhee  iinnfflluueennccee  ffrroomm  wweeaakkeenniinngg  aanndd  lloossss  ooff  ffrriiccttiioonn  iinn  sswweelllliinngg  ccllaayyss  iiss,,  hhoowweevveerr,,  iinncclluuddeedd  iinn  tthhee  jjooiinntt  aalltteerraattiioonn  ffaaccttoorr
((jjAA))  aass  iinnppuutt  ttoo  tthhee  jjooiinntt  ccoonnddiittiioonn  ffaaccttoorr  ((jjCC))  iinn  RRMMii..
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7DEOH��� 7KH�JURXQG�SDUDPHWHUV�RI�PDLQ�LQIOXHQFH�RQ�VWDELOLW\�LQ�XQGHUJURXQG�RSHQLQJV���IURP
3DOPVWU|P������D�

*5281'�&21',7,216 &+$5$&7(5,=('�%<

7KH�LQKHUHQW�SURSHUWLHV�RI�WKH�URFN�PDVV�
   - The intact rock strength

   - The jointing properties

   - The structural arrangement of
the discontinuities

   - The properties specific to
weakness zones

7KH�H[WHUQDO�IRUFHV�DFWLQJ�
   - The stresses acting

   - The ground water

7KH�H[FDYDWLRQ�IHDWXUHV�
   - The shape and size of the opening

   - The excavation method

   - The ratio tunnel dimension/block size

  * The uniaxial compressive strength (included in RMi)

  * The joint characteristics and the block volume
(represented in the jointing parameter (JP))

(*) 1) Block shape and size  (joint spacings )
  * 2) The intersection angle between discontinuity and tunnel surface

  *  1)  Width, orientation and gouge material in the zone
  *  2)  The condition of the adjacent rock masses

  * The magnitude of the tangential stresses around the opening,
determined by virgin rock stresses and the shape of the opening

(*) Although ground water tends to reduce the effective stresses acting
in the rock mass the influence of water is generally of little
importance where the tunnel tends to drain the joints. Exceptions
are in weak ground and where large inflows disturbs the excavation
and where high ground water pressures can be built up close to the
tunnel

  * The influence from span, wall height, and shape of the tunnel

(*) The breaking up of the blocks surrounding the opening by blasting

  * Determines the amount of blocks and hence the continuity of the
ground surrounding the underground opening.

 *  Applied in the RMi method for stability and rock support    (*)  Partly applied

�����&RPELQDWLRQ�RI�WKH�*URXQG�&KDUDFWHULVWLFV�IRU�6XSSRUW�(YDOXDWLRQV

The behaviour of the rock mass surrounding an underground opening is mainly the combined result of the
parameters mentioned in Table 2. The importance of the parameters will vary with the shape and size of the
opening and with the composition of the rock mass and the stresses at the specific site. In selecting the
parameters, it has been found beneficial to combine those parameters that have a similar effect on the
stability, into two main groups.

1. Parameters that affect the continuity of the ground, and
2. Parameters that affect the condition (quality) of the ground.

Both groups of parameters are discussed below.

����7KH�FRQWLQXLW\�RI�WKH�JURXQG�refers to whether the volume of rock masses involved in the excavation
can be considered discontinuous or not (see Fig. 1).  This is important not only as a parameter in the
characterization of the ground, but also to determine the appropriate method of analysis. The volume
required for a ’sample’ of a rock mass to be considered FRQWLQXRXV is a matter of judgement. It depends on
the characteristic size and size range of blocks compared to the ’sample’ volume, i.e. the tunnel size.
For the application of RMi in rock engineering, the division into continuous and discontinuous materials is
based on Deere et al. (1969) to express a continuity factor as the ratio:

CF = tunnel diameter/block diameter = Dt/Db eq. (8)

Continuous rock masses occur as:
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1. Slightly jointed (massive) rocks with continuity factor CF <  approx. 5
2. Highly jointed and crushed (particulate) rocks, where  CF >  approx. 100

Discontinuous rock masses have CF-factors between the above values.
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)LJXUH�� 7KH�GLYLVLRQ�RI�WKH�JURXQG�LQWR�FRQWLQXRXV�DQG�GLVFRQWLQXRXV�URFN�PDVVHV��7KH�YDULRXV�JURXSV�RI
JURXQG�EHKDYLRXU�DUH�LQGLFDWHG���IURP�3DOPVWU|P������D��

����7KH�FRQGLWLRQ��TXDOLW\��RI�WKH�JURXQG factor comprises selected, inherent rock mass parameters and the
type of stress having the strongest influence on the stability of the ground. A competency factor has been
applied in�FRQWLQXRXV�JURXQG�as described in Section 3.3. In GLVFRQWLQXRXV�JURXQG and for ZHDNQHVV�]RQHV a
ground condition factor is introduced, see Sections 3.4 and 3.5.

The principles in the RMi method for evaluation of stability and rock are shown in Fig. 2.

��� 6WDELOLW\�DQG�5RFN�6XSSRUW�LQ�&RQWLQXRXV�*URXQG

As indicated above, instability in this group of ground can be both stress-controlled and structurally
influenced. The structurally related failures in the highly jointed and crushed rock masses are, according to
Hoek and Brown (1980�� generally overruled by the stresses where RYHUVWUHVVLQJ (incompetent ground)
occurs. In FRPSHWHQW ground the failures and rock support will be similar to those described for
discontinuous materials in Section 3.4.

Whether overstressing will take place, is determined by the ratio between the stresses set up in the ground
surrounding the opening and the strength of the rock mass. As the RMi  is valid in continuous ground, and
expresses the (relative) compressive strength of the rock mass (see part 1 of  this paper ), it can be used in
assessing the FRPSHWHQF\�IDFWRU given as:

Cg = RMi/ σθ eq. (9)

where   σθ = the tangential stresses set up around the underground opening. This stress can be found from
the vertical and horizontal rock stresses and the shape of the opening as outlined in the
Appendix.

The term �FRPSHWHQF\�IDFWRU� has earlier been used by Nakano (1979) to recognise the squeezing
potential of soft rock in tunnels in Japan.
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IURP�3DOPVWU|P������D��

In PDVVLYH rock the competency factor is:

Cg  = RMi/ σθ =  fσ × σc / σθ eq. (10)

where  fσ = the scale effect for the uniaxial compressive strength given by:

fσ = (0.05/Db)0.2  eq. (11)

(Db is the block diameter measured in metres; see part 1 of this paper).

In KLJKO\�MRLQWHG and crushed rock masses the competency factor is

Cg  = RMi / σθ  =  JP × σc / σθ eq. (12)

Over-stressed (incompetent) ground leads to failure if not confined by rock support. The following main
types of  instability may take place:

• If the deformations take place instantaneously (often accompanied by sound), the phenomenon is called
URFN�EXUVW. This occurs as fragmentation or slabbing in�massive, hard, EULWWOH�URFNV�  such as quartzite
and granites.

