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Many methods are ave&lah%e,for\the ehalyg (] of.hhe¢7
ground-liner interébﬁibn process in soft ground tunnels. The
\capacity to model complex eonfigurationS‘is avaiiaﬁie; but

y .the preference in pxact1ce is towards a s1mple discrete ring
and spring model. A fully embedded model of" th1s type 1s |
.1nve§tlgated for both deep and shallow soft ground '
conditions and compafeg.favourably with f1n1te element and
’analytlcal closéd form solut1ons. The commonly used
qrtnally embedded ring and spr1ng model is shown to give

™7 )

conservative results if good ground‘control conditions
' . LS
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ion area of liner (or support).

cross-sect

cross-section area of spring in ring and spring
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modulus of elasticity for the soil,

»

modulus of elasticity for the springs in the

r

ring and spring model.
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in situ st;éss ratio of the soil.
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radial spring cbnstqpt_describing convefgenge' .
into .a cichlar opening under uniform pressure,

radial spring conﬁtant described by the

: distortionalvradiay stress component.

tangential spring constant..

tangential spring constant described by the

£

shear stress component
Poisson's ratio of the soil.
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1. INTRODUCTION

1.1.Foreword,} | ‘ 8< \\\Uf

The des1gn of a tunnel support 1nvolves issues such as
the cho1ce of the support system and the loads it wzll be
requ1red to resist during its sesvice life. Many interacting
faétors strongly‘influehge these decisions and, perhaps as a
consequence of this, the désign basis for soft ground, ’
tunnelling still contains an appreciable amount of
empiricism.

In spite of the ability to sgpulate many complex
aspects of the ground-liner interaction through numerical

ctechnique€£ simple design oriented procedures are preferred
in ptactié&.?Familiarity with known simple techniques and
their linitations may be of more vaiue in asséssing the
relative influence‘of the design parameters than the complex
1nterp;etat10n required in more‘sophlst1cated systems of
analy51s._ ’

The current Assumptions associated with ring and spring
models in shallow tunnel conditions tend to accept that the
soil in-the crown region is unable to provide any arching
self support against the adjacent soil. It‘wés suggested
(ﬁegro, 1988) that a more logical approach would be
Fonsider softened embedment.regions which can be éffected by
-assigning diffetent spring constants tb various locations

around the lining contour. Variations of stiffness around

the contour allowed virtually no improved convergence
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N

tp#lndl‘the tafget solbtions in the case history example

investigated. The moré‘impbrtant influence to be conside:
) ' 1 }

. " ‘{ .. N .

1s the overall reductidn ih stiffness which occurs as a

result of the excava;i@

process.

‘.thé ring and spring solutions art
aiiiated with two-dimensional model:
'k ot N .

a I

where no considerationid

The deficiences of
! .
the universal ones as

delayed lining installation is

undertaken. Th;;' Elate manifested as stress and

sensibly account for these effects in the desigp of the
initial supports_by following the gquidelines proposed in

design method by Negro {1988).

2

In the simplest situations involving continuous

H

oo

circular linings, the analytical solutions are perhaps mc
appropriate to use. However, the appeal of the ring and

., .
spring numerical models increases as deviations from thi:

\\\»\,'M f

~'simple configuration occur. This includes being able to
assess non circular cross sections, mixed face condition:

“‘jointed liners as examples. These features enhance the

- o
practicality of the ring and spring model in terms of
rapidly assessing the influence of various parameters fo:
sensitivity and final design studies.

-



_use 1n the’ spr1ng model.

1zum

“The intention of this theS'*r*g to ih@est&gate the

ability of a discrete r1ng and 8] 1ng numerlcal model to

151mulate the ground liner - 1nteractkon phase of the tunnel

llner design process. The model is ;o be compared WIth

analytical rzng and plate soIUt1ons and finite element

solut1ons fok both deep pnd shallow soft ground cond1tzons.

Three d1fferent ground responses are to be analysed in
order to esthbllsh the most approprlate representat1on to -

Two sprlng arrrangements are

'con516ered one with rad1a1 sprﬁngs only, and the other

. including, both radial and tangentlal springs.

The other aspect of the model which requires correct
definition is| the load1ng approprlate for dgiven 1nter£ace
conditlons and’ relat1ve depth ratzo.

;The f1nal

modlflcatloné

object1ve is to establish the appropriate
to a design procedure (Negro, 1988) in order

to def1ne th parafeters reqﬁlred for the spring model to be

usal as an al ernate procedure for the liner- 1nteractlon
hase. fo ,
p Ay v

i
..

" v \ o Y
1.§f5cope N
B : 3

* In Chapter 2 the various aspects of the loadind o

4

are addressed and a broad'classification of

\

rohsrderat1ons\

e#zstlng approac

) il

presented Pa/rtt\
r;ng and, sprﬁng

i

hes to soil- lining 1nteract10n analyees is
fcular attentlon is given to the clasé of the

models and 1n Chapter 3, a descr1pt1on\of -

\
A

i . ¢
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the components. and t}‘:e ‘speci‘fic aésumpgions used in the
discrete riqg‘and‘spring model are presented.

In Chapifr 4, the model is assessed in deep tunnel
conditions by comparisons with available analytical
solutions., ..

The results of the ring and spring model simulafions of .
shallow tunnel situations are given in Chapter 5. An

'analYtidal ring and plaﬁe solution and a finite element
analysis provid@e the basis fof the compafison. The
consérvatism associated with the commonly used partially
embedded spring model is esﬁablished.'

For temporary liners,” an assessment is made of the
ground stiffness reduction and stress release due to the

_tunnel excavation byifollowing the design procedure proposed
by Negro;ﬂ1988). A Slight mbdific;tion of the procedure
guidelines permits thebevaluatiOn of the spring constants
directly, and a well documented case history is used to

- provide ah exampie calculation to evaluate spring
stiffnesses and loads required as input for the ring and
spring aﬁproach. | ?

: A brief summary and conclusions can be found in

Chabter‘G.



'2. AVAILABLE METHODS FOR PREDICTING LINING LOADS

5.1 Introduction

In this chapter, the general assumptions underlying the
various liner (or support) deaign models for soft ground
conditions are addressed. A classification of available
methods for predicting the actions to be resisted by the
liner is ptesented‘and provides the framework for a review
of the specific design models which are brought into focus
in this thesis,
Y o

© Complementing empirical approaches .are many analytical

and numerical techniques that can be used to mathematically
simulate the ground-liner 1nteraction behav1our. Varying
design requirements accgtding to the proposed tunnel
\Fonstruction and use, and the different simplifying ,
assumptions necessarily made to effect a solution have been
instrumental in promqting proliferation of methods.
Evidently, no one proqedure is available which can
adequately model all aspects of “the tunnelling problem.

The empirical approaches prov1de a valuable reference’
" basis against which the more mathematical approaches are
evaluated The analj§1cal solutions are relatively
uncomplicated to use\ but the assoc1ated highly 1dealized
assumptions limit their applicability. Expandlng technology
of computer capabilities hag enabled numerical techniques to

become very popular ih_recent years. Sophisticated

simulation of problems is possible, but these analyses can .
' . ; - d

g
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be quite costly, time consuming, complex a;d*ditticult to
perform and interpret.‘

It would appear that any approach must be uséd with
'healthy.discernment. It must be applicable ta the problem a;
hand. The results fust be interpreted properly. It is
essentjal, therefore, to be familiar with the anticipated

tunnelling conditions and to be sure that the proposed

method of analysis can adequately simulate these,
2.2 Designm Considerations N

2.2.1 General
Within the context of thi§ script, 'soft’' ground is

defined (Negro, 1988:1) as being any incompeftent, soil-like
material which woylg,;e ire continuous support in orde; to
maintain the staﬁility off an excavation. The dégign
objective is zo providef/an economical, structurally sound
and serviceable lining for the expected lifetime of the
\wa\/}unnel. By considering the inggractive factors of the,gg‘u

situ environment, construction methodology and the 1ininb

system itself, the designer selects an appropriate model to

anaiyse the problem at hand. Some of the fundamental aspects

applicable to all models are briefly discussed in the

remainder of this section.
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2 24 1.1 Des1gn Components
Usually the de51gn con51deratlons for tunneys 1n soft\
'lground 1nclude the assessment of three major components
l(Negro, 1988 288)- the stablllty of the, excavatlon ‘the
structural capac1ty and serv1ceab111ty of the support
'system and the 1ntegr1ty of exlstlng %prUCtures and N
_ut111t1es in the v1c1n1ty ' s
B Although these requ1rements are. 1nteract1ve, it 1s '
: poSS1ble%fo h1ghl1ght the” more domlnant 1nfluence in each
Stabxllty is 1argely a functzon of the construct1on |
. technology. The def1n1t1on of the 11ner (or support@ is
' pr1nc1pally determlned by the magnltude and dlst%1but1on of
lthe applled loads actlng on the tunnel 11ner.‘The damage »
potentlal to nearby bu1ld1ngs and services is assoc1ated'
w1th the deformat1on f1eld 1nduced by the excavatlon
‘process. | o N |
Follow1ng the def1n1tlon adopted by 0O Rourke et. al.

: (1984‘12) tunnel llners are dlg}erentlated as belng for
>'1n1t1al or flnal support In1t1al support 1s!Ynstalled to
festabllsh a stable openlng for céﬁstructlon operatlons.
‘Final support 1s ‘used to ensure long term stablllty and
‘serv1ceab111ty requ1rements. . | | _
‘ The geotechnlcal aspect of asse551ng the loads on the
tunnel support 1s more strongly ev1dent in the des1gn of the -
‘lnltlal support . It ;s generally assumed that the;" ‘
‘controlllng 1nfluence 1n determlnlng the operatlonal loads
gfor the 1n1t1al support results from the 1nteractlon process

&

-~



between the 5011 and the l1nlng The de51gn of the f1na1
«.

support con51ders thls 1nteract§3nﬁalso, but ‘more: critlcal O

s1tuat10ns may arlse from changlng phy51cal condltlons

o

‘qa@urrlng over the serv1ce l1fe wof the tunnel Such effects

CEEa T

' wglk@ 1nclude surcharge from future bulldlngs, unloadlng
from adjacent excavations, readjustment of the ground vater
regxne; t1m@ depe;dent 5011 behav1our and liner decay.

The focus of the 1nvest1gatlons in this the51s is )
dlrected@towards the llner response in the ground llner
1nteract1on process. The loads wh1ch are shared between thell
llner and the ground accordlng to thelr relatlve

‘ stlffnesses, are generated by the excavat1on process. The

excavatron" load1ng ndltlon describes the release of. the
~in s1tu stresses aroundntne tunnel contour when an
excavatlon is performed in' a medlum wh1ch is 1n1t1ally

stressed. = I ' v L T
0o .
\

2 2.1, 2 Llner Be av1our

g% ' The structural fal\ure of a c1rcular 11n1ng which has
good contact w1th the surq‘und1ng ground generally results
from reachlng some limiting combination of thrust and _
bendlng Shear "and buckllngvfanure\modes are not'normally

'observed in shallow tunnels W1th llners of‘thls type (Peck
1969 Deere et al., 1969; after Negro 1988: 293) ‘although
MacGregor (1988) ‘has observed shear fa1lures in precast
concrete storm sewers. Prlmarlly then, the capac1ty of the

llner is dlmen51oned to re51st cr1t1cal combinations of the

thrust forces and moments generated in response to the



, . AN : . Lo / ‘ . : .
app ied load1ng.:5efv1ceab111ty cr terra are assessed wlth

‘ . L / ’

ﬁespect to acceptable deformatzo's or: Jiameter Chh,

developzng uﬁder theSe same lo ds.

The compdnly adopted assumpt1on of llnear elastrc
‘behav1our to descrlbe the lining’ reSponse usually leads £o 55?3
conservat1ve des;gn. However, the actual degree of |
-conservatlsm is not exce551ve in view of the modern de51gn
‘approach promotlng'zie;ihie—l1n1ngs which attract relatively
small bendlng moments (Negro, 1988; 294) _

Throughout thls work the lining 1s assumed to hehave‘d
in’ a llnear elastic manner. The 11ner descr1pt1on is further

constrained by its, consxderat;on‘as a continuous circular

.

'ellement. | ‘ - 2N “*'

\\

' 2.2.2 'Shallow' and 'Deep' In Situ Strees fields
The ddstinction"hetneen 'shallow' and deep tunnelllhg :

COndltlonS varles con51derably accordlng to the cr1ter1a ‘
-used to 1dent1fy thlS boundary (Negro,‘1988 163) ) '-’f

} Described 1n relatlon to a hor1zonta1 ground surface,
the three pr1nc1pal stresiis in the soil prlor\to excavation
‘are mutually perpendlcular w1th orientations that are
vertlcal and horlzontal The hor1zontal pr1nc1pa1 stresses
are assumed to act parallel and perpendlcular to the tunnel-
axis. The magnltude of - the vertlcal stress’ls equal to the
welght,of the overburden, YZ, where~; is the deoth of a
point below the 5urface.dThe horigontal stress is the

product of the vertical stress with the in situ stress -



tunnel crown.

N

O

‘ratio}'xo. In Flgure 2, 1(a) the broken tlrcular contour of

“radlus, R]-represents a sect1on throughvthe tunnel axis’

1nd1cat1ng the location of the future tunnel 11n1ng The

cover depth, H, is measured from the ground surface to the

By'assuming that zero lbngitudinal“’ placements occur

~ parallel to ‘the tunnel ax1s, a two dlmen51onal condltlon of

plane,strainris realized. Thls assumptlon is commonly found

in;ground—liner 1nteract10n analyses and fac1l1tates the

-~ex ref51ons for éhe in 51tu stress d15tr1but1on acting on‘*

_uture tunnel contour.

medeally deep- condltlons are those in which the ~

‘influence of the ground surface and the ‘increase’ of the

grav1tatlonal stress gradlent across the tunnel proflle from

crown to invert are negligible.’ The in 51tu stresses for

- deep”’ cond1t1ons are described in polar co ord1nates in

Figure 2.1(b). The expre551ons for radlal‘stress, 0., and

c/
shear stress, r, acting on the imaginary contour of radius R
are, for 6=0 at the crown,

/

".atuéygyz{(1+K;)+(1—K°)oo520}' » - [2.1]
'_4@=,‘%yz(1-xo)sin29 ‘ I [2.2]

in'addressing-the idealized behgvi0ur of shallow

tunr.els, .Negro (1988:163) draws'the foilowing eonQ;QSions:

"(a) when stuaying'the tunnel lining_respOnse or the .




ill

72 . | B S

Koz0.5 -
2Z/R= ©

normal stress

1~
a,v=_Eyz{(1+K°)+(l—K°)c0529}

shéqr stress

r = 3yz(1-K,)sin26

. (b)-polar coordinates

Figure 2.1 Insitu Stresses Around an Ideally Deep Circular
Tunnel Prior to Excavation (after Negro,1988: modified)
v ‘ ¥
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'gbehaQibu:Joi»the.grédah 1mmed1ately aroudh thewopening,
‘the presence of t stress free ground erface can be
neglee:ed.for relatige,tunnel depths (H/D) of greater
“than 1.5'where D is fhe diameter. However”.ﬁhe influence
of the grav1te§1onal stress gradient- should always be
ftaken into con51deratf6n.

v(b)when studying the displacement field arouﬁd a'tunne;
or the poss1ble mode of collapse of the ~ground, the
effect of the ground surface as well as the action- of
grav1ty»shpuld always be con51dered.?'

In a shallow tunnel, the gravity actioﬁ'd%qtateslthat 
the symmetry of the‘in situ stress field exiStefabout thel
‘vertical axis only, Tﬁis is illustrated in Figure 2.2. The
expressions‘for ﬁhe tadial stress,’or, and shear stress, r,-

"d1ffer from equations [2 1] and [2.2] respect\§tly by the

1nc1usion of the terms which account for grav1ty, where for

6=0 at the crown,
o, = %yz{(1+K°)+(1—K°)cos26}-%yR{(3+K°)cose+(1-K°)COs39} [2.3]

T ='%Yz(1-K°)sin26 -F-YR(1 -K,) (siné+sin36) - =~ . {2.4]

2{2.3,Physigalquound gesponse'Neer the Tunnel Face
It has_aireadyvbeen mentioned in Section 2.2.2 that a
plane s;;ein condition is commonly accepted in practice. For

"1.

 sections* further away than about two tunnel diameters ahead



FYZ

Y(ZeR)

(a) recfongulqr coordinates

/72 or /72
0.285
‘ Ko=0.5
2/R=5 (H/D=2)
"
normal stress
‘ ] T TR >
O = SvY2{(1+K ) +( 1‘K°)C0529}‘£‘7R{ (3+K,)cosh+{ 1-K,)cos36}

shear stress

*

T = 2yz(l—K ) sli n20 - —yR(I K )(51n9+51n30)

(b) pélar coordihqfes

~

Figure 2.2 1In Situ Stresses: Around a Shallow Clrcular Tunnel

Prior tQ Excavat1on (after Negro, 1988 modlfled)



ot orjehmd the4face, “this assumption provides an adequate
h@ggcr1pt1on“of ggzh%rototype.
The 2-D ana&wtlcal models generally asSumé
1nstantaneous ‘excavation and liner act1vat1on:’and that the
full in 51tu stress distribution. prov1des "the load input for
the soil- 11ner interaction process. These boundary
conditions assume that no radial displacement occurs prior
~-to the interaction phase.: |
o In attuai.funnels,'ghé]§ssumption of zero longitudinal
displacement is violated in %he active exca?ation zone §lbse
to the face, Radial displacemegts and stress reduction have
already occurred even if ‘the linér could be activated righf
at the face. Further displacements occur in practice because
of the delay assoéiated with installing the lining. The
inpdp par;ﬁeters‘of the two-dimensional models enab;e the
user to take a¢coﬁnt 6f‘the processes but typically the o
various methods of doing this differ in source and
appllcab111ty | '
Negro (1988) proposes a logical process to account for .

the 3D effects in two dimensional models, and this is

described and used in Chapter 5 of this thesis.

2.2.3.1 Longitudinal Component ﬁ*spiacement’

Typically the stress and st:« ‘v..pnnses for a tunnel

-

r the behaviour

excavation can be zoned accord

7

is predominantly two or three d F Plane strain

conditions would exist when the loff inal displacements

" parallel to the tunnel ax£;~xere zero. This enables anaiysesr



I !
&

'*to be: pwrrarmd&‘b éonsidoring only'the di#pﬁﬁéemcnti "

ocCUrring in a plpne section perpendxcular to the tunnel

‘ast. - ;" ’ ’

.€it.:2,175)
i

l However, in the v1c1n1ty of the. advanc1ng face, the
longltud1nal component of the induced dlsplacements is non
zero. This leads,‘ ,or example, to concerns regardlng the
face and head;ng stab111ty (Negro, 1988-127) Here, a region
of three dime 51oqal stress- strain behaviour exists which is
apparent both ahe?d of and behxnd|the advancing face, The
extent of thif zohe,w1ll vary’ depend1ng on several

i

baqameters, but vallable evzdence reported by Negro (op.
L /
p[rmlts the regions to be approxlmately defined.

l

1ameter (2R) behind the face, most tunnels exhibit

. :ith tunnel liner activation specif1ed to occur at one -

predomlnantll three- d1men51onal behav1our w1th1n the region

bpunded by ope to tvo dlameters ahead of the face to one

dLameter behind - the location of liner. act1Vatlon as shown in

Figure 2.3. ~The longltudlnal movement of tqe ground ahead of

!

'th¥ advanc1ng face'is towards the face. As\the face passes

the point 1n questlon the 5011 starts mov1ng back to,its
orlglnal posxtlon (Ranken and Ghabou551 1975 Branco, 1981
He1nz, 1984 after Negro 1988: 124) Field méasurepents
1nd1cate that the final dlfferentlal longlthlnal movement o
tends to be small (Eisenstein and Branco, 1985 58) but it

is’ obv1oui’that if the soil is strain path d@pendent its
behav1our is not completely descrlbed in a two d1men51onal N

represenqétlon (Branco, op. c1t )

n o
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2.2.3.2'Lohgitudinal Profile of Radial Displacement
Distribution

4

The assumption of zero initial radial displacement is

often implicitly imposed in-model formulations.ﬁThe validity
if this assumption is affected By the radial crown
displaéemenf profile parallel to the ﬁuhnel axis., Thé
excavation process provokes a movement of surfounding ground
in;o the tunnel opening. The three-dimensional natﬁre of the
displacements close to the advancing face allow the. radial

displacements to be initiated ahead of the face. The rddial

crown displacements in a longitudinal profile are

‘illustrated in Figure 2.4. Liner activation and consequent

interaction allow the induced ground displacements to
stabilize in equilibrium with the liner. This equilibrium

dfsplacement is indicgted as u, in the same figure. ’

2.2.3.3 Longitudinal Profile of Radial Stress

Distribution

‘The ﬁitture becomes a little more complete by exploring
the radial stress changes‘occurring along the tunnel crown.
Apart from possible stress concentrations at points B and E
in Figure 2.4 due to aréhing over the unsupported lengtH,
CD, the vertical in situ stress, o,, existing at A, falls ;
to zero at C. It remains at this value alohg fhe unsupported

heading, C-D. Subsequent ground-lining interaction promotes

an increase in vertical stress to attain equilibrium

vi

conditions at F with an associated magnitude, o



2.2.3.4 Summary B - v

In spite-of the marked £hre; diuengfézal behaviourn.__~
close to the face, the’ assumptxon of plane strain is
reasonable {ér sections at a distance of greater than two
d1aTeters from the face (Ranken and Ghaboussi, 1975; after
Negro, 1988:126). The rema1n1ng discussion is concerned with
the two dimensional plane strain represgntation.

(

2.2.4 Soil-Liner Interaction

_ »
2.2.4.1 Stiffnlss Ratios

Soil-liner interaction is @ consequence of the
resisgance that the liner mobilizes againgt the movement of
the surrounding ground mass into the excavated opening. Whes
the liner is installed, the stiffness of the global system
changes} Interactjion between the soil and the lining allows
displacémentsmleading to distributions of external stresses
acting on the liner which are dlfferent from the original in
situ conditions. An equilibrium condition will eventually be
achieved which, in part, is dependent On the relat10e
stiffness of the soil and the lining. Th1s stlffness is
normally defined in terms of compressibility (C) and
flexibility (F) ratios. Several formulations for C and @
exist,

The formulation presented by Einstein and Schwartz
(1979:561) for these ratios shall mostly be used here. It

considers the stiffness of a perforated\ground mass which



a0

These expressions aégz , \\~ ™
ER(1-»,%)
T EA,(1-07) [2.5): <
¥ ER* (1-4,%)
' [2.6]

TEI,(1-07)

wheregE, v and E,, », are elastic constants for the ground

and support respectively, A,, I, are the cross sectional
area and moment of inertia of the support per unit length of
tunnel-and R is thé radius. Note that a rigid liner
corresponds to C=F=0.

| The expressions in equations 2.5 and 2.6 reflect that
the lining can interact witlwth'e éo.il in two ways: The
compressibility ratio describes the soil-liner system
stiffness under a symmetric loading condition, so that a
circular lining deforms in axial compression with no
bending. The flexibility ratio reflects the fleﬁLral.

. L]
stiffness of the system in response to a purely asymetric

'loading condition.

When comparing with other approaches which assume a

different formulation of ‘the stiffness ratios, the

differences must be taken into account. B g sz
v Al ¥
*

£y

q

'

2.2.4.2 Ground-Liner Interface COnditi§bs

At the instant of liner installatioh, the physical
radial and tangential contact between the lining and the
surrounding ground mass will also influence how the in situ

stresses alter to provide the loading conditions that are



"-reSLSted by the l1ner. By def1n1ng the extreme contact

o S . \ S ; oo

N_“condxtxons forua glven set of llner propertles and Ky

;.range of loadlngs can bg bounded whlch contalns the expected

“\ - fo

"response. R 5 hﬁf o B A Qn .

