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PREFACE

This report contailns the results of an investigation by Prof 2. T.
Bieniawski of Pennsylvania State University, University Park, Pa. Funds
for this study were provided “v the U. S. Army Enginesr Waterways Experi-
ment Station (WES) under Purchase Order DACW39-78-M-3314.

The study was performed in FY 78 under the direction of Dr. D. C.
Banks, Chief, Engineering Geology and Rock Mechanics Division (EG&RMD),
Geotechnical Laboratory (GL), and Messrs. J. P. Sale and R. G. Ahlvin,

Chief and Assistant Chief, respectively, GL. The contract was monitored
by Mr. J. S. Huie, Chief, Rock Mechanics Branch (RMB), EG&RMD. Mr. G. A.
Nicholson, RMB, assisted with the geological data collection and inter-
pretation for the case history study of the Park River Tunnel.

The Commanders and Directors of the WES during this study and
preparation of this report were COL J. L. Cannon, CE, and COL N, P,

Conover, CE. The Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U, S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

feet 0.3048 metres
gallons per minute 3.785412 cubic decimetres per minute
inches 25.4 millimetres
kips (force) per square 47,88026 kilopascals

foot
miles (U. S. statute) 1.609344 kilometres
pounds (force) 4.448222 newtons
pounds (force) per square 6.894757 kilopascals

inch
pounds (force) per square 47.880206 pascals

foot
pounds (mass) per cubic 16.01846 kilograms per cubic metre

foot
square foot 0.Q09290304 square metres
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TUNNEL DESIGN BY ROCK MASS CLASSIFICATIONS

"The origin of the science of classification goes back
to the writings of the ancient Greeks; however, the
process of classification =-— the recognition of
similarities and the grouping of objects based thereon
-— dates to primitive man."

Prof. Robert R. Socal —~ Presidential
Address to the U. S. Classification
Society (Chicago, 1972).

PART I: INTRODUCTION

1. The design of tunnels in rock currently utilizes three main
approaches: analytical, observational, and empirical. In view of the
very complex nature of rock masses and the difficulties encountered with
their characterization, the analytical approach is the least used in the
present engineering practice. The reason for it does not lie in the
analytical techniques themselves, since some have been developed to a
high degree of sophistication, but in the inability to furnish the
necessary input data as the ground conditions are rarely adequately
explored. Consequently, such analytical techniques as the finite element
method, the boundary element method, closed form mathematical solutions,
photoelasticity or analogue simulation are only useful for assessing the
influence of the various parameters or processes (but one at a time) and
for comparing alternative design schemes; they are the methods of the
future not as yet acceptable as the practical engineering means for the
design of rock tunnels,

2. The observational approach, of which the New Austrian Tun-
neling Method is the best example, is based on observations and moni-
toring of tunnel behavior during construction and selecting or modifying
the support as the project proceeds. This represents essentially a
"build as you go'" philosophy since the support is adjusted during con=-

struction to meet the changes in ground conditions. This approach is

nevertheless based on a sound premise that a flexible tunnel lining,
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utilizing the inherent ability of the rock to support itself, is pref-
erable to a rigid one. In practice, a combination of rockbolts and
shotcrete is used to prevent excessive loosening in the rock mass but

allowing it to deform sufficiently to develop arching and self=-support

characteristics. The problem with this approach is, however, that it
requires special contractual provisions: these may be suitable for the
European practice for which they were evolved over many years of trial
and error, but are not easily adaptable to the established U. S. con-
tracting procedures.

3. The empirical approach relates the experience encountered at
previous projects to the conditions anticipated at a proposed site., If
an empiricail design is backed by a systematic approach to ground classi=-
fication, it can effectively utilize the valuable practical experience
gained at many projects, which is so helpful to exercising one's engi-
neering judgment. This is particularly important since, to quote a
recent paper:1 "A good engineering design is a balanced design in which
all the factors which interact, even those which cannot be quantified,
are taken into account; the responsibility of the design engineers is
not to compute accurately but to judge soundly."

4. Rock mass classifications, which thus form the backbone of the
empirical design approach, are widely employed in rock tunneling and
most of the tunnels constructed at present in the United States make use
of some classification system. The most extensively used and the best
known of these is the Terzaghi classitication which was introduced over
30 years ago.2

S. In fact, rock mass classifications have been successfully
applied throughout the world: in the United States.z.b Canada,7-8

Western I‘Iurope.q-12 South Africa.lj-lb Australia,17 New Zealand.18

19 20 21,22

Japan, USSR, and in some East European countries, Some classi-

fication systems were applied not only to tunneling but also to rock

23,24 25,*

foundations, rock slopes, and even mining probloms.16

* Personal communication with K. W. John, 1978,
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0. The purpose of this report is to evaluate tunnel design
practices with respect to rock mass classification systems and partic-
ularly those which have been introduced in the recent years, have been
tried out on a large number of tunneling projects, and have offered a
practical and acceptable alternative to the classical Terzaghi clas-

sification of 1946,

.
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PART II: CLASSIFICATION SYSTEMS IN ROCK ENGINEERING

: 7. A statement made in 1972 during the First Rapid Excavation and
5
Tunneling Conference {is still appropriate for summarizing the present

state of tunneling technology:

"Predicting support requirements for tunnels has, for

many years, been based on observation, experience and

personal judgment of those involved in tunnel con-

struction. Barring an unforseen breakthrough in

k geophysical techniques for making tunnel sites inves-
tigations, the prediction of support requirements for

future tunnels will require the same approach."

pranares

Rock mass classifications can, if fulfilling certain conditions, effect-

ively combine the findings from observation, experience, and engineering

B 330 A NPT o P ™

judgment for providing a quantitative assessment of rock mass conditions. k
8. A rock mass classification has the following purposes in a §

tunneling application:
a. Divide a particular rock mass into groups of similar
behavior.

b. Provide a basis for understanding the characteristics of
each group.

Yy T v

c., Facilitate the planning and the design of excavations in
rock by yielding quantitative data required for the solu-
tion of real engineering problems.

d. Provide a common basis for effective communication among
all persons concerned with a tunneling project.

9. These aims can be fulfilled by ensuring that a classification
system has the following attributes:
. Simple, easily remembered, and understandable.

. Each term clear and the terminology used widely accept-
able.

I TR S SR M PP % T LB A R

c. Only the most significant properties of rock masses
included.

d. Based on measurable parameters that can be determined by
relevant tests quickly and cheaply in the field.

P~

e, Based on a rating system that can weigh the relative
importance of the classification parameters.

f. Functional by providing quantitative data for the design
of tunnel support.
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8+ General enough so that the same rock mass will possess i
the same basic classification regardless whether it is i
being used for a tunnel, a slope, or a foundation.

10. To date many rock mass classification systems have been pro- j
posed, the better known of these being the classifications by Terzaghi 1
(1946).2 Lauffer (1958),9 Deere (1964),3 Wickham, Tiedemann, and Skinner 4
(1972),5 Bieniawski (1973),13 and Barton, Lien, and Lunde (1974).12
These classification systems will be discussed in detail while other

classifications can be found in the references.

11. The six classifications named above were selected for de-
tailed discussion because of their special features and contributions to
the subject matter. Thus, the classical rock load classification of
Terzaghi,2 the first practical classification system introduced, has
been dominant in the United States for over 30 years and has proved very
successful for tunneling with steel supports. Lauffer's classification9
based on work of Stini26 was a considerable step forward in the art of
tunneling since it introduced the concept of the stand-up time of the
active span in a tunnel that is most relevant for determination of the
type and the amount of tunnel support. Deere's classification3 intro-
duced the rock quality designation (RQD) index, which is a simple and
practical method of describing the quality of rock core from borings.
The concept of rock structure rating (RSR), developed in the United
States by Wickham, Tiedemann, and Skinner,5’6 was the first system
assigning classification ratings for weighing the relative importance of
classification parameters. The Geomechanics Classification proposed by
Bieniawskil3 and the Q-System proposed by Barton, Lien, and Lunde12 were
developed independently (in 1973 and 1974, respectively), and both these

classifications provide quantitative data enabling the selection of
modern tunnel reinforcement measures such as rockbolts and shotcrete.