• If the deformations occur more slowly, VTXHH]LQJ takes place. This acts as slow inward movements of
the tunnel surface in FUXVKHG�RU�KLJKO\�MRLQWHG rocks or in massive GHIRUPDEOH��IOH[LEOH�RU�GXFWLOH rocks
such as soapstone, evaporites, clayey rocks (mudstones, clay schist, etc.) or weak schists.

Thus, in massive rocks the failure behaviour, i.e. whether bursting or squeezing will take place, is
determined by the deformation properties of the rock material.

�������5RFN�EXUVW�DQG�VSDOOLQJ�LQ�EULWWOH�URFNV
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Rock burst is also known as VSDOOLQJ 
4)  or �SRSSLQJ, but also a variety of other names are in use, among

them ’splitting’ and ’slabbing’.  Selmer-Olsen (1964) and Muir Wood (1979) mention that great differences
between horizontal and vertical stresses will increase rock burst activity. Selmer-Olsen (1964, 1988) has ex-
perienced that in the hard rocks in Scandinavia such anisotropic stresses might cause spalling or rock burst
in tunnels located within valley sides steeper than 20o and with the top of the valley reaching higher than
400 m above the level of the tunnel.

Hoek and Brown (1980) have made studies of the stability of tunnels in various types of massive quartzites

in South Africa. Similarly, Russenes (1974) used the point load strength (Is) 5) of intact rock and rock
stresses measured in several Scandinavian tunnels. Later, Grimstad and Barton (1993) made a compilation
of rock stress measurements and laboratory strength tests and arrived at a relation for spalling conditions
similar to Hoek and Brown, and Russenes. This is shown in Table 3.

The values for σc  in Table 3  refer to the compressive strength of 50 mm diameter samples. In the massive
rocks where rock spalling and rock burst occur,  RMi =  fσ × σc   for which fσ   (the factor for scale effect of
compressive strength)  is in the range  fσ  = 0.45  to  0.55. Thus,  RMi ≈  0.5 σc   and hence the competency
factor in Table 4  is  Cg  = RMi/ σθ =  fσ × σc / σθ ≈  0.5 σc / σθ ,    i.e. half the values given for the ratio  σc

/ σθ  in Table 3.

7DEOH��� 5RFN�EXUVW�DFWLYLW\�UHODWHG�WR�WKH�UDWLR��σF�� σθ��WKH�GDWD�DUH�EDVHG�RQ�UHVXOWV�SUHVHQWHG�E\�+RHN
DQG�%URZQ���������5XVVHQHV���������DQG�*ULPVWDG�DQG�%DUWRQ�������

9DOXH�RI�WKH�UDWLR��σF�� σθ
Hoek and

Brown
(1980)

Russenes
(1974)

Grimstad
and Barton
(1993)

'HVFULSWLRQ�RI�WKH�VWDELOLW\�E\�WKH�WKUHH�DXWKRUV�UHVSHFWLYHO\

> 7
7 - 3

3 - 1.7
1.7 - 1.4

< 1.4

> 4
4 – 3

3 - 1.5
< 1.5

> 100
100 - 3

3 -2
2 - 1.5
1.5 - 1

< 1

Low stress, near surface, open joints
Stable / No rock spalling activity /Medium stress, favourable stress condition
Minor spalling / Low  rock spalling activity / High stress, very tight structure
Severe spalling / Moderate  rock spalling / Moderate slabbing after > 1 hour
Heavy support required / High rock spalling activity / Slabbing and rock burst
Severe (side wall) rock burst problems / Heavy rock burst.

7DEOH��� &KDUDFWHUL]DWLRQ�RI�IDLOXUH�PRGHV�LQ�EULWWOH��PDVVLYH�URFN��IURP�3DOPVWU|P�����D�
�����&RPSHWHQF\�IDFWRU

Cg  = RMi/ σθ =  fσ ⋅ σc / σθ

���)$,/85(�02'(6
���LQ�PDVVLYH��EULWWOH�URFNV

> 2.5
2.5 - 1
1 - 0.5
 < 0.5

No rock stress induced instability
High stress, slightly loosening
Light rock burst or spalling
Heavy rock burst

Strength anisotropy in the rock may cause the values of the competency factor in Table 4  not always to be
representative.

In Scandinavia, tunnels with spalling and rock burst problems are mostly supported by shotcrete (often fibre
reinforced) and rock bolts, as these have been found to be the most appropriate practical�means of
confinement. This general trend in support design is reflected in Table 5. In addition to�scaling, wire mesh

                                                
44))    TTeerrzzaagghhii   ((11994466)),,  PPrrooccttoorr  ((11997711))  aanndd  sseevveerraall   ootthheerr  aauutthhoorrss  uussee  tthhee  tteerrmm  ''ssppaall ll iinngg''      ffoorr    ��DDQQ\\��GGUURRSS��RRIIII��RRII��VVSSDDOOOOVV��RRUU��VVOODDEEVV

RRII��UURRFFNN��IIUURRPP��WWXXQQQQHHOO��VVXXUUIIDDFFHH��VVHHYYHHUUDDOO��KKRRXXUUVV��RRUU��ZZHHHHNNVV��DDIIWWHHUU��EEOODDVVWWLLQQJJ����

55))    TThhee  uunniiaaxxiiaall   ccoommpprreessssiivvee  ssttrreennggtthh  ((σσcc  ))  iinn  TTaabbllee  33  hhaass  bbeeeenn  ccaallccuullaatteedd  ffrroomm  tthhee  ppooiinntt  llooaadd  ssttrreennggtthh  ((IIss))    uussiinngg  tthhee
ccoorrrreellaattiioonn  σσcc  ==  2200  IIss..
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and rock bolts were used earlier as reinforcement in this type of ground. This is now only occasionally
applied in Norwegian tunnels.

7DEOH���� 5RFN�VXSSRUW�DSSOLHG�LQ�1RUZHJLDQ�WXQQHOV�XS�WR�DSSUR[LPDWHO\����P��VSDQ�VXEMHFWHG�WR�URFN
EXUVW�DQG�VSDOOLQJ����IURP��3DOPVWU|P�����D�

6WUHVV�SUREOHP &KDUDFWHULVWLF�EHKDYLRXU 5RFN�VXSSRUW
High stresses

Light rock burst

Heavy rock burst

May cause loosening of a few fragments

Spalling and falls of thin rock fragments

Loosening and falls, often as violent
detachment of fragments and platy blocks

Some scaling and occasional spot bolting

Scaling, plus rock bolts spaced 1.5 - 3 m

Scaling and rock bolt spaced 0.5 - 2 m, plus
fibre reinforced shotcrete, 50 -100 mm thick

�������6TXHH]LQJ�LQ�FRQWLQXRXV�JURXQG

The squeezing process can occur not only in the roof and walls, but also in the floor of the tunnel. A general
opinion is that squeezing is associated with volumetric expansion (dilation), as the radial inward
displacement of the tunnel surface develops. Einstein (1993) writes, however, that squeezing may also be
associated with swelling.

