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Abstract
The behaV1our of ‘tunnels and shafts in purely

cohesionless and cohesive soils (elastic perfectly plastic)

are studied by the use of the convergence confinement method .
’ ' g

y

‘(or ground react4on concept). The main objectives of this
"vresearch work are to‘investigate‘the behavioral, modes of
“tunnels @and shafts in terms of yield initiation, propagation
“of yield zone and collapse mechanism, and to propose

analytical techniques to predict the support

stress-displacement relationship around these openings.

Tunnels ' ’ it ”

Thé excavation of a tunnel is sxmulaoed in the
two dimensional plane strain model by the~proportiona1-
unload1ng of the initdial insitu stress around the openlng.
The " condltlons and con/eéuences of ground responses around
the tunnel are ana/yzed u51ng numerical techniques, e. g.,f

continuum mechan}CS, finite” element method and limit state

"theoryf §everal possible modes of yield 1n1t;at1on and yleld
a

-

zone probag/} on are 1dent1£1ed It was foundlthaé the

occurrence”and development of each mode is governed by such-
parameters as depth ratio (H/a), strgngth properties (¢, c),

insitu stress coe£f1c1ent (Ko) and internal support pressure

(Q P Ty ). Two modes, Modes I (local1zed yield zones at the

g tunnel shoulders) and II (continuolis yield doma1n around the

open1ng) are 1dent1f1ed They are commonly encountered in
soft grqund tunnellzng. Exper1mental results of .model tests

(Athnsoh et aT\ 1974; Atklnsot)and Potts, 1977)

/ confirm

‘the ex1stence gf these modes (I and II)a Furthermore,

Lo ~ . RGN
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analyticaly studies-of Mode I and iI behaviour reveal that a.
unigue relationship exists between the support pressdre'and

the displacement around the tunnel opening. The~relationship
can be interpreted by the use of the ground converge Ce |
curve., The approach proposed in thxs thesis is supported and

verified by case histories of model tests and field '

!
ependency among support

measurements. It indicates a strong
pressure, mode of - y1eld1nd;and 1 duced ground displacement,
which is usually neglected-in curxent design practice based

on different semi-empirical approaches.

5

‘,

Shafts = L : ; e (o,

Ground deformations around circular shafts cannot be

determined from’'currently available design approaches which
_ b ~ ‘

_are mostly derived on the Bés%gnof limit equilibrium

techn1ques. The convergence conflnement method (usqally only

J

mechanlsm of

applied to tunnels) w1th consideration of the
[
the shaft: behaV1our as a three- d1mens1onal problem, is

proposed as an analyt1ca1 tool to pred1ct the format1on

- pressure on a shaft and the™ground displacemernts. It was

found that the behaviour of .a shaft is governed by: (1) the

mode of yield initiation dominated by the insitu stress,

state and the soil'Strength an ) the extent of the ifeld

;zone generated byitne wall disp ac ents,allowed during

construction. Closed-form solutions for
pressure-displacement relationships of cohesionless and

cohesive grounds are,preSented. The results from the

- proposed techniqnevcompare well ﬁith‘those«Obtainéd'from

" fintte element analyses. The validity of the proposed

o - o ‘ i,
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technigue is algo evaluated by comparison of the predicted
response with the observed behaviour of shafts in model
tests and actual field measurements. It was shown that the
well eétablished limit equilibrium methbag pfqvidé minimum
’support pressurés that are required to ﬁéintaia stability,
but thesé pressures are only encountered in;the field(if

relatively large ground movements are permitted during

dbhstruction with felatively'poor gfoundﬁcoqtrol. -
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"1 . INTRODUCTION

A

1.1 Thes1s Introduction

Due to rapld growth of populatxon underground
constructlon has been active for the last 10 years in
Edmonton, Albérta. Most underéround projects have rnvolved
construction of shafts and tunnels for storm andusipz ary
sewer systems, power distribution systems, and llght ra11
tbansportatlon. ’

The Geotechnical Section” of the Civil éngiheeriﬂg
Repartment at the University of Alberta have been aware of

a

\/
the benefits incurred from monitoring underground
o .

constsutt{on ThisAmonitoring approach provides a method for
valldgtzng emplrlcal design techniques, evaluat1ng,§tab111ty
and determ1n1ng the mode of ground behaviour adjaceLt to’the .
 open1ng Elsenste1n and Thomson (1978) observed the
geotechnlcal performance of a tunnel in t1&l and predxcted
\\///the field performance us1ng the finite element method of
analysis,-Thomson and El-Nahhas (1980) measured the
deformations of the temporary lining of'tyo tunqels in till"
angd clay shale. Medeiros (1979) studied the_oroblem of
maghitrude and>distributioo of lateral pressure acting on a~
'deepkretaining Structure excavated in till and sand byi%n
approach»integrating'field meashgement from é case history
‘;w1th finite element analy51s. El-Nahhas (1980) Branco

' (1981) and Corbett (1984) carrled out extens1ve f1eld

e W

1nstrumentat10n to monltor the soil mgss dlsplacement aﬂﬁ
'L.

g
‘ pressure formatxon around tunnel excavatxon. Ka:ser et al

I

(1982) performed an 1nvestlgat1on of a shaft 1n clay shale.,

. * . ! L ' ' )
% . . e 1 .

5 .



Korpach (1983) used stressmeters to measure stress changes

L

- near tunnel faces. Besides these field monitoring

activities, Kaiser and Hutchinson (1982) studied the effects

of construction procedure on tunnel performance ysing finite

element methods. Eisenstein et al. (1984), (1985), and

Eisenstein and Negro (1985) carried out finite element
_\parametric studies on the ground responses near shallow

tunnels.
<

Inspitelpf the above resedrch work, there were tew

.quantitative analyses/cé—the‘ground response that follows

the correct sequence ‘f stress relief of insitu stress,

i.e., passage from elastic behaviour through yielding:t?
collapse. Few attempts were made‘te'relate stress relief

with displacements for the whple spectrum of responses.
Support pressure and displacement~observations were eften
interpreted separately In reallty, soil pressures on tunnel
and shaf 11n1ngs are highly dependent on the 5011
displaceme_ts permltted during constructlon. This |
interrelationship has been recognized by many, e.g.,
ﬁabcewicz and Golser (1973, Egger (1575) Daemen (1975), in
.relatlng tunnel wall movement and support pressure, .and more
_recently by E1senste1n and Negro (1985) for surface ‘
settlement and support pressure relatlonshlp. Current de51gn
methods usually treat with these two aspects 1nd1vidually,
separatrng pressure predlctxon from d1sp1acement pred1ct1on.
- For example, 11m1t equilibrium methods‘proposed by Terzagh1
(1943) Berezanztev (1958) and Prater (1977) y1e13?m1n1mum Y

support pressures/to ma1nta1n stab111ty of a shaft and do

not pred}ct d1sp1acements. In the. field d1sp1acements are

&
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‘safety and through proper construction techniques. The

B‘\ S A ’ v
- . 3

o

¢
.

usuallv controlled by selec;ing an appropriate factor of
1

currept practice may“}ead to conservative or unsafe desiygns,
as will be demonstrated later. Again, this aspect has been
discussed for shallow tunnels by Eisenstein and Negro
(1985).

In view of these limitations,-a theoretical approach to
solve this problem and to aCcommodate the éependency‘between
stresses and displacements is ettempted. This thesis is

AN
built on the concept of ground-support interaction or-

1}

convergence confinement method which was originally proposed

by Fenner (1938) and expanded later by Pacher (19643 and
Rabcewicz and Golser (1973). This approach proposed and
verified in this thesis is expanded to include varléus

aspects as. insitu stress, yleld initiation and propagation,

effect of gravity and collapse mechanism.ggx dLs

1.2 Convergence Contihement' Method

{ ”
- ,

1.2.1 Introduction

The convergence confinement method (ccM) will be used
¥ B &
throughout this. thesxs, as a conceptual framework ﬁg; ;'d

understandlng the ground support 1nteractlon in und@rgroundb
N

openifg:

charac eristic curves of fictitious rad1a1 pressure vérsus

g

rad1a1 dlsplacement def1n1ng the ground response and. %he»
support react1on. The former: descrlbes the ground

convergence in terms of the 1nternal pressure rellef (Ground

‘Convergence Curve GCC) wh11e the latter relates the

.0

.vThls method is applied by constructlng twoi, ®., ...



confining pressure acting on the support to its deformatio?
(Support Confinemeht Curve, SCC). The state of equilibrium

of the g{oundgguppo}t interaction is given, in a simplified
fashion, at the intersection of the GCC and SCC,Aas

illustrated in Fig. 1.1.

. K‘-\

1.2.2 Ground Convergence Curve (GCC) .
~ The ground convergence curve giveg the felationship

_between the radial displacement§ at the wall.and a <y ‘
fictitious radial support .pressure. This relationshi;\:E a |
speqifié point on the wall of the opening depends on (1) fhe
initial insitu stresses; (ii) the strength—deformatign
properties of ground, (iii) the excavation method and (iv)
the seguence of stress-relief for materials that are not
linear elastic (see Fig. 1.2).

Eig;‘1.J_shows a schematic ground convergence curve for‘
a uniformly stressed circular opening in a homogeneous
ground, along with the rélationship between ﬁﬁe extent of

‘ L, / '

thg plést1c zone and thk dlsplagement.’For Ko=1, all GCCs
~originate at a single point of radial support pressure
cofrespbnding“;o the initial insitu stress. For a
Qoﬁ;uniform biaxial‘stress.figld, sepérate GCCs can be |
developed for each point along th circumferénée'of the
opening. For small stress relief\ the ground response is
e&agtic,‘and‘the~GCC is linear with the §lope being o
-bropo:;ibhal to-the/ﬁgéarhmbdulus of ;he ground. Further‘
stress felief'migﬁy/jnduée Yiei§{ngla;ound the dpehing, ang-
the GCC becomes nénliheai.'For sufficiently strong ground, |

the opening remains stable without anstuppoft«(Curve 1 for
/o ) . oo ' .
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elastic ot Curve 2 for plastic ground). However, in weak
ground yieldinglwitl propagate outward as‘the internal |
'subport stress decreases, and the pressure may reach a
minimum value (Curve 3) or start to increase (Curve 4) after
ah\optimum support pressure at Point A. |

~ Several modes of yielding can possibly develop near an
underground opening: (i) localized yield zones (or shear
hands), (ii) separate yield zones (diffuse yielding), (iii)
a continuous (gl%bais yield zone and (iv) combinations of
the above. The plastic zone development depends primarily on
the boundary conditipn'and ground properties. The prediction
of the mode o} yielding is a;;unresolved area of reaearch,'
but might be handled by the bifurcation theory, Vardoulakis
(1985). One of the main objectives cf this thESis is to
identify typical modes of yielding that develcp around.
tunnels and shafts, and to derive.techniques to predict the
behaviour of these modes. <

Excessive yielding around an opening ﬁay induce a
kinematically possible collapse mechanism under the effect
of gravity, especially near the free boundary surface. A _
minimum support stress p due to this gravityieffect is ///
required to maintain thegstabiltty of the opening. The
opening will remain stable as long as pi is greater or equal
to p . The éravity effect becomes dominant whem’p -reaches,a
crit?cal value, pcr”(Fig. 1.1). For strain- hardenlng ground
(no redUct@on in strength during yielding), pg will be
approached asymptotxcally (Curve 3) For s rain-weakening

"ground, the strength reductlon 1n the yleld zZ wiil

accelerate the grav1tat10na1 effect and . ' E -



p increases with growth of-the yield zone (Curve 4).

For ground with t}me—dependent strength or deformation
propertles, the dlsplacement will increase with time. These
tlme dependent aspects. have been studied by Ladanyi (1980)

and Panet and Guenot (1982), and will not be pursued further

in this thesis. ; Cn
For the design of underground openings we are
~concerned with both the support pressure and the ground
dlsplacement (e.g., for ground control). For the GCC of type
(1), design dnd construct}on are simple and little
difficulties are to be expected. For GCC type (2), we may
reduce rhe support pressure at the expense of permenant
plés}ic di'splacements, and hence ground control criterion
.méfﬁgovern the design. For ground where the gravity effect
beoones dominanE the support pressure will not decrease to
zero and may :@en increase w1th large or "excessive“
d1splacements. In this type of ground the -design must
concentrate on the determination of the critical
displacements (uC )--and the amount of gravity loading whicn
depends on the type of collapse mechanism that is 1n1t1ated-
For good ground control, the dlsplacements allowed during
construction should be less than the critical in order‘to
‘ prevent excessive deformation-that br1ngs«unde51rable load
1ncreases and poss1bly des;4uct1ve effect to surroundlng

N R T . /\'/\/—
struata?es. ‘ . .

L

A Brown et al. (19%\; preSenteg a summary of currently
available GCC‘Xprmulat ns of d1fferent material models for\ﬁ
- the 1deallst1c tase of a c1rcular openlng 1n -an 1sotrop1c

stress £1eld under,two-d1mens1onal;ple2¢ straln‘cond1tlon.adr



Daemen (1975) included the gravity effect in his
formulation. Appllcation of these closed-form solutions to
underground openings is very restrictive because of the
inherent assumptipns. For complicated boundery conditions
and an{sotropic stress fields asrin‘shallow tunnels, the GC&
can only be obtained by numerical simulation techniques
(i.e., Eisenstein and Negro, 1985). However, severe problems
are confronted in these approaches whentexcessi;e yielding
takes place or the system aoproaches its limit state. Thus
if the prlmary interest is the critical state (ucr) or the
11m1t1ng load uses of these numerical simulation.technique,
e.g., FEM are not practically possible because the collapse
of a geomechan1ca1 system is mpstly assoc1ated with the
formation and propagat1on of- y1e1d zones. glternat1vely, the.

i

pressure required to.preyent’the collapse of an opening can
be-determined using analYticalhmethods of the,theofy of
limit state, but this -approach requires the correct
prediction of the formation of the yield zgne and the mode
of collapse. In this research, the mode of initiation and

| oropaQétion of yield zones are studied and‘the cOflapse

o

loads are determ1ned B
| » hus, the strategy used to determine the ent1re GCC is ¥
Atd obtaln the initial portlon using contlnuum mechan1cs'
techniques (closed- form solut1ons) or f1n1te element method
vwhere_approprxate, andqto combine it wathlgmtermrnal port;on

‘determined from theory of iimit.state‘(Figf_i.J);



1.2.3 Support Confinement Curve JSCC) and Ground-Support

. . Interaction L
h \ B3

P

- The support. confinement curve,defines‘thp relationship
. . : n EH 1shl

between'radial support‘pressure and radial displacement at
the supportgground 1nterface (Curve 5, Fig. 1.1). The
Locataon at whlch the curve orlg1nates depends on the time

-of installation, constructlon techn1gue% and face effects.’

1

%ggh, These three dlmen51onal effects can be accounted for in a

”%{ simplified way by nsidering either an equ1valent radial
W - & . . ’ ‘ -

ﬁ%ﬁ displacement (u ) _pr Nn initial stress change (p ) for the
g ' ' ° '
. “ Plane strain model. The shape of 'the SCC is assoc1ated w1th
o the ' strength deformation properties of the support system
[

-and 1%6 actlvatlon. It is. generally no$ a unique curve,
exceptr- for K =1, c1rcular opening and ‘no grav1ty effects.
o

Hence, thg way to obtaln the equ111br1um state of

» s

“ground- support 1ntera¢taon as shown. in Flg 1. ! :
(1néersect1on of the GCC and SCC) is over s1mp11f1ed The *

- flnal"equ111br1um state depends on.K;(.and the ground and
support parameters (Pender, 1979). The study o;~thzs aspect
is beyond the scope of this the51s‘ However, one can

'approxrmately locate the equ11;br1um state by considering
two p0551b1e extremes in pressure formatlon on the support

. For very flexlble supports, symmetr1cal pressure
ﬁlstributlon around the tunnel open1ng is® . pected.
Averaglng the pressure formatlon at ground‘support o -
1nteract1on p01nts ylelds 1oc1 of the f1nal equlilbrlum -
state (e. g., at the roof .and floor) For very stiff

supports bthe final equ111br1um state 1s comparable to the

pre support state. The uneven pressure around the support is



v

' expanded by Eins$in!and Schwartz (1979).

