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"~ PREFACE

| This is the interim technical report submitted in accordance
with the terms of contract No. 3-0152 between the U.S. Depa;tment of
Transportation and the University of llljnois. The report is also
a preliminary version of the first part of the final report for this
project. As the research under the project continues ahd the- second
part of the final réport is written, some revisions or deletions in the
material dischssed in these initial four chapters may bé necessary or

desirable.
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DESIGN OF TUNNEL LINERS AND SUPPORT SYSTEMS

CHAPTER 1

INTRODUCT ION

1.1 Statement of Problem

It has been conservatfvely estimafed that more than $35 billion
will be spent on excavation for underground facilities in the United States
during the next 20 years. Mining oriented projects will add $34 billion to
this figure during the.same period.

The construction of transportation tunnels is a slow, expensive
and often dangerous undertaking. A large portion of the effort and expense
is devoted to thé lining of tunnels. Estimates for a number of different
types of linings and tunneling procedures indicate that the cost of the
lining material alone is of the order of 30 to 40 percent of the total
cost of the tunnel and-may even exceed 50 percent (Mayo et él, 1968). A
survey of recent bids on tunnel projects of various kinds shows that the
cost of lining material and installment may range from 10 to 20 percent of
the total cost for machined tunnels in competent rock to more than 50 per-
cent of the totaj'cost for blasted tunnels in poor rock. It is thus clear
that even minor improvements in the design and construction of linings can
result in large-savings.

Tunnel linings in the Uni;ed States are at present desfgned
primarily by simplified empirical methods. These hethods usualiy have some
root in theory but have been modified and influenced by intuition and exper-
ience so that this root is well disguised and easily{pverlooked; As a

}
result,. tunnel lining design is more of an art than a science.
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It is doubtful that the art of tUﬁnel lining design can ever be
developed to a scfence comparable to structural design. The structural
engineer can specify both the configuration and the properties of tHe
materials making up the structure and the design usually can be accomplished
by a direct aﬁplication of theory. Theqretical solutions similar to those
for structuratl design are available for stresses and deformations in 1ined
and unlined‘tunnels in idealized materials. The tunnel designer, however,
must onk with an existing material that does not have the properties of the .
idealized material. 1In addition, the propqrties of this existing maferial
are seldom accurately known and may change ;ignificantly within short
distances. As a result, the mechanisms and concepts of material behavior
assumed in the theoretical solutibns are often not satisfactory.

Improvements in tunnél lining design methods are obvfously neéded.
It is believed that they can only be achieved by an'increased.awareness of
the mechanisms and modes of behavior of the system composed of tunnel and
surrounding medium. It is also believed that this awareness can best be
obtained by a study of the observed'behavior of tunnels in the field. The
purpos;'of'this report is to propose new tunnel lining design methdds based
on a union of theorgfical considerations and empirical knowledge from field
'ob;ervations, and on the basis of .which improved and more eqonomical tunnel

linings can be developed;

1.2 Scope and Organization of Investigation

To improve design concepts for tunnel liners this investigation

considers the:problem in fts_entirety. Tunnels in all types of materials,
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constructed with various procedures, and s§pported by various types of
liners are considered. The report consists of two parts.

The first part of the report starts with a consideration of the
fundemental concepts of tunnel behavior and the effects of the construct}on
process on th; time-dependent equilibruim conditions of the tunnel-medium

system. Then, the existing theories and practices of tunnel lining design

-

are reviewed and critically examined. A general classification system for 1129{&1)
geologic materials is presented. In this-systeﬁ a general relation is ‘f

. drawn between geologic materials, the problems and behavior of tunnels in --! ?ﬁ;

those materials, and the general design approach (soil mechanics, rock

mechanics, or continuum mechanics) to.be used. Classification systems for .

specific and specialized use are suggested. .

In the second part of the report the behavior of individual 1lined
and unlined tunnels is considered. Field observations of AeformationS'and
stresses in specific tunnejs are examined and.evaluated” IRecommeqdations
are given for improved tunnel lining design procedures and construction
techniques. These recommendations are based on a fusion of thebreticalb
considerations and empiricai observations of behavior.‘ Where possible,
~ these recommendations include innovations in tunnef Cohstruction technifgues
and materials.

The report closes with recommendations for additional research to

close the gaps in knowledge pointed out by the study.



CHAPTER 2

FUNDAMENTALS OF TUNNEL SUPPORT DESIGN

2.1 OQutline of Problem

This inQestigation.is a study of tunnel liners under a large variety
of conditions. It includes deep and shallow tunnels in media from the softest
soil fo the most competent rock, and it considers the influence of disconti- -
nuities, non-uniformities, and environmental factors of many kinds. The
breadth of the study-is‘inténded to permit establishing the basic concepts
and criteria common to all tunnels, and to aid in separating and classifying
problems in accordance.with particulaf conditions.

A tunnei support system is often visualized as.a liner or lining in
more or less conéinuoﬁs contact with the medium around its circumference.
Thislview is‘too limited. Other types of supports, such as rock bdlts, may
fulfill the nécessary feqdirements. o0ften, the mediuh is perféctly able to
support itselfr

| The support system finally provided in the finished tunnel is
comﬁonly termed the permanent support. On the other hand, supporting agents
of varioué kinds are often installed before the construction of the permanent
' support.v These are termed temporary supports. In this report, the general
term ”tunhel'suphort system“'inciudes both the permanent and temporéry supports.
The distinction is often of little significance unless the terms aré related
to specific construction procedures. -

This stqdy of tunnel supports consists of th basic elements:

1) a careful evaluation of what is desired of a tunnel support system under

* the varyiﬁg'cbnditions to which it will be subjected during its lifetime,



and 2) an investigation to determine how each of these requirements can be
met. As a rule the conventional support systems serve several purposes
and may serve different purposes at different times. The direction of the
mos t fmportant loads, and the distribution of stresses and deformations
around the tunnel may vary from the early construction stage to the final
permanent stage.

By separating the varyin§ functions and requireménts of a tunnel
;upﬁort system, the-suitability of current or néw systems can be judged.
The inteﬁded gsé of the final product establishes the requirements énd
tolerances for the permanent‘support. The'mosf important requirements of
the permanent structure are related to permanent stability, water control,
and deformations after initiétion of transportationiservice. Requirements
such as immediaté retainment of the medium.dictate the need for and type of
temporéry suppért. The need for immediate retainment is greatly influenced
by the chéracter-of.the medium and thé methods of excavation and construction.
Both the transitory and thé permanent requirements are inflgenced by
environmental factors.

In the following Sectjons, concepts and requirements of tunnel
-behavior are'bresented as a basis for a general approach to the désigﬁ and

construction of tunnel supports. -

2.2 Concepts of Tunnel Behavior

Excavation of a tunnel opening and the subsequent construction of
supports change the stress conditions for the tunnel and the surrounding
medium. These changes may be continuous or in stages. A comprehension of

the deformqﬁions associated with these changes is necessary for an under-

standing of the behavior of tﬁnnel supports.



Changes of Equilibrium During Construction

The state of the medium before the excavatisn of a tunnel cavity
is one of equilibrium in a gravity field. The péocess of tunneling evokes
new equilibrium conditions which will change during the various stages of
tunneling and construction of supports until a final equilibrium is reached.
In this final equilibrium, all changes in strain-and stress around the
tunnel opening cease and the hydraylié conditions are restored to-static
(or dynamic) equilibrium.

A region of changing stresses, chafacterized by increased vertical
pressure, travels ahead of the advancing face of the tunnel. ChangéSTof
equilibrium conditions are also felt at a considerable distance beHind the

face.. The distribution of stresses has a three dimensional character at

a point near the face, but approaches a two-&}%ensiona] state as the face
advances.' The rate at which the two-dimensional state is approached is
influenced by the rate of advance of the face in relation to the time=.
dependent behavior of the medium.

The continuous -or %requent changes in the conaitions for stress
equilibrium cannot take place without deformations in the medium. |f supports
are employed, these will deform as well. There is alQéys an immediate de-
fdrmation response to a change in equilibrium conditions, and commonly there
is an add}tional, time-dependent re§ponse. In a waterbearing medium, the
_ excavation of the tunnel changes the pore water.pressures around the opening,
énd flow of water is induced. |In fine grained materials with a low
permeability, the establishment of hydrogtafic or hydrodynamic equilibrium
is not immediate. The associated time-dependent chénges in effective

;

intergranular pressures in the medium then lead to time-dependent deformations.
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Time lags may also be associated with visco-elastic or visco-plastic
phenomena such as creep in the medium itself or along joint planes in the
medium. Whatever the cause of the time lags, their most importan£ effect
is that a final equilibrium for a set of bouﬁdary conditions often is not
reached before new changes in boun&ary conditiéns occur.

Tunnel construction not only changes thé equilibrium conditions
but in many cases the medium itself. Blasting commonly reduces the strength
of the rock around the opening; shoviné by a closed or nearly closed shield
disturbs and may remold the soil. Indeed, disturbing the material in the
immediate vicinity of the opening is hardly avoidable. Where a tunnel is
-advanced withouf blasting in a medfum which reduires little or no.immediate

support, however, the disturbance may be minimal.

The lnfluenﬁe of the Support System on Equilib?ium Conditions

Most tunnel dpeniﬁgs are supported at some stage of conStruction.
The behavior of a tunnel opening and a support system is dependent on the
time and manner of the placement of the suppoft and its deformational |
charactéristfcs. |

The rea'sons for providing support are manifold. Sometimes support
is reduired for the immediate stability of the opening. |t may be furnished
even before excavation; for example by air pressure, forepoling or ground
improvements. ‘Uhder these circumstaﬁces:the iﬁteractioﬁ between the medium
and the supborting agent commences during or before excavation. When a
shield is used for immediate suppoft; a lining is erected inside the shield;
and the annular void cleared by the shove of the shield is at least partly

filled with pea-gravel and grout. The lining may be intended as a permanent



support consisting,vfor example, of cast iron. |t may alternatively be a
relatively flexible oné in which a stiffer permanent lining may later be
constructed. in this event,at least three different equiiibrium conditions
must be considered.

WHeEe there is need for long-term but not immediate support, the
support may be constructéd at some distance behind the facé. A partial
relaxation with associated m§vement§ hay theh.take place before the support
intefacts with the medium.

| Oftep a liner is erected and expanded into contact with the medium.
The expansion iﬁdqces a prestress in both the lingr énd-tﬁe medium ang
influences subsequent deformations.

Even where instabilfty or callapse of the opening is not imminent,
support may still be required for various reasons, usually to control or
limit deformations. Large deformations may lead to undesired settlements
of the groqnd surface or to .interference with other structures. Such’
deformation must be reétrained at a suitably early stage.__pefokmatiasg of
a soil or rock mass commoﬁly result in an undesirable reduction in strength
and coherence of the medium. In a jointed ér weak rock the material above
the opening tends to loosen and may sooner or later exert considerable loads
on the support. These loads are reduced if loosening is prevented by
suitab]e support.: : y

| Although the initial stability may be satisfactory; conditions
may_be such that final equilibrium cannot be reached without support.
This may occur in a jointed rock subject to progressive loosening, in
creeping or swelling materfals, and in materials whose strength decreases
with time.' E;cept in such creeping materials as salts, these long term

phenomena are associated with volume changes.



It is impossible and undesirable to avoid defprmations in the soil
or rock altogether. Some movement is necessary to obtain a favorable distri-
bution of loading between the medium and the support system. |n each instance,
the engineer must determine how much movement is beneficial to the behavior
of the tunnel, and at what movements the effects will become detrimental. The
engineer's conclusions regarding these matters determine whether and where
restraints are to be applied to the tunnel walls. His conclusions also deter-
mine the character and magnitude of those }estréints. In tunnels in hard rock
the beneficial movements take place almost immediately, and subsequent move-
ments are Iikély to lead to loosening and additional loading, Hence, in this
case rapid construction of supports is usually desirable.

It i§ apparent that many factors determine whether and where a
support system should be constructed for structural reasons alone. 'The choice
of whether and where supports are actually employed is influenced by additional
factors such as the psychological well-being of the workers, or the economy
that might be achieved by adopting a uniform construction procedure through-
out the same tunnel even though the proﬁerties of the medium vary.

No matter what the reason for using restraints, the loads to which
a support will be subjected &epend on the stage pf equilibruim prevailing
at the time the support is introduced. Thus, if final equilibrium has been
. reached before support is provided, the support does not receive loads from
the medium at all. On the other hand, when support is furnished before
final equilibrium has beeﬁ established, new boundary conditions are super-
imposed on the conditions existing when the support is constructed. The
new final conditions depend on the time the support was provided and involve

I .
the interactiqn between the support and the medium. |f a stiff support



could be installed_fn the medium befofe excavation by an imaginary process
that did not in any way disturb the remaining materiaf, it would be subjected
to stresses resembiing those of the in-situ condi;ion existing before the
excavation. Howéver, the at Jeast temporary reduction of the radial stresses
to atmospheric pressure (or to the air pressure in the tunnel), as well as
many other activities, generally introduce such deformations into the medium
that the sﬁresses acting on the tunnel support bear little or no resemblance
to the initial stresses in the medium.

| Procedures for the analysis and design of tunnel supports.ére
necessarily simplified, but they should be based on the cpnsiderations of
equilibrium and deformations briefly outlined above. 1n addition, a number
of factors which are not directly related to the interaction between a
subport system and the medium are significant in the actual design of supports.
Such factors, which are dealt with in the following section, sometimes even

override considerations of structural interaction.

2.3 Constructional and Environmental Factors

The preceding section dealt with the iqfluence on the behavior
and requiremehts-og a tunnel support system of excavation procedures, of
the disturbance of the medium, and of the structural interaction between
the medium and tﬁe support. Other faétors signifi;ant in tunnel support

design may be separated into constructional details, structural non-

uniformities and environmental factors.



Effects of Constructional Details and Structural Non-lniformities

| One of the most important requirements is provfding thrust for the
bropu]sion of a shield or a tunnel excavator. In<competent'media this fhrust
can be developed by jacking friction blocks against the tunnel walls or by
means of a piiot anchor, butAin ]éss competent media tﬁe thrust is almost
always obtained by jacking against that part of the linfng already erected.
The stresses in the liner caused By this thrust are considerable and commonly .
determine the desigﬁ of the liner. |

Cohstructioq procedures are not generally uniform, even in a uniform
ﬁedium. The most import;nt_constructiona] non-uniformities are associated with
the qualify of the coﬁtact between the tunnel support and tHe medium. Irregular
graveling and grouting of an annular space between a liner and the medium, or
non=-uniform blocking behind a steel riS may cauge considerable non-uniformit?
of stresses and even stability problems.

Structural hon-uniformities, i.e., disruptions of the structural
uniformity of the tunnel, have considerable impact on the feasibility and
economy of a tunneling support schemé. Structural non-yniformities include,
for examp]é, enlargements of the opening for stations, crossswalks connecting
twin tunnels, ventilation shafts, and emergency exits; These features may
entail disruptions of the uniformity of the construction procedures, and they
also give rise .to constructional and design problems in themselves, especially
since they often are of irregular, non-symmetrical shape and are of different
rigidities than the main tunnel. Where the construction involves the opening
of a wall or the roof of an already finished tunnel, ﬁew and more'complex
equflibrium conditions are introduced which may call for special stébi]ity

I3
considerations. Whereas a structurally uniform tunnel may often require only

—
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nominal lining, the savings inherent in a refined design may not be possible

because of the necessity for the frequent changes in section at and near

the non-uniformities.

Environmental Factors

‘Sources of loading and deformation not in direct contact or relation
with the tunnel may also pose problems of importance. These sources include
sfructurés existing before the tunnel was built, and structures added at-a

later date. The problems are of three types. They include the effect of

o,

Py

) tuhneling operation on e#igting structures such as nearby buildings, deep
basements, or adjacent tunnels. %hey also in;lude the influence qf suchA
structures on tﬁe tunnél~excava£ioﬁ and the behavior of thé support system.
Most important, however, they are concerned with the effect of futdre
construction which Qill alter the equilibrium condftion§ of the tunnel after
the start of the transportation service. At this time requirements for the
behaviof of the tunnel may be strict and defdrhations assdciated with equ{lib-
rium changes may be critical.

Traffic tunnels are often constructed in pairs, and sometimes even
three or more tunnels are driven c]ose together. The interaction between a
tunnel already driven and one being driven is of cbnsiderable'importance.
Considerations of this interaction may determine major features of the design
as well as defﬁils of éonstfuction. In a weak deformable medium, the driving
of alsecond tunnel in é region where stresses have already been increased
by a previous tunnel may be much more difficult than driviné the first tunnel.
Furthermore, the first tunnel may experience substantial deformations and

its support system may be subjected to large addftionaivloads on account of

—_



driving the second tunnel. The vibrations and the disturbance of rock due
to blasting dictate a ﬁinimum distance between adjécent tunnels excavated
by bTasting in rock.

Alteration of the hydrologfcal environment becéuse of the construction
of the tunnel also deserves_attention. The alteration may be.temporary or
permanent, depending on the water~-tightness of the tunnel. Lowering of the
. groundwater table increases the effective stresses with resulting settle-
ments, most of which are irreversible- Ah'enginéering decision must usually
be made as to whether the lining should be made watertight (and the ground
wate} fable restored to its orfginal position), or should be made to act as
a drain. The first decision implies that the Iiniﬁg must eventually withstand
the hydrostatic pressure; the second requires thaF the arains will always be

functional.