The application of RMi in squeezing rock masses, as presented in Table 6,  is mainly based on studies made
by Aydan et al. (1993) of�21 Japanese tunnels located in mudstones, tuffs, shales, serpentinites and other
’ductile’ rocks with compressive strength σc < 20 MPa�� As the presence of joints is not mentioned in their
paper, it is assumed that the rocks contain relatively few joints. This is also evident from the photographs
presented.

Table 6  is based on a limited number of results from massive rocks and should, therefore, be revised when
more data from practical experience in squeezing ground, especially in highly jointed ground, can be made
available.

Based on the ground response curves presented by Seeber et al. (1978) the deformations and rock support in
squeezing ground may be approximately�as shown in Table 7, see also Section 4.1.

7DEOH��� &KDUDFWHUL]DWLRQ�RI�JURXQG�DQG�VTXHH]LQJ�DFWLYLW\ �IURP�3DOPVWU|P������D�DQG�����F��EDVHG
RQ�$\GDQ�HW�DO��������
6TXHH]LQJ�FODVV 7XQQHO�EHKDYLRXU�DFFRUGLQJ�WR�$\GDQ�HW�DO��������
No squeezing
RMi / σθ > 1

Light squeezing
RMi / σθ 0.7 − 1

0RGHUDWH squeezing
RMi / σθ = 0.5 − 0.7

Heavy squeezing
RMi / σθ = 0.35∗)  − 0.5

Very heavy squeezing
RMi / σθ < 0.35 ∗)

The rock behaves elastically and the tunnel will be stable as the face effect ceases.

The rock exhibits a strain-hardening behaviour. As a result, the tunnel will be stable and
the displacement will converge as the face effect ceases.

The rock exhibits a strain-softening behaviour, and the displacement will be larger.
However, it will converge as the face effect ceases.

The rock exhibits a strain-softening behaviour at much higher rate. Subsequently,
displacement will be large and will not tend to converge as the face effect ceases.

The rock flows, which will result in the collapse of the medium and the displacement will
be very large and it be necessary to re-excavate the tunnel and install heavy support.

  *) This value has been assumed
7DEOH��� &RQYHUJHQFH�DQG�URFN�VXSSRUW�LQ�VTXHH]LQJ�JURXQG��IURP�3DOPVWU|P������D��EDVHG�RQ�6HHEHU�HW
DO��������

1$70
$SSUR[LPDWH�FRQYHUJHQFH�DQG�URFN�VXSSRUW�DFFRUGLQJ�WR

6HHEHU�HW�DO���������IRU�WXQQHOV�ZLWK�GLDPHWHU����P
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FODVV :LWKRXW�VXSSRUW :LWK�VXSSRUW�LQVWDOOHG
convergence range convergence range support pressure possible rock support

Squeezing or
swelling

min. 2 ⋅5 cm = 10 cm
-----

max.  2 ⋅ 30 cm
 = 60 cm

2 ⋅ 3 cm = 6 cm
-----

2 ⋅ 5 cm
= 10 cm

0.2 MPa
----

0.7 MPa

bolts 1)  spaced 1.5 m
-------
bolts 1)  spaced 1.5 m
shotcrete 10 cm

Heavy squeezing
or swelling

min. 2 ⋅ 40 cm
 = 80 cm

-----
max.  > 2 m

2 ⋅ 10 cm
= 20 cm

-----
2 ⋅ 20 cm
= 40 cm

0.2 MPa
----

0.7 MPa

bolts 1)  spaced 1 m
shotcrete 10 cm
-------
bolts 2)  spaced 1 m
shotcrete 20 cm

  1) bolt length 3 m � ��� bolt length 6 m

�����6WDELOLW\�DQG�5RFN�6XSSRUW�LQ�'LVFRQWLQXRXV��MRLQWHG��0DWHULDOV

The principles in the method for evaluating rock support in this type of ground are shown in Figure 2. The
failures occur when wedges or blocks, limited by joints, fall or slide from the roof or sidewalls. They
develop as local sliding, rotation, and loosening of blocks and may occur in excavations at most depths. The
properties of the intact rock are of relatively little importance as these failures, do not commonly involve
development of fracture(s) through the rock (Hoek, 1981). However, the strength�of the rock often
influences the wall strength of the joint and may in this way contribute to the stability.

As the condition, orientation, frequency and location of the joints in the rock mass relative to the tunnel are
the main controlling factors, the stability can generally not be predicted by equations derived from
theoretical considerations (Deere et al., 1969). A common solution is to apply charts or tables in which the
experienced average amount and types of support are found from combination of rock mass and excavation
parameters. This principle has been applied in the Q and the RMR classification systems, among others.

�������7KH�JURXQG�FRQGLWLRQ�IDFWRU��*F��LQ�GLVFRQWLQXRXV�JURXQG

The ground condition factor for discontinuous ground includes the  LQKHUHQW�rock mass characteristics which
have a significant influence on stability as well as the H[WHUQDO stresses acting. It is expressed as:

Gc = RMi × SL × C eq. (13)

RMi = represents inherent features in the rock mass, see part 1 of this paper (Palmström, 1996a)
 SL  = the stress level factor, expresses the contribution from the external forces acting across the joints in

the rock masses surrounding the tunnel. A relatively high stress level will contribute to a 'tight
structure' with increased shear strength along joints and, hence, increased stability. This has often
been observed in deep tunnels. Conversely, a low stress level is unfavourable to stability. This effect
is frequently seen in portals and tunnels near the surface where the low stress level often is an
important cause of loosening and falls of blocks.

However, in a jointed rock mass containing a variable number of joints with different orientations, it
is not possible to calculate and incorporate in a simple way�the exact effect of the stresses. The Q-
system uses a 'stress reduction factor' (SRF) for this effect. Similarly for  RMi, a general stress level
factor (SL) has been chosen as a very simple contribution of the stresses on the shear strength. As an
increased stress level has a positive influence on the stability in discontinuous ground the stress
level factor (SL) forms a multiplication factor. The ratings of  SL  in Table 8 are based
approximately on  SL = 1/SRF.
The influence of joint water pressure is generally difficult to incorporate in a stress level factor.
Often, the joints around the tunnel will drain the water in the rock volume nearest to the tunnel.
Hence, the influence from ground water pressure on the effective stresses is limited. The WRWDO
VWUHVVHV have, therefore, been selected in Table 8. In some cases, however, where unfavourable joint
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orientations� combined with high ground water pressure, will reduce the stability by extra loading on
key blocks, the stress level factor should be reduced as shown in Table 8.

