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ABSTRACT

The RMi (rock mass index) system applies input of block size, joint
characteristics and strength of intact rock to express the uniaxial compressive
strength of a rock mass. From practical use in more than 5 years the RMi rock
support method has been further developed. It is now more user-friendly and
easier to learn. Preliminary suppo-t estimates can be made from input only of
block size and the size of the tunnel when only limited knowledge of the ground
conditions is available. Later, when more information of ground is available, more
accurate support estimates can be made.

Tables and support charts are presented together with several examples.
Instructions are given how to make a computer spreadsheet from which the RMi
and the support parameters easily can be calculated. As for all systems for
evaluating rock support an understanding of the geology of the area and

knowledge of the ground conditions at site are important for proper use of the
RMi.

1. INTRODUCTION

The RMi (rock mass index) support method was introduced in 1995 as a result of
a Ph.D. completed at the University in Oslo, Norway and subsequently published
in the Journal of Rock Mechanics and Tunnelling Technology in the year 1995 &
1996. Tt applies input of the main features influencing on rock mass properties to
express the uniaxial compressive strength of rock masses. As earlier presented by
Palmstrom (1995 and 1996), the RMi can be used in several applications in
addition to its use in support estimates, such as
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— characterisation of rock mass strength and rock mass deformation,

— calculation of the constants in the Hoek and Brown failure criterion for rock
masses, and

— assessment of TBM penetration rate.

This paper shows important developments in the RMi rock support method after
more than 5 years of practical application. The method is now more user-friendly
after a few simplifications and adjustments. It is shown that only input of block
volume and tunnel diameter are necessary for making preliminary rock support
estimates. This may be useful when only limited information on the ground
conditions is available, for example at an early stage of a project. Later, when the
values or ratings of the input factors have been measured or observed, more
accurate support estimates can be made.

Applying the 3-dimensional block volume as a main input to RMi, several
benefits are achieved, both in characterising a rock mass and in rock engineering
calculations. Methods to assess the block volume from various types of field
measurements are shown in the Appendix.

The great benefit in using computer spreadsheets to calculate the value of RMi
and the support parameters is shown together with the instruction to work out a
simple spreadsheet (Excel). By this, the calculations can be made quickly,
because the relevant equations and input parameters are linked in the spreadsheet.
This is shown in the Appendix.

In this paper rock = the construction material, i.e. intact rock; rock mass = rock(s)
penetrated by joints; and ground = rock mass subjected to stresses and ground
water.

2. THE ROCK MASS INDEX (RMi)

The rock mass index is a volumetric parameter indicating the approximate
uniaxial compressive strength of a rock mass. It is expressed as:

e For jointed rock:
RMi=0cxJP=0cXx 02/iCxvp®  (D=037iC °?) (1)
» For massive rock:

RMi = o, x 5= o, (0.05/Db)*? < 0.50, (2)
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The symbols in the expressions above represent:

O. = the uniaxial compressive strength of intact rock, measured on 50 mm
samples. Some average strength values are given in Table Al in the
Appendix.

JC = the joint condition factor, which is a combined measure for the joint size
(L), joint roughness (jR), and joint alteration (jA), given as

jC= JLXjR/A  (Ratings are shown in Table 1) (3)

Vb = the block volume, measured in m3; the average volume is generally
applied. (Db = 3/Vb is the equivalent block diameter, measured in m)

JP = the jointing parameter, which incorporates the main joint features in the
rock mass. Its value can be found from the lower diagram in Figure 4 or

fromeq. (1) (JP = 0.2,/iCxvp°).

fs = the massivity parameter (f5 = (O.OS/Db)O'2 ); an adjustment for the scale
effect of compressive strength in massive rock. Massive rock occurs
generally when Db > approx. 2 m, for which f5=0.5.

When JP < f5, (this is where JP < approx. 0.5) eq. (1) is applied. See
lower diagram in Figure 4.

Figure 1 shows connection between the input parameters applied in the RMi. For
the most common joint characteristics jC = 1.75 which gives

RMi=0.xJP =0.%x0.26 YyVb (la)

-
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Figure I - The input parameters to RMi

This can be used when only limited information is available on the rock mass
conditions, see example 1 in Section 5.
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Figure 1 - The input parameters to RMi

This can be used when only limited information is available on the rock mass
conditions, see examole 1 in Section 5.
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The values and ratings of the inpul parameters to RMi,

INPUT PARAMETERS TO THE RMi

UNIAXIAL COMPRESSIVE STRENGTH (o ) of intact rock

value (in MPa )

may be found from laboratory tests {or
estimated from handbook tables elc.)

BLOCK VOLUME (Vb)

value (inm?)

may be measured at site (from observations
or from bore hole cores)

o

THE JOINT ROUGHNESS FACTOR (jR) Slfﬁ" cidudiobeindenbi :’:::’m —
; | ; epped or

[The ratings in bold are similar to Jr in the Q-system ) Planar undsj!llati)r:g | Unidulating undulating interlocking
& 6 g |Veryrough ) 2 3 | 4 >, 6 6
® 23 |Rough 16 2 3 45 | &

o | B8 Rou i

T|aes pmam i e 1R 3 | 4

o |E8 E Polished or slickensided * 05 1 —* 15 2 |

é E i 'For filled joints jR=1 For irregular joints arating of |R =6 is suggested

rafing should be applied for the surface)

* For slickensided surfaces the ratings given cover possible movement along the lineations. (For movements across lineation, rough or very rough

