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PREFACE

This  i s  the interim technical  report  submitted in accordance 

with the terms of  contract  No. 3-0152 between the U.S. Department of 

T ranspor ta t ion  and the Un ivers i ty  of I l l i n o i s .  The report i s  a l s o  

a p re l im inary  ver s ion  of the f i r s t  part  of the f i n a l  report fo r  th i s  

project .  As the research under the project  cont inues and the second 

part  of the f i n a l  report is  wri tten,  some re v i s i o n s  or de le t ions  in the 

mater ia l  d i scu s sed  in these i n i t i a l  four chapters  may be necessary or 

des i rab le .

- *
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DESIGN OF TUNNEL LINERS AND SUPPORT SYSTEMS

CHAPTER 1 

INTRODUCTION

1.1 Statement o f  Problem

I t  has been conserva t ive ly  estimated that  more than $35 b i l l i o n  

w i l l  be spent on excavation for underground f a c i l i t i e s  in the United Sta tes  

during the next 20 years. Mining oriented projects  w i l l  add $34 b i l l i o n  to 

th i s  f i gu re  during the same period.

The construct ion  of  t ransportat ion  tunnels is a slow, expensive 

and often dangerous undertaking. A- large port ion o f  the e f f o r t  and expense 

is  devoted to the l i n i n g  o f  tunnels. Estimates for  a number of d i f fe re n t  

types of l i n i n g s  and tunneling procedures ind icate  that the cost of the 

l i n i n g  material alone is  of the order of 30 to 40 percent of the tota l  

cost  of the tunnel and may even exceed 50 percent (Mayo et a l , 1968). A 

survey of recent bids on tunnel projects  o f  var ious  kinds shows that the 

cost  of l i n i n g  material  and insta l lment  may range from 10 to 20 percent of  

the tota l  cost  fo r  machined tunnels in competent rock to more than 50 per

cent of the tota l  cost  fo r  blasted tunnels in poor rock. I t  is  thus c lea r  

that even minor improvements in the design and construct ion  of l i n i n g s  can 

re su l t  in la rge  sav ings .

Tunnel l i n i n g s  in the United Sta tes  are at present designed  

pr im ar i ly  by s im p l i f i e d  empirical  methods. These methods u sua l ly  have some 

root in theory but have been modified and influenced by i n tu i t i o n  and exper 

ience so that th i s  root i s  well d i sgu ised  and e a s i l y  overlooked. As a 

r e s u l t t u n n e l  l i n i n g  design is  more of an a r t  than a science.
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I t  is  doubtful that the a r t  of tunnel l i n i n g  design can ever be 

developed to a science comparable to s t ru c tu ra l  des ign.  The s t ructura l  

engineer can spec i fy  both the con f i gu ra t ion  and the propert ies  of the 

mater ia ls  making up the s t ructure  and the design  u su a l ly  can be accomplished 

by a d i rec t  ap p l i c a t io n  of theory. Theoret ica l  s o lu t i o n s  s im i l a r  to those 

fo r  s t ructura l  design  are a v a i l a b l e  for  s t re s se s  and deformations in l ined  

and unlined tunnels in idea l ized  m ate r ia l s .  The tunnel designer,  however, 

must work with an e x i s t i n g  mater ia l  that does not have the propert ies  of the 

idealized mater ia l .  In add i t ion ,  the propert ie s  of t h i s  e x i s t i n g  material  

are seldom accurate ly  known and may change s i g n i f i c a n t l y  w ith in  short  

dis tances.  As a re su l t ,  the mechanisms and concepts of mater ia l  behavior  

assumed in the theoret ica l  s o lu t io n s  are often not s a t i s f a c t o r y .

Improvements in tunnel l i n i n g  design methods are obv ious ly  needed. 

I t  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. I t  is  a l s o  believed that  th i s  awareness can best be 

obtained by a study of the observed behavior of tunnels  in the f i e l d .  The 

purpose of th i s  report is  to  propose new tunnel l i n i n g  design  methods based 

on a union of theoret ica l  cons iderat ions  and empir ica l  knowledge from f i e l d  

observations,  and on the ba s i s  of which improved and more economical tunnel 

l i n i n g s  can be developed.

1.2 Scope and Organization of In v e s t i g a t ion

To improve design  concepts for  tunnel l i n e r s  th i s  inves t iga t ion  

considers  the/problem in i t s  e n t i re ty .  Tunnels in a l l  types of m ater ia ls ,



constructed with var ious  procedures, and supported by var ious  types of 

l i n e r s  are considered. The report co n s i s t s  of two par t s .

The f i r s t  part of the report s t a r t s  with a cons iderat ion  of the 

fundamental concepts of tunnel behavior and the e f f e c t s  of the construct ion  

process on the time-dependent equi l ibru im cond it ions  of the tunnel-medium 

system. Then, the e x i s t i n g  theories  and p rac t ice s  of tunnel l i n i n g  design 

are reviewed and c r i t i c a l l y  examined. A general c l a s s i f i c a t i o n  system for  —r—.
X b& L,

geo log ic  m ater ia l s  is  presented. In th i s  system a general re la t ion  is 

drawn between geo log ic  m ater ia l s ,  the problems and behavior of tunnels in 

those m ater ia l s ,  and the general design approach ( s o i 1 mechanics, rock 

mechanics, or continuum mechanics) to be used. C l a s s i f i c a t i o n  systems for  

s p e c i f i c  and sp e c ia l i ze d  use are suggested. _________________

In the second part  of the report the behavior of ind iv idua l  l ined  

and uniined tunnels is  considered. F ie ld  observat ions  of deformations and 

s t re sse s  in s p e c i f i c  tunnels are examined and evaluated.. Recommendations 

are given for  improved tunnel l i n i n g  design procedures and construct ion  

techniques. These recommendations are based on a fu s ion  of theoret ica l  

cons iderat ions  and empirica l  observations of behavior. Where pos s ib le ,  

these recommendations include innovations in tunnel construct ion  techniques  

and m ater ia ls .

The report c lo ses  with recommendations for  add i t iona l  research to 

c lose  the gaps in knowledge pointed out by the study.
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CHAPTER 2

FUNDAMENTALS OF TUNNEL SUPPORT DESIGN

2.1 Out l ine of Problem

This  i n v e s t i g a t io n  is  a study of tunnel l i n e r s  under a la rge va r ie ty  

of cond i t ion s .  I t  includes deep and shallow tunnels in media from the s o f te s t  

s o i l  to the most competent rock, and i t  cons iders  the influence of d i s c o n t i 

n u i t i e s ,  non-un i fo rm it ie s ,  and environmental f a c to r s  of many kinds.  The 

breadth of the study is  intended to permit e s t a b l i s h i n g  the ba s ic  concepts  

and c r i t e r i a  common to a l l  tunnels,  and to a id  in separat ing  and c l a s s i f y i n g  

problems in accordance with p a r t i c u la r  cond i t ions .

A tunnel support system is  often v i s u a l i z e d  as a l ine r  or l i n i n g  in 

more or less  continuous contact with the medium around i t s  circumference.

This view is too l im ited.  Other types of supports, such as rock bo l t s ,  may 

f u l f i l l  the necessary requirements. Often, the medium is  p er fec t ly  able  to 

support i t s e l f .

The support system f i n a l l y  provided in the f in i shed  tunnel is  

commonly termed the permanent support. On the other hand, supporting  agents  

of var ious  kinds are often in s ta l le d  before the construct ion  of the permanent 

support. These are termed temporary supports. In th i s  report, the general  

term ’’tunnel support system” includes both the permanent and temporary supports  

The d i s t i n c t i o n  i s  often of l i t t l e  s i g n i f i c a n c e  un less  the terms are re lated  

to s p e c i f i c  construct ion  procedures.

This  study of tunnel supports c o n s i s t s  of two bas ic  elements:

1) a c a re fu l /e v a lu a t ion  of what is  desired of a tunnel support system under 

the vary ing  cond i t ion s  to which i t  w i l l  be subjected during i t s  l i fe t im e,
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and 2) an inve s t i ga t ion  to determine how each of these requirements can be 

met. As a rule the conventional support systems serve several purposes 

and may serve d i f fe re n t  purposes at d i f fe re n t  times. The d i re c t ion  of the 

most important loads, and the d i s t r i b u t i o n  of s t r e s s e s  and deformations  

around the tunnel may vary from the ear ly  construct ion  stage to the f in a l  

permanent stage.

By separat ing  the vary ing  funct ions  and requirements of a tunnel

support system, the s u i t a b i l i t y  of current  or new systems can be judged.

The intended use of the f i n a l  product e s ta b l i s h e s  the requirements and
«

to lerances for the permanent support. The most important requirements of 

the permanent structure  are re la ted  to  permanent s t a b i l i t y ,  water contro l ,  

and deformations a f te r  i n i t i a t i o n  of t ransporta t ion  serv ice .  Requirements 

such as immediate retainment of the medium d ic ta te  the need for  and type of 

temporary support. The need fo r  immediate retainment is  g re a t ly  influenced  

by the character of the medium and the methods of excavation and construct ion.  

Both the t r an s i t o ry  and the permanent requirements are influenced by 

environmental fac to r s .

In the fo l low in g  sec t ion s ,  concepts and requirements of tunnel 

behavior are presented as a b a s i s  fo r  a general approach to the design and 

construct ion  of tunnel supports.

2.2 Concepts of Tunnel Behavior

Excavation of a tunnel opening and the subsequent construct ion  of 

supports change the s t r e s s  cond i t ions  fo r  the tunnel and the surrounding  

medium. These changes may be continuous or in s tages .  A comprehension of 

the deformations as soc ia ted  with these changes is  necessary for  an under

standing of the behavior of tunnel supports.
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Changes of Equi l ibr ium During Construct ion

The s ta te  of the medium before the excavation of a tunnel cav i t y  

is one of equ i l ib r ium  in a g rav i ty  f i e l d .  The process of tunneling  evokes 

new equ i l ib r ium  cond it ions  which w i l l  change dur ing the var ious  s tages  of 

tunneling and construct ion  of supports un t i l  a f i n a l  equ i l ib r ium  is reached.

In th i s  f i n a l  equ i l ib r ium ,  a l l  changes in s t r a in  and s t r e s s  around the 

tunnel opening cease and the hydraulic  condit ions  are restored to s t a t i c  

(or dynamic) equ i l ib r ium .

A region of changing s t re sse s ,  character ized by increased v e r t i c a l  

pressure, t r a v e l s  ahead of the advancing face of the tunnel. Changes 'of 

equ i l ib r ium  cond i t ion s  are a l s o  f e l t  at a cons iderab le  d is tance  behind the 

face. The d i s t r i b u t i o n  of s t re sses  has a three dimensional character at  

a point  near the face,  but approaches a two-dimensional s ta te  as the face  

advances. The rate at which the two-dimensional s ta te  is  approached is  

influenced by the rate of advance of the face in re la t io n  to the time^-  

dependent behavior of the medium.

The continuous or frequent changes in the cond i t ions  for  s t re s s  

equ i l ib r ium  cannot take place without deformations in the medium. I f  supports  

are employed, these w i l l  deform as well .  There is  always an immediate de

formation response to a change in equ i l ibr ium cond i t ion s ,  and commonly there 

i s  an a d d i t i o n a l ,  time-dependent response. In a waterbearing medium, the 

excavation of the tunnel changes the pore water pressures around the opening,  

and f low of water is  induced. In f ine  grained m ater ia l s  with a low 

permeabi l i ty ,  the establi shment of hydros ta t ic  or hydrodynamic equ i l ib r ium  

is  not immediate. The assoc ia ted  time-dependent changes in e f f e c t i v e  

i n te rgranu lar  pressures  in the medium then lead to time-dependent deformations.
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Time lags may a l s o  be a s soc ia ted  with v i s c o - e l a s t i c  or v i s c o - p l a s t i c  

phenomena such as creep in the medium i t s e l f  or a long j o i n t  planes in the 

medium. Whatever the cause of the time lags,  the i r  most important e f fec t  

is  that a f i n a l  equ i l ib r ium  fo r  a set  of boundary cond i t ion s  often is not 

reached before new changes in boundary condit ions  occur.

Tunnel construct ion  not only changes the e q u i l ib r ium  condit ions  

but in many cases the medium i t s e l f .  B l a s t in g  commonly reduces the strength  

of the rock around the opening; shoving by a closed or near ly  closed sh ie ld  

d is tu rbs  and may remold the s o i l .  Indeed, d i s tu rb in g  the material  in the 

immediate v i c i n i t y  of the opening i s  hard ly  avo idab le .  Where a tunnel is 

advanced without b l a s t i n g  in a medium which requires  l i t t l e  or no immediate 

support, however, the d i s turbance may be minimal.

The Influence of the Support System on Equ i l ib r ium  Condit ions

Most tunnel openings are supported at some stage of construct ion.  

The behavior of a tunnel opening and a support system is  dependent on the 

time and manner of the placement of the support and i t s  deformational  

c h a ra c te r i s t i c s .

The rea'sons fo r  p rov id ing  support are manifold.  Sometimes support 

i s  required for  the immediate s t a b i l i t y  of the opening. I t  may be furnished  

even before excavation, fo r  example by a i r  pressure, fo re p o l in g  or ground 

improvements. Under these circumstances the in teract ion  between the medium 

and the supporting agent commences during or before excavation.  When a 

sh ie ld  is  used fo r  immediate support, a l i n i n g  i s  erected ins ide  the sh ie ld ,  

and the angular  void cleared by the shove of the sh ie ld  is  at leas t  par t ly  

f i l l e d  with pea-gravel and grout.  The l i n in g  may be intended as a permanent
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support c o n s i s t i n g ,  fo r  example, of cast  iron. I t  may a l t e r n a t i v e l y  be a 

r e l a t i v e l y  f l e x i b l e  one in which a s t i f f e r  permanent l i n i n g  may la te r  be 

constructed. In t h i s  event,at leas t  three d i f f e r e n t  equ i l ib r ium  cond i t ion s  

must be considered.

Where there is  need for long-term but not immediate support, the 

support may be constructed at some d istance behind the face. A p a r t i a l  

re laxat ion  with a s soc ia ted  movements may then take place before the support  

in terac ts  with the medium.

Often a l i n e r  is  erected and expanded into contact with the medium. 

The expansion induces a p restress  in both the l i n e r  and the medium and 

influences  subsequent deformations.

Even where i n s t a b i l i t y  or cal lapse of the opening is  not imminent, 

support may s t i l l  be required for  var ious  reasons, u sua l ly  to contro l or 

l im i t  deformations. Large deformations may lead to undesired sett lements  

of the ground surface  or to interference with other s t ructures .  Such/  

deformation must be restra ined at a s u i t a b ly  e a r l y  stage. Deformations of 

a s o i l  or rock mass commonly re su l t  in an undesirab le  reduction in strength  

and coherence of the medium. In a jo in ted  or weak rock the material  above 

the opening tends to  loosen and may sooner or la ter  exert cons iderab le  loads 

on the support. These loads are reduced i f  loosening is  prevented by 

su i tab le  support. . r

Although the i n i t i a l  s t a b i l i t y  may be s a t i s f a c t o r y ,  cond it ions  

may be such that  f i n a l  equ i l ibr ium cannot be reached without support.

This may occur in a jo in ted  rock subject  to progress ive  loosening, in 

creeping or sw e l l i n g  mater ia ls ,  and in m ater ia l s  whose strength decreases  

with time. Except in such creeping mater ia ls  as s a l t s ,  these long term 

phenomena an*e a s soc ia ted  with volume changes.
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I t  is impossible and undes irable  to avoid deformations in the s o i l  

or rock a l together.  Some movement is  necessary to obtain  a favorab le  d i s t r i 

bution of loading between the medium and the support system. In each instance,  

the engineer must determine how much movement i s  be n e f ic ia l  to  the behavior  

of the tunnel,  and at what movements the e f fe c t s  w i l l  become detr imental.  The 

eng in eer ' s  conclus ions regard ing  these matters determine whether and where 

r e s t r a i n t s  are to be applied  to the tunnel w a l l s .  His conc lus ions  a l s o  deter

mine the character and magnitude of those re s t r a in t s .  In tunnels  in hard rock 

the be ne f ic ia l  movements take place  almost immediately, and subsequent move

ments are l i k e l y  to lead to loosening  and add i t iona l  loading.  Hence, in th i s  

case rapid construct ion  of supports  is  u sua l ly  de s i rab le .

I t  is  apparent that many factors,  determine whether and where a 

support system should be constructed fo r  s t ructura l  reasons alone. The choice 

of whether and where supports  are a c t u a l l y  employed is  influenced by add i t iona l  

fa c to r s  such as the psycho log ica l  w e l l -be ing  of the workers, or the economy 

that might be achieved by adopting a uniform construct ion  procedure through

out the same tunnel even though the propert ies  of the medMnvary.

No matter what the reason fo r  us ing  r e s t r a in t s ,  the loads to which 

a support w i l l  be subjected depend on the stage of equ i l ib ru im  p re v a i l i n g  

at  the time the support is  introduced. Thus, i f  f i n a l  equ i l ib r ium  has been 

reached before support is provided, the support does not receive loads from 

the medium at a l l .  On the other hand, when support is  furn ished before 

f i n a l  equ i l ib r ium  has been e s ta b l i sh e d ,  new boundary cond it ions  are super

imposed on the conditions  e x i s t i n g  when the support is  constructed. The

new f i n a l  condit ions  depend on the time the support was provided and involve
/

the in teract ion  between the support and the medium. I f  a s t i f f  support
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could be i n s t a l l e d  in the medium before excavation by an imaginary process  

that did  not in any way d is turb  the remaining m ater ia l ,  i t  would be subjected  

to s t re s se s  resembling those of the i n - s i t u  condit ion  e x i s t i n g  before the 

excavation.  However, the at least  temporary reduction of the rad ia l  s t re sse s  

to atmospheric pressure (or to the a i r  pressure in the tunnel) ,  as well  as 

many other a c t i v i t i e s ,  genera l ly  introduce such deformations into the medium 

that the s t r e s s e s  a c t in g  on the tunnel support bear l i t t l e  or no resemblance 

to the i n i t i a l  s t re sse s  in the medium.

Procedures for  the a n a l y s i s  and design  of tunnel supports are 

n e c e s sa r i l y  s im p l i f i e d ,  but they should be based on the cons idera t ions  of 

equ i l ib r ium  and deformations b r i e f l y  out l ined  above. In add i t ion ,  a number 

of f a c to r s  which are not d i re c t l y  re lated to the in teract ion  between a 

support system and the medium are s i g n i f i c a n t  in the actual  design of supports.  

Such f a c to r s ,  which are dealt  with in the fo l low in g  sect ion,  sometimes even 

overr ide cons iderat ions  of s t ru c tu ra l  in teract ion.

2.3 Construct iona l  and Environmental Factors

The preceding sect ion dea lt  with the influence on the behavior  

and requirements of a tunnel support system of excavation procedures, of 

the d i s turbance of the medium, and of the s t ructura l  in terac t ion  between 

the medium and the support. Other fac tors  s i g n i f i c a n t  in tunnel support  

design may be separated into construct iona l  d e t a i l s ,  s t ru c tu ra l  non

un i fo rm i t ie s  and environmental f a c to r s .

f



E f fec t s  of Construct iona l D e ta i l s  and S tructu ra l  Non-Uhiformit ies

One of the most important requirements i s  p rov id ing  th rus t  fo r  the 

propuls ion of a sh ie ld  or a tunnel excavator. In competent media th i s  thrust  

can be developed by jack ing  f r i c t i o n  blocks' a g a in s t  the tunnel w a l l s  or by 

means of a p i l o t  anchor, but in le s s  competent media the th rus t  is  almost 

always obtained by jack ing  a g a in s t  that part of the l i n i n g  a l ready  erected.

The s t re sse s  in the l iner  caused by th i s  thrust  are cons iderab le  and commonly 

determine the design of the l ine r .

Construct ion procedures are not genera l ly  uniform, even in a uniform 

medium. The most important con s t ru c t iona l  non-un i form it ies  are a s soc ia ted  with  

the q u a l i t y  of the contact between the tunnel support and the medium. I r regu la  

g rave l in g  and grout ing  of an annular  space between a l ine r  and the medium, or 

non-uniform block ing behind a stee l r ib  may cause cons iderab le  non-uniformity  

of s t re sse s  and even s t a b i l i t y  problems.

S t ructura l  non -un i form it ies ,  i .e . ,  d i s rup t ion s  of the s t ru c tu ra l  

uniformity  of the tunnel, have cons iderab le  impact on the f e a s i b i l i t y  and 

economy of a tunnel ing support scheme. S tructu ra l  non-un i form it ies  include,  

fo r  example, enlargements of the opening fo r  s t a t io n s ,  crossswa lks  connecting 

twin tunnels,  v e n t i l a t i o n  sha f t s ,  and emergency e x i t s .  These features  may 

en ta i l  d i s rup t ion s  of the uniformity  of the construct ion  procedures, and they 

a l s o  give  r i s e  to construct iona l  and design problems in themselves, e sp e c ia l l y  

s ince they often are of i r re gu la r ,  non-symmetrical shape and are of d i f fe re n t  

r i g i d i t i e s  than the main tunnel.  Where the construct ion  involves  the opening 

of a wall  or the roof of an a lready  f in i sh e d  tunnel,  new and more complex 

equ i l ib r ium  condit ions  are introduced which may c a l l  for  spec ia l  s t a b i l i t y
t

cons iderat ions .  Whereas a s t r u c t u r a l l y  uniform tunnel may often require only
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nominal l i n i n g ,  the sav ings  inherent in a re f ined design  may not be. p o s s ib le  

because of the necess i ty  for  the frequent changes in sect ion  a t  and near 

the non-un i form it ies .

Environmental Factors

Sources of loading and deformation not in d i re c t  contact or re la t io n  

with the tunnel may a l s o  pose problems of importance. These sources include 

s tructures  e x i s t i n g  before the tunnel was b u i ] t ,  and s tructures  added at a 

la ter  date. The problems are of three types. They include the e f fe c t  of ' 

tunneling  operat ion on e x i s t i n g  structures  such as nearby b u i ld in g s ,  deep
- . y

basements, or adjacent  tunnels.  They a l s o  include the influence of such 

s t ructures  on the tunnel excavation and the behavior of the support system. 

Most important, however, they are concerned with the e f fe c t  of future  

construct ion  which w i l l  a l t e r  the equ i l ib r ium  conditions'  of the tunnel a f t e r  

the s t a r t  of the t ransporta t ion  serv ice.  At t h i s  time requirements for  the 

behavior of the tunnel may be s t r i c t  and deformations a ssoc ia ted  with e q u i l i b 

rium changes may be c r i t i c a l .

T r a f f i c  tunnels are often constructed in p a i r s ,  and sometimes even 

three or more tunnels are driven close together. The in teract ion  between a 

tunnel a l ready  dr iven and one being driven is of cons iderab le  importance. 

Cons iderat ions  of t h i s  in teract ion  may determine major features of the design  

as well  as d e t a i l s  of construction.  In a weak deformable medium, the d r i v in g  

of a second tunnel in a region where s t re sse s  have al ready been increased 

by a previous tunnel may be much more d i f f i c u l t  than d r i v in g  the f i r s t  tunnel.  

Furthermore, the f i r s t  tunnel may experience sub stan t ia l  deformations and 

i t s  support system may be subjected to large add i t iona l  loads on account of
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d r i v in g  the second tunnel.  The v ib r a t io n s  and the disturbance of rock due 

to b l a s t i n g  d ic ta te  a minimum d is tance  between adjacent  tunnels excavated 

by b l a s t i n g  in rock.

A l te ra t ion  of the hydro log ica l  environment because of the construct ion  

of the tunnel a l s o  deserves a t ten t ion .  The a l t e r a t i o n  may be temporary or 

permanent, depending on the w ate r - t i gh tness  of the tunnel. Lowering of the 

groundwater table increases the e f f e c t i v e  s t re sse s  with r e s u l t i n g  s e t t l e 

ments, most of which are i r r e v e r s ib le .  An eng ineer ing  dec is ion  must usua l ly  

be made as to whether the l i n i n g  should be made w ate r t i gh t  (and the ground 

water table restored to i t s  o r i g i n a l  p o s i t i o n ) ,  or should be made to act  as 

a dra in. The f i r s t  dec is ion  impl ies that the l i n i n g  must eventua l ly  withstand  

the hydrostat ic  pressure; the second requires that the dra ins  w i l l  always be 

funct iona l .

S im p l i f i c a t i o n s  fo r  Design Purposes

The fo rego ing  d i s c u s s io n  demonstrates that  a great  many fac tors  

other than the in teract ion  between the tunnel support system and the medium 

are involved in the eng ineer ing  dec is ion s  per ta in ing  to the design and con

s t ru c t ion  of the tunnel supports.  Often one or several  of these fac tors  

a c t u a l l y  control the design .  However, current design procedures consider  

these fac tors  only i n d i re c t l y .  The relevant  fa c to r s  may be considered in 

some de ta i l ,  but the f i n a l  r e su l t  of the cons iderat ions  i s  a s im p l i f i e d  

design procedure app l ic ab le  to a length of tunnel which may involve a va r ie ty  

of media and a va r ie ty  of cond i t ion s .  A su i t a b le  sa fe ty  fac to r  is  applied  

to the most unfavorable cond i t ion s  expected. R e s t r i c t i o n s  on future  

construct ion  on the r igh t -o f -w ay  are sometimes e s ta b l i shed  as precautions
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aga in s t  unreasonable inroads on the fac tor  of sa fe ty .