7DEOH������7KH�UDWLQJV�RI�WKH�VWUHVV�OHYHO�IDFWRU��6/����IURP�3DOPVWU|P������D��

7HUP
0D[LPXP
VWUHVV

σ
�

$SSUR[LPDWH
RYHUEXUGHQ

(valid for k =1)
6WUHVV�OHYHO�IDFWRU���6/��

Very low stress level (in portals etc.)
Low stress level
Moderate stress level
High stress level

< 0.25 MPa
0.25 - 1 MPa
1 - 10 MPa
> 10 MPa

< 10 m
10 - 35 m

35 - 350 m
> 350 m

0 - 0.25
0.25 - 0.75
0.75 - 1.25
1.25**) - 2.0

average
0.1
0.5
1.0

1.5**)

*) In cases where ground water pressure is of importance for stability, it is suggested to:
- divide SL by 2.5 for moderate influence
- divide SL by 5 for major influence

**) A high stress level may be unfavourable for stability of high walls,  SL = 0.5 - 0.75 is suggested

   C = a factor adjusting for the obvious greater stability of a vertical wall compared to a horizontal roof.

Milne et al. (1992) have introduced a gravity adjustment factor to compensate for this.6)  Based on
Milne et al. (1992) this factor is found from:

C = 5 - 4 cos θ    eq. (14)

where θ = angle (dip) of the surface from horizontal. C = 1 for horizontal roofs, C = 5 for vertical
walls

3RVVLEOH�LQVWDELOLW\�LQGXFHG�IURP�KLJK�JURXQG�VWUHVVHV�

As stated above, the experience shows that rock bursting is less developed in jointed rock than in massive
rock at the same stress level. At depths where the stresses developed around the excavation may exceed the
strength of the rock mass, both stress induced and structurally controlled failures may occur simultaneously.

Little information has, however, been found in the literature on this effect. Barton (1990) has experienced
that �LI�MRLQWLQJ�LV�SUHVHQW�LQ�KLJKO\�VWUHVVHG�URFN��H[WHQVLRQDO�VWUDLQ�DQG�VKHDU�VWUDLQ�FDQ�EH�DFFRPPRGDWHG
PRUH�UHDGLO\�DQG�DUH�SDUWLDOO\�GLVVLSDWHG�� The result is that stress problems under high stress levels are less
in jointed rock than in massive rock. This has also been clearly shown in tunnels where de-stress blasting is
carried out in the tunnel periphery with the purpose of developing additional cracking and in this way
reducing the amount of rock bursting.

In moderately to slightly jointed rock masses subjected to high stress levels compared to the strength of
intact rock, cracks may develop in the blocks and cause reduced stability from the loosening of fragments.
This phenomenon has been observed by the author in the Thingbæk chalk mine in Denmark at  σc = 1 to 3
MPa.

�������7KH�VL]H�UDWLR

The size ratio includes the dimension of the blocks and the underground opening and is a representation of
the geometrical conditions at the particular site. The size ratio for discontinuous (jointed) rock masses is
expressed as:

Sr  = ( Dt / Db ) ( Co / Nj ) eq. (15)

Dt  = the diameter (span or wall height) of the tunnel.

                                                
66))    SSiimmiillaarrllyy,,  BBaarrttoonn  ((11997755))  hhaass  aapppplliieedd  aa    wwaallll//rrooooff    aaddjjuussttmmeenntt  ffaaccttoorr  ooff  tthhee  QQ--vvaalluuee..  TThhiiss  ffaaccttoorr  ddeeppeennddss,,  hhoowweevveerr,,  oonn
tthhee  qquuaalliittyy  ooff  tthhee  ggrroouunndd..  IItt  hhaass  aa  vvaalluuee  ooff    55    ffoorr  ggoooodd  qquuaalliittyy  ((QQ  >>  1100)),,    22..55    ffoorr  mmeeddiiuumm    ((QQ  ==  00..11  --  1100))  aanndd  11..00  ffoorr
ppoooorr  qquuaalliittyy  ggrroouunndd  ((QQ  <<  00..11))..
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Db = is the block diameter represented by the smallest dimension of the block which often corresponds to
be the spacing of the main joint set. Often the�HTXLYDOHQW�EORFN�GLDPHWHU is applied where joints do
not delimit separate blocks (for instance where less than 3 joint sets occur). In these cases  Db  may
be found from the following expression which involves the block volume (Vb) and the block shape

factor (β ): 
7)  Db = (27/β ) Vb3 eq. (16)

Co = is an orientation factor representing the influence of the RULHQWDWLRQ of the joints on the block
diameter encountered in the underground opening.  Joints across the opening will have significantly
less influence on the behaviour than parallel joints. The ratings of  Co shown in Table 9 are based
on Bieniawski (1984) and Milne et al. (1992). The strike and dip are measured relative to the tunnel
axis. As the jointing is three-dimensional, the effect of joint orientation is often a matter of
judgement��Often, the orientation of the main joint set is has the main influence and is applied to
determine Co.

7DEOH��� 7KH�RULHQWDWLRQ�IDFWRU�IRU�MRLQWV�DQG�]RQHV���IURP�3DOPVWU|P������D��EDVHG�RQ
%LHQLDZVNL��������

,1�:$// ,1�522) 5DWLQJ�RI
for strike

> 30o
for strike

< 30o
for all strikes ���7(50 RULHQWDWLRQ

IDFWRU���&R�
dip < 20o

dip = 20 - 45o

dip > 45o

-

dip < 20o

dip = 20 - 45o

-
dip > 45o

dip > 45o

dip = 20 - 45o

dip < 20o

-

favourable
fair

unfavourable
very unfavourable

1
1.5

2
3

 Nj = a  factor representing the number of joint sets as an adjustment to Db in eq. (24)  where more or less
than three joint sets are present. As described by Barton et al. (1974�� the degree of freedom
determined by the�QXPEHU�RI�MRLQW�VHWV  significantly contributes to stability. The value of  Nj  is
found from the expression:

Nj = 3/nj  eq. (17)

where   nj = the number of joint sets (nj  = 1 for one set; nj = 1.5 for two sets plus random joints; 
 nj = 2 for two sets, nj = 2.5 for two sets plus random; etc.)

�����6WDELOLW\�DQG�5RFN�6XSSRUW�RI�)DXOWV�DQG�:HDNQHVV�=RQHV

Weakness zones consist of rock masses having properties significantly poorer than those of the surrounding
ground. Included in the term weakness zones are faults, zones or bands of weak rocks within strong rocks,
etc. Weakness zones occur both geometrically and structurally as special types of rock masses. The
following features of the zones are of main importance for stability:

1. The orientation and dimensions (width) of the zone.
2. Reduced stresses in the zone compared to the stresses in the surrounding rock masses.
3. The arching (or silo) effect from the ground surrounding the weakness zone.
4. The possible occurrence and effect of swelling, sloughing, or permeable materials in the zone.