The Q-System has been developed specifically for tunnels, while the

Geomechanics Classification, although also initially developed for
tunnels, has been applied to rock slopes and foundations, ground rip~- |

pability assessment, as well as to mining problems.
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12, Some comparisons have been made between the various classi-
17,18,23,27,28,29

tication systems. One detailed comparison was made by
the author23 during the construction of a rallroad tunncl.30 which was

18 ft* wide and 2.4 miles long. This tunnel was characterized by highly
variable rock conditions==from very poor to very good. In addition, a
one-year tunnel=-monitoring program featuring 16 measuring stations
enabled correlation between the classification ratings of rock conditions
with the amount of rock movement, the rate of face advance, and the
support used. This project thus afforded an ideal opportunity for
comparison of the various classification systems. The results of this
comparison are given in Table 1.

13. It is widely believed that the design of undeiground excava-
tions is, to a large extent, the design of underground support hystcms.:
This means that since rock mass classifications are used as tunnel
design methods, they must be evaluated with respect to the guidelines
that they provide for the selection of tunnel support. In this connec-
tion, however, {t must be remembered that tunnel support may be regarded
as the primary support (otherwise known as the temporary support) or the
permanent support (usually concrete lining). Primary support (e.g.,
rockbolts, shotcrete, or steel ribs) is invariably installed closely to
the tunnel face shortly after the excavation is completed. Its purpose
is to ensure tunnel stability until the concrete lining is {nstalled.

14, It should not be overlooked that the primary support may
probably be able to carry all the load ever acting on the tunnel, After
all, modern supports do not deteriorate casily and the traditional
concept of the temporary and permanent support is losing its meaning.

In some European countries, for example, Austria, Germany, Sweden, and
Norway, only one kind of support {s understood, generally a combination
of rockbolts and shotcrete, and concrete linings are considered unnec-

essary {f tunnel monitoring shows stabflizatfon of rock wmovements. This

* A table of factors for converting U, S. customary units of measure-
ment to metric (S1) units {s presented on page 4.

10
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{s the case for highway and railroad tunnels, while water tunnels may
feature concrete linings, not for structural stability reasons but to
reduce surface friction and to prevent water leakage into the rock.

15. Consequently, the use of the concept of the primary and the
permanent supports may well lead to overdesign of tunnels since the
so=called primary support may be all that is necessary and the concrete
lining only serves as an expensive cosmetic feature acting psycholog-
fcally to bolster public confidence in the safety of the tunnel. The
only justification for placing concrete lining may be that since the
current knowledge of rvock tunnel enginecering {s still {ncomplete, a
radical departure from the customary methods of desfgn may not be advis-
able. However, the possibility of tunnel overdesign should not be
overlooked, and methods of minimizing this possibility, without jeop-

ardizing tunnel safety, should be constantly sought.

Terzaghi's Rock load Classification

l6.  Since the purpose of this report {s to evaluate other than
the Terzaghi classification svstem and since his classification {s fully
treated both in Proctor and White's hnokr and in EM 1110—2-2001.}1 it
will not be repeated here. However, for the sake of completeness and
because of {ts historfcal fmportance, and main features of Terzaghi's
rock load classification are given in Appendix A.

17. Terzaghi's contribution lies in formulating, over 30 years
ago, the first rational method of evaluating rock loads appropriate to
the design of steel sets. This was an fmportant development, because
support by steel sets has been the most commonly used system for con-
taining rock tunnel excavations during the past 50 years. [t must be
emphasized, however, that while this classification {s appropriate tor
the purpose for which {t was evolved, {.e., ftor estimating rock loads
for steel=arch supported tunnels, {t {8 not so suitable for modern
tunneling methods using shotcrete and rockbolts. After detafled studfes,

32
Cecil concluded that Terzaghi's classitication was too general to

1




permit an objective evaluation of rock quality and that {t provided no

quantitative information on the properties of rock masses.

Lauffer's Classification

18. The 1958 classification by l.:mfl'orQ has {ts foundation {n the
earlier work on tunnel geology by Stlnl.2b who 18 considered as the
father of the "Austrian School" of tunneling and rock mechanics. Stin{
emphasized the {mportance of structural defects {n rock masses. lauffer
proposed that the stand=up time for any active unsupported rock span {s
related to the various rock mass classes as shown {n the diagram in
Figure 1. An active unsupported span is the width of the tunnel or the
distance from the face to the support {t this {s less than the tunnel
width. The stand=up time {8 the period of time that a tunnel will stand
unsuppotrted after excavation. It should be noted that a number of
factors may affect the stand=up time, as i{llustrated diagrammatically in
Figure 2. lauffer's original classification {8 no longer used since it
has been modified a number of times by other Austrian engineers, notably
von Rabcewicz, Gosler, and Pachor.lo

19. The main significance of Lauffer's classification {s that
Figure 1 shows how an increase fn a tunnel span leads to a drastic
reduction in the stand-up time. This means, for example, that while a
pilot tunnel having a small span may be successfully constructed full
face in fair rock conditions, a large span opening in this same rock may
prove fmpossible to support {n terms of the stand-up time. Only a
system of smaller headings and benches or multiple drifts can enable a
large cross=section tunnel to be constructed in such vock condftions,

20, A disadvantage of a Lautfer-type classification {s that these
two parameters, the stand=up time and the span, ave ditticult to estab-
lish and rather much {s demanded of practical experience, Nevertheless,
this concept {ntroduced the stand=up time and the span as the two most
relevant parameters for the determination of the type and amount of
tunnel support, and this has influenced the development of more receont

13
rock mass classitfcation svstems,
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Deere's Rock Quality Designation

21. Deere3 proposed in 1964 a quantitative index based on a
modified core recovery procedure which incorporates only those pieces of
core that are 4 in. or greater in length. This RQD has been widely used
and has been found very useful for selection of tunnel support.

22. For RQD determination, the International Society for Rock
Mechanics recommends a core size of at least NX diameter (2.16 in.)
drilled with double=barrel diamond drilling equipment. The following
relationship between the RQP index and the engineering quality of the

rock was proposed by Deere:

RQD ercent Rock Quality

<25 Very Poor
25-50 Poor
50=75 Fair
75=90 Good
90-100 Excellent

23, Cording, Hendron, and Duere33 attempted to relate the RQD
index to Terzaghi's rock load factor. They found a reasonable corre-
lation for steel=-supported tunnels but not for openings supported by
rockbolts, as is evident from Figure 3. This supports the opinion that
Terzaghi's rock load concept should be limited to tunnels supported by
steel sets.

24, Merrit35 found that the RQD could be of much value in esti-
mating support requirements for rock tunnels as demonstrated in Figure 4.
He pointed out a limitation of the RQD index in areas where the joints
contain thin clay fillings or weathered material. The influence of clay
seams and fault gouge on tunnel stability was discussed by Brekke and

Howard.3b
25. Although the RQD is a quick and inexpensive index, {t has

considerable limitations by disregarding joint orfentation, tightness,
and gouge material. Consequently, while it is a practical parameter for
core quality estimation, it is not sufficient on its own to provide an

adequate description of a rock mass.

14
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Figure 3. Comparison of roof support designs for steel
rib-supported tunnels and for rock-bolted caverns

(after Cording and Deere34)
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RSR Concept

26. The RSR Concept, a ground support prediction model, was

developed in the United States in 1972 by Wickham, Tiedemann, and

346 The concept presents a quantitative method for describing

Skinner.
the quality of a rock mass and for selecting the appropriate ground

support. It was the first complete rock mass classification system

proposed since that introduced by Terzaghi in 1946.