The s im p l i f i e d  design procedures do not r e f l e c t  the complex problems 

that may have influenced their  development. They genera l ly  t reat  the l i n i n g ,  

temporary or permanent, as a s tructure  subjected under s t a t i c  cond it ions  to 

given loadings.  Occas iona l ly ,  in the more advanced vers ions  of the procedures,  

the loadings  are taken as dependent on the deformation. The genera 1 a p p l i c a b i 1ity  

of such design  procedures is severely l imited.  Hence, the procedures must be re 

evaluated each time a tunnel is  driven under even s l i g h t l y  d i f fe re n t  cond i t ion s .

2.4 Importance of C l a s s i f i c a t i o n  of Geologic Media

The preceding sect ions  may be regarded as an informal c l a s s i f i c a t i o n  

of the problems a s soc ia ted  with the design and construct ion  of tunnel supports.  

D i f fe rent  types of problems re su l t  from the changing equ i l ib r ium  cond i t ion s ,  

from the d isturbance of the surrounding medium, from the in teract ion  between 

the supports and the medium, and from s t ru c tu r a l ,  con s t ru c t iona l ,  and-env iron

mental f a c to r s .  Any one of these 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 a l l  the v a r ia b le s .  A ra t iona l  approach 

to the design of support systems must from the outset include an eva luat ion  and 

c l a s s i f i c a t i o n  of this, var iab le.

A c l a s s i f i c a t i o n  of geo log ic  m ater ia ls  with respect to tunneling  

should de l ineate  the types and sever i ty  of problems connected with tunnel 

support, and i t  should indicate which c h a r a c t e r i s t i c s  of the medium should 

be included in in ve s t i ga t ion s  and eva luat ions .  With i t s  a id,  the appropr iate  

theories  and ana lyses  can be chosen for  the design procedures, and su i t a b le  

construct ion  methods can be applied.
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A. wholly new system or method for  c l a s s i f i c a t i o n  of geo log ic  

mater ia ls  is  not considered necessary. The f i e l d s  of s o i l  and rock mechanics 

are already crowded with such systems. Instead, an attempt has been made in 

th i s  study to unify a lready accepted terminology and c l a s s i f i c a t i o n  systems 

so that the considerable  experience with these systems can be f u l l y  u t i l i z e d .

The most important c h a r a c t e r i s t i c  separat ing  s o i l  and rock is the 

re la t i v e  importance of d i s c o n t i n u i t i e s .  As a ru le, the behavior of rock is  

dictated by the spac ing and nature of d i s c o n t i n u i t i e s  such as j o i n t s ,  whereas 

s o i l  can commonly be assumed continuous and homogeneous. These cons iderat ions  

suggest  that a bas ic  parameter fo r  c l a s s i f i c a t i o n  should be related to the 

c h a r a c te r i s t i c  s ize  of a un i t  such as the gra in  s i ze  of a s o i l  or the j o i n t  

spacing of a rock.

A useful c l a s s i f i c a t i o n  based on inherent c h a r a c t e r i s t i c s  of the 

material  is presented in Chapter 4. A c l a s s i f i c a t i o n  of a general and con

ceptual character is f i r s t  developed. Spec ia l ized  subsystems, useful for  

diagnos ing  p a r t i c u la r  problems and app l ic ab le  w ith in  p a r t i c u l a r  ranges of 

c h a r a c te r i s t i c s  of the medium, are then developed on the ba s i s  of an 

accumulation of experience. In previous c l a s s i f i c a t i o n s  only verbal de sc r ip 

t ions of d i f fe ren t  rock c l a s s e s  have commonly been used. I t  is  a purpose of 

th i s  inves t iga t ion  to s u b s t i t u te  numbers for  q u a l i t a t i v e  de sc r ip t ions .

2.5 The Relevance of Empir ical  Evidence

Although a c l a s s i f i c a t i o n  of geo log ic  media is  important; i t  is  of 

l i t t l e  use by i t s e l f .  To be useful i t  must be re la ted to problems of interest  

to engineers, and i t  must be substant iated  by f i e l d  evidence. This f i e l d  

evidence co n s i s t s  of observat ions ,  both q u a l i t a t i v e  and quan t i ta t ive ,



of the actual behavior of tunnel openings of var ious  geometries, constructed  

in d i f f e r e n t  ways in d i f fe ren t  media. Q uant i ta t ive  observat ions  in tunnels  

can be c l a s s i f i e d  genera l ly  as measurements of s t re s s  or s t r a in  (pressure  

or deformat i o n ) .

I t  is d i f f i c u l t  to measure s t re s se s  in a tunnel l ine r  and more 

d i f f i c u l t  to measure those in the surrounding medium. Any s t re sse s  that  

are measured are not tota l  s t re sse s  but only the changes in s t re s se s  from 

those that  ex i s ted  when the instrument was i n s t a l l e d .  Since s t re s se s  are 

obtained from s t r a in  observations,  they are subject  to more or less  

inaccurate assumptions concerning the s t r e s s - s t r a i n  behavior of the 

m ater ia l s .

In l i n e r s  the measured s t re s s  changes may c lo s e l y  represent the 

actual  s t re s se s  because the s t re sses  in the l i n i n g  immediately a f te r  i n s t a l l a 

t ion are probably c lo se  to zero. The i n s t a l l a t i o n  of the instrument in the 

l i ne r  causes only a small disturbance of the actual s t re sse s  car r ied  by the 

l iner .  By contrast, ,  the s t re sses  in the medium at the time of i n s t a l l a t i o n  

of the l i n e r  are,  in general,  not known and the very act  of i n s t a l l i n g  the 

instrument causes further  unknown changes in the s t re s s  f i e l d .  I t  i s  more 

d i f f i c u l t  to measure s t re sses  at a point in the medium remote from the tunnel 

than i t  i s  to measure the re la t ive  displacement of that same point  with respect  

to the tunnel wall  at any f ixed point.

Because of these problems, there is  a tendency to devote most qu an t i 

t a t ive  observat ions  to measurements of s t re s se s  in the l ine r  and of d i s p l a c e 

ments of se lected  po ints  in the medium. Measurements of  the changes in the 

overa l l  in s ide  dimensions of the l i n in g  are a l s o  often made.

16

/



17

Empirical  evidence of deformat iona1 behavior i s  more r e l i a b le  (and 

more common) than measurements of s t r e s s  or load. This evidence can be used 

to inves t iga te  co r re la t ion s  of the behavior of tunnel openings and support  

systems with propert ies  of the medium, and to  improve general understanding  

of the mechanisms involved in the in terac t ion  between the tunnel and the 

medium.

Under any circumstances the measurements taken are s t r i c t l y  

ap p l ic ab le  only to the p a r t i c u l a r  tunneling  procedures used and to the 

propert ies  of the medium where the measurements were taken. The re su l t s  

of measurements taken in a b la s ted  tunnel,  fo r  example, are s t ro n g ly  a f fected  

by the loosening and f r a c t u r in g  o f  the surrounding medium; a disturbance  

which may be e n t i r e ly  non-ex is tent  in a bored tunnel in the same medium.

Thus, though c a s e ,h i s t o r i e s  are h ig h ly  informative, and, indeed, e s s e n t ia l ,  

considerable  care must be taken in extending past experience to present 

ap p l i c a t io n ,  e sp e c ia l l y  i f  novel procedures are involved.

2.6 Bas ic  Approach to Design of Tunnel Support Systems

The previous sec t ions  have out l ined  the features  that  must be taken

t

into account in the design  and construct ion  of tunnel support systems. An 

i n ve s t i g a t ion  seeking to improve the c a p a b i l i t y  of the engineer in th i s  respect  

must not neg lect any of these features.  Some fundamental p r in c ip le s  can be 

derived from them on the b a s i s  of the preceding d i s c u s s io n s .

I t  is  apparent that economy can be achieved by tak ing  advantage of 

the c a p a b i l i t y  of the medium to support i t s e l f .  By proper choice of a support 

system and of the stage or s tages  of construct ion  at which i t  is i n s ta l le d ,
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the loads on.the support can be minimized and the medium can be made to take 

a major port ion  of the load. Thus, the support system should be regarded 

pr im ar i ly  as a reinforcement or re s t r a in t  that  helps the medium to support 

i t s e l f .

I t  is  e a s i l y  demonstrated that th i s  concept of he lp ing the medium 

to help i t s e l f  is  reasonable and pos s ib le .  The p r inc ipa l  act ion  of rock b o l t s ,  

fo r  instance, is  to a r re s t  movements towards the opening and thereby to increase  

the capac ity  of the rock to carry tangent ia l  s t re s se s .  The increase is  achieved 

by t r a n s fe r r i n g  forces so fa r  away from the opening that they can be d i s s ip a t e d  

sa fe ly .  The p r in c ipa l  load- 'carrying agent i s ,  in fac t ,  the rock i t s e l f .  Another 

example is the support of an opening by shotcrete  immediately a f t e r  excavation.  

Shotcret ing  hinders movements and loosening of the rock making i t  capable of 

car ry ing  more load than is pos s ib le  with conventional supports which genera l ly  

a l low 1oosen i ng.

Control of the movement of the medium is important. While too large  

movements may lead to loosening or weakening of the medium and may render i t  

incapable of s u s t a in in g  loads, too small movements may in some instances  not 

allow the medium to carry  the loads of which i t  is  capable. An approach based 

on contro l of deformations is  l i k e l y  to be the key to the successfu l  design  

and construct ion  of tunnel supports.

The preceding section pointed out that  empir ical  evidence of 

deformational behavior is  more r e l i a b le  than measurements of s t re s s  or pressure.  

Design methods based on a deformational approach are genera l ly  of a less  

se n s i t i v e  character than those based on more or less  a r b i t r a r y  assumptions of  

loading. This  s i t u a t io n  further  i l l u s t r a t e s  the v a l i d i t y  and potent ia l  of a 

deformational approach.
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The condit ion and propert ie s  of the medium w i l l  to a cons iderab le  

extent d ic ta te  when and how deformations should be con tro l led .  The response 

of the support to loading is a l s o  s i g n i f i c a n t .  A support may be chosen which 

w i l l  a l low the medium to ad jus t  i t s e l f  a spec i f ied  or con t ro l led  amount. For 

given condit ions  there should e x i s t  an optimum combination of f l e x i b i l i t y  or 

r i g i d i t y ,  and a d ju s t a b i l i t y .  I t  is  a purpose of th i s  i n v e s t i g a t io n  to improve 

the understanding of these mechanisms and provide gu ide l ines  fo r  design on 

th i s bas is.

The forego ing cons idera t ions  apply to a p a r t i c u l a r  tunnel opening 

under given condit ions.  I t  may not be worth-while to expend great e f f o r t  to 

a r r iv e  at the most su i tab le  support system for a l l  the cond i t ion s  of a given 

tunnel al ignment. The r e l i a b i l i t y  of engineering  p red ic t ion s  and the l i k e 

lihood of hazardous s i t u a t io n s  depend on the uniformity of the s o i l  or rock 

medium. Yet, i t  is impract icable to obtain complete information about the 

subsurface condit ions.  Therefore, when condit ions  are known to be non-uniform, 

three d i f fe re n t  approaches are commonly used: 1) A tunnel ing  scheme may be

adopted which is  safe and as economical as pos s ib le  under a va r ie ty  of condit ions  

inc lud ing  the worst that can reasonably b e  foreseen; th i s  method, is conserva

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

su rp r i se s  can be handled sa fe l y  and changing condit ions  can be accommodated 

by minor modi f icat ions ;  th i s  method is  more economical provided there are not 

too many surp r i se s .  3) Advance in ve s t i ga t ion s  may be made by borings  from the 

tunnel face, by p i l o t  d r i f t s ,  or by other de ta i led  exp lora t ion ,  so that safety  

precautions and m od i f icat ions  can be made ready for a p p l i c a t io n  as the changed 

condit ions  are exposed; th i s  method is  safe but the cost  of the exp lorat ions  

may exceed the poss ib le  sav ings  that  can be rea lized on account of the knowledge 

obtained from them.
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Where condit ions  are known to be uniform, a sp e c ia l i ze d ,  though 

i n f l e x i b le ,  method of tunnel construct ion  may be su i tab le  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 

a b i l i t y  of the tunnel support procedures to be modified in accordance with 

the v a r i a b i l i t y  of the medium. I t  is  hoped that  th i s  i n v e s t i g a t io n  w i l l  

f a c i l i t a t e  the engineering  dec is ions  leading to th i s  balance.

/
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CHAPTER 3

EXISTING THEORIES, DESIGN METHODS, AND PRACTICES

3.1 Introduct ion

In recent years, the number of tunnels has g r e a t ly  increased.

Many new theor ies  and methods of tunnel' l i n i n g  design  have been advanced. 

However, tunnel l i n in g  design i s  s t i l l  more of an a r t  thah a science.

This  a r t  has produced tunnel l i n in g s  which, in general,  have 

shown s a t i s f a c t o r y  performance. The degree of conservati sm in the design  

of these tunnel l i n in g s  is  unknown but could be very s i g n i f i c a n t .  Im

provements in the a r t  are not pos s ib le  without f i r s t  ga in in g  an understanding  

of i t s  present level of development. The. fo l low in g  sec t ions  include a 

c r i t i c a l  summary of e x i s t i n g  theor ies,  methods, and p rac t ic e s  of tunnel 

l i n i n g  design. Their^uses and misuses are emphasized, and the ideal 

cond i t ion s  under, which they may be applied are d iscussed.  Where pos s ib le ,  

the error  re su l t in g  from app ly ing  them under non- ideal cond i t ions  is 

indicated.

■ KaroJy Szechy presents in his book, "The Art of T u nne l l in g "  (1966), 

a large c o l l e c t io n  of theories and methods of tunnel l i n i n g  design.

Although Szechy's  se lec t ion  and comments are rather u n c r i t i c a l ,  h is  book 

is  a compact source of add i t iona l  information about the subject.

In many s tud ies  of tunnel behavior, only the medium i t s e l f  is

considered. In these s tud ie s ,  the s o i l  or rock i s  considered a continuum
/

and s t a t i c  s ta tes  of s t re s s  and deformation around unlined openings are 

i n ve s t i g a te d .  By var ious approximations, the e f fe c t s  of time and of a 

support ing  l iner  may be added.



Another approach la rge ly  d i s regard s  the be 

cons iders  a l i n i n g  s t ructure  loaded by more or less  

may, with some complication,  be assumed deformation  

the loads oh the s t ructura l  l ine r ,  a la rge number of 

empirical  theories  may be used, inc lud ing  arch ing  ar 

and methods based on a continuum approach.

Current prac t ice  in tunnel l i n i n g  design  1 

estimate of s o i l  or rock load and the design  of the 

independent processes. These two aspects  of the de< 

r e s p o n s i b i l i t y  of d i f fe re n t  groups.

3.2 Analyses Based on Continuum Approach

In general terms, the ground in which a t i  

* can be considered as e i ther  a continuum or a di scont  

report, a continuum is a material  in which macroscopic 

physica l  propert ies  such as s t re s s  or dens i ty  can be u 

models to define the mechanical behavior of the materi 

may be approximated by a continuum, tunnel behavior  

with theories  of continuum mechanics. Continuum app 

to tunnels include e l a s t i c  ana lyses ,  e l a s t o - p l a s t i c  

te st s  .

E l a s t i c  Analyses

The theory of e l a s t i c i t y  may be used to f i
>

around a hole in an e l a s t i c ,  i s o t rop ic ,  and uniform 

are a v a i l a b le  for uniined c i r c u l a r  openings in a pic
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fo r  any combination of horizonta l  and ve r t i c a l  loadings.  The use of the 

theory of e l a s t i c i t y  permits so lu t ion s  that include the rock weight and 

a r b i t r a r y  boundary cond i t ion s .  These so lu t ion s ,  such as M in d l i n ' s  (1940), 

Schmied's (Szechy, 1966), and S a v in ' s  (1961), re su l t  in equat ions for  

the tangent ia l  s t r e s s ,  < J q ,  and the rad ia l  s t r e s s ,  cr , around the opening, 

and the rad ius of the zone in which the s t re sses  are s i g n i f i c a n t l y  influenced 

by the opening. The equat ions are rather e laborate  and include a number of 

constants  to be determined by the boundary cond i t ions .  In most cases a 

s im p l i f i e d  so lu t ion ,  K i r s c h ' s  so lu t ion  (Timoshenko and Goodier, 1951), 

which d i s regards  the influence of the proximity of the surface,  w i l l  s u f f i c e .  

The re su l t s  of t h i s  s im p l i f i e d  so lu t ion ,  which assumes a homogeneous s t re s s  

f i e l d ,  are given in Appendix I.

Figure 3.1 ind icates  the type of s t re s s  d i s t r i b u t i o n  obtained with 

these equations when Kq = 1, i . e . ,  p^ = p ^ .  In subsequent sect ions  the 

m odi f ica t ion s  in the h igh ly  s t ressed  zone near the opening re su l t in g  from 

p l a s t i c  behavior w i l l  be considered.

aQ = tangent ia l  s t re s s  at 
any point

Pz = 7 h

a = rad ius of the c i r c l e

r -  d i s tance  to the point under cons iderat ion  

h = depth of  cover
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These so lu t ion s  cannot be app l ied  in d i s c r im in a te ly  s ince neither

s o i l  nor rock is an e l a s t i c ,  i s o t rop ic ,  and homogeneous mater ia l .  For a few

specia l  cases, such as machine driven tunnels in some rocks., e l a s t i c i t y

so lu t ion s  may be used with quite  acceptable accuracy. However, s t a b i l i t y

problems seldom occur in such rocks. For other media, and e sp e c i a l l y  when

the medium is weakened by the tunneling operation,  the e l a s t i c  so lu t ion s  are

unacceptable for  the p red ic t ion  of s t re s s - s t ra . in  behavior. Even in such cases,

however, Cording (1968) found that the e l a s t i c  s o lu t io n s  may accurate ly  p red ic t

the smal l,  approximately e l a s t i c ,  displacements which occur immediately upon

removal of rock support by excavation.  He used a f i n i t e  element method to

analyze s t re sse s  and deformations around openings of i r re gu la r  shapes and

with K values d i f f e r e n t  from unity. The deformation re su l t s  were in o

reasonable accordance with measurements of immediate deformations taken in 

c a v i t i e s  at the Nevada test  s i t e .  Displacements a s soc ia ted  with instabi  1 ity  

and p l a s t i c  behavior cannot be predicted by these so lu t ion s .

E l a s t i c  so lu t ion s  can be found fo r  shapes other than c i r c u l a r  and 

fo r  problems invo lv ing  e l a s t i c  l i n i n g s  in e l a s t i c  media. Although the 

p r in c ip le s  are the same for  the so lu t ion  of these problems as for the 

problem of a c i r c u l a r  opening in an e l a s t i c  medium, the actual execution of 

the so lu t ion  is  much more involved. E l a s t i c i t y  problems are well su ited to 

computer so lu t ion .  By the use of a computer the e f f e c t s  of v a r ia t i o n s  in the 

parameters and comp]icated co n f i gu ra t ion s  and boundary condit ions  can be 

studied.

E ' l a s to -p la s t i c  Analyses

One of the f i r s t  steps  in attempting to improve the a p p l i c a b i l i t y  

of theoret ica l  so lu t ion s  to computing s t re s se s  around unlined tunnels is  to
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introduce e l a s t o - p l a s t i c  propert ies  for the m ate r ia l s .  The s implest  e l a s t o -  

p l a s t i c  so lu t ion s  assume the hor izontal  i n - s i t u  s t r e s s  (p^) equal to the 

v e r t i c a l  i n - s i t u  s t r e s s  (pz = z 7), i .e . ,  Kq = 1. The f a i l u r e  or y ie ld  

c r i t e r i o n  used is  e i the r  T re sc a1s c r i t e r io n  (corresponding to 9=0) or a 

Mohr-Coulomb c r i t e r i o n  (corresponding to a c -9  m a te r ia l ) .  These so lu t io n s  

are given in Appendix 1.

An annular  p l a s t i c  zone is  developed around an unl ined tunnel

when the s t re s s  level pz exceeds the unconf i n'ed compression strength  of the

2 c cos
mater ia l ,  q = 2c fo r  a f r i c t i o n l e s s  mater ia l ,  or q = ------- :— — for  a

u u 1. - s i n 9

f r i c t i o n a l  mater ia l .  When an internal pressure p. i s  app l ied  to the tunnel 

w a l l s ,  fo r  example by a l i n in g  or by a i r  pressure,  the s t r e s s  level required  

fo r  the development of a p l a s t i c  region is  increased, as indicated by the 

formulae given in ,Appendix 1. For a cohes ion less  material  ( c=0 ) , qu = 0, 

and the opening is  unstable without an interna l pressure.

The rad ius  of. the p l a s t i c  zone depends on the s t re s s  level pz> the 

internal pressure p.,  and the strength constants  c and 9 in the manner 

indicated in F ig s .  3.2 and 3.3. I t  is apparent that both the constants  

c and 9 have a great influence on the rad ius of the p l a s t i c  zone.

Examples of s t re s s  d i s t r i b u t i o n s  around an opening in a f r i c t i o n a l  

mater ia l  are shown in Fig.  3.4. I t  is in te re s t in g  to note that the rad ius of 

the p l a s t i c  zone increases  as the r a t io  Pz/P| increases.

When Kq is  not equal to unity, or where the tunnel is  so shal low  

that the e f f e c t  of the proximity of the ground surface cannot be dis regarded,  

these re su l t s  cannot be used d i re c t l y .  However, the e l a s t i c  so lu t ion s  may.

be used to suggest at leas t  when and where a p l a s t i c  zone w i l l  be indicated.
/

Whenever,the maximum tangent ia l  s t re s s  at a point on the tunnel wall exceeds



c

Fig. 3*2. Re la t ion  Between the Radius of the P l a s t i c  Zone, R, 
One-ha lf  the Unconfined, c, the Overburden Pressure,  
p ., and the Pressure in the Opening In te r io r ,  p..

/
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P z + c cot <f>
Fig.  3.3. Radius of P l a s t i c  Zone vs — —--------- r—r

* p. + c cot <f>
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Fig.  3.^. D i s t r i b u t i o n  o f  S tresses  Around a C i r c u l a r  Tunnel 
In E l a s t o - P l a s t i c  Mater ia l

/
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q^, the materia l  w i l l  y ie ld  and a p l a s t i c  zone w i l l  develop. I f  the p l a s t i c  

zone is  smal l ,  i t s  extent can be found approximately by comparing the s t re s se s  

found by the e l a s t i c  so lu t ion  with the y ie ld  s t re s s  of the m ater ia l .  Wherever 

the y i e l d  s t r e s s  is  exceeded, the mater ia l  i s  in a p l a s t i c  s ta te.  This  method, 

of course, qu ick ly  becomes inaccurate with increas ing  s ize  of the p l a s t i c  

zone, because i t  d i s regards  the s t re s s  re d i s t r ib u t i o n  caused by the p l a s t i c  

behavior of the mater ia l .

Deformations of the tunnel w a l l s  can be computed on the b a s i s  of 

both the e l a s t i c  and the e l a s t o - p l a s t i c  analyses..  These deformation estimates  

are of rather 1imited in terest :  the e l a s t i c  deformations are immediate and

take place before a l iner  can be placed; the e l a s t o - p l a s t i c  deformations  

are u lt imate  deformations and do not include time-dependent behavior.

Another method of s tudying  the p l a s t i c  behavior of rock around an 

underground opening shows cons iderab le promise. By means of computers, 

problems 

open i ngs 

studied.

openings 

is  based

space t h i s  c r i t e r i o n  p lo t s  as a surface having the shape of a r i gh t  c i r c u l a r  

cone with i t s  a x i s  along the space d iagonal .  As long as the point  representing  

the p r in c ip a l  s t re s se s  at any instant  remains ins ide th i s  surface, s t r a in s  

are e l a s t i c .  At the surface,  y ie ld in g  begins . Movement of the point along  

the y i e l d  sur face  causes both e l a s t i c  and p l a s t i c  s t r a in .

Reyes'  f low rule pred ict s  an increase in volume with y i e ld in g .

1 imPts the a p p l i c a b i l i t y  of the theory to d i l a t i n g  m ater ia ls  and

with a large var iety  of boundary cond it ions  ( for  example, non -c i r cu la r  

) and any i n i t i a l  s t re s s  condit ion  (Kq not equal to un ity )  can be

Reyes (1966) used a f i n i t e  element method to study non -c i rcu la r  

in a f r i c t i o n a l  material  with several values of Kq . This  a n a l y s i s  

on a genera lized von Mises y ie ld  c r i t e r io n .  In p r inc ipa l  s t re s s

This
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even then the predicted rate of  d i l a t i o n  i s  much la rger  than observed by 

t e s t s .  The f low rule may be -a reasonable assumption as long as the 

p l a s t i c  region is small ,  but with  add i t iona l  y i e l d in g  the r e s u l t s  become 

unre l iab le .  The deformations computed by th i s  method are less  r e l i a b le  than 

the s t re sse s .

