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PREFACE

In its Reprints and Preliminary Reporis No. 40, 1971 the Swedish Geotechnical Institute
presented a paper by Mr Owen S. Cecil with the title "Correlation of Seismic Fraction
Velocities and Rock Support Requirements in Swedish Tumnels', This paper describes
part of a large work performed by the Author during 1966-68 when he was employed at
the Institute. Parts of the worlk have also been published in IVA-rapport No. 4, 1968
{""Evaluation of visual rock classification systems for tunnel construction in Sweden'} and
in ASCE Civil Engineering 1970:1 ("Shotcrete support in rock tunmels in Scandinavia™),

The main work comprises field studies of fourteen different underground rock construc-
tion projects in Sweden and Norway in order to provide an understanding of the nature
and causes of instability in rock tunnels and rooms in Scandinavia. The material from
these field studies has been used to evaluale the usefulness of visual rock classification
systems [or the assessment of the stability behavior and reinforcement requirements in
underground rock construction in Sweden.

During 1968-70 Mr Cecil completed his work at the University of Illinois, U.S.A, with,
e.g. laboratory model studies. The whole work resulted in 2 Ph.D. thesis with

Professor Don Deere as adviser.

The field investigations were supported by grants from the Swedish Power Board
(Statens Vattenfallsverk} and the Swedish Fortifications Administration (Kungl. Fortifi-
kationsfOrvaltningen) and done in cooperation with, at that time called, the Rock Mech-
anics Committee of the Swedish Academy of Engineering Sciences (IVA).

The Author has kindly put his original figures etc to the Institutes disposal. The text
is taken in its original form but retyped. The editorial work has been done by Mr Olle
Helmquist and Mr Nils Flodin of the Institute,

The Institute thanks Dr Owen Cectl for his comprehensive work and believes that it will
be of a great value for a better understanding of many problems in rock mechanics,
especially those associated with tunnelling.

Stockholm, May 1975
SWEDISH GEOTECHNICAL INSTITUTE
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SUMMARY

Field observations at 14 civil engineering rock tunnel projects in Norway and
Sweden have enabled empirical correlations to be drawn between three differ-
ent rock quality parameters and the rock bolt-shotcrete supports nsed in
loosening ground conditions. The three rock quality parameters used in the
investigation are average discontinuity spacing, rock quality designation
(RQD), and seismic velocity ratio. Numerical values of each of these three
parameters have been related to the three support classifications of maximum
{two or more shotcrete applications, frequently with closely spaced rock
bolts), intermediate (one shotcrete application, freduently with medium to
widely spaced bolts), and minimum (none or medinm to widely spaced bolts).
These correlations offer the most realistic approach to the selection of a

shoterete design that has heretofore been possible.

Laboratory model studies have been used to demonstrate the significance of
joint orientation and tangential stress on the stability of an unsupported
jointed medium. Both the failure mechanism and the mechanism of stabiliz-
ation of an unsupported span have been described. The influence of intact

material failures on the failure mechanism is partienlarly noteworthy.

Several simple rigid block analytical models have been used to demonstrate
possible shoterete-rock interactions. They point out the importance of the
roclk-shoterete bond strength in determining the support capacity of a dis-

continuous shotcrete tunnel lining.



1. INTRODUCTION

1.1 Statement of Problem

When a practicing engineer undertakes a problem that
is new to him, or one that is relatively new to the
entire profession, one of his major concerns is to
learn about the experience that others have had with
the same problem. Until a subject or problem be-
comes of such widespread significance and interest
that practices and experiences begin to appear in the
professional literature, an engineer may have extreme
difficulty in learning what is already known or what is
being done by others in his particular area of interest.

The support of underground openings in rock, particu-
larly through the application of shoterete and rock
bolts, is a subject that lies in that gray area of know-
ledge described in the preceeding paragraph. The use
of shoterete in the support of underground openings is
no more than 15 years old in those parts of Furope
where it was first infreduced. There are no more than
a dozen projects on the North American continent
where shoterete has been used extensively as under-
ground support in rock tunnels. It is thus neot too sur-
prising that few engineers are well acquinted with its

application in this area,

Although there are certain problems associated with
the pure mechanical process of placing shotcerete on
the walls and roof of a tunnel, the least understood
problem in its application is the engineering design of
shoterete tunnel linings. There are three aspects to
the development of engineering design procedures.,
First, it is necessary to understand the stability
behavior of unsupported or unreinforced tunnels in
order that the likely mode of failure is known and
understood. Second, it is necessary to understand the
rock-shoterete interaction, that is, the manner in
which shoterete provides support in an unstable tunnel.
Third, it is necessary to understand the conditions for
which shotcrete has been used, or more precisely,the
relationship between the behaviour of different shot-

creted tunnels and the nature of the materials through

which the tunnels are driven.

The purpose of this thesis is to provide insight into
these three aspects of shotcrete design and to formu-
late preliminary design concepts based on praetical
experience, Although the results of the work are sub-
ject to modification as more experience is accumu-
lated, they do provide a better insight into the problem
and & more realistic treatment of practical experi-
ence than is presently available,

1.2 Approach

The approach taken to the stated problem involves
three phases of investigation: (1) field observations in
shotcreted tunnels; (2) laboratory model studies of
unsupported openings in jointed rock; and (3) analyti-
cal models of the rock-shotcrete interaction.

Emphasis is necessarily placed on the field obser-
vations in order that real tunnel behavior can be
understood and actual shoterete practices can be ob-
served. The largest part of the field observations
consists of determinations of various rock quality
parameters. Rock quality designation (RQD), average
discontinaity spacing, and other rock mass structural
properties were determined in over 90 individual
cases. In a few cases, these data were supplemented
with seismic refraction velocity measurements.

Although the value of borehole extensometer measure-
ments for evaluation of the general stability of an
opening in rock is recognized (Cording, 1968a), and
would undoubtedly aid in the interpretation of the rock-
shoterete system behavior, the use of such insiru-
mentation in Swedish and Norwegian funnels is very
seldom warranted because of the low percentage of



tunneis that require support (less than 20%). Because
of the very wide scatiering of instability cases over
many kilometers of stable, unsupported tunnel, the
placement of instruments to measure rock mass
properties and the behavior of the rock mass in un-
stable areas would have required much more detailed
preliminary exploration for potentially unstable zones
than is normally done, Furthermore, the placement
of instruments in unstable zones would have required
continual inspection of a tunnel face throughout the
duration of a project. Rather than concentrate all
attention in one tunnel and attempt to quantitatively
monitor the behavior of a few instability cases, if was
decided to study a large number of cases in many dif-
ferent tunnels and limit the observations to determi-

nations of rock guality.

Although the field observations provide information
that is indispensable in understanding the gross be-
havior of real tunnels, they do not provide a complete
explanation of the machanical behavior of a tunnel and
the mechanism of tunnel fajlure. It is essential that
these facets of the problem be understood if the field
observations are fo be interpreted in the correct
manner. For these reasons, a laboratory medel of a
simple, hypothetical unsupported span in jointed rock
has been constructed. The model has made it possible
to study qualitatively the effects of variations in dif-
ferent rock mass parameters on the stability of open-—

ings in jointed rock.

The analytical models of the rock-shotcrete interac-
tion are simplified analyses that are intended to show
the possible mechanisms by which shotcrete renders
support in an unstable opening. They are not intended
as design procedures. However, they do point out
significant medes of behavior that heretofore have not

been considered.

Because the primary aim of this thesis is to relate
rock bolt-shoterete tunnel supports to some simple
measureable rock guality parameters, the methods
used in the analysis of the field observations are
necessarily of an empirical nature. An empirical
approach is justified in eonsideration of the com-
plexity of the problem and the lack of any practical
theoretical approach. Rather than approach the
problem from a theoretical viewpoint and attempt to

consider all the factors that influence the support
requirements in a shotereted tunnel, the writer has
chosen to pursue the empirical approach and attempt
to explain any anomalous behavior or conditions for
which the empirically derived relationships do not
apply. The laboratory and analytical model studies

have been very valuable in this respect.

It is believed that the approach outlined in the pre-
vious paragraphs can provide the most useful tools
for design engineers that wish to use the experience
of others in their work. This approach is even fur-
ther justified in consideration of the fact that tunnels
of all types are currently designed almost solely on
the basis of experience. Because the applicafion of
shotcrete and rock bolts to underground support is
currently a practice that is surrounded by much mys-
tery and doubt, any systematic collection of experi-
ence would be a welcome contribution to most engin-

eers.,

1.3 Scope of Work

The scope of this thesis is limited to the behaviour of
tunnels and the use of shoterete in the rock conditions
encountered on the Scandinavian peninsula. This area,
particularly Sweden, deserves special consideration
because of the wealth of experience that has been
gained in the area of shoterete and rock bolt support
of tunnels in rock. Although the geologic conditions

in Scandinavia are anigue to only a few parts of the
world, the experience accumulated in that area is
broad enough that it can benefit others in different
geologic areas, particularly if the tunnel behavior and
experience are related to fundamental, measureable

parameters, as is attempted in this thesis.

The field observations that constitute the greater part
of the thesis were made in 14 different inderground
rock projects in Sweden and Norway. Al of the ob-
servations were made during the construction or
repair stage of tunneling when the possibilities for
close inspection of rock conditions were best. Be-
cause construction practices have an influence on the

behavior of tunnels, they are discussed in detfail, and,
along with several geologic factors, must be taken in-

to consideration in any attempt {o extrapolate the



results of this thesis to other areas.

The correlations between tunnel support and rock
quality parameters that have been derived from the
field observations are by no means perfect, but they do
indicate strong trends in collected experience and offer
a much more realistic approach to shoterete design

than has heretofore been pogsible.

The field observations are presented and discussed in
Chapter 2. Chapter 3 deals with the nature and causes
of the observed instability. Material from both the lab-
oratory model studies and the field observations is
used in the discussion of this subject. Chapter 4 is
devoted to the discussion of Swedish tunneling prac-
tices and their influence on tunnel stability. The role
of shoterete as a rock reinforcement is discussed with
the aid of several simple analytical models. The em-
pirical relationships between different rock quality
parameters and the rock bolt-shotcrete supports used
in tunnels are dealt with in Chapter 5. The potential
for the praectical application of the support-rock qual-
ity relationships is discussed and the needs for trial

testing are explained.

2, FIELD STUDIES

2.1 Introduction

The field studies discussed in this chapter are the
results of 15 months of field work in Swedish and
Norwegian underground rock construction projects.

In an attempt to familiarize himself with peneral Swed-
ish underground rock construction practices and the
specific nature and causes of instability and other
tunneling problems, the writer undertook extensive
inspection of a wide variety of projects during the
period September 1966 - March 1968,

The observations were carried ont during the con-
struction or repair stage in a total of 14 different pro-
jects. The magnitude of the projects varies from short
lengths (less than 1 km) of small-diameter water,
sewer, and ntility tunnels to complex hydroelectric
schemes that include large underground machine halls

and many kilometers of large-diameter water con-

veyance tunnels,

The projects include ten hydroelectric schemes, one
rajlroad tunnel, one subway tunnel, one underground
sewage treatment system, and a large wine and
liquor storage facility. No mines were included in the

studies.

The 14 projects and the types of tunnels for each pro-
ject in which observations were made are listed in
Table 2,1, The lengths given in the last column do not
correspond to the total lengths of tunnels for each
project, but rather only to the lengths available for
inspection at the time of the field work. Considerable
lengths of plamned tunnel at a namber of the projects
could not be included in the studies, either because
they had not yet been driven or because they had been
driven and completely shotereted so that observation

of rock conditions was not possible.

A total of 13 underground rooms or chambers and
about 67 kilometers of tunnel was inspected. The
cross sectional areas of the inspected openings vary
from seven square meters (75 sq ft) to 440 square
meters (4840 sq ft). Span widths vary from 3.4
meters to 20 meters. Cross-sections of some of the
underground openings are shown to scale in TFigure2, 1,
The depth of soil and rock cover in all of the projects
is less than 300 m, and in most cases less than 100m,

2.2 Geographic and Physiographic Setting
The locations of the projects are shown on the map in
Figure 2,2, Eleven of the projects are located in
Sweden and three in Norway. The numbers on the
arrows correspond to the numbers in Table 2,1,

Three of the projects (9, 10, 11) lie in or around
Stockholm in a physiographic region known ag the
Swedish central lowlands. The Lierisen project near
Drammen, Norway, is also located in a relatively
low coastal area. The low mountainous terrain in that
area, however, is in marked contrast to the flat plain
around Stockholm. The other eleven projecis are
located on the main highland mass of the Scandinavian
peninsula, Seven of the projects in this region are

located on Swedish rivers that flow southeasterly to



TABLE 2.1
INSPECTED UNDERGROUND OPENINGS

Project Type of Tunnel or Room Cross-Sectional Length,
Area, m2 m
1. Seitevare tailrace tunnel 98 5300
Hydroelectric, machine hall ~ 130 49
Sweden access funnels 12-44 ~ 1000
2. Vietas headrace heading (Suorva) 68 3000
Hydroelectrie, headrace (Satisjaure) 80 600
Sweden access tunnels 25-80 -~ 1000
tailrace tunnel ~ 100 500
3. Rendal Hydroeleciric, headrace tunnel 43 3000
Norway access tunnels 50 1000
4, S#llsju Hydroelectric, tailrace tunnel 64 9000
Sweden
5. Bergvatinet collector tunnels 18 4000
Hydroelectric, tajlrace tunnel 30 5000
Sweden access tunnels 1600
machine hall ~ 60 20
6. Stensjofallet headrace tunnel 24 5000
Hydroelectric, tailrace funnel 24 3000
Sweden access tunnels 20-24 1500
machine hall ~ 100 30
7. Mo i Rana collector tunnels 19-39 10000
Hydroelectrice, machine hall ~ 300 ~ 70
Norway
8. Lierisen, double track railroad 60 5000
Norway tunnel
9. Kippala Sewage sedimentation chambers 116 1600
Treatment Works, collector tunnels 7 1000
Sweden access tunnels 70 300
10. Stockholm Subway, twin track subway 40 300
Sweden tunnel
11. Arstadal, underground storage 440 300
Sweden rocims (two)
12, Ritan Hydroelectric, failrace tunnel 80 2000
Sweden machine hall 300 60
aceess tunnel 20 500
13. Letsi Hydroelectric, access tunnels ~ 8( 1000
Sweden
14. Dabbsjo Hydroelectric, intake and access 20-80 1000
Sweden tunnels
87120 m
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Fig. 2.1  Cross-sections of some inspected openings




Fig. 2.2  Location map for projects



the Baltic Sea. Two of the projects (6, 7) are locaied
on the so-called "keel”, a ridgelike mountain chain in
northern Scandinavia that corresponds approximately
to the boundary between Norway and Sweden. The
Rendal project is located in a graben valley that drains
the east~ceniral Norwegian mountain platean,

The large concentration of projects in northwestern
Sweden is the result of two factors. ¥First, hydro-
electric projects involve the preatest mileage of
Swedish civil engineering tunnel construetion and most
of the remaining undeveloped river heads in Sweden
are in the headwaters near the mountains. Second, the
bedrock in and near the mountains of Sweden generally
presents more tunnel stability difficulties than that of
other parts of Sweden where construction was current

during the writer”s studies.

The three projects in Stockholm were ineluded in the
studies because of their representation of different
bedrock conditions and their unusual size. The Nor-
wegian projects were included because of their rep-
resentation of different bedrock conditions and their
severity of stability difficulties

2.3 Geologic Background
General

The behavior of a structure in rock depends to a great
extent on the nature of the geologic environment, or
more specifically on the properties of the surrounding

rock mass.

Although geology alone usually does not provide
gquantitative information about the properties of a rock
mass, it does convey very valuable gualitative infor-
mation that many times implies a certain behavior
spectrum and a specific set of possible problems.
Furthermore, if it is desired to utilize past exper-
ience from particular construction projects, it is
necessary to have a full understanding of the geologic
environments of both the planned project and the pre-
vious project from which the experience is to be
drawn. This section is an attempt to fill these needs.

The work in this thesis is admittedly confined to a

rather narrow geologic environment. Only parts of
Canada, the British Isles, Finland, and Russia have
areas that are geologically similar fo Sweden and
Norway. However, there are many areas where the
condition of the bedrock, irrespective of its age and
history, is similar enough to warrant consideration
for the application of Scandinavian tunneling experi-
ence. In this section the rock types and historical
and structural geology are discussed. The material
presented in Appendix B is oriented in more detail
towards the specific geologic factors associated with
instability and should aid considerably in determining
the applicability of the reported results to other geo-

logic invironments.

Bedrock Materials

The rock types encountered in the 14 projects include:
gneiss, coarse-grained granite, fine-grained aplitic
granite, diabase, amphibolite, diorite, several types
of schist (graphite, mica, chlorite, alum), leptite,
marble, quartzite, mylonite, sparagmite (metamor-
phosed arkose), metamorphosed greywacke, and
metamorphosed claystone. An extremely wide vari-
ation in lithologies, even for one general rock type
such as granite, was found in the projects and, fo-
gether with varying grades of metamorphism, account
for a wide range of intact rock properties.

Because the intact rock properties are of consequence
in only two isolated cases, which were not included in
the studies, no attempt was made to determine intact
rock properties by means of laboratory testing. If is
estimated that the range of compressive strengths for
all the rock types is from about 10, 000 psi for the
weaker sparagmites and leptifes to over 35, 000 psi
for certain diabases and quartzites, The significant
property of these rocks, with the exception of the two
previously mentioned cases, is that their strengths
are high enough so that the rock mass behavior is
governed primarily by the structural discontinuities

of the mass.

Although most of the instability cases arose in sound,
unaltered, jointed rock, some of the problems could
be attributed to alterations of rock materials, par-
ticularly along joints and shear zones. Some ex~
tremely altered and weathered rocks with unconfined



compressive strengths as low as 75 psi were encoun-
tered in limited amounts. However, the low com-
pressive strength of these materials was not the main
problem; the difficulties caused by them arose out of
the physical disintegration and chemical changes that
occurred upon exposure to air, water, and frost action
An amphibolite that was chemically altered to a moist
sand-like condition and several granite and sparagmite
masses whose feldspars were chemically altered to
montmorillonitic clay products were among the more
noteworthy examples of altered rock materials that
caused tunnel stability difficulties. Alterations around
joints and mechanical deterioration by shear move-
ments and weakening by varions jeint fillings are
common. The effects of such rock alterations will be

discussed in detail in a later chapter,

Historical and Structural Geology

Simplified geologic maps of Sweden and Norway are
shown in Figures 2.3 and 2.4. The bedrock of the
Scandinavian peninsula can be classified into the
Tollowing four major groups:

(a) Precambrian basement rocks (Swedish "urberg" -
- "primitive rock') that form most of the eastern
portion of the peninsula (SBweden) and a large
portion of southern and northwestern Norway.

() Tolded and thrusted rocks (most of which are
Cambrian to Silurian in age} in the overthrusted
mountain ranges that form the backbone or keel
of the high Scandinavian plateau.

{c) Lesser amounts of Cambrian to Silurian sedi-
mentary rocks that cover the southern tip of
Sweden and parts of southern Norway, and

{d) =a group of eruptive and sedimentary rocks of
Permian age that lies in the vicinity of the Oslo
fjord.

These four bedrock units are indicated on the geo-

logic maps in Figures 2.3 and 2.4 The locations of

the 14 projects are shown with black arrows.

Projects in the Precambrian Regions. The greatest
part of the Swedish bedrock consists of Precambrian

igneous and metamorphic rocks. Six of the Swedish
projects (1, 9, 10, 11, 12, 13) are located entirely

in the Precambrian bedrock. The three projects near
Stockholm (9, 10, 11) are founded in Archean granites
and gneisses that form part of the roots of the 2-billionr

year-old Svecofennian geosynclinal mountain range,
which of course has since been eroded away. Normal
faulting is prominent in the Archean rocks in the

Stockholm area.,

The Rétan project (12) is founded in somewhat younger
Proterozoic granites (both coarse- and fine-grained)
and diabases., The amphibolite inclusions at Ritan are
believed to be older than the Ritan granite,

Both the Letsi and Seitevare projects (1, 13) lie in
Precambrian granites that are believed to be closely
related to the same orogenic developments that form-
ed the Stockholm granite and gneiss rocks. The lep-
tite at the Seitevare project is an inclusion of older
voleanic sediments that apparently was metamorphos-
ed and partially melted during the formation of the
granite.

Although the Precambrian rocks are generally very
sound and unaltered and give few problems in under-
ground construction, a few noteworthy examples of
tunneling difficulties in the Swedish Precambrian do
exist. Rock conditions at the Holjes project, parts of
which are included in this work as a literature study,
are about the most troublesome ever encountered in
Swedish tunneling history. The rock at the project
consists of hydrothermally altered sericite schists
and amphibolite (Karlsson and Fryk, 1961), The
Bergeforsens hydroelectric project, also located in
the Precambrian bedrock, involved extensive rein-
forcement and rock treatment in connection with a
network of volcanic dikes along which exiensive
hydrothermal alteration has taken place. Alterations
of the alkaline and carbonate material in the dikes
and the swelling of montmorillonitic alteration pro-
ducts in the surrounding gneissic granite country rock
cansed the greatest difficulties (Sdllstrom, 1967).

The Ritan project included in this work passes through
a. zone of thrust faults in the Precambrian rock and is
one of the most heavily reinforced tunnels in Swedish
hydroelectric funneling history. A less extensive
thrust fault in the Precambrian bedrock is also re-
sponsible for the most troublesome conditions at the
Seitevare project.

Projects in the Overthrusted Mountain Region. The
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Fig. 2.3  Geologic map of Sweden
{after Lundegdrdh et al., 1984)
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mountain ranges along the northern Norweglan-Swedish

border are a series of overthrusted nappes that have
been displaced laterally as much as 100 km. (Lunde-
girdh et al., 1964)., The extent of the overthrusting is
indicated on the geologic maps of Sweden and Norway
by unit b. The ages of these overthrusted rocks range
from late Precambrian to Silurian.

Three distinct major overthrust sheets have been re-
cognized in northwestern Sweden, but there exist many
minor low-angle thrust faults within the major sheets
and even in the Precambrian basement rock at the
edges of the mountains. This faulting took place at the
same time that the geosynclinal area along Norway’s
west coast was folded and uplifted. The period of
tectonic activity is kmown geologically as the Caledon-
ian orogeny, and is believed to have occurred at the
close of the Silurian period. The tectonic activity that
occurred at that time is responsible for the present
structure of the Scandinavian peninsula,

The tailrace tunnel of the S#llsjs project (4) lies com~
pletely within the lower thrust sheet that is composed
of Cambrian-Silurian schists and metagreywackes in
this area, The tunnels at the Stensjofallet project pass
from the Precambrian basement granite (headrace,
machine hall, portion of tailrace) through thin zones
of quartzite and alum schist at an overthrust fault and
into the metagreywacke overthrust sheet that is the
same tectonic body as that in which the S#llsjd tunnel
is located, The sparagmite mass in which the Rendal
project (3) is located is a large plate that was over-
thrusted during the Caledonian, although the dominant
local structure and topography are more strongly
influenced by later normal faulting, The rock is of
late Precambrian or early Cambrian age, the over-
thrusting is of Caledonian origin, and the normal
faulting probably ocecurred during the same Permian
faulting that disrupted the Oslo area.

The Bergvatinet project (5) is of particular geologic
interest, as the tunnels at that site pass through parts
of all three major overthrust sheets, The simplified
geology is shown schematieally in Figure 2.5, The
Dabbsjo project, which was just started at the time of
inspection, lies in the lower overthrust sheet,

Tunnels inspected at the Mo 1 Rana project (7) in

Norway are located in schists in the highest moun-
tains of the upper overthrust sheet, the so-called
Riodingsfidll nappe.

At the Vietas project (2) in northern Sweden the head-
race tunnels pass through mylonite in the middle
overthrust sheet, schist in the lower sheet, and
quartzite in the Precambrian basement rock. The

geology is shown schematically in Figure 2.6,

Oslo Eruptive Field. To the west and north of Oslo

lies a relatively more recent (Permian) area of

tectonic activity. The normal faulting of the Cam~
brian-Silorian bedrock in this area was accompanied
by voleanic activity that was responsible for the
formation of both extrusive and intrusive rocks
(Selmer~Olsen, 1966). The Lierdsen project (8} in
this region is located in the Drammen granite, which
in recent construction has been found fo contain
frequent montmorillonitic feldspar alterations of the
intact rock and along joints and shear zones (Huseby,
19686).

2.4 Field Study Procedures

The general procedure used in the field work was to
first study the design drawings and preliminary geo-
logic investigations in the engineering offices of
either the project owner or designer, The purpose of
this work was to become familiar with the general
layout of the projects and to determine in which areas
rock tunneling problems were most likely to be en-
countered. Personal communications with design and
owner personnel were sometimes useful in this re-
spect, as these people freguently had studied all of
the preliminary investigation material and were in
close contact with site personnel. Also of assistance
were topographic sheets, seismic refraction surveys
(for both bedrock surface contours and bedrock geis-
mic velocities), geologic maps, and geologic reports
deseribing field mapping of outerops and diamond

drill cores.

Site inspections were made at all of the projects
listed in Table 2.1. Some of the projects were stud-
ied in more detail than others. The case reported
for the subway in Stockholm represents about one-

11
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hour observation and discussion with project persomnel,
Inspections of the Letsi project were limited to the
access tunnels and involved only two hours. A total of
about one month was devoted to observations at Ritan,
and over three months at Seitevare, where the entire
tailrace tunnel was inspected during the blasting of the
bench.

At many of the projects several different inspection
trips were made so that the tunnel headings could be
observed in different rock conditions. In the poorest
of rock conditions, which required shotereting im-
mediately after blasting, it was necessary o inspect
the tunnels on & round-by-round basis so that the rock
conditions could be observed and recorded prior to
shotereting.

At the first site inspections, after general project
briefings and tours were completed, inquiries were
directed specifically at tunneling methods, rock con-
ditions encountered doring tunneling, and reinforce-
ment or support measures used in areas of unstable
rock, Although a great deal of information often was
ohtained from project superintendents, tunneling
foremen, and miners, actual inspection of the tunnels

and headings provided the most information.

It was considered most desirable to make observations
as soon ag possible after blasting so that failures
might be observed taking place and so that the unscaled
and unsupported condition of the rock could be examin-
ed. Many of the ohservations were made from the
muclk pile, within 30 minutes after blasting. Other
observations were made during scaling, bolting,
shotereting, mucking, drilling and up to several years
after construction. At the projects that were under
construction during the time of inspection it was the
policy to inspect headings as soon as possible afier
blasting and to inspect other parts of the project
during the drilling of the next round.

Conditions of instability in the form of roof falls, over-
break, wall slip-outs, and popping or slabbing rock
were observed, The conditions around many stable
tunnels were also recorded. An attempt was usually
made to photograph the tunnel condition under obser-
vation. Sketches were also made. An attempt was

made to obtain the following information for each
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observation:

a. Geometry of tunnel cross-section (width, height,
area)

b, Nature of instability (roof fall, wall slip-outs,
ete.)

¢. Remedial measures
Rock type (occasionally Schmidt L~-hammer hard-
ness)

a. TFactors responsible for condition (generally geo-
logie structure-discontinuities, faults, etc.)

f. Overburden (rock and soil)

g. Average joint spacing and rock guality desig-
nation (RQD)

h, Ground water conditions

i. Local and regional structural geology or tectonic

features.

An attempt was always made to relate the observed
stability behavior to information available from pre-
liminary investigations, particularly that from seis-
mic refraction measurements and diamond drill
cores, Unfortunately, the scarcity of the latter did
not allow any correlations to be drawn between dia~
mond drill core data and funmeling conditions, The
correlations with seismic refraction measurements

are discussed in a subsequent chapler.

An attempt was made to classify the rock at each
ohservation according to some systematic procedure
such as that proposed by Bergman (1963). Because
no laboratory tests on rock cores were made, intact
rock properties could not be classified. The infor-
mation required for classification of the rock mass
structure and discontinuity characteristics was
recorded during observation and is presented in

tabular form in the next section,

The rock quality designation (RQD) is a modilied
core recovery that is based indirecily on the number
of fractures and the amount of softening or alteration
in the rock mass (Deere et al., 1967), Instead of
counting the fractures, an indirect measure is ob-
tained by summing up the total length of core re-
covery but counting only those pieces of core that
are 4 in. (10 cm) in length or longer, and which are
hard and sound, Tt has been found that the RQD is a
more sensitive and consistent indicator of generaly

rock quality than is the gross core recovery per-



centage, The RQD method was originally introduced as
a means of logging core information, but can be ex-
tended to logging of rock along any line or axis
{Cording, 1968a), In sound rock it is only necessary
to measure joint spacing, but in altered or soft rock
it is also necessary to decide whether or not the rock
material would be recovered in drilling, In the
writers field work an arbitrary criterion was used
whereby any material that could be excavated by hand
with 2 geology pick was discounted in the logging. The
method has been used in the field studies to obtain rock
quality designation values along and up tunnel walls in
zones of unstable and stable rock. Values reported in
these studies have been obtained from field measure-
ments, measurements from photographs, and esti-
mations made in the field, Logging "runs" were made
over a distance equal to the width of the opening under
investigation. For the actual measurements in the
field it was sometimes found convenient to stretch a
string over the desired run length and mark on it
either every joint or discontinuity, or all rock blocks
and non-recoverable material less than 4 inches in
length, or all rock blocks greater than 4 inches in
length, depending on the nature of the rock, In cases
of very strongly jointed rock, it was found convenient
to measure with a ruler all the rock blocks greater
than 4 inches in width. After a number of measure-
ments were made, it was found that estimations of
RRD could be made to within about 10 percent of the

actual value.

The orientation of the RQD runs was not the same for
all cases, buf rather was chosen for each case study,
generally so as to cut normally across critical weak
zones. Thus RQD runs were made both up and along
tunnel walls as well as across tunnel faces. Because
the effect of RQD anisotropy on any correlation bet-
ween RQD and support requirements is likely to be
large, estimates of R@D values for the vertical
direction and parallel to the tunnel axis were made in
addition to the "primary® RQD values determined
across the primary weak zones responsible for in-
stability. The vertical direction and the tunnel-axis
direction are of particular interest because they are
the two directions in which exploratory core borings

are likely to be made prior to escavation,

In some cases it was possible to obtain geismic refrac—

tion velocity data, either from measurements in the
tunnel or, more commonly, from ground surface re-
fraction profiles. A series of ordinary seismic refrac-
tion profiles was shot in the Rétan tailrace funnel for
the purpose of determining the suitability of seismic
refraction velocily as a measure or index of rock
quality. This work is discussed in detail in Appendix A,
The measurements in the Ritan tunnel led to the defi-
nition of the seismic velocity ratic as a measure of
rock quality. This ratio is the ratio of the seismic
velocity of a given rock condition to the seismic vel-
ocity of a very sound, unsupported condition in the
same rock type. The seismic velocity ratio is similar
to Deere’s (1968) velocity ratio, which is the ratio of
the compressional wave velocities of the in situ rock
and of an intact specimen. Onodera (1963) was appar-
ently the first investigator to propose such a guality
index for in situ rock.

2.5 Field Observations

Presentation of Observations

In the 67 kilometers of tunnel and 13 roclk chambers
or rooms that were inspected, over 100 individual
cases were studied in which some degree of support
was required. The individual cases involved lengths
of tunnel varying from several meters to several
kilometers, and included not only loosening-type
problems, but also high rock stress phenomena, such
as spalling and popping rock.

At an early stage during the observations it became
very apparent that the principal stability difficulty en—
countered in Swedish rock tunnels (in which most of
the observations were made, and on which attention
was most concentrated) is one of loosening instahijlity.

The phenomenon of loesening instability is the process
that occurs in the roof of an unsupported opening in
jointed rock as individual rock blocks slip and rotate
under the action of gravity and the redistributed
stresses around the crown of the opening. If a mass
of blocks actually drops out of the roof of an opening,
the height of the mass corresponds to Terzaghi“s

rock lead (Terzaghi, 1946). The concept of loosening
instability was apparently first discussed by Rabce-
wicz (Rabcewicz, 1944) as one of the three main
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types of pressure that act on tunnel linings (loosening
pressure, genuine rock pressures, swelling pressure).
Because of the general high quality of the Swedish bed-
rock and the general lack of any other tunneling prob-
lems, attention in the field studies was concentrated
on the nature, causes, and {reatment of loosening-
type instability. It is for this specific problem that the

field observalions are presented in this section.

Observations made at 74 loosening instability cases
where support was used, together with observations
at 18 different unsupported tunnel sections, are given
in Appendix B. These cases do not represent all of the
inspected cases, but only those for which relatively

complete observations were possible,

In addition to the cases actually observed hy the writer,
a few tunnel cases (Cases 93 - 97) are given in Appen-
dix B that were available through personal communi-
cations with design and consulting engineers in various
government and private agencies. These cases are
very limited in number, as the required information
was very seldom available, A specific attempt was

made to gain information from large openings.

The information given for each case is presented
acco’ ng to the format shown in Table 2.2, Most of
the ilems are self-explanatory. An indication of the
nature of the instability (i.e., roof fall, wall slip-out)
is given in item 6 together with a classification of the
time-stability support conditions (given in parenth-
eses). The relationships between time, siagbility, and
support have heen classified according to the con-
ditions given in Table 2.3. The main purpose of this
classification is to describe the time sequence of rock
bhehaviour and support installation and the performance
of the support, It is to be noted that only the last
classification (H) involves failure of the supports.

The orientation in which the primary RQD values were
taken and the method used to obtain the values {.e.,
measurement or estimation) are given in item 11 of
Table 2.2. As mentioned earlier, the RQD anisotropy
is considered to be important. The RQD values in the
vertical direction (RQDV) and along the tunnel-axis
direction (RQDQ) are also given in item 11. One of
these values usually corresponds to the first, or
primary, RQD value given, Where this is not the
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case, values of RQDV or RQDa were estimated. All
RQD values are given to the nearest 10 percent.

TABLE 2.2
INFORMATION FORMAT FOR CASE HISTORIES IN
APPENDIX B

Project location
Type of tunnel or room
W = width of opening, meters

H = height of opening, meters

o W DN

A = cross-sectional area of opening, sguare
meters
6. Nature of instability (stahilily classification)
7. L =Length of condition under consideration
8. Geologic features responsible for condition, rock
type.
9. Support or remedial measure
10. D = depth of overburden (soil and rock), meters
11. R@D, location, method; RQDV; RQDa
12, V = seismie velocity, m/sec™
13. SVR = seismic velocity ratio
14, Regional tectonics or major structural geology
features
15, Ground water condition
16. Other notes

* Values given in parentheses are from projected
ground surface data

TABLE 2.3
TIME-STABILITY-SUPPORT CLASSIFICATION FOR
OBSERVED CASES
TIME-STABILITY-SUPPORT CLASSIFICATION FOR
OBSERVED CASES

A Stable at blasting, no anticipated falls, no support

B Minor falls or overbreak at blasting, support not
considered necessary for prevention of loosening

C Stable at blasting, support in anticipation of
loosening

D Stable at blasting, wnsupported, gradual deterio-
ration and subsequent support

E  ¥alls at blasting, support in anticipation of
progressive loosening

F  Falls at blasting, no support immediately after
blasting, progressive loosening, support applied
to prevent further loosening

G Falls at blasting, support shortly after blasting
to prevent or stop progressive loosening

H Support shorily after blasting, failure of support
thereafter, additional support




Seismic refraction velocity data are reported in ilems
12 and 13. The only data available for measurements
in the tunnels are those from the R&tan project that are
discussed in Appendix A. It was possible in a number
of cases to project wealk bedrock zones to the surface
and correlaie the projections with weak zones deter-
mined from surface refraction measurements. Where
such projections and correlations have been made, the
values for seismie velocity and seismic velocity ratio
are shown in parentheses. The veloeity values used to

compute the seismic velocity ratios are shown.

The information necessary for a visual classification
according to methods such as those proposed by Berg-
man (1965) and Coates (1964) is given in Table 2.4,
The required information for all 92 field cases is
given in Table B.1. The check list format is a com~
bination of proposals by Deere (1963), Coates (1964),
Bergman (1965), and Bjurstrém (1966~67) for the
description and classification of rock mass charac-
teristics. Some modifications and additions have been
made by the writer. No attempt has been made to
classify intact rock properties, as it is believed that
none of the differences in observed behavior can bhe
attributed to differences in intact rock sirength., The
classification of the rock material as sound or aliered

is considered adequate,

The classification of rogk mass structure is that pro-

posed by Bjurstrtm for his studies in Swedish defense
structures, and is an extension of Bergman s proposal.
The five categories also include those suggested hy

Hagerman. The classification for averape discontinuity

fourth item is checked. The word “skél" is a Swedish
term for a shear zone that contains gouge and crushed,
sheared material. A skél is not necessarily a fault,
along which net displacement has occurred, Typical
"skilar" are seen in the photograph in Case 1, Appen-
dix B.

In the check listing for discontinuity filling or coating,

distinction is made between softening and non-soften-

ing clays. This distinction is not made on the basis of
elay mineralogy, but rather on the basis of the be-
havior of the clay materials in the cases. The sofien-
ing clays are those that undergo a reduction in
strength with time that is caused by water absorption.
In some of the cases (Rendal, S#lisji, Mo i Rana,
Lierisen projects) identification of the clay mineral
montmorillonite has been made through differential
thermal analysis (Selmer-Qlsen, 1968; Hiland, 1967).
Free swelling upon submersion in water of the dried
and pulverized clay materials from the Sillsji and
Lierfisen projects was about 120 percent (Selmer—
Olsen, 1968).

Because positive identification of clay minerals from
all of the cases involving clay materials was not made,
and because no systematic investigation of the labora~
tory behavior of the clay materials was undertaken,
no attempt has been made to differentiate between
those cases where actual swelling took place and
those cases where the strength reduclion was by
softening at a small change in volume, All of these
cases are collectively referred to as softening clay
cages.

spacing is after a proposal by Deere (1963) for both

jointing and bedding. Discontinuity tightness is judged
to be either tight or open. The designation tight or
open is used in a very general sense. In general, if
there exist one or two open jeints that cause difficulty
in a case that would otherwise be stable, the desig-
nation open is indicated.