A full radlal contact condltlon prov;dlng a complete

embedment of the l1ner is to be preferred in practlce 51nce

‘this. would prevent load concentrat1ons whlch .cause

addltlonal bendlng in the liner, #v'ﬂ

Two extreme c1rcumstances can be recognlzed w1th

'brespect to. the shear strength avallable at the- 1nterface

‘ between the 5011 and 11n1ng The 51tuatlon where no relat1ve

o

fangentlal dlsplacement occurs betweeneqhe 5011 and 11n1ng

is referred to as the "no~sllp condltron?and 1s'

) approx1mately reallzed when the max1mum moblllzed shear

stress:* does not exceed the ava1lable 1nterface shear

L

~strength Assumlng that thls 1nterfaoe shear strength is

~zero deflnes the condltlon of "full slip" .and phy51cally

1mp11es that the relatlve tangentlal mowement between' the
two components can occur freely | f

’ Negro (1988 101) argues that in prototypes,_the
1nterface condltlon more llkely approaches the no- Sllp case.
Thls is based on con51derat10ns of the outer surfacek

roughness assoc1ated w1th llners which permlt full ground

gcontact and the fact‘that the moblllzed shear stresses tend

‘to be relatlvely small part1cularl; in v1ew of the stress

)

‘release and dlspiacements that occur as a. consequence of the

v'delay in 11ner 1nstallat10n



In this'thesis, full radial contact w1ll be assumed toA

"'ex1st and(the ‘problem w1ll be bounded by cons1dering no sllpf

. . 3

v

ﬁand full sl1p cases. :

‘>'2 2.5 External Loads Act1ng»on the Lining

In . the analyses, the assumptlons of plane stra1nj’~
-conditions, -a- cont1nuous c1rcular lining proflle and linear
’:elastlc behav1our for the lining and soil: mass are. made. In
descrlblng the loadlngs that the llner recognlzes,'lt 1s‘
',furtherassumed that thewexcavatl’and liner 1nstallat1on |
occur instantaneously and_s;multaneously so no ground
dlsplacement takes place prlorgto ground l1ner 1nteract10n.
This is shown in Figure 2.5 in a ‘marner that allows
comparison w1th Flgure 2.4, The dlstrlbutlons of in sltu.
:nstresses actlng on a cyllnder of soil represent1ng the
future tunnel contour have geen 1llustrated in Flgures,
' '2 1\5) and 2 2(b) for deep and shallow condltlons
'respectlvely When asse551ng the loads to be supported by
the llner, 1t 1s convenient ‘to refer to- these in 51tu stress
states. Except in sp ial 1nstances, the 1nduced stress

d1§tr1but10ns to~;e\supported by the llner §¥e dlfferent

"from the preconstructlon ground condltlons.

- 2.2.5;1 Ideally‘Deep Tunnel,Conditions

| 1In,general terms, a véry rigid liner does not deform
51gn1f1cantly and so the orlg1nal stresses applied to the.
llner will not alter mu@h The 11n1ng is therefore requ{red 4

to resist moments created_by-the'dlfference between_the’m‘
I S & e T -
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: horrzontal and vertlcal stresses. In contrast, a relat1vely ;
'flex1ble l1ner deforms and allows stress red1str1but1ons
whlch result in negllglble bendlng moments in the 11n1ng.A.‘

For a rigid and 1ncompré551ble llner (F=C=0) 1nstalled
in a. 5011 mass having- an 1n51tu stress ratlo of unlty, the -
stresses acting on this support w1ll equal the in 51tu
' stresses regardless of the interface condltlon.‘

If Ko 1s different from unity, then the two cases of
interface conditions_must be taken into conSideration. Under
a no-slip 51tuatlon,‘the same rigid liner will be requ1red
to suppeort a stress d15tr1but1on as descr1bed by the 1n situ
vstate shown in F1gure 2.1. Under the above assumptlons, the
ground mass is effectively 'unaware' of its altered
circumstanoesf' . L _/ig

If the interface shear is now reduced to zero for the
rigid liner, thus allowing full slip; the stress 1
distribut'yioh im‘d on the rigid 11n1ng w1ll be dlfferent
frgm the in situ stress state. The assoc1ated*redlstr1but1on
of normal and shear stresses 1s descrlbed by Ranken
(1978: 60) and Negro (1988: 90) and is discussed here as it is
fundamental to understand1ng the load1ng d1str1butlons.

- For clarity, consider K, to be less than un1ty In the

no slip condltlon the 1nterface strength is such that the‘

5011 adheres to the 11n1ng and no relative movement occurs.

|
- l

'1n or der to regaln overall sYstem equ1l1br1um. The laws of

‘If the 1nterface strength is nulled, then the so1l must move

nature dlctate that the movement will be from reglons of



e : ot
}h1gher pressure to lower 80 the tangentlal 'flow of. the

3011 w111 be from the crown and floor towards ‘the spr1nglxne
(see Flgure 2.6). This w1ll have the ‘effect of enhanc1ng the .
normal pressnres in the crown and floor regions,” and the
action of the 5011 m1§rat1ng away from the sprlngllne Wlll
decrease the normal pressures actlngtthere. The opposlte
vmovements w111 occur when K, is.greater than 1.

Note that no d1splacements of the rigid liner have
occurred (F C=0), so that for K, d1fferent from un1ty, the .
altered stress dlstr1but1on shown in Figure 2. 7(b) is due to
the full slip 1nterface condltlon alohe.' .

| Most linings do not conform to this unlque recipe.
Deformations and stress changes generally occur in response
to the Qpplled loading with the resuﬂilng equ1l1br1um
condition dependlng on the relative stiffness of'both
interacting components. Recall from. Sect1on 2.2,4 that these
are expressed by means of the fleXIblllty and
compressibility coeff1c1ents. Allow1ng the soil to dlsplace
w1th the 11ner permits mobilization of shear resistance
w1th1n the5501l mass. Such encouragement of the soil to
prov1de some self support alters the so called arch1ng
process Whlch will reduce the magnltude of the stresses
applled to the liner. The dynamlcs of the load exchange

occurrlng between the soil . apd liner 1nd1cate that the

1nteract10n process is complex and 1nterdependent

-



? strﬁe'fn.) for K<l

\

—increase of normal pressure
crown’

decrease of normal
pressure

too

o

¢ :
'Fighre 2.6 Soil "Flow" Around Rigid Liner for Full Slip

Condition



5 2 Shallqw Tunnel Condztiona

- In th1s discuss1on, the’ effect of the stress free
surface boundary is ignored, so that the distinguishing
features of shallow tunnel analy51s are a consequence of the
grav1tatlonal Stress gradlent only. |

The 1ntroduct1on of a 11n1ng demonstrates one such
special feature. The l1n1ng recognlzes a resultant upward
hforce equal to the weight, Y7R? per unit length of the
excavated material. Because of this, a tlgld liner (F=C=()
1nstalled prior to any dlsplacement will ‘be ‘required. to
sustain normal and shear stress dlstrlbutlons wvhich are
different from the in 51tu stress state shown in Figure 2.2,
‘even f0r the no-slip condition. The normal. stresses acting
on the crown will increase uhile.those‘applied at the floor
decrease. The shear stress distribution also alters
increasing in the shoulder regions and decreas1ng in the
haunches. The resultlng dlstrlbutlon 'on the rigid liner is
shown in Figure 2.8.

The buoyancy response is most pronounced for a rlgld
liner. For more common liner conflgurat1ons, the response is
tempered in accordance with the relative stlffness
parameters.

Thﬁ overall tunnel heaye is annartefactﬁof elastic
: analyses where the creation of the opening and liner
installation occur 51multaneously. The effect tends to be
fsuppressed in real tunnels s1nce the llner 1nstallatlon 1s

- delayed and non homogeneous ground cond1tlons occur.,
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Linear elostic behavior
Pertectly ngid limng
No ship’ condition

normal stress

o =

shear stress

‘
T =

&%

1 ’ ;
e = 3rz{{ 14K, )+ ( 1-K“;)cos(2w9}-4lyR{ (1+K ) cosb+(1-

"
I
—t
Or/Y2Z
\
3
K,)cos36]}

+

1v2(1-K,)sin20 + FYRUC1+K,)sin6-(1-K_) sin36)

Figure 2.8 Stress Distribution Around a Rigid Liner of a

Shallow Tunnel (after Negro, 1988:modified)

29 '
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2.3 Classification of Methods

5.3.1 General

Because of.the many approaches availaBle for lining
load predﬁq;ion, if is conven}ent to present a
élassifiéation of some typical examples which enables the
ring and”spring model to be seen in perspective.

Fiéhre 2.9 is a reproduction from Negro (1988:332) and
distigéuishes five main groups according to. the calculation
pgocedure on which a particular method is developed.

o
2.3.2 Empirical and Semi-Empirical Methods

These approaches inélude the earth pressure theories

and the methods in which the lining performance is specified

beforehand.

2.3.2.1 BEarth Pressure Theories

~

In Fhis apéroéch, it is usual for the ground loads to

.b® considered as indépgndent of the ground displa;e@ents and

fé: the liﬁhng—ground interaction to be ignored. The applied
loading corresponds- to pdor ground control condit;ons in
which large displacements lead to substantial shear strength
mobilization>in the ground mass. The use of( these theories
in practice seems to be waning in favour of methods which
include the ground-lining interaction and acknoyledge that‘

the loads are dependent on the occurring displacements. They

- might provide useful guidelines once calibrated with field

data for specific conditions existing at a particular site
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and may be utilized to extrapolate experience within the
vicinity. Sdch results may be inappropriate outside the

boundaries(for which they were established.

/

2.3.2.2 Methods which Specify Tunnel Penformance

These methods recognize the ground-liner interaction
and are applicable under ‘conditions of good construction
quality and flexible liner design. In this épproach,ba
éircular tunnel lining is to be designed for a uniform ring
compression corresponding to the overburden preséure at the
springline, plus an imposed distortion measur;d as a
percenéage change in the lining radius. The focus of the
method is on the distortions being acceptable in ﬁerms of.
the lining servibeébility requirements. It is,péssible to
assume this attitude becausé appreciable passive resiéténce
is mobilfzed_witﬁin ;he soil masslat Qisplacement magnitudes
which are much smaller than those‘associated with causing
lining distfess. Two anomalies are evident in the underlying
assumptions (Negro, 1988:343). Firstly, the consideration of
full overburden is arguable under conditions of good liping°
' contact and good ground controi. Secondly,vthe assumptign'df
uniform ring c;mpreséion is in conflict with tbe=néed to
account for moments generated by the imposed distortion. In
spite of these drawbacks, this.type of approach is félt to
provide a useful tool in the preliminary dimensioning of a

lining.



2.3.; Ring and Plate Model;

2.3.3.1 General
In these models, the ground is represented by a plate
and the support in a circular opening is represented by a
continuous ring. These solutions are subdivided into two

categories according to whether the in situ stress field is

~uniform or non-uniform. In both cases, they are analytically

develgped as glosed_form solutions which are considered easy
to handlg. They assume a state of plane strain which
simulates a section of the tunnel far from the advaﬁcing
face and is therefore unaffected by the three dimensionaf
stress t}an%fer mechanisms associated with the active

excavation zone. All the évailable solutions assume the

..plate to be of infinite extent, but the ‘presence of a stress

L

free ground surface has little effect on lining loads for
cover to diameter rétios of greater than.1.5. Most of the
approaqheé.neglect the graVitationalrstress gradient, so
that they canlbe applied only to iéeall& deep tunnels in

which the increase of in situ stress with depth from crown

to invert is negligible.

.2.3.3.2 Unjform'StressrField‘Soluti;ns
By assumi the in situ stress ratio, K,, to be unity
and ideally deep conditions, thg ground reaction and the
Support reaction can be evaluated independently. Both
responses are assessed with respect to the radial stresses

and displacements at the tunnel contour with the equilibrium



34

of the inQQféction proceds being described by the
interéecfion of tﬁe two curveslfepresentingfthe ground
reaction and the support reacﬁion; Thié class of solutions
form the "convergence-confinement" models and the simplici:y
generated by excluding the lining distortion makes room:for
more elaborate repfesentations of the gfound response.)The
liner reéponse is t§g§cally treated as linear elastic. ¢ he

major limitation of thig approach for shallow tunnel

conditions lies in the adoption of a uniform stress field.

!‘ch a stress field prevents the approach from prov%ping an

2.3.3.3 Non;ﬁniform Strese Field Solutions o
Most of these solutions have been surveyed by a ft Aper
of authors and a useful summary of these is presented‘hﬂ'
Negro (op. cit.:Table 4.6). This subgroup includes solutions
in which the in situ stress r;;io, K,, differs from unity or
the stress non-uniformity is due to gravity. The inclusion
of theé% aistortional aspects provides these solutions with
enhanced generality, but requires that simple linear elastic
material behaviours be used for the lining and groungd. All

\

solutions are derived assuming a plahe strain condition. The
liner is assumed to be insfalled 20 close contact with the
surrounding ground prior to any displacement development. In
recognition of this unlikely situation in reality, some

approaches have evolved to account for the displacements

which occur prior to lining installation.



““(cond1tlonlwhere the openlng is . excavated and supported after

‘the' stress fleld is. applled to the plate. Thls is an

g

ﬂapproprlate representatlon for the tunnelllng prototype.

"'Other solutlons ;ons1der an "

overpressure loadlng" scheme
whereby the opemang and 5upport are tn exlstence pr1or to

1the appllcatlon of the stress f1eld ThlS would 51mulate

'.culvert constructlon Wlth backfllllng, or delayed surcharge

-‘»condltlons applled to an: exlstlng tunnel The majorlty of

'“?the SOlUthﬂS cons1der both 1nterface shear condltlons of

~¥”full Sllp and no- sllp ﬁost also assume ‘the 11n1ng to be a
vthln meﬂbrane whcse behav10ur is approx1mated by thin shell
;“ftheory, wh1ch although ea51er to manlpulate 715 not as .
'F;rlgorously correct as the thlck l1ner developments. However,
hdboth approaches glve essentlally 1cent1cal results prov1ded

‘jthe ratxo of the llmhng thlckness to mean’ 11n1ng rad1us 1s

fjsmaller than 0. 1 (Ranken. 1978 312) Some approaches u%e

second order theor/es, but generally the resultlng seco
: order terms can be neglected for common linlng'thlgknesses.

o The most complete set of solutlons for the de&p tunnel

' c51tuatlon 1s prov1ded by Ranken (1978).th1ch 1nclude

S K t""\
»'_overpressure and excavat1on loadlng opt1ons both

R

liner

7ground 11n1ng 1nterface condltlons, and th1ck‘and tHf

]assumptlons. The corrégt excavatlon loadlngesolutrons

o 'Y,
- varlous sources for deep tunnels v1rtually c01nc1de“f T

_.values of thrust and moment Th1s is expanded”

- P N . N Fa . .
. i N . S . g T T ek
8 - m L ' R S 7
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Chapter 4
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;th1s class of models the ground is portrayed by sprlngs.'

R Lo N '33&

Whlle all solut1ons ac;junt for Ky dlféprent from un y¥$¥

v1n some form or other, the £ ll account of grav1ty is seen

only in one approach This is the solution by Hartmann

(1970 1972 after NeQro, 1988 356) which 1ncludes the heave

‘caused by unbalanced vertlcal stresses.

L4
Ko
%

+

2.3.4 Ring and Spr1ng Models

Slm1lar to the r1ng and plate models,'a cond1t1on of

. plane straln prevalls, non unlform stress fields can be

-applled and the support is represented by a r1ng, but in

Conceptually, the 5011 st1ffness is related to the StlffneSS‘

’

~of the sprlng members wh1ch when subjected to’ loads,

provide reactions which depend’on the displacements.

Two approacheS‘to the analysis of ring and spring

‘models are 1dent1f1ed accordlng to whether the ring ™
' embedment prov1ded by the sprlngs is duscrete or contlnous.v'
In the dlscrete approach a f1n1te number of spr1ngs is used

and the llner 1s‘descr1bed by a p1ecew1se llnear frame.

\ ;
Flgure 2 10 is a. sketch of such a ground 11n1ng 1nteract10n

fsystem 1n which the r1ng 1s embedded.- at 16 dlscrete p01nts.

‘”The solut1on to thlS is procured numerlcally and is greatly

. fac1lltated by the use:’ gf computer programs for frame

analy51s.

= If the number of'springs'is infinite,*then a. continuous,;

embedment condltlons 1s reallzed with a fully c1rcular " \'§J

5
. =N

f A
°111n1ng proflle. As well as u51ng numerical approaches, the

1;.«\,' S : ".
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v radial sprmg
' member ,
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liner (or support)
‘member —
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o
oo
:Figure 2

.10 Fully Embedded Dlscrete R1ng and Sprlng showmg

Support Conflnement at Slxteen Locations
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’solut1on can’ be der1ved analyt1c§lly byltreat1ng the liner '
___aswan—elastT“II?’EﬁBEdded shell, . ) : ‘figﬁff”

¥

Many of the ring and spring models have been
-‘exten51vely rev1ewed particularly by authors halllng from
West Germany where the models have seen most of thelr
1} development Much attentlon has been pa1d to the comparlson
v'of the sprlng models and the plate and it is seen that an
-g equ1valence between the two is p0551ble provzded the ground
@”éﬁeactlon is contlnous and tangentlal sprlngs are 1ncluded in
M£he spr1ng model analy51s (Duddeck and Erdmann 1985:252).
- All things be1ng~equal 1f tangentlal sprlngs are
. incl'udedin the mod'e'vl, it is ant1c1pated that a stlffer
'ground response will be realized so that the loads carried
by the liner are reduced ‘Most modelsd. use only rad1a1
~vspr1ngs to prov1de the ring embedmer;m\d thlS assumptlon is
'1expected to lead to a safer’ estlmate of the 11n1ng moments
Aand~thrusts. e |
FIthis possible to include the lnfluence of the
interféoe conditions of full-slip or no-sliphby applYing the
' appropriate.Stress distribution‘as'activekloads onto the |
system. The altered stress distribution due to the full?slio
intertace’¢ondition is discussed in Section‘z;z.s‘and'the
- coneepts are appliedﬂin Chapter,é.
The loading conditions assumed fall broadly into.two

categorles, One assumes a locallzed concentratlon of

materlal rest1ng over the crown region, such as that

2oy

assocrated with loosened ground loads and neglecgs‘other in’
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“”Eitﬁ?g”f”sses. The second category adopts an all round

‘Erdmann, 1983:35). . . T

~Str§§s¥ 1str1butlon, mostly as the full in- 51tu value. Negro

(1988: 364) records that some authors assume a progbrt1onally

reduced distribution (Andraskay et al 1972) “some include

‘a full account of gravity (Hain and Horst *1970' 1971,

1974), and others partly account for grav1ty in order to

ellmlnaté the buoyant effect of the tunnel 1n shallow

conditions (Schuize and Duddeck, 1964;.W1ndels, 1966 after

LS o .

.

Most models Gf both categorles assume a partlally
embedded system in which no sprlngs act to support the‘rlng

over the crown 904 region. Because act1ve sprlngs respond to

- share the appligd Ioading with the ring, a reglon devoid of

dtembedment requ1res that the ring carries the full ‘1oad

o

- T
“assoc1ated w1th this region. IR

Cy The r1ng and spring models present the opportunity for

&a varlety of facets of partlcular 11n1ng conflguratlons to

be addressed. $&beral authors have capltallzed on this and

the followlng are c1ted by Negrﬁ fop cit.) Non- lmear
'behav1our of the llner (Ahrens, 1976; Sgouros, 1982)
psecond order effects due to bendlng deformatlons and llner‘

'contract1on as a result of tangentlal compression (Ahrens,

1976 - Windels, 1966) and con51derat10n of non- c1rcular
profxles (Hain and Horst‘\ﬂ970 Andraskay et. al ' 1972)
represent features that might reasonably predomlnate in

spec1f1c tunnelllng systems.'



One general llmitatxon assocxated wlth thzs group is an

£

;1nab111ty to account for the. stlffness and stress reduct1ons
occgrrlng prlor to lining activation as is the case w1th
other two-dimensional approaches. A spec1f1c drawback 11es
in the selectlon of a relat1onshrp llnklng the ground
st1ffness to the representat1ve spring stlffness. Further -

attention is given to this aspect in Chapter- 3.

2.3.5 Numerical Methods

These are methods which make use of procedures such as
finite element analyses for the prediction.of lining loads.
fhey differ from the numerical solutions adopted in the
;di crete ring and spring models ih that the lining andvthe
gf:Lnd are both treated as a continuum. Alohg with other
features thlS constltutes a major asset of thlS group of
solutions since the l1n1ng loads and the ground dlsplacement
.f1eld are able to be obtalned s;multaneously. Both -two and
three dimensional analyses are possible, but the complexity
associated with the'latter detracts from its potentiai for
\pract&cal use. Also, at times, it may be more appropriate to
use the solutionS'provided‘hy the simpler'ring-and-plate or
ring-and-spring procedures. |

Houever, in'modelling shallow tunnellihg conditions,
the numerical methqu are very much favoured. The'use of
- finite element techhiques in shallow tunnel design is

coVered_extensively by Negro (1988:Chapter 5).
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Once agam, accounting for the three dimensmnal
effects in the more practlcal two dlmen31onal methods is the

predomlnant concern of thls group.

2.3.6 Numericallf Derived Methods

| In the development of these methods, sensitivity
studles covering ranges of values of 1nfluenc1ng variables
are performed u51ng numerlcal procedures. The results are
general1zed for the glven spectrum of condltlons by u51ng ?‘,'
d1mensxonal analysis. The subsequent normal1zed coeff1c1ents

4
provided by such parametric analyses allows bending moments

<

and thrusts, for example,'to be evaluatdd for other

a4 ' )
,conflguratlons which compi‘ within the original conditions,
Negro (1988:939) uses such an approach in the development of

his de51gn method.



3, THE RING AND SPRING MODEL

3.1 Introduction

A§ an intrsduction to ring and spring models, a

‘ descrfption of the tradi ionally accepted configuration for
éuéh models used in deﬁ{i;ing shallow soft grounq tuQ&el
E suﬁports'is‘preggnted'in Section 3.2. The most striking
feature of the tfaditional rihg and spring'modgisiis thé
f\\assuq?tion that thé soil over the crown region is unable to
- mobilize an;.archiné resistance when the support deflects’
inwérds at the crown. In other words, a cqndi;ion of soil .
failure is accepted in the soil ovef thi.crown. This‘is.
represenféd in the model bxrpaving no springs in the
/éorresponding region'as sho;n in Figure 2.1(b(i)).

The justificatiph for studying a discrete ring'and'
“h)ﬁpginq‘mOdel results from the synopsis of the'Internaﬁi@nal
:L"Tpnnellinthssociation's survey of existing practice |

(Duddeck:;1981). The soft ground sections of this survey,
.also reinterpreted by Negro (1988), indicate that the’
discrete ring and spring model is the most popular methbd
for asséssing liningiioads in shallow tunnels.
o The versatilitf of the model allows'assessmehts1ofvmany
wvaried aspects arising from such.sources as irrégulariliner
geometry or propertiesj'segmentél linings aES-soil
_stratificatidn. o \ | cy
Tf "gdod grodgg'contrOl Conditions" (Negro, 1988:166)
are realized in thé.tunnelfing operation, the soil‘in the
| \

42



crown region normaily will provide some self supporr by
'arching, The soil conseduentleCarries a portion of the
loads rather than transmitting all of the soil self weight
to the liner 1n the vicinity of the crown..In many b
tunnelling operations, these boundary conditi‘hs are perhaps
more appropr1ate than accepting the recommended partially
embedded approach. Thezgeometrlc representation for this
analysis uses a‘fuliy embedded ring and spring model with
active springs in the crown region. These springs carry part
of the applied loads in response to inward deflection of the
liner. Such a model is described in Sections 3.4 and 3.5, ~
The behav1our of the soil is assumed to be 11near
'elastic. In these analyses 1t_is_convenient ro relate the =
deformation, n; occurring as a result %; an imposed stress,
0, as a ratio, o/u. This is defined as the "spring
constant”, k, of. the soil. It is yorth stressing that tne
spring constant is describing the soil behaviour only.
The spring constant can be used. to determine the

modulus of elast1c1ty of the springs for the ring and spring |

model. Thi

s done by calculating the stiffness of the
spring required to produce the same amount of displacement
u, caused by the same stress, o. This relationship is
established in Figqure 3.4. “

A brief parametric study presented in Section 3.6
indicates that the inclusion of tanbential springs“in the

model serve to reduce the max imum moments and tnrusts'to be*

resisted by the liner.
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" A description of the computer program, Plane Frame
-Truss (PFT), used to process the numerical analyses is given
in Section 3.7. This completes the description of the fully

‘ ‘ » )

embedded model which will be compared with analytical deep

and shallow solutions in Chapters 4 and 5.

3.2 Existing Practice in Selection of a Design Model

As seen in the"prgceding chaptef,'many design methods
are available for the design of linings iﬁ soft ground
tunnels. Apart from the empirical approaches, the methods
'are based on a soil representation as a continuum or as
springs. EEE

An assessment of‘lining design practice was performed
by a task group of the International Tunnelling Association.
‘The results of questionnaires sgnt in 1978 to participating
members is reported in a synopsis by Duddeck (1981),
Subsequeht investigations (Duddeck and Erdmann; 1982, 1985)
into thé most commonly used designvmodels,'report a
convergence, of opinion. towards the baéic assumptions
underlying soft ground tunnel design-and also towards the
selection.of a d€§ign model which is apprdpriate for the
pre?ailing conditions.

Duddeck and Erdmann's (ép.cit.) recommendétions are
,summarized below, but it can bé'appréciéted that several of
these are open to debate.

The assumptiongawhich are generally considered“”

appropriéte toAdésign’models.for tunnels 'in soft gtoqnd,
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are:

1. It is suffic}ent to consider plane strain conditions for -
the lining and the ground. |

2. The soil pressures acting on the lining are equal to the
full in situ stresses in the und1sturbed ground for long
term load1ng Coh51derat10n of factors such as cohesion,
stiffness, excavation procedure, relatSve ee'pth and tim_e
to ring closyre may justify load redué ions.

3. Equilibrium and compatibility conditions are both met by
consideration of the interface bond between the soil and
the lining. '

4. The gréund-lining ihteraqtion process produces/ lining

fdeformation&%which result in reaction stressézain the
ground. This effect is accounted for in the épring
models by assigning appfopriate stiffnesses to the
~spring members. If the consequent load sharing i's
assumed not to occur, then the beddindﬁprovided by
springs 15 neglected where 1nward deflection occurs.