Simp]ifications for Design Pdrposes

The foregoing discussion deﬁonsfrates that a great many factors
other than the interaction between the tunnel support system aﬁd the medium
are involved in the engineering decisions pertaining to the design and con-
struction of the tunnel supports. Often one or severai of these factors
actually cdnprol the design. However, current design procedures consider
these fa;tors onty indirectly. The relevant factors may be considered in
some detéil, but the final result of the considerations is a simplified
design procedure applicable to a length.of tunnel which may involve a variety
of media and a variety of conditions. A su}table safety factor is applied
to the most unfavorable conditions expected. RestFictions on future

4

construction on the right-of-way are sometimes established as precautions

—



against unreasonable inroéds-on the factor of safety.

The simplified design procedures do not reflect the complex problems
that may have influenced their development. They generaiiy treat the iining,‘
temporary or permanent, as a structure subjected under static conditiens to
given loadingg. Occasionally, in the ﬁore advanced versions of the procedures,
the loadings are taken as dependent on the deformation. The general applicability

of such design procedures is severely limited. Hence, the procedures must be re-

evaluated each time a tunnel is driven under even slightly different conditions.

2.4 |Importance of Classification of Geologic Media

The preceding sections may be regarded as an informal classification
of the problems associated with the design and construction of tunnel supports.
Different types of brobiems result from the changing equilibrium conditions,
from the disturbance of the surrounding medium, from the interaction between
the supports and the medium, and from structural, constructiona), and environ-
mental factors. Any one of thése problems is influenced by the character of
the medium through which the tunnel passes. indeed; the character of the
medium is probably the most important of all the variables. A rational approach
to the design of support systems must from the outset include an evaluation and
ciassification of this variable.

A classification of geologic materials with respect to tuﬁneling
should delineate the types and severity of problems connected with tunne!
support, and it should indicate which characteristics of the medium should
be included in ‘investigations and evaluations. With its aid, the appropriate.
theories and gnaiy;es can be‘chosen for thg design procedures, and suitable

constructi6n7methods can be applied.
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A wholly new system or method for classification of geologic
materials is not considered necessary. The fields of soil and rock mecﬁanics
aré alregdy crowded with such systems. Instead, an attempt has been made in
this study to unify a]ready.accepted>terminology and classification systems
so that the considerable experience with these systems can be fully uti]ized.”

The most imporfant characteristic.separating soil and rock.is the
relative importaﬁce of discontinuities. As a rule, the behavior of rock is
di;tated by the spacing and nature of djscontihuities such as joints, whereas
soil can commonly be assumed continuous and homogeneous. These considerations
suggest that a basic'parémeter for ciéssification should be.related to the
characteristic size of a unit such as the-grain size of a soil or the joint
spaéing of a rock.

A useful classiffcation based on inherent chgraeteristics of the
matérial is presented in Chapter 4. A cl&ssification of a generai and con-
ceptual charactef is fifst developed. Specialized subsystems, useful for
diagnosing particular prob]ems and applicable within particular ranges of
characteristics of the medium, are then developed on thevsasis of- an
-accumulatioh-of experience. In previous classifications only verbal desdrip-
tions of different rock classes have commonly been used. It is a purbose of

this investigation to substitute numbers for qualitative descriptions.

2.5 The Relevance of Empirical Evidence

Although a classification of geologic media is important; it is of
little use by itself. To be useful it must be related to problems of interest
to engineers, and it must be substantiated by field evidence. This field

4 .

evidence consists of observations, both qualitative and quantitative,

—



of the actual behavior of tuﬁnel openingé of various geometries, constructed
in different ways in different media. Quantitative observations in tunnels
can be classified generally as measurements of stress or strain (pressure
or deformation).

It.is difficult to meésure stresses in a tunnel liner and more
dffficu]t to measure those in the surrounding medium. Any stresses that
are measured are not total stresses but only the changes in stresses from
those that existed when fhe inst}ument was installed. Since stresses are
obtained from strain observations, they are subject to more or less
inaccurate asgumptions concerning the stress-strain behavior of the
materials. | -
In liners the measured stress changes may closely represent the
actual stresses because the stresses in the 1ining immediately after installa-
tion are probably close to zero. The ins;al]qtion of the instrument in the
liner causes only a small disturbance of the actual stfesées carried by the’
liner. By contrast, the stresses in the medium at the time of installation
of the liner are, in general, not known and the very act of installing the
instrument causes further unknown changes in the stress field. It is more
difficult to measure stresses at a point fn the mediuﬁ remote from the tunnel
than it i§ to measure £he relative displacement of thét same point with respect
to the tunnel wall at any fixed point.

Because of these problems, there is a tendency to devote most quanti-
tative observations to measurements of stresses in the liner and of displace-
ments of selectgd points in the medium. Measurements of the changes in the

overall inside dimensions of the Iining are also often made.

/



Empirica1 evidence of deformational behavior is more reliable (and
more common) thanAmeasurements of stress or load. This evidence can be used
to investigate correlations of the behavior of tunnel'openings and support
systems with properties of the medium, and to improve general understanding
of the mechanisms involved in the intefactioh betweén the tunnel and the
medium.

Under any circumstances fhe measuremenfs taken are strictly
app]icab]e only to the particular tunneling procedures used and to the
pfopertigs of the medium where the measurements were taken. The.results
of measurements taken in a blasted tunnéW, for example, arebstfongly affected
by the loésening-and fracturing of the surrounding medium; a'dfsturbance
which may be entirely non-existent in\a béred tunnel in thefsam§>medium.
Thus, though case histories are highly informative, and, fndeed, essential,
considerable care.must be taken jn extending past experience to present

application, especially if nove]_proceéures are involved.

2.6 Basic Approach to Design of Tunnel Support Systems .

"The previous sections have outlined the features that must be taken
into account in the design and cqnstruction of tunnel support systems. An
investigation séeking to improve the capability of the engineer in thfs respect
must not neglect any of these features. Some fundamental principles can be
derived from them Qn the basis of the precédfng discusSioﬁs.

It is apparent that economy can be achieved by taking advantage of
the capability of the medium to support itself. By proper choice of a suppb;t

system and of the stage or stages of construction at which it is installed,
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the loads on. the support can be minimized and the medium can be made to take
a major ﬁortion of the load. Thus, the support system should be regarded
primarily as a reinforcement or restraint £hat helps the medium to support
itself.

It is easily demonstrated that this concept of helping the medium
to help itself is reasonable and pﬁssible. The principal action of rock bolts,
for instance, is to arrest movements towards the opening and thereby to increase
the capacity of the rock to carry tangential stresses. The increase is achieved
by transferring forces so far away from the opening that they can be dissipated
safely. The pfincipal load~carrying agent is, in fact, the rock itself. Another
example is the support of an opening by shétcrete immediately after excavation.
Shotcreting hinders movements and loosening of the rock making it capable of
carrying more load than is possible with conventional supports which generally
allow loosening.

Control of the movement of the medium is important. While too large
movements may lead to loosening or weakening of the medipm and may render it
incapable of sustaining loads, too small movements may in some instances not
allow the medium to carry the loads of thch it is capable. An approach based
on control o% deformati&ns is likely to be the key to the successful design
and construction of tunnel supports.

The preceding section pointed out that empirical evidence of
deformational behavior is more reliable than measurements of stress or pressure.
Design methods based on a deformational apprqach are generally of a less
sensitive character fhan those based on more or less arbitrary assumptions of
loading. This situation further illustrates the validity and potential of a
deformationél approach.

—
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The condition and properties of the medium will to a considerable
extent dictate when and how deformations should be controlled. The response
of the support to loading is also significant. _ A support may be chosen wh}ch
will allow the medium to adjust itself a specified or controlled amount. For
given condit%ons there should exist an optimum combination of flexibility or
rigidity, and adjustability. 1t is a purpose of this investigation to improve
the ynderstanding of these mechanisms and provide guidelines for design on
‘this basis.
The foregoing considerations apply to a particular tunnel opening
under given cbnditions. It may not be worth-while to expend great effort to
arrive at the most'suitable support system for éil the conditions of a given
tunnel alignment. The religbility of engineerfng predictions and the 1ike-
1ihood of hazardous situations depend on the uniformity of the soil or rock
medium., Yet, it is impracticable to obtain complete information about the
subsurface conditions. Therefore, when conditions are known to be non-uniform,’
three different approaches are commonly used: 1) A tunneling scheme may be
'adopted which is safe and as economical as possible under a var{ety of conditions
including the worst that can redasonably be foreseen; this method. is conserva-

tive. 2) The tunneling scheme may be designed such, that most unpleasant

surprises can be handled safely and changing cénditions can be accommodated

by minor modifications; this method is more economical proQided there are not

too many surprises. 3) Advance investigations may be made by borings from the
tunnel face, by pilot drifts, or by other detailed exploration,'so that safety
precautions and modifications can be made readf for application as the changed = -
‘conditions are exposed; this method is safe but the cost of the exploratiens

/ oo
may exceed the possible savings that can be realized on account of. the knowledge

obtained Frdm them.
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Where conditions are known to be uniform, a specialized, though
inflexible, method.of tunnel construction may be suitable and economical,

A balance must be found between the uniformity of the medium, the
amount of advance information to be obtained about the medium, and the
ability of tﬁe tunnel support procedures to be modified in accordance with
the variability of the medium. 1t is hoped that this investigation will

facilitate the engineering decisions leading to this balance.
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CHAPTER 3

EXISTING THEORIES, DESIGN METHODS, AND PRACTICES

" 3.1 Introduction

In recent years, the qumber of tunnels has greatly increased.

Many new theories and methods of tunnel lininé design haQe been advanced.
However, tunng] lining design is still more of an art thah a science.

.This art has produced tunnel linings which, in general,'have
shown satisfactory pérformance.. THe degreé of conservatism in the design.
of these- tunnel linings is unknown but could be very‘signifitant. Im=
provements in thg art are not possibie without first gaining an understanding
of its present level of aevelopment. The following sect}ons inc]udé a
critical summary of existing theories, meth;ds, and practices of tunnel
lining design. -Their\uses and misuses are emphasized, and the ideal
conditibns under which théy may be‘applied are discussed. Whére possible,
the error resulting ffom ;pplying them under non-ideal conditions is
indicated.

. Karoly Szechy presenté in his book, "The Art of Tunnelling' (1966),
a ‘large collection of theories and methods 6f tunnél lining design.
Although Szechy's selection and comments are rather uncritical, his book
is a compact source of additional inf;rmétioh about the subject.

In many studies o% tunnel behavfor, oﬁiy the me&ium itself is

. considered; In these studies, the sofl or rock fs considered a continuum
and stétiqfstates of stress and defofﬁation around unlined openings are
investigé}ed. By various approxfmations,'phe effects of time and of a

supporting liner may be added.



Another apéroach largely disregards the be
considers a lining structure loaded by more or less
may, with some compliéatfod, be assuméd deformation
the loads on the structural liner, a Iargé number of
empirical theories may be use&, including arching ar
and méthods based on a continuum approach;

Current practice in tunnel quiﬁg design t
gstimaée of soil or rock load and the ngign of the
,{ndependent‘processes. These two aspects 6f the dec

responsibility of different groups.

3.2 Analyses Based on Continuuh'Approach

fn general- terms, the gréund in which a t
can be considered as either a continuum or a discont
feport, a continuum is a material in which maéroscopic
physical properties such as sfress'or density can be u
models to define the mechanicai behavior of the matefi
may be approximated by a conﬁinudm, tunnel.behayior
with theories of continuum meqhanjcs. Continuum apf
to tunne[s include elastic anaiysés, elasto-plastic

tesfs.

Elastic Analyses

The theory of elasticity may be used to fi
J
around a-hole in an elastic, isotropic, and uniform

are available for unlined. circular openings in a ple
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for any combination of horizontal and vertical loadings. The use of the
theory of elasticity permifs solutions that include the rock weight and ‘
arbitrary boundary conditions. These solutions, such as Mindlin's (1940),
Schmied's (Szeéhy, 1966), and Savin's (1961), result in equations for
the tangential stress, 9> and thé radial stress, o, around the opening,
and the radius of the zone in Which the stresses are significantly influenced
by the opening. The equafions are rather elaborate and include a number of
constants to be determined bY the boundary conditions. In most cases a
simplified solutfon, Kirsch's solution (Timoshenko and Goodier, 1951),"
which disregards the influence of the proximity of the surface, will suffice.
The results of this simplified'solution, which assumes a homogeneous stress
field, are given in Appendix 1|.

Figure 3.1 indicates the/type of stress distribution gbtainéd with
these equafions when Ko =1, i.e., Ph = P,- In subsequent sections thg} |

modifications in the highly stressed zone near the opening resulting from

plastic behavior will be considered.

tangential stress at
any point

Q
[

 radial stress at any point

coefficient of pressure at

rest-= p,/p ‘
.1L

P, = P, = ?h
(K =1)
) [ | I L1 °
2 3 4 5 r/a

P, = vertical in-situ stress

P = horizontal in-situ stress

a = radius of the circle o
- r = distance to the point under consideration

h = depth of cover
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These solutions cannot be applied indiscriminately since neither
soil nor rock is an elastic; isotropic, and homogéneous material. For a few
special cases, such as machine driven tunnels fn some'rocks, elasticity
solutions may beAused with quite acceptable accuracy. However, stability
problems seldom occur in such rocks. For other media, and especially when
the medium is weakened by the tunneling operation,tthe elastic solutions are
unacceptable fqr the pfediction of stre;s-strajn behavior. Even in such qéses,
- however, Cording (1968) found that the elastic solutions may accurately bredict
the smali, approximétely elastic, displacements which occur immediately upon
removal of rock suﬁport by excavation. He used a finfte element method to
analyze stresses and deformations around openings of irregular shapes and
“with KO values diffefent from unity. - The deformation results were in
regsonablé accordance with measurements of ihmediate defdrmations taken . in
cavities at the Nevada ‘test site. Displacements associated with fnstability
and plastic behgvidr cannot be predicted by these solutions.

Elastic solutions can be found for shapes other thaﬁ circular and
for problems involving elastic linings in elastic meaia. Although the
principles are the same for the solution of these problems as for the
problem of a circular opening in an elastic medium, the actual execution of
the solutionlis much more involved. Elasticity problems'are well suited to
computer solutién. By the use of a computer the effects of variatjons in the
parameters and complicated configurations and boundary conditions can be

studied.

Edasto-plastic Analyses

,One of the first steps in attempting to improve the applicability

of theoretical solutions to computing stresses around unlined tunnels is to:
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introduce elasto-plastic properties for the hateria]s° The simplest'elasto-
p]astiC‘so]utiohs assume the horizontal in-situ stress (ph) equal to the
vertical ih-sitg stress (p, =‘27), i.e., K =1. The failure or yield
criterion used is either Tresca's criterion (corresponding to ¢=0):or a
Mohr-Cou]oﬁb criterion (corresponding to a c-® material). These solutionsA
are given in Appendix 1.

An annular plastic zone is developgd around an unlined tunnel

when the stress level P, exceeds the unconf ined compression strength of'thé
‘material, qu = 2¢ for a frictfonléss material, or qu = %f§-§%§—%_For a
frictional material. When an internal pressure p; is applied to the tunnel
walls, for example by a iining or by air pressuré, fhe stress level required
for the development of a plastic region is increased, as indicated by the
formulae given in Appendix 1. For a cohesionless material (c=0), q, = 0,
and the opening is unstable without an internél pressﬁre.

The radius of the plastic zone depends on the stress level P, the
internal pressure P and the strength constants c and @ in the ma%%er
ihdicated in Figs. 3.2 and 3.3. It is apparent that both the_consténts
c aﬁd ¢'haye'a great influence on the radius of the plastic zone.

Examplqs'of stress distributions around an opening in a frictional
ﬁaterial are shown in Fig. 3.4. It is interesting to note that the ?adius of
the plastic zoné increases as the ratio p /p, increases. |

When,Ko is not equal to unity, or where the tunnel is so shallow
that the effect of the proximity of the ground surface cannot beAdisregardeﬁ,
thege regults cannot be used directly. HoWever, the elastic éolutiohs may .
be used to suggest at least when and where a plastic zone will be indicated.

;
Whenever the maximum tangential stress at a point on the tunnel wall exceeds

—_
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One-half the Unconfined, ¢, the Overburden Pressure,
Py and the Pressure in the Opening interior, P
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qu, the material wil] yield and a plastic zone will develop. [f the plastic
zone is small, its extent can be found approximately by comparing the stresses
found by the elastic solution with the yiejd stress of the material. Wherever
the yield stress is exceeded, the material is in a plastic state. This method,
of course, quickly becomes inaccurate with increasing size of the plastic

zone, because it diéregards the stress redistripution caused by the plastic
behavior of the material.

Deformation§ of the tunnel wai]s can be computed on the ba;is of
both the elastic and the elasto-plastic anajysesm These deformation estimates
are of ratherlimited inte}est:' the elastic deformations are immediate and“:
take place before a liner can be pléced; the elasto-plastic deformations
are ultimate déformations and do not -include time-dependeﬁt behavior.

Another method of §tudying the plastic behavior of rock around an
underground opening shows considerable promise.4 By means of computers,
proBIemg with a largeﬂvafiety of boundary conditions (for example,'non-circular
openings) and any initial'stress condition (Ko not equal to unity) can be
studied.

Reyes (1966) used a finite eiement method fo study non-circular
openings in a frictional material with several values of Ko' This analysis
is based on avgeneralized von Mises yield criterion. |In principal stress
space this c;iferion plots as a surface having the shape of a'righf circular
cone with its axis along the space diagonal. _Agllong as the point.representing
the.pringipal stresses at any instant remains inside this surface, strains .
.are elastic. At the surface, yieiding begins; Movement of the point along
the yield surface causes both elastic and plastic strain.

.’;Reyes' fléw rule predicts an increase in volume with yielding.

This limits the applicability of the theory to dilating materials and
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even then the predicted rate of dilation is much larger than observed by
tests. The flow rule may be -a reasonable assumption as long as the
plastic region is small, but with additional yielding the results become
unreliable.. The deformations computed by this method are less reliable than
the stresses.