The discontinuity type is mostly self-explanatory. If

there is any indication of movement along disconti-
nuities, the fourth category is indicated. It is clearly
evident that more than one type of discontinuity may be
present, as is indicated in many cases, Similarly, if
evidence of shearing or movement exists along any

one of the first three types of discontinuities, the

Those cases in whichno time-dependent reduction in
strength of the clay materials by softening occurred
are termed non-softening clay cases. It is to be re-
cognized that the behavior distinction between soften-

ing and non-softening clays is as dependent on the
availability of water to the clay materials as it is on
the clay minerals present. Some of the clay ma-
terials that are check listed in Table B.1 as non-
softening cases probably would have been softening
cases had water been present. Thus, the distrinction
is merely one in the effect that the clay materials
had on the stability of the funnel, The significance of
the softening clays lies primarily in their influence

in allowing the surrounding rock to loosen fo a
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TABLE 2.4
CHECK LIST ROCK MASS CLASSIFICATION

Intact Rock Strength

Sound
Altered or weathered

Rock Mass Structure

Massive, no or very few discontinuities
One discontinuity set

Two discontinuity sets

Three discontinuity sets

Random discontinuity (W), Crushed (C), or
Earthlike (E)

Averape Discontinuily Spacing

Less than 5 cm (2 in)
5¢cm - 30 em (2 in - 1 ff)
30em=~1m (1 f£- 3 fit)
1m-~3m (3 f~ 10 f)
Greater than 3 m (10 f)

Discontinuity Tightness

Tight (T}, Open {O)
Joint Continuity
Continuous {C), Discontinuous (D)

Discontinuity Type

Joint

Bedding Plane
Cleavage or schistosity
Fault, shear, "skil"

Discontinuity Filling or Coating

None

Non-softening clay

Softening clay

Other low friction material

Sandy or gravelly material, rock fragments
Alteration along joints

Degree of Discontinuity Planeness (Intermediate Scale)

Plane
Curved
Irregular

Degree of Discontinuity Roughness

Slickensided
Smooth
Rough

Dip of Discontinuities
0-30°
30-60-
60-90°

Strike of Discontinuities

0-30°
30—603
60-90
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greater degree than would occur if the clays did not
soften with time and in the reduced frictional resist-

ance of the softened materials.
Other low friction discontinuity filling and coating
materials include graphite, chlorite, talc, and ser-

pentine.

The degree of discontinujty roughness is considered

very important, and is broadly divided into slicken-
sided, smooth, and rough after Deere’s (1263) re-
commendation. The dip and strike of discontinuities

is classified very roughly as indicated. The strikes
are given with respect to the tunnel axis and not the

north direction as is conventionally done.

Description of Observed Stability Behavior

The time-stability~sapport classification given in
Table 2.3 is the only attempt that has been made to
classify the field cbservations. This classification is
merely a deseription of the time sequence of support
installation and tunnel behavior. No attempt has heen
made to classify or evaluate the degree of stability of
the cases. The writer found that the degree of vague-
ness in defining stable and unstable openings in rock
is very comparable to that in determining support
requirements. For these reasons, the field cases are

simply referred fo as supported tunnels and unsup-

ported tunnels, The word "stable” is used to indicate
that no roof falls or wall falls were encountered and
that no support was necessary to maintain the desired
shape of the opening.

It must be emphasized that the support used in each of
the cases is not necessarily the minimum required to
present further loosening and enlargement of the
opening. Nor does it correspond to any particular
safety factor against progressive opening enlarge-
ment. The reinforcements and support are based
solely on the judgement of the tunnel foreman and
engineers who were responsible for the projects. It
is very likely that some of the supported tunnels are
greatly oversupported while ofhers are very close

to collapse. Furthermore, the methods of support
are subject to large personal factors. In particular,
the use of wire mesh reinforcement in shoterete is

a controversial item, a fact that is reflected in the



pronounced absence of such reinforcement on some
projects (Ritan, Seitevare) and its freguent use on
other projects (Bergvattnet, Vietas).

All of the supported tunnels, and most of the unsup-
ported tunnels, are instances where some degree of
overbreak has occurred. The supported tummels are
instances where it was considered necessary to pro-
vide some degree of support to avoid further over-
break and progressive enlargement of the opening,

Some of the general characteristics of the unsupported
and supporied tunnels are given in Table 2.5.
Examples from Appendix B are cited and photographs
of some of the case examples are shown in Figures
2.7 - 2.16. An attempt was made to classify the
supported tunmels aceording to the amount and shape
of overbreak, roof falls, and wall slip-outs. However,
it was found difficult fo make clear distinctions among
many of the cases, and an all inclusive classification
system would necessarily involve many separate
categories to fit all of the cases. The descriptions in
Table 2.5 are not intended as a classification, but
rather only several examples of repeatedly occurring
behavior,

Significance of Observed Tunnel Behavior

From Table 2.5 and Appendix B it is seen that some of
the supported tunnels are of relatively minor signific-
ance in consideration of the volume of overbreak and
the amount of support used, However, many of the
more extensive cases of overbreak and roof falls
started as seemingly insignificant overbrealk and en-
larged through progressive block fallout.

The volume of the overbreak associated with individual
cases, including that due to fallout varies from several
cubic meters to 4000 cubic meters (Case 43)., All but
one of the cases involve less than 1000 cubic meters,
No attempt has been made to estimate the volume of
overbreak for each case.

The cost of the exira scaling, loading, hauling, and
support work associated with the cited examples
varies from a fraction to several times the cost of
driving the tunnels through equally long sections of
sound rock that requires no support.

TABLE 2.5
DESCRIPTIONS OF SOME TYPICAL OBSERVED
FIELD CASES

Condition Case Examples

No overbreak; no roof or wall fall-
out; no support

21 (Fig. 2.7)

Minor overbreak; no roof or wall 36 (Fig. 2.8)
fallout; no support or only occasional 86, 92
spot rock bolting

Moderate overbreak; but no roof or 6 (Fig. 2.9)
wall fallout; support may be used for 29, 78
protection against small pieces of

falling rock, but is frequently

omitted; spot rock bolting eommon

Large overbreak, but no fallout; 12, 20, 64
support same as in previous con- 17, 27

dition (Tig. 2.10)
Large overbreak and/or roof falls; 30, 32, 76, 86,

support deemed necessary for pre- 88 (Fig, 2,11)
vention of progressive enlargement

of opening

Wedge-shaped roof falls along 47 (Fig, 2.12)
single geologic features; support 48-51, 53, 85,
necessary to either stop pro- 90

gressive loosening that is in

progress or to prevent future

loosening

Progressive roof falls in heavily 33, 87
fractured rock; formation of vault- (Fig. 2.13)

or dome-~shaped opening; support 39, 43, 56, 57
necessary to stop loosening that is

in progress; fallout may exceed one

half of tunnel area

Large overbreak and fallout in 4, 10, 11, 13,
tunnel walls that might undermine 14, 15, 18

arch support (Fig. 2.14)

Loss of corner at intersection of 34 (Fig. 2.15)
75

two tunnels
‘Washing out of filling materials in 45, 54
faults or seams; loosening of rock (Fig. 2.16)

mass

The total length of supports and reinforcements for
the 92 observed cases amounts fo about 5.2 lm, or
about 9 percent of the 57 kilometers of tunnel in
which loosening problems were observed. This
figure is lower than the 15 - 20 percent average that
is frequently reported for Swedish civil engineering
tunnels. The following reason are given for the
difference;
{2) The writer was unable to inspect significant
lengths of supported tunnels that were com-
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Fig, 2.7 Case 21. Presplit roof in Seitevare machine hall.
Example of no overbreak; no roof or wall fallout;
no support necessary

Fig. 2.8  Case 36. Access tunnel av Vietas.
Example of minor overbreak, but no roof or wall fallout;
no support or only ocecasional spot bolting
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Fig. 2.9

Case 6, Seitevare tailrace tunnel,
Example of moderate overbreak, but no
fallout; support used only for protecting
against small pieces of falling rock

Fig. 2.10 Case 27. Suorva headrace heading at Vietas.
Example of large overbreak, but no fallouf; occasional spot bolting
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TFig. 2.11

Case 88. Heading for Ritan tailrace tunnel.
Example of large overbreak and roof falls, support necessary for
prevention of progressive enlargement of opening
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shear zone with
3-cm~wide clay seam

R

| T L A

Profile Along Tunnel Axis

Tunnel Cross=-sectlon

Fig. 2,12 Case 47. Bergvatinet failrace tunnel,
Example of wedgeshaped roof fall along a single geologic feature;

support necessary to either stop progressive loosening thaf is in
progress or to prevent future loosening
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Fig. 2.13

Fig. 2.14 Case 18. Seitevare tailrace tumel.
Example of large overbreak and fallout in tunnel walls

that might undermine arch support

Case 37. Access tunnel at Vietas,

Example of progressive roof falls in heavily
fractured rock; formation of vault- or dome-
shaped opening; support necessary to stop
loosening; fallout exceeds one-half of tunnel
area



Fig. 2.15 Case 34. Access tunnel at Vietas.
Example of loss of corner at intersection of two funnels
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open vertical joints,
some clay~filled

RN

{ ] I
feldspar and feldspar
hydrothermally altered
to clay

one-meter-wide
shear zone

Fig. 2.16 Case 54, Collector tunnel at Bergvattnet.

Example of washing out of filling materials in faulis and seams




pletely shotereted.
(b Much of the shotcrete application observed by the

writer was not considered necessary for structural

support purposes. Much shoterete, particularly
small aggregate mix (< 3/8 in), is used solely for
protection against small pieces of falling rock.
Furthermore, there frequently exist strong ties
between those who determine tunnel support and
the shotcrete contractor.

(¢} Complete information was not obtained for all of
the observed cases, and lighting difficulties very
frequently prevented close observation.

There are two factors in the observed cases that
deserve special consideration. First, those obser-
vations at tunnel portals and at tunnel intersections
involve a free face that is not common to the obser-
vations made in straight tunnels. The latter represent
plane-strain cases whereas portals and intersections
approach a plane-stress condition. Hence, it would
not be reasonable to mix these two kinds of cbser-
vations in any attempts to correlate stability behavior
or support reguirements with rock mass properties

or parameters.

Second, the type and amount of support used depends
to a certain extent on the type of project, or more
specifically, on the desirability of avoiding roof or
wall fallout or other progressive tunnel deterioration.
In {ransportation tunnels it is highly desirable to
avoid any post-construection falls or tunnel deterio-
ration. The same is frue in machine halls, storage
rooms, and other openings where post-construction
falls of even the smallest magnitude are likely to
cause damage or inconvenience. Thus, it is not too
surprising that the support measures for these cases
are more extensive than in openings where minor
falls can be tolerated, such as in tailrace tunnels,
Thus, the significance of a roof fall or potentially un-
stable area ig not the same for all projects., Further-
more, the time at which such an area is supported
depends on the nature of the opening. Areas that are
accessible for repair or support work over long
periods of time, such as access tunnels, generally
are not given as close and rapid attention as areas
that must be sealed off or otherwise made inaccess~
Both the portal
or intersection cases and the cases where support is

ible a short time after construction.

likely to be different because of the intended use of
the tunnel are considered special cases in the follow-
ing chapters and are designated with the letter "s'.
These cases are not included in the correlations that
are presented and discussed in Chapter 5.

3. NATURE AND CAUSES OF LOOSENING
INSTABILITY

3.1 Introduction

It is necessary to understand the nature and canses of

loosening instability for the following reasons:

1/  Any theoretical analysis of design method for
tunnels in jointed rock would require a know-
ledge of the mechanism of the mode of failure
and the parameters that affect the behavior of
the funnel.

2/  Even if no valid theoretical methods were
available for the design of support systems in
tunnels subjected to loosening instability, a
qualitative kmowledge of their mechanical he-
havior might permit a better selection of the

type and amount of support.

3/  An empirical approach to the design of tunnels
and support systems in jointed rock is more
likely to be fruitful if the behavior of the tunnel
is understood, even if only qualitatively, In this
way the most significant parameters can be
chosen for correlation with the observed be-

havior.

Unfortunately it was not possible to cbserve very
many roof falls taking place in the field. Most falls
take place immediately or very shortly after blasting,
and the process is so rapid that cne only receives the
impression of falling rock debris. For this reason, it
was considered necessary to perform a laboratory
model study. The model study, whose results are
discussed in this chapter, provides the advantages

of control and observation of the failure mechanism
during all stages. The model study results and field
observations are combined to give an explanation of
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the loosening stability behavior of jointed rock.

Finally, from the points of view of both design and
construction, it is highly desirable to kmow which geo-
logic and structural conditions are most commonly
associated with loosening instability. All of these fac-

tors are discussed in detail in this chapter,

3.2 Existing Evidence and Hypotheses

The basic mechanism of loosening-type instability has
been described hy several writers. These postulated
mechanisms will be described in detail, as all of them
are directly applicable io the resulis of the model
tests, They are all combined and supplemented with
results from the tests to give an explanation for the

loosening behavior of tunnels in jointed rocks.

Although several investigators (Rabcewicz, 1944;
Terzaghi, 1946) have discussed loosening instability,
Lang (1957, 1959, 1961, 1964} gives the simplest
explanation of the basic failure mechanism associated
with loosening. He defines the behavior as that due to

"slipping'', "separation” or both.

"Slipping includes fracture by shear through the
intact rock or by slipping on joint planes. In the
latter case, not only must the surface friction
on the joint be considered but also any inter-
locking between joint surfaces which would
result in shear also playing a part."

"Fajlure by a separation fracture can be caused
in two ways, viz. tension or rotation, Failure
by rotation is generally the direct result of the
joint system in the rock. Under the combination
of forces which may exist in the rock mass
individual blocks are displaced. The displace-
ment can be sither a simple slipping or sliding,
or in the more general case, the block is ro-
tated under a moment, the joint opens and fail-
ure occurs by slipping or crushing or shearing
at the corners of the block. This is the typical
action of 'stoping' which is the familiar term
used by tunnellers and miners to indicate a
process of fall-out from the roof of an exca-
vation (Lang, 1957, 1959)."

Lang further explains that

... it rarely cccurs that failure is due to slid-
ing on the joint only; it is brought about by slid-
ing and rotation, or rotation under momaent may
by the prime cause. In either case sliding and
rotation almost inevitably, in the case of con-
fined blocks, cause the development of end
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forces on the block which have a stabilizing
effect of the jointed material, The cause of fail-
ure is by rotation, as illustraled in Fig. 4b
(Fig. 3.1a herein). The joint on the tensile side
tends to open while the reaction between the two
blocks on either side of the joint plane is trans-
ferred to a smaller area as the opening proceeds.
Eventually, the joint fails by shearing or crush-
ing of the material at the point or points about
which rotation is faking place. If this point is
confined (Fig. 4b) (Fig., 3.1a herein), then
although the initial fracture may be a shear
fracture at an angle to the joint surface, the
material will still be capable of carrying load
and is eveniuellay crushed ... The case of a
rough joint presents several interesting fea-
tures, illustrated by Fig. 4c¢ (Fig. 3.1b herein),
A, C, D, B is a conventicnalized rough joint. If
the resultant forces of the two blocks are as
indicated, then failure could occur by sliding
after shearing off the asgperities at Cand D, or
by rotation, In the latter case, the frictional
forces developed on the faces C and D would
tend to oppose the rotation Lang, 1961)."

Although he gives no details, Lang clearly implies
that the behavior of the roof of an excavation in jointed
rock may be that of either an arch or a beam, depend-
ing on the reaction in the abutment zone. If only verti-
cal reactions exist in the abutment zone, then beam
action prevails. If both horizontal and vertical reac-

tion components exist, then arch action can take place.

In summary, Lang has described qualitatively both the
mechanical interaction and failure mechanism of
individual blocks in a jointed rock mass. He also
touches lightly on the overall gross behavior of open-
ings in jointed rock, but gives no detailed explanation

of this behavior.

Trolope (1966) has conducted simple model experi-
ments of a trapezoidal opening in a mass of smooth,
horizontally bedded, imbricated plastic cubes, as
shown in Figure 3.2. Although his results are strictly
qualitative in nature, they do illustrate vividly the
loosening phenomenon in a bloclk-jeinted funnel roof.
Trollope’s model studies demonstrate three note-

worthy points:

1/  Roof fallout in an imbricated block-jointed
mediwm {not subjected to lateral stress) ocours
until a very stable triangular opening is estab-
lished. The arching phenomencn responsible for

this behavior results in two zones of material:

a stable zone outside the triangular opening,
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Fig. 3.1  Behavior of simple rock joints
(after Lang, 1957)
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Fig. 3.2 Trollope’s block-jointed model
(after TroHope, 1966)

12 column X 14 xow mass

of model rock blocks

fixzed five trap doors fixed

support support

Fig. 3.3

Schematic diagram of model for study of loosening mechanism



and & suspended zone of loosened blocks,

2/  'The extent of the suspended zone is not necess-
arily defined completely by the geometry of the
opening, but is also influenced by the defor-
mation or failure of material in the sides of the

opening.

3/ For a block-jointed, horizontally-bedded mass,
the fundamental unit in the suspended zone with
respect to ultimate behavior is the simple row
at the roof of the opening that is capable of sup-
porting itself independently by interaction with
the sides of the stable opening.

Trollope interprets the failure of a simple row of
blocks in an unsapported tunnel roof subjected to
gravity loading as a combined process of (a) a tend-
ency for individual blocks to slide out in shear along
vertical joints, and (b) bending of individual rows of
blocks and the subsequent development of lateral
thrusts that inhibit further slip along vertical joints.
If stability is achieved by the combined process of
slipping and bending, each row is ultimately relieved
of any superincumbent load and is merely reguired to
carry its own weight, Ultimate failure is conceived of
as the development of plastic hinges at points of high
compression. Because a rigorous solution for the
stability of an arched mass of blocks is not available,
Trollope suggests that the arching action and stability
of a single row of blocks in a tunnel roof be treated
hypothetically as & no-tension beam. The analysis is
similar to that for an unreinforced brick beam that is

available from previous work on masonry walls.
Although the analysis does show the stabilizing effect

of horizontal residual or tectonic stresses normal to
joint planes and the effect of span width, the method
has limited applicability because of the unknown
stresses that act axially on the row of blocks and the
unknown vertical central deflections of the roof span of
an opening. Trollope”s work does, however, provide a
more mechanistic view of loosening instability than do

Langs descriptions of joint block failures.

Goodman, Taylor, and Brekke (1968) have taken what
appears to be the most realistic analytical approach to
the stability behavior of a jointed rock mass that here-
tofore has been attempted. Their finite element com-

puter solution has been developed in such a way that
individual joints are treated as no-tension linkage
elements that can be assigned the same stiffness and
frictional properties as real joints. The behavioral
features of the method include intaet rock failure in
tension and shear, rotation of blocks, development of
arches, and even to a certain extent, the collapse
pattern of structures in jointed rock, The analysis has
heen checked for simple sliding and rotating joint con-
figurations; Trollope”s trapezoidal tunnel model; and
stability conditions in several real tunnels subjected
to dynamic loading. All of these trials have shown
realistic results that compare favorably with known
or observed behavior, and the method appears to be
the most promising analytical tool for rationally
analyzing general stability problems in jointed rock.
The method has the unique advantage of being able to
incorporate most of the important parameters that
influence the mechanical behavior of a tunnel, The
analysis by Goodman et al. (1968) of Trollope’s
trapezoidal opening model shows the same basic
loosening mechanism described by Trollope, namely
block rotation, and slip along vertical joints.

3.3 Mechanism of Loosening Instability

Laboratory Model

In the present investigation a model of a hypothetical
unsupported opening in jointed rock was constructed
for the purpose of investigating the mechanism of
loosening-type instability and demonstrating the
influence of several parameters on the stability of
openings in jointed rock. The design and eonstruction
of the model and results from eight tests are present-
ed in Appendix C.,

The model apparatus consists of a load frame that
supports and loads a mass of 266 2-1/2 in, x 2-1/2 in.
model blocks, as shown in Figure 2.3. The mass of
blocks is loaded by a lateral pressure that hypotheti-
cally represents the tangential stresses in the crown
of a tunnel. The behavior of the mass of blocks is
observed as the support is relieved by dropping the
five trap doors beneath the center of the mass. The
model is not intended to reproduce the behavior of

a real tunnel in jointed rock, but only to provide a
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mechanistic explanation of loosening in a block medium.

Only the conclusions and a general interpretation of
loosening instability are presented in this chapter.

The mechanical behavior of unsupported openings in a
repularly jointed block medium is governed by the be-
havior of individual blocks as well as the interaction
of larger numbers of blocks around the periphery of
the opening. Because the gross behavior of a jointed
mass is governed by interactions between all of the
individual blocks, it is convenient to discuss the be-
havior of individual blocks prior to discussing the be-
havior of the block mass.

Behavior of Individual Blocks

As described by Lang (1959) and Trollope (1966), and
shown in Figure 3.4, the behavior of individual blocks
in an unsupported mass is characterized by both

slipping and rotation.

Individual blocks slip because of a lack of resisting
forces on their boundaries. The lack of resisting
forces can be attributed to one or more of the follow—

ing:

1/ A particularly low coefficient of friction along
the boundaries of an unsupported block.

2/  An unfavorable orientation of the boundaries of
a block or mass of blecks that prohibkits develop-
ment of resisting forces on its boundaries.

3/ A low component of stress normal to the bound-
aries are favorably oriented at steep angles to

the periphery of the opening.

Individual blocks rotate under the action of their own
weight and thrust reactions from adjacent blocks. The
rotation of individual blocks usually occurs during the
bending of an entire row of blocks, as shown in Fig-
ure 3.5. This action results in dilation of the block
mass, as evidenced in the model tests by increases in
lateral pressure during bending under conditions of

lateral restraint.

Block rotations lead to stress concentrations at block

corners, which may in tura cause corner failure by
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crushing, shearing, or tearing, as indicated in
Figure 3.6. An example of corner crushing associat-
ed with block rotation is shown in Figure 3.7. Corner
tearing or tensile failure associated with block slip is
shown in Figure 3.8. A block corner that fajled in
shear is seen in Figure 3.9. A corner failure that
may have occurred by combined shear and tension is

seen in Figure 3.4 (white arrow).

Behavior of the Block Mass

Crushed block corners caused by block rotations may
in themselves lead to block row failure, as seen in
Figure 3.7. Tearing or tensile failure of block
corners may result in reduced shearing resistance
along vertical joints and subseguent block fallout, as
illastrated in Figure 3.8,

In general, block slip may or may not result in fall-
out from the periphery of the opening. In either case,
slip resulis in a redistribution of stresses within the
block mass, and continues until a stabilized mass is
achieved or until complete fallout occurs. If block
rotations do not, or cannot, cccur, slip leads to com-
plete collapse of an opening without the development
of a loosened or arched zone, as illustrated in
Figure 3.10 for a block mags that contains two ver-
tical teflon seams. If block rotations can occur, then
initial slip may be arrested hy stabjlization through
rotation and the development of arch action by lateral
thrusting and shearing onto adjacent blocks, as shown
schematically in Figure 3.11 and from model tests in
TFigures 3.12 and 3,13,

The fundamental behavior is governed by the success-
ively smaller bending deformations of block rows
above the free span. The blocks marked with X’s in
Figure 3.11 have become loosened and partially
separated from the stable mass through slipping and
rotating. The dome-shaped zone made up of these
blocks is the loosened or suspended zone and corre-
sponds to the mass of material that would be carried
by artificial supports in a real tannel. The horizontal
and vertical thrusts that enable the unsupported mass
to be stable are indicated with double arrows. Shear—
ing forces are not shown, but are developed at all
points of thrusting.

Collapse of the unsupported model span occurs pro-
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Fig. 3.10 Block mass failure by pure slip along two
vertical teflon seams

FHEETT

Fig. 3.11 Schematic diagram of arching in the loosened or suspended
zone, Blocks with X's indicate loosened material
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gressively as block corners fail or as individual blocks
slip when the lateral pressures are reduced. That the
mode of failure depends on the joini block configur-
ation is seen a comparison of Figures 3,13 and 3.14.
In an imbricated mass the fall of block rows from the
unsupported span usually oceurs as a result of block
corner tearing, indicated by the white arrows along
the edges of the abutments in Figure 3.13. All of the
white arrows along the boundary of the stable mass

indjeate torn or tensile-failed block corners.

The collapse of the non-imbricated masgs ghown in
Figure 3.14 cecurs primarily by pure slip along
block surfaces. Some tearing of block corners is
associated with slip, as indicated by the three white
arrows in the right hand portion of the block mass,
but actual block row fall is by a sliding process,

In spite of obvious differences in mode of block fallout
frowm the unsupported opening, the basic mechanism of
arching is similar for both the non-imbricated and
imbricated structures, and there does exist a strong
resemblence in the shape of the loosened zone for
both structures. It is interesting to note from Fig-
ures 3,12 and 3. 13 that the vertical load on the bot-
tom block row of the unsupported span reaches a
value equal to the weight of a single row as the verti-
cal deflection or sag of that row increases. This
minimum vertical load is reached when the bottom
row separates from the overlying rows. The gaps bet-
ween such separated rows are referred to as Weber
cavities (Denkhaus, 1964).

It is obvicus that the load on any support placed under
the lower span of Figure 3.12 or 3.13 would be a
minimum if the placement of support were delayed
until the Weber cavities formed. However, the in-
ability to theoretically predict the exact displacement
at which block row separation takes place, and the
probable low safety factor against block row fallout
that exists at deformations close to those required for
block row separation preclude the use of such a "de-

layed support' philosophy in actual tunnel construction.

The mechanism of progressive self-stabilization
through arching requires a certain degree of lateral
restraint in order that shearing resistance can be
developed between individual blocks. The availability
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of lateral restraint in a real tunnel depends on the
stress distribution around the excavated opening and
the strength and compressibility of the rock mass.

The arch action described in the previous paragraphs
is similar to the mechanism cobserved by Trollope
(1966) in his model studies and that obtained by
Goodman (Goodman et al., 1968) in their computer
analysis of Trollope’s model. It is also somewhat
similar to the mechanism described by Terzaghi (1943)

for the behavior of sand above a yelding trapdoor.

Because an arching condition increases the vertical
loads in the supported area adjacent to the unsupport-
ed mass, it follows that the strength of the abutment
zones is significant, particularly for a well-developed
suspended zone. According to Trollope (1966), '"De-
formation or failure of material in the sides of the
opening can influence the suspended zone', As will be
shown later, the role of the wall behavior of an open-
ing depends to a great extent on the degree of loosen-
ing in the crown, which in turn is dependent on the
magnitude of horizontal stress in the undisturbed rock.

The Applicability of Deformations for a Stability

1t would be desirable to he able to relate the degree
of stability of a loosened rock mass to some measur-
able behavior. Becanse rock deformations are fre-
guently measured in tunnels, this parameter is a very
attractive one for consideration, The results from
the model studies indicate that the magnitude of pre-
failure deformation normal to the periphery of the
opening depends heavily on the joint structure and
can vary from an imperceptible quantity for a rock
structure in which the discontinuities are oriented at
low angles (<450) o the perimeter of the opening
(see Fig. C. 12)*1:0 as large as 1/20 of the span width
for a rock structure in which the discontinuities are
oriented paraliel and perpendicular to the opening
(see Figs. 3.12 and 3.13). It does not seem possible
to establish any simple guidelines for safe or allow-

able deformations except to say that unfavorably
oriented rock structures, such as that in Figure C. 12,

underge very minute deformations prior to complete
collapse whereas favorably orienfed structures may

undergo very large pre-fajlure deformations,

Fig. C.12 corresponds to figures in Appendix C.



Validity of Model Mechanism in Real Rock Masses

Although real rock masses are seldom jointed in the
regular manner of the model, it is very likely that the
behavior of any jointed medium is governed by the
basic mechanisms fiscussed for the model. Deere,
Peck, Monsees, and Schmidi (1969) discuss several
basic behavior patterns for the rock~shotorete inter-
action in jeinted rock. Their suggested mechanism
for progressive failure through rock block movements
and rotations is not unlike the observations from the
model tests,

The behavior of the suspended or loosened zone in the
writer"s model is very similar to the behavior hypoth-
esized by Denkhaus (1964) for the fractured rock
within the "voussoir' (¥rench for brick) arch that
forms as a result of intact rock failure in the crown
of a tunnel or cavity, as shown in Figure 3,15,
According to Denkhaus, the fractured rock mass in
the dome ", .. tends to sag under its own weight until
the irregularly shaped blocks of which it consists
wedge between each other and against the solid bound-
ary of the dome. Consequently the vertical downward
forces of the weight of an individual block may be
resolved into components causing thrust between the
blocks and apainst the dome boundary and components
tending to shear blocks out of the arch system formed
by the thrust . The shear is resisted by the friction
between the blocks which in turn is increased by the
thrust so that the system remains stable. "

Because very few cases in the field were observed
during the actual failure process, it is only possible
to hypothesize on the real failure mechanism. How-
ever, it is quite obvious that many roof falls take
place strictly because of a lack of confinement at their
boundaries, which in tura can be attributed to the
orientation of the principal discontinuities,

Cases 10, 32, 58 and 86 are examples of such be-
havior., Rock block rotation and corner crushing are
very unlikely in such cases. The wall slip-out in
Cases 11, 13, and 15 similarly is a rather simple
form of failure and can be explained purely on the
basis of sliding along single discontinuities,

The significance of block corner failures is not

readily apparent from any of the observed fajlures.

It is practically impossible to determine if corners
fail under in-situ rotation or when the blocks land on
the tunnel floor. Because of the probable absence of
block rotation in many of the roof and wall falls, it is
unlikely that block corner failure had a large influence
on the majority of observed eases. The high strengths
of the rocks in which the observations were made can
be considered a beneficial property, as they reduce
the possibility for corner failure to cccur. Because
the stresses responsible for corner failure result
from the dead weight of loosened rock material, the
most likely oceurrence of corner failure in any of the
observed cases is in these instances where large

volumes of loosened rock exist in the roof of a tunnel.

There is no reason not to believe that joint surface
irregularities and asperites would not behave in
essentially the same manner as block corners, i.e.,
they probably are points at which loads are concen-
trated when rotation and slippage occurs in the mass.
As long as they remain intact, they contribute to the
strength of the mass. Their failure could be expected
to lead to loosening and possibly even failure of the

mass,

Because it is impossible to determine the stress con~
ditions in a rock mass by visual observation, the
existence of true arching behavior in the field can only
be implied. However, it is evident that the stability

of many of the observed tunnels in heavily jointed rock
is dependent on the existence of either high tangential
crown stresses or significant arching action. No other
explanation can be given for the stability of the tunnel
crowns in the rock conditions shown in Cases 35, 52,
67 and 92, Because no signs of large rock movements,
such as very open joints across the crown of a tunnel
or sagging tunnel crowns, were chserved, there is
reason to believe that high tangential crown stresses
account for the stable tunnels in jointed rock.

1t is thus seen that the value of the model tests lies as
much in understanding the behavior of stable tunnels
as in understanding the mechanism of failure in un-
stable tunnels,
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Fig. 3.14 Collapse of an unsupported non-imbricated block mass.
Note scaricity of corner failures; main failure mode is block slip
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3.4 Factors that Influence Loosening

Instability

From the model studies and from the field obser-

vations it is apparent that a very large numer of fac-

tors influence the stability of a tunnel in jointed rock,

These factors include the following:

{1) Intact rock properties

(2)  Rock discontinuity properties (including joint
filling material)

(3) Groundwater

4)  Structural arrangement of geologic discon-
tinuities and weak zones

(5)  Magnitude of horizontal and vertical stress in
undisturbed rock

(6) Shape of opening

{7}  Ratio of joint spacing/span width

(8) Time-dependent variations of any of the above
factors

% Tunneling techniques

Variations in any of these factors can change the

stability of an opening.

Intact Rock Properties

The significance of intact rock properties is obvious
from considerations of block slip and block rotation

in the preceding section. Because of the possible
importance of block corner failure in governing the
stability behavior, the intact tensile and shear
strength properties may be very significant. These
parameters were not varied in the model tests, but

it is imaginable that rock blocks with a very low
shear and tensile strength would fail readily at cor-
ners and impair the development of arch action. Com-
pressibility of the intact rock has not been discussed,
but, within the limits of sound igneous and metamor-
phic rocks, probably has a small significance in

governing rock mass stability behavior,

Evidence of the influence of intact rock properties on
tunnel behavior under loosening conditions is not
available from the field cases. None of the observed
roof falls can be atiributed to corner failures of the
intact rock blocks. Although some broken rock block
corners were chserved in the rubble found beneath
many of the observed falls, it is not certain whether
these corner failures ocecurred as a result of blasting,

in-situ erushing, shearing, or tearing associated with

joint block movements inthe loosened zonre, or impact
loading when the blocks hit the tunnel floor.

Becanse most of the unaltered intact rock materials
encountered in the observations have very high
strengths, the only likely occurrence of block corner
failures in the observations is in those cases that
involve altered rock material. However, the falls in
all of those cases can be explained by factors other
than intact block corner failure due to stress con-

centrations brought about by block rotation.

Because all discontinuous rock masses are not as
regularly jointed as the model, it is not likely that
block slip and rotation and corner fajlure in real rock
will occur in a manner identical to that in the model.
However, it is likely the same submodes of block
corner failure (crushing, tearing, shearing) would
oceur in any jointed rock mass that contains sharp
joint block corners, asperifies along joints, or other
points where high local stress concentrations may

exceed the strength of the infact rock material.

Low intact rock strength may also affect tunnel
stability by leading to failure of intact rock material
during or after blasting. Such behavior is believed to
be at least parfly responsible for the wall fallout in
Cases 4 and 11.

Rock Discontinuity Properties

Rock discontinnities inelude a1l the two dimensional,
zero-tensile-strength features in a rock mass. The
discontinuities encountered in the chserved cases are
summarized in Table 3.1. The properties of each of
these features vary widely.

TABLE 3.1
TYPES OF DISCONTINUITIES IN FIELD CASES

Unsupported Supported
Feature Cases Cases
Joint 14 62
Bedding plane -= ]
Cleavage or schistosity 2 1 10
Fault, shear, skol e 45
Combinations 1 47

1/ Cases in which support was not used
2/ Cases in which support was used
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Rather than attempt to discuss the influence that each
of the features has on tunnel stability, the properties
and influence on stability of all discontinuities will be
treated collectively in a discussion of joints.

Goodman et al., (1968) discuss extensively the influ-
ence of joints on tunnel stability. In their finite ele-
ment analysis of jointed rock they found that the
following parameters best characterize the "potential
behavior" of joints: the unit stiffness across the joint;
the unit stiffness along the joint; and the shear
strength along the joint (described by a cohesion in-
tercept and a friction angle}. Analyses of the stress
around a circular opening in several simple joint
systems show the great difference in behavior when

these three joint properties are varied.

Although no model tesis were conducted by the writer
in which the frictional resistance of all the blocks was
varied, the tests conducted with the vertical and hori-
zontal teflon seams (see Figs, C.8, C.9 and C.10) do
indicate the effect of low joint friction on stability.
The test results shown in Figures C.15 and C.16
indicate that vertical surfaces of low friction dracti-
cally reduce block row bending and induce premature
slippage at relatively high values of lateral stress,

A single horizontal teflon seam (see Fig. C.17)
significantly reduces the stability of block rows, as
the shearing resistance along the horizontal joints,
particularly near the abutment zones, effectively
resists the hending of block rows. I.oss of this
resistance increases the stresses on bloek corners.
This fact is evidenced by the crushed block corners
seen in Figure C.17d that led to the collapse of the

block rows located beneath the low friction seam,

It should also be mentioned here that the condition of
joint block corners inflzences the development of
arching action. Early model tests showed that an un-
supported mass composed of blocks with rounded
corners undergoes considerably greater deformation
and block rotation prior to the development of a
stable arched condition than does a mass composed
of blocks with sharp, square corners, ¥Furthermore,
the suspended or loosened zone for a mass of
rounded-corner blocks is larger than that for one of
sgquare-corner blocks.
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The influence of low joint strength (caused by elay and
other joint fillings) is plainly evident from the field
cases, Cases 13, 33, and 76 are three instances
where low joint friction was associated with wall and
roof fallout. From Table B.1 in Appendix B it is seen
that clay or other low friction joint filling or coating
materials were present in 52 of the 74 observed cases
in which support was used, Sandy or gravelly material
or rock fragments were present in another 11 of the
supported tunnels. Thus joint fillings of some type are
present in 63 of the 74 observed, supported tunnels,
Chemical alteration along joints oceurred in 21 of the
74 cases and was responsible for one or more of the

above named joint fillings.

Joint fillings not only generally reduce the friction
along joints, hut also usually give the rock mass a
lower compressibility and, hence, resuli in greater
deformations around an opening. They simultaneously
lead to greater loosening than occurs when joints are
unfilled and tight. Rock masses with filled joints are
probably loose even before an opening is blasted in
them. Relatively "open" joints were observed in 55 of
the 74 supported tunnels and in only one of the 16 un-
supported tunnels. Relatively "tight' joints occurred
in 19 of the 74 supported tunnels and 15 or the 16 un-
supported tunnels. It is thus plainly evident that a
tight rock structure is a necessary, but not sufficient,

condition for a stable opening.

The degree of discontinuity roughness for all of the
cases has been visually classified. A summary of the
observations is given in Table 3.2, The most signifi-
cant conclusion that can be drawn from this data is that
slickensided discontinuities are consistently related fo
supported tunnels. The positive correlation can be
attributed not only to the low friction along slicken-
sides that are frequently clay-coated, but also to the
loose roek structure that usually resulis from the

tectonic motions that develop slickensided surfaces,

TABLE 3.2
DEGREE OF DISCONTINUITY ROUGHNESS FOR ALL
FIELD OBSERVATIONS

Description Unsupported Tunnels Supported Tunnels

Slickensided - 45
Smooth 9 37
Rough 7 11




The continuity of joints and other rock discontinuities
determines to a certain extent the influence that these
features have on tunnel stability. The observed joint
continuity is summarized in Table 3,3 Most of the
supported tunnels involve continuous or through-going
discontinuities, A significant portion of the unsupport-
ed tunnels involve discontinuous joints or combined

sets of discontinuous and continucus joints.

Discontinuity planeness is summarized in Table 3.4,
The only significance that can be attached to any
particular degree of planeness is that most of the
irregular discontinuities are undulating, slickensided
shear planes that are freguently surrounded by loose
rock that requires support. Furthermore, such
slickensides normally contain clay joint fillings or

coatings,

TABLE 3.3
DEGREE OF JOINT DISCONTINUITY

Continnity Unsupported Supported

Deseription Tunnels Tunnels

Continuous 5 56

Discontinuous 4 4

Combined i 14
TABLE 3.4

DEGREE OF DISCONTINUITY PLANENESS

Unsupported Supported
Description Tunnels Tunnels
Plane 12 50
Curved -= 5
Irregular 4 24

Ground Water

Ground water can have an adverse effect on stability
by reducing both the strength of rock materials
(physical-chemical effects) and the strength of the
rock mass (development of high pore pressures). The
failure shown in Case 43 is an example where water
significantly reduced the strength of 2 shear zone by
causing swelling in montmorillenitic clay seams.
Swelling and softening also result in reduced frictional
resistance, Such behavior contributed to instability in
most of the 16 cases in which softening clays were
present,

Although no observed failures are specifically related

to joint water pressures, it is very possible that such
pressures confributed to instability in some of the
rock shown in Cases 18, 43, 79 and 85.

Ground water may also have a purely hydraulic effect
by washing out joint filling materials through piping
action. This action contributed to the conditions shown
in Case 45, 54, 56, and 57.

Structural Arrangement of Rock Discontinuities

The structural arrangement of rock discontinuities and
weak zones includes both the number and orientation

of discontinuity sets with respect to the periphery of
the opening and the intersection geometry of discon-
tinuities. These items account for the largest portion
of the chserved failures,

One very critical factor with respect to rock structure
is the number of discontinuity sets in the rock mass.
The structures observed in the field range from
massive rock with no joints to completely crushed

and earth-like materials. The distribution of structure
types for all the field cases is shown in Table 3.5.