27. The RSR Concept was a step forward in a number of respects:
firstly, it was a quantitative classification unlike Terzaghi's quali-
tative one; secondly, it was a rock mass classification incorporating

many parameters unlike the RQD index that is limited to core quality;

thirdly, it was a complete classification having an input and an output
unlike a Lauffer-type classification that relies on practical experience
to decide on a rock mass class, which will then give an output in terms
of the stand-up time and span.

28. The main contribution of the RSR Concept was that it intro-
duced a rating system for rock masses. This was the sum of weighted
values of the individual parameters considered in this classification
system. In other words, the relative importance of the various classi-
fication parameters could be assessed. This rating system was determined
on the basis of case histories as well as reviews of various books and
technical papers dealing with different aspects of ground support in
tunneling.

29. The RSR Concept considered two general categories of factors '
influencing rock mass behavior in tunneling: geologic parameters and :
construction parameters. The geologic parameters were: (a) rock type, t
(b) joint pattern (average spacing of joints), (¢) joint orientations |
(dip and strike), (d) type of discontinuities, (e) major faults, shears,
and folds, (f) rock material properties, and (g) weathering or alter-
ation. Some of these factors were treated separately; others were
considered collectively. The authors pointed out that in some instances

it would be possible to accurately define the above factors, but in "

others, only general approximations could be made. The construction
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parameters were: (a) size of tunnel, (b) direction of drive, and
(c) method of excavation,

30, All the above factors were grouped by Wickham, Tiedemann, and
Skiuuers into three basic parameters, A, B, and C (Tables 2, 3, and 4,
respectively), which in themselves were evaluations as to the relative
effect on the support requirements of various geological factors. These
three parameters were as follows:

a. Parameter A. General appraisal of rock structure is on
the basis of:

(1) Rock type origin (igneous, metamorphic, sedimentary).
(2) Rock hardness (hard, medium, soft,;decomposed).

(3) Geologic structure (massive, slighﬁly faulted/folded,
moderately faulted/folded, intensely faulted/folded).

b. Parameter B. Effect of discontinuity pattern with respect
to the direction of tunnel drive is on the basis of:

(1) Joint spacing.
(2) Joint orientation (strike and dip).
(3) Direction of tunnel drive,
c. Parameter C. Effect of groundwater inflow is based on:

(1) Overall rock mass quality due to parameters A and B
combined.

(2) Joint condition (good, fair, poor).

(3) Amount of water inflow (in gallons per minute per
foot of the tunnel).

31. The RSR value of any tunnel section is obtained by summarizing
the weighted numerical values determined for each parameter. This
reflects the quality of the rock mass with respect to its need for
support regardless of the size of the tunnel. The relation between RSR
values and tunnel size is taken into consideration in the determination
of respective rib ratios (RR), as discussed below. Since a lesser
amount of support was expected for machine-bored tunnels than when
excavated by drill and blast methods, it was suggested that RSR values

be adjusted for machine=bored tunnels in the manner given in Figure 5.
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Figure 5. RSR concept-adjustment for
machine tunneling

32. It should be noted that Tables 2, 3, and 4 are reproduced not
from the original references but from a paperb published two years
later, because the RSR ratings were changed in 1974 and the latter paper
represents the latest information available.

33. In order to correlate RSR values with actual support in-
stallations, a concept of the RR was introduced. The purpose was to
have a common basis for correlating RSR determinations with actual or
required i{nstallations. Since 90 percent of the case history tunnels
were supported with steel ribs, the RR measure was chosen as the theo-
retical support (rib size and spacing). It was developed from Terzaghi's
formula for determining roof loads in loose sand below the water table

(datum condition). Using the tables provided in Rock Tunneling with
9

Steel Supports,” the theoretical spacing required for the same size rib

as used in a given case study tunnel section was determined for the
datum condition. The RR value is obtained by dividing this theoretical
spacing by the actual spacing and multiplying the answer by 100. Thus,
RR = 46 would mean that the section required only 46 percent of the
support used for the datum condition. However, different size tunnels,
although having the same RR would require different weight or size of
ribs for equivalent support. The RR for an unsupported tunnel would be
zero and would be 100 for a tunnel requiring the same support as the

datum condition.
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34. A total ot 53 projects were evaluated, but since each tunnel
was divided into typical geological sections, a total of 190 tunnel
sections were analyzed. The RSR and RR values were determined for each
section, and actual support installations were obtained from as-built
drawings. The support was distributed as follows:

Sections with steel ribs 147 ( 89.62)

Sections with rockbolts 14 ( 8.6%)
Sections with shotcrete 3 ¢ 1.82)
Total supported 164 (100.0%)
Total unsupported _26
Total 190 sections

35. An empirical relationship was developed between RSR and RR

values, namely:
(RR + 80)(RSR + 30) = 8800 (Reference b6)
or
(RR + 70)(RSR + 8) = 6000 (Reference 5)
It was concludedb that rock structures with RSR values less than 19
would require heavy support while those with ratings of 80 and over
would be unsupported.

36. Since the RR basically defined an anticipated rock load by
considering the load-carrying capacity of different sizes of steel ribs,
the RSR values were also expressed in terms of unit rock loads for
various sized tunnels as given in Table 5.

37. The RSR prediction model was developed primarily with respect

6 1
to steel rib support, Insufficient data were available to correlate i
rock structures and rockbolt or shotcrete support. However, an appraisal
of rockbolt requirements was made by considering rock loads with respect

to the tensile strength of the bolt. The authors pointed outS that this h

was a very general approach: 1t assumed that anchorage was adequate and
that all bolts acted in tension only; it did not allow either for inter-
action between adjacent blocks or for an assumption of a compression

arch formed by the bolts. In addition, the rock loads were developed

SOOI

for steel supported tunnels. Nevertheless, the following relation was

given for l=in.=diam rockbolts with a working load of 24,000 1b:
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Spacing (ft) = 2%

where W is the rock load in 1000 psf. ;f

38. No correlation could be found between geologic prediction and | 4
shotcrete requirements, so that the following empirical relationship was
suggested: P

D
1.25 or t = 150 (65 - RSR)

.= 1 %

where

t = shotcrete thickness, in.

W = rock load

D = tunnel diameter, ft

39. Support requirement charts have been prepared that provide a
means of determining typical ground support systems based on a RSR
prediction as to the quality of rock structure through which the tunnel
is to be driven. Charts for 10-, 20-, and 24-ft-diam tunnels are shown
in Figures 6, 7, and 8, respectively. Similar charts could be used for
other tunnel sizes. The three steel rib curves reflect typical sizes
used for the particular tunnel size. The curves for rockbolts and shot-
crete are dashed to emphasize that they are based on assumptions and
were not derived from case histories. The charts are applicable to
either circular or horseshoe-shaped tunnels of comparable widths,

40, The author believes that the RSR Concept is a very useful
method for selecting steel rib support for rock tunnels. As with any

empirical approaches, one should not apply a concept beyond the range of

sufficient and reliable data used for developing the concept. For this
reason, the RSR Concept is not recommended for selection of rockbolt and
shotcrete support. However, be-ituse of its usefulness for steel rib
support determination, the author prepared an input data sheet for this
classification system (see Appendix B). It should be noted that although
the definitions of the classification parameters were not explicitly &
stated by the proposers,5 most of the input data needed will be normally
included in a standard joint survey; however, the lack of definitions

(e.g., slightly faulted or folded rock) may lead to some confusion. &




ROCK STRUCTURE RATING

41. A practical example using the RSR Concept is as follows:

Consider a 20-ft-diam tunnel to be driven in a slightly
faulted strata featuring medium hard granite. The joint
spacing is 2 ft and the joints are open. The estimated water
inflow is 250 gal/min per 1000 ft of the tunnel length. The
tunnel will be driven against a dip of 45 deg and perpen-
dicular to the jointing.

