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PREFACE

This report contains the results of an investigation by Professor Z. T.
Bieniawski of The Pennsylvania State University, University Park, PA. Funds
for this study were provided by the US Army Engineer Waterways Experiment
Station (WES) under Purchase Orders DACW39-78-M-3314 and DACW39-84-M-1462.

This study was performed in FY 78 under the direction of Dr. D. C.
Banks, Chief, Engineering Geology and Rock Mechanics Division (EGRMD),
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 Applications Group (RMAG), EGRMD.

Mr. G. A. Nicholson, RMAG, assisted with the geological data collection and
interpretation for the case history study of the Park River Tunnel.

This report was updated in FY 84 with the main text revised, where
appropriate, and an appendix added relating to the recent developments in the
use of rock mass classifications for tunnel design (covering the period 1979 -
1984). This report, reprinted in FY 90, adds a Bibliography covering the
appropriate literature through 1986.

The Commander and Director of WES during the preparation of this report

was COL Larry B. Fulton, EN. Technical Director was Dr. Robert W. Whalin.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI (metric)
units as follows:

Multiply By To Obtain
feet 0.3048 metres
gallons per minute 3.785412 cubic decimetres per minute
inches 2.54 centimetres
kips (force) per square 47.88026 kilopascals
foot

miles (US statute) 1.609347 kilometres
pounds (force) 4.448222 newtons
pounds (force) per square 47.88026 pascals

foot
pounds (force) per square 6.894757 kilopascals

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

foot
square feet 0.09290304 square metres

4




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. 1In 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 mainly useful for assessing the influence of the various
parameters or processes 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 Tunneling
method is the best example, is based on observations and monitoring 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 construction to meet the changes in
ground conditions. This approach is nevertheless based on a sound premise
that a flexible tunnel lining, utilizing the inherent ability of the rock to
support itself, is preferable 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 cv2r many years of trial and
error, but are not easily adaptable to the established U.S. contracting
procedures.

3. The empirical approach relates the experience encountered at
previous projects to the conditions anticipated at a proposed site. If an
empirical design is backed by a systematic approach to ground classification,
it can effectively utilize the valuable practical experience gained at many
projects, which is so helpful to exercising one’s engineering judgment. This
is particularly important since, to quote a recent paper:’ "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 classification which was introduced over 40 years ago.?

5. In fact, rock mass classifications have been successfully applied
throughout the world: in the United States,?® Canada,’™® Western
Europe,g"12 South Africa,!®'® Australia,!’ New Zealand,!® Japan,19 USSR, ?® and in

21-22

some East European countries. Some classification systems were applied

23-24 25

not only to tunneling but also to rock foundations, and

16

rock slopes,
even mining problems.
6. The purpose of this report is to evaluate tunnel design practices
with respect to rock mass classification systems and particularly 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 classification of 1946.




7.

Tunneling Conference

PART II: CLASSIFICATION SYSTEMS IN ROCK ENGINEERING

A statement made in 1972 during the First Rapid Excavation and

5 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 _.ose involved in tunnel construction. Barring
an unforeseen breakthrough in geophysical techniques for
making tunnel sites investigations, the prediction of
support requirements for future tunnels will require the
same approach."

Rock mass classification can, if fulfilling certain conditions, effectively

combine the findings from observation, experience, and engineering judgment

for providing a quantitative assessment of rock mass conditions.
8.

application:

9.

I

lo*

i

[<7

A rock mass classification has the following purposes in a tunneling

Divide a particular rock mass into groups of similar behavior.

Provide a basis for understanding the characteristics of each
group.

Facilitate the planning and the design of excavations in rock by
yielding quantitative data required for the solution of real
engineering problems.

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

These aims can be fulfilled by ensuring that a classification system

has the following attributes:

I

log

10

[o9

o

Simple, easily remembered, and understandable.
Each term clear and the terminology used widely acceptable.
Only the most significant properties of rock masses included.

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

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.
£. General enough so that the same rock mass will possess the same

basic classification regardless whether it is being used for a
tunnel, a slope, or a foundation.
10. To date, many rock mass classification systems have been proposed,
the better known of these being the classification by Terzaghi (1946) ,2
Lauffer (1958),° Deere (1964),% Wickham, Tiedemann, and Skinner (1972),3
Bieniawski (1973),!% and Barton, Lien, and Lunde (1974).” These
classification systems will be discussed in detail while other classification:
can be found in the references.
11. The six classificat .ons named above were selected for detailed
discussion because of their speci.l features and contributions to the subject

2 the first

matter. Thus, the classical rock load classification of Terzaghi,
practical classification system introduced, has been dominant in the United
States for over 35 years and has proved very successful in tunneling with
steel supports. Lauffer's classification® based on work of Stini?® 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 classification’® introduced 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,>'® was the first system
assigning classification ratings for weighing the relative importance of
classification parameters. The Geomechanics Classification proposed by
Bieniawski!® and the Q-System proposed by Barton, Lien, ard Lunde!? 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-Syst«m
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 rippability assessment, as well

as to mining problems.??




12. Some comparisons have been made between the various classification

17,18,23,27,28.29 nne detailed comparison was made by the author?® during

systems.
the construction of a railroad tunnel,3® which was 18 ft* wide and 2.4 miles
long. This tunnel was characterized by highly variah'. rock conditions --
from very poor to very good. Iu addition, a one-yecar tunnel-monitoring
program featuring 16 me..suring stations enabled correlation between the
classification ratings of rock conditions with the amount »f 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
resu.ts of this comparison are given in Table 1.

13. It is widely believed that the uesign of underground excavations
is, to a large extent, the design of underground support systems.?® 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 connection, however, it 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., rockboltis, shotcrete, or steel ribs)
is invariably installed close to the tunnel face shortly after the excavation
is completed. 1Its purpose is to ensure tunnel stability until the concrete
lining is installed.

1l4. 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, modcrn
supports do not deteriorate easily 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 1is understood, generally a combination of rockbolts und shotcrete, and
concrete linings are considered unnecessary if tunnel monitoring shows
stabilization of roc': movements. This is the case for highway and railroad
tunnels, while water tunnels may feature concrete linings, not for struvctural
stability reasons but to reduce surface friction and to prevent water leakage

into the rock.

* A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page 4.




15. Consequently, the use of the concept of the primary and the
permanent supports may well lead to overdesign cf 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 psychologically to bolster
public confidence in the safety ¢“ the tunnel. The only justification for
placing concrete lining may be that since the current knowledge of rock tunnel
engineering is still incomplete, a radical departure from the customary
methods of design may not be advisable. However, the possibility of tunnel
overdesign should not be overlooked, and methods of minimizing this

possibility, without jeopardizing tunnel safety, should be constantly sought.

Terzaghi’s Rock Load Classification

16. Since the purpose of this report is to evaluate other than the
Terzaghi classification system and since his classification is fully treated
both in Proctor and White's book? and in EM 1110-2-2901,! it will not be
repeated here. However, for the sake of completeness and because of its
historical importance, main features of Terzaghi’s rock load classification
are given in Appendix A.

17. Terzaghi'’'s contribution lies in formulating, over 40 years ago, the
first rational method of evaluating rock loads appropriate to the design of
steel sets. This was an important development, because support by steel sets
has been the most commouly used system for containing rock tunnel deformations
during the past 50 years. It must be emphasized, however, that while this
classification is appropriate for the purpose for which it was evolved, i.e.,
for estimating rock loads for steel-arch supported tunnels, it is not so
suitable for modern tunneling methods using shotcrete and rockbolts. After
detailed studies, Cecil3? concluded that Terzaghi’s classification was too
general to permit an objective evaluation of rock quality and that it provided

no quantitative information on the properties of rock masses.

10




Lauffer's Classification

18. The 1958 classification by Lauffer® has its foundation in the
earlier work on tunnel geology by Stini,?® who is considered as the father of
the "Austrian School" of tunneling and rock mechanics. Stini emphasized the
importance of structural defects in rock masses. Lauffer proposed that the
stand-up time for any active unsupported rock span is related to the various
rock mass classes as shown in the diagram in Figure 1. An active unsupported
span is the width of the tunnel or the distance from the face to the support
if this is less than the tunnel width. The stand-up time is the period of
time that a tunnel will stand unsupported after excavation. It should be
noted that a number of factors may affect the stand-up time, as illustrated
diagrammatically in Figure 2. Lauffer's original classification is no longer
used since it has been modified a number of times by other Austrian engineers,
notably von Rabcewicz, Gosler, and Pacher.!?

19. The main significance of Lauffer’s classification is that Figure 1
shows how an increase in 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 impossible to support in
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 rcck conditions.

20. A disadvantage of a Lauffer-type classification is that these two
parameters, the stand-up time and the span, are difficult to establish and
rather much is demanded of practical experience. Nevertheless, this concept
introduced 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 recent rock mass classification systems.?’

11




ACTIVE SPAN S, M

v N
° TN

AN

Tt MIN 1O0MIN 1HR 1 DAY 1 WK t MO 1 YR 10 YR 100 YR

STAND-UP TIME

Figure 1. Lauffer’s relationship between active span and
stand-up time for different classes of rock mass:
A - very good rock, G - very poor rock
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Figure 2. Factors influencing rock mass suitability during tunneling
(schematically after Lauffer?®)
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Deere’'s Rock Quality Designation

21. Deere’ 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 RQD

index and the engineering quality of the rock was proposed by Deere:3

RQD, Percent Rock Quality
< 25 Very Poor
25-50 Poor
50-75 Fair
75-90 Good
90-100 Excellent

33

23. Cording, Hendron, and Deere”” attempted to relate the RQD index to
Terzaghi's rock load factor. They found a reasonable correlation 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 leoad concept
should be limited to tunnels supported by steel sets.>*

24. Merritt® found that the RQD could be of much value in estimating
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 .3

25. Although the RQD is a quick and inexpensive index, it has
limitations by disregarding joint orientation, 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.

13
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various sources (after Merritt3®d)




RSR Concept

26. The Rock Structure Rating (RSR) Concept, a ground-support-
prediction model, was developed in the United States in 1972 by Wickham,

3 The concept presents a quantitative method for

Tiedemann, and Skinner.
describing the quality of a rock mass and for selecting the appropriate ground
support. It was the first complete rock mass classification system proposed
since thig 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 qualitative
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 introduced 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 classification 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, (b)
joint pattern (average spacing of joints), (c) joint orientations (dip and
strike), (d) type of discontinuities, (e) major faults, shears, and folds, (f)
rock material properties, and (g) weathering or alteration. 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 parameters were: (a) size of

tunnel, (b) direction of drive, and (c¢) method of excavation.

16




30. All the above factors were grouped by Wickham, Tiedemann, and

5

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

33. 1In order to correlate RSR values with actual support installations,
a concept of the RR was introduced. The purpose was to have a common basis
for correlating RSR determinations with actual or required installations.
Since 90 percent of the case history tunnels were supported with steel ribs,
the RR measure was chosen as the theoretical 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 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 of 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 ( 89.6%)
Sections with rockbolts 14 ( 8.6%)
Sections with shotcrete -3 ( 1.6%)
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 6)
or

(RR + 70)(RSR + 8) = 6000 (Reference 5)

It was concluded® 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 to
stee® rib support.® Insufficient data were available to correlate 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 out® that this was a very
general approach: it assumed that anchorage was adequate and that all bolts
acted in tension only; it did not allow either for interaction between

adjacent blocks or for an assumption of a compression arch formed by the
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bolts. In addition, the rock loads were developed for steel supported
tunnels. Nevertheless, the following relation was given for 1-in.-diam

rockbolts with a working load of 24,000 1b:
Spacing (ft) = 24/W
where W is the rock load in 1,000 psf.

38. No correlation could be found between geologic prediction and

shotcrete requirements, so that the following empirical relationship was

suggested:
t=1+_" or t =_D (65 - RSR)
1.25 150
where
t = shotcrete thickness, in.

W = rock load

o
I

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 shotcrete 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, because of its usefulness for steel rib support determination, the

author prepared an input data sheet for this classification system (see
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Appendix B). It should be noted that although the definitions of the

5

classification parameters were not explicitly stated by the proposers,” 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.

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
perpendicular 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 Classifiration (RMR System)

42. The Geomechanics Classification or the Rock Mass Rating (RMR)
System was developed by Bieniawski!® in 1973. This engineering classification
of rock masses, especially evolved for rock engineering 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 designacion (RQD).

¢. Spacing of discontinuities.

d. Orientation of discontinuities.

e. Condition of discontinuities.

f. Groundwater conditions.

43. The Geomechanics Classification is presented in Table 6. 1In
Section A of Table 6, five parameters are grouped into five range. of
values. Since the various parameters are not equally important for the
overall classification of a rock mass, importance ratings are allocated to the
different value ranges of the parameters, a higher rating indicacing better
rock mass conditions. These ratings were determined from 49 case histories
investigated by the author® while the in’tial ratings were based on the
stud®=s by Wickham, Tiedemann, and Skinner.’

44. To apply the Geomechanics Classification, the rock mass along the
tunnel route is 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 determined 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 evaluat«d 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 discontinuity spacings apply to rock masses
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having three sets of discontinuities. Thus, when only two sets of disconti-
nuities are present, a conservative assessment is obtained. Once the
importance ratings of the classification parameters are established, the
ratings for the five parameters listed in 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 disconti-
nuities 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 discontinuity orientation depends upon engineering application e.g.,
tunnel, slope, or foundation. It will be noted that the "value" of the
parameter "discontinuity orientation" is not given in quantitative terms but
by qualitative descriptions such as "favorable." To facilitate a decision
whether strike and dip orientations are favorable or not, reference should be
made to Table 7, which is based on studies by Wickham, Tiedemann, and

Skinner.?

In the case of civil engineering projects, an adjustment for

discontinuity orientations will suffice. For mining applications, other
adjustments may be called for such as the stress at depth or a change in
stress.%

47. After the adjustment for discontinuity orientations, the rock mass
is classified according to Section C of Table 6, which groups the final
(adjusted) 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 is 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 reinforce-
ment measures in accordance 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. Support load can be determined as follows:
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P = 100-RMR
100

where

P is the support load, vy is the density of the rock, B is the tunnel
width and¢ RMR is the rock mass rating.

50. It should be noted that the support measures given in Table 8
represent the permanent and not the primary support. Hence, additional
concrete lining is not required for structural purposes. However, to ensure
full structural stability it is recommended that tunnel monitoring during
construction should provide a check on stabilization of rock movements.

51. The Geomechanics Classification recognizes that no single parameter
or index can fully and quantitatively describe a jointed rock mass for
tunneling purposes. Various factors have different significance, and only if
taken together can they describe satisfactorily a rock mass. Each of the six
parameters employed in this classification is discussed below.

Strength of intact rock material

52. There is a general agreement that knowledge of the uniaxial
compressive strength of intact rock is necessary for classifying a rock mass.
After all, if the discontinuities are widely spaced and the rock material is
weak, the rock material properties will influence the behavior of the rock
mass. Under the same confining pressure, the strength of the rock material
constitutes the highest strength limit of the rock mass. The rock material
strength is also important if the use of tunneling machines is 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 engineering classification of

intact rock, proposed by Deere and Miller,?®’

is particularly realistic and
convenient for use in the field of rock mechanics. This classification is
given in Table 9.

53. The uniaxial compressive strength of rock material is determined in
accordance with the standard laboratory procedures, but for the purpose of
rock classification, the use of the well-known, point-load strength index is
recommended. The reason is that the index can be determined in the field on

rock core retrieved from borings and the core does not require any special
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preparation. Using simple portable equipment, a piece of drill core is
compressed between two points. The core fails as a result of fracture across
its diameter. The point-load strength index is calculated as the ratio of the
applied load to the square of the core diameter. A close correlation exists
(to within ~20 percent)>® between the uniaxial compressive strength (o.,) and
the point-load strength index I, such that for standard NX core (2.16-in.
diameter), o, = 24 I,.

54. 1In 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
quantitative parameter and is subjective to a geologist’s personal opinion.
It has been employed in the past before the advent of the point-load strength
index which car now assess the rock strength in the field. For the sake of
completerniess, the following hardness classification was used in the past:

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

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 3,500 psi, hardness classification ceases to
be meaningful due to the difficulty of distinguishing 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
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compressive strength and the product of hardness and density being expressed

in the following formula:3°
log o, = 0.00014 yR + 3.16
where

dry unit weight, pcf

<
I

R = Schmidt hardness (L-hammer)

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 suffi-
cient 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
34

core.