The term "random discontinuity" is used to denote one
or more gingle, randomly oriented joints that do not
belong to a set and intersect any regular sets that may
exist. The condition of two discontinuity sets with a
randon discontinuily is shown in Fipure 3.18.

TABLE 3.5
ROCK MASS STRUCTURES IN FIELD OBSERVATIONS

Rock Mass Structure Supported Unsupported

Massive —— 4
One discontinuity set 14 10
One discontinuity set with ran-

dom discontinuity 9 1
Two discontinuity sets 13 2

Two discontinuity sets with
random discontinuity 20 ——

Three discontinuity sets

Three discontinuity sets with
random discontinuity, or more
than three discontinuity sets 2 -

Crushed or earth-like rock 4 —
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Fig. 3.16 Two disconiinuity sets with a2 random discontinuity



It is readily apparent from Table 8,5 that cases in-
volving multiple discontinuity sets are most often
associated with support. Single sets of discontinuities
are frequently of no cencern to the stability of an
opening, as indicated in Cases 20 and 52. The relation-
ship, or lack of relationship, between rock mass struc-
ture and the support used in the observed cases is dis-

cussed in Chapter 5.

Although the basic structure of the laboratory model
was the same for all tests, several tests were con-
ducted to show the effect of a random discontinuity on
the basic two-dimensional joint structure used in all
of the tests. The results shown in Figure C.19 indi-
cate the very drastic effect that a single random joint

may have on an otherwise stable block mass.

The orientation of discontinuities with respect to an
opening determines to a large extent the likelihood of
loosening and falls in the walls and roof of a tunnel.
The dips and strikes (the latter with respect to the
tunnel axis) of the discontinuities associated with the
observed cases are summarized in Table 3,6. The
following conclusions can be drawn from this table:

(a)  Most of the observed cases involve single or
multiple sets of discontinuities that dip in excess
of 30°. Steeply dipping (60-90°) discontinuities
are the most frequent single group.

TABLE 3.6

()

(@

(@}

Of those discontinuities associated with unsup-
ported tunnels, steeply dipping (60-9 0% are the
most common. Single sets of medium (30—600)
to steeply (50—900) dipping joints are very fre-
quently insignificant with respect o the stability
of an opening, as evidenced by Cases 20 and 52.
The model tests also demonstrate that steeply
dipping joint sets (900), and even random dis-
continuities that form a steep angle (> 60°) with
the opening, as in Figure C.18a, do not have any
effect on the stability of an unsupported mass,
provided the joinis are tight and unfilled.

The most common joints that cause tunnel wall

instability are those that dip in excess of 30°.
This fact is evidenced in Cases 10-15,

Roof instability oceurs over the entire range of
discontinuity dip (0-9 00). From both the model
tests results shown in Figure C.19 and Cases
47-51 it is very obvious that low angle wedges

of blecks will very likely fall from the periphery
of an unsupported opening, as they are unable fo
transfer any confining stress across their bound-
aries,

The stabilizing effect of confining stress is
clear from the model studies in which the dis~
continuities are oriented at steep angles ( 7600)
to the opening periphery.

ORIENTATIONS OF MAJCR DISCONTINUITY SETS IN OBSERVED CASES

Support Dips of Major Discoatinuity Sets
0-30° 0-30% 30-60° 30-60° 30-60° 60-90° 0-30%,60-90° 60-90° Al

0 None 1 - — 10 -
. Wall — - 3 —-
&g 8
gl @ Roof 5 1 10 12 9 1
o o
£ Both - - - 4 6 -
g &
i g Strike (from tunnel axis) of Major Discontinuity Sets
8 o 0-30° 0-30°, 30-60°  30-60° 30-60°,60-90° 0-30°,60-90° 60-90° Al
ol g
g A
¥ I None 5 - 5 -= -= 6 -
gl &
g £ Wall 5 4 4 1 - - —
Z § Roof 16 4 9 10

& Both - 2 1 2
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(e}  Single or muliiple sets of discontinuities that
dip less than 60° are mot likely o be associated
with roof instability, For any given dip in excess
of 60°, it is not possible to localize the most
likely location on the tunnel periphery for
instability to occur. Steeply dipping joints may
cause no difficulty what-so-ever, or they may
cause fallout in both the roof and walls of an

opening.

(f)  No particular strike or combination of strikes
can be associated with any particular stability
behavior. However, the chance that a discon-
tinuity set striking sub-parallel (0—300) to the
tunnel axis will lead to instability are greater
than that for discontinuity sets that strike nor-

mal to the tunnel axis.

Magnitudes of Horizontal and Vertical Stresses

The magnitudes of the horizontal and vertical
stresses in the undisturhed rock determine fo a great
extent the stress distribution around an opening of a
given shape, Ratios of horizontal to vertical stress
(Ko) that tend to create zones of tension in the crown

of an opening are very unfavorable.

From theoretical analysis it can be shown that, for an
opening of any given shape, an increase in the value
of Ko increases in a compressive sense the stresses
around the crown of an opening. Thus, high values of
Ko tend to stabilize the crown if the jointing is steeply
oriented with respect to the perimeter of the crown.
The beneficial effect of high tangential crown stresses
is one of added lateral restraint and greater resist-
ance to block rotations and block row bending, less
concentration of lateral thrusting at block corners,
and a more even distribution of shearing siress along

vertical joints.

The stabilizing effect of high stresses parallel to the
periphery of an opening in a block mass whose joints
are normal and parallel {o the opening perimeter is
obvious from a comparison of the two photographs in
Figure 3,17a and 3.17 b.

The effect of lateral stress on the development of the

loosened or suspended zone is seen in a comparison
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of Figures 3.18b and 3.19b. In Figure 3.18b the block
mass is subjected to a lateral stress of 2,3 psi and
there is no block rotation, block row bending, or
developed loosened or suspended zone (Shown sche-
matically in a real tunnel in Fig. 3.18a). In Figure
3.19b the pressure had been dropped to 1.3 psi and as
failure occurred, the mass tended to dilate under a
condition of fixed lateral restraint, increasing the
lateral pressure to 2,5 psi as the loosened or suspend-

ed zone developed.

The sequence of photographs in Appendix TFigures C.13
and C.14 demonstrates further the influence of the
confining stress on stability over the range of press-
ures associated with a completely stable unsupported
span to a totally collapsed span.

In-situ measurements of rock stresses around tunnels
in Sweden have been made by two investigators (Hast,
1958, 1865; and Hiltscher, 1967, 1968). Hast’s
measurements have been made with his original
wedged bore hole inclusion gage. Hiltscher employs
overcoring of strain gages glued to the bottom of a
drill hole, a modification of the South African door-
stopper technique, Hast’s measurements have been
performed in holes drilled out from a tunnel, into the
undisturbed rock. Hilischer has also measured
stresses away from the tunnel periphery, but some
of his reported values are calculated from stresses
measured at the periphery of the opening.

The results from the work of these investigators give,
at best, a crude insight into the stresses around
tunnels. The following conclusions can be drawn

from the measurements made to date:

(1} Results are often widely scattered and con-
tradictory.

The stress distribution around a tunnel deter-
mined by measurements of strain at points in a
drill hole is freguently very erratic, particular-

ly in jointed rock.

(3) Reported values of the ratio of horizontal stress
to vertical stress (Ko) in the undisturbed rock
vary from 1 to 8. Most reported values fall in
the range 1,5-3.5.
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Zone of High
I @:‘ Compression
Low Compression
High %
|

—] Minor block rotations

Undeveloped suspended zone

Abutment reaction far from wall

Stability of wall not significant
e for stability of crown

{a) Hypothesis for Real Tunnel

{(b) Model Behavior (Minimum Lateral Stress = 2.3 psi)

Fig., 3.18 Tunnel crown behavior under high lateral stress
(compare with Fig, 3.1%)
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Model Behavior (Minimum Lateral Stress = 1.3 psi)

Fig. 3.19 Tunnel crown behavior under low lateral stress
(compare with Fig. 3.18)
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(4)  Very high stresses parallel to the walls and roof
may exist around an opening in jointed rock,
Hiltscher (1967) has reported tangential ¢crown
stresses of over 3000 psi at a distance of less
than one meter from the periphery of a large
headrace tunnel in heavily jointed rock (Vietas
Hydroelectric project, Satisjaure head race
tunnel, see Cases 31-37, Fig. 2.6). This
magnitude of stress is very surprising in con-
sideration that the rock cover at the measure-

ment station is only 300 feet.

There are two significant geologic factors that are
ample reasons to suspect that large horizontal stress-
es may exist in the Swedish bedrock, particularly
near the mountain ranges in the northwestern part of
the country.

{a)  All of the mountain chains in northwestern
Sweden are overthrust nappes. Most of the
tunnel projects in northern and western Sweden

are located near very major overthrusts.

(b)  Geologists claim that the last continental glacier
receded from northern Sweden about 8000 years
ago {Lundegirdh st al., 1964). It is possible
that there exist today in the bedrock of northern
Sweden large residual horizontal stresses that
have remained "locked" into the bedrock since
the retreat of a 2-km-thick ice sheet only 8000
years ago, This possibility is substantiated by
the relatively large land uplifts(10 mm/year)
that are taking place at the present time in
northern Sweden,

The reported stress measurement data on which con-
clusions (3) and (4) are based suggest that the be-
havior of some of the observed cases in the writer’s
work may be strongly influenced by high stresses
around the opening, particularly in the crown. The
instances of stability in jointed rock funnels that are
described in Cases 6, 20, 35, 36, 52, 70 and 83 can
be explained very readily in terms of high compress-
ive crown stresses.

Shape of Opening

The shape of an opening strongly influences the stress
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distribution around the opening. Shapes that result in
tensile zones are particularly unstable, With a few
exceptions the shapes of the tunnels studied do not
deviate significantly from equidimensional openings,
and no particular trends in stability behavior can be
attributed to tunnel shape. The only consistently
observed behavior associated with tunnel shape is
the tendency for a rounded intrados in a tunnel in
blocky rock to become squared as fallout occcurs.
This observation is illustrated in Cases 32, 33, 63,
64, and 65,

Joint Spacing /Span Width Ratio

The ratio of joint spacing to span width is important
for two reasons. In the model studies it is shown that
a small ratio is more conducive to large joint block
rotations and vertical deformations, whereas large
ratios permit only very minor pre-failure bending
deformations (see Fig. C.20). In the latter case fail-
ure occurs by a punch shear collapse of a chimney-
shaped block mass in contrast to the corner erushing
and tearing that leads to collapse of a wider opening

in the same mediam.

The more significant effect of a large span width in

a heavily jointed rock mass (low ratio of joint spacing/
span width) is that there exists a greater chance that
an unfavorably oriented disconfinuity will be infer-
sected (Cording, 1968b).

The relationships between tunnel span width, rock
quality (as measured by RQD) average joint spacing,
and required support measures are presented and
discussed in Chapter 5.

There is no apparent relationship in the field data
between tunnel span width and frequency of unstable
behavior, Oddly enough, the behavior of tunnel walls
seems to be more related to wall height than the be-
havior of tunnel ¢rowns is to span width, High verti-
cal tunnel walls (>4 m)} very freguently pose stability
problems where a span width of the same dimension
in the same rock is stable. This observation can be
made in Cases 4, 10, 11, i4 and 15. The obvicus
explanation for this behavior is that steeply dipping
discontinuities (dip» 450), which are very common
in the Swedish Precambrian bedrock, are generally



of minor significance in the crown of an opening.

The fact that none of the observed wall failures led to
crown failures indicates that abutment reactions due
to arching probably do not exist in the immediate
periphery of walls, as sugpested schematically in
Figure 3.19a, but rather are located at a large
distance from the walls, as shown schematically in
Figure 3.18a. Such behavior implies the existence of
large horizonta] stresses.

It is apparent from the field cases that the total vol-
ume of overbreak increases as tunnel size or span
width increases. This is to be expected, even without
consideration of joint spacing or rock quality.

Time-Dependent Variations

Time-dependent variations of any of the factors dis-
cussed in this section will change the stability of an
opening. Changes in intact rock and rock joint pro-
perties with time are the most common changes en-
countered. Such changes are most likely to be caunsed
by air or water deterioration. The creep behavior of
a jointed rock mass is not well understood, but is a
factor that could change the stability of an opening,

Significant changes in tunnel stability may oceur as

a result of readjustment of stresses in the walls and
crown of 2 tunnel as the face is advanced. In addition
to the adjustments that can be predicted from elastic
theory, there are numerous geologic and construction
factors that influence the time that is required for
rock mass stabilization. Abel (1967) indicates that
the following factors influence this time: (1) the per-
centage of alteration, (2) the relative water condition,
{3) the rock type, (4) the relative degree of faulting
and shearing, (5) the thiclmess of the nearest fault
zone, and (6) the average tunnel advance rate during
the period preceding stabilization.

The only time-dependent variations in stability that
were cbserved in the field cases were those associat-
ed with water absorption and subsequent softening of
some clay materials, as described in Cases 40-43,
45, 54, 71-73, 93, and 94. Tt is interesting to note
that most of the cases in which supports actuaily
failed (time-stability-support classification H) were

cases that contain some form of sofiening clay,

Tunneling Practices

The effect of tunnel excavation techniques on stability
will be discussed in the next chapter. It will be shown
that a number of different construction factors, in-
cluding the experience of the tunneling crew, have an
influence, either directly or indirectly, on the stab-
ility of a tunnel,

4. SWEDISH TUNNELING PRACTICES
AND THEIR INFLUENCE ON TUNNEL
STABILITY

4,1 Introduction

The purpose of this chapter is to describe Swedish
tunneling practices and their influence on the stability
of tunnels. Although it is not possible to quantitatively
evaluate the influence of these practices on the stab-
ility of a tunnel, the significant role that tunneling
practices have in determining the stability behavior
and support requirements of an opening in rock cannot
be ignored. This is particularly true if an attempt is
going to be made to exirapolate the Swedish experience
reported in this work to tunnels in other countries that
may be driven under completely different economic

and constructional practices.

The factors in Swedish tunneling practice considered
to be most influential in tunnel stability are discussed
under the broad fopics of general funnel construction
indusiry; tunneling methods; blasting techniques; and
rock support and reinforcement techniques,

4.2 General Tunmel Construction

Industry

The most significant aspects of the Swedish tunnel
construction industry that influsnce the mammer in
which tunneling work is performed -- and indirectly
the stability of rock openings — are the broad experi-
ence accumulated in the past 30 years, the labor
situation, and contracting practices,
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Experience

There is no question as to the value of practical ex-
perience in tunneling. Because of the lack of any
specific design procedures for rock tunnels and be-
cause of the impossibility of making reliable pre-
dictions of rock conditions in every round of a funnel,
the burden of coping with conditions as they are en-
countered in a tunnel during construction rests en-
tirely on the shoulders of those people responsible for
the construction of the tunnel. Matthias (1968) states
that, "No matter what degree of control is provided in
the (contract) specifications, the final decision on the
amount of support required rests with the foreman and
the miners and not with the design engineer." Time of
support placement, as well as amount of support, and
variations in blasting techniques to meet local geologic
changes are also critical decisions that rest with the
tunneling crew. Obviously, an experienced tunneling
crew is of extreme value, particularly when adverse

conditions are encountered,

Within the past 30 years rock tunneling in Sweden has
become one of the largest and most skilled areas in
construction. The many hundreds of kilometers of
tunnels driven in connection with hydroelectric devel-
opment, transportation, underground storage and
industry, and civil and military defense have resulted
in an accumulation of experience in tunneling that is
equalled by only a few other countries in the world,
Most significantly, this experience has been con-
centrated in the hands of a relatively small number of
contractors, engineers, and miners, Probably no
more than four to six contractors have been respon-
sible for most of the funnels driven by private groups.
The Swedish State Power Board has constructed a
very large portion of the hydroelectric developments.
Thus, when a new tunnel project is started in Sweden,
there is a very great likelihood that the people respon-
sible for all phases of the work are very experienced.
Such was the case in most of the tunnels in which the
writer made observations.

Of equal importance to successful tunneling as the
lmowledge of past practices and experiences is a
willingness among most Swedish tunneling people to
accept new methods and practices. Their rapid adap-
tability to new technology has lead to significant
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innovations and improvements in rock drilling, blast-
ing, support and other areas of less obvious import-
ance, such as muck removal and underground safety.
Smooth wall blasting and the ROBOT shotcrete equip-
ment are two of the more significant contributions
that the Swedes themselves have made to rock tunnel-
ing. As will be discussed later, both of these items

influence the stability of tunnels.

The Influence of Liahor

The value of 2 highly skiiled and experienced mining
crew has been pointed out in previous paragraphs.
The skill and experience of Swedish tunnel labor is
enhanced by several factors. Most importantly,
Swedish laborers are very job-oriented, and their
per capita output would shame their counterparts in
many parts of the world. The successful driving of a
tunnel, particulariy the support of the tunnel, depends
heavily on personal craftsmanship and attention to
detajls, and hence on the abilities and attitudes of
individual miners and their foremen. Because of such
experience and job-oriented attitudes, set-up times

and break-in times on new projects are a minimum,

Most Americans are very surprised when they walk
to the heading of a large rock tunnel in Sweden and
find only six men carrying out the drilling, blasting,
and mucking cycles. The absence of lahor union
influences is apparent in other aspects of Swedish
tunneling. Not only do the same miners [requently
perform all the cycles of tunneling, and not only is
their number limited to that necessary to do the work,
but also there is a very small likelihood that work will
be interfered with by strikes about some petity griev-
ance. The smoothness of the tunneling operations and
lack of potential disturbances due to strong union
influences preclude many delays and interruptions
that could be costly in terms of delayed support
jnstallation or other stability maintenance measures.
Furthermore, labor unions do not specify which type
of support may or may not be used on a job, and
there is no resistance against the introduction of new,
man-replacing devices and methods in rock tunneling.
Thas, advances in tunnel technology that might im-
prove the support of a tunnel are not hindered in any
way by union action.



Contracting Practices

Contracting practices themselves would not appear to
have any direct effect on the stability of an opening.
However, the manner in which a contract is written
may have an effect on the manner in which a tunnel is
supported, which in furn has a direct effect on stab-
ility behavior of the tunnel. If a contractor receives

a profitable unit cost for support, he is likely to use
much more support than if he has underbid a job and
is losing money. Or if a contractor is behind schedule
and is not pressured by the owner to use support, his
neglect or postponement of critical support instal~
lations may result in deterioration of a tunnel. Hence,
it is important to understand the coniracting practices

and legal conditions under which tunnels are driven.

Tunnel construction in Sweden is carried out under
three different types of contractor-owner relation-
ships. Most of the projects of the Swedish State Power
Board have been constructed by the Board itself, and
do not involve private contractors. In very recent
times somre very specilized types of work such as
muck hauling and shotereting have been let to private
contractors, Private hydroelectric projects which
constitute about 40 to 50 percent of the total hydro-
electric development in Sweden, are usually con-
structed by private contractors. The two coniractor-
owner relationships in the privately constructed
projects are those contracts based on a unit price
agreement and those based on a cost-plus agreement.
The unit price contracts are the most common type.

Owner Constructed, The primary feature of signifi-
cance with regard to support and stability in projects
that are constructed by the owners is that there
exists no outside control or inspection of the work.
Support needs are determined by the mining crew,
the foreman, and the project tunneling engineer.
Because the tunneling crew may receive an incentive
pay on the basis of extra footage, thay are very likely
to be most concerned about drilling, blasting, and
mucking and may fend to neglect support work unless
conditions are so bad that safety becomes a concern.
The responsibility for supporting bad ground thus
rests with the tunneling foreman and, more often, the
project tunnel engineer. Whether a tumnel is over-
supported or undersupported will thus depend to a

large extent on the experience and interests of one or
two men, Their decisions are based on a number of
factors, but the time scheduling of support work is
likely to be a critical factor. In the writer’s experi-
ence, those projects in which time scheduling of
tunneling operations was poor received the poorest
attention to support work. Delays in operations due to
equipment breakdown, ventilation difficulties, acci-
dents, and other unscheduled events are frequently
responsible for negleet of support work, Although
such difficulties can arise on any project, even where
a private contractor is performing the work, their
effect on the stability of a tunnel is likely to be
greatest where there is no outside pressure to main-

tain necessary support work,

Unit Price Contracis, When private contractors are

engaged to consiruct a tunnel, the type of contract, in
addition to the factors discussed in the preceeding
paragraphs, can influence the support and hence the

stability of a tunnel.

In Sweden, as in many other western Furopean
countries, the unit cost of different consfruction
operations is placed above all other factors in engin-
eering economy (Sandstrom, 1963). Conirary to com-
mon American practice where the aim is {o get the
tunnel compieted as fast as possible, fime of com-
pletion frequently is of minor significance in Swedish
tunneling practice. "If a tunnel is scheduled for com-
pletion on a certain date, as determined by other
economic considerations, it is started early enough
to ensure that the completion date can be met with

a minimum expenditure of labor, eguipment, and
explosives" (Sandstrdm, 1963).

Although preliminary estimates for budgeting pur-
poses are usually made of the amount of support
likely to be needed in a tunnel, detailed breakdowns
of unit costs for different support measures are the
most important items in bid competition. Because
bidding is vsually closed, only the most desirable
{i.e., the most experienced) contractors are asked
to submit bids for a project, and support unit cost
bids usually fall within predictable limits. Because
of the experience in tunneling that most contractors
have, there usually do not arise situations in which

unit support costs are severely under- or over-
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estimated. However, the profit, or lack of profit that
a contractor may be making on tunnel support may be

reflected in the guantity that he uses in a tunnel.

In some of the projects in which the writer’s observa-
tions were made it was quite obvious that high profits
were being made on shoterete. Such practice is con-
servative as far as stability of the tunnel is concerned.
However, the strict control and inspection that is
frequently carried out by the owner of a private
hydroelectric development generally precludes dras—
tic oversupport of an opening. More importantly, the
round-by-round control exerted by the owner elimin-
ates many instances where a contractor is likely to
neglect support if he is not set up for shotereting or
rock bolting. Many times there is a tendency to
neglect support when bad ground conditions are first
encountered in a tunnel. The extent of the bad ground
is generally not kmown, and the funneling crew may
well consider it desirable from the time standpoint to
avoid mobilization of shotereting equipment until a
larger quantity of shoterete can be applied at one
time. There is always the hope that bad ground con-
difions may end abruptly after one or two rounds and
that the support can be delayed until several other
bad sections are encountered that require support.

Cost Plus Contracts. Very few of the projects ob-

served by the writer were contracted on a cost plus
basis. In those instances where this type of contract
was used, the apparent tendencies were towards a
neglect of support. However, this cbservation can
probably be attributed more to a lack of experience
or interest on the part of the tunnel engineer than on
the type of contract. Contrary to the observations
made by the writer, there is no reason to expect that
a contractor operating on a cost plus basis would not
tend to oversupport a tunnel, provided his men and
equipment are conveniently available for the work.
It is not likely that support work would ever be non-
profitable for a coniractor who is operating on a
cost plus agreement and, hence, if close owner
control exists on a tunnel project, there should be
no problem in obtaining the necessary support
measures. Because of these considerations, a cost
plus agreement should ideally yield the most
desirable type of support contract from consider-
ations of stability alone.
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4.3 Tumneling Methods

In the drilled and blasted tunnels in which all of the
writer‘s observations were made, variations in
tunneling methods include variations in face attack
methods (i.e., full face, heading and bench, etc.) and
in the different operations of the tunneling cycle
(drilling, blasting, support, mucking). The influences
of various blasting and support techniques are treated
in separate subsequent sections. The influence of face
attack methods and miscellaneous funnel cycle oper-
ations on stability are treated in this section.

Face Attack Methods

The method of face attack influences the stability of
an opening in two ways. Of most importance is the
span width of the progressive openings that are
excavated. If a very wide span width is excavated by
starting with a narrow opening and enlarging by
stoping the side walls inward (Fig. 4.1) there exists
a chance to install support before the full span width
is excavated, Thus, loosening in the crown can be
prevented, or at least reduced, in the final opening.
Similarly, loosening in the side walls of the final
opening can be reduced if support is placed in the
walls of the initial opening (Fig. 4.2).

Of secondary, but also possibly large, significance in
the method of face attack is the effect of different
stress distributions that are associated with different
shaped openings. It is very possible that the stress
distribution around an initial pilot opening of an
excavation is more vavorable to loosening than is the
stress distribution that would arise if the opening were
advanced full face. Such behavior depends strongly on
the ratio of the horizontal to the vertical in-gitu natural
stresses (KO) and the shapes of the openings.

The face attack method used in Swedish rock tunnels
depends to a large extent on the size of the tunnel.
Although full face advances have been used in tunnels
up to 150 square meters in area, it is common to use
raultiple advances, such as heading and bench, for

tunnels with an area in excess of 100 square meters.

The shape of the desired tunnel is also a factor that
influences the face attack method. High, narrow
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tunnels, such as the tailrace tunnel at the Seitevare

project, are frequently driven by the heading and

bench method, Practical reasons for using the heading

and bench method in such a tunnel are as follows:

(a) Cheaper excavation by bench blasting

(b Easier crown support installation from heading
floor than from ficor of completed opening

{¢) Heading serves as pilot bore in unknown ground

conditions.

The latter two factors may result in a better support-
ed tunnel that is driven by the heading and bench
methed than would he obtained by driving full face.
One undesirable factor that the writer observed in

the Seitevare tunnel, driven by the heading and bench
method as shown in Figure 4.2, was a tendency for
the placement of support in the walls of the bench to
lag the blasting of the bench much more than the
placement of support in the heading lagged the blast-
ing of the heading. A significant number of the un-
stable cases in the walls of that tunnel can be attribut-
ed to the delay in placement of support in the walls,
following the blasting of the bench. Rock bolting and
shotereting of the heading were usually done on a
roundwise basis whereas similar support in the bench

was frequently delayed until falls or slips occurred.

The selection of a tunnel shape is very frequently
based on the blasting methods considered desirable
for an opening of the desired size and the maximum
span width that is considered safe for the expected
rock conditions, There was some question, for
example, as to the relative merits of driving the
Seitevare funnel full face and heading and bench, The
tunnel very easily could have been driven full face,
but would have reguired a wider span width for the
optimum blasting round, which in Sweden is usually
considered to be a V-cul. The decision to use a
heading and bench attack was based on the desir-
ability to hold the span width to a minimum.

The tendency in Sweden is towards wider openings

and full face attack, as such technigues enable larger
drilling and mucking equipment to be used. Such a
trend is probably warranted on the basis of the small
differences in support needed for the different attacks.
As discussed in the previous chapter, high vertical
walls frequently cause as much stability difficulty as
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do wide spans. As will be seen from the discussions
of field observations in the following chapter, there
does not appear to be any strong relationship between
span width and degree of support required for a given
rock quality for the range in span widths of from
seven fo 13 meters. However, it can be expected that
wider spans require support more freguently than do

narrow spans in the same quality rock.

Face attack methods other than full face and heading
and bench are not common in civil engineering pro-

jects in Sweden.
Other Factors

Several miscellaneous factors in the tunneling cycle
can influence the stability of an opening. These fac-
tors include: mucking time, ventilation and smoke

time, and secaling.

Mucking Time, The time required to muck out a
round seemingly would have no influence on the stab-
ility of an opening. However, if support is placed
after the mucking operation, the time required to
muck out is of considerable importance, particularly
if the standup time is less than the time regquired for
mucking. The introduction of rubber-tired, front-end
loaders and large (up to 40 ton) trucks in large tunnels
( >80 square meters in area) has resulted in the
reduction of mucking time by factors of 1/2 to 1/4 of
that required by older electric, tracl-mounted
shovels and small trucks. Where support work is
carried out from the drilling platform, immediately
after the mucking cycle, such differences in mucking
time are very significant. All of the tunnels in the
writer’s observations were mucked with high speed
equipment (mucking time: 1-3 hrs), and it is not be-
lieved that differences in muck time account for any
significant differences in the field cases,

Ventilation and Smoke Time. Ventilation of the tunnel

face and smoke {ime are two factors that affect tunnel
stability in much the same way as mucking time. Good
ventilation and short smoke times (15-30 minutes)
obviously permit more rapid placement of support.
Small differences in smoke time probably have no
effect on stability, but the complete failure of a venti-

lation system or a very inefficient system may render



working conditions at the face so bad that support
work is neglected or given only minor attention, par-
ticularly if rock conditions are not so bad that work
cannot proceed without support. Shotereting and rock
bolting are stenuous jobs that require good working

conditions of light and air.

An extreme case of an instance where atmospheric

conditions caused drastic slow-downs in all tunneling
operations, particularly support placement, is shown
in Figure 4, 3. The normal visibility and atmospheric

conditions at the tunnel portal are seen in Figure4. 3a.

Under such conditions, support work is carried out
unhindered and there are not likely to be delays that
can be attributed fo ventilation conditions. The
slightly fogged condition seen in Figure 4.3b did not
impair support work, but was responsible for a
significant increase in mucking time because of the
slower truck traffic that resulted from poor visi-
bility. The effect of mucking time on stability has
been discussed in the previous section, The con-
ditions shown in Figure 4.3c resulted in a complete
halt of all tunneling operations. At the time this con-
dition arose the bench was being blasted out and the
bench face was located in the rock conditions shown
in Cases 11-15, 18 and 19, The deterioration of the
tunnel walls in these cases was particularly notice-
able during the time that attention was being con-
centrated on the ventilation difficulties. Because the
visibility was so poor, deterioration of the wall rock
could not be detected by passing by in a motor vehicle,
and it was not until the ventilation problem was
solved that support work was carried out.

Scaling. The scaling operation (barring down) that is
normally part of the tunnel cycle when steel sets are
used for supports can have a pronounced influence on
stability. Several different ideas have been put forth
as to the value of scaling. There is appavently no
choice as to whether or not scaling must be done
before steel sets are erected, as loose pieces of
rock would certainly pose a threat to miners. When
shoterete is used there is a possibility to delete the
scaling operation from the tunneling cyele, parti-
cularly if a vemotely contirolled shoterete apparatus
such as the Swedish ROBOT is used. Most strong
advocates of shoterete agree that scaling of all but

the loosest of rock hlocks should be omitted, as

scaling only tends to loosen additional rock at the
tunnel periphery. At least part of the fallout and over-
break in Cases 56 and 57 can be attributed to an
attempt to scale the tunnel crown after blasting. The
rock in these two cases is so fraciured and loose that
there is no limit to the amount of material that can be
scaled from the walls and drown. In such cases, there
is clearly nothing to be gained by intentionally enlarg-
ing the opening by secaling.

4.4 DBlasting Techniques
General

The significance of blasting techniques on the stability
of a tunnel in rock lies in the effect that blasting has
on the rock around the periphery of the opening. Some
blasting techniques leave the rock relatively intact and
stable whereas others damage the rock severely by
causing fracturing and loosening. The effects of dif-
ferent blasting techniques on the condition of the tunnel
periphery rock is the subject of this section.

Swedish Method vs American Method

The so-called "Swedish method" of tunneling refers to
the drilling and blasting techniques used in full face
advances. Originally the "Swedish method" referred
to the use of light, handheld jackleg rock drills, small
diameter drill bits (32 mm), and lightweight mobile
drill jumbos. More recently the handheld jacklegs are
very frequently replaced by ladder-mounted, chain-fed
drills that employ the same small-diameter drill bits
driven by the same jacklegs. The counterparts of the
so-called "American method” are heavy, hydraulically-
controlled, boom-mounted drills on large, heavy, driil
jumbos and large diameter (48 mm) drill bits. Large
tunnel rounds drilled by the Swedish method are nor-
mally V or other wedge cuts whereas those drilled by
the American method are more frequently parallel
hole cuts. The common Swedish round requires more
feet of drill hole but less weight of explosive per unit
volume of rock excavated. The fundamental reason for
the differences in the Swedish and American methods
lies in the basic differences in the areas of largest
potential savings in tunneling costs. In Swedish prac-

tice it has heretofore heen possible to realize the
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Fig. 4.5 Drilling pattern and blasting data for vertical V-cut round for collector
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because of small angle (30°) of V~cut and relatively large advance for
a V-cut {65 % of tunnel width, compared to normal 50%; Langefors and
Kihlstrom, 1963)
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Plan Section Through Center of Tunnel

Area 80 m

Advance 3.4 m

Specific charge 1.0 kg/m2 (1.7 1b/ya3)
Contour hole spacing 1.3 m

Contour hole burden 1.3 m

Drill bit diameter 48 rmm

Contour hole ignition half second delay
brilling factor 1.1 m/m3 (2.8 f£t/va3)

Fig. 4.6  Drilling pattern and blasting data for large-hole

V-cut round for Ritan Tailrace tunnel. Note small
advance (32% of tunnel width). Use of large Gardner-
Denver drill jumbo did not permit longer advance

at same angle of cut
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greatest savings in reduced material costs, as labor
is relatively inexpensive, In American practice,
materials are relatively inexpensive compared to
labor, and the greatest potential for reduced tunnel-
ing costs lies jn the labor element. It is therefore
more profitable to attempt to reduce the cost of labor
by increasing the rate of advance than to attempt to
cut material costs. This factor explaing the use, in
the American method, of large equipment that is
capable of rapid face advance. Rising costs of labor
in Scandinavia will probably eventually lead to con-

version to American tummeling practices in that area.

From stability and support considerations, there
exist several advantages to the Swedish method of
tunneling. The light handheld jacklegs used in the
Swedish method permit support worlk {rock bolting) to
be carried out with the same equipment used for
drilling the blasting round. Because the drill jumbo
is very mobile and because the drillers are very
close to the perimeter of the tunnel, the support work
can be carried out from the jumbo while the face is
being drilled. Because of this convenience, delays in

support installation may be reduced.

One very distrinct advantage of the drilling jumbo or
platform used in the Swedish method is the ease with
which the crown can be inspected at any time during
drilling, Much closer aftention is thus given fo the
crown stability, as the nearness of the crown to the
drillers makes rock falls seem much more of a threat
than in the American method where the boom-mounted
drills may be remotely controlled. The inspection of
the crown and instaliation of crown support in the
Awmerican method may, depending on the drill jumbo
used, require an additional piece of equipment simply

to provide access to the crown.

There are some claims that the Swedish method, in-
volving angle cuts, small drill holes, and relatively
lightly charged holes, is superior to the American
method, involving parallel hole cuts, and large,
relatively heavily charged holes, because of the
generally smaller specific charges used. It is felt by
some that the smaller charges do not damage the rock
as severely as do heavily loaded parallel hole rounds.
Unfortunately there exist no data to prove or dis-
prove this hypothesis. Although the paralle] hole
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rounds have typical specific charges that are higher
than those of typical V-cut rounds (1,8-2.4 kg/‘m3 or
3-4 lb,/’ycl3 for parallel hole rounds compared to
0.6-1.5 kg/m® or 1-2.4 Ib/yd® for typical V-cut
rounds in large tunnels), the largest part of the added
charge in parallel hole rounds is in the cut, and it is
not known whether or not this part of the round affects
the rock at the periphery of the desired final opening,
Because the perimster or contour holes in both types
of rounds can be designed identically, there exisis the
possibility that the wall rock in the completed tunnel
will be identical for both types of rounds if the cut

charges do no damage the wall rock.

Typical Rounds

Practically all of the tunnels in which observations
were made were driven with V-cut rounds. Three
typical rounds are shown in Figures 4.4-4.6. In all
of the tunnels studied the specific charpes (powder
factors) vary from a minimum of 0,87 kg/ms

(1.5 Ib/yd%) in the Satisjaure tunnel to 1.91 kg/m3
(3.2 1b/yd3) in the Bergvatinet collector tunnel. The
latter is unusually high because of the large advance
that was attempted with a V-cut round in that rela-

tively small tunnel.

Of particular interest in all of the tunnels is the
spacing of contour or perimeter holes. It will be

noted from the rounds shown in Figures 4.4-4.6 that
none of the hole spacings and ratios of hole spacing fo
burden conform to the suggestions given by Langefors
and Kihlstrom (1963) for smooth wall blasting. Nor do
the ignition patterns thalf second delays in the peri-
meter holes) conform to those suggested by authorities
millisecond delays). In spite of improper hole spacing-
burden relationships, the use of low density explosives
in the perimeter holes is common practice and fre-

quently gives good contours,

The extremely well-contoured crown of the Seitevare
machine hall (Case 21) was obtained by presplitting a
stoping round, as shown in Figure 4.1. Other at-
tempts to presplit a full face round have not been
successful (Skinska Cementgjuteriet, 1967).

The success of smooth wall blasting is obviously

very dependent on the rock structure and, in par-



ticular, on the orientation of discontinuities with
respect fo the periphery of the opening. From Case 92
it is apparent that good results can be obtained in
jointed rock when the discontinuities cross the tannel
at right angles. Similar results were obtained in
Case 36 where a smooth wall stoping round was used
to enlarge a small pilot drift. On the other hand, the
flat-lying overthrust joints in Cases 88, 89, and 80
render saccessful smooth wall blasting very difficult,
Although the hole spacings in these cases exceeded
one meter, and the burden was no greater than the
hole spacing, the same rounds in other parts of the
tunnel gave very good results.

It is not unusual for smooth wall blasting to be effec-
tive in one part of the tunnel periphery and not in an-
other. This is illustrated in Figure 4.7 where the
crown displays a smooth contour but the intrados
perimeter is relatively ragged. Such behavior may be
explained by a number of factors, including joint
orientation and cuarvature of the tunnel periphery.
Anisofropy in the intact rock structure has a very
large influence on the manner in which rock breaks
during blasting. This fact has been known for many

years in the Swedish quarry industry (Hagerman, 1943,

It is well known in Sweden that gneisses can usually be
smooth wall blasted better than granites (Lundegfirdh,
1963).

Rock Damage Due to Blasting

Because the process of loosening at the periphery of
a tunnel in jointed rock is a progressive process that
necessarily starts when the first block at the tunnel
perimeter falls out, the condition of the wall rock is
of utmost importance, Damage of the wall rock that is
caused by the charges in the perimeter holes of the
blasting round will obviously be of great importance
in determining the stability of the completed opening.

Very little is known about the real damage that is
done to the rock around the perimeter of an opening
when blasting takes place. It is probable that damage
in the form of both cracking of intact rock and
loosening of joint blocks and newly cracked blocks
takes place. Hagerman (1966) claims that the cracked
zone due to blasting extends only about one meter
beyend the periphery of the opening.

Langefors (1965) discusses the extent of rock damage
for different types of blasting. Ordinary blasting is
thought to result in the formation of radial cracks and
opening of existing joints to a distance of two meters
from the periphery of the opening. According to
Langefors (1965), instantaneous ignition of an entire
roiund can produce a better contour, but resulis in
erack formation and loosening to a distance of 10
meters beyond the edge of the opening, For this
reason short delay ignition {millisecond delays) and
instantaneous ignition with a time spread of greater
than one or two milliseconds are recommended for
smooth wall blasting (Brinnfors, 1964; Langefors,
1965).