5. The material behaviour of the ground and lining-are

generally assumed to be linear elastic.
. o

Duddeck and Erdmann (1982, 1985) propose the following
guidelines for the selection of an appropfiate design model.
| S 4 :
These are shown in Figures 3.1(a) and (b).

(i) For Shallow Tﬁnnels: H&Z.SD
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A model w1thout roduction of the ground pressure at the

crown or an equ1va1ent bontlnuum (f1n~!§ element) model
E .

may be appropriate.

1.5DgHE4.5D

(ii) For Moderately Deep Tunpels:

y be proposed with

g

The use of a deep continuum model;
the full in situ stresses applied to the structural
model.

~(iii) For Deep Tunnels: H»2.5D

i A deep continuum model\hlth a certain amount of
reduction of the in situ stresses may be appropriate.

- The depth boundaries overlap in all three cases so
reductions can be made to the.applied loads on the l;per

according to the various influencing |, meters already

descriped. It is seen in Section 5.
recommendations provide a very conservative and
discontiﬁuous design envelope when compared with approaches
which are perhaps more appropriate.‘

For the shallow tunnel conditions described in (1)
above, the partially embedded ring‘end Epring model is seen

to be used in several different ways. A selection of
F

~approaches is illustrated.in Figure 3.2{%here it is seen

that the differences arise mostly in the assumed loads (or

. | o
stress distributions) applied to the frame representing the

liner, %

The approathes favoured by Bull (1944), Bugayeva (1951)

.ﬁ‘

and Rosza (1963) apply the dead load of the soil in the

crown region only which effectively ignoéres the existence of

£
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the stress gredient across the opening. Schulgs and Duddeck
(1964) and Windels (H&ﬁs) approximate the st}esses created
by excavating a core of so11 and apply thls stress
distribution around the entire tunnel contour. Their
app{qx1Tatlon$ﬁpothrassumg the stress distribution is
,symmetr1c‘abouk the horiiontal’axis. This allows the gravity
effects to be zgrtly accounted fq; and yet eliminatés the
effect of the overall tunnel heaQe which was discussed in

Section 2.2.5.1, As a consequence, the “analytical solutions

are simpler and more compact.

3.3 Constituent Compjonents of Stress Distributions

3. 3 1 Deep Condzt1on

i

The assumptlon of l1n’ear ,p‘lasflc behav1our£en?lbles a

N

3.3.2 Shallow Condxtl?nj A ‘G?;??,m T

For shallow coantibni the expre551ons 1nclude the




J : ‘ ' : ..
obv::usly more complxcated. Variousxqpproximationl*hlvo beon
used to simplify these and yet st1ll endeavour to repreaent
these shallow condxtzons. Table 3.1 gives the in S}tu ;‘/
stresses for dfep and shallow‘conditions.,Also shown'?re the
approximationé u§ed by Schulze and’Duddeck_(1964) and

Windels (1966) to simplify their gnaIytical-solutions.

" 3.4 Selection of Discrete Ring and’ Spring Model
In searching for a-ground-lining interaction model to
'incorporate into his shallow tunnel design me'thod, Negro

(1988) reinterpreted the soft ground tunnelling sections of

the ITA survey synopsis (Duddeck, 1982). Among

conélusions, Negro (1988) identified the popu \tYiof thé
discrete ring and springfmgdels for the predi&ﬁ\ of
thru§ts and moments in the f1nal support for shallow
tunne,lsil'

The discrete ring and spring model cannot reasonably
compete‘with the ease afforded by the analytical ring and
plate solutions in simple geologic, geometric and loading
conditions. The versatility of the spring model comes into
account when condition§ become more complex when it can
proQide'assessments of the relative influence of «various‘9
paraﬁéters. : & .

The ability to deffne member end .fixity enables .
segmental‘liners-with low momeht capacity joints to be |

modelled. The individual description of member properties

permits irrégularities in cross section to be assessed. The
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() wnthoui reduchon 5 (i) Eonfinuum model (iii) continuum model
~ of ground pressures - with fulhjnsitu. . with reduced
of crown . .. . stresses " “insitu stresses

Y

* (b) recommended plane strain structural model - -

Fzgure 3 1 Commonly Accepted Recommondatxong for Soft Ground
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Dxeotete ground,. reactie",pro-'
vided by radial sprin B - Part-

Bull (1944)

ﬁ'. o ~ 'l'l/

. N

crown 90°.- Spil loa ;

C Py ,---P ) applled a/l around
contour as discrete fradial .°
-and/or tangential forces, at

- |midpoint of llnear segments
(Note, only P7 to P1O are shown
for clarity)

*'.
L
i 4

. lial’ embedment with no sprlngs in

Continuous ground'reaotlon _
which is compatible at floor.
and sprlngllne only “Partial
embedment - crown 90e - :
Actlvekload_at crown only
No springs in crown 90°.

@

Discrete ground reactlon
Partial embedment
JActive load at crown.

Rosza (1963)
(after Duddeck

1972)
‘ T
Contlnuous ground reaction
Partial embedment - crown 100°
Schulze & Active applied loads assume

_equal radial stresses. at floor
and crown whlch are approxi-
mately equal to overburden,

YH. Partial accougt of ‘
‘lgravity eliminates heaVe. May
Jor may not include’ shear stress.

Duddeck (1964).

Continuousfground reacgion.
Partial embedment - crown 90°
Crown and floor radial stress

Windels (1966)

(after Erdmann, -
1983) insitu stress at SL. Partial
T account of gravity. Optional”

‘|shear stress- : c

‘ Y
?

T

‘lequal to overburden, YH. Radial

a

F1gure 3. 2 Selectlon of Rlng and Spr1ng Models and’ thelr

Loadlng Approx1mat1ons for Shallow Condltlons
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o 1optzons avallable from varymng the spr1ng stlffness 1nclude
(D‘”modelllng dlfferent so11 strata assess1ng softened or
weakened reglons selectlvely around the tunnel contour ‘and’
permits the popular embedment separatlon assumptlon to be
effected in the upper crown quarter |

The flex1b111ty 1n def1n1ng the geometry of the proflle

7
E enables non- c1rcular open1ngs to be cons1dered and by us1ng
';( a spr1ng member wh1ch llnks two 11ners, it can potent1ally
i descrlbe tw1n tunnel 11n1ng systems |
‘ The predomlnant drawback of the discrete ring and
spring model lies in defining‘the springs to represent'the -

soil’ response. The ground is not a llnear elastlc materlal

(

and the assumption that 1t is introduces error. ‘However, 1n
view of the lacﬂlpf accuracy with wh1ch the so1l propert1es
and- ‘behaviour are. typlcally known, thls 51mp1e approach is

43ust1f1ed

€«
5
S

3‘4'1‘Thé Spring Constant of the Soi¥"
’ v
) i

By assumlng the soil behav1our is descrlbed by llnear
R elast1c1ty, the applled stress, g, is unxquely relaﬁed to
the 1nduced d1splacement u, as a constant ratio, k = a/u.
ThlS property of the 5011%15 called the sprlng constant"
“within this’script although d;fferent termlnologles w1ll be
E . found elsewhere. A- stress dlstrlbutlon existing around the
' tunnel Openrng will induce a'corresponding so0il

displacement.
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Examples of stress d1sgr1but10ns around a tunnel

‘»openlng are the components given in Flgure 3 3. The 1nduced ;
dlsplacements may be d1fferent for each case, se thagdra§1o{
o/u, def1n1ng the sprlng constant, k, will vary. The %35:

dlstrlbutlons glven in Flgure 3.3 and thelr aSSOC1ate :

q 4 T

dlsplacements, are appropr1ate to descr1be the 5011 response
in a deep unllned" tunnel openlng, or describe the resﬁbnse
of an openlng with an infinitely flexible liner.

With the liner installed, the stress distribution -
components w111 alter acctording to. the llner st1ffness and
w1ll depend on the interface Sllp conditions. These

cond;tlons define the spring constants associated with a

pre

deep "lined" tunnel. N

In summary, the spring constant is. defining the soil
~response according to the ratio of stress ‘to the induced
]dzsplacement. This var1es accord1ng to whether the tunnel
‘hopenlng is unlined or lined, and if lined, whether the
,5011 11ner 1nterface prov1des full slip or no slip

condltlons.
3.4.2 Representation of the\Seil Response in the Ring and‘
. Spring Model . - - a
In the ring and‘springtmodel, the springs.ateaused,to
;epresentvthe soil response. The pnoperties ofythe sPrings,
" in particular the stiffness,'E#:iﬁﬁst_therefore.bel

compatible with the soil response.
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| ThehSprlng constant, k-o/u; de cribing the soil
response can be used to'determine a approprxate stlffness,
.Ew, for the spr1ng member of the ring and spring model.
This is 1mplemented by estimating ti! stiffness, Epr B
required'in the‘spring‘to oroduce the| same displacement u,
under the load equ1valent to the stress, a, def1n1ng k. The
relatlonshlp and its assumptlons are developed as shown in
¥

Figure 3.4 to produce the follow1ng equality: s e
. 2
. E\sp . ' s .

where R is the length of springs and is takenegualtto the
tunnel radius. ! |

A In-the usage of the ring and spring'model prior to the.
‘early 1980s, the value chosen for the spr1ng constant took
serveral dlfferent forms. Most commonly, it: was arbltrarlly |

related to the constralned modulus, D, of the SOll whlch was

¥

“tHe recommendatlon through German 11terature of the ‘time,

This gives the sprlgg constant as:

%

m

oD . (1) E o
k=R 09027 © R - [3.2]

where E, v are_the tangent modulus and Po;sson s ratio of

s

the s01l respectlvely

Y e
ol e 2

1975 Morgan, 1961), the llner'
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, For a linear elastic qa.'rial, define the 'soil. spring constant
° K .: . :“a ll B , . ) .
) . ‘k = O/u 3
. 1.e. stress, o, causes displacement, u.
P £ ;. . S
. . L ] E - :
. . A spring member of the ring and spring model has an elastic modulus,
. Esp" The displacement of the spring member caused by force, P is
’ : P. L
- Lu o= 3R
’1 - E A .
. sp sp .
where A_ : area ‘of the 'spring. member
. Lsp: length of the spring. member
| P ’ . : ,
' For the soil displacement to be compatible with the .spring displacement:
Lo - P. L ‘
\ y'(:‘. . . / -g- = ‘—-S_P__
' : k A E , “
, : - P sp sp
For equivalent load, o Y
. " sp
Therefore_
E
Kk = SR
L
; sp

It is cuStohary to afbitrarily set the spring length, L,

' equa‘ to the ‘-
-radius of the tunnel, 'R.

p

When this is doﬁe:'

Figure 3.4 Relationshi etween the Soil Spring Constant and
G . , 26 , : : _

the Spring Stiffness 3f tﬁe’Ring and Spring Model

!




into an ellipse. The radial stress, o, associated with this
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" ﬂe§ormed ehape'prOGUCES corresponding_‘displac’ements&P

g

_ (1+y) R

R R A - ' } \ o
L ,

!n this .case, it would be p0551ble to descrlbe the soil

response as the sprlng constant

Other authofs (for example Ebaid and Hammad, 1978;
Sungur, 1984 after Negro; 1988:371) elect the spring

constant to be:

L
A

This originates from the'convergence of a deep tunnel in

_ v ., .
elastic ground under a uniform stress field and corresponds
to the symmetric component given in Figure 3. K

The above expressions: for k are @@@her %rbltrary or

a\model only a portion of the load System.

Duddeck and Erdmann (1982, 1985) report that a full

correspondence exists between the analyt1cal ring and plate
Ly
solutions and- the contlnuog&%y embedded ring and spring

i
models. Ahrens et.al. (1984  after Erdmann 1983:27)

establish spring const%nt'ffor the soil response around an

incompressible (C'=O)£ﬂiner for both*full slip and no si{p

et
E




interfaoe coﬁditions, To obfaih'qhe matcging solutiong for
theiiocompreésibre liner conditions, the model needed to.
have:both radial aod tangential springs.

| iTo obtain & full correspondeooe for flexible liners, it
is necessary to include the eoil—lining interaction response
withigfs dependehce on the relafive stiffness parameters and.
Ehevioterface conditions of full and no slip.

Erdmann (1983:90) gederalizes the no slip conditions to

1nclude the influence of liner compre551b111ty. The
, equatlons g1ven 17 Sect1on 3.4.3.3 indicate that the spring

constants a:e essentially 1ndependent of the«flexlblllty of

the lining.

3.4.3 The Spring Constants for Constituent Stress Modes -

Deep Tunnels ‘ |

A non-uniform in situ étress‘state can be separated,
into constituent components. The decomposition for deep
conditions ie shown -in Figure 3.3. The response of the
ground and lining to each of these constituent modes is
d1fferenf so the resulting spring constant defining the
behayiou: is distinct for each streSS’patfern.

. When the tunnel is excavated, in sitp radial and shear

stresses are both released at the tuﬁnel walls. In the
fsymmetr1c component the distortional effects are not
con51dered,_but“fhey must be taken into account when
deriving the spring constants‘associafed with the radial

distortional component and the shear (tangential
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distortional) component. o '

3.4,.3.1 Sprxng Constant for Sym etric Stress Component

In an unlined tunnel the hydrostat1!ipart of the in

situ stress, o,,, causes an inward radial displacement, U,
. "‘
of the tunnel contour, where

u o= LEe) o

ro E * ‘_ Y

ro

When' the support interacts'wi the ground, these ¢
radial stresses are partially restored according to the

//"‘ interaction»parameters, so that an outward pressure, o'

ro !

is exerted on the ground with corresponding displacements

A _ ' O
u,.' = j___1Ev-) « R ..o ' - ‘

In both the lined and unlined gunnel responses, the

form of the equations identifies the spring constant as

[3.3]

3.4.3.2 Spring Constants for Distortional Stress.

Components - Unlined Tunnel

The expression descrlblng the radlal dlstortlonal

stress component is 0., = aﬂcos29 The correspondlng 1nward

radial dlsplacement Wthh occurs ‘in an unlined tunnel isg

\‘

!



o {1*p) (3-4v)
' E

Urz . R ] 01,2

allowing the associated spring constant to beygffined as

1 E o
2 T (7¥) (3-4v) ' R ‘ | [3.4]

y

k

Similarly, the shear stress component 7 = Tsin26

produces tangential displacements

(1+v)(3-4v) R . 7
- E

- The negative sign enters the expression'sinée the direction

of the resulting displacements is opposite to the sense of

the applied stress. Thus,

I E L/
v =7 TI+0)(3-4») "R o> | [3.5]

Note that these expre$sions apply equally to a tunnel which

has an infinitely flexiple liner. Such a liner would not
’ . ' ‘ : O
provide any resistance to the soil deformations. ke

- -

'3.4.3.3 Spring Constants for Distortional Stress
Components -~ Lined Tunnel | '
Ahrens et.al. (1982) developed expressions- for the-
spffng consfantgjfor’the soil response around an

" incompressible liner (C'=0) liner, and recognizes the

interfaée conditions of full slip and no slip.
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: . I 3 N
i
4

In the full 511p smtuation, only thé\g’&  -‘%%f%éﬂ@fmﬂﬁﬂ
are partlally restored and tﬁe tangqeb1al ‘st ’sses are zero.

The sprlng constants’ descrlbxng the- S%LJ response are

PO

3 E |
Kra-es = TT57(565) * R [3.6]

and

Keay-ps = 0 . , [(3.7]
-For no slip condltlons, partial restoration of both
{
distortional and shear -Stresses occur and the resulting
spring constants for the soil response around an

incompressible liner are identified as

. o 3(1-v) E
K21 = (1+») (3-4v) "R [3.8]
and
3(1-2») E ! '
~3(1-2p |
Keirs = TV (3-47 * R - [3.9]

\

The tangential spring constant is negative for the reasons

‘discussed earlier. For easy referencing, these equations are:

‘tabulated in Table 3.2, and the constants kR/E are presented

in graphical form in Figures 3.5 and 3.6 for the radial and

tangential expressions, respectively.
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m‘ffalso 1ncluded 1n Flgure 3 5 The tre d to be obSerVed in

as v approacfes 0 5.

b'resultlng from the dlstortlonal rad1al and shear stress

. to 1nclude the l1ner compre551b111ty effects v"v

-respectlvely. /. d«”

: ‘eFor an 1nf1n1tely compme551ble llner (C-w)

e glven by [3 4] and [3 5] ,respectlvely

v'_; J

thboth Flgures 3. 5 and 3. 6 is that an 1ncrea51ng magnltude in’

o

: 1the value of KR/E 1nd1cates a stlffer 5011 respénse. It 1s

‘seen 1n Flguﬂp 3. 5 for: 1nstance, that the curve for the
-9

‘ Erdmann (1983 90) presents generallsed expre551ons for

 lthe rad1al ,kn, and tangent1a1,¢k&2, sprlng constants

cq@ponents These are formulated 1n the no- Sllp condltlons

snp'i:'=f

B T T T T AP .,' [3.11]

\

71For an 1ncompresslble (C' 0) liner, equations [3 10] and

df;i[3 11] reduce to“the expre551ons glven by 3. 8] and [3 9]

~%

°

rconstralned modulus represents a very,stlff 5011 espec;ally

. hd
. 4")

"y equatlons [3 Tf

'land [3 11) reduce to the expre551ons fot'an unllned openlng;

S 6(1 v)+3( 4+6V)(I /A R’) + (1/(1+V))(ER/E,A)
ke = s 4»)(1+u)+<3 4»)(5:%:,554 1 -
i CI3.101
5-60) (1,/A.R") + (1/(1+v))(ER/EA) s
f_k? =13 4v)(1+97¢3(3 4V)(1+V)(I /A R’)+(3 4%)(ER/r7A TR
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;“q“becomes

,',arlthmetxc form, u, = u, + U

3 4 3 4 Sprwng Constants for Comb1ned Radxal Stress e

Compcnent - Uﬁiﬁned Open1ng .o “@~ -
' Depend"“ oh ;he parametens be1ng 1nvestlgated it may
be mere ¢ .hllent to descrlbga sprlng constant, k, whlch

is a funct on of 6, but W%lCh is, appiled to the comblned

L

“radlal stress component. The dlsplacements take the

:

. ro. 2+ SO that»
E_".‘:a"’ +a—_—"2 e o ' ,“‘_[3.. 1‘2].'
ke Tk, k,, — Co - B :
‘ . a ’ ’ . . ' ’ ‘ E ,‘, : M

[N .

For an unllned open1ng and substltutlng.equatlon 13, 3] 1ntov

C e

f”qu3¢1on 3. 41 to g1ve k ﬁ'k o/ (3=4v}, ‘equatlon [3. 12]

)
(S '.v

r . b

P B N
r - o P ogl o+ (3-4v)o,,

ro.

Candellingvyz/Z in the expresgipns,fer'o,, o and(arz gives
\ . . : :

(1+K) + (1-K, )cos26 -

ke = keo ?1+K (3 4v)(1 KJcos2d | ”f“we[3‘l3l
ﬁ\/\ '
1nq constant can be expresseé>as
. ».
_ ~

[ERT



" the deform tlon responses in an unllned open1ng

'-bedding"for no slip condltlons.

FEEAKT A 2.4
‘

Duddeck and Erdmann (1982 1985) report that 1n order

to obtaln a complete correspondence between the contlnuous “x

‘rlng and sprlng models and the r1ng and plate analytlcal

approaches the 1nteract10n process w1th relatlve stlffness

' con51deratlons and ?nterface shear condltlons must” be’

¢

acéounted for Thls\cannot be ach1eVed by con51der1ng only

\ .

,‘ e
1 correspondence nece551tates us1ng a t
-

t'mus rlng and spr1ng model and r?qun'es the

The “fu :y

embedded'co

correspondi g stlffness matr1x to 1nclude“tﬂe tangential

/ ) “"
\

‘3;4 4 Spr1ng Constants fo? Shallow fhnnel Model

tLow

In prlncidﬁﬁ 1t is- p0551ble to perform -a snmllar
proceSs to ‘hat aéscrlbeqbln Sect1on 3 5 1 to\EStabdlsh the

- spr1ng constants for shallqw tund@ls. The rlnﬂ aﬁé dlage

R 4

‘4

q

solut‘pn by Hartmann (1970 72 aft\r Negro 1988 1117) Y

&
1ncludes the effect of grav1ty in its formulat1on and _"

o

prov1des the analytzcal ‘tool £o establash tﬂfSe‘%$r1ng_

constants. ) f“

)
. '|

egro (1988fgzzl~der1ves/ex :e551ons for the radial and°

tangentlal sprlng const‘hss for. unlig:

':ha110w condzglons

by d1fferent1at1ng the approprlate Haytmann equatlons. The

. resultlng expre551ons for. the comb1ned rad1al sprlng

: constant f ,and for t tangent1a1 spr1ng constant1 k are

5

gl?en in Figure 3. 7. By subst1tut1hg n-m the expr3551ons'

L .~,° ‘." : )
- N . om -

o

[




1
- "oy e = cos¢>) + (1= K)(cos2'¢ + cos3¢)]
K. = K_ 2n : 2n
T 1 ‘ .
- ‘ [(1+K)(1+T coso) + (3-r4v)(‘1—}() (‘cos‘2¢+—1~ cos‘3¢)]
o ooon . o 4n ; .
R . K S . "~' o . N ’ : . . E ‘
- ’ : . - . . N .
AR * ' - R . ey
T W | Y § , : )
o _b B : X ..';1 . . e 1 : g e oL o
X E = ['(1+K) T s:.nd: - (1 K)(sxn2¢> +"2“'81n3¢)ﬂ L m
! t%. = Kro D n-- - . ‘ C
w. | '.., {-(1-0-1() -‘—, s:.n¢+(1-)()r(3 4V)S‘n2¢ + Tsxn3¢]'} »
. . . ) - f v ‘ . N
R ' : T, , i o
v with ‘ NG .
.f".' s ' 4 - ’ : :
we 4 - . i
: = 1 -E Z 0 I UH L < _
r0 1+v R ' NE R K-.‘_"-‘G—'-J,_ s :
v :
“ “w ‘ B, : X . v. . .
v /-,. - /\
'f) > a @ . 3
’ w, — : . ‘ R e
¥ oFi ure 3 7 Sprin Constants for E u1valence Between 1n .2
) 9 P 9 q _ I
S Lo a .

Sprlng Model and An; 'ytxcal (R1ng and Plate\\Solutaon for

-

Shallow.Unlxned.Tpnn ‘ (after Negro, 1988.mod1f1¢d)1vA

o f'
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luresearch work . ig;‘~a,”‘ﬂ B ﬂth,q‘,qp

ﬁnrevaiI then ;t is’ reasonable to assume that the " 5011 above

fé

W?actlve sprlngs all rounq} ’al;nlng ¢ontour. Th1s 1s

3. SélloMEtry\ﬁor the stcrete Rxng and 8pr1‘ M
d

* . If "goo

the crown. ac

Cground llne‘

lined response version of tﬁe,sprzng qonstants 1s expected
o Yl Vf‘

" to, glve values whlch prov1de unconservatlve estlmates of the

SEIES

llner actlons. Honger, th1s may b%‘gonflrmed by future ;'ﬁt

ground control COndltlth" (Negro,«lsaé 166)

)

ﬁﬁhyﬁi«’~ s

N, ) v

~yqu.shares_the loads distributed in the

_teraction-proceSs;

‘m

The r1ng and @pr1pg model which- approprtately

'represents these cond1t1ons is a fully embedded model w1th

‘o

X

4preferred“to the ususl emb ment separatlon assumptlon which

‘1s equlvalont .to a fully collapsed and usually unacceptable‘

(P

event .in an urban area. !

’f The fully embedded d1s%te rmg and sprmg mml ‘"”{

treats both the SOll and thevl1n1ng as linear elastlc,-_vf%.

homogeneous mater1als. In the present work, the c1rcu1ar

& * : o i
_11n1ng 1? repreSented by a welghtless, th1n npecew1se 1§%ar S

polygqnal frame of constant‘thmckness. The gr&ﬁ;g’mgs!'li

represented by 24 dlsqrete ra&ual sprlngs at regular 150 o
"t ' ‘

R

1ntervals, as. shown 1n Flgure 3 8.

B

The sprlng 1nterval of 15? was Selected after _

Q

1;comparat1ve studlescreveé@eq‘that v1rtually no 1mpr9ved

¥
e » B 8

&



:acCu:acy was‘available with:i'smaller 5‘”§or£ng spaedna.h |
: Also the 152 1nterval assumptxon has two.nodes betwedh' the

‘sections of- mQK}mnﬁ and’ zero moments which allow the moment *

LI
5 ¥ ‘

gradlents to be o'served.