Spacing of discontinuities

56. The term discontinuity means all geological discontinuities present
in the rock mass that may be technically joints, bedding planes, minor faults,
or other surfaces of weakness. The behavior of discontinuities governs the
behavior of a rock mass as a whole. The presence of discontinuities 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 discontinuities is a
separate parameter, because the RQD index does not lend itself for assessing
the spacing of discontinuities from a single set of cores. A classification
of discontinuity spacings proposed by the International Society of Rock
Mechanics (ISRM) has been incorporated into the Geomechanics Classification
(Table 10).

Orientation of discontinuities

57. Studies by Wickham, Tiedemann, and Skinner® have emphasized the
effect of discontinuity orientations on tunnel stability. In accordance with
Table 7, a qualitative assessment of favorability is preferred to more

elaborate systems for joint orientation and inclination effects.
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Condition of uiscontinuities

58. This parameter includes roughness of the discontinuity surfaces,
their continuity, their opening or separation (distance between the surfaces),
the infilling (gouge) material, and weathering of the wall rock.

5%. Roughness or the nature of the asperities in the discontinuity
surfaces is an important parameter characterizing the condition of disconti-
nuities. Asperities that occur on joint surfaces interlock, if the surfaces
are clean and closed, and inhibit shear movement along the discontinuity
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 surfaces are stepped, undulating, or

planar):

I

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

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

abrasive.

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

d. Smooth. Surface appears smooth and feels so to the touch.

e. Slickensided. Visual evidence of polishing exists.

60. Continuity of discontinuities 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 is considered fully
continuous if its length is greater than the width of the tunnel.
Consequently, for continuity assessment, the length of the discontinuity
should be determined.

61. Separation or the distance between the discontinuity surfaces
controls the extent to which the opposing surfaces can interlock as well as
the amount of water that can flow 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 asperities of
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the rock wall tend to become more interlocked, and both the filling and the
rock material contribute to the shear strength of joints. The shear strength
along a discontinuity 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 is given in millimeter as follows:

a. Very tight: <0.1 mm.

b. Tight: 0.1-0.5 mm.

c. 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 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.

o

It possesses its own characteristic properties, i.e., shear
strength, permeability, and deformational characteristics.
The following aspects should be described: type, thickness, continuity, and
consistency.

63. Weathering of the wall rock, i.e., the rock constituting the
discontinuity surfaces, is classified as recommended by the Task Committee of

the American Society of Civil Engineers:*’

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.

¢. Moderately weathered rock. Slight discoloration extends from

discontinuity spacing. Discontinuities may contain filling of
altered material. Partial opening of grain boundaries may be
observed.
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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 discolored and

decomposed and in a friable condition. The external appearance
is that of soil. 1Internally, the rock texture is partly
preserved, but grains have completely separated.
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.

Groundwater conditions

64. 1In the case of tunnels, the rate of inflow of groundwater in
gallons per minute per 1,000 ft of the tunnel should be determined,’ 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 princi-
pal stress. The latter can be either measured or determined from the depth
below surface, i.e., the vertical stress increases with depth at 1.1 psi per
foot of the depth below surface.

Applications

65. The rock mass along the tunnel route is divided into a number of
structural regions, and the above classification parameters are 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 it is not

only applicable to rock tunnels but also to rock foundations?* 2

and slopes.
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. For example, 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. 1In the case of rock foundations, the rock mass rating RMR from the
Geomechanics Classification has been related?* to the in situ modulus of

deformation in the manner shown in Figure 10.
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68. 1In 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.‘! The validity of the
output from the Geomechanics Classification to the rock slopes was tested by
Steffen?® who analyzed 35 slopes of which 20 had failed. He used the Geo-
mechanics Classification to obtain the average values of cohesion and friction
and then calculated the safety factor based on slope design charts by Hoek and
Bray.‘! The results given in Figure 11 show definite statistical trends.

©9. In spite of its versatility, the Geomechanics Classification is not
considered sufficient to deal with all tunnel stability problems.'® 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 is to be driven. The following classi-
fication parameters were determined:

Item Value Rating
1. Strength of rock material 22,000 psi 12
2. RQD 80-90% 17
3. Spacing of discontinuities 1-3 ft 20
4. Condition of discontinuities 12
continuous joints
slightly rough surfaces
separation <1 mm
highly weathered wall rock
no gouge
5. Ground water Moderate inflow 7
Basic rock mass value 68
6. Orientation of joints Fair -5
Final RMR 63

Rock Mass Class: 1II - good rock

Output: 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.
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71. It is important that the chart in Figure 9 is correctly applied for
the selection of the output data. For this purpose, the actual RMR’s are used
that are represented by the series of near parallel lines in Figure 9.

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 determines 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 Geotechnical
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Institute.?!?

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 by some 200 tunnel case histories from

“ it is a quantitative classification system, and it is an

Scandinavia,
engineering system enabling the design of tunnel supports.

74. The Q-System is based on a numerical assessment of the rock mass
quality using six different parameters: (a) RQD, (b) number of joint sets,
(c) roughness of the most unfavorable joint or discontinuity, (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 give
the overall rock mass quality Q as follows:

J J

Q=RQD x r x _w
J J SRF

n a

where

RQD = rock quality designation

J, = joint set number
J, = joint roughness number
J. = joint alteration number

J, = joint water reduction number

SRF = stress reduction number

76. In Tables 11-13, the numerical values of each of the above para-
meters are interpreted as follows. The first two parameters represent the
overall structure of the rock mass, and their quotient is said 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 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 incompetent rock. This sixth parameter is regarded
as the "total stress" parameter. The quotient of the fifth and the sixth

parameters is regarded as describing the "active stress."
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77. The proposers!? of the Q-System believed that the paramcters, J,.

J,, and J,, played a more important role than joint orientation, and if joint

r
orientation had been included, the classification would have been less
general. However, the orientation is implicit in the parameters J, and J,,
because they apply to the most unfavorable joints.

78. The Q is related to the tunnel support requirements by defining the
equivalent dimensions of the excavation. 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 quan-
tity called the excavation support ratio (ESR}.

Thus,

Equivalent dimension = Excavatjion span, diameter, or height, meter
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

cases

[e2]
1]

Excavation category

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 1.3 25
plants, minor highway and rail-
road tunnels, surge chambers,
access tunnels

E. Power stations, major highway 1.0 73
or railroad tunnels, civil
defense chambers, portals,
intersections

F. Underground nuclear power sta- 6.8 2

tions, railroad stations,
factories.
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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 cate rory are listed
in Tables 14-18. Since it was decided that bolting and shotcrete support
deserves most attention, case histories featuring steel rib support, concrete
arch roofs, and piecast linings have been ignored.

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

L=2+ 215 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 temporary 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) QO'4

84. Figure 14 shows the relationship between the rock mass quality Q

and the stand-up time. In Figure 15, the relationship between Q and permanent

support pressure P is plotted from the following equation:

roof

_ 2.0

roof J

3

T

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

P 2 9,1/2 § -1g°1/3
3

85. The proposers of the Q-System emphasized!? that while the support

roof

recommendations for the large-scale excavations would generally incorporate
thicker shotcrete and longer bolts, the bolt spacing and the theoretical

suppor*, 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 estimated'? from the number of

joints per unit volume, in which the number of joints per meter for each joint
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Figure 16. Design support pressures for roofs
of large caverns (after Cording,
Hendron, and Deere?®?)

set are added. The conversion for clay-free rock masses is

RQD = 115 - 3.3 J,

where J, represents the total number of joints per cubic meter (RQD = 100

percent for J, <4.5).

mass.

87.

88.

The

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

following is known:
Joint set 1: smooth, planar J.=1.0

chlorite coatings J, = 4.0

a
15 joints per metre

Joint set 2: smooth, undulating J, = 2
slightly altered walls J, = 2

5 joints per metre

a2




Thus: J, =15+ 5 = 20 and RQD = 115 - 3.3 J, = 50 percent

J, = &4

n

Most unfavorable J /J, = 1/4
Minor water inflows: J, ~ 1.0
Uniaxial compressive strength of phyllite: o, = 40 MPa

Major principal stress: o, = 3 MPa
Virgin stresses
Minor principal stress: o3 = 1 MPa

Thus: o0; / 03 = 3 and ¢, / 0, = 13.3 (medium stress), SRF = 1.0

Q = 28 X l X L = 3.1 (poor)

4 4 1

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 classification systems. For Terzaghi’s
classification, full guidelines are given in EM 1110-2-2901*! and in

Appendix A.

User's Guide for the RSR Concept

90. The RSR Concept, a ground support prediction model developed in the

5,6

United States in 1973 by Wickham, Tiedemann, and Skinner, 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
wouvld require one type of support, i.e., it will not be
economical 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 classifi-
cation 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 3. 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, respectively. These charts
are applicable to both circular and horseshoe-shaped
tunnels. From the selected chart, determine the rib type
and spacing corresponding to the RSR value. Ignore curves
for rockbolt and shotcrete support since they are not
based on sufficient case history data.
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Step 6. Estimate the rock load from Table 5 and the theoretical
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
Bieniawski,!® 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 outline in paragraphs 42 through
46 and 52 through 65.

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 tunnel 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.

Step 7. 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).

45




Step 8.

Step 9.

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 attention (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,!? enables the design of rock support in

tunnels and large underground chambers.

Step 1.

Step 2.

Step 3.

Step 4.

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 to determine the primary
support measures, consult paragraph 82.

For comparison purposes, determine the rupport 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.?®

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

Rutledge!® 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 Classifi-
cation 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, “t is
believed that one should not necessarily rely on any one classification system
but should conduct a sensitivity analysis and cross-check the findings of one
classification with another. This could enable a better "feel" for the rock

mass.

47




UOTI3EOTIISSETD SOTUBYOSWODD) UMD UOTIB[DIA0)

wa3sAS-D pue

(1 @an314g

O ALITvND SSYW XDoH

000L  OO¥ 0ol or ol v l 100°0
r ] [+]
< []
m
2
ol
3
o S L
2 oz
b .
o 2 €
2 0
o
L
o [ ]
ov
oXeo
o\\
"
]
.4 [ ° os
- . . o%
< uTo
hd * s 2o e 09
[+] [+
hd ooﬂa e b
Q m q
w ] b © ot
S \ ° o S310N1S 3SYD HIHLO X
x $310N1S 3SVD "WO39 © 08
< \ $310N4S 3S¥vD 19N O
m .
2 an3
b /] 237 o
o
°
o
O la \4 hd 001
0009| 0ooo 10009 Go0n |wiy ¥ood )
ox3 | ‘ixs |Ag3n Hivd | HOOd ¥0Od Au3A | | _S00C (3 | Ho0d ox3

HNY ONILYY NOILVYOIFISSYID SOINYHIIANO3D

48




PART IV: CASE HISTORY OF THE PARK RIVER TUNNEL

98. In 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, Comnecticut, a water tunnel constructed by the US
Army Corps of Engineers. This project was selected because the details of the
geological exploration and the current design practice were well documented, *3
and even in situ stress measurements were conducted.** In addition, borehole
logs were available for examination. The author visited the tunnel during
construction and acquainted himself with rock mass conditions before holing-

through took place.

Description of the Tunnel

99. The function of the Park River (auxiliary conduit) Tunnel®® is to
conduct approximately one-quarter of the maximum flow in the Park River to the
Connecticut River. The completed tunnel has a 22-ft inside diameter and
extends some 9,100 ft between the intake and outlet shafts. It was excavated
through shale and basalt rock at the 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 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 was machine bored and lined throughout with
precast reinforced concrete segments 9 in. thick. For the drill and blast
alternative, the initial design specified the minimum thickness of a cast-in-
place reinforced concrete liner as 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
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support patterns (for 88 percent of the tunnel) specified 1-1/8-in.-diam rock
anchors (rockbolts fully resin bonded but not tensioned), 11 ft long, spaced
4-1/2 ft with shotcrete 1 in. thick without wire mesh. 1In poor ground
condition, the bolt spacing would be between 2 and 4 ft with shotcrete 2 in.
thick. 1In two fault zones, expected to be approximately 300 ft long,
structural W8 steel ring beams at 3 ft were considered.

102. The anticipated bid prices (1978 dollars) for the tunnel were
$23.25 million for machine boring with precast liners (or §$1,880 per foot) and

up to $33.37 million for conventional drill and blast construction.

Tunnel Geology

103, 1In 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 is distinct and often regular to
the extent that many marker beds correlated between boreholes. Descriptions
of the various rock types are given in Table Cl, Appendix C.

104. Three main geological zones were distinguished along the tunnel

route: 4345
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 zones, 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 perpen-
dicular 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.

106. Groundwater levels measured prior to studies indicated that the
pliezometric level in the bedrock was normally 142 to 175 ft above the invert

of the tunnel.
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Geological Investigations

107. Explorations consisted of core borings, various tests within the
boreholes, and a seismic survey. Tests in boreholes included borehole
photography, pressure testing, piezometer installation, observation wells, and
pump tests.

108. Rock cores from 29 borings were used to determine tunnel geology
(18 were NX diam (2.16 in.) and 11 were 4-in. diam). Ten boreholes did not
reach tunnel level. All cores were photographed in the field immediately upon
removal from the core barrel, and the core was logged, classified, and tested.
A typical drill log is given in Figure Cl, Appendix C.

109. Borehole photography was employed in 15 boreholes to determine
joint orientations and the rock structure.

110. Core samples were selected from 21 localities within the tunnel,
near the crown, and within one-half diameter above the crown to determine the
density, uniaxial compressive strength, triaxial strength, modulus of elasti-
city, Poisson’s ratio, water content, swelling and slaking, sonic velocity,
and joint strength. The results are tabulated in Table C2, Appendix C.

111. 1In situ stress measurements were conducted in vertical boreholes®®
involving 15 tests, but only three yielded successful results. Eight tests
could not be completed because of gage slipping, and two more because of
equipment malfunction. The measured horizontal stress was found to be 452+
133 psi. For the depth of 120 ft, the vertical stress is calculated as

132 psi. This gives the horizontal to vertical stress ratio as 3.4.

Input Data for Rock Mass Classification

112. 1Input data to enable rock mass classification by the RSR Concept,
the Geomechanics Classification, and the Q-System are listed in Figures G2
through C7, Appendix C. The data are presented for each structural region
anticipated along the tunnel route. Station limits for each region are shown
in Figure 18.

113. It should be noted that all the data entered on the classification

input sheets have been derived from the borings, including information on
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discontinuity corientation and spacing. This was possible because borehole
photography was employed for borehole logging in addition to the usual core
logging procedures. However, considerable effort was required in extracting
the data from the geological report for the classification purposes since
engineering geological information was not systematically summarized in the

form of classification input work sheets.*®

Assessment of Rock Mass Conditions by Classifications

114. Rock mass classifications in accordance with the Terzaghi Method,
the RSR Concept, the Geomechanics Classification, and the Q-System are
performed in Tables 19, 20, 21, and 22, respectively, and are summarized in
Table 23.

115. Three different tunnel sections were designed and offered as bid

options 43,

1. Drill and blast with a reinforced variably thick cast-in-place
liner designed to meet three ranges of rock loading.

2. Machine excavation with a reinforced cast-in-place lining.

3. Machine excavation with a reinrorcad precast lining.

Tunnel Design Features

116. Based on the geological information, the design of the tunnel

recognizes the following features, with reference to the geological profile in

Figure 18:

a. Nominal support (8,000 ft): good rock, best average
conditions, RQD > 80 percent, water inflow 1 gpm per foot of
tunnel.

b. Heavy support (800 ft): sta 23 + 10 to 31 + 10. The tunnel

intersects an area of thin rock cover and thick overburden,
and rock conditions at tunnel grade are described as very
blocky and seamy. The rock is not tight, dipping 7 to 14 deg,
and water inflows of 4 gpm per foot of tunnel are anticipated.
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Steel support in fault zones (300 ft): sta 93 + 50 to 95 + 50
and 56 + 00 to 57 + 00. Broken rock is assumed due to
faulting, dipping between 20 and 60 deg, and a low RQD of

30 percent. Pressure tests showed water inflows of 15-20 gpm
per foot of tunnel.

[e]

117. The above rock conditions are summarized in Table 19. The
designers believed (Reference 43, p. 21) that the actual conditions would
exceed the best average conditions in most of the tunnel. For machine
excavation, the rock load factors were expected to be reduced by as much as
50 percent in the major portion of the tunnel.