Langefors (1965) claims that presplitting with exact
instantaneous ignition produces a loosened zone about
two meters thick. Langefors distinguishes between
the two-meter-thick zones produced in ordinary
blasting and that produced in instantaneously ignited
presplitting by the more pronocunced cracking and
loosening that cceurs in the former. The best tunnel
contour and least damage are said to occur when
smooth wall blasting and presplitting are used with
ignition times of less than 100 milliseconds and
greater than several milliseconds. The damaged zone
is believed to be less than 0,4 meters thick.

The extent of loosening given by Langefors is said to
represent maximum damage in jointed roek. For
intact rock, Langefors claims that no eracks are
formed as a result of a correctly ignited smooth wall
round.

In most {full face blasting rounds for large tunnels,
the zone of rock arcund the perimeter that is some-
times smooth wall blasted is usually broken with a
more or less free burden which meands that the
angle of breakage is greater than 30 degrees, as
shown in Figure 4.8a. However, in bench blasting
(Fig. 4.8b) there is a greater degree of fixation along
the walls for the two side holes, and breakage is
likely to oceur by tearing or indirect tensile failure
along the wall instead of by pure tension as oceurs
between two properly spaced perimeter holes in a
smooth wall round. The tearing is frequently quite
evident in the walls of a bench blasted round, as
shown in Figure 4.9, and in jointed ground may
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Nonuniferm contours from smooth wall blasting.
Note smooth roof contour and rough intrados contour.
Large-hole V-cut round in Svorva headrace tunnel,
Vietas project., Perimeter hole spacing: 0.8-1,0 m.,
Perimeter hole burden: 1.0 m. Rock type: mylonite
{(metamorphic)



Angle of breakage = 180°

(a) Face Round

Indirect tension or shearing failure
due to partial fixation along wall

Free Face

Plan View of
Bench
1

Numbers indicate
ignition sequence

(b) BRench Round

Fig. 4.8  Rock breakage in tunnel face round and in tunnel bench round
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Fig. 4.9

Tearing of granite in bench-blasted side walls
of Seitevare tailrace tunnel, Direction of blasting
same as in Fig, 4.8b



contribute to loosening of the side walls. Further-
more, gas pressures from the blast are directed
more along the tunnel axis than in face blasting, and
can result in loosening of jointed rock, as explained
by Deere et al. (1969).

Although smooth wall and presplit rounds can be
incorporated info bench blasting, such techniques are
normally used in Sweden only for special structures,

such as machine halls and large storage rooms.

There exist only meager guantifative data in Sweden
about the extent of blast damage in the wall of a rock
tunnel. Two sources of data that are of possible
revelance are seismic measurements and stress
measurements made in the walls and crown of a
tunnel. Rahm (1965) reports both seismic and
ultrasonic measurements that were made in the
walls of small inspection galleries (span width =

= 2 meters). Both the seismic sonde, used as down-
the-hole apparatus, and the cross-hole ultrasonic
measurements indicate a low velocity or destressed
zone 0.25 to 1. 0 meters thick around the tunnel
periphery. Unfortunately no blasting techniques are
reported for these tunnels. It is very likely, how-
ever, that no particular care in blasting was taken

to maintain undamaged walls.

The seismic refraction measurements made in the
Riitan tunnel that have been described in Appendix A
give some additional clues as to the extent of de-
stressing cansed by blast damage and loosening
movements in the wall rock. These measurements
were made with geophone spacings as close as one
meter, and should therefore reveal any thin low
velocity zone. The thickness of the detectable low
velocity zone along the tunnel floor varies from 1 to
1.4 meters, In consideration of the 0.5-1. 0 meter
thick layer of crushed rock and tunnel muck that lies
on the floor, it must be concluded that the thickness
of any extremely destressed or loosened zone along
the bottom of the tumnel walls is less than one meter,

There are two possible interpretations for the Rifan

tunnel measurements:

(1) It is quite possgible that the seismically cal~
culated low veloeity layer is only the outermost

layer of a thicker zone of destressed or blast-

damaged rock whose degree of fracturing and
looseness is too small to influence its seismic
velocity. In such a case the desiressed zone it-
gelf may act as a refracting medium if its
veloeity is the same as that of the undisturbed
rock. The influence of such a destressed zone
on the stability of a tunnel is not kmown, but it
would not seem likely that such a mildly relieved
zone would itself reguire any support.

{2} 'There exists also the possibility that the thick-
ness of one meter given by the refraction
measurements is the true thiclmess of the de-
stressed or damaged zone at the point on the
tonnel periphery where the measurements were
made. Such a case would be consistent with the
results reported by Rahm and discussed in the
previous paragraph. Althongh Rahm”s measure-
ments were made with an entirely different
technique and in tunnels with an area of less
than one-tenfh of the Ritan tunnel, they do indi-
cate that no exceptionally deep rock damage or
destressing has taken place. The fact that the
thickness of the low velocity layers is of the
same order of magnitude in these tunnels of dif-
ferent areas may indicate that the destressing
is not as dependent on tunnel size as one might

expect,

The fact that a relatively thin (5 to 10 cm) layer of
shoterete is very often sufficient to maintain roof
stability in Swedish tunnels, even in extremely
fractured vocks, would lead one to believe that the
layer of heavily damaged and destressed rock at the

tunnel periphery is not extensive.

Seismic refraction measurements have been used by
others to determine the thickness of the destressed
zone around tunnels. Scott et al. (1965) report a 1- to
7~foot-thick low velocity zone around the periphery of
a large underground cavity in tuff. Scott et al. (1968)
report a 5- to 10-fgot-thick low velocity zone around
tunnels in a granite stock. In the latter case it was
not possible to estimate accurately the degree of
destressing from the extent of fracturing on the tunnel

walls.,
Measurements of in—gitu stress have been made in the
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walls and crown of several tunnels and rock rooms in
Sweden. Although the absolute values of the results of
these measurements are of uncertain value, the
measurements are of value as an index or guantitative
indication of the degree of destressing that exists at
the periphery of an opening, provided measurements
are also made of the stress at some distance from
the edge of the opening.

The measurements of stress that have been reported
by Hast {1958) are of limited value for the above-
described purpose, as most of the measurements
were made in mines where the local stress field is
lilkely to be very different than that at some distance
from a single tunnel. The resuiis reported by
Hiltscher (1967) for the Seitevare tailrace tunnel are
more valuable in this respect. In four different
sections in that tunnel measurements of sirain on
the bottom of a drill hole, due to overcoring, were
made in vertical holes drilled up into the tunnel
crown, All of the measurement stations were located
in massive, sound, unsupported granite at depths of
about 60-80 meters under the ground surface,
Measurements were made in each hole at distances
of 0.5-2. 0 meters and at 9-12 meters from the peri-
meter of the opening. The results indicate that the
magnitude of major principal stress at distances of
from 0.5 to 2. 0 meters from the tunnel perimeter
varies from one to four times that at a distance of

9 to 12 meters from the perimeter. All of these
data were obtained in an identical manner, and the
appearance of the funnel walls and roof at the
measurement stations was very similar. It is thus
obvious that the degree of loosening is very erratic
and cannot be related solely to the appearance of the
roek. The blasting data for this tunnel are shown in
Figure 4.4, Although the stress measurements are
not a direct measure of blas damage, they do indi-
cate the absence of complete stress relief within the

two-meter-wide zone around the tunnel.

4.5 Rock Support and Reinforcement

Techniques

General

Roek support and reinforcement techniques influence
the stability of a tunnel in that the manner in which
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they are installed, the time at which they are installed,
and the mechanism by which they render support to an
opening directly influence the loosening that may oceur
in an unstable opening. These topics are the subject

of this section.

in Sweden, rock bolts and shotcrete are termed rein-
forcement rather than support. This distinction is
made because it is believed that the primary function
of rock bolts and shoterete is to reinforce the rock
around the perimeter of the opening rather than
actually support loosened rock that may come to rest
on the bolts or shotecrete. This idea of "helping" the
rock to support itself has been expressed by many

writers and there is no need to dwell upon the subject.

The shotcrete used in the cases discussed in this
thesis is for the most part large aggregate (25 mm =
=1 in.) shotcrete applied by the dry mix process.
Some of the applications used strictly for the purpose
of protecting miners against small pieces of falling
rock have 2 maximum aggregate size of 3/8 in. The
rock bolts used in most of the projects are two- to
four-meter-long bolts and are anchored either by
Perfo sleeves or expansion shells. None of the bolts
are grouted. The primary or temporary support or
reinforcement of rock bolts and shoterete that is used
in most Swedish tunnels serves also as permanent or
secondary support, or is at least an integral part of
additional support applied at a later time,* The early
application of reinforcement measures soon afier
blasting is perhaps the single most significant
advantage of rock belts and shoterete over steel set
and cast concrete supports. The time delays that are
commonly associated with these latter support types
most Hkely allow loosening to oceur that frequently
can be prevented when rock bolts and shotcrete are
used, It is thus likely that rock bolts and shotcrete
are not subjected to the same loads as are experienced
by conventional supports. The rock-support or rock-
reinforcement interaction is cbviously different in the
case of rock bolts and shoterete than for steel sets

and cast conerete arches,

* Additional details of Swedish rock bolt and shot-
crete practices are given by Brinnfors (1964),
Alberts (1965), and Cecil (1970).



Mechanism of Support

The mechanism by which shoterete functions in
stabilizing a funnel in jointed rock has been discussed
by many writers. Of the many hypotheses that can be
found in the literature, those given by Alberts (1965)
include the most likely support mechanisms. Accord-
ing to Alberts:

(1}  Shotcrete is forced into open joints, fissures,
seams, and irregularities in the rock surface
and in this way serves the same binding funetion

as mortar in a stone wall.

{2) Shotcrete hinders water seepage from joints and
seams in the rock and thereby prevents piping
of joint filling materials and air and water

deterioration of the rock.

(3) Shoterete’s adhesion to the rock surface and its
own shear strength provide a considerable
resistance to the fall of loose blocks from the
roof of a tunnel.

{(4) A thicker shotcrete layer (20-30 ecm) provides
structural support, either as a closed ring or
as an arch-type member,

Although a rigorous theoretical analysis of the rock-
shoterete interaction for a tunnel in jointed rock has
not been attempted, several idealized models have
been used for design and as demonstrations of the
possible support mechanisms provided by shoicrete
(Rotter, 1961; Linder, 1963; Rabcewicz, 1964-65).

The analytical models fall into two general categories:

(1)  those which treat the shotcrete as a structural-
type mumber and assume the rock to behave as

a continuum; and

(2)  those which treat the rock-shotcrete interaction
as a rigid block model of a single rock block in
the crown of a tunnel.

In the discussion that follows, these two types of
analyses are referred to as structural analyses and

rigid block analyses. The assumptions for the role

of the shoterete in all of these simplified models

correspond to one of the four items given by Alberts.

Structural Analyses. The most common structural-

type analysis assumes that the rock behaves as a
plastic continuum and that the shotcrete functions as
a thin, closed ring, This assumpiion for the shotcrete
support corresponds to item (4) of Alberts” hypothesis,
The model has apparently been used with success in
some rock conditions in the Albs (Rabcewicz, 1964,
1965; Rabcewicz, 1969). However, the behavior of
tunnels in loosening ground in Scandinavia is very
much different than the so-called genuine rock
pressure phenomena encountered in the Alps, and

the same concepts do not apply for the shoterete-rock
interaction. As a matter of fact, very few of the shot-
crete applications observed by the writer for ireat-
ment of loosening instability were continuous ring-

or arch-type constructions. Spotwise, discontinuous
applications over only a part of the tunnel section

are very common. Some typical discontinuous shot-
crete applications are seen in Cases 3, 7, and 88,
Examples of continuous applications are Cases 44,
and 57. These two types of shoterete supports are
shown schematieally in Figure 4.10.

Rigid Block Analysis. In loosening ground conditions,
it is very likely that shoterete provides support by

one or more of the first three items given by Alberts,
particularly if the application is discontinuous arcund
the perimeter of the opening, Several authors (Rotter,
1961; Linder, 1963; Deere et al., 1969) have made
simple calenlations to show the capabilities of shot~
crete in supporting various given volumes of rock,
Because loosening instability is a progressive type of
failure that starts when a single block, frequently
termed the "key-stone”, falls from the crown of the
opening, analyses of the interaction between a shot-
crete lining and a single rigid block of some arbifrary
dimensions give some insight into the possible roles
of shoterete in supporting loosening rock conditions.
It is normally assumed that stability is achieved if the
key-stone can be held in place.

Several different rigid block models are shown in
Figure 4.11. The type of loading and the resistance
assumed to be provided by the shotcrete are given for
each model. The models in (a) and (b) are intended to
ghow the support contributed by the rock-shotcrete
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(b} Discontinuous Shotcrete Lining

Fig. 4.10 Continuous and discontinuous shoterete linings



bond. Those in {(c), (d), and (e) show the support pro-
vided by the shearing resistance of shoterete under
different loading conditions. All of the models are
intended to show the effect of localized mobilization
of the shotcrete strength in a discontinuous appli-
cation. With the exception of (a}, all of the models
are also possible modes of behavior in 2 continuous
structural-type liner.

If a number of simplifying assumptions are made as
to the forces acting on the blocks and the behavior of
the shotcrete, it is possible to compute factors of
safety against fallout of the blocks for each model in
Figure 4.11. The computations are shown in Fig-

ure 4,12, The necessary assumptions are as follows:

{1  The blocks remain in place until the shotcrete
can be applied. The standup time of the rock in
relation to the time necessary to apply a shot-
crete layer determines the validity of this
assumption.

{2) Exceptin (e), the only force acting on the blocks
is the dead weight of the block itself,

(3) In (a) and (b) the rock-shoterete bond strength
is fully mobilized over a perimeter strip whose
width is egual to the thickness of the shotcrete.
The real area over which the bond strength is
mobilized depends on the stiffness of the shot-
crete. For fully hardened shoterete, the bond
over the entire rock-shoterete interface may be
uniformly stressed.

(4) In (c), {d), and (e) the shearing resistance of
the shotcrete is fully mobilized across the
entire thickness of shoterete,

In order to compare the relative stability factors for
the different models, assumptions for shoterete thick-
ness (t = 5 cm), block dimensions (& = 100 cm), and
the unit weight of the rock (y,. = 0.0027 kg/cms) have
been made. Each model analysis will be discussed
separately and then the results of all the models will

be compared.

The analysis shown in Figure 4.12a demonstrates the
benefit that can be derived from a mere filling of the

depressions and overbreak around the tunnel peri-
meter. This type of support corresponds to item (1)
of Alberts” hypothesis. In the model it is assumed
that the rock to both sides of the points "1" and ''5" is
stable through earlier shotereting or other support.
If the block W is to drop out of the crown, it must
break the rock-shoterete tensile bonds along 1-2 and
4-5 or else shear through the shoterete. It is assumed
that the full tensile bond strength across the rock-
shotcrete contact is mobilized for a distance along
1-2 and 4~5 egual to the depth of the shotcrete over-
break filling, or about one half of the average size of
the joint blocks. It is also assumed that the bond
strength at a 45° angle to the rock-shotcrete inter-
face (in the vertical direction) is equal to the tensile
bond strength normal to the interface. This is prob-
ably a conservative assumption, as the bond strength
in shear of a smooth rock-concrete interface is nor-
mally 1.5 times the direct tensile bond strength
(Carmichael, 1970).

The expression for the factor of safety against fallout
is seen to be direetly proportional to the rock-shot-
crete bond strength and indirectly proportional to the
size of the block and the density of the rock. Although
the validity of the assumptions used in the simple
analysis is uncertain, the exercise does point out the
benefit that may possibly be derived from a mere
filling of depressions on the tunnel walls and roof, It
should be pointed out at the same time, however, that
it would be absolutely necessary for the surrounding
rock to be stable in order to develop the resistance
that is illustrated in the example. For this reason it
would seem logical that shotereting should be started
at a point on the tunnel periphery that is stable, such
as in the walls, and then carried up into the tunnel
crown from both sides. In this manner the loads that
may c¢ome onto the filled depressions can be thrust

back into previcusly stabilized roclk.

In Figure 4.12 (b) and (c) the stabilizing effect of a
thin shoterete layer on the fallout of a single block is
considered. The possible modes of failure considered
are a bond failure of the shoterete along a strip of
width equal to the shoterete thickness around the
block, and a shear failure through the shotcrete.

The model in (¢} apparently was first considered by
Rotter (1961). This behavior corresponds to item (c)
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Loading: Block fallout
Resistance: Rock-Shotorete Bond
FS = 1.85 f

ft = rock=-shotcrete tensile bond strength kg/em
(typical range: 0-20 kg/cm?)

|

B LB B B e A Sn A e S B e s B N R T B B e
(b} Loading: Block Falloug {c) Loadlng: Block Fallout
Resistance; Rock~Shotcrete Resistance: Shotorete
Bond Shear Strength
FS = 1.78 f FS = 1.78 fS

f = shear strength of shotcrete, kg/cm (typical
value: 20 kg/cm2)

EENEEE

A e e s R e e e e N B

{(e) Loading: Block Fallout and

(d) Loading: Block Rotation Thrust
Resistance: Shotcrete Resistance: Shotcrete
Shear Strength Shear Strength
FS = 1.44 £_ FS = 0.55 £_ (for dg =

1 kg/cm2,%a = 45°, ¢ = 309

Fig. 4,11 Rigid block models for shoterete tunnel linings.
Factors of safety given for a= 100 cm, £ = 5 cm,
Y, = 0.0027 kg/cm3



rogk=-shotcrete
bond failure

Assume:

{a) unit weight shotcrete = unit weight rock

(k) no resistance to fallout on ends of block W

(c) bond strength in vertical direction is same as
tensile bond normal to rock-shotcrete interface

DF = driving force = weight of wedge 1-3-5

= % 4a° 4 =
=3 4da 7y = 2a P

= i sti = S = a2
RF = resisting force = 2 (a 2) f, = a ft

F8 = factor of safety against fallout

F§ = =

For a = 100 cm, y = 0.0027 kg/cm2

FS = 1.85 £ £, expressed in xg/cm®

range in values: 0-20 kg/bmz

Fig. 4.12 Analyses of rigid block models

{a) Support rendered by overbreak filling:
failure by rock-shoterete bond failure

T3
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rock«shotcrete tensile bond failure

Assume rock-shoterete tensile bond mobilized

over perimeter strip of width equal to shotcrete

thickness, t.

bF

RF

SF

1

il

driving force = weight of block = % a3 Tr

resisting force = 2atft + 2 x 1.4 atft = 4,8 atft

RE  _ 9.6 tft
DF 2
a” 7.

For t=25cm, a=100e¢cm, y = 0.0027 kg/cm:"

FS = 1.78 ft

Fig. 4.12 (confinued)

(b} Rigid block fallout: failure hy rock-shoterete
tensile bond failure



DF

F§

2 Yrock
2atfs + 2 x 1.4 atfS = 4,8 atfS
_ 9.6 tfS

RE —_Ss
DF 2
a 73:

For t =5cm, a=100ecm, py_ = 0.0027 kg/cm2

¥s

1.78 £

Fig. 4.12 (coniinued)

{c) Rigid block fallout: failure by shearing
through shoterete
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For t

shear failure in shotcrete

Assume triangular distribution of shearing
resistance along front and back edges of block

driving moment = %

resisting moment
+ 2 (t

1.414 tazfs + 1.33

2
RM _ 2.74 ta fs
DM 0.353 a4r
T
= 5% ¢m, a = 100 cm,
1l.44 fs

y, ¥ 0.707 a = 0.353 a~ y_

s 1.414 a % = x 1.414 a

2.74 ta fS

0.0027 kg/cm3

Fig. 4.12 {continued)

{d) Rigid block rotation: failure by shearing
through shotcrete
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shear failure through shotcrete

normal force on one side Of wedge = g4 a2 sin2 o
shearing resistance on one side of wedge = N tan ¢
vertical component of normal force on wedge = N cos @
vertical compenent of shear force on wedge = S sin a

total vertical driving force on wedge = W+2 N, - 2 8

a’ ye t 2 {N cos a - 8§ sin a}

a’ yp* 20 a2 sin2

o e {cos o - tan ¢ sin «)

2 atfs

COsE o

[ ST ST

resisting force in shotcrete = 2 atfS +

1
COS g

2 atf (1 +
S

iy 2 2
52 ¥y + 2 0y @ sin

)

¢ (cos o« = tan & sin a)
9.6 tfs
as yp + 0.6 0y @

RE
v

= 30°, FS =
1 kg/cm? (~ 15 psi), t =5 cm, a = 100 cm,

48.0 _
27 + 60 fs = 0.55 fs

7. = 0.0027 kg/cn®,  FS

Fig. 4.12 {(continued)

{e) Thrust on a rigid block: failure by shearing
through shoterete
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in Alberts” hypothesis. It is shown in the analysis of
the models that the factor of safety against fallout has
the same form for both modes of failure, but in (b)
the factor of safety is dependent on the bond sirength,
ft’ and in (c} it is dependent on the shear strength of
the shoterete, fs' 1t is thus seen that the portion of
shear strength in the shotcrete that can be mobilized
is no greater than the bond strength between the shot-
crete and the rock. If the ultimate compressive
strength of shoterete is taken as £} =300 kg/cm2
(4200 psi) and the allowable shear stress as
4W = 18 kg‘/em2 (260 psi), then the bond
strength of the rock-shoterete interface must be at
least 18 kg/cm2 (260 psi) for the shear strength of
the shoterete to be mobilized, Rock-shotcrete tensile
bond strengths of from 0 to 20 kg/cm2 (300 psi) have
been measured, The lower values are for clay and
other mineral-coated surfaces and the higher values
are for clean, rough granite surfaces. Thus, an
extremely good bond is required to fully develop the
shear strength of shoterete, It is interesting to note
that the factor of safety is inversely proportional to
the square of the block dimension, a, in the models
shown in (b) and {c). Although the analysis in (b) is
based on the rather arbitrary assumption concerning
the width of the strip over which the bond strength is
mobilized, the caleulations do point out the signific-
ance of the bond strength, a factor that has been
ignored by many in computing the support capacity

of shoterete,

The analysis shown in Figure 4,12 (d) considers the
rotation of a single rigid rock block about one of its
corners. This analysis was considered by Deere et
al. (1969), who showed that the safety factor against
the failure by rotation is less than that by direct fall-
out, as also indicated in Figure 4.12 (d). Because
the writer’s model studies demonstrated very vividly
the role of block rotations in loosening instability,
the ability of shotcrete fo resist block rotations as
well as block slippage is particularly significant.
Rock bolts aid considerably in this respect, even
apart from their ability to apply a normal pressure
to the rock surface. The benefit of untensioned
grouted rebars in preventing rock block rotations is a

factor that should not be overlooked in support design.

The analysis of 2 rigid block subjected o a uniform
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tangential compressive stress, 0y , i8 considered in
Figure 4.12 (e). In this model the angle that the joini-
ing makes with the tangential stress, o , and the
shear strength along the rock joint, ¢ , are of major
importance. Tor angles of ¢ greater than (90 -},
the tangentinl shear stress tends to stabilize the
block, but for angles of ¢ less than (30 - « ), the
tangential stress tends to thrust the block into the
opening. In order to compare this model with the
others, an average tangential stress of 1 kg/ch
(15 psi) has been assumed to act in the rock.

The safety factors for each model analysis for the
assumed values of 2, t, and Yo are shown in Fig-
ure 4.11. The rock-shoterete tensile bond strength,
ft, and the shearing resistance of the shoterete, I_,
are not assigned specific values, as these strengths
vary greatly during the early age of the shotcrete,
Although the absolute values of the factors of safety
for the models shown in Figure 4.12 are not necess~
arily correct, the models do point out the relative
value of shoterete in supporting different types of
loading by mobilization of different shotcrete strength
parameters. The following conclusions can be drawn

from the analyses:

(1) The mere filling of overbreak cavities and
depressions on the rock surface may prevent
progressive fallout by holding up single blocks,
provided the surrounding rock is stable,

2y If a shoterete lining cannot carry thrust by
closed-ring action or by bearing onto the tunnel
floox, i.e., if it is a discontinuous application,
then the rock-shoterete bond strength limits the
load-carrying capacity of the shoterete.

(3) The stability of single rock blocks at the periph-
ery of a shotereted opening is strongly dependent
on the size of the block that tends fo move into

the opening.

(4¢) More shotcrete is required for the prevention of
block rotations than for the prevention of block
fallout.

(5) Depending on the orientation of blocks with
respect o the opening, thrusting from tangential



stresses may induce a more severe loading in
the shotcrete than dead weight loading. It is to
be expected that thrusting from large blocks

of rock (a > 2m) could not be carried by shot-
crete. Deere et al, (1969) reached the same
conclusion. In such cases, the magnitude of the
tangential stresses and the frictional resistance
along rock joints are important in determining
the load on the shoterete,

(6) It is very likely that the actual role of shoterete
in supporting funnels in jointed rock is a com-
bination of the support mechanisms shown in
Figure 4.11. Under different conditions dif-
ferent modes of support may predominate. Tor
example, a six-inch continuous shotcrete
application over the entire tunnel cross section
could function as an overbrealk-filling as well
as a structural-type member capable of support-
ing a significant dead load weight. However, its
sole function in a given tunnel section might be
the prevention of rock block rotations.

"Design" of Tunnel Reinforcements and Supports in

Sweden

The primary function of shotcrete in most Swedish
tunnels is to serve as a deterrent to block fallout by
pure slip along joints, block rotations, and biock
thrusting through the action of tangential rock
stresses. However, because the predominant mode
of support may change erratically over very short
distances in a tonnel, and because several different
modes of behavior may exist at one point, the design
of shoterete linings is not possible by the application
of one of the simple model analyses of Figure 4,12,
In fact, the sudden changes in geologic conditions
that are common in most Swedish tunneling preclude
the possibility of applying any general support de-
sign procedures that account for the local conditions
which are encountered meter-by-meter in a tunnel.
Although the rock bolt-shoterete support system is
very highly adaptable to a wide variety of rock con-
ditions, the actual adaptation of the system to meet
local conditions is a responsibility that lies in the
hands of job site personnel, and not the design
engineer.

In Sweden, reinforcement or support measures are

evaluated by the tunnel foreman, miners, and tunnel
engineer as the face advances. Representatives of the
owner may also take part in the evaluation, but there
are no computations or other systematic methods in-
volved in the decision as to what type and how much
support is to be applied. As a matter of fact, there
do not even exist any guidelines or rules-of-thumb
for application to funnel supports. The rock quality-
tunnel support relationships that are presented in the
next chapter are attempts to provide needed infor-

mation in this area of tunnel design.

5., EMPIRICAL RELATIONSHIPS
BETWEEN ROCK QUALITY PARAMETERS

AND TUNNEL SUPPORT
5.1 Introduction

Nature of Tunnel Stability Problem

It should now be clear that the tunnel stability prob-
lem is a complex one that involves many theoretical
as well as constructional factors. Although theoreti-
cal numerical analyses of tunnel stability have been
used for several real problems (Gocdman et al.,
1968) it is doubtful that it will ever be economically
feasible to apply them to tunneling projects that in-
volve long lengths of running tunnels and vapidly
changing conditions. The quantity of information
needed for theoretical analyses and the difficulty and
expense involved in acquiring this information necess-
arily limit the use of such analyses to special situ-
ations. Similarly, because physical model studies are
so expensive and require the same input data as an
analytical model, their use is limited to special prob-

lems.

With the current geologic exploration and rock
mechanics testing methods it is not economically
feasible to aftempt a pre-construetion, or even post-
construction rational analysis of the support require-
ments for a long tunnel through widely varying and
rapidly changing rock conditions.

Empirical Approach

Empiricism is an attractive and frequently used
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approach to engineering problems that either do not
lend themselves to rational solution or are more
easily studied on the basis of observation and exper-
imentation. The selection of tunnel supports fits this
category very well. There is no question that tunnels
today are designed almost solely on the basis of
experience. A}l existing suggestions and guidelines
for the design of rock funnel supports are based on
either past experience or pure guesses. Although
some empirical correlations between rock quality and
steel sel supports have been derived from experience
{Terzaghi, 1948; Deere et al., 1969; Monsees, 1970,
there exist no such data for rock bolted and shot-
creted rock tunnels. Because the application of shot-
crete to underground support has generally been a
very uncertain and mysterious process, even empiri-
cal rules would be welcome to the present state of
the art. The purpose of this chapter is to derive em-—
pirical correlations befween rock guality and support
used in the observed field cases.

Any empirical relationship should be founded on
those parameters that most significantly influence the
behavior under consideration. In the case of tunnel
stability behavior, rock guality is probably the most
important single parameter that determines support
requir-uents. If sound empirical relationships bet-
ween rock guality and tunnel support are to be de-
rived, it is necessary first to establish indices or
classifications of rock material that are influenced by
the parameters which most significantly influence
tunnel stability. A review of some existing rock
quality indices, parameters, and classifications is
given in this chapter,

Time-Stability-Support Considerations

The classification of the ocbserved cases according o
the time-stability-support interaction given in

Table 2.3 suggests that the time of placement of
supports is an important factor that must be taken
into consideration in any attempt to relate support to
rock mass properties. Althoupgh this is indeed true,
no aitempt is made in this chapter to separate the
various cases on the basis of time of support instal-
tation. The following reasons are given for not
treating the daia in this manner.

(a)  Stand-up times for all the cases are not known.
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(by  The supporis used are not necessarily the same
as those reguired; that is, the factor of safety
against faflure is not known for any of the cases.

It can be surmised that the supports used in many of
the cases would have been less had they been installed
immediately after blasting, The lumping together of
all the cases as is done in this chapter, thus, can be
expected to give relatively conservative correlations
between rock quality and support.

5.2 Existing In-Situ Rock Classification

Systems and Rock Quality Parameters

Review of Existing Systems and Parameters

In addition to the classification systems of Bergman,
Coates, and Hagerman that have been mentioned
earlier, there exist countless rock classification
systems that have been developed by different people
for different purposes. Some of the systems that are
oriented towards tunnel support will be discussed in
the following paragraphs.

Merritt (1968} reviewed a large number of in-sijtu
rock classification systems and found that existing
systems are based on either laboratory values of
strength and deformation, or on some description of
the jointing and weathering of the rock mass, It is
obvious from the case studies presented in Chapter 3
that the stability behavior of tunnels in loosening
ground is governed primaxily by geologic discon-
tinuities and alterations of the rock mass. Although
a number of the classification systems deseribed by
Merritt take into consideration the spacing and con-
dition of discontinuities and rock alteration, very few
provide a guantitative measure of these features. In
his extensive studies of various core recovery
measures and geophysical measurements, Merritt
found Deere’s RQD (1964) and the veloeity index
(square of the ratio of in-situ to intact compressional
wave veloeities) to be the simplest and most reliable
means of quantifying in-situ rock quality. His pro-
posed engineering classification for in-situ rock is
shown in Table 5.1, The descriptions and RQD div-
isions are the same as those given by Deere et al.
(1967).



Coon (1968) has correlated the RQD and veloeity
index with in-situ rock mass deformability, rate of
tunneling, and underground support requirements.
The latter correlation was derived from tunnel
projects where rock bolts and steel arches were
used as support. The relationship that Coon found
between RQD, span width, and support requirements
is shown in Figure 5.1.

TABLE 5.1

MERRITTS ENGINEERING CLASSIFICATION FOR
IN-SITU ROCK  (after Merritt, 1968)

RQD Velocity index Description
(percent)
0-25 0-0.20 Very Poor
25-50 6.20-0.40 Poor
50-75 0.40-0.60 Fair
75-90 0.60-0.80 Good
90-100 0.80-1.0 Excellent

Although Coon did not describe the ground conditions
at the projects from which his data were taken, it is
assumed that loosening pressures were the principal
source of instability.

As mentioned previously, seismic refraction data has
been used very recently (Scott et al., 1268) to corre-
late rock quality and support reqguirements in the
Straight Creek highway funnel in Colorade. The
correlations between seismic velocity, steel set

spacing, and construction rate that were derived

from the Straight Creek work are shown in Figure5.2.

Similar empirical correlations were found between
seismic velocity and quantity of lagging and bloeking
and the height of the tension arch above the opening.
These construction parameters have also been corre-
lated with a numerical rock quality rating that is
based on fracture spacing, percent mineral alier-
ation, degree of faulting, foliation and schistosity,
and rock type. This classification of rock guality is
based on the local geologic conditions at Stfaight
Creek and would require medification for applieation
to other geologic conditions. The degree of personal

judgements reguired in such a classification makes

it undesirable for general use by different people,

Terzaghi“s (1946) well known recommendations for
rock loads on steel supports are based on a visual,
verbal rock classification. The classification is not
merely a physical description of the rock mass, but
rather specifies an expected behavior of the rock
mass when supported with conventional steel sets,
The system thus may not be well suited for support
with rock bolts and shotcrete.

Linder (1963) has applied Lauffer-s (1958) rock
classification system ito tunnels supported with shot-
crete and rock bolts, The recommended shotcrete
thicknesses and alternate support systems are shown
in Figure 5.3. This system also involves a very
subjective classification of the rock and for this
reason is not used in the analysis of the writer’s
field observations.

Hanségi (1965, 1987) describes an arbitrary, em-
pirical method for numerically evaluating the rock
mass strength from drill core and unconfined
compressive strength data. A rather complex stat-
istical treatment of the data is used to evaluate a
correction factor that is multiplied by the unconfined
compressive strength of intact cores in order to
arrive at a strength of the rock mass. Although
Hansdgi (1967} has given support requirements for
different values of his so-called "gefuge" factor, the
method is considered unsuitable for two reasons:
First, diamond drilling is necessary either along the
tunnel axis or radially outward in the funnel walls at
four or five points on the tunnel section under con-
sideration, Such drilling is never practiced in
Swedish hydroelectric tunnels and openings. Second,
and more important, the roof falls and other in-
stability normally encountered in shallow (< 300 m
tunnel construction in Sweden are the loosening-type
of instability and are in no way related to the strength
of the intact rock.

Lonclusions

In-situ rock classifications and rock quality para-
meters or indices that offer attractive potential
means of relating rock quality and support require-

ments fall into three general categories:
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classification system
(after Linder, 1963)

rReinforcements for rock classes

No reinforcement required.

2-3 cm shoterete; alternatively rock bolts on 1.5=-2 m
spacing with wire net, occasionally reinforcenment needed
only in arch.

3-5 ¢m shoterete; alternatively rock bolts on 1-1.5 m
spacing with wire net, occasicnally reinforcement needed
only in arch.

5=-7 cm shotcrete with wire net; alternatively rock bolts
on 0.7-1 m spacing with wire net and 3 cm shotcrete.

7=15 com shotcrete with wire net: rock bolts on 0.5=-1.2 m
spacing with 3~-5 cm shotcrete sometimes suitable;
alternatively steel arches with lagging.

15«20 cm shotcrete with wire net and steel arches;
alternatively strutted steel arches with lagging and
subsequent shotecrete.

shoterete and strutted steel arches with lagging.



(1}  purely descriptive, verbal classification sys-

tems, such as Terzaghi“s or Bergman’s,

(2) numerical systems based on relatively simple
and inexpensive measurements, such as
Deere’s RQD.

{3)  numerical systems based on elaborate, expens-
ive measurements, such as seismic refraction
velocities and other geophysical parameters.

In the following sections of this chapter attempts are
made to use some form of each of these three clagsi-
fication types to relate rock quality to the supports
used in the observed cases. The approach is admit-
tedly a simplification of a very complex problem

that involves many factors in addition to rock
quality.

5.3 Relationships Between Tunnel
Support and Visual, Verbal Rock

Classification Systems

Selected Sysiem

The visual, verbal rock classifization systems con-
sidered for the analysis of the field observations are
those of Bergman (1965) and Terzaghi (1946). Hager-
man’s system (1966} is more or less incorporated
into the modified and expanded Bergman classi-
fication given in Tahle B.1 of Appendix B. The
factors listed in this table can be evaluated relatively

easily and ocbjectively.