T e, w—v,

A}

G?‘ ., The 11n1ng 1s assumed to be installed 1n the open1ng "

‘Fr1qx to any dlstfcements occurrlng in the ground Full

rad1al f“ftact between the. 5011 and the liner is assumed

];5 whlch algows the bnalyses to Be bOUnded by the tangential S

S
L

contact condltlons oﬁ full sL&p and no sllp.
i The -frahe 5yst§yw1s actlvated by an "excavatlon | @ﬁf”
1oad1ng cpnditiqn’ and théﬁEolutlon {'s” %ormulated fSr*ﬁlane )
L "

sﬁiﬁln which 1is approprlate for the tunnel problem away ftrom
( .

the advanc1ng face. The "excavatlon" loadlng cond1t10n

describes the stresses whlch.are produced by removing & core

i

of soil from ground conditions which are 1n1t1ally def1ned e
by an in s1tu stress state. . . : ?
| The relatlve stlffnesses are automatlcally accounted
for 51nce each member in t@e frame system is descrlbed in

terms of its cross-sect;on area, momemt of inertia and

‘stlffness.’ ' 1, ”" -’: ' 1 ot

' .

In thls study, they are oriented at 90° to the rad1a1
sprlngs and connect also at each 15°. They are assumed to ;‘A.
haverthe same length and. cross sect1onal area as the radial
sprlngs. The stlffness of these members must be 1nput as a
p051t1ve valﬂ% even thoug‘?calculated from the tangentxal

sprlng constant which is negat;ve as a result ,of the sign
- A v h ;
: ‘ . » _ :
)



fconventxon. The tangential springs can be oriented in ezther
dxrectlon and the assumptlon of linear elastlc .behaviour;

’vperm1ts the 1nterchange in signs,
The joints of the llner 1tself are\contlnu , but the

spring connectlon to these node po1nts is plnneﬂ The outer
®
. $ L
end of ‘each .spring,is f1xed in space and. against rotatlon.] 4
@ ' B

Th1s is shown as the ynlarged detyll in Flgure 3. 8.

5

3 6 The Response of the D1screte R:ng and Sprxng Model

‘ﬁjfxt;' It is worth quh351zzng that the springs are "!ﬁﬁﬁ‘.
. . - ‘w"

represent1ng ‘the 5011 response;”“.;MPosed stress

dlstrlbutions which are applled*, ' forces ‘at the node points®

. S e ., ;
a =
R

of the llner., .

The model responds in such a WaY thaﬂ th radlal

<.‘:‘pégisv.xres activate: bhe radlal springs and the shear stress ,/
d1str1butlons activate tangentlal Sprzngs if they are ’
’1ncluded 1n ‘the model:. | . { )
’-bf@‘ -For\the deep no'slip condition the stress distribution 8
) given in\:rgd{g 2 ;7(a) is 1nput to the analy51s 'Slmllarly,,;
g ‘the deep full 511p 1nput loads afﬁ obtalned from the. stress .
dlstrlbutlon glven in Flgure 2%7(b) ' o . )f\
p . _

The procedure of 51mply a551gn1ng the shear stress

-

d15tr1but1on as’ zero without alterlng the radxal pressures

(Duddeck il‘ Erdmann 19859 does not give the ¢orrect full -

) T

Sllp llner actlons.ﬂ v
ThlS is because the rad1al springs are fepresent1ng

ind1v1gapl columns of 5011 which are: free to slide w1th

. h'.‘», e,

P i
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respect to n:%ch other. They *re not 1nterconnected and so

o cannot trans Lt shear stress from column to column. Igvother

words, the- spr1ng representat1on cannot model the contznuum
propertles of shear stress transfer and SO cannot simulate

the alteratlon in radial stress for the full slip condition
e ¥ ’
by 51mply 1gnor1ng the shear stress. .

The no §lip system is respond1d’ to a non-zero shear

stress and reQUlres tangentlal spr1ngs to be 1ncluded -

el

The full slip. response system is represented by %

con51der1ng only the radial sprlngs. -

-

The domment (0'Rourke et. al, , 1984:20) that the -

»

stiffness of the ta ial springs can be varied to

simulate conditions n.no slig and full slip is val1d

»
Sesmdyy .

“prov1ded‘;k51multaneoos acgount -is made 8: tq; contrlbutlng

dlstortlonal and shear stresses.‘An app;ggw;gtewpgrtkfi

release of the shear stress would be chosen. from between. rNs
1—(1 -K, )51n28 and T = 0. Th1s also requlres alterlng the

dlstortlonal radial stress to a value conversant with the

shear stress reduct1on. ThlS will 11e between the no slip

*

component,’ 0,, 4 = (1 K, )cosze and the full 511p component TK

.

. <
of'z_,s =\, J'-—(1 -K, )c0526 Note that X is constgpt fér a
given v&iue of Po}ssan s ratio, ». The graph showlng the
~ Cai ’
varla 1on 1n A wlth v 1s Seen in Figuré 2.7.
{ A restatement of the above 1dent1f1e!'that the., PR

Lntérface shear condltlons of full _slip and no slip are

1ncluded 1n the .applied loadlng distributions and are not

“ .

fgenera{ed by th response of the_system alone;.The

B
R
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disadvantage suggested by O'Rourke et.al. (1984) that the

model ignores ‘the variation of'shear stress in response to

normal loads on radial planes is, in part;ﬂbVercome by
descrlblng the 1nput loads in the appropr1ate full Sllp or

"no sllp conflguratlon. ' .- p“ : )

Negro (1988:374) comments that in the diéérete ring and
spring model, some tangential shear develops even for & deep
uniform loading condition. This is possible in a model that

includes both tangential and radial éprings. A uniform load
R g

causes a node point to displace inwards whichemay result in_
. ( -“'.“ ] o . L
an ‘extension force in the tangéntial spring member. This

- WY ©
.meoses a ShEar andran upward dlsplacement component on the .
T ., , ) . e “
. node. : : = wa”

/
5,An analy51s wh1ch iterates the dlsplacements and forces
may produce such an extension force in the tangential(
member. This describes-a more complex model than the p%ogram
‘used in_tbis thesie whffe equilibrium is»eatisfied in the

deformed geometry This assumes t$at a radial force .

openlng when the system is respondlégkunder a no 511p f?"

Py



RO S tan be ass gsed
by performing a parametric‘iqvea;‘m" « of tﬂe no 511p '

stress distribution. Because the‘ tial springs’are not"
activated under uniform stress, t‘x??fudy ca® be performed
on the deep dlstort1onal and she | tress components wh1ch | s

‘atlons 6% thrust.

produce the moments and vﬂv

N

. A dlscrete ring and sprlng ‘model w1th 24 rad1al and 24
- o

tangentlal springs is used for the analyses. By 1nspect1ng
Figures 3.5 and 3.6, a range of values for the ratio of the

tangential to radial spring constant is used such that

© -
%

X -’
0 < E%ﬁf}g—f <1.0, - ) -\L

. i " | ‘

The 1nf1uence of the flex1b111ty r§§§o is also included by
.cons1der1ng values of F'=1 ‘and F'-100 An in situ stress
_ratio of K, = 0.6 is used throughout, The results are. Q

graphed in Figures 3.9 to 3.12 and are diecussed |

individually. T . ' ‘ ®

3f7,1 ?apgential Springs - Jnfluence on Moments‘ ) .

4 The varzatlon in the‘moment coefficient for the half
e /géqﬂméggontour 15 shpwn 1n F1gute 3 9 The moments decrease* ;ﬁy

fonly sllghtly in response to a- relatlve 1ncrease in the
: tangentlal sprlng stlffness. The decrease in. the moments
carried by the liner as t&e £lex1bility of -the liner °

. ; \ . , . ‘ . s A
lncreases 1s seen in the figure and this relationship is'



d1scussed extens1vely in Chapters 4 and 5. The 1n£luence of
the tangent1a1 spr1ngs is virtually negligible. , 'v»
(v i
K}

3.7.2 Tangential Springs - Influence on Thrust $

§ The thrusts shown in Figure 3.10 are composed of two

components, T and AT,,which are analysed separately and. then

superimposed.

03

The average thrust, T, is the thrust"resulting*ftom the
uniform load component, o,, (see Figure 3.3). Theiradial
spring stiffress required for these analyses is the k,,
value associated with kt/k,=0‘and 1.0.

The differential thrust comﬁonent, AT, results ffom the
non-uniform stress distributions appliedvto the model. The
ihcreaEing stiffness provided by the tangential springs ‘
‘serves to decrease the maximum d1fferent1al thrust occurrlng
in the 11n1ng section. The effect of this is more pronounced
as the liner flexibility increases. In terms of maximum

thrust, the omission of tangential sprxngs prov1des a more

conservatlve estimate by prov1d1ng a hlgher maximum value,

1

4

3.7.3 Tangential Springs - Inflﬁéhcetof Flexibilitijatio
| Flgure 3.1 illustrates maximué moments, M‘ and
‘thrusts, T, w1th the effect of the tangential springs
normalized to the values of ‘the moments, Mo} and thrusts,
. ~T,, produced from awmodel which has radial springs only.
It is seen that the effect of increasing tangential

spring stiffness serves to reduce the maximum values of

.~ .
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' moment and thrust to be carrled by the l1ner. Sy P

LR

“ et

th;,ls also obserbed that the effect wh1ch tho*f?T:
tangéntxal sprlng st1ffness has ;s enhaQEed'aé the e

4

a,

flex1b111ty of the liner 1ncreases |

3. 7 4 Tangentlal Sprangs —'Interactxon bxagram Aspects S e

v

;”fﬂ.gf Flgure 3 12 15 an example of a typlcal moment thrust

envelope establlsﬂld for the cr1t1cal de51gn sect1on
o 5 u

:{?‘ assum1 1t'1s a re1nforceﬂ

spec1fn¢d :eqaa content (p A [dd)Cln each face. The, ' ~f'

_oncrete sect1on witha S

8
e

%
dlagram 1s the locus of po1nts c} respond1ng to fallure of

"‘.l_mthe cross sectlo%; §3lqts 1n51de the 11ne represent safe"

comblnatlons of moment and thrust. In deep tunnel
' conhltlons, the max1mum moments occur’ at both the spr1nglﬁne

and the- crown, so the max1mum thrust occurrxhg at the
sprlngllne (Kq <1) produces the cr1t1cal de51gn comb1nat1on

~for - kr7k =0. When the tangent1al stlffness is 1ncreased 1t

is observed that comblnatlon of thrust and moment at the

3

sprqngllne becomes less cr1t1ca1 for comb1nat1ons abgve the~;c

balanced fallure p01nt. Although the crown. thrust 1ncreases,
- “ghd more’ rapldly for 1ncrea51ng l1n1ng flex1b111ty,‘1t 15’,3

» \-‘ L

;unl1kely to. reach the Value of the drlgrnal sprlngllne

:-~max;mum, In addltlon, the assoc1ated moment decreases at
L ., | . ) P ~4 . I
.k'/k increases, so that the-crown.sectlon also,becomes less

i . Poe E . ~ . .

. . . o b A N I~
v»cr1t1cal S

In deep tunnels, the cr1t1cal sectlon w1ll generally be_;

above the balanced fallureép01nt, and thlS permlts the' 1



S

"aSSUmpt1on that dlsregardlng the tangent1a1 sprlngs wlll

3 8 Plane Frame Truss (PFT) Compuier Program v‘i”h’°”,}*

'Jspec1f1cally to ‘the frame’ model portraylng the

L Y
result in . a. more conservatlve estlmate of the structural

i'n :

/
‘capac1ty. A typ1cal deep tunnel response couid wéﬁl@be 3

ﬂ.descrlbed by "D" 1n Flgure 3 12 for K o<1, //

- For very shallow tunnels 1n whieh thfust forces tend, to

P

r

A Flgure 3 12 by "S" where ‘the thrusg level is below‘
i "/ Y . - ,‘1‘ R

. AP _“\.; Y PR : o

S N g
T"analym of the discre e r1ng and sprlng model must

’5Plane Frame Truss (PFT) compqter program prepared by'$ H.
7.81mmonds of the Unlver51ty df Albqrta.aThls program 1s

:avallable through the C1v11 Eng1neer1ng computlng llbrary at

1;beﬂsmaller, 1nd1v1dua1 studles may be reéulred partlcularlyh"

[in cases where a flexlble llﬂlng 1s used Thls is portrayed N

‘balanced fallure p01nt .”' S S ”g A‘i:_ R

. be. performed numerlcally and thls 1s fac111tated by the T p

/ R

“'the Unlver51ty oﬁ Alberta. leen the geometry, member

m'propert1es and loadlng fpr a two d1mens10nal structure, the

e

lxnear elastxc computat1ons are performed u51ng the dlrect .

{ ‘I . P
P A ke

stlffness method T,

e i
| e L

S R y

',.3 8.1 Input fof Pr'r/

The ‘users. manu@l for the PFT program 1s avallable R

through the C/ﬁll Englneerlng Department at the Un1vers1ty

of Alberta. dhly those aspects addressed whlch apply
/

- soll:strupture'1steraction will be dlscussed here.

1
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- moment-thrust combinatigns
outside b'oundnry\c7nﬂltut'

L ] .
o Hailure 'T
gsa!o moment-=" ' ) b
thrust combinations
" .“
~ D
A,z%? A
- O kt/ler = owq
-+ e
% S Okit)kr=1
3 e '
CoA 17 . .
. L 0 —S :springline
- Q --C :crown E
. Q_ . ¢

<r

floor

-

ultimate strongfﬁ envelope
for moment—thrust
combinations

o

~ Figure 3.12 Tangential Spring Influence - Interaction

Diagram Aspects

morment, M
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* 3.5, the Value\of'the spring stiffness, E

'faccording to the displacement defining k.

| ends only. The moment of inertia, I..

o Y 83
o : .

The proposed geometry of the frame shown in Figure %'Gw

«

~
.is set ‘into the program as numbered mem(;fs w1th associated

Joxnts 1dent1f1ed by hor1zonta1 and vertical doordxnetes.

L2
‘Each member is a551gﬁed its oross sectional area,'moment of

1tzrinert1a and Young s, modulus.

.

| ' The spring membes; each have a éfbss-sectionai'area
eoulvalen; to the ﬁr1butary area descrlbed by the d1stance'
,between the dlscrete sprlngs at the point where they meet’
‘the centreline of the liner.timas the unit width of the

long1tud1nal tunnel sect1on. Slnce ‘the l1ner 'is modelled as.

- a series of: llne elements along the axls of the l1nen, the

qu1ngs are~assumed to be ¢onnected-%o the midplane of the,
liner. The length of the spring members is set equai to the
tunnel-radius, R. {:e Young's modulus for the spfings is

linked to the.stif_ esS‘moduLus of the soil according to the

relationship, k ='§%§/R.AAS already discussed. in Section

apr Will vary

-
-

The end fixity of each'member is specified. The outer
nodes*of the spring members are Tixed in space, but the

{
spr1ngs themselves are assumed to be hlnged at the inner

spr LOL the sprfngs is

arb1trary, but the program dlmensxons will restrxct the use

\

"of an absurd value. A 'reasonable' “range of values was

con51dered to 11e w1th1n a few orders of magnitude less than

the ‘moment of inertia of the llner, 1 such that

s’
v

10’<I5/Iw<10’. This rélatively small value of the moment of



S o ' ~ . ‘ ' : . , | ™ N

linertia'of the springs meaAs that the members resisg only'
axlal loads.

1

Each ehd of the lxner segments is consldered to be

i A 4

conélnuous with full moment capac1ty In the parametrlc_

A

study, the t ness, t, of the 11ner was assumed to be 0.1R

from whxch the moment of inertia and the cross

)

area can be calculated. In an ana1y51s of a ¢ .
the actual thickness would be used to calculate the‘ll er
properties. ‘
The piecewlse‘continuous'liner is activated by an
Ae}cavation hading. This is"inpnt as equivalent vertical and
horizontalhforces applied at the liner node points. The
relatively’small moments generated by the resolution of the
stress distribution into polnt loads are not included in the
loading system. The resolution of the loading stress
distribution id‘this manner is preferred tofapplying :
uniformly distributed loads along the liner members. The
latter approach generates fixed-end beam moments along the
dlscrete liner members which is 1nappropf1éte for
represenfingpthe prototype response.
' - | ' E : . .
3.8;2.0utputﬂ
| The'output from the’PFT.program providesAan echo check
of the input data, displacements,,rotations and bending
moments at the 301nts, and member thrust and shear forces.

The avallable information permlts the 11n1ng to be

structurally proportioned for Capacity and serviceability
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requirements.

Sample input and output files are inciuded in Appendix

A ”



¢. ANALYSIS OF DISCRETE RING AND SPRING' HODEL FOR, MMEP
. ‘\ . s

S . TUNNELS
.' ‘ “

.

4.1 Introduction

The analytical solution (Ranken, 1978) which is most
N * v '

appropriate to compare the discrete ring and spring model
. . \ . ~

“with, is;preéented ﬁég both no slip and full.slip jntgrface

shear conéitions. The\golution s applicable for deepf

tunnels and for an "excavation" loading condition. For soil

- conditions which are fnif&ally defined by an in situ stress

L))

state, the excavation loading describes the stresses
produced by removing a core of material from the soil. e

‘A description of the influence that the compressibility

and flexibility ratios have on the structural actions of

~moments, thrusts and displacements is given for ‘the

analytical solutiéﬁ.

" A series of parametric studies using the discrete rihg
and spring model are described. Two sets of input data are
used, one of which provides a soil-iingr coﬁfiguration in-
which the liner is virtually 1nc6m§réssible and is
responding only to changes in the flexibility ratio. The
secdnd set uses data in which the comp}essibility of the -
liner dominates so that the ability of the spring model to
simulate the effects of the compréssiﬁ&lity ratio is
asSeSsed., ' . : ’ 'y

Three different ground response situations are

investigated. Firstly, .the analyses use the spring constantij

R 3
86 . . . -



obtained by cqnsiéering the 80il response arounq'Q lined L
opeping. These sﬁring constants in turn, define the
stiffnesses of thg,dbrfhgs in,the rihg and spring model.
This set of analyses is called the "Lined Spring Constant
~CombinationW in this script. Similarly, the spring constants
describiﬁg the soil behaviour around an unlined bpening
provide the spring étiffneéses for tﬁe "Unlined
" Combination". The finals series of anglyses‘are performéd by .
simply using the spring constgnt{.kfo, which describes the
convéréence of the s6il under uniform pressure., This is
called the "km‘Only“ series., o
It is important to not that the‘spring constants are
simply describing different soil responses. These are
subsequently‘converted to sprina stiffnesges which represent
the ground behavioh;'in the ring and spring modelja;alyses.' )
It is seen that although no particular set stands out
as uﬁquestionabl% superior for all agpgcts,_the "k, only""
approach which uses a.soil‘stigfness défined by uniform
convergencé most consistently provides results which

: \
encompass the analytical solution,

4.2 Analyticai Solution for Deep.Tunnels - -Ranken
N

4.2.1 General " : .
The analytical solutions for excavation loading assume
,a lined tunnel is to be constructed in a ground mass

subjected to a system of in situ stresses as shown in Figure



[ 48
2.1. The solut’ions assume thatet§e excavation and liner
installation occur inetantaneousiy and simultaneously so no
ground displacehent or relaxqtjon occurs prior to )
ground-liner contact and interaction. Both the soil and
liner are treated’aleinear elastic, 'isotropic ané
homogeneous matefials. The opening is circular, the ground
' maes is represented by an infinite plate and’ the lining by a
weightless cylindrical shell of constant thickness.

Solutions obtained by comb1n1ng the. theory of
elastxcxty and thin shell theory are termed "thin l1ner
solutions. Those based entirely on ehe thebry of elast1c1ty
ere Eailed "thick liner” 'solutions. '

Although thick liner solutions are theoretically more
correct, the sxmpler equa 635 prOV1ded by assuming a thin
l1ner are used where pos ible. The two approaches provide
essentially identical results for liner thicknesses which
are smaller than 10% of the radius of the opening (Ranken,
1978:318). The "thin 1iner"‘derivations provide
two—dimeﬁsional plane Strain solutions which are given in
polar co- ord1nates and these are used for comparlng with the

dxscrete ring .and spring model

A.é.z Summary of the Ranken Solutions

‘The notations and positive sign conventions used by
-Ranken (1978) are illustrated in Figure 4.1, A summary of |
the no slip and full slip "thin liner" solutions are given

in Figures 4.2 and 4.3 respectively.
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»
. . v
¢ The final torms of the thin liner equations are '

sfmplified by using stiffness ratios, C and F. Ranken

(1978:339) adopts the definitions of Peck et al, (1972) -

\
.where the compressibility ratio is wk‘
; ER (1=p,?) A
¢ " g T RURIED) [4.1)
and the flexibility ratio is
E\R: (1‘V")
) F = 6E 1 . W ‘ {4.2]

L]
L)
™
I

. , »
Values of ' C and F equal to zero corrédspond to an

incomprgssible and a flexurally rigid liner, respectively.
] —
The individual terms in the expressions are as defined:
in Section 2.2.4.1. Equations 4.1 and 4.2 are related to

equations 2.1 and 2.2 defining the stiffness ratios, C' and

F', as ' . .
*
1-v , i
C - 1_2y . C [4.3]
1-v R
AF = = . F {4.4)

For the graphical presentation of the results *or the
comparison. betwe the discrete’rdngJand spring model and
the analytical solutions, usually the ratios C' and F' are
generally used. A common range of values for F' found in

t
practice is between 5 and 250 (Negro, 1988:377) and’the
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Uy, vy * displacements - " M:moment
- o.:normalstress’ . T:thrust -

o

' x:shearstress - . V:shear

, gl
Y 3 0

€

‘'Figure 4.1 Notations équPoSitiVe Sign_C§nventioh§.used i@;v“

“Ranken's 'Thin Liner' Solutions



Exteinal Pressures Acting on Liner:
e ) (e k) (11 ] - (v -k ) 1 e 32" - ] con 20]
T2 o nt. Y. o nooon .

/I e
[ r

3 ,f o -(%) ‘{(4:;0) [1. - “JJ;}”N;] sun 26}

i Lifier Displacements 4

b )

Sa u .'(l!.ﬂ.)' (l_*__!) (1 '+ﬂyn'lb[x."'] (1 L&l‘” [1ea =N ’] con 291

/*.'jd Uy

(u)('+v){1-xl[5 ’.*‘-Zv)N]unzel | R

L
s.ﬂ

-

!
f

! Liher ‘m;ust, Sheg{, nnd Moments . :
' (m) (v +x, o [' -1 ] c(r-e ) [v- st cos 20,

g >v - (1%‘-) [(1 - xo-)‘.[v ‘f .1; - N;‘]-'s;nvZO}.
\l G w2 g L. ‘ . ‘ . .
M »(’%)’ {(v+ k) [gr] P 1 k)« 3 - Nn] co-"ze}:

. (1< 2v) ¢
BT S 10(1-2v)c
L R £ 1R (- 2v) c)s'+(1 —w -2

"‘ ' (- 2v) + (1 2v)C]F 4— 5 - 6v)(1 - 2vic + (6 - 8v)

: (3+2(1-2v)c]r¢—(1-.2v)c

Y e
[{3 - 2v) +# (1 - 2v)C]F *}- (S = 6v){1 ~ 2vIC + (6 = 8v)

B L &

Expreasiona for C and F are. given as l':quationa 4.1 cnd 4.2, -Positive thjn .
conventions are uluatucgd in, H.quu 4.1, : . . S //

Flgure 4 2 Ranken S Solutlon for Excavation Loadxng - No

Sllp . \



V External Pfc-‘uro-.lctinq an Liper
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v--(lz—“) {(1-K)(i-2J]ain20}

it
- - '
n-(l'l‘—’—)[(|+x)[ ]+(1-K)[1-2Jf]c0529}
_ o,
Constants
: oL )
L. tve2nc
£ 1+ (1 -2v) ¢
“ . ‘ >
cgl e Er (L - V) ‘ R ; : '
£ 2F +.(5 - 6v) ST : e o
N _' 4FE + 1 . ‘
ST 28+ (5= 6v) P W T
’ B
A X DL .
" _' o ) ‘: : . ¥ b ~ L .

Exptcnllona for ¢ and F are given a8 Equations 4. 1 and 4.2. "Positive sign
conventions are illustrated in Figure 4.1 r . i

Flgure 4 3 Ranken S Solutlon for Excévat1on Loadlng -'Fuil‘

Sllp



varlatlon Whlch occurs with d1£ferent parameters is more
clearly seen’ when a logarxthmlc scale is selected for F'.
The usé of a llnear scale (Ranken 1978 72) compresses this
-range Jnto a narrow zone wh1ch tends to obscure some aspectsl
 of the behaviour. - “» : h’
| Most tunnels in sobil have a comﬁress1b111t}'ratiov C',
‘ between zero and 2 (Negro, 1988 95) although for common
E11n1ng and’ 5011 coqflgunatlons; th1s range 1s more likely }
bounded by zero and 0.5 (Negro, op,c1t.:1122).
4.2.3 ﬂypical‘noment~ahd Thrust-bistribqtions Around the -
| Liner - ) B , :
T?F external stress dlstr1butlons act1ng on the liner
_are ‘balanced by the thrust and moments w1th1n the l1ner.:
Figure 4.4 1llustrates typlcal d1str1butlons'for'these
_dstructural actlons showlng, for K, different from unxty, the
1nf1uence of no sl1p and full slip 1nter£ace cond1t1ons. Thed
‘thrustsfpfe compress1ve, and the moments are plotted on the
compre551on face of: the liner.
 “7The thrusts, as-shown 1n;2{gure 4 ZTElecan be
notlceably .altered by the 1nterface conditi The 3
‘dlfference~1n magnltude between the springline and‘the érohn
values (or floor) 1s,greater for the no slxp condltloni Oon’
Athe other hand the maxamum moments wh1ch occur at the

crown, spr1ngllne and floor are sllghtly enhanced 1n the

full slip condltlon as seen in Flgure 4.4(b).

e



‘ |

Because of the d1rett relatlonshlp existing between

moments and dlsplacements, the dlsplacement response pattern.