THE JOINT ALTERATION FACTOR [JA) (the ralings are based on Ja_in fne 0-system)

=
[&:] S ——
g ~ | Healed or welded joints |mllng of quartz, epidote, stc, jA=075
g - :5‘ CLEAN JOINTS: Fresh |l|nl walls |ne coating or flhng except from slalning {rusﬂ 1_
£ |25 e — - one grade higher alteration than the rock e, 2
‘é Sk = P i - two grades higher alteration than the rock 4
AL 2 COATING or | Frictional materials sand, sit calcite, ete. (non-softening) -
% THIN FILLING OF: | Cohesive materials ciay chiorite, talc, etc. 4
= e Thin filling {= 5 mim) Thick filling
9| =8 Frictional materials |sand, silt calcite, etc, (non-softening) | A=4 8
(o] = 5 THICK FILLING OF: Hard, cohesive materials| ulay, chlorite, tale, ete. 8 6-10
E %% Sgﬂ__cpheswe materfals |clay, chiorite, talc, etc. 8 1z
E B |Swelling clay materials 8-12 13-20
o |_THE JOINT SIZE FACTOR (ijL) Confinuous joints _ Dissont. joints *
|:|_: Bedding ar follation partings etc. |length<D5m jL=3 JL=86
\with length 0.1 - 1 m —- | 4
Joints with length 1- 10 m 1 I 2
with length 10 - 30 m 075 | 15
(Filled) joint, seam or shear * |length > 30 m 0.5 | 1

* Discontinuous joints end in massive rock;

= Often & singutarily (special feature) and should in these cases be treated separately

Table 2 Ratings of the adjustment factors for rock support estimates in blocky ground. Note that the factors have unit
values for their most common occurrence.

ROCK SUPPORT ADJUSTMENT FACTORS

STRESS LEVEL NUMBER OF JOINT SETS * | NUMBER OF JOINT SETS*
Very low (in portals, etc.) (overburden < 10mj| SL=01 | | One set Nj=3 | Three sets Nj=1 |
Low (cverburden 10- 35 5 m) 05 Oneset +random | 2 Three sets + randorn 0.85
Mndefate (overburden : 35 30m)| 1 Two sets 15 Four sets _ 0.75
| High ) (overburden> 350 m)| 15* Two sets + random 1.2 || Four sets + random 0.65
* For stability in high walis a high stress level may be unfavourable, * Means the number of joint sete at the actual location
Possible rating SL=05-0.75

ORIENTATION OF JOINTS (related to the axis of the tunnel) INCLINATION OF ACTUAL TUNNEL
IN WALL IN ROOF SURFACE (ROOF or WALL)
for strike > 30° | for strike < 30° | for all strikes T Horizontal (roof) .
[dp<30° J_dlp <20°  |dp>860° | ravourable Co=1 | | 30° inclination (roof in shaft) 15
| dip=30- | dip = 30 - 60° dip=20-45° |dip=45- 60° | fair 1.5 45" inclination (roof in shaft) 22
dip > 80° d’lp_=15—_5l_}“ dip = 20-45° | unfavourable 2 80 inclination (roof in shaft) 3
. ldip>80° dip < 20° very unfavourable 3 I (walis) 5
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The classification of RMi is:

Very low RMi < 0.01

Low RMi=0.01-0.1
Medium RMi=0.1-1
High RMi=1-10
Very high RMi> 10

3. THE RMi ROCK SUPPORT METHOD

The principles in the RMi support method are shown in Figure 2. As shown in
Figure 3 the number of blocks in the periphery of an underground opening will
largely determine whether the surrounding ground will behave:

a) as a continuous, bulk material where the magnitude of the rock stresses is
important; or

b) as a blocky material, dominated by the individual blocks and the character of
the joints.

This can be assessed from the ratio CF = tunnel diameter/block diameter, which is
called the continuity factor. With a markedly difference in behaviour of these two
groups (see Figure 3), the RMi support method applies different calculations and

support charts for continuous and blocky ground.

3.1 Blocky ground

The stability in blocky (jointed) ground is mainly influenced by the block size and
shape, the shear strength of the joints delineating the blocks, and the orientation of

the same joints relative to the opening. The following two support parameters,
which include all these features, are used in the support chart in Figure 4:

e  The ground quality, given as the ground condition factor

Gc=RMix(SLxC)=0.xJPx (SLxC) (4)

» The scale factor, expressed as the size ratio

Sr=CF x (Co/Nj) = (Dt/ Db) x (Co / Nj) ()]

Dt = The diameter or span of the tunnel or cavern, in metre (For walls,
the height Wt is used instead of Dt),
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<— INPUT DATA — f CALCULATIONS —— |
|
ROCK STRENGTH e s e e R RS
[ ___________________________ bl *| ROCK MASS INDEX
r 1 JOINTING
| JOINT CONDITIONS: (JC)[ """} pARAMETER » i
P B T ST e S T LA I SO PRI 11 ¥
- AP T T
BLOCK VOLUME (Vh) 7N F i)
BLOCK ¥ =
DIAMETER il [gw
Db gz o0
TUNNEL SPAN (Dt) & x| | § k.
or WALL HEIGHT (Wt) %‘ ol [5%
52 =
WEAKNESS ZONE g oz
THICKNESS (Tz) = ) 5|
S l,!_|_ /
FRBE ML, O Jovssses-costounaanimsesm Baissssn e e I i 1§
P ['—oTaTﬁ.ﬁTdrii"ﬁﬁ""'
£ [{MAIN JOINT SET (Co
& wNumeeror ]
5 |L..JOINT SETS (Mj)
(T L A S
§ |[For FILLED JOINT (T}l oo
8 i ) gy R |t e e R
~HETRESSIEVEL 90 ’
[ranGENTIAL STRESS (0}
b~ Pl
o o
E 8 el 2|5
1 =1 55 =1
EiE gls S5
— &lE
& =l8 8
—Go G
FOR INP L4