Reyes found that for Ky = 0.25 and 0.40 the plastic zones did not
surround the circular cavities studied in detail but propagated along 45-degree
‘directions. This is in accordance with predictions on the basis of elastic
analyses (Fenner, reported by Szechy, 1966). Reyes' results have not been .

verified by field measurements.

Model Tests

Laboratory models can be used to evaluate and improve tﬁe theoretical
solutions and to improve the engineer's judgment. Photoelastic experiments
permit the study of stress conditions around openings of any. shape in a
plane stress field. Comparisons‘of photoelastic results for a circular
Opéning with the corresponding theoretical results have showﬁ_good agreement,
This agreement encourages belief in both the theory for circular openings and
.the photoelastic results for other shapes of openings. As a result, photo-
elastic analyses for complicated geometries, i.e., horseﬁhoe and multiple
tunnels, are valid representations.of the eiastic stresses.

Photoelasticity is, in fact, simply an elastic method of solution
that produces visual results. Though it is-usually épplied td two-dimensional .

problems, techniques for three-dimensional problems exist. These techniques

. 4 . . . .
involve special procedures for stress-freezing models and taking slices for

—

-
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analysis. Because of their complexity and because most tunnel problems are
primarily two-dimgnsional, these techniques are seldom applied to tunnel
investigations.

ther experimental investigations are conducted using blocks of
man-made rock, such as sand cemented by gypsum or plaster-of-Paris. Tunnels
are machined into the unstressed blocks, the model loaded, and its behavior
measured. One such series, Ioadéd in plane stiress, is being conducted by
the Omaha District of the U. S. Army Corﬁs of Engineers. A second series,
loaded in plané strain, is being conducted at the University of lllinois
(sponsofed by the Waterways Experiment Stétion). These experiments study
both the elastic and the plastic behavior of tunnels under a variety of
conditions. It is expected that the results of these experiments will

provide valuable evidence of the behavior of tunnels in a continuum.

Discussion

The continuum approach to tunnel analysis should be appliea directly
only when the medium arouna the tunnel truly heets the assumptions made for |
the continuum. This may be the case in massive, unfﬁéctured rock or in ‘some
uniform clay or sand deposits. Even when the medium may be considered con-
tinuous, the ne;essary:assuﬁptions concerning the stress-sfrain relationship
for the material wiil render the analyses inaécurate.

In a discontinuum, the theories discussed above may be used as the
first step of an analysis. However, the éngineer'will find it necessary to
evaluate the assumptions of the theorylin light of his understanding of the
actual beh;Qior of the maferial. Blind application of the theories without

this evatuation could lead to serious mistakes.
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As comouters oecome more advanced, it is certain that they will be
'apined repeatedly to the study of tunnel behavior. ‘without this valuable
tool, many analyses could not be used.because of the time involved in solving
.complicateo quations nanqally. The computer can solve -the equations Very-
quickly. Thus, a far greater'vaniety of configurations, stress condifions,
and material properties can.be included in the analyses.’ The results can
be of'great-value for deVelopino an apprec{afion of the effects of changes in
these variables.

Model tests in the laboratory are useful in two respects. First,
they proQide a check of theoretical so!utfons. Thé tunnei-configuration
" and tho med ium anound the sunneloane made to match the theoretical assumptions.
Test results tnen'provide evidence of the applicability of the tneory. Secondly,
mode tests can be used as an independent tool. Modois can be built for prob-b
lems that cannot be solved easily by theo}etfcal solutionsf scale factors
can then be‘used to project the test results'up to the prototype_° These tests
require a good knowledge of and adherence to the laws of ‘similitude.

Llnltatlons in manufacturcng a material to model the propertles of
the medium in the field, in changlng the properties of the material, or in
creating the proper stress conditions often'impsfr the.usefulness of model
tosts) | |

In mater%a]s that are not perfectly eiastic, the Ioading techniques
used in laboratony tests mayAléad to error. Most tests are conducted by load-
ing a block in which a tunnel.was drilled orior,to loading. Under field
conditions, the tunnel is excavated in a mass that is already under stress.
Thus, even wheh the boundary conditions have apparently been duplicated, a

dnfferent ]oadlng path has been followed in the Iaboratory than in the field.
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Plasticity théory predicts that the behavior is influenced by the loading
path.

Before any elastic or elasto-plastic'theory can be accepted for
predicting the stress~strain behavior of the medium around a tunnel it is
necessary to show by field or laboratory measurements that the results are
reasonable. Some field measurements, such as Cording's work outlined above,
have indicated reasonable agreement with theory in the el;stic range. The
number of such measurements,.hOWever, ig.not sufficient. Additional measure-

\

ments are needed for tunnels in a wide variety of geologic conditions and for
- a variety of construction and support techniques. In some cases these measure-
ments will permit the correlation of theory with observed field behavior. In

other cases they will lead to the development of empirical or semi-empirical

guidelines for design when the theories are not directly applicable.

3.3 Liners as Structural Units Subjected to External Loads

The preceding section dealt primarily with the behavior of unlined
openings. This section, in contrast, deals with methods of 1iﬁing design
which largely neglect thé behavior of the gurrounding material and substitute
forces on a structural liner fo} the action of the medium. |If the external
forces on a lining are known, the moments, shear forces, and thrusts can be
determ}ned at any point in the lining by structural analyses. Irregular
lining shapes also can be studied in this manner.

The major difficulty with these methods is the estimation of the
external loads. These loads are often chosen as arbitrary, though possibly
reasonable, ﬁoads which are independent of the deformation of the lining.- The
method is sémetimes improved by the selection of exfernal loads which vary

with the deformation.
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Hypothetical Constant Loads on Liners

The hypothetical constant loads used for the design of liners are
usually based on simplified hypothetical mechanisms of behavior of the soil
or rock around the liner. The loads may be expressed; for example, as
functions of the friction angle aﬁd unit weight of the soil but do not reaily
represent actual soil behavior. One of the first hypothetical loading schemes
for a circular tunnel section was proposed by Hewetf and.JoHannesson (1922).
It is summarized in Fig. 3.5.. The engineér must estimate the value of q,

- the angle of repose, use o to find ¢ (the active earth pressure coefficient)
and 1/c (the passive earth pressu}e coefficiént) and then decide if the earth
pressure is active, passive, or somewhere between the two.

This loading system is then épplied to an elastic, elliptical ring
and general equations for thrust, shear, and moment in the liner are derived.
As a final step these equations are specialized for such conditions:as'Wef
ground,' 'dry ground,' and ''firm water-bearing ground.!" |t should be noted
that fnteraction between the tunnel'iining and the medium can be included to
some extent in the selection of the value of Ké. The agthors include a figure
of c vs. shortening of the vertical axis for one tunnel.

Spangler (1960) has COnductéd a number of studies of thé loadings
on buried, flexible conduits such as corrugated-metal pipe.highway cylverts.
He assumes a pressuré distribﬁtion as shown in Fig. 3.6. He bases the vertical
load on Marston’s theory, which is an arching theory in principle similar to
Terzaghi's (1943), and the horizontal pressure is taken as the product of'the
ﬁodulus of pa55ive,résistance of the fill and one-half the horizontal deflectfon
of the pipe.’/The conduitsAstudied by Spangler were installed in open cuts or

—
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Loads

1. The weight of the upper half
of the tunnel.’

2. The weight of the earth within
_ the area marked 2.

3. A uniform upward force
balancing 1 and 2.

. 4. The weight of the loading above
the top of the tunnel.

®

5. A uniform upwhrd reactfén
balancing 4.

6. The horizontal pressure due to the water above the top. of the tunnel.

7. The horizontal pressure due to the water from top to bottom of the
‘tunnel. '

8. The horizontal pressure due to the earth above the top of the tunnel
equal to the product of the weight of earth (bouyaat unit weight if ..
submerged) above the top of the tunnel and the factor K, where

C<K<1/C

9. The horizontal pressure due to the earth between the top and the bottom
of the tunnel. At any point, the pressure is the product of the weight
of soil between that point and the top of the tunnel and the factor
K. Soil weighed as in 8.

1 - sin a

Note: C = T+<nas - 1/3 to | a = angle of repose of ground.

AFig. 3.5. Design Loads for Tunnel in Soil
(After Hewett and Johannesson, 1922)
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on the ground surface and then backfilled. Therefore, his assumed stress

distribution has only limited application to driven tunnels.

v Ax = horiz. deflection of the pipe,
' in inches, same as vert. )
deflection

. - W, = vert. load per unit length of
A0 ‘j : pipe, pounds per linear inch

A | r = mean radius of the pipe,
‘ in inches

a e = modulus of passive resistance of
4 .. the enveloping soil, In pounds
' Ax . per square lnch per lnch

4 2

We

! - -
v 2r sina sin a

Fig. 3.6. Assumed Pressure Dlstrlbutlon on Flexlble Plpe
(After Spangler, 1960)

Many other methods of estimating loads on tunnels for use with this
or a,simifar method have been proposed. Some of these (for example by Maillart,
Jaky, and Balla) are discussed by Szechy (1966). None of these methods can

be said to properly represent actual soil or rock behavior.

Deformation-pependent Loads

Thefloads discussed above are, in general, not dependent on deforma-

tions, excep{ that in some cases the engineer may choose load factors compatible
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with expected deformations. ;The'theories_discussed in this section are basgd
on the assumption of a direct one-to-one relationship between deformation and
load (Winkler theory, see for exampTe, Terzaghi, 1955).

The Muller-Bresiau principle states ;hat the deflécted shape of a
structure represents the influence line for a function such as stress, shear,
moment, or reaction component if thevfunction is allowed to act through a
uﬁit distancé (McCormac,'lgso). Anders Byif (1944) uses this principle to
derive equations for the moment, sheér, and thrust at any point in a fﬁnngl
.Ifﬁer due to concentrated 1oéds around the periphery of the tunnel. He then
approximates the distributed loads on the tunnel by replacing them with
concentrated loads at a spacing equal to one-sixteehth of the periphery. He
suggests that the'vgftical active pressure in a sandy soil be taken as the
overburden pressure and the horizqnta] active pressure be taken as one-third.
of that. ‘

Expressions for the radial and tangential deflectfons at any point

due to concentrated loads on the périphery are found. Two sets of equation;

for the same deflection are then written: one set in tgrms'of the soil reactions
'(passive soil forces) and the settlement of the tunnel and the other set in

terms of the active forces and the soil reactions. fhesé two sets of equations

'~ . are then equated and the resulting simultaneous equations solved for the soil |
reactions. Finalfy, the shear, moment and thrust in the liner are found by

the summation of those dué to the active forces and those due to the soil
reactions. |

Butl presents the results of applications of his theofy to actual
tunnel designs and concludes that the liner stresses are lower than those

—

previously presumed and that the liner thickness can be substantially reduced.
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A method for statical computations of tunnel lining behavior baséd on
approximating the structure by a rod polygon is discussed by Wissmann (1968).
The medium behavior is assumed to be given by ankler's subgrade reaction
" number which is simplified by introducing single springs or rods at the nodes
of the framework. These springs are usually considered to‘act only in com-
pression and are distributed suffic%ently closely to each other to give an
acceptable approximation éf the soil-structure iﬁteraction.‘

Because of the large numbers of springs required, hand sofution of
the many simultaneous equétiéns jn Wissmann's solution is not possible-and a
computer is used. The coefficient of subgrade:rea;tion is assumed linear
although it is recognized that it actually depends on severél factors. These
factors include the type of soil, the properties of the soil, the thickness
of the soil layers, the size and shape of the contact area, and the ﬁagnifude
of the loéd.

Since a computer is used for the solution it is possible to include
a more accurate approximation of fhe subgrade reaction coefficient; fhis'may
be accomplished by replacing the non-linear siress-strain curvé with a train
of polygons rather than a'single mean Slopé. W§ssmann does not belieQe this
refinement is necessary.

Wissmann ysual}y assumes that the crown prgssu}e and side pressures
are at-rest pfgssures. To these are added active invert pressures, passive
invert pressures created by the vertical séttlements, and water pressures.
Other loads, such as traffic joadslon the soil surface or in the tunnel and
dynamic load? caused by explosions, may also be considered. It is claimed
that the final results from this method are no worse than others iﬁ the -

literature -and that the utility of the rod system #sed is virtually limitless

while most other methods are for specially shaped tunnel profiles.
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The Winkler theory assﬁmes that the subgrade reaction coefficient
is independent of the magnitude of pressure under the footing and has the
same value for every point of the surface of.contéct between the structure
and the soil. As discussed by Terzaghi (1955) the subgrade reaction coefficient
actually varies with the size, shape and depth of thé surface of contéct.
Thus the field or laboratory tests used toveQalua;e the subgrade reaction
coefficient musf be planned and evaluated with care if WIssmann;s resul;s
are to be reasonable. [t is believed that these inherent drawbacks iﬁ the
w?nkler theo;y, and tHe diérégard of the effect of construction methods, make

~

the apparent accuracy of Wissmann's approach rather illusory.

Use of Computer Analysis

The use of computers has been mentioned in Section 3.2 and_in

- previous paragraphs of this section. This too] has allowed e;gineeks to
investigate mény problems that previously required too much-computation time.
It has similarly permitted a more fhbrough investigation of the effects of
variations in the values assumed for the major parametérs of a problem.

As a result of the great growth in the application of computers to
the solution of engineering problems, nearly every coﬁputer center has on file,
‘or has access to, ready-made programs that can be used by a tunnel designer.
Wissmann's approximétion qf>é liner by a polygon of connected rods,-for exampie,
can readily be.so]ved by existing programs such as structural enginéering
program STRESS developed at the Massachusetts Institute of Technology. The
'deSigner must program the coordinates of the node poihts, the stress-strain
properties df the rods, aﬁd the properties of the springs used to approximate

the surrounding medium and the loading.
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Computers are necessary for finite glement solutions, such as Reyes'
(1966). For some of these solutions existing programs can be used with little
modification. |If necessary; new programs can be written. [n nearly all such
applications of the computer, the major problem is not one of adapting or
writfng a program, but of determiniﬁg the properties or range of properties

to be assumed for the materials.

Discussion

As a rule, conside}ing linérs as structural units subjected to
arbitrary external loads leads té.sdlutions that can be héndled readily,
in some instances by means of a computer. Like the céntinuum approach, some
of these solutions can provide information on the effect of variations in
a§sumed medium properties and in‘lining-configuration. By studying a number
of suﬁh variations it is possible for an engineer to imp(ove his apprecfation
of the imporfance of the variables and thug improve his judgment.

Like the continuum approach, the hypbtheticaf constant load approach
has shortcomings. The uninitiated ﬁ;y tend to place too much coﬁfiaence_in '
the numbers geﬁerated.by the solution rather than study them as guides.

{f the hypothetical constant 1oad approaﬁh islto be used as a
design tool, the engineer ﬁust, in nearly all cases, assume either the
earth pressure coefficient or the subgrade modulus. Because no universally
acceptable method of détermining either of these factors exists for the wide
r?nge of tunnel ﬁedia eﬁcountered, it is possible to arrive at several ''correct"
values for thg factors.

Both the hypothetical constant loads approach and the subgrade

—

modulus techniques were developed primarily for soft ground tunneling.

-
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It is doubtful that subgrade modulus techniques have-application to rock
tunnels, but the rock load concepts discussed in Section 3.5 have many
traits in common with the hypothetical'constant loads apprdach.

The hypothetical constant load and the subgrade modu]us theories
generally recommend that the vé}tical load on the lining be taken as the
full weight of the'oveerrden. However, tHe éffect of redistribution of
stresses above and around the.tunnei, can'be introduced into these methods.
The following section discusses some of thé basic concepts of arching or

stress redistribtuioﬁ that have been applied to tunnel lining design.

3.4 Arching Concepts

The concept. of arching‘a; appiiéd to tunnels assumes that some of
the materiaf‘directly above the tunnel is suppor;ed‘by the lining. The lining
deflects downwards as a result of this,load.v A shearing fqrce is developed
between the stationary material at the sides of the tunnel and the material
above the tunnel which tends to move with thé lining. These shearing forces
transfer part of the load frdm above the tunnel to the stationary material
at thé:sideslv THis transfer of load from a yielding_masg to adjoining
stationary material is called arching. »

Terzaghi (1943) has a detailed discus;ion of arching above a trap
door covered with a granular material. He reports that the concept was
cbnsidered by several previous investiéators. Acéording to Terzaghi's
theory, the arching or stress'redistriBution'is appfoximated by the transfer
of load by shear across imaginary vérticaj planes drawn from the sides of the

/
trap door to, the surface of the material.

—
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In 1946, Terzaghi extended the arﬁhing concept to the determination
of loads on- tunnel liners in c;ushed réck and sand. Hé approximated the.
ground arch illustrated by Fig. 3.7 (a) with the simplified one shown in
Fig. 3.7 (bj. A ﬁajor'portion of the overburdeﬁ load is transferred by
" friction onto fhe material at the sides of the tuAne]. The balance of the
ma;eria], represented by an equivalent height Hp, is carried by the roof
support.. Trap door experiments in dry and flooded sand led to the recom-
mendations for Hp given in Appendix 11 (Terzgghi, 1946) .

Aching has been studiea by many investigators. The theories
vary‘in the choiee of simplifying assumptions.’ Except f&r the theories that
are based on the ;heory of élasticity, all the theories-introduce assumpfions
éoncerning both the shape of slidihg bodies above the trap door and the
horizontal and vertical stress distrfbutions. None of the theories i;v
truly rigorous. However, the results of even a rigorous plastic theory would
be of doubtful value in tunneling because movements rarely are iarge enough

to completely activate the plastic zones.