Reyes found that fo r  Kq = 0.25 and 0.40 the p l a s t i c  zones did not 

surround the c i r c u l a r  c a v i t i e s  s tud ied in de ta i l  but propagated along 45-degree 

d i re c t ion s .  This is in accordance with p red ic t ions  on the ba s i s  of e l a s t i c  

ana lyses  (Fenner, reported by Szechy, 1966). Reyes'  r e s u l t s  have not been, 

v e r i f i e d  by f i e l d  measurements.

Model Tests

Laboratory models can be used to evaluate and improve the theoret ica l  

so lu t ion s  and to improve the eng in eer ' s  judgment. P ho toe la s t i c  experiments 

permit the study of s t r e s s  cond i t ion s  around openings of  any shape in a 

plane s t re s s  f i e l d .  Comparisons of pho toe la s t ic  r e s u l t s  fo r  a c i r c u l a r  

opening with the corresponding theoret ica l  r e su l t s  have shown good agreement, 

This  agreement encourages b e l i e f  in both the theory fo r  c i r c u l a r  openings and
o

the photoe las t ic  r e su l t s  fo r  other shapes of openings. As a re su l t ,  photo

e l a s t i c  analyses for complicated geometries, i . e . ,  horseshoe and mult ip le  

tunnels,  are v a l id  representat ions  of the e l a s t i c  s t re s se s .

P ho to e la s t i c i t y  i s ,  in f a c t ,  s imply an e l a s t i c  method of so lu t ion  

that produces v i sua l  r e s u l t s .  Though i t  is u sua l ly  app lied  to two-dimensional 

problems, techniques fo r  three-dimensional problems e x i s t .  These techniques 

involve spec ia l  procedures fo r  s t r e s s - f r e e z in g  models and taking  s l i c e s  for
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a n a ly s i s .  Because of the ir  complexity and because most tunnel problems are 

pr im ar i ly  two-dimensional,  these techniques are seldom applied  to tunnel 

i n v e s t i g a t io n s .

Other experimental in ve s t i g a t ion s  are conducted us ing  blocks of 

man-made rock, such as sand cemented by gypsum or p i a s t e r - o f - P a r i s . Tunnels 

are machined into  the unstressed blocks,  the model loaded, and i t s  behavior  

measured. One such se r ie s ,  loaded in plane s t r e s s ,  is  being conducted by 

the Omaha D i s t r i c t  of the U. S. Army Corps of Engineers. A second se r ie s ,  

loaded in plane s t r a in ,  is  being conducted at the U n ivers i ty  of I l l i n o i s  

(sponsored by the Waterways Experiment S t a t i o n ) .  These experiments study 

both the e l a s t i c  and the p l a s t i c  behavior of tunnels under a va r ie ty  of 

condii t i ons-. I t  is  expected that the re su l t s  of these experiments w i l l  

provide va luab le  evidence of the behavior of tunnels in a continuum.

D iscuss  i on

The continuum approach to tunnel a n a l y s i s  should be app l ied  d i r e c t l y  

only when the medium around the tunnel t r u l y  meets the assumptions made for  

the continuum. Th is  may be the case in massive, unfractured rock or in some 

uniform c lay  or sand depos it s.  Even when the medium may be considered con

tinuous,  the necessary assumptions concerning the s t r e s s - s t r a i n  re la t ion sh ip  

fo r  the materia l  w i l l  render the ana lyses  inaccurate.

In a discontinuum, the theor ies  d i scussed above may be used as the 

f i r s t  step of an a n a ly s i s .  However, the engineer w i l l  f ind  i t  necessary to 

eva luate the assumptions of the theory in l i g h t  of h is  understanding of the 

actual behavior of the mater ia l.  B l ind  a p p l ic a t ion  of the theor ies  without 

th i s  eva luat ion  could lead to ser ious  mistakes.
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As computers become more advanced, i t  is  cer ta in  that  they w i l l  be 

applied  repeatedly to the study of tunnel behavior. Without th i s  va luable  

too l ,  many ana lyses  could not be used because of the time involved in s o lv in g  

complicated equations manually. The computer can so lve  the equations very 

qu ick ly .  Thus, a fa r  greater v a r ie t y  of co n f i gu ra t ion s ,  s t r e s s  cond i t ion s ,  

and mater ia l  propert ies  can be included in the ana lyses .  The r e s u l t s  can 

be of great  value for developing an apprec ia t ion  of the e f f e c t s  of changes in 

these v a r iab le s .

Model te st s  in the laboratory  are useful in two respects.  F i r s t ,  

they provide a check of theoret ica l  s o lu t io n s .  The tunnel co n f i gu ra t ion  

and the medium around the tunnel are made to match the theore t ica l  assumptions.  

Test re su l t s  then provide evidence of the a p p l i c a b i l i t y  of the theory. Secondly,  

model t e s t s  can be used as an independent too l .  Models can be b u i l t  fo r  prob

lems that cannot be solved e a s i l y  by theoret ica l  so lu t io n s .  Sca le  fa c to r s
i

can then be used to project  the te s t  r e s u l t s  up to  the prototype. These te st s  

require a good knowledge of and adherence to the laws of s i m i 1itude.

L im ita t ions  in manufacturing a mater ia l  to model the propert ie s  of 

the medium in the f i e l d ,  in changing the propert ies  of the m ate r ia l ,  or in 

cre a t ing  the proper s t re s s  cond i t ion s  often impair the usefu lness  of model 

te s t s .

In mater ia ls  that are not p e r fe c t ly  e l a s t i c ,  the loading techniques 

used in laboratory  te st s  may lead to e rror .  Most t e s t s  are conducted by load

ing a b lock in which a tunnel was d r i l l e d  pr ior,  to loading.  Under f i e l d  

cond i t ion s ,  the tunnel is  excavated in a mass that  is  a lready under s t re s s .

Thus, even wheh the boundary cond i t ion s  have apparently been dupl icated,  a 

d i f f e r e n t  loading path has been fo l lowed in the laboratory than in the f i e l d .
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P l a s t i c i t y  theory predicts  that the behavior is influenced by the loading  

path.

Before any e l a s t i c  or e l a s t o - p l a s t i c  theory can be accepted for  

p re d ic t in g  the s t r e s s - s t r a i n  behavior of the medium around a tunnel i t  is 

necessary to  show by f i e l d  or laboratory  measurements that  the r e s u l t s  are 

reasonable. Some f i e l d  measurements, such as C o rd ing ' s  work out l ined  above, 

have indicated reasonable agreenent with theory in the e l a s t i c  range. The 

number of such measurements, however, i s  not s u f f i c i e n t .  Add it iona l  measure

ments are needed for  tunnels in a wide va r ie ty  of geo log ic  cond i t ion s  and for  

a v a r ie t y  of construct ion  and support techniques. In some cases these measure

ments w i l l  permit the co r re la t ion  of  theory with observed f i e l d  behavior. In 

other cases they w i l l  lead to the development of empirica l  or sem i-empir ica1 

gu id e l in e s  fo r  design when the theor ies  are not d i r e c t l y  ap p l ic ab le .

3.3 L iners  as S t r u c t u r a l . Units Subjected to External Loads

The preceding sect ion  dea lt  p r im ar i ly  with the behavior of unlined 

openings. Th is  sect ion ,  in contra s t ,  deals with methods of l i n i n g  design  

which l a r g e ly  neg lect  the behavior of the surrounding mater ia l  and su b s t i t u te  

fo rces  on a s t ru c tu ra l  l ine r  for  the act ion  of the medium. I f  the external  

fo rces  on a l i n i n g  are known, the moments, shear fo rces ,  and th rus t s  can be 

determined a t  any poiint in the l i n i n g  by s t ru c tu ra l  ana lyses .  I r re gu la r  

l i n i n g  shapes a l s o  can be studied in th i s  manner.

The major d i f f i c u l t y  with these methods is  the e s t imat ion  of the 

external  loads. These loads are often chosen as a r b i t r a r y ,  though p o s s ib ly  

reasonable, loads which are independent of the deformation of the l i n in g .  The 

method is  sometimes improved by the se lec t ion  of external loads which vary 

with the deformation.
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Hypothet ical  Constant Loads on Liners

The hypothetica l  constant loads used for  the design of l i n e r s  are 

usua l ly  based on s im p l i f i e d  hypo the t ica1 mechanisms of behavior of the s o i l  

or rock around the l iner .  The loads may be expressed, fo r  example, as 

funct ions  of the f r i c t i o n  angle  and un i t  weight of the s o i l  but do not r e a l l y  

represent actual  s o i l  behavior. One of the f i r s t  hypothet ical  loading schemes 

fo r  a c i r c u l a r  tunnel sect ion  was proposed by Hewett and Johannesson (1922).

I t  is  summarized in F ig.  3.5. The engineer must estimate the value of a ,  

the angle of repose, use a  to f in d  c (the a c t iv e  earth pressure  c o e f f i c i e n t )  

and 1/c (the pass ive  earth pressure c o e f f i c i e n t )  and then decide i f  the earth  

pressure is  ac t ive ,  pass ive ,  or somewhere between the two.

This  loading system is  then app l ied  to an e l a s t i c ,  e l l i p t i c a l  r ing  

and general equations for  th rus t ,  shear, and moment in the l i n e r  are derived.

As a f i n a l  step these equations are s p e c ia l i z e d  fo r  such cond i t ion s  as 'Wet  

ground,"  "d ry  ground," and " f i r m  water-bear ing  ground."  I t  should be noted 

that in te rac t ion  between the tunnel l i n i n g  and the medium can be included to 

some extent in the se lec t ion  of the value of K . The authors include a f i gu re  

of c vs. shortening  of the v e r t i c a l  a x i s  fo r  one tunnel.

Spangler (1960) has conducted a number of s tud ie s  of the loadings  

on buried, f l e x i b l e  conduits such as corrugated-metal pipe highway cu lve r t s .

He assumes a pressure d i s t r i b u t i o n  as shown in F ig .  3.6. He bases the v e r t i c a l  

load on Marston^s theory, which i s  an arching  theory in p r i n c i p l e  s im i l a r  to 

Te rzagh i ' s  (1943), and the hor izonta l  pressure is  taken as the product of the 

modulus of pass ive  res i s tance  of the f i l l  and one-ha l f  the hor izonta l  de f lec t ion  

of the pipe. ;The conduits s tudied by Spangler  were in s t a l l e d  in open cuts or
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ure due to the

Loads

1. The weight o f  the upper h a l f  
of  the tunne l .

2. The weight o f  the earth w ith in  
the area marked 2.

3. A uniform upward force 
balancing 1 and 2 .

k .  The weight o f  the loading above 
the top o f  the tunnel.

5. A uniform upward reaction 
balancing k.

water above the top o f  the tunnel.

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

8. The hor izonta l  pressure due to the earth above the top o f  the tunnel 
equal to the product o f  the weight o f  earth (bouyant un i t  weight if;., 
submerged) above the top of the tunnel and the fac tor  K, where

C < K < 1/C .

9. The hor izonta l  pressure due to the earth between the top and the bottom 
of the tunnel.  At any point,  the pressure is  the product o f  the weight  
of s o i l  between that point and the top of the tunnel and the fac to r  
K. S o i l  weighed as in 8.

Note: C 1 - s i n g  
1 + s i n a 1 / 3  to 1 a -  angle of repose o f  ground.

Fig. 3.5. Design Loads for Tunnel in Soil

(After  Hewett and Johannesson, 1922)
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on the ground surface and then b a c k f i l l e d .  Therefore, h is  assumed s t re s s  

d i s t r i b u t i o n  has only l imited a p p l i c a t io n  to driven tunnels.

Ax ■ horlz. deflection of the pipe,
In Inches, same as vert, 
deflection

• W c ■ vert, load per unit length of 
pipe, pounds per linear Inch

r - mean radius of the pipe, 
in inches

e * modulus of passive resistance of 
the enveloping soil, in pounds 
per square inch per Inch

Fig. 3.6. Assumed Pressure Distribution on Flexible Pipe 
(After Spangler, i9 6 0 )

Many other methods of e s t im a t ing  loads on tunnels fo r  use with th i s  

or a . s im i l a r  method have been proposed. Some of these (for example by Ma i l l a r t ,  

Jaky, and Ba11 a) are di scussed by Szechy (1966). None of these methods can 

be said to properly represent actual s o i l  or rock behavior.

Deformation-nependent Loads

The loads d iscussed above are, in  genera l,  not dependent on deforma

t ions ,  except that in some cases the engineer may choose load f a c to r s  compatible
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with expected deformations. The theor ies  d i scussed in t h i s  sec t ion  are based 

on the assumption of a d i rec t  one-to-one re la t ion sh ip  between deformation and 

load (Winkler theory, see fo r  example, Terzagh i ,1955).

The M u l le r -B res lau  p r in c ip le  s ta tes  that the de f lected  shape of a 

s t ructure  represents the influence l ine  for a funct ion  such as s t r e s s ,  shear,  

moment, or reaction component i f  the funct ion i s  al lowed to  ac t  through a 

unit  d i s tance  (McCormac, 1960). Anders Bull  (1944) uses t h i s  p r in c ip le  to 

derive equat ions fo r  the moment, shear, and thrust  at any point  in a tunnel 

l i n e r  due to concentrated loads around the periphery of the tunnel.  He then 

approximates the d i s t r ib u te d  loads on the tunnel by rep lac ing  them with  

concentrated loads at  a spacing equal to one-sixteenth  of the periphery. He 

suggests  that the v e r t i c a l  a c t iv e  pressure in a sandy s o i l  be taken as the 

overburden pressure and the hor izonta l  act ive  pressure be taken as one-th ird  

of that .

Express ions fo r  the rad ia l  and tangent ia l  d e f le c t io n s  a t  any point  

due to  concentrated loads on the periphery are found. Two se ts  of equations  

fo r  the same de f le c t io n  are then wr i t ten:  one set in terms of the s o i l  reactions  

(pass ive  s o i l  fo rces )  and the settlement of  the tunnel and the other set  in 

terms of the ac t iv e  fo rces  and the s o i l  react ions.  These two sets  of equations  

are then equated and the r e s u l t i n g  simultaneous equations solved fo r  the s o i l  

react ions .  F i n a l l y ,  the shear, moment and thrust  in the l i n e r  are found by 

the summation of those due to the ac t ive  fo rces  and those due to the s o i l  

react i on s .

Bull  presents  the re su l t s  of ap p l i c a t ion s  of h i s  theory to actual  

tunnel designs and concludes that  the l iner  s t re sse s  are lower than those 

prev iou s ly  presumed and that the l ine r  th ickness  can be s u b s t a n t i a l l y  reduced.
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A method for  s t a t i c a l  computations of tunnel l i n i n g  behavior based on 

approximating the s tructure  by a rod polygon is  d i scussed  by Wissmann (1968). 

The medium behavior is  assumed to be given by W in k le r ' s  subgrade react ion  

number which is  s im p l i f i e d  by in troducing s i n g l e  sp r ings  or rods at the nodes 

of the framework. These sp r in g s  are u su a l l y  considered to act  only in com

press ion and are d i s t r ib u te d  s u f f i c i e n t l y  c l o s e l y  to  each other to give an 

acceptable approximation of the s o i 1- s t ru c tu re  in teract ion .

Because of the large numbers of sp r in g s  required, hand so lu t io n  of
4

the many simultaneous equations in Wissmann's s o lu t io n  is  not p o s s ib le  and a 

computer is  used. The c o e f f i c i e n t  of subgrade react ion  is  assumed l inear  

although i t  is  recognized that  i t  a c t u a l l y  depends on several f a c to r s .  These 

fa c to r s  include the type of s o i l ,  the propert ie s  of the s o i l ,  the th ickness  

of the s o i l  layers,  the s ize  and shape of the contact area, and the magnitude 

of the load.

Since a computer is  used fo r  the so lu t io n  i t  i s  p o s s ib le  to include  

a more accurate approximation of the subgrade reaction c o e f f i c i e n t .  Th is  may 

be accomplished by rep lac ing  the non- l inear  s t r e s s - s t r a i n  curve with a t r a in  

of polygons rather than a s i n g l e  mean s lope.  Wissmann does not be l ieve  th i s  

refinement i s  necessary.

Wissmann u sua l ly  assumes that the crown pressure and s ide  pressures  

are a t - r e s t  pressures.  To these are added a c t iv e  invert pressures,  pass ive  

invert pressures  created by the v e r t i c a l  sett lements,  and water pressures.

Other loads, such as t r a f f i c  loads on the s o i l  surface or in the tunnel and

dynamic loads caused by exp lo s ion s ,  may a l s o  be considered. I t  is  claimed
/

that  the f i n a l  r e su l t s  from t h i s  method are no worse than others in the 

1iterature  .and that  the u t i l i t y  o f .the rod system i sed  is  v i r t u a l l y  l i m i t l e s s  

while most other methods are fo r  s p e c i a l l y  shaped tunnel p r o f i l e s .
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The Winkler theory assumes that the subgrade react ion  c o e f f i c i e n t  

is  independent of the magnitude of pressure under the fo o t in g  and has the 

same value for  every point of the surface of contact between the s tructure  

and the s o i l .  As d iscussed by Terzaghi (1955) the subgrade react ion  c o e f f i c i e n t  

a c t u a l l y  va r ie s  with the s ize ,  shape and depth of the surface of contact.

Thus the f i e l d  or laboratory te s t s  used to eva luate  the subgrade react ion  

c o e f f i c i e n t  must be planned and evaluated with care i f  Wissmann's r e su l t s  

are to be reasonable. I t  is be lieved that these inherent drawbacks in the 

Winkler theory, and the d i s regard  of the e f fe c t  of cons truct ion  methods, make 

the apparent accuracy of Wissmann's approach rather i l l u s o r y .

Use of Computer Ana ly s i s

The use of computers has been mentioned in Sect ion 3.2 and in 

previous paragraphs of t h i s  sect ion.  This too) has al lowed engineers to 

i n ves t iga te  many problems that previous ly  required too much computation time.

I t  has s i m i l a r l y  permitted a more thorough i n v e s t i g a t io n  of the e f fe c t s  of 

v a r i a t i o n s  in the values assumed fo r  the major parameters of a problem^

As a re su l t  of the great growth in the a p p l i c a t io n  of computers to 

the so lu t ion  of eng ineer ing problems, nearly every computer center has on f i l e ,  

or has access to, ready-made programs that can be used by a tunnel designer.  

Wissmann's approximation of a l ine r  by a polygon of connected rods, fo r  example, 

can read i ly  be solved by e x i s t i n g  programs such as s t ru c tu ra l  engineering  

program STRESS developed at the Massachusetts I n s t i t u t e  of Technology. The 

designer  must program the coordinates of the node po in ts ,  the s t r e s s - s t r a i n  

propert ies  6f the rods, and the propert ies  of the sp r in g s  used to approximate 

the surrounding medium and the loading.
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Computers are necessary fo r  f i n i t e  element s o lu t i o n s ,  such as Reyes1 

(1966). For some of these so lu t io n s  e x i s t i n g  programs can be used with l i t t l e  

modif icat ion.  I f  necessary, new programs can be w r i t ten .  In nearly  a l l  such 

ap p l i c a t ion s  of the computer, the major problem is  not one of adapt ing or 

w r i t i n g  a program, but of determining the propert ie s  or range of propert ies  

to be assumed fo r  the m ater ia l s .

Discuss  ion

As a ru le,  cons ider ing  l i n e r s  as s t ru c tu ra l  un i t s  subjected to 

a rb i t r a ry  external loads leads to so lu t ion s  that  can be handled read i ly ,  

in some instances by means of a computer. Like  the continuum approach, some 

of these so lu t ion s  can provide information on the e f f e c t  of v a r ia t i o n s  in 

assumed medium propert ies  and in l i n i n g  c o n f i gu ra t ion .  By studying a number 

of such va r ia t i on s  i t  is  p o s s ib le  for  an engineer to improve h is  apprec ia t ion  

of the importance of the va r ia b le s  and thus improve h i s  judgment.

Like the continuum approach, the hypothet ica l  constant  load approach 

has shortcomings. The u n in i t i a t e d  may tend to place  too much confidence in 

the numbers generated by the so lu t ion  rather than study them as guides.

I f  the hypothet ica l  constant  load approach is  to be used as a 

design too l ,  the engineer must, in nearly a l l  cases,  assume e i ther  the 

earth pressure c o e f f i c i e n t  or the subgrade modulus. Because no u n iv e r sa l l y  

acceptable method of determining e i ther  of these f a c to r s  e x i s t s  for  the wide 

range of tunnel media encountered, i t  i s  p o s s ib le  to a r r i v e  at several " c o r r e c t "  

values for  the fac to r s .

Both the hypothet ical  constant loads approach and the subgrade 

modulus techniques were developed p r im ar i ly  fo r  s o f t  ground tunneling.
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I t  is doubtful that subgrade modulus techniques have a p p l i c a t i o n  to rock 

tunnels,  but the rock load concepts discussed in Sect ion 3.5 have many 

t r a i t s  in common with the hypothetica l  constant loads approach.

The hypothet ica l  constant load and the subgrade modulus theor ies  

genera l ly  recommend that the ve r t i ca l  load on the l i n i n g  be taken as the 

f u l l  weight,of  the overburden. However, the e f f e c t  of r e d i s t r ib u t i o n  of 

s t re s se s  above and around the tunnel,  can be introduced into these methods.

The fo l low in g  sect ion  d i scusses  some of the ba s ic  concepts of arch ing  or 

s t r e s s  re d i s t r ib tu io n  that  have been appl ied to tunnel l i n i n g  design.

3.4 Arching Concepts

The concept of arch ing  as applied to tunnels assumes that some of 

the material  d i r e c t l y  above the tunnel is  supported by the l i n in g .  The l i n i n g  

d e f le c t s  downwards as a re su l t  of th i s  load. A shear ing  force is  developed 

between the s ta t io n a ry  material  at the sides of the tunnel and the material  

above the tunnel which tends to move with the l i n i n g .  These shearing forces  

t rans fe r  part of the load from above the tunnel to the s ta t io n a ry  material  

at  the s ides .  Th is  t r an s fe r  of load from a y i e l d in g  mass to ad jo in ing  

s ta t iona ry  material  i s  c a l le d  arching.

Terzaghi (1943) has a deta i led  d i scu s s ion  of arch ing  above a trap  

door covered with a granular mater ia l.  He reports  that  the concept was 

considered by several previous inves t iga to rs .  According to Te rzagh i ' s  

theory, the arching  or s t re s s  re d i s t r ib u t io n  is  approximated by the t rans fe r

of load by shear across  imaginary ver t ica l  planes drawn from the s ides  of the
/

trap door to, the surface of the mater ia l.
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In 1946, Terzaghi extended the arch ing  concept to the determination  

of loads on tunnel l i n e r s  in crushed rock and sand. He approximated the 

ground arch i l l u s t r a t e d  by F ig .  3.7 (a) with the s im p l i f i e d  one shown in 

Fig.  3.7 (b). A major port ion  of the overburden load is  transferred  by 

f r i c t i o n  onto the mater ia l  a t  the s ides  of the tunnel. The balance of the 

mater ia l ,  represented by an equiva lent  height Hp, is  ca r r ied  by the roof 

support. Trap door experiments in dry and f looded sand led to the recom

mendations for  Hp given in Appendix I I  (Terzaghi,  1946).

Arching has been stud ied by many in v e s t i g a to r s .  The theories  

vary in the choice of s im p l i f y i n g  assumptions. Except fo r  the theories  that  

are based on the theory of e l a s t i c i t y ,  a l l  the theor ies  introduce assumptions  

concerning both the shape of s l i d i n g  bodies above the trap  door and the 

hor izontal  and v e r t i c a l  s t r e s s  d i s t r i b u t i o n s .  None of the theories  is  

t ru ly  r igorous.  However, the re su l t s  of even a r igo rous  p l a s t i c  theory would 

be of doubtful value in tunneling  because movements ra re ly  are large enough 

to completely a c t iv a te  the p l a s t i c  zones.

3.5 Rock Load Concepts

The loading concepts d iscussed in the previous sect ions  are u su a l ly  

applied to tunnels in s o i l .  Th is  sect ion  deals  with the concepts u sua l ly  

applied in rock. Some massive, unjointed,  and undisturbed rock masses might 

behave as continua while  the behavior of others might be approximated us ing  

concepts of deformation-dependent loading.  F ie ld  observat ions,  however, 

indicate that rock does not behave in s t r i c t  accord with any of the pre

v iou s ly  d i scussed theor ies .  Therefore several in ve s t i g a to r s  have developed



43

a. Ground Arch

Surtax

Carried by Arching 

Approx. B +' Ht

-------- 1----------- -i---------“
Carried | Carried (Carried  
by Wedge | by Roof (by Wedge

D irect ion  o f  "
movement during  
excavation process

\\
M

/
/

/

b. Assumed Support Loading

F ig .  3.7. Roof Load in Crushed Rock and Sand 
(After  Terzaghi,  19^6)



44

rock load concepts that  are based almost completely on f i e l d  observat ions  of 

rock behavior modified or supported by only enough s im p l i f i e d  theory to 

permit the engineer to develop design values.