118. Geologic conditions at tunnel grade were considered suitable for
machine boring accompanied by precast tunnel lining. Because of the immediate
installation of the lining, the tunnel would drain less water under the city
than a drill and blast tunnel would. A drill and blast tunnel would stand up
to one year before a permanent lining was installed. Machine excavation would
also cause less vibrations.

119. The envisaged tunnel designs for each of the three ground
conditions are shown in Figure 19. The details of the recommended primary
(temporary) support and the final lining for drill and blast construction are
presented in Figure 19a. The basic design was based on the Terzaghi Method.
For machine tunneling, liner details are given in Figure 19b.

120. As the tunnel will be completely full with water when in
operation, the design of the tunnel liner assumed a pressure of 15 psi for
contact grouting, which would ensure that the liner remains in compression
under net internal load conditions. Grouting was required for the full ring.
For purposes of analyzing stresses in the concrete liners, a coefficient of
subgrade reaction of 1,000 kci (580 pcf) for the rock was assumed.

121. Tunnel instrumentation was planned to provide for design verifi-
cation, future design applications, and monitoring of construction effects.
Ten test sections at locations based on differing geologic or design
conditions were installed throughout the length of the tunnel. These test
sections consisted of 10 extensometers (MPBX's) installed from the surface,
pore pressure transducers, rockbolt load cells, convergence points, and
surface and embedded strain gages installed within the tunnel. The test

sections have been arranged to provide the greatest amount of data based on
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the planned construction schedule of a TBM with precast lining. Since the
precast segments were designed for the worst ground conditions but were used
throughout the tunnel, they were in effect overdesigned for the major portion
of the tunnel. 1If the instrumentation program indicated that higher strength
units were needed for a particular section of the tunnel, the design could
have been modified by increasing the steel reinforcement, and keeping the same
external shape. The purpose of the instrumentation program was to validate

design assumptions, and to refine the procedures for future designs.
Construction

122. The tunnel was advanced upgrade from the outlet shaft. Upon
completion of the outlet shaft, approximately the first 235 ft of the tunnel
was advanced using drill-and-blast excavation to form a U-shaped chamber about
25 ft by 25 ft in cross section. After completion of the drill-and-blast
section, a tunnel boring machine (TBM) was assembled in the excavated chamber
and the tunnel advance using the TBM began. The machine was a Dobbins fully-
shielded rotary hard-rock TBM which cut a 24-ft diam bore. The lining
consisted of four-segment precast concrete liner rings which were erected in

the tail shield of the TBM. The segments were 9 in. thick.

Comparison of Support Recommendations

123. The support recommendations based on four classification systems

are compared in Table 23. The following main conclusions may be drawn:

a. The Terzaghi Method recommended the most extensive
support measures, which seem clearly excessive
by comparison with the recommendations by the
other three classification systems. The
reason for this is three-fold: (1) the
current permanent lining design does not
account fully for the action of the temporary
support, which in itself may be sufficient for
the structural stability of the tunnel; (2)
the original recommendations by Deere et al.*
were based on the 1969 technology, which is
now much outdated; and (3) not enough use is
made of the ability of the rock to support
itself and the recent progress in the field of
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rock mechanics, i.e., the use of monitoring to
assess rock mass stability. Since the
Terzaghi Method uses such qualitative rock
mass descriptions as "blocky and seamy," this
does not utilize fully all the quantitative
information that is often available from a
site exploration program.

The RSR Concept was not sensitive enough for the rock
conditions encountered; its application is limited to
temporary steel support design.

Both the Geomechanics Classification and the Q-System gave
fairly similar recommendations, and any differences in
support prediction by these two methods enabled the
designer to exercise a better engineering judgment.
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PART V: RESEARCH REQUIREMENTS

124. The present study has revealed a number of aspects in the present

tunnel design practice which could benefit from further research. It is

believed that improved tunnel design procedures, for the construction of safe

and more economical rock tunnels, would result in the following areas:

a.

I

Te)

.

o

i+

If a better and more systematic engineering geological de-
scription of the rock mass conditions is provided, e.g.,
in accordance with the input data sheets listed in
Appendix B.

If there is a better communication and understanding among all
the persons concerned with a tunneling project.

If the current tunnel design practice, which is based on the
revised Terzaghi Method®*, is supplemented by the more
modern rock mass classification systems, such as the
Geomechanics Classification, the Q-System, and the RSR
Concept. These classification systems make full use of

the quantitative data from site investigations. No one
classification system should necessarily be singled out to
the exclusion of the others; instead, a cross-check of the
results should be aimed for.

If the action of the temporary support (otherwise known as the
primary support) is fully incorporated into the design of

the permanent lining, the thickness and the reinforcement

of the latter could be greatly reduced without endangering

the safety of the tunnel.

If during the tunnel construction a more comprehensive tunnel-
monitoring program could be incorporated, similar to the
procedures generally envisaged for the so-called New

Austrian Tunneling Method (NATM), not only the adopted

design could be verified but a safer and more economical
tunnel construction would be ensured.

If the reinforced concrete linings for drill-and-blast
construction are replaced by shotcrete and mesh linings in the
case of rock tunnels, other than possibly water conduits.
However, even water tunnels are sometimes left unsupported.“®
If more research is conducted into the stand-up time of
unsupported as well as variously supported rock spans,

more confidence could be placed in the predictions from

the rock mass classification systems.
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If more carefully documented tunnel case histories are
compiled featuring comparisons between support designs
based on different methods, better understanding of design
concepts will be achieved.

125. Some of the above requirements deserve further elaboration. Thus,
item a. above means that sometimes even when a well-planned geological
investigation has been conducted, the data presentation is not well compiled
so that much additional time is needed by the rock engineer to extract the
parameters needed for design. The use of the worksheets given in Appendix B
would greatly simplify the input data collection.

126. For a better communication on a tunneling project, a training
program is called for to ensure that the geologists understand the engineers’
requirements and that the engineers make it clear as to what is needed and why
for design purposes.

127. The NATM technique has a number of possible interpretations and
constitutes a study on its own. It should be reviewed in detail and compared
with the current tunnel design procedures.

128. The concept of the temporary and permanent support appears quite
outdated in view of the current rock engineering technology and its use leads
to the overdesign of tunnels. The concept could be reexamined without
endangering tunnel safety, because any reduction in tunnel support can be
backed by a suitable rock monitoring program.*’

129. The relationship between the stand-up time and the rock span
requires verification from actual case histories in the United States, and a

research program directed to this aspect would make a great atribution in

the field of rock tunneling.
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PART VI: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

130, For the design of rock tunnels, the latest rock mass
classification system, such as the RSR Concept, the Geomechanics
Classification, and the Q-System, offer a realistic and economical alternative
to the tunnel-design procedures based on the Terzaghi (steel support) Method.

121. There is a need for more research in a number of areas of rock
tunnel design, and some recommendations are given below.

132. Case histories are not easy to compile due to the lack of
sufficient information, both concerning the geology and the design, and yet

they constitute a most valuable source of practical knowledge.

Recommendations

132. Based on this study, the following recommendations are made:

a. The current tunnel design practices should be supplemented by
the approaches advocated by such rock mass classification
systems as the Geomechanics Classification, the Q-System,
and the RSR Concept. Tunnel support recommendations by
all these systems should be systematically compared on all
tunneling projects.

b. Engineering geological description of rock masses for
tunneling purposes should be compiled in accordance with
the data worksheets given in Appendix B. This would
greatly facilitate a more effective documentation of
tunnel case histories.

¢. A training program for engineering geologists and tunnel
engineers should be initiated to ensure a bettcr
communication on tunneling projects.

d. The principles and potential of the NATM, as the prime example

of an observational tunnel design approach, should be
investigated as a systematic study and compared with the
other design approaches,
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Research should be initiated into three areas:

(1) The interaction of the temporary and permanent support
measures.

(2) The relationship betseen the stand-up time and
unsupported, as well as supported, rock spans.

(3, Systematic documentation of tunnel case histories for

comparison of rock conditions, support design, and
construction experience.
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Table 2

Rock Structure Rating - Parameter A

Rock Structure Rating
Parameter "A"
General Area Geology

Max, Value 30
Basic Rock Type Geological Structure
Hard Med. Soft Decomp.

Igneous 1 2 3 L Slightly Moderately Intensely
Metamorphic 1 5 3 L Massive Faulted Faulted Faulted
or or or
Sedimentary 2 3 L Yy Folded Folded Folded
Type 1 30 22 15 9
Type 2 27 20 13 8
Type 3 24 18 12 T
Type L 19 15 10 6




Table 3

Rock Structure Rating - Parameter B

SPACING IN INCHES

NG

* I3 Rock Structure Rating
48 Parumeter "B"
a0 Joint Pattern
32 4 5 Direction of Drive
241 Max. Value LS
'6 A Strike | to Axis Strike || to Axis
8 3 Direction of Drive Direction of Drive
o W ';{‘ ——-— Both With Dip Against Dip ' Both
0 8 16 24 32 &0 48 % Pip of Prominent Joints* Dip of Prominent Joints*
THICKNESS IN INCHES Flat Dipping Vertical Dipping Vertical Flat Dipping Vertical
Very closely Jointed 9 11 13 10 12 9 9 T
Closely Jointed 13 16 19 15 17 1L 1k 11
Moderately jointed 23 2k 28 19 22 23 23 19
Moderate to blocky 30 32 36 25 28 30 28 2L
Biocky to massive 36 38 Lo 33 35 36 3h 28
Massive Lo L3 45 37 4o Lo 38 3L

.

Ty Tiat - te, 20 deg; dipping - 29 to 50 deg; and vertical - 50 to 90 def.




Table L

Rock Structure Rating - Parameter C

Rock Structure Rating
Parameter "C"
Ground Water

Joint Condition

Max. Value 25

Anticipated
Water
Inflow

(gpm/1000')

None

Slight
(<200 gpm)

Moderate
(200-1000 gpm)

Heavy
(>1000 gpm)

Sum of Parameters A + B

13 - 4k Ls - 75
Joint Condition¥*

Good Fair Poor Good Fair Poor
22 18 12 25 22 18
19 15 9 23 19 14
15 11 T 21 16 12
10 6 6 18 14 10

* Joint condition:
or altered; Poor

Good = tight or cemented; Fair = slightly weathered

= severely weathered, altered, or open.
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Table 6

GEOMECHANICS CLASSIFICATION OF JOINTED ROCK MASSES

A, CLASSIFICATION PARAMETERS AND THEIR RATINGS

PARAMETER RANGES OF VALUES
‘ For this low range
Paint-io.
Strengtn "ni-load » 10 MPa 410 MPa 2-4MPa 1-2 MPa - uniaxial compres-
ot strength index Sive test 1§ preferrea
' ' ntact rosck | Uniaxual 5.25 '-s .
compressive »250 MPa R . . : )y
{ materal j strength 100 - 250 MPa 50 - 100 MPa 25 - S0 MPa MPs | MPa MPa
Rating 15 12 7 4 ? 1 0
Onill core quality RQD 90% - 100% 75% - 90% 50% - 75% 25% - 50% - 25%
2
Rating 20 17 13 8 3
Spacing of giscontinuiies -2m 06-2m 200 - 800 mm 60 -200 mm 60 mm
]
Rating 20 15 10 8 5
Shekensiged surfaces
Very rough surfaces. X .
i Cona Not continuous Sligntly rough surlaces. | Slightly raugh surfaces. RGouqo < 5 mm thick Son qougoo>RSmm ek
1on of discontnuines NO seperation Separation < t mm Separation < 1 mm |
. Unweathersd wall rock | SIaNtly weathered wairs| Highty weathered walls |  Separation 1-5 mm 509"(:"'0" > 5 mm
Continuous ontinous
Rating 0 25 20 10 0
i Inflow per 10 m None <10 10-28 25-125 > 125
tunnel length Iitres/min litres/min Iitres/min
Ground —arwee—] OF OR OR OR R
water RANO moirsane 0 0.0-0.1 0.1-0.2 0.20.5 >05
5 wes Jor OR OR OR OR —
l General conditions Compietely ary Damp Wet Oripping Flowing
Rating 15 10 7 4 [+]
8. RATING ADJUSTMENT FOR JOINTY ORIENTATIONS
Strike and 0ip Very T Very
orientations of j0ints favourable Favourabte Faw Unfavourabie untavourable
Tunneis 0 -2 -5 -10 -12
Ratings Foundations 4 -2 -7 -15 -28
Stopes /] -5 28 -50 60
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Aatng 100=- 81 80e=81 60 e—41 40— 21 <20
Class No ¢ 1" lit D% v
Descnption vVery good rock Good rock F asr rock Poor rock Very poor rock
D MEANING OF "OCK MASS CLASSES
C'ass No ) I | 1l v v
Average suang-up nme '0vearstor15mspan |« Amonthstor@mspan + 1 weenforSmspan 10bourstor 2 Smapan ' J0minutestor ' mspan
Cohesion of the rock mass 400 kP " 300 - 400 kPs 200 - 300 kPs 100 - 200 kPa 100 xPg
friction angie of 1he rock masa - 45t L 35° - 48 25°¢ - 3s° E 150 - 28 15
P —
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Table 9

Classification of Intact Rock St:rength37

Uniaxial Compressive

_Strength
Description 1bf/in“ MPa Examples of Rock Types
Very low strength 150-3500 1-25 Chalk, rocksalt.
Low strength 3500-7500 25-50 Coal, siltstone, schist.
Medium strength 7500-15000 50-100 Sandstone, slate, shale.
High strength 15000-30000 100-200 Marble, granite, gneiss.
Very high strength >30000 >200 Quartzite, dolerite,
gabbro, basalt.
Table 10

s . . .. .3
Classification for Discontinuity Spacing

Spacing of Rock Mass
Description Discontinuities Grading
Very wide >2 m >6 ft Solid
Wide 0.6 to 2 m 2 ft to 6 ft Massive
Moderately close 200 to 600 mm 8 in. to 2 ft Blocky/seamy
Close 60 to 200 mm 2 in. to 8 in. Fractured
Very close <60 mm <2 in. Crushed and

shattered




Table 11

12

Q-System: Description and Ratings - RQD, Jn’ and Jr

Very POOr..eeevsssscssvans
e T
Fair..ociiiieienanneennnsn
Goodeviniinrennannns
Excellent......cov0ennnn.

Massive, no or few joints
One Joint set............
One joint set plus random
Two Joint setS...........

Two joint sets plus
random. ccoeeseccosscsasas

Three joint sets.........

Three joint sets plus
YandOmMe e o e v vssanessoanans

Four or more joint sets,
random, heavily Jointed,
"sugar cube", etc........

Crushed rock, earthlike..

(2) Rock wall contact and
(b) Rock wall contact
before 10 cms shear

Discontinuous joints.....

Rough or irregular,
undulating...eoeeeeeenees

Smooth, undulating.......
Slickensided, undulating

Rough or irregular,
pPlanar.......coueveinnaens

Smooth, pleanar...........
Slickensided, planar.....

(c) No rock wall contact
when sheared

Zone containing clay
minerals thick enough to
prevent rock wall contact

Sandy, gravelly or
crushed zone thick enough
to prevent rock wall
contact........ fe et

Rock Quality Desizration (RQD)

0-25
25-50
50-75
75-90
90-100

Joint Set Number (Jn)

Note:

(i) where RQD is reported or
measured as < 10 (including
0) a nominal value of 10 is
used to evaluate Q in
Eq. (1).

RQD intervals of 5, i.e.
100, 95, 90 etc. are
sufficiently accurate.

(ii)

0.5-1.0 Note:
2 (i) For intersections use
3 (3.0 xJ )
L {(1i) For portals use
(2.0 x J_)
n
12
15
20
Joint Roughness Number (J )
Note:
(i) Add 1.0 if the mean spacing
of the relevant joint set
L is greater than 3 m.
Note:
1.5 (1) J. = 0.5 can be used fer
planar slickensided jJoints
1.5 having lineation, provided
' the lineations are
1.0 favorably orientated.
0.5 (i1i) Descriptions B to G refer

1.0 (nominal)

1.0 (nominal)

to small scale features
and intermediate scale
features, in that order.