Full lines: required value for input
Dotted lines: values can be assumed

[

Support chart for
blocky materials

Support chart for
continuous ground

for approximate esfimates

Figure 2 The input data and their use in the RMi rock support system
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1
Db = The equivalent block diameter Db = 3/Vp (in metre),
& = A gravity adjustment factor for support in the roof or in the walls.

Its ratings depend on the inclination of the walls and roof. and can
be found from Table 2 or from the expression C = 5 - 4 cos d,
where & = angle (dip) of the opening surface measured from
horizontal,

A stress level adjustment, see Table 2,

An adjustment factor for the main joint set, or seam. respectively,
see Table 2,

Nj = An adjustment factor for the number of joint sets: and hence the
freedom for the blocks to fall. Its ratings in Table 2 c¢an also be
found from Nj = 3/n; where n; = the number of joint sets,

(nj=1 foroneset;n;=15 for one set plus random joints; nj =2
for two sets, nj =2.5 for two sets plus random Joints; etc.),
Thickness of the weakness zone in eq. (7).

SL
Co, Co,

I

Tz

The ratings in Table 2 of the adjustment factors SL, C, Co, and Nj have unit
value for their most common or typical conditions. Thus, €gs. (4) and (5) can be
expressed as

Gec=0o.xJP and Sr=Dt/Db.

When the value of these factors are measured or known, more accurate
calculations can be made, as iliastrated in Section 5.

In cases where a seam or filled joint (with thickness Ts < 1 m) occurs in the
location, the following adjustment of the size ratio may be made:

Stg=S8r (1 +Ts) Cog (6)

Weakness zones should in many cases be treated individually without using
Support or classification systems. Support assessments for crushed zones with
blocky materials (where CF = approx. 1 to 600) may, however, be carried out
using the support chart for blocky ground in Figure 4 and input parameters as for
blocky ground. In small and medium sized zones (thickness between 1 and
approximately 20 m) stability is influenced by the interplay between the zone and
the adjacent rock masses. Therefore, the stresses in such zones are generally lower
than in the adjacent ground, which will reduce the effect of squeezing,

'In earlier RMi publications the expression for Db has been adjusted for the block shape, (the [§ factor, see
Appendix). As experience has shown that this adjustment in most cases does not give more accurate results
the expression for Db has been changed. The Y-axis in the support chart in Figure 4 has been adjusted to
compensate for this change.
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The ground condition factor (Ge) is the same as for blocky ground, while the size
ratio for weakness zones is

St =(Tz/Db)(Co/Nj)  for Tz <Dt (7)

Sr = (Dt /Db)(Co / Nj) for Tz > Dt (which is similar to eq. (5))

For zones with CF > 600 special rock support evaluations should generally be
made. Large zones (thickness Tz > approx. 20 m) will often behave similar to
continuous ground described in Section 3.2 as there will be little or no arching
effect.

For crushes weakness zones some typical RMi values for the most common
conditions have been given in Table 3. They may be used for estimates at an early
stage of a project or for cases where the composition of the zone is not known, see
examples 2 and 4 in Section 5. The approximate RMi, values are based on
assumed representative block volumes for the various types of zones

Table 3 - Typical values of the rock mass index (RMi, ) used for various types of

crushed zones
Av‘cr&ge un1‘ax1al T— Approximate hlqck size Approximate
Crushed zones ERIOpCR s condition factor volume diameter typical value
skrgngth )
a. (MPa) ic Vb (m?) Db (m}) RMi,
of the rock blocks
Coarse fragmented 100 0.5 0.0 0.2 2
Z0Nes
Small fragmented 100 0.5 0.0001 0.05 0.3
Zones
Clay-rich (simple} 80 0.1 0.01 0.2 03
zones
Clay-rich
{complex) zones 40 0.1 0.001 0.1 0.03
of the clay material
Clay zones* 0.1 - lemd® 0.01 0.05
{nom.)
* For zones containing mainly clay, approximate support estimates may be carried out using a nominal
minimum block volume of Vb =1 cm®

3.2 Continuous ground

Continuous ground occurs when CF < approx. 5 (massive rock), in which the
propert'es of intact rock dominate, and when CF > approx. 100 (particulate or
highly jointed rock), where the ground behaves as a bulk material. In these types
of ground the main influence on the behaviour in an underground opening comes
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from the stresses. Therefore, a competency factor (Cg = strength of the rock
mass/stresses acting) is used. It is expressed as:

. In massive ground

Cg =RMi /gy =y X 6. /oy = 0.5 (8)
0w

. In particulate ground

Cg=RMilog= p& )
(e1]

here,

o = the tangential stress in the rock masses around the opening. A
method to estimate o in roof and walls of a tunnel in massive rock
is shown in the Appendix.

Competent ground occurs where Cg > 1; else the ground is overstressed

(incompetent). Cg is applied in the ground support chart (Figure 5).