Terzagh i ' s  Rock Load Theory

Terzaghi (1946) def ines  rock load as the height  of the mass of 

rock which tends to drop out of the roof of a tunnel.  His values of rock 

loads are represented by ranges s ince there are no well  defined boundaries 

between the fac to rs  that  determine the rock load. He re la te s  cer ta in  rock 

c la s se s  to cer ta in  recommended design  load ranges on the l i n i n g  s t ructure.

His de sc r ip t ions  of the rock c l a s s e s  are q u a l i t i a t i v e  and are given in 

Appendix I I  together with the recommended load ings .

Appendix I I  in ad d i t i on  summarizes s im i l a r  loading recommendations 

developed by Bierbaumer (1913) and S t i n i  (1950). These recommendations are 

discussed to some extent by Szechy (1966). Szechy a l s o  d i s c u s se s  rock load 

theories  by Kommerell, R i t t e r ,  Bierbaumer, and Protodyakonov. These theories  

a l l  assume that the supports are required to carry  the weight of rock in a 

natural arch above the tunnel.  The arch is  assumed to be bounded by e i ther  

a parabola or a ha l f  e l l i p s e .  These theor ies  require  more mathematical 

manipulation, than T e r z a g h i ' s  theory and the i r  r e su l t s  would appear to be 

no more re l i ab le .

In add i t ion  to the rock load, Terzaghi recognized that the 

br idge act ion  period (stand-up time), defined as the time the roof w i l l  

remain e s s e n t i a l l y  s tab le  and undeformed a f te r  exposure, was of great interest  

to  the tunnel engineer. The construct ion  technique must be so selected  

that support is  i n s t a l l e d  before th i s  period exp ires .  During th i s  period



45

there is a p rog res s ive  loosening or d i s i n t e g r a t i o n  of the s tructure  of the 

rock around the opening. I f  allowed to continue, the rock w i l l  loosen and 

f a l l  out un t i l  the cav i t y  is  f i l l e d  or a s tab le  ground arch is  formed. I f  

support is  i n s t a l l e d  p r io r  to the end of the br idge  act ion  period the net 

load on the supports  may be less  than the u l t imate  rock load s ince the complete 

formation of the ground arch w i l l  be inh ib i ted  by the supports. Appendix I I  

describes  attempts by Terzaghi (1948) and Lauffer  (1958) to a s s i gn  numbers 

to the br idge ac t ion  period for  various  types of rock.

Loosening Pressure, Genuine Rock Pressure,  and Swe l l ing  Pressure

Rabcewicz (1944) and S t i n i  (1950) d i s cu s s  rock pressures in three 

main ca tegor ie s :  loosening pressure , genuine rock p ressure , and swel1ing

pressure . The f i r s t  of these is  e s s e n t i a l l y  the same as T e rz a gh i ' s  rock 

load as p rev iou s ly  discussed.

Genuine rock pressure is  assoc ia ted  with the creat ion  of p l a s t i c  

regions around the opening (see p. 24). The excavation of a tunnel causes 

an increase-of  the tangent ia l  s t re sse s  in the mater ia l  c lo se  to the wall  

of the tunnel.  At the same time the rad ia l  s t r e s s  is  removed, and the rock 

is  no longer conf ined. Thus, the rock at the wal l  sur face is s t ressed  

in an unfavorable manner, and i t  w i l l  f a i l  or y i e l d  when the concentrated  

tangent ia l  s t r e s s  exceeds the unconfined compression strength.  Depending 

on the character of the rock, th i s  f a i l u r e  or y i e l d  manifests  i t s e l f  in 

a va r ie ty  of manners. i f  the rock is  d u c t i le  ( s a l t  under cer ta in  cond i t ion s ,  ' 

c lay s ,  some c l a y - s h a le s )  squeezing is i n i t i a t e d  and the material  encroaches 

upon the opening a t  a rate determined by the rock propert ie s  and the degree 

of ove r s t re s s in g .  At the same time, s t re s se s  are red is t r ibu ted ,  and the
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p l a s t i c  zone increases in s ize .  In some cases a s tab le  cond it ion  i s  even

t u a l l y  reached. I f  the rock is  h igh ly  overstressed,  the squeeze may continue 

unt i l  the opening has vanished. By app ly ing  an interna l support, the p l a s t i c  

zone is  reduced, and s t a b i l i t y  can be achieved. The load on t h i s  internal  

support, the so -ca l le d  genuine rock pressure,  is  dependent upon the f l e x i b i l i t y  

of the support, and the stage of development of the p l a s t i c  zone when the 

support was constructed.

I f  the material  is  b r i t t l e ,  the rock w i l l  s lab  or pop a t  the locat ion  

of the h ighest  s t re s s  concentrat ion i f  the compressive s t rength  is  exceeded. 

This  may occur in hard rocks a t  great depths. Again, the development of 

the p l a s t i c  or f a i l e d  zone w i l l  continue un t i l  a s tab le  p l a s t i c  zone is 

created. Figure 3.3 shows the s trong  influence of the in ternal pressure  

p. on the extent of the p l a s t i c  zone. This  f i gu re  ind ica tes  that a weak 

support often w i l l  keep the mater ia l  from f a i l i n g ,  an observat ion  supported 

by experience in deep mines. The magnitude of the necessary internal pressure  

p., the genuine rock pressure,  is  h igh ly  influenced by the time the support 

is  i n s t a l l e d .  A delay in support i n s t a l l a t i o n  may permit the rock to move 

s u f f i c i e n t l y  to reduce t h e . f r i c t i o n  angle  9 to i t s  lower, res idua l value.

As shown in Fig. 3.3, the in ternal pressure p. must be increased to maintain 

a constant p l a s t i c  zone rad ius  as 9 decreases.

The cons iderat ions  and the formulae, given in Sect ion  3.3 and 

Appendix I may predict  the occurrence of p l a s t i c  behavior and genuine rock 

pressure. The magnitudes of loads and deformations, on the other hand, 

cannot a t  present be predicted with a s a t i s f a c t o r y  accuracy. The types of 

p l a s t i c  behavior, the rate of deformation, and the inf luence of internal  

support on-the genuine rock pressure  w i l l  be treated fu r ther  in the.second 

part  of t h i s  report.
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The th i rd  type of rock pressure under th i s  theory, swe11inq p re s su re , 

occurs in some rocks as well as in s o i l .  I t  is  a s soc ia ted  with an increase 

in water content of the mater ia l.  Swe l l ing  may be a s soc ia ted  with squeezing, 

or, in con t ra s t  to squeezing, sw e l l in g  may occur without the development of  

a p l a s t i c  zone. The pressure exerted on an internal support by sw e l l in g  

ground depends on when the support i s  i n s t a l l e d  and how much add i t ion a l  

rock movement the support a l lows.

Method of Re la t ive  Y ield

Lane (1957) considered blocks bounded by v e r t i c a l  planes through 

the tunnel s p r in g l i n e s  in. an attempt to study the arch ing  phenomenon over 

the tunnel. When he compared h is  r e su l t s  with measurements taken at  

Garrison Dam, Lane was not s a t i s f i e d  with the agreement. A more de s i rab le  

agreement was found with the method of r e la t i v e  y ie ld .

In the method of re la t i v e  y i e ld  the arch ing  concept is  modified  

to include the re l a t i v e  s t i f f n e s s e s  of the rock and the tunnel.  D i f fe rent  

deformation moduli are applied  to the rock, a f l e x i b l e  l i n i n g ,  or a s t i f f  

l i n i n g .  The lower boundary at the invert i s  assumed to s e t t l e  uniformly and 

s i g n i f i c a n t  d i f f e r e n t i a l  de f lec t ions  are assumed to  occur over the height  

of the e l a s t i c  b locks.

Rear Abutment Load

The r e s u l t s  of measurements taken in the S t r a i g h t  Creek p i l o t  

tunnel have been di scussed in terms of the rear abutment load concept 

(Terram etr ic s , 1965). This  concept apparent ly o r ig in a ted  among mining
f

engineers  to exp la in  phenomena experienced in long wall  mining.
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At the face of the tunnel the rock load is  p ic tured as being  

supported by the two s ide  w a l l s  and a long i tud ina l  c a n t i le v e r  beam that  is 

f ixed  by the material  behind the face.  With the advance of the tunnel,  a 

given point on the can t i leve r  d e f l e c t s  as the e f f e c t i v e  length of the 

c a n t i le v e r  (from the point  to the face)  increases. Supports i n s t a l l e d  a 

short  d is tance behind the face are loaded as they begin to p ick  up the load 

from th i s  de f le c t in g  c a n t i le ve r .  Eventua l ly ,  the supports p ick  up s u f f i c i e n t  

load to br ing  the system to  equ i l ib r ium .  Th is  equ i l ib r ium  load is  the rear 

abutment load. Figure 3.8 i l l u s t r a t e s  the rear abutment load concept. The
'  i

use of t h i s  concept fo r  design purposes is  based p r im ar i ly  on experience.

Pi scuss i on

Rock load concepts are based on actual  f i e l d  observat ions  and 

re su l t  in ranges of values fo r  the load car r ied  by the supports.  Using  

experience and the a v a i l a b le  exp lora to ry  data, the engineer can se le c t  the 

best design  load for  the given s i t e .  These concepts have been used success 

f u l l y  to design rock support systems fo r  many tunnels.

One objection to  the rock load concept i s  i t s  f a i l u r e  to pred ict  

accurate ly  the behavior of the m ate r ia l s  in the f i e l d  from a knowledge of the 

cond it ion  of the rock. Most supports  are in s t a l l e d  ear ly  enough that  the 

rock in the roof does not loosen a l l  the way back to a s t a b le  arch. The 

supports  are thus not c a l l e d  upont to  support the complete weight of rock 

that  would f a l l  out i f  unsupported. The rock load, therefore, depends on 

the time supports are i n s t a l l e d  and the amount of add i t iona l  loosening that  

takes place a^ter i n s t a l l a t i o n  of the supports.  This  aga in  depends on the 

type and q u a l i t y  of the support.
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—  Advance Tunnel
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Notes

1. a z  =  Background Vert ica l  S tress

2. S t re s s  concentrat ion ahead of  destressed tunnel face

3. Rear Abutment Load

F ig .  3.8. I l l u s t r a t i o n  of  S tress  Concentration Ahead of  
Tunnel Face and Rear Abutment Load

/
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The add i t ion  of genuine rock and sw e l l in g  pressures  to  the rock 

load ( loosen ing  pressure) r e s u l t s  in a more general concept. Unfortunate ly  

the p rac t ice  in the United S ta te s  has been to attempt to p red ic t  only the 

rock load. In Europe some attempts have been made to include genuine rock 

and sw e l l in g  pressures.

Lane 's re la t i v e  y i e ld  theory and the rear abutment load concept 

both were developed for a p a r t i c u l a r  set  of cond i t ion s .  While they appear 

to  be reasonable for  the ir  pespective cond i t ion s ,  they may not be s u f f i c i e n t 

ly general to be applied elsewhere.

3.6 S t a b i l i t y  of Tunnel L iners

Buckling  has not b su a l l y  been considered a problem for  l i v i n g s  

fo r  near-surface tunnels.  A s imple,  p a r t l y  empir ical  equation fo r  the 

buckl ing  of a th in-wa lled  c y l in de r  of rad ius  a with a modulus of i n e r t i a '  

of the wall  I per un i t  length i s

cr

k El
2

a

where kg ( lb s / sq  in . )  i s  the modulus of react ion,  E is  the modulus of 

e l a s t i c i t y  of the l i n i n g  m ate r ia l ,  and pcr is  the uniform a l l - a ro u n d  

pressure c rea t ing  i n s t a b i l i t y .  C a lc u la t io n s  with th i s  equation ind icate  

that buck l ing  i s  not a probable mode of f a i l u r e  for  re inforced concrete  

cy l in ders  buried in s o i l  (Hendron et  a l . ,  1968). Therefore, buck l ing  

of re inforced concrete cy l in ders  wi l t  not be considered fur ther  in th i s  study 

Addit iona l  c a l c u l a t io n s  with  the equation given above and f i e l d  

experience irtdicate that for  th in -w a l led  l i n e r s ,  buck ling  rather than
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y i e l d i n g  by r ing  compression may be the most c r i t i c a l .  The l i n e r s  most 

commonly used are believed to be too th ick  for  th i s  to be true. Innovat ions  

in the f i e l d  of l i n in g  construct ion ,  however, may lead to th inner l i n in g s  

fo r  which buck l ing  is  c r i t i c a l .

3.7 Analyses for  M u l t ip le  Tunnels

M u l t ip le  tunnels have u sua l ly  been studied by superimposing  

e l a s t i c  or e l a s t o - p l a s t i c  theoret ica l  so lu t ion s  or by performing pho toe la s t ic  

experiments with m ult ip le  holes . Superposit ion  of s o lu t io n s  is  exact for  

l i n e a r l y  e l a s t i c  mater ia ls  and can be applied to cases where the medium 

can be assumed to behave e l a s t i c a l l y .  For any other case, the so lu t ion s  

should be considered fo r  the ir  value as too l s  in the development of 

judgment. P h o to e la s t i c i t y  provides v i sua l  study of the same phenomenon.

Indescr iminate use of superpos i t ion  of e l a s t o - p l a s t i c  so lu t ion s  

can lead, to cons iderab le  inaccuracy. The behavior of e l a s t o - p l a s t i c  m ater ia l s  

is  path-dependent. Thus, superpos i t ion  of e l a s t o - p l a s t i c  s o lu t io n s  can be 

recommended as a f i r s t  approximation only. Such superpos i t ion  of so lu t ion s  

should not be used for  design.

F ie ld  evidence from Garr ison Dam (Lane, 1957) ind icates  that  

superpos i t ion  does not work in the c lay - sh a le  a t  that s i t e .  Lane found 

that  the middle tunnel (of three) experienced d i f fe re n t  s t re s se s  when i t  was 

dr iven between two e x i s t i n g  tunnels than i t  did when driven f i r s t  fol lowed  

by the other two tunnels.  These tunnels were spaced approximately two 

diameters cehter to center.

Coates and McRorie (1962) d i scuss  f i e l d  measurements taken on 

adjacent  tunnels in brecciated rock 650 f t  below the surface.  For these
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tunnels,  which were 10 f t  in diameter and were spaced 20 f t  (two diameters)  

center to center, they found that  the v e r t i c a l  load arose from the weight  

of loose material  that accumulated on top of the se ts .  ( in  a d i s c u s s i o n  to 

the paper Osier noted that T e r z a g h i ' s  rock load concepts could be used to 

predict  the measured loads on the s e t s ) )  The authors observe that the 

spac ing between these tunnels is  apparent ly  s u f f i c i e n t l y  great that  the 

set  loads were not a f fected  by the adjacent  tunnels.  This  observat ion  

contrad ic t s  Lane4* re su l t s ,  and ind ica tes  the great influence of the 

geo log ic  cond it ions  and construct ion  techniques on the in te ract ion  between 

neighboring tunnels.

Stud ies  by R i ley  (1964) and Agarwal and Boshkov (1967) are typ ica l  

of the three-dimensional p h o to e la s t i c j t y  i n v e s t i g a t io n s  of in te r se c t in g  or 

adjacent tunnels.  R i l e y ' s  experiments were conducted to determine the 

s t re s s  d i s t r i b u t i o n s  as soc ia ted  with tee, c ro s s ,  and r i gh t  angle tunnel 

in te r se c t ion s .  The in te r sec t ion s  were located in a uniform, un iax ia l  

s t re s s  f i e l d ,  and the s t r e s s  concentrat ions  were studied us ing s t r e s s  

f reez ing  and. s l i c i n g  techniques. He found that  t e n s i le  s t re sses  near the 

in te r sect ion  were p r a c t i c a l l y  unchanged from those in the tunnel away from 

the in te r sect ion .  Compressive s t re s se s  were approximately 60% higher  

near the in ter sect ion .  The high s t r e s s  reg ion was loca l ized  and decayed 

with in  a d i s tance  of one diameter of the in ter sect ion .

Agarwal and Boshkov used s im i l a r  techniques to study horizonta l  

tunnels separated by a v e r t i c a l  d i s tance  K and with an angle a  between the

project ions  of the cen ter l ines .  S t r e s s  concentrat ion fac to r s  were deter-
/

mined fo r  se lected points  on the tunnel periphery and up to s i x  r a d i i  away 

from the tunnel fo r  se lected va lues  of K and a. They found that the s t re s s
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concentrat ion fa c to r s ,  compared to those for  a s i n g le  tunnel,  were s i g n i f i c a n t  

ly a l te red  w i th in  a d is tance of approximately two rad i i  from the point at  

which the tunnels diverge from each other. The maxiimm s t r e s s  concentrat ion  

f a c to r s  were shown to be as high as 250 percent of those fo r  a s i n g l e  .tunnel.

3.8 Design Methods in Common Use

The theor ies  a v a i l a b le  fo r  tunnel l ine r  a n a l y s i s  and design  have 

been d i scussed in general terms in previous sec t ions  of t h i s  chapter. The 

a p p l i c a t io n  of these theories  to the actual design of tunnel l i n i n g s  has 

not been demonstrated. The fo l low in g  paragraphs w i l l  d i s cu s s  the background 

fo r ,  and give examples of,  design  methods in general use. I t  w i l l  become 

obvious that  the design  methods a c t u a l l y  used often bear l i t t l e  resemblance 

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

Reasons for  S im p l i f ie d  Design Methods

Design methods fo r  tunnel l ine r s  should be formulated so they can 

be used by' eng ineers who have an awareness of the potent ia l  problems a r i s i n g  

from the non- ideal behavior of s o i l  and rock but who do not f u l l y  understand 

t h i s  behavior. T y p ic a l l y  such an engineer is  a s t ru c tu ra l  engineer. He is  

capable of des ign ing  a tunnel l i n i n g  when to ld ,  fo r  example, that the ve r t i c a l  

load i s  equal to the overburden pressure and the hor izonta l  load is  some 

port ion  of the v e r t i c a l .  He may have l i t t l e  c a p a b i l i t y  or mot ivat ion  for  

determining the actual cond i t ions .  For a much more complicated theory of  

s o i l  behavior  he would have even less  interest  and knowledge.

The design  method chosen should be cons is ten t  with the accuracy 

with  which the propert ies  of the medium are known. With computer so lu t ion s
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i t  is  easy to  f a l l  into the hab i t  of express ing  the answers to several s i g n i 

f i c a n t  d i g i t s .  Mater ia l  p ropert ies  cannot be determined accurate ly  by 

exp lora t ions ,  f i e l d  te st ,  or lab te s t s  because of the v a r i a b i l i t y  of 

geo log ic  media. Complicat ing refinements to any theory can hardly  be 

j u s t i f i e d  i f  they would lead the designer  to be l ie v in g  that  h is  r e s u l t s  are 

more accurate than the material  p ropert ies.

A second and related fac to r  a l s o  in f luences  the complexity of the 

design  method. Even i f  the mater ia l  p ropert ie s  could be p re c i se ly  determined, 

i t  i s  u sua l ly  necessary to make some s im p l i f y i n g  assumptions when the prop-, 

e r t ie s  are used. For example a curved lo ad -de f le c t io n  curve from a load 

te st  is  approximated by a s t r a i g h t  l ine  to develop a subgrade reaction number. 

Or, even more c r i t i c a l l y ,  the load test  i s  conducted with a small bearing  

p late  and the r e s u l t in g  subgrade modulus i s  assumed to apply to the behavior  

of the much la rger  volume of loaded s o i l  around the tunnel.  Such assumptions  

automat ica l ly  introduce errors .

F i n a l l y ,  a design method should include a minimum number of va r ia b le s .  

By a reduction in the number of v a r ia b le s ,  the design  method becomes app l ic ab le  

to a larger range of cond i t ion s .  Thus, a s im p l i f i e d  design  method may be 

des i rab le  where a long tunnel system must pass  through a va r ie ty  of cond i t ion s .

Examples of Current P ract ice

The preceeding sect ion  mentioned a few of the reasons for making 

design methods as s imple as p o s s ib le .  In t h i s  sect ion ,  recent tunnel projects  

w i l l  be reviewed to  ga in a .be tte r  apprec ia t ion  of the types of design methods 

a c tu a l l y  used. '  Tunnel designers  do not often pub l i sh  the d e t a i l s  of the i r  

assumptions and s im p l i f i c a t i o n s  so these examples can be obtained only by 

personal contacts .
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The San Franc isco  Bay Area Rapid T ra n s i t  (BART) tunnels are pre

dominantly in water-bear ing granu lar  mater ia ls  but s o f t  c lay  is  encountered 

a long  cer ta in  lengths of the tunnels. The consu l tants  fo r  the BART system 

believed that the tunnel l i n in g  would o f fe r  l i t t l e  re s i s tance  to the un

balanced ground fo rces  on the hor izontal  and v e r t i c a l  planes.  They believed  

that the ground and the l i n i n g  would d i s t o r t  together u n t i l  l a r g e ly  uniform 

fo rces  acted on the circumference of the l i n in g .  Their design  recommendations, 

therefore, included a combination of rad ia l  loads re la ted  to the overburden 

and s t re s se s  in the l ine r  caused by i t s  d i s t o r t i o n .

The recommended design loads for  s i n g le  tunnels are shown in F ig s .  3.9 

and 3.10. Arching was considered to begin being important in granular  

m ater ia l s  at a depth of bu r ia l  to the crown of about 26 f t  (1.5 times the 

diameter) but i t  does not appear e x p l i c i t l y  in the equations un t i l  the 

depth of bur ia l  is  35 f t .  Beyond 35 f t  of cover, only one-ha l f  of the over

burden was considered to load the tunnel. No arching  was considered in so f t  

c lay .  F igures 3.11 and 3.12 show the recommendation for  inc lud ing  the e f fec t s  

of in terac t ion  between adjacent tunnels.

The consu l tants  a l s o  presented a set  of gu ide l ine s  for  a s se s s in g  

the .influence of future  construct ion  of small s t ructures  over the tunnels.

In general,  s t ructures  that would neither p h y s ic a l l y  in ter fere  with the 

tunnels  nor increase the loading on the tunnels beyond maximum design loads 

are permitted.

Us ing.the equation and guide 1ines given above three ba s ic  l iner  

c l a s s e s  were developed for  the system. For a given port ion  of the system, 

the designer  njust check the loads on that sect ion  and then se lec t  the 

appropr iate  l iner  c l a s s .
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a. For depth to crown from 35 ft 
to 75 ft (over 35' arching is 
considered), and ground water z 
above crown

pr - (35 + f) 7 t + (z + D> rw 
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.

Pr -  35rt + U + D) 7 W

plus

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

c. For minimum depth to crown of 
12 ft

Pr - (12 + D/2) 7t + (z + D) 7 W 

plus

Bending forces as in b 

Notes:

7 ■ Unit weight of soil adjusted 
for bouyancy

7 => Unit weight of water

P = Radial load, PSF, applied 
r uniformly around circumference

All dimensions are in feet

Fig. 3.9- BART Ground Pressures for Tunnel in Sand 
or Predominantly Granular Ground
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P = x, r  = Radial  load 
r 1 ' v

(uniform around ci rcumference).

V e r t ic a l  a x i s  lengthens 

“ Hor izonta l  ax i s  shortens  

= 7/8"

7 v = Unit Weight o f  So i l

F ig .  3.10. BART Ground Pressures for  Tunnel in 
So f t  P l a s t i c  Clay



Ground Level— -y

— 77̂ 77^ 77^ ^ 77^ :

Tunnel 1:

The pressure on the lower tunnel 
may be approximated by

P ■ 1.5 7t D + 7  Xe t w

with a practical limit of:

' 3 . 0 rt d

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)



Ground Level

Case (a) Tunnels H or iz on ta l ly  Adjacent

1) I f  clearance between tunnels " C " >  D, a d d i t ion a l  Pr = 0

2) I f  C i s  1/2 D, add i t iona l  pressure should be .57 D

3) Tunnels should not be driven c lo se r  than C = 1/2 D

Case (b) Tunnels O f f se t  Both Hor izonta l ly  and V e r t i c a l l y

1) When hor izonta l  clearance between tunnels is  equal to or 
greater  than one-ha l f  of the v e r t i c a l  d i s tance  between the 
inverts  of the tunnel plus one tunnel diameter, the add i t iona l  
pressure on the lower tunnel is  zero (Pr = 0)
(Plane of Inf luence assumed at 2v on 1 h)

2) When the hor izonta l  clearance between tunnels is  less  than 
Fn ( b ) 1 above, the add it iona l  pressure Pr should be evaluated 
between F ig .  3*11 and Case (a) (2)  above.