Table 12

Q-System: Description and Ratings - J312

v O

Joint Alteration Number

(3,) ¢, (approx.)
(a) Rock wall contact

Tightly healed, hard, nonsoftening,
impermeable filling i.e. quartz or
ePIA0t@. c ettt itre et eeaatanaans 0.75 (~)

Unaltered joint walls, surface
staining only....... eeeeees R 1.0 (25°~35°)

Slightly altered Joint walls. Non-

softening mineral coatings, sandy

particles, clay-free disintegrated

rock etc...... Ceeeetstnerereranaaas 2.0 (25°-30°)

Silty-, or sandy-clay coatings,
small clay-fraction (non-softening) 3.0 (20°-25°)

Softening or low friction clay

mineral coatings, i.e. kaclinite,

mica. Also chlorite, talc, gypsum

and graphite etc., and small

quantities of swelling clays.

(Discontinugus coatings, 1-2 mm or

less in thickness)......... reneees L.o (8°-16°)

(b) Rock wall contact before 10 cms
shear

Sandy particles, clay-free
disintegrated rock etc........ou.n. k.o (25°-30°)

Strongly over-consolidated, non-
scftening clay mineral fillings
(Continuous, <5 mm in thicknes).... 6.0 (16°-2L4°)

Medium or low over-consolidation,
softening, clay mineral fillings.
(continuous, <5 mm in thickness)... 8.0 (12°-16°)

Swelling clay fillings, i.e.

montmorillonite (Continuous,

<5 mm in thicknes). Value of J

depends on percent of swelling

clay-size particles, and access

to water etc............ etecenenes 8.0-12.0 (6°-12°)

(¢) No rock wall contact when
sheared

Zcnes or bands of disintegrated or

crushed rock and clay {see G., H., 6.c, 8.0

J. for description of clay or

condition)....c..cuunns eetenaeaene 8.0-12.0 (6°-24°)

Zones or bands of silty- or sandy
clay, small clay fraction
(nonsoftening).....cevun.. [N 5.0

Thick, continuous zones or bands of 10.0, 13.0 (6°-24°)
clay (see G., H., J. for or
description of clay condition)..... 13.0-20.0

Note:

(i) Vvalues of (¢), are Intended as an approximate
guide to the mineralogical properties of the
alteration products, if present.




Q-System: De

Table 13
scription and Ratings - SRF and Jv12

Stress Reduction Factor

(SRF)

(a) Weakness zomes intersecting excavation, Note:
vhich may cause loosening of rock mass vhen (1)
tunnel is excavated.

Multiple occurrences of veakness zones contain-

ing clay or chemically disintegrated rock, very

loose surrounding rock (any depth)............. 10.0

Single wveakness zones containing clay, or

chemically dislntesruted rock (depth of excava-

tion <50 m)eveieennnn [ Ceiereeneres iaaes 5.0

Single, weakness zones containing cley, or

chemically disintegrated rock (depth of excava-

£ion 250 M)eiveninerannennnns Ceeereeeieeeeaaan 2.5

Multiple shear zones in competent rock (clay

free), loose surrounding rock (any depth)...... 7.5

Single shear zones in competent rock (clay

free) (depth of excavation <50 m)......c.ocacenn 5.0

Single shear zomes in competent rock (clay

free) {depth of excavation >50 @m)......cecvuen.. 2.5

Loose open joints, heavily Jointed or "sugar

cube” etc. {(any depth).....vveicenanoneenen . 5.0

(b) Competent rock, rock stress problems.

uc/u, at/o1

Lov stress, near surface.. >200 >13 2.5 (11)

Medium stress............. 200-10 13-0.66 1.0

High stress, very tight

structure {Usually favor-

able to stability, may

be unfavorable to wvall

stability)...eeevneneeaie,  10-5 0.66-0.33 0.5-2.0

Mild rock burst (massive

FOCK)euunorenrorensnnesvas 5-2.5 0.33-0.16 5-10

Heavy rock burst (massive

2173 JR N ereereeanan <2.5 <0.16 10-20

(c¢) Squeezing rock; plastic flov of incompetent
rock under the influence of high rock
pressures.

Mild squeezing rock Pressure........ceceeeesssee 5«10

Heavy squeezing rock Pressure..........eeeveses 10-20 (141)

(d) Swelling rock; chemical swelling activity
depending on presence of water

Mild swelling rock pressure......... .. 5-10

Heavy swelling rock pressure......... Caesenans . 10-15

Joint Water Reduction Factor
Approx. water
pressure
) (kg/cm®)

Dry excavations or minor inflow, i.e. S 1l/min. KRote:

locally...... Cieacarenrans esrertieronnananeens 1.0 <1 (1)

Medium inflovw or pressure occasional outwash

of Joint fillings....... e bareereeraaanas e 0.66 1.0-2.5

Lerge inflov or high pressure in competent rock

with unfilled joints.. e rareereaeteaenas 0.5 2.5-10.0 (11)

Large inflov or high pressure, ccnsiderable

outwash of Joint fillings.......c.cvevieneannnnn 0.33 2,5-10.0

Exceptionally high inflow or water pressure at

blasting, decaying with time.......... eenaaens 0.2-0.1 >1¢.0

Exceptionally high {nflov or water pressure

continuing without noticeable decay............ 0.1-0.05 >10.0

Reduce these values
of SRF by 25-50% if
the relevant shear
zones only influence
but do not intersect
the excavation.

For strongly aniso-
tropic stress field
(if measured): when
5 <0,/0, £10, re-
duce o, and 04 to
0.8 o, and 0.8 ay;
vhen o,/0, > 10, re-
duce oc and o¢ to
0.6 oc and 0.6 oy
vhere: o, = uncon-
fined compression
strength, oy =
tensile strength
(point load), o, and
¢y = major and minor
principal stresses.

Few case records
available where depth
of crown belov surface
is less than span
vidth. Suggest SRF
increase from 2.5 to §
for such cases (see H).

Factors C to F are
crude estimates, In-
crease J, if drainage
measures are installed.

Special problems caused
by ice formation are
not considered.




Table 1L

§-System: Support Measures for Rock Masses of "Exceptional,” "Extremely Cood,”
“Very Good," and "Good" Quality (Q Pange: 1000-10)%?

12¢

b

15

16¢
See
note XII

-S .
1000-LoC
1000-400
1000-400
1C00-L00

L00-100
400-100
406-100
L00-100

100-%0

100-43

10040

100-40

40-10

Lp-10

L0-1C

Lo-10

P
g:;d;tionul Ftsto;s SPAN/ xg/cx? SPAN/
n r'n ESR (m} {approx.} ESR (m)

- - <0.01 20-40
- -- <0.02 20-60
- - <0.01 L6-80
- - <0.01 65-100
- - .05 12-30
- - 0.05 19-L5
- - 0.05 30-65
— . - 0.05 L8-88
e0 - - 0.25 8.5-19
<20 -— —
230 -- 0.25 -3
<3C - -—
230 - - 0.25 23-48
<30 - —-—
230 -— -— 0.25 Lo-72
<30 - -—
210 21.5 - 0.5 5-14
210 <1.5 -
<10 2.5 -
<10 <l.5 -
210 - 215 0.5 9-23
€10 - 215
-~ - <15
»10 - — 0.5 1540
0 - -
>15 - - 0.5 30-65
s -- -

Type of
Support
sb (utg)
sb (utg)
sb (utg)
sb (utg)

sb (utg)
sb (utg)
sb (utg)
sb {utg)

sb (utg)
B {utg) 2.5-3 m

B {utg) 2-3 =
B (utg) 1.5-2 m
+clm

B (tg) 2-3 m
B {tg) 1.5-2 =
+clm

B (tg) 2-3 m
B (tg) 1.5-2 m
+clm

b (utg!

B (utg) 1:5-2 »
B {utg) 1.5-2 m
B {utg) 1.9-2 m
45 2-3 cm

B itg) 1.5-2 m
+clm
B (tg) 1.5-2 m
+5 (mr) 5+10 cm
B {utg) 1.5-2 m»
+clm

B (tg) 1.5-2 m
+clm

B (tg) 1.5-2 m
+5 (mr) 5~10 cm
B {tg) 1.5-2 m
+clm

B {(tg) 1.5-2 m
+S (ar) 10-15 ¢cm

Note
{Tabie 18)
1
1
M
bs
I, I1
1, 11
1, I1I
1, 11, Iv
1, 1I, IV
1, v, VI
I, Vv, V1

to be uset in cetegories 1 tc £ will depend on the blssting technique.

Authcrs' estimstes of support.

Insufficient case records available for reliable estimetior of support requirements.

The type of support
Smooth vall blasting and thorough barring-down may remove the need

for suppori.  Rough-vall blasting may result in the need for single applications of thctcrete, especinlly vhere the excavatiorn height 1s

> m. Future case records should differentiste categories 1 to €.

Xey tc Support Tables 1L-17

sb = spot bolting, B = systematic bolt-

ing, ‘utg. = untensioned, grouted, (tg, = tensicned, (expanding shell type for competent rock masses, grouted post-tensioned in very poor

reinforces Bclt specings are given (n metres (m

rock passes, see note XIi, S = shotcrete, (mr) » mesh reinforced, clm = chain link meah;, CCA = cast concrete arch, {sr) steel
Shotcrete, or cest concrete arch thickness is given in centimetres {cm)




Table 15

Q-System: Support Measures for Rock Masses of "Fair" and "Poor" Quality

(§ Range: 10-1)%?
Conditional Factors P 2
Support _WQF/J__—_JT SPAN/ Kg/cm SPAN/ Type of Note
Category S o r'‘a ESR {approx.) ESR (m) Support (Table 18)
17 10-k >30 - - 1.0 3.5-9 sb (utg) I
210, 230 -- - B (utg) 1-1.5 m 1
<10 - 2% B (utg) 1-1.5m 1
+S 2-3 cm
<10 - <6 m S 2-3 cm 1
18 10-k >5 - 210 m 1.0 7-15 B (tg) 1-1.5m I, 111
+clm
>5 - <10 m B (utg) 1~1.5m 1
rclm
<5 - 210 m B (tg} 1-1.5m I, 111
+S 2-3 em
5 - <10 m B (utg) 1~1.5m 1
+5 2-3 cm
19 10-L - - 220 m 1.0 12-29 B (tg) 1-2 m I, 11, IV
+S (mr).10-15 cm
- - <20 m B (tg) 1-1.5m I, II
+S (mr) 5-10 cm
20" 10-k - - 235 m 1.0 2k-52 B (tg) 1-2 m I, v, VI
See +S (mr) 20-25 cm
note XII - - <35 m B (tg) 1-2 m I, I1, IV
+S (mr) 10-20 cm
21 25 212.5 <0.75 -- 1.5 2.1-6.5 B (utg) 1 m 1
+5 2-3 cm
<12.5 <0.75 - S 2.5-5 em 1
-— >0.75 - B (utg) 1 m 1
22 Lol >10, <30 >1.0 -- 1.5 L.5-11.5 B (utg) 1 m + clm 1
<10 >1.0 - S 2.5-7.5 cm I
<30 <.0 - B (utg) 1 o 1
+S (mr) 2.5-5 cm
»30 - -— B (utg) 1 m I
23 Lol - — 215 m 1.5 8-2u B {tg) 1-1.5m I, II, 1V,
+S (mr) 10-15 cm VII
- - <15 m B (utg) 1-1.5m 1
+3 (mr} 5-10 n
2ue L-1 -—- - 230 m 1.5 18-46 B (tg) 1-1.5m I, Vv, VI
See +8 (mr) 15-30 cm
note XII - - <30 m B (tg) 1-1.5m I, 11, Iv
+S (mr) 10-15 cm
. be IR S A lrwLfficiere cmse ra~-rde availatie for reliat.e eztimatiln o7 SupjpcTTt rejulrements.




Table 16

Q-System: Support Measures for Rock Masses of "Very Poor" Quality (Q Range: 1.0—0.1)12
Conditional P
Support Factors SPAN/ kg/em2 SPAN/ Type of Note
Category ] RQD/J: Ir/Ja ESR (m) (approx.) ESR (m) Support (Table 18)
25 1.0-C.4 >10 >0.5 - 2.25 1.5-k.2 B (utg) 1 m + mr or ¢clm 1
<10 >0.5 - B(utg) 1m+ S (mr) Sem 1
- 0.5 - B(tg) lm+S (mr)5cem I
26 2.0-0.k - — - 2.25 3.2-7.5 B (tg) 1 m VIII, X, XI
+5 {mr) 5-7.5 cm
— _— - B (utg) 1 m+ S 2.5-5 cm I, IX
27 1.0-0.4 -- - 22 m 2.25 6-18 B(tg) 1 m I, IX
+S (mr) 7.5-10 cm
- - €12 m B (utg) 1 m I, IX
+S {mr) 5-7.5 cm
- - >12m CCA 20-L0 cm VIlI, X, XI
+B (tg) 1 m
- - <12 m S (mr) 10-20 cm VIIi, X, XI
+B (tg) 1 m
28* 1.0-0.% - - 230w 2.2% 15-38 B (tg) 1 m I, Iv, Vv, IX
See +S (mr) 30-L0 cm
note XII -— - 220, <30 B (tg) 1 m I, II, IV, IX
+5 {mr) 20-30 cm
- - <20 m B(tg) 1m I, 11, IX
+S (mr) 15-20 cm
- - - CCA (sr) 30-100 cm Iv, VIII, X, XI
+B {tg) 1 m
29% 0.4-0.1 >S5 >0.25 - 3.0 1.0-3.1 B (utg) 1 m+ S 2-3 em -
<5 >0.25 - B (utg) 1m+ S (mr) 5 cm -
- £0.25 -- B{tg) lm+5 (mr) 5 em -
30 0.4-0.1 25 - - 3.0 2.2-6 B{tg) 1m+ S 2.5-5 cm IX
<5 - - S (mr) 5-7.5 cm IX
- -— - B(tg) 1 m VIII, X, XI
+3 (mr) 5-7.5 cm
3N 0.4-0.1 >b - - 3.0 Lk-1k.5 B(tg) im IX
+5 (mr) 5-12.5 cm
sh. 21.5 - - S {(mr) 7.5-25 em IX
<l.5 - - CCA 20-L0 em IX, X1
+B (tg) 1 m
- -— - CCA {sr) 30-50 em VIII, X, XI
+B (tg) 1 m
32 0.4-0.1 - —~ 220 3.0 11-34 B(tg) 1 m I, v, IX, XI
See +S (mr) 40-60 em
note XII - —-— <20 m Bitg)lm I1I, Iv, IX, X1

+S (mr) 20-L0 em
CCA (sr) k0-120 em
+B (tg) 1m

Iv, VvIII, X, XI

® futhors' estimatez of suppert.

Inzufficient case records available for reliatle estimation of support requirements.
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Table 18

Q-System: Supplementary Notes for Support Tables12

I. For cases of heavy rock bursting or "pcpring,” tensioned bolts with
enlarged bearing plates often used, with spacing cf about 1 m (occa-
sionally down to 0.8 m). Final support when "popping" activity ceases.

II. Several bolt lengths often used in same excavation, i.e. 3, 5 and 7 m.
III. Several bolt lengths often used in same excavation, i.e. 2, 3 and 4 m.

IV. Tensioned cable anchors often used to supplement bolt support pressures.
Typical spacing 2-4 m.

V. Several bolt lengths often used in some excavations, i.e. 6, 8 and 10 m.

VI. Tensioned cable anchors often used to supplement bolt support pressures.
Typical spacing 4-6 m.

VII. Several of the older generation power stations in this category employ
systematic or spot bolting with areas of chain link mesh, and a free
span concrete arch roof (25-40 cm) as permanent support.

VIII. Cases involving swelling, for instance montmorillonite clay (with access
of water). Room for expansion behind the support is used in cases of
heavy swelling. Drainage measures are used where possible.

IX. Cases not involving swelling clay or squeezing rock.

X. Cases involving squeezing rock. Heavy rigid support is generally used
as permanent support.

XI. According to the authors' experience, in cases of swelling or squeezing,
the temporary support required before concrete (or shotcrete) arches
are formed may consist of bolting (tensioned shell-expansion type) if
the value of RQD/J, is sufficiently high (i.e. >1.5), possibly combined
with shotcrete. If the rock mass is very heavily Jjointed or crushed
(i.e. RQD/J, < 1.5, for example a "sugar cube" shear zone in quartzite),
then the temporary support may consist of up to several applications of
shotcrete. Systematic bolting (tensioned) may be added after casting
the concrete (or shotcrete) arch to reduce the uneven loading on the
concrete, but it may not be effective when RQD/J, < 1.5, or when a lot
of clay is present, unless the bolts are grouted before tensioning.
A sufficient length of anchored bolt might also be obtained using quick
setting resin anchors in these extremely poor quality rock-masses.
Serious occurrences of swelling and/or squeezing rock may require that
the concrete arches are taken right up to the facc, possibly using a
shield as temporary shuttering. Temporary support of the working face
may also be required in these cases.