3.5 Rock Load Concepts

The loading concepts discussed in the previous sections are usually
applied to tunnels in soil. ‘This section déals with the concepts usually
applied in rock. Soﬁe massive, unjointed, and undisturbed rock masses might
behave as continua while the behavior of others might be approximated using
concepts of deformation-dependent loading. Field observations, however,
indicate that rock does not behave in strict accbrd witﬁ any of the pre=-

viously'diScussed theories. Therefore several iﬁvestigators have developed
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rock load concepts that are based almost completely on field observations of
rock behavior modified or supported by only enough simpl?fied theory to

permit the engineer to develop design values.

Terzaghi's'Rockngad Theory

Terzaghi (1946) defines rock load as' the height of the mass of
rock which tends to drop out of the roof of a ‘tunnel.- H}s values of rock
" loads are represented by ranges since there are no well defined bouﬁdaries
befWeen the factors that determine the rock load. He relates certain rock
classes to certain recomnended design IOaa ranges on the lining strﬁcture.

His descriptions of the rock classes are qualitiative and are given in
Appendi* i1 togethef with the recbmménded loadings.

Appendix 11 in addition summarizes similaf Iéading recommendations
developed by Bierbaumer (1913) and Stini (1950). These recemmendations are
discussed to some extent by Szechy (1966). Szechy.5T§6‘8756U5583“F6¢k'1658"‘“
theories by Kommerell, Ritter, Biefbaumer, and Protodyakonov. These theorie§
all assume that the supports are required to carry the weight of fock in a
natural arch above the tunnel. The arch is assumed to be boﬁnded by either
‘a parabola or a half ellipse. These fheofies require more mathematical
manipulation.thgn Terzaghi's theory andvtheir results would appear to be
no more reliable. |

Iﬁ addition to the rock load, Terzaghi recognized that the
bridge action period (stand=-up time), defined as tﬁe time the roof will"
rémain essential]y'stablg and undeformed after exposure, was of great interest
to the tynd@l engineer. The construction technique must be so selectgd

that support is installed before this period expires. During this period
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there is a progressive loosening or.disintegration of the ;tructure of the

rock around the openiné. If allowed to continue, the rock will loosen and

fall out until the cavity is filled or a stable ground arch -is formed. |If
support is installéd prior to the end of the bridge action period the net

" load on £he supports may‘be less thsn‘the ultimate rdck lo;d sfnce the complete
formation of the ground arch will be inhibited>by the supports. Appendix 1
describes attempts by Terzaghi (1948) and Lauffef (1958) to assign numbers

to the bridge action period for various types of rock.

Loosening Pressure, Genuine Rock Pressure, and Swelling Pressure

Rabcewicz (1944) and Stini (1950) discuss rock pressures in three

main categories: loosening pressure, genuine rock pressure, and swelling
pressure. The first of these is essentially the same as Terzaghi's rock

load as previously discussed.

Genuine rock pressure is associated with the creation of plastic
regions.arbund the épéning (see p. 24). The excavation of a tunnel causes
an increase- of the tangential stresses-in the material close to the wall
of the tunnel; At thé same time the radial stress is removed,land the rock
is no longe; confined. Thus, the rock af the wall surface is stressed
in an unfavorable manner, and it will fail or yield when fhe concentrated
tangential streﬁs exceeds the uﬁconfined compression strength. Depending
on the character of the rock, this failure or yleld manifests itself in
a variety of manners. [f the rock is ductile (salt under certain conditions,
clays, some g}éy—sﬁa]es) squeezing is initiated and the material encroachesv
upon ghe opéhing at a rate detgrmined>by the rock properties and the degree

—

of overstressing. At the same time, stresses are redistributed, and the
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plastic zone increases in size. In some cases a stable condition is even;
tually reached. |If the rock is highly overstressea, the squeeze may continue
until the opening has vanished. By applying an internal support, the plastic
zone is reduéed, and stability can be achieved. The load on this internal
support, the so-called genuine rock pressure; is dependent upén the flexibility
of the support, and the stage of developmenf of the plasfic zone when fhe
support was constructed. |
If the material is brittle, the rock wil]‘siab or pop at the location

of the‘highest.stress concentratibn if the compressive strength is excéeded.
This may occur in hard rocks at greét deﬁtﬁs. Again, the development of

the plastié‘or failed zone will coﬁtinue until a stable pla;tic zone is
created. Figure 3.3ishows the'strong influence of the internal pressure

p; on the extent of the plastic zone. Thi; figyre iﬁdiéatés that.a weak
support often will keep the material from failing, an.obgervation suppor ted

by experience in deep mines. The magnitude of Fhe necessary internal pressure
P;s the genuine rock'pressyre, is highly influenced by.the time the ;upport

is installgd.‘ A delay in support installation may permit the rock to move
sufficiently to reduce the.friction angle @ to its loWér; résidual value.

As shown ip Fig. 3.3, the internal pressure p; must be increased to maintain

a constant plastic zone radqu as P decreases.

The considerations and the formulae given in Section 3.3 and

“Appendix | may predi;t the occurrence of plastic behavior and genuine rock
pressure. Thevﬁagnitudes of loads and deformations, on the other hand,

cannot at present be predicted with a satisfactory accuracy. The types of
plastic‘beh§§ior,.the rate of deformation, and the influence of internal

support on.-the genuine rock pressure will be treated further in the.second

part of this report.
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The third type of rock pressure under this theory, swelling pressure,

occurs in some rocks as well as in soil. It is associated with an increase

in water content of the material. Swelling may be associated with squeezing,
or, in contrast to squeezing, swelling may occur without the development of
a plastic zone. The preSsure exerted on an internal support by 5we1]fng
ground depends on when the support is installed and how much additional

rock movement the support allows.

Method of Relative Yield

Lané (1957) considered blocks bounded by vertical planes fhrougﬁ
the tunnel springlines in an attempt to study the arching phenomenon over
the tunnel. When he compared his results with measureménts taken at
Garrison Dam, Lane Qas not satisfied with the agreement. A more desirable
agreement was found with the method of relative yté]d.

In the method of relative yield the arching concept is modified
to include the relative stiffnesses of the rock and the tunnel. Different
deformation moduli are applied to the rock, a flexible lining, or a stiff
lining. The ‘lower boundary at. the invert is assumed to settle uniformly and
significant differential deflections are assumed to occur over the height

of the elastfc blocks.

Rear Abutment Load

The results of measurements taken in the Straight Creek pilot
tunnel have been discussed in terms of the rear abutment load concept

(Terrametrics, 1965). This concept apparently originated among mining
; .

engineers to explain pHenomena’experienced in long wall mining.

—

oo aii
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At fhe face of tHe‘tunnel fhe rock load is pictured as being
supported by the two side walls and a longitudinal cantilever beam that is
fixed by the material behind the face. With the advance of the tunnel, a
given point on the cantilever deflects as thé'effective Iéngth of the
cantilever (from the point to the face) increases. Supports installed a
short distance behind the face are ]oadéd as they begin to pick ub the load
from this. deflecting cantiIeQer. >Eventqal}y, thg supports pick up sufficient
load to bring the system to equilibrium. lThis equilibrium load is the rear
abutment logd, Figure 3.8 il]ustrates the rear abutment load coneept. The

- use of this concept for design purposes is Based primarily on experience.

Rock Idad'concept§ are based on actual field observations and
result in ranges of values for thé,load carried by the supports. Using
.experience and the available exploratory data, the ehgineér can select the
best design-load for the given site. These concepts have'béén used success-
fully to design rock support systems for many tunnels.

One objection to the rock load concept is its faflure to predict
accurately the behavior of tﬁé materials in the field from a kﬁowledge'of the
condition of the rock. Most supports are installed early enough that the
rock in the roof does not loosen all the way back to a stable arch. The
supports are tﬁus not called upont to ﬁupport the Eomplete wéight of rock
that would fall 6ut if unsupported. The rock load, therefore, depends on
the time supports are installed and the amount of additional loosening that
takes place after installation qf the supports. This again depends on the.

type and quality of the support.
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The addition of genuine rock and SWellfng pressures fo the rock
load (loosening pressure) results in a more generél conéebt._ Unfortunately
the practice in the United States has been to attempt to predict only the
rock load. {n Europe some attempts have been made to include genuine rock
and sweiling pressures;

Lane's relative yiefd theory and the rear abutment 1oad concept
both were deve loped for a particular set of cond}tions. ‘While they appear
to be reasonéble for their eespective éon&itions, they may not be sufficieat--

ly general to be applied elsewhere.

3.6 Stabilify of Tunnei Liners

Buckling has not bsually been considered a problem for linings
for near-surface tunneis. A simple, partly empirical equatioﬁ for the
buckling of a thin-walled cylinder of radius a with a modulus of inertia’

of the wall | per unit length is

where ks (]bs/sq‘in.) ig the modulus of reaction, E is the modulus of

eldsticity of the I}ning material, and pc; is the uniform all-around

pressure creating instability. Calculations with this equation indicate

that buckling is not a probable mode of failure for reinforced concrete

cylinders bﬁfied in soil (Hendron et al., 1968). Therefofe;‘buckling

of reinforeed concfete cylinders will not be considered further in this study
Additional calculations with the equation given above and field

experience indicate that for thin-walled liners, buckling rather than

—
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yielding by ring compression may be the most critical. The liners most
commonly used are believed to be too thick for this to be true. |Innovations
in the field of lining construction, however, may lead to thinner linings

for which buckling is critical.

3.7 Analyses for Multiple Tunnels

Multiple tunnels have usually been studied by superimposing
elastic or elasfo-plastic theoretical solutions or by perfokming photoelastic
experiments with multiple holes. Superposftion of solutions js exact for
linearly elastic materials and can be applied to éasés where the medium
can be assumed to behave elastically. For any other caSe,-the solutions
should be considered for their vﬁlue as tools in the development of
judgment. Photoelasticity provides visual gtudy of the same phenomenon.

Indescriminate use of supérpos[tion of elasto;plastic solutions’
can lead to considerable inaccuracy. The behavior of elasto-plastic materials
is path-dependent. Thus, superposition of elasto-plastic solutions can be
recommended as a first approximation only. Such superbosition of solutions
should not be used for design.

éield evidence from Garrison Dam (Lane, 1957) indicates that
superposition does not work in the clay-shale at that site. Lane found
that the middle tunnel (of three) expérienced different stresses when it was
driven between two existing tunnels thaﬁ it-did when driven first followed
by the other tWo.tunnels; These thﬁels were spaced approximately two
diameters cehter to center.

'Cbates and McRorie (1962) discuss fiefd measurements takeq on

adjacent tdnnels in brecciated rock 650 ft below the surface. For these
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tunnels, which were 10 ft in diameter and were spaced 20 ft (two diameters)
center to center, they found that the Qeftical load arose from the weighg
of loose material that accumulated on top‘bf the sets. (In.a discussion to
the paper ogler noted_that Terzaghi's rock load concepts could be used to -
ﬁredict the measured loads on thé sets)) The authors observé that the
spacing between these tunnels is apparently sufficiently great that the

" set loads were not affected by the adjacent tuﬁhel;; This observation
contradicts Lane‘s results, and -indicates the great influence of the
geologic conditions and construction technidues 6n the interaction bethen
‘neighboring.tunnels. ' ‘

Studies by-Riley.(]964) and Agarwal and Boshkov (1967) are typical
of the three-dimensional photoélastfcity'investigations 6;'intérsecting or
adjaéent tuhnels;' Riley's exp;riments were cbnducted to determine the
stress di§trjbutions associated with tee, cross, and right angle tunnel
intersections. The intersections were located in a uniforﬁ, uniaxial
stress field, and the stress éoncgntrafions were studied usiﬁg stress
freezing and slicfng techniqués. He found tBat ten;ile stresses near the
intersection wére brECtically unchange& from fhose in the tunnel away from
the intersection. Compressive stresses were aﬁproximatgly 60% higher
neér the intersection. The high stress region wés localized and_&ecayed
within a distance of one diameter of the intersection. |

Agérwal and Boshkov used similar techniques to study horizontal
tunnels separated by a vertical distance K and with an angle a between the
projections of the.centerlines. Stress concenfration factors were deter-
mined for sélected‘points on the tunnel periphery and up to six radii away

from the tunnel for selected values of K and a. They found that the stress
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concentration factors, compared to those for a single tunnel, were significant-
ly altered within a distance of approximately two radii from the point at
which the tunnels diverge from each other. The maximum stress concentration

factors were shown to bé as high as 250 percent of those for a single tunnel.

3.8 Design Methods in Common Use

The theories available for tunnel liner analysis and design have
been discussed in general terms in previous sections of this chapter. The
abplication of these theories to the gctuaf desfgn of tunﬁel linings has
not been demonstrated. The following paragraphs will discuss the‘background
for, and give examples of, design-methods'in'general use. |t will become
obvious that the design methods acfually used often bear little resemblance

to theory and that the influence of theory on the design methods is indirect.

Reasons for Simplified Design Methods

Design methods for tunnel liners should be formulated so they can
be used by'eﬁgineers who have an awareness of the potential problems arising
from the non-i&eal Behavfor of soil and rock but who dé not fully understand
“this beHaviér. Typicélly such an engineer is a structural engineer. He is
capable of designing a-tgnnel lining when told, for example, that the vertical
load is equal to the overburden pressure and the horizontal load is some
portion of the vertfcal; He may have little capability or motivation for
determining the actqal conditiéns. Fbr a much more complicated theory of
soil behay{q@ he would have even less interest and knowledge.

?He design method chosen'should be consistent with the accuracy

‘with which the properties of the medium are known. With computer solutions
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it is easy to fall into the habit of expressing the answers to several signi-
ficant digits. Material properties cannot be determined accurately by
explorations, field-test, or lab tests beéause of the variability of
geologic media. _Cdmplicating refinements to any theory can hardly be
justified if they would.lead the desfgﬁer to believing that hié‘results are
more accurate than the material properties.
A second and related factor élso.influences the complexity of the
design method. Even if the material pr&perties could be precisely determined,
it is ushally necessarQ'to make some simplifying aﬁsumptipns when the prop-.
erties are used. For example a{cufved load-deflection curve from a load
test is approximated'by a'StEaight.ifne to develop a subgrade réaction number.
br, even more critically, the load test is conducted with a sméll bearing
plate and the resulting subgrade modulus  -is assumed to apply to the behavior
-of the much larger volume of loaded soil around the tunnel. Such aséumptiohs
automatically introduce errors.
Finally, a design me thod should include a minimum numberiof variables.
By a reduction in the number of -variables, the design ﬁefhod becomes applicable
to a larger range of conditions. Thus, a simplified design method may be

desirable-where a long tunnel system must pass through a variety of conditions.

Examples of Current Practice'

The breceeding section mentioned a few ofvthe reasons for making
design methods as simple as possible. - In this section, recent tunnel projects
will be reviewed to'gain a.better appreciation of the t?pes of design methods |
actually used.*’ Tunnel designers do not often publish thévdetails of their
assumptionsuahd simplifications so these examples can be. obtained only by

personal contacts.
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The San Franciscd Bay Area Rapid Transit.(BART) tunnels are pre-
dominantly in water-bearing granular materials but soft clay is encountered
along certain lengths of the tunnels.‘ The consultants for the BART system
believed that the tunnel [ining would offer little resistance to the un-
balanced ground forces on the horiz&ntal énd vertical planes. .They believed
that the ground and the linihg would distort together until largely uniform
forces acted on the circumference of the lining. Their design recommendations,
therefore, included a combination of radiai loads related to the overburden
and stresses in the liner caused by its distortion. _

The recommended design loads for single tunnels are shown in F{gs. 3.9
and 3.10. Arching‘was‘considered to bégin being important: in gra;ular
materials at a depth of burial to the crown of about 26 ft (1.5 times the
diamefer) but it does not appear explicitly in the equations until the
depth éf burial is 35 ft. Beyond 35 ft of covef, only one-half of the over-
burden was considered to load the tunnel. No arching was congidered in soft
clay. Figures 3.11 and 3.12 show the récommendation»for including the effects
of‘interaction between adjacent tunnels.

-The COnsultqnts also presented a set of guidelines for as;essing
the .influence of futdre construction’of small structures over the tunnels.

In generai, structures that would neither physically interfere with the
tunnels nor increase the loading on the tunnels beyond max i mum design loads
are permitted.‘ |

Using. the equation and guidelines given above three basic liner
classes were developed for the system. For a given portion of the system,
the designer must check the loads on that section and then select the

appropriate liner class.

—
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BART Ground Pressures for Tunnel

For depth to crown from 35 ft
to 75 ft (over 35' arching is
considered). and ground water z
above crown

Po=(5+3y +(z+0)y

plus

Bending forces resulting from
axial diameter changes of + 5/8"

b. .- For depth to crown from 12 ft to
35 ft and ground water at z above
crown.

P =357 + (z+0)7,

plus

Bending forces resulting from
axial diameter changes of 1/2"

c. For minimum depth to crown of
12 ft

P = (12 + D/2) 7 * (z + 0)7W
plus
Bending forces as in b
Notes:

7£ = Unit weight of soil adjusted
for bouyancy

AW Unit weight of water

P_ = Radlal load, PSF, applied
uniformly around circumference

All dimensions are in feet

in Sand

or Predominantly Granular Ground
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Ground Level

I YUSESISUSESUSES
.Pr =X 7, = Radial load
(uniform around circumference) .
| Vertical axis lengthens
= Horizontal axis shortens
= 7 / 8! '
7y = Unit Weight of Soil
. 4
+ D

Fig. 3.10. BART Ground Pressures forlTunnel'in
‘ Soft Plastic Clay
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Tunnel 1:

"The pressure on the lower tunnel

may be approximated by
Pe = 1.5 7t D + 7 X
with a practical limit of:

The loading of the soil of the level
occupied by the upper tunnel may be
considered off-set by the bouyancy
of the upper tunnel.