Fig.  3.12. E f fec t s  of  Adjacent Tunnels (BART)
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The design  manual fo r  the Washington subway recommends a r a t i o  of 

horizontal  pressure to v e r t i c a l  overburden pressure  of 0.875 fo r  the design  

of re inforced concrete r i g i d  earth tunnel sec t ion s .  With t h i s  r a t i o  the 

l ine r  sect ions  are to be designed as r i g i d  s t ru c tu re s  us ing  the working  

s t re s s  design method. Using r a t io s  of 0.45 and 1.00, the sect ions  are then 

to be checked us ing  u lt imate  strength  design methods and a maximum concrete 

s t re s s  of 85 percent of the 28-day s trength.  .

Wherever p o s s ib le ,  the fo l l o w in g  guide was used in e s t a b l i s h i n g  the 

minimum rock cover fo r  the Washington subway:

Maximum Excavated Width Minimum Sound Rock Cover

20 f t  10 f t

35 f t  15 f t

70 f t  30 f t

With rock cover of these amounts, the rock was be lieved capable of support ing  

i t s e l f  and the overburden with no more than rock b o l t  reinforcement.

For any cond i t ion  in e i t h e r . s o i l  or rock not covered by the above 

paragraphs the design  manual i n s t ruc t s  the designer  to fo l low  the recommenda

t ions  of the S o i j s  Consultant.

Szechy (1966) g ives  a summary of the design  s p e c i f i c a t i o n s  for the 

Lisbon Subway. The v e r t i c a l  and hor izonta l  loads on Lisbon Subway tunnels 

driven in sand and s i l t  were estimated accord ing to  T e rz a gh i ' s  recommendations 

(see Appendix 11). Loads fo r  tunnels in rock were a l s o  estimated as recom

mended ' by: Terzagh? . In c la y s  the v e r t i c a l  pressure  was taken as the over

burden pressure minus an amount depending on the e f f e c t i v e  shear strength of 
/•

the mater ia l.  Hor izonta l  pressures in c lay  were estimated as 0.5 to 0.7 

times the v e r t i c a l  pressure.
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Vert ica l  design  loads recommended for  the Budapest Subway were 

a l s o  based on T e r z a g h i ' s  theory. Deta i l s  and examples of the ap p l i c a t io n  

of Terzagh i ' s  a rch ing  theories  to th i s  Subway project  are found in Szechy 

(1966).

Sov iet  standard sp e c i f i c a t io n s  for  the design  of underground and 

motorway tunnels are quite  deta i led.  Vert ica l  rock pressures  may be assumed 

from a table or from a rock load concept based pn Protodyakonov1s theory.

These s p e c i f i c a t i o n s  are a l s o  summarized in Szechy.

The recent design sp e c i f i c a t io n s  d iscussed  in th i s  section,, 

i l l u s t r a t e  an important point:  the process of developing design methods

are repeated for  every new project, but the r e s u l t s  seldom represent innovations  

or ge nera l i za t ion s .  The o r i g in a l  design of the Chicago subway tunnels serves  

as an example. Th is  design  fol lowed the e x i s t i n g  p rac t ice  for  sewers in 

that c i t y  (Terzaghi,  1942). The ver t ica l  pressure on the top of the tunnel 

was taken equal to the overburden and the v e r t i c a l  pressure on the base was 

taken as the sum of the pressure on the top and the weight of the arch.

Side pressures were assumed-equal to the pressure of a f l u i d  with a density  

of 1/3 to 2/3 of the actual weight of the s o i l .  These concepts are very 

s im i l a r  to those used four decades la ter  in the Washington and the Lisbon 

subways, although the fac to r s  are d i f fe rent .

Contrast  with Refined Analyses

Preceeding sect ions  have discussed in vary ing  de ta i l  a number of the 

theories  and methods that have been developed for  tunnel design and have 

reviewed a few examples of current p ract ices .  Even a cursory comparison 

between the theor ies  and the pract ices  leads to the conclus ion that there is 

only s l i g h t  resemblance. Such a comparison does not t e l l  the whole story.
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The BART design  loading c o n s i s t s  of a modified overburden load 

applied  r a d i a l l y  p lus  bending s t re s se s  from s p e c i f i e d  diameter changes.

On deeper a n a ly s i s ,  the fo l l o w in g  observations can be made:

1. The overburden and water pressure loads app l ied  r a d i a l l y  

represent a s i m p l i f i c a t i o n  of the hypothet ica l  loads on

1iner concept.

2. Arching is  included fo r  depths of- bu r ia l  to the crown 

greater than 26 f t .

3. The inc lu s ion  of bending s t re s se s  due to diameter changes 

ind icates  the recogn it ion  that the l i n e r  w i l l  deform

to develop i t s  loading and that  the f i n a l  s t re s se s  in the 

l i ne r  are a funct ion  of those deformations.

The Washington Subway Manual of Design C r i t e r i a  requires a very 

simple loading for  r i g i d  l i n i n g s  in s o i l :  a v e r t i c a l  loading equal to the

overburden and a hor izonta l  loading equal to a s p e c i f i e d  f r a c t io n  of the 

v e r t i c a l  one. Sound rock i s  considered s e l f  support ing  under spec i f ied  

condit ions.  The recommended loading for  r i g i d  l i n i n g s  in s o i l  is  an 

a rb i t r a ry  external load app l ied  to a l i n e r  but the d e l ib e ra t io n s  and ex

perience that led to  i t s  adoption are not apparent. Neither is  supporting  

evidence given for  the recommendation that  sound rock is  s e l f  supporting  

under some condit ions.  In these design c r i t e r i a ,  the designer  is  given a 

set of ru les to fo l low  but he is  given nothing to improve h is  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 t i e s  or holds  the rock mass together  

and helps the rock to support i t s e l f  w i l l  be labeled rock improvement. 

Occas iona l ly  rock improvement may be appl ied  before excavation but i t  

is  u su a l ly  app l ied  sh o r t l y  a f te r  excavation. The fo l low ing  subsect ions  

d iscu s s  the three p r inc ipa l  c la s se s  of rock improvement: rock bo l t s ,

grout ing,  and shotc ret ing .

Rock B o l t s  * 'm

A l l  of the tunnel l i n in g  design methods d i scussed to th i s  po int  

t a c i t l y  assume that  the l i n in g  is  e s s e n t i a l l y  continuous around the 

periphery. For example, i t  may con s i s t  of stee l sets  or re inforced concrete.  

During the l a s t  20 years,  however, rock b o l t s  have been used with increas ing  

frequency. Rock bo l t s  are discontinuous,  i . e . ,  they are i n s t a l l e d  only at  

d i sc re te  po in ts ,  though a regular  pattern may be used. They are most f r e 

quently used in tunnels in r e l a t i v e l y  good rock, but may be successfu l  

in some tunnels  in rock that would be c l a s s i f i e d  as p o o r . . The design  of 

rock bolted tunnels is  quite unlike  any of the l i n i n g  design techniques  

prev ious ly  d i scussed.

Rock bo l t s  make the ir  greatest  contr ibu t ion  when they are in 

s t a l l e d  very c lo se  behind the face. They should take maximum advantage of 

the natural  s t rength  of the rock and thus help the rock support i t s e l f .

In some instances i n - s i t u  s t re sses  are high enough to cause the rock to 

f low p l a s t i c a l l y .  I n i t i a l l y  rock bo l t s  may not be able to r e s i s t  th i s  

p l a s t i c  f low. As the p l a s t i c  zone increases  in s ize ,  the in te r io r  normal
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s t r e s s  required for  s t a b i l i t y  decreases. At some point,  rock b o l t s  can 

apply th i s  s t re s s  and s t a b i l i z e  the opening. No other movement or re 

laxat ion  of the rock which leads to  s l i d i n g ,  ro ta t in g ,  or lowering of the 

normal s t re s s  on potent ia l  s l i d i n g  surfaces  should be al lowed.

The se lec t ion  of rock b o l t s  fo r  a given a p p l i c a t i o n  has not yet 

reached the stage where i t  i s  considered proper to speak of de s ign ing  rock 

b o l t  systems. More app rop r ia te ly ,  rock bo l t  systems can be sa id  to be 

se lected.  The fo l low ing  paragraphs w i l l  ou t l ine  the most common methods 

of se le c t in g  rock bolt, systems. I t  is believed that these methods w i l l  

continue to change and become more r e l i a b le  as the use of rock bo l t s  

increases. In the subsect ions  to  fo l low,  s i x  of the most common rock bo lt  

se le c t io n  methods w i l l  be grouped into  three groups: exper ience, rock support ,

and rock reinforcement. For any given project ,  i t  i s  necessary to consider  

a l l  of the pos s ib le  modes of behavior or mechanism that  may occur. Then, 

one or more of the methods is  app l ied  and the most c r i t i c a l  case is  used 

as the ba s i s  fo r  se le c t in g  the rock b o l t s .  The anchorage se le c t io n  is 

perhaps less  well defined than the se le c t io n  of the rock b o l t  system i t s e l f .  

Some designers re ly  s o le l y  on experience. Others se le c t  the anchorage using  

broad gu ide l ines  s im i l a r  to those proposed by Rabcewicz (1957). Such guide

l in e s  indicate a cement or epoxy grout for  rock b o l t  anchorage in very hard 

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

Se lect ion  Based on Exper ience. - -  Experience provides  rules or 

gu ide l ines  that w i l l  often r e s u l t  in a reasonable rock bo l t  system. Designs 

based on any of the other hypotheses should be compared with these gu ide l ines
/
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which may be s ta ted  simply:

L = (1/3 to 1/2) B u sua l ly  6 f t  to 8 f t

S = 5 f t  to 8 f t  

where L is  the bo l t  length 

S is  the bo l t  spacing  

and B is  the tunnel width

The pattern for the rock bolts, should be regular  and should be 

estab l i shed  by the designer.  Patterns  are sp e c i f i e d  fo r  complete sec t ions  

of the tunnel. Miners may not understand the concepts of rock b o l t  behavior  

and the project  nearly  always w i l l  progress  more smoothly i f  the miners are 

not expected to  make frequent changes in the rock bo l t  pattern to meet 

lo ca l ized  cond i t ions  w ith in  a sect ion  of the tunnel.  Thus the pattern  

is  designed fo r  the most c r i t i c a l  cond i t ions  expected with in  that tunnel 

sect ion.

Se le c t ion  Based on Rock Support. —  The se le c t io n  of a rock 

bo l t  design  may be based on concepts of rock support. For such concepts 

the opening is  considered b a s i c a l l y  s tab le  but i t  is  pos s ib le  that a bed 

or j o i n t  b lock  may f a l l  out of the roof of the tunnel,  or the s idewal l  

may sp a l l  l o c a l l y .  The s ize,  type, and pattern  of b o l t i n g  is  selected, 

by eng ineer ing judgment based on the best geo log ic  information a v a i l a b le  

and on experience under s im i l a r  condit ions.

Rock bo l t s  to be placed in a h o r i z o n ta l l y  s t r a t i f i e d  rock are 

se lected add spaced so that the ir  combined design  s trength  is  equal to 

the dead weight of the sect ion of the s t ra ta  that would tend to f a l l .
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They are made long enough to ensure s u f f i c i e n t  anchorage in deeper, more 

confined, and stronger s t r a t a .  To hold j o i n t  blocks  in suspension the 

se le c t io n  is  s im i l a r  except that  more experience and judgment are needed 

to se lec t  the most c r i t i c a l  s i z e ,  locat ion,  and o r ie n ta t io n  of the p o t e n t i a l l y  

unstable j o i n t  block. Often a t r i a l  and error  approach is  used in which 

several pos s ib le  joint, b lock co n f i gu ra t ion s  are inves t iga ted  and the most 

c r i t i c a l  one used for  design. S p a l l i n g  can be prevented by app ly ing  a 

normal s t re s s  at the surface.  The magnitude o f ' t h i s  s t re s s  and thus the 

s ize  and spac ing of the b o l t s  required to furn i sh  i t  are often unknown 

so that  a t r i a l  and error  i n s t a l l a t i o n  is  often used.

Se lect ion  Based on Rock Reinforcement. —  The purpose of the 

rock bo l t  in another group of rock reinforcement hypotheses is  to confine  

the rock so that i t  w i l l  become at  leas t  a part  of the to ta l  s t ructure  

support ing the opening. Included in th i s  group are the concept of beam 

b u i ld in g  and arch bu i ld in g  and the Mohr Coulomb shear s trength  hypothesis .

The beam bu i ld in g  concept assumes that the rock bo l t s  can be 

designed to form a laminated s t ru c tu ra l  beam of adjacent  beds instead of 

merely suspending a f a l l i n g  bed as in the previous d i s cu s s ion .  The rock 

bo l t s  are assumed to increase the f r i c t i o n  and thereby the horizonta l  

shear between the beds, hence f o r c in g  them to act as a beam.

In a tunnel that i s  capable of support ing i t s e l f  the s tab le
Y

condit ion  of the rock in the roof often is  observed to be an arch. This  

arch does not usua l ly  correspond to  the shape of the o r i g in a l  excavation and

i t  is  formed by a p rog ress ive  f a i l u r e  in the rock. Reinforcement of the

/
rock with bo l t s ,  i f  done e a r l y  enough, w i l l  stop these f a i l u r e s  and lead



to the formation of a s tab le  arch of the shape o r i g i n a l l y  excavated.

This  is  the arch bu i ld in g  hypothesis of rock bo l t in g .

The Mohr-Coulomb shear strength hypothesis  is  based on the 

a p p l i c a t i o n  to rock of the f a m i l i a r  f a i l u r e  or y i e ld  condit ion :

°e - 2c N(p + \  Nq> - "u + ” r N<p ;

where  ̂ - s i n ?  u is the rock s t r e s s  p a ra l le l  and cr is  the rock
9 . 1 +  s in  <p 0 r

s t r e s s  normal to  the tunnel w a l l ,  and q^ is  the unconfined compressive 

s trength.  Near a tunnel wall  crr is  u sua l ly  zero, but rock b o l t s  can be 

used to apply a normal s t re s s  at the wall and to increase i t  to some 

non-zero value. I f  the unconfined compressive s trength  is  comparatively  

low the ad d i t i on a l  strength from the term cx_ can be very s i g n i f i c a n t .  

The e f f e c t  of the rock bo lt  in t h i s  theory is  ident ica l  to the e f fe c t  

of an internal l ine r  exert ing  a uniform force  p. on the tunnel w a l l s .

The ana lyses  given in 3.3 and Appendix 1 are app l ic ab le  in th i s  case.

Shotcrete

Shotcrete is the newest and most premising type of tunnel re in 

forcement. Recent experience a t  several loca t ions  around the world has 

shown that  shotcrete  and i t s  var ious  adaptat ions  can save large sums 

of money in tunnel construct ion.

The impedance to the widespread ap p l i c a t io n  of shotcrete  for  

tunnel reinforcement at th i s  time c o n s i s t s  of two parts :  1) a s k e p t i 

cism among tunnel designers and bu i lders  over the a b i l i t y  of shotcrete
f

to  support an underground opening, and 2) a lack  of q u a l i t a t i v e  c r i t e r i a  

on which -the design of shotcrete can be based. These two fac to r s  are in
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some cases interre la ted.  Like  rock b o l t s ,  the a p p l i c a t i o n  of shotcrete  

has not yet reached the stage  where i t  is  p o s s ib le  to speak of the 

" d e s i gn "  of shotcrete. The se le c t io n  of a shotcrete  tunnel l i n i n g  is  a 

crude arid often completely undefined process. The remaining d i s cu s s ion  

i s  devoted to the var ious  concepts that are present ly  used to exp la in  the 

funct ion  of shotcrete, and to  a r r i v e  a t  a se lec t ion  of a shotcrete  l i n in g .

The contr ibut ion  of shotcrete  to the reinforcement of an opening 

i s  in p r in c ip le  s im i l a r  to that of rock b o l t s .  That i s ,  the shotcrete,  

through i t s  conf in ing  e f f e c t  on the rock at the per iphery of the opening, 

causes the rock to act as a s e l f - s u p p o r t in g  arch which is  capable of  

su s ta in in g  at leas t  part of  the loads in the s t r e s s  r e d i s t r i b u t i o n  zone.

As with rock bo l t s ,  the g rea te s t  benef i t  from shotcrete  can be rea l ized  

i f  the shotcrete is  app lied  soon a f t e r  excavation. Some geo log ic  condit ions,  

notably var ious  sw e l l in g  m ate r ia l s  and some popping rock, have not been 

s t a b i l i z e d  by immediate shotcrete  ap p l i c a t io n .  However, nonswel1ing types 

of ground are most e a s i l y  contro l led by app ly ing  shotcrete  w i th in  one or 

two hours a f te r  excavation.  Rapid a p p l i c a t io n  provides rapid confinement 

of the rock and thereby hinders  the development of loosening pressures.

I t  a l s o  sea l s  the rock a g a in s t  the de le ter ious  e f f e c t s  of a i r  and water.

The above mentioned funct ion s  of shotcrete  can be considered 

" c o n f i n in g "  functions..  Because of the unknown mechanical in teract ion  

between the shotcrete and the tunnel w a l l ,  there is  l i t t l e  chance that  

th i s  component of the sh o tc r e te ' s  re in fo rc in g  e f f e c t  can be analyzed

r a t io n a l l y .  Shotcrete, can, however, de l ive r  another reinforcement
/ ■ • 

component, that of a s t ru c tu ra l  member.
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Depending on the deformat iona? behavior of the shotcreted tunnel 

and on the geometry of the shotcrete  a p p l ic a t ion ,  the shotcrete  i t s e l f  

may funct ion  as an arch, a th in  p la te ,  or a closed c i r c u l a r  r ing .  The 

in te rp lay  of the two funct ions  of shotcrete  is not w e l l -de f in ed ,  and 

a n a ly s i s  must necessa r i ly  be l imited to crude approximations.

The approximations most commonly made for  an a n a l y s i s  of the 

s t ru c tu ra l  behavior of shotcrete involve two assumptions: an assumption

of the mechanism of load development in the rock, and an assumption of 

the load ca r ry in g  machanism in the shotcrete. Various s im p l i f i e d  models 

have been used fo r  each assumption. '

The s implest  shotcrete ana lyses  have considered loosening pressures  

and have assumed shotcrete f a i l u r e  by diagonal shear. Rotter  (1961) uses 

such an a n a l y s i s  to compute a sa fe ty  fac tor  a ga in s t  diagonal  shear through 

a thin re inforced shotcrete p late  that  is  loaded with the dead weight of 

a pyramidal rock block. The same analogy is  often used in Sweden. 3 

Other a n a ly t i c a l  models have been developed to f i t  var ious  

shotcrete-tunnel behavior mechanism?. In the A lps,  fo r  example, pressure  

phenomena a ssoc ia ted  with squeezing ground cond it ions  sometimes cause a 

type of tunnel f a i l u r e  that is  most adequately treated with continuum 

s o lu t i o n s .  Rabcewicz (1964, 1965) uses equations such as those given  

in Appendix I fo r  p l a s t i c  behavior to determine the s o - c a l le d  " s k in  

re s i s t a n c e "  necessary to prevent loosening. I t  i s  then assumed that  a 

shotcrete  l i n i n g  can provide the necessary skin re s i s tance  through the 

act ion  of a y i e ld in g  c y l in d r i c a l  l iner .  This  approach has been used

to j u s t i f y  the use of shotcrete fo r  sect ions  of the Washington, D. C. ,
/

Subway. I t s  v a l i d i t y  depends on two fac to r s :  1) the a b i l i t y  of the
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shotcrete to y i e ld  s u f f i c i e n t l y  to develop the p l a s t i c  zone at  the tunnel 

w a l l ,  but at the same time maintain  i t s  s t ru c tu ra l  i n te g r i t y  so that excess ive  

loosening does not occur; 2) the c lo seness  with which the a n a l y t i c a l  model 

f i t s  the real rock behavior. Both of these factord  have been more or less  

v e r i f i e d  fo r  condit ions  at several  tunnel s i t e s  in the Alps,  but the 

a p p l i c a b i l i t y  of these f a c to r s  to  condtttons a t  other s i t e s  is  uncerta in.

Local experience in d i f f e r e n t  geo log ic  environments has produced 

a number of rule-of-thumb gu ide l in e s  f o r  the se lec t ion  of shotcrete  re in fo r c e 

ment. Unlike the methods described in the prev ious paragraphs, the ru les  

estab l i shed  from local experience have no theoret ica l  b a s i s .  C l a s s i f i c a t i o n  

systems of d i f fe re n t  v a r ie t ie s  are used to t i e  local  experience to  the geo log ic  

environment. L

Linder (1963), fo r  example, has superimposed a set  of shotcrete  

ru le s  on L a u f fe r ' s  c l a s s  i f i c a t i o n  system as shown in F ig.  3.13. The problem 

with such a re la t ion sh ip  i s  that  the rock c l a s s i f i c a t i o n  is  very subject ive  

and leaves a wide margin for  personal judgment.

Hansagi (1965, 1967) uses a c l a s s i f i c a t i o n  based oh j o i n t  spac ing  

and unconfined compressive s trength  to  re la te  the material  to the re in fo rce 

ment requirements in underground openings at the Kiruna iron mines in north

ern Sweden. This system, although Quan t i t a t ive  in nature, has not been applied  

to a wide enough va r ie ty  of rock cond i t ion s  to be of un iversa l  value.

Although most shotcrete  a p p l i c a t i o n s  have been in rock tunnels,  

shotcrete has recent ly been used, s u c c e s s f u 1ly in a Mi lane, I t a l y ,  subway 

tunnel in running sand and gravel  (Chase, 1968). In th i s  tunnel,  the arch,  

the face, and muckpile must be shotcreted to hold the ground. Steel r e in 

fo rc in g  bar s p i l i n g  is  dr iven ahead of the face and the ground is  then
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Fig. 3.13. Rock Reinforcement with Shotcrete 
(After Linder, 19 6 3)

Notes :

(B) A l t e rn a t iv e ly  rock bo l t s  o n l .5 “2 m spac ing with wire net, 
o cca s ion a l ly  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; a l t e r n a t i v e l y  rock bo l t s  on
0.7“lm spacing with wire net and 3 cm shotcrete.

(E) Shotcrete with wire net; rock bo l t s  on 0 .5-1.2  m spac ing  
with 3“5 cm shotcrete sometimes su i t a b le ;  a l t e r n a t i v e l y ,  
stee l arches with lagg ing.

(F) Shotcrete with wire net and steel  arches; a l t e r n a t i v e l y  
s t ru t ted  steel arches with lagg ing and subsequent 
shotcrete.

(G) Shotcrete and s t ru t ted  stee l arches with lagg ing.
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removed a few shovels  f u l l  at a time. The nozzleman sprays the ground as soon 

as i t  is exposed. Permanent support c o n s i s t s  of arches c o n s i s t in g  of r e in 

fo rc ing  bar t russes  embedded in shotcrete  and a continuous layer  of s i x  

inch th ick  shotcrete.

The construct ion  and l i n i n g  procedure used on th i s  subway was not 

designed, i t  evolved. Settlements have not occurred above the shotcreted  

subway. Above a nearby sh ie ld  driven subway, sett lements of three-quarters  

of an inch have occurred.

Grout

Cement and chemical grouts are u su a l ly  considered only fo r  the 

control of the f low of underground water. In recent years,  a few attempts  

have been made to use res in  grouts to bind s o i l  or broken or fau l ted  rock 

in an a r t i f i c i a l  matrix and thereby to increase the strength of the materia]*.. 

Thus strengthened, . the material  would contr ibute  to i t s  own support.

In the NORAD f a c i l i t y  an epoxy re s in  grout was used to strengthen  

the rock at the in tersect ion  of two tunnels (Er ickson,  1964). The grout was 

injected in s p e c i a l l y  d r i l l e d  grout holes and through p l a s t i c  tubes next 

to rock b o l t s .  Rock movements were stopped that p rev ious ly  had not been 

stopped with rock bo l t s  alone. A s e r ie s  of laboratory  te st s  was performed 

to evaluate the e f fec t iveness  of the grout.  These te st s  indicated that * 

the grout did bond across  the jo ints ,  and that s u f f i c i e n t  strength  could 

be developed to j u s t i f y  the use of t h i s  expensive grout.

By cementing layers  of mater ia l  together i t  is  po s s ib le  to use 

grout for beam bu i ld in g .  McLean (1964) reports  such an a p p l ic a t ion  in the 

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

to four times the s trength  of the o r i g i n a l  mater ia l .
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Other uses of grout in strengthening rock have been reported by 

Goss and Coolbaugh (1961) and McLean and McKay (1964). In the f i r s t  of 

these, holes were d r i l l e d  ahead of the face and the mater ia l  grouted.