XII. For reasons of safety the multiple drift method will often be needed
during excavation and supporting of roof arch. Categories 16, 20, 2k,
28, 32, 35 (SPAN/ESR > 15 m only).

XIII. Multiple drift method usually needed during excavation and support of
arch, walls and floor in cases of heavy squeezing. Category 38
{SPAN/ESR > 10 m only).
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Table 21

Rock Mass Classifications for the Park River Tunnel in

Accordance with the Geomechanics Classification

Parameter Best Average Conditions Worst Average Conditions  Fault Zones
and Region Region 1 Region 2 Sta 23+00 to 31+00 Region 3
Intact rock 7 7 7 7
strength
RQD 20 20 13 4
Discontinuity 20 20 10 5
spacing
Discontinuity 20 22 10 6
condition
Groundwater 8 10 7 4
In situ 75 79 47 26
rating
Discontinuity -5 -5 -10 -10
orientation
RMR Good rock  Good rock Poor rock Very poor rock
70 74 37 16
Maximum span 55 ft at 2-1/2 26 ft at 6 18 ft at 12 hr 5 ft at 1/2 hr
and stand- months or months
up time 26 ft at
4 months
Support Locally bolts in roof 10 ft Systematic bolts Ribs at 2-1/2 ft
long at 8 ft plus occas- 12 ft long at bolts 15 ft
sional mesh, shotcrete 5 ft, shotcrete long at 3 ft,
2 in. thick 5 in. thick with shotcrete
wire mesh 8 in. thick
with wire mesh
Note: For input data sheets, see Appendix C,.
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APPENDIX A: TERZAGHI'S
ROCK LOAD TABLES




Table Al

Terzaghi's Rock Load Classification for Steel Arch-Supported Tunnels2

(Rock Load H
P

in Feet of Rock on Roof of Support in Tunnel With

Width B (feet) and Height Ht (feet) at a Depth of More

Than 1.5(B + Ht))*

Rock Condition

Rock Load HR in Feet

Remarks

4

Hard and intact.

Hard stratified or
schistose. **

Massive, moderately
Jjointed.

Moderately blocky and
seamy .

Very blocky and seamy.

Completely crushed

but chemically intact.

Squeezing rock,
moderate depth.

Squeezing rack,
great depth.

Swelling rock.

Zero

0 to 0.5B

0 to 0.25B

0.25B to 0.35(B + H,)

{v.35 to 1.10) (B ¢ Ht)
1.10(B + Ht)

(1.10 to 2.10) (B + Ht)

(2.10 to 4.50) (B + Ht)

Up to 250 feet, irres-
pective of the value of
(B + Ht>

Light lining required only if spalling
or ponnring occurs.

Light support, mainly for protection
against spalls. Load may change
erratically from point to point.

No side pressure.

Little or no side pressure.

Considerable side pressure. Softening
cffects of ceepage towards bottom of
tunnel requires either continuous
support for lower ends of ribs or
circular ribs.

Heavy side pressure, invert struts
required. Circular ribs are
recommended.

Circular ribs are required. 1In
extreme cases use yielding support.

* The roof of the tunnel 1s assumed to be located below the water table.

(2]

If it is located

permanently above the water table, the values given for types L to 6 can be reduced by

fifty percent.

3ome of the most common rock formations contain layers of shale.

real cshales are no worse than other stratified rocks.
applied to firmly compacted clay sediments which have not yet acquired the properties of rock.
Such so-called shale may behave in a tunnel like squeezing or even swelling rock.

In an unweathered state,

However, the term shale is often

If a rock formation consists of a sequence of horizontal layers of sandstone or limestone and
of immature shale, the excavation of the tunnel is commonly associated with a gradual com-
pression of the rock on both sides of the tunnel, involving a downward movement of the roof.
Furthermore, the relatively low resistance against slippage at the boundaries between the so-
called shale and the rock is likely to reduce very considerably the capacity of the rock

lorated above the roof to bridge.

heavy as in wvery blocky and seamy rock.

A3

Hence, in such formations, the roof pressure may be as




L
Rock Loads and Classification

Table A2

E = » Rock Load, H
It e =) Initial Final Remarks
§Es &
§'§ = 1. Hard and Intact 0 0 g g Lining only is spalling
b & z 5 or popping
=22 98 : @«
— 2. Harad [
50 Strati- 0 0.25B &%  Spalling common
fied or % E
95 Schistose G
1 = 095
90 0 0.5B =8 8. Side Pressure if strata
3., Massive, moderately 2 o inclined, some spalling
jointed q9®
20 — L. Moderately blocky 0 0.25B § § g
and seamy to @ 50
| 6" 15 0.35¢ | ©® =
5. Very blocky, 0 0.35C Little or no side
10_JL" s0 seamy and to to pressure
i—ﬂ shattered 0.6C 1.1C
2 1. Completely Considerable side
10 crushed 1.1C pressure, If seepage,
on T continuous support.
5 =
2
7. Gravel and sand 0.54C 0.62C
to to Dense
" 1.2¢C 1.38¢C
1 .
s Side pressure
0.94C 1.08C Py, = 0.3y (0.5Hy + Hp)
to to
1.2C 1.38C Loose
8. Squeezing, 1.1C Heavy side pressure.
o e moderate depth to Continuous support
5% 2.1C required.
5 5 9. Squeezing, 2.1C
] great depth to
=0 L.sc
10. Swelling up to Use circular support. In
250" extreme cases: Yyielding
support.
Notes: 1) For rock classes L, 5, 6, T, when above.ground water level, reduce

loads by 50%.

2) For sands (7), Hppin is for small movements (-0.01C to 0.02C) Hpmax
for large width movements (-0.15C).
width + height of tunnel (in feet).

3) B is tunnel width, C = B + Hy
For circular tunnel, C = 2b

L) v = density of medium, lbs/ft3,

A4

2Hg .




Tadble A3

Support Recommendatjons for Tunnels in Rock (20- to LO-ft

Diemeter) Besed on §§2r47

Rock_Quality

EXCELLENT®
RQD > 90

1
Goaw*’
75 < RQD < 90

FAIR
50 < RQL < 75

POORF)
25 < RQD < 50

VERY pooR’’
AQD < 2%
{Excluding
squeezing or
swelling
ground.)

VERY POORL !

(Squeezing
or swelling.)

Tunneling Method

A.

Boring Machine

Conventional

Boring Machine

Conventional

Boring Machine

Conventional

Boring Machine

Conventional

Boring Machine

Conventional

Boring Machine

Conventional

R

Steel Sets

None to occ. light
set. Rock load
(0.¢-0.2)B.

None to occ. light
set. Rock load
(0.0-0.3)B.

QOcc. light sets to
pattern on S5-ft
to 6-ft ctr.

Rock load (0.0 to
0.L)B.

Light sets, 5-ft to
6-ft ctr. Rock
load (0.3 to
0.6)B.

Light to medium sets,

5-ft to 6-ft ctr.
Rock load
{(0.k~1.0)B.

Light to medium sets,

U-ft to 5-ft ctr.
Rock load
(0.6-1.3)8.

Medium circular sets

on 3-ft to L-ft
ctr. Ro¢k load
(1.0~1.6)B.

Medium to heavy sets

on 2-ft to L-ft
ctr. Rock load
{1.3-2.0)B.

Medium to heavy
circular sets on
2-ft ctr. Rock
load (1.6 to
2.2)B.

Heavy circular sets
on 2-ft ctr,
Rock loasd (2.0 to
2.8)8.

Very heavy circuler
sets on 2-ft ctr.
Rock load up to
250-ft.

Very heavy circular
sets on 2-ft ctr.
Rock load up to
250-1¢.

Alternative Support Systems

3

Rockbelts

None to
occasional

Noue to
occasional

Occasional to
pattern on 5-ft
to 6-ft centers

Pattern, S-rt to
6-1t centers

Pattern, L-rt tc
6-ft ctr.

Pattern 3-ft to
S-ft ctr,

Pattern, 3-ft to
S-ft ctr.

Pattern, 2-ft to
b-ft ctr.

Pattern, 2-ft to
L-ft ctr.

Pattern, 3-rt
center.

Pattern, 2-ft to

3-ft ctr.

Pattern, 2-ft to
3-ft ctr.

Shotcrete

None to occ.
local
application

None to occ.
local applica-
tion 2 in. to
3 in.

None to occ.
local applica-
tion 2 in. to
3 in.

Occ. local appli-
cation 2 in. to
3 in.

¢ . to b4 in. on
crown

L in. or mcre
crown and sides

=

in. to € in. on
crovn and sides.
Combine with
bolts.

6 in. or more on
crovn and sides.
Combine with
bolts.

o

in. or more on
whole section.
Combine with
medium sets.

6 in. or more on
vhole section.
Combine witr
mwedium to heavy
sets,

o

in. or zore on
whole section.
Combine with
neavy sets.

(=}

in. or more on
vhole section.
Combine with
heavy sets.

Notes 1! In good and excellent quality rock, the support requirement wili be, in general, minimal but will be dependert upor
Joint geometry, tunne] diameter, and relative orientations of Jcints and tunnel.

2) Lagging requirements will usually be zero in excellent rock arnd v..l range frum up tc 20% 4

very pocr rock.
I Meskr requiremerts usually will be 2zerc 1n exceilent rock and vill range fr.m occasional mesh (or straps! in gocd rock
t2 1208 mesh ir very poor rock.

L. B = tunnel widtn.

AS

rock to 100% in




APPENDIX B: SUMMARY OF PROCEDURES
FOR ROCK MASS CLASSIFICATIONS




1. The procedures for rcck mass classifications are summarized here for
the convenience of the engineering geologists responsible for the collection

of geological data.

Geomechanics Classification-Rock Mass Rating (RMR) System

2. This engineering classification of rock masses, especially evolved
for rock tunneling applications, utilizes the following six parameters, all of

which are determined in the field:

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

¢. Spacing of discontinuities.

d. Condition of discontinuities.

e. Orientation of discontinuities.

f. Groundwater conditions.

The rock mass along the tunnel route is divided into a number of gtructural
regions, and the above six classification parameters are determined for each
structural region and entered onto the standard input data sheet (Figure Bl).
The following expianations and terminology are relevant.

Structural regions

3. These regions are geological zones of rock masses in which certain
featnres are more or less uniform. Although rock masses are discontinuous in
nature, they may nevertheless be uniform in regions when, fo. example, the
type of rock or the spacings of discontinuities are the same throughout the
region. In most cases, the boundaries of structural regions will coincide
with such major geological features as faults and shear zones.

Discontinuities

4. This term means all discontinuities in the rock mass, which may be
technically joints, bedding planes, minor faults, or other surfaces of
weakness. It excludes major faults that will be considered as structural
regions of their own.

Intact rock strength

5. The uniaxial compressive strength of rock material is determined in

accordance with the standard laboratory prncedures, but for the pur_.se of

B3
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rock classification, the use of the well-known, point-load strength index is
recommended. The reason is that the index can be determined in the field on
rock core retrieved from borings and the core does not require any specimen
preparation. Using simple portable equipment, a piece of drill core is
compressed between two points. The core fails as a result of fracture across
its diameter. The point-load strength index is calculated as the ratio of the
applied load to the square of core diameter. A close correlation exists (to
within -20 percent) between the uniaxial compressive strength and the
print-load strength index I, such that for standard NX core (2.16-in.

=24 1.

diam), o,

Rock quality designation (RQD)

6. This quantitative index is based on a modified core recovery pro-
cedure, which incorporates only those pieces of core that are 4 in. or greater
in length. Shorter lengths of core are ignored as they are considered to be
due to close shearing, jointing, or weathering in the rock mass. It should be
noted that the RQD disregards the influence of discontinuity tightness, orien-
tation, continuity, and gouge material. Consequently, while it is an
essential parameter for core description, it is not the sufficient parameter
for the full description of a rock mass.

7. TFor RQD determination, the International Society for Rock Mechanics
recommends double-tube, N-size core barrels (core diameter of 2.16 in.). The

accepted division of RQD values are as follows:

RQD ercent Core Quality

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

Spacing and orientation of discontinuities

8. The spacing of discontinuities is the mean distance between the
planes of weakness in the rock mass in the direction perpendicular to the
discontinuity planes. The strike of discontinuities is generally recorded
with reference to magnetic north. The dip angle is the angle between the

horizontal and the joint plane taken in a direction in which the plane dips.

BS




Condition of discontinuities

9. This parameter includes roughness of the discontinuity surfaces,
their separation (distance between the surfaces), their length or continuity
(persistence), weathering of the wall rock of the planes of weakness, and the
infilling (gouge) material. The Task Committee of the American Society of
Civil Engineers set up the following weathering classification which should be

used:

I®

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

[og

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.

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

(o]

[aN

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.

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

(]

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.
10. Furthermore, 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 geologist's
personal opinion. It has been employed in the past before the advent 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:

B6




Very soft rock. Material crumbles under firm blow w. .h a sharp
end of a geological pick and can be peeled off with a knife.

1o

o

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.

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

10

[=%

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 geological
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 3,500 psi, hardness classification ceases to
be meaningful due to the difficulty of distinguishing by the "scratchability
test" the various degrees of hardness. In any case, hardness is only
indirectly related to rock strength, the relationship being between the
uniaxial compressive strength and the product of hardness and density
expressed in the following formula:
log o, = 0.00014 <+ R + 316

where

v = dry unit weight, pcf

R = Schmidt hardness (L-hammer)

11. Roughness or the nature of the asperities in the discontinuity
surfaces is an important parameter characterizing the condition of
discontinuities. Asperities that occur on discontinuity surfaces interlock,
if the surfaces are clean and closed, and inhibit shear movement along the
discontinuity surface. This restraint on movement is of two types. Small
high-angle asperities are sheared off during shear displacement and
effectively increase the peak shear strength of the fracture. Such asperities
are termed roughness. Large, low-angle asperities cannot be sheared off and
"ride" over one another during shear displacement, changing the initial

direction of shear displacement. Such large asperities are termed waviness
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and cannot be reliably measured in core.

12. 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 (state also if surfaces 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
are clearly visible; and discontinuity surface feels very
abrasive.

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

d. Smooth. Surface appears smooth and feels so to the touch.

e. Slickensided. Visual evidence of polishing exists.

13. Separation, or the distance between the discontinuity surfaces,
controls the extent to which the opposing surfaces can interlock as well as
the amount of water that can flow through the discontinuity. In the absence
of interlocking, the discontinuity filling (gouge) controls entirely the shear
strength of the discontinuity. As the separation decreases, the asperities of
the rock wall tend to become more interlocked, and both the filling and the
rock material contribute to the discontinuity shear strength. The shear
strength along a discontinuity 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 is given in millimetres as follows:

a. Very tight: < 0.1 mm.

b. Tight: 0.1-0.5 mm.

c. 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 should be

described as a major discontinuity.
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14. 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 its own characteristic properties, i.e., shear
strength, permeability, and deformational characteristics.
The following aspects should be described: type, thickness, continuity, and
consistency.

15. Continuity of discontinuities 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 is considered fully
continuous if its length is greater than the width of the tunnel. Conse-
quently. for continuity assessment, the length of the discontinuity should be
determined.

Groundwater conditions

16. In the case of tunnels, the rate of inflow of groundwater in
gallons per minute per 1,000 ft of the tunnel should be determined,® 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 determined from the
depth below surface, i.e., the vertical stress increases with depth at 1.1 psi

per foot of the depth below surface.

Rock Structure Rating - RSR Concept

17. The RSR Concept, developed in the United States in 1972 by Wickham,

5,6

Tiedemann, and Skinner, is based on the following three parameters:

a. Parameter A. General appraisal of rock structure is based on:
(1) Rock type origin.

(2) Rock hardness.
(3) Geological structure.

[l

Parameter B. Discontinuity pattern with respect to the
direction of tunnel drive is based on:

(1) Joint spacing.

B9




(2) Joint orientation (strike and dip).
(3) Direction of tunnel drive.