Massive, competent ground is generally stable, see Figure 3, and does generally
not need any support, except for some scaling work in drill & blast tunnels.
Massive, incompetent (overstressed) ground, however, requires support because
the following time-dependent types of deformation and/or failures may take place:
— squeezing in overstressed ductile rocks (such as schists);
— spalling or rock burst in overstressed brittle, hard rocks (such as granite
and gneiss).

Particulate materials (highly jointed rocks) require generally immediate support.
Their initial behaviour is often similar to that of blocky ground, i.. the support
chart in Figure 4 can be used for CF = 1 to 600. In overstressed (incompetent)
ground time-dependent squeezing will, in addition to the initial instability, take
place. However, for this type of ground the support chart in Figure 5 needs
updating when more experience in this type of ground can be made available.

4. SUPPORT CHARTS

The support charts in Figures 4 and 5 indicate the estimated amount and types of
the total support. They are based on experience from several tunnels and other
underground drill & blast excavations in Scandinavia. Figure 6 shows when these
two charts should be used.
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Figure 4 Upper chart: rock support for blocky ground including weakness zones. The ground condition factor (Gc)
Jor the roof can be found directly from JP when the compressive sirength o, = 150 MPa and the stress
level (SL= 1) are applied (Example: for Vb = 0.2 m* and jC = 3, Ge = 33); ElseGe=o0. XxJPXSLxC
Lower chart: the jointing parameter (JP) found from Vb and jC
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For particilate malerials: use support chart for giscantinuous ground for initial support
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Competency factor Cg = RMi/ g, ——

Figure 5Chart for estimating support in continuous (massive and particulate)
ground. Note that the support indicated for overstressed, particulate

materials is approximate, as only a limited number of cases have been
used

As shown in Section AS in the Appendix, the calculation of RMi and the support
parameters applied in the charts can be quickly and easily made using a computer
spreadsheet.

An understanding of the geological conditions at site is a must for a good
characterisation of the rock mass and the ground conditions, and in selecting
appropriate input values for the calculations. In this connection it should be noted
that, being statistically based, a support chart can never accurately represent the
ground conditions at site. The many variations in rock composition and properties
as well as in geometry, density and structure of joints in a location makes
characterization in a single or a few numbers very difficult. The RMi support
method includes, however, more parameters of the ground conditions and

geometrical features at a site than most other classification systems for rock
support, see Table 4.

For swelling and slaking rock the stability may be strongly influenced by local
conditions. Therefore, the rock support should be evaluated separately for each of
such cases. Other features to be separately assessed are connected to the local
safety requirements, i.c. the required lifetime of the tunnel or cavern, and to the

influence from vibrations caused by earthquakes or by nearby blasting, or by
other imnact fram the activitv of man,
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special rock support dvamnﬁpnp’ required
1
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CONTINUOUS
{ crushed rocks )

block dlameler
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CONTINUQUS
( massive racks )
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m Use chart for blocky materials m Usa chart for contin®ous ground

Use chart for continuous ground
of brittle rock

Figure 6 Recommended application of the two support charts, for blocky materials
(Figure 4) and for continuous ground (Figure 5)

5. EXAMPLES ON SUPPORT ESTIMATES

The examples are applied to a horse-shoe shaped tunnel with span Dt = 6 m and
wall height Wt=5.5m

General note:

First, the type of ground should be determined from the ratio between tunnel size
and block size. From this the appropriate method for support estimate is made.
When only limited information on the ground conditions is available, the value of
the joint condition factor is assumed jC = 1.75 as for its most frequent occurrence.
Similarly, the value of the adjustment factors SL = Co = Nj = 1. This is used in
Examples 1 and 2. The estimates are for the tunnel roof for which the adjustment
factor C = 1.

--—-blaclcy matarials «==-=====
= -
=
o
a
o
@
w
w

particulate materials

massive materials
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Example 1 Preliminary estimate (where very few input data are known)

The tunnel is planned in a moderately jointed granite. What will the rock support
be?

Evaluations:

— According to Table A2 in the Appendix the block volume in moderately
jointed rock is: Vb = 0.03 - 1 m? (average Vb = 0.5 m’ ) with equivalent
block diameter Db = Vb = 0.8 m . The continuity factor CF = Dt / Db =
7.5 which means that the ground is blocky, and equations eq. (4 - 7) can be
used.

— From Table Al the normal uniaxial compressive strength of granite is o, =
160 MPa

— As described in Section 2 the most common joint condition is jC = 1.75 for
which eq. (1a) gives

— RMi=0,XxJP =0, (0.26 Vb ) =06, x 021 = 33 (The value of JP can also
be found from the lower diagram in Figure 4)

Assuming unit value of the adjustment factors SL, Co and Nj, the support
parameters in roof are:

° The ground condition factor: Gc= RMi X SLxC =33 (from eq. (4))

s The size ratio: Sr=(Dt/Db)(Co/Nj)=7.5 (from eq. (5))

Using these parameters in th= support chart for blocky ground (Figure 4) the
estimated roof support is: Rock bolts spaced 3 m. The wall support can be found
in a similar way using C = 5 in eq. (4) and the wall height Wt in €q. (3) instead
of the span Dt.

Example 2 Preliminary support estimate for a weakness zone (few input data of
the zone are known)

It is assumed that the tunnel will encounter a2 Tz = 5 m thick weakness zone,

assumed to be a "coarse-fragmented crushed zone". What is probable rock
support?