-balanced by shear at the ground/support interface. This

simplified approaoh suggested by Peck et al. (1972) was}>

Ce—

Hoek and Brown (1980) presented solutions for a number

of support systems. For simplicity, we assume linear-elastic

behaviour for the support system.

1 3 Object1ve and Scope-of this The51s
The objectlves of thrs thesis are (i) to 1nvestlgate

the mechanlsms/of ground behav1our near shallow and deep

ffé;nels and shafts, (ii) to develop an approach to assess

. 3
behavioral modes of both shallow and deep tunneis and

shafts, and (iii)'to verify this approach by comparisZn with
results of behavioral mode, support pressure and ground
displacement from finite eiement anelyses, field
measurements.and model tests. (f -
V"_ The convergence confinement mefhogéiemprgyed as a
conceptual framework "for this the€sis, was introduced in this
introductory ehapter. Chapters 2/to/3rgre-concerned witH the
analysis of tunnels while'thapters 4 to 6 deal with shafts.
Chapter 2 is malﬁly concerned with the mechanism of

tunnel behaviour and the formulation of. the GCC Numerical

examples, generated by the finite element Tethod are

: compared with the proposed approach. Chap€§r 3 presents case

histories from f1eld and model test studies. The proposed
technique is dsbd to ;nterpret some of ‘the observations ~
obtained in theke ‘case studies.

+ A review of limitations and assumptions of the
/B ’ )

currently available design methods for shafts is introduced.

7
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\

in Chapter ‘4 and followed by a detailed study of the ground
deformation mechanisms near shafts. The CCM with the
inclusion of gravity effect is suggested as a theoretical
approach to shaft design. In this fashion it is possible not
only to predict the formation pressute but also the ground
displacements. Numerical examples generatéd by finite
_elerient analyses are compared with results prgdictéd by the
proposed techniqué.

Chapter 5 describes a well documented case history of
_an instrumented shaft constructed in Edmonton. Fiela
measurements of dlsplacements and pressures around the shaft
are included in this chapter. Results of back analyses using
the proposed teohniqué and the FEM are compared with those
obtained' from field observations.

Chapter 6 presents case histories of model tests for
,shafts. The propdsed,CCM technigue has been used to
iﬁterpret these test regtlts. i -

Conclusions on tunnel and shaft behaviour are given in
\ .

ter 7. . |
? ,
y4
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2 . MECHANISM OF TUNNEL BEHAVIOUR

2.1 Introduction'

Dr1v1ng a tunnel causes stress relief of 1n1t1a1 insitu
stress around an opening. The disturbed ground mass will
displace and search for a new state of equilibrium.

Depending on the insitu stress, the strength of»the ground
and the co struction method, this new state of equilibrium
mlght be réached after under901ng elastic or plastic o
deformation, or collapse. Excessive dlsplapements around a
tunnel are prevented by installing a supporg\system. Hence,
the mechanism of tunnel behaviour must be governed by tne
distribution and magnitude of stress relief permitted near
the openlng during construction.

Ground movements due to tunnelling may cause
destructive distortion or settlement to adjacent structures.
For shallow soft ground tunnels, prevention of damage due to
surface settlements becomesrof pr;}e/conuern and many design
andlconstruction decigions may be dirécted-toward preventing
excessive damage to structures or utilities near the
surface. |

" The objectives.of‘this\chapter are to identify possible
behavioral modes of shallow and deep‘tunnels and to propose
‘analytical technlques to assess these modes. The proposed
technlques w111 be verified by comparlson wlth results of

£1n1te element'analyses; model tests and field measurements.

e,

13-
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2.2 Ground Responses

2.2.1 Simulation of Excavation
Consider the case of a circular tunnel, to be excavated
to an initial radius a (Fig. 2.1a). The length of the tunnel

is assumed to be much greater than. its diameter and the

rd

sectiion is/ remote from the excavation face. The'tunnel can
bé/tteated s a two-dimensional plane strain problem.
Excavat1on<zem03331the insitu stressqegistlng at the
periphery of the tunnel opening. It 1s ass&med that the
ground response to this excavation process ‘can be simulated
by success1ve1y reducing a fictitious 1nterna1 support ;
pressure (rad1a1 and shear components). For a deep tunnel
under hydrostatic insitu stresses, this_fiotitious support
pressure may be approximated by a uniform radial stress
“equal to the overburden‘pressufe at the tunnel axis. But for
a4shallowgtunne1'with,non-uniform initial insitu stresses
(Ko¢1), the fictitibus support pressure is no longer uniform
(p(roof)#p(floor)) end is compoSed of radial (normal) and

shear stresses, pi and 7. (7.=0 at the roof, springline and
i i ' :

By

floor).

-
o

2 2.2 Stress Re11e£ durxng Excavatlon and Modes oi Y1eldlng

As the f1ct1t1ous support p~essure decreases, the wall

will converge and stress redigtTibution 1nvolv1ng a decrease
in radial stress and an inc ease'in tangential stress will ~

take place. Archlng act1on develops around the openlng, as

1nd1c ted by arrows ‘in F1g. 2.1a. Y1e1d1ng at the wall w111

be in uced'w1th q;ﬁurther decrease in suppots,pressure 1£

\~
N
¥
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the stress difference~§étween tangential and radial stresses
violates the failure criterion,

. The mode of yielding which is initiated at the wall

~depends solely on the initial insitu stress stéte, K . Fig.
. : o

2.1b shows two modes of yield initiation for (I) K =0.5 and
- o

3

(11) K0=1.0. For Mode I, the initial radial stress is

greater than the tangeritial stress at the roof, and vice

versa at the springline. As p, decreases, the stress
i :

fdifferences (ot—a ) becomes smaller at the roof (R} and
° r

larger at the springline (S). The soil element at the roof
or floor always remains.ela5tic while the soil element at

the springline wﬁll,fail. Thus the plastic zone will

initiate at the springline for K =0.5. For Ko=1.0, the
o)

stress differencel(ot—or) at the roof and springline will
grow approximately at the Same rate. Hence, yielding will
initiate arouné the periphery sé@gl;aﬂéously unless
localization occurs. For Ko>1.0, the plastic zoﬁe will,

initiate at the roof and floor because of high initial

horizontal stress. This mode of yielding,corresponds to Mode

I rotated by 90°. ’
Once'yielding is initiated at the wéll, further stress

relief in pi will cause propagation of the plastic zone. How

" the plastic'zone p:dpagates depends on the displadement

“boundary conditions. For a deep tunnel where the external

bounda:ies ére remote“fromAthé opening, the problem can be
simplified as an opéning subjectgdftQAa,confined insitu -
Stress fiéld iThé’plastic-zone wilﬁ{prdﬁ%gate syhmetrically.

Near ‘a shallow tunnel the free surface boundary affgems

the. propagat1on of the pT\SQIC zone. Agazn, two
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Ko conditions must'be considered sepafately; for example,.
KO=0.5 and Ko=1.0, as shown in Fig. 2.2. For Ko=0.5, the}x
behaviour of the circular tunnel with plastic zones at the
springline are comparable to a rectangular slot (trap door)
of a width equal to the distance between two extremes of the
plastic zones (w=2R). The weight of the soil block aboveithe
opening is supported by the shear resistance in the

Thus, r351st1ng shear stress will be

mobilized alggg some inclined surfaces due to the downware ;
movement of the soil block. The state of stress on a soil
eleﬁentvalpng the ipclined plane is plotted in a Mohr
diagram in Fig. 2.2. The induced shear stresses due to
gravity increase the stress difference between. two princibala
stresses (the diameter of the Mohr circle) uﬁtil failure

gEC rs.'fhus, localized plastic zones /propagdte upward f;om
.tqémspringline and toward the free surfaee. THe direction of
the propagetion of the yield’zones, denoted by the inclined "
angle () (e.g., Figqg. 2.5) depezds on the distance to the

free surface (H/a), Ko and the“stress boundary:at the lﬁ,/
opening. This will be proved later (Section 2.2.3.3)%. It is
interesting to notice that the soilteiements at the rooffmay
stili remain in an elastic state Qhen a limit. state is
»:approached Roof and surface. settiements will 1ncrease at a

comparable rate at this potht. ’ /
| The tunnel behavlourjfor KQ=1.0 is aiffegent..After
initial yielding,;the opening becomes eoﬁpleteiy surreunded
‘by the y1eld1ng grdund The max1mum extent (w) of the
plastzc zones at the spr1ngl1nes is smallér than that for
=0 5, and the stress. concentratlon 1s less severe.
NY - : _ S

—

G
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Furthermore,;because-of relatlvely high inittal horizontal
stresses, the shear resistance against downward movenents of
a soil block is enhanced. Hg¢nce, the soil block abone the
opening hys less tendency to displace downward (because the
state of stress is fafther from the yield surface) and high
localized shear stresses do not develop to cause localized
yielding. The plastic zone around the opening tends to
propagate evenly outward. Its shape may be influenced by
gravit?-&ausing mofe rapid propagation towards the free
ground surface (Mode II). A

The above illustration only show; two basic and
idealized mechanisms of tunnel behaviour (I) formation of
localized yield zones and (II)‘formetion of a concentric (or
an egg-shaped) plastic zone. However, other modes(md£ also
occur. Fig. 2.3 shows some p0551ble modes wh1ch are of
practical interest., It as assumed that in all these
érdcesses, thg stress relief around the periphery of the
tunnel opening is in proportional unloading of the insitu
etress (pi, ri) and yielding is induced by an active failure
mode. Modes I and II have already been discussed in detail.
A cr1t1cal K-value (Kcr) should exist be£Ween 0.5 and 1.0 at
whlch y1eld1ng may initiate at the sér1ngl1ne and two
localized shkar zones may coalesce to form a cont1nuous
domaln around the opening as further stress-relief is
allowed i, e., Mode 1 develops 1nto Mode 11. = Py

A third mode, Mode III occurs at K >1 0 when. ‘yielding
s initiated at the roof and floor, and a fourth- mode Mode .
jb\g

1m11ar to yielding in the 'trap-door model test_

‘, (Te:zaghi,_1943), is observed if only Vertical stress-relief
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or displacement is allowed. \
These four modes of yield initiation (Modes I to IV)
can develop {nto other sub-modes, depending on the boundary
condrtions and ground parameters. In this thesis, only Modes
I and 11 are of the primary interest. For Mode I, ts0
~separate yield zones at the springline may propagate iﬂ
forms of localized lobes, and they may (Mode I-1) or may not
(Mode 1-2) reach the free surface before yielding is
.initfefed at the roof. Mode I-1 usually dominates at deep
tunnels whereas Mode 1-2 at shellow tunnels (Atkinson and

Potts, 1977). The extent of yield zone at the roof
-propagates with further stress rellef (i.e., Modes I-1.1 and
2.1). At this stage, kinematic collapse may possibly occur
at&the roof. This oollapse mechanism is governed by the
formation of slip liues within .the yield zone (i.e.;'upper
bound solution). Mode$1<can also develop into a special Mode -
I-3 in which the yield lobes merge to form . ring with an
unyieldea’eore before the surfaoe is reache‘. Mode II is
common'in situations where-‘Ko is close to 1.0. The H//F\
: continuous yield zone will eXpand‘ss stress relief proceeds,
.and two ear- shaped zones may be formed at the shoulders of
" the tunnel (El Nahhas, 1980) . S1m1larly to Mode I, two 'f\v)/
ear-shaped zones may‘or may not reach the‘free surface .
(iJe., Modes’II—l and 11-2, respectively) In Modes I and
II, the minimum fictitious support pressure ar0und the
tunnel opening is Epe one that prevents,the;klnematically
possible collapse uechenism." | k
- Varlous bxfurcatlon processes d1scussed above govern

the behav1our of tunnels in terms of thelr mode of yleldlng,
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required support load (e.g., collapse load}, and soil
displ%cement (e.g., snrface and subsurface settiements).
Hence, it is essential to investigate what condit}ons and
parameters govern each possible mode before other aspects

like load and displacement development cah be quantified.

2.2.3 Bifurcation Phenomena in Tunneélling
‘2.2.3.1 Introduction o <f:
The main purposes of this section are:
J. to identify parameters governing the modes of
yielding near tunnels; ’
v 2. to locate boundaries and regimes of each
possible mode; and ‘ '
3. to propose analytical techniéJes formulating the
| ground responses near the tunnel for different
modés of yielding.

Formation of lgcalized yield zones at the springline
(e.g., Mode 1) or avcontinuous plastic domain a%ound the
tunnel opening (Mode 1I) can be considered as a blfugcat1on
problem Bifurcation .of a deformatlon process means that
under certaln critial states the deformatlon process may

sturn from one mode.of‘behaviour to another»entireiy
dlfferent mode. |

Vardoulakls (1985) presented an excellent review of

recent theoret1cal and experi tal work donevln the areasof

'&stab111ty evaluatlon and bifurcation theory in soil

mechanlcs. Some of the 'es relevant 'to our- ob]ect1ves

» are'priefiy mentioned here. The study of‘b1furcat1on 1n‘u
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continuous mechanics was pioneered by Hill (1962{\ Foliowing é'
this fundamental work, Palmer and‘Rlce (1973) formnlated
conditions for localization in connection with snear—band
development in overconsolidated clays. Rudnicki and Rice
(1975) also derived condrtion§/£qr localiget}bn in
pressnre—sensitiveiidiiiég%t naterials. Bifurcation analyses
in deformable materials under tests of ideal stress
conditions were performed by Hill and Hutchinson (1975),
Yonng (1976); anleardoulakis (1978, 1979,A1981). Needleman
(1979) and Molenkamp (5985) investigated the effects of
constitutive relationships ef materials on bifurcation
processes. - :
Bifurcation modes are governed by the censtitntive
properties ot the soil, boundary conditionsl(streSS‘and
displacement), and geometrical and/or mate?ial

imperfections. The mode of yielding near a unnel, as

discussed in Section 2.2. 2,_1s dictated by the" boundary
c0nd1t10ns, e.g., 1n51tu Stress, 1nternal support pressure
and the free surface. Transition of one mode to another mode

is due to the bifurcation process. Formulation of this

e

N

bifu ion process near a tunnel is d1ff1cu1t because of
ngmp exlty of the boundary conditions. Vardoulakls

the
'(1985) suggested to use finite element methods or

sem1 inverse methods to solve thls.complex_boundary yalue .A

" problem. | |

2. 2.3. 2 Strategy I o ' _ 'v»' -
Whlle the three d1mens1onal condltlons near the tunnel

face may actually dom1nate, only the two d1mens1ona1 plane .

4
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strain'conditidhs of a tunnel will be considered. Modes of
yielding near a tunnel are llnked by (i) strenéth‘parameters‘
(¢,c), (11) geometry gnd prox1m1ty of the free surface
boundary (H/a) and (111) boundary stress (K 'and p ri).
The main objectives of the follow1ng analyses are to'
1nvest19ate under what combinations ot the above governing
conditions each mode'domdnateS‘@nd to categpriae them into
typical modes of yielding. Instead of deriYingAE@act
solution for each possible mode which involves complicated
numerical formulations, a semi-theoretical approach coupled
with finite element analyses and intetpretation of results
from model tests and field observations will be used to
’establish boundaries-among various modes. Continued research

will be needed to formulate the method of analy51s for each

1nd1v1éual mode.

. PO

It was shown in the prev1ous sect1¢that two basic
modes can be identified under ditferent'Ko conditions: (I)
_1ocalized yielding from the springline for'K <K or’ and (11)
contlnuous y1eld1ng around the openzng for KO>K r' ?ode 1
was obseryved in model tests (Atklnson et. al., 1975; Potts,
§Q76, Cord1ngvet al., 1976). Reyes_and Deere (1966);and |
Smith (1973) investigated the mode of yielding‘around'aa
citeular caVity under’biaxial stresses and'found tﬁat'
_locallzed yleld zones developed for K <Qu4 Lo et al. (1984)' '
made use of Mode II ‘in pred1ct1ng the crown settlement for .
_ tunnels in soft clay, and found that thelr pred1ct1onsv
d pared well with f1eld observat1ons. Atk1nson and - Potts‘
(3?:77) alsp catrled out model'tests 1n-oyerconsolxdated-;

' kaolin (at -
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Regime A

‘1s assumed to be elastxc (i, e., the 1n1t1a1 dev1ator1c

. 1 v ' . s
g 7 : , 22

-

' =1.0) and reported that.at collapse load high shear ’
0. . . . i
strains were concentrated at the springline, i.e., Mode I.