Considerable difficuliy was encountered in attempting
to apply Terzaghi’s rock classification system to the
observed field cases. The rock conditions in a great
many of the observed cases are not well described
by any of the general terms, such as moderately
blocky and seamy, used in Terzaghi’s system. When
the system was forcefully applied, it was found that
the classification of many cases is arbitrary.
Furthermore, the broad scope of some of the rock
classes necessarily leads to heavy concentrations of
widely different geology and tunneling cenditions in
the same rock class, For example, there is no doubt
that Cases 26, 32, 33, 35 and 44 must be classified

as very blocky and seamy rock according to Terzaghi’s
system. Yet the tunneling conditions in these cases are
very different, principally because of differences in
seemingly minor geologic details, such as clay fillings,
discontinuity orientation, and tighiness of joint struc-
ture. In conclusion, it was found that Terzaghi-s
system ig too general to permit an objective evalua-
tion of rock quality to be made. Seemingly minor
geologic details, such as clay seams and thin shear
zones, that can have a very large effect on tunnel
stability, may not influence the classification of a

rock mass in the Terzaghi system. As will be seen
later, this problem is common to most measures of
rock quality. The modified Bergman classification in
Table B.1 is an all inclusive visual, verbal system
that includes most of the descriptive terms used in
Terzaghi’s system, For these reasons, the latter was

abandoned,

In crder to attempt to correlate the modified Bergman
check-list, verbal classification system with tunnel
support requirements, it was necessary to choose a
few select parameters from the system and compare
these with the support actually used in the observed
cases. The parameters chosen are rock mass struc-
ture and average joint spacing. The rock mass struc-
ture has been classified according to the designations
given in Table 5.2, The classification is an attempt
to grade different structures in increasing order of
difficulty that they are likely to cause in a tunnel,
The numbers assigned to the different rock mass
structures are strictly for classification purposes
and are not intended {o convey any numerical degree
of difficulty in tunneling. For example, the desig-
nation 6 used for three discontinuity sets does not
mean that this rock is twice as difficuit to mine or
requires twice as much support as the rock with a
classification of 3. The rock mass structure classi-
fications have been made from the information given
in Table B.1. Joint spacing classification has been
made after Deere’s (1963) recommendations. The
rock mass siructure classification, average joint
spacing, span width, and support used are given in
Table 5.3 for all of the observed cases. The notations
"s'" and "sc" after the cagse number indicate "special
cage' and "softening clay"”, respectively. These
cases are not used in the correlations that

follow,
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TABLE 5.2 Because of the importance of span width in tunnel
ROCK MASS STRUCTURE CLASSIFICATION stability in jointed rock, an attempt has been made
Classifieation Description to take this factor into consideration in some of the
1 Massive, no or few discontinuities correlations by dividing the average joint spacing
2 One discontinuity set of each case by the span width. This normalized
3 g%%gﬁf&%g%nmw set and random average joint spacing is given in Table 5.3 as a per-
4 Two discontinuity sets cent of the span width. The actual values of average
5 Two discontinuity sets and random . . -
discontinnity joint spacing used for the compuiations are 5 em,
6 Three discontinuity sets 20 ¢m, 80 em, 150 cm, and 300 cm for the respect~
7 ér %%%%&%,%‘i"“m‘““y sets and random ive average joint spacing classifications of <5 cm,
8 Crushed rock or earth-like material 5-30 ¢m, 30 cm-1m, 1~3 m, and > 3 m.
TABLE 5.3
SUMMARY OF VISUAL CLASSIFICATION PARAMETERS FOR FIELD CASES
Case Span Rock Average o Rock
Nao. Width, Structure Discontinuity » A Support
m Classification Spacing
(1) ) (6}] {4) ) (8)
1s! 9 4 1-3 m 16.7 veo
2 9 4 1-3 m 16.7 70
3 9 6 5-30 cm 2.2 O
4 9 2 5-30 cm 2.2 ole}
5 9 2 5-30 cm 2.2 o)
6 9 2 5-30 cm 2.2 A
7 9 3 5-30 cm 2.2 vO
8 9 2 5-30 em 2.2 Fay
9 9 6 5-30 cm 2.2 o
10 9 6 5~30 cm 2,2 o]
11 9 2 5-30 cm 2.2 w00
12 9 3 30 em-I m 6.7 a8
13 9 5 1-3m 16.7 w0
14 9 5 30 em-1m 6.7 w0
15 9 5 1-3m 16.9 %O
16 9 7 5-30 cm 2.2 Voo
17 2 9 2 -3 m 16.7 a
18 sc 9 8 <5 cm 0.5 CCoo
19 sc £ 8 5=30 cm 2.2 Cco00
20 9 2 5-30 em 2.2 A
Notes:

1 "s' indicates special case

2 "se¢" indicates softening clay

3 Support Legend

no support

widely spaced (> 5 m) spot holts
medinm spaced (2-5 m) spot bolis
closely spaced (« 2 m) spot bolts
single shotcrete application (4-6 cm)
cast concrete arch

reinforced shoterete

e Cqqab

Symbols used in combination, i.e. VGO indicates medium spaced spot bolts and two shotcrete applications.
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TABLE 5.3, Continued

Case Span Rock Average LCI I Rock
No Width, Structure Discontinuity 2" Support
m Classification Spacing

(1) {2) (3) 4) (5) (6)
21 13 1 >3m 23.1 A
22 s 4 5 1-3m 37.5 4
23 12.5 3 5-30 cm 1.6 veo
24 12.5 5 5-30 cm 1.6 e
25 12.5 5 5-30 em 1.8 0
26 12.5 4 30 cm-1m 4.8 vo
27 12.5 4 30 ecm~11m 4.8 A
28 12.5 5 5-80 em 1.6 VO
29 12.5 2 1-3m 12,0 &
30 15 3 <5 cm 0.33 GO
31 12 4 30 cm-1 m 5.0 g
32 12,5 8 30 cm-1 m 4.8 v
33 12.5 6 5-30 em 1.6 ¥0O0
34 s 5 4 5-30 ¢m 4,0 v
36 5 3 <5 cm 1.0 4
36 5 2 5-30 cm 4.0 A
37 5 5 5-30 cm 4.0 780
38 s 5 5 5-30 cm 4.0 v
39 8 6 5 cm 0.625 =]
40 so 8 5 5-30 cm 2.5 B
41 sc 8 2 5-30 em 2.5 L]
42 se 8 5 5-30 em 2.5 B,C00
43 se g 2 5-30 em 2.23 &
44 g 5 <5 ecm 0.56 G
45 sc 9 4 -3 m 16.7 aco
46 s 7 4 5-30 ¢m 2.9 ve
47 se 6.5 2 <5 cm 0.77 veos
48 6.5 2 5-30 cm 3.1 veso
49 sc 6.5 3 5-30 cm 3.1 Go
50 6.5 2 5-30 em 3.1 co
51 6.5 2 <5cm 0.7 Vel
52 6.5 2 <5 cm 0.77 a
53 6.5 8 5-30 em 3.1 va0
54 sc 4,2 3 30 cm-1 m 1.43 V80
55 sc 4.2 2 5-30 cm 4.7 ve
56 5.9 8 5-30 cm 3.4 GO
57 5.9 8 5-30 em 3.4 ¥C0
58 5.9 4 1-3 m 25.3 v
59 5.9 5 5-30 cm 3.4 a0
60 5.9 2 5-30 cm 3.4 hZe
61 sc 5.9 5 30em-1m 10.2 oo
62 5.9 5 30em=-1m 10.2 ao
63 5.9 6 1-3m 25,3 v
64 5 6 1-3 m 30,0 v
85 5.9 8 1-3m 25,3 Y
66 7 4 5-30 cm 2,86 TG
67 5.9 2 5-30 cm 3.4 e
68 10 1 >3 m Fay
69 sc 8 4 1-3m 18.9 va
70 8 2 5-30 cm 2.5 A
71 sc 9.5 5 5-30 em 2.11 B
72 sc 9.5 5 1-3m 15.8 a
73 sc 9.5 3 I-3m 15.8 A
74 12 2 1-3 m 12.5 &
75 8 12 2 1-3 m 12.5 v
76 s 8 5 1-83m 18.8 ve
77 20 1 >3m 15.0 Py
78 5 2 30 em-1m 12.0 A
79 11.25 8 <5 em 0.45 C0O0, 8
80 11.25 3 5-30 em 1.78 oo
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TABLE 5.3, Continued
Case Span Rock Average 4) 7, Rock
No. Width, Structure Discontinuity @’ " Support
m Classification Spacing

(n () 3) 4) {5) (6)
81 11.25 5 5=-30 cm 1.78 Co

82 11.25 6 30ecm -1m 5.3 vO

83 11.25 4 5-30 cm 1.78 A

84 11.25 7 5-30 cm 1.78 o)

85 11.25 8 5-30 em 1.78 Coo
86 11.25 4 1-3 m 13.33 v

87 11,25 1 >3 m 26.7 A

88 11.25 4 5-30 cmi 1.78 w00
89 11.25 3 30cm -1 m 5,34 G

90 11.25 2 30 em -1 m 5.34 v

91 12 2 5-30 cm 1.67 gl

92 20 3 5-30 cm 1.0 \4

93 sc¢ 12.8 ——— _—— _— coco,n
94 s¢ 12.86 ——— —— — QoG a
85 22 — e — A
96 15 — — -—— Fal

97 18 — —— o o

Relationship Among Tunnel Support, Span Width, and

Average Discontinuity Spacing

The support used in all of the cases, excluding the

special cases, is shown in TFigure 5.4 as a [unetion

of average joint spacing and span width, The following

observations can be made from this plot:

@)

(b)

©

«)
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There were no observed cases in which support
was uged in rock with an average discontinuity

spacing greater than three meters.

Unsupported tunnels exist in rock masses of a

wide range of average joint spacings.

Unstable tunnels in rock whose average dis-
continuity spacing is greater than 30 cm are
usually supported by either rock bolts alene,
a single shotcrete spplication, or combined
rock bolts and a single shoterete application,
Multiple shoterete applications or heavier
tunnel supports were used in only five of the
thirty-two cases in which the average discon-
tinuity spacing was greater than 30 cm.

32 of the 57 cases (about 56 %) in rock whose

average discontinuily spacing is less than 30cm

(e

(B

&)

were treated with mazximum support measures
(multiple shotcrete applications, sometimes in
combinations with rock bolts; cast concrete

arches).

No relationship exists between average discon-
tinuity spacing and the specific support used in
the observed cases,

The frequency of close roclk holt spacings

(<2 m) increases significanily for cases in
which the average discontinuity spacing is less
than 30 em.

No relationship exists between support used and
span width for the cbserved cases. However, it
is obvious that for average discontinuity
spacings of less than 30 cm, heavier supports
are most common for all span widths.

The distribution of supported and unsupported tunnels

according to average discontinuity spacing is shown

.in the lower portion of Tigure 5.4.

The tunnel support chart shown in Figure 5.5 shows

the same data in Figure 5,4, less those cases that

involve some form of softening clay. The conclusions



Span Width, meters

20 T | A
SUPPORT LEGEND
A no support
0 widely spaced (>5m) spot bolts
v medium spaced (2-5m) spot bolts
v closely spaced (<2m) spot bolts
0 single shotcrete application {4-6 cm)
© reinforced shotcrete
& cast concrete arch
15 Symbols used in combination, i.e. VOO
indicates medium spaced spot belts and
two shotcrete applications.
A
0
300 [v] &
10
2
000 0 o 3
j 0
B
XGO 3
o 3 I 3
54
@0
2 UNSUPPORTED 7 2 2 3
9 SUPPORTED 37 12 13 0
o | ]
<5cm 5=-30cm 30cm—1m 1-3m *3m
Average Discontinuity Spacing
Tig. 5.4  Tunnel support chart based on span width and average

discontinuity spacing ~ all cases
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20

Span Width, meters

20 T 1
SUPPORT LEGEND

no support

widely spaced (>5m) spot bolts
medium spaced (2-5m) spot bolts
closely spaced (<2m) spot bolts
single shoterete application (4~6 <m)
reinforced shotcrete

cast concrete arch

mO®Oodagop

1500 ! | !

goo 22 O a
18]
10
8 i
03 o go 3
o0
]
&0
X0 8%
%O po 2 v 3
St A &
ve0
2 UNSUPPORTED 8 2 2 3
& SUPPORTED 29 10 g 0
o}
<5cm 5~30cm 30cm~1m 1=3m >3m

Average Discontinuity Spacing

¥ig. 5.5 Tunnel support chart based on span width and average
discontinuify spacing ~ softening clay cases excluded



that can be drawn from this chart are similar to
those drawn from Figure 5.4 with the following

exceptions:

(a)  All of the unstable cases in rock masses
having an average discontinuity spacing greater
than 30 cm were supported either by rock
bolts alone or combinations of rock bolts and
a single shoterete application. No multiple
shotcrete applications were used in this range.

(b}  Only about 39 percent of the cases with an
average discontinuity spacing of less than 30em

were treated with maximum support measuares,

Even when the softening clay cases are disregarded,
it is not possible to draw any relationship between
the specific support used and average discontinuity
spacing. A very general, and very conservative,
relationship that might be drawn from Figure 5.5

is given in Table 5,4. It should be realized that this
relationship is only a set of upper bounds on the
support that has been used for the different cases.
Strict adherence to its use would obviously lead to
over-conservative selection of support. The frequent
cccurrence of stable, unsupported tunnels in rock
whose discontinuity spacing is less than 30 cm will
be discussed in defail in the next section. It serves
to point out here that close and very close joint
spacing are not always synonymeous with instability.

TABLE 5.4
RELATIONSHIP BETWEEN TUNNEL SUPPORT AND
AVERAGE DISCONTINUITY SPACING

Average
Discontinuity Tunnel Support
Spacing
» 1 m None to widely spaced spot bolts
(> 5m)
30 cm-1m Medium to closely spaced bolts with
one shotcrete application
<30 cm Multiple shoterete applications,

frequently with closely spaced
{< 2 m) bolts

The distribution of supported softening clay cases is
shown in Figure 5.6, It can be observed in this chart
that no relationship exisis between average discon-
tinuity spacing, span width, and support used for

these cases.

Relationships Among Tunnel Support, Span Width, and

Rock Mass Structure

Tunnel support charts based on span width and rock
mass structure are shown in Figure 5.7 (for all cases
excluding the softening clay cases) and Figure 5.8
{for softening clay cases only). The following con-
clusions can be drawn from these two figures:

(a) Maximum support was generally used for
crushed or earthlike rock (structure classi-
fication 8).

(by  Most of the stable cases in which no support
was used have either no or only one set of dis-
continuities (classifications 1 and 2). All cases
in which the rock mass structure classification
was § or greater were supported {o some
degree, This limit is to be expected, as classi-
fication 5 is the lowest class in which three
dimensional joint block are present (fwo dis-

continuity sets with random discontinuity).

(¢}  Absolutely no relationship exists between rock
mass structure classification and support used.
Maximum support was used throughout the
range of rock mass structure classes. Not
even the vaguest of trends exist with respect
to support used and span width when the data
are plotted as shown in Fipure 5.7.

{d) The occurrence of softening clay materials is
in no way related to the rock mass structure.

5.4 Relationships Between Tunnel
Support and Rock Quality
Designation (RQD

General

The Rock Quality Designation (RQD) offers a very

simple and quantitative method to classify rock.

91



92

Span Width, meters

20

| ] |
SUPPORT LEGEND
n widely spaced (>5m) spot bolts
v medium spaced {2-5m) spot bolts
v closely spaced (<2m) spot bolts
0 sSingle shotcrete application (4-6cm)
@ reinforced shotcrete
g cast concrete arch
15
10
i 2
Y000 Q00 o0
3 va
le}
veo vao
{10
5
ve veo
O
<5¢m 5=30cm 30em=~1m 1=3m >3m

Fig. 5.6

hAverage Discontinuity Spacing

Tunnel support chart based on span width and average
discontinuity spacing - softening clays only



Span Width, meters

20

3

] ] I T 1)
SUPPORT LEGEND T
&  no support
0 widely spaced (>5m) spot bolts
v medium spaced ([2-5m)} spot bolts
¥ closely spaced (<2m) spot bolts
0 single shotcrete application (4-6 cm)
@ reinforced shotcrete
8 cast concrete arch
15 ' | J:c
a
7 0 ve0
Y00 §
300 > -Js} 0 ls] 7.y
Y00 T
10 )
[o]¢]
Yoo éo J0 }o O
200 4
VO
®0 202
2 v °
930 3 0
5 aS 2
0 0 0 o 2 1 9
UNSUPPCRTED
SUPPORTED
6 2 9 9 7 7 10
c
8 7 6 5 4 3 2
Rock Structure Classification
Fig. 5.7 Tunnel support chart based on span width and rock

mass structure - softening clay cases excluded
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Span Width, meters

20

15

10

I [ i T
SUPPORT LEGEND
B widely spaced {>5m) spot bolts
v medium spaced (2-5m) spot bolts
¥ c¢losely spaced (<2m) spot bolts
0 single shotcrete application (4-6 cm)
@ reinforced shotcrete
8 cast concrete arch
822 2]
000 2 IOO z
2 g
e]s]
veo Yeo
{10
yeo ve
8 7 6 5 4 3 2

Rock Mass Structure Classification

Fig. 5.8  Tunnel support chart based on span width and rock
mass structure - softening clay cases



It has the advantage of being a continuous, numerical
classification in contrast to the group-type classi-
fications discussed in the previous section. The
relationships between RQD and support used in the
field observations are the subject of this section.

RQD values, span width, seismic velocity ratio, and
support for all of the field cases are summarized in
Table 5,5, The primary RQD value is listed under
the "other RQD' eolumn when it does not correspond
to either the vertical or centerline RQD value, The
primary RQD value is underlined in those cases
where it corresponds to a specific direction, Seismic
veloeity ratios shown in parentheses are those from

projected ground surface dafa.

Relationship Among Tunnel Support, Span Width and
Primary RQD

All Cases, A tunnel support chart based on primary
RQD and span width is shown in Figure 5.9. The
data include softening clay cases, The limifs shown
for the different degrees of support are not well-
defined, as there is a large scattering and over-
lapping of cases, particularly in the intermediate
range where several cast-concrete arch and mul-
tiple shotcrete applications (maximum support)

cases exist.

Statistics for the distribution of the cases in
Figure 5.9 according to support classification are
given in Table 5.6. It is seen, for example, that
the maximum support boundary is actually an
envelope for 80 percent of the cases in which
maximum support was used. Fifteen percent of
the cases in which maximum support was used fall
into the intermediate classification and five percent

into the minimum classification.

These figures indicate the strength, or inclusiveness
of the different support classifications. Such a table
will be shown for all succeeding support charts. The
slope of the boundaries between the support categ-
ories will be discussed in a later paragraph,

Softening Clay Cases. The primary RQD-span width

tunnel support chart for only the softening clay cases
is shown in Figure 5.10. There is cbviously no

grouping of cases and it can be concluded that for
rock that contains softening clay and requires support
in a tunnel, there is no relationship of rock mass
structure, joint spacing, or RQD to the support that
is used.

Exclusion of Softening Clay Cases. The primary

RQD-span width tunnel support chart for all cases
except the softening clay cases is shown in Figure
5,11, The same boundaries are shown on this chart
as on the chart that includes all the cases, It is seen
that the boundaries are somewhat more delineating
when the softening clay cases are excluded, The data
in Table 5.7 indicate this fact. It is of particular
interest to note that the maximum support classi-
fication envelops 95 percent of the cases in which
maximum support was used. Although the intermedi-
ate class envelops only 71 percent of the cases in
which intermediate sapport was used, only 8 percent
of the intermediately supported cases fall into the
minimum support area of the chart. The delineated
areas are thus reasonably conservative in indieating
the support that might be predicted for a given RQD
and span width.

Unsupported Tunnels, The unsupported tunnels (cases

in which no support was used) that occur throughout
the range of support are shown separately in Figure
5,12, The causes of the anomalous unsupported
tunnels at RQD values of less than 90 percent have
been discussed previously, The structural discon-
tinuity data for these cases are summarized in
Table 5.8, The following conclusions may be drawn

concerning these eight unsupported tunnels:

(8}  Most of the tunnels have onuly one discontinuity
set,

()  The strike of the discontinuities is of no
apparent significance.

(¢)  Most of the tunnels have steeply dipping dis-
continuities,

{d) Most of the tunnels have either completely
discontinuous joint (discoentinuity) sets or
some continuous and some discontinuous
joints,

{e)  All of the tunnels have tight, unfilled discon~
tinuities.

95



TABLE 5,5

SUMMARY OF ROCK QUALITY DESIGNATION VALUES AND SEISMIC VELOCITY RATIOS FOR FIELD CASES

Case Span RQD RQD Other Seismic Rock

No. Width, v a RQD velogj Support
m Ratio
1

is 9 0~100 9 -- {0.63) veo
2 g 0~100 90 — (0.89) w0
3 9 60 70 - - 0

4 9 50 50 -— - co
5 9 80 80 - - 0

6 9 0-100 80 60 - o

7 9 70 70 - - 7O

8 9 70 70 -- - A

9 9 80 80 - - o
10 9 60 70 60 -- ¢
11 9 40 40 20 {0.78) vCO
12 9 100 100 . - a
13 9 80 80 — (0.62 - 0.80) ¥O
14 9 70 70 - (0.62 - 0,80) L 4¢)
15 9 80 80 - (0.62 - 0.80) vO
16 ] 70 60 - -— v 0o
7, 9 100 100 - e g
18 sc 9 10 0-80 -~ (0.48 - 0.177) 00CO
19 sc 9 30 10-100 -- (0.48 - 0.77) 00C0
20 9 90 80 70 - A
21 13 100 100 - — &
22 s 4 100 100 — — v
23 12.5 0-80 0 30 - v 80
24 12.5 0-80 0-100 60 - ve
25 12,5 70 10-90 - - vOo
26 12.5 30 40-100 - o Vo
a7 12.5 80 50-100 —— - a
28 12.5 40 0-80 - -- VO
29 12.5 a0 90 - - a
30 15 10 0-20 - - oo
31 12 100 100 - -— o
32 2.5 20 90-100 - - v
33 12.5 40 0-90 - - vO0
34 s 5 90 90 -= — v
35 5 0 0 -- - 4
36 5 20-80 20 - — 4
37 5 20-40 20 - - vCO
38 s 5 60 0-100 - - v
39 8 20 20 -- - ®
40 sc 8 40-100 590 —— - &
Notes:

1 "s" indicates special case
2 "geY indicates softening clay
3 Values of seismic velocity ratio given in parentheses are taken from projected ground surface data

4 Bupport Legend

no sapport

widely spaced (> 5 m) spot bolts
medium spaced {2-5 m) spot bolts
closely spaced (=2 m) spot bolts
single shotcrete application (4-6 cm)
reinforced shoterete

cast concrete arch

Heoqq Oob
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TABLE 5.5, Continued
Case Span RQDV RQDa Other Seismic Rock 4
No, Width, RQD Veloecity Support
m Ratio3

41 sc 8 80 10-90 - - a
42 sc 8 0-90 4¢ - - 8,000
43 sc 9 20 20 - - ]
44 g 0 0 - - 0
45 sc 9 80 90 - - nlnle]
48 s 7 0-80 30 30 - ve
47 sc 6.5 0 0 — (.74) a0
48 6.5 10 10 - - Voo
49 sc 6.5 0-50 0-50 30 - ole}
50 6.5 60 40 - -- co
31 6.5 0 0 - - veo
52 6.5 0 0 -- - A
53 6.5 60 60 50 -- vao
54 sc 4,2 0-100 0-100 0 -- veo
55 sc 4.2 80 80 B0 —— ve
56 5.9 0-30 i0 -- -= o
57 5.9 40 40 -- - wC0
58 5.9 90 100 -~ - 7
59 5.9 10-100 50 - - o
60 5.9 80 80 — _— -
61 5.9 30-100 70 -- - s’
62 5.9 50 80 - - o
63 5.9 100 100 e - \v4
64 5 100 100 -— - 7
65 5.9 60-100 90 - {0.70) v

i 66 7 70 10-100 - - 7o
67 5.9 10-50 10-50 20 - o
68 10 100 100 - - A
69 sc 8 90 30 - — R
70 8 0-100 40 - -- A
71 sc 9.5 0-100 30 -- -— @
72 se¢ 9.5 0-100 70 - - 8
73,s¢c 9.5 0-100 a0 - -- a
74 12 100 100 - - A
75 s 12 100 100 -— -= v
76 & 8 0-90 0-90 70 -- vE
77 20 100 100 -— - A
78 5 90 80-100 -— — 4
79 11,25 ] 0 -- - 0CO,m
80 11.25 0-100 80 —_— (0.68) oo
81 11.25 20-60 30 - 0.63(0.67) co
82 11,25 90 80 -— 0.86 VO
83 11.25 10-80 i ~— 1.0 (0.78) A
84 11.25 60 [i{] -- 0.79(0.54) 0
85 11.25 0-30 0-30 - 0.58-0.73 (0.73) alals]
86 11.25 80 90 - 0.96 v
87 11.25 100 100 - 1.0 A
88 11.25 50 60 -— - $00
89 11.25 80 90-100 -- - ¢
90 11.25 80 90 e - v
91 12 0-100 90 - -— A
82 20 0-100 30 - -— v
93 se 12.8 0 - —— (0.50-0.64) elololol |
94 sc 12.6 20 - - (0.50~0.64) ooee,n
95 22 100 100 —— - A
96 15 100 100 - - A
97 18 100 100 -- - a
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Span Width, meters
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20

SUPPORT LEGEND

15

10

B O® 094 90>

no support
widely spaced (>5m) spot bolts

medium spaced (2-5m) spot bolts
closely spaced (<2m) spot bolts
single shotcrete application (4~6cm)
rejinforced shotcorete
cast concrete arch
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Fig. 5.9
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Tunnel support chart based on primary RQD and span width
- all cases
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a4 no support
o widely spaced {>5m) spot bolts
¢ medium spaced (2-5m) spot bolts
v closely spaced (<2m} spot bolis
o single shotcrete application (4-6cm)
¢ reinforced shotcrete -
s cast concrete arch
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An & L L
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Fig. 5,10 Tunnel support chart based on primary RQD and span width

- softening clay cases
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TABLE 5.6

DISTRIBUTION OF CASES IN FIGURE 5.9 ACCORDING TO ACTUAL SUPPORT USED

Actual Support Used

Classification on SBupport Chart

Maximum Intermediate Minimum
Maximum (40 cases) 32/40 = 80% 6/40 = 15% 2/40 = 5%
Intermediate {25 cases) 5/25 = 20% 18/25 =72% 2/25 = 8%

Minimum (32 cases)

5/32 =15.5%

5/32 = 15.5% 22/32 = 69%

TABLE 5.7

DISTRIBUTION OF CASES IN TIGURE 5,11 ACCORDING TO ACTUAL SUPPORT USED

Actual Support Used

Classification on Support Chart

Maximum Intermediate Minimum
Maximum (20 cases) 19/20 = 95% 1/20 = 5% 0%
Intermediate (24 cases) 5/24 = 21% 17/24 = 71% 2/24 = 8%
Minimum {34 cases) 5/34 = 14% 6/34 = 18% 23/34 = 68%

The tangential skin stress at the periphery of the
tunnels is of obvious significance. These stresses
must be of sufficient magnitude to hold the discon-
tinuous mass tightly together and prevent fallout.

As pointed out in Chapter 3, there is evidence to
suggest that the origin of the high erown skin
stresses lies in high horizonial virgin rock stresses,

Discussion. The slope of the line dividing the dif-

ferent support categories in Figure 5,11 is uncertain.

The unsupperted and lightly supported tunnel spans
greater than 12.5 meters indicate that the inter-
mediate-minimum support boundary may not
intersect the 100 percent RQD axis in the range of
the chart. More cases in very wide ( = 12.5 m)
spans are needed to establish the boundaries in this
range, It would be very unwise to extrapolate the

boundaries shown in Figure 5.11.
A comparison of the support boundaries in Figure

5.11 and those suggested by Coon (1968) is shown in
Figure 5,13, The differences in the locations of
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these boundaries can he attributed to two factors.

The guality of the rock is probably the single most
important factor that accounts for the differences in
the support boundaries. The rock in which the
author s observations were made is for the most part
sound and waltered, whereas much of Coons data is
from tunnel projects where the rock is chemically
altered. Low RQD values in the author”s observations
are most frequently the result of very close jointing
in sound, unaltered rock. Low RQD values in Coon’s
data are very frequently the result of rock alteration

and weathering along shear zones.

It is very likely that a tunnel in jointed sound, un-
altered rock with an RQD of 50 percent will require
less support than the same size tunnel in altered rock
with an RQD of 50 percent. This conclusion can be
reached from considerations of the probable move-
ments and loosening associated with each of the two
rock conditions described above. As shown in the
model study, it is entirely possible for a jointed
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TABLE 5.8

SUMMARY OF STRUCTURAL DATA FOR UNSUPPORTED TUNNELS

Case RQD, Rock Strike of Major Dip of Major Degree of Tightness Discontinuity
Number percent Structure Discontinuities Discontinuities Joint of Filling
Classi-~ (from tunnel axis) Discon- Discon~
fication tinuity tinuity
6 60 2 0-30° 60-90° Discon- Tight None
tinuous
8 70 2 30-60° 30-60° Discon- Tight None
tinuous
20 70 2 0-30° 60-90° Continuous  Tight None
35 0 3 60-90° 60-90° Discon/ Tight None
Con
36 20 2 60-90° 60-90° Discon/  Tight None
Con
52 0 2 30-60° 30-60° Con/ Tight None
Discon
70 40 2 60-90° 60-90° Continuous Tight None
83 70 4 60-90° 0-307 Discon/  Tight None
680-90 Con
rock mass to maintain the stresses that occur account for some of the differences in location of
around an excavated opening, provided they are support category houndaries in Figure 5.13 is the
oriented at favorable angles to the principal direc- method of tunnel eonstruction, particularly the method
tion of loading. Lioosening can thus be prevented and of rock support. The cases that Coon reports were
the joints may not have any effect on the stability of supported mainly with steel sets and conventional
the opening. support methods, whereas all of the author”s reported

cases were treated with shoterete, Many of the latter

Altered rock, on the other hand, may have a loose were supported shorily after blasting, even before

structure even before an opening is excavated in the mucking out. It is fairly well accepted that, in

medium. When an opening is excavated in such a loosening ground conditions, the minimum rock

medium, the rock is unable to transfer or maintain support required to maintain a stable opening is that

the redistributed stresses at the periphery of the which is applied as soon after blasting as possible.

opening, tangential skin stresses migrate away from Furthermore, most tunneling experts agree that a

the opening and loosening oceurs close fit between the supports and the rock will also

minimize the quantity of support reguired or, at
The same behavior takes place in rock that is least, minimize the loads that are transferred to any

entirely intact, but that contains soft joint fillings, given support system. Shotcrete appears to be

alterations along joints, or open loosely fitting, superior to steel sets in hoth of these aspects; that

slickensided discontinuities. Many of the intermedi- 1S, it can be installed much more quickly than steel
ately supported cases with relatively high RQD ribs and also provides a much better "fit" to the rock
values exhibit such behavior. Cases 2 and 62, that surface, and in this way, more effectively restrains
are intermediately supported and yet have RQD loosening.

values of 80 percent (see Fig. 5.11), are examples.
As pointed out in the last chapter, blasting is also a
A second and equally significant factor that may construction variable that may affect the degree of
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support reguired in a tunnel, Coon does not describe
the blasting methods used in his case histories. The
blasting rounds used in the writer”s case tunnels,
although not conventional smooth wall rounds, fre-
quently gave relatively smooth tunnel contours
compared to those that might be obtained in ordinary
blasting.

It is obvious from an examination of Table 5.5 that
the majority of vhserved cases are anisotropic in
their RQD values. Because the practical application
of any correlations between rock quality or rock
clasgification and tunnel support would necessarily
involve core borings or other unindirectional
exploration, it is of interest to know the anisotropy

of any such correlations,

Relationship Among Tunnel Support, Span Width and
Vertical RQD (RQDV)

A tunnel support chart based on the RQD along a
vertical axis and span widih is shown in Figure5, 14,
Several observations can be made from this chart:

() A considerable greater degree of dispersion
exists than in the primary RQD chart
(Fig. 5.11).

() Boundaries between different support categ-
ories are poorly defined, particularly between
the maximum and intermediate support categ-
ories. However, the range in probable
boundary location includes the more well-

defined boundary suggested in Figure 5.11.

(¢}  Considerably more points are found on the
RQDV chart than on the primary RQD chart,
particularly at the extreme RQD values of 0
and 100 percent. The reason is that vertical
RQD values for some of the cases in which
the primary weak zones are vertically oriented
were estimated to vary from 0 to 100 percent,
The exact value depends on the vertical line
in the weak zone along which the RQD is
measured or estimated. In such cases where
a range in RQDV values have been estimated,
both values have been plotted. The same
situation applies for the centerline RQD

values that will be discussed subsequently.

Because of the scattering of data in Figure 5. 14, the
support class boundaries are not always conservative
envelopes for the cases. For example, the data in
Table 5.9 indicate that 12 percent of the maxirnum
supported cases fall into intermediate and minimum
support areas of the chart and 17 percent of the inter-
mediately supported cases fall into the minimum

support area.

Relationship Among Tunnel Support, Span Width, and

Centerline RQD (RQD, ,L)

A tunnel support chart based on the RQD along the
tunnel axis (RQDa) and span width is shown in Figure
5.15. As in the vertical RQD chart, there is con~
siderably greater dispersion than in the primary RQD
support chart. The greater number of data points on
the chart in Figure 5.15 is explained hy the same
reasons given in the previous paragraphs for the
vertical RQD chart,

In spite of the very wide dispersion of data in Figure
5. 15 two support boundaries are shown. However, the
boundaries are much less definitive than for the
primary RQD support chart. The data in Table 5,10
indicate that, although the maximum support cases
are well confined o the maximum support category,
the intermediately supported cases are distributed
throughout the chart. Particularly significant is the

24 percent that occurs in the minimum support area.

Summary of Anomalies

The anomalies associated with the primary RQD~
support relationship of Figure 5.11 are common fo
all of the RQD suvpport charts. They include: all rock
conditions that contain softening clay materials, thin
clay-coatings and joint fillings in widely spaced
joints, and single sets of steeply dipping, closely-
spaced tight joints, The stability conditions and rock
support associated with all of these geologic features
may have absolutely no relationship to the rock
quality designation. The first two conditions may
lead to instability in rock with a high RQD value
(»75%), whereas the third condition is often stable
at very low («20%) RQD values.

105


http:Figure5.14

106

Span Width, meters

25

15

@ @ 0d 4 ap

SUPPORT LEGEND

no support

widely spaced (>5m) spot bolts
medium spaced (2-5m} spot bolts
closely spaced (<2m) spot bolts

single shotcrete application (4-6cm}

reinforced shotcrete
cast concrete arch

|

Possible Range in
Support Boundary

f:

R

{
f‘“““”{ o
g i [ /?" / ?
10 f ! f
> ,, r =/ [ B %
l o
Lo s O! W} b
> o oS T
MAXIMUM IINTERMEDJATE/ MINIMUM
(o] ]
0 20 40 60 80 100

RQD, percent RQDv

Fig. 5.14 Tunnel support chart based on vertical RQD (RQDV) and span width
- softening clay cases excluded



25

Span Width, meters

¥ 1 ] ¥ 1 1 I I
SUPPORT LEGEND
4  no support
1  widely spaced (>*3m) spot bolts
v medium spaced {2~5m) spot bolts
v cClosely spaced (<2m) spot bolts
o single shotcrete application {4-6cm)
2 ¥ e reinforced shotcrete -4
g cast concrete arch
15m -
w o a 7 w {7 ;)
[N @: & o
< 00 e WD w a
g 4 g
hie] O
0 o vao
T [——
MAXIMUM INTERMEDIX MINIMUM
0 ! | I i
0 20 40 60 80 100

RQD, percent (RQDa }

Fig. 5.15 Tumnel support chart based on centerline RQD (RQD ) and span width
- softening clay cases excluded &

107



TABLE 5.9

DISTRIBUTION OF CASES IN FIGURE 5.14 ACCORDING TO ACTUAL SUPPORT USED AND SUPPORT CLASSES

Actual Support Used

Classifications on Support Chart

Maximum Intermediate Minimum
Maximum (25 cases) 22/25 = 88% 2/25 = 8% 1/25 = 4%
Intermediate (29 cases) 12/29 = 41.5% 12/29 = 41.5% 5/29 = 17%
Minimum (39 cases) 8/39 =21% 4/39 = 10% 27/3% = 69%
TABLE 5.10

DISTRIBUTION OF CASES IN FIGURE 5.15 ACCORDING TO ACTUAL SUPPORT USED

Actual Support Used

Classification on Support Chart

Maximum Intermediate Minimum
Maximum (22 cases) 21/22 = 96% 0% 1/22 = 4%
Intermediate (33 cases) 12/33 = 36% 13/33 = 40% 8/33 = 24%
Minimum (36 cases) 6/38 = 17% 5/36 =14% 25/36 = 69%

5.5 Relationships Between Tunnel

Support and Seismic Velocity Ratio
General

The available seismic refraction data include the
Ritan tunnel measurements and data from surface
surveys at the Ritan, Bergvatinet, and Seitevare
projects. The seismic velocity ratios that are
available for all of the cases are given in Table 5.5,
Tunnel seismic velocity data are available for only
about seven of the observed cases in Ritan. Unfortu-
nately, most of the tunnel along which the refraction
lines were run was shotereted. However, very
complete geologic and construction logs of the

entive tunnel were available and it was possible to
correlate seismic velocities with both bedrock
details and support measured used, This information
has been presented in Table A.3.

Seismic velocity ratios based on ground surface data

are given in parentheses in Table 5.5. These ratios
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have been computed by dividing the velocify of the weak

zone that apparently correlates with the tunnel weak
zone by the veloecity of the surrounding rock. Examples

are shown in Figures A.land A.2.

Relationships Between Tunnel Support and Tunnel

Seismic Velocity Ratio

A support chart for the tunnel seismic data at the
Ritan project is shown in Figure 5.16. In spife of the
limited number of data points, there appear to be
three areas in which the support used is characterized
by the same groupings of maximum, intermediate, and
minimum as exhibited by the RQD charts. The approxi-
mate support classification boundaries are as shown in
Table 5,11. The maximum support designation is very
conservative, as only seven of the 14 cases with a
seismic velocity ratio of less than 0.8 were actually
treated with maximum support measures. The other

seven were supported with intermediate measures.

Merritt’s veloeity index (Merritt, 1968) is somewhat



comparable to the square of the seismic velocity
ratio, A rock support distribution chart based on the
square of the seismic velocity ratio is shown in
Figure 5,17. Three support categories are again
apparent, as shown in Table 5,12, However, the
scattering of cases with different support measures
in the maximuom ecategory is similar to that in
Figure 5.16, and the squaring of the seismic velocity
ratio does not appear to offer any advantages over
the first power seismic velocity ratio chart other
than a wider numerical band for the intermediate

support category.

TABLE 5.11

RELATIONSHIP BETWEEN TUNNEL SUPPORT AND
SEISMIC VELQCITY RATIO

Seismic Velocity Ratio Tunnel Support

>0.90 minimum
0.8-0.9 intermediate
<0.8 maximam

TABLE 5.12

RELATIONSHIP BETWEEN TUNNEL SUPPORT AND
SQUARE OF SEISMIC VELOCITY RATIO

(SVR)2 Tunnel Support
>0.8 minimum
0.6-0.8 intermediate
< 0.6 maximum

Anomalous Behavior

Anomalies can be expected to occur in the correlation
of seismic velocities and support, just as they do in
the RQD correlations. Although no swelling clays
were encountered in the Ritan project, it is reason~
able to assume that the behavior of such materials
would not correlate any better with seismic velocity
than it does with RQD or average discontinuity
spacing, Similarly, clay and other weak or low
friction joint fillings that can cause instability in a

rock mass with widely spaced joints may not have

any effect on seismic velocity, On the other hand, one
or two open joints that may not have any effect on the
stability of an opening can drastically lower the seis-
mic velocity and give the impression of low quality
rock. The possibilily that these conditions may exist
must be considered in the interpretation of detailed

seismic refraction records,

Relationship Between Tunnel Support and Bedrock

Surface Seismic Velocity Ratio

A rock support chart based on span width and ground
surface seismic velocity ratios at the Ritan, Seite-
vare, and Bergvatinet projecis is shown in Fipure
5.18. The chart also includes several cases from the
Holjes project that was studied as a literature case.
All the cases, including the softening clay cases, are
shown on the chart, The only apparent support bound-
ary is the one shown at 0.80-0.82 that divides the un-
supported and supported cases. Chart areas for the
different degrees and types of support are not appar~
ent, The lack of such detailed correlations can partly
he attributed to the differences in relative gualities
of weak rock zones at the surface and at the depth of
the tunnel. The relative qualities of different weak
rock zones at the bedrock surface, as measured by
the refraction velocities, may not be the same as the
relative qualities of the same zones in the tunnel. In
particular, zones of very closely, vertically jointed
rock that frequently are tight and insignificant as far
as stability is concerned may have a low bedrock
surface velocity that is not much different than that
for a very loose weak zone that requires maximum

support in a funnel.

5.6 Relationships Between Different
Rock Quality-Tunnel Support

Correlations

In the previous three sections it has been shown that
there exist crude correlations between three different
rock quality indices or classifications and rock sup-
port used in the case studies (Figs. 5.5, 5.11, and
5.16). The average joint spacing, primary RQD, and
seismic veloecity ratio have given the best corre-
lations between support used and single rock quality
parameters. In this section the interrelationships

of these three measures of rock quality are examined.
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Soffening clay cases are excluded from all of the
plots in the following paragraphs. All RQD values
used are primary values,

RQED vs Averape Discontinuity Spacing

A support chart based on RQD and average discon-
tinuity spacing is shown in Figure 5.19. The follow-
ing observations can be made from this chart:

{1)  All cases having an average discontinuity
spacing greater than 30 cm were treated with
intermediate or minimum support measures,

regardless of their R@D value,

(2)  With only one exception in 41, all cases having
an RQD greater than 50 were treated with
intermediate to minimum support measures,
regardless of their average discontinuity

spacing.