As mentioned earlier, these aspects often depend on the geometry and the site conditions. They have,
therefore, not been included in this general support evaluation method.

The composition of weakness zones and faults can be characterized by the RMi or by its parameters. The
material in many weakness zones may be considered as a continuum when related to the size of the tunnel.

                                                
77))    TThhee  bblloocckk  sshhaappee  ffaaccttoorr  ((ββ  ))  hhaass  bbeeeenn  ddeessccrriibbeedd  bbyy  PPaallmmssttrröömm  ((11999955aa,,  11999955dd,,  11999966aa))..  TThhee  rraattiioo  2277//ββ      hhaass  bbeeeenn
cchhoosseenn  aass  aa  ssiimmppllee  eexxpprreessssiioonn  ttoo  ff iinndd  tthhee  ssmmaall lleesstt  bblloocckk  ddiiaammeetteerr..  EEqq..  ((1166))  iiss  mmoosstt  aapppprroopprriiaattee  ffoorr  ββ  <<  115500..  FFoorr  hhiigghheerr
vvaalluueess  ooff      ββ    aa  ddoommiinnaattiinngg  jjooiinntt  sseett  wwii ll ll   nnoorrmmaall llyy  bbee  pprreesseenntt  ffoorr  wwhhiicchh  tthhee  aavveerraaggee  jjooiinntt  ssppaacciinngg  mmaayy  bbee  uusseedd..
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However, the system presented for discontinuous (jointed) rock masses in Section 3.3 has been found to
cover also�many types of zones where the size ratio and the ground condition factor are adjusted for the zone
parameters.

�������7KH�JURXQG�FRQGLWLRQ�IDFWRU�IRU�]RQHV

As mentioned above, stability is influenced by the interaction of the properties of the zone and the properties
of the adjacent rock mass, especially for small and medium sized zones. Palmström (1995a) has presented a
method of combining the conditions in the zone and in the adjacent rock masses in the following simplified
expression, based on Löset (1990):

RMi  m = (10Tz 2 × RMiz + RMia )/(10Tz 2 + 1) eq. (18)

where Tz = the thickness of the zone
RMia  refers to the weakness zone
RMiz  refers to the surrounding rock

For larger zones the effect of stress reduction from arching is limited; the ground condition factor for such
zones should therefore be that of the zone (RMi m  ≈ RMia ). This is assumed to take place for zones where
Tz > 20 m as is found from eq. (18). Applying eq. (18), a ground condition factor for weakness zones can be
found similarly to that for discontinuous (jointed) rock masses:

Gcz = SL × RMim × C eq. (19)

Palmström (1995a) discusses whether the stress level factor (SL) should be included in the ground condition
factor (Gcz ) for zones, since in zones the stresses are often lower than those in the adjacent rock masses. A
rating of  SL = 1 may apply in most cases. However, sometimes  SL  may influence the shear strength (and
hence the stability) along the joints in zones. Another argument for including SL is to maintain simplicity by
applying similar expressions for Gc and Gcz .

�������7KH�VL]H�UDWLR�IRU�]RQHV

As mentioned in the beginning of this section there is an arching effect in weakness zones with thickness
less than approximately the diameter (span) of the tunnel. For such zones the size ratio in eq. (15)  [Sr =

(Dt/Db)(Co/Nj)]  is adjusted for the zone ratio Tz/Dt to form the following size ratio for zones: 
8)

Srz = Coz × Njz (Tz / Dbz ) eq. (20)

where Coz = factor for the orientation of the zone with ratings as shown in Table 9
Dbz = the diameter of the representative blocks in the zone
Njz = the adjustment factor for joint sets in the zone similar to  Nj  in eq. (17)

Eq. (20) is valid where Tz  is smaller than the diameter (span or height) of the tunnel. For thicker zones  eq.
(15) should be applied.

��� &RPPHQWV�RQ�WKH�6XSSRUW�&KDUW

The support chart for GLVFRQWLQXRXV�rock masses in Fig 3 covers most types of rock masses. It is worked out
from the author's experience backed by description of  24 cases from Norwegian and Danish tunnels. The
compressive strength of the rocks in these cases varies from 2 to 200 MPa and the degree of jointing from
crushed to massive. Application of RMi in stability and support calculations over a two-year period suggests
that the method works in practice.
A support chart for discontinuous ground can generally only indicate the average amount of  rock support. It
may, therefore, be considered as an expression for the 'statistical average' of appropriate rock support.
Further, a support chart can only give the amount and methods for support based on the support regulations
and experience in the region. In other regions where other methods and applications have been developed,

                                                
88))    TThhiiss  rraattiioo  iiss  aapppplliieedd  pprroovviiddeedd    TTzz  //  DDbbzzoonnee    <<  DDtt  //  DDbbaaddjjaacceenntt
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the support chart in Fig. 3 may be revised based on the current practice and the principles applied for rock
support.

For continuous ground, the chart is based on Tables 5 and 7. Work still remains, however, to develop
improved support chart for this type of ground.

The support charts are based on the condition that loosening and falls which may involve blocks or large
fragments should be avoided. Appropriate timing of installation of rock support is a prerequisite for
applying the charts. As loosening or failures in jointed rock is mainly geometrically related, i.e. influenced
by the orientation and location of each individual joint, it is impossible to develop a support chart which
covers such detail.

The required stability level and amount of rock support is determined from the use of the underground
opening. The Q-system uses the ESR (excavation support ratio) as an adjustment of the span to include this
aspect. From current practice in underground excavation, however, the author is of the opinion that it is
difficult to include various requirements for stability and rock support in a single factor. For example, the
roof in an underground power houses will probably never be left unsupported even for a Q-value higher than
100. Also, in large underground storage caverns in rock the roof is generally shotcreted before benching,
because, in the 30 m high caverns, falls of even small fragments may be harmful to the workers. As a result
of this, a chart should preferably be worked out for each main category of excavation. Alternatively,
universal charts may be used to give the minimum rock support, subject to review of safety and other factors
which may dictate enhanced support.

To  simplify and limit the size of the support diagram Vb = 10 -6  m3  (= 1 cm3 )  has been chosen as the
minimum block (or fragment) size. This means that where smaller particles than this (being of medium
gravel size) occur, Vb = 1 cm3 or block diameter  Db ≈  0.01 m is used.