Goss and Coolbaugh report that th i s  technique resulted in a f o u r - f o ld  

increase in tunnel advance rate and a 50 percent decrease in lo s t  time in 

bad ground. In the second a p p l ic a t ion ,  McLeanand McKay found that  a 

combination of rock b o l t s  and res in  provided a superior support system 

compared to steel l ine r  a t  17 percent of the cost of the stee l l ine r .

these examples of the successful  ap p l i c a t io n  of grout as a 

medium reinforesement material  ind icate  that the concept does work. From 

the experience gained i t  is  p o s s ib le  to eva luate the s u i t a b i l i t y  of var ious  

types of grout for  the s t a b i l i z a t i o n  of a given medium. Nearly a l l  successful  

a p p l i c a t i o n s  have been at lea s t  pa r t ly  of an experimental nature. Grout can 

be e f f e c t i v e  in wet m ater ia ls  but is  ine f fec t ive  i f  the j o i n t s  or' fragments 

have a c lay  coat ing .  At present, no ba s i s  fo r  a.-rational design  of a 

reinforcement scheme us ing grout e x i s t s .  The w r i te r s  be l ieve  that Erickson  

(1964) best summarizes the s i t u a t io n  in h is  statement that the problems of 

" e v a lu a t in g  the re su l t s  and in put t ing  numbers on the amount of benef icat ion  

are in t r i g u in g  and s t i l l  remain to be so lv e d . "  .

3.10 Concluding Remarks

This  chapter has discussed a number of e laborate  tunnel l i n in g  

design  theor ies ,  but i t  a l s o  has shown that  most actual des igns  of tunnel 

l i n e r s  are based on very s im p l i f i e d  design methods. I t  has been indicated  

that  most-of these s im p l i f i e d  methods have the i r  root in one or more of 

the e laborate  methods.
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The d i s c u s s io n s ,  experience, and d e l ib e ra t io n s  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 b l in d  

f a i t h  and thereby does not often gain an understanding  of the actual  behavior  

of the medium around the tunnel or of the very real shortcomings of h i s  design  

assumptions.

The design  methods developed fo r  p a r t i c u l a r  tunnel pro jects ,  such 

as the BART p ro ject s ,  are not innovations or ge n e ra l i za t ion s .  They are 

s im p l i f i e d  best estimates su i ted to p a r t i c u l a r  cond i t ion s ,  and are not 

genera l ly  app l ic ab le .  According to current  p rac t ice ,  the process of 

developing methods of design must be repeated fo r  every new project .

I t  is  be lieved that major new and e laborate  design methods are 

not needed. Rather, an improved apprec ia t ion  of the c r i t i c a l  assumptions  

and l im i ta t io n s  o f  e x i s t i n g  ones, as app l ied  to actual f i e l d  condit ions,  is  

very badly needed. In add i t ion ,  i t  is  important that  the e f fe c t  of present  

and future construct ion  techniques, l i n i n g  m ate r ia l s ,  and exp lorat ion  techniques 

(many of which were not in ex istence when some of the theories  were developed) 

be considered.

Design methods should r e f le c t  observat ions  made in prev ious ly  

constructed tunnels.  For example, Terzaghi (1942), observed that the 

tunnel tubes in the Chicago subway were acted on by f a i r l y  uniformly  

d i s t r ibu ted  external pressures a f t e r  cond i t ion s  became s tab le .  He con

cluded that the bending moments in a c y l i n d r i c a l  tube with a c i r c u l a r  

cross  sect ion ^re small and that the permanent l i n i n g  should be as thin as 

compatible with construct ion  requirements.
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F ie ld  observat ions  and records of tunnel behavior are evaluated in 

the second part of th i s  report. On the bas i s  of th i s  eva luat ion ,  improved 

methods of in terpre t ing  and app ly ing  e x i s t i n g  design  methods are recommended. 

The recommendations permit a more log ica l  se lec t ion  of the design  assumptions  

and theories  to be used and a better apprec iat ion  of the l im i t a t io n s  and 

p os s ib le  errors  to be expected in the designs.  Emphasis i s  placed on 

ga in ing  an understanding of the actual behavior pf the medium around the 

tunnel and c o r re la t in g  material  propert ies  and behavior.

/
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CHAPTER 4

CLASSIFICATION OF GEOLOGIC MATERIALS FOR TUNNELING PURPOSES

4.1 Concepts of C l a s s i f i c a t i o n

An eng ineer ing  c l a s s i f i c a t i o n  of geo log ic  m ater ia l s  serves many 

purposes. The most important purpose is  to f a c i l i t a t e  the recogn it ion  of  

problems a s soc ia ted  with a construct ion  project ;  a s p e c i f i c  c l a s s  of 

problems is  a s soc ia ted  with a sp e c i f i c  c l a s s  of geo log ic  m ater ia l s .  The 

c l a s s i f i c a t i o n  should a l s o  de lineate which parameters are s i g n i f i c a n t  for  

design and construct ion  problems, and indicate which theor ies  or procedures 

are useful and ap p l i c a b le  to a given case. The r e l a t i v e  importance of the 

parameters, and the v a l i d i t y  of the theories,  w i l l  vary from one c l a s s  of 

geo log ic  m ater ia ls  to  another. C l a s s i f i c a t i o n  is  the f i r s t  step towards an 

actual p red ic t ion  of the behavior of the material  in a given s i t u a t io n .

General and Spec ia l ized  C l a s s i f i c a t i o n s

C l a s s i f i c a t i o n  can be viewed in several steps or on several leve ls  

of sp e c i a l i z a t i o n .  One may consider a primary or genera 1 c l a s s i f i c a t i o n ,  

a secondary or d i a g n o s t i c  c l a s s i f i c a t i o n ,  and a t e r t i a r y  or specia 1ized 

c l a s s  i f  icat ion.

The ideal primary or general C l a s s i f i c a t i o n  i s  independent of 

i t<> ap p l ic a t ion  to a p a r t i c u la r  type of problem or s t ructure  (Coates, 1964).

I t  depends only on the material  (rock or s o i l  mass).  The d i rec t  a p p l i c a b i l i t y  

of such a c l a s s i f i c a t i o n  is  l imited because of i t s  general nature. However, 

i f  the c l a s s i f i c a t i o n  parameters are chosen with i t s  po s s ib le  uses in mind,
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the c l a s s i f i c a t i o n  w i l l  a id  in understanding concepts of materia] behavior,  

and form a rat iona l  b a s i s  fo r  s p e c ia l i z e d  c l a s s i f i c a t i o n s .

The secondary level of c l a s s i f i c a t i o n  is  more s p e c ia l i z e d  and 

may be termed a d ia gn os t i c  c l a s s i f i c a t i o n .  I t s  purpose i s  to recognize  

problems and to def ine the important parameters. I t  is  developed by re

l a t i n g  the primary c l a s s i f i c a t i o n  to the problems under cons iderat ion  and 

i s ,  thus, dependent on i t s  contemplated use. In tunnel ing,  fo r  example, 

the d iagnos t ic  c l a s s i f i c a t i o n  of a mater ia l  such as jo in te d  rock must consider  

the s ize  of the tunnel opening.

The sp e c i a l i z a t i o n  may be advanced fu r ther.  The th i rd  step reaches 

into  actual  design and cons truct ion  cons iderat ions .  Such spec i a 1i zed c la s s  i - 

f i c a t i o n s  may predict the b l a s t i n g  behavior, r i p p a b i l i t y  or d r i l l a b i l i t y  of 

a mater ia l ,  or furn i sh  a p red ic t ion  of rock load or s o i l  pressure.  This  

i s  the f i n a l  stage of c l a s s i f i c a t i o n .

A Unif ied C l a s s i f i c a t i o n  of S o i l s  and Rocks

In th i s  report a system of c l a s s i f i c a t i o n s  a p p l ic ab le  to a l l  

geo log ic  mater ia ls  i s  developed. There are many reasons for  th i s  development. 

Modern methods of tunnel excavation and support in s o i l s  and rocks d isp lay  

many s i m i l a r i t i e s :  shotcrete  has been used as temporary and permanent

s t a b i l i z a t i o n  of the face and the circumference of the tunnels in rocks < 

as well as in s o i l s ;  mechanized excavators for  s o i l  and rock are in 

many respects s im i l a r ;  sh ie ld s  are being used in rocks as well as in media

commonly c l a s s i f i e d  as s o i l s ;  and many types of l i n i n g s  have been used for
/

s o i l s  as wel1 as for rocks. Although the behavior of massive rock and sand 

is  h igh ly  d i s s im i l a r ,  there are many overlapping c h a r a c t e r i s t i c s  of s o i l s
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and rocks: concepts va l i d  for s t i f f  c lays  extend n a tu ra l l y  into sha les

and s l a t e s ;  vary ing  degrees of a l t e r a t io n  or cementation can form any 

intermediate c h a r a c t e r i s t i c s  between s o l i d  rocks and unindurated s o i l s .

I t  is  s i g n i f i c a n t  that the greatest  problems in rock tunneling  are f r e 

quently a s soc ia ted  with 'zones  where the rock approaches the character of 

s o i l .  ’

T ra d i t i o n  in the United Sta tes  has separated the a r t  of tunneling  

into two d i s t i n c t l y  d i f fe ren t  p ro fe s s ions :  s o f t  ground tunneling and rock

tunnel ing.  The boundary between these p ro fe s s ions  i s  rather a r b i t r a r y .

The d i s t i n c t i o n  is  not nearly so great  in other countr ie s;  in Continental  

Europe, for  example, so f t  ground is commonly considered j u s t  another rock, 

which is  so f te r  and creates a s p e c i f i c  c l a s s  of problems.

In add i t ion  to b r idg ing  the gaps between c l a s s i f i c a t i o n  systems 

ap p l ic ab le  separate ly  to s o i l s  and rocks, a u n i f ie d  c l a s s i f i c a t i o n  system 

w i l l  f a c i l i t a t e  the coord inat ion  of s o i l  and rock mechanics, research.  

Furthermore, i t  w i l l  insp ire  development of un i f ied  concepts app l ic ab le  to 

the bas ic  problems involved in the design and construct ion  of underground 

openings.

To avoid confusion in a f i e l d  which is  a lready crowded with 

c l a s s i f i c a t i o n  methods and systems, the proposed system is t ied to bas ic  

c h a r a c t e r i s t i c s  of geo log ic  m ater ia ls ,  and cur rent ly  a v a i l a b le  and 

accepted c l a s s i f i c a t i o n  systems w i l l  be u t i l i z e d .  Thus, no new terms or 

parameters are introduced.

/



79

Corre la t ion  with E x i s t i n g  C l a s s i f i c a t i o n s

During the years, experience has been accumulated and assoc ia ted  

with var ious  c l a s s i f i c a t i o n  systems. I t  i s  often d i f f i c u l t  to evaluate  

and u t i l i z e  th i s  experience, e i th e r  because the de sc r ip t ion  of the c la s se s  

is  i n s u f f i c i e n t  and q u a l i t a t i v e  or because the systems are a p p l i c a b le  only 

to p a r t i c u l a r  geolog ic  reg ions or to p a r t i c u l a r  rock types. In t h i s  report  

an attempt is made to draw out th i s  experience and incorporate  i t  in a 

c l a s s i f i c a t i o n  of more general u t i l i t y .

Most developers of c l a s s i f i c a t i o n  systems fo r  tunnel purposes have 

taken a b e h a v io r i s t i c  approach, that i s ,  they have observed actual behavior  

of the mater ia ls  in tunnels and app l ied  d e sc r ip t ive  terms to  t h i s  behavior. 

Then they have corre la ted th e i r  d e sc r ip t i v e  c la s se s  with se lected parameters 

of the rock or s o i l  medium (Bierbaumer, 1913; S t i n i ,  1950; and o thers ) .  

However, i t  is  obvious that the c l a s s i f i c a t i o n  cannot wa it  un t i l  the 

material  behavior is  experienced. I t  is  po s s ib le  to develop a c lea rer  and 

more useful system by accurate ly  de sc r ib in g  by meaningful numbers rocks or 

s o i l s  as they are a c t u a l l y  found and analyzed by advance in v e s t i g a t io n s .

By accumulated experience and theore t ica l  cons iderat ions  these de sc r ip t ion s  

can then be converted into p re d ic t io n s  of tunnel behavior and design values.

The attempt to c l a s s i f y  geo log ic  mater ia ls  may be compared to 

Casagrande's  (1948) development of the Unif ied  So i l  C l a s s i f i c a t i o n ,  which 

includes the primary and secondary stages  as out l ined in the preceding  

paragraphs. The Unif ied S o i l  C1 a s s i f i c t i o n  has not been applied  to 

tunnel ing purposes in a d i a g n o s t i c  manner, and i t  may not be su i ted  d i re c t l y  

to th i s  purpose. However, ce r ta in  features  of i t  w i l l  be used in th i s  report.
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The c l a s s i f i c a t i o n  systems may be considered as a tool to f a c i l i t a t e  

d ia g n o s t i c  and design work. The w r i te r s  agree with Casagrande (1948) that  

the experienced engineer who r e a l l y  understands geo log ic  m ate r ia l s  can apply 

p r in c ip le s  of geotechnics without a formal c l a s s i f i c a t i o n .  Unfortunately  

experienced tunnel engineers are few, and inexperienced engineers are often  

given large r e s p o n s i b i l i t i e s .  In add i t ion ,  the designers  of tunnel support  

systems are usua1ly s t ructura l  engineers with l i t t l e  knowledge of the import

ant aspects  of geo log ic  m ater ia l s ,  and the data on which they base the i r  

designs are co l lec ted  by geotechnical  engineers who often have l i t t l e  

apprec ia t ion  of s t ructura l  concepts. The problem of communication between . 

these groups of engineers is major and rea l.  The c l a s s i f i c a t i o n s  serve to 

point out important parameters and problems and cons t i tu te  e f f e c t i v e  means 

of communication.

4.2 C h a r a c t e r i s t i c  P a r t i c le  S ize as a Primary C l a s s i f i c a t i o n  Parameter

One of the bas ic  features that d i s t i n g u i s h  s o i l  and rock from other 

m ater ia l s  enoountered in engineering  is the s i g n i f i c a n c e  of the d i s c o n t i n u i 

t i e s .  Since a l l  rocks contain f rac tures  and planes of weakness, both s o i l  

and rock may be considered p a r t i c u la te  mater ia ls  and as such, d i scont inuous.  

However, i f  viewed on the proper sca le ,  discont inuous  m ater ia l s  may some

times be considered continuous for  p rac t ica l  purposes. A l l  m ater ia l s  are 

discont inuous  on the atomic or molecular level but some may act  as perfect  

continua on a p rac t ic a l  level.
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Cont inui ty  of Geologic M a te r i a l s

Under idea] cond i t ion s ,  a uniform and continuous mater ia l  would 

exert uniformly d i s t r ib u te d  loads on a tunnel support system, and deforma

t ions  would be symmetrical with respect  to a v e r t i c a l  plane through the 

long i tud ina l  center l ine  of the tunnel.  A d iscontinuous  m ater ia l ,  on the 

other hand, is usua l ly  not uniform and may have s t rong ly  d i re c t io n a l  

propert ies.  A discont inuous  m ate r ia l ,  therefore,  often deforms non-uniformly  

and exerts  e r r a t i c  loads on tunnel supports.  Whereas the s t a b i l i t y  of a 

tunnel opening in a continuous materia l  can be re lated to the i n t r i n s i c  

s trength  and deformation propert ies  of the m ater ia l ,  s t a b i l i t y  in a d i s 

continuous materia] depends p r im a r i l y  on the character and spac ing  of the 

d i s c o n t in u i t i e s .

I t  is important to determine whether a material  should be con s id 

ered continuous or di scontinuous in a p a r t i c u l a r  case. Accord ing ly ,  the 

type of behavior of the material  may be predicted,  su i t a b le  theor ies  and 

methods of design  may be employed, and the r e l i a b i l i t y  o f  the p red ic t ion s  

and the sa fe ty  fac to r  for  the support may be estimated.

I f  a sample of a p a r t i c u l a t e  m ater ia l ,  sand or jo in ted  rock, is 

only a few times larger than the s ize  of ind iv idua l  fragments, the sample 

cannot be considered continuous on a s t a t i s t i c a l  ba s i s .  I f  the sample s ize  

is  many times the s ize  of the ind iv idua l  fragments, the e f fe c t  of the d i s -
A

c o n t in u i t i e s  is  s t a t i s t i c a l l y  leve l led  out, and the sample may be considered  

continuous. r

For a tunnel driven through a jo in ted  or p a r t i c u la te  m ater ia l ,
/

a c h a r a c te r i s t i c  dimension, such as the tunnel diameter, may be compared 

with the s'fzes of the ind iv idua l  fragments or the j o i n t  spac ing  of the 

materia l.  In th i s  manner, p a r t i c l e  or fragment s ize,  or j o i n t  spac ing,
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Other features enhance the usefu lness of a c h a r a c t e r i s t i c  p a r t i c l e  

s ize  (or spac ing)  as a c l a s s i f i c a t i o n  tool.  The permeabi l i ty  of s o i l  to 

water and a i r  is  c lo se ly  re la ted to the gra in  s ize.  Cohesion or coherence 

increases with decreas ing gra in  s ize ,  and the importance of time-dependent 

behavior is  c l o s e l y  re lated to the gra in  s ize .  The importance of g r a v i t y  

fo rces  and the volumetric s t a b i l i t y  are related to  gra in  s ize  in a more 

secondary manner. In add i t ion  the mineralogy of the ind iv idua l  g ra in s  is  

often c l o s e l y  re lated to the gra in  s i z e . '

I f  the act ion  of the medium around a tunnel opening is  Considered, 

the fo l low in g  in te res t in g  observation can be made: when the p a r t i c l e  s ize  

is  very small (c lay s ize )  the medium acts  as a coherent continuum. With 

sand and gravel  s izes  the medium is  a non-coherent continuum. For a cer ta in  

range of j o i n t  spac ings,  depending on the s ize  of the tunnel opening, a rock 

medium acts  as a discontinuum and the character and geometry of the d i scon 

t i n u i t i e s  are of major importance. But when the j o i n t  spacing becomes very 

la rge,  the medium again acts  as a coherent continuum. We have, in fac t ,  

closed the c i r c l e  and noted the s i m i l a r i t y  between the ac t ion  of a c lay  on 

one s ide  and massive rock on the other side.  This s i m i l a r i t y  is  further  

emphasized by the gradat ional change in character from so f t  c lay  to hard 

c la y s ,  to massive shales and to massive rocks of any const i tuency.  This  

observat ion  leads to the proposal of a c i r c u l a r  g e n e r a l  c l a s s i f i c a t i o n  

chart  such as shown in Fig. 4.1.

The general c l a s s i f i c a t i o n  may be re la ted tp the a p p l i c a b i l i t y  

of var ious  types of theories  and the major c o n t r o l l i n g  fa c to r s  of tunnel

behavior.  The boundaries shown on the chart are approximate. F ig.  4.1
/

is  d i scussed further  in subsequent sect ions,
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C h a ra c te r i s t i c  Parameters of S o i l s  and Rocks

The average p a r t i c l e  s ize  of a medium is not n e c e s sa r i l y  the best 

ind ica tor  of the behavior of the medium. A clayey sand may have an average 

gra in  s ize  in the sand range, but i t s  behavior may be more c h a r a c t e r i s t i c  

of a c lay .  The behavior of a jo in ted  rock mass with great  va r ia t ion ,  in 

j o i n t  spac ings  may be contro l led  by the smaller j o in t  blocks  rather than the 

average block s ize.

The f in e r  gra in  s ize  f r a c t io n  of a s o i l  is genera l ly  of dispro*- 

port ionate  importance, in p a r t i c u l a r  for the permeabi l i ty  of the s o i l .  Hazen 

(1892), and many others have taken th i s  into account by us ing  the equiva lent  

diameter, D^q , of the 10 percent f ra c t ion ,  rather than the mean diameter 

for eva lua t ing  permeabi l i ty .  Ind ica t ions  are that Djq may be ind ica t ive  of 

strength  and deformation propert ie s  as wel l.  Therefore, Djq has been adopted 

as a primary c l a s s i f i c a t i o n  parameter for  s o i l s .  The grouping and desc r ip t ion  

terms are those used in the Unif ied So i l  C l a s s i f i c a t i o n .

The uniformity of the s o i l  obv iously is an important fac tor  deter

mining i t s  behavior. This fac tor  is not considered d i r e c t l y  in th is  primary 

c l a s s i f i c a t i o n  diagram, although it  can be considered by the choice of an 

appropriate  representative  g ra in  s i z e .

A complete bas ic  c 1 a s s i f i c a t i o n  of a rock mass should include the 

fo l low in g  important c h a r a c t e r i s t i c s :

1) Spacing, r e gu la r i t y ,  and,character of d i s c o n t i n u i t i e s ;

2) Propert ies  of the intact rock;

3) Degree of a l t e ra t io n .

f

*  10 percent of the weight of a sample passes a s ieve with openings of a
width Dj q .
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These c h a r a c t e r i s t i c s  determine the behavior of a jo in ted  rock mass. Except 

when the rock is h igh ly  a l tered  or is very weak, the ove rr id ing  c h a r a c t e r i s t i c  

for the problem of opening s t a b i l i t y  is  the f i r s t  one, the character of the 

d i s c o n t in u i t i e s .  In add i t ion  i t  is  commonly found that a high degree of 

f r a c tu r in g  e x i s t s  together with a high degree of a l t e ra t io n .  I t  i s ,  then, 

su i tab le  to use parameters re la ted to the character of the d i s c o n t i n u i t i e s  

as a ba s i s  fo r  both the primary arid the secondary c l a s s i f i c a t i o n  systems.

The terms " j o i n t  spac ing "  and "average  j o i n t  spac ing"  have often  
«

been used in the de sc r ip t ion  of rock masses. S t r i c t l y  speaking, these terms 

refer to d is tances  between j o i n t s  in p a r t i c u l a r  se ts  of p a ra l le l  of nearly  

p a ra l le l  j o in t s .  When j o i n t s  are observed along a bore hole or a tunnel w a l l ,  

the measured spacings  or frequencies  are not true j o i n t  spacings  or f r e 

quencies. Jo in ts  of d i f fe re n t  sets  in te r sect  the wall  at  vary ing ang les,  

and the average spacing or frequency measured is  a d i s to r ted  and compound 

measure of a l l  the j o i n t  sets .  In add i t ion ,  f rac tu res  are- inc luded which 

do not n ecessa r i l y  belong to a n y . jo in t  set but may, for  example, be par t ing s  

along weak bedding or s c h i s t o s i t y  planes. Often, however, the term " j o i n t  

spac ing"  is used for  the spacing of f rac tures  a long  a bore hole or a tunnel 

wal l ,  and i t  is  frequent ly  d i f f i c u l t  to determine whether a " j o i n t  spac ing"  

recorded in the 1i terature  is  a true j o i n t  spacing or a f racture  spacing.

In th is  report the term " j o i n t  spac ing "  is  reserved for the s t r i c t  meaning 

of the term, and " f r a c tu re  spac ing"  re fers  to spacings  of a l l  f ractures  

encountered along  a bore hole or a tunnel wal l .  "F racture  frequency" is  

the number of f rac tures  per f t .

Where several j o i n t  systems are present, the average f racture  

^ 2 1
spacing is  genera l ly  j to y  of the average j o i n t  spacing of any one of
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the j o i n t  systems. For c o r re la t ion  purposes i t  is  considered s u f f i c i e n t l y  

accurate to use a r a t io  of 1/2 between fracture  spac ing  and j o i n t  spac ing.

I t  must be rea l ized,  however, that th is  r a t io  may be cons iderab ly  in error.  

I f ,  fo r  example, there is  only one dominant j o i n t  system, the r a t i o  would 

be c lo se r  to un ity .  The r a t i o  a l s o  depends on the o r ie n ta t io n  of the bore 

hole or tunnel wal l  r e la t i v e  to the d i rec t ions  of the j o i n t s .

Fig.  4.2 shows several attempts to c l a s s i f y  rock accord ing to the 

spac ing  of the j o i n t s  or f rac tures .  John's c l a s s i f i c a t i o n  has the p leas ing  

t r a i t  that i t  is  re la ted to numbers which are an extens ion of the Unif ied So 

C l a s s i f i c a t i o n  (2,20,200 cm). Unfortunately John's c l a s s i f i c a t i o n  is  very 

i n s e n s i t i v e  to rock mechanics problems. Deere's c l a s s i f i c a t i o n  breaks up 

the sca le  in smaller sec t ions ,  compatible with the re l a t i v e  importance of 

the j o i n t  spac ings.  I t  is  s i g n i f i c a n t  that where Deere c a l l s  a spacing  

"moderately c lo se " ,  John c a l l s  i t  "w ide. "  For purposes of corre la t ing . ,  

experience, a few other systems are shown. Whereas John cons iders  j o in t  

spac ings  in the s t r i c t  sense of the word, there is  some doubt as to the 

d e f in i t i o n  of " j o i n t  spac ing "  in the remainder of the systems given here.

I t  is  p o s s ib le ,  therefore, that these sca les  should proper ly  be placed 

somewhat to the r i gh t  of the pos i t ion  shown.

I t  is  u sua l ly  d i f f i c u l t  to obtain an accurate estimate of the 

j o i n t  spac ing or the f racture  spac ing on the ba s i s  of exp loratory  borings .