Their findings seem to contradict the proposition that Mode
7

11 occurs at/5fnl 0 However, it will be shown (Fié 2.4)

that because\of the b1furcat1on process the mode, may change T~
depending on how and to what level the boundary ?tress pi is:
reduced. Hence. from these observations in ﬁodel‘agd field
tests, it is postulated that two modes are posgible\near a.
tunnel where KO is less than or equal to 1.0. It is further
postulated that-these two modes are mutually egclusiue and
iudependent events under gfveq‘boundary conditions, i.e.,

there is no overlapping of the two modes. Transition from -

one mode to ahother is, however, possible if changes in

boundary conditions occur.

All important parameters goberning the bifurcation

- process neaf‘a tunnel are included in Fig. 2.4 which is a

¥

plot of p /p versus K for a given ¢ and H/a. Fig 2.4

shows schematlca;ly reglmes of possible modes. Steps in

construct1ng the boundarles of the various regimes for

¢

different modes of behaviour are given below and follOwed‘by

some numerical examples. t

o " ',)

. - 2 .
L1ne a-b is the 11m1t1ng value to K . equalgté? e

“active pressure eogff$c1ent K . The K values w1th1n ‘this
a

. regime are 1nadmlssable if the 1n1t1a1 state of the ground

o

4stress of the Ko cond1t10n must be less than that of the

K%g; , . 0 ‘ : .
B ' : , & s N
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e
" \\vﬁegjme B

This regime correspends to conditions where no yielding
occurs on elastic unloading. Line c-d denotes the limit for
initiation of yielding. Since we are primarily eoncerned
with cases of Ko<1.0, yielding will be initiated atythe
springline. Line c-d is determined by comparing the
tangential-radial stress difference at the springline with
the available strength of the gro; d. Schmidt (1926) derived
equations for stress distribution around a circulat tunnel
in a stress field where the pressure increases with aepth'
(Appendix B.1). The internal sﬁpport pressure is assuézd to
be uniform around the circumference instead of percentage of
the original insitu stress. This asgumption~leaddr\o an

N

underestimation of p./p for K <1.0. The underestimption
i 7o o / -

e

"magnifies as KO decreases to Ka.
Reglmes c, D, E, F— G énd H
When the internal support stresses are slightly below
~those of Line c-d, yielding occurs a: the springline.

. Regimes C end H correspond to conditiens where initial
yleldlngs are locallzed at the spr1ngl1ne. But there exists
a critical Ko—value, Kcr (Line 9- j) which separates two
different modes of yielding around the opening.
Determination of Line g-j will.be explained later.

. For K°<'K‘Cr (Regime C) the two localized plastic zones
at the springline will develop into pei;s of localized yield
zones (Model I-1, Reg1me D). This development occurs et a

p /p value defined by L1ne p-q which cannot be quant1f1ed

'at th1s stage. Further stress relief causes the top pair of

<
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localized yield zones to propagate to the free surface.

These yie1d>zones may (Regime F) or may not (Regime D) reach
the free surface before yielding is inifiated at the roof.
Line e-f separating Regime F from Regime D is determined by
searching for the most gritical case of<fimit equilibrium
state around‘the tunnel ‘opening as demonstraeed in Fig. 2.5
for Mode I. In this critical state, the two localized yield
zones.intgrsect the free surface. The assumption that the
states of stress along the inclined planes AB and CD are at
ultimate strength (or residual for strain-weakening ground)
may be made. Thus, the required sug?ort pressure (pys) (Line
e-f, Fig. 2.4) to allow the localized yield zones to
propagate to the free surface is determined using the limit
eguilibrium method. This approach will be given in details
along with numerical examples in Section 2.2.4.

Line h-k signifies the point of yield initiation at the
roof. Values of pi/po for}Line h-k could be determined using
the same method as that for Line c~d, except for the roof |

instead of for "the springline. Alternatively, the method

- presented by Detournay (1983) may be used. Hence, as a
.simplification it may be assumed that the elastic stress

fleld around the tunnel 1s npt affected bx Fhe yielding

N J
process at the sprlngllne. This effect of the yleldlng
process 1s m1n1ma1 as Ko is'close to un1ty where the extent

of y1eld1ng at the sprlngllne is narrow (e 9., Reglme‘H) Ih

Reg1me E (Mode I-1.1), y1eld1ng has been initiated at the

- roof but the y1eld zones at the shoulder do not reach to the.

free surface. In Regime G (Mode 1-271), the mode of y1e1d1ng
is similar to that of Mode I-1.1, except that the yield
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zones at the shoulders have reached the surface.

Regimes J and K
In Regime H yielding only occurs at the springline.

This localized yielding will develop into a continuous
domain (Regime J, or Mode II) as pi decfeases be low sﬁgﬁprt
pressures of Line h-k. Further stress relief may again
induce ear-shaped field zones at e shoulders of the
tunnel, as shown in Regime K. ?Model 11-1).

| ALine i-1 represents the boundary of the transition from
.Mode I1 into Mode II-1 where ears develop. Within Regime J,'
the 6pening is completely surrounded by a continuous plastic
zone. The soiution to determine the extent of this
continuous plastlc zone.c mprises (i) dete}n1n1ng elastic ¥
and plastlc stress distributions satisfying all boundary
,conditibns and (ii) searching the elastic—plastic interface
by stress contlnuxty (Oda and Yamagamx, 1979; Detournay,
1983). Wlthln the plastic zbne stress equ111br1um and
failure criteria must be. satisfied. These requirements

impose conditions to seek for values along L1ne i-1. Steps

to obtain L1ne i-1 are given in Appendlx B.2.

Regime L |

Once yle}dhng occurs around the tunnel kinematicel
ncollapse mechan1sms bounded by slip . 11nes within the yleld
zone gan develop\under the effect of ‘gravity. The collapse'
f.mechanlsm becomeS\mQre obvious at the roof. L1ne m-n def1nes
\

the minimum support pressure, pic required to prevent any

k1nemat1ca11y possfble collapse at roof Ife
"\

\ 1 . B f‘ | ', ;., B ;,
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pi is reduced to support pressufe beloy pic' the col}apse
mechanism at the roof will be triggered and will propagate
toward the free surface. Then, the state of stress above the
roof has been disturbed and a new final equilibrium state
must be reached. The required®support. stress to maintain
this equilibrium state is designated as pfc' This mode 1is

not shown in Fig; 2.4, and will be explored in detail later

\

(Section 2.2.4.1).

2;2.3.3 Examples

The approéch described’above (Fig. 2.4) is now used to
investigate the modes of yielding near a tunnel in
cohesionless soil. éoverning parametere such as H/a, Ko and
pi/po are varied to inveetigate the modes of;behaviour, and
the results are shown in Figs. 2.6 to 5.8. The support
stresses at the periphery of the tunnel are non-uniform,
distributed in proportion of the insitu stress. ’

Comparisons among Figs, 2.6 to 2.8 reveal that areas
for each regime are“a function of H/a and ¢. The area of the
elastic unloadlng Regime B 1ncreases 1n size as expected
with 1ncrea51ng ground strength (¢) Reg1mes denoting the
first mode (Mode 1) contract in general as ¢ increases. |
Reg1mes F and G d1m1n15h for most cases at H/a=18, 1i. e., for
‘deep tunnels the local1zed yleld zones w1ll not reach to the
free surface./The tendency of transform1ng from Mode II to
t Mode II—1 (area of Reglme J) or the’ development of ears in

,1ncreases. Th1s 1mpl1es that the behav1our of a tunnel is

-
L
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not preperly approximated by the ;%ole-ih—plate" theory
unless the values of governing parameters fall within the
area of Regime J.'

) On Fig. 2.7 (¢=30°) are also plotted results of some
numerical examples calculated by FEM, which afe presented in
Section 2.2.5. A;\expected, the yield initiation point for
Ko=0.5 obtained from FEM (empty circles) are higher (by
5-18%) than the predicted owing to the different stress
distr{butions of internal support pressures assumed for two
cases (percentage of p in FEM and uniform in closed-form
/r/futlon) However,‘the FEM results agree better w1th the
{i}osed—form soluthg as Ko approaches unity. With regard to
espects_such as mode of yielding and yield initiation at the
springline, the FEM and the predicted results- compare well.
Similar consistence betweee results obtained from the FEM,
end the predieted are also found for the case of Ko=0.8?;é

Results obtained from field and model test mPnitoring
(Chapter 3) are also plotted in Figs. 2.7 and 2.8 for
comparison, which will be discussed in defai& later.
. ) A
2.2. QbFormulat1on of Ground Response
Thls section malnly explores anéﬁyt1cal methods to
.depict the‘ground responses in stages from. the state of “
“Ayleld 1n1t1at10n to collapse under the. progre551ve stress ,
Atellef in the excavatlon. We are interested not anly in the
\ground,cenvergence curve at:the tunnel wall but_also in ghe_
reletiqnshipvampng erowh;disp;ecement,;surface settlemepﬁ‘
_'a66 stress re;ief,,since‘tﬁo.types,éf'mbdéé'in—grouhd |
behaviour, I and II]héVe been'idehtified, ituiS'app:Qpriate
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to investigate them separately. Although the following
analyses are based on-elastic perfectly plastic cohesionless.
ground basic pr1nc1ples and reasonings can be applied to

other types of ground with different constitutive laws.

[

2.2.4.1 Mode I

Fig. 2.9 presents a typical ground eonvergence‘curve at
the roof for Mode 1 (Mode II also). On th{s figure are also |
plotted modes of yielding and methods of analys;s. The

changes in states of stress above the roof descrlbed by

"R-coefficient are also shown in Fig. 2.9. K. is the average
3 .

ratio of horizontal stress to vertical stress at soil
]

elements above the crown. Each portion of the ground

convergence cufve is depicted in detail in the following.

Portion o-b _
Portion o-a represents the elastic unloading response

of the ground and Point a indicates the initiation of

y1e1d1ng at the springline. Portlon ,a-b reflects the

~

nonl1near ground response when the y1eld zones propagate

~ outward with stress-rel1ef.

Portion o¥b‘may be determined using a continuum

mechanics approach But the 1nfluence of such factors as

free surface boundary, grav1ty, non- hydrostatlc loadlng and

local1zed plastic zones must be con51dered They impose . :
numer1ca1 d1ff1cult1es in. obta1n1ng closed form solutions.

Duddeck (1980) Eisenstein et alfv(1984) and others: |

suggested the_f1nite element method as an analytical tool to
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evaluate the ground response to tunnel excavation.
Eisenstein and Negro (1985) developed a two-dimensional
finite element program to simulate the tunnel behaviour for
ground of non-linear hyperbolic eiastic stress-strain
response with time—independent properties. For shallow
tunnels in cohesionless soils, they encountered severe
convergence problems in equilibrium iteration when the
stress relief was more than 60% of the original insitu
stress. This is one of the numerical inadequacy in finite
element analysis when the limit state is'approaohed. In
reality, however, suppért pressure much'less that 40% of
insitu stress have been reportea‘from field meesuremehts
(Eisenstein et al., 1981; Bfanco, 1981; Corbett,'1984).

- Hence, it is fruitful if one can explore the grouna response
beyond this state.

.

Portion b-e -

This portion describes'the ground responses due. 4o the
stress relief from §ie1d§&g to ult{mate behaviou:. Point c
represents the state at thch the yield zones just‘ihtetsect
the free surface, and the support pressure at thls state -is
fﬂdenoted by P . At Point c, the soil block~§bove the roof

?may or may nzt remaln elastlc. The - sypport pressure can be
further reduced to a lower P, ic (Point d) at which the
collapse occurs at- the roof. There EXIStS a po1nt between
'P01nts c and & correspond1ng to the .point ‘of y1eld
1n1t1atlon at the roof (i.e.,. L1ne h-k in Fzg. 2.4). From
the 1n1t1a1 P01nt o to Point 4, the tangent1a1 arch1ng

o

"actlon above the roof (1nd1tated by K- value) 1ncreases with

;/"
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stress-relief. But, beyond Point 4 the roof collapse
mechanism is triggered and will propagate to the free
surface. This mechanism will induce stress redistribution
above the roof and the resuitqpt K-value will drop. Heﬁce, a
sﬁdden increase in support pressure from Point d to Point e
results mainly from the decrease in tangential arching. For
strain-weakening ground the whole portion a-e will be
further shifted upward because of strength reduction
associated with plastic straining in residual state.

With correct predicted modes of yielding, the support
3 "

pressures at Points ¢, d and e can be determined by use of
-

thebry of limit state. Currently, no solution‘exists for .the
co}respond;ng displacement at each point. Thus; some
simplifications are reguired\to construct Portion b-e. This
can be done by extrepoleting Portion a-b to Point d, i.e.,
following the negative slope at Point b.eThrs assumption may
lead eo conservative design because Portion b-d should
become flattened for yielding ground (i.e., the slope
(negative) incfeases with displaeement). m
Portion b-e is of practical importance to tunnelling ;
designepecause it provides information on‘mafginal 5afety‘.

from collapse mechanism and alsq the ground control.
1 e

‘Point ¢ (p )
_ ys

At Point c, the yleld zones just intersect the free

‘surface forming a wedge as 1llustrated in Fig. 2.5a. The
-4

requ;red support.pressure py,S can be estlmated.by limit

‘equilibrium method,
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Several assumptions fegarding the failure surface and
the stress destribution along it must be made such that an
overall equation of equilibrium, in terms of stress
resultants, can be written,-Consider the equilibrium state
Aof a soil block (ABCD) above a tunnel (Fig, 2.5a). Planes
“A-B and C-D inclined at f to the horizontal describe two
failure surfaces giving the most critical condition of
maximum reguired support pressure. Due 'to symmetry, no shear
stress exists along Plane E—F. Considering the horizontal
and vertical force components acting on the soil block,”thg
'equilibrium gives:
' |
Fr+ pha“—:(ﬁ - p?a)tan(ﬁ-¢) =0 ' %I 2.1
where: Fr - force acting on the olane E-F
‘ph - equinalent uniform support pressure in
horizontal direction ( = KOL(H—a/Z)y]n where 7 is %
of insitu stress) | |
pV - equivalent uniforﬁ support pressure in vertical
direction ( = [(H;a/z)v]n where n is % of«insltu
stress) ; |
DifferentiatiOn'of Eqn.\z;I with respect to variable f
ylolds a maxlmum value for pl: The angle p calculated in
thls manner should correspond to the dlrectzoK of yleld zone
propagatlon from the. sprlngllne to the surface.
- Solution of Egn. 2.1 requires knowledge of the force
Ff? This force is equal to the resultant of the.horlzontal
:1n51tu~stresses before tunnel exo vation . plus an increase in

stress due to tangential arch1ng resultlng from- ‘ .
» :
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&

(\\\\streSSTreiief (see Fig. 2.5b). Thus F can be expressed as:
. r

o ‘ : ~
F.= 1/2(Kr)7(H—a)’ - 2.2

where: K =K +AK . AK and K are coefficients used to |
( r o r . r r ' ¥
approximate the increase in tangential stress and the
resultant respectively (Figs. 2.5 and 2.9). It ‘is important
to note that the ratio of horizontal stress to vertical
stréss (K) actually varies ‘along the depth above the crown.
Assuming even stress redistribq&io%‘around the opening
’(Fig. 2.5b), the goefficient Kr can%ﬁe éalculated in terms
of the variables H/a and K (see Appendix B.3). It is
plotted in Fig. B.2. These Kr values depend on the
percentagé of stress-relief of the initial insiﬁy stress.

Thus, the maximum Kr is governed by the minimum support

pre55ure, p. TheoretiFally, K can reach the passive
ic yis r

resistance coefv;c1ent, K J(i.e., the whole soil block above

the roof are in passivé yielding). grbm,Fig. B.2, it can be
seen that the case of K épproaching Kp only occurs near
. r

shallow tunnels and the maximum K is usually dictated by

b Egn. 2.1 provides information>not oniy on the support‘
pressure, pys but also on the d1rect1on of the propagation
of the yield zone, 8. a computer program (TUNS, Append1x F)

vis wr1tten to calculate pys»and B. Flg. 2.10 shows the anglg‘

‘f for ranges of H/a and vaiués. It can be seen that this

| mode of yleldlng (Mode I- 2) 1s only - adm1551ble at certaln

. values of‘H/a, Ko»and ¢. The Kofvéiue has a limitidg value'

of active pressure, .
A |
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Ka. At'high H/a (deep tunnel) and ¢ values, (strong ground)
the tendenEy of yield zone to propagate to the free surface
is less pronounced. With Ko approaching to unity, the mode
of yielding is Mode II. The angle AAde ends on_KO and H/a as
welg . For (a shallbw tunnel with h{gh Ko, the yield zones are

vertical.