Because these two conclusions could have been
reached independently from Figures 5.5 and 5.11 and
because there does not appear to be any unigue
relationship between RQD and average discontinuity
spacing, the chart in Figure 5.19 does not aid in the
attempt to correlate support and rock guality. Its
only value is for indicating the superiority of a graded
measure of rock quality, such as the RQD, foa
group or step-type classification of joint spacing.
Although an actual average discontinuity or joint
spacing could be computed and used as a continuous-
type measure of rock quality, the work involved in
such a process would be considerably greater than
making RQD measurements, and it is doubtful that a
correlation based on the former would be any more
positive than that based on RQD.

RGQD vs Seismic Velocity Ratio

Those few cases at the Ritan project where obser-
vations were made of the rock along the tunnel
refraction lines are shown in Figure 5.20 on a plot

of seismic velocity ratio and primary RQD. Althongh
sufficient data do not exist to allow a perfect relation-
ship fo be established, there does exist a pronounced
trend towards a linear relationship between seismic
velocity ratio and RQD. Very coincidentally, the

RQD values of the cases in Figure 5,20 are center-
line values; that is, the direction of the RQD deter-
minations is along the tunnel axis in the same
direction as the refraction lines. It is to be expected
that these two directional properties of the rock mass
would not correlate in perpendieular directions.

The same data that appear in Figure 5.20 are shown
in Figure 5,21 in a plot of the square of the seismic
velocity ratio and the RQD. There is less scatter in
this plot and the apparent relationship may be similar
to that found by Merritt (1968) and shown on the chart
as a solid line, The data do not fit as well the re-
lationship assumed by Deere, Hendron, Patton and
Cording (1967).

An attempt has been made to correlate the square of
the seismic velocity ratio and average discontinuity
spacing, but the poor distribution of data points over
the range of average discontinuity spacings did not
show any trends.

It may be concluded that RQD and seismic velocity

are the only two measures of rock guality that corre-
late well both with support and with each other.

5.7 Application of Rock Quality-Tunnel
Support Relationships

Summary of Correlations

The results from the previous sections in this chapter
indicate that reasonable and potentially useful corre-
lations exist between average discontinuity spacing,
RQD, seismic velocity ratio, and support used in
tunnels. The relationships for all three rock quality
indices are summarized in Table 5.13. The guide-
lines given in this table apply to span widths of less

than about 13 meters.

The numbers given in parentheses in Table 5.13 in-
dicate the percent of cases in the different support
classes in which more or less support was used than
indicated on the chart. For example, in the primary
RQD correlation 25 percent of the cases that lie in
the area designated intermediate support on Figure
5,11 actoally were treated with minimum support,
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and 4 percent with maximum support. The percent-
ages in parentheses thus give an indication of the
reliability of the different measures of rock quality
in making a prediction of rock support for a tunnel.
It can be concluded from Table 5,13 that the corre-
lation based on primary RQD gives the most positive
indication of support that is likely o be used.

It should be emphasized again that the suppoxt shown
in all of the charts is that which has been used and
may not correspond to an actual support require-
ment, a factor that is difficult, if not impossible, to
evaluate even after a tunnel has been excavated., The
charts are a collection of experience.

Application to Predictions of Rock Support Require-

ments

The results summarized in the preceding paragraphs
have been derived from observations in tumnels, Such
observations are obviously necessary in the deri-
vation of any empirical relationship. However, for
the relationships to be of most value in actual
practice, it is necessary thatf the rock quality para-
meters be evaluated prior to excavation by inexpen-

sive and reliable means.

Average discontinuity spacing and RQD are
measures of rock quality that can be evaluated
through diamond core drilling and, hence, have a
potential use in evaluating support needs in an
underground excavation. Although diamond drilling
is not an inexpensive method of exploration and is
not always reliable, it is presently the most com-

monly used exploration tool.

Merritt (1968), Coon (1968), and cothers have used
the RQD in NX core borings to correlate rock
quality and engineering properties of rock masses,
The diameter of the core obviously influences the
apparent RQD that is determined from a core.
Deere (1968) recommends the use of NX size
(8-1/8-in. diameter) and larger cores. Smaller
size cores (1 1/4~in. and 1-5/8-in, diameter) are
generally used in exploratory drilling in Sweden.,
Some modification of the RQD, such as that

used by Heuzé (1970), should be used for these

smaller size cores.

Because the location and orientation of weak bedrock
zones generally are not known prior to exploration, it
would not be possible to apply the primary RQD sup-
port relationship of Figure 5.11, However, the verti-
cal and centerline RQD relationships of Figures 5,14
and 5,15 are potentially useful guidelines for esti~
mations of support, as they correspond to the two
most likely directions of exploratory drilling, The
anomalies and uncertajnties associated with the corre-
lations must be accepted as inherent weaknesses, but
are tolerable in view of the lack of any other such

correlation.

The average discontinuity spacing-support correlation
suffers the same weakness as the primary RQD re-
lationship in that a diamond core may not necessarily
yvield the information necessary for its determination.
However, if borings are oriented at angles of greater
than 45 degrees to the direction of major discon~
tinuity sefs, it should be possible to determine their
average spacing and, hence, apply the conclusions
drawn from Figure 5.5,

The determination of bedrock seismic velocities by
ground surface refraction measurements is a com-
mon preliminary investigation for many underground
projects in Sweden. The support chart presented in
Tigure 5,18 should serve as a rough guideline for
the determination of likely bedrock weak zones that
will require support. However, to use the more
detailed information derived from Figure 5.16 it
would be necessary to determine seismic velocities
at the location where the tunnel is to be driven. At
the present time such determinations are possible
from the ground surface only by such expensive
methods as in-hole and cross-hole surveys. These
methods cannot be considered routine preliminary
investigations for long sections of running tunnels,

The greatest possibility that exists for the application
of the data from Figure 5.16 to preliminary rock sup~-
port estimations lies in the development of better and
cheaper seismic methods. Merritt (1968) has
suggested that an in-hole geophone that can be
lowered to any depth in a shallow boring and wedged
against the rock would be a suitable piece of sejsmic
equipment for civil engineering projects. Such eguip~
ment might be suitable for holes drilled ahead of a
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TABLE 5.13

SUMMARY OF ROCK QUALITY - TUNNEL SUPPORT CORRELATIONS

Measure of Rock Quality

Boundaries for Indicated Support

MAXIMUM INTERMEDIATE MINIMUM
Average discontinuity spacing (Fig. 5.7} < 30 em 30em-1m >1Im
@2%) ! (7%) (==

=) ") 22%)

RQD, primary (Fig. 5.11) - 60% 60 - 80% >80 %
(35%) (25%) )

- (4%) (8%)

RQD, vertical (Fig. 5.14) <70 % 70-80% >80 %
{48%) (22%) )

== (11%) (18%)

RQD, centerline (Fig. 5.15) <70 % 70-80% >80 %
{46%) (28%) -

== (0%) @7%)
Seismic Velocity Ratio (Fig. 5.16) <0.8 0.8-0,9 =0.9
(53%) (0%) (=~}

) {(0%) (33%)

1) Percent of cases in which less support was used,

2) Percent of cases in which more support was used.

working face as well as from the ground surface.

Need for Trial Testing

Swedish Geologic Environment. Trial testing of the

rock quality-support correlations is necessary before
applications can be made with any confidence. Such
testing would serve not only to check the applicability
of the relationships derived from the tunnel obser-
vations to preliminary investigation material, but
also to determine the economic feasibility of using
the methods. Because of extreme variations in rock
conditions over short distances, it may not be
feasible to use vertical drill holes to predict con—
ditions along a horizontal tunnel, particularly if the
main weak zones are vertical, Thus, borings inclined

or parallel to the tunnel are to be preferred in areas

118

where conditions are expected to change quickly,

It may be expected that RQD values determined from
a tunnel wall may not correspond to those determined
from a drill core. Partially healed joints and poorly
defined schistesity that may open up during blasting,
but not in drilling, can account for differences, The
relationships derived from fhe tunnel observations
thus may not be valid for RQD values or average dis-
continuity spacings determined from core borings.
However, the possibility of such relationships

existing is very strong, and it remains to correlate
boring data with tunneling experience fo see if the
relationship is different,

The seismic velocity ratio support charf in Figure
5.16 is based on a very limited amount of data.



Before efforts ave actually made to apply the results
of this work, additional testing is necessary to sup-
port or disprove the trends indicated. Additional
measurements in tunhels are warranted where there
is the possibility of determining seismic velocities

in a preliminary investigation program.

Other Geologic Environments. All of the preceeding

comments have concerned the geologic environment
in which all of the field observations were made. The
question as to the applicability of the results of this
chapter to different geologic environments is one that
can be answered only through cbservations in tunnels
and {rial application in other geologic conditions.
However, for reasons discussed earlier it can be
expected that rock quality-support correlations will
be different for different geologic environments.

The degree of rock alteration and weathering is
likely to change the relationships significantly. It is
suggested that some measure or index of alteration
be established to supplement the RQD in conditions

where alteration is frequent,

The magnitude and direction of the natural ground
stresses are two factors that may also have a
significant effect on rock quality-support corre-
lations. Thus, if correlations in different geologic
environments are to be attempted, an attempt
should be made to gather information (both qualita-

tive and quantitative) about the in-sifu rock stresses.

Tt ig doubtful that ground surface seismic refraction
measurements would be useful for evaluating rock
quality in conditions that differ very much from
those in which the writer made his observations.
The requirements for the successful, clear deter-
mination of narrow (<20 m) bedrock weak zones
from ground surface refraction surveys are a
distrinet, abrupt change in material properties at
the soil-bedrock interface and a thin overburden
cover, preferably less than 50 meters. Glaciated

terrain whose soil cover is thin are ideally suited.

It is quite possible that even the seismic velocity
ratio-gupport relationships derived from the Swedish
tunnel measurements would not be applicable to
other geologic condifions. The principle of the seis-

mic velocity ratio-support correlation, however,

may prove to be applicable to a wider variety of geo-

logic condifions, but again, trial testing is necessary.

6, CONCLUSIONS AND
RECOMMENDATIONS IFOR
FUTURE WORK

6.1 Conclusions
On the basis of the laboratory model studies and field
observations described in the previous chapter, the

conclusions listed below can be drawn,

Liaboratory Model Studies

1. The loosening faijlure mechanism in a joint block
mass is governed by the interaction of individual
block rotation and slip movements. The mode of be~
havior of groups of blocks depends strongly on the
joint block configuration and orientation. Block rows
may interact and behave as multi~hinged arches.
Groups of blocks bounded by low angle discontinuities
may act as one rigid block,

2. Loosening fajlures may result from pure ship
along discontinuity boundaries or from block corner
failures. Block corners may fail by tearing, shearing,
or crushing. The model siudies only point out the
possibility of such failures occurring. The signifi-
cance of such failures in real tunnels in loosening
ground depends on the manner in which loosening
oceurs. Corner failures are not expected to be of
large significance unless large volumes of rock are
involved in the loosened zone or ground arch that
forms above the opening.

3. Unsupported jointed block masses may remain
stable under the action of high compressive stresses
that effectively confine the discontinuous mass and
that prevent blocks from slipping, rotating, and sub-
sequent loosening. Even if the confining stresses are
relatively low, block rotations and slippage may lead
to a stable, arched zone of loosened blocks above the
unsupported span. These two mechanisms of stabil-
jzation of a jointed mass are possihle explanations
for the field observations of stable tunnels in heavily
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jointed rock., The likelihood that large horizontal
stresses exist in much of the Swedish bedrock
suggests that the latter mechanism is the most prob-
able explanation of the observed field behavior.

4, Joint friction and discontinuity orientation may
drastically affect both the mode of failure in a loosen-
ing block mass and the stress level at which failure
occurs. If is quite obvious that very minor geologic
details such as single random discontinuities oriented
at a low angle (300) to the perimeter of the opening
and single clay-coated joints can cause failure in an

otherwise stable mass,
Field Studies

1. Field observations in Swedish and Norwegian
tunnels have enabled reasonable and potentially use-
ful correlations to be drawn hetween three rock
quality parameters (average discontinuity spacing,
R@D, and seismic velocity ratio} and the shoterete
and rock bolt supports used in large ( 60 sg. meters)
tunnels. The correlations are summarized in

Table 6.1, All of these relationships are generally
very conservative envelopes that bracket the experi-
ence collected from the field observations.

2. Anomalies in the relationships given in Tahle 6,1
exist for rock that contains softening clay material
and for rock that contains a single set of close, tight,

clean fractures. The former may cause diffieulty

regardless of the average discontinuity spacing, and
the latter may not be associated with any need for
support, even when the average discontinuity spacing

is less than 10 cm, or four inches.

3. The relationships derived by the author for shot-
creted and rock bolted tunnels are significantly differ-
ent from similar relationships found by Coon for
American tunnels supported by steel sets. Differ-
ences in the relationships are atiributed to differ-
ences in geologic conditions, support methods, and
other construction techniques such as blasting
methods., It is also very likely that seemingly in-~
significant construction factors, such as mucking
time, labor relations, and contracting practices may
have an indirect effect on the stability of tunnels,

4. Althoupgh attempts to derive relationships between
rock mass structure and support were not successful,
they do show some Interesting trends in rock mass
stability behavior. Any rock structure containing
three dimensional joint blocks (structural wnits)y
requires support of some kind, Many one dimensional
structures, regardless of their RQD or average dis-
continuity spacings do not require support, even in
large tunnels,

5. In consideration of the large number of factors
that influence the stability of an opening in jointed
rock, it is amazing that correlations as good as

those in Chapter 5 even exist.

TABLE 6.1

SUMMARY OF RELATIONSHIPS BETWEEN TUNNEL SUPPORT AND ROCK QUALITY PARAMETERS

Rock Quality Parameter

Limit for Support Boundary

Maximum Intermediate Minimum
Average Discontinuity Spacing < 30 cm 30cm~-1m = 1m
RQD < 60% 60 - 80% = 80%
Seismic Velocity Ratio < 0.8 0.8~ 0.9 > 0.9
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6.2 Recommendations for Future Work

Mechanism of Loosening Instability

The actual mechanism of loosening instability in
tunnels is adequately understoed on a gqualitative
basis. The resulis from the tests described in this
investigation have indicated the significance of cer-
tain rock mass parameters, but they have not given
quantitative information ahout the effect of these
parameters on stability. It would be desirable to
make such quantitative studies so that the relative
importance of different parameters could be studied
and so that real tunnel conditions could be simulated.
However, because a large centrifugally loaded model
would be necessary to obtain quantitatively meaning-
ful results for the loosening-type instability problem,
it is felt that expected results from good laboratory
meodel studies are not warranted by the expense.

Goodman’s (1968) finite element study offers a more
attractive means of studying loosening instability.
Parameter studies that involve variations in input
data for intact rock and rock mass properties,
opening geometry, and free field stresses could
probably be done at a much lower cost than reliable
laboratory model studies. Furthermore, computer
studies should enable a much more comprehensive
parameter study to be made, Although the absolute
magnitudes of the results (factors of safety against
fallout, for example) may not be absolutely correct,
variations in data input should enable conclusions to
be reached about the relative quantitative effect of
various properties and rock mass parameters on
loosening instability. In particular, it would be very
valuable to understand the effect of variations in
intact rock properties on loosening stability, pro-
vided the mechanism of block rotations is built into
the computer model, as Goodman has done. All of
the possible modes of block corner failure should be
capable of oceurring in the computer model,

Field Studies

1. Before any of the derived support-rock quality
correlations can be applied with confidence, it is
necessary that they be checked with the information
obtained from preliminary investigations. The RQD

and average discontinuity spacing relationships
should be checked from the information derived from

core borings and actual tunneling conditions.

2, The seismic velocity ratioc relationship derived
from the Ritan tunnel measurements is nol yet
substantiated by sufficient data to warrant consider-
ation for application to preliminary investigation
material. Additional tunnel refraction measurements
and comparisons with supports are needed in order
to establish the possibility of using this property as
an indicator of necessary tunnel support. However,
it is doubtful that relationships between seismic
velocity and tunnel support can be derived that are
better than those established on the basis of the RQD.
The continuation of the writer”s tunnel seismic re-
fraction work is not justified unless some new, quick
and inexpensive method can be devised for measuring
seismic velocities in the rock through which the
tunnel is to be driven. The most promising possi-
bility is the use of a simple velocity or other geo-
physical probe in a rapidly drilled hole in the tunnel

face or inclined from the ground surface.

3. For the ordinary seismic refraction measure~
ments that are carried out on the ground surface, the
relationship shown in Figure 5.18 should be useful
for a rough indieation of the behavior of the rock in a
tunnel. It is supgested that additional data be added
to the chart when they are available. The limiting
seismic velocity ratio of 0,8 that has been found as
an approximate dividing line between supported and
unsupported rock may well prove to be different for
different geologic conditions,

4. There is a definite need to search for relation-
ships between rock quality and tunnel support require-
ments in other geologic environments. Studies similar
to the field work done by the writer should be carried
out for other tunnels in different geclogic environ-
ments. This type of research is very inexpensive and,
although the resulis are of limited value until they can
be applied o predicting tunneling conditions from
preliminary investigation material, the studies are
necessary if tunneling experience is to be utilized to
the fullest extent,

5. When attempis are made to derive rock quality-
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support relationships in other geologic environments,
some means should be devised fo account for the
degree of weathering and alteration of the rock.
Because altered rock may have a more detrimental
effect on tunnel stability than sound, heavily jointed
rock, there must be some method to distinguish bet-
ween the two when making numerical estimations of
rock quality.

6. The support charts shown in Chapter 5 relate the
rock quality to the supporis used in different tunnels
and in no way give any indication of the factor of
safety against failure. It would be very valuable fo
collect and plot support and rock guality data for
cases in which some gquantitative information about
loads in the support is available. This is simple
enough to do for steel sets where fotal loads in the
support can be measured. However, for rock bolted
and shotereted tunnels there are no simple measure-
ments that can be made. One possibility is to collect
data for some arbitrary measure of load at some
arbitrary point in the support. These data, together
with rock qualify data and an indication of the opening
geometry (width, height), might give more meaning-

which shoterete applications have failed.

7. The simple analyses for the rock-shotcrete
interaction that have been made in Chapier 4 are
based on assumptions of uncertain validity. Specifi-
cally, the role of the rock-shotcrete bond ig not well
understood, Field and laboratory measurements of
shotcrete bond strength are needed to gain an insight
into the possible support that can be derived from a
mechanism such as that described in Figure 4.12a.
Field measurements and observations in shotereted
tunnels should be directed towards an understanding
of the load-{ransfer mechanism or interaction bet-
ween shoterete and rock, Very detailed measure-
ments of strains in shoterete linings may help to
clarify the interaction, although it is likely that the
stress variations and gradients in shoterete linings,
particularly at re-entrant angles and near the rock
surface, are very erratic, Finally, field obser-
vations, together with the resulis from laboratory
and field tests of the bond strength between rock
and shotcrete, could be combined with a theoretical
analysis of the interaction that would possibly give a

more accurate picture than the simple models used

ful correlations than those presented in Chapter 5, heretofore.
Furthermore, there is a definite need for data in
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APPENDIX A

SEISMIC REFRACTION MEASUREMENTS

A.1 G@General

The usefulness of seismic refraction measurements
for the planning of underground construction in rock
has been known in Sweden for at least twenty-five
years. The earliest applications were primarily for
the determination of the depth to bedrock, or the
thickness of goil cover (Hasselstrém, 1951). Refine-
ments in the interpretation technique led to further
application of the refraction method for the accurate
determination of bedrock velocities. Since 1959 the
method has been used very successfully in Sweden
for the localization of weak zones at the bedrock
surface (Scherman, 1959; Hasselstrém et al., 1964).
Two examples of cases where low seismic velocity
zones determined from ground surface refraction
measurements correlate well with difficult tunneling

condijtions are shown in Figures A.1 and A.2,

The seismic refraction technique has been used in
the pilot bore of the Straight Creek highway tunnel in
the Rocky Mountains, Colorado, USA, fo establish
relationships between rock quality and various con-
struction parameters, such as rates of advance and
spacings of steel sets (Scott et al., 1988). The
results from these studies show that the longitudinal
seismic velocity as determined from the seismic
refraction technique provides a reliable numerical
index of rock quality that can be related to the
economic and engineering aspects of tunneling. It
was concluded from the Straight Creek studies that,
if such measurements should prove to be valid for
indexing rock quality for a wide variety of geologic
conditions, then it would be worthwhile to direct
efforts towards the development of methods to
measure seismic velocities in feeler holes that
could be driven out ahead of the working face during
the driving of the tunnel. This method of investigation
might prove to be particularly suited to mechanical

"mole" tunneling,

A potential use in Sweden of such seismic velocity-
tunneling relationships as those developed in the

Straight Creek tunnel also lies in their application to
velocities determined by conventional ground surface
refraction measurements. In order to test the
applicability of seismic velocity data as a2 measure

of rock quality for Swedish bedrock and tunneling con~
titions, an investigation was made in the tailrace
tunnel at the Ritan hydroelectric project in Jimtland,
northern Sweden. Ground surface seismic refraction
measurements over the entire tunnel line had been
made during the preliminary investigation stage at
Ritan. These investigations were complemented with
a total length of 1010 meters of seismic refraction
profile that was shot in the tunnel during the construc-
tion period. The purpose of these latter measurements

was the following:

1. To indicate the most reasonable interpretation
of the velocities provided by surface refraction

measurements,

2. To determine the significance of seismic
velocity as a measure of rock quality with
respect to different tunnel sopport requirements
in loosening ground conditions.

3. To investigate the extent of the destressed zone
at the periphery of the tunnel.

A.2 Tunnel Measurement Technique at Ritan

The tunnel measurements at Ritan were carried out
by Craelius Terratest AB (formerly AB Elektriska
Malmletning) in essentially the same manner as the
ground surface measurements that were made by the
same company during the preliminary investigations.
Descriptions of the principle of seismic refraction
measurement are available elsewhere (Hasselstrom,
1951; Scherman, 1959) and will not be given here,
Some of the technical details of the Rétan tunnel

measurements are given below,

A geophone spacing of 5 mefers was used for most of
the measurements in the tunnel, Shorter sections of
profile were shot with 2,5~ and 1-meter spacings to
investigate in more detail the extent of the destressed
zone at the tunnel periphery,

The geophones were of the ordinary spring suspension
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moving coil type (Hall-Sears manufacture} with
frequency response in the 5 -300 cps range, Record-
ing was done photographically at paper speeds of
2.5-5 m/sec,

The set-up for shot poinis and geophones is shown in
Figure A.3, Shot holes were drilled one-meter deep
into the corner of the tunnel wall and floor. A one-
to-two-inch stub of dynamite was used for the shot
charge, The geophones were originally serewed into
18-inch long steel dowels that could be firmly
implanted in the tunnel floor, but it was later found
easier and equally effective to screw the pickups into
4~inch diameter, 1-inch thick steel plates and place
the lafter directly on the tunnel floor.

A normal shot line consisted of 20 geophones on
5-meter spacings. Shot points were located at both
end points, at 20 meter intervals within the geophone
spread, and at 25 meters and 50 meters from each
end of the spread.

Clean records were obtained for most of the entire
profile length of 1010 meters, The only disturbances
were experienced in a diabase and amphibolite in-
clusion that apparently conducted leak currents from
the tower of a 20, 000 volt high tension line that
crosses the tunnel at the ground surface above that
station. It was generally not possible to detect shear

wave arrivals.

A.3 Results from the Ritan Measurements

Intact Rock Seigsmic Velogities

The tunnel refraction profiles at Ritan included
measurements in the following rock types: coarse-
grained granite; fine-grained aplitic granite;
amphibolite; and diabase. Because of the very
detailed round-by-round geologic mapping that was
done in the tunnel, # has been possible to correlate
the seismic velocities with rock types, support
quantities, and in a few cases, rock quality classi-
fications. Some Schmidt N~hammer hardness values

were also measured.

The four different rock types, the maximum seismic
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velocities in these different roek types, and Schmidt
N-hammer hardness values are given in Table A1,
After the seismic measurements had been completed
and analyzed it became evident that three different
hardnesses of coarse-grained granite exist along the
profiles, The 6000 m/sec rock corresponds to the
granite in which the Schmidt N-hammer hardness of
55 was obtained. Both the velocity and the hardness
values are the maximum values for the corresponding
rock types. The rock conditions te which these pro-
perties correspond are those that do not require any
support to maintain the desired tunnel shape. The
rock is jointed in some cases, but very tight. The
approximate relationship between seismic velocity
and Schmidt N-hammer hardness is shown in

Figure A.4.

One very pronounced feature in the tunnel data is the
increase in longitudinal seismic velocity over that
obtained from ground surface measurements in the
same rock. These differences are illustrated in
Table A.2 in which it is seen that the tunnel vel-
ocities are up to 17 percent higher than the sorface
velocities for high quality rock and up to 38 percent
higher for low quality rock. These differences can be

attributed to two factors:

(1)  An overall loosening of rock at the bedrock
surface that has occurred after glacial retreat.
Weak zones at the bedrock surface probably are
considerably more relieved and logsened than

sounder rock,

(2) A tightening or increase of confining stress with
depth that effectively holds jointed rock together,

K is thus obvious that direet comparisons of bedrock

surface and tunnel measurements cannot be made.

Normalization of Field Data

The velocity range along all of the tunnel profiles of
from 3700 m/sec to 6400 m/sec is alone an indication
of the variation in rock guality in the tunnel, However,
to make any valid comparisons of the velocities in
different sections of the tunnel for different supported
conditions, it is first necessaryto normalize allthe
velocities so that differences due to intact rock



Geophone
S =0 0.4-0.8m crushed rock, muck
}_f\, = m
] J 1-1.4m total thickness low velocity layer

Shotpoint

Fig. a.3 Geophone Set-Up for Tunnel Refraction Measurements at Ratan

131



132

6500

6400

o
L
o
(=]

(3]
iy
(=)
(=

Longitudinal Seismic Velocity, m/sec
o
[y
o
=)

6000 ”////

5900
54 56 58 60 62 64 66 68
Schmidt N~hammer Hardness
Fig. A.4 Relationship Between Schmidt N~-hammer

Hardness and Longitudinal Seismic Velocity



properties are eliminated.

The tunnel seismic velocity for a given rock con-
dition in a given rock type has been normalized by
dividing by the maximum seismic velocity (as given
in Table A.1) for that particular rock type. The
ratio so obtained has been termed the seismic
velocity ratio (SVR). This idea of establishing a
"base velocity" for each rock type is similar to that
used by Lakshmanan (1966). Deere’s velocity ratio
is a similar tool for normalizing the field seismic
velocity (Deere et al., 1967). Onodera (1963) was
apparently the first investigator to propose such a

quality index for in-situ rock.

TABLE A.1

MAXIMUM SEISMIC VELOCITIES AND REBOUND
HARDNESSES FOR RATAN ROCK TYPES

Presentation of Rifan Tunnel Data

Rock Type Veloeity of High Schmidt
Quality Rock N-hammer
m/sec (ft/sec) hardness

Coarse~ a 5500 (18, 000) ——

grained

Granite b 6000 (19,700 55

(1) c 8400 (21,000) -

Fine-

grained

Aplitic 6400 (21, 000) 67

Granite

(2)
Alél)’hlbd‘te 6100 (20, 000) 50
Diabase 6300  (20,700) 63

4)

The seismic veloeity ratio is a normalized indicator
of rock quality, that is, a combined measure of the
following items;

1. Degree of jointing

2. Degree of alteration

3. Degree of openness of joints, or looseness of

rock striucture,

The seismic velocities for the unsupported rock con-
ditions along the tunnel refraction profiles are shown
in Table A, 3. The conditions are grouped according
to the different rock types and maximum velocities.
Where it has been possible to project weak zones in
the tfunnel to low velocity bedrock surface zones, the
bedrock surface velocities are shown in parentheses,
together with the adjacent high velocity rock at the
bedrock surface. The tunnel seismic veloeity ratios
are computed as described previously. The bedrock
surface seismic velocity ratios are computed from
the velocity values shown in parenthesis. It is
assumed that the rock immediately adjacent to low
velocity zones is the same type as that in the low
velocity zone. The support used in tunneling driving

is shown according to the legend.

A.4 Other Seismic Data

Ground surface seismic refraction measurements
also were made in the preliminary investigation stage
of the Bergvatinet and Seitevare projects, The tech-
nigues used in these investipations are the same as
those used in the Ritan project and, because the
measurements and interpretations were made by the
same company, the results from all of the investi-
gations may be studied collectively.

Because the rock cover in the Ritan, Bergvattnet,
and Seitevare projects is relatively thin (less than
100 meters), and because major bedrock weakness
zones are usuvally planar and continuous, it is very
frequently possible fo correlate zones of poor rock
in a tunnel with low velocity zones on the bedrock
surface. Such correlations have been made for a
number of the tunnel observations at Bergvatinet and
Seitevare in addition to those at Rétan. The corre-
lated bedrock surface velocities for the former two
projects are presented in section 2.5, Correlations
between support guantities and seismic velocity data
are made in Chapter 5. Information from the tunnel
seismic measurements pertaining fo the exfent of the
destressed zone along the refraction profiles is

presented and discussed in Chapter 4.
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TABLE A.2

COMPARISON OF THE RELATIVE MAGNITUDES OF TUNNEL VELOCITIES AND SURFACE VELOCITIES

Rock Type Tunnel Velocity Surface Velocity Ratio
m/sec m/sec {1
(1) &) (2)
High Quality Rock
Granite 6000 5300-5500
5400 1.11
Granite 6400 55005700
5600 1,14
Diabase 6300 5400 1.7

Low Quality Rock

Granite 5000 3500-4000
3800 1.32
Diabase 4000 2900 1.38
Fine-grained Granite 4000-4650 3700-3800
4300 3750 1.15
Fine-grained Granite 4000 3500 1.15

Note: The ratios {1)/(2) have been computed from the average underscored velocities.

134



TABLE A.3

SEISMIC VELOCITY DATA AND SUPPORT REQUIREMENTS IFOR ROCK CONDITIONS ALONG TUNNEL
SEISMIC PROFILES

Rock Type Rock Condition Beismic SVR SVR Support*
Velocity tunne] surface
m/sec
(1a)
Coarse~grained Granite shear zone with altered 4500 0.82 - o
seam, water-bearing
blocky rock, some 4500 0.82 —— vOo
altered seams
shear zone with some open, 4500 0.82 - ©
water-bearing joints
(1b)
Coarse-grained Granite blocky, loose rock (4000/5200) —-— 0.77 Y0
Vmax =6000 m/sec around a one-meter wide
diabase vein, water-hearing
intersecting diabase and {3800/5200) - 0.73 vO
quartz veins in jointed rock
open, water-bearing seam 4500 0.75 - A
in massive rock
(1¢)
Coarse-grained Granite {wo 50-cm wide vertical 5900 0.92 - o
Voax - 6400 m /sec clay seams in blocky ground
one-meter-wide, flat-lying 5000 0.78 0.56 - 0.74 vOoo
sheared, aliered seam in
large to small blocky rock,
partly altered; some open,
water-bearing fissures,
some seams gravel-filled
due to "Rappaldvi" alteration
two-meter-wide altered 5600 0.87 - VO
diabase vein in a shear zone,
prominent structure is
horizontal -
shear zone with a one-meter-(4500/5600) - 0.81 70
wide diabase vein and a tale
seam
one open, water-bearing 4500 0.7¢ -= a
joint in massive rock
*Support Legend
A no support w closely spaced (<2m) spot bolts
0 widely spaced {>5m) spot bolts O single shoterete application (4-6 c¢m)
v medium spaced (2-5m) spot bolts @ reinforced shotcrete

® cast concrete arch

Symbols used in combination, i.e. VOO indicates medium spaced spot bolis and two shoterete applications.
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TABLE A.3. Continued

Rock Type Rock Condition Seismic SVR SVR Support”
Velocity tunnel surface
m/sec
@)
Fine-grained Aplitic shear zone, very heavily (3400-5000) - 0.68 cO
Granite fractured rock in center of o0 c’)
v = 6400 m /sec zone
max
an open, water-bearing 4000 0.63 - Fal
seam ( one meter wide)
one to two-meter-wide 4000 0.63 - 0
altered seam, water-bearing
shear zone, see Case 81 4000 (.63 0.67 00
Appendix B, RQD = 30% (3500-5200)
shear zone 4400 g.69 0.69 O
{(3600-5200)
closely spaced vertical 4000 0.63 -= ©
joints near amphibolite
contact
closely spaced vertical 4000 0,63 - o
joints some water-hearing
shear zone, sugar-cube 4400 0.69 - 00
rock structure, some clay-
filled joints
cGo
thrust zone, see Case 85, 4200-4650 0.66 - 0.73 0.73
Appendix B, RQD = 30% (3800,/5200)
thrust zone, intersecting 3700 0.58 0,75 000
diabase veins and seams (37 00-4900)
of altered granite
similar to Case 85
blocky rock, see Case 82 5500 0.86 e Y0
Appendix B, RQD = 80%
A
closely spaced vertical G400 1.60 0,73
joints, tight RQD = 80%
see Case 83, Appendix B
(3)
Amphibolite very blocky rock, see 5800 0.95 - v
Voax = 6100 m/sec Case 86, Appendix B,
RQD = 50-100%
very blocky and loose rock 4000 b.66 - w0
around a tale-serpentine
seam
(4) vO
Diabase one-meter-wide fractured (3400) - 0.65
Vmax = 6300 m/sec and altered vein;
surrounding rock blocky
and loose
large blocky rock 5800 0.92 — v
shear zone, see Case 84 5000 0.79 0.54 O
Appendix B, RQD = 60% (2900~5400)

136



TABLE A,3. Continned

Rock Type Rock Condition Seismic SVR SVR Support*
Velocity tunnel surface
m /sec
{4)
Continued large blocky rock near 5400 0.86 --
chear zone o
shear zone 4000 0.63 0.77 oo
very bloeky and loose rock 4300 0.68 0.76 vo
around a chlorite~-tale (3800/5000)
seam
a
shear zone, very blocky 5200 0.83 -
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APPENDIX B

FIELD OBSERVATIONS IN NORWAY AND SWEDEN

INFORMATION FORMAT FOR CASE
HISTORIES

10.

11.
12.
13.
14,

15.
16.

Project, location

Type of tunnel or room

W = width of opening, meters

H = height of opening, meters

A =area of opening, square meters

Nature of instability (roof fall, wall slip~out,
overbreak, etc.); (stability classification,
see legend below)

L = length of condition under consideration,
meters

Geologic features responsible for condition,
rock type

Support or remedial measure

D = depth of overburden (soil and rock),
meters

RQD, location, method; RQDV; RQDR

V = seismic velocity, m/sec;*

SVR = seismic velocity ratio

Regional tectonics or major structural geology
features

Ground water condition

Other notes

*Values given in parentheses have been taken from

projected ground surface data.

LEGEND FOR TIME-STABILITY-SUPPORT

CLASSIFICATION

A stable at blasting, no anticipated falls, no
support

B minor falis or overbreak at blasting, support
not considered necessary for prevention of
loosening

C stable at blasting, support in anticipation of
loogening

b stable at blasting, unsupported, gradual
deterioration and subsequent support

E falls at blasting, support in anticipation of
progressive loosening

T falls at blasting, no support immediately affer
blasting, progressive loosening, support
applied to prevent farther loosening

G falls at blasting, support shortly after blasting
to prevent or stop progressive loosening

H support shortly after blasting, failure of

support thereafter, additional suppoxt
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10.
11l.

1z2.
13.
14,

1s5.
16.

Seitevare Hydroelectric, northern Sweden

draft tube
W = 9m
H = 9m
2
A = 98m
anticipated roof falls if unsupported; (C)
L = 30m

seven narrow (20-50cm} vertical shear zones of fractured
and altered grapite; some cross joints (see sketch)

6-8cm shotcrete over entire area; locally l5cm rein-
forced shotorete for treatment of individual shear zones;
spot bolting between zones

D = 190m

RQD = 70% along wall, estimated from observation of
similar features in nearby rock cut {see photo) and
from geologic mapping of zone in tunnel; RQDv = Q~rL00%%

{(V = 3000~3300 m/sec)
(5VR = 3150/5000 = 0.63)

project site located about 1Ckm from major overthrust
mountain range; several major local vertical shear
zones within 200m

minor flows {1~3 lit/min)

special case: extremely important to avoid roof or
wall deterioration in draft tube

CANNTAA/ AN

/
L Tunnpel

Plan of Tunnel



Case 1. Similar Shear Zones in a Nearby Cut
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Case 2

1. same as Case 1

2, tailrace tunnel

3. same as Case 1

4., same as Case 1

5. same as Case 1

6. anticipated roof falls if
unsupported; (C)

7 L = 5nm

B. one 30~-cm-wide vertical shear

zone in granite, bounded by
sound, blocky rock; located
20m from Case 1

9. spot rock bolting, shotcrete

10, D = 190m

11l. ROQD = 90% along wall, measured:;
RQD,, = 0-100%

12. {V = 4300-4600m/sec)

13. {SVR = 4450/5000 = 0.89)

14. same as Case 1

15. less than 1 lit/min flow
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1=5, same as Case 2

6. overbreak in walls at blasting (see photo); (E}
7. L = 20m

8. intersection of three non-orthogonal joint sets in

leptite

9. one shotcrete application
10. D = 200m
1l. RQD = 6%, up wall, measured, RQDa = TO%
12, e s
13. e
14, same as Case 1
15. no water
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Case 4

1-5. same as Case 2
6. progressive large overbreak after blasting (see
photo): (F)
7. L = 30m
8. clay seams and slickensides along sheared leptite
bedding planes
9. two shotcerete applications to stop loosening
10. D = 170m
11. RQD = 5% vertical, measured from core photo: RQD, = 5%
iz2. it
13, moeamvo
14, major normal and thrust shearing in area
15. minor water seepage through shotcrete
i6. notice stable roof, unstable wall
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Case 5

L5,
5.

1l.
12,
13,
14,
15.
16,

same as Case 2

overbreak, minor falls, washing ocut of fine rock
flour; (D)

L = 10m

locally and erratically disintegrated rock along
leptite bedding (see photo}

one shotcrete application
D = 150m
ROD = 80% up wall, measured and estimated; ROD, = =107

sameé as Case 4
less than 5 lit/min
very small water inflows washing fines from joints
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Case 6

1-5.
6.

1l.

1z,
13.
14,
15,
16,

same as Case 2

minor overbreak, shotcrete used as a protection
small pieces of falling xock; (B}

L = 20m

closely, vertically jointed leptite {see photo)
none neceéssary from stability standpoint

D = 150m

RQD = 60% across jointing, measured;
RQD_ = 0-100%; RQD_ = 80%

same as Case 4

no water

absence of roof falls is somewhat remarkable
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Case 7

1-5.
6.