Evaluations:

From Table 3 the values RMi, = 2 and Db, = 0.2 are found for coarse-

fragmented zones. With unit values of the adjustment parameters the roof support
parameters are:

e Gc=RMi,xSLxC=2 (from eq. (4))
® Sr = (Tz /Db, )(Co,/ Nj, ) =25 (eq. (5) is applied because Tz < Dt)
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From Figure 4 the following roof support in the zone is found: Rock bolts spaced
1.25 to 1.5 m and 80 mm thick shotcrete, fibre reinforced. The wall support can
be found in a similar way using C =5 ineq. (4) and Wt instead of Dt ineq. (5).

Example 3 Rock support estimate during detailed design (where the values of
input data are known)

The tunnel will partly be located with 100 - 150 m overburden. From the field
investigations performed, the following ground characteristics have been found
representative for a section of the tunnel:

— The granite is fresh with compressive strength 6, = 125 MPa.

— The joints have the following characteristics: medium length, rough joint
surfaces and undulating with fresh joint walls. This gives the following
value of the joint condition factor

jC=jLxjRAjA= 1x3/1=3  (seeeq.(3))
— There are two joint sets plus random joints; the main joint set has strike =

60° and dip = 45° (relative to the tunnel axis), i.e. the orientation is fair both
for the roof and the walls, see Table 2.

— The block volume varies mainly between 0.5 m® and 2.5 m3, average Vb =
1.5 m’

Evaluations:
— With block diameter 2 Db = Vb = 1.14 m, the continuity factor CFt =
Dt/Db=5.2 (i.e. blocky ground)

— The following values of the adjustment factors are found from Table 2 using
the information above:

SL = 1; Nj = 1.2; Coroor = Coyan = 1.5

— With input of jC =3 and Vb = 1.5 m?® in Figure 4 (or using eq. (1)) the
jointing parameter JP =0.4; and RMi = o, x JP =50.

From this the support parameters in roof are
) Gc =RMi x SL =50 (from eq. (4))
° Sr=(Dt/Db)(Co/Nj)=6.6 (from eq. (5))

Estimated support in roof from Figure 4: Spot bolting or rock bolts spaced 2.5 m.
Bolt length, according to eq. (13) given in the Appendix, should be Lb =14 +
0.16Dt(1 +0.1/Db)=2.4m (or Lb can be found from Figure A2). (In practise,

2 Db can also be found from the lower diagram in Figure 4
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the support parameters Gc and Sr should be calculated both for Vb = 0.3 m? and
Vb=3m? and the support determined from that.)

Example 4 Support estimate for a weakness zone with known characteristics.

During excavation of the tunnel at a depth of 150 m below surface, a Tz = 8§ m
wide crushed zone has been encountered. It consists of slightly weathered granite
with &, =100 MPa, the blocks in the zone have size Vb =0,01- 0.1 dm? (average
Vb =0.05 dm’ = 0.00005 m’ ) with clay fillings in most of the joints. There are 4
joint sets in the zone mainly of short joints. The orientation of the zone is: strike =
607, dip = 25° related to the axis of the tunnel,

Evaluations:

— From the description given the zone can be characterized as a clay-rich
crushed zone. With average Vb = 0.00005 m? (= 50 cm?® ) the block
diameter Db = {/vp = 0.04 m.

— From Table 2 the following ratings are found: SL = I; Nj = 0.75: Co —
2, Cowan = (unfavourable zone orientation in roof and favourable for walls)

— The joint characteristics from Table | are: JL=2, R =1 (nominal), jA = 10,
which gives jC =jLxjR/jA=0.2

— The jointing parameter JP = 0.00057 is found from Figure 4 or eq. (1) and
RMi = 6. x JP = 0.057.

From this the roof support parameters for blocky ground are;
o Gc = RMi x SL x C = 0.057 (from eq. (4))
o Sr = (Dt /Db) (Co,/ Nj, ) = 400 (as Tz > Dt, eq.(5) is used)

Using Figure 4, the roof support of the zone is: Shotcrete quickly applied after
blasting and concrete lining. (In practise, the support parameters Gc and Sr
should be calculated for the variation ran ge of Vb)

Example 5 Support estimate for massive, hard rock subjected to high rock
sStresses.

A part of the tunnel is located in massive granite (0. = 130 MPa) where the
overburden is z = 1000 m.

Evaluations:

— Massive rock means Vb = 8 m? or larger. The block diameter is Db = Ivb=
2 m (or larger). This gives CF = Dt / Db = 3 (or less),i.e., the ground is
continuous.
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— The magnitude of tangential stress around the tunnel is estimated using the
method described in Section A3 in the Appendix:
Theoretical, vertical stress p, = 0.027 x z = 27 MPa (eq. 15). From eg.
(13) and assumed k = 1.5 the tangential stress in the tunnel roof is Gg = Py
(Axk-1)=102.6 MPa

In massive rock RMi = 0.50. = 65 (eq. (2)), hence the competency of the
ground is:

° Cg=RMi/ocg=65/102.6 =0.63 (from eq. (8))

According to Figure 5 the behaviour of the brittle granite is: Mild rock burst,
which requires the following support: Rock bolts spaced 1.5 to 3 m.

6. DISCUSSION - CONCLUSION

This paper presents some simplifications in the RMi support method. One
changes in the support parameters for weakness zones, making it easier to
calculate the support parameters Gc and Sr.

Another simplification is the application of unit values for the adjustment factors
in blocky ground if their values are not known as in preliminary support
estimates. Some of the advantages achieved from this are:

® The sampling of input properties is strongly reduced, as only input of the
block volume is needed (in addition to tunnel size).
® It leads to easier and quicker calculations of the support parameters.