Tunnel 2:

Loading same as condition (b) or

(c) of Fig. 3.9. Usually no

arching effect available because soil
has been disturbed by lower level
tunneling. ’

Fig. 3.11., Effects of Vertically Adjacent Tunnel
(BART)
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plane of influence
of first tunnel

Case (a)

Case (b)

Second Tunnel
2D ’ k"‘;{ TN\ constructed inside
\

Second Tunnel
' constructed outside
-/ ""‘\\(,////r— plane of influence
// of first tunnel

1/2 D Min. When Tunnel Inverts @ Same Elev.

Tunnels Horizontally Adjacent

1) If clearance between tunnels ''¢''> D, additional Pr =0
2) If C is 1/2.D, additional pressure should be .5y w D

3) Tunnels should not be driven closer than C = 1/2 D
Tunneis Offset Both Horizontally and Vertically

1) When horizontal clearance between tunnels is equal to or
greater than one-half of the vertical distance between the
inverts of the tunnel plus one tunnel diameter, the additional
pressure on the lower tunnel is zero (Pr = 0)

(Plane of Influence assumed at 2v on 1 h)

2) When the horizontal clearance between tunnels is less than
tn (b)1 above, the additional pressure P_. should be evaluated
between Fig. 3.11 and Case (a)(2) above.

—

Fig. 3.12. Effects of Adjacent Tunnels (BART)
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The design manual for the'Nashington subway recommends a ratio of
horizontal pressure to vertical overburden pressure of 0.875 for the design
of reinforced concrete rigid eartH tunnel sections. With this ratio the
liner sections are to be designed as rigid structures using the working
stress design method. Using ratios of 0.45 and 1.00, the sections are then
to be checked usiﬁg ultimate strength design métho&s and a maximum concrete
stress of 85 percent of the 28-day strength.

Wherever possible, the To]]owiné guide was used in egtablishing the

minimum rock cover for the Washington subway:

Maximum Excavated Width ; Minimuh Sound Rock.Cover
20 ft o 10 ft
35 ft - ' 15 ft
70.f£ 30 ft

With rock cover of these amounts, the fock was believéd capable of Supporting
itself and the overburden with no more than rock bolt reinforcement..

For any condition in either .soil or rock not covered by £he above
paragraphs the design maﬁual instructs the designer to follow the recommenda;
- tions of the-SoiJé Consultant.

Szechy (1966) gives a summary of the design specifications for the
Lisbon Subway.. The vertical and horizontal loads on Lisbon Subway tunnels
driven in sand and silt were estimated according to Terzaghi's regomﬁendations
(see Appendix 11). Loads for tunnels in réck were also estimatéd as recom-
mendad by Terzaghi. In clays the vertical pressure was taken as the over-
burden pressure minus an amount depending on the effective shear strength of

"o .
the material. Horizontal pressures in clay were estimated as 0.5 tb 0.7

times the vertical pressure.
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Vertjcal design loads recommended for thé Bﬁdapest Subway were
also based on Terzaghi's theory. Details and examples of the application
of Terzaghi's arching theories to this subway project are found in Szechy
(1966).

Soviet standard specifications for the design of underground and
motorway tuﬁne]s are q;ite detailed. Vertical rbck pressures may be assumed
from a table or from a rock load concept based Qﬁ Protodyakonov's theory.

These specifications are also summarized.in Szechy.

| The recent design specifications discussed in this section,
illustrate an important point: the process of developing design methods

are repeated for every new progect, but‘the rgsults seldom represent innovations
or generalizations. The original design of the Chicago subway tunnels serves
as an example. This design followed the existing practice for sewers in

that city (Terzaghi, 1942). The vertical bressﬁre on the top of the tunnel
was taken equal to the overburden and the vertical preséure on the b;;é was
taken as the sum of the pressure on the Eop and the weight‘of the arch.

Side pressures were assumed. equal to the pressure of a fluid with a density
of 1/3 to 2/3 of the actual weight of the soil. These concepts are very
similar to those used four decades later in the Washington and the Lisbon

subways, aithough‘the factors are different.

Contrast with Refined Analyses

Preceeding sections have discussed in varying detail a number of the
theories and methods that have been developed for tunnel design and have
reviewed a few examples of current practices. Even a cursory comparison

between the theories and the practices leads to the conclusion that there is

—

only slight resemblance. Such a comparison does not tell the whole story.
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The BART design loading consists of a modified overburden load
applied radially plus.bending stresses from specified diameter changes.
On deeper analysis, the following observations can be made:

1. The overburden and water pressure loads applied radially
repreéent a simpiification of the hypothefical loads on
liner concept. |

2. Arching is included for depths of burial .to the crown
greater than 26 ft.

3. The inclusion of bending stresses due to diameter changes
indicates the recognitjon tHat the liner will deform
to develdp.its loading and that the final stresses in the
linér are a functién of those deformations.

The Washington Subway Manual of Design Criteria requires a very
simple loading for rigid linings in soil: a verticgl loading equal to the
overburdeﬁ and a horizontal loédingAequal to a specified fraction of the

vertical one. Sound rock is considered self 54pporting under specified
conditions. The recommended loading for rigid linings in soil is an
arbitrary external load appliédlto a liner but the deliberations and ex-
perfence that led to its adoption are not apparent. Neither is supporting
evidence given for the recommendation that sound rock is self supporting
under some conditions. 1In these design criteria, the designer is given a
set of rules to follow but he is given nothing to improve his understanding

of the behavior of the system composed of tunnel and surrounding medium.
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3.9 Rock Reinforcement Methods

Any support system which ties or holds the rock mass togethér
and helps the rock to support itself will be labeled rock improvemeﬁt.
Occasionallf rock improvgment may be applied before excavation but it
is qually applied shortly after excavatioa. The following subsections -
discuss the three principal classes of rock improvement: rock bolts,

‘grbuting, and shotcreting.

Rock Bolts ' | 5

All of the tunnel lining design;methods discussed to this point
tacitly assume that the lining is essentially continuous around the
periphery. For example, it mayiconsist of steel sets or reinforced concrete.
During the last 20 years, however, rock bolts have been used with increasing
frequency. Rock bolts are discontinuous, i.e., they are installed only.at
discrete pointé, though a regular pattern.may be used. They are mo§t~fre-
quently used in tunnels in relatively good rock; but may be successful
in some tunnels in rock that would be classified as poor.. The design of
rock bolted tunnels is quite unlike any qf the lining design techniques
previously discussed.

Rock bolts make their gréatest contribution when they are in-
stalled very close behind the face. They should take maximum advantage of
the natural strength of the rock and thus help the rock support itself.

‘ln some instances in-situ stresses are high enough to cause the rock to
flow plastically. Initially rock bolts may not be able to resist this

4 ) . . .
plastic flow. As the plastic. zone increases in size, the interior normal

—
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stress requiréd for siability decreases. At some point, rock bolts can
apply this stress and stabilize the opening. No other movement or re-
Jaxation of the rock which. leads to siiding,. rotating, or IdWering of the
normal stress on potential sliding surfaces should be allowed.
The.selection of rock bolts-for.a given app]lcation has not yet
reache& the stage where it is considered proper t§ speak 6f designing rock
bolt systems. More apprqpriately; roqk bolt systems can Be safd to be
selected. The following paragraphs will oﬁtline‘the most~c§mmoﬁ methods
of selecting rock bolt sfstems. it is bélieved that these methods will
continue to change and become more reliable as the use of rock bolts
increases. In the subsections to follow, six of'the most common rock bolf

selection methods will be grouped into three groups: experience, rock support,

and rock reinforcement. For any given project, it is necessary to consider

" all of the possible modes of behgvior or mechanfsm that may occur. 'Then,
one or more of the methods is applied.and the most critical case is used

as the basis for selecting the rock bolts.  The anchorage selection is
perhaps less well defined thaﬁ the selection of the rock bolt system itself.
Some designers rely solely on exberience. Others select the anchorage using
broad guidelines similar to those proposed by Rabcewicz (1957). Such guide-
lines indicate a cement or ep§xy grout for rock bolt anchorage in very hard

or in weak rock or shale, and expansion anchors in hard or medium hard rock.

Selection Based\on Experience. ==~ Experience provides rules or
guidelines that will often result in a reasonable rock bolt system. Designs

based on any of the other hypotheses should be compared with these guidelines
}



65

which may be stated simply:
L=(/3 to 1/2) B usually 6 ft to 8 ft
S$=5ft to 8 ft
where L is the bolt length
S is the bolt gpacing

and B is the tunnel width

"The pattern for the rock bolts should be regular and should be
established by the designer. Patterns are specified for complete'ggctions
of the tunnel. Miners may not.undefstandAthe concepts of rock bolt behavior
and the project nearly always will progress more Smoothly if the miners are

not expected to make frequent changes in the rock bolt pattern to meet

" localized conditions within a section of the tunnel. Thus the pattern.

is designed for the most critical conditions expected within that tunnel

section.

Selection Based on_Rock Supgpr;. -~ The selection of a rock

bolt design may be .based on concepts of rock support. For such conceﬁts

the opening is considered basically stable but ‘it is possible that a bed

or joint block may fall out of the roof of the tunnel, or‘the sidewall

~ may spall locally. The size, type, and pattern of bolting is selected

by engineering judgment based on the best geologic information available
and on experience under similar conditions.

Rock bolts to be placed in a horizontally stratified rock afe
selected gﬁd spiced so thaf_thgir combined design strength is equal to

the dead weight of the section of the strata that would tend to fall.

w3
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They are made long enough to ensure sufficient anchorage in deeper, more
confined, and stronger strata. To hold joint»blocks in suspension the
selection is similar except that more experience and judgment are needed

to select the most critical size, location, and orientation of the potentially
unstable jofﬁt block. ‘Often a trial and error approach is used in which
several possible joint. block configurations'are }nvestfgated and the most
critical one used for desfgn. Spalling can be prevented by applying a

normal stress at the surface. Thé magnithde of this stress and th@s the

- size and spacing of the bolté required to furnish it are often unknown

so that a trial and error installation is often used.

Selection Based on Rock Reinforcement. -- The purpose of the

rock boit iﬁ another group of rock reinforcement'hypotheses is to confine
the rock so that it will become at least a part of the total structure
supporting the opening. Included in this grdup are.fhe.concept of beam
Abuildihg and arch building and the Mohr Coulomb shear strength hypothesis.

The beam b;ilding concept assumes that the rock bolts can Ee
designed to form a laminated structural beam of adjacent beds instead of
merely suspending a falling bed as in the previous diS?USSion. The rock
bolts are.assumedvto increase the friction and thereby the ho}izontal
shear between the beds, hence %orcing them to act as a beah.

In a tunnel that is capable of supporting itse]f the staBle.,
" condition of the rock in the roof often is observed to be an arch. This
arch does not usually correspond to the shape of the original excavation and
it is fprmed by a ﬁrogressive failure in the rock. Reinforcement of the'

/ .
rock with bolts, if done early enough, will stop these failures and lead

L~
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to the formation of a stable arch of the shape originally excavated.
This is the arch building hypothesis of rock bolting.
The Mohr-Coulomb shear strength hypothesis is based on the

application to rock of the familiar failure or yield condition:

o, =2c N_ + Ur N

o ? =qu+0’r'_N

? o

where N = l_:_éiﬂ_g » Og is the rock stress parallel and o_ is the rock
P .1 +sin® r

stress normal to the tunnel wall, and q, is the unconfined compressive

strength. Near a tunnel wall o is usually zero, but rock bolts can be

used to apply a normal stress at the wall and to increase it to some

non-zero value. |If the unconfined compressive strength is comparatively

low the additional strength from the term o N.. can be very significant.

P
The effect of the rock bolt in this theory is identical to the effect
of an internal liner exerting a uniform force P; on the tunnel walls.

The analyses given in 3.3 and Appendix | are applicable in this case.

Shotcreté

Shotcrete is the newést and most prémising type of tunnel rein-
forcement. Recent experienée at several location§ around the world has
shown that shotcrete and its various adaptations can save large sums
of money in tunnel construction.

The fmpedance.to the widespread application of shotcrete for
tunnel reinforcement af this time consists of two parts: 1) a skepti-
cism ameng}tunnel designers and builders over the ability of shotcrete
to support an underground opening, and 2) a lack of qualitative criteria

—

on which .the design of shotcrete can be based. These two factors are in
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some cases interrelated. Like rock bolts, the application of shotcrete'
has not yet reached the stage where it is possible to speak of the
lldesign' of shotcrete. The selection of a shﬁtCrete tunnel lining is a
crude and éften completely undefined pfocess. The remaining discussion
is devoted to the various concepts'that are presently used to explain the
function of shotcrete, and to arrive at a seléction of a shotcrete tining.
The contribution of shotcrete- to thé reinfercemeﬁt of an opening
is in principle similar to that of rock.bolts. That is, the shotcrete,
through its eonfining,effebt on the rock at the periphery of the openfng,
causes the rock to act as a self-supporting arch which is capable of
su;taining at least part of the loads in the stress rediseribution zone.
As with roék(belts, the greatest benefit from-sﬁdtcrete can Be realized
if the shotcrete‘is applied soon'affer excavation. Some geologic conditions,
notably variops swelling materials and some popping rock, have not been ~
stabilized by.immediate shotcrete épplication. However,_nonswelligg types
of ground are most easily .controlled by applying shotc?ete within one or
two hours after excavation. Rapid applicatibn provides rapid conf inement
of the rock and thereby hinders the development of loosening pressufes.
It also seals the‘rock'agafnst the deleterious effects of air and Qater.
The above mentioned functions'of shotcrete can be considered
“econfining!' functions. Because of the unkmown mechanical interaction
between the shotcrete and the tunnel wall, there is little chance that
this component of the shotcrete's reinforcing effect can be analyzed
rationally. Shotcrete, can, however, deliver another reinforcement

p :
component, that of a structural member.

—_—



69

Depending on the deformational behavior of the shotcreted tunnel
and on the geometry of the shotcrete application, the shotcrete itself
may functien as an arch, a thin plate, or a closed circulér ring. The
interplay of the two functions of.shotcrefe is not well-defined, and
analysfs must necessarily be limited to crude approximations.

The approximations most commonly madeifor an analysis of the
structural behavior of shotcrete involve two aésumptions; an assumption

_of the mechanism of load development in‘fhe ro?k, and an assumption of
the load carrying machanism in the shotcrete. Various simplified models
have been used for each assumption. . i

The simplest shotcrete analyses have considered ldbséning pressures
and have assumed shotcrete failure by diagonal shear. Rotter (1961) uses
su;h an analysis to compute a safety factor against diagonal shear through
a thin reinforced shotcrete plate that is loaded with the dead weight of
a pyramidal rock block. The same énalogy is often used in Sweden. =

Other'analytica]'models have been developed to‘fit various
shotcrete-tunnel behavior mechanisms. In the Alps, for example, pressure
phenomena associated with squeezing ground conditions scmetimes cause a
type of tunnel faiiure tﬁat'is'most adequately treated with continuum
solutions. Rabcewicz (1964, 1965) uses equations such as those given
in‘Appendix 1 for plastic behavior to detérmine the so-called 'skin
resistance'' necessary to prevent loosening. !t is then assumed that a
shotcrete lining can provide the necessary skin resistance through the
action of a yielding cylindrical liner. This approach has been used
to justifylthe use of shotcrete for sections of the Washington, D. C., '

Subway.  Its validity depends on two factors: 1) the ability of the

—

3
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shotcrete to yield sufficiently to develop the plastic zone at the tunnel
wall, but at the same time maintain its structural integrity so that excessive
loosening does not occur; 2) the closene;s with which the analytical model
fits the real rock behavior. Both of these factord have been more or less
verified for conditions at several. tunnel sites in the Alps, but the
applicability of these factors to condttinns at other sites is uncertain.

Local experience in differeﬁt geologic environments has produced
a number of rule-of-thumb guidelines for ghe seleétion of shotcrete reinforce-
ment. Unlike the methods described in the previous paragraphs, the rules
established from local experience have no theoretical basis. Classification
systems of different varieties.afe used to tie local experiehce to fhe geologic
environment. C

Linder (1963), for example, has superimposed a set of shotcrete
rules on Lauffer's classification system as shown in Fég. 3.13. The problem
with such a relationshfb }s that the rock classification is very subjective
and leaves a wide mangn for personal judgment.

Hansagi (1965, 1967) uses a classification based on jo}nt spacing
and uncon{ined compressive strength to relate the material to the reinforce-
ment requirements in underground openings at the Kirun# iron mines in north-
ern Sweden. This system, although quantitative in nature, has not been applied
to a wide‘enough variety of rock conditions to be of universal value.

Although most shotcrete applicatiohs have been fn~rock tunnels,
shotcrete has recently been'used_successfully in a Milane, ltaly, subway
tunnel in running sand and gfavel (Chase, 1968). .In this tunnel, the arch,
the face, and muckpijevmust be shotcreted to hbld the ground. Steel rein-

forcing bér'spiling is driven ahead of the face and the ground is then
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Fig. 3.13. Rock Reinforcement with Shotcrete
' (After Linder, 1963)

Notes:

(8) Alternatively rock bolts onl1.5-2 m spacing with wire net,
occasionally reinforcement needed only in arch. .

(C) Alternatively rock bolts on 1-1.5 m spacing with wire net,

~ occasionally reinforcement needed only in arch.

(D) Shotcrete with wire net; alternatively rock bolts on
0.7-Im spacing with wire net and 3 cm shotcrete.

(E) 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.

(F) Shotcrete with wire net and steel arches; alternatively
strutted steel arches with lagging and subsequent
shotcrete, ’

(6)

Shotcrete and strutted steel arches with lagging.:

71
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removed a few shovels full at a time. The nozi]eﬁan sprays the-ground a§ soon
as it is exposed. Permanent support consists of arches consisting of rein-
forcing bar trusses embedded in shotcrete and a continubus layer of six
inch thick shotcrete.