Solution: From Table 2: For igneous rock of medium
hardness (basic rock type 2) in slightly faulted rock,
parameter A = 20, From Table 3: For moderate to blocky
jointing, with strike perpendicular to the tunnel axis and
with a drive against the dip of 45 deg, parameter B = 25,
From Table 4: For A + B = 45, poor joint condition and
moderate water flow, parameter C = 12.

Thus: RSR = A + B + C = 57. From Figure 7, the
support requirements for a 20-ft-diam tunnel with RSR = 57
(estimated rock load 1.5 kips/sq ft) will be 6H20 steel
ribs at 6~ft spacing.
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The Geomechanics Classification

42, The Geomechanics Classification or the Rock Mass Rating (RMR)
System was developed by Bieniawskll3 in 1973, This engineering clas-~
sification of rock masses, especially evolved for rock enginecering
applications, utilizes the following six parameters, all of which not
only are measurable in the field but can also be obtained from borings:

a. Uniaxial compressive strength of intact rock material.
b. Rock quality designation (RQD).

ce Spacing of joints (discontinuities).

d. Orientation of joints (discontinuities).

e. Condition of joints (discontinuities).

f. Groundwater conditions.

43, The Geomechanics Classification is presented in Table 6. In
Section A of Table 6, five parameters are grouped into five ranges of
values. Since the various parameters are not equally {mportant for the
overall classification of a rock mass, importance ratings are allocated
to the different value ranges of the parameters, a higher rating indi-
cating better rock mass conditions. These ratings were determined from
49 case histories investigated by the author23 while the initial ratings
were based on the studies by Wickham, Tiedemann, and Skinner.l3

44, To apply the Geomechanics Classification, the rock mass along
the tunnel route {s divided into a number of structural regions, i.e.,
zones in which certain geological features are more or less uniform
within each region. The above six classification parameters are deter-
mined for each structural region from measurements in the field and
entered onto the standard input data sheet as shown in Appendix B,

45. Next, the importance ratings are assigned to each parameter
according to Table 6, Section A. In this respect, the typical rather
than the worst conditions are evaluated since this classification, being
based on case histories, has a built-=in safety factor. Furthermore, it
should be noted that the importance ratings given for joint spacings

apply to rock masses having three sets of joints. Thus, when only two




sets of joints are present, a conservative assessment is obtained. Once
the fmportance ratings of the classification parameters are established,
the ratings for the five parameters listed i{n Section A of Table 6 are
summed to yield the basic overall rock mass rating for the structural
region under consideration.

46, At this stage, the influence of the strike and dip of joints
is included by adjusting the basic rock mass rating according to
Section B of Table 6. This step is treated separately because the
influence of joint orientation depends upon engineering application,
e.8., tunnel, slope, or foundation. It will be noted that the "value"
of the parameter "joint orfentation" {s not given in quantitative terms
but by qualitative descriptions such as "favourable." To facilitate a
decision whether strike and dip orientations are favourable or not,
reference should be made to Table 7, which is based on studies by Wickham,
Tiedemann, and Sktnner.5 In the case of civil engineering projects, an
ad justmont for joint orfentations will suffice. For mining applica-
tions. other adjustments may be called for such as the stress at depth
or a change in stross.z3

47. After the adjustment for joint orientations, the rock mass is
classified according to Section C of Table 6, which groups the final
(ad justed) rock mass ratings (RMR) into five rock mass classes. Note
that the rock mass classes are in groups of twenty ratings each.

48. Next, Section D of Table 6 gives the practical meaning of
each rock mass class by relating it to specific engineering problems.

In the case of tunnels and chambers, the output from the Geomechanics
Classification {s the stand=up time of an unsupported rock span for a
given rock mass rating (Figure 9).

49, Longer stand=up times can be achieved by selecting rock
reinforcement measures in accorvdance with Table 8. They depend on such
factors as the depth below surface (In situ stress), tunnel size and
shape, and the method of excavation.

50. It should be noted that the support measures given in Table 8
represent the permanent and not the primary support. Hence, addit{onal

concrete lining {s not required for structural purposes.
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However, to ensure full structural stability {t {s recommended that
tunnel monftoring during counstruction should provide a check on stabi-
lization of rock movements,

51. The Geomechanics Classitication recognizes that no single
parameter or index can fully and quantitatively describe a jointed rock
mass for tunneling purposes. Various factors have different signifi-
caunce, aud ounly {t taken together can they describe satisfactorily a

rock mass. FEach of the six parameters employed in this class{fication

{s discussed below.

Strength of intact rock matevial

52. There is a peneral agreement that knowledge ot the uniaxial
compressive strength of intact rock is necessary for classifving a rock
mass. After all, it the discontinuitices are widely spaced and the rock
material is weak, the rock material properties will influence the behavior
of the vock mass. Under the same confining pressure, the strength of

the rock material constitutes the highest streugth limit of the rock

mass. The rock material strength is also {fmportant {f the use of
tunneling wachines {s contemplated. Finally, a sample of the rock
material represents sometimes a small=scale model of the rock mass since
they have both been subjected to the same geological processes. It is
believed that the enginceving classification of intact rock, proposed by
Deere and Mlllvr,‘7 is particularly realistic and convenient tor use in
the tield of rock mechanics. This classification is given in Table 9.

53, The unfaxial compressive strength of vock material is deter-
mined in accordance with the standard laboratory procedures, but for the
purpose of rock class{tication, the use of the well-=known, point=load
strength index {s recommended. The reason {s that the index can be
determined in the field on rock core retrieved from borings and the core
does not require any spectal preparatfon. Using simple portable equipment,
a plece of drill core {8 compressed between two points. The corve tafls
as a result of fracture across {ts diameter. The point=load strength

fndex {s calculated as the ratio of the applied load to the square of

’ 38
core diameter. A close corrvelatfon exists (to within ~20 percent)

27

e e r——




between the uniaxial compressive strength (o) and the point-load
strength index Is such that for standard NX core (2.16-in. diameter),
=241,
s

54. In rock engineering, the information on the rock material
strength is preferable to that on rock hardness. The reason is that
rock hardness, which is defined as the resistance to indentation or
scratching, is not a quantitive parameter and is subjective to a geolo-
gist's personal opinion. It has been employed in the past before the
advant of the point-load strength index that can now assess the rock
strength in the field. For the sake of completeness, the following
hardness classification was used in the past:

a. Very soft rock. Material crumbles under firm blow with a

i sharp end of a geological pick and can be peeled off with
a knife,

b. Soft rock. Material can be scraped and peeled with a
knife; indentations 1/16 to 1/8 in. show in the specimen
with firm blows.

c. Medium hard rock. Material cannot be scraped or peeled
with a knife; hand-held specimen can be broken with the
hammer end of a geological pick with a single firm blow.

d. Hard rock. Hand-held specimen breaks with hammer end of
pick under more than one blow.

e. Very hard rock. Specimen requires many blows with geo-
logical pick to break through intact material.