The( German Tunnelling guidelines (e.g., Duddeck, 1980
and 1982) differentiate between 'shallow' éhd "deep' tunnels
kfgj H/a<5 and 'deep' tunnels fér H/a>7. For 'shallow'
tunnels, an equivalent continuum model (no embedding.al}owed

at the crown, e.g., Duddeck-and Erdmann, 1982) without

reduction of ground(i;essu e at the crown is recommended for

lining dimensioning. For/"deep' tunnels, -a continuum model
g :

(fully embedded; e.g., Muir-Wood, 1975) with some reduction

of ground pressure may be appropriate. Careful examination

" on these guidelines reveals that one important/ factor

i

governing the tunnel behaviour is neglected: .the -
. - C ¥ N
displaéeméﬁ@.permitte%,during construction, Yoon® It has
&y :
been proven that the ground pressure on a support and the.

behavioral mode of a tunnel depend on udon and hence the

¥

structural model. Therefore,-the struétural models proposed
in these guidelines are only valid under certain conditibns.
1t is of practical importance to explore these cohditions

and to locate the limiégzions of these'guibelineé.

b

Limits between 'shallow' and 'déep‘ tunnels are plotted

on Fig. 2.10 as 'A' and 'B' respéctively; If Mode‘l*z takes .

place (i.e.,byield zoheSJTeéch the‘groundwsurface))vﬁ aréliﬁ
~ranges of 75° to 90‘ for fshallpw"tunﬁéls'aha 60° to 80';'

for deep tunnels;wThé boundaries of these rénges’depend;on

o



‘"ﬁ} the German guldellne 1s conservative in terms of ground

e

.
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\

¢. The structural model” for 'shallow' tunnels recommended by

'1

pressure. From Fig. 2.9 (GCC) full overburden pressure is
only experlenced\@ﬁxno displacement is permltted dur1ng

construct10n‘\Th1s dOndlt1on is seldomly encountered in the

field. Ground‘pressure\Jggvincrease for u >u, (beyond
c¢don ic

Point 4, Fig. 2.9), but the induced pressurg”;§\§illl less
Epan\the overburden pressure. A partially embedded model (n

" embedding at the crown).is justified because in Mode 1-2 th

¥\

o

e

soil block bounded by two yield zones intersecting the ‘\\\;;;

ground surface has tendency to displace downward and exert
pressure on the liner at the crown. Hence the soil block
above the crown should not be treated as part of embeddlng
For structural model of 'deep \tunnels, the ground pressure
can be reduced with tﬁé 1ncrease¢ dlsplacement. The ('
reduction depends on u and GCCX\From Fig. 2.10, it is

con . .
observed that the fully embedded moae% is only valid for
’ N ,, ~

‘éyodes I-1 and II., If yield zonk's intersect éhe ground

\
surface (e.g., ¢=20°, KO<0.60; ¢=30°, R§<0 40,\¢ =40°,

<0.30) or u is gfeater than u, (i. e., roof collapse
con

ic

o
’/has been 1n1t1ated) then/y%% partlally emkeddeg model
i

instead of the fully embedded should be used.

, It is 1nterest1ng to obsetrve that K of normalf&
A

consolidated so:ls g1ven by (1-8in¢) (Brooker and Iréland

1965) falls within 11m1ts 'A' and 'B' in Flg. 2.10. Th1s }J“

suggests that the German Tunnelllng gu1de11nes are
appropr1ately des1gned for normqgiy consolxdated so1ls

’provxded that condltlons stated above are satlsf1eﬂ

P

~,
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Fig. 2.11 is a plot ‘of normalized support pressure

(py /7h) versus normalized depth (H/a) when the yield zone
reaches the ground 7quace. This flgure indicates that p
is a function of K//and ¢. p decfﬁéﬁqs with 1ncreasxng K

/ 'YS
and ¢, 1mp1y1ng'that a small amount o?&stress relief of the

‘insitu stress will cause the yield zones to reachAthe free

surface-i? weak grounds under low Ko. Hence, tunnelling-in -
these conditions is much more risky as intuitively expected.'
On Fig. 2. 1 is also plotted . the support pressure p.
correspondlng to the initiation of roof collapse mechan1sm.
For conditions of pic>pys' Model I-1 1is 1mposs1ble5 and Mode
1-2 or Mode II1-1 takes over depending'on Ko (see'bifurcatlop

modes, Fig. 2.4). - ' . L

Point d (Pic) , A o -
. At this point yielding at the roof -has occurred and’
possible collapse mechanlsms defined by sl1p-l1nes within
the y1eld zone may develop The cr1t1ca1 mechanism can be
found by selectlng any p0551b1e modes and - perform1ng an f
approprlate work rate calculatlon The accuracy of thls

calculatlon (upper bound solutlon) w1ll depend on thev

' prox1m1ty of .the assumed mechanlsm to the real one.v

Atk1nson et al (1975) observed the confzguratlon of

o the collapse mechanlsm in model tests and derxved an upper 5

(el

' bouné solutlon. . co . ’ﬁ'

pic/yH‘é'(a/ZHcos¢)(l/tan¢+¢-ﬂ/2) | vif”. ‘jh:té;3‘f

provided that_H/atis-eQual~to'or éreater;than.J/sin(o).gThis'



s ' ‘ .
equétion is true only for material with an associated flow
rule and y=¢ where ¢ is the angle of dilation (Hansen,
1958) .. ‘
958). ‘ \
The values of P. normalized to overburden pressure .
ic

(yH) are plotted in Fig. 2.11. Actually, pic are independent

of ﬁpe depth of overburden. 4

2

Point e (pf )

Beyond Point d the roof collapse mechanlsm has been

initiated. The extent of the propagation of this collapse

¢

“mechanism depends on the displacehenﬁ'allowed at the roof.

At the ultimate behaviour;.the mechanism will .reach the free

surface and the soil block above the roof will be in the

limit state. The support pressure pf at’ this state can be
c 2"

found by the use of the soil arching theory (Terzaghi,

1943). The arching acpion will be developed against both

sides of the wedge (Fig. 2.5a). The mathematical treatment

-

'.on arohing is givén in Appehdix B.4.

( Normaifzed support pressures pfc are plotted against

théﬂ epth ratio (H/a) for different, shape of wedges (f) and

frict1on«angle (¢). The Pre values also depend on the
dssumed earth pressure coefficient at the 51des, KS (Handy,

4
1985) Flg. 2.12 with K K shows that the Pse becomes

'fa1rly constant for H/a>5” Thls ‘agrees well again w1th the

, (Suggestlng full overburden at the crown' 1f u >o,

: /
" . the roof collapse (Point d). For- the state before Point d

gu1de11nes g1ven in the German Tunnelf1ng Handbook

con ' ic
It is 1nterest1ng‘tovrea11ze that two d1fferent-types

- of arch1ng act1on occur before and after this 1n;t1at1on of

“ 3

J
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the. horizontal (tangentialf stress is the major principal ,
stress and the vertical (radial) is the minor within the
yield zones abov& the roof. In this soil arching, the
catenary must be convex upward as illustrated by Fig. 2.13a.
In contrast to this, an inverted arch develops after
excessive movements (Fig} 2.13b). This mode beyond Point d
was well recognized and exblained by Handy (1985). In this
sagging state, soil arching may be depicted as a trajectory
of minér principal stress that approximatee a‘caténary (the
vertical stress is mejof princiﬁal stress).“?gr arching
action to be eupportive, the catenary must dip downward, The
configuratien of the catenary will cnange from convex upward
t? concave downward after passage of PFoint d. This <<
transition signifies ap abrupt 1ncrease in settlemeqts above

the roof. : _ ' Y

.
From the GCC the relationship between tRe support
stress and dlsplacement at the roof can be optaired except
for the ultimate state where the total displ ment cannot~
be predlcted The next essential step then is to relate this
to the roof settlement proflle above the tunnel. This aspect

will be dlscussed in detail together with Mode II.

'2.2.4.2 Mode 11

If yield initiation and brdpagetion take place dufing
:unloadlng ‘under: K equal or close to un1ty, the tunnel
openzng becomes completely surrounded by a continuous,
approximate concentric plasth_zone.vmh1s situation follows
the;mechanism/of a "hole-in-plate" model, and permité =

application of continuum mechanics and thedry of plasticity



to predict the internal pressure-convergence relationship.
Daemen (1975) adopted this approach and included the gravity
effect within the plastic zone to determine the %Eound
- convergence curves for deep rock tunnels. Lo et al. (1984)
also used the same approach to predict the roof settlements
due to tunnelling in soft clays.

In spite of the above studies, the continuum mechanics
\approach has not been used as an analytical tool to predict
Nthe behaviour of shallow tuynnels, which are dominate the

gravity effect and complicated byﬂtﬁe free surface boundary.
In this thesis the technique proposed by Daemen (1975) will
be edopted and expanded. to include the effect of the free
surface. )

Considering a case of a tunnel as shown in Fig.I2.14a,
i.e., a two-dimensional plane strain pspblem under Ko=1.0, a

: plastie'zone-of radius R will develop around the openingﬂif
the ground etrength is exceeded. There existe a relationship
between the intermal support pressure_pi and the plastic
zone R at the periphery of the opening.

For a shallow tunnel the true conditions can be
replaced by a 51mp11f1ed moéel as shown in Fig. 2.14b. The,
stress distribution %1th1n the plastic zone are governed by

_the qulllbrlum equatlons. - ' o ﬁ;ffw

S

at- ar—'r(dqrydr) - d7r/d6 + rycosf = 0 2.4

dat/d9~+ 27 + r(dr/dr). = rysind = 0 2.5
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Aésuming =0 at the roof, springling and floor, Eqns.

2.4 and 2.5 can be reduced to:

n
<
N
(]

o - o - r(do /dr) i ry
t r r

a -

where: + for floor, - for roof and ry=0 at springline.
For the ground that can be characterized by a

cohesionless Mohr-Codlomb yield criterign:
0,/0; = ot/o = tan?(n/4+¢/2) ‘ 2.7
r .

Integration of Egn. 2.6 along with Egn. 2.7 and
continuity of radial stress at the elastic-plastic boGndary

leads to the following relationships for (p.).
A - i

2sin¢/(1-sing)

p, = p_[(1-sing)(a/R) 1.+
ay[(1-sing¢)/(1-3sin¢)]
3sing-1 1-s1 :
[1-(a/p)] 381007 1)/ L1msing) 2.8
. . )
. where: + for floor, ~ for roof a&d last térm reduced to zero

for springline. ’
In Eqn. 2.8, the parameter P, is a functiqn of R and
varies at thé4roof, springline-and floor as shown in Fig.
2.145. Also, in ‘Egn. 2.8 it can be seen that the firSt term
is-primérily cdncérned with strength mobilization while the
sécbnd term,desé{ibps thé effectyéf gravity within:the |
plastic zohe., This term iore .s_ignif'ivcant‘ in
strain-weaking érpund becauée less strength can be mobilized

over the total éxtent‘onthe plastic zone.



e roof area the gtav1ty acts agalns:<;;;\;kternal

préssure tha&reby increasing the 1nterna1 pressure requ1red

achieve equxlzbrlum. Hence the gravity term is positive.
\the floor area, grayity acts as a stehilizer and thus
educes the internal pressure. Hence the gravity term is
negative. There is-no gravity effect at the springline where
the direction of the gravity is perpendicular to the radial
@ pressure. ;
Integrzfion of Egn. 2:6 witp known stress boundaries‘
given by Egn. 2.8 provides stress distributions at the root,
springline and floor. When_these stress distributions ere
coupled with material deformation characteristics (Brown et
al., 1983), one can obtain separate ground converdénce
curves for the roof, springline and floor. These expressions
/xzyfor the GCCs depend on material properties and are quite
lengthy. Formulations proposed by Ladanyi (1974) are
considered in this thesis and details are given in Appendix
B.5. . | |
Fig 2.15 presents a schematlc plot of the
pressure-displacement and pressure extent of plastlc zone
o relat10nsh1psr Each' GCC originates from its 1n1t1e1 insitu-
sttess state, i.e;, the floer has the highest value. After'
~an initial linear response it becomes'non—iinear with yie
1n1t1at1on. As the plastlc zone 1ncreases, the grav1ty (fg
| effect becomes dom1nant -reduces support stress at the floor
' 'and increases it at the‘ roof. The floor may be left without
4 support depend1ng on 5011 strength The same reason1ngs on
nthe gravity effect can be appl1ed to the p -R. relat1onsh1p

h(ngen by Eqgn.. 2 8) but the extent of plast1c zone at the
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roof will stop when iff reaches the ground surface at R=H.

Before the above echnigue is applied to determine the
GCC, it is impoftant to understand the limitations inherent
in this method. '
1. Simplifications ha een made in the derivat@ons of
Egn. 2.8. Based on- the "hole-in-plate" theory, the
equation is obtained frdm its own boundary stresses,
independent of other boundary stresses as shswn in Fiq.
2.14b. In addition the assumption of 7=0 is only valid
along vertical axes at the roof and floor, and at a

horizontal axis through the springline. This assumption

leads to an overestimation of p, at the roof, but an
i

-

underestimation at the floor.

2. Egqn. 2.8 is formulated assumingva plastic zone of
constant ;adius formed around the opening. The
derivation of the pi?u relationship follows the path
(1) shown in Fig..2.14. At excessive‘yielding, the
support préssgre distribution may resuit in a maximum
at the roof and a minimum at the floor, which is in
tontrast to the assumed stress distribution in
excavation simulation.(stréss-relief in‘a'percehtage of
the original insitu stress) Hence the uSe of Egn. 2. 8
is restrlcted to a certaln 11m1ted range of p values.,
‘This is further.conf1rmed by the studles_of the modes.
of &ielding'near ﬁunheis. From‘Figs. 2.6 to 2.8, the
‘mode of yleldlng with a cont1nuous plastlc zone is
11m1ted only to Reglme J (Mode 11). The area of th1s
regime 1ncreases as H/a 1ncreases, 1mply1ng that the ,s

;proposed techn1que w1ll yleldfbet;er rgsults for thes’

o
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y | : .

behaviour of deep tunnels.
3. It is of pfactital interest to find the extent of the
plastic zone around . the tunnel. For a rigid,liner (Case
1), the plastic zone is fairly concentric, :esulting in
a differential support‘pressure between at the roof and
at the floor. This unequal pressute may be transferred
to the ground through shear at the support-ground
‘interface. This shear effect will affect the shape of
the GCC (Curtis,'ﬁ976), which is beyond the scope of
this thesis.,lf'flexible linérs are used in tunnel
supports, no bending action will be'developed within
the liner and'symmettically distributed support stress
will result. This condition is similar to Case 2 in
Fig. 2.15. Symmetrical support pressure distribution
induces an egg-shaped plastic zone, i.e., large .
yielaing occurred in the foof area.
From the above discussion, it can he seen that the
application of the proposed technique (Mode I1) is
restricted by its inherent assumptions. Formniatipn of

'ground responses beyond the regime of Mode II requires

techniques similar.to Mode I (Fig. 2.9).

2. 2 4,3 Vert1cal Settlement Profiles above Tunnel o

(Modes I and 11) - . |

Analytlcal prediction of the settlement proflle above
the roof 1s compllcated by the prox1m1ty of the surface
boundary F1n1te element methods seem to prov1de the only

nt pattern around the

approach to predlct the displace
. tunnel,_but several attempts using .continuum mechan1cs have

- -



revealed that the surface settlements are normally
unde*esfimated{»e.g., Atkinson and Potts (1877). Lo et@a]'6,1>
(198%) used a semi-empirical approach to estimate the-
sgrf%ce settlement and suéceeded to p;edict the crown
displ%cements using continuum mechanics. Because of these

probléms,‘a semi-theoretical approach supported by case

histories is used here qo predict the settlement profile

above\the crown. '

| So far discussedﬂgfe'the relationship betwe;n the crown
conver%ence énd support pressure. There exists also a -
simila% relationship for the surface seﬁtlement, i.e., the
surfacé settlement is governed by the cran settlement Sc

and thus the internal pressure p . The p S S relat1onsh1p
is a sﬂeady changlng functlon unt11 k1nemat1ca11y p0551b1e

collapse mechanism takes place (e.g., Point 4, Fig. 2.9).