0

Parameter C. Effect of groundwater inflow is based on:

(1) Overall quality of rock due to parameters A and B
combined.
(2) Condition of joint surfaces.
(3) Amount of water inflow (in gallons per minute per foot of
the tunnel).
Although the definitions of the above parameters were not explicitly stated by
the proposers, most of the data needed are normally included in a standard
joint survey. However, it is recognized that the lack of the definitions may
lead to some confusion. An input data worksheet for the RSR Concept is shown

in Figure B2.

Q-System for Tunnel Support

18. The Q-System, which was developed in Norway in 1974 by Barton,
Lien, and Lunde,!? determines the rock mass quality - termed Q - as a function
of six parameters: (a) RQD, (b) number of joint sets, (c) roughness of the
weakest joints, (d) degree of alteration or filling along the weakest joints,
(e) water inflow or pressure, and (f) rock stress condition. These six
parameters are grouped into three quotients.

19. The first two parameters represent the overall structure of the
rock mass, and their quotient is claimed to be a crude measure of the relative
block size. The quotient of the third and fourth parameters is said to be
related to the shear 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 incompetent
rock. This sixth parameter is regarded as the "total stress" parameter. The
quotient of the fifth and sixth parameters is regarded as describing the
"active stress." An input data worksheet for the Q-System is shown in

Figure B3.

B10O
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CLASSIFICATION INPUT DATA WORKSHEET

Q-SYSTEM
Project Name: Conducted by:
Site -f Survey: late:
Structural Region: Rock Type:
Sta.
Sta. JOINT SETS
Sta. n
Sta Massive rock, no or few joints

ROCK QUALITY DESIGNATION

Average RQD = %
Range = 4

ROUGHNESS OF JOINTS

ough or irregular
Smooth
Blickensided
Undulating

lanar

ot continuous
Wall rock contact
No wall contact

FILLING AND WALL ALTERATION

No. of Joint sets present

Additional random Jjoints exist

Rock heavily fractured

Crushed rock

WATER CONDITIONS

ry or minor inflow

Medium inflow

Large inflow, unfilled joints

rge inflow, filling washed out

ceptional transient inflow

ceptional continuous inflow

prox. water pressure:

1b/sq in.

STRESS CONDITIONS

Low siress, near surface

Med. stress: cc/al = 10-200

Tightly healed joints

Unaltered, staining only

Slightly altered

Silty or sandy coatings

Clay coatings

Sand or crushed rock filling

High stress: oc/oi = 5-10

Weakness zones with clay

Shear zones

Squeezing rock

welling rock

Stress values if determined:

Stiff clay <Smm >Smm

coft clay <Smm >Smm

welling clay  <Smm >5mm Svert. %horz.
GENERAL

Uniaxial strength of rock material

Tensile: psi
Compressive: psi

Strike and dip orientation of the weakest joints

Average strike

Dip direction

Figure B3.

Average dip

Input data worksheet for the Q-System
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APPENDIX C: CASE HISTORY DATA:
PARK RIVER TUNNEL




Table Cl
Description of Rock Typcs

Red Shale/Siltstone: The dominant rock type is reddish-brown shale/
siltstone. The shale contains sandy phases and is interbedded with
gray shales and thin sandstones. It is thin bedded and calcareous.
Calcite fills the open-~bedding planes, joints, and fractures. The
shales are usually well cemented and moderately hard, but some zones
are classified as soft and weak. The sandy phases are mostly competent
and hard to very hard. Shale samples from near the intake exhibited a
slaking-like action when submerged. This is attributed to stress re-
lief by coring. Bedding strikes roughly north-south and generally dips
10 to 20 deg to the east but with local variations.

Gray-Black Shales: Gray and sometimes black shales are interbedded
with the red shales. They are thin-bedded and similarly oriented. The
beds are thinner than the red beds and were used as markers to corre-
late between boreholes. Gray shales are calcareous, moderately hard to
soft and are similar in physical properties to the red shales.

Sandstones: Thin whitish to gray calcareous sandstone beds are com-
mon within the shales. Many sandy zones appear to correlate between
boreholes and were used as markers. The beds are hard but sometimes
show some solution activity and localized concentrated Jointing. Vari-
ations include a coarse red sandstone (arkose) and a thin zone of
interbedded volcanic sandstone and shale that were encountered in only
two boreholes, but in no other borings.

Basalts: Basalt flows near the intake shaft are oriented consistent
with the local stratigraphy although structural modifications are
apparent. They are usually gray and olive gray (locally black),
slightly vesicular and nonvesicular, calcareous, hard, and contain
headed hairline fractures throughout. Localized broken and weathered
zones occur.

Aphanite: This gray fine-grained to glassy rock type occurs in bore-
hole FD-9T between the depths 137 and 188 feet. Its origin is uncer-
tain and it occurs in zone with unresolved structural discontinuities.
It is hard to very hard but also contains numerous irregular healed
hairline fractures. Some zones may be slightly weathered and less
dense.
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BORING NO.

BORE HOLE PHOTG LOG (An example) FD-8-T
NAME LOCATION
Park River Tunnel Hartford, Connecticut
DATE PHOTOGRAPHED IR1S SETTING CONDITION OF BORING
Nov 27-38, 1975 5.6 and L.0 Good
DEPTH PHOTOGRAPHED WATER DEPTH WATER CONDITION
35.0 to 220.0' Flowing at Surface Clear
FEET CASING (in Photo) FEET CONCRETE {In Photo) FEET ROCK (In Photo)
35.0-39.0" None 39.0-220.0"
DEPTH RANGE DESCRIPTION

45.5-46,2

L5,2-k46.3
L6.2
46.3-160.0

53.6

£3.9-54.1

54.3-54. 7

56.2-56.3

56.7-57.9

58.L-59.3

59.1

59.0-59.5

60.7-61.5

Jt., Str. N 45 °E, dip 80 °Nw, 1/8" at top to 1/32" at bottom, healed
with wnite material (smooth), planar, terminates at bedding Jt. at
bottom

Gray-green rock

Bedding Jt., Str. N-S, dip 15 °E, 1/16" partly open, rough, planar

Dark gray rock containing numerous small irregular white inclusions
At 51 feet rock gradually changes to dark blue-gray color

Jt. Str. N 70 °E, dip 20 °SE, 1/32-1/16" partly open, stained, rough,
planar

Jt., Str. N 20 °W, dip 30 °NE, 1/32-1/16" partly open, stained,
rough, planar

Jt., Str. N 30 °W, dip 50 °NE, hairline-1/32", healed with white
material, rough and irregular

Jt., Str. about N-S, dip 45 °W, 1/32", healed with white material,
rough, irregular, discontinuous

Jt., Str. N 30 °E, dip 80 °NW, hairline-1/32", healed with white
material, rough, planar, discontinuous

Jt., Str. N 10 °E, dip 75 °W, 1/32-1/16" heeled with white material,
rough, planar

Jt., Str. N-S, dip 10 °E, 1/16" healed with white material, rough,
irregular

Jt., Str. N 10 °E, dip 75 °W, 1/16" healed with white material,
rough, planar, discontinuous

3 Jts., Str. N 10 °E, dip 75 °W, 1/32-1/16" healed with white
material

Figure Cl. Typical drill log
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CLASSIFICATION INPUT DATA WORKSHEET

Project Name: Fark River Tunnel

~SYSTEM

~

Conducted by: V-

A. Nicholson

Site of Survey: Hartford, Conn. Date:

Structural Region:_Subregion 1(a) Rock Type: Shale

Sta, 98+10-35+20

Sta. JOINT SETS

:::: Massive rock, no or few joints

ROCK QUALITY DESIGNATION

Average RQD = 55 %
Range = 20-90 %

ROUGHNESS OF JOINTS

No. of Joint sets present 3

Additional random joints exist tes

Rock heavily fractured

Crushed rock

WATER CONDITIONS

Dry or minor inflow

- 7 Medium inflow
Soug:hor irregular rge inflow, unfilled joints
S??ckensided rge inflow, filling washed out
Doduistin ceptional transient inflow
Planar £ ceptional continuous inflow
Not continuons [Approx. water pressure: 40 1b/sg in.
Pall rock contact
lNo wall contact STRESC CONDITIONS
Low stress, near surface
FILLING AND WALL ALTERATION Med. stress: oc/cx:L = 10-200 | ¢
Tightly healed joints . igh stress: oc/ol = 5-10
Unaltered, staining only -
Slightly sltered v N::t:e;znzznes with clay
Silty or sandy coatings Squeezing rock
Clay coatings 3elling rock |
Sand or crushed rock f111ing Stress values if determined:
Btiff clay <Smm >Smm :
Eoft clay <Smm >Smm o 450 + )
wvelling clay  <Smm >Smm vert. N/A %horz. 132 ps
GENERAL
Uniaxial strength of rock material
Tensile: N/A psi
Compressive: 8000 psi
Strike and dip orientation of the weakest joints
Average strike _ E-w Average dip iC
+ Set No. 2 has

Dip direction N to NE

larrest joint
openings.

Figure CZ2 (Sheet 3 of 3)

c8




(¢ 3o T 299ys) (Q)T uor3aiqng “sieaysiiom induy eleq

*€) 2an3ryg

TIUvAITeX

-u-c«uueuvdnoz.—ﬂo:!cun«uoaausua »Hﬂn:a QBG#B“ hmﬁ_wﬂ
ST T 338 "2 % 1 39S 03 UOT3IPP® uy juasaad oaw macﬂow

mopuwy "UOTIFII STY3 Jo sToT oroyd aTOYUMOD ITQETIBVAB WOIJ

Pracenaeen [EETERTRTRNNY 271 (rreerenert 04 seterreter woag)

(HOLN™ ° " RUEN" =)

.......... 10yy2%5 € aag

.mm :.z ML 23t 2 8

paulBiqO SanTsvA m,,mwchowm wud&uﬂw:m mEpo J03 ®3wp andug g A AL (oS >oa.z wi3) qoTN T T T e
h (il

“PUOTYe4UNT IO A hes v i

FI8 Caaranu A3TTROOT 47343 WTAITINAS pTOJ PUR 43TON) Jofwe 3qtIdeq wEE» 1ev0Td Laa:

3 -yt N 19807)

‘€ uotday s PITJISSBIO aI® S3[NBJ Jof{®W TTV 3 -1 Sp——

"+06+6Q ©3 Q£+06 ©3IS 38 ST aTnEy arqrssod ayUL +05+9¢ — copin

03 00+.S PUB Gl+n6 03 G2+G6 BAS 38 3aJI® SaTnBY wmouy ayy{ 00 ..., crree eeeeesieee aeaae. .. W ot 1m0 :epEa K1on

"BaJ® STY] UT Sauoz 3TnBJ a1qIssod 3uUO puB UMOUY OAM], € 19
704 W0 SLINVE W
“as YA moy Raap [ rereverees T
(urw oomm e nor HA mOTJUT
[PSUUUUURE BRI TR 000'Q =~ 000°'% a0y L-h..:-:
»uu"“”“ﬂﬂua o 000°9T - 000'F N YFIY J0 WNTPIW ‘DY IIPUR UU1s0T) 20 Suidlivac
: Yoitt AB OQQm 9 : . TR "deD ‘AIp AYMISTITOI) CLCIZITVOS TYCITL
T 000'2C - 000°9T Q¥R
{(20N05) ONTTIIE 000°ZE 1910 QLY K2aa 30

AQEV Yed ‘qaRuaale qIEY Tery o

198JWIINE TIPISUINDITS
18209]IME Y100WS

OON. :ﬁ vayssarduod TwIYeRIUN

oLy e

13 coot 233 el

tas3ugams yPnos LTNFITS AVIEILVW ¥D08 LOVINT 40 RIONZULS EIvgdes
19399)4ang yinoy
iepwgane ySmoa Lx2a L e e NOOHION g ey
commonow | passuresn Kysasdmod “<z » 100! 713,
pesaysena LTYAy 06 - §2 11004
.................... Fruy abumi N oy . .
MM\A ®AA\M -a1 §-0-T°0 seutof uado pasLyIwIn ﬁ“-u“xux ”“M Mn LT
‘op 1°0-10°0 :93910( uado AY31e3apoW | 0 cecccereccaesesecccrs pazayyven AYMTTS .m>d.o ' »c0n
/1= OH\.H NM\H 00 » iequyof WAL | . \ .............. pasoyaweaun | cereeeees @ 00T - 06 JoarracTy
yorIViIVTS STLINWIW035Ta 40 W00 TIVA
woe e . TFTE=0I¥IS"
2 0f-01 samTpow p "9
A ot< e Spaqaajul auols PIFLGUGFIY *'s
wis oT L1z -pues puw aTBUS PEIQY-GQR+OQ vis »v0
£ s z23 T g ALTARTINGG X0/ pus aTByS MN...O —0L+16 * uos TOYIYN 3 177 $9YINTO)

—

j )T uc1d2Iqnges

NOTI XY “TYHALOMALS

NIOINO ONY AdAL ¥O0M

SASEYM WOON 40 MOLLVIILISSVID SOINVHOIWOAD IAANEYNOA YIVQ LNJNT WOILYOTJISSYID

‘uuo) ‘PIOJIIBH | 4eame jo suig

MQCE—J‘H h®>§ ;438014 30 »T%y

CcY




z ‘oM 3ss []
T -oN 195 /]

(¢ 30 7 393yg) €D 2amdyy

/7 dip 3suyede

me dip Yara  :3Ajap TIUUMY
T AN FS 1u0139311a

L7 74 [T %0 06-0¢

L7 17 [T 3% 0s-0z
[7 77 [F7 %00z :dxa
¢ c T uotjejuaio drq
SIX® Tauuny 03 || IxTIag

..... ey sysry uazou
€198 23S T3S
§*6 0°nme
-l -T'0
7100707 3N <
LT 77 147 W -2
707707 ¥ et
L7777 31-ruyg
L7777 Ut 9-2
70777 up g >
A |
"ON 398

81xe Tauuny o3 | 9aATIIS
op38udBW 3 I°A INTILS

UO}383U21I0 UjoL

143 uyp IBuey

PIATSSBN

13AYSSBU 09 AYdoTd
:AX00Tq 0% 91VIIPOW
:pajutof A1a318I3pon
:pojutol AT980T7)
:pajutofl Arssoro Liap

Yuioeds jujor

OT+TE-09+95  '¥3S

01+.6-06+28  '®3§

0£+88-68+68  "®38

GZ+CE-0L+16 W3S

{Q)T uctdadqng :UOTBaY TeImidnalg

LY0ddNs TANNAL 304 LJIONOD dSH

[ 7 /77 /77 usdo 10 paiaiTe ‘pasayzuam AT9IaAdS

— — —

\||\ .NMNE P3123T® JO partayjwam AT1u8yTTS
77777 Pa3jusmad 10 YITL
T 2T T

"ON 39S

GOT37PUGSI 14{0[
.nﬁa\‘ﬂdw R qgl@ .......

ToUUNy Jo 3J 0001 X3d AOTJUT Ja39M

/~7 pap103 30 Pa3TNEy ATasuaiul
/7 vopTo3 10 933TNE; A1338I3pOW
/7 ©3pT0s I0 PeITNEy ATIWITIS
RHN IATSEUN

3dN3onI8 TeITHOTO03)

/~7] pasodwodaq

[T 3305 [+ wypan /"7 pren
SSOUPIUH

/7] Ayvquamtipag

/"7 otudaoweisw /7 snoauBr

19180

UOSTOYOIN 'V 'O :Ag paidonpuo)

“uuoc) ‘paojqrey ‘AIAIMG JO 331S

Toauny JaAly waBg :(9WEN 3dafoxd

CLITHSHEOM VIVA LAINI NOILVOIJISSVIO

Cl0




CLASSIFICATION INPUT DATA WORKSHEET

Q-SYSTEM

Project Name: Park River Tunnel Conducted by:_G, A, Nicholsgn

Site of Survey: Hartford, Conn.

Date:

Structw. .. Region:Subregion 1(b)

shale and/or shale and
Rock Type:sandstone interbeds

Sta. 91+70-90+25

Sta. 089+85-88+30

Sta. B2+50-57+10

Sta. 56+60-31+10

ROCK QUALITY DESIGNATION

Average RQD = 80 %
Range = 20-100 %

ROUGHNESS OF JOINTS

ough or irregular |/
Smooth
Slickensided
Undulating
Planar Y
Not continuous
Wall rock contact
No wall contact

JOINT SETS
Massive rock, no or few joints
No. of joint sets present 2

Additional random joints exist Ves
Rock heavily fractured
Crushed rock

WATER CONDITIONS

ry or minor inflow
edium inflow v
rge inflow, unfilled joints
rge inflow, filling washed out
ceptional transient inflow
ceptional continuous inflow
Approx. water pressure: 1b/sq in.