It can be seen from the above that for the lower ranges up to medium
hard rock, hardness can be assessed from visual inspection and by
scratching with a knife and striking with a hammer. However, for rock
having the uniaxial compressive strength of more than 3500 psi, hardness
classification ceases to be meaningful due to the difficulty of distin-
guishing by the "scratchability test" the various degrees of hardness.
In any case, hardness is only indirectly related to rock strength, the
relationship between the uniaxial compressive strength and the product
of hardness and density being expressed in the following formula:
log dc = 0,00014 vy R + 3.16

where

Y = dry unit weight, pcf

R = Schmidt hardness (L=hammer)
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Rock quality designation (RQD)

55. This index has already been discussed in paragraphs 21
through 25. It is used as a classification parameter, because although
it is not sufficient on its own for a full description of a rock mass,
the RQD index has been found most useful in tunneling applications as a

guide for selection of tunnel support, has been employed extensively in

the United States and in Europe, and is a simple, inexpensive, and
reproducible way to assess the quality of rock core.3“
Spacing of joints

56. The term joint means all discontinuities present in the rock

mass that may be technically joints, bedding planes, minor faults, or
other surfaces of weakness. The behavior of joints governs the behavior
of a rock mass as a whole. The presence of joints reduces the strength
of a rock mass, and their spacing governs the degree of such reduction.
For example, a rock material with a high strength, but intensely jointed,
will yield a weak rock mass. Spacing of joints 1s a separate parameter,
because the RQD index does not lend itself for assessing the spacing of
joints from a single set of cores. A classification of joint spacings
proposed by Deere3q is most widely used and has been incorporated into
the Geomechanics Classification (Table 10).

Orientation of joints

57. Studies by Wickham, Tiedemann, and Skinner5 have emphasized
the effect of joint orientations on tunnel stability. In accordance
with Table 7, a qualitative assessment of favourability is preferred to
more elaborate systems for joint orientation and inclination effects.

Condition of joints

58. This parameter includes roughness of the joint surfaces,

their continuity, their opening or separation (distance between the

surfaces), the infilling (gouge) material, and weathering of the wall
rock.

59. Roughness or the nature of the asperities in the disconti-
nuity surfaces is an important parameter characterizing the condition of

discontinuities. Asperities that occur on joint surfaces interlock, if




the surfaces are clean and closed, and inhibit shear movement along the
joint surface. Roughness asperities usually have a base length and
amplitude measured in terms of tenths of an inch and are readily apparent
on a core-sized exposure of a discontinuity. The applicable descriptive
terms are defined below (it should be stated if surface are stepped,
undulating, or planar):

a. Very rough. Near vertical steps and ridges occur on the
discontinuity surface.

b. Rough. Some ridge and side-angle steps are evident;
asperities arve clearly visible; and discontinuity surface
feels very abrasive,

c. Slightly rough. Asperities on the discontinuity surtaces
are distinguishable and can be felt,

d. Smooth. Surface appears smooth and teels so to the
touch,

e, Slickensided. Visual evidence of polishing exists.

60, Continuity of joints influences the extent to which the rock
material and the discontinuities separately affect the behavior of the
rock mass. In the case of tunnels, a discontinuity {s considered fully
continuous if its length is greater than the width of the tuunel. Con=-
sequently, for continuity assessment, the length ot the discontinuity
should be determined.

6l. Separation or the distance between the discontinuity surtfaces
controls the extent to which the opposing surfaces can interlock as well
as the amount of water that can tlow through the discontinuity. In the
absence of interlocking, the joint filling (gouge) controls entirely the
shear strength of the discontinuity. As the separation decreases, the
asperfities of the rock wall tend to become more interlocked, and both
the filling and the rock material contribute to the shear strenpth ot
joints. The shear strength along a joint is, therefore, dependent on
the degree of separation, presence or absence of filling materials,
roughness of the surface walls, and the nature of the filling material.
The description of the separation of the discontinuity surfaces {s given
in millimetres as follows:

a. Very tight: < 0.1 mm,

b Tight: 0.1-0.5 mm,

R
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¢. Moderately open: 0.5=2.5 mm.
d. Open: 2,5-10 mm.
e. Very wide: 10-25 mm.
Note that where the separation is more than 25 mm, the discontinuity g
should be described as a major discontinuity.

62. The infilling (gouge) has a two-fold influence:

a. Depending on the thickness, the filling prevents the
interlocking of the fracture asperities.

b. It possesses {ts own characteristic properties, i.e.,
shear strength, permeability, and deformational charac-
teristics.

The following aspects should be described: type, thickness, continuity,
and consistency.

63. Weathering of the wall rock, i.e., the rock constituting the
joint walls, is classified in accordance with the recommendations of the
Task Committee of the American Society of Civil Engineors:ao

a. Unweathered. No visible signs are noted of weathering;
rock fresh; crystals bright.

b. Slightly weathered rock. Discontinuities are stained or
discolored and may contain a thin filling of altered
material. Discoloration may extend into the rock from
the discontinuity surfaces to a distance of up to
20 percent of the discontinuity spacing.

c. Moderately weathered rock. Slight discoloration extends
from discontinuity planes for greater than 20 percent of
the discontinuity spacing. Discontinuities may contain
tilling of altered material. Partial opening of grain
boundaries may be observed.

d. Highly weathered rock. Discoloration extends throughout
the rock, and the rock material is partly friable. The
original texture of the rock has mainly been preserved,
but separation of the grains has occurred.

e. Completely weathered rock. The rock is totally dis-
colored and decomposed and in a friable condition. The
external appearance is that of soil. Internally, the
rock texture is partly preserved, but grains have
completely separated. L

t
!
|
|}

It should be noted that the boundary between rock and soil is defined in

terms of the uniaxial compressive strength and not in terms of weathering.

A material with the strength equal to or above 150 psi is considered as

rock. I
31




Groundwater conditions

64. 1In the case of tunnels, the rate of inflow of groundwater in
gallons per minute per 1000 ft of the tunnel should be determined,5 or a
general condition can be described as completely dry, damp, wet, dripping,
and flowing. If actual water pressure data are available, these should

be stated and expressed in terms of the ratio of the water pressure to

the major principal stress. The latter can be either measured or deter-

A

mined from the depth below surface, i.e., the vertical stress increases
with depth at 1.1 psi per foot of the depth below surface.
65. The rock mass along the tunnel route is divided into a number

of structural regions, and the above classification parameters are

I S AT S o,

determined for each structural region and entered onto the standard
input data sheet, as enclosed in Appendix B.

66. The advantage of the Geomechanics Classification is that {t
is not only applicable to rock tunnels but also to rock foundationszu

and slopes.zs'26

This is a very useful feature that can assist with the
design of slopes near the tunnel portals as well as allow estimates of
the deformability of foundations for such structures as bridges. After
all, for a highway or railroad route involving tunnels and bridges, the
output from the Geomechanics Classification for slopes and foundations
will be very useful.

67. In the case of rock foundations, the rock mass rating RMR
from the Geomechanics Classification has been related24 to the in situ
modulus of deformation in the manner shown in Figure 10.

68. In the case of rock slopes, the output is given in Section D
of Table 6 as the cohesion and friction of the rock mass. These output
values were based on the data compiled by Hoek and Bray.l.l The validity

of the output from the Geomechanics Classification to the rock slopes

was tested by Steffen25 and by John.* Steffen analyzed 35 slopes of
which 20 had failed. He used the Geomechanics Classification to obtain

the average values of cohesion and friction and then calculated the

* See footnote, page 5.
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safety factor based on slope design charts by Hoek and Bray.“l The

results given in Figure 11 show definite statistical trends.
69. In spite of its versatility, the Geomechanics Classification

is not considered sufficient to deal with all tunnel stability probloms.1

Like with other empirical methods, it should be backed by a monitoring
program during the tunnel construction. The purpose of such a program
would be to check on the rock conditions predicted by the classification
and to evaluate the behavior of the adopted support measures,

70. A practical example using the Geomechanics Classification is

as follows:

Consider a slightly weathered quartzite in which a
20=ft=span tunnel {s to be driven. The following classi-
fication parameters were determined:

Item Value Rating
1. Strength of rock material 22,000 psi 2
2. RQD 80-90% 17
3. Spacing of joints 1-3 ft 20
4. Condition of joints: 2

continuous joints

slightly rough surfaces
separation <1 mm

highly weathered rock wall
no gouge

S Groundwater Moderate inflow o
Basic rock mass value o8
6. Orientation of joints Fair =5

(o

Final RMR 0
Rock Mass Class: 11 = good rock

OQutput: From Figure 9, for RMR = 63 and unsupported
span = 20 ft, the stand=-up time will be about 1 month.
From Table 8, recommended tunnel support is rockbolts in
crown 10 ft long, spaced at 8 ft with shotcrete 2 in,
thick and wire mesh. From Figure 10, the rock mass modulus
is estimated as 3.7 x 10 psi.