The éonstruction and lining procedure used on this subway was not
' designed, it evolved. Settlemenfs have not occurred above the shotcreted
subway. Above @ nearby shield driven»subway, settlements of threé-quafters

of an inch have occurred.

Grout
Cement and chemical grouts ar; usually considered only for'thg )
.control of the flow of undérground watér. In récent years, a few attempts
have -been made to use resin grouts to bind soil or broken or faulted rock
in an artificial matrix and'thereby to increase the strength of the materials.
Thus strengthened, the material would contributelto its own support.

In the NORAD facility an epoxy résin grout ;as used to strengthen
the rock at the intersectibn of two tunnels (Erickson, 1964). The grout was -
injected in special{y‘drilled grout holes and through plastic tubes next
to rock bolts; Rock movemeﬁts were stopped that previously had ﬁot béen
stopped with rock bolfs alone. A series of Iaboratory'tests was performed
to evaluate tHe effectiveness of the grout. These tests indicated that -

" the grout did bond across the joints. and that sufficient strength could
be developed to justify the use of this expensfvé‘éfout.

By cementing-iayers~of material together it is ppésible to use
grout for beam building. Mclean (1964) reports such an application in the

. Homestake mine. With the use of resin grout, beams were formed with three

to four times the strength of the original material.

i i
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Other uses of grout in strengthening rock have been reported by
Goss and toblbaugh (1961) and MclLean and MeKay (1964). In the first of
these, holes were dri]le& ahead of the face and the material grouted.
Gosé and CoolBaugh reborg that this technique resdlted in a four-fold
increase in tunnel advance rate and a 50 percent decrease in lost time in
bad ground. In the second application, MclLean-and McKéy found that a
combination. of rock bolts and resin provided a superior support system
" compared to steel liner at 17 percent of the cost of the steel liner.

These examples of the‘sucgegsfuf application of gfout as a
medium reinforgement material indicate that the concept does work. From
the experience gained it is possible to evaluate the suitability of various
types of Qrout for the stabilization of a given ﬁedium. Nearly all successful
applications have been at least partly of an expEEimental nature. Grout can
be effective in wet materiéls but is ineffective if the joints or fragments
have a clay coating. At present, no basis for a!rationa].design of a
reinforcement scheme using grout exists. The writers believe that Erickson
(1964) bést summarizes the situétion in hié statement that the problems.6f
l;evaluating‘ the results and in putting numbers on the amount of benefication

are intriguing and still remain to be solved.! .

3.10 Cdncluding,Remarks

This chapter has discussed a number of elaborate tunnel Tining
design thegries, but it also has shown that most actual designs of tunnel
liners are based on very simplified design methods. It has been indicated

_that most- of these simplified methods have their root in one or more of

the elaborate methods.
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The discussions, experience, and deliberations that convert the
elaborate methods and ideas into a workable design tool are seldom included
in design manuals. Without them, the designer is forced to work from blind
fafth and thereby doés not often géin an understanding of the actual behavior
of the medium around the tunnel -or of the very real shortcomings of his design
agsumptions.

The design methods aeveloped'for:particu]ar tunnel prdjects, such
as the BART projects,‘ére nptrinnovations or generalizations. They are
simplified best estimates suited to particular conditions, and are not
generally applicable. According to current practice, the process of
developing methods of design must be repeatéd for every new project.

It is believed that majdr new and elabérate désign methods are‘
"not needed. R;ther, an improved appreciation 6f the critical assumptions
énd limitations of exfsting ones, as-applied to actual fieid conditions; is
very badly needed. ‘in addition, it is important that the effect of-present'
and future construction techniques, lining materials, and exploratioﬁ techniques -
(many of which were not in existence when some of the theories were developed)
be considered. |

Design methods should reflect observations made in previously
constructed tunﬁels. Fo; example, Terzaghi (1942), observed that the
tunnel tubes in the Chicago subway were acted on by-fairly uniformly '
distributed external pressures after conditions became~sfable. He con-
cluded that tﬁe bending moments in a cylindrical tube with a circular
cross section Aare s&all and that the permanent lining should be as thin as

compatible with construction requirements.

—
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Field observations énd records of tunnel behavior are evaluated in
the second part of this report. On the basis of this evaluation, improved
me;hods of interﬁretjng and applying existing design methods are recommended.
The recommendations permit a more logical selection of the design assumptions
and theories to be used and a better appreciation of the limitations and
possible errors to be expected in the designs. Emphasis is placed on

gaining an understanding of the actual behavior of the medium around the

tunnel and correlating material propérties and behavior.
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CHAPTER 4

CLASSIFICATION OF GEOLOGIC MATERIALS FOR TUNNELING PURPOSES

4.1 Concepts of Classification -

An engineering classification of geologic materials serves many
purposes. The most important purpose is to facilitate the recognftion of
problems associated with a construction project; a specific class of

problems is associated with a specific class of geologic materials. The

classification should also delineate which parameters are significant for

design and construction problems, and indjcafe which theories or procedurés
are useful and applicable to a given case. The relative importance of the
parameters, and the validity of the theories, will vary from one class of
geologic materials to another. Classification is the first step towards.an
actual prediction of the behavior of tHe material in a given situatién.

-

General and Specialized Claésifications

Classification can be viewed 'in several steps 6r on several levels
of specialization. One may consider a primary or general classification,
a secéndary or diégnostic classification, and a tertiary or sgeciélized
clas;ification..

The ideal primary or‘general elassification is independent of
ité application to a particular type of problem or structure.(Coates, 1964).
It depends oniy on the material (rock or soil mass). The direct applicability
o% such a classification is Iimitea because of its general natﬁre. However,
if the cla55§fication paraméters are chosen with its possible uses in mind,

—
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. i
the classification will aid in understanding concepts of material behavior,

and form a rational basis for specialized classifications.

The secondary level of classification is more specialized and
may be termed a diagnostic classificatioh. |ts purpose is to recognize
problems and fo define the important‘parameters. It is developed‘by re=-
lating the primary classification to the probleﬁs under consideration and
is, thus, dependent on its ;ontemplétgd use. In iunne]ing, for example,
the.diagnostic classification of a materiél such as jointed rock must Eonsider
the size of the tunnel opening. |

The specialization may be advaﬁced'further. The thi}d step reaches
into actual design and construction donsiderations. Such specialized classi-
fications may predict the blasting behanor, rippability or drillability of
a materiél, or furnish a prediction of rock load or soii pressure. This

is the final stage of classification.

A Unified Classification of Soils and Rocks

In this report a system of classifications applicable to all
geolpgic materials is Aeveloped. There are many reasons for this development.
Modern methods of tunnel excavation and support in soils and rocks display
many similarities: shotcrete has bgeﬁ used as temporary and permanent

stabilization of the face and the circumference of the tunnels in rocks

as well as in soils; mechanized excaQators for soil and rock are in.

many respects $imilar; shields are being used in rocks as well as in media

commonly clas%ified as soils; and many types of ‘linings have been used for

soils as wellfas for rocks.‘ Although the behavior of massive rock and sand

is highly dissimilar, there are many overlapping characteristics of soils
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and rocks: concepts valid for stiff clays extend naturally into shéles
and slates; varying degrees of alteration or cementation can form any
intermediate characterfstics between solid rocks and unindurated soils.
It is significant that the greatest problems in rock tunneling are fre-
quently associated with ‘zones where the rock approaches tﬁe character of
soil.

Jradition in'the United States has sepérated thevarﬁ of tunneling
into two distinc;ly differeni professfons: soft ground tunneling and rock
tunneling. The boundary between these profgssions is rather arbitrary. ’
The distinction is not nearly so great in other countries; in Continental
Europe, for example, soft ground is commonly.consideredAjust another rock,
which is softer and creates a Specific class of problems.

In addition to bridging the gaps between classiffcation systems
applicable separately to soils and rocks, a un}fied classification systém v
will facilitate the coérdinatfon of soil and.rock mechanics.research._ ’
Furthermore, it will inspire development of uniffed\concept; applicable to
the‘basic problems inVOIVed.in the design and coﬁstruction of underground
openings. A

To avoid coﬁfusion in a fiéld which is already crowded with
classification methods and systems, the proposed_System is tied to basic
charécteristics of geologic materials, -and currently available and
accepted ;lassification systems will be utilized. Thus, no new terms or

parameters are introduced.
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Correlation with Existing Classifications

During the years, experience has been accumulated and associated
~with various.c]assificatidn systems.  It is often difficult to evaluate

aﬁd utiliée this experience, either because the deséription of the classes
fs in;ufficient and qualitative or because the systems ére applicable only
to particular geologic regions or to particular‘rock types. In this report.
an attempt is made to draw out this exbefienée and incorpofate it in a
classification of more general utility.

Most developers of classification systems for'tunnel purposes have
taken a behavioristic approach, that }s, they h&?evobserved actual behavior
of the materials in tunnels and applied descriptive terms to this béhavior.
Then they have correlated their descriptiVe classes with seleéted parameters
of the'rock‘or soil medium (Bierbaumer; 1913; Stini, 1950; and others).
However , it is obvious -that the cla;sificafion canno% wai£ until the
material behavior is experignced. It is possible to develop a clearer and
more. useful systém by qccurately describfng by meaﬁingful numbers roﬁks or
soils as thefxare actually found and.analyzéd by advance investigations.

By ac;umulated experience.aﬁd theoretical consideratibns these descriptions
can then be converted into predictions of tunnel behavior and design values.

The éttempt to clagsify geologic materiais may be compared to'
Cas;grande's (1948) devélqpment 6f-the Unified Soil Classification, which
includes the priméry and secondary stages as outlined in the preceding
paragraphs. The Unified Soil Cléssifiction has not been applied to
tunneling purposes in a diagnostié manner, and it may not be suited directly

to this phrpose. However, certain features of it will be used in this report.
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The classification systems may be considered as a tool to facilitate
diagnostic~and design work. The writers agree with Casagrande (1948) that
the experienced engineer who really understands geologic materials can applY
- principles of geotechnics without é formal classification. Unfortunately
experienced tunnel engineers are few, and inexperienced engineers a?e of ten
given large responsibilities. In addition, the designers of tunnel support
systems aré usually structural éngineers with lTittle knowledge\of the import-
ant aspects of gdeologic materials, and thé data on which they base their
designs are collected by geotechnical engineeks who often have little
appreciation of structural concepts. The prbblem qf communication between
these groups of engineers is major and real.. The classifications serve to
point out important_barametefs and problems and consti;ute effective means

- of communication.

4.2 Characteristic Particle Size as a Primary Classification Parametéf

One of the basic features that distinguish soil and rock from otHer
materials encountered in engineering is the significance of ghe discontinui~
ties. Since all rocks contain fractures and planes of weakness, both soil
and rock may bé.cdnsidered particulate materials and as such, discontinuous,

‘However, if viewed.on the-broper scaTe, discontinuous materiéls may some-
times be considergd continuous for practical purposes. All materials are.
discontinuous on the atomic or molecular level but some may éct as perfect

continua on a practical level.
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Continuity of Geologic Materials

Under .ideal conditions, a uniform and continuous material would
exert uniformly distributed loads on a tunnel support system, and deforma-
tions wouid Be symmetrical with respect to a vertical plane through the
longitudinal centerline of the tunnel. A discontinuous material, on the
other hand, is usually not uniform and may havé stronglyAdirectionél
properties. A discontinuous material, therefore, often déforms non-uniformly
and exerts erratic loads on tunnel suppdrts. Whereas the stability of a

'£unnel opening in a continuous material can be related té the intrinsic
stﬁengfh and deformation prope?ties of the-materialt stability in‘a-di51
continuous material depends primarily on the character and spacing of ‘the
discontinuities.

It is imporfant to determine whetﬁer a material should bg consid-
ered continuous or discontinuous in a particular case. Accordingly, the
type of behavior of the mater{al may be predicted, suitable theories and
methods of design ﬁay_be employed, and the reTiability'of ;he‘predictions
and-the safety factor for the support may be estimated.

If a sample of a particulate material, sand or jointed rock, is.
only a few times larger than the size of jndividual fragments, the éémple
cannot be cqnsidgred continuous on a statistical basis. |If the sample size
is many timés thé_ size of the individual fragments, the éffect of the dis-
continﬁities is statistically levelled out, and the sample may be considered
continuous. |

For a tunnel driven throQgh a jointed or particulate material,

a charactgrigtic dimension, such as the tunnel diameter, mgy be'compared
with the sizes of the individual fragments or the joint spacing of the

material. In this manner, particle or fragment size, or joint spacing,
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Other feétures énhance the usgfulness of a characteristic particle
size (or spacing) as a classification tool. The permeability of soil to
water and air is closely related to the grain size. Cohesion or coherence
increases wiFh decreasing grain size, and the importance of time-dependent
behavior is closely related to the grain size. The importance of gravity
forces ana the volumetri? stabi]ify are relatedAto grain ;i%e in a more
secondary manner. |In addition the mineralogy of the individual grains is
of ten closély reiated to the grain size.:

If the action of the mediuﬁ around a tunnel opening is coﬁsidered,
the following interesting observation can be made: when the particlé size
isﬁvefy small (;lay size) the medium-acts as a doherenf contihuum. With
sand and gravel sizes the medium is a'non-coherent continuum. For a.certain
range of joint spacings, depending on the size of the tﬁnﬁel opening, a rock
medium acts as a discontinuum and the character and geometry of the discon-
tinuities are of major importance. But when the joint spacing becomes very
large, the medium égain acts as a coherent continuum. We have, in féct,
closeﬁ the circte and ﬁoted the similarity between .the action of a clay on-
one side and massive rock on the other side. This similarity is further
emphasized by the(gfadational change in character from soft clay to hard
clays, to massive shales ana to massive rocké of any constituency. This
observation leads to the proposal of a circular general classification
chart such as shown in Fig. 4.1.

The general cjaséification may be related to the applicébi]ity
of various types of theories and the major controlling factors of tqnhel
behavfor. The boundaries shown on the chart are.apprbximate. Fig. 4.1

y

is discussed further in subsequent sections.

-
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Characteristic Parameters of Soils and Rocks

Thé average particle size of a medium is not necessarily the best’
indicator of the behavior of the medium. A clayey sand may have an average
-grain size in the sand range, but its behavior may be more. characteristic
of a clay. The behavior of a jo}nted rock mass with great variation in
joint spacings may be controlled by the smaller joint blocks rather than the
average block siie;

The finer grain size fraction of a soil is generally of dispro~
portionate importance, in particular for the permeability of the soil. "Hazen

(1892), and many others have taken this into account by using the equivalent

)

diameter, D]J\, of the lo-bercent fraction, rather than the mean diameter

for evaluating permeability. Indications are that DIO may be indicative of
strength and deformation properties as well. Therefore, DIO has been adopted
as .a primary classification parameter for soils. The grouping‘and description
terms are fhose used in the Unified Soil Classification.

The uniformity of the soil obviously is an important factof deter-
mining its behavior. This factor is not considered directly in this primary
c]assificatioﬁ diagram, although it can be considered by the choice of an
appropriate representative grain size.

| A complete basic classification of a rock mass should incliude the
" following important characteristics:
1) Spacing, regularity, and.character of dfscontinuities;
2) Properties of the intact rock;

3) Degree of alteration.

4 .
* 10 percent of the weight of a sample passes a sieve with openings of a
width DIO' _
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These charac;eristics determine the behavior of a jointed roc% mass. Excépt
when the rock is highly altered br is very weak, the overriding characteristic
for the p%ob]em{of opening stability is the first one, the character of the
discontinuities. In addition it i; commonly found that a high degree of
fracturing exists together with a high degree of alteration. |t is, then,
‘sui;able to use parameters relatéd.to4thé charaéter of the discbntinufties
as a basis for both the primary and the éeconda;y classification systems.
The ;érms ”jqint spacing' and “aVerage joint spaeing“ havé of ten
been.used in the description'of rpck masses. Strictly speaking,'these terms
refer to distances between j§int5<in’particplar sets of parallel 6? nearly
parallel joint;; When joints are observed>along a boré hé[e ér a tunnel wafl,
the meagqred spacinés or frequencies are not tfuevjoint spacings or fre-
quencies. Joints of different sets fnteﬁsect the wall at varying angles,
and the average spating or frequency Weasured is ardistorted and cbmpound
measure of all ;He joint sets. In addition, fractures are-included which
do not necessarily belong}to any.joint set but may, for example, bé partiﬁgs
along weak bedding or échisfosify planes. Often, however;jthe’term fjoint
spacing' is used for the s$pacing of frac;ures along a boré’hole or a tunnel
wall, and it is %requéntly difficulF to qetérmine whethér a "joint spacing!
recorded in the literature is a true joint spaciné o? a %racture spacing.
Iin this report the term'“joint‘spacing” is reservéd for the strfct»meanihg
of the term, and ''fracture spacing' refers to spacings of all fractures
encountered along a bore hole or a tunnel wall. !Fracture frequéncy“ fs
the number of fractures per ft.

I

Where several joint systems are present, the average fracture

—

spacing is generally -%to % of the average joint spacing of any one of
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the joinf sysfems.’ For corre]ation‘purposes it is considered sufficiently
accurate to use a ratio of 1/2 between fracture spacing and joint spacingi
It must be realized, however, that this ratio may be considerab]y iﬁ error.
if, for example, there is only one dominant joint s*stem, the ratio would
be closer to unity. The ratio aléo depends on the orientation of the bore
hole or tunnel wall relative to the directions of'the joints.