I

1m1tates that for the moments. PR
SR

By 1nspect1ng the equat1ons in F1gures 4.2 and 4 3, it
is seen that the expre551ons for moment and‘tﬁrﬁst each

. cons1st of two terms. The f1rst term is 1ndependent of 6

.(c1rcumferent1al locatlon) and descrlbes the respohse to the

«un1form component of the appl1ed stress. For the thrust,
this term represents the average value,‘T, wh1le for the
‘moments 1t represents the second order moments generated by
1ncreased curvature of the lining under unlform compre551on.

The second term in each equat1on 1s a functlon of O*and
[ ‘“’3’

_produces the variation in magnltude around the llnem ¢oht&urb

in response to\ the d15tort1onal an hear components. It is -

ient éo separate them in. this w because the

‘1nfluence of the compre551b111ty and flex1b111ty ratios
the- d15tr1butlon of moments and thrusts affects each ter

dlfferently.

| 4.2.¢gTHE*Compressihi13ty Ratio | -
' L ‘ _

4 2.4.1 Influence of the Compre551b111ty Ratlo on -
Moments

The first term of the moment equatlon descrlbes the
magn1tude of the second order moments which ate produced as
a result of the relatlve compre551b111ty of the llner. For .

common llnlngs, thlS contrlbutlon to the overall moments 1s

_very small and is often neglected.



i € symmetry
| . . . 'no,shp
(@ thrusts .= Rullslp

(b) mOmen.ts

fr_: syh'\me‘i’r.\/
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Figure 4.4 Typical Distributions of Liner Thrusts and

Moments (after. Ranken, 1978£modified7
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’Thegeecond'term in the moment equation for full“slip is

independent of C and while the\corresponding term in the no
slip eguatibn is a ﬁunction of both C and F, it is

influenced enly slightly'by‘c (Ranken 1978:76)

L

';2}4.5 Influence of the:Compressibiltty Ratio en
[Thrusts - ) , | A

Similar to'the'moments, the‘sedond term of the thrnat
’guatxons 1s e1ther 1ndependent of. C or very sllghtly
'1nf1uenced by C (Ranken op.cit.) The strongest influence
that C exerts is on the g%erage thrust term, The varqitlon
of the compre851b111ty ratio with the average thrust
coeff1c1let : /YZR, is 111Ustrated in Flgure 4.5 for K 2 0
and 0.5. For all values of K,, increasing the . |
compress1b111ty ratlo ,reduces the magn1tude of the average
thrust. When the effects of both ‘thrust terms are comblned
it is reasonable to assume thai the ‘most conservative -
estimate for the max1mum totaf thrust is obtalned when C=0,
‘ -Note that the average thrust term response is the same
‘for both full sl1p and no slip. Also shown in the _same

f1gure 1s the 51gn1f1cant variation in the- average thrust

w1th dxffer1ng Po1sson s ratlo, v. o o

4,2.4.3 Influence of the Compre551b111ty Ratio on Radial

Dlsplacements

i The radial d1splacements of the liner imitate the '

~

moment dlstrlbutxon and .their cerrespond1ng sens1t1v1ty to

'the compre551b111ty ratlo, c.

-

1&}‘ : ; | '-_ g CEa o : : - 96;4

1
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With respect to the compress1b111ty ratio, the radial

#

'dlsplfcement coeff1c1ent, uE/yzR, is slxghtly more affected .
Lthanfthe moments are.: This is because the d;splacements are |
more strongly affected by.changes‘xn the Poisson's ratio’
which influence the constants containing C (seefFigutes 4.2
and 4.3). For virtually iﬁcompressible liner configurationé.
the constant inward displacement generated in response’to
the uniform load component is small cﬁmpared with the
displacements proddced}by the distortional component,

. N :
4.2.5 The Flexibility Ratio

-it is seen from the equations for moments aﬁd thrusts
ﬁ} Figures 4.2 and 4.3ﬂthé; the first term in eaéh is
independent of the flexibility ratio( F.

The distoftional cbmppnents of the loading which
.genefate the vériaFion‘in magnitude of moment and thrust
éround the lining cohtouf are strongly»influencéd'by‘the
fleXIblllty ratio. The effect of increasing flex1b111ty is

to reduce the extreme values of the- varlatlog which occur.

4.2.5.1 Influence of thezFlexibility Ratio on Thrust

. Figures 4.6(a) and (b) illustrate’the'influence of the
flex1b111ty ratio on the agfal thrust coefficient, T/yzR,
for no- Sllp and full sl1p,\1<)o 0.5 and »=0,33, The horlzontal
axis is the half circle cL!cumference starting from 6= 0' at
the crown to the floor where 6=180°. ThHe maximum thrusts
occu;iat the springlines for R°<1 and as just discussed, the

s
' response to F' 'seen in these diagrams is a;tributed tp the

£l . L} <
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peak values for the same F' in Figures 4.6(a) and (b)‘r
‘reiterates the tempering 1nfluence that the full slip .

1nterface condiﬁion has on the distribution around thej

liner,

thrusthdifferential coefficient, n, with ghe: f
ratio. - The term, AT,,,, is the maximum deviati§_;
thrust from the average thrust, T. Separating the actively

responsive term of the thrust in this manner permits a more

4 )

generalized presentation and highlights the influence of
Poisson's ratio,.v._Once again, the difference in the degree -
of distortion causeé.in the thrust distribution Js seen for
the interface conditions. The fgll slip response is
‘essentially ihdependent‘of v, and h rapidly approaches zero |
for larger values of F' so the oxerall thrust distribution
approaches the uniform distribution given by the average

. /thrust term. The no slip response 1s more affected by v and
.as F' 1ncreases, the coeff1c1ent n approaches a constant non
zero value of 1-(2v/3 2v) 1ndicat;ng that the total thrust

variation is decreased, but still exists.

'4.2.5.2 Influence of the Flexibility Ratio on Moments
Figure 4.8 illustrates the effect of F' on:the moment
coeffic1ent for nohsiip and full slip, K=0.5 and »=0.33.
" The maximum moments occur at the crown,'floor and

springline, and it can be seen that while the influence of

the interface cOndition is not'verylétrong;'the full sltp -
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fmoments for a given K, and v are always slightly greater in
magnitude than fof its no slip counterpart. This difference
. decreases as F' increases,

The more generalized presentation for the.moméq;
behaviour in respénse to F' fs giben in Figure 4.9 where the
maximum moment coefficient, m, is plotted against Ft. v

The influence of Poisson's rétio, v, on the full slip

moments is less than 10% in-the common range of values for

F'. The no slip moments are indepAndent of ». L)

4.2.5.3 Inleence of the Flexibility Ratio on Radial
Displacements
As for the moments and thrusts, the first term in the

expressions for the radial d1sﬁlacements 1s 1ndependent of
F. The distortional load component 1s responsible for} the
variation from the unlform inward component‘resultlng.from
the response to liner compressibility. For an incompressible
liner and K <1, the maximun inward displacement occurs at
the crown and fibor“and ié equal in,magnitude to the outward
displacement'at the springline.

'Figures 4.10(a) and (b) show the influence offihe
flexibility ratio on the maximum radial displaceﬁént
coefficient, uE/yzR,'It is seen that both the full slip and
no slip curves rapidly approach constant'non-zero values
withiincreasing flexibility.

The influence of Poisson's ratio is quite marked, with

the full slip conditiqn accentuating the effect.
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- The curves 1n Flgures 4. 10(a) and (b) can be used to KR

'descrlbe the: vert1ca1 and horlzontal d1ameter change
%E f;, by replacbpg u/R with AD/D in the radlal

o . o 1‘4..
-“dlsplacement coeff1c1ent For.an 1ncompre551b1e l1ner and

e.w

' ;coefflcrent,

K,<1, the vertlcal dlameter w1ll hecome smaller and the

"'horlzontal dﬂameter w1ll 1ncreasé by tgp same amount .

N

4.2. 6 Summary o ; S e |
| Th1s conclhdes the descr1pt10n of the analytlcal
h‘solut1on for both the ‘no. sllp and full 511p loadlng
"cond1tlons. The 1nfluence of the otl‘fness ratlos, the
‘ 1n 51tu stress ratio and 901sson s ﬂatlo -on the ‘ﬂ}nuts,

mdments and dlsplacements are presented These resgp»ses

descrlbe the standard wh1ch the results from the dxscrete
- ring and sprlng model are cal1brated agalnst._

' i

: 4}3 Discrete Ring ‘and Spring Modelenaiysesv (

‘4 3.1 General , e B

h Duddeck and Erdmann (1985) report that.a full- \
‘correspondence between the analytlcal plate solutlon and the
contlnuous r1ng and spring solut1on is theoretlcally
’p0551ble. Thls requ1res‘the r1ng and sprlng ‘model to be
fully embedded and have both rad1a1 and tangent1a1 sprlngs.
4D1fferent spr1ng constants must be used to descrlbe the soil

uresponsegto each constltuent component of the applled

loading.:The analyses are'performed‘individually then
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-:superimposed~to’orovide‘theffinaldresuits;yll
~ The sprlng constants UQEdhln this set of analyses art

those’ g1ven by Ahrens et.al. (1982) and shown in Table &“

They have been derived fro the soil response around an

incompressi liner, and are appropriate for the paramet

values used the studies of the variations of liner

flexibility? This set of spring'constants describes the
"Llned Sprlng Constant Comb1natlon" dxscussed in Sectlon
4.3.5.1 ‘The. presence of the liner constralns the 3011
.»deformatlons S50 that the.sorl responserls more Stlff
compared w1th the stlffness assoc1ated w1th the deformat1
.into an unlined opening. | . & .

A second set of analyses useslthe‘soii response arou
an‘unlined opening to*define the spring constants. These
provgde_the spring stiffnesses for the "Unlined’Combinati
\analyses described in Sectlon 4 3.5.2.

| ‘The third set of analyses uses radlalosprlngs only w
'uspring stiffnesses:def1ned by a soil resporise under unxﬁo
pressure,jThis}it the *k Only"’series of analyses and |
d¢talls are seen in Sectlon 4.3.5.3. .~ ;ak- |
| The full correspondence or "11ned" spring constant
'comblnat1on 51mulates the analyt1cal iaéutlon for full sl
qu1te accurately, but is unconservatlve with respect’ to a
aspects of the no sllp solution. .
' The responses obtained by u51ng the "unlinedﬂ spring

conStant comb1nat10niare generally overwconservative for

“ moments and displacements.but underestimate the no-slip
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lwfﬁruséé B;ﬂdﬁ f§“10%. Thexdégré¢;of eifdf‘iévéuite"‘
‘ p:oﬁoqnced with this approach. | ‘
‘ - The thirdlénd'pOpular "k, Only" approaéh give§'mbments
‘and thrusts within 5%vof.thevanalytical solution for common
values of the Poissonfs ratio of the séii, 0.3<p<0.4; The
;adial‘displaéémeqts are closelyfsimulated-for v=0.3, but -
are‘incfeasingly overestimaféd,AS‘v increaSes.
4.3.2 Geometrf of tHe Model for Parametric Stu&y.
| Theféenerai detailsfof-the>fully eﬁbedded disdrete fing
and spring hodel are described in Section 344 and
iliuétrated.in Figure 3.5. ‘The model in the pérametfic(;tudy
is uséd both with and without_téngeptial-springs éccording
to thé'éombinatioﬂ of spring constants being investigated.
These éfe‘aescribed further in Section 4.3.5. " - |
biThe fixeq and‘variablesparameters used in the
paramétfic stddyAare illustratéd in5Figurés 4.11"(a) and (b)
and,e#plained in the;followiﬁggsections. |
H The tunnel bpqning,has a tadius, R = 1m, a;d soil
cover H = 10 m which givgs theidepth to the tunnel axis as;z':ﬁ
= 11 m. The results arequrmalized and so are appiicablé for
anyiH/D‘ratioﬁfor.deep conditions where no account of
gfaviéyiis made. | '4 |
B The fixed_soil p@rameteré i;élude the weight,
Y%ZQ kN/m’, the Young's modﬁlus; E = 1 MPa and the in sitﬁ
stress rétia; K, = O,SQ-Thé'Yqung's_moaulus for the liner‘is.

E, = 10 000 MPa and the Poisson's ratio for the soil, », and

-
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'for‘the suppott v,,qire set equal to each other throughout.
‘The input co- ordlnétes for the computer program are
- defined by settlng the orféln (0,0) at the centre of the
‘openlng The 1nput procedure is given in Sect1on 3.7 with a
sample file prov1ged in Appendix I, .

- For both the no slip and full slip.interface
conditions, the analyses-consider the variation of‘the
fléxibility ratio,'F', of_Poisson's ratios v=»,, and three
different ;épresentations in thé mOdol-for the soil
response. The‘fange of valqes~investi§ated is taboléted in

Figure 4.11(b).

4.3.3 Flexibility and Compressibility Ratios

© 4.,3.3.1 Flexibility Ratio - | | -

The moment of inertia of the liner, I,, is varied in

s/
the 1nput data to prov1de ‘the requ1red flexlblllty rat1os,
F'. These are established in the following'manner.
From the given fixed parameters in Figure 4.11(a), the
flexibility ratio '
ER*(1-p,%)

TR o k2.1l

om0 T s

A

The computer program requires the cross sectional area of
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TTRYIRYIRT

¥ = 20 WN|m®
E =1 MPa
K =05

"

o

E; =10000 MPa

(d_) fixed pd'ramefer'é

/
Parameter » ‘ ' : - Values
F' ' N 1 10 100 - 1000
v o=V " .25 , 330 © - .45
s g
soil response* - ' 'unlined' *lined’ | 'k, only'
loading$ . ' no slip  full slip ‘

* see Section 4.3.5

$  see Figure 2.7

(b) varidble parameter‘?'

: ' “ o _
Figure 4.11 Parameters Used in the Spring Model Analyses for

Deep Tunnels
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S W
théjliner; A,, to be defined as an input parameter. For a

unit length, b = 1 m,” and line; thickness, t, W L

-

A, ='bt = t [m*/m)

The moment of inertia of the liner, I, = bt®/12, enables A,

- to be]caléuléted as o : -
A, = 321, Imi/m] o S [4.6]

[

Although A, has negligible influence on the results and
could be left as a constant value for all'F', it is
systematically altered according to eduation [4.6) for each

_F' valde investigated.

4.3.3.2 Compressibility Ratio

Becausé of the finite ihput‘&alues required fér A, it o
is not possible to set C' idénticaliy equal to zero. An
'evaluatidn,of tﬁe compressibility ratios used {ﬁ this study
reveals that the most compressible éonfiguration is

associated with 1000,'where

c' = _ — = 0.0094 o R [2.2]

ions can be considered as incompressible for the. -
purpose of the analyses. This also justifies the use of the

Ahrens et.al. (1982) expressions for the "lined" spring
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J ! %
constants, -

A separate stddy described in Section 4.4.1 indi:ate%
that the discrete ring and spring model is fairly'accurate
in describing the response to compressibility effects.
4.3.4 Input Loads

As descrébgd}in Section 3.7, the'éytprnal soil stresses
- are ihput as horizontal and vertical point loads at the '
nodes of the frame representing the liner.

Thé interface shear conditions define the loading
p@ﬁtern that is entered into the analyses. For the
conditions that no stress reduction or dlsplaéements occur
priorvto the interaction process, the external stresses
required for £helspring'hodel aré‘described by the loading
recoagizéd by an incompressible and. inflexible ‘liner
"CC-%QO){ In Section 2.2 and Figure 2.7 it is.explaihed that
thesL stresses are the same as the in situ‘étress ratio for
a no sllp 1nterface conéltlons, and adjusted to account for
shear’ §¢¥esp redistribution for the full sl1p 51tuat10n._

The loads can be-obtained by settlng C=F=0 and
evaluat1ng the equations for. the external stresses in .
Flgures 4.2 and 4.3 for no Sllp and full 511p respectlvely

The approprlate constants in these flgures indicate
that the no slip 1oad1ng is 1ndependent of ». For the full
'sllp cond1tlon, the shear stress redlstrlbutlon is partly

influenced by » so that the applied loads must be assessed

for each distinct wvalue.

L



-

In summary, for C=F=0 and 6=0° at the crown, the no

[}

élip external sbil stresses are: \
™~
0, = %} {(1+R,)+ (1=K ) cos26) L lea(a)]
] ~ _
T = XE(1-K,)sin26 . o . [4.7(b)]

a .
. ?

Similarly, the full slip soil stresses are:
: ) Y
o0, = L& {(1+K )+ (1-K,)cos26} | (4.8(a)]

Pt | . . [4.8(b))

where A = 3 %élg%% is constant for a particular v and is

gtaphedlin Figure 2.7. | ¢

As aesc;ibed in the -following se;;ion, the majo}ity of
the anaiyses wég perfofmed\wfth the response to the radial
stress componenf'(equations 4.7(a) and 4.8(a)) subdivided

- into two parts wifh different spring constants describing '

\each In these cases, eaph part is analysed separately
because the stlffness for any member has only one value for
a partlcular analy51su The -final result is obtained by
superpos1t10n. .
" For input loads, equations sets [4.7) and [%4.8] are

each.rearranged into a uniform iadiai coéponent, and a |

dlstortlonal component which 1ncludes both the dxszggtional

rad1al pressure and the shear stress. The latter combination

' '&



is possible ‘since the radial and tangential spring

stiffnesses are assigned separately.

et

4'3.4.1 No. Slip

The .uniform component from equation.set [4.7] is S

0,0 ™ %f (1+K,) ‘g / : - [4.9]
{
The distortional component is .
w = L2(1-K ) (cos26+sin26) [4.10]

b
4.3.4.2 Full Slip
. The uniform component i€ “the same for no slip and full

slip. The distortional component from equation set [4.8] is
w = XE(1-K,)Acos26 _ T [4.11]

4.3.5 Spring Constant Combinatiqgs‘

Three alternate soil respon;e descriptions were used to
define the spring constant combinations. These in turn .
enable the spring stiffnesses to be defined for the discrete
riné and. spring model analyses. The term;ﬁology»used to

describe the three sets is

’

(i) Lined (see Section 4.3.5.1)
(ii) Unlined " (see Section 4.3.5.2)
(iiidk,, Only ‘ (see Section 4.3.5.3)

é; all three cases the uniform component of ;bading is



& | s

analysed using a model with radial springs dnly.‘The spriné
stiffnégg‘is evaluated from the .spring cons£ant, Keoo
| For the "unlined".aﬁd the no slip. version,of the
"lined" case, the model used in cofiputing the effects of the
distortional loads has both radial and tangential springs.

The stiffnesses of these springs are calculated from the

radial, k,,, and tangential, k,,, spring constants

i ’

respectively.
.- The full slip "linéd" case has no distortional shear
component and is modelled using radial springs.only.
In the "k,, Only" case, the total loading is applied to

a model with radial sprinés only. These have a stiffness-

e
calculated from k . It is established in Figure. 3.4 that
‘the spring constants of the soil, k, are related to the
assumed modulus of elasticity of the spring member, Eypr and

the length of the spring member, L. It is usual to set L
equal to the tunnel radius, R, so that k = E_/R. The
derivation applies equally to.radial or tangential stresses
and their associated digplacements}

The input for the computer analysis requires the

definition of the spring member stiffness. For R = 1 m,

m
o
>~

sp [4.11]
so that the spring stiffnesses for the radial or tangential
spring members are equal in value to the selected spring

constant.



116

A summary of the spring constant combinations and their
associated input data is pEovided in Table 4.1, The details
regarding each combination are given in the following

-

< subsections. .
The uniform component of the ldac‘ng in each case is
run with the radial spring member stiffness, E,, = k. This
analysis is performéd using a model which has radial springs
only. It can equally be run with a model having both radial
and tangential‘ipringﬁ. The required tangential spring
stiffness.{s zero; but since the program uses zero as a

default value in this instance, the tangential springs are

assigned a stiffness equal to 0.001.

%/
4.3.5.1 "Lined" Spring Constant Combination
. 3 : -

The‘sﬁtihg constants in this ana%&sis are given by the
expreésiops derived by Ahrens et.al. (1982) shown in Table
3.2, B |
The no slip analyses reqdires a discrete ring and
spring model which inc{pdes both fadial and téngential
springs. Two separate runs are perfdrmeé and then
superimposed for the final results.
(i) uniform load éomponent with radial épring stiffness
= k.,
(ii) distortional load'compoﬁent calculated from
eqUatiSn (4.10] with-the<radial spring stiffness défineé
by k;;-n, and the tangential stiffneéss by k..

The spring model for the full slip condition does not

require tangential springs, but once again, the analyses are
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run 1n two parts because»of the separate responses of‘the l
“.radlal components.‘ : o R #u-/
(1) unlform load component with km defining the radﬁpl

Sprlng st1ffness. | v B
, (11) the dlstort1onal load component [equatlon 4. 11] ‘isg
‘ a550c1ated w;th doradlal spr1ng stlffness E, =‘kﬂ1qs

4 3 5 2 "Unllned" Spring Constant Comblnatlon
‘ Thls approach follows the ‘'same procedure outllned in
;Sectlon 4 3. i\l except the l1ned sprlng constants are

: replaced=by the unllned sprlng constants g1ven in Table 3.2,
R o L m #
7 4.3.5.3. k Only o } o
| Thls approach assumes that the ent1re load response for,
‘,both no sllp and full sllp is descrlbed by the stlffness
assoclated with uniform convergence.vThe model_has radlalﬁza
_'springs'onlY»with stlffnesSes defined‘by E fJ. |
For the no slip calculatlons, equatlons [4 9] and | “J.”
[4. 10] are comblnEd to prov1de the.load 1nput S0 only one
run 1s necessary to provzde the f1na1 results. | N
| 81m1larly, the full Sllp solutlon comblnes equatlons»"t

~

[4. 9] and [4.11] for the’ input loads. . A

~a
i

, 4 1 Results of the D1screte Rxng and Sprlng Model Anglyses

Thls sect1on presents ‘the reduced output data for the

‘ d1screte rlng and sprlng model prov1ded by the computer. ¥

'analyses. The results are compared in each case w1th the ...
: ) L om

-analytzcal solut1ons.
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: R 7
- of comparrﬁon w1th the analytlcal solutlon.‘Consequently the

1nfluence of C' is not dzscernlble for the séries already

descrlbed
“ | A separate analys1s.was performed’ to ascertaln the
- capablllty of the dlscrete spr1ng model to simulate thexgb‘
"effect of llnéfocompre551b111ty an the average thrust term
T. It is seen in Sectlon 4.2. 3 that thls component of the
total»thrust 1nduced”by the unlformpload componentlls-the
. one most.Influenced hy the compressibility ratfol The
‘geometry for this series remalned unchanged but the |
| material propertles were altened to prov1de a 5011 l1ner.e
hconf1guratlon that was moFe domlnated by the compress1b111ty
| iﬁtlo. These are listed below: '. . |
E = 100 MPa A | c -
s

E. = 100 MPa

v = v (0. 25, 0;33, 0.45)

s . B3

'¥§ 2 0.5 JP : .~;"’¢ h' ;‘N\i

F =10 ‘/

Ry,

,0;1'5773’”f

’/ e » As‘ 1/c' mz/m g

An’ 1nspect1on of avallable output data and the -

L
i

‘ equatlons 1n Figures 4 2 and 4 .3 indicate that the average
thrust term 1s 1ndependent of the flex1b111ty ratlo, F‘ﬁ For

th1s reason a value of-F'?410 was. arb1trar11y selected 50
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~ that thefmcment~of-inertiawof’the liner-was fixed at 0.1~
me/m. s

The average thrust is a consequence of the uniform load

component [equation 4. 9]‘vith a scil response'descrihed'by

k”-f 7%7 ,'%. It 1sr}ndependent of the 1nterface sl1p

conditions. The cross sectional area of the llner, A,, was
;varled in. the 1nput data to prov1de the requ1red .
compresszbl1ty ratio values. Note that the model only needed
' to have radlal sprlngs. ) o ' fa _‘ »
| Flgure 4 12 1llustrat\s the variation of the average
‘thrust coefflcxent, T/yzR w1th the- compre551b111ty ratlo.
The'spring mode 1 is'qple to simulate the variation
associated with changlng P01sson s ratlo, v, but slightly‘
underestzmates the average thrust. ThlS is accentuated as C
h1ncreases, but for common soil- llner systems, this
dlscr:pancy amount§ to less than 2%.‘ .
" The sprlng deel prov1des an accurate response under a
un1form rad1a1 pressure with the stlffness of the radlal
*.sprlngsvdeflned by k.. T fﬁkg(f"
4 4, 2 Influence of the Flex1b111ty Rat1o on Moments'da
, The results for th1s subsectlon are addressed ' v
1nd1v1dually for each spr1ng constazipcomblnatf%n since the

4
response in each instance 1s sllghtly d1ffement o
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Figure 4.12 Variation of Average Thrust Coefficient with-
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4 4.2. i'LinedNCombinafionl |

The var1at1on of the moment coeff1c1ent, m, with the
flex1b111ty nht1o, F', 1s given in Figures 4.13(a) and (b)
‘for no slip and full slip respectively. ] ¥
- For no slip conditions, the "lined" spring constant
combéggtion produces a response which is essentially

indeffendent of » and although‘it imitatesfthe‘general trend

in gehaviour, 1t con51stently underestlmates the analytzcal
'solution. Typ1cally the largest dev1at1on in the curves is
associated with F' = 10 and falls short of the target values
;b} up to 15%. | |
.~ For clarlty, only the results for v = 0.25 and v = 0.45

Mare plotted 1n Flgure 4.13(b). The responge for v = 0 33‘\“Vf
falls in the range prov1ded by the given curves. The
analytlcal and numerical curves are seen to correspond
reasonably well, aLterlng with » as requlred. ‘The closeness .