71« It is important that the chart in Figure 9 {s correctly

applied for the selection of the output data. Yor this purpose, the

actual RMR's are used that are represented by the series of near par-

z

allel lines in Figure 9.

e e
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Figure 11. Frequency distribution of slope
stability as predicted by Hoek's
design charts for the geomechanics
system strength parameters
(after Steffen-?)

72. The intercept of an RMR line with the desired tunnel span
determines the stand=-up time. Alternatively, the intercept of an RMR
line with the top boundary line determines the maximum span possible in
a given rock mass; any larger span would result in the immediate roof
collapse. An intercept of the RMR line with the lower boundary line

determine the maximum span that can stand unsupported indefinitely.

Q-System

73. The Q=System of rock mass classification was developed in
Norway in 1974 by Barton, Lien, and Lunde, all of the Norwegian Geo-
technical Institute.12 Its development represented a major contribution
to the subject of rock mass classifications for a number of reasons:
the system was proposed on the basis of an analysis of some 200 tunnel
case histories from Scandinavta,42 it is a quantitative classification
system, and it is an engineering system enabling the design of tunnel

supports.
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74. The Q=-System is based on a numerical assessment of the rock

mass quality using six different parameters: (a) RQD, (b) number of ‘1
joint sets, (c) roughness of the most unfavourable joint or discon- 3
tinuity, (d) degree of alteration or filling along the weakest joint, ;
(e) water inflow, and (f) stress condition. !

75. The above six parameters are grouped into three quotients to

J o
R RE LT

give the overall rock mass quality Q as follows: {
SRF 1
|

n a
where

RQD = rock quality designation ]

J = joint set number
J. = Jjoint roughness number i
J = joint alteration number g
= joint water reduction number 2
SRF = stress reduction number
76. In Tables 11 = 13, the numerical values of each of the above
parameters are interpreted as follows. The first two parameters represent i
the overall structure of the rock mass, and their quotient is claimed to :
be a measure of the relative block size. The quotient of the third and

the fourth parameters is said to be related to the interblock shear

e —

strength (of the joints). The fifth parameter is a measure of water
pressure, while the sixth parameter is a measure of: (a) loosening load
in the case of shear zones and clay bearing rock, (b) rock stress in

competent rock, and (c) squeezing and swelling loads in plastic incompe-

‘.__\---ﬂ_.,n_‘.._..

tent rock. This sixth parameter is regarded as the '"total siress"
parameter. The quotient of the fifth and the sixth parameters is
regarded as describing the "active stress."

77. The proposers12 of the Q-System believed that the parameters, &
Jn, Jr’ and Ja' played a more important role than joint orientation, and ;
if joint orientation had been included, the classification would have
been less general. However, the orientation is implicit in the param- g

eters Jr and Jq, because they apply to the most unfavourable joints. t‘

: i
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Thus,

78.

the equivalent dimensions of the excavation.

Equivalent dimension =

The Q is related to the tunnel support requirements by defining

This equivalent dimension,

which is a function of both the size and the purpose of the excavation,
is obtained by dividing the span, diameter, or the wall height of the

excavation by a quantity called the excavation support ratio (ESR).

Excavation span, diameter, or height, metres

ESR
79. The ESR is related to the use for which the excavation is
intended and the degree of safety demanded, as follows:
No. of
Excavation category ESR cases
| A. Temporary mine openings 3-5 (2)
B. Vertical shafts:
circular section 2.5 -
rectangular/square section 2.0 -
C. Permanent mine openings, water 1.6 (83)
tunnels for hydropower (ex-
cluding high-pressure penstocks),
pilot tunnels, drifts, and head-
ings for large excavations
D. Storage rooms, water treatment 13 (25)
] plants, minor highway and rail-
: road tunnels, surge chambers,
g access tunnels
; E. Power stations, major highway 1.0 (73)
E or railroad tunnels, civil
| defense chambers, portals,
intersections
F. Underground nuclear power sta-~ 0.8 (2)

tions, railroad stations,
factories

category are listed in Tables 14 - 18.

80. The relationship between the index Q and the equivalent
dimension is illustrated in Figure 12 in which 38 support categories are

shown by box numbering. Support measures that are appropriate to each

Since it was decided that bolting

and shotcrete support deserves most attention, case histories featuring

steel rib support, concrete arch roofs, and precast linings have been

ignored.
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81. The length of bolts L is determined from the equation:

L =2+ 0,15 B/ESR
where B is the excavation width.

82. The 38 support categories listed in Tables 14 - 17 have been
specified to give estimates of permanent roof support since they were
based on roof support methods quoted in the case histories. For tem-
porary support determination, either Q is increased to 5Q or ESR is
increased to 1.5 ESR.

83. The maximum limit for permanent unsupported spans can be

obtained as follows (see also Figure 13):
Maximum span (unsupported) = 2(ESR) Q0.4

84. Figure 14 shows the relationship between the rock mass quality
Q and the stand-up time. In Figurc 15, the relationship between Q and
permanent support pressure Proof is plotted from the following equation:

= 2.0 Q—1/3
roof Jr

If the number of joint sets is less than three, the equation 1is expressed
as

1/2 J -1 Q-1/3

2
*3% v

roof
85. The proposers of the Q-System emphasized12 that while the
support recommendations for the large-scale excavations would generally
incorporate thicker shotcrete and longer bolts, the bolt spacing and

theoretical support pressure would remain roughly the same. This is

supported by Figure 16 in which roof support pressures range from 5 to
20 psi independent of the span.

86. When core is unavailable, the RQD is estimated12 from the
number of joints per unit volume, in which the number of joints per
metre for each joint set are added. The conversion for clay-=free rock
masses is

RQD = 115 - 3.3 Jv
where Jv represents the total number of joints per cubic metre (RQD =

100 percent for Jv < 4,5).

39

- rp——

e ————————————————— S




T

——

~m¢:0uumm 1933e) A31T7enb sseu joo0x

snsiaa ueds pajioddnsun - wa3sLg-0)

‘O3 LVAVOX3 3dV¥ SLINITI NOISSA LNVAII3Y 3HL

40 SS3DX3 NI SNVYJSS 4! A38IiN03Y 38 AVN L30d4dNS
*3778Y1Ld300V 38V S3NIL dN=ONVY LS ONING3ONOD

SLNIW3YINO3Y LNIONIELS SS371 HOIHM H0d "SONI

=N3d0 AHVHOSANIL OL AddV S—1 NYHL 83.1v3¥9
S3INTIVA 8S3 6L ‘vH¥d NI O31SI71 SNOILVAVOX3 40
S3dAL SNOIEVA 3HL 8304 SLINIT NOIS30 d31S399NS °9