Assuming the following characteristics for�
FRPPRQ
�KDUG�URFN�PDVV�FRQGLWLRQV:

- RMi = 40 Vb3     (for   σc = 160 MPa),
- planar, slightly rough joints of medium length  (joint condition factor  jC = 1.75),
- three joint sets (Nj = 3/nj = 1),
- the block shape factor  β = 40,
- fair joint orientation  (Co = 1.5) and
- moderate stress level (SL = 1),

the following  expressions are found:

• The ground condition factor: Gc = RMi × SL × C = 0.25 σc × C Vb3 eq. (21)

• The size ratio:   Sr = Wt × Nj × Co/Db = Wt / Vb3    or    Sr = Ht / Vb3          eq.(22)  and  eq. (23)
 

 where C  =  1  for horizontal roofs, C = 5  for vertical walls,
Wt =  width (span)  and   Ht = (wall) height of the tunnel

 
The various excavation techniques used may disturb and to some degree change the rock mass conditions.
Especially, excavation by blasting tends to develop new cracks around the opening. This will cause that the
size of the original blocks to be reduced, which will cause an increase of the size ratio (Sr) and a reduction
of the ground condition factor (Gc). Knowing or estimating the change in block size from excavation, the
adjusted values for (Sr) and (Gc) can be calculated readily and thus include the impact from excavation in
the assessments of rock support.

Mathematical expression have been developed for all the parameters characterising the ground as well as the
other input features included in the stability and the rock support assessment. This makes the use of
computers favourable to calculate the factors used in the support chart. This is shown in Table 10.

([DPSOH��
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,QIRUPDWLRQ�RQ�WKH�WXQQHO�DQG�WKH�JURXQG�FRQGLWLRQV�
A horseshoe shaped tunnel with 5 m span is located 200 m below the surface in a gneiss with average
compressive strength  σc = 150 MPa. It is cut by three joint sets with average spacings  S1 = 0.2 m, S2 =
0.5 m and  S3 = 0.6 m, i.e. the average block volume is Vb = 0.06 m3.
The average joint characteristics are: slightly undulating, rough joints with fresh walls.
The 1 to 10 m long continuous joints cut the tunnel roof at a moderate (fair) angle.

,QSXW�YDOXHV�
From Tables 1 - 3 in part 1 of this paper the following ratings are found:  jR = 3,  jA= 1, and jL = 1
The joint orientation factor is  Co = 1.5  as seen in Table 9.
The stress level factor (for discontinuous ground) for this overburden is  SL = 1  as seen in Table 8.
With 3 joint sets nj = 3  the factor for the number of joint sets is Nj = 3/3 = 1.

&DOFXODWLRQV�
As shown in part 1, the joint condition factor is  jC = jL × jR/jA = 3
The jointing parameter  is  JP = 0.15 giving the rock mass index  RMi =  22.5  (as found from Fig. 3 (or
eq. 2) and eq. 1 shown in part 1)
The block shape factor is  β = 39 (using eq. A-8 or Fig. A4 in part 1).  Applying β = 40 in eq. 16  the
block diameter is Db = 0.26 m.
The continuity factor: CF = tunnel diam. / block diam. = 18.9, hence the ground is discontinuous with the
following parameters:
- the ground condition factor for the roof Gc = RMi × SL × C = 22.5 (eq. 13)
- the size ratio for the roof  Sr = (Dt/Db)(Co/Nj)  = 28.4 (eq. 15)

(VWLPDWHG�URFN�VXSSRUW�
The rock support according to Fig. 3 is: shotcrete 40 - 50 mm thick and rock bolts spaced 2 m .

([DPSOH��

A vertical ZHDNQHVV�]RQH is encountered in the same tunnel. The zone crossing at 60o  (Coz = 1 for the
roof as given in Table 9).  The zone is 2 m thick and consists of crushed rock. The fresh rock pieces of
gneiss (σc = 150 MPa)  in the zone have an average volume of  Vbz = 0.01 dm3   = 0.00001 m3

The smooth, short, continuous joints in the zone have coating of clay , i.e.   jCz =  1⋅ 2/4 = 0.5
With 3 joint sets and some random joints in the zone (nj = 3.5)  the factor for the number of joint sets is
Njz = 3/3.5 = 0.86.

&DOFXODWLRQV�IRU�WKH�ZHDNQHVV�]RQH�
The jointing parameter is  JPz = 0.001   (eq. 2 in part 1)
Rock Mass index in the zone is RMiz = 0.16 (eq. 1)
The combined Rock Mass index is RMim = 0.7 (eq. 18)
With assumed block shape factor  β = 40   the equivalent block diameter is  Dbz = 0.015 m (eq. A-8 or
Fig. A4 in part 1)
From the data above the following parameters are found for the zone:
- the ground condition factor for the roof Gcz = 0.7  (eq. 19)
- the size ratio for the roof Srz = 160.4  (eq. 20)

(VWLPDWHG�URFN�VXSSRUW�LQ�WKH�ZHDNQHVV�]RQH�
The rock support according to Fig. 3 is: 200 mm thick fibre reinforced shotcrete and rock bolts spaced
0.5 - 1.5 m.
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7DEOH���� $SSOLFDWLRQ�RI�D�FRPSXWHU�VSUHDGVKHHW�WR�FDOFXODWH�WKH�IDFWRUV�XVHG�LQ�)LJXUH����WR�GHWHUPLQH
DSSURSULDWH�URFN�VXSSRUW���7KH�LQSXW�YDOXHV�XVHG�LQ�ORFDWLRQ���DUH�WKH�VDPH�DV�XVHG�LQ�([DPSOHV���DQG���

20 cm
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����50L��DSSOLHG��WR�LPSURYH�WKH��1$70��FODVVLILFDWLRQ

The goal of the New Austrian Tunnelling Method (NATM) is to provide safe and economic support in
tunnels excavated in materials incapable of supporting themselves, i.e. crushed rock, debris, even soil
(Rabcewicz, 1964/1965). Support is achieved by mobilising whatever limited�strength the rock mass or earth
possesses. The main features of NATM are (Rabcewicz 1975):
• It relies on strength of the rock masses surrounding the tunnel to reduce the loads on the support.
• It uses flexible rock supporting methods tailored to the actual ground conditions, such as shotcrete and

rock bolts.
• It involves installation of sophisticated instrumentation at the tunnel face to provide information for

designing the support.
• It eliminates costly rock supports, such as heavy steel arches and stiff, thick concrete linings.

The classification of the ground applied in the NATM is shown in Table 11. It is qualitative, based mainly
on the behaviour of the ground observed in the excavated tunnel. The various classes can also be assessed
from field observations of the rock mass condition and estimates of the rock stresses mainly made on an
individual basis, based on personal experience (Kleeberger, 1992).

Brosch (1986) recommends that �LQIRUPDWLYH�JHRORJLFDO�SDUDPHWHUV�OHQGLQJ�WKHPVHOYHV�WR�TXDQWLILFDWLRQ�EH
XVHG�IRU�GHVFULELQJ�URFN�PDVV�LQ�IXWXUH�WXQQHO�SURMHFWV�LQ�$XVWULD��7KLV�FDOOV�IRU�FKDUDFWHUL]DWLRQ�EDVHG�RQ
YHULILDEOH�SDUDPHWHUV�WR�SURYLGH�QXPHULFDO�JHR�GDWD�IRU�URFN�HQJLQHHULQJ�DQG�GHVLJQ�WR�EH�XVHG�LQ�URFN
FRQVWUXFWLRQ�� From this statement it is obvious that RMi offers an excellent possibility to improve the input
parameters used in design works of NATM projects.