Fig. 4.2 shows several attempts té claséify rock according to the
spécing of the joints or fractures. ‘Johnis classification has the plegsing
trait that it is related to numbers which are an extension of the Uni%jed Soil
Classification (2,20,200 cm). Unfortunately John's classification is very
insensitive to rock mechanics problems. Deere's classifiegtion breaks up
the scale in smaller sections, compatible with the relative importance of
the joint spacings. It is significant that where Deere calls a-spacing
'moderately close!!, John calls it 'wide.!" For purposes of corrélatingv
experiehce, a few other systems are shown. Whereas John considers joint
Lspacings in the strict sense of the word, there is some,doﬁbt as to the
definition of 'joint spécing“ in‘the femainder of the systems given here.
It is possiblé, therefore, that fhese scaléé should properly be placed
somewhat to the right of the position shown.

it is usuaIly difficult to obtain an accurate estimate of the
joint spacing or the fracture spacing on the basis of exploratory borings.
It is therefore, desirable to use a supplementary parameter which is easier
‘to obtain. For years the core recovery has been taken as an indicator of
the soundness of the rock. . The utility of this parameter is limited

;

because of extraneous factors influencing the core recovery. The modified

—
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core recovery (Rock Quality Designation - RQD) eliminates some of the
uncertainities in the core recovery classification (Deere et al., 1967;

Merritt, 1968).

Rock Quality Designation (RQD)

Considerable‘experience with the Rdck Quality Designation (RQD),
developed at the University of 11linois, has now been accumulated. For
example, Coon (1968) corrélated RQD with.éctual tunnel support in a number
.of tunnels. RQD is at present used, for example, by the Californié,Department
of Water Resources, and Chicagd Metropolitan Sanitary District. Thé RQD has
been correlated with fracture frequency (Deere et al.,.1967) and is included
in Fig. 4.2. The relation between fracture spacing and>joint spaqing is not
accurate,>as mentioned previously; the choice of a ratio 1/2 between fracture
spacing‘and joinf spacing is a matter of jugment. In addition, RQD is also
influenced somewhat by the degree of alteration and othér weakness factors.
Thus, the location of RQD on the scale of joint spacing>mu$t not be taken
as an accurate corre]afion,.and may vary from one rock type to another.

In the primary classifcatfon diagram, Fig. 4;1,‘the average
fracture spacihg is taken as a parameter for the‘jointedrrock, and RQD is

indicated on the diagram.

The ﬁirect Use of the Primary Classifieation

The primary classifcation' is of limited direct utility for design
purposes. |t does, however, outline some important features of tunnel
behavior, |t indicates for which materials coherent or non-coherent

behavior may be expected and it brackets the region of discontinuous

—
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behavior. This permits a preliminary judgment of which theories may be
abplied in a given case, as indicated on Fig. 4.1, and which material
parameters to use in analyses;.

The term ”cohe}ence“‘requ?res some comment. It is preferred
_over ''cohesion'' as a desgriptive term for geologic materials. It describes
the behavior of thé material during and after constchtion and fs a material
quality that may be influenced by the cohditibn; during construction. (Clean
.sands, though.not possessing real cohesion, maydisplay coherence‘caused,
‘fér example, by moisture in relatively fine sands, or by a slight amount of
cementation which is.often not discovered by sampling the material. Chér-
acteristics of_weakly cemented sands have been treated by Kieslinger (1962),
who also used the term !'"coherence!! (Zusammenhang). In some materials co-

\
herence can be demonstrated by a compressive strength in dnconffned com-
pression, or by a tensile strength. Materials with 'real cohesion also
have a coherence. .Some materials which do not have'a tensile strength or
a real cohesion may under certain,circumstan;es display a coherence which
is closely related to the dilational character of the material near failure.
This coherence is of a frictional character. Coherence may be induced by
various methods of restraint or prestressing.

Fig. 4.T-indicatés that the material around an opening may be assumed
continuous for a large variety of geologic materials. For most jointed rocks,
however, this assuﬁption is a poor one. The boundaries of the range of joint
spacings for which the material must be considered discontinuous afé import-
ant. The size reﬁuired for a sample of a discontinuous material to be con-
sidered continuous is a'mattgr‘of judgmenf. John (1962) suggests that a
sample of:;bout 10 times the average size of the single units of the dis-

continuum may be considered a uniform continuum. It is clear that this will
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depend to a;great extent‘on the uniformity of the unit sizes in the material
or the uniformity of the spacings of the discontinuities. As.mentioned,

it }s likely that a spacing less than the average joint spacing is char-
acteristic of tﬁnnel behavior. As an empirical limit of the range of dis-
continuous rock masses, therefore, the ratio of particle ;ize or joint
spacing to funne] diameter of 1 to 50 has been chosen. If the average
joint spacing is less than %5 of the tunner,.the material may in most

cases be assumed to act as a continuum.i

On the other hanq, if the joint spacing is large in compatrison
with the size of the tunnel opening, the rock behavior will be largely
iﬁdepeﬁ&ent of tHe joints.  This might be expected to occur when the joiﬁt
spacing is greater than about one third of the size of the opening.

Using the approximate ratio of 1/2 between fracture 5pacing and
joint spacing, it is found ?hat a rock should be considered discontinuous
when the ratio of fractUEe spacing to tunnel dfameter is between the’
ahproximate limits of I/S and 1/100. For a range outsidé'these limits,
the rock may be consideréd continuous, though possibly anisotropic.

Fig. 4.1 shows these approximate boundaries when the tunnel opening is
about 20 ft wide. |

| In @ jointed rock the directions of the joints usually show
considerable regularity, although the spacings may be irregular. Thus,
jointed rocks usually display anisotropic behavior, even when the joint
,spacings‘aré narrow. Anisotrobic properties can be expectéd also of
materials that may be considered uniform.

Ln'the following section and in subsequent chapters, the primary
classification is utilized to develop classification subsystems and to‘

delineate  the influence of the different parameters on the behavior of the

materials in tunnels.

It
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4.3 Distinguishing Features of Tunnel Behavior

To develop the diagnostic and analytical phasés of a classification
of geologic‘matérials for tunnel purposes, it is necessary to consider the
-actual mechanisms oflbehavior of the mgdia in tunnels.. This will define
the important parameters and prob]ems that'shoﬁld be considered. Some

aspects of tunnel behavior have already been discussed in.Chapters 2 and 3.

Utility of Behavioristic Approach

Avbehavforistic approach qonsisfs of a description-of tunnel
beﬁavior un&er a variety o% condftions and a éubsequent correlation with
soilband rock properties. %he engineér needs information tﬁat will help
him predict the behavior of a tuﬁnel giv;n c;rtain properties 6f the medium.v
This inforﬁatfon must first be developed by a behavioristic approéch,

The most comprehensive behéyioristic classification of soils and
soft rocks was developed by Terzagﬁi‘(lgso). A detailed description of
this work is given in Appendix 1]. Accotding to this classification, one
soil type may belong in 2 or 3 differeﬁt groups, and each grbup contains a -
number of different soils in varying conditions,

An .important parametef relating a soil type £o.a behavioristic
groﬁp is the hydraulic cona}tion. Thus, a fine sand ma* be runﬁing if
dry, cohesive-raveling if moist, or flowing if below the ground'water
table. Fig. 4.3 shows the relation of Terzagﬁi's cigs;ification to the
pfimary classificétion and includes the effect of the hydraulic condition.

fhe great direct effect of the hydraulic condition is felt
by the continuous, non-coherent materials. For materials with even a

small amount of coherence, the effect is smaller and other characteristics
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Using Terzaghi's terms (Terzaghi, 1950), non-coherent behavior
is characterized by loosening, slowly or rapidly raveling,‘running, and
flowing; semi-coherent or temporarily coherent behavior by cohesive

raveling; and coherent behavior by squeezing, swelling, or being stable.

Significance of Shear étrength and Induration

The most significant parameter f&r continuous, coherent materials
is.usually thé shear strength, or rather the ratio of the shear strength
to the overburden pressure. It WII[ be sHown later that there is a direct
relationship between this fatjo and the stability of the opening. For small
values of the ratio, the opening is unstable and must be supported. For
higher values, the opening may be reduced by squeezing in an amount largely
- determined by the ratio. As’ the ratio increéses,the'opening becomes more
stable, although some high plasticity clays.or clay-shales may exhibit
swelling. |f the shear strength is high, for example in a massive Qhale
where fissures are widely spaced, the ratio will indicate whether popping
may be expected.

' The significance of the shear strength, or the ratio of shear
strength to overburden pressure, is partly direct, relating stresses and
strengths around the opening. Moderate or highvshear stfengths are also
indirect indicators of éonsolidation and induration and, thus, of problems
related to these features. The mmount of consolidation or induration,
together with a measure of the plasticity of the material, indicates the
swelling potential, and influences other things, such as possib]é'initial
stress stafes. These features will be discussed in detail in a later

chapter.
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As the shear strength and the degreg of induration increase, the
massive and non-fissile material grades fnto‘a fissile material, and the
likelihood of encountering joints and other discontinuities increases.

When the discbntinuities-render the strength of the rock mass appreciably
lower than the strength of the intact rock, the intact sfrength loses most

of its importance, and the amount and character of the fissuring control

‘the behavior. |In a soft rock, such as clay-shale, a high degree of fissuring
does not necessarily mean that the fissurfng controls the behavior. Such
fissures are often discontinuous so that the strength of the rock mass. is not
appreciably lower than the intact strength,~and,other features; such as
swelling or squeezing control the behavior.

Although the mineralogy and the petrography of a rock in itself
are of limited importance except in a few cases, the classification chart
given in Fig. 4.4 is of some use. It is a specialized primary classification
of sedimentary rocks, indicating the boundaries of different types of behavior,
the non-coherent and the coherent types. For most of the rocks, beyond a
certain shear strength, the behavior of the material in a given situation
is governed by the discontinuities. |

The thought processes leading to Fig.A4.4 may be reversed to indicate
the effect of fracturing and alteration on an indurated material. The final
product of the processes of fracturing and alteration would depend both on
the relative imbortance of the two processes and on the parent materijal.

lgneous rocks may be included in this reverse diagram as well.

D=
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Fig. 4.4. Primary Classification of Sedimentary Rocks
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Significance of Gravity Forces

Where the shear strength -is a primary controlling fa?tor of the
behavior of a tunnel, gravity forces enter the probleh only as the source of
the overburden pressure.: Usually the orientation of the tunnel opening in
relation to the directién of the gravity forcés is of minor importance. In
non-coherent materials, however, the action of the gravity forces is more
direct and the‘conditions above the crown of the‘tunnel are significantly
differeﬁt from thosé below the invert. | |

If the matef{al is continuous, the mechanism of the behavior'is
largely independent of the size of the opening, bﬁt deformations are fougﬁly
proportional to the size. |f, on the other hand, the material is discontinuous,
the mechanism may vary with the size.qf the opening; With a joint spacing of,
for example,‘one ft, an opening with a\dfameter of 1/2 ft would behave as an
opening in a nearly perfect continuum. With an opening diameter of 5 ft, the
behavior would approach that of a discontinﬁum, and wouid be-governed.By the
fractures. |If tﬁé opening is large enough, the fractures would still govern
the behavior but tHe spacing rélative to the size of the opening would be
so small that the material could be assuﬁed to act as a continuous non-
coherent-material.->An indication of this chaﬁge of mode of behavior is the
variation of the stand;up time with the unsupported length of an 6penihg
(see Appendix 11)-. .Depending on the general quality of the rock, Lauffer
(1958) indicates a decrease in stand-up time prbportional-to the un<
supported length to a power varying between -1 and -2. Terzaghi (1948)
-indicates somewhat similar relationshipsQ The changing behavior of a
diééontinhoui mass is aiso reflected in the'recomménded values of rock '
loads (Tefzaghi, 1946; Bierbaumer, 1913; see Appendix |1), which increase

\

"linearly with the size of the opening.

- .
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These effects'are diféctly related to the pull of gravity, which is,
~ indeed, the major source of the loading of any tunnel support system and a
controlling factor for the behavior of a tunnel obening.» In a discontinuous
mass the gravity effect is direct. The rock load concept is based on the
requirement that a certain height of rock must be carried by thélsupport
‘systeme In non-coherent continuous masses, arcﬁing concepts and stress
cogcehtrations are related directly to thé pull of‘gravity, and theories of
subsiding blocks and wedgéslarelbised on.this direct effect. However, if
the material fs coherent, the effect of gravity is more indirect. Here,

the controllfng factor is the stress level as indicated by the overburden
pressure in relation to the shear strength. In expansi§¢ or swelling rocks,

the direct gravity effects may lose their significance altogether.

4.4 Use and Expansion of'CIassifidation

The previous sections have described some of the impo;pant features
of tunﬁel pehavior as related to properties of the medium. The treatment is
incomplete: and serv?s'mainly to outline the concepts and utility of the
clgssification of geologic materials and to point out the most signiffcant
parameters for tunnel béhavior. In thg remainder of this report these concepts
will be followed and amplified. It is intended that the concepts be developed
to serve as tools applicable to the exploratory stages of a tunnel project as

well as to design and construction of the project.
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Geologic Explorations for Tunnels

One of the gréatest difficulties in dealing with.geologi¢ materials
is their variability. Within short distances, a tunnel project may encounter
the most diverse condit{ons. 1t is nearly iﬁpossible to uncover all the
important variations by present-day exploration techniques. ‘A large number

of case historieg attest to the frequency with which unexpected conditions
occur, often with disastrous results. ‘

Although a good classification system will enable the engineer to
preaict the_behavior of a tunnel accurately in a particular‘medium,.it cannot
reduce the risk of encountering uhpieasant surprises. This can be done only
by increased exploration of_fhe tunnel alignment. An ideal way to segure
information about conditions along the tunnellalignment is to drill explor-
atory borings in front of the advancing face. ~Expefience shows, however,
that this is a very expensive way of securfng information. Furthermore the
information is needed at the design stages.before bidding. Such proqé&ures'
make tunneling safer and may indeed help tHe contractor make money, but do
not reduce expenses for the owner. A method is needed whigh will give
adeﬁuate ‘information about the variability of the geoiog}c materials

along the .total afighment by inexpensive advance investigations.

Use of Results from Geologic Explorations

Armed with a general knowledge of the geological conditions along
the tunnel alignment, the engineer Is able to design an exploratory program
which will furnish the proper parameters for the design of the tunnel. As

) .

the exploration goes on, the program should be modified according to the

findings of'the expldrations in such a manner that the significant parameters

st
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for the prevailing conditions can be extracted. |If the exploration uncovers
unexpected conditions it may be necessafy to modify the exploratory techniﬁue
to investigate other or additional significant factors. | |

Wifh the parameters of the project (size and shape of tunnel,
depth and overburden pressure) and the results of explorations, the engineer
Qill'be able to classify the behavior of the m;teriai surrounding the tunnel
'in a general manner (i.e., coherent or non-cohefent, continuous or_discon--
tinuous types of behavior) and evaluate £he possible significance of the
overburden préssure and gravity forces. This classification and evaluation
involves the primary classification chart,Fig. 4.].

If the behavior will be essentially coherent, the next step is a
study of the shear strength in relation to the overburden pressure and the
p]aﬁticity to determine whether the behavior will be stable, squeezing, or
swelling, or whether popping is likely, and to design a suitable support
system, if necessary. For this purpose the engineer will consult charts
or tables. |

1f, on the other hahd,_the parameters indicatg discpntinuoué
behavior, the ﬁharacter of the discontinuities must be studied further, the
stand-hp time évaluated, and construction procedures adopted which will
reduce tHe amount of loosening of the rock. Rock loads will be estimated.
This study may also be made with the aid of charts or tables.:

In a.continuous but non-coherent material, the hydraulic conditions
attain great importance. The location of the ground water table, the
permeability, DIO’ and the degree of cementation determine whether the
maierialuwj{l be flowing, running or raveling. The type and degree of severity
of the'prcglem determines the remédial measures and suppdrts requ@eed. In

addition, the amount of water flowing into the tunnel may be estimated.
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Various additional factors, such as adverse anisotropy. of the inftial
state of stress, may be evaluated where necessary, and additional features such
as feasibility of Various excavation methods may be correlated with the class-
ification system. |

Finally it is possible to relate expenses and rates of progress to
‘a classification system. This has,-for exémple, been attempted by the |
California Department of Water Resources (ENR, 1559) andlcoén (1968). This,
however, is not a topic for this.investigétionx .

It is the opinion éf the writers that the use of a reasonably uniform
and systematic classifica;ioq of geologic materials as’'a basf§'for the eval-
vation of all types of problehs connected with tunneling will simplify the
* concepts of tunnel behavior and make them easier to apply. Furthermore,
it will provide the necessary framéwork for the accumulation of experience.

"The remainder of this report is devoted»mainly to the fj]ling in of pﬁis

f ramework.

ik
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APPENDIX |

ELASTIC AND PLASTIC STRESS DISTRIBUTION
AROUND CIRCULAR UNDERGROUND OPENINGS

1.1 Introduction

This appendix summarizes the results of elastic and perfectly
plastic theories applied to the problem of stress distribution around
uniined circular underground openings. fhe idealized materials considered
include elastic material and plastic '"¢=0"" and ''"c-@'' materials. The theories
assume that the opening is situated deep enough that the effect of the prox-
imity of the earth surface can be neglected;

The complete derivations of these results are not given, and the

equations are included in this report primarily for easy reference.

[.2 Elastic Stress Distribution

The problem i; considered a plane strain problem, the material is
elastic with Poisson's ratio.v. Kirsch's solution (see for example Terzaghi
andrRichart, 1952) disregards the influence of the depth of the opening.
However, Mindlin's more comprehensive solution (1940), which considers the
depth, shows that the approximation is very good for depths more than abqut
four diameters.