The surface settlement beyond Point d increases abruptly and

become excessive. A prediction of settlement after a
4 S ,

collapsé mechanism has been initiated is not dificult.

. .o . “ e
‘Hence, the following analysis is concentrated only to states.” ~
1 B LN ) //‘
“ /

——

before collapse.

i

Conéidering only the vertical ground displacement at

" the grohnﬁ surface, it is well éstabliéhedfthaf'the’

~’settlement-profile'm y be represenﬁed by a Gaussian b

distribution curve dof form (Fig. 2,16a)

ses te)-O/20x/0) 2l

nt of inflection.

where: i1 is the poi :
S . TN \vv\

~
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Fdr a given tunnel, the surface settlement profile
(Eqn. 2.9) depends on pi and SC. Assuming the surfdce
v*displacement profile outside a distance of w (between 2.5i
and 3i, Cording et al.,;1976f remains uninfluenced by the
progressive stress relief a relationship of Ss*i‘is derived
by putting S=SO at x=w: (where w=H(cotanf')+ a) |

.

SS/SO =\exp{1/2[(1+(H/a)cotanﬁ')/(i/a)]’} 2.10
@ N ‘ )

, L)
In Egn. 2.10, the variable S 1is a measure of S or p.,
. s c i
and the variable i is of the settlement profile. The
parameter f' (apprqximately equal to pB) defining the trough

v

width is dependent/on the mode of yielding or Ko as

—

discussed earlier (Modes I or 11).

~

Fig 2.16b is a plot of normal1zed S versus i for
H/a=3 to 10 ¢= 20° to 40° and $=70° to 80“. The B-valjes are
extracted from Fig. 2 10 of Mode 1. For shallow tunnels i
decreases to a l1m1t1ng value wxgg a small increase in Ss'
i.e., small crown displacement or_stresslrellef causes the
yield zone\to propagate to the surface. At deep tunnels i
also,decreases with Ss, butAat a slonet rate. Fig. 2.16b

" indicates that the shape of the settlement trough for a

v given *cohesionless ground is dependent on H/a and p (or S )
“»as well The ¢ parameter has less extent of 1nfluence. 'uf
+ It must be expected that Modes,I and 11 dlsplay .
distinctly differentland‘unique features_in their settlement
profiles bedanse‘they‘fepresent diffefent modes of yielding.
'Cons1der Mddes I and II ~and allow R constant crown.

'settlement ‘ \
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Sc in both cases (Fig. 2.17). If'SC.is small, the extent of
the yield zone is small. The vertical settlement profiles of
Modes I and II are initially very similar, but-the magnitude
of settlement is larger in Mode I than in Mode II. Small
displacement occurs in the elastio zone and large'plastic
straining within the yield zone ﬁFig. 2.17a and b). For
excessiveSC (i.e., the yield zon%,neaching the surface),
Modes I and II exhibit distinct differences in vertical
settlement profile above,tﬁe.crown. In Mode I, two localized
shear ‘planes develop and the soil block displaces toward the
opening as a rigid body.’THE_soil block remains elastic so
tnat the differential Strain,and displacement between the
crown‘and the surface is small. Hence, the ratio of surface
to crown d1splacement (s /S ) is c105er to and tends toward
unity (Flg 2.17d). In Mode 11, a plastic zone develops
around the opening and is surrounded by the elastic oround,
the elastic zone area .is small, and most of the straining
will occur within the plastic zone.\Thns, the settlement
profile above the crown looks like the one plotted in Fig.
2.17b and the settlement ratio SS/Sc must be much lees than
un1ty/(Flg. 2. 17d)

' The shape of the surface settlement trd“gh is defined '
by Ss and i. Eqn.lz 10 1nd1cate5~a strong dependency between
i and p_ (or SC) whlch is shown d1agrammat1cally in Figq.
2.17¢c. On this fzgure are also shown schematlcally two. pa1rs&
ofdGCCS’ﬁor a shallow and a deep tunnel and S /a 1/a curves
offModes i and II‘for each tunnel ‘For the shallow tunnel |
'pthe y1eld zones (Mode I-2 or II-1) will propagate to the

surface with a comparat1vely small d1splacement. For Mode
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1-2, 1 will displace towari the centre of the trough *in a
faster rateV The WId}h of the settlement trough for Mode I
must be‘%elated to the inclined angle f of the shear plane ’
to-horizontal (Fig. 2.10) and will be narrow for the shallow
tunneiT\For'Mode I1-1 the settlement trough will be wider
because the strength mobilization and stress redistribution
are distributed around the opening, instead of concentrated
at localized zonesﬁ‘The inflection point will remain fairly
stationary about at the initial stéﬁe (i.e., no éar—shaped
yield zone developed (Mode 11)), and will decrease with
/ g £
progressive stress relief near collapse. Samﬁéfeasoning is

applicable to the deep tuﬁnel When the exfen of YIEld zone

4

‘around the tunnel is small, i for both modes may remain

stationary. As the yield zones reach the surface, the i will

drop’significantly. /
| From Fig. 2'17d the S /S r;tio is fairly constant fof
Mode I, and seems to be almost 1ndependent of p . This is in
contrast to Mode II where the Ss/sc ratio is 1n1t1a11y small
and later increases with decrease in pi. As the collapse
,mechani§ms a;e approached the settlement ratio will tend -
toward unity for both cases, 5ut at a faster rate for Mode
1. ‘ A
‘N" From~the above analyéis,.if the same displaéements-aré‘
allowed in tunnel construction largervsutface settlemént.aﬁd
a narrower .trough will be induced in Mode I than in Mode II.
' Ground éith 1 Ko imposes moré diffiﬁultiés'in ground

‘controls an ground with Ké close to unity, - fN

e
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“ground was assumed to be constant with depth and thus the

P
R {r

2.2.5 Nd%ericalAExamples (FEM) y - /rf/v

2.2.5.1 Approach (A-J

Numerical examples generated by the finite el%ﬁggzx,
method are used to understand the tunn;lebehav1our and to
1nvestlgate the applicability and valldltg of thé proposed
te¢hnique desc¢ribed in the previous section. Eight analyses
were performed and the input dapa'for each case are listed
in Table 2.1. The behaviour of purely cohesionless and |
cohesive soils were investigated. For cohesionless soil, one
set of typical soil parameters and a range of Ko-vglues from
0.5 to 1.3 were chosen to observe the effect of Ko on the
yield zone localiZatidn. Behaviour near shallow and deep
tunnels was studied by varying the free surface boundary
parameter, H/a. It is important to realiie that the
cohesionless model with the assumedhassociated‘flow rule

predicts larger dilation and displacement than the real soil

model of non-associated flow rule. For the cohesive soil,

“only shallow tunnel behaviour was considered. For

simplicity, the unconfined compression strength-of ‘the

: -
Ko-value.had to be set to unity. It was asspmed‘that the
excavatiqh,pfoeess‘coﬁid be s&hulated'byfproportibnsl
unloading of -the original insitu stress (denoted by P* in
Table 2.1). A case of an air-pressurized tunnel (Case AP1,
Table'2‘1) was‘studied by applying a‘uniforﬁ internal

pressure to the perlphery of the tunnel open1ng.'

The f1n1te element program SAFE, developed by Chan

" s
1&(

'f'(1985), was used for all analyses. F1g B 3 shows the f1n1te



48

~
element mesh for H/a=18, composing of 8-node quadrilateral
iso-parametric elements outside the tunnel and 6-node
triangular iso-parametric elements inside the tunnel. Zero
' lateral displacements are imposed along the two sides and.
zero verti?al displacemgnts\at the -bottom bouhdary. For
Hégi§, t e same mesb was used, but elements at the four top

_ v \
rows were deleted. Each analysis involved the following

steps:

1. Apply gravity stress by ssitch-on—gra;ity method, i.e.,
av=7}, 0, =v/(1-0)7y, |

2. Amend the Poisson's,ggtio, v 'to a constant value.

3. Remove elements.insiée'the tunnel and reinstate the
initial insitu stress by applying,equivaléﬂgﬁnodel
forces so that no displacemnts are induced.

4, Simulate the excavation process by reducing the nodal .
forces around.the periphery of the ;unﬁgi in |
increments. ‘

5. Continue step (4) until no numerical convefgﬁnce in
equilibrium ite%étion is possible for stress relief L

~increments of 0.1% of insitu Stress.

¢ '2s2.5.2~Resplts

| Mbdes ofineIdihg :
'_{ The extent of.the yield zones at 1ntermedlate and final

stress levels\are plotted in Figs. 2. 18 to 2,22 forLelght |

| es. Table 2.2 summarlzes tﬂe mode -of 1n1t1al y1eld1ng,
t:S\\bde of y1eld1ng propagatlon, the app11ed stress at the
yig;g'yp;t1stlon and at the_last step_(exprgssed ;n % of

) insitﬁfstreSS),_SOme of these results are plotted ih'Figs.

=
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2.7 to 2.8 for comparison, and they agree well with the

predictions. Several important aspects on mode of yielding

near tunnel are confirmed by these rgsults of the finite

W

element analyses:

/

(a) Cohesionless Soil (Figs. 2.18 to 2.21)

1.

For>Ko<1.0,‘yield initiation occurs at the springline.
Depending on Ko' these localized yield zones at the °
springline develop into (1) localized lobes at both
shoulders (KBPO.S) or (2);continuous plastic domain-
around the opening (K0=0.82f. Fig. 2.18a (H/a=5.0 and

K =0.5) shows:the propagation of localized zones at the

o
shoulder toward the free surface. On Fig. 2.18b

‘(H/a=5.0, K°£0.82), it can be seen than two ear-shaped

lobes start to emerge from the continuous plastic
domain, indicating the development of yield zone

localization (Mode II- 1) For K. —1”3, yield zones are

/ﬁ//Q1n1t1ated at the roof and floor (Mode III) and merge to

form .a continuous zohe.
Yielding is observed near the ground surface. This

is explained by the fact that Mohr -« f1rcles of elements

near the surface are 111 deflned because of small

overburden pressure. Small stress changes could 1nduce
y1eld1ng. ThlS problem is one of numerlcal 1nadequacy e

of finite element analy51sa

thhe 1nf1uence of the free surface bohndary on the yxeld

R
zone can. be observed by compar1son of results of

analyses of shallow and deep tunnels. For deep tunnels,.

the shape of plastlc zones 1s symmetrzcal about the‘\j;vﬂ
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horizontal tunnel axes. In shallow}tuhnels, the free

surface has a tendency to displace‘downward, which

" .accelerates the yielding process at the roof. Thus at

equal percentage of stress-relief, the extent of the

plastic zone at the roof is greater in shyllow than in
\

deep tunnels.

From Efg. 2.20 (Case AP1), ig%can be observed that the

-

‘boundary ;stress around the periphery of the tunnel has

h

a significant influence on the mode of yielding.
Initially, appiiCation of a uniform pressure equivalent

to overburden pressure (at the .level of tunnel axis)

1induces yielding at the roof and floor. At 60kPa

‘the extent‘of the yig

yielding occurs only in the roof and floor, and after a
further pressure reduction to 20kPa (20% of overburden)
the- mode of yielding is similar to Case ST1. However,

zone at comparable stress level

is mﬁch reduced. This""nding is of great practical

'signifance. Most excavation modelers simulating*

+

pressures neglect this important aspeCte It is also
extremely important for ‘back analysis or interpretation

of field measurements. ' ' -

'Fgem Fig. 2.7 1t can be seen that the roof collapse

o

-mechanlsms are domlnant in the six FEM cases -—~Thus the

m1nv1mum SUppOft stress‘es are the ‘pi »(upper,bound\ |
e\ o

"solution). The requxred p "~ for roof collapse ar

calculated. .8% .and 3% of overburden pressure at tunnel

.
~
x

axis for ‘H/a= 5 ahd 18 respect1vely. Comparlsons

.between the app11ed stress at the last step (Table 2. 1)

~andv*_ 15 '

~
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piC imply that the tunnels are_still far away from the
kinematic collapse state. However, severe problems have
been encountered at this stage in modelling, indicating
the limitation of the FEM in explofing the limit state

of this particular geomechanical system.

\,\ | ¢

b) Cohesi?e Soil (Fig. 2.22)}

1.

. ‘ (
For both cases (STC1 and STC2), under K =1.0 localized
o)

yielding initiates at the floor and developsDintq\g

. C
continuous zone around the tunnel propagating downward

rather than toward to the free surface. This response
is a result of the method by‘which<the stress .is

relieved at the periphé;y of the tunnel.

~ The tunnel in ground with higher strength (Case STC 2)

remains. 'stable without any support. For Case ST1 the
yieid zone reaches the surface a#t 40% support'stresswl
Fig. 2.22 shows that the configuration of the yield

zone is influenced by the free surface, i.e., the shape

of the yield zone is no longer circular. Various

kinematicaily‘possible collapse mechanism could occur
within the extensive yield zone. Davis et al. (1980)

studied such possihle éollapse mechanisms of shallow

. tunnels in cohesive material and derived solutions of

~collapse loads using the upper bound theorem of

plasgicity. The collapse ldad‘for Case STC1 was
calculated: 38% of insitu stress which is close to that

from the FEM.

. . -\\
(o . e



Stress Distribution (Figs. 2.23 and 2.24)
' . Fig. 2.23 shows th; tangential and radial stress
distributions above the roof for a shallow tunnel (H/a=5)
under Ko=0.5 and 0.82 (i.él, cohesidnless cases ST1 and
ST2). For both cases, an increa§e in tangential stress is
observed, denoting arching developed at the rooflduq to
stress-relief inside;the tunnel. The eguivalent coeffiqients
Kr' defined in Section 2.2.4 were calculated: Kr=0.81 for
K0=b.5'at 65% stress-relief, an@ Kr=1.31 for KO=O: t 75%
stress—rélief. These Kr values compare wellhwith those given
Lo s

by Eqn. B.8. implying that the earlier assufiption of equal

amount of stress redistributed to the roof and floor is

i

valia.

For K =0.5, the mobilized tangential-radial stress
N (o} :

difference is much less than the ‘soil capacity and the soil
above the crown remains elastic.'However, for K =0.82,

. ' o
yielding has occurred and the tangential streps decreases to

cope with the decrease in radial seress in order to satisfy

the failure criterion.

o

, Similar reasonings are applicable tojcohesive soils,
Cases STC1 and STC2 (Fig. 2.24). The Kr values calculated
are: 1.38 for STC1 (60% stress-relief) and .1.62 for STC2
‘(unsuppodEed), and théy compare well with the prédicted
‘values given by Egn. B.8. The tangential-radial stress
'diffe{ence within the piastic‘zone is governed by the
qunconéined compressive strength‘of'the soil which is
independeﬁt of_ovérburden pressure. ‘
: . . , 7\
Interpretat ion of K-values above the Roof (Terzaghi ,1943)
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It is ihteresting to observe the horiiontal to vertical
stress ratio K along thé depth above the roof. FOF x@so.s
(at 65% stress-relief) the K-value is close to unity above/
3.0m’de§th,and increases to 2.0 at the crown. For KO=O.82(<;Z§
(at 75% stress-relief) the K values from 1.5 to 3.0. )
| Terzaghi (1943) aerivéd a solution for the vertical

stress distribution above a tunnel in cohesionless soil

4

-using the soil arching theory, and recommended that the

/

K-value should be appfoximately unity. Hence, Terzaghi's
case follows cloéely with Case STI KKO=O;5). However, the

K-value also depends on th& amount of stress-relief or the

1

* displacement. Thus Terzaghi's case is only valid for a

special case of tunnel behaviour.