More accurate results can be achieved, when field investigations have
been performed and real values of the input factors are used.

It is no direct correlation between the Q-system and the RMi support method. A
main reason is that they partly use different input parameters (see Table 4) and
that the principles in the support parameters and charts-are different. In many of
the cases where both the RMi support method and the Q-system have been
applied, RMi method indicates more (stronger) support. A reason may be that the
RMi support chart is developed later than the Q-chart and that it includes recent
requirements for support.

An important feature in the RMi system is the use of the block volume as a main
input. Another is that the two support parameters constitute real ground properties
(rock mass strength and geometrical ratio). By this it is possible to understand the
structure of the support method and the use of the input factors. The RMi requires,
however, experienced users, which will reduce possible misuse.
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Table 4 - The various parameters applied in the (), RMi, and RMR rock support systems

PARAMETER

in the O system

APPLICATION
in the RMi support method

in the RMR system

unmiaxial

ad L i

2 Rock strength E A ;l:; 2?1:1]1 e compressive or

= £ point load strength

N rock quality
Degree of jointing RQD z:z:j ?}:ﬁ;ﬁ" Vb block volume designation (RQD)
i joint spacing
Joint sets (pattern) 1 joint set Ni joint set factor .
number ]
| Joint character joint roughness . joint smoothness and A

5al | Jr IR : joint roughness

S P coio I ! D et opsesrrmesieamriesoe]

= v i . A

= oint infilling,

2 ' Joint coating or |, iontalieration | . joint coating, filling and Jﬂ{:ug; i
infilling number J weathering factor e ;
- A L, Joint Icr}gth and Joint length,

AT (R - e SRR DOrSIstonce
Joint aperture - (partly in Ja) - (partly'in JA) joint separation
Joint orientation - Co  joint orientation factor | orientation of joints

5 joint water

=  Ground water Iw  reduction - leakage condition

= factor

ﬁ stress i
£ Rock stresses SRF reduction SL stress level factor -
i factor
Dt span Dt span or diameter
T , ; Wt wall height Wt wall height
£ Tunnel dimensions T -
=
ESR support ratio
RMi = 0.2 0./ jR x jLAA x Vb©
Rock mass strength - -
or RMi = 0.50, (for massive rock)
Ground competency Cg=RMi/ gy
i Q=
g ' Gremndquality RQD/Jn xJflax | Ge=RMixSL RIMR = sl of the
z (in roof) Is/SRE ratings for
& Ground auali each factor
round guality _ . o above

Gt wall) Quu=QxK Ge yan =Gex C

oy De=DUESR  |Sr=(DUy¥ }Co/Nj) .

i‘:ﬂ‘; e De = WI/ESR Sr = (WU Vb N(Co/Nj) :

K =adjustment of Q-value for walls. It varies with the Q-value; C = adjustment factor for walls {and for all inclinations of the wnnel
surface)
D=037GRx L/ jA) ™
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Some of the benefits in the RMi support method are:

. The use of the three-dimensional block volume will generally improve the
characterization of the rock mass and hence lead to better estimates,
compared to the use of RQD and joint spacing applied in other support
methods.

. In addition, the RMi support method includes all important ground
parameters; more than other main classification systems used for rock
support estimates, see Table 4.

. The use of different methods for support estimates in ground of different
behaviour is reflected in different equations and calculations.

Some of the limitation or problems in the RMi support method are:

e The RMi support method does not generally cover soil or soil-like
materials, except where the material cccurs in seams or small weakness
zones with thickness less than a few metres.

o It is difficult to calculate the magnitude of tangential stresses in blocky
ground, which in turn reduces the quality of the support assessments,
especially to assess appropriate time-dependent rock support. (This is also
the case for other methods for rock support in this type of ground.) More
studies are needed to improve estimates here.

¢ The calculation of the parameters is more difficult than for the RMR and the
Q systems as it involves exponential equations. However, from the
diagrams the RMi value can easily be found. Using computer spreadsheet
the various parameters needed for support estimates can be found directly,
see Section AS in the Appendix.
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APPENDIX
A1. UNIAXIAL COMPRESSIVE STRENGTH OF INTACT ROCK

Where there are no test resuits of the uniaxial compressive strength (oe
strength tables. Table Al shows values for some typical rocks.

) available, it may be estimated from

Takle Al  Average uniaxial compressive strength (o.) of some rocks, measured on 50 mm samples
Type of rock :. ﬁia i Type of rock mfj;a) Type of rock ($a} wpaofrockfsonl (l:;a
Andeste ) | 150 |Cametmcoschist (W) | <105 JMarbe M) | <10e> JSheie S.A). | = |
Amphiboite (W) ___| <160> |Granite () " 10 |Mcanessv) 0 fowstore (s, | <80
Ampnibolic gness 0| 180 _[Grantcgreiss (W) | 100_Dcaquaniate | 8 _Sae) | <1
Augengneiss (M) | 160 |Granodiorite(t) | 160 |Micaschist(M) | <80> |syenite () {150 |
""" T e [oranuite o) <0 |Mudstone (8 _I_ 10 |TaloschistM) | <65
Clayschiel (5,M) | 55 |oneiss (M) T2 [pryite) | <60 [Tui(S) e
Do) | 140 [Oeenschst | <7 |ouanzte 0 ___ <190 |urabasic®) | 160
Dolerte (diabase} () | 200 |Greenstone (M) {110 |auartzitic phylite (M) | 100 _[Clay (hard) 1 o7
baomte (5) | 100> [Growacke(w | 8 _[fhyoite® | 8O Gy | 02 |
Gabbro (1) | 240 [Juimestone (S) {00 [Sandstone(S.M) | <100> |Clay(soft) i 003 |
Iﬂ:_igneous_qM)nmmwﬂlc,(ﬂhseﬂimenlarymck;<1largev.aﬂailm Sepentinte (M) | 105 _|Sit, sand (approx) 0.0005