-of f1t decreases as v,1ncreases, but the maximum d1screpancy

"‘at F'=10 only amounts to‘g% for » = 0. 45

4.4,2.2‘Unlined'Combination
The varjation of the.moment coefficient, m] with the
flexibility-ratio, F' ,is given in Figures 4.14(a) and (b)
‘ for no slip and full sllp respectively. .
| The overall pattern fos the no sl1p response to the
- variation in the flexibility: ratlo is well matched but the
spring model 1nd1cates a dependence on the chang1ng

-Pogsson s rat1o wh1ch is -not a feature of the analyt1ca1

‘ counterpart. The sprlng model overestlmates the analytical



123

U

! uotleutrquo) ,pauty, :o0tied

Kytriqixartd n.uw.s" JUITOTTI90) JUSWOW JO UOTIBTIEA EL°® muam:

S

s
~
dis iny (q) - dys"eu (o)
..I._ ) ’ . * ) .. ; A .I,&. .
ol o o ol ol S ol . oL Ol o Jol!
TR S S (TS S W AN B B Y12 8 ! - : ¢ IR ENE N__:___ r ._::___ ) o__:____ _— }
H ive1 g 14111 L 8 00 - ot . L . 00 .
. RAs muz_mam iviavy: : o // SININGS TVILNIONYL ANV IVIAVY .
W SLNVISNOD Oniyds aInn

SLINVISNOD 'ONI¥dS 3N

T dIIs 1INy di1S ON- |

10

.IN.O .IN.O
€0 w 3 .;« ﬁm.o
(g8 - =t - oxa pow

-1

%0 - L v'o
T Rv =Apeun. ujids ST

¢€Z == :peuyy:8uradg nn.".>uvo

nq.ﬂ»lou_:_ucl” .IﬂO nn.uv."vac Tn...O
ser=tzieanfiove . 4110 :|03(1kjous  « )
puaban .o° : , . puabay

-390 . L g0



i

ETy S

-

- .
- | ~dys (iny (q)
’ ’ . 3 -
Ol holl o . ol 0l
r:.:_~ o dwwer 1t bpggre g b buarr oo “0'0

~ SONI¥dS TVIavy
/ SLINVISNOD ONI¥dS GINIINA
di1s 104

Sy =~ pouyun i Bujadg

sZ =»s:pounjun: Bupudg
¢y =a (o3 djoua

S =z=a et ljoue

puabay

-390

uorjeUIqWo) ,pPIUTTUN, :0T3EY

xu:wnmxmﬂn Y3ITA JUITIDTJII0D JUSWOW JO UOIIBTIBA §|°f 3inbrg

diis ou (o)

O O o]} foll Ot
lters s p berr g leagege t g Lietgg gt o 00
SONIYJS TVIINIONYL ONY VIOV Y
/ SINVISNOD ONi¥dS GINIINA
di1S ON ,
~1'0
+zo
L 4 - ] N . N - n.o
H e ZA * w o= ‘
Z o
A-1 ’
Fv'0
Sr =a peiijun: Bujaidg
€5 =4 ‘poujjun : Sujadg
§C =4 ‘peuyun : Sujads
T EITLILTT) .
puabai V-

-9°0



128

.solutionefor all values of », with a maximum of 16%
occurringufor » = 0.25 and F' =-‘1,’0.~ ) ‘

Although"the overall pattern of behaviour is simulatea
in the fuli slip conditions;‘the tendenoy‘to overestimate.
the analytical solutiop is more pronounced as seen in Figure

T4(b) The maximum deviation occurs for F' = 10 where the
‘values are overestlmated by. 21% for v = 0.25. This amount
decreases to. 12% for » = 0.45. The curVes for » = 0.33 which

are om1tted from the figure describe a behaviour contained ¢

' within the range provided by » = 0.25 and » = 0.45.

P
\
\

4.4.2.3 k, Oniy',‘ | \
The variation of the moment coeff1c1ent m, with the
flexibility ;atio, F', is given in Figures 4.15(a) and (b)
for no slip and fuil*slip respectively. A
' Under no siip conditibns, Ehe "k, Only" asaumption for
the so;xng model prov1des a good szmulat1on of the
analytlcal solut1on. The response is. only sllghtly affected
by the dlfferent}P01sson 3 ratlobvalues(and all three curvese
lie within +4% of the analyticallsolution.
| The full slip conditlon 1s also reasonably well
simulated with v = 0.25 91V1ng the least accurate results by
:underestlmat1ng the moments fqr F' 10 by 7%. For
51mpl1C1ty, the curves: for V'ﬁ 0. 33 are omitted, but once
again, the response 1s_bou@qed-by‘the curves for v = 0,25

and v = 0.,45.

<+ - This approach appeaq$ to pr0v1de the best match for the

‘moment response, prov1d1ng values w1th1n +7% of the



126

.%uw:nmxmﬂm y3itam ucwﬂu:.umou JUBWONW IO

o1

- uotrjeurquwo) Atuo ,°'y, torjey
cm‘wumwumb S1L°p 3inbry s

A
&
. dus (ins (q)
g .
ol ol o o ot i
- e g Lesery gy lagegy 1 g Ipsgs g 00
AINO SONINGS TVIavY
INVISNOD ONINAS AINQ 94
dils 1Ing4
. ~Z°0
(o -
. 4
o 3

33 ”.J.l:olu;nu-.....m‘m
1w esy: furads
LIEDERTETTY T
2 =2 w83 d1sus
puaban

ST =

zZA

- < i
‘ . dis ou. (p)
3
ol ol o]l o ol
E-. 1 1 —:_:_ i1 :::_ 1l 1. .._::~ | 0.0
: ATNO SONI¥YS TVIQVY
INVISNOD 9NIN4S AINO o4y p
’ d17S ON
~1°0
-2'0
N ) ”
A=~
- €0 3
- ~v0
: so
>:o“._ou_.~.ol=u, v ) - " .
puabaiy N

~-9°Q



#

. |

aha{ytical. Although the k. only cohbination does not
provide valpéslﬁhich are consistently on one particular side
of the analytical solution for‘all v, a pattern does emerge
for both/ho slip and full slip. For v = 0.25, the results
are alwdyg”slightly smaller than the analytical and for v .
0.45, tge values are slightly higher. For v = 0;33, the
match g?r both interface conditions is very close,

i

4,£t3fln£luence ofl;he Flexibility Ratio‘on Thrust

s : f ;

/. 4.4.3.1 Total Thrust )

| It is seen‘inisecﬁiqn 4.4.1 that the average thrust, T;
qs essentially indgpehdent of the flexibility ratio,'F',‘so»
tha? the variation in response shown in thiS‘éectionvis due
to,{he diftérential thrust induced Ty the distortiongl

SN

coﬁpbnent of the loading.

: Figufgs 4.16(a) and (b)‘illﬁstrate tﬁ; influence of the
v;rious spring cdnstangAcQﬁbﬁhatipns on the totgl tbrbst
éoefficientx T/yzR, forfno slip aﬂd full slip‘reépettive}y.
'I?h’;rves are given for s'pecvific‘ally F' = 10, » = 0.33, but
éhe respoﬁse i% siﬁilar for éll F' and v, The-deviation from
éhefanalyticalvsplution ié\condensed'or expanded depending
én the particﬁlar values, |

é Eoi”o slip conditions; the deOiations_increase as F'
~fhcreasesw and as v deéreasé%. For any pair, F" and»u,’all
three spring~constant‘combiﬁékions underestimate the maximum

thrust (K,<1) at the springline to some extent. The approach

IS
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using k., only cons%stently provides the closest value-to
the analytical solution with discrépancies that

underest Eate.by up to 8% for the worst pairing of F' = 1000
and » =|0.25. The worst pairings in the lineé and unlined
combinatiions provide unconservatige values in the order of
15%. | |
| For the full slip simulation, all approaches provide
curves which are very close to the analytical solution wiih
no one combipation-producing a closer fit than the o;hers;
The maximum déviation of less than 2% occurs for F' = 10 and
decreases for all other F' values. Figure 4.16(b) indicéﬁes
. the full slip response for the specific conditions of gi and
v given in Fiqure 4,16(a) and typifies the genéral behaviour

for total thrust under fuil»slip conditions,

4.4.3.2 Differential Thrust

A closer inspection of the distortional component of
‘the thrust term, AT (deviation from the average thrust, T),
indicates that the spfing model is pbor at simulating the
thrust respbnse to the_distortional load component.

Figures 4.17(a). and (b) illustrate this point for no
~slip and full slip Eespectively. Thesg_show the variation of
the maximum thrust differential cogffigient n, with the
flexibility ratlo, F', for » = 0.33. The curves highlight
the effect of the d1fferent spring constant comblnatlons and
describe a pattern of response which is generally similar

for » = 0.25 and » = 0.45. e Lo
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The ipfluende of these inadequate simulations however; do
not have the same major impact on the total thrust term
described in Section 4.4.3.1.

The no slip condition shown in Figure 4.17(a) indicates

that the discrepancies are strongly pronounced for F'\ values
greater than 10, for which values the:differential th&hq&
' L

component, AT, is less than about 20% of the total thrust?

T. The net influence of the lack

match agreement in the
AT simulation is a much reduce ict on the overall thrust
term. For example, the curve f only in Figure

4.17(a) indicates that AT is underestimated by 28% fér F' =
1000. This is combined with the average thrust, T, to
produce a velue of total thrust, T, which.undereétimates the
analytical solution by only 6%.

The fﬁilkslip condition given in Figure 4,17(b)
illustrates a lesser effect that AT has on the totai thrust
term. The large relative discrepancies which'bccur as F'
increéses are indiscerntible since AT itself is negligible.
This results in a minimal adjustment to the average thrust
to obtaip the total thrust. The outcome is that any of the
Ehree approaches simulate the full slip thrust conditions

~very well since the differential thrust effect is almost

‘completely suppressed.

54.4.4 Influence of the Flexibility Ratio on pisplacements
: r's
The analyses used to assess the influence of the

flexibility ratio have a soil-liner configuratién in which
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“the 11ner s vxrtually 1ncompress1b1e (C'=0) Thfs"diétéeégf\‘

«" that the constant 1nward dlsplacements resultlng from ‘the .
Jf.un1form ‘load component are essentlally zero.' | |

E The dlsplacement patterns 1llustrated 1n‘Figures 4,Td
dand 4 19 show the reSponse to the dlstortlonal load |
"component and are very much 1nfluenced by the spring .
‘Hconstant comb1nat1on selected to represent the 5011 {1 ,‘
dbehav1odr in the model g

‘“p _The . shape of the curve for each’ sprlng constant
v;comblnat1on and P01sson s ratlo 15’51m1lar in form to the
‘hanalytlcal solutlon but the” magnltudenof tha dlsplacements

}d1ffer con51derably w1th the same parameters. f' e

F1gures 4. 18 and 4.19 show the’ var1at10n of the max1mum

‘"dlsplacement coefflalent w1th the flex1b111ty ratlo for ne

s1i nd full sllp respectlvely. Wxthln each flgure theh

iﬁresponses for v 0 25 and V.= 0 45 are g1ven. The model

ihresponses for NS 0 33 are not shown °but 11e about m;dway
;gbetween those. g1ven for v = 0 25 and » = 0. 45 for each“
fsprzng constant comb1nat1on.. ‘ ‘

~'The 1n 51tuystress ratlo,.K ‘is 0 5 so’ that the k
h maximum fhward dlsplacement occurs at the crown (and floor)
f{and the maxlmum outward d1sp1acement occurs at the - d‘ A
”ﬁsprrngllne. For C't 0, the magnltude of the max1m$h 1nward

i:and outward dlsplacements are equale

e L

~

r
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T 4.,4.,4.1 Effect of Pozsson s Ratio

For both no 511p and full slip- condltlons, the
influence of increasing » = », is to decrease the overall

range of dtsplacements produced by'the di%

for the sprlng representat;ons..Thls indicates that the

e

sen51t1v1ty of the dxsplacements to the cho1ce of 5011

ferentfaSSUmptions

'representatlon decreases as » 1ncreases.A

. -v\’ # |:_':“," 4y ‘,A .
- For v = 0 25 F1gure 4.1 S é ,“ws that for F' = 1000,
. Ry !,'{"\ o
.

the no sllp curves lie betwee_’“ %’and —30% of the

»

analyt1ca1 solutlon. ThlS range is more than halved for » =
0 45 w1th bounﬁs of +30% to -8% as seen in Figure 4.18(b),
The range of dlsplacements~ or the tull siib conditions show

a similagt 50% decrease as v increases. This .is seen in

4.19(a) and (b).

8 0.4.2 Lined Combination

The no sllp response portrayed in Flgure 4 18 1nd1cates

2
v

at the use of the lined spr1ng constant cemb1nat10n always'
:‘produces dlsplacements whlch are usually less conservatlve
’than the analyflcal The underestlmate decreases as v

inc reases .

§ The full sl1p condltlons given in Fxgure 4.19 show that

a reasonably good match is p0551ble w1th the ‘lined

_comb1nat10n. The model prov1des values which are w1th1n 13%

[

greater than the correspondlng analytical solﬁt1pn for all

Vo



*

4.5 Summary

[ o . . ARt Sy . Co .
‘ ‘ ‘ .‘!,“.ve,j :
4 4.4. 3 Unl1ned Combination ueen e
It can be seen in F1gure 4., 19 for no sl1p that the
unl1ned,spr1ng‘constant combination always generates an
extremely conservative respofise. The conservatism is
exaggereted for the fufl slip conditions shown in Figure

~,

4.19, n,
‘ g

4.4.4.4 k., Only
o As for the moment response descr1bed in Sectlon
4.4.2,3, the;use;qg k., only to describe the soil response
does not consistently provide conservative or unconservatdve
values according to the 1nterface condltlon. Once agalp,f
rather depends on the value of v, and for v.= 0, 25 the model
prov1des less thanaa 10 % underestfhate of the analytical f

solution. for both no Sllp and fﬁll slép. ThlS is seen in

'Figures 4. '18(a) and 4. 19(a). Although not shown, the .

responses for v = 0933 produce §ood s1mu1at1ons for both no _
slip and full slip Wlth curves which deviate up‘%o 6% more.
than the analytical. - / |

For v‘='0 45 the radlal dlsplacements in both the full

sllp and no’ sl1p cases are overestlmated 1n the order of

£

- 30%.

t

_K"detajléd.deScription of an analyticalisqlution-for an

_excavation loading infdeep conditionSVisfprovided dThe B

response expected for varlatlons Wlth the flex1b111ty and

compre551b111ty rat1os prov1des the ba51s for comparlson of



the discrete r1ng and spr1ng model . " . .
Three sprlng constant combznatld%s representlng the
soil behaviour in the spr1ng model are individually assessed
to determine the approach which provides the closest

;51mulatlon of the analyt1ca1 solution, | |
Although 1nd1v1dual aspects of the respd\§es are better
_in some instances than the other approaches can provide, no
1one approach becomes part1cular1y dom1nant for every part of
the simulation. |

The 5011 representat1on assum1ng "k " only perhaps
prov1ﬁes the best owerall response since, although the
_results are. not con51stently on one side of the analytxcal
solution, they are usually acceptably close. An advantage in
iaiour of this approach is that the model~uses only radial
springs whose stiffnesses are defined by the spring constant
associated with uniform convergence, k, = T%; .E R The
‘entire input load. 1s subject to this sprlng stszness and
the results are therefore obtained with one computer‘rgn.

The‘lined spring constant combination produces resplts
mhdchvundereStimate the analyticai solution in all respects,
except for prov1d1ng an e=sent1ally perfect match for the
, full sllp dlsplacements. Although these 11ned sprlng |
constants are the expre551ons der1ved for the full -
correspondence between the analytlcal solution and the
contlnuous r1ng and sprlng approach, the discrete sprxng

'representatlon responds in a more r1g1d manner and attracts

some load which should bevcarrrednbyrthe liner. The presence
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}

of the tandential sprihgswenhénces thig;rigidigy,

The unlined‘approach typically produeés‘resﬁlts whichQ
ovérestimate the anaiyticai Splution. Although a
- conservative approach might be preferred, the aétual degree

of conservatism is quite excessive in some instances.
. : . ' L . g
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5;_ANALYSIS OF DISCRETE RING AND SPRING MODEL FOR SHALLOW

TUNNELS

5.1 Introduction

The results of tny/éeep tunnel simulations in.Chapter 4

indicate that of’the'three modéls tried, the discrete spring

model with'fadial sptings only provides a response closest

gto~Ranken;s (1978) analytical solution, In Chapter 5, this

particular model is compared with the analytical Hartmann

(1970 1872) solution which accounts for the additional

stresses due to gravity which prevail in a shaliow tunnel,
The formulation of the Hattmann solution assumes the

soil is represented by an infinite plate the soil and so

does not model the shallow oynnel effects ~of being close to

the stress free ground surface.436hever, in comparison with

'an appropriate finite element analy51s, the analytical _

approach is very 51m11ar for relatxve.depth ratios, H/D >

5 (Negro, 1988), indicating that the ground surface

.effects may be ignored below thlS depth.

)

In this Chapter <; will be shown that the fully )
embedded model with radial sprxngs only, compares reasonably
well w1th these" models '

The commonly promoted partlally embedded spring model

for shallowytunnels (Duddeck and Erdmann, 1982,.19di§';_

assumes that. the liner in the crown region is not supported

‘by active springs. It will,be shown tnat'this-approach

provides results which are very ¢onservative for good ground

139
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control eqndit10ns (Negro, 1986:166), even though a sﬁiff
nspring constahtlis.adopted to describe the soil response
'awanyrom the unsupported crown. - d

The aespmbtion of full overburden.is qually applied.
for the design~ot the final support; mainly because sensible
§r1teria are not available to make some estlmate of
Tpermenent ground stress relief. ’

In recogn1t1on of the stress releaseﬁaﬁd the stiffness
reduetion which occurs in the tunnelling process, it is
_.nofmal te,take account of reduced loads for the primary
liner design. Until the design process proposed by ﬁegro
(1988) hoﬁever, the reduced loads and stiffnesses for
appllcatlon in r1ng and plate or ring and spring models were
obtalned empirically. Negro's (op.cit. )Cge51gn process is
descr1bed brxefly.and the modifications necessary to
implement the ring and spring model as’ an elternate approach
’ fo? thefground-liner*interaction phase are presented.

B A case history indicates that the.rihg and spfihg model
prevides a reasonable alternate for the analytical approach
originally'euggesteq by Negro (op.cit.). |

5.2 Analytical Solution for Shallow Tunnels - Hartmann

5.2.1 General “ : ~

The»anql&tical ring and plate solution by Hartmann

"(1970 1972) fully accounts for the non Gniform'etress field

existing in a shallow tunnel This stress field results from
‘ -

. 0’
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an in situ stress ratio, K,, different from unity and from

gravitational effects.
. L4

The solution negleots’the effects of proximity to the
ground surface because the ground is represented by an
infinite plate. The opnsequences of this assumption were
investioated by Negro (1988:1126) andﬁare‘recorded'in,

_ e .

Section 5,2.3.

i s

The full details of the Hartmann solution are provided
by Negro (op. cit.:1%17) but briefly, the general
\\assumptlons g1ven,*n Sect1on 4.2.1 for the analytical
- solution in deep cond1;1ons, apply also for the shallow
conditions, except that the lining is activated by the
excavetion loading conditions described in Figure'é;B.

[

Negro (op.cit.:99) .indicates that the ratio of

»mobilized shear.stress to®acting normal stress at the
-s0il-lining interface is a measure of the shear strength
mobilization. Generally this ratio shows that small zones of
5 localized slip might occur, but that a full slip condition j
around the tunnel profile would not exist. The shear
strength mobilization decreases as H/D 1ncreases, as K,
approaches unity and as the lining becomes more flex1ble.
For this reason, only the no slip soldtion is considered.
"5.2.2 Summar; of the Hartmann Solution
The notations and positive sign conventions usedrin
Hartmann's solution are given in Frgure's.i. A summ;ry”of

the no slip solution is presented in Figure 5.2.
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As for the deep c@nditions, the final form of this thin
liner solution is simplified by using a,compressibility

ratio, a, and a flexibility ratio, B, where '

. EﬂAs( T+u) ~ [‘ 1
) E r°(1-ufy . S
~
E,I,(1+u) o
= [5.2]

E r,*(1-u)

E,, A,, I, and E dre as defined earlier, r, is the tunnel

s/ s’/ "8

radius and u and u, are the Poisson's ratios for the soil
and the'supporﬁ (liner‘ respectively.

As in Chapter 4, the results’of the analyses are mostly
_presented'using the Einstein ;nd Schwartz (1979) stiffness
ratios, C' and F'. The expressions for a and 8 are;;:lated

to equations [2.1] and [2.2] defining C' and F'

'respectively, as follows.
[5.3]

([5-.4]

5.3 Discrete Ring and Spring Models
Both fully, embedded and pa;tially embedded discrete
- ring and spring models are investigated for the shallow

tunnel conditions,
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‘The circular configuration shown in Figure 3.5 which has
radial springs at 15° intervals is used for both approaches.
.For the fully embedded condition, all the springs are
assumed to be effect1ve The partially embedded condﬁtion is
“achieved by ass1gn1ng zero stiffness to the springs in the
crown regxon‘where the partxallytembedded model assumes the -
soilkis hot contributing to the resistance of the soil-liner
system, This would bé agpropriaté_if the dead weight of the
soil was traﬁsferred eﬁ%irely tb'tﬁe liner. Note that if
full overburden is assumed in the ioading then the partially
embedded confiquration represents a éolumn of soil extending
frbm !hg.tunnel crown to the ground surfac 'Sounded by
vertical failure suffaces which have zero4zheat strength, .
This condition is not encountered 1n-¢éa%§ty, except‘xf the

W§ mater1al itself has no shear strength.

v\‘In tunnelllng operations where good ground control is

H%‘ }ma1n£a1ned the soil could reasonably be expected to always

; part1c1pate in load sharlng Wlth the 11ner. This condxtlon

- is ‘represented in the discrete -ring and spring model by
assigning a non zero stiffaess to all of the springs .as done

in the fully embedded model..

5.3.1 Fully Embedded Model

i The geometry and flxed parameters of the fully embedded

- model for shallow conditions are given in Figure 5.3(a) and

the variabli’parameters are tabulaged in Figure 5.3(b). The

o
& A

ring and spring model geometry is as shown in Figure 3.8



: w1th radlal sprlngs only. B _“ r' T . l;ﬁ%;ﬁ 5

| Essentzally the deta1ls for the geometry, mater1al
f}propertles and lnput varlables def1n1ng the stlffness ratlos
k ' ‘and F | are as descr1bed 1n Sectlons 4 3. 2 and 4 3 3 for
Tthe deep condltlons.‘The effect of grav1ty is assessed 1415
.through 1ntroduc;ng varlatlons 1n ‘the so;l cover to dlameter
‘rrat1o, H/D : ,‘ v | .' e ““h_ | | | |

. AR 1nspect1on of the output data 1nd1cates that the
;patterns establ1shed for the effect of varlatlons 1n‘
‘;Po1sson s ratlo ‘on the deep SOlUthD also apply when the

. *r "

¥ effect of . grav1ty 1s 1ncluded Fﬁr thlS reason, the results

/

Cdre typlcally shown for u’v.-O 33

5 3 1 1 Sp§1ng Constant Comblnatlons

The resul s recorded in Chapter 4 1nd1cate that -of ‘the

‘5three d1fferent ground response representat1ons
-}1nvest19ated the values prov1ded by the "k only model
ﬁ51mu1atemthe analytlcal solut1on most closely This model
: has radlal sprlngs only w1th stlffnesses determlned from the
sprlng'cohstant” km;;v1lp g, def1n1ng the 5011 convergence
response to unlform pressure Th1s approach 1s used for the
parametrlc stud1es and is. seen to prov1de good results for»‘r
'mOments,,thrusts and dlsplacements.' T
%; The e§press1ons establlshed by Negro (1988 375) for the
¢equ1valence between the contlnuous r1ng and sprlng
'lmodel(l e. a model w1th an 1nf1n1te number of sprxngs) and

_;analytlcal ring and plate solutlon for an unllned c1rculari

7open1ng in a grav1tat1onal stress fleld are seen 1n Flgure'
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'vfor the rad1a1 spring constant kf, Negro (bp/cxt‘ ,hows
that the average rad1a1 spr1ng constant 1s 2 ‘,ﬁﬁ\jﬁ
‘ S ‘ ‘ BRIV Y |
Lk, = (1.0‘5:0.06)»«?;° S - [5.5]
e

‘Equatlon 5 5. 1nd1cates that generally the un 'ned expre551on o

descr1bes a stlffer 5011 response than obtalned by settlng k

= k . This in turn prov1des a less- conservatlve est1mate

] of the 11ner actlons 51nce more of the load will be carrled
by the*501l |

1f the. tangent1al sprlngs are also 1ntroduced 1nto the

1'system w1th stlffnesses descr1bed by the tangentlal sprlng
'3constant ky in Flgure 3.7, the st1ffness of the 5011 1s

“5further enhanced and the l1ner is requ1red to support even

~o 4

less 1oad R ,W*Q el n

It 1s antlclpated that the equ1valence between the’
contlnuous sprlng model and analytlcal solut1on for a 11ned

.c1rcular open1ng in a grav1tat10nal stress field would

&

'”produce est1mates for t%ﬁ Ilner actions Whlch e less

‘ e L

,conservatlve than the unlined values. The 1ntroductlon of a

. LN
_ﬁlner~1n£\\the openlng constralns the soil dlsplacements and

alters the assocxated stress d1str1butlon ‘in the 5011 1n"
_such avway‘that the 5011 response is described by a stlffer .
sprlng constant. Although the. development of ‘the full

v o

| correspondence for the: 11ned openlng would be 1nterest1ng in

,vﬂ.

terms of the complete p1cture, the ant1c1pated
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unconservatism for liner actions render this exercise

unnecessary for use in the discrete ring and 'spring models.