I t  is, therefore, de s i rab le  to use a supplementary parameter which is  eas ier  

to obtain.  For years the core recovery has been taken as an ind icator  of 

the soundness of the rock. The u t i l i t y  of th i s  parameter is  l imited
f

because of extraneous fa c to r s  in f luenc ing  the core recovery. The modified
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core recovery (Rock Q ua l i ty  Designation - RQ.D) e l im inates  some of the 

u n c e r ta in i t i e s  in the core recovery c l a s s i f i c a t i o n  (Deere et a l . ,  1967; 

M e r r i t t ,  1968).

Rock d u a l i t y  Designation (RQ.D)

Cons iderab le experience with the Rock (Quality Designation (RQ.D), 

developed at the U n ive r s i ty  of I l l i n o i s ,  has now been accumulated. For 

example, Coon (1968) corre la ted RQ.D with actual  tunnel support in a number 

of tunnels.  RQ.D is  at present used, for example, by the Ca 1 i f o rn ia  Department 

of Water Resources, and Chicago Metropoli tan San i t a ry  D i s t r i c t .  The RQ.D has 

been corre la ted with f rac ture  frequency (Deere et a l . ,  1967) and is included 

in F ig.  4.2. The re la t ion  between fracture  spac ing  and j o i n t  spac ing is  not 

accurate,  as mentioned prev ious ly ;  the choice of a r a t i o  1/2 between frac ture  

spac ing and j o i n t  spacing is  a matter of jugment. In add i t ion ,  RQ.D is a l s o  

influenced somewhat by the degree of a l t e r a t io n  and other weakness fa c to r s .  

Thus, the locat ion  of RQ.D on the scale  of j o i n t  spacing must not be taken 

as an accurate corre la t ion , ,  and may vary from one rock type to another.

In the primary c l a s s  i f ca t  ion diagram, F ig .  4 ; ] ,  the average 

f racture  spac ing is  taken as a parameter for  the jo in ted  rock, and RQ.D is  

indicated on the diagram.

The D irect  Use of the Primary C l a s s i f i c a t i o n

The primary c l a s s i f c a t i o n  is  of 1imited d i rec t  u t i l i t y  for  design  

purposes. I t  does, however, out l ine  some important features  of tunnel 

behavior.  I f  ind icates  for which mater ia ls  coherent or non-coherent 

behavior may be expected and i t  brackets the region of d iscont inuous
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behavior. This permits a pre l iminary  judgment of which theor ies  may be 

applied in a given case, as indicated on Fig. 4.1, and which material  

parameters to use in ana lyses .

The term "coherence" requires some comment. I t  is  preferred  

over "cohes ion"  as a d e sc r ip t i v e  term for geo log ic  m a te r ia l s .  I t  describes  

the behavior of the mater ia l  dur ing and a f t e r  construct ion  and is  a material  

q u a l i t y  that may be influenced by the cond it ions  dur ing construct ion.  Clean 

sands, though not possess ing  real cohesion, may d i sp lay  coherence caused, 

for  example, by moisture in r e l a t i v e l y  f ine  sands, or by a s l i g h t  amount of 

cementation which is  often not discovered by sampling the mater ia l .  Char

a c t e r i s t i c s  of weakly cemented sands have been treated by K ie s l i n g e r  (1962), 

who a l s o  used the term "coherence"  (Zusammenhang). In some mater ia ls  co-  

herence can be demonstrated by a compressive s trength  in unconfined com

press ion,  or by a t e n s i le  strength.  M ater ia l s  w i th ' r e a l  cohesion a l s o  

have a coherence. Some m ater ia l s  which do not have a te n s i l e  s trength  or 

a real cohesion may under ce r ta in  circumstances d i sp l a y  a coherence which 

is  c lo se ly  related to the d N a t i o n a l  character of the mater ia l  near f a i l u r e .  

This coherence is  of a f r i c t i o n a l  character.  Coherence may be induced by 

var ious methods of r e s t r a in t  or p res t re s s in g .

Fig.  4.1 ind icates  that the material  around an opening may be assumed 

continuous for  a large v a r ie t y  of geo log ic  m ater ia l s .  For most jo in ted  rocks,  

however, th i s  assumption is  a poor one. The boundaries of  the range of j o i n t  

spac ings  for  which the material  must be considered discont inuous  are import

ant. The s ize  required for  a sample of a d i scontinuous  material  to be con

sidered continuous is  a matter of judgment. John (1962) suggests  that a 

sample of “about 10 times the average s ize  of the s i n g l e  un i ts  of the d i s -  

continuum may be considered a uniform continuum. I t  is  c lear  that th i s  w i l l
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depend to a . g re a t  extent on the un iformity  of the unit s i ze s  in the mater ia l  

or the uniformity  of the spacings  of the d i s c o n t i n u i t i e s .  As mentioned, 

i t  is  l i k e l y  that  a spac ing less  than the average j o i n t  spac ing  is  char

a c t e r i s t i c  of tunnel behavior. As an empir ical  l im i t  of the range of d i s 

continuous rock masses, therefore, the r a t i o  of p a r t i c l e  s ize  or j o i n t  

spacing to tunnel diameter of 1 to 50 has been chosen. I f  the average 

j o i n t  spac ing i s  less  than 1— of the tunnel, the mater ia l  may in most 

cases be assumed to act as a continuum.

On the other hand, i f  the j o i n t  spacing is  large in comparison

with the s ize  of the tunnel opening, the rock behavior w i l l  be la rge ly  

independent of the j o i n t s .  This might be expected to occur when the j o i n t  

spac ing is greater than about one th i rd  of the s ize  of the opening.

Using the approximate r a t io  of 1/2 between f ra c tu re  spac ing and 

j o i n t  spac ing,  i t  is  found that a rock should be considered d iscontinuous  

when the r a t i o  of f racture  spac ing to tunnel diameter is  between the 

approximate l im i t s  of 1/5 and 1/100. For a range outs ide  these l im i t s ,  

the rock may be considered continuous, though p o s s ib ly  a n i so t rop ic .

Fig.  4.1 shows these approximate boundaries when the tunnel opening is 

about 20 f t  wide.

In a jo in ted  rock the d i rec t ion s  of the j o i n t s  u su a l ly  show 

cons iderable  re g u la r i t y ,  although the spac ings  may be i r regu la r .  Thus, 

jo in ted  rocks u su a l l y  d i sp lay  an i so t rop ic  behavior, even when the j o in t  

spacings  are narrow. An iso trop ic  propert ies  can be expected a l s o  of 

mater ia ls  tha t  may be considered uniform.

I;n the fo l low in g  section and in subsequent chapters,  the primary 

c l a s s i f i c a t i o n  is  u t i l i z e d  to develop c l a s s i f i c a t i o n  subsystems and to 

de1ineate-the inf luence of the d i f fe ren t  parameters on the behavior of the

mater ia ls  in tunnels.
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4.3 D i s t in gu i sh in g  Features of Tunnel Behavior

To develop the d ia g n o s t i c  and a n a ly t i c a l  phases of a c l a s s i f i c a t i o n  

of geolog ic  mater ia ls  fo r  tunnel purposes, i t  is  necessary to cons ider  the 

actual  mechanisms of behavior of the media in tunnels .  Th is  w i l l  define  

the important parameters and problems that  should be cons idered. Some 

aspects  of tunnel behavior have a lready been d iscussed  in Chapters 2 and 3.

U t i l i t y  of B e h a v io r i s t i c  Approach

A b e h a v io r i S t i c  approach c o n s i s t s  of a d e sc r ip t io n  of tunnel 

behavior under a va r ie ty  of cond i t ions  and a subsequent c o r re la t ion  with 

s o i l  and rock propert ies.  The engineer needs information that w i l l  help 

him predict  the behavior of a tunnel given cer ta in  propert ie s  of the medium. 

This  information must f i r s t  be developed by a b e h a v io r i s t i c  approach.

The most comprehensive b e h a v io r i s t i c  c l a s s i f i c a t i o n  of s o i l s  and 

so f t  rocks was developed by Terzaghi (1950). A de ta i led  de sc r ip t ion  of 

th i s  work is  given in Appendix I I .  According to th i s  c l a s s i f i c a t i o n ,  one 

s o i l  type may belong in 2 or 3 d i f fe re n t  groups, and each group contains  a 

number of d i f fe ren t  s o i l s  in vary ing  condit ions.

An important parameter r e l a t i n g  a s o i l  type to a be ha v io r i s t i c  

group is the hydrauli c  condit ion .  Thus, a f ine  sand may be running i f  

dry, cohes ive -rave l ing  i f  moist ,  or f lowing  i f  below the ground water 

table.  Fig. 4.3 shews the re la t io n  of T e rzagh i ' s  c l a s s i f i c a t i o n  to the

primary c l a s s i f i c a t i o n  and includes the e f fe c t  of the hydrau l ic  condit ion.
/

The great d i re c t  e f f e c t  of the hydrau l ic  condit ion  is  f e l t  

by the continuous, non-coherent mater ia l s .  For m ater ia l s  with even a 

small amount of coherence, the e f fe c t  i s  smal ler and other c h a r a c te r i s t i c s
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Fig. 4.3. Relationship Between Terzaghi's Behavioristic 
Classification and the Primary Classification, 
Including the Effect of the Hydraulic Condition

/
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Using Terzagh i ' s  terms (Terzaghi,  1950), non-coherent behavior  

is  characterized by loosening,  s lowly  or rap id ly  rav e l in g ,  running', and 

f low ing;  semi-coherent or temporar i ly  coherent behavior by cohesive  

rave l ing ;  and coherent behavior  by squeezing, sw e l l in g ,  or being stab le .

S ign i f i c an ce  of Shear Strength and Indurat ion

The most s i g n i f i c a n t  parameter for  continuous, coherent mater ia ls  

i s - u s u a l l y  the shear s t rength,  or rather the r a t io  of the shear strength  

to the overburden pressure. I t  w i l l  be shown la ter  that  there is a d i rec t  

re la t ion sh ip  between th i s  r a t i o  and the s t a b i l i t y  of the opening. For small 

values of the ra t io ,  the opening is  unstable and must be supported. For 

higher values, the opening may be reduced by squeezing in an amount la rge ly  

determined by the ra t io .  As' the r a t i o  increases, the opening becomes more 

s tab le ,  although some high p l a s t i c i t y  c lay s  or c l a y - sh a le s  may exh ib i t  

sw e l l ing .  I f  the shear s trength  is  high, for example in a massive shale  

where f i s s u r e s  are widely spaced, the r a t io  w i l l  ind icate  whether popping 

may be expected.

The s i gn i f i c a n c e  of the shear strength,  or the r a t i o  of shear 

strength to overburden pressure,  is  p a r t ly  d i rec t ,  r e l a t i n g  s t re s se s  and 

s trengths  around the opening. Moderate or high shear s t rengths  are a l so  

ind i rec t  ind icators  of co n so l id a t ion  and induration and, thus, of problems 

related to these features.  The amount of conso l ida t ion  or induration,  

together with a measure of the p l a s t i c i t y  of the mater ia l ,  ind icates  the 

sw e l l ing  potent ia l ,  and in fluences other th ings ,  such as p o s s ib le  i n i t i a l  

s t re s s  sta-tes. These features  w i l l  be d iscussed in de ta i l  in a later  

chapter.
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As the shear strength and the degree of induration increase,  the 

massive and n o n - f i s s i l e  material  grades into a f i s s i l e  mater ia l ,  and the 

l i k e l iho od  of encountering j o i n t s  and other d i s c o n t i n u i t i e s  increases.

When the d i s c o n t i n u i t i e s  render the s trength  of the rock mass apprec iab ly  

lower than the s trength  of the in tact  rock, the intact  s trength  loses  most 

of i t s  importance, and the amount and character of the f i s s u r i n g  contro l  

the behavior. In a s o f t  rock, such as c l a y - sh a le ,  a high degree of f i s s u r i n g  

does not n e c e s sa r i l y  mean that the f i s s u r i n g  con t ro l s  the behavior. Such 

f  i s su res  are often  discont inuous  so that  the strength  of the rock mass., is  not 

apprec iab ly  lower than the intact  s trength,  and other features,', such as 

sw e l l in g  or squeezing control the behavior.

Although the mineralogy and the petrography of a rock in i t s e l f  

are of l im ited importance except in a few cases, the c l a s s i f i c a t i o n  chart  

given in F ig .  4 .4  i s  of some use. I t  is  a spec ia l i zed  primary c l a s s i f i c a t i o n  

of sedimentary rocks, ind ica t ing  the boundaries of d i f fe re n t  types of behavior,  

the non-coherent and the coherent types. For most of the rocks, beyond a 

ce r ta in  shear s trength,  the behavior of the material  in a given s i t u a t io n  

is governed by the d i s c o n t in u i t i e s .

The thought processes leading to F ig .  4.4 may be reversed to indicate  

the e f fe c t  of f r a c tu r in g  and a l t e r a t io n  on an indurated mater ia l .  The f i n a l  

product of the processes of f r a c tu r in g  and a l t e r a t io n  would depend both on 

the r e l a t i v e  importance of the two processes and on the parent mater ia l .

Igneous rocks may be included in th i s  reverse diagram as well .
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S i g n i f i c a n c e  of Grav ity  Forces

Where the shear s trength  is  a primary c o n t r o l l i n g  f a c to r  of the 

behavior  of a tunnel,  g r a v i t y  fo rces  enter the problem only as the source of 

the overburden pressure. Usua lly  the o r ie n ta t ion  of the tunnel opening in 

re l a t i o n  to  the d i rec t ion  of the g r a v i t y  forces is  of minor importance. In 

non-coherent m ater ia l s ,  however, the act ion  of the g r a v i t y  fo rces  i s  more 

d i re c t  and the condit ions  above the crown of the tunnel are s i g n i f i c a n t l y  

d i f f e r e n t  from those below the invert.

I f  the material  i s  continuous, the mechanism of the behavior is  

l a r g e ly  independent of the s ize  of the opening, but deformations are roughly  

proport iona l  to the s ize.  I f ,  on the other hand, the material  i s  d i scont inuous,  

the mechanism may vary with the s ize  of the opening. With a j o i n t  spac ing of,  

fo r  example, one f t ,  an opening with a diameter of 1/2 f t  would behave as an 

opening in a near ly  perfect continuum. With an opening diameter of 5 f t ,  the 

behavior would approach that of a discontinuum, and would be governed by the 

f r a c tu re s .  I f  the opening is  large enough, the f rac tures  would s t i l l  govern 

the behavior but the spac ing r e la t i v e  to the s ize  of the opening would be 

so small  that the material  could be assumed to act  as a continuous non

coherent m a t e r i a l . An ind icat ion  of th i s  change of mode of behavior is  the 

v a r i a t i o n  of the stand-up time with the unsupported length of an opening 

(see Appendix l l ) .  Depending on the general q u a l i t y  of the rock, Lauffer  

(1958) ind ica tes  a decrease in stand-up time proport iona l to the un

supported length to a power vary ing  between -1 and -2. Terzaghi (1948) 

ind ica tes  somewhat s im i l a r  r e la t ion sh ip s .  The changing behavior of a 

discont inuous  mass is  a l s o  re f lected  in the recommended va lues  of rock 

loads (Terzaghi,  1946; Bierbaumer, 1913; see Appendix I I ) ,  which increase  

l i n e a r l y  wi>th the s ize  of the opening.
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These e f fec t s  are d i r e c t l y  re la ted  to the pu l l  of g r a v i t y ,  which i s ,  

indeed, the major source of the loading of any tunnel support system and a 

c o n t r o l l i n g  fac tor  for  the behavior of a tunnel opening. In a d i scont inuous  

mass the g ra v i t y  e f fec t  is d i re c t .  The rock load concept is based on the 

requirement that a cer ta in  height of rock must be carr ied  by the support 

system; In non-coherent continuous masses, arch ing  concepts and s t re s s  

concentrat ions are related d i r e c t l y  to the pu l l  of g r av i ty ,  and theor ies  of 

subs id ing  blocks  and wedges are based on th i s  d i rec t  e f fec t .  However, i f  

the material  is  coherent, the e f fe c t  of g r a v i t y  is  more ind i rect .  Here, 

the c o n t r o l l i n g  fac tor  is the s t r e s s  level as indicated by the overburden 

pressure in re la t ion  to the shear s t rength.  In expansive or sw e l l i n g  rocks,  

the d i rec t  g r a v i t y  e f fec t s  may lose th e i r  s i g n i f i c a n c e  a l toge ther.

4.4 Use and Expansion of C l a s s i f i c a t i o n

The previous sect ions  have described some of the important features  

of tunnel behavior as related to p ropert ies  of the medium. The treatment is 

incomplete and serves mainly to ou t l ine  the concepts and u t i l i t y  of the 

c l a s s i f i c a t i o n  of geolog ic  m ater ia l s  and to point  out the most s i g n i f i c a n t  

parameters fo r  tunnel behavior. In the remainder of t h i s  report these concepts

w i l l  be fol lowed and ampl i f ied.  I t  i s  intended that  the concepts be developed

to serve as too l s  app l icab le  to the exp loratory  stages  of a tunnel project  as 

well as to design and construct ion  of the project .

V
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Geologic Exp lora t ions  for  Tunnels

One of the greatest  d i f f i c u l t i e s  in dea l in g  with ge o lo g ig  m ater ia l s  

is  th e i r  v a r i a b i l i t y .  Within short  d i s tances,  a tunnel project  may encounter 

the most d iverse  condit ions.  I t  is nearly imposs ible to uncover a l l  the 

important v a r ia t i o n s  by present-day exploration techniques. A large number 

of case h i s t o r i e s  a t te s t  to the frequency with which unexpected condit ions  

occur, often with d i sa s t rou s  re su l t s .

Although a good c l a s s i f i c a t i o n  system w i l l  enable the engineer to 

pred ic t  the behavior of a tunnel accurately, in a p a r t i c u l a r  medium, i t  cannot 

reduce the r i s k  of encountering unpleasant su rp r i se s .  This  can be done only 

by increased exp lorat ion  of the tunnel alignment. An ideal way to secure 

information about condit ions  along the tunnel al ignment is  to d r i l l  exp lo r 

atory  bor ings  in f ront  of the advancing face. Experience shows, however, 

that th i s  is  a very expensive way of securing information. Furthermore the 

information is  needed at  the design stages before bidding.  Such procedures 

make tunneling sa fer  and may indeed help the contractor make money, but do 

not reduce expenses for  the owner. A method is  needed whi*h w i l l  give  

adequate information about the v a r i a b i l i t y  of the geo log ic  m ater ia ls  

a long  the to ta l  alignment by inexpensive advance in ve s t i ga t ion s .

Use of Result s  from Geologic Exp lorat ions

Armed with a general knowledge of the geo log ica l  cond it ions  along  

the tunnel al ignment, the engineer Is  able to design  an exp loratory  program

which w i l l  fu rn i sh  the proper parameters for the design of the tunnel.  As
}

the exp lorat ion  goes on, the program should be modified according to the 

f i n d in g s  o f  the exp lorat ions  in such a manner that the s i g n i f i c a n t  parameters
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fo r  the p r e v a i l i n g  condit ions  can be extracted.  I f  the exp lora t ion  uncovers 

unexpected condit ions  i t  may be necessary to modify the exploratory  technique 

to inves t iga te  other or add i t iona l  s i g n i f i c a n t  fa c to r s .

With the parameters of the project  ( s ize  and shape of tunnel,  

depth and overburden pressure)  and the r e s u l t s  of exp lo ra t ions ,  the engineer  

w i l l  be able to c l a s s i f y  the behavior of the mater ia l  surrounding the tunnel 

in a general manner ( i . e . ,  coherent or non-coherent, continuous or d i s co n 

tinuous types of behavior) and eva luate  the p o s s ib le  s i g n i f i c a n c e  of the 

overburden pressure and g ra v i t y  forces .  Th is  c l a s s i f i c a t i o n  and eva luat ion  

involves the primary c l a s s i f i c a t i o n  c h a r t ,F i g .  4.1.

I f  the behavior w i l l  be e s s e n t i a l l y  coherent, the next step is  a 

study of the shear strength  in re la t io n  to  the overburden pressure and the 

p l a s t i c i t y  to determine whether the behavior w i l l  be s tab le ,  squeezing, or 

swe l l ing ,  or whether popping is  l i k e l y ,  and to design  a su i t a b le  support 

system, i f  necessary. For th i s  purpose the engineer w i l l  consu lt  charts  

or tables.

|fr on the other hand, the parameters indicate di scontinuous  

behavior, the character  of the d i s c o n t i n u i t i e s  must be studied fur ther,  the 

stand-up time evaluated, and construct ion  procedures adopted which w i l l  

reduce the amount of loosening of the rock. Rock loads w i l l  be estimated.

This study may a l s o  be made with the a id  of charts  or tables.

In a continuous but non-coherent m ater ia l ,  the hydrau l ic  cond it ions  

a t ta in  great importance. The locat ion  of the ground water table ,  the 

permeabi l i ty ,  Djg, and the degree of cementation determine whether the 

material  w i l l  be f lowing,  running or rav e l in g .  The type and degree of sever i ty  

of the problem determines the remedial measures and supports requieed. In 

addit ion,  the amount of water f lowing  in to  the tunnel may be estimated.
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Various add i t iona l  f ac to r s ,  such as adverse an iso tropy  of  the i n i t i a l  

s ta te  of s t re s s ,  may be evaluated where necessary, and a d d i t ion a l  features  such 

as f e a s i b i l i t y  of var ious  excavation methods may be co rre la ted  with the c l a s s 

i f i c a t i o n  system.

F in a l l y  i t  is  p o s s ib le  to re la te  expenses and rates of progress  to 

a c l a s s i f i c a t i o n  system. This  has, for  example, been attempted by the 

C a l i f o r n i a  Department of Water Resources (ENR, 1959) and Coon (1968). Th is,  

however, i s  not a top ic  for  th i s  inves t iga t ion .
4

I t  is  the opinion of the w r i te rs  that the use of a reasonably uniform 

and systematic c l a s s i f i c a t i o n  of geo log ic  m ater ia l s  as a b a s i s  fo r  the e v a l 

uat ion of a l l  types of problems connected with tunneling  w i l l  s im p l i f y  the 

concepts of tunnel behavior and make them eas ie r  to apply. Furthermore, 

i t  w i l l  provide the necessary framework for the accumulation of experience.

The remainder of th i s  report is  devoted mainly to the f i l l i n g  in of th i s  

framework.

/
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APPENDIX I

ELASTIC AND PLASTIC STRESS DISTRIBUTION 
AROUND CIRCULAR UNDERGROUND OPENINGS

1.1 Introduct  i on

This appendix summarizes the re su l t s  of e l a s t i c  and pe r fec t ly  

p l a s t i c  theor ies  app lied  to the problem of s t re s s  d i s t r i b u t i o n  around 

unlined c i r c u l a r  underground openings. The idea l ized  m ater ia ls  considered  

include e l a s t i c  mater ia l  and p l a s t i c  "9=0" and " c - 9 "  mater ia l s .  The theor ies  

assume that  the opening is s i tuated deep enough that  the e f fe c t  of the prox

imity of the earth  surface can be neglected.

The complete der ivat ions  of these re su l t s  are not given, and the 

equations are included in th i s  report p r im ar i ly  for  easy reference.

1.2 E l a s t i c  S t re s s  D i s t r ibu t ion

The problem is considered a plane s t r a in  problem, the material  is 

e l a s t i c  with P o i s so n ' s  r a t io  v. K i r s c h ' s  s o lu t ion  (see for  example Terzaghi  

and R ichart ,  1952) d i s regards  the influence of the depth of the opening.  

However, M in d l i n ' s  more comprehensive s o lu t ion  (1940), which cons iders  the 

depth, shows that  the approximation is  very good fo r  depths more than about 

four diameters.

I f  the overburden pressure at the depth of the tunnel ax i s  is 

Pz *  7h, and the r a t i o  of the hor izontal  pressure to the v e r t i c a l  pressure 

is Kq = Pp)/ p z , the s t re sses  in the medium are given by:
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2 4
= ^ Pz [ ( ]+Kq ) ( 1+(7) ) -  0 - K o ) 0 + 3 ( 7 )  ) COS 26] (1-2)

2 4 2
CTr = T P z [ 0 + K o) (l-Cf-) ) +  0 - K o ) ( l + 3 (^ )  -  4(^) cos 26)]  (|-1)

Tr0 = (K0- 1 ) 0 - 3 (7 ) + 2 ( ^ )  ) s in  26 (|-3)

= (̂°-r + <?e ) (1-4)

The notat ions  are ind icated on F ig .  1-1. cr i s  the s t r e s s  in the
y

d i re c t ion  p a ra l le l  to the tunnel a x i s .  For Kq= 1, the formulae are s im p l i f i e d  

to

a = p (1 - ( - )  ) 
r r z v ' r '  ’

( I -1 a)

°e -  pz 0 + ( - )  )

Tre = 0

( I ”2a) 

(I -3a)

cry = 2vpz ( I -4 a )

I f  a uniform internal pressure p. is  app lied  to the w a l l s  of the 

opening, the formulae for  KQ=1 are modified to

2 2
a = p ( l-(5.) ) +  p. (-)  

r r z  '  ' r 7 '  1 V 7

( l - l b )

2 2
^  = Pz 0 + ( p  ) -  P, (7 ) (1-2b)

The formulae for  and c7̂  remain unchanged.