L0,
11.
1z,
13.
14,
15.
16.

same as Case 2

large overbreak in wall and intrados, possible 1oss of
arch abutment (see photo}; (F)

L = 10m

intersection of a regular, closely-spaced set of
diagonal joints and one vertical clay-filled fissure,
leptite rock

rogk bolts and one shotcrete application

D = 140m

RQD = 70% up wall, estimated; ROD_ = To%

same as Case 4
insignificant water inflows
no falls or overbreak in roof
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Case 8

1~=-5. same as Case 2

6. none; {(B)

7. L = 50m

8. closely spaced set of tight diagonal joints in leptite:

same as Case 7 but no intersecting joints

9. none necessary from stability considerations
10. D = 140m

11, ROD = 70% up wall, estimated; RQDa = 70%
12. it

13. -

14, same as Case 4

15. none

ls6. note significance of minor geologic detail (single

vertical joint) that differentiates behavior in
Case 7 from that in Case 8
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Case 9

i=5,
6.
7.
8.

10.
11,
i2.
13,
14.
15,
le,

same as Case 2

overbreak in intrados (see photo);
L = 20m

small blocky structure in leptite
one shotcrete application

D = 140m

ROD = 8(% up wall, estimated; RQDa = 80%

-y o o e

same as Case 4
water inflow less than 1 lit/min

roof is stable at this section
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case 10

1=5, same as Case 2
&, overbreak and slip-outs in walls, likely loss of intrados
and roof if unsupported; (F)
7. L = 15,
8. blocky to slabby structure in leptite caused by three
nearly orthegonal, intersecting joint sets (see photo)
9. one shoterete application
10, D = 120m
11, ROD = 60% across major joint set, measured;
RQD = 60k; RQD, = 70%
v a
12. o
13, mam——
14, same as Case 4
i5. none
16, no roof falls; major joint alomg which most of wall

slip~out took place is clay-coated
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Case 11

1-5,
6.

1l.

iz.
13,
14,
15.
16,

same as Case 2

wall slip oui, possible undermining of arch support.and
subsequent collapse of crown; (D)

L = 1l5m

s1liding took place along a 3-~cm-thick clay seam that
occurs in a shear zone parallel to the bedding in the

leptite
rock bolts, two shotcrete applications
D = 120m

RQD = 20% across shear zone, estimated:
RQDv = 40%; RQDa = 40%

{V = 3800m/sec)

{SVR = 3800/5000 = 0.76)

same as Case 4

no water

feature has not caused any difficulty in roof
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Case 11
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Cage 12

1-5.
&.
e
8,

9.
10,
1l.
12.
13.
i4.
15.
i6.

sSame as Case 2
overbreak in walls and intrados, stable roof; (D}
L = 150m

irregular, undulating, vertical, clay~coated joints,
occasionally intersecting; granite

spot rock beolting
D = 60m
RQD = 100% in all directions, observed

-

same as Case 4

no water

added cost in scaling, breaking large blocks and
macking
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Case 13

1-5.
6.

9.
10.
1l.
12,
13,
l4.

15,
16,

same as Case 2

large overbreak in walls and intrados, some roof falls;
support necessary to prevent loss of abutment reaction
{see photo); (F}

L = 100m

irregularly oriented, widely spaced, intersecting, clay-
coated joints; loose rock structure; many slickensides
{black arrows}; granite, weak rock type, occasionally
breaks across intact rock because of alterations

rock bolting and shoterete, locally two applications
D = 100m

RQD = 80% along wall, measured; RQD, = 80%

{V = 3100~4000 m/sec}

{SVR = 3100~4000 m/sec}

both vertical and low-angle shear zones in near vicinity,
evidence of movement (slickensides} on most joint surfaces

some flows to 50 lit/min

difficult to predict behavior of tunnel, as faillure often
occurs across intact rock at weak, partially altered zones



Case 13
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Case 14

1l-5,
6.
7
8,

9.
10.
11.
12,
i3.
14.
15.

same as Case 2
wall, roof, and intrados falls, large overbreak; (F)
L = 50m

intersecting vertical and 45° dipping joint systems, many
clay-coated, slickensided joint surfaces; frequent
breakage across intact rock; similar to rock in Case 13,
weak, large~grained granite with some altered feldspars
{see phota)

rock bolting: locally two shotcrete applications
D = 100m

ROD = 70% up and along walls, measured

same ag Case 13

same as Case 13

same as Case 13

minor inflows (<10 lit/min}




Case 15

1=5.

6.

7

8.

9.
10,
11.
12-14.
15,

same as Case 2

wall, roof, and intrados falls; large overbreak;
L = 60m

same as Case 14, not as many joints

rock bolting and one shotcrete application

D = 100m

RQD = 80% up and along walls, measured

same as Case 14

miner inflows

(F}
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Case 16

1-5. same as Case 2

6. large overbreak in walls and intrados, very likely
progressive fallout into crown if unsupported (see
photo): (B}

7. L = 20m
8. three non-oxrthogonal
intersecting joint sets
in }leptite
9. rock belting, two shot-~
crete applications
10. D = 120m
11, RQD = 60% along wall,
estimated; RQDv = T
12, o
13. —————
14, same as Case 4
15. no water
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Case 17

1-5.
6,

10.
11,
12,
13.
14.
i5.
16.

same as Case 2

moderate overbreak in walls, but no potentially unstable
rock: {C)

L = 120m

gset of steeply dipping, widely spaced, tight joints in
granite

spot boliing; shotcrete for protection against small
pieces of falling rock; rock in foreground is from scaling

D = 1l20m

RQD = 100% in all directions, estimated
overthrusting and vertical faulting in near vicinity
mincr ground water

considerable added tunneling cost in scaling
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Case 18

1-5,
6.

7.
8.

10.
11.
12,
13,
14,

i5.

same as Case 2

disintegration of wall rock, earth-like fallout in
walls, possible undermining of arch abutments {see
Pig. 2.14}; {H)

L = 70m

strongly crushed, sheared and altered granite in an
overthrust fault: feldspaxs hydrothermally altered to
clay {see photo Case 19}

initially 5-10cm Lightly reinforced shotcrete after
blasting; after failure of initial support, 20-30cm
unreinforced shoterete and five unreinforced shotcrete
arches {5m wide x 50cm thick) on 10m spacings. Some
cast concrete abutments inh worst areas, as in photo,

D = 50m

ROQD = 10% up walls, measured; RQDa = 0-80%
{(V = 2500-4000 m/sec)

{SVR = 2500/5200 = 4000/5200 = 0.48-0.77)

overthrust zone in Precambrian rock:; otherwise same
as Case 1

minor water inflows froze in tunnel walls duxing
winter; freeze-thaw action in summer months locsened
entire overthrust zone; large portions of tunnel walls
could be excavated with a hand spade after zone thawed
during summer


http:0.48-0.77

Case 19

1=5.

6-~10.
il.
12~15.
16.

same as Case 2

same as Case 18

ROD = 30% up wall, measured; RQ:Da = 10=-100%
same as Case 18

note failed shoterete; ice (January) on walls.
was very solld and stable during winter months

Rock
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Case 20

1-5.
6,

T
8.
9.
i0.
1l.

12.
13,
14,
15.

same as Case 2

minor overbreak in walls and roof; tunnel stable
without support (see photo); (B)

L = 30m

closely spaced, tight vertical joints in leptite
none

D = 30m

ROD = 70% across joints, measured;
RQD,, = 90%; RQD, = 80%

= ooy ot

- oy

overthrusting and vertical shearing in area

no water




Case 21

1.
2.
3.
4.
5.
6.
7.
8.
9.
10,
11.
iz,
13.
L4a
15.

same as Case 1

machine hall

W = 13m

H= 1llm

A = 130m°

stable, no overbreak, no roof falls: (A)

L = 40m

massive granite, a few widely spaced vertical joints
none

D = 170m

RQD = 100% all directions, observed

o g s

it s s

same as Case 1

minor inflows (<5 lit/min) along some open joints very
serious in spite of small flows, as water leaked through
gunite roof coating and had to be collected and drained
to protect machinery

+
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Case 22

1. same as Case 1

25 access tunnel, portal area

3. W = 4m

4, H = 3m

5. A = l2m2

6. block falls near portal (see photo); (E)
7. L = 15m

8. open, sheeting joints in granite intersected by a few

steeply dipping open joints

9. rock bolts
10. D = 5=10m
11, RQD = 100% all directions, estimated
12, ———

13, vt

14, same as Case 1
15. minor f£lows along bedrock surface
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Case 23

1. Vietas Hydroelectric, northern Sweden
2. heading for headrace tunnel, Suorva line
3. W= 12.5m
4, H=6,5m
5. A= 68m2
6, wedge-shaped roof fall (see photo); {F)
7. L = 50m
8. shear zone in mylonite; crushed rock and clay joint
fillings in zone; intersecting 30° dipping joints
9. rock bolts, wire mesh, shotcorete
10. D = 150m
11, RQD = 30% across shear zone, estimated;
ROD = 0-8C%; RQD_ = 04
1z, ———
13, e
14, tunnel lies in a major overthrust sheet (see Fig. 2.6)
15. very minor inflows
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Case 24

1-5.

-

-

9.
10.
11.

iz,
13.
14,
15.

same as Case 23
wedge-shaped roof fall (see sketch); (F)
L = 60m

one meter-wide shear zone in mylonite; crushed mylonite
and clay seams and joint £illings; shear zone inter-
sected by flat-lying joint set

rock bolts, shotcrete, wire mesh
D = 60m

RQD = 608 across shear zone, estimated;
RQDV = 0~-B(: RQDa = (0=100%

same as Case 23

minor inflows (<3 lit/min)
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Case 25

le5,
6.

10,
il.
1z.
13,
14.
15,

same as Case 23

large overbreak in intrados, some large roof falls
{see photo}; (F)

L = 100m

closely spaced horizontal joint set in mylonite,
intersected by widely spaced vertical joints; some
blast damage and breazkage across intact rock

rock bolts, shotecrete
D = 80m
RQD = 70% up walls, measured; RQD_ = 10-90%

same as Case 23

no water
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Case 26

1-5.
6.

11.
12,
13.
14,
1s,
16,

same as Case 23

large overbreak in roof and walls, some roof falls
(see photo); (G)

L = 50m

intersecting vertical and 30-30° dipping joint sets
(see photo); mylonite ({(metamorphosed granite)

rock bolting, eventually shotcrete
D = 60m
RQD = 8(% along wall, estimated; RQDv = 40-100%

same as Case 23

insignificant inflows

blasting has opened up small block structure in rock
that may be healed jointing or cleavage




Case 27

1-5.
6.
7.
8.

9.
10.
11.
1z2.
13.
14,
15.

same as Case 23

large overbreak, but no roof falls; (B)

L = 200m

intersecting diagonal joint set and flat-lying schistosity
planes; schist (see Fig., 2.10}

none

D = 90m

RQD = 90% up walls, estimated; RQDa = 50-100%

s e iy

tunnel lies in a major overthrust sheet (see Fig. 2.6)
no inflows
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Case 28

1-5. same as Case 23

6. wedge-~shaped roof fall, moderate overbreak in entire
section (see sketch): (F}

7. L = 100m

8. smooth, undulating, slickensided, graphite-coated

shear surfaces intersecting schistosity; some slicken—
sided schistosity planes; schist

9. rock belts, shotcrete

10. D = 100m

11. RQD = 4% up wall, estimated; RQDa = 0-80%

12. ——

13. e

14. same as Case 27

15. no inflows

16. smooth wall blasting not very effective in this rock
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Case 29

1=5, same as Case 23

6. stable, moderate overbreak; (B}

7. L = 200m

8. massive schist, one discontinuous joint set and

occasional continuous random joints

9. none

lo. D = 80m
11. RQD = 90% all directions, estimated
12. ————

13. ———

14, same as Case 27

15, no water

16, ROD determinations difficult because of schistosity
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Case 30

i. same as Case 23

2, access tunnel, near portal

3. W = 15m

4., H = 9m

5. A = 110m2

6. roof falls up to 20m3 {(see photo}; (G}

7o L = 50m

8. thinly laminated gchist, very loose structure
9. rock bolts, eventually shotcrete
10, D = 10-50m
11. ROD = 1% up wall, estimated; RQDa = O~205%
12. o o
13, o oy
l4. same as Case 27; actual overthrust zone is in rocof at

portal, only 5m above roof in photo
15, minor water inflows
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Case 31

1. same as Case 23
2. heading for tailrace tunnel
3. W = 12m
4, H = 9m
5, A = 100m?
€. moderate overbreak in intrados; (E)
7. L = 100m
8. intersecting horizontal sheeting joints and widely spaced
vertical joints in guartzite
9. rock bolting
10. D = 10-30m
11. ROD = 10(0% all directions, observed
12. v
13. e
14, tunnel located beneath major overthrust mountain range
{see Fig. 2.6)
15. minor inflows
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Case 32

1.
2.
3.
4,
5.

9.
10.
il.
12.
i3.
14,

15.
16.

same as Case 23
headrace tunnel, Satisjaure line

W = 12.5m
H = 7.5m
A = 80m2

large overbreak above springline (see photos); (E)
L = 100m

flat-lying overthrust joints intersect two sets of
vertical joints, structure is large to small blocky:

quartzite

rock beolts

D = 50~-80m

ROD = 80% up wall, measured; ROD_ = 90-1.00%

same as Case 31; tunnel located very near a prominent
thrust fault

no water

most of roof fallout caused by tunnel orientation with
respect to joint structure (see sketch)




Case 32
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Case 33

1=5.
6.

13.
14,

15,
16.

same as Case 32

large overbreak and large roof falls, tunnel area
increased by up to 50 percent because of falls and
overbreak; (G}

L = 100m

very strongly fractured guartzite, prominent horizontal
overthrust shear zones and joints; clay-filled seams
up to 3cm thick; many clay-filled joints.

rock bolts, two shoterete applications
D = 50-80m
ROD = 405 up wall, measureds; RQDa = 0-90%

location in a prominent overthrust shear zone, just
under two major overthrust sheets (see Fig. 2.6)

ninoxr water

bolting and shotcreting before mucking out




Case 33 Closeup of Rock
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case 34

i. same as Case 23

2. drifts in machine hall area

3. W = 5m

4, H = 5m

5. A= 25m2

6. fallout at corner of intersection (see Fig. 2.15); (H)
7. L = 5m

8. two jintersecting joint sets in guartzite
S. rock bolts before and after failure
10, D = 70m

11. ROD = 90% along wall, measured; R,QDv = 90%
12. v s e

13. e

14. same as Case 32
15, noe water
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Case 35

1-5.
6.
7.
8.

9.
10.
1i.
1z,
13.
14,
i5.

same as Case 34
stable section, minor overbreak, no falls; {(a)
L = 10m

strongly sheared guartzite; vertically oriented joints
{see photo); very tight structure

none
D = 110m
ROD = 0% along wall, measured; RQDV =

ok o s v

e

same as Case 32

minor water inflows
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Case 36

1-5,
6.

g,

9.
0.
1i.
12,
13,
i4.
15.

Case 37

l=5,
60

7.
8.

9.
1Q.
1l.
12,
13.
14.
15.
16.

same as Case 34
stable section; minor overbreak (see Pig. 2.8); (&)
L = 10m

strongly fractured guartzite; same shear zone as in
case 35

none

D = 60m

ROD = 20% along wall, measured; R,QDv = 20-80C%
same as Case 32

no water

same as Case 34

vault~shaped crown formed by progressive roof falls
{see Fig. 2.13); (E)

L = 20m

set of vertical joints in guartzite intersected by
several random clay-~filled joints and a set of closely
spaced diagonal joints

rock bolts, wire mesh, two shotcrete applications
D = 110m

RQD = 2% along wall, estimated; RQDv = 20-40%
same as Case 32

minor water inflows

location only 20m from Case 35



Case 38

1. Vietas Hydroelectric, northern Sweden
2, access tunnel near portal
3. W = 5m
4, H = 5m
5. A = 20m°
6. roof falls at portal (see photeo}); (G)
7. L = 5m
8. intersection of bedding planes and vertical joints in
dolomite
9. rock bolts
10. D= 10m
1. RQD = 60% up wall, estimated; RQDa = 0~10C4%
1z. ———
13. e ana
14. same as Case 27
15, no water
16, RQD determinations difficuli because of healed bedding

in dolomite
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Case 39

1. Rendal Hydroelectric, central Norway
2. headrace tunnel
3. W = Bm
4. H = ém
5. A = 43m2
6. major roof falls, progressive formation of dome- and
vault~shaped crown; falls from face {see sketch}; (G)
7. L = 50m
8, shear zone in guartzite; "sugar cube" rock structure
9. cast concrete arch immediately after mucking
1l0. D = 200m
11. ROD = 208 all directions, estimated
i2. ———
13. e
14, major regional normal faulting is responsible for
horst-graben topography in area
i5. 5-10 lit/min water inflows
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Case 40

1-3,
6.

8,

10.
1Ll.
12.
13.
14.
15.

same as Case 39
large overbreak and roof falls; (D)
L = 150m

narrow {(<l0cm) vertical shear zones in metamorphosed
arkose that contain montmorillonitic clay; surrounding
rock is blocky

temporary support with shotcrete, permanent support
with cast concrete arches

D = 200m
ROD = 50% along wall, measured; RQD = 40-100%

S vk

same as Case 39

minor inflows have led to swelling of clay

s e
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Case 4]

1-5.
6.

7.

10.
11,
12,
13.
14.
15.
16.

same as Case 39

progressive loosening of walls and crown caused by
swelling clay; (H)

L = 50m

horizontal bedding planes in metamorphosed arkose
partially f£illed with montmorillonite swelling clay;
some vertical joints also clay~filled and coated
(see photo)

shotcrete failure in adhesion to clay-coated rock sur-
face; permanent support with cast concrete arches

D = 150m
ROQD = 60% up wall, estimated; RQDa = 10-90%

same as Case 39
about 5 lit/min inflow

white material in photo to which shotcrete does not
adhere is clay




Case 42

1-5. same as Case 39

6. roof fallis; progressive loosening in ecrown, walls, and
face as montmorillonitic clay seams absorb water and
swell; (E)

7. L = 80m

8. vertical and horizontal clay-filled fissures in the

vicinity of a vertical shear zone in metamorphosed
arkose:; similar to Case 40

9. temporary support with one shotcrete application ;
permanent support with cast concrete arches; experi-
mentation with two to three shotcrete applications for
permanent support.

10. D = 200m

11. RQD = 4% along wall, estimated; RQDV = 0~-90%
12, ot ot

13, ———

14, same as Case 39

15, up to 5 lit/min inflow
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Case 43

2.
3.
4.

6.

7.
8,

10.
1l.
12.
13.
14,
15.

16,

s811lsj8 Hydroelectric, northern Sweden
tailrace tunnel

W = 9m
H = 8Bm

2
A = 64m

complete collapse of tunnel during operation of power
plant (see sketch); vault-shaped crown opening; (H)

L = 2bm

three-meter-wide shear zone in thinly-laminated sghist:
swelling montmorillonitic clay seam in shear zone, some
c¢hlorite joint coatings

original thin {6~8cm) shotcrete failed; permanent
support after failure with cast concrete arches

D = 110m
ROD = 20% =all directions, estimated

o et

tunnel located in an overthrust sheet

ground water seepage into zone along a cased de=-air
hole may have contributed to swelling of clay

economically the most catastrophlc case
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Top of slide
25m from
flooy of tunnel

8m

y '

S5—~in-diameter airhole
110m to surface

3-n-wide shear zone
with montmorillonitic clay

Loose schist on sides of
shear zone, thinly laminated

Concrete
Arch
intact
during

slide

some shotcrete
remaining after

Case 43
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Case 44

i-5.
6.
7.
8.
9.
10.
11.
12,
13.
14,
15.

same as Case 43, near portal

very small overbreak; some small roof falls; (Q)

L = 100m

thinly-laminated schist, similar t¢ that shown in photo
one shotcrete application

D = 30m

ROD = (% all directions, observed

same as Case 43

insignificant inflows




Case 45

1=5.
5.

10.
1l.
1z2.
13,
14,
15.
16.

same as Case 43

very large risk for large roof falls, possible collapse
of opening. Stability due only to tensile strength
across schistosity (see sketch); (D)

L = 30m

3~15cm~thick clay-filled shear seam in schist partially
washed out; c¢lay is montmorillonitic; some washing out
of seam may have occurred during draining of tunnel for
repair

none prior to tumnel drainage, eventual rock bolts and
shotcrete

D = 100m
RQD = 90% up wall, estimated; RQDa = 90%

it 0w

et

same as Case 43
no water

RQD estimations difficult because of uncertain cohesion
agross schistosity
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Case 46

L. 54811s3j8 Hydroelectric, northern Sweden
2. agcess tunnel, portal area
3. W= Tm
4, H = 6m
5. A = 35m%
6. block falls in roof (see photo); (G)
7. L = 10m
8. intersecting cross joints and schistosity planes in
schist (see photo)
9. rock bolts, wire mesh, eventually shotcrete
10. D = 7=10m
1l. RQD = 30% across roof, estimated; RQDV = Q=80%;
RQD_ = 30%
i1z, ——
13. —-———
14, same as Case 43
i5. minor water
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1. Bergvattnet HYdroelectric, northern Sweden

2. tailrace tunnel

3. W= 6.5m

4. H= 4.5m

5. A = 30m2

6. wedge~shaped roof fall (see Fig, 2.12}); (D)

7. L = 15m

8. three-cm=wide softening clay seam in a one-meter-wide

overthrust shear zone in thinly laminated schist:
clay seam partly washed out; crushed rock on both
sides of clay seam

9. rock bolts; wire mesh, shotcrete

10. D = 30m

11. ROD = (% along wall, measured; RQD, = 0%

12. (V = 4000m/sec)

13. {SVR = 4000/5400 = 0.74)

14, tunnel is located in an overthrust sheet (see Fig. 2.5)
15, minor water infléows have partially washed out clay

and fine materials ipn shear zone, causing loosening
in surrounding rock
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Case 48

1-5.
6.
7.
8.

9.
10.
11.
l2.
13.
14.
15.

same as Case 47
wedge~shaped roof fall; similar to Case 47; (D)
L = 15m

fall occurred at an overthrust shear zone in schist
along which exists a 3-~cm~thick clay and graphite
seam. Shear zone is 50-100cm thick and contains
smooth, slickensided, graphite-~coated joint surfaces.

rock bolts, wire mesh, two shotcrete applications
D = 50m

RQD = 1% along wall, measured; ROD,, = 10%

same as Case 47

insignificant inflows

4.5m

193



194

Case 49

1-5.

7.
8.

9.
10,
1.

12.
13.
14,
15.

same as Case 47

roof fall and progressive washing out of shear =zone
materials; see gketch; (F)

L = 20m

vertical shear zone in schist, crushed rock in a
10cm—-wide natrix of softening clay; loose schist
surrounding zone

two shotecrete applications
D = 30m

ROD = 30% across zone, estimated; RQD,, = 0-50%:
ROD, = 0-50%

(Vv = 4000m/sec}
(8VR = 4000/5400 = 0.74)
same as Case 47
same as Case 47

Clay slurry and
rock fragments



Case 50

1-5. same as Case 47

6. wedge-shaped fallout, similar to Case 47, but smaller

volume; (D)
7. L = 15m

8. overthxust contact between schist and quartzite; clay-
coated slickensides in 30cm-wide thrust zone

S. two shotcrete applications

10. b = 70m

11, RQD = 40% along wall, measured; RQD,, = 60%

12, = e e

13. e

14. same as Case 47; zone 1s actual overthrust fault

15. insignificant inflows

Quartzite

' ” PP : 777 A,

s
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Case 51

1-5. same as case 47
6. wedge~shaped roof fall {see sketch}; (D)
7. L = 1l5m
8. very closely jointed metamorphosed claystone, frequent
slickensides and clay-coated joint surfaces, loose
structure (see sketch)
9. rock bolts, wire net, shotcrete
10. D = 60m
1t. RQD = 0% all directions, observed
12. -—
13. ot
14. same as Case 47
15. no water
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Case 52

1-5.
6.
7.
8.

lo0.
li.
12,
13.
14,
15.
16,

same as Case 47
stable section, minor overbreak, no falls: (A)
L = 50m

very closely jointed metamorphosed claystone (see
photo); similar to rock in Case 51, but contains no
slickensides, structure is wvery tight

no structural support required; light shotcrete or
gunite for protection against small pieces of falling
rock

D = 70m
ROD = (0% all directions, measured

. —— 2y

same as Case 47
ingignificant inflows
location about 200m from Case 51
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Case 53

1=5, same as Case 47

6, large fallout in roof (see sketch}); (D)
7. L = 20m
8. interaction of shear zone and secondary jointing in
schist (see sketch)
= rock bolts, wire mesh, shotcrete
10. D = 60m
1l. RQD = 5{(% across shear zone, measured;
ROD = 60%; RQD, = 60%
12, o
13. ——
14, same as Case 47
15. no water
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Case 54

1.
2.
3.
4.
5.

8.

9.
i0.
1l.

12,
13.
14,

15,

same as Case 47
collector tunnel

W o= 4021‘“

H = 4,5m
2

A = 18m

vertical chimney-shaped void in roof formed by washout
of shear zone materials (see Fig. 2.16); loosened

rock in crown, likely collapse of section if
unsupported; (F)

L = 50m

one-meter=wide shear zone in quartzite; zone filled
with intact feldspar and feldspar hydrothermally altered
to clay

rock bolts, wire mesh, two shoterete applications

D = 60m

RQD = 70% across tunnel, measured;

ROD, = 0-100%; RQD, = 0~100%

zone is located in a major overthrust sheet (see
Fig. 2.5)

large water and water-clay slurry inflows after blasting
caused chimney-shaped opening to form. Clay continued
to run out at a lesser rate after blasting



Case 55

11.

12.
13.
14.
15.

same as Case 54
wedge-shaped rcof fall (see sketch); (H)
L = 20m

overthrust shear zone in guartzite:; clayey, sandy
joint fillings in joints parallel to zone

rock bolts, wire mesh, shotcrete
D = 90m

ROD = BO¥% across shear zone, estimated;
RQD = 8(%, RQD_ = BO%

location in same major overthrust sheet as Case 54

initial inflows washed some softening clay joint
£illings out

Remaining
rock bolts
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10.
11.

12.
13.
14.

15.

16.

Stensj8fallet Hydroelectric, northern Sweden
headrace tunnel

W =5.9n
H = 4.25m
A = 24m2

progressive roof fallout to form a large vault-shaped
opening (see sketch}: (F)

L = 20m

10-meter-wide vertical shear zone in granite; rock is
crushed and frequently altered to an earthy gravel;
some remnant joint surfaces coated with clay; zone has
pProbably been strongly affected by hydrothermal action;
rock adjacent to zone 1s blocky and loose

no support immediately after blasting; eventually
supported with tweo shotcrete applications.

D = 10G0m

ROD = 10% average along 20m length of wall, measured;
RQD = 0-30%

4 v

.

tunnel is located within 10km of a major overthrust
sheet; locally, vertical shear zones occur together
with low angle shear zones

large water inflows after blasting carried fault zone
debris into tunnel, left open voids up to 1lm wide.

initial attempts to scale roof provoked falls and
formation of vault; shotcrete immediately after
blasting may have prevented large overbreak
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Case 57

1-5.
6.

9.
10,
11.
12,
13.
14,
15.
16.

same as Case 56

similar to Case 56, but fallout less serious and
confined to right side of tunnel section as shown

in sketch; {(F}

I, = 10m

vertical shear zone (50cm-lm wide) in granite contains
crushed and altered material that was partially washed
out, leaving open voids around shotcreted roof., Roof
subsequently caved and progressively enlarged section,
Occasional clay-filled fissures. Blocky and loose rock
in adjacent walls and rxoof.

rock bolts, two shotcrete applications
D = 100m
ROD = 40% along and up wall, estimated

- -

-t

same as Case 56
same as Case 56

some scaling after blasting, before bolting and
shotcreting; subsequent shotcreting after washing
out occurred



Case 57
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Case 58

9.
10.
11.
12.
13.
14,
15.

Overthrust zone with 6" of shea

same as Case 56
block falls in roof {see sketch); (E)
L = 20m

widely spaced (2~3m} inclined joint sets in granite,
very large bhlocky structure; because of movements
along a horizontal shear in wall, rock structure is
loose

rock bolts

D = 90m

RQD = 100% along wall, estimated; RQDv = 90
same as Cage 56

insignificant flows

red granite

P—

TN S

Profile Along Tunnel Axis
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Case 59

1-5.
S,
7.
8.

10.
1l.
12,
13.
14,
is.

same as Case 56
overbreak and roof falls {see photo}; (E}
L = 10m

50cm-wide vertical shear seam with clay-filled joints
and some altered granite; adjoining rock is partially
altered to a very loose, earth-like material; on edge
of zZone rock is blocky

rock bolts, wire mesh, shoterete
D = 95m
RQD = 50% aleng wall, estimated; RQDV = 10=-100%

same as Case 56

no water
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Case 60

1-5.
6.
7.
8.

9.
10.
1.
12.
13.
14,
i5.

same as Case 56
wedge~shaped roof f£all (see sketch): (D)
L = 20m

l-meter-wide zone of sheared granite with clay seam;
slide boundary is a thin (<lcm)} clay seam and thinly
sheared material that lie in contact with massive rock

rock beolis, shotcrete
D = 85m
RQD = 8(% along wall, measured: RQDv = 8B4

same as Case 56

insignificant inflows




Case 61

1-5.
6.
7.
8.

10.
11.
1z2.
13.
14.

15.

same as Case 56
overbreak and roof falls; (E)
L = 15m

steeply dipping shear zone, completely altered to clay
products, surrounding granite blocky; clay is montmo-
rillonitic and swelling could take place and lead to
loocsening of large volumes of rock

rock bolts, shotcrete
D = 70m
ROD = 7% average along wall, measured; ROD = 30-100%

same as Case 56; zone in this case shows evidence of
much vertical shearing

insignificant water

/ / / SEANTT AN
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Case 62

i-5,
6.

13.
14.
15,

same as Case 56

overbreak, some roof falls up to several cubic
meters, (F)

L = 30m

very loose large blocky and seamy grapite in the vicinity
of a few vertical altered seams with clay and sand
fillings; some discontinuous diagomnal fissures

rock bolts, shotcrete
D = 40m
RQD = 9% along wall, estimated about same vertically

same as Case 56
minor inflows



Case 63

1-5. same as Case 56

6. overbreak in intrados and crown; (E)
7. L = 50m
8. threg intersecting joint sets in granite:; wide joint
spacing
9. rock bolts
10. D = 80m
11. RQD = 100% up and along wall, measured
12. —_—
13. ——
14. same as Case 56
15. no water
16. progressive overbreak would probably eventually

stabilize section

L

— ™~ —

e
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Case 64

. * -

.

W ~3 0 b W
.

10.
li.
12.
13.
14.
i5.

stensjdfallet Hydroelectric, northern Sweden
access tunnel, Stora Stensjdn

W = 5m
H = 5m

2
A = 20m

large overbreak in entire section (see photo); (E)
L = 50m

same blocky granite as in Case 63; horizontal shearing
joints and vertical joints

spot rock bolting
D = 15m
ROD = 100% all directions, measured

same as Case 56
no inflows




case 65

1-5. same as Case 56
6. overbreak to form a square section; (E)
7. L = 20m
8. intersecting joint sets in granite; blocky structure;
some joints filled with clay=- and sand-size material,
all joints open, loose rock structure
o. rock bolts
10. D = 40m
11. ROD = 90% along wall, measured; RQDv = 60-100%
12. (Vv = 3500 m/seq)
13. {SVR = 3500/5000 = 0.70)
14. same as Case 56
15. minor water inflows {<1 lit/min)
clay- and sand-filled
open fissure
horizontal
fissure 7 | e

|

vertical joints
parallel to face

213



Case 66

1, Stensjbfallet Hydroelectric, northern Sweden
2. access tunnel, Lilla Stensjdn

3. W= Tm

4, H= 4,5m

5. A = 24m2

6. overbreak above springline; (E)

7. L = 80m

8. horizontal sheeting joints in granite partially filled

with sand-size material

9. rock bolts, shotcrete

10. D = 15-20m
11, ROD = 70% up wall, measured; RQDa = 1L0=100%
1z, ——
13. it
14, same as Case 56
15. insignificant water

open\sheeting ‘ joint, partgally sand-filled
e o e i

I

f
I

-

———
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9.
10.
11.

12.
13.
14.
15.

Stensjbfallet Hydroelectric, northern Sweden

tailrace tunnel

W = 5.9m

H= 4,8m
2

A = 24nm

large overbreak in intrados, some roof falls:

L = 50m

close vertical jointing cutting across schistose

rock structure; schistose metagreywacke

shotcrete
D = 100m

RQD = 2% across tunnel, estimated:
RQDV = 10~-508%; RQDa = 10-50%

tunnel is in an overthrust sheet
some flows up te 1000 lit/min
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1. Stensj8fallet Hydroelectric, northern Sweden
2. machine hall
3. W = 10m
4. H = 15m
5, A = 140m?
6. stable, insignificant overbreak: (A}
7. L = 90m
8. massive granite no joints
9. no structural support reguired
i0. D = 300m
11. RQD = 100% all directions, observed
12, v
13. ———
14, same as Case 50
1s. no water

e
.

e
-
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Case 69

13.
14,
15.

Mo i Rana Hydroelectric, northern Norway
collector tunnel (Akersvatnet)

W = 8m

H= 5.7m
2

A = 3%9m

roof falls, loosening of large rock blocks in crown:
L = 25m

large blocky marble; montmorillonitic elay joint
fillings up to lcm wide have swelled, started to run
out of joints

rock belts, cast concrete arches
D = 15m
RQD = 90 up wall, estimated; RQDa = 9%

s vt

location in a major overthrust sheet

minor amounts of water have enabled swelling of
montmorillonite and have partially washed out joint
£illings

(D)
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Case 70

1=5. same as Case &9
6. stable, minor overbreak, noe roof falls:; (A)
7. L = 10m
8. strongly sheared granite, joint spacing 5-25 cm,
very tight vertical structure
9. none
10. D = 15m
1l. RQD = 4% along wall, measured; RQDV = 0~100%
l2. ————
13. ———
14. same as Case 69, severe cases of slabbing only 500 m
from this location
15. insignificant water
/ / ////// // / LN i N

8m

e/ e TN
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Cases 71, 72 and 73

9.
10,
1l.

12.
13,
14.
15.
16,

Lierfsen, Norway
twin track railroad tunnel

W = 9.5m
H= 6.5m
A = 60m°

overbreak and roof rfalis: (E)
L = total about 2 km

intersecting montmorillonite~filled joints and shears
in granite: some hydrothermally altered rock containing
montmorillonite

cast concrete arches and multiple shotcrete applications
D = up to several hundred meters

at three different locations RQD values along the
wall were estimated to be 30, 70 and 80%
RQDv values range from 0 to 10(G%

0 0 s

major normal faulting in area
some moderate inflows

heavy applications of shotcrete (25 cm) -cracked shortly
after application, additional shotecrete (10 cm) appilied
to obtain complete stabilization
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Cases 74 and 75

1.
2.
3.
4.
5.
6.

13.
14.
15.
16.

- Sedimentation

Kappala Waste Water Treatment Plant
sedimentation chambers

W = 1l2m
H= 12.5m
A= 116m2

no overbreak in chambers; overbreak at intersections
{see sketch): (A, E)

L = about 2 km

massive granite; widely spaced, tight vertical joints
none in chambers; bolts at intersections

D £ 100m

RQD = 100% all directions, ohserved

major normal faulting in vicinity
insignificant inflows

note importance of corner location in determining
overbreak

Plan View

OV@rbV/

No overbreak

Chambers

No overbreak
/,/’// Overbreak



Case 76

1. Stockholm subway

2. double track train tunnel

3. W = 8m

4, H = 6m

5. A = 40m?

6. overbreak in entire section, roof falls (see sketch): (G)
7. L = 20m

8. loosened granite around a graphite-~ and clay=-filled

vertical shear zone; joints in surrounding rock are
open, partially clay-filled

9. rock bolts,cast concrete arch
10. D = 20-30m
1l. RQD = 7(3% across tunnel face, measured;
RQDa = 0=90%; RQD_ = 0-903%
12. e
13. ————
14, major normal faulting in area
“ 15, insignificant inflows
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raphite-and clay-filled
zone
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10.
11.
12.
13.
l4.
15,
16.

ﬁrstadal, Stockholm

underground wine and ligquor storage rooms

W = 20m

H = 24.5m

A = 44Om2

minor overbreak, no falls or slides; (A)
L = 300m

massive gneiss, few joints

none, only 50 spot bolts in <bout 300m of chamber,
including several intersections

D = 18m

RQP = 100% 21l directions, observed
major normal faulting in vicinity
insignificant inflow

Note thin cover over these large rooms

20m

24.5m

20m 16m 20m
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Case 78

1, Ritan Hydroelectric, central Sweden

2. access tunnel

3. W = 5m

4., H = 4.5m

5. A= 20m2

6. moderate overbreak: flat roof because of rock structure

{see photo); (B)

7. L = 30m

a. sheeting in granite, joint spacing 10cm-50cm
9. no support

10. D = 5-=1l0m
11l. RQD = 90% up wall, measured; RQDa = 80-100%
12, o

13. ———w

14, overthrust faulting in area
15. insignificant inflows
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Case 78
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Case 79

Y. Ritan Hydroelectric, central Sweden

2. tailrace tunnel

3. W= 11.25m

4., H= 8.3m

5. A = 80m?

6. progressive collapse of roof at and near portal,
failure of initial single shotcrete application; (H)

e L = 20m

8. altered and disintegrated amphibolite, consistency of

a moist sand, unconfined strength of a 5 cm cube =
5 kg/cm2 {75 psi)

9. 20 om shotcrete or cast concrete arch
10. D = 5-20m
1l. ROD = 0, all directions, obsexrved
12. v v
13. -
14, major overthrusting in area
i15. insignificant water flows
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Case 80

1-5,
6.
7.
8.

9.
10.
1.
12,
13.
14.
i5.

same as Case 79
roof falls, major overbreak; (E)
L = 20m

shear zone in fine-grained granite; vertical jointing
(5-40 cm spacing)}, some clay-coated joints (similar
to rock ahove board fence in photo)

two shotcrete applications

D= 30m

RQD = 50% along wall, estimated: RQDv = O=-100%
(V = 3400m/sec)

(SVR = 3400/5000 = 0.68)

same as Case 79

minor inflows
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Case 81

lw5,
6.
7o
8.