Ground Responses (GCC) | '
Ground responses at the roof (Rf), springline (S1) and |
floor (Fl),‘éxpressed in GCCs of normalized fictitious |
support stress versus normalized displacements, are shown in
Figs. 2.25 to 2.28 for all eight cases. .
" For all cases except AP1, tﬂé ground ini%ﬁally responds

to elastic unloading, and the displacement is proportional

~.

to the amount of stress-relief. For KO;O.S and 0.82, the
amount of stress relief at the floor is greater than at the
roof and springline,‘and thus the slope of the convergence

H

yield zones are developed, the plastic deformation‘starts to

dominate. Once yielding occurs, the support St:esé at the

roof will remain fairly conétant with a further increfse in
displacements. Similar reasoning can be applied to the cases

\ . . . o .
A E .
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with KO=0.82 and 1.3.
.{//“ " The ground responses for Case AP1 (uniform internal
' pressure) are very different. The wall at the springiine
first displaces outward and then starts to converge as the
unifgrm pressure decreases. The responses at the roof,
springline and floor are almost linear eve; though plastic
zones are formed first in the roof and then near the
springline and the shoulders. This shows Cleariy that the
' approach of application of ‘a constant fictitious pi in
simulation of excavation does not lead to a reasonable
solution‘of'ground response fot K; different f;omvunity.
For case ST2 where Ko is close to unity, Egns. 2.6 to
2.8 can be used to approximate the p /p -u/a relatlonshlp
(Mode II). The results are plotted on Pdg. 2.25 for )
comparison. These predicted values fallfréasona ly close to
thois—fflé;EV%E analyses. The discrepancies caﬁﬁxe |
atﬁéibute to the fact that Eqns. 2 6 to 2.8 assume Ko=1.0
and different stress boundary cond1t1on. A similar |
comparlson for a deep tunnel (H/a=18, F1g. 2.27) shows that
the gﬁav:ty effect becomes less dominant, i.e., the three
pred1cted GCC (roof, springline and floor) are close
together. - ‘ |
The FEM only prov1des the results for the 1n1t1a1
- portion of_thevGCC up to the applledvstress'levels stated Eﬁ '
Table 2.2. The subseguent portion of the GCE, where
localizetion,preeesses'and transition totcollapse modes .
dominate, caﬁndt,bé.ch;rentiy'prediéted anelgtically.
;However, it is possible to estimate,the required support

'stress:fortseveral‘states

»®
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"(pys, pic and pfc) which are of practical interest. These
support presgures pys' pic and pfc were calculated for each
case and are lis in Table 2.2.

For the two casgs with cohesive soil (Fig. 2.28), Egns.
2.6 to 2.8 (with cohesive sprengph cIi;gpig) are used to
calculate the predicted GCC. The predicted response
correSponds well with those calculéted by FEM fqr the stable
case of STC2. It is interesting tq'noté that for this case
the GCC of the floor are higher than thosé of the’springline
and the roof. With proportipnal unloading greater deviatoric
' stresses are induced ap the floor than at thg roof and _
springline. This cauées a‘déeper pléstic zone and larger
deformation at the floor because the strength of tbe
coheéive soil is independent of confining pressure. From a
comparison with Case STC1, agreement is only«pbserved
initially up to u/a<0.4%'becapse the plastic zone influenced
by the free ‘surface is no longer circular. The GCC /'for the
roof becomes hor;zontal, indicating thatvthe'collapse
mechanism is apprdaphed. Egns. 2.6 to 2.8. do no longer
apply The calculated collapse load of 38% is , howevér,
close to the agpl1ed stress at ‘the lgst step (40%). Despite
these dlscrepanc1es it can be conclqgfdvthat the models

proposed earlier can be applied to pred1c§\the ground

“ behav1our w1th reasonable accuracy. A -
Ground Deformat ion near the Tunnel

Dlsplacement vectors around the tunnel are plotted in

'Fzgs. B.4 to B 8 fdr all EIth cases (Append1x B) The :'
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direct{Ehs of these vectors are influeneed by tﬁé insitu
stress state Ko and the proximity of the free surface A
boundary H/a. For iow Ko values,‘;adial displacements toward
the openings are clearly restricted to areas above the roof,
and below the floor. Near the springline, soil elements
immediately adjacent to the opening exhigitsvinwards
movements, but elements at about one radius away from the
wall areynot influeneed much by the stress relief For K
close to unity, radial dlsplacements are distributed evenly
around .the tunnel to a distance of about four radii from the
wall. This implies that this can be approximated by the
"hole-in-plate” model. )

One feature of practical importance commom to: Figs.
2.25 to 2.28 and B. A to B.8 is the overall conflgurqtlon of
wall convergence.'For K6<1'0' initial unloading ;ndbces
la;ger displacements at the roof and floor thanYat”the

spfingline.vBut after yielding has initiated, tﬁe'plastic

". deformation at the springline becomes dominant and the

sﬂisplacements at the springline are larger than those at the

”Thls 1s in co/

, 11ne

roof and springline. If a liner is installed at this stage"

and deformed accordihg'to‘the.configuration of.wall;

- convergence as those sﬁewn in Fig. B.4, tension will be

_ 5 \ , . :
induced at tgzkinner gece of the liner at the .springline.

des1gn methgd, like the fe}at1ve stlffness method. In these

'mete:f:/}Mu1:~Wood 1975 é1nste1n and Schwartz, 1979) the

‘ikﬂaispiace 1nward at the roof ‘and floor and outwarq

, at the sprxngl1ne far (K <1, 0) ThlS causes compression

o

1nstead of ten51on at the 1nner face of l1ner at the -

-

rast tb\Q?e‘reSUIts of'conventional continuum



" the. settlement 1ncrease

'-observed at the elastic- plas€1c boundary (at B R

springline. Hence, for the determinaton of thrust and a-
bending moments in a liner, one has to consider not only the
initlal external stress distribution but also the
configuration at the time of’liner installation.

From Figs. B.4 to B.8, it is of interest to observe
that Case AP1 has a unique displacemen® field around the

tunnel. Even at large stress relief, the magnitude of

displacement is much smaller than for'the other case®. The

technique of simulating stress relief not only affects the

extent of the yield zone but also dominates the ground

displacements.

Settlement Prof ile above the Tunnel
Subsurface settlement profiles above the crown for
various stress- relief levels are p]otted in Figs. 2.29 to’

|
2.32 for all eight bases and should be compared cﬁosely with

“the schemat1c Fig. %,17.

\

.For\igallow tudnels in cohesionless soil (Cases‘STI and.
o)

ST2), two Yistinct pgofiles can be identified. For Mode I

(ST1) where localized yield zones form and the soil block

t

above the rpof does not yield, the differential settlement

with depth is only due to the elastic\deformations, and is

-;small Thus, the. vert1 al dlsplacement 1ncreases only

sllghtly and’ gently with the depth (F1g. 2.29a). In Mode 11
where the opening’ is s rrounded %y a continuous yield zone,

gently in the elastlc zone .and

accelerates rap1d1y w1th1n the plast1c zone (Flgs. 2 29b and
Y

-2 30a). An abrupt change in settlement grad1ent can be'

i
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pi=25%) {

For deep tunnels (Cases DT1 and DT2) the settlement
profiles are similar because the extents of the ;1eld zone
for both cases (Ko=0.5 and 0.82) are relatively small.
However, at equal stress relief (say 40%) larger settlements
are experienced in Case DT (Ko=0.5).

" The behaviour is less well defined for the cohesive
soils (Fig. 2,32) because the numerical model assumed ‘that
no volume change is associated with plastic deformation.
However, it is interesting to observe fFig. 2.32a) that a
‘decrease of support stress from 50% to 40% induces a sudden,
almost constant, increase in vertical displacement
indicating initiation of a collapse mechanism ("plug”
failure).

The relationship between surface settlement (S )\and
crown settlements (S ) at 1ntermed1ate stress- re11ef levels
are plotted in Figqg. 2 33 for all cases. Fig. 233 confirms
the earlier discussion on tﬁp slopes of ss/sc for Modes I ,
“and II. It is greater for Mode I than for Mode II. Fig. 2.34
showsvtheurelationship between the settlementtratio SS/SC
- and the stress ratio p /p . From Fig. 2.34, 'it can be seen
'ithat 'S /S is a functlon of p /p ;'espec1ally for cohesive
soil of low strength However, for the range of support
pressure typlcally encountﬁred in the field, the S /S can
be . reasonably assumed to be constant w1th p /p . Atklnson

and Potts (1977) observed in model tests that the S /S is

71ndependent of p /p and only a funct1on of soil propertles.'

8

Surface Sett lement
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In tunnel design, one is concerned with not only the
'maximum surface settlemeft but also the differential
settlement, i.e., the gridient at the inflection point and
'the trough width. Figs. %5 to 2.37 show the surface
settlements profiles for all cases. At a giyen stress—}elief
.level,.Case ST1 is the most critical with the largest total
settlement and the narrowest trough. The large settlement is
due to a low Ko' i.e., low tangential arching to resist
downard movement. The narrow trough can be attributed to the

'formation of.two near vertical yield zones which restrict
the downward movement of“the soil block above the roof. As

Ko increases,\the_tangential arching abave the roof

increases. Also, the development of locafized yield zone is

suppressed and Mode 11 takes places resulting smaller
;ﬁsﬁettlementrabove }he tunnel and wider trough. For‘Ko=1.3

(Case ST3) the surface settlement is negligibly small

because of hlgh arch1ng For deep tunnels, the free surface

boundary 1; less influenced by the tunnel, i.e., the trough
is wider and gradient is gentler (Fig. 2. %P) '

# It is of practlca& 1nterest to observe the surface
settlement prof1le of Case AP1 (F1g 2.35), wh1ch is 51milar
to a case of an air- pressur1zed tunnel. The effect of

!gunlform pressure inhibits the propagatlon of the localized
y1eld lobes to«the surface and thus reduces the surface
settlement,s;gn1f1cantly even at relatively low support
’pressure‘levels.‘This demonstrates.that application of air

‘pressure (constant pi) is very‘beneffcial'for the~tyo».

: purpose\—af controll1ng the d1s€j.%ement distribution‘andf

'the extent of the Y1eldbzone. Excellent field measurements

L
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that support these conclusions’ were presented by Kovari et

al., 1979.
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p (Tunnel) .
fc ,
Cases "Pys Pic Pfc.
ST1 24 % 8 % 67 %
(H/a=5, Ko=0.5) o - ‘
ST2 . - 8 % 61 %
(H/a=5, Ko=0.82)"
ST3 - 8 % -
(M/a=5, Ko=1.3)
C .
b X 14kPa 8kPa 67kPa
‘{H/a=5., Ko=0.5) :
»
PR ' - 3% 67 %
(H/a=18, Ko=0.5) '
DT2 - 3 % 412%
(H/a=18, Ko=0.82)
STCH - - ‘;%%
(H/a=5, Ko=1.0., qu=30) P

.STC2

(H/a=5, Ko=1.0. qu=60)

Note: Support pressures at roof Pys, Pic and Pfc are
expressed in % of overburden pressure to tunnel
‘ axis except for Case APt ’ :
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w 3 . TUNNEL - CASE STUDIES

3.1 Introdugtion

ter explores. the mechanism of tunnel

behaviour in detail and indicates that the behaviour of the

*

ground around a tunnel is best described by the concept of
ground convergence curve. This concept signifies the .

dependency between stress-relief and displacement of the
ground. In this chapter an attempt i made to extend the

application of this. concept to explaif results from 'some

—

Y
case histoﬁies, including model tests and Qield
5 i ' ;
measurements. \ N

3.2 Case Sthdies,

3.2.1 Modei Tests'

T beﬁaviour‘of shallow tunnels in sand and clay has
been studied extensively by use of model tests at Cambridge

Universityy@England“ Two types of tests were performed: (1)

CF

‘statie tests and (2) gravity or centrifugal tests (Atkinson

et a7., 1974; Schofield, 1977). Ln’static tests the soil

sample was subjected to an external biaxial stress field in

whéch~the-Ko—va1ue could be Qaried, but the self~weightaof
the soil became negligibie and did not contribﬁte to
1nstab111ty modes. In the gravity or centrlfugal test the

stress fleld was due to the grav1tatxona1 forceaénd the K

; value depended on the moblllzed strength whlch could be

: approxxmated by the relatlonshlp (K =1- 51n¢) (Brooker and

Ireland, 1965 ; Lade et al., 1981)

i
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Atkinson et al. (1975) performed a series of ﬁodel
tests (Type 2 - gravity test) in dense sand to measure the
support pressure and deformation at the collapse state. The
tunnel was supported by a pressurized flexible rubber
membrane, and collapse was produced by reducing this
internal pressure. The depth-ratio (H/a) was varied from 1.9
to 5.0. As describged by the authors, the soil movements were
initially restricted to a wedge zone-immediately above the
crown. The measured support pressure at this state was close
toc the ‘pressure- calculated fromc the upper bound solution

h

(pic, Egn. 2.3). As-the tunnel pressure was reduced further,
thie wedgs grew upward toward the surfece (Regime L in Fig.
2.4). A higher support pressure was measured to maintaintthev‘
equilibrium at this final state. These observed modes
correspond well with the prediction in Fig. 2.9 (Point d to
Point e). The higher pressure at the final state should have
corresponded to the pressure pfcf Back analyses of'pfc are
NIV
not possible because the horizontal to vertical stress
coefficient (KS) and the residual angle (¢r) were
indeterminate from the tests.;The support pressure pfc
actua*ly depends on the displacement allowed at the crown.
The p values shown in Fig. 2.13 were calCuleted aseuming
that the soil 1s in limit state (i.e., at lowest Ks =K ).
"~ Thus the measured p thn the model tests should be and are
smaller ‘than the predlcted Pres %v5; Gl ’
Atk1nson and Potts (1977) 1nvesslgated theoret1cally
~and experlmentally the stabllzty of- a C1rcular tunnel in
and. The exper1menta1 1nvestlgat1on consisted of Types (1)

(2)'modelftésts:11n the gravity tests (with an assumed -
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Ko=l—sin¢) the initial.collapse was observed at the crown.
The heésu:ed collapse pressures compare well with the
pressure (pic)'predictedfby the theoretical upper bound
theorem based on the observed collapse mode. For the static
tests (where Ko conditions were net reported) the observed
collapse pressurés also bracketed closely the bressure raﬂge
predicted using the lower bound theorem. Herver, their
formulation (lower bound solution) assumes that a concentric
yield zone develops around the opening and that the collapse
state 1s . reached when the yield zones intersect the free
surface. It has been shown in Chapter 2 that this moae of
yielding, i.e., Mode I1 is only admissible if Ko is close to
unjiy? If the model tes;é’Wére performed under KO=1— ing,
the ;ocalized'yield zones (Mode I) should develop, implying
that the modévof yielding‘in the theoretical solution was
not consistent with,fhe one Qbser?ed in the test.

Fig. 3.1 shows contours of volume and shear strains in
‘sand near collapse for the gravity fe;ts (Ko=1-sin¢)}
(Atkin;on and Potts, 1977). The distribution of strain
around the tunnel is self—explanatory. Céncentrations of
shear strain with magﬁitude up to 20% occur between the
crown,and.springlines, and the soil in these regioné must
have reached states of‘limiting stress.’Taking shear Stréih
as aiyield critéri&n, the .observed mode- of yielding agrees
well wifh‘Mode I.Iit is impoftaht to noéiée that the shear.
strains'shown‘inQFig.'3;1:were observed near collapse at
large‘displacement:s,probablyJ.)t'atbzwee_n'ui.c and ufd‘in Fig.
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The shear strain at yield initiation can also be
observed from the results of model tests (gravity type)
'performedﬁby Cording et al. (1976). In their.model'tests a
specified displacement pattern instead of uniform pressdre
was imposed at the tunnel perimeter. Fig. 3.2 shows shear
strain from their finjte element simulation of these modell‘
tests, It can be seen that fairly high shear strains are
concentrated along a plane through the springline inclined
appro£§natelx 65° to horizontal. Asumming ¢=30°, the
predicted'B from Fig. 2.10 is about 67° which agrees with
the observed one (note the boundary condition at‘tunnel wall
are different in two situations). " . .