7DEOH���� 7KH�FODVVLILFDWLRQ�RI�JURXQG�EHKDYLRXU
��1$70�FODVV 'HVFULSWLRQ�RI�URFN�PDVV�DQG�EHKDYLRXU
--------------------------- ------------------------------------------------------------------------------------------
����6WDEOH The rock masses are long-term stable.

���6OLJKWO\�UDYHOOLQJ Some few small structural relief surfaces from gravity occur in the roof.

���5DYHOOLQJ Jointing causes reduced rock mass strength, as well as limited stand-up time and
active span.*)  This results in relief and loosening along joints and weakness planes,
mainly in the roof and upper part of walls.

���6WURQJO\�UDYHOOLQJ Low strength of rock mass results in possible loosening effects to considerable depth,
resulting in heavy support load. Stand-up time and active span are small with
increasing danger for quick and deep loosing from roof and working face.

���6TXHH]LQJ�RU Moderate squeezing as well as rock spalling (rock burst) phenomena, often caused
   �VZHOOLQJ by structural defect such as closely jointing, seams and/or shears.  The rock support

can sometimes be overloaded.

���6WURQJO\�VTXHH]LQJ Development of a deep zone with inward movement and slow decrease of the large
    RU�VZHOOLQJ deformations. Rock support can often be overloaded.

  *) Active span is the width of the tunnel (or the distance from support to face in case this is less than the width of the tunnel)

NATM class 1 refers to massive and lightly jointed competent rock masses, class 2 and 3 to moderately and
strongly jointed rock masses, while class 5 and 6 are related to squeezing from overstressing, as described in
Table 7, and swelling of rocks.
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�����7KH�8VH�RI��50L��WR�4XDQWLI\�WKH��1$70��&ODVVLILFDWLRQ

Seeber et al. (1978) have made an interesting contribution towards quantifying the behaviouristic
classification in the NATM by dividing the ground into the following two main groups:

1. The �*HELUJVIHVWLJNHLWVNODVVHQ��("rock mass strength classes") based on the shear strength properties of
the rock mass. This group can be compared with RMi, although the input parameters are different.  Fig. 4
shows that it is possible to apply two of the following parameters:

• the friction angle of the rock mass (φ ), found from eq. (10);
• the cohesion of rock mass (c), which can be found from  eq. (12);  and/or
• the modulus of elasticity (E) and the modulus of deformation (V).

These shear strength parameters can for example be found using the Hoek-Brown failure criterion for rock
masses as described in Chapter 2. The modulus of elasticity can be estimated from the following preliminary

expression: 
9)

E = 5.6 RMi 0.375 eq. (23)

)LJXUH���� 5RFN�PDVV�VWUHQJWK�FODVVHV�DV�DSSOLHG�E\�6HHEHU�HW�DO��������

 2. The �*HELUJVJ�WHNODVVHQ� ("rock mass quality classes") which is determined from the ’rock mass
strength classes’ and the rock stresses acting. These are the same classes as applied in the NATM
classification shown in Table 11.

By combining the ’rock mass strength classes’ in Fig. 4 with rock stresses from overburden the actual NATM
class is found from Fig. 5. Using the  RMi characterization directly, Table 12 may be applied. More work
remains, however, to check the suggested values in this table.

                                                
99))    TThhiiss  eeqquuaattiioonn  hhaass  bbeeeenn  ffoouunndd  ffrroomm  tthhee  ccoorrrreellaattiioonn      RRMMii  ==  1100((RRMMRR    --  4400))  //1155      bbeettwweeeenn  RRMMRR    aanndd    RRMMii    ((PPaallmmssttrröömm,,
11999955aa))    aanndd    EE    ==  1100((RRMMRR    --  1100))  //4400      ((SSeerraaffiimm  aanndd  PPeerreeiirraa,,  11998833))
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Table 12. Suggested numerical classification the  NATM  (from Palmström, 1996b)
1$70�FODVV 5RFN�PDVV�SURSHUWLHV

( JP = jointing parameter )
&RPSHWHQF\�IDFWRU
(Cg = RMi / σθ)

1  Stable
2  Slightly ravelling
3  Ravelling

4  Strongly ravelling
5  Squeezing
6  Strongly squeezing

Massive ground (JP > approx. 0.5)
JP = 0.2 - 0.6
JP = 0.05 - 0.2

JP < 0.05
Occurs in continuous ground *)

Occurs in continuous ground *)

Cg > 2
Cg > 1
Cg > 1

Cg = 0.7 - 2
Cg = 0.35 - 0.7
Cg < 0.35

*)  Continuous ground is where  CF < approx. 5  or  CF > approx. 100       (CF = tunnel diam./block diam.)

In this way, the NATM classes can be determined from numerical rock mass characterisations. NATM may
effectively benefit from this contribution, especially in the planning stage of tunnelling projects before the
behaviour of the rock masses can be studied in the excavation.

It is obvious that the accuracy of this procedure depends in particular on the accuracy of the input
parameters. As they, according to Seeber et al. (1978) generally present a scatter of approx. 100%, a
computation which bases itself on these data, cannot possibly present a better accuracy. If, however,
convergence measurements are available at a somewhat later date, the results from these can be used to
improve the accuracy of the input parameters considerably.
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The RMi offers several benefits and possibilities in rock engineering and rock mechanics, as it expresses a
general strength characterization and involves the main inherent characteristics of the rock mass. Being
adjusted for the local features of main importance for the actual use, work or utility, the  RMi  offers a
flexible system applicable to many different purposes connected with rock construction, such as:

• input to Hoek-Brown failure criterion for rock masses, as shown in Chapter 2;
• in stability and rock support assessments, described in Chapter 3;
• quantification of the rock mass classification applied in the NATM, as outlined in Chapter 4;
• input to ground response curves;
• in assessments of penetration rate of full-face tunnel boring machines (TBM);
• in assessments of rock blasting and fragmentation; or
• input to numerical models.

When applied directly in calculations, RMi  is restricted to FRQWLQXRXV rock masses, as is the case for the
Hoek-Brown failure criterion. To apply RMi in discontinuous rock masseV� it is adjusted for or combined
with the local conditions. This is the reason why RMi in evaluation of rock support in Section 3, is applied
differently in discontinuous and continuous rock masses. As this use of the RMi may have the main interest,
it is discussed in the following section.