5.3.1.2 Input Loads
As described in'Section'Z‘Z‘S 1, 'the installation_of'a

.y

‘r1g1d 11ner (C= F=0). into an excavated openlng in a

: grav1tatlonal stress field resulbs 1n a 5ed19tr1but1on of

‘ the in situ stresses even for the no,sllp 1nterfafe

’conditlon. Accountlng for thlS buoyancy effect" prov1des the
stress dlstrlbutlon 1llustrated 1n Fiqure 2.8. The equatxons

Qéor the rad1a1 stress, a,, and the shear’ stress, T, are

'ﬂ comblned to prov1de the 1nput loads recognlzed by the: 11ner.

-

For the glven radlus of R=1 m, the. grav1ty components,
&

og and 74, Of ‘each expre551on remaln constant whe:eufor ¢

A
- measfired from the crown, - ,
ooy = S TE LUK, )coss + (1-K)cos30} . [5.6]
. . . o :»..‘Q | R ] | ¥ o
7= AR {(1+K,)sin¢g - ({-K°)sin3¢} oo .[5.71‘

The resultlng 1nteract10n provtoes the moments, thrusts )

and relatlve deformatlons of the llnén.

f:?i_If an assessment of the absolute dlsplacements is
’ B

requ1red then the or1g1nal 1n sltu stresses w1th grav1ty
: L&

effects as descrlbed in. F1gure 2. 2 are- 3 plf@d as 1nput

: loads and the vertlcal upvward dzsplacepent at the spr1ngl1ne"

prov1des an estimate of the heave.
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For a~given R, K, and‘yi tﬂe estimate for the vertital

e _

heave at the sprlngllne 1s v1rtually1constant for any value-
of H/b. T
o Tﬁps prov1des an. advantage over the Hartmann solutlon

in whlcﬁ the heave component v

20 varles accordlng\to,the

l%ivalue of - r,, as seen in-Figure 5. 2. The parameter, r,,\xs

T%he d1stan ce. to a‘boundery%where zero d1sp1acements occur\er
to the ground surface. o . -

| Values of H/D =.0.5, 1.0f.2{0,‘3.5 and 5 0 are used to

L4
;assess ‘the 1nfluence of the grav1tatlonal components given

in equatlons 5 6 an?ié@?

5. 3 2 Partxalfy Embedded Model _ | - . . o
The geometry of the model 1s 1dent1cal to that used for
the fuI&y embed%ed model w1th radlal sprlngs at 15: for the“
¢ full contour._The partzally embedded assumptlon is reallzed -

by a551gn1ng ze%o stlffness to the sprlngs in the reglons'

. where the soxl-:s assumed,.to not provide any 'self support;

;', ThlS approach is. tecbmmended by Duddeck and Erdmann
-5(1982 19853 for des1gn1ng very shallow tunnels as" shown 1n -
'Flgure 3 It is seen im the reSults 1n Sectlon 5 4 that :

the 1nfluence qf grav1ty on the max imum %1ner actlons is

‘stlll evxdent ﬁqr H/D ratlos 1arger than the 1.5 value L,

Duddeck and Erdmann (op c1t ) 1nd1cate as suff1c1ent for.

11nc1ud1ng these effects, but the dlscrepanqies are not s

\

substantlal. ‘ :é,



The 1nvestlgatlons applled to th1s model assess a range
- of H/D values between 0.5 and 5.0. These depths result in
‘véry llttle d1fference in. the various express1ons
..%‘app;ox;matlng t%eggrav1ty loading condltion. Examples o{'
these stress distfibutions erelthose'by Schulze and Duddeck
(]964)dand'Windeis (1966), andkthese are presented in,Teble
3.1 alonélwith'the’equations for theishellow conditions_‘

which they'approximate.

5 3.2.1 Effect of Unsupported Arch Span on Crown Moments

The unsupported arch 1s generally taken to be 90°, but
Othif angles have been assumed The shallow stress : |
ﬂdlstrtbutlon glven in Figure 2.8 is used for tRe
1nvestlgat10n of the effect of progress1vely "dlsconnect1ng.
vthe springs in the crown region as shown in F1gure 5.4.
. i The crown moment, Mc, is the cr1t1cal action result1ng
from the partlally embedded assumpt1on and in F1gure 5 4 it
is normallzed to the crown moment, M., of the fully

mbedded modelk Flgure 5.4 1llustrates the response of the

~chown moment as the unsupported arch span is 1ncreased-frompﬂ,
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. is extremely conservat1ve.( “ ' o
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_At present, it is not uncommon that a prerequisite of
tunnel construdtzon is to ensure good ground control

cond1t1ons. Negro ( 166) deflnes tentatlve criteria to

-,

-a:z;ss these quant1tatively in terms of a norma11zed

o

N d lacemeﬂty I8 these condltlons hold then the crown “

| soil providts‘sOme self support 'and a de51§n approach such'
as the fully embedded r1ng and sprxng model is approprxate.7
Under these c1rcumstances, the 1ncrease in magnltude of the
crown moments by six to ten times the fully embedded |

equ1va1ent 1nd1cates that the partlally embedded assumption‘

-
The absolute values obtained by u51ng the partial

~.spring model are pompared with other approaqhes in the

discussion of the influence,of the stress free ground

surface in Section‘554;3.

5.4 Calibration of the Fully Embedded Spring Model

’
L

5.4.1 General ‘f | - o : )"0;

- By 1nsgect1ng the no sllp equatlons for the radial. and
tangent1al stresses 1n F1gures 2.2 and 2 8 t is seen ‘that
the shallow tunnel cond;tlons are- an extens1on of the. deep
tunnel cond1t10ns wm*h the 1nclu51on of terms accountlng ﬁorv

A @

(the effect” of graVitY- ﬂﬁd' Af-ﬂj§r~

L .

The 1nvestlgat1on of the fulJV'embedded dlscrete r1ng ’

A‘: .’,:

*} and sprlng model 1n shaLlow cond1tions 1s concentrated on

lu, -

. A gt ‘
"51mulat1ng the grav1tat1onal 1nf1uence 51nd‘ the portlon of»;

‘;}r
Qz::\
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the response defined by deep conditions .is discussed in '

deta1l in Chapter 4. .
. s \ ' : \
For a given excavated tunnel radius, the grav1tat10na1

 stress contribution is constant for ‘any depth, Its .influence

is more strongly felt as the cover. depth H decreases L

because it comprlses an increasingly larger percentage of

" the overall stresses applled to the 11n1ng

‘ ‘From the results given in Chapter 4, it is seen that

" the distortional components of the applied loading'are

_susceptible‘to variatrons in the flexibility ratio, F', and

thatithe responsehtovchanges in the common range of

compreSSiLility,ratios, C', is of much smaller conseguence.
Since the'o;avitational stress contrihut;on‘is of a

‘non—uniform‘nature, the effect of var1atlon: in the llner

flex1b111ty is. emphas1zed o
Comparlsons performed in thls chapter cons;der the

overall response pattern to thﬁkno Sllp excavatlon loading:

cond1t1on.“Afseparatibn of the components would not prov1de

any further 1nformat1on to the material presented i Chapter.

4. It is seen there that the dlscrepanc1es which appear in

-
the d1screte r1ng and sprlng model results are ma1n1y due to

the pooren 51mulat1on qﬁ the. response to the d1stort1onal : 5%

components. : The general patterns of response to variations @§%

e

in. stlffness rat;os and Poxsson s ratio established in _ﬂrgg’f

,Chapter 4 also apply in the ‘shallow cond1tlons. ) &
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5.4, 2‘*he Influence of Grav1ty R B

The 1nfluence of gravity is assessed by vary1ng the

.cover depth/dlameter n;tlo, H/D. Values of H/D = (*5, 1.0,
2. 0 3.5 and 5.0 are consxdered but for clarlty, the
results of some of‘theee curves are omg@ted‘zn various
figgres.‘ | o o

5. 4 2.1 Thrusb'Varlat1on with Compre551b111ty Ratio .

An assessment of the response of the maxlmum ‘total .
thrust coefficient to variations in “the comprb551b111ty
ratio, C, 1nclud1ng the effect of gravity is emown in F1gure
" 5.5.3 |

&Thétinput ﬁhramete;s for the study are the same as .
thosefosed for the deep conditions described in Section
4.4.1. However, for the ehallow conditions, the variation in
H/D plotted‘only for a Poisson's ratio of »=y,=0,33,

The model has radial’ sbrlngs only with a 5t1ffness
1_E
1+ °R°
The maximum thrust occurs -away from the springline and .

deflned by k., =

’the.analytical and sprimg model approaches_do not-
neceséaril} peak at the same location, although this
difference ieronly a matter of a few degcees. The curves in
Eigofe 5.5”mere produced using thefmaximum thrust yalueg
mfeoefdless of their IOCagion.

_As expected, an.incfease in the compressibility ratio .
.produces a reduction in the maximum totai-thruSt When
compared with Figufe 4.12, it is ‘deduced ‘that this reductlon

is predom1nantly in response to. the unlform component of the.
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input load and is affected very little by the gravitational

component,
[ 3

5.4.2.2 Moment Variation with Flexibility Ratio

Figure 5.6(a) 1llustrate5/for the analytical solution,
the influence of gravity on the moment coefficient response
for.{i-\O and K,=0.5. It is seen that there is not a major

7 alteration in the response by inqludiné the,effect of
 gravity. For H/D = 3.5, the shift in theﬁdistrihution from
the deep tunnel solution is negligible.

The maximum increase in the moment occurs at the floor
with a correspondlng decrease of similar. magnltude affectlng
the moments at the crown. For H/D = 0.5, the maximum
~adjustment in crown moment due to greyity effects for ell’Ff'
values 15'11% (

The cond1t10ns in the: spr1ngllne reg;on are virtually
1dent1cal to the deep solutlon except the local max imum
moment is relocated to sllghtly below‘the spr1ngl1ne. Figure
4.6(b) pr9y1des the compar:son of the fully embedded ring
and Spfl{é model results w1th the analytical solutlon.

Althoﬁbh"the curves are presented only for F'-10 and
H/D=0.5, the response to the input loads including gravity"’
‘is well simulated for all variations in F' and H/D The
maximum deviation for any comblnatlon underestamates the
shallow tunnel analytical solution by 4%. . ﬁ%ﬁ_

| Figure‘5.7 provides a mo>e;§eneral tepreeentation for
the'monent coefficient'response with variations in the

flexibiiity ratio, F'. Both the momentlcoefficient for the
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crown ehd the floor are i#lustrdted for H/D=0.5 and 2.0 and
V=Oo33o ° ’
It is seen that as H/D increases, the differen?e.

between the crown and floor moment coefficients raqﬁdly

”ldecreases, and both values converge towards the single value

i

associated with the deep solution. The simulation provided

.

by the discrete spring model agreed very closely with the

corresponding analytéfal and for this reason, the analytical
" y
curves are not 1ncluded here. .

.? !‘9

Lo A
LR B AT ‘
X B

5. 413 3 Thrust~Var1a€§on with Flexibility Ratio
'?igure 5. 8(a9 1llustrates the grav1tat1onal effects on
v 4 R

the d1st;1bug;on of the thrust coefficient for the
‘\’.

~y

analytlcal solutlon. It is seen that ,the felatlve depth

H/D, of the tuhnel exergsga strOng 1nfluence on the

‘-dlstr1but}pn offthrust throughout the-contour w1th a

relocatlon of the\maxlmum thrustw for K <1, away from the
spr1ngl1ne tbﬁatds the floor. Hodever the increase in

max imum. thrust regardless of circumferential location, is

relatlvely Sm&ll and in thé order of 5% for any value of F',

Flgure 5 S(b) ShOWS the reasonable sxmulat1on that is,
possible wfth the fully embedded spring model Although for
clarlty the fxgure 1llustrates curves only for F"=10, the

maximum underestlmate of the analytical equ1valent for any

k)

x’value of F'"'is 5%. .

B
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for the sprlng mo el will prov1de the rélatlve d1splacements

. . e
umxcurr1ng around the - ‘lining. The heave at the sprlngllne is

nalyses because of the adjusted format ofh

:‘exq}udeduin these

the load1ng stress d1str1but1on from the 1n sxtu condltlons.
e . .
- The crown dlsplaaiment coefflclent curves 111ustrated ‘

- REFag o
in F1gure 5 9 1nd1cate once aga1n the reasonably good match

’ between the analyt1cal soldtlon and the sprlng model whlch

‘ﬁ; has only radlal sprlngs w1th stlffness deflned by k o Them}

b curves are. shown for v= 0 33, but in Sectlon 4 4 4 the.
sen51t1v1ty of the deep tunnel-dlsgkacements to the cho1ce.

qf Po1sson s ratlo 1s notéd Slmllar trends oceur in ther
shallow cond1t1ons.,; zﬁ?" «

‘_ The 1nfluence of the grav1tat10nal stress component is .

to reduce the vertlcal loads and consequently the ,j“<ﬁ

dlsplacements at the crown. As the grav1ty fractlon of the

‘ >

total 1npﬁ loa ;decreases, 1ts effect on reducmng crown

displacementsfls also decreased S ;f_< o }" t7

sThTs\1s reflected 1n the curves of Flgure 5.9 where the
hﬁinqrease}ln the ‘erown dlsplacement co ff1c1ent w1th ) |
bl;lncreaslng relatxve depth 1s seen. Note also for 1ncrea51ng
j'-’I~~I/D the proflles rapldly cbnverge towards the solutlon"

W1thout gravzty effects 1ncluded
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- 5.4,3 Consequence of Neglectzng Ground SurfaCe Effects’
The analyt1ca1 Hartmann (1970 1972) solutlon does not

cons;der the 1nfluence of the stress free ground surface,

e

because‘ln this: formulat1on the, groun 1s represented by an -
infinite plate. Negro (1988 1126) ‘invelstigated ‘thé effect of
\\\ this assumptlon by cbmpar1ng the analytxcal solutron Wlth
,\\esults from a f1n1te element ana1y51s q& a shallow tunnel.,

In both . cases, the'actron of grav1ty was 1ncluded and,,apart

from an umerlcal 1naocuﬁac1es, any dlfferences re
oy -

r1buted to\the 1nfluence of ‘the stress free g%ound
I
_y khe 1n1te element analy51s.

The numerlcal and*aQalytréﬁﬁ SOlUthﬂS were found to

g1ve 51m11ar results for\relattve d&Pth rat1os, H/D > I.S;v

5 ® o~ "," v - . .
\\d\for H/D < 1, 5 the analytical-solﬂzuon typ;ca‘&y ;‘°

prov1ded\conservat1ve est1matesg;f the Iinrng*iespdnse.'
Flgu s 5.10, 5. 11 and 5.12 bo tray ‘the crown response '

)

for the no slrp\condltlons, along with’ *mparable analyses

. &
, ‘zperformed u51ng both the fﬁlly and partlally embedded r1ng
" e

‘and sprlng mg&els.:iS\\\- gijlig . p' :E§f°"°f

The fanlte element ‘R@ ken curve refers to arsolut1on

whlch allowed for the effect o"the gr und surfacef As
stated,farlrer,_the Har;hann and Ehe lly embedded mode1q§#
" with active crown reglon sgrlngs‘d1d not account for ground E
surface effects. The part1ally embedded model could arguably
.h be attemptlng to take‘@ome account of th15‘1n that a“eo%%yr_

of 5011 1s assumed to 51t on the llner w1th 511p surface

Y

&
c_boundar1es reachlng the surface. But thlS 1ncreased load

Y .A,



'aSsumpbiéh is in conffict with th\\Q:n1te element ‘Usults
which tend to show s1gns of a load shedgxng process.f
Flgure 5. 10 1llustrates the varlatlon in the crown
h'moment coeff1c1ent in g%sponse to the changlng relat1ve
depth ratlo. Figure 5.11: records th varlatxon in the crown
zllust rates the |

thrust coeff1c1ent and Flgure 5. 12

dlsplacement response in terms of“absolute crown

.-dlsplaeement, ) (1ncludes heave) 'ﬁnd of vertlce*'

hdrizcnfhlldiametervchanges, AD/D)
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R 5 4.3.2 Input Loads and Responses for Partially Embedded
Model

This 1nvest1ganabn pro»;des the opportunlty to asgess

the conservg‘ism of’the partlally embedded mode ], approach

-

usxng the suggestéd 1nput loads ofVchulze and Duddeck fl‘b
5f v(1964) glven in,gnblg;3.1._Note‘however}zthe‘igmulze and

?-Duddeck (op c1t.w assumes an unsupponted arch of 100' Ca

‘The calculat1ons ngen 1n this section are for a 90°
“unsupported arch, wh1ch may exaggerate the crown moments

] SllghtIY”lﬁ'the tgends ;n‘Flgure 5.4 areAlnferred. It is -
q'c:,ommon in this approach to assﬁme that- the radial spring
.qunstant h;'=.Ew/R =:D7R\whe;e D.tf the constrained soil

. modulus. The‘stiftness of the‘spfings4is,theretore¢ \

« o

[ % EE e
: Bep —D = (1+v)(1 2p)° -E . __,TSJ |

- and using the g1ven i put param

t(’ers ’ Esp = .24 . 1 Mpa .

8]

By 1nspect1ng the constant far ?(qlzy)’ in equation
[5. 8] and comparlng w1th the expresslong\?n,F1gure 3 .S
s geen at tKe use ofgthe'constralned modulus as the'
sprgng st1ffness assumes the sorh;response is ,very muc:
- stlffer than the other expre551ons provzde, espec1a11y for'
dyalues of v approachxng 0.5. ] A
e Thls, to some small extent,,offéets the donservatzsm ofd
’, assuming partlal embedment which is seen partxcularly qu
the crown -noments shown 1n F1gure 5. 10,

-
- . ’
- ¥
.

4 .



Figures 5.10 and 5.11 for H/D between 0.5 and 5.0, but

| _ y _ v 'tgisvp
The partially embedded model approach is shown in
s’

" observing the recommendations of Duddeck and Erdmann (1982,

¢

%
1985) recorded in Section 3.2, the appgopriate results for

the deep analyt1cal solution are also recorded.

At some H/D about 1.5, the part1a11y embedded solutlon

,plotted in Flgure 5. 10 Jumps down to the deep analyt1c§l‘

' solut1on The oomblnat1on is. seeqpto prov1de a rather

cu;1ous dlscont1nu1ty ot de51gn moments for 1ncrEa51ng

r;~rg1ativ% depths. The thrust envelope suggested by Duddeck

o . -

and Erdmann (op cit.) and shogn in Figure 5.11, provi
c0nserqat1ve des!gr vaers £ & all H/D values when com

0 é%’ “ ’ «

w1th the f1n1te element results

S 4.3. 3 Input Loads and ReSponses for Fully Embedded
The moment and thrust actions Qor the llner are

obtalmed by 1mp051ng the no slip s ress d15tr1butlon which

accounts for the heave as ﬁlven,xn F1gure 2.8.

w,ffor H/D < 1. 5.

dlstrxbution g1ven 1n F1gure 2. 2 dire

> . The absolute d!splaceme s req&xred for the comparlson

U_ in Figure 5,12 dem‘hd that/the vert1ca1 heave component be

1

1ncludeafin‘-ﬂis is obt ed by appl:tfg the 1n situ stress
ly to the model o

v The moment response prov1ded by “he fully embedded 4’1*

spr;ng model 1s ‘seen to sllghtly,underest1mate the £1n1te

_alement and analytlcal solutxonJ and tﬂus is more &oiou,nced'

e
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‘Section 5.4.3.

T\5;5 Acco t of Three Dimensionsl Effec

5011 pressures on the liner are equal to the p;1

171

This is mostly expieiped by the'model~respense to the
lower values of the Poisson's ratios, » and v, used in tﬁe
analyces. Accofding to Section 4.4.2.3,‘these p;ovide
slightly smaller mdments that the éhalytical values,

Flgure 5.11 1nd1cates that the full spring model

sllghtly overestzmates the thrusts but is seen to follow

~ the trends very acceptably. The slight conservatism for the

o )

crown thrust is no£ unexpected, especially for F'=250 and
L4 " ;[

‘Poisson's ratios used in this study..This is explained in

L)
S .
Similar to the moment response, a $mall error is seen:

‘.v._ . ) N

- for the diameter change and absoluyte cfown'displacemehtv

/

responses given in Figure 5.12, Once again, from’the

s

explanation describing the dlsplacement response for deep

?eondltlons in Flgure 4.18, this is not unexpected-in view of

the lower Poisson's 'ratjo values used. o W

ErdfMann and Duddeck (1$85) report tRat for ldng-term .

N

resistance it is geheral’ ctice to assume the active

"o

stntsses in the undisturbed ground They<qua11fy th1s

€.).
however by concedlng that th1s assumptron 1s too. -
) ~ : Cel
conser vatzve in some 1nstances dependlng, for example, on’
. . . . o
soil type and relat1ve tunnel depth ‘

‘The two dlmen51ona1 plane strain models d1scussed in

é

Chapters i and 5 assume in thelr formulation that the full
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overburden loads,are-xmposed on the: liner. This. assumes that
no strest release or ground d1splacement occurs prior to”

“lining activation and implicitly requires that the soil

2 stiffness is also described by the undisturbed conditions.
'”Typrcally then, thxs loadlng system is used for the design

of the flnal support\s1nce hlstorlcally no criteria are

ava1lable to assume otherw1se.- . .
— Phys1ca11y these cond1t10ns are not realized,

'v;d1scussed in SectionW? 2. 3 Radlal dlsplacements and
3 # ’
associated stress” :egpctlon occur .ahead of the tunnel face

as' part of the three- dlmen51onal act1v1ty occurrlng close to

™%, the excavation zone. “Further radlal dlsplacements occur due

to the’ thQICQT‘dEIaK’ln t1me and spdce before- thé liner
itself can be act1dﬁted against the ground. This aspect can T

‘ be represented 1n the two- d1mé551onal model as ground stress

.

.’relaxatlon. ’ )
. . +

" .. The non linear response of the groUndftokthevaltered
stress d15tr1but1on generated by the excavat1on 1nd1cates
that the ground around- the open1ng softensf: The
,dﬁlxnteract1onrprocess will not be~controlled oy'the initial .

f.
s, E s but by the curtent 3t1ftness E,,

REpa s

) / lt %l?e tlme of llner agrida&ﬁ%#,,

»
& ’s.

hrs <can. be e

the ground stlffness degradatxon.

.* Thk oumuIat1Ve effect is that the"1n1t1a1 support 1s

irr.

requxqu to carry only a3 pqrt1on of the in situ stresses. -
Some permanent stress reductxon and ground softenlng may

also be ]ustnfxed in the consxderatxons for. the des1gn ofd

- L 4
s

- IR Y - Y VL
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The 1nput parameters of the 2- D desxgn modelsd enable

con31derat1on of a reduced ground - stress and stxffness

degradation to be included. - ‘ O
%yplcaiLL the p&i

edures for .this have been £u11y y v
emplrlcaQ‘ No solution existed to account for the

. three- d1men51onal effects in r1ng and plate or rzng and

spring models for shallow tunnels (Negro, 1988 500) prior to

. the design method proposed by Negro (op.cit.).

/ . N n
5.5.1 Shallow Tunnel~Design.- Negro

The suggested sequence of steps for the design of

initial supports for shallow soft ground tunnels is

' reproduced from,Negro_(1988:1161) as‘Figune 5.13. Although

‘ . ‘
the approximate nature and limits of applicability are

stressed, the procedure is shown to provide good simulations

of the 3~b'models, laboratory tests and many case histories °

investigated (Negro, op.qit.).