A2. MEASUREMENTS OF THE BLOCK VOLUME (Vb)

The block volume (Vb) can be measured by different methods performed in the underground opening, on the
surface, in rock cuttings, or in drill cores. Direct measurement can be made where the structure of the rock
mass can be observed from measurements of joint spacings, from assessment of representative blocks at each
observation point. The volumes will generally vary considerably at each site, and it is often a practice to
measure the variation in volumes in addition to the average volume.

«—— jointsim’
LR 120 j0080 &0 40 30 20 iIome g5 4 3 2 1 08
mﬂfﬂ“@ i $ooal e L L i - i L ._Eg.a__—
'[Wm_' 10080 60 40 30 20 0we g64 3 2 | 08 08, uid_lﬁ”m Volumetric
- . - Aopay sg 40 80 20 e 6854 3 2 1 g2 pg 04 D3 Joint count
(5 oo ook Shape | e ) oy SO kit . ; B ] ww
—_————— 80 80, 40 I 20 108 &5 & 3 2 108 06 0403
LE(_:UHMTIEW biotis : : . e 1 . k 1 i g p= 57 .
‘ | l | ‘ ' | | !
| i o
‘ ‘ ‘ - ‘ Jv=35-RQDAE3 | ﬁ
; I
I | ‘ ‘ | I .%&
| - Vs
= _o'___l-|-2s—5n_?5—m—t 100 ~p= .'ﬁ'-x
[ [ i i ; g%
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Figure A1 Connections between block size,
Examples: For flat blocks with Jv =3 the block
Jv =75 the block volume Vb =0.2m

bilock diameter and other jointing measurements.
volume Vb ~ 0.7 m®. Forequidimensional blocks with
5 For ROD = 25 the block volume Vb &2 dm’.
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Often, it is not possible to observe the whole individual block in an outcrop or in the surface of an
underground opening, especially where less than three joint sets occur. Random Jjoints or cracks formed
during the excavation process will often result in defined blocks. In such cases a spacing of random joints 5
to 10 times the spacing of the main set can often be used to estimate the block volume.
Example: Where only one joint set (S1) can be seen, Vb = S1 % 581 % 10S]1 = 50 §1°

For two joint sets (S1 and S2), Vb ~S1 x $2 x 1081 =10 S1% x $2

Table A2 Classification of the degree of jointing

DEGREE OF JOINTING VOLUMETRIC JOINT COUNT BLOCK YOLUME
(or DENSITY OF JOINTS) TERM Jv TERM Vb
Massive / no joints Extremely low <03 Extremely large size > 1000 m*
Massive / very weakly jointed | Very low 0.3-1 Very large size 30 - 1000 m?
Weakly jointed Low 1-3 Large size 1-30m*
Moderately jointed Moderately high 3-10 Moderate size 0.03-1m’
Strongly jointed High 10-30 Small size 1 -30 dm’
Very strongly jointed Y ery high 30-100 | Verysmall size 0,03 - 1 dm®
Crushed Extremely high > 100 Extremely small size <30 cm®
Correlation between block volume (Vh) and volumetric joint count (Jv):
~ General expression Vb=BxJv? (10)
~ Expression for the most common block shape (where p=36) Vb=36Jv " (11)

here B = the block shape factor, representing the jointing pattern.
It can be estimated from [ =20 + 7(S,ur/ S 1) (12)
(Swax and Sp; are the longest and shortest dimension of the block)

A3. A METHOD TO ESTIMATE THE TANGENTIAL STRESSES AROUND AN
UNDERGROUND OPENING

The magnitude of the tangential stresses (oy ) depends on the overall stress level, the stress anisotropy and
the shape of the opening and can be found from rock stress measurements and Kirch's equations. Stresses
around openings in massive rock may also be estimated using the following simplified expressions presented
by Hoek and Brown (1980):
-inroof: oy=p,(Axk-1) (MPa) eq. (13) Table A3 Values of the tunnel shape factor
-inwalls: @s=p, (B-k) (MPa) eq. (14) Tariet shape

."F_\.
Tunnel !'

here k = horizontal stress/vertical stress factor b Q D O D
48 ]

py = tne vertical stress in MPa at tunnel level, often found i = = 5o =

from p,~0.027z [eq (15)] (z=overburdeninm) [~g 15 | 23 57 52 1 g
Aand B arc tunnel factors given in Table A3. '

A4. RECOMMENDED LENGTH OF ROCK BOLTS

Suggested expressions for calculating the length of rock bolts from tunnel dimensions and the block size:
Lbor = 1.4+ 0.16 Dt (1 + 0.1 / Db) (16)
Lbyai = 1.4+0.08 (Dt + 0.5Wt)X1 + 0.1 / Db)) (amn

here Db= the block diameter in metre:

Dt = the tunnel span or diameter in metre;
Wt = the wall height in metre,

These equations are graphically solved in Figure A2

Note: The block diameter used should be given for the representative block size at the actual location.
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Figure A2 Bolt length determined from tunnel dimensions and block size.
Example shown: In t tunnel with 9 m span and 12 m wall height and average block diameter Db = (.5 m,

the bolt lengthwill be 3.2 m in roof and 2.8 m in walls.