Equations 1 — 1 a and l -2a  are i l l u s t r a t e d  on F ig .  3.1 in the main 

body of the report.

>



p = K p Kx o Kz

Fig. 1-1: Notations

The maximum and minimum tangent ia l  s t re sse s  fo r  an unl ined opening 

occur a t  the crown {and invert)  and at the s p r in g l in e s  (for 0=0 and j ) .

The s t re s se s  at these points  are given by

°e = pz (3 Kq - 1) at crown and invert, (1-5)

°e - p2 (3 - Kq) at the springlines. (1-6)

For K = 1 ,  the s t re sse s  are uniform around the opening (independent 
o

of 0) and the tangent ia l  s t re s s  at the wall i s  2pz> For Kq < j  and Kq ^ 3, 

t e n s i l e  s t re s se s  occur e i ther  a t  the crown and invert or at the s p r in g l in e s .

I .3 P l a s t i c  S t re s s  D i s t r ib u t ion .  9=0

A p l a s t i c  material  is  considered, where y ie ld in g  w i l l  occur when

CT1 “  * 3  “  2 c *
(1-7)
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where c is the undrained shear s t rength  or one ha l f  the unconfined compressive  

strength,  qu- When the s t re s s  d i f fe rence  is  less  than 2c, the materia l  is 

considered e l a s t i c .  The s t r e s s  f i e l d  is  a uniform compression s t r e s s ,

Pz = 7H = p^, i . e . ,  Kq *  1, and the influence  of depth is  d is regarded.  An 

internal pressure p. is  applied to  the w a l l s  of the opening.

For p -  p. < c, no p l a s t i c  zone w i l l  develop because the s t r e s s
Z I —■*

d i f ference  is  everywhere less  than 2c. For pc -  p. > c, a p l a s t i c  zone of

radius R w i l l  develop, where

R = ' a exp
P -  P-r z r i

2c
(1- 8)

This equation is  i l l u s t r a t e d  on F ig .  3.2 in the main body of the report.  

In the p l a s t i c  zone, for  a < r < R, the s t re s se s  are

cr » p. +  2c In — 
r r i a (1-9)

crfl = cr +  2c *  p. +  2c (1 +  In —).

cr =■ i- (cr +  crfl) *  p. + c (1 +  2 I n —) 
y 2 '  r 0 '  r i a

In the e l a s t i c  zone, for  r >  R, the s t re s se s  are

( 1- 10)

( 1- 11)

c (- )  exp

V q  = Pz + C (- )  exp

P -  p. r z r i

P:
-  1

2 v p

( 1- 12)

(1-13)

(1-14)
y ' z

In the p l a s t i c  zone the volume is assumed constant ,  so that v = y- . The
1

shear s t r e s s  t a  is  zero everywhere because of symmetry. The notat ions  
r“

are given in F ig.  1-1. Note that  fo r  c *  p - p . , - R  "  a and the formulae
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1-12 and 1-13 are Identical to the elastic formulae for K =1. The radialo

stress at the boundary of the plastic zone is itd = p - c, independent of p..R Z I
A derivation of these formulae for p. *» 0 is given, for example, 

by Obert and Duvall (1967).

I.4 Plastic Stress Distribution. c-9 Material

A material js now considered which will yield when

1 + sin 9 . 2c cos 9 
1 3 1 - s i n 9 I - sin. <p

(1-15)

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

T-cr diagram and 9 the friction angle, as determined by triaxial tests. The

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

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

1
I • C • | V = ^  •

For p,, <
p. + c cos 9

z - 1 - sin 9 there is no plastic zone, and the elastic

formulae are valid. For lafger values of p , an annular plastic zone with

radius R is developed, where

(1 - s in 9)
Pz + c cot 9 

p.' + c cot 9

1 - sin 9
2 sin 9

(1-16)

In the plastic zone, a < r < R, the stresses are;

2 s i n 9

cr = - c cot 9 + (p. + cot 9) (— ) r vri a

_ 2 c cos 9 , 1 + s i n 9 _ 
^ 0 ~ l - s i n 9  1 - s i n 9 r

1 - s i n 9
(1-17)

(1-18)
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1 /_ . _ \ c cos 9 .
2 (a r +  T e >  *  '  -  sir. <P +

I
y Z ' r" I - sin 9 .1 - sin 9 r

At the boundary of the plastic zone, the radial stress.is 

cr = p (1 sin 9) - c cos 9R Z

and the tangential stress is

crq = P ( l + s i n 9 ) + c  cos 9 •

(1-19)

( 1-20)

0 - 21)

In the elastic zone, r > R, the stresses can befound by equations I -1b,

l-2b, l-3a, and |-4a by substituting R for a and cr for p..
R l

Examples of the variation of the radial and tangential stresses 

with distance from the opening are given on Fig. 3.4. Equation 1-16 is 

illustrated on Fig. 3.3.

The equations above appear to 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 given here or to each other.

The formulae may be simplified by setting either p. or c equal 

to zero. However, the solution is not possible for both p. and c equal to 

zero, because the opening is unstable in this case. For 9=*0, the equations 

in Section 1.3 apply.

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

example in a clay, the strength properties of the material are not altered 

greatly, and the formulae given above apply. For more brittle materials, 

however, the transformation into a plastic material leads to fracturing,

and the material may lose strength. Thus, in some cases, though a cohesion
./

c is assumed 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
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p l a s t i c  zone is

R = a (1 -  s i n  <p)

c cos <P 
1 - s in  <P

P:

1 -  s i n <p 
2 s in  9

( 1- 22)

While the tangent ia l  s t re s s  on the e l a s t i c  s ide  of the e la s t ic< *p la s t i c  

boundary is  s t i l l  g iven by Equation 1-21, the tangent ia l  s t re s s  j u s t  ins ide

the
2 c cos cp

p l a s t i c  zone is  less  by the amount -r _ .

There are to the w r i t e r s 1, knowledge no closed so lu t ion s  a v a i l a b le

for  values of K other than one, or which take into account the influence  
o

of the depth. However, work by Fenner (1938) ind icates  that  the change in 

pressure with depth would increase the radius of the p l a s t i c  zone upwards 

and reduce i t  downwards, so that the p l a s t i c  zone resembles an e l l i p s e  

with the cav i ty  in i t s  lower foca l point.

I t  i s  po s s ib le  to obtain an idea about the con f i gu ra t ion  of a 

p l a s t i c  zone for  Kq not equal to one by regard ing the material  e l a s t i c  and 

f i n d in g  the zones where the shear strength of the mater ia l  is  exceeded. This  

method, of course, i s  not accurate because the p l a s t i c  zones cause s t re s s  

r e d i s t r ib u t i o n ,  so that u sua l ly  the p l a s t i c  zones would be estimated too 

smal l.  I t  is  p o s s ib le ,  however, on the ba s i s  of e l a s t i c  s t re s s  d i s t r i b u t i o n  

to make an accurate pred ic t ion  of the s t re s s  level that w i l l  i n i t i a t e .p 1 a s t i c  

behavior at a point on the tunnel wall .  Whenever the tangent ia l  s t re s s  at

2 c cos cp
the free tunnel wall  reaches a value of qu = 2c (or -j— _ ^ . n ^ for a

f r i c t i o n a l  m ate r ia l ) ,  p l a s t i c  behavior is  i n i t i a te d .
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I t  is  p o s s ib le  to obtain  an est imate of the e l a s t i c  deformations  

of the tunnel w a l l s  fo r  a l l  va lues  of Kq (Obert and Duva ll ,  1967). The 

p l a s t i c  deformations can be estimated by a method given by Bray (1967).



APPENDIX I I

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

I 1.1 Introduct  i on

The concepts of rock load and stand-up time are d i scussed in 

Chapter 3. This Appendix l i s t s  some of the more important c l a s s i f i c a t i o n s  

of rock on the b a s i s  of the rock load concept, together with recommended 

loadings for  design .  In add i t ion,  Te rzagh i ' s  b e h a v io r i s t i c  c l a s s i f i c a t i o n  

of s o i l  fo r  tunneling  purposes is  presented.

11.2 So i l  and Rock C l a s s i f i c a t i o n s

The rock load concept, that the support system ca r r ie s  a cer ta in  

height, Hp, of loosened rock, is s t r i c t l y  app l ic ab le  only to rocks where 

th i s  loosening can occur and is the primary contr ibu t ion  to the load on 

the support. Th is  is  u sua l ly  the case in jo in ted  rocks which are non

coherent to. begin with or which lose some coherence with time. Where 

loosening is  prevented, the rock load or loosening pressure is  pa r t ly  or 

completely e l iminated.

In squeezing and swel l ing  rock, loosening may take place but the 

important mechanism of behavior is  of a coherent type. In sands and gravels  

the e f fe c t s  of a rch ing  and s t re ss  re d i s t r ib u t io n  are pronounced and the rock 

load height must be considered an equivalent  height.

Table ||-l shows f i v e  d i f fe re n t  rock c l a s s i f i c a t i o n  systems. They 

have been rela ted to each other in an approximate manner by inference 

from the de sc r ip t ion s  and examples given in the references. The c la s se s
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Table 11-1

E

100-
Rock Load, Hp 
Initial Final Remarks Rock Loed,H Remarks

Rock Load, H m p 
Initial/FInal

Side Pressure 

Initial/Vlnal

Invert
ressun

I Hard and 
intact

_  9fiJ 2
50 -

95.

L'

Hard
strat
ified
or

sch is
tose

90

3«a»-
slve,

rately Join:
20 —

I 71 

50

4 Moderately 
blocky and

Very
blocky,

end 
shattered.

0
to

0.5 C

§ 2 i ‘

„ 10- 
2

Completely 
crushed

CraveI 
end sand

0.54 C 
to 

1.2 C

0.94 C 
to 

1.2 C

Lining only If 
„ spalIIng or 
s popping

0.25 B
Spalling

0.5 i

0.25 B 
toiLii-L

■= 2 l  _____
> “ 2 S id . o r .,-  

« sure If  
— St c strata  In - 
• o *3 clIned.somi 
i  Z  *-»aaHlnoC 9 E3 tS

■ ■

Stable 0-0.5

Very little 
loosening

A Stable

0.35 C 
to 

I . I C

L it t le  or no side 
pressure

Considerable side 
pressure. I f  
seepage, continu- 
aus support.

0.42 C 
to

1.3* c

i.ot c
ta

1.36 C

IId a  pressure
ph -  0 .» (0 .SM t

Loose

Nearly stable 0.5-1
Few rock fa l ls  
from loosening, I Little Loosening

3 Lightly 
broken

.omsenlng m ! th
J la ____

Medium
broken 2-4

edlately 
itab)a. bremi-ud 
fte r feu months

4-10
Immediately fa ir  
ly stable, later
2 t l l

Very broken 10-15
.octant during
utcavatlen, local 
*oof f a l l s

Lightly
broken 0/3-4 0/0

B Unstable 
after 
long 
H a

C UnstabI 
after shor 

time

Sound, 
stratified 
or schistose 
(some
fissures?)

Strongly
fissured

Loosening with time

Very
broken

Very
broken

Fully
mechanically 
disturbed

3/11-13 0/1 1-2

Roof f a l ls ,  loosening at time of 
excavation

Cxtremaly
broken

5-IQ/1I-15 2-4/2-6 Gravel and 
sand

Squeezing,
moderate
depth

1.1 C 
to

2.1 C

Heavy side 
preasure.

Continuous 
airp o rt 
requlred

Lightly
squeezing 15-25 Nigh pressures

•oft, 
Squeezing 
o r flawing 
moderate - 
depth

10-13/15-25 4/4 Squeez
ing

Pseudo-sound 
rock (proper
ties change 
with time)

Some squeezing 
(genuine rock 
pressures), 
small over-

Squeezlng
great
depth

2.1 C 
to

4.5 C

Moderately
squeezing 25-40

Swelling up to 
250' 
(80 n)

Use- circular ' 
support, In 
extream cases: 
yielding support

Heavy
squeazing 40-60 Very high 

pressures

Soft,
heavy ing,
greet
depth 15-25/47-75 8/6

Heavy
squeez
ing Swe111ng

Silt, clay

TERZAGHI (1946)
Notes: I) For rock classes 4, 5, 6, 7, when

above ground water level, reduce loads by 502
2) For sands (7), Hp^jp is for smalI 

movements (->0.01 C to 0.02 C). H for large 
movements (- 0.15 C).

3) B Is tunnel width, C ■ B ♦ H ■ width 
+ height of tunnel. For circular tunnel,

STINI (1950)
Note: Loads are for

5 meter wide tunnel. 
For L meter wide 
tunnel:

H ‘Vin, <°*5+ L>

BIERBAUMER (1913) and others 
(ref. BENDEL (1948))
Note: Originally loads were given In

t/«r.

LAUFFER 
(1958) 

Note: This 
classifi
cation Is 
correlatec 
wl th 
standup 
time, 
see text

RABCEWICZ 
(1957)

Note: This
c la s s i f lc a t io i  
has been used 
fo r  evaluat-inc 
fe a s Ib l1 1 ty  
o f  rock b o lt  
typ e s, 
see ref.

* <
P * *
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of jo in ted  rocks have been correla ted with average f rac ture  spacings  and the 

RQ.D. This c o r re la t io n  was performed p r im ar i ly  on the ba s i s  of work ca r r ied  

out at  the U n ive r s i ty  of I l l i n o i s  (Deere et a l . ,  1967; Coon, 1968). The 

co r re la t ion  is  approximate only, and can never be made accurate. M o d i f i 

cat ion may, however, be desired as add i t iona l  data and experience is  obtained  

Rabcewicz's c l a s s i f i c a t i o n  has been related to the f e a s i b i l i t y  of var ious  

rock b o l t in g  schemes (Rabcewicz, 1957).

The de sc r ip t io n  of the d i f fe ren t  rock types given by the d i f f e r e n t  

authors are q u a l i t a t i v e ,  and in some instances typ ica l  examples of rocks 

f a l l i n g  in one group or another are given. As an important example of rock  

type d e sc r ip t io n s ,  Terzagh i ' s  qua 1i t a t iv e  c l a s s  i f i c a t i o n  is given below.

This  appears to be the most e x p l i c i t  de sc r ip t ion  of rock c la s se s .  The 

descr ip t ion  i s  s l i g h t l y  modified from T e rzagh i ' s  o r i g i n a l p a r t l y  on the 

bas is  of an a m p l i f i c a t io n  by the C a l i f o r n i a  Department of Water Resources  

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

Descr ip t ion  of Rock C o n d i t i on :

In tac t  rock has no j o in t s  or cracks.  Breakage occurs  

across  sound rock or is contro l led  by damage to the rock caused 

by the excavation.  S p a l l i n g  or popping may occur.

" Massive ,  moderately jointed rock conta ins  j o i n t s  and cracks  

but ind iv idua l  blocks  are in ter lock ing .  S p a l l i n g  or popping may 

occur. V e r t ic a l  w a l l s  need no support.

S t r a t i f i e d  or sch is tose  rock c o n s i s t s  of ind iv idua l  

s t r a t a  which may separate along boundaries. I f  the s t ra ta  are more
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than about 5' th ick ,  the rock is better  c l a s s i f i e d  as massive or 

in tact.  I f  transverse j o i n t s  are as c lo se  as or c lo se r  than the 

distance between s t r a t a  boundaries, the rock is  c l a s s i f i e d  in the 

preceding group or one of the fo l low ing  groups. S p a l l i n g  is  common.

Blocky and seamy rock c o n s i s t s  of chemica lly  in tac t  or 

nearly  intact rock fragments, separated from each other by j o i n t s  

or other d i s c o n t i n u i t i e s  and im per fec t ly ' inter locked.  Vert ica l  

w a l l s  may require support. When ind iv idua l  b locks  are la rger  than 

two feet,  the rock is  c a l l e d  moderately blocky and seamy; when blocks  

are smal ler than two fee t ,  the rock is  c a l le d  very blocky arid seamy.

Crushed rock c o n s i s t s  of chemically  in tac t  fragments that 

may be par t ly  recemented. Ind iv idua l p a r t i c l e s  are of gravel,  s ize  

or smal ler.  This mater ia l  behaves much l i k e  gravel or sand.

Note that  s p a l l i n g  re fers  to the f a l l i n g  out of individual  

blocks,  p r im ar i ly  as a re su l t  of damage dur ing excavation.  Popping 

is  the v io le n t  detachment of rock s labs  from s ides  or roof, and is 

caused pr im ar i ly  by the o v e r s t re s s in g  of competent rock.
• I

Terzagh i ' s  c l a s s  i f i c a t i o n  of s o i l s  (and a l te red  or weak rocks) 

i s  b a s i c a l l y  b e h a v io r i s t i c .  The vers ion  given below has been modified 

to include some current concepts.
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Descr ip t ion  of So i l  or Rock Behav io r :

Fi rm rock or s o i l  is  a mater ia l  which w i l l  stand unsupported 

in a tunnel fo r  several days or longer. The fcdrm includes a great  

v a r ie t y  of mater ia l s :  sands and sand -grave ls  with c lay  binder, s t i f f

un f is sured  c lay s  at moderate depths, and massive rock.

Sgueezing s o i l  or rock advances s lowly  into the tunnel w i th 

out percept ib le  volume increase. A p re - re q u i s i te  for  squeeze is  an 

overs t re ss  of the material  c lose  to the tunnel opening, hence, fo r  

a given mater ia l  the overburden pressure is an important parameter. 

Examples of squeezing media are s o f t  to medium c lays  at moderate 

depth and c la y - sh a le s  at greater depth. S a l t  may be considered a 

squeezing or creeping material  at considerable  depth.

Swel1?ng s o i l  or rock advances into the tunnel c h i e f l y  by 

expansion. The mechanism may be compared to the expansion of a s o i l  

in a consolidometer when load is  removed. Although squeezing is  

often a s soc ia ted  with swe l l ing ,  o ve r s t re s s in g  of the material  is  not 

necessary fo r  swe l l ing  to occur. Clays  and c la y - sh a le s  with a high 

p l a s t i c i t y  index genera l ly  have a high sw e l l ing  capac ity.

R a ve l ?ng s o i l  or rock ind icates  a material  which g radua l ly  

breaks up into  chunks, f l ak e s ,  or angular  fragments. The process is  

time dependent and mater ia ls  may be c l a s s i f i e d  by the rate of d i s 

in teg ra t ion  as s lowly or rap id ly  rave l ing .  For a material  to be 

rave l in g  i t  must be moderately coherent and f r i a b l e  or d iscont inuous.  

Examples are f ine  moist sand, sands and sand-grave ls  with some binder,  

s t i f r  f i s s u r e d  c lay s ,  and jo in ted  rocks.
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Running ground ind ica tes  a material  which w i l l  invade the 

tunnel unt i l  a s tab le  s lope is  formed a t  the face. Stand-up time is  

zero or nearly zero. Examples are clean medium to coarse sands and 

g ra v e l s  above ground water leve l .  Materia l  intermediate between 

running and rave l ing  ground is  termed cohesive-running.

Flowing ground i s  a mater ia l  in which water and s o l i d s  

together invade the tunnel from all. s ides,'  inc lud ing  the bottom.

I t  is  encountered in f r e e - a i r  tunnels below the ground water table  

in mater ia ls  with l i t t l e  or no coherence. Organic s i l t  may be 

f low ing  or squeezing.

The c l a s s i f i c a t i o n s  above were developed fo r  a p p l i c a t i o n  pr im ar i ly  

to the excavation of tunnels.  The condit ion  of the excavation and the methods 

used in the excavation process influence the act ion  .of the immediate support 

system. They may a c tu a l l y  contro l the se le c t io n  of the design  and the 

construct ion  procedure fo r  the immediate support system.

Fig.  11-1 shows the b e h a v io r i s t i c  c l a s s i f i c a t i o n  of var ious  s o i l  

types. The b e ha v io r i s t i c  c l a s s i f i c a t i o n  is  shown in r e la t io n  to the primary 

c l a s s i f i c a t i o n  on F ig.  4 . 3 . in the main report.

11.3 The Dependence of Rock Load and Stand-Up Time on Tunnel S ize

Terzaghi (1946) and S t i n i  (1950) present l inear  r e la t io n sh ip s  

between the rock load and the s ize  of the tunnel.  These r e la t io n sh ip s  

are shown on, Fig. 11-2. The agreement between them is f a i r l y  good, 

e s p e c i a l l y  fo r  tunnel diameters of the order of 5 meters. Bierbaumer
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Behavioristic 

Classification of 
Various 

Soils
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UD

Fi rm Slowly Raveling Rapidly Raveling Cohesive Running Runni ng

I 1 I
Sand or sandy gravel with clay binder |

--------------------STFffC--------------------------------- 1 |
Fine sand with clay binder .
i SC

Siltv Sand. U > G

Loess

dense

, dense , SM ., loose „
I I Fine silty sand, U < 3
1 I dense SM loose

Inorganic silt (“Bui 11s Liver." quicksand)

Sand andi--------------- 1
Gravel

SW, SP 
GW, GP

Apigroxunat^um t stand-up time (for strip, 1 foot wi'de) R^
ML 1 oose

>
cr— o n> < < n>

(D— IQ— 1 
oo. c-1 U

" <  C L

s. 01

30 fiours 1 OO^m i n. 2_piin. 0,5. mi n~

Sand and Sandy gravel with clay binder
dense SC-GC

Fine sand with clay binder
loose

I SC

Residual soils, highly weathered) 
1 1 r3dk ' 1 •

Fi rm Slowly Raveling Rapidly Raveling

| Siltv sand. U > 6| 
dense SM loose

I fine silty,
| sand, U < 3, silt, 
| sand, gravel 

_______________,S M r SW. S P f GW, GP

w
(D

i
— ua <0 1 < o n> c— 3 

C L

sQl

Cohesive Running Flowing

Note: 1) Air loss (in tunneling under compressed air) and water inflow is governed 
by the permeability, largely a function of Djq.

2) Behavior below ground water table under suitable air pressure is approxi
mately the same as above ground water level.

3) Loose is here defined by N < 10 (standard penetration test), dense by N > 30. 
*0 Descriptive terms of materials according to the Unified Soil Classification. 
5) Behavior may be somewhat better than shown above ground water level, if

material is moist and fine or silty.
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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 5 meters 

are considered.

The time dependence of the behavior of rock is indicated by initial 

and final values in Table I I — 1. Often the rock is stable 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 days or months. For sands and gravels 

Terzaghi indicates an increase in load of 15 pervent, but for jointed or 

crushed rocks the increase can be much greater because the initial load 

may 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 and allow less loosening will( result in smaller 

rock loads than those given here, which are based on conventional tunneling 

procedures of 20 years ago.

The time dependent 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 t is given as a function of L, the unsupported length, by

ts constant x L -(1+ot)
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where a varies from 0 for class A to 1 for class G rock. The relationships 

are given in Table 11-2 and in Fig. 11-3.

Table 1 1-2

Class Example 
t, L Equat i on
b m

A 20 years 4 •
t 1 X

1
__1

LO
O

B 6 months 4 s
3 -l.:t = 2.5 x 10 L

C 1 week 3 s
-1 .4t 3 6.3 x 10 L

D .. 5 hours 1.5 s

t 3 1 .6 If1’6
E 20 min. 0.8 s

JO"2 L_1,8t 3 4 x
F 2 min. 0.4 s

t 3 1 X 10 3 L 2
G 10 sec. 0.15 s

-ts in hours, L in r

Terzaghi (1948) indicates that for a raveling material the stand-

up time t of an unsupported strip is inversely proportional to its width L,

and that the stand-up time for a square opening with side L is of the order

of 50 percent longer than for a strip of width L. For an elongate opening,

the relationship between t and L iss

where Rg 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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Runn ing:

Cohesive running: 

Rapid raveling: 

Slow raveling: 

Firm:

R = 0 s

R < 7  min s

R = 7  min to 100 min s

R - 100 min to 30 hours s

R > 3 0  hours s

Terzaghi's and Lauffer's numbers cannot be compared directly 

because the power of L is different. If, however, they are compared 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 slow raveling, 

class D slow raveling to firm, and class C firm. Terzaghi's classifications 

are also indicated on Fig. 11-3.

There are several objections to Lauffer's classification. There 

does not appear to be any justification for the varying powers of L. The 

utility of the classification is limited and doubtful for the high-quality 

rocks, where stand-up time may in effect be infinity.

The. term stand-up-time was applied by Terzaghi primarily to non

coherent rocks. If the rock is coherent the term loses most of its signi

ficance. Although movements of the roof may be perceived after a short 

time, this does not necessarily indicate an immediate stabi1ity problem. The 

most important behavioristic character of a coherent (squeezing or. sw£l1hng) 

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 leveli and the swelling potential.
/
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m 1" 10" l1 101 lh lOh Id Iwk lmo3moly lOy 100 yrs

Lauffer rock classes A-G- 

Terzaghi1s classification--------

Modified from Lauffer (1958)

Fig. 11-3. Stand-up Time as a Function of Rock Class and 
Unsupported Width of Tunnel Roof. ■
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