STRESS CONDITIONS

[Low stress, near surface
FILLING AND WALL ALTERATION Med. stress: ¢ /q =10-200[/ Tu situ
Tightly healed joints v High stress: © /al = 5-10 :Z;:iied
Unaltered, staining only v T € _
Slightly altered eakness zones with clay
Silty or sandy coatings Shear ?ones
Clay coatings Squeezing rock
Sand or crushed rock filling| | :ell;gg_;ock T - ;
Tiff clay <Smm >Smm ress values if determined:
Boft clay <5Smm >Smm Lso + '
welling clay  <Smm >5mm Yert. 132 psi G, N/A

GENERAL

Uniaxial strength of rock material

Tensile: N/A_ psi
Compressive: _ 8900 psi (avg)

Strike and dip orientation of the weskest joints

Average strike

Dip direction

N1OE Average dip 22

SE

Figure C3 (Sheet 3 of 3)
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CLASSIFICATION INPUT DATA WORKSHEET

Q-SYSTEM
Project Name: Park River Tunnel Conducted by: G. A. Nicholson
Site of Survey: Hartford, Conn. Date:
Structural Region: Subregion 1l{(c) Rock Type:
Sta. 23+10-T+10+
Sta. JOINT SETS
g:a. Massive rock, no or few Jjoints
a. No. of joint sets present 2
Additional random joints exist Yes
ROCK QUALITY DESIGNATION Rock heavily fractured
Average RQD = T2 % Crushed rock
Range = 30-100 %
WATER CONDITIONS
ROUGHNESS OF JOINTS Dry or minor inflow -
i 7 edium inflow
sou :hor irre 8r rge inflow, unfilled joints
??okensided rge inflow, filling washed out
T dcl tin ceptional transient inflow
P? uablog 7 ceptional continuous inflow
mo:n:zntinuous pprox. water pressure: 50 1b/sq in.
MWall rock contact
No wall contact STRESS CONDITIONS

FILLING AND WALL ALTERATIOR

low stress, near surface
Med. stress: cc/ql = 10-200 |/

Tightly healed joints

Unaltered, staining only

Y

Slightly altered

| Silty or sandy coatings

Clay coatings

Sand or crushed rock filling| |

High stress: oc/al = 5-10

Weakness zones with clay
Shear zones

Bqueezing rock

Pwelling rock

Stress values if determined:

Btiff clay <5mm >5mm N

oft clay <Smm >S5mm o 50+

welling cley  <Smm >Smm vert, 132 psi Gop,  N/A
GENERAL

Uniaxial strength of rock material

Tensile: N/A psi

Compressive:4000-8000 psi (assumed)

Strike and dip orientation of the weakest jJoints

Average strike _N23E Average dip _ 20
Dip direction SE

Figure C4 (Sheet 3 of 3)
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Project Name: Park River Tunpel Conducted by: G, A. Nicholson

Site of S ey: Hartford, Conn.

Structural Region:

CLASSIFICATION INPUT DATA WORKSHEET

Q-SYSTEM

Date:

2

Rock Type: Bgsalt

Sta. 2L+70-91+70

Sta.__ 83+30-82+50

Sta.

Sta.

ROCK QUALITY DESIGNATION

Average RQD = 90 %
Range = 60-100 %

ROUGHNESS OF JOINTS

ough or irregular

Smooth

Slickensided

Undulating

lanar

Not continuous

Wall rock contact

No wall contact

FILLING AND WALL ALTERATION

JOINT SETS
Massive rock, no or few joints
No. of joint sets present 2
Additional random Jjoints exist jes
Rock heavily fractured
Crushed rock
WATER CONDITIONS
ry or minor inflow v
Medium inflow
rge inflow, unfilled joints
Large inflow, filling washed out
[Exceptional transient inflow
[Exceptional continuous inflow
Approx. water pressure: 50 1b/sg in.

STRESS CONDITIONS

[Low stress, near surface

Med. stress: oc/al = 10-200

Tightly healed Jjoints

Unaltered, staining only /

Slightly altered

Silty or sandy coatings

Clay coatings

Sand or crushed rock fillin

High stress: oc/o1 = 5-10

Meakness zones with clay

Shear zones

Bqueezing rock

Bwelling rock

Stress values if determined:

Stiff clay <Smm >Smm L .

Soft clay <Smm >5Smm g igé_ .

Pwelling clay <Smm >Smm vert. psi qhorz. N/A
‘GENERAL

Uniaxial strength of rock material

Tensile: N/A  psi
Compressive:10,000+ psi

Strike and dip orientation of the weakest joints

Average strike NI1OE

Average dip 65

Dip direction Nl

Figure C5

(Sheet 3 of 3)
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CLASSIFICATION INPUT DATA WORKSHEET

Q~-SYSTEM

Project Name: Park River Tunpel Conducted by: G, A. Nichalson
Site of Survey: Hartford, Conn. Date:
Structural Region: 3 Rock Type:Basalt interface and sh
Sta._ 95+20-94+70 and/or ss/sh interbeds
Sta._ 90+25-89+85 JOINT SETS

. +10-56+
::: 21+10-56+60 Massive rock, no or few Jjoints

) No. of joint sets present

Additional random Jjoints exist

ROCK QUALITY DESIGNATION Rock heavily fractured v
Average RQD = 17-28¢ Crushed rock
Range = 1-3%

WATER CONDITIONS

ROUGHNESS OF JOINTS y or minor inflow
ough or irregular edium inflow
Targe inflow, unfilled Joints
Smooth - s 7
< n Large inflow, filling washed out .
Blickensided v - - -
n [Exceptional transient inflow
ndulating n - -

Tanar 7 E}geptxonal continuous inflow i
HNot continuous pprox. water pressure: 55 1b/sq in.
Wall rock contact
No wall contact STRESS CONDITIONS

Low stress, near surface
FILLING AND WALL ALTERATION Med. stress: oc/al = 10-200
Tightly healed joints High stress: oc/ol = 5-10

Unaltered, staining only
Slightly altered
Silty or sandy coatings

Weakness zones with clay
7 Shear zones (fault zone) /
Bqueezing rock

Clay coatings n

Sand or crushed rock filling Swelling rock - "
Etiff clay <Smm >Smm ﬁtress values if determined:
Boft clay <Smm >5mm
Bwelling clay <Smm >Smm errt. qhorz.

GENFRAL

Unisxial strength of rock material

Tensile: N/A  psi
Compressive: 8.4-10K psi

Strike and dip orientation of the weakest Jjoints

Average strike N/A . Average dip N/A
Dip direction N/A

Figure C6 (Sheet 3 of 3)

€20




(¢ 30 1 399ys) 4 uorl8ay °s3agysjaom Indutr ejeq -7 2an8ty
TAUSASTOT
S23P19T0Y oY RITUN VOTIWMIOIGT Ieyimmy Luw ATddne pYOQe A9TIOTONS eyl
*pajxodag suoijrpuod Jo £31a9a3s ayy jaoddns jou saop (remeeennes 03 teeerreies moag)  ceereeees toxyaag ¢ 10e
838D aTOYs10q ITQBTTBAY *6-Wd UT Dajuasaxd suorizTpuod a...“m.mw.z. ol (o]:) wo1j) CRTLNT e 2 18
HO0JI 2PFBISAB 3SJ0M Y3 JO aarjuasaxdax sy uoiBea syl e -0 snnsiaie woay) B M Y aer
VT TV 5
I VIR A 33 ) svmy
IR ‘sarmawu ‘AIITESOT JTAYY JuTA3Toeds #pTO3 puUw saYMe3 Jofww eqtadeeg | 00 e mmmsenmees ressneeste ugp 2z » i200Yd Li3s
.................... w2 10075
3 -1 tayuiapOn
33 oT-€ TepIA
<\z .......... 47 0T 2840 10pa £33y
04 7] &
nwam ...............
ey | T 000°9 = 000'% ») {amieasd
R wo'st - 'y m | ST S T
’ 000°2E = 000*91 uom
(¥9009) OMITTIZ Teretee 000°ZE JeA0 Py Kasp 1o

189JWIINE TIPYIUORITTS
199993.Me yy00ws
iseYeyme uinoz ATwPILS
1eedu)ame uimoy
tseowjans yinox L1,

SSINHONON
1 Uy eduny
‘Ut $0-T°0 imqutof uadp
"oy 1'0-10°0 tsiutof usdo fya1viapon
00> sequgol AL
HOTIVIVINS
W o€ < 'L 2478
33 0t-01 tanypay
13 0T-¢ 1a0T
Wi A0y Kisp
€ 3 2% 1 309 ILINMIINGS
LT d 40 NOILYCHOO

10d ‘yiPuaage

avuey Tewmy o

sajEsedwod TeIYETT) dﬁd ure/Ted 42 coot s+d «7ury
TVIEIIVH 4008 JOVIAT J0 WIoKAuis arve. &
.......... *OOHION :g aey
.................... pesesyisea Lrarsydwn) cesseveene gCrpy :z00] Za9;,
Sebesesrertarerstasianss peasyivon STUMIR QXQHO: ¢ - ¢z 12004
v+ peasyivea Asyviapon gL - oS ALY
r pelsyyeea ATIZITS 306 - §L o)
.............. poIsyIveAYy 00T - 06 QoI
SATIIWTINGISTA 40 HJ08 TIVA

reig

* U0 SpuUss - ‘ez
pappaqJaajuy T ess savg
3t aTeus |oT+Ee-0T+1E " UOSTOUDTN *V "5 8 peaomised
—_— *uuo) .gl :Amatme jo 331§

WIDIEO GNV 3diL X004 NOIXAY “TVHNLINKLS

SEISEVH AD0N 40 BOLLYDIAISEVID ROIAVEIINOZO I1XENENYOR VIV] ININT MOLIVOIZIZSY1)

Toummy, JIJATH

FECE] :908f01d jo Ty

c21




; "on 335 /7
€F 1 onas [

i S 1) Rt
€198 2195 T 19§

(¢ 3o 7 2399ys) (D 2an314

/77 dip asurede 777
7 drp yirs :3ATIp TRUUNY, 17 117
us MM 15 1U01130311d HHN.MHN
— - € 2
IM AT [T 39p 06-0§ “oN 133
[ 7 /7 /7 330 0s-02
L7 [J[F #»oz0 :dw
[3 4 T uoI383Uata0 did
sTx® Tauuni o3 || ataag

SIX® Tauuni o3 | 9YTI3§

y3JI0u O1jsudBw 3 JI°A INTIIG

UO[363Ua140 Jujor

|

™~
~

4 |

/7 uado Jo pataiTe ‘palsyqeam ATa319A3S

pPaJ33T8 JO patayiwam ATi1UBITS

P3juawad I0 Y3I1L

uo131{puco utop

-:%E\H.ﬂm ..mumvmu‘.m-. e e 0w

Tauuny jo 33 Q00T Xad moTjul Jajsp

/7 »op103 10 Pa3Tney Arasuaiul
RHN papToy J0 palTnwy ATs81¥X3IPON
/27 ©epTO3 10 PaiTney ATIUITIS

/] aATSS®H
3iN3oNd3s 18919071029

RHN pasodwodaqg
/7 3308 /] amtpan /7 pawH

SSauUpJIBY

RMN A1equauwtpag
/7 otudzoweisl /] snoauR]

SUO3SpPUBS papPPaQL33UT/M 2TBYs :2dK3 YOOI d1seg

V/N 113 ut agusy

RHN.MHM RHN N < IIATSSBR

NHM RHN RHM 33 92 19ATSSBW 03 AYo01d

NMQ.RMQ RMN 33 2-1 1 £H00Tq 03 938I3POW

[T/77/[7 31--utyg :pajutof AT1a38I2pOKN

RHN RHM NHM ‘utr 9-¢ :pajurof Aresord

77777 ‘up 2 > :pajutof ATaSOTd K1ap
£ 2 1

‘ON 39S Futosds jutop

818

*81318

*813

OT+£C-0T+ (¢ ‘8138

b ruotTday T8ANIONILG

JHOddNS TINNAL ¥Od IJIONOS HSH

1338Q

UOSTOUDIN 'V "9 :Ag paionpuod

‘¥uoy ' pioiiBy :Kksaang jo 9118

TaUUNL JaATy Wamg ~OWeN 193f0ag

CIATHSHHOM VIVA LNNI NOILVOIJLISSVID

c22




CLASSIFICATION INPUT DATA WOPKSHEET

Q-SYSTEM
Project Name: Park River Tunnel Conducted by: G. A. Nicholson
Site of Survey: Hartford, Conn. Date:
Structural Region: L Rock Type:Shale with interbedded sand-
stone
Sta. 31+410-23+10
Sta. JOINT SETS
22:' Massive rock, no or few joints

ROCK _QUALITY DESIGNATION

Average RQD = Log
Range = ZQ_]QQZ

ROUGHNESS OF JOINTS

Rough or irregular |,/
Pmooth
lickensided
ndulating
[Planar Y/

ot continuous
Wall rock contact
mo wall contact

No. of Joint sets present

2
Additional random Joints exist l/

Rock heavily fractured

Crushed rock

WATER CONDITIONS

Dry or minor inflow

edium inflow

large intlow, unfilled joints v

rge inflow, filling washed out

[Exceptional transient inflow

ceptional continuous inflow

lApprox. water pressure:

1b/sq in.

STRESS CONDITIONS

[ow stiress, near surface
FILLING AND WALL ALTERATION Med. stress: oc/al = 10-200 |

Tightly healed joints v igh stress: 0 /0. = 5-10

Unaltered, staining only v c 1

Slightlv altered Weakness zones with clay

Silty or sandy coatings S:::ZZ§gneiock

Clay coatings Pwellin grock

Sand or crushed rock filling St £ T a - -
EYiff clay <Som >5mm ress values 1 etermined:
Soft clay <Smm >Smm N/A L50 +
Bwelling clay  <Smm >5mm Overt. %horz. 132 psi

GENERAL

Uniaxial strength of rock material

N

Tensile: /A psi

Compressive:

8300 oy

Strike and dip orientation of the weakest Jjoints

Average strike NO3E Average dip _ 15

Dip direction

SE

Figure C7 (Sheet 3 of 3)
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APPENDIX D: RECENT DEVELOPMENTS
IN THE USE OF ROCK MASS CLASSIFICATIONS
FOR TUNNEL DESIGN (1979-1984)




"Imagination is more important
than knowledge."
Albert Einstein

Introduction

1. 1In the last five years, rock mass classifications have established
themselves as a valuable tool for engineers and geologists for assessing the

quality of rock masses for engineering purposes!'?”,

They have received
increasing attention in the field of civil engineering as well as in mining
and have been applied in many countries to different engineering

problems®: 3,

In addition to providing guidelines for rock support
requirements in tunnels and mines, rock mass classifications have been
extended to estimate rock mass deformability as well as the strength of rock

mas:es .6'7

2. A significant recognition of the importance of rock classifications
is found in Europe, where tunnel construction contracts in Austria incorporate
a rock mass classification as a basis for payment in accordance with standard
contract documents. Moreover, special committees were appointed to study rock
mass classifications. On the international scene, the International Society
for Rock Mechanics (ISRM) and the International Association of Engineering
Geology (IAEG) have each established a commission on rock classification. In
the United States, the Transportation Research Board (TRB) Committee on
Exploration and Classification of Earth Materials has the responsibility of
application, evaluation, and correlation of existing earth-materials
classifications and the American Society for Testing and Materials (ASTM)
Committee D-18 has been charged with developing a set of rock-classification
standards.

3. The purpose of this appendix is to update the state of the art on
rock mass cl-ssification systems as used for the design and construction of
tunnels in rock. This appendix is accompanied by an up-to-date list of

references.

* See appropriate footnote reference number at end of Appendix D.
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4. Two rock mass classifications systems have emerged as dominant in
recent years, namely the Geomechanics Classification (RMR System) and the
Q-System. Many papers have been written comparing these classifications and
applying them to various areas of rock engineering®. Accordingly, much of the
present review will be devoted to updating the developments concerning these
two classification systems.

5. A logical approach to discussing the developments concerning rock
mass classifications is to consider the following headings: (1) input data,
(2) rock support requirements, (3) influence of stress field, (4) rock mass

deformability, (5) strength of rock masses, and (6) emerging new applications.