��� &RPPHQWV�RQ�WKH�$SSOLFDWLRQ�RI�50L�LQ�6WDELOLW\�DQG�5RFN�6XSSRUW

The behaviour of continuous and discontinuous ground in underground openings is completely different
which is reflected in the two approaches to assess the rock support.  Common for both is, however, the use
of RMi to characterize the composition and inherent properties of the ground. The influence from stresses is
different for the two types. For continuous ground the magnitude of the tangential stresses ( σθ  ) set up in
the ground surrounding the opening is applied, while for discontinuous ground a stress level factor (SL) has
been selected.

In  FRQWLQXRXV ground the effect of  ground water can be included in the effective stresses applied to
calculate the tangential stresses set up in the rock masses surrounding the underground opening. In
GLVFRQWLQXRXV ground the direct effect of ground water is often small, hence this feature has not been
generally included. However, the stress level factor may be adjusted where water pressure has a marked
influence on stability.

The block volume (Vb) is the most important parameter applied in the support charts, as it determines the
continuity of the ground, i.e. whether it is continuous or not. In discontinuous ground  Vb  is included both
in the ground condition factor and in the size ratio. Great care should, therefore, be taken when this
parameter is determined. Where less than three joint sets occur, defined blocks are not formed. In these
cases, methods have been given by Palmström (1995a, 1995d, 1996a) to assess an equivalent block volume.
An additional problem is to indicate methods for characterising the variations in block size. Therefore,
engineering calculations should generally be based on a variation range.

The uniaxial compressive strength ( σc 
) of the rock can, especially for support assessments of discontinuous

(jointed) rock masses, often be found with sufficient accuracy from simple field tests, or from the rock type
using standard strength tables in textbooks.

:KDW�LV�QHZ�DERXW�WKH�50L�VXSSRUW�PHWKRG"
The method using RMi to determine rock support differs from the existing classification systems for

support. While previous methods combine all the selected parameters to directly arrive at a quality or rating
for the ground conditions, the RMi method applies an index (RMi) to characterize the material, i.e. the rock
mass. This index is then applied as input to determine the ground quality. The way the ground is divided
into continuous and discontinuous materials and the introduction of the size ratio (tunnel size/block size) are
also new features in the  RMi support method.
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The application of the RMi in rock support involves a more systematic collection and application of the
geological input data. RMi also makes use of a clearer definition of the different types of ground. It probably
covers a wider range of ground conditions and includes more variables than the two main support
classification systems, the RMR and the Q-system.

The structure of RMi and its use in rock support engineering allows for accurate calculations where high
quality data are available. As shown in eqs. (21) to (23) it is also possible to apply simplified expressions for
the ground conditions (Gc) and size ratio (Sr) when only rough support estimates are required.  As this only
requires input from the block volume, the support estimates can quickly be carried out.

The support method has a flexible structure and can be tailored to the actual ground by selecting the
appropriate parameters. In this way, the method for evaluation of support can be simplified for the actual
case. As mathematical expressions have been given for all parameters and factors, the method can be
worked into a spreadsheet in which all calculation are made. Descriptions and collection of input data
require, however, involvement of experienced persons, as is the case for most rock engineering projects.

$FNQRZOHGJHPHQW
This paper is part of the Ph.D thesis titled "RMi - A rock mass characterization system for rock engineering
purposes", which has been worked out at the University of Oslo, Norway. The funding by the Norway
Research Council (NFR) has made this work possible. I am most grateful for all support from the Norwegian
Geotechnical Institute during my studies studies and to Ole Berthelsen for valuable comments.
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$SSHQGL[� $�0HWKRG�WR�(VWLPDWH�WKH�7DQJHQWLDO�6WUHVV�DURXQG��8QGHUJURXQG
2SHQLQJV

The stresses developed in the ground  surrounding an underground opening are mainly a result of the
original, in situ (virgin) stresses, the impact from the excavation works, and the dimensions and shape of the
opening. Their distribution may, however, be influenced by the joints occurring around the opening.

$VVHVVPHQW�RI�WKH�LQ�VLWX�VWUHVVHV

Several authors have contributed to the understanding and knowledge of ground stresses in the earth’s crust
from in situ measurements. Many of the results from these have been summarized and linear regression
analyses performed to find the distribution by depth. Fig. A-1  shows a summary of some results.
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σH = 6.5 + 0.015H
ORR (1975)

σHmin = 2 + 0.017H

σHav = 4 + 0.0215H

σH = 7.7 + 0.021H

σH = 8.3 + 0.0407H

σH = 9.31 + 0.05H
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As shown the approximate increase of the vertical stress can be reasonably well predicted by:

pv  = 0.027 z eq. (A-1)

where  z  = the depth below surface (in metres)

As is evident from Fig. A-1, there is not a similar general increase with depth for horizontal stresses.
Especially in the upper 500 metres, the horizontal stresses can vary locally. They are generally higher than
the vertical stress. The following trends of the horizontal stresses were formulated by Hoek (1981):
• With the exception of deep level South African gold mines, average horizontal stresses are generally

higher than vertical stress for depths of less than 1,000 m below surface.
• At a depth of 500 m below surface, the average horizontal stress is approximately 1.5 times the vertical

stress with higher ratios being evident at shallower depths.
• For depths in excess of 1,000 m below surface, the horizontal and vertical stresses tend to equalize,

except in South African mines in quartzites where the ratio of average horizontal to vertical stress is  k =
0.75.

• In the Scandinavian Precambrian and Palaeozoic and in the Canadian crystalline rocks the horizontal
stresses are significantly higher than the vertical stress down to a few hundred meters.
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However, no simple method exists, however, for estimating the horizontal stresses which often vary in
magnitude and direction. Where the stresses cannot be measured, they may be evaluated from theory and/or
the stress conditions experienced at other nearby locations.

For the method of estimating rock support in GLVFRQWLQXRXV (jointed) rock masses, described in Section 3.4,
only a rough estimate of the stresses is required to arrive at a factor for the overall stress level. For
FRQWLQXRXV rock masses in Section 3.3, however, the effect of tangential stresses around the opening may be
important where they result in overstressed (incompetent) ground.

$�SUDFWLFDO�PHWKRG�WR�HVWLPDWH�WKH�WDQJHQWLDO�VWUHVV���σθ��

From a large number of detailed stress analyses by means of the boundary element technique, Hoek and
Brown (1980) presented the following correlations:

• The tangential stress in roof σθr  =  (A × k - 1) pv eq. (A-2)

• The tangential stress in wall σθw =  (B - k) pv eq. (A-3)

Here   A and B  =  roof and wall factors for various tunnel shapes given in Table A-1;
                     k  =  ph / pv ,  the ratio horizontal/vertical stress eq. (A-4)

Eqs. (A-2) and (A-3) can be applied in approximate estimates of the tangential stresses acting in the rock
masses surrounding a tunnel. The method requires input of the magnitudes of the vertical stresses and
assumption of the ratio   k  =  ph / pv
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