9.
10.
11.
l2.
13.
14.
15.

same as Case 79
overbreak, minor falls in roof; (E)
L = 10m

strongly crushed and sheared fine-~grained granite; some
altered material; rock around zone is penetrated by a
network of fine cracks that are filled with rock flour
{see photo)

two shotcrete applications

D = 60m

RQD = 30% along wall, measured; RQDv = 20=-60%

V = 4000m/sec; (V = 3500m/sec}

SVR = 4000/6400 = 0,63; (SVR = 3500/5200 = 0.67)
same as Case 79

some open, water-bearing joints; small amounts of
joint £illing washed out




Case 82

1-5, same as Case 79

6. large anticipated roof and wall falls if unsupported; (C)
7. L = 30m
8. large blocky finew-grained granite; three intersecting
joint sets
9. rock bolts, shotcrete (one application)
10. D = 60m
1l. ROD = 80% along wall, measured; RQD, = 90%
12. Vv = 5500m/sec
13, SVR = 5500/6400 = 0.86
14, same as Case 79
15. minor water inflow along open jolnts
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Case 83

1-5.
6.
7.
8.

o.
10.
11,
12.
i3.
14.
15.

same as Case 79
minor overbreak, no falls; (A}
L = 20m

vertically jointed fine-grained granite: joint spacing
4=-3.00 cm; some flat-lying intersecting joints - blocky
to slabby, tight structure (see photo)

none

D = 60m

RQD = 70% along wall, measured; RQDv = 10-80%
V = 6400m/sec; (V = 3800m/sec)

SVR = 1; (8VR = 3B00/5200 = 0.73)

same as Case 79

very minor inflows




Case 84

1-5. sama as Case 79

6. large overbreak, some xoof falls; (E)

7. L = 20m

8. shear zone in diabase, small block structure

9. shotcrete

10. D = 70m

11. ROQD = 6% along wall, measured; RQD = 6 0%

12. V = 5000 m/sec; (Vv = 2900m/sec)

13, SVR = 5000/6300 = 0.79; {SVR = 2900/5400 = 0.54)
14. same as Case 79

15. some open water-bearing joints
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Case 85

1-5.

7.
8.

10.
1l.
12.
i3.

14.
L5.

same as Case 79
major roof falls, face and walls unstable; {(G)
L = 130m

heavily sheared rock with frequent clay-filled joints
and some altered rock; structure generally dips 45°
along the axis of the tunnel; rock type is alternating
layers of diabase and fine-grained aplitic granite

shotcrete before mucking ouit, additional shotcrete
after mucking

D = 60m
ROD = 0~30% along and up walls, measured
Vv = 3700-4650m/sec; (V = 3800m/sec)

SVR = 3700/6400~4650/6400 = 0,.58~0.73:
(SVR = 3800/5200 = 0.73)

unit is an overthrust fault zone

some open water bearing joint sets



http:o.58-0.73

Case 86

1-5. same as Case 79

6. overbreak; {(C)

7. L = 100m

8. large blocky amphibolite; a few widely spaced joints,

some ¢lay-filled joints

9. rock bolts

10. D = 60m
11. ROD = 90% up wall, estimated; RQD_ = 90%
12. V = 5800m/sec

13, SVR = 5800/6100 = 0.95
14, same as Case 79
15. minor inflows

1:.25m
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Case 87

1-5,
6.
7.
8.
9.
10.
1l.
12.
13,
14.
15.

Case 88

2.
3.
4.
5.
&

2.
10.
li.
12,
i3.
14,
15.

same as Case 79

no overbreak or falls; (A)

L = 200m

massive, sound, intact grapnite; very few joints
none

D = 50m

RQD = 10 all directions; observed
Vv = 6000m/sec

SVR = 1

located 200m from overthrust fault
no water

R&tan Hydroelectric, central Sweden
heading for tailrace tununel

W= 11.25m
H= 5.5m

2
A = 55m

overbreak in entire section, marginal stability in
intrados {see Fig. 2.11}; (G)

L = 40m

overthrust fault zone; horigontally sheared rock;
many joints partly or entirely filled with clayey
and sandy material; very locse structure

rock bolts, two shotecrete applications
D = 60m
ROD = 50% up wall, measured; RQD, = 60%

overthrust fault zone
some artesian flows 1in wvertical drill holes in floor



Case 89

1-5,
6.
7.
8.

10.
1l.
iz2.
13.
14.

15,

same as Case B8
overbreak above springline; (E)
L = 70m

overthrust fault zone, same as Case 88, but wider joint
spacing, joints generally tight, few clay- or sand-
fiiled joints

one shotcrete application
D = 60m
RQD = 8% up wall, measured; RQD, = 90-100%

same overthrust as Case B8 but less shearing movement
along joints

no waterx
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Case 90

1-5. same as Case 88

6. overbreak and falls in roof (see photo); (E)
7. L = 100m
8. overthrust shear jointing, some clay-filled joints
9. rock bolts
10, D = &60m
11. ROD = 9% up wall, measured; RQDa = 90%
1z. ———
13. —_——
14. overthrust zone
15, moderate water inflows (to 100 lit/min}

artesian condition in drill holes in floor
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Case 91

1.
2.
3.
4.
5.
6.
7.

9.
10.
1l.

iz2.
13.
14.
15.

Rftan Hydroelectric, central Sweden

surge chamber

W = 12m

H = 5m

A = 50m2

minor overbreak, no roof falls; (A}
L = 12m

close vertical jointing over a 2-meter section,
very tight, granite

none
o = 60m
RQD 20% along 2-meter zone, measured

ROD = 90% alenyg l2-meter length of opening:
ROD_ = 0=-1.00%

same as Case 79
insignificant inflow

By

RQD = 20%

12m
RQD = 90%
12m

}

|
Plan View
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Case 92

2.

W~ 6 bW

10.
1l.
i2.
13.
14,
i5.

Letsi Hydroelectric, northern Sweden

intersection of access tunnels to tailrace tunnel and
machine hall

W = 20m
H= 9nm
2
A 150m
minor overbreak, no falls:; (C)
L = 20m

very closely spaced vertical joints in granite, inter-
sected in roof by a few widely spaced diagonal and
flat-lying joints, structure very tight (see photo)

spot rock bolting
D = 100m
RQD = 30, along wall, measured; RQDv = 0=100%

o oy

———

normal and thrust faulting in vicinity
insignificant water inflows




Cases 93 and 94

1.
2.

10.
i1,

12.
13.
i4.

15.

16.

H8ljes Hydroelectric, central Sweden

tallrace tunnel

W= 12.6m
H= 13.4m
A = 140m2

extensive overbreak and roof falls
L = over one mile total

heavily fractured and altered rock; frequent clay seams
up to 10 cm thick; kaolinite and montmorillonite
alteration products; clay zones at contacts between
different rock types; clay-coated and graphite-coated
joint surfaces; up to several meters of clay products
encountered in drill holes; amphibolite, diabase quartz
porphyry, sericite alterations.

heavy shotereting {up to 25 cm) and cast concrete arches
D < 100m

ROD wvalues of 0 to 204 have been estimated from drill
logs and descriptions from geoclogist's notes

(V¥ = 2500~3600m/sec)
{(sVR = 2500/5000~3600/5000 = 0.5~0,64)

previous strong tectonic activity in this area, overw
thrusting and pormal faulting

frequent inflows worsened stability by washing material
out of wide, filled joints and seams

not observed by author, notes and descriptions from
geologist’s notes.
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Case 95

2.
3.
4.

6.
7.
8.
9.
1i0.
11,

12.
13.
14.
15.
16.

Subway, Stockholm, Sweden
subway stations

W = 22m
H = 8Bm

- 2
A = 160m
stable
L = 100m

massive granite and gneiss, very few joints

no structural support required
D = 10-50m

RQD = 100% all directions, implied from personal
commanications

st i
ot ot 1

major normal faulting in region

o —— —

not observed by author



Case 96

1, Swedish Baltic Coast

2. underground naval storage chambexrs

3. W = 15m

4. H= 30m

5. A = 400m>

6. stable

7. L = up to 500m

8. massive granite and gneiss

9, no structural support required for static loading
10. D = 30m

11, ROD = 100% all directions, implied from personal

communitations

12. -
13. ———
i4. normal faulting in region
15. -
16, not observed by author
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ii.

12,
13,
14,
15,
16.

underground rooms, large cities in Sweden
defense chambers, air rald shelters

W = 18m

H = 6m

A = 90-100m>

minor roof falls and overbreak
L = 1000m

massive gneiss, occasional intersecting joints
rock bolting
D = 20m

ROD = 100% all directions, implied from personal
communications

- o -
2 g
s

v vy

not observed by author



TABLE B.1

CHECK LIST ROCK MASS CLASSIFICATION FOR FIELD CASES

Case Number

Intact Rock Strength

Sound

Altered or weathered

Rock Mass Structure

Massive, no or very few discontinuities

One discontinuity set

Two discontinuity sets

Three discontinuity sets

Random discontinuity (W), Crushed (C), or Earthlike (E)
Average Discontinuity Spacing

Less than 5 em (2 in.)

S5cm-30cm (2 in. ~ 11t

30em-1m (1f-~3H)

lm-3m (3 ft - 10 ft)

Greater than 3 m (10 ff)

Discontinuity Tightness Tight (T), Open (O)
Joint Continuity Continzous (C), Discontinucus (D)
Discontinuity Type

Joint

Bedding Plane

Cleavage or schistosity

Fault, shear ''skol"

Discontinuity Filling or Coating

None

Non-softening clay

Softening clay

Other low friction material

Sandy or gravelly material, rock fragments
Alteration along joints

Degree of Discontinuity Planeness (Intermediate Scale)
Plane

Curved

Irregular

Degree of Discontinuity Roughness
Slickensided

Smooth

Rough

Dip of Discontinuities

0 - 30¢

30 - 60°

60 ~ 90°

Strike of Discontinuities

0 - 300

30 -~ 607

60 - 90

Primary RQD, percent

Instability None (N}, Wall (W}, Roof (R}, Both (B)
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TABLE B.1. Continued

Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Number
1 X X X X X X X X X X X b4
2 X * X X b4 X X b4
3
4 X X X X X b4 X X X
5 X X X X X X
6 X X X X
T W W W w W w E WwW/E
8 x
9 b4 X X X X X X X X X x X
10 X X
11 X X X X X
12
13 (0] O T O @] T T T T T 0 T 0] O 0] T T O 0 T
14 C C c/D C C D c/D D D c/D C o) c/D C C c/b D C C c
15 X ® X X X b4 X X x X X X X X X X X
16 X X X
17
18 X X X X X X X x
19 X X X X X X X X
20 X X X X X X b X X
21 X X
22
23 X ® X
24 X X X e X
25 X X X X X X X X X X b4
26 X %
27 X X X X X X X
28 X X X X X X X X X X 4
29 4 X X X X b.e X X X X X X
30 b4 X X
31 X X b4
32 X X X X x X
33 X X x X X X X X X X X X X X X X %
34 X X X b4 X X X X X X X X X X
35 X X X X X X X X X
36 x x X X X
a7 70 90 G0 50 80 60 70 0 80 60 20 100 80 70 80 60 100 10 30 70
38 R R W W B N W N R W W W W W W W W W W N
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TABLE B.1, Continued

Case
4
Number 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 a7 38 39 40
1 X x X X x X i€ X X X ® X X X X X X x X 4
2
3 X
4 X X X X X
b5} X X b4 * X X X X X X X
6 * X X
7 W W W W W W W W w W
8 X X X
9 X X X X X X X X X X
10 X X X X
1l b's X
12 X
13 T @] 0 9, T T T 6] T O T T O T T T O O 0 O
14 C Cc C c/o C/D /D /D C D C C c/D c/D C c/D c/D C C C C
15 X X X X X X b4 X X X X X X X X X
15 X
17 % X X X
18 X X X X X X X X
19 x X X X X X X X X X x X
20 X X X X
21 X
22 4
23 X X x
24 X X
25 X b'e X X X X X X X X X
26 X
27 X X X X X X X x by X
28 X X X X X X X
29 X X X X X x X X X X X be X X X
30 x X X X
31 X X x X X X X X ® X X X
32 X X X x X
33 X X X X ® X X X X X X X X X be X X
34 X X x X X X X X X X X X X b4
35 X X 4 X X X X X
36 X X X X X X X
37 100 100 30 60 70 80 990 40 90 10 100 80 40 90 0 20 20 60 20 50
38 N R R R R R N R N R R R R W N N R R B B
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TABLE B.1. Continued

41 432 43 44 45 48 47 43 49 50 51 52 53 54 55 a6 57 58 59 60
Number
1 X X X X X X X X X X X X X X X X
2 X X X X X
3
4 X X X X X X X X X X X
5 X X X X X X X
]
ki W W W W C/E C/E B
8 X x X X
9 X X X b¢ X X X X X X X X X
10 X
11 X X
12
13 8] O o] T 0 O 0 Q O 8 (0] T Q 0 O Q Q O Q 0
14 C C C C C C C C C C C c/D C/D C C C C D C C
15 b.4 X X X X x X X X X X X X X
16 X X
17 X X X X X X X X
18 X X X X X X X X X X X X X X X
19 X X X *®
20 X X X X X X X X
21 X X X X X X * be
22 X
23 X X X
24 X X X X X X
25 x X x X X X X X X X X X X X X 4
26
27 X X X X X
28 X X X X X X X X b4 b o X X X
29 X X X X X X
30 X
31 X X X X
32 X 4 X X X X X X X X X X b
33 X X X X X X X X
34 X X X X X X X X
35 X X X X X X X X
35 X X X X X X X x X X X
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APPENDIX C

LABORATORY MODEL TEST

C.1 Purpose and Approach

The purpose of the laboratory model study was twofold:

(1) to investigate the machanism of loosening-type
failures around unsupported openings in jointed rock,
and

{2) to demonstrate the influence of joint configuration,
joint orientation, joint spacing/span width, joint fric-
tion, and horizontal stress on the stability of an open-

ing in jointed rock.

Rather than attempt to model a specific tunnel, sub-
jected to the idealized boundary conditions that are
thought to exist around a real tunnel, it was decided to
investigate the general behavior of an unsupported
mass of jointed rock, subjected only to loosening type
failures. The very simple model that has been con-
structed represents a hypothetical unsupported span in
jointed rock. The information that is obtained from
the model is strictly of a qualitative natore and no
attempt is made to scale the results to the tunnels
observed in the field.

C.2 ©Previous Work

Experimental studies of loosening-type instability
behavior in rock tunnels are very limited and have
involved mainly relatively simple laboratory models

of hypothetieal tunnels in jointed rock.

The simplest form of tunnel model in jointed rock,
subjected only to gravity loading where failure is by
loosening, that has been used is the type of model
built of individual blocks of non-rock-like material
such as sugar cubes or toy blocks. These models
generally demonstrate only qualitatively, but often
very effectively, the nature of loosening failures.
Although sugar-cube-type models have been used for
class room and lecture demonstrations, only a few
such models have been reported in the literature.
Trollope’s plastic ctube model (Trollope, 1866) very
vividly demonstrates loosening in jointed media, but

does not show the influence of such rock mass par-
ametlers as joint friction, joint orientation, and state of
natural stress on the stability of an opening in jointed

rock.

Lang (1964) reports the use of several simple Lucite
block models to show gualitatively the application of
rock bolts for support in the reof and abutment of an
underground power house excavation. These experi-
ments included a capacibity for rock mass loading but,
like Trollope’s model, they were not intended to dem-
onstrate the influence of varying rock mass parameters
on stability. Nor do either Trollope’s or Lang’s model
seale any of the important rock properties, such as
strength or density.

C.3 Hypothetical Model for Loosening-
Type Behavior

Because the purpose of the model study was to investi-
gate the general hehavior of an unsupported mass of

jointed rock, subjected only to loosening type failures,
it was decided to design a very simple model that rep-
resents an unsupperted tunnel in jointed rock only in a

hypothetical way.

The basic model that has been designed and con-
structed is shown schematically in Figure C. 1.

A 14 row x 19 column mass of model rock blocks is
supported on its botfom edge by fixed supports at the
ends of the span and by trap doors over its center

11 columns, Uniform lateral and vertical pressures

are applied over the sides and top om the mass.

The bebavior of the unsupported mass is observed
when the trap doors under the center of the span are
dropped. If failure does not cccur immediately, the
lateral pressure is reduced until failure oceurs.
The lateral pressure, O'h, in the model is intended
to correspond to the tangential stress in the roof of

a tunnel.

The principle of the model is similar to that of
Terzaghi”s trap door experiments in sand (Terzaghi,
1936). However, the vertical movement of the trap
door supports in the rock block model cannot be
controlled as was done in Terzaghi’s experiments
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with sand. Thus the only conditions of vertical support
in the block model experiments are supported and un-
supported. The trap doors are not completely re-
moved, however, and as failure progresses upwards
in the block mass, a partial degree of support is
acquired, as will be shown later.

The primary information desirved from the model tests
was the stability condition of the unsupported block
mass (stable or unstable) and the mechanism of fail-
ure. It was not the purpose to obtain quantitative
information about the stress-strain distribution in the

hlock mass.

The geometry and boundary conditions of the model do
not represent those of a tunnel in an infinite medium,
and hence it is to be expected that the stress distri-
hution and resultant behavior of the rock mass do not
correspond precisely to those around a real tunnel.
However, it is feli that the same parameters govern
the behavior of both models and the effects of vari-

ations of these parameters are the same for both.

Another model, in which a tunnel is excavated in the
center of a large mass of bloeks, was considered.
However the large size of block mass reguired for a
reasonably small joint spacing/span width ratio (less
than 1/5-1/10) prohibits practical construction.

A plane stress loading condition was selected for the
model because of the relative simplicity of loading the
model and the ease of viewing progressive failure as

the loading is changed.

C.4 Selection of a2 Rock~Like Model

Material

Because the behavior of tunnels in jointed rock at
shallow depths is controlled mainly by joints and

other geologic discontinuities, and becaunse intact rock
properties have a seemingly minor influence on loose-
ning type failures, it was originally considered suf-
ficient to construct a model that would simulate only
the physical geologic structure of a rock mmass. To
this end, a number of different block-type objects
were considered for the model, such as small model
bricks, toy building blocks, short pieces of square

steel or aluminum bar, and sugar cubes. However,
after further consideration of the possible influence
of infact rock properties on loosening behavior, such
as crushing of highly stressed corners, and afier
consideration of the non~rock-like properties of the
previously considered block cbjects (particularly
joint shear strength), it was decided that an attempt
should be made to use simulated rock blocks whose
intact mechanical properties resemble those of a

rock-like material.

It was very fortunate that two very extensive investi-
tations into rock-like model materials had just been
completed at the time the author began his model
study. A material developed at the University of
Illinois (Heuer, 1966} and another at the Missouri
River Division Laboratory of the Corps of Engineers
(Rosenblad, 1967) have properties that are reason-
able good simulations of some rock-types. The choice
of model materials was narrowed to these two ma-
terials, not because they closely resemble the rock
types from the field studies, but rather because they
are the only known materials that model all the sig~
nificant mechanical properties of real rock, particu-
larly the angle of internal shearing resistance. The
physical and mechanical properties of the Heuer and
Rosenblad model materials, together with the same
properties for a typical sound granite, are shown in
Table C. 1.

Rosenblad”s medel material was chosen for the
writer s block model study because the technique of
casting this material into very convenient block sizes
(2.5 in. x 2,5 in. x 6 in.) had already been developed
at the same institution where the writer was working.
At the time of initiation of the writer’s work, Heuer’s
material had been used only in large pieces for study
of intact rock behavior around a tunnel, whereas
Rosenblad had specifically developed his technique for
the study of jointed rock masses. Since that time,
Heuer’s model material has been used in jointed rock
model studies and would be just as suitable for the
type of studies undertaken by the writer, although the
casting technique used hy Rosenblad produces more
uniform block dimensions than the sawing technigue

used in the continuation of Hener’s work,

Rosenblad s model material consists of the following
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TABLE C.1

PHYSICAL AND MECHANICAL PROPERTIES OF TWO ROCK-LIKE MODEL MATERIALS

Property Heuner Rosenblad Typical Values
Material Material for Sound Granite
Density, pef 117 120 160
Unconfined compressive 555 610 25, 000
strength, 94 psi
Tangent modulus 0.60 x 103~ 1.5 x 10° 7% 10°
of elasticity at 1.37 x 10
50 percent of . psi
Poisson’s ratio, v 0.25 0,15 0,15
Tensile strength 0.06 q, 0,14 4, 0,069 a4,
Strain at failure in 9, test, % 0.055-0.15 0.085 0.35
Angle of internal friction for 32.5° 49,55 55°
intact material 26.5
(triaxial tests) {200 psi)
Angle of shearing resistance - 39,5° 31°
for cast surface (direct shear) (Smooth Natural
Joints)
Angle of shearing resistance -— 31.5° 2g°
for sawed surface
* Two component Mohr envelope, normal pressure (psi) at intersection of two straight line
components is given in parentheses.
components (percentages by weight): would involve over 200 blocks in more than 10 rows,
Valley, Nebraska river sand 76% and because a wniform fit of the blocks was considered
Hydrocal B-11 plaster 10% very important, it was decided to construct new block
Water 14% molds that would be capable of producing very uniform,
square blocks,
A concrete stick vibrator is used to vibrate the mix
into plexiglass molds. Five, five-gang molds were very carefully milled

from plexiglass. It was found that the nononiformity

of thickness of stock plexiglass plate was the greatest
C.5 Model Blocks cause of the nonuniformity in Rosenblad’s blocks. All

of the plexiglass plate used for the writer s mold was
It was originally hoped that Rosenblad™s model blocks milled to close tolerance (¥ 0,003 in.) and the molds

could be used directly for the writer’s investigations, were purposely made small (five-gang) so that control
but it was discovered that the variation in size of of block size would be easier. The finished average
these blocks was as great as 1/8 in. When stacked cross-sectional edge dimensions for the cast blocks
into a large mass of 100 bloeks or more a total vary by no move than 0, 008 in.

misalignment of up to 1,/2 in. was not uncommon, and
could be avoided only with the utmost care in selection The surface frictional characteristics of the cast

of blocks. Because the model of interest to the author blocks that have been used by Rosenblad are given in
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Table C.1. Because Rosenblad’s direct shear tests
were conducted at relatively high normal pressures
{240 psi) and because the expected block fajlures in
the writer s model would probably occur at very low
normal pressures, a number of simple, sliding block
experiments were conducied on an inclined plane. The
average value of the angle of sliding friction found
from 45 tests for the cast block surfaces is 20%, The
same figure for sawed block surfaces is 340. For the
same properties, Rosenblad got 39.5° and 31.5° in
direct shear tests and 41° and 34° in triaxial tests on
jointed specimens. Rosenblad attributes the lower
values of his "thin-skin-removed" (same as the
writer’s sawed surface) tests to the roller action of

individual sand grains on the joint surfaces.

In the writer-s tests, the higher friction angles for
the sawed surfaces, in comparison to the cast sur-
faces, are attributed to a Patton "i'" effect at low
normal stresses, that is, individual sand grains act
as asperities. In the writer”™s inclined plane tests on
cast surfaces, there are no sand grains to act as

asperities.

C.6 Model Apparatus

The model apparatus consists of a load frame that
supports and loads the mass of 266 model rock blocks
as shown in Figuve C.1. An overall view of the appar-
atus is shown in Figure C.2. Front and end view
drawings of the apparatus are shown in Figure C.3.
The pressure hoxes that apply the uniform pressure
to the sides and top of the mass of blocks are built on
to the two steel channels that form the vertical legs

of the apparatus.

A detailed cross~sectional view of the pressure
boxes is shown in Figure C.4. The pressure boxes .
are filled with water and activated through a partially
water-filled tank to which zir pressure is applied.
The pressure boxes have been tested to pressures of
30 psi. Most of the tests, however, have been con-
ducted at much lower pressures where the pressure
gradient due to the column of water in the vertical
pressure boxes strongly influences the resultant
pressure on the side of the model.

A defailed cross-sectional view of the trap door

assembly is shown in Figure C.5. The fixed supports
and trap doors along the bottom of the apparatus are
covered with teflon sheeting. Another layer of teflon
sheeting and a 1/4 in.~thick rubber pad are placed
across the supports and trap doors before the first
row of blocks is placed in the apparatus. The purpose
of the two teflon layers is to reduce friction between
the bottom row of blocks and the test frame. The pur-
pose of the rubber pad is to provide a uniform bearing
for the blocks. Two teflon sheets are also placed be~
tween the edges of the block mass and the vertical

pressure boxes.

Most of the tests have been conducted at pressures of
less than 10 psi, Unfortunately, it is not possible to
measure strains in the model at such low stress
levels, It is believed, however, that the loading
system employed gives as uniform a loading on the
edges of the model as can be obtained. The 1/16-in.~
thick rubber membrane of the pressure box deforms
very easily under low pressures (less than 0.5 psi)
and is able to "follow™ the deformation of the block

mass.

C.7 Model Test Configurations

A number of different test configurations, including
several with "excavated" openings in the middle of
the hlock mass, were tried. The most consistent
results were obtained with the trap door arrangement
in which an unsupperted span width of 11 blocks rep-

resents an unsupported opening in jointed rock.

Tests were conducted initially by applying both hori-
zontal and vertical pressures to the perimeter of the
block mass. However it was found that the vertical
pressure tends to cause punch-type shear failures
along the outermost vertical joints of the unsupported
span. When tests were conducted without an appli-
cation of vertical pressure, a completely different
behavior was observed, namely a bending of the block
rows, accompanied by very large pre—failure defor-
mations. Because the bending usually extended to the
upper row of blocks, it was concluded that the appli-
cation of a uniform vertical pressure on the top row
of blocks is an unrealistic boundary condition for

those cases where large bending deformation occur.
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Thus it is readily apparent thai the conditions at the
top edge of the model do not represent the conditions
at an infinite distance from the edge of an opening.
The final test procedure adopted was to apply a large
horizontal pressure to the block mass, drop all five
trap doors, and reduce the horizontal pressure until

failure occurred,

All observations during the tests were recorded
photographically. A grid of horizontal black lines
wag used to obsexrve vertical deformations. No
measurements of any kind were attempted, as the
gole purpose of the model tests was to observe the
failure mechanism and the effects of various par-
ameter changes on the behavior of the model.

Tests were conducted with the block configurations
shown in Figures C.8 - C.12. The first two con-
figurations shown in Figures C.6 and C.T7 are in-
tended to yield information on two basic joint block
configurations, namely non-imbricated and imbri-
cated joint blocks. The configurations in Figures C.8,
C.9, and C.10 are designed to show the effect of low
joint friction on rock mass stability. The configur-
ations of Figures C.11 and C.12 are designed to
show the effect of non-orthogonally-oriented joints
on the stability of a regularly, orthogonally jointed

rock mass,

Because the vertical pressure is equal to the weight
of the overlying blocks in all of the tests, variations
of the horizontal pressure, ¢ . in each of the tests
enabled the effect of the principal stress ratio, Ko,
to be studied for each eonfiguration.

C.8 Model Test Results

A total of 24 model tests was conducted. About one
half of these tests were conducted for the purpese of
testing the apparatus and determining the most suit-
able test procedures. A number of block configur-
ations were tested several times to determine the
reproducibility of the model behavior. Only the
results from eight of the tests, representing those
block configurations shown in Figures C.6 - C.12,
will be presented and used in the discussion. Two

tests, a five~block span and an eleven-block span,
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were run on the configuration shown in Figure C.6.

All of the test results are discussed with the aid of
photographs, A complete set of about 20 photographs
was taken for each test, but for brevity purposes only
the most significant photographs for the test configur-
ations are shown. The photographs for tests corre-
sponding to the block configurations in Figures C.6 -
- C.12 are shown in Figures C.13 - C.19 respac-
tively. Results from the five-block span test corre-
gponding to the plain, non-imbricated configuration

of Figure C.6 are shown in Figure C.20.

C.9 Discussion of Test Results

Only the results of tests on plain non-imbricated and
imbricated block masses (Figs. C.6 and C.7) are
discussed in detail in this appendix. The purpose is
to describe the stability behavior of the model. An
attempt is made in Chapter 3 to combine the results
from zll the model tests and the field observations
and arrive at a general mechanism for the loosening

instability behavior of unsupported opehings in rook,

The photographs in Figures C.13 and C. 14 show that
the failure mechanism of unsupported spans in the
model occcurs progressively as the horizontal pressure
is reduced. The behavior of the bottom row of blocks
is generally very erratic, as the horizontal stresses
along this row are not uniformly distributed. The bot-
tom row generally fajls by dropping out before signifi-

cant bending of the row occurs.

Although it was not the intention in designing the
model, the bottom-row of blocks corresponds some-
what to the destressed zone around a tunnel. The sig-
nificant behavior of the model, the arching phenom-~
enon, does not take place until the bottommost block
row has slipped out. In most of the model tests the
bottom row was removed after it had slipped out.
This enabled complete freedom of movement of block
row No, 1 (see Fig. C.13e), that is slipout of this
row occurred before the vertical deformation due to
bending was prevented by the presence of the trap

doors.

Alter the bottom row slips out, extremely large de-
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{c) on = 1.7 psi: corner shearing (d) 9, = 1.2 psi; combined slip and

caused by block rotation. rotation in a stable arched span.

Fig. C.13 Loosening Failure in a Non-Imbricated Block Model
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{£) oy = 1.0 psi; dome~shaped mass of
loosened blocks above a partially

supported span.

i

:
v
o

.
.

e
g o

{e) % = 1.2 psi; corner
tearing caused by block
rotation. Failure of
corner in block' ' "b" may
have been caused by
combined slip and
rotation.
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= (O psiy ultimate failure.

(g) 9y =

Fig. €.13 {(Continued)
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{h} Block slip caused by failure of
corner in tension (black arrow at
"a®}. Arrow at vb" indicates tensile
failure during rotation. Arrow "gw
indicates shear failure.

(i) combined tension and shear
failure of corner caused by
block slip and rotation.

(i) Corner tearing caused by block
rotation.

(k) Corner crushing caused by rotation.

Fig. C.13 {continued)}
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(a) 9, = 4 psi; block row slippage (b) 9y
caused by corner tearing (arrows).
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{c) "y = 1.6 psi; arrows at boundary of (d) 9, = 1.6 psi; block slip at crushed
opening indicate torn corners. corner in midspan of row,

rilg. C.14 Loosening Failure in an Imbricated Model
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{(a) ®y = 7 psi; failure by pure slip
along low friction seams; note
absence of block rotation and
block row bending.

.

(b) 9, = 7 psi; closeup; note absence
of block corner fallures.

Flg. C.15 Loosening Failure in a Non~Imbricated Block

Mass with Two Low«~Friction Vertical Seams.
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(a) g, = 1.5 psi; note slip of
unsupported mass.

{b) 9, = 1.5 psi; complete collapse
of mass after minor block row
bending.

Fig. C.l1l6 Loosening Pailure in a Non-Imbricated Block
Mass with a Single Low=Priction Vertical Seam
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{2} o, = 2.5 psi; block row fallout
caused by corner tensile failure.,

{c) °p = 2 psi; block row failure caused (d) 9y, = 2 psi; closeup of crushed

by rotation and corner crushing. block corner,

Pig. C€.17 Loosening Failure in a Non-Imbricated Block Mass
with a Single Low=Friction Horizontal Seam
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pPsi. (b} 9y = 1.2 psi; mote that 60° joint
does not affect failure mechanism.

{c) Uh = 1.1
failure mode in Fig. C.14h. by corner tear (black arrow).

Fig. ¢.18

psi; compare with same {(a) ¢y, = 1.1 psi; block row slip caused

Loosening Failure in an Imbricated Block Mass Intersected by a Steep
{60° dip) Joint., Note similarity to Behavior im Fig. C.1l4.
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Fig. C€.19 Loosening Failure in a Non-Imbricated
Bleck Mass Intersected by a Flat
{30° dip)} Joint. Mass unstable under
initial lateral stress of 5 psi, block
fallout by pure slip, no block rotations.

Fig. C.20 Loosening Failure in a Non~Imbricated

“ Block Mass, Narrow Span Width. Note
absence of bending, failure by punch
shear.
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formations of the overlying rows, on the order of 1/20
of the span width, occur prior to failure, as seen in
Figures C.13d, C.idg, C.17h, C.17e, and C.18b.
These large vertical deformations ave accompanied
by significant shearing deformations between rows of
blocks, as illustrated in Figures C.13c and C.17e.
These shearing deformations tend to imbricate a non-
imbricated block mass and have a very significant ef-

fect on its stability behavior.

The bending behavior of block rows is not uniform. In
some cases, such as in Figure C. 13f, block rows
hinge only at their midpoints. In other instances, such
as in Figure C.14g, the block rows behave as a simply
supported, multi~hinged arch.

Block row failure, either by slip or block corner fail-
ure, ocecurs as the deformation of block rows in-
creases. The block corner failures that have been
observed are of three different types.

Local corner crushing occurs at the pivot points of

large block rotations, as seen in Figures C. 13k,
C.14d, and C.17d. The two end blocks in Figure C. 13e
show the corner conditions of blocks that undergo such
hehavior. The upper corners of blocks at the centers

of block rows commonly exhibit such failure.

Tensile or tearing fractures of block corners oceur

very frequently on the blocks located at the ends of
block rows, as seen in Figures C.13e, C.13j and
C.17a. These failures frequently lead to block slip
and are easily recognized as they open up under con-

tinuing displacement,

Shear fractures occasionally occur at the corners of
blocks at the ends of hlock rows, as seen in Figures
C.13ec, C.13h, and C.13:. These failures are not

always discernible from tensile failures,

All three types of block corner failure are significant
in determining the behavior of the model block mass,
They all are accompanied by deformation and sub-
sequent redistribution of block corner confact stresses,
As block corners fail the magnitude of the contact
stress is reduced and results in a reduction of shear-
ing resistance at the block contacts.

That the behavior of block corners is important should

be obvious from close inspection of the blocks in the
center and at the ends of block rows. The block ro-
tations at these points are mot pronounced and, as the
bending deformations increase, the weight of an entire
block row is transferred to the surrounding mass
through only four contact points, two at each end of a
block row a8 marked by "sc” in Figure C.13e, The
stress distributions on the edges of a mid-span block
and an end block are shown schematically In Figure 3.6,

If block slip oceurs, such as in the case of row 2 in
Figure C.13e, half of the weight of the block row is
either supported at only one point, in the same row,
or else in stransferred to the underlying row. In-
creased corner stresses can also arise if one corner
fails in tension, as in the upper corners of blocks Ma'f
and Ye", and additional horizontal thrust load is
transferred to the corner of the pivot point at the
center of the block row. Thus, if the shearing resist—
ance along horizontal joints is low, as in the test
shown in Figure C.17, large thrust loads are trans-
ferred through the contact point at the center of the
row and increase the likelihood of failure at that

point (see Fig. C.17d). It is thus obvious that the in-
tact strength properties of the block material are very
important. Both the shear strength (particularly in un-
confined compression) and the tensile strength of the
intact material determine the behavior of block cor-

ners.

The actual fallout of blocks from the model occurs
either as a result of pure 8lip along & block surface
or as a result of the tensile failure of block corners,
as seen in Figures C.17a and C.18d.

Block fallout in the imbricated model usually occurs
as a result of corner tearing of the ends of unsupport-
ed block rows, as illustrated by Figures C. 14f and
C.14g. The white arrows at the boundary of the
stable mass indicate corner tearing. Occasionally
failure is by block slip at the crushed corner in the
middle of the span, as illustrated in Figure C. 14d.

Block fallout in the non~imbricated model occurs
either as a result of corner crushing brought about by
large block rotations (as in Fig. C.17d), or by pure
slip along vertical joints (as in Fig. C.13f). Slip
always oecurs at the end of a block row, adjacent to

273



the blocks marked "a'", "h", and "¢" in Figure C.lde.
The following explanation is given for this behavior.
The end biocks (2, b, and ¢) rotate and wedge them-
selves against the adjacent supported mass. When the
unsupported mass is stable, the rotation of these end
blocks is the key to the development of arching action
through lateral thrusting. This wedging of block "a"
against the suroounding block serves as the abutment
reaciion for the block row labeled '"row 1' in Fig-
ure C.13e, and tends to keep block "b'" in its origiaal
position, Thus the free span in row 2 is shortened by
one block at each end. This process tends to continue
upward in the block mass and leads to shorter and
shorter biock rows, and a dome-shaped zone ofloose-
ned blocks, as seen in Figure C. 13f. Each block row
acts as a multi-hinged arch. Shear, or slip, ulti-
mately ocours at the ends of the block rows, adjacent
to the rotated block ¢marked "'a' in Fig. C.13e) where

the shear force is largest.

Because of the progressive shortening of block row
spans with increasing height above the opening, and
because of the "seif-imbrication" caused by shear
digplacements between individual block rows, the
continued slipping of blocks progressively leads to a
dome=-shaped zone of failed blocks, provided complete
block slip is prevented. The stable block configuration
just prior to complete collapse, as seen in Figure
C.13f, resembles a stable arched opening in moist

sand.

The remanent, dome-shaped collapse structures of
three identical models are shown in Figure C.21. Had
the model height been greater, the coliapsed structure
probably would have more closely resembled the
peaked collapse geometry of the imbricated model,
shown in Figure C.14h.

It is significant to mention here that the behavior of
the model is not reproducible in all respects. The
general failure patterns for any one particular block
configuration are similar, but the magnitude of hori-
zontal siress ai which any one block row begins to
slip varies considerably. Similarly, arching in the
non-imbricated model does not always occur ident-
ically in the same block configuration. The three dif-
ferent failures in three identical non-imbricated

models shown for comparison in Figure C.21 verify
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thig fact. The photographs were taken at slightly dif-
ferent stages in collapse, but the rough outiines of

the ultimate loosened zone are visible in all three
photographs. The differences in failure geometry and
lateral pressure at any pariicular stage of failure can
be attributed to very minor variations in block “fit"

in the model that are impossible to control, The pres-
ence of individual grains of sand on the surface of a
block can determine the manner in which block rows

behave.

The variation in results from the inclined plane tests
for the determination of the angle of sliding friction
indicate the possibility for large variations in any
behavior that depends on the surface frictional charac-
teristics of the blocks. In the total of 458 inclined plane
tests conducted on the cast block surfaces, values of

the sliding friction angle vary from 26 to 32 degrees.

C.10 Similitude Considerations

Although it was not the purpose of this mode! stady
to derive data that can be scaled to protolype con-
ditions, it is necessary that the various model par-
ameters obey certain scaling laws if the model he-
havior is to be considered realistic. For the
loosening failure model that has been constructed
body forces (i.e. gravity) are of utmost importance
and must be modeled in the same scale as the sur-
face forces. Heuer (1968) has shown that the scale
factors of density (Kp ). length (KL), gravitational
acceleration (K g‘)’ stress (K ) and unconfined com-
pressive strength (Kqu) must he related according
to the expression

KPKLKg = Ky = Kqu

For the model material used in this study, the uait
weight, pg, is 120 pef and the ueconfined com-
pressive sirength, qu, is 610 psi. TFor an assumed
prototype granite rock with a unit weight of 160 pef
and an unconfirllgg compressive strength of 25, 000

psi, KpK, = 7g5 = 0.7 and Kq = 610/25, 000 =

= 0.0244. From the relaiionship
KoK Ky = Kq,,

0,024
K = g = 0.0325



Thus, for a strong granite, the 27.5~inch unsupported
model span represents a 70-fool protoiype span at a
depth of 84 feet in a rock mass whose joint spacing is
6.4 feet.

Although it is quite obvious that the behavior of the
model does not reproduce that of a tunnel at depth in

a rock mass of infinite extent, it is very likely that

the fajlure mechanism and the influence of various
rock mass~tunnel parameters are similar for hoth

cases.

If it would be desired to meode! the behavior of a span
at a depth where no effects from the ground surface
exist, it would be necessary to use a model of atleast

twice the height of that used in the writer’s studies.
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