T 'ALITTYy NO SSYW HAD0H

‘€1 2an21g

N ATININVAE3ZE 503 NvVdS NDIS3E
ANNWIXTN 3HL 40 SLYNILS3 NV S| 3801137
Q3/A5END SHL "ODIX3W M3IN ‘OYBSIZ2vT WO

SONIN3JO TTVHNLYN SNOS LN3S38d2E S N

*3EN1IvE3L1T7 3HL NI G3180d348 SNOILYAYD

03 180ddNSNN SOVIW=NYWN 3H1 LIN3S3dd3¥ S3710%

>

T "ALITIVND SSYW D0

©

ooY jslor4 001 oY oz o1 v z i 0001 oov 002 00t oy ¢ 74 o1 v [4
- 1 14
VT RS _ ¢ﬂ_ # Tl lo
| (111 ! {
| | | 13y N3 _ _ {
SRR HEEA 14
m B [ O 4 R & _ ++ = e —
H_ * { ] \ € ik , v 4 w 1 | ”
- ] o & Z { | | e} k\\ﬁm
> s | " 1 Q\J\ e P
3 1 >
W
i e i oy « M 1
\1»‘ T 1§ —C " . W
11 o —
| | < 1%\\ | | |
l M \ | o ° \Av\‘
1 | ° q s |
. R g -
| | | Aﬂ - \\ ,M |
4 0t i -z & 3
TEGE] 1] ¢ | i
! ! 111 = |
= ov - o f
3 z |
os T >
141 A d
1 )y \A' i 1
Tt =
3 00w )
| . J m;\x
i Ll 1] | |
| | - | |
H ane e ooz [T H+ - 3 ﬁ ,
( i1
LrL L1 | il i 11 ) /2 ] Je
aooo J009 Q009 goos | Qooo Qo009 e : e
"ox3 k%R AN | BECF i =00 oxa | -ixa A cooo | divs 2004
)| | ik
- pro - s,

N

m

w o«

W 'NVAES Q3 LHOdd NSNN




T —— R "
PR S IE A e 4 i _
— LS LT -

L E Y

s

ol .

R ———

£31Tenb ssew }O201 SNSI3A JUWT] dn-puels — walskg-d v1 21n813

‘€l INNO1A) NvdS NOIS3Q WNWIXYA 3HL ONOA3S8 a3sSv3dEONI
St NOILVAVYOX3 g3 Ld¥0ddNSNN NY 40 Ny dS 3HL NIHM
Ss3IONAIH 3WIL dN—ANV.LS IHL HONW MOH ONILDIG3¥d LV

LdW3 L1y ANVYNIWIN3HEd V¥ LNIS3Hd3Y SIJOTIANI 3IHL 310N

D *ALIIVND SSYW prelel-}

3 V=
I

000t OOV 004 OF ol 14

¥NOH L

41

Ava )

NA3M L

HLNOW }

3WIL dN=ANV LS

dv3A L

suyv3 A Ot

lllllllllll s¥v3 A 05

d
a009| 0009 0009 ) ¥00d ‘
4009| 9009 000} 4009 [uIv4| ¥00d | WOOd A¥IA | \13W3uiX3 ¥00d *0X3




1&!! —— : PRI Pt o P S R RISt o T SISttt LA Lt 7 St M o B T

£1tTenb ssew 001 snsiaa ainssaid 3xoddns — walsAg-() ‘¢ 2In814

4us\ [°r A up V
Mo % In *x\aoa/ =0 ALINVND SSYW »D0y
0001 001 (o]} 3 1’0 10°0 100°0
_ 4 T ﬂ 10°0 _
ﬁ. /M _A — WM ﬁ % 3
1 ———t E R +++
f.i (L "y L3 NOL¥VS8 43L14dv) 'S38NSS3dd Ld¥Cddns .
A 4004 Q3INOSIS3A H0 O3H¥NSY3IW ONIBINOS3a L
O¢ S sa¥O0O3N 3SvD OL ¥3438 SLNIOd 311074 :3LON :
0 |O» =
=55 — Vo
03 [A # , @
P /r | | w 3
205 i w
=50 , 15 ] 4
B o~
Svie ..u:u 7o
o 1]
S ~_5S %0l @
74 T
m
x
o
0
£
n

ot

v=6514

?

aooo| aoos |aoos H00d H00d 4004
‘OX3 "1X3 A¥3A[| 900D divd | d00d AH3A ATIW3HLX3 Y NO!Ld30X3




87.

88.
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Figure 16. Design support pressures for roofs
of large caverns (after Cording,
Tiedemann, and Skinner33)

The following steps are involved in applying the Q-System:
a. Classify the relevant rock mass quality.

b. Choose the optimum dimensions of excavation.

c. Estimate the appropriate permanent support.

A practical example using the Q-System is as follows:

Consider a water tunnel of 9-m (29.5 ft) span in a

phyllite rock mass. The following is known:

Thus:

Joint set 1: smooth, planar Jr = 1.0
chlorite coatings J = 4.0
a

15 joints per metre
Joint Set 2: smooth, undulating Jr =2

slightly altered walls Ja =2

5 joints per metre
Jv =15+ 5 =20 and RQD = 115 - 3.3 Jv = 50 percent
Jn =4

most unfavourable Jr/Ja = 1/4

Minor water inflows: Jw = 1.0

Uniaxial compressive strength of phyllite: L 40 MPa

Major principal stress: o, = 3 MPa )

» Virgin stresses

Minor prinicpal stress: gq = 1 MPa ‘
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Thus : 01/03 = 3 and GC/O1 = 13.3 (medium stress), SRF = 1.0

T

50
L By

e

x %-- 3.1 (poor)

Support estimate: B = 9 m, ESR = 1,6

Thus: B/ESR = 4.6

For Q = 3.1: support category = 21

Permanent support: untensioned rockbolts spaced 1 m, bolt
length 2.9 m, and shotcrete 2-3 cm thick (see Table 18, note 1)
Temporary support: none
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PART III: GUIDE TO CLASSIFICATION PROCEDURES

89. The main rock mass classification systems currently in use in
the design of rock tunnels were fully described in Part II. Apart from
Terzaghi's classification, three other rock mass classification systems
were shown to be most promising: the RSR Concept, the Geomechanics
Classification, and the Q-System. Accordingly, the step-by-step design
procedures will be summarized in this section for these three classifi-
cation systems. For Terzaghi's classification, full guidelines are

given in EM 1110-2-290131 and in Appendix A.

User's Guide for the RSR Concept

90. The RSR Concept, a ground support prediction model developed
in the United States in 1973 by Wickham, Tiedemann, and Skinner,s’6 is
particularly suitable for selection of steel support for rock tunnels.
It requires determination of the three parameters A, B, and C listed in
Tables 2, 3, and 4.

Step 1. Divide the proposed tunnel route into geological
regions, such that each region would be geologically
similar and would require one type of support; i.e.,
it will not be economicai to change tunnel support
until rock mass conditions change distinctly, that
is, a new structural region can be distinguished.

Step 2. Complete classification input data worksheet, as
given in Appendix B, for each structural region.

Step 3. From Tables 2 to 4, determine the individual classi-
fication parameters A, B, and C and their sum, which
gives the RSR = A + B + C,

Step 4. Adjust the RSR value in accordance with Figure 5 if
the tunnel is to be excavated by a tunnel boring
machine.

Step 5. Select a support requirement chart appropriate for
the tunnel size, e.g., the chart for 10-, 20-, and
24=ft-diam tunnels in Figures 6, 7, and 8, respec=-

tively. These charts are applicable to both circular

and horseshoe-shaped tunnels. From the selected
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chart, determine the rib type and spacing corre-
sponding to the RSR value. Ignore curves for rockbolt
and shotcrete support since they are not based on
sufficient case history data.

Step 6. Estimate the rock load from Table 5 and the theo-
retical RR from the formula:

(RR + 80)(RSR + 30) = 8800

The values obtained are for comparison purposes
between the structural regions.

User's Guide for the Geomechanics Classification

91. The Geomechanics Classification, which was developed in 1973
by B(eniawski,13 enables determination of the RMR, the tunnel maximum
unsupported span, the stand=-up time, the support requirements, the
in situ rock mass modulus, and the cohesion and friction of the rock
masses.