All these model tests of gravity typel(Atkinspn and
Potts, 1977, Cording et al. 1976) were carried out .in plane
strain condition. Hence, the K valquls presumably given by
the relationship K —1—51n¢ W1th K —1~51n¢ the mode of
yielding should be Model I-1 or 1- 2 The propagat1on of hlghw
shear strain zones 1is comparable to that pred1cted by Mode
I. These results therefore support the f1nd1ng that Mode 1
takes place for.Ko<Kcr. - N o - A

Potts (1976) per formed a series of model tests (static’

test type) in sand for K 20.5 and 1.0. The development of

shear strain around the tunnel was not reported and only ‘the

© result near the collapse was recorded Unfortunately, 1t 1s

| not p0551b1e to make use’ of these results to 111ustrate the

o

’-

occurrence of Modes 1 and 11 for Ko 0 5 and 1.0

from model tests of .tunnelg in over-consolldated Knolln at‘"i-

. respectlvely. HoweverJﬁb?eéII can: be recognlzed very well“

K -1 0 (Atklnson et al 1974) The tunnel pressure was

s
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reduced from 140 kPa to zero while the surface surcharge

pressure was held constant at 140kPa. Contours of shear
2 “ﬂ\fsstralns at® p =27 and 7 kPa are shown in Flg 3.3a. and b.

Comparlson of the contours of shear strain demonstrates a

~

5%£§hmarked change in the pattern of deformation.: At p -27kPa,
8 the shear strain contours are approx1mate1y concentric with

the tunpel axis indicating radial inward deformatlons (Mode
% . .

ﬁgfl) A% yhxs stage, , contours of shear strain (say .Ox)
extend farther near the floor than the roof. This response
is explalned by the fact that under unlform 1nternal

pressure the dev1ator1c stress'is hlgher at the floor than~

.
»

the roof due to khe grav1ty stress 1ncrea51ng w1th depth At

Yoo

p 7kPa, the shear straln contours have becomp non unrform

. and a pa1r of zones of h;gh‘shear straln extends upwdrd
k) “ ©
toward. the surface (Mode II to Mode IIyI).,mhé”above Lo

'

‘obg\rvatlon ver1f1es that Mode II develops for K =1.0.
0.

The 1n1t1a1 1n51tu stresses (K-) not’ only govern the
o

mode of yleldlhg but also’ 1nfluence the dlsplacement of 5011

’

around the tunnel. Potts (19/6) reported-surface settlement

'prof1les for, a set of model tests 1n ‘sand w1th KO-O .5 and

gO (see Fig. 3.4). The surface settlement for Ko—l .0 1s

'much smaller than that for KO-O 5 even aﬂigzgzch lower"

, support stress. ThlS difference is attrlbuted to the fact
that tangentlal archlng 1s hlgher w1th K =1, 0 as explalned
‘1n Sect1on 7.2, 4.3. Th1s causes an. 1ncrease 1n re51stance

p.aga1nst the downward movement of the 5011 block above the

'cnown and reduces the surface settlements. ThlS 1mpl1es that(

_:the potent1al for damage due to surface settlement becomes R

SRR more cr1t1cal for Mode I than for Mode 11. -

. \
o

RO .
b ~
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- 3.2.2 Field Measurements

Two cases histories of tunnelling in Edmonton till
(Eisenstein et al., 1981, Bfancb} 1981) are available where
sufficient. measurements of the displacement field around the
tunnel and the pressure on the linipg system were made.
Thése two cases are now exapined in detail by use of the
ground convergence dgncept;'Other cases documented by
Attewell (1977) and O'Reilly and New (1982) will ‘also be

studied and their results along with those from model tests '

. s
and FE anaQ{nes then will be synthesized. 7

Tunnelling in Ed&onton Till
Two tunnels were built using very'similag construction
methods and in comparable;soil conditions he first tunnel

. . . . &
(EXP tunnel’ Eisenstein_et Al., 1981) is a small diameter

»
tunnel (D 2.56m) driven by/a full face TBM at a depth of

H=24m at the test sectior/. The primary 11n1ng comprlses

&

segmente"steei ribs and timber lagging. Fig. c.1 shows % he

contours |of measured vertical and horizontal displacements

around the tunnel, Thé pressure pattern on the flexible

e almost uniform with ak average radial
! ,

ull overburden pressure. The second

lining wa found:fo
pressnre fA12%;of
tunnel (LRT tunnel) is a large diameter tunnel (D=6.1m)
driven at |a. dept' of 10fh at the test section. The excavation
method and;inst liation of the primary 1ining’are similar to
those’usediin\ he EXP tunnel. The measuredldisplacement at

‘the crown-was éBdnx 16-22mm. The load on the support system

~;ang;d;from 0.18 to
/ - . i
/ |

s -
‘l‘ ‘

0.24 of full ovérburden pressure.
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The geotechnical properties of Edmonton Till in both®
locations are studied by Matheson (1970), May and Thomson
(1978) and El-Nahhas (1980). The ground parameters used in
the ground convergence calculations are shown in Table 3.1

for each case. The K -value is assumed to he close to unity
o

(K =0.8).
o

Imposin? all parameters spch as pi/po' H/a, and Ko in
the diagrams of modes of yielding (Figs. 2.7 and 2.8) shows
that twd tunnels lie within the Regime J of Mode II. A
continuous yield zone must have developed around the tunnel.
This'implieation permits one to use the "hole-in-plate”
model (Section 2.2.4.2) to approximate the ground responses
near the tunnel. The gropnd convergence curves for expected
ranges of Young's modpli afe calculated for two tunnels and- -
plotted in Figs. 3.5 and 3.6 respectively. On. these figures
are also shown the relationship between the support pressure
and the extent R of the yield zone. For the EXP tunnel an
almost uniform radial pressure is predicted in the range of
0.18i0.05po for the measured displacé%ent range u/a=0.027 to
0.035. This pressure and thé distribution correspond‘closely
with the measured (0. 12p ). ‘The extept of ‘yield zone should
be sl1ghtly oval-shaped w1th a max1$ii”extent at the roof
(R/a= 1 8+0. 2) I1f the same procedure is applied to the LRT
tunnel the predlcted pressure (p /p =0.12 to O. 15) is
comparable to the measured (p /p =0. 18 to 0.24). A reduced E
value to 80MPa may yleld better agreement The average
extent of y1eld zone is expected to be about R/a=1.4.

- However, at this stage GCC (Rf) 1nd1cates that the pressure

at_ the roof starts to remain constaht at
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O.HpO for ui/a20.01. Further increase'in roof displacement
would not compensate with decrease in,ground pressure, but
could accelerate the propagation of yield zones to the
ground surface and thus induce large settlements.

It is of practical importance to evaluate marginal
safety against the collapse state, uicyfor these two
tunnels. The piC values calcﬁlated from Egn. 2.3 are‘OJOBpo
and 0.09pO for EXP and LRT tunnels respectively. Imposing
these values on the GCCs determines the Uic/a values in
ranges of 0.09 to 0.13 and 0.013 to 0.018 for the two
tunnels. Comparisons between ucon/a and uic/a clearly
indicates that EXP tunnel hés a higher marginal safety
against the collapse state than the LRT tunnel. Because of
small marginal safety (as expected for shallow tunnels), it
"justifies the recommendation proposed by the German
Tunnelling guidelines that for shallow tunnels ground

g L]

pressure of full overburden at the crown should be used in

deéign.

‘Other Cases

Semi-empirical approaches for preaicting ﬁhe surface -
settlement préfilel(e.g., Peck, 1969) are based largely on
.field measuremehts of various case histories. In these ’
-approaChes thé location of point of inflection (i) is.
_assumed to be dependent on only the depth ratio (H/a). Since
some of‘the important factors gerrning the tunnel behaviour
(e.qg., strength-deformation properties ofvg;ound,
Stress-relief égd‘boundary conditions) are not included in -

these approaches, 4 wide scatter of the observed data is
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expected.

The surface settlement-support stress relationship

./p ) has been introduced in Section 2.2.4.3. Case
o)

endix C). These case histories, grouped in
cahe51on1es§ and cohe51ve soils are used to verify the
validlty of tﬁe dependence between the p /p and i/a - N

discussed earlQer (Figs. 2.15 and 2.16c).

I
;

, _ i
a) Cohesionlegs

Cohesionﬁpss soils have a smaller variation in

strength-defoaﬂatien properties as compared to cohesive
~ -
soils. Hence it is reasonable to assume that the

strength-deformation aspect does not exert significant

influence on the field measurements in case histories listgd

in Table C.1. These results are plotted in Fig 3.7a and b,

and the following aspects are observed.

1. . Fig. 3.7a is a plot of H/a versus i/a similar to the
one given by Peck (1969). It can be seen that a
significant number of case histories_(espetialiy,
H/a>5) lies outside the boundaries g%gdicted by Peck
(1969). This implies that 1/a depends on H/a as well as
other factors.

2. The same cése hlstorles were grouped in four depth
_ranges ‘and the\results are replotted in Fig. 3. 7b to
observe the. 1nfluence of the 'H/a ratlo On Fig. 3.7b is
also drawn boundarles for tunnels of H/a<5 and H/a>5
From_comparison between‘F;g. 2.16b and Flg. 3.7b,

similar features are identified:ﬂ(i) for shallow
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j»funnels 1 decfeaséé to a limiting value with a small
increase in Ss' and (i1) for deep tunnels i also

. decreases with SS buf at a slower rate. The resuits
from model tests (deno;ed by squares) tend to yield the
lower bound of i/a values because the measurements were
taken near collapse. For the depth range of H/a<5 the
ratio i/a approaches its limiting value when Ss/a @
exceeds: 1.0%. This 'is explained by the fact that a
small displacement atlihevcrown (Sc/a) will:-cause the
yield zone to propagate to the ground surface and 1 is
predetermined by B8 (e.g., Sc/a¥0.4% for yield zone
reaching the ground surface in FE analyses Case ST1}.
For deep tunnel the dependency between i/a and Ss/a
becomes more pronounced, i.e., i will reach its
limiting value through large SS;

3. The influence of Ké cannot be properly assessed because
the Rbﬂvalue was seidoh recorded in the case histories.
However, for normally consolidated sandwKO Ee |
approximated by (1-sin¢). Small variations of ¢ in sandr_
limits the range of Ko. From the FE Analyses it was
founa that at a given pi/po the i/a will be larger in

high K than low K . : ,
o o - ' , .

~ b) Cohe51v\‘SLils T

' Cohe51ve soils exhibit a w1der var1at1on in
strength-deformatxon propertles (Eu and c ) than
cohesionless 50115. Thus in ‘order to 1solate the . A
?strength deformat1on effects for better 1nterpre§§%1og of

Y

L
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the field measurements, the/éase histories .are subdivided

" into categories of (1) <, 0 to 100kPa and (2) c >100kPa

Their results are.plotted in Figs. 3. 8 and 3.3 respectlvely.

Several aspects of practical interest are dissected.

1. For&cu=0 to .100kPa (Fig. 3.8) similar observations as
for‘éohesionless soils are found For shallow tunnels
(H/a<5) the 1/a becomes 1ndependent of S /a when S /a

exceeds 1.2%. Deep tunnels show strong dependency

between i/a and § /&.' .

2. Froéi} ig. 3.9 (c >100kPa) the surface settlement is

v relatlvely small (<1 O#) and thls may be attributed to
the high strength (or stiffness). There seems to be a

“linear relationship between H/a and i/a, i.e., i/a
increasing with H/a. o '
3. Generally the cohesive soils have a less critical

settlement trqygh than the cohesionless soils. This may
be due to‘higner~K (close to 1.0) in oveii;neolidated
o .

cohesive soil.

o
.

L KD



Table 3.1 Input

LRT Tunnels

-3

Data for Constructions of .GCC for EXP and

So1 1 Mogel

LRT Tunnel
(after Branco.

EXP Tuhrnetl

(after E)-Nahhas, 1980) 1981)

A

>
Perfectly Elastic-Plastic, Cohesionless

40 - 45 mm

’ (associated flow rule)
Angle of {Internal 30 - _7 40
Friction \(deg.)
: 4 40 - 80 . 100 —‘150
Poisson’'s Ratio O 4 0.4
Depth to Tunnel axits 24 m . (:gm,,_—*Jé m
Tunnel Radtus "1 .28 m 305 m '
Depth/Radius (H/a) 18 8 ’ 3.4
Surface Settlement 7 - 12 mm g - 10 mm
Crown Settlement 16 ~ 22 mm

112
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Mode ‘I’
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Mode ‘I’
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Figure 3.1 Contours of Volume and Shear Strains in Sand

(modified from Atkinson and Potts, 1977)
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Mode I

Figure 3.2‘Contours’;¥\§hear Strains in Sand (modified

Cording et al. ,1976)
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Figure 3.3 Contours of Volume and Shear Strains in Kaolin

. (modified from Atkinson et al., 1974)
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4 . DESIGN OF SHAFT IN SOIL

4.1 Introduction
Geotechpically, the design of a shaft in soil consists

of two major steps: (1) to design the shaft lining to
prevent instability of shaft wall, and (2) to-estimate the
soil‘movement associated with shaft construction.TAltnough
these two tasks are interrelated, they are usually dealt
with separately. - - ‘.

| Most of the currently available design approaches are
based\on limit equilibrium methods, e.qg., Terzaghi (1943),
Berezantzev (1958) and Prater (1977). Th}S‘type‘of analysis

considers only equilibrium of the forces acting on an

.
¥

assumed failuge mass defined by hypothetical rupture
surfaces, The formatlon pressures on the shaft lining are
determined by satisfying force equilibrium, but these do not
correspond with the aétually expected pressure which depends
on such factors as ground deformation, insitu stress, and
ground strengtﬁ-defo;mation properties. j;As the constitutive
relationship’of?the ground is not‘oonsidered explicitly, no

\ . .
the displacements\at the shaft wall and inside the soil

closed-form solution is available for the determination of /)
mass. In these de51gn methods, it 1§ attempted to control

and l1m1t the d1splacements by ch01ce of a suitable factor

'of safety Furthermore, exce551ve y1eld1ng is prevented by

the selection of an appropr1ate construct1on sequenoe. '
Bes}des for simpiici€¥ of analy%i:;/there is no particular
reason nhy one has to\ eparate t determinations of the“
‘lining pressure from the ground deformation in shaft de51gn.

[ o \
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The convergence confinement method provides an analytical
framework to predict the formation pressure and the soil
deformation simultaneously. However, this method\réquires
additional information about the ground and support, such as
insitu stress, constitutive reiationship of ground, support
characteristics and qonstruction details. Also, some
restrictive assumptions must be made to obtain a closed-form
solntion for the ground convergence curve, e.g., plane.
strain condition. Hence, this metngé*has, so far, only been
apblied to two-dimensional circular, horizontal openings
like deep tunnels. ' |

Since the-analysis of a shaft is a three-dimensional
problem, the direct application of the convergence
confinement method is not adequate to describe the shaff
behaviour. Hence, some techniques such as force equilibrihm
have to be included to account for the behaviour in the =

third dimension. By combination of the force equilibrium

"technique and the convergence confinement method (CCM), it

is possible to derive ground convergence curves
(pressune—displacémént relationships) for the shaft wall, to
rationally assess the réquiféd support pressufe and to

evaluate the limits of applicability of conventional limit
equilibrium methods for shaft éesign. £

In the following, Eonventionalﬂdesign methods for
shafts are reviewed briefly and the proposed confinement
convefgente methodnfor shaft design'is then presented.

Tfpical mechanisms of shaft behaviour inclu&ing yield

'initiatibn, modéé”bf p?6pqgation of the plastic zone and .

gravity effects due to vertical arching are’studied in'

~
N

N
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detail. The second part presents examples generated by the
finite'element method and a comparison with results of the
proposed CCM as well as the limit equifibrium methods.