The purpose of ut111z1ng Negro s design approach is to

establish the reduced loads and st1ffness degradations 1n a

1oglcal procedure and to 1mplement the r1ng and spr1ng ‘model
aS'én 5&¥Ernape xwt?od ﬁor the ground liner 1nteractzon' ‘J

phase, : BN

-

The steps whichuestablish the presupport ground
response shown in Figure 5.13 involve assessing the amount

of;stress release, £, which occurs up, until liner

e’

B .
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Flgure 5 13 Suggested Sequence of Steps for Shallow Tunnel

De51gn (after Negro 1988)
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Inltlally ‘an estlmate 1§ made of the radlal

'fuhdzsplacement dc\urrlng at the p01nt of l1ner actlvatlon for

“the cso\n, sérlngllne and fl oor. . . . ' :
r r ‘ 9

These/dis ' cements are assumed to be unlvocally

+

'irelated tﬁ the ress- release occurrlng at these locatlons"

i Sd
| through lhe%approprlate ground reactlon curves descr151ng ‘
gthe ground response to the excavat1on load1ng ’ '
fhzs estab11shes the amount of stress release— Z. The
',,reduged soil un1t we1ght yu} 7L is entered 1nto the
jy1nvéractlon analy51s and allows account of the reduced
lfground loads. due’ to delayed lxner act1vat1on._ '
yh/Jﬂ‘ For both the analyt1cal and spr1ng models, thlS
m\\“’//approach 1s approprlate to assess the ground stress release.
s : ‘."5.5 1 2'Evaluation of Gr0und St1ffness Degradatlon

;s to establlsh the degradatlon of

7 a The next calculatlon

/;;';“the in 61tu soil stlffnes,; Eu, whlch is assessed from the

v.slope, Aa/Au, of the grou"d reactlon curve. ThlS 1s.;

"’recognlzed as the radlal/sprlng constant k of the 5011 andu
"llcan be evaluated at any stage of the tunnel unloadlng

dprocess by d1fferent1at1ng the expre551on representlng the
_ e .

et Ty 5_» ) - e 4
LA ground reactlon curve.. v S Ly 4
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s STRESS RELEASE AND STIFFNESS CHANGE
AT LINING ACTIVATION ,

.

u

] U/Urof _

- Limlt ? '

‘Beyond

0

-

 STRESSES : Ts 1-(1= N dgrpgy

(i-Xy

[72]

T =S v2Tg+5p 14
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’Y}.d =y.F 7

* SPRING CONSTANT Ky =(Mr.flur.f) ( E“ID) N

sw—'rness: E, = (NN Ey;
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Y
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K7

Sy
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| Flgure 5.14 Sttess Release and Ground Stlffness at the

Sectlon the Lln1ng is Actlvated (after Negro,,]988 modlfled)



i ; Pt "' o : H : 0 . E ‘,
,;‘is assesq'd;thrOugh the derzvative functions of the twice
E normalized ground reactlon curves (R'~curv?s), so that
M ' | '. a t Eti B 1 “' a v‘. ‘ ‘ * : ( ~ ,. . “’
ke ——/ R L

ref
N . . [. N

nnd may - be 1nc0rporated’in regions, or- averaged te provzde a

51ngle constant value,/Er,_as 1nput for the ring;and-spring
model. o o

- Figure 5.14 includes minor modifications to the-

N

original calculation sheet by 1nclud1ng the necessary

details required to evaluate the spring constants for the

.

{ ring and spring model These are 1nd1cated by asterlsks in

v

{

; ~ the figure.‘ S ‘ : . . C

'r ‘ For the analyticalﬁfolution, the requ1red 1nput o S

\\\;;//axiable with respect _tof soxl stiffness degradation, is the;f

' ‘reduced average tangent modulus of- elast1c1ty, E,. This 1s
: obtained by assuming that thlS modulus is directly

,,Lpropo:tional to the spring constant.such that
. - tidy, N t . o

; B X e : |
. E—t— = -k—r-— '; [5.1@—}‘
: ri. - Lo
1 and-substituting equation (5.9] gives : . :
| . ' o N - ’\*31. R i ‘ . : .’,a
B RT R san
. i ‘) L » o e




o~

o

inVest1gated, two of which use the modifications introduced

1n Fzgure 5,14, Note that all optlons have models that are
N

fully embedded wlth,fadzal spr1ngs only.v

.; oQtion A:
It has been shown rn Chapter 4 that acceptable

“

51mulatlons of the analyt1cal solutlon in shallow cond1t1ons

are,obta1ned w1th the dlscrete sprlng model by us;ngvradlal

E,
~ sprlngs only whose stlffness is defined by k = ﬁi;“

Opt1on A 51mply substltutes the average reduced elastlc
modulus, Et, shown in Figure 5.14 directly into this , a s
) . . . . . . . . . i . ;
expr;ssion for k., thereby defining the spring stiffness as

. AY

Bp = 7o - | | - [5.12)

gbtionAB:
ths approach assumes a. s1ngle valued spr1ng constant
ke, wh1ch is obtalned by averag1ng the values of the sprlng

constants at the crown, spr1ng11ne and- floor, 1nc1ud1ng the
Q-

i

b approprlate dduble weighting of the spr1ngl1ne value. This =

J
_15 shown in F1gure 5,14,

/' : . ) ’

N Ogtlon C:' o P

An advaﬂ/age of the r1ng and sprlng model 15 that the

stitfnesses of the sprlng'representxng the so1l response can

£



N .
Y

valuea tor the cr wn; springline and floor define Ehe*aprihg

stiffnosses 1n the aﬁ ropr:ate 90“ regLon Sprinés on the
P 2

'boundar1es between two reg1ons are a531gned the lower of the

two posszble values. - =

Other opt1ons are. p0551b1e, for example 1nterpolat1ng
11near1y between crown, spr1ngl1ne and. floor, but these are

not evaluated here.

-

P ! . .
The 1nput parameters for the ground 11ner 1nteractlon phase

" . . )

are therefore defined. o , .

L4

5 5 1. 3 Ground Liner Interactlon Analyszs

The calculat1on sheet (Negro 1988 1171) was developed

for us1ng_w1thﬂthe\Hartmann solution, MOdlflcathnS are

requ1red to th1s for using w1th the " dlscrete r1ng and spr1ng

model but once aga1n these are minor’ and typlcally relate ~

to termlnology These are presented in Figure 5, 15 w1th

alterat1ons 1ndlcated by aster1sks.

Ser

The estlmat1on of the heave, hﬂ‘ls prOV1ded by apply1ng

the reduced so1l unit weight, y,,,. into the equatlons in

Figure 2.2 whlch do not ellmlnate the heave component from
the calculatlons. ‘

The moments thrusts and relatlve dlsplacements, Au

are output data ‘from u51ng Ynd in the equatlons for o, and T

in Flgure 2.8. 1t is p0551ble to 1terate the solut1on by

updatlng the spr1ng constant values until convergence is

3
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5.6 Ciio Hxstcry/nsingvtiiCr t@ Ring

h>§nalysxs.

sw.uc:.on. . ‘ y

]

theiinte:act1on

4

the forces in the sprzngs resdlt1ng fro

" Liner Interattxon Phasge )

Thefpﬁ?pege ot?the exampie is to illustrate theeuse'of
the.disctete_ring and epring nodel for the design of the
primary lining. It is used as an alternate approach to the

analyt1cal Hartmann solutlon which Negro (1988:1117) adopts

Y

»
for the ground llner 1nteradtzon phase of the design
. . - /'

process., /
" The ring and spring méael is assessed using the three
d1fferent options for deﬁlnlng the spring constants as
described in Sectlon 5 5 .
 Negro (op.eit.) uses the Alto da Boa Vista TaneIQbu1lt
in Sao Paulo, Brazil,. as an example for using his design
procedure. The case ‘history is described in detall by Negro

(op. cit, ) and only the parameters relevant to the r1ng and

sprlng approach are recorded here.

The ‘tunnel has a soil cover of 6.2 m and an equivalent

‘cincular profile wvith an excavated diameter of 4 m.

The ground propertles and geometr1c data are

. 1ncorporated 1nto the calculatlon sheet - deta1led by Negro



"stiffness reduction at liner actlvaz:on as 1ndiceted in

Fxgure 5.17. The‘modxfiedbcalculeti sheets show the values
estimated for ehe éprihg constants, k.. Three separete.‘
analyses follpwing the options presented in Section 5.5.1~
were ‘then run.and the retults'compafed with:both the'
Hartmann sofutibn and the appropriafe results from field
measurements. The common input parameters for all three

" options are listed first, then the 1nd1v1dual details are

described\for each.
Soil : v = 0.3 :
: Yrea = 7.356 kN/m?

Liner ‘E, = 10 GPa

v, = 0.25

bl
"

1.95 m /-
= 8.15 m

N
I

0.1 m

rf.
]

I, =8.33 x 10° m*/m

+ Springs : A, = 0.5091 m*/m RN

I;p‘= 1:0 x 10°'° m‘/m" ‘ ‘ ™
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3. TUNNEL CLOSURE AT LINING ACTIVATION

X =

¥

F1gure 5. 16 ABV Tunnel - Input Data

L1n1ng Activation (after Negro,w_a

Koz ur ’(Dd’ro/E'i)U"

av. 30.326 °

i

Location u "~ Oro Kfa | O 0ro/Ei Ur Aoy
c 0.$87 | 4420 |o.0i15265| 845
" : 0.469 104,92  |o.013892 | ¢.37
1 0.3%2 | 141,60 0018026 | 6.%

So?

*
7

Ty

0.25°
z 30477 uz‘(r o1, n)

ahd Tunnel Closure’at



DI TR ST

- 4. REFERENCE  VALUES. (steps 1. 10 3. in Figure 5.16)

o[ THE ] v obJom-u[ TBIZ o
| | I-Eret*ef| Foqt/VUrgt | . Uret | / :
¢ 0519 | 08% |0.60? " -/

St \o'“b’ i 12 0-435 /

F 0435 | 2.02 | 0:215

o

5. STRESS RELEASE AND STIFFNESS ‘CHANGE
AT LINING ACTIVATION

v UUref | Cimit? . A N
c |0:683]|09%3| No | 0.03 | 0:62
S O:4%| 1130 | No |-0:05 | O 45
Frolo382] 1.633] No (-0.45| 0.0%
STRESSES : z.u-(l-”).)a,,, R |
=X | & | Tege2zgezea <[0.691]

¢ |o0-93|o4a| T -o-59]
S l-0§ O'S‘L Yred -'y.r : kN,m-’
Frol14% | 0369 ) ) _

SPRING CONSTANT : K,
STIFFNESS « €, =(\'7A%) Ey;

(wluf.;) (Eu/D) N

A E'i/)‘.i ‘ €, ‘kt‘
c. | 1238 [20:352[12.b18 | 3.50%
s 1428 |21-5un| 9095|9060
F 11,005 (33:92121.919 |12-36b

W XTI
e

;“E' s(Eyc+ 2645+ Eg\r)M tm MPQ
R,--(k,.a?.k,ykﬁ:)/h MMW

Figure 5 17 ABV Tunnel - Stress Release and Ground ‘Stiffnes

at leng Actlvatzon (after Negro, /1988 mod1f1ed) '



’ T@j'lﬁtinq c&nleant,fbf‘thil oﬁggbn i!‘;l‘qq0§ to“
ku».AT%;" 51— where from Plguro 5.17, B, = 13,482 MPa. This

provides the single valued 8pring stiffness to be
.

. £ . )
Ep * R . kg, = 75> = 10,371 Mpa,

.Option B
The spring stiffness is defined by the average.spriﬂg

constant, k,=6.002, given in Figure 5.17. In this case,

Ey =k, . R = 11...70A4“.\MPa4 | ‘

The spring constants, k, are defined for the crown,
) s . v

. Option C
4

s

. N\
[/springline and floor as seen in Figure 5.17. These tranglate .
- |

7

into.spring stiffnesses for the appropriate locations as

crown E . : 3.507 x ?.95'= 6.84 MPa.
s*pringline'E:,p : 3.868 x 1.95 = 7,54 MPa.
~.floor E,; : 12.766 x 1.95 = 24.89 Mpa.

«

The distribution ‘over the associated 90’ regions is

illustrated in Figure 5.18,



S

| “The redulty of th“ ‘analysis are pros
x nqdltied calculation aheet in Pigurt S, l! to ilfhltrate thﬂ

‘details of the 1ntoraceicn procou: uling the ring ind spring
‘model option. The figure shows only the !irst round of the

iteration pfgkgsa but the Valueﬁwofkv, are within 3% of the
Qalues et the end of the cenvezged, £inal solution given in
Table 5.1, ' " 3

The input and output files for this caae can-: be found
\ .
in Appendix A,

5.6.1 Compirisons Between Measured and Calculated ﬁelultp
Table\?.1 summarizes the compa:isbﬁs between the ring
and spring results and the measured and calculated l
performance (Negro, 1988:1191) for the ABV Tunnel for the
results available from the interaction’ analyses. Negro
(1988:op.cit.) reports that the comparisons provided by the
calculatsd app?\ach taking into account th: -eduction due to
the three dimensional nature of the tunﬁElling process are
quite reasonable. Bearing tbis‘comment in mind, it is seen

.

also that the fully embegded ring and spring model also ‘
supplies reasonable estimates of the parameters in guestion,
It is of interest to note that the varied iﬁput values of k
(Optlon C) do not alter the response system to any\E

s1gn1£1cant;degree



‘ ~ ; Crown 9D regson
R Esp‘ 6:84 MPa

springline reqons

-
F:i‘gﬁ»f\é:a'5.18 Sprlng Stlffness Used 1n Analy51s Optlon c for"' ‘

ABV Tunnel e i E
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V*?fs 7 Summary

A br1e£ descr1ptlon 1s g:ven of an analytxcal 301utiont
'Whlch fully accounts £or the non unzforﬁ\stress fleld |
exlstlng in a shallow tunnel ThlS prov1des a ba51s for |
jcompar1ng th; fully embedded dlscrete r1ng and spr1ng model
| proposed in earller chapters. o o S .

It 1s ~seen that the express1ons for the stress
»d1str1but1ong in shallow: conditions’ are an extens1on of the
hdeep solutlon by 1nclud1ng addlt1onal terms to\descrlbe the
.grav1tat1onal stress component.‘j _ ' ._’ | |

The \esponses to varlatlons 1n the relatlve depth of .
the tunneg prov1de the ma1n focus on the model compar1sons
in order 40 assess the ab111ty of the spring model to' |
,’sxmulate»the~1nfluence of grav1ty.

The model u51ng radial springs only wlth stlffness,

1 E
1+v R’

debut 1n Chapter 4. This model prov1des good results for all

E,p=R.k, kwhere Keo is used due to 1ts successful
aspects of the shallow tunnel 51mulatlon for the chosen

Poi son S ratlo of 0. 33 The var1atlon in response to
different POISSOH S rat1o follows the same patterns as seen
for the deep conditions and age not presented plctorlally.

The partlally embedded ring and spr1ng model wlth 1ﬁs

_-assoclated input stress dlSttlbUtlon 1s seen to provzde very

1conservat1ve estlmates‘of the liner act1ons in the crown in
v‘sp1te of the very stifif soil response representatlon using

the constralned modulus.



”Negro (1988) proposes a fes1gn method for the 121t1 1 "i,"

: vm% i
::supports 1n shallow tunnels which prov1des a lo ic l

/ '
procedure for establ1sh1ng approprlate reduced loads and’( g@

L] ok

‘st1ffnesses. Although the approxlmate nature of ‘hev

procedure is stressed (Negro, op. c1t ) 1t does account for '

D

.many features relevant to. shallow tunnel cond1t10ns and is
seen to prov1de a good correlatlon with case h1stor1es,-,

hree d1men51onal f1n1te elem&nt studies and laboratory

Ay

: . . : RS ‘A
. teStS. - N \%\“

o

A case hlstory is 1nvestlga§ed using ‘the method but

1mp1ement1 phe d1screte r1ng and sprlng model as an

=3

’ alternate approach for the ground- 11n1ng 1nteract1on phase.

‘_It is seen that the approach pr'v1des very aéceptable

i results.
The de51gn 1oads for the f1n'l support cond1t1ons are.

usually those created by full overburden. ‘In many sxtuatlons

this approach is conservatlve, but prevails because no

A;sens1ble cr1ter1a are avallable to accept otherW1se;‘

'It 1s of 1nterest to note that varying the stlffness
around the contour does not 51gn1f1cantly change the .results
-f?rom Just assumlng a-constant value of the sprlng ¢
st1ffnesses. Thls needs further 1nvestlgatlon howeverr~

'because it may be an approprlate conclu51on only for this

conf1gurat1on. . L C SRR



n\‘computer models

it A TS (U L :
Many approaches are available for . thp de'ignjofktunne
11n1ngs in shallow or deep soft ground condit;ons. Eadh
v‘mechod‘has its own mer1ts‘and dlsadiintages. They range in
’ complexity from he simple analytlcal models whxch are

‘ihherently res r1ct1ve in the1r appl1catlon,vto complicate

[ 1ch have tremendgys fac111t1es to szmula

many var1ed aspects/of the parameters 1nvolved A/br1ef

/ /
summary of the various classes of approaches is 1ven.

A synop51s £ om a'survey of tunnel llner design '
.practlce revealed bhat in spite of the 1ncreaélng capa it
ifto model complex conflguratlons, a preferenc7/was Show!
’towards using th 51mpler dlscrete ring and prlng mo
practical desig s1tuat1ons. '@ Y

A;snmmary ‘f the common

design in %oft

H/D of 1. 5 th use of a par 1ally embedded T°,el for Qéry
)
shallov tunnels and the way/ln which: the,fuil,sl1p tﬁterfa

loadlng cond1 1on is applled in the r1ng and sprlng ‘model.

Good gro nd,control condlt}ons assume; hat'the so;l i

-the croyn;reg
{

J‘ ) i C o/

on provides some resisfance to the stress
! ¢

chanqes cause

/ N
by the tunnel excavacion process, This can-

model‘ed by full'_embedded“discrete ring and spring mode

hys case, all of the springs are actinely sharing the

oo 92



‘ground-flining,u.\n‘te'r ction” process. N :
The pardxally embedded model assumes that the spr1ngs

ni1n the- crown/reglon ‘do not contr1bute to the re81stance.

Thiis results in relatlvely large crown bend1ng moments, even'

4

v_though the approach usually adopts a very st1ff 3011

. 'oresponse 1n ‘the regions away from the crown, -

&
The - fully embedded dlscrete r1ng and sPrlng model 1s

V'compared wath available analyt1ca1 solutlons for! both deep

© b

'and shallow cond1tlons. These r1ng and plate solutlona

b
& i

account folr non-uniform stﬂ!%s flelds result1ng from an 1n
51tu stress ratio d1fferent from un1ty (deep and shallown

' and from the grav1tatlonal stress grad1ent across the tunnel
‘ /
ppen;ng (shallow only). g

-

0 — |

:The Calculations-are numerically processed using a x
‘compoter program set up to solve two dimensional frame i{
confygutatlons. ‘ |

’ ?Qm; the deep tunnel cond1t1ons, three separate ground
:response descrlptlons are defined (" unllned“ "laned" and
"k, only') These differ 1n terms of the load1ng the - 5011
;appl1es to the support system. | '

_ Although it 1s p0551%1e to include, both radial and |
‘vtangent1al springs in the model the 51mplest configuration
w1th rad1a1 springs only is seen to provide the best' but
gnot perfect, 31mulat10n of the analytlcal solutlon. This
model uses the soil response,.km, which is deflned by the

.ground convergence into a c1rcular open1ng under un1form



K r-'--,-p" XTI uvuw-u‘.w ualwu qpﬂwupvﬂ N U‘fv /ﬂllﬂ&bvw iy
Q R E B

o conditzons which account for the efuct of g avity i cross

the tunnel open1ng. In order to obtaxn the oments, thrustv

and relat1ve d1splacements u31ng the sprln‘

./ the neave

" of the tunnelyliner must be accounted for.;The absolute :

dlsplacemedts\lf the 11ner are obta1ned b apply'ng the

unadjusted in situ stresses in the model |
The,input loads for the system are deflned‘by the

ground liner interface condltlons of "70 11p /br "full

) sllp ./The 7ecommended procedure for full sl1p (Duddeck and

Erdmazﬁ, 19 5) is to simply 1gnore tné sh ar stress

compo ent f the 1nput loads. While it is reaFonable te

/ 3
1nterface shear stress aﬁ zero fod the full sllp'

deflne th
con?ﬁt1o%s, the r1ng and - spr1ng moéel is una%le to

éstt#bute the in s1tu soil stresses to account for the

red
a change/én boundary cond1tlons from no sl1p #o full slxp.

| Because the sprlngs in the model repreSent 1nd1v1dua1
radial columns of soil which are not connected to each
othedé no shear tyg?sier between columns’ can be effected.

Thi%means-that,the‘alterationvof;the radiai stress.whicn is
.necéssary to obtain the full slip condition\cannot occut.
ThJ 1nput loads for the full slip cond1tlon %ust account for
thﬁs redlstrlbutlon prior to be1ng 1ncluded in the analys1s.

No crlter}a are ava1lable to justify reducing the full

o erburden loads for des1gn1ng the flna! support, although

it - 1s apprec1ated that this assumption can be very

onservat1ve. \



excavation can log1cally be accounted for thrqygh a design
.

oy o

procedure proposed by Negro (1988). o ' ‘ﬂ;.www

' The minor modxfzcatxons necessary to use the method
with a r1ng and spring model are 1mp1emented in Negro s
procedure and tested agalnst a case h1story It 13 seen that
. the sprlng model provides an acceptable alternat1ve approach
for the ground-liner 1nteractzon_phase of the design B
procedure. ) ' ¥ |
| in'conclusion, a ring and Sprind model with radial
sprlngs only*caalprov1de a useful simulation of the
ground-liner 1n£eract1on process Eor both deep and shallow
soft ground cond1t1ons. _ .

It is essent1al that the input loads reflect the

1nterface cond1tlons to be modelled and care should be
- exerC1sed in 1nterpret1ng the response with respect to the

value of the P01sson s ratio 1nvolved
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A. PFT EXAMPLE:. INPUT AND OUTPUT FILES

.‘...‘.‘.l....‘.....l....‘.‘.."‘.......

ALTO DA BOA VISTA CASE HISTORY

»

]
H
H
.M
H SOIL PROPERTIES
H o
H
H
H
H

EXCAVATED D = 4.0 m
X H*=6.20m
H . - POISSONS RATIO «.0.3°
H . AVERAGE INITIAL E = 30.325 MPa
H . AVERAGE REDUCED E * 13,482 MPa
H . AS : 100000 mme*2/m
H . IS . 8.33E7 mmeea/m
H , :
H ,
H OPTION B FROM AVERAGE SPRING CONSTANT Kr
H . » : Kr = 6,002 MPa/m
H . Es e 11.704 MPa
H .
H LINER LOADS COME FROM EXCAVATED DRAMETER OF 4.0m
H LINER RADIUS = 1.95m, SHOTCRETE LINER T = . 10m
H . SPRING |ENGTH = 1.95m B
H CERECTONE T AT EREST RN AP ETR S (A AR R AR ENER YN
S.F.,48.48, 1,24, .
u.1.o.ooo.1.9so.;\“,r’ .
u.z.o.sos.1.:§;/ \ Y
J,3,0.975,1.684, i “—
J.4,1.379,1.379,
J.5.1.689 975, '
J.6.1.884,0.505,
J,7.1.950,0.000,
J.8,1.884,-0.505,
J,9,1.689,-0.975,
J,10.1.379,-1.379,
J.11,0.975,-1.689,
J.12,0.505,-1.884,
J,13,0.000, -1.950,
J.14,.-0.505,-1.884,
J.15,-0.975,-1.689,
J,16,-1.379,-1.379,
J.17.-1.689,-0.975,
J.18,-1.884,-0.505,
J,.19,-1.950,0.000.
J.20,-1.884,0.505.
J.21,-1.689.0.975, ,
J.22.-1.379,1.379, . ° ‘
J.23,-0.975,1.689,
J.24,-0.505.1.884,
J.25,0.000,3.900,
J,26,.1.009,3.767,
J.27,1.950,3.377,
J,28,2.758,2.758,
J.29,3.377,1.950,
J,30,3.767, 1.009,
J,31,3.900,0.000,
J,32,3.767, -1.0089.

-

: LINER ACTIONS
: OPTION & ,
: ITERATION O1

REDUCED SOIL WELGHT = 7.536 KN/me*3
INSITU STRESS RATIO » 0.8
H/D = 1.9%

200
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-.Dear Mrs. Evison, :

" In reply to your request ofll§/09/88, }‘am pPleased to give you

. permission to reproduce in your MScdﬁgﬁsértatlon any figure or
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‘copies of Flgures 2.14,-2.15, 2.20, 4.2, 4.4, 7.1, 7.2, 7.3, 7.9,
7.11, 7. 12:v7.l3,:7.15, 7.16 and 7.17 of my thesis, )

Looking forward to the results of your .research work, I remain,
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Brazil

L

Av. Bernardino de Campos Q S“Gndar(:] 8
BRLE (011) 289-3457 = Telex: (on)wqa’
i, -, - CEP 04004 - S0 Pauiw