Provision of Input Data

6. Reliable input data continue to be crucial to the successful use of
any rock mass classification system. Special input data sheets such as those
presented for each of the three classification systems in Appendix B of this
report are particularly useful. This is so because even if a comprehensive
geological report has been prepared for a construction site, use of the
classification systems will be greatly facilitated if the geological input
data is arranged in a convenient form compatible with a given rock
classification system.

7. In this connection, special reference should also be made to US Army
Corps of Engineers document ETL 1110-283 dated 31 May 1983 which gives
guidance on the use of rock mass classifications for tunnel support and
depicts the recommended input data sheets for use with the rock mass
classification systems.

8. A trend has emerged to collect engineering geological parameters for
rock mass classification purposes on the basis of borehole data alone without
the need for investigations in adits or pilot tunnels. As a result of the
availability of more advanced coring techniques such as directional drilling
and oriented core sampling as well as both borehole and core logging proce-

7

dures’, rock mass classifications can be performed on the basis of the input

data from boreholes.
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9. Figure D1 shows the results of a recent study by Cameron-Clarke and
Budavari® featuring a comparison of the RMR values obtained from borehole core
and from in situ mapping. It was concluded that borehole data tend to
underestimate somewhat the in situ values. In fact, using the RMR system or
the Q-System there was an 82 percent probability of a borehole classification
of a rock mass being correct.

10. In a recent paper, De Vallejo® presented an approach to tunnel site
characterization based on the RMR for determining rock mass rating values
based on geological explorations from the surface. This research aimed to
establish applicability of surface data to tunnel depths. Modifications to
some RMR parameters have been introduced and applied to civil and mining
underground excavations in Spain. The approach was recommended for

preliminary investigations and some findings are depicted in Figure D2.

Support Guidelines

11. Recommendations for support measures to be used in connection with
rock mass classification systems have not changed during the past five years
and the support charts given in this report are still applicable,

12. A useful new development was presentation of simplified design
guidelines by Hoek!? giving approximate relationship between excavation
stability, maximum compressive boundary stress, and rock mass quality in terms
of RMR and Q-values. This is depicted in Figure D3.

13. New comprehensive support guidelines have been prepared for use in
metal mining featuring modified RMR values from the Geomechanics Classi-
fication. The interested reader is referred to a publication by Kendorski et

al.!l (1983).
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Figure D1. Comparison of Geomechanics Classification rock mass
rating RMR obtained from borehole core (BC) and from
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Figure D3. Approximate relationship between excavation stability
rock mass quality and maximum compressive boundary stress
(after Hoek1?) .

Influence of Stress Field

14. A considerable amount of research has been devoted to adapting rock
mass classifications for use at greater depths and in changing stress
conditions. This is particularly applicable in deep level mining and this
research was directed to applications involving block caving mines!!. This
research is relevant to tunneling featuring the influence of adjacent
excavations as well as changing stress conditions such as may be encountered
in civil engineering involving varying applied loads.

15. A simplified chart featuring additional adjustments appropriate to
the Geomechanics Classification, is depicted in Figure D4. A more detailed

rock mass classification procedure based on RMR values has been developed!}

which enables the planner or the mine operator to arrive at rock mass quality

and support recommendations for production drifts in block caving mines. The




Strength of
intact rock

Rating: 0-15

Blasting damage
adjustment Ag

0.8-1.0

Discontinuity
density
RQD: 0-20
Spacing: 0-20

Rating: 0-40

In-situ stress &

Discontinuity
orientation change of stress
adjustment adjustment
A,
l 0.6-1.2
Basic RMR
0-100

Discontinuity
condition

Rating: 0-30

Groundwater
condition

Rating: 0-15

Figure D4.
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fractures
S

0.7-1.0

S

Adjusted RMR
RMRXAgXAgXxS

‘max. 0.5

Support recommendations
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procedure involves adjusting RMR values for mining purposes and then esti-
mating support requirements for development and production drifts. The proce-
dure iz diagrammatically depicted in Figure D5. This system, krowr as the
Modified Basic RMR system or MBR in short, is based on experience gained in an

in-depth field study at several block caving mines in the United States.

Strength of Rock Masses

16. Rock mass classifications recently became useful for estimating the
in situ strength of rock masses. Hoek and Brown'? proposed an empirical
failure criterion for the strength of rock masses as opposed to the strength

of rock materials. Their criterion is as follows:

01 03 m03 1/2

where o0, is the major principal stress at failure
03 is the minor principal stress
o, is the uniaxial compressive strength of rock
m and s are constants which depend upon the properties of
the rock and the extent to which it has been fractured

by being subjected to o, and o,.

17. For intact rock, m = m; which is determined from a fit of the
above equation to triaxial test data from laboratory specimens, taking s = 1
for rock material. Using sandstone as an example, the Hoek-Brown criterion

for s = 1 is depicted in Figure D6.

1 14

18. For rock masses, Hoek and Brown!® and Priest and Brown!* recommended
relationships between m and s and the value of Bieniawski’s RMR. These
original relations between m and s and RMR were based on a small number of
data points and were not well defined. Brown and Hoek!® have since determined
that the original relationships gave low values of rock mass strength due to
the fact that laboratory test specimens from which they were derived were

disturbed. Thus, the original relationships were considered suitable for use
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criterion (after Hoek and Brown'?®)
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in estimating the peak strengths of disturbed rock masses such as these on the
boundaries of slopes and underground excavations tnat have been loosened by
poor blasting practice and those in embankments or waste dumps. Brown and

14

Hoek!® suggest a slight modification to Priest and Brown'’s'* recommendations

and, for disturbed rock mass, suggested the following expressions:

m_ = exp RMR-100
my 14

s = exp (éMR-lOO)
6

19. When mechanical excavation, perimeter blasting techniques, or, in
some cases, normal good blasting practice are used, the rock mass may be left
essentially undisturbed. Back-calculation of the rock mass strengths
developed in a number of these cases suggests that the m and s values
corresponiing to peak strengths of undisturbed or interlocked rock masses may
be estimated by the following expressions:

m_ = exp [RMR-100
m; 28

S = exp (RMR-lOO >
9

Hoek and Brownmlhas compiled a list of approximwge m and s values for
both disturbed and undisturbed rock masses as reproduced in Table D1. The
upper m and s values for each rock mass category refers to disturbed rock
mass while the lower refers to undisturbed rock mass.

Shear Strength of Discontinuities
17

20. Serafim and Pereira’’ utilized the Geomechanics Classification to
estimate from RMR values both the shear strength of a rock material and the
shear strength of discontinuities in rock. For this purpose, they used the
ratings for point load strength and/or uniaxial compressive strength to
estimate ¢ and ¢ of the intact rock and utilized the "condition of disconti-
nuities" together with the "groundwater" term to estimate the angle of
friction of the discontinuities in rock masses. The roughest, unweathered
joints in the dry state were given a ¢ value of 45°. Flowing water caused an
effective reduction of 8° on ¢ and gouge-filled discontinuities had values of
¢ = 10°. 1In general, this approach was considered as realistic by Barton and

as a useful addition to the RMR-System.
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21. Estimates of the shear strength of rock material and of disconti-

17 are reproduced in Tables D2

nuities, as presented by Serafim and Pereira
and D3.

22. An alternative approach was also provided by Barton® who mentioned
that after the Q-System was developed, it was discovered by chance that the
arctangent of (J./J,) gave a surprisingly realistic estimate of the shear

strength, namely:
< -1 °
friction angle = tan “(J./J.)

It was suggested® that one can base the design on peak shear strength in the
case of unfilled rough joints but only on residual strength in the case of

clay-filled discontinuities.

Deformability of Rock Masses

23. New research has been conducted into estimating rock mass deforma-
bility by means of rock mass classifications. Previous work®’ featured a
correlation between the modulus of deformation and the rock mass rating RMR
from the Geomechanics Classification. The data presented included better
quality rock masses, namely, having RMR > 50. Recently, Serafim and Pereira®’
provided correlations between RMR and poorer quality rock masses having RMR
< 50. The complete correlation is given in Figure D7. Serafim and Pereira
also proposed a new correlation as follows:

RMR-100

En = 1040

This equation is plotted in Figure D8 together with the experimental data
collected by Serafim and Pereiral’.

24. In a recent paper, Barton® compared methods of estimating modulus
of deformation values from rock mass classifications. The mean values of
deformation modulus as well as the range of modulus values were analyzed in
terms of RMR and Q-values. He suggested the following approximation for

estimating mean deformation moduli:
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Epean = 25 log Q

An upper-bound and lower-bound to the measured data were given by:

Enin = 10 log Q
Enax 40 log Q

I

Estimating Tunnel Convergence from Rock Mass Rating

25. Moreno-Tallon!® provided interesting information on the relationship
between convergence deformations and rock mass rating RMR for tunnels, based
on a case history in Spain. This concept is illustrated in Figure D9 which
shows the tunnel deformations as a function of time and rock mass rating RMR,
with support and depth being considered constant. A relationship was also
shown to exist between rock-bolt behavior and RMR values. It has been
suggested that development of a "general convergence equation" should be
attempted, incorporating the four main variables: time, rock mass rating RMR,
support and state of stress. This represents a new field of application for
rock mass classifications.

26. In an independent study, Unall® showed the RMR system to be appli-
cable for estimating the actual convergence of coal mine tunnels as a function
of time. In essence, he proposed an integrated approach to roof with roof
span, support pressure, time, and deformation. This is diagrammatically

presented in Figure D10.

General Remarks

27. One of the useful developments in the past five years was the
selection of the ratings for the various classification parameters from
graphs!! giving the relationship between this parameter and its value as shown
in Figure C11. Problems previously arose as to what rating should be selected
if a given parameter value was on the borderline between two ranges of data.

28. It also became apparent that while the parameter RQD and the
parameter discontinuity spacing were justified to appear separately in a

classification system, there existed a correlation between the two. A number
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of studies were conducted, notably by Priest and Hudson?®, in which a rela-

tionship between RQD and discontinuity spacing was derived. Based on this
development, ratings were allocated for RQD and discontinuity spacing for use
with the Geomechanics Classification as shown in Figure D12. This figure is
particularly useful when one of the two parameters is not available and an
estimate is needed of the corresponding parameter. There are situations when
core is not available from boreholes yet discontinuity spacing is available
from tunnel mapping. On the other hand, RQD values may be available from
surface drilling and can be used to estimate discontinuity spacing at tunnel
depth.

2%9. Finally, it became apparent that no matter which classification
system is used, the very process of rock mass classification enables the
designer to gain a better understanding of the influence of the various
geologic parameters in the overall rock mass behavior and, hence, gain a
better appreciation of all the factors involved in the engineering problem.
This leads to better engineering judgment. Consequently, it does not really
matter that there is no general agreement on which rock classification system
is best; it is better to try two or more systems and, through a parametric
study, obtain a better "feel"” for the rock mass. It has emergad that the most
popular rock mass classification systems are the RMR System (Geomechanics
Classification) and the Q-System. These two systems should, as a minimum, be

used on tunneling projects for comparison purposes.

Conclusions

30. There were substantial developments concerning rock mass classi-
fication systems in the past five years. These developments have pointed out
the usefulness of rock mass classifications and the benefits that can be
derived by their use. It is obvious that further benefit from rock mass
classifications can only be derived if more case histories are available for
assessing the value of the classification systems as well as the berefits in
terms of engineering design. It is recommended that rock classification

systems are systematically used on tunneling projects, that at least two
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systems are always selected for comparative purposes and that careful record
is kept of their application during the construction of a tunnel.

31. Rock mass classifications should always be applied judiciously as
an aid in design but not as a replacement for engineering design. The main
value is in quantifying engineering geological descriptions of rock masses and
estimating support requirements in the planning stage. Rock mass classifi-
cations are also useful for estimating the in situ strength of rock masses,
modulus of rock mass deformation as well as cohesion and friction of rock
masses. The emerging applications include development of relationships
between tunnel convergence and time as functions of rock mass class.

32. A measure of the interest in rock mass classification is the fact
that special sessions on rock mass classifications were organized in 1983 at
two major international conferences, namely, the International Symposium on
Engineering Geology and Underground Construction held in Lisbon, Portugal, and
the Fifth International Congress on Rock Mechanics held in Melbourne,
Australia. Eleven papers on the subject were presented at the Lisbon
Symposium while 15 papers were delivered at the Melbourne Congress. These and
other recent papers on rock mass classifications are given in the list of

references.
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Table D1

Approximate Relationship Between Material Constants,

Rock Mass Quality, and Rock Types (from Hoek and Brown16)

APPROXIMATE RELATIONSHIP BETWEEN ROCK MASS QUALITY AND MATERIAL CONSTANTS
Disturbed rock mass m & s values undisturded rock mass m & 3 valves

Emparircal falure cniterion

o = oy * (moay + w‘z)“2
major principal stress

minar pnncipal stress
unianial compressive strength
ol intact rock. and

m, 3 are empincal constants

&

ihwi
CTOARSE GRAINED POLYMINERALLIC
iGNEOUS AND METAMORPHIC

STRONG CRYSTALS AND PQORLY
CRYSTALLINE ROCKS

dolomite, hmestone and marble
DEVELOPED CRYSTAL CLEAVAGE
IGNEOUS CRYSTALLINE ROCKS
amphibolite, gabbro, gneiss, granite,
norite and quertz—diorite

andesite, dolesite, diabase and

thyolite

mudstone, siltstone, shale and

sate (normal lo deavage)

OEVELOPED CRYSTAL CLEAVAGE
sandstone and quartzite

CARBONATE ROCKS WITH WELL
LITHIFIED ARGILLACEOUS ROCKS
FINE GRAINED POLYMINERALLIC

ARENACEOUS ROCKS WITH

INTACT ROCK SAMPLES

m= 100 m = 1000 m = {500 m = 17.00 m = 2500
Laboratory size speamens free
from discontinuities. s =100 s = 1.00 s =100 s =100 s =100
RMS=100 m =700 m = 1000 m = 1500 m = {700 m = 25.00
= 500
s =00 s =100 s =100 s =100 s = 100

VERY GOOD QUALITY ROCK MASS

Tightly mterlocking undisturbed
rock with unweathered joints at s = (082 s = 0082 s = 0082 s = 0082 s = 0082

1 to Jm
m =429 m =S85 m =878 m =995 m = 1463

m = 240 m =343 m=514 m = 582 m = 856

RMR = 85
Q = 100 s = 0189 s =018 s = 0189 s = 0199 s = 04189

GOOD QUALITY ROCK MASS
m = 0575 m = 082t m =121 m = 1395 m = 2052
Fresh to slightly weathered rock,

slightly disturbed with joints at s = 000293 |3 =000293 | s =000293 | s =000293} s = 000293
1ol
°sm m=2006 |m=2065 |m=4298 | m=tont | m=110
RMR = 65
Q=10 s =00205 |[s=00205 {s=0005 s = 00205 | s = 00205

FAIR QUALITY ROCK MASS
m = 0128 m = 0163 m = 0275 m =031 m = 0458
Severai sets of moderately

weathered joints spaced at 03 s = (000009 [s = 000009 {3 = 000009 [ s = 0.00009 | s = 000009
tot m
m=0M7 m = 1353 m = 2030 m = 2301 m = )38
RMR = 04
Q=1 c= 000198 |s = 000198 | s = 000198 | 5 = 000198 | s = 0.00198

POOR QUALITY ROCK MASS
m = 0029 m = 004 m = 0061 m = 0069 m = 0102
Numerous weathered joints at 30
to 500mm with some gouge $=0000003 |s=0000003 | 3=0000003 | 3=0000003 | s=0000003

Cle mpacted waste rock
o e 1o m = 0447 m = 0639 m = 0959 m = 1087 - = 1590
RMR = 23
01 s = 000019 |35 =000019 | s =000009 | 5 = 000019 | s = 0.00019

VERY PDOR QUALITY ROCK MASS
N m = 0007 m = 0010 m = 0015 m = 0017 m = 0024
Numerous heavily weathered joints

spaced at less than 50mm wieh s=0 0000001 | s=0 0000003 | s=0000000§ |} 3=00000001 | s=0 0000001
gouge Waste rock with fines
m=0219 m =033 m = 0469 m = 0532 m=0iR

RMR = 3
Q=001 s = 000002 |s = 000002 | s =000002) s =000002| s = 000002
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