Step 1. Divide the proposed tunnel route into structural

regions, such that each region would be geologically
similar and would require one type of support.

Step 2. Complete classification input data worksheet, as
given in Appendix B, for each structural region (see
paragraph 44).

Step 3. From Table 6, determine the ratings of the six
individual classification parameters and the overall
RMR value, following the procedure outlined in
paragraphs 42 through 46 and 52 through 05.

Step 4. From Figure 9, determine the maximum unsupported
rock span possible for a given RMR. If this span is
smaller than the span of the proposed tunnel, the
heading and bench or multidrift construction should
be adopted (see paragraphs 71 and 72).

Step 5. From Figure 9, determine the stand-up time for the
proposed tunnel span. If the tuunnel falls below the
lower limit line, no support will be required. If
the stand-up time is not sufficient for the life of
the tunnel, the appropriate support measures must be
selected.

Step 6. From Table 8, select the appropriate tunnel support
measures and note that these represent the permanent

support.
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Step 7.

Step 8.

Step 9.

If foundation design is contemplated for nearby
structures, select from Figure 10 the in situ modulus
of deformation of the rock mass (see paragraphs 66
and 67).

If the rock slopes near the tunnel portals are to be
designed, select from Section D of Table 6 the

cohesion and friction data (see paragraph 68).

Consider a monitoring program during the tunnel
construction for sections requiring special atten-
tion (see paragraph 69).

User's Guide for the Q-System

92. The rock mass quality Q-System, which was developed in Norway

in 1974 by Barton, Lien, and Lunde,12 enables the design of rock support

in tunnels and large underground chambers.

Step 1.

Steg .

Steg .

Steg .
Step 5.

Step 6.

Step 7.

Step 8.

Step 9.

Divide the proposed tunnel route into structural
regions, such that each region would be geologically

similar and would require one type of support category.

Complete classification input data worksheet, as
given in Appendix B, for each structural region.

Determine the ratings of the six classification
parameters from Tables 11, 12, and 13 and calculate
the Q value (see paragraph 75).

Select the excavation category from paragraph 79 and
allocate the ESR.

From Figure 12, determine the support category for
the Q value and the tunnel span/ESR ratio.

From Tables 14 through 18, select the support
measures appropriate to the support category.
Calculate the length of rockbolts from paragraph 81.

The selected support measures are for the permanent
support. Should it be required ta determine the
primary support measures, consult paragraph 82.

For comparison purposes, determine the support
pressure from paragraph 85.

For record purposes, from Figures 13 and 14, estimate
the possible maximum unsupported span and the stand-
up time.
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Comparison of Procedures

93. For convenience of application, practical examples for using
each of the three classification systems are given in paragraphs 41, 70,
and 88. A detailed discussion of a selected case history, giving
comparisons between Terzaghi's approach and the three classifications,
follows in Part IV. It is appropriate, however, to consider here if any
relationships or comparisons exist between the three classification
systems.

94. A correlation has been attempted between the Geomechanics RMR
and the Q—value.23 A total of 111 case histories were analyzed involving
68 Scandinavian cases, 28 South African cases, and 21 other documented
case histories from the United States, Canada, Australia, and Europe.
The results are plotted in Figure 17 from which it will be seen that the
following relationship is applicable:

RMR = 9 1n Q + 44

Rutledge18 recently determined in New Zealand the following correlations

between the three classification systems:
RMR = 13.5 log Q + 43  (standard deviation = 9.4)
RSR = 0.77 RMR + 12.4 (standard deviation = 8.9)
RSR = 13.3 log Q + 46.5 (standard deviation = 7.0)

95. A comparison of the stand-up time and the maximum unsupported
span, as shown in Figures 9, 13, and 14, reveals that the Geomechanics
Classification is more conservative than the Q-System, which is a
reflection of the different tunneling practice in Scandinavia based on
the generally excellent rock and the long experience in tunneling.

96. A comparison of the support recommendations by six different
classification systems is given in Table 1. Other comparisons are made
in References 17, 18, 23, 27, 28, and 29.

97. Although the above comparisons are interesting and useful, it
is believed that one should not necessarily rely on any one classi-

fication system but should conduct a sensitivity analysis and cross-check
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the findings of one classification with another.

better "“feel" for the rock mass.
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PART IV: CASE HISTORY OF THE PARK RIVER TUNNEL

98. 1In order to demonstrate the potential of the tunnel design
by rock mass classifications a case history was selected. This involved
the Park River Tunnel in Hartford, Connecticut, a water tunnel currently
under construction by the U, S. Army Corps of Engineers. This project
was selected, because t'« details of the geological exploration ‘and the
current design practice were well documented,(‘4 and even in situ stress
measurements were conducted.45 In addition, borehole logs were avail-
able for examination.

Description of the Tunnel

99, The function of the Park River (auxiliary conduit) Tunnel
will be to conduct approximately one quarter of the maximum flow in the
Park River to the Connecticut River. The completed tunnel will have a
22~-ft inside diameter and extend some 9100 ft between the intake and
outlet shafts. It will be excavated through shale and basalt rock at a
maximum depth of 200 ft below the surface. The tunnel invert at the
outlet shaft is 52 ft below the intake invert with the tunnel sloping at
a rate of approximately 7 in. per 100 ft, A minimum rock thickness of
approximately 50 ft will remain above the crown excavation at the outlet.

100. The 22-ft-diam tunnel will be machine bored and lined
throughout with precast reinforced concrete segments 9 in. thick., For
drill and blast construction, the initial design specified the minimum
thickness of a cast-in-place reinforced concrete liner «: 14 in.

(Plate 9A-21 of Reference 44) with additional 8 in. being allowed to the
excavation pay line. Thus, the minimum expected concrete thickness
would be 22 in. giving the nominal excavation size of 25.7 ft. This
nominal excavation size would increase to 27.7 ft where heavy structural
support was expected with the concrete liner stipulated as 22 in. thick.

101. Temporary rock support was prescribed for the entire length
of the tunnel in the case of the construction by drilling and blasting.
Typical support patterns (for 88 percent of the tunnel) would be

50
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1=1/8=in.~diam rock anchors (rockbolts fully resin bonded but not ten-
sioned), 11 ft long, spaced 4-1/2 ft with shotcrete 1 in. thick without
wire mesh. In poor ground condition, the bolt spacing {s between 2 and
4 ft with shotcrete 2 {n. thick. In two fault zones, expected to be
approximately 300 ft long, structural W8 steel ring beams at 3 ft will
be used.

102. The anticipated cost of the tummel is $17.0 million for
machine boring or $§1880 per foot, based on bid prices. If conventional
drill and blast construction were used, the cost would have been

$27.8 million (dncluding the shafts).

Tunnel Geology

103.  In Figure 18, a longitudinal geological section of tunnel is
shown. The rocks along the alignment are primarily easterly dipping
Triassic sandy red shales/siltstones interrupted by a zone of basalt
flows and some limited rock types near the basalt. Bedding {s distinct
and often regular to the extent that many marker beds correlated between
boreholes. Descriptions of the varifous rvock types are given in Table Cl,
Appendix C.

104, Three main geological zones were distinguished along the
tunnel r‘ult«‘:{(

a. Shale and basalt zones, constituting 88 percent of the
tunnel.,

b. Fractured rock zone (very blocky and seamy), between
sta 23 + 10 and 31 + 10 (800 ft).

c. Two fault zounes, one near sta 57 + 50 and the other
between sta 89 + 50 and 95 + 50,

105. Bedding and jointing are generally north to south which is
perpendfcular to the tunnel axis (tunnel will run west to east). The
bedding is generally dipping between 10 and 20 deg while the joints are
steeply dipping between 70 and 90 deg. Joints in the shale have rough

surfaces, and many are very thin and healed with calcite,
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