A5. DESCRIPTION OF A COMPUTER SPREADSHEET TO CALCULATE THE VALUE OF THE
RMi AND THE SUPPORT PARAMETERS

Table A3 The support parameters in Examples 1 — 3 are calculated in a spreadsheet (Excel). Required input factors
both for blocky and for continuous ground are written in italic

EXAMPLE 1 EXAMPLE 2| EXAMPLE 3 EXAMPLE 4 | EXAMPLE 5

INPUT FACTORS Symbol input values or ratings
Tunnel diameter or span {m} | Dt 6 . & | 8 & B
Tunnel wall height (m) | wt 55 | 8.5 55 55 55
Compressive strength of mrasf rock (1Fa) O 160 i 100 125 100 130
Joint roughness factor iR 1.78 | i 3 1 1.75
Joint alteration factor | A 1 | 2 i 10 1T |
Joint length and termination factor JL A 1 i A - 1
Biock volume (m3) b 05 | oot 15 000005 8 |
Joint set factor - Nj 1 1 % 1 3132 075
Origntation factor of main joint st |-inroof  Co 1 L 1 1.5
- -inwalls | Co 1 | 1 1.8 ) B
Orientation factor of weakness zone |-inroof = Co | 1 3 R
) -inwalls  Co . 1 1 2 o
Thickness of weakness zone (m) Tz & 8
Stress level factor 5L - 1 1 D
Tangential stress (MPa) -inroof oy [ 102.6
- in walls Tp
CALCULATIONS OF: results
Block diameter Db _07s = 022 1.14 0.04 2.00
Joint condition factor B ic 175 '. 05 3 | B3 175
Jointing parameter JP_ | 0.2104 | 0.0200 03907  0.0006 05264
Rock Mass index RMi 33657 | 1.897 48843 | 0057  £5.000
Ground condition factor | inroof  Ge 3366 | 200 | 4884 | 006 | 0.00 |
-inwalls  Ge 16829 | 999 1 | 028 0.00
Size ratio -inroof  Sr L7 :
e E— -inwalls  Sr g8 | | 80 |
Size ratio for weakness Zone - in roof Sr B | 232 | . | 4342
- - in walls Sr ' 232 | 3s8.0
Competencyfactor  -infoof  Cg ! 1 7 oex
-inwalls  Cg | B |
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The RMi system is well applicable for computer spreadsheets as all parameters involved have mathematical
expressions and input of numerical values. Spreadsheets can be worked out using the flowchart in Figure
and the equations presented in this paper. Thus the value of RMi as well as the parameters involved in the
support system can very easily be found,

Table A3 shows a simple spreadsheer with calculation of the support parameters in the five 5 examples in
Section 5.

Table A4 shows the expressions used for calculation in Table A3. You may work out your own spreadsheet
from Table A4. Hints when making a spreadsheet:

= Start to write in box A2 (with INPUT FACTORS ), then A3 (with Tunnel diameter or span (m) ) etc.

= It is important that the expressions (in cells D20 to D31) are written correctly.

Table A4 Spreadsheet (Excel) showing the equations applied in Table A3, The input values in Example I have been

nseried.
A | B [ & | D
1 EXAMPLE 1
2 INPUT FACTORS Symbol input values or ratings
3 |Tunnel diameter or span (m) | Dt 6 E
4 |Tunnel wall height (m) B R 55
§ |Compressive srmngrn of mtsci rock (M (MPa) | O 160
| 6 |Joint roughness factor ! R 1.75
7 |Joint alteration factor —_ = N . A | g N
8 |Joint length and termination factor Bt - (e
9 |Block volume (m3) T w 05 —
10 |Joint set factor N 1
11 |Onentation factor of main joint set —inreof | Co 1 -
12 - -imnwalls | Co | -
13 |Orisntation factor of weakness zone - in roof | Co | - _ -
14 _ -inwals| co |
15 | Thickness of weakness zone (m) 1 % ] o
16 |Stress level factor - _T | 8L | 9 "]
17 | Tangsrmaf srress (MP&} i f | op _ o o 1
18 o
19 CALCULATIONS OF: results
20 |Block diameter - a ; “DQ-"D 3333
21 |Joint condition factor o j =D6*D8/D7 - '
22 |Jointing parameter | 2°(D21)"0.54(D)N0.37*(D21)2-0.2)
23 |Rock Mass index RMi  |=IF(D22<0.5,022*D50. 5'05)
| 24 |Ground condition factor ~ -inreof | Ge |=IF(OR(D10="D 2=")," D23*D16)
25 - “inwalls | Go |<IF(D24="",5D24) — |
26 |Size ratio -inroof | Sr  |=IF(OR(D24=",D15>0)," D3/D20*D11/D10)
A -inwalls | Sr |=IF(OR(D24="",D15>0),"" D4/D20*D12/D10)
28 |Size ratio for weakness zone -inreof | 8 |=IF(D15>D3,D15/D20'D13MD10,™)
2 0000000000 lLhwvdls| & (D15>D4,D15/D20°D14/D10,™)
30 |Competency factor - in roof Cg |=IF(D17="" D23/D17)
3 -inwalls | Cg [=IF(D18="" " D24/D18)