If the overburden pressure at the depth of the tunnel axis is
P, = 7h, and the ratio of the horizontal pressure to'tﬁe vertical pressure

s K = ph/pz, the stresses in the medium are given by:

o i,



2 4 2
o =3p,. [(1+K°)_(1-(%).) + (k) (433 -4 cos 20)]  (1-1)
] a,? at, |
9 =7 P, [(+K)I(+E) ) - (1-k ) (143(3) ) cos 26] (1-2)
_ N | |
To = K-10-3G) +2(3) ) sin 26 (1-3)
cy = v(ar + Ub) S o : | (I-4)

The notations are indicated on Fig. I=1. Uy is the stress in the

direction parallel to the tunnel axis. For K°=f, the formulae are simpliffedi

to
a , : .
o =p, (1-(7) ) (1-1a)
: a_ )
Tg = P, (1+(3) ‘) | o ' (l-Za)_
Te =0 i " | (1-3a)
cy'¥ Zsz  N ([-43)

If a uniform internal pressure P; is applied to the walls of the

opening, the formulae for Koil are modified to

2

2 (1-1b)
o =P, (15 + 5 @)

. 2 2 . ‘
a a, "
og = p, (40 ) - p, (1) | | (1-2b)
The formulae for T.g and o, remain unchanged.

Equations I-la and 1-2a are illustrated on Fig. 3.1 in the main

body of the report.



Fig. 1-1: Notations

The maximum and minimum tangential stresses for an unlined opening
occur at the crown {and invert) and at the springlines (for 6=0 and %5.

The stresses at these points are given by

gy =P, (3 K, - 1) at crown and invert, (1-5)
0 = P, @3 - KO) at the springlines. - (1-6)

. For Ko = 1, the stresses are uniform around the opening (independent
of 8) and the tangential stress at the wall is 2pz. For Ko < % and Ko 23,

tensile stresses occur either at the crown and invert or at the springlines.

1.3 Plastic Stress Distribution, P=0

A plastic material is considered, where yielding will occur when

; , :
o) = Oy = 2c, (1-7)

¥
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where ¢ is the undrained shear strength or one half the unconfined compressive
strength, 9, When the stress difference is less than 2c, the material is
considered elastic. The stress field is a uniform compression stress,

p

7 = 7H = ph; i.e., Ko = |, and the influence of depth is disregarded. An

internal pressure P is applied to the walls of the openfng.

For P, = P; § ¢, no plastic zone will develop because the stress
.différence is everywhere less than 2c. For Pc - P; > c, a plastic zone of
radius R will develop, where _ |

pZ-pi

. ' |
R ="aexp|—5— -3 (1-8)
This equation is illustrated on Fig. 3.2 in the main body of the report.

In the plastic zone, for a ¢ r ¢ R, the stresses are

. .
o =p, + 2c In 3 | (1-9)
. ‘ r ‘
= = - -10
Oy = T + ?c p, + 2c (1 + ln,a)‘ (1 )
1 r
oy =3 (crr + oé) =p, +c (1 +2 1In a) (1=11)
In the elastic zone, for r > R, the stresses are
2 rp - p.
a 2 i
C 4 - a v S . -12
o =p,-c (r) exp = ] (1-12)
’ \
2 e, =P, A :
0g =P, +¢ (%) exp z < L e (1-13)
= - » _]4 bl
° 2 vp, (1-14)
in the plastic zone the volume is assumed constant, so that v = l.._ The N

2

shear stress < 6 is zero everywhere because of symmetry. The notations
r

4

are given:in Fig. |I-1. Note that for c = P, ~ pi,.R = a and the formulae

—
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[-12 and I-[3 are identical to the elastic formulae for Ky = 1. The radial
stress at the boundary of the plastic zone is T2 TP,
A derivation of these formulae for P = 0 is given, for example,

by Obert andVDuvall (1967).

1.4 Plastic Stress Distribution, c- Material

A material is now considered which will yield when

- ] +sin @ , 2c cos @ -
TR T-sine T T-sin® " (1-18)

This is the Mohr-Coulomb yield criterion. c¢ is the cohesion intercept on a

t-0 diagram and @ the friction angle, as determined by triaxial tests. The

notations and the assumptions are, otherwise, as in 1-3, for example, Kd =1

and the material is assumed to maintain its volume in the plastic zone,

i.e v = 1
.e., 7

pi + ccos @

] - sin @

For pz < there is no plastic zone, and the elastic.

formulae are valid. For larger values of P,y an annular plasfic zone with
radius R is developed, where -
] - sin @

p_. +ccot @ 2 s'h 9

R=a (1 - sin @) pl—-i--c-:_c_o-t_a (1-186)
In the plastic zone, a ¢ r ¢ R, the stresses are:
2 sin @
_ r | = sin®
o =-ccot?®+ (pi + cot ) (;) (1-17)
g = 2ccos P, 1 +sin@ T (1-18)

@ 1 -sin® + ] ~sin® r

-

- ¢, independent of P;e
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1 c cos @ 1
Uy 2 (Ur'+ cé) 1 -sin @ +.1 - s5in @ o (1-19)
At the boundary of the plastic zone, the radial stress.is

o =P, (1 =sin®) -ccos @ (1-20)

and the tangential stress is

0y = P, (1 + sin §) + ¢ cos ¢ . _ (1-21)

In the elastic zone, r 2 R, the stresses.can be found byvéquations 1=-1b,
i-2b, I-3a, and |-4a by substituting R for a ana,ck fbr P,

Examples of the variation of the radial and tangential stresses:
with distance from the opening are given oﬁ Fig. 3.4. Equation |-16 is
_illustrated on Fig. 3.3.

The equations above appear fo have been derived more or less
independently by Kastner (1949), Fenner (1938), Sirieys (1964), and Bray
(1967). Their respective equations, however, take forms that bear little
resemblance to those givén here or to each other.

The formulae may be simplified by setting eiﬁher p; or c equal
to zero. However, the solution is not possible for both P; and ¢ equal to
zero, bec&use the opening is unstable in this case. For $=0, fhe equations
in Section 1.3 apply. .

When the material in the plastic zone remains coherent, as for

example in a clay, the streagth prbpertieé of the material are not altered
greatly, and the formulae given ébove apply. For more brittle materials,
‘however, the transformation into.a plastic material.leads to fracturiﬁg,
and the material may Iosg strength. Thus, in some cases, though a cohesion
c is assqmeé for the material in the elastic region, it may be reasonable

to drop this cohesion in the plastic zone. In that case, the radius of the



plastic zone is

] - sin @
_ ccos @ 2 sin @
R=a | (I -sinp) Z2—Jt=sn® . (1-22)

P

While the tangential stress on the elastic sidée of the elasticaplastic
‘boundary is still given by Equation 1-21, the tangential stress just inside

2 ¢ cos P
1 -sin@°

‘the plastic zone is less by the amount
There are to the writers' knowledge no closed solution§4ayailab]e

for values of Ko other than one, or_which.take into account the influence

of the depth. However, work by Fenner (1938) indicates that tHe change in

pressure with depth would increase the radius of the plastic zone upwards

and reduce it downwards, so that the plastic zone resémbles'an ellipse

with the cavity in its lower focal point.

It is possible to obtain an idea about the configuration of a

plastic zone for K0 not equal to one by regarding the»material.efastic and

finding the zones where the shear strength of the material is exceeded. This

method, of course, is not accurate because the plastic zones cause stress

redistribution, so that usually the plastic zones would be estimated too

small. It is possible, however, on the basis of elastic stress distribution

to make an accurate prediction of the stress level that will-initiate.plastic

behavior at a point on the tunnel wall. Whenever the tangential stress at

the free tunnel wall reaches a value of q, = 2c (or %—%—&%ﬁ%% for a

frictional}material), plastic behavior is initiated.

P I
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It is possible to obtain an estimate of the elastic deformations
of the tunnel walls for all values of K_ (obert and Duvall, 1967). The

plastic deformations can be estimated by a method given by Bray (1967).



ke

ot

=1

APPENDIX 11

SOIL AND ROCK CLASSIFICATIONS,
ROCK LOADS; AND STAND-UP TIME

It.1 Introduction

The concepts of rock load and stand-up’time aée discussed in
Chapter 3. This Appendix lists some of tHe more important classiffﬁations
of rock on the basis of the rock load conéept, together with recommended
loadings for design. In additfon, Terzaghi's behavioristic classification

of soil for tunneling purposes is presented.

11.2 Soil and Rock Classifications

The rock load concept, that the support system carries a certain
height, Hp’ of loosened rock, is strictly épplicable 6n|y to rocks where
this loosening can occur and is the primary contribution to the load on
the support. This is usyal]y the case in jointed rocks which are non-
coherent to begin with or whigh lose some coherence with fime. Where
loosening is prevented, the rock load or loosening pressure is partly or
completely eliminated.

In squeezing and sQeIIing rock, loosening may take place but the
important mechanjsm of behavior is of a coherent type. In sands and.gravels
the effects of arching and ;tress redistribution are'pronounced and the rock
1oad height must be considered an equivalent height. |

'Taﬁle 11-1 shows five different rock clas;ification systems. They
Have been related to each other in an approximate manner by inference

from the descriptions and examples given in the references. The classes
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of jointed rocks have begn correlated with average fracture spacings and the
RQD. This correlation was performed primarily on the basis of work carried
out at the University of |llinois (Deere et al., 1967; Coon, 1968). The
correlation is approXimate only, and can never be made accurate. Modifi-
cation may, however, be desired as additional data and experience is obtained.
Rabcewicz's classification has been related to the feasibility of various

rock bolting schemes (Rabcewicz, f957).

The description of the:differenf rock types given by the different
authors are quafitative, and iﬁ some instances typical examples of fg&ks
falling in one group or another are given. AAs an important example of rock
type descriptions, Terzaghi's qualitative classification is given below.
This appears to be the most explicit description of rock classes.  The
description is slightly modified from Terzaghi's original, partly on the
basis of an amplification by the California_Départment of Water Resources

(ENR., Dec. 17, 1959). } , -

Description of Rock Condition:

Intact rock has no joints or cracks. Breakage occurs
across sound rock or is controlled by damage to the rock caused

by the excavation. Spalling or popping may occur.

* Massive, moderately jointed rock contains joints and cracks

but individual blocks are interlocking. Spalling or pbpping may

occur. Vertical walls need no support.

Stratified or schistose rock consists of individual

—

strata which may separate along boundaries. If the strata are more
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than about S' thick, the rock is better classified as massive or
intact. |If transverse joints are as close as or closer than the
distance between strata boundaries, the rock is classified in the

_preceding group or one of the following groups. Spalling is common.

Blocky and seamy rock consists of chemically intact or

nearly intact rock fragments, separéted from each other by joints

or other discontinuities and imperfectly'interlocked. Vertical

walls may requife support. Qhen individual blocks are larger than
two feet, the rock is called moderately blocky and seamy; when blocks

are smaller than two feet, the rock is called very blocky and seémy.

Crushed rock consists of chemically intact fragments that
may be partly recemented. Individual particles are of gravel size

or smaller. This material behaves much like gravel or sand.

Note that spalling refers to the falling out of individual
blocks, primarily as a result of démage during excavatiop. Popping -
is'the violent detachment of rOék'slabs from sides or roof, and is
~ caused primefi]y by ;he overstres;ing of competent rock.

¢
1

Terzaghi's classification of soils (and altered or weak rocks)

is basically behavioristic. The version given below has been modified

to include some current concepts.

4o
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Description of Soil or Rock Behavior:

Firm rock or soil is a material which will stand unsupported
in a tunnel for several days or longer. The tdrm includes a great
variety of materials: sands and sand-gravels with clay binder, stiff

unfissured clays at moderate depths, and massive rock.

Sgueeziﬁg soil or rock advances slowly into the tunnel with-
out perceptiblte volume increase. A.bre-requiéite for squeeze is an
overstress of the material close to the tunnel opening, hence,.for
a given material the overburden pressure is an important parame;er.
Examples of squeezing media a?evsoft to medium clays at moderate
depth and clay-shales at greater depth. Salt may be considered a

squeezing or creeping material at considerable depth.

Swelling soil or rock advances into the tunnel chiefly by
expénsion.' The mechanism may be compared to the expansion of ; soil
in a conso]idomete( when load is removed. Although squeezing.is
of ten associated with swelling, overstressing of the matefial i; not

necegsary for swelling to occur. Clays and clay-shales with a hfghA

'plastiéity index generally have a high swelling capacity.

Réveling soil or rock indicétes a matefial which gradually
bréaks up into chuﬁks, flgkes, or angular fragments. The process is
time dependent and materials may be classified by the rate of dis-
integration as slowly or rapidly raveling. For a material to be
raveling it must be moderately coherent and friable or discontinuoug.
Exaﬁbles are fine moist sand, sands and sand-gravels with some binder,

stiff fissured clays, and jointed rocks.



Running ground indicates a material which will invade the
tunnel until a stable slope is formed at fhe face. Stand-up time is:
zero or nearly zero. Examples are clean medium to coarse sands.and
gravels above ground water level, ’Material intermedfate between

running and raveling ground is termed cohesive-running.

| Flowiné ground is a material in which water and solids
together invade the tunﬁel from all sides, in¢cluding the bottom.
It is encountered in free-air tunnels below the ground water table
in materials with little or no coherence. Organic silt may be

flowing or squeezing.

The classificétionSmabove.were developed for apﬁlication primarily
to the excavation of tunnels. The.condition of the excavation and the methods
uged fn the excavation process influence the action of the immediate support
system. They may actually control the selection of the design and the
construction procedure for the immediate support system.

Fig. 11=1 shows the behaviorist}c classification of various soil
types. Thé'behavioristic classification is shown in»relation'to the primary

classification on Fig. 4.3.in the main report.

1.3 The Dependence of Rock Load and Stand-Up Time on Tunnel Size

Terzaghi (1946) and Stini (1950) present linear relationships
between the rock load and the size of the tunnel. These relationships
are shown on Fig. 11-2. The agreement between them is fairly good,

especially for tunnel diameters of the order of 5 meters. Bierbaumer

—
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by the permeability, largely a function of

Behavior below ground water table under suitable air pressure is approxu

mately the same as above ground water level.
Loose is here defined by N < 10 (standard penetration test),
Descriptive terms of materials according to the Unified Soi

dense by N > 30.
l Classification.

Behavior may be somewhat ‘better than shown above ground water level, if

material is moist and fine or silty,.
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Fig. 11=2. Rock Loads as a Function of Tunnel Size
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(Bendel, 1948) does not give a relationship between tunnel size and rock load,
but the agreement is reasonable if tunnel diameters of the order of S.mefers
are considered.

THe time dependence of the behavior o% rock is indicated by initial
and final.valqes in Table 1I-1. o0Often the rock is stabie or will exert only

a small load, the initial load, immediately after the excavation. Contin-

- uous loosening and plastic deformation will increase the load on the supports

to the final value in a matter of day; or months. For sands and gravels
Terzaghi indicates an increase in load of 1S pervent, but for jointed or
crushed rocks the increase can be much greéter,because the initial load
hay be small. The increase in load with time is greatly influenced by the
amount of damage_caused by the excavation process and by the amount of
loosening allowed. Thus, modern methods of tunneling and support which
disturb the rock less an§ allow less loosening will result in smaller

rock load; than those given here, which are based on conventional tunneling
procedures of 20 years ago.

The time depéndent behavior' is also manifested by the stand-up
time or bridge'action period (Terzaghi, 1950 and 1946), which is defined
as the time elapsing between the excavation and the first perceptible
movement of the roof. The stand-up time is a function of the rock- type,
the unsupported‘length or width of the tunnel, and the amount of dis~
turbance of the material during excavation. Lauffer correlated his rock
classes A to G with stand-up time and unsupported width. For a given rock

the stand-up time tS is given as a function of L, thg unsupported length, by

4

tS = constant x L -(1+a)

T
'
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where o varies from 0 for class A to | for class G rock. The relationships

are given-in Table |1=2 and in Fig. 11-3.

Table 11-2
Rock Class ¢ Example L Equation
b " Tm
A 20 fears _ 4 . 5 -
- . X tS =1 x 10 L
B 6 months 4
t =2.5x10° L"'?
€ 1 week 3 s o 1.4
) . t =6.3 x10L °
D .5 hours 1.5 s 16
t =-1.61 '
E ‘ 20 min. 0.8 s s -1.8
N t, = 4 x10“° L °
F . 2 min. 0.4 3 -2
. t =1x10 L
G 10 sec. 0.15 s

't5 in hours, L inm

' Terzaghi (1948) indicates that for a raveling material the stand-
up time tS of an unsuppdited strip is inversely proportional to its width L,
and that.the stand-up time for a square opening Witﬁ side L is of the order
"~ of 50 pércent longer ;han for a strip of width L. For an elongate opening,

the relationship between t_ and L is

where Rs is the stand-up time for a one foot wide strip. The following

classification of running and raveling ground is given:

/

£
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Running: R_.=0
Cohesive running: R_ < 7 min
Rapid raveling: R =7 min to 100 min

100 min to 30 hours

Slow raveling: R

A\

Firm: R 30 hours

Terzaghi's and Lauffer's numbers cannot be comp;red directly
because the powef of L is different. lf; however, they(are compéreq at the
same values of L, say L = 5 to 10 feet, it is found that, roughly speaking,
Lauffer's class F would be cohesive running, class E rapid to sIoQ<Eaveling,
class D slow raveling to firm, and ciass C firm. Terzaghi's classificétions
are also indicated on Fig. |1=-3. B

There are several objections to Lauffer's classification.. There
does not appear to be any justification for_thé varying powers of L. The
utility of the classification is limited and doubkful.for the hiéﬁlquality
rocks, where stahd-up time may in effect be infinity.

The. term stand-up'time was épplied by Terzaghi primarily to non-
coherent rocks. [f the rock is coherent the term 1ose5'mos£ of its signi-
ficance. Although movements of the'rdof may be perceived afte}'a short
time, this does not necessarily indicate an ihmediate stability problem. The
most important behavioristic character of.a coherent (squeezing or swalling)
material is the rate of deformation. This is roughly proportional to the
size of the opening and controlled by the ratio of‘the shear strength to

the stress level; and the swelling potential.

i
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