- The proposed technlque has been applied to several case
h1stor1es (Lade et al., 1980; Muller-Kirchenbauer et al.,
1980; Britto and Kusakabe, 1984; and Kaiser and Wong, 1984)

and good agreement has been achieved.
4.2 Review of céhnventional Shaft Design Techniques

4.2.1 Terzaghi]s Method -

Based on fjhe state of stress in the v1c1n1ty of a drill
hole, Terzaghi (1943) derived the earth pressure b
distribution for a circular shaft located above the water |
table in cohesionless soil., - | , ] '

Near the borehole or shaft wali, the principal stresses
are the vertical stress o , the tangential stresS’U{-ahd.the

v
radial stress o where the radial stress is normally the
T

‘m1nor<@r1nc1pal stress.. The orientation of the surface along
which failure would occur by plastic flow is either inclined
(conlcal) or vertical (splral) and is determlned by the |
maximum stress difference betwegn (0 "o ) or (ot-or)

Whether ov or ot,ls the major»prlnc1pal stress depends on
‘the insitu stress coeff1c1ent Ko. For low K (say ¢—30‘ |
“'K =0. 5) fallure w1ll occur along 1nc11ned surfaces, dipping
‘toward the shaft, i, e, governed by the stress d1fference -
(avfar), For hlgh K (say $=30°, K =1. 0) the stress
concentration near the wall causes at to become the major

prihcipal“stress;'and,the stress difference
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(ot-ar) produces shear_failure in vertical surfaces.
Terzaghi observed the downward and inward movements of
the shaft wall, and argued that near the sérface these
movements of the shaft wall cause the tangential‘stress
(intermediate stress) to increase until in the limit, the
surface of plasticity becomes vertical instead of inclined
(even at IOW»KO)'(see Fig. D.1, Appendix D). .This assumption
permits the application of the eguations describing the

state of stress near the wall of a drill hole

" (hole-in-plate) for the shaft case. With a known state of
stress and a linear M?hr~Coulomb failure critérion, the

"extent of the plastic zone can be determined. Terzaghi

calculated the minimum support pressure to maintain the

limit equiiibrium state of such a plastic zone (McCreath,

1980) . Terzaghi's approximation of a three-dimensional s%afe\\v’—

may be viewed as a method of accounting for the necessary
limit equiiibrium condition of a potential failure block

under the action of gravity.

\\.\

4.2.5 Berezantzes's Method

Berezahtzev (i958) proﬁosed the method of earth
pressure caleulatibn.ontgte‘fetaining’walls of circular
cylindrical form, pased enlthe selutiqﬁ’of axisymmetrical
problems of the lfmit'equilibrium theory (Fig, Dv2) He

assumed the soil medlum surroundlng the shaft ylelded alongk'

.;1ncl1ned surfaces dlpp1ng toward the shaft.

In. Berezantzev s method the states of stress around
the shaft are g1ven by two d1fferent1a1 equat1ons of .

equ111br1um. Thes equat1ons are made determlnanf by
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‘assumptions made by Prater are not valxd at reat depth

126

~introducing the Mohr-Coulomb failure criterion and a

simplified assumption of egualization of principal stresses.
The stress conditions are deteérmined by solving the
differential equations using the numerical "step-by-step

computation” technique (Sokolovsky, 1954).

4.2.3 Prater's Method

Prater (1977) computed the earth pressure on shaft
linings using a limit equilibrium analysis of an assumed
truncated, hollow cone failure block. He included several
péfameters,_such as the earth pressure coefficient K§ and
the tangential forces induced byvthe inward movement of ‘the
cone, and investigatéd'tﬂeir influence on the calculated
support pressuré. He found that the téhgential force (T)
induced by the inward movement had an outward_acting wedge
cbmponent (F) that increases with aepth and increasing earth
pressure coefficient (see Flg D.3). Consequently, Pra;ef's
method leads to a rgductxg in support pressure with greét

depth.

Thé active earth pr sﬁre for a shaft wall and the

earth pressufés'as a function of the depth factor (H/g) for

typlcal soil param ers‘predicted by these'three'methods;

are shown in Fig. 4.1 for comparlson. The dlstrlbutlon of

“earth pressure predicted by Terzaghi (1943)-and Berezantzev

(1958) are almost identical (for ¢=30°, c=b)‘and reéch‘an

- asymptotlc ‘value at a depth of H/a>4 Prafer predicﬁs

sllghtly hlgher pressurés for this case at H/a 4 and zero‘

pressure‘at.H/a =9, It 1s 1ntu1t1vely obviou that ‘the
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There must be a minimum support pressure‘at great depth in
yielding ground and, hence, Prater's solution cannot be
valid below a critical depth unless unreasonably large

movements are permitted (see also discussion on convergence

confinement method) .

4.2.4 Convergence Confinement Method

The convergence confinement method is an analytical
approach to predict the stresses and displacements in the
soil around an“underground opening and in thelsupport
elements. This method describes how ground and support
interact with each other. The ground behaviohq_is
represented by a ground convergence curve (GCC) and the
lining‘by a support confinement curve (SCC). The former

¢

describes the ground convergence in terms 6E“§be internal
pressure relief while the latter relates the donfining
pressure acting on the lining to its deformation. The
eqhilibrium conditieh for the ground-support interaction i%
given by the intesaction of the GCC and SCC, as illusp;atea
_ang’described in detlail earlier in Fig. 1.1.

| Two ba51c ‘assumptions are normally made for der1vat1on
of the GCC and the SCC.‘(15 two-dimensional plane stra1n
model- and (2] plast1c y1eldlng controlled by
tangent1a1 radial stress d1ff rence (at-a ). These two
'condltlons are generally applicable to tunnelling at: depth

but they do not hecessarlly satlsfy conditions near a shaft.

Brown et al. (1983) -presented a summary of currehtly
‘ )

o gavailable GCC'fq£:hlatlons of different material models. The

the SCC for dlfferent liner or tunnel
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support types were summarized by Hoek and Brown (1981) anq
do not need to be reviewed Qgre. However, whether and under
. what conditions the shaft behaviouf can be simulatedzby a
"vertical tunnel" or by the two-dimensional, "hole-in-plate”
£heory needs to be investigated further.
~ The behaviour of a shaft is affected by éravitational‘J
forces and is a three—dimensionaivproblem in which three-
stress components (ot, o and.ov) must be considered. The

v r ,
mode of yielding and its initiation-.and propagation, depend

6n the initial insitu stress state described by KO. The
sha££ response to stress relief during excavation is further
comﬁigsated by the influence of the free stress bounda;f
.near the gépund surface resulting in a linear%yfﬁé:yiqg

' horizontal stress field with depth. In order fo appl; {ﬁe
two-dimensional "hole-in-plate" model to determine the
relationship between support pressure,and shaft wall
displacement, it is necessary to understand the mechanisms
of shaft behaviour so that some adjustments may be made to

»> account for these aspects in tﬂe analysis.

The excavation of a shaft can be simulated by a stress'

relief (Aor at the shaft wa?l causing the surrounding soil
to deform both horizontally‘éhd vsftically)n Excessive
stress relief‘may induce yielding near the opening and cause
permanent plastic'deformations. The magnitude”sf support
pressure, wall, displacement ana extent of plastic zone are’
1nterrglated The stress rellef durlng shaft excavation
causes stress redlstrxbut}ow~near the opening, and- thus

induces (1) horlzontal and (2) vertical archings as

illustrated in Fig. (# 2. The horlzontal archzng 1s explalned
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by the development of hoop stresses in a horizontal plane,
i.e., an increase in the tangential stresses. The vertical
arching arises from the formation of g plastic zone of ;
i%ited'extent around the shaft with'a tendency to move in
the vertical direction.CVertical arching develops between
the shaft support and the surrounding unyielded $oil mass.

Collapse is prevented by these two mechanisms that need to
L4

be considered to describe mechanisms of shaft behaviour.

L ;%%I_ . )
4.2.4.1 Simulation of HorizontaPﬁArchlng
The horizontal arching is best represented by the

"hole—in—plate" model. The shaft may be viewed as a stack oﬁy’

plates with a hole subjected to insitu stress: (Fig. 4.2b).

The differential wall displacement along the shaft is

assumed. to cause negllglble shear developed between plates
_ a*f
#can be treated 1nd1v1dually as a

Hence, each pla#

two-dimensional problem. The ground convergence curve and
the extent of the yield zone are characterlzed by the
material properties, the magnitude of stress rel1g% or wall

displatement permitted, and the initial state of stress.

Solutions presented by Brown et al. (1983) are applicable to

?‘thls condltlon but are restrlcted to two dlmen51onal plane

stra1n (ot—o ) yielding and 1n1t1a1 uniform insftu stresses.
r

Other modes of y:eldxng (e.g., due to o -a ) do result in

’dlfferent ground responses as. wxll be dlscusse@ 1ater.

‘.

¢

y

4.2.4.2 Simulation bf Vertical Archingf(Gravity Effect)

Owing to‘the stress relief in the'radial direction, the

-

soil partiples around the shaft openlng will undergo ;

vert1ca1 dlsplacement under . the effect of %;§:1ty 451mply

3

/
/
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referred to as "gravity effeéts" in this chépter). The séil‘
particles may remain stable and be kept in equilibrium | \\\\
position.by the” shdar resistances dehAived from the
interactions with e ‘adjacent stationary soil.mass and the
shaft li%ing. This phenomenon is referred -to 55 vertical
arching (see Fig. 4.2a). 1f yielding around the\shaiti%akes
place and creates failure blocks that have a tendency to
slide into the shaft opening under the“’gravity effect, an
external support pressure may be/required to prevent the
instability. For -example, in the case of yielding induced
the tangential-radial stress difference, the strenpgth of the
ground is reizged alohg the vertical log-spiral surfaces .
ntal mévement The soil w111 however, still

£
be able to resist forces due to gravity for movement in the

only for hori

vertical;direction if the strength is not reached for

movement in this direction. Hence,“only part of the grévity\
cbmponent will create additional stresses on a shaft su rt
(besides 5uppoft stresses in horizontal archih ) if Yyielding -

in vertical and horizontal directions areexceeded

L\//{?imultaneously ' | ek .
‘ The support stresses required 1n r951st1ng the grav1ty

effect can be determlneq by con51d€;1ng the limit force ;
equ111br1um of the y1?{é zone. This approach has been
adopted in calculating erlzontal stresses on silo walls
(Kéhdal, 1980). Handy (}984),use§»the samé‘appfoac§ with
'some adjustment in soil-wall interaction to" estimate the
lateral pressures pehind ;eﬁaining walls,:and'claimed

B ’ ) J . . . .
satisfactory correlation with model test observations. -
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Fig. 4.2(d) shows forces acting on a horizoncél
differential 501l¥§Aement within the yield zone. The |
vertxcal stresseS\afé assumed to be uniform at each depth.

\
Summation of vertxcal forces in Fig. 4.2(4d) ng

—_

do = [y - (210 /A)} (K u R/sin(a) + K u a)] gh 4.
v . S S W W ,

v
(_ -
where: A - the sectional area of the plastic zoné

a - the inclined angle as shown in Fig. 4.2d (This

-

angle can be taken as 90° on the conservative

~ assumption) S - : )
% .

Ks - K'coefficient at sééi tostillinterface
Kw - K coefficient at wafl\to soil interface
Hy T frictional coefficiené\at soil to soil o
interface | \\ ' g .l -
_4é? ué>f frictional coefficient“af\éoillfc\wall
' interface ‘ : : \\ t&'

%

Integration cf‘ﬁqn. 4.1 will give theé\ertlcal stress
~distribution along the shaft depth, and thus the hprlzontal
‘stresses_required‘td;pfevenc 1nstab111ty due to the grav1ty
effects. DetaiIed‘ﬁreatments on‘Eqn. 4,1 are gfyen 1n ;/ |
Appehdix D.1. | /k
| In Eqn. 4.1, the geometry of the plastlc zone gic/ihe ”;~°

'sorl 11n1ng properties govern tge stress dlstrlbutlons. The
!\

%
extent of the plastlc zone whlcm“was usually assumed ﬁn most

past works (e. g., Handy, 1985) can be pred1cted wlth 3 '
'5reasonable accuracy (see sectlon on ‘Mechanisms of Shaft

-Behavfour). The sofirl;n1ng propert1es‘are dlSCUSSGd,ln

S
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Appendix D.

-Several numerical examples nave been generated to
illustrate the role of the gravity effgpt in shaft de51gn
Fig. 4.3 shows dlmen51ons of the shaft énd extent of plastic
zone. Results of analyses following eqguations of Appendix
D.1 on the;e nUmerical examples "for cohesionless and |
cohesive'sbils are plotted in Figs. 4.4 and 4.5
respectively, along with}the soil properties,

Fig. 4.4 indicates that for cohesionless soil, ehe
support pressure due to gra&ity effect increases as -the
extent of yielding increases. The distribution of the
support pressures also depends on the confiéuratfon of the
plastic zone. The support p:essﬁre_geéucesftb iero at great
depth for cone shaped'plastic zone; and to a.constant valne
for plastic zone of censtant radius thenwﬁgs-assumea by

Terzaghi (1943). Near the surface, the pressure is close to .

LA

In‘ehe cohesive soil, the support pressufe to‘prevent

the active earth pressure (K case), implying that the
. a- : : ,

) gravity’effecukdominates at shallow depths.

any 1nstab111ty due to gravity effect also: 1ncreases for a ;\
'%;\\ierger yleld zone. A distinct d1fference in. vertlcal arch1ng
| action exists between cohe51on1ess and cohe51ve 50115. For
- cohe51ve soils, the'support;pressure applled‘along the wholee
shaft depth does not enhance the stab111ty because the shear
'strength of the cohe51ve 5011 is 1ndependent of the - . -
'conflnlng pressure. The support pressure has to be applled
at‘the bottom to 1nh1b1t the.cpllapse>mechanlsm éBr1;to and

.o

Y.Kusékabe; 1983){ SRR L  i;};.
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4.3 Design Based on Convergence Confinement Method (CCM)

It has been shown that the behaviour of the shaft can

"be described by horizontal-and vertical arching around the

9

shaft. These two arching,actions can be quantified by use of

&

the convergence confinement method and the gravity effect.

dence, it is’possible‘to derive a relationship between the

support pressure and the displacement allowed during the

construction. The CCM with inclusion of gravity effect for

pshaft analyses can be summarized in the following steps

(Fig.

.].‘

4.6):

Idehtify the mode of yielding at the shaft wall. This
mode,‘dependehtpon the initial ih—situ stress (KO),
governs the extent of the plastic zone as well as the
shape of convergence curve.

Calculate the 'ground convergenoe‘curves along with the

~-extent of plastic zone, using appropriate

;two-dimensional model for various depths (h. ) (see
, ‘ i

-

f Fig.4.6(a)).

\

For spec1f1c dlsplacements (u ); establish pressure
s .

versus depth ‘and plast1c zone versus depth

Trelationshlps from (2) (F;g. 4.6(b)).

e,

6.

e

With the-configuratfon of the plastic zone around the
shaft determlne the support pressure due to the
grav1ty effect (p ) with depth (Fig. 4 6(c))

Two pressure d1st31but1ons due to horlzontal and
vertlcal arch1ngs form an envelope of design pre8sure
(Flg. 4;6(c) is the Eupport pressure for'glven

dlsplacement u ).

': Adjust the des1gn pressure envelope/// the bottom of
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. the shaft due to face effect (Panet and Guenot, 1982).

It follows from the above calculation steps that a
particular displacement corresponds to a unigue support
pressure distribution. Hence, it is possible to evaluate Fhe
limit equilibrium method of shaft design (e.g. Berezantzev,
1958) in terms of displacement.

AN

4.4 Mechanism of Shaft Behaviour

Prior to excavation, a soil elemgnt‘§djacent to the
shaft wall is subjected to the initial gzresses,:as shown in
Fig. 4.2b. The excavationzof the shaft at any particulaf'
level may be simulated By progressively reducing the !
internal éupport preséure (radial stress, o ). For the

r
. . . ! —/—\. . .
axisymmetrical case, as long as the soil matern\igl remains in

the plane of
e® equations;

the elastic range, the stress distributions i
the section are given by Egns. 4.2 to 4.4 (Lam

Terzaghi, 1943).

o =h =p 4.2
v o -

o = Kp-[Kp ?p.](a/r)’. ' 4.3
r oo oo i

o =Kp+[Kp-p.lla/r)? . 4.4
t 000 o0 i o _

itAis important to realize that Edns. 4.2 to 4.4 ‘are
derived based on the following assumptionSf-(i) o or5and’6
at are principal stresses,'(ii) shear.stresseS'algng the
shaft wall are small for a constant wall displacement and .

(iii) the bottom of the shaft is remote from the section.



135

!

A‘svpi is reduced, stress differences among ov, or and
o are éenerated at the shaft wall due to the incrégéing ot
amd decreasing or (i.e., horizontal arching). If the stress
difference exceeds the strength of the soil,-three possible
alternatives of stress combinations may initiate yielding.
Plasticity could be generated by stresses. in a vertical
"surface by the tangehET;i—radial stress diffefence (at—ov).
The onset of the plasticity (the mode of yieid initiation)-

"depends on the value of K and strength parameters of the

o
soil. For.simplicity, the following derivations are for

cohesionless material only. The «formulations for cohesive -

material are given in Appendix D.2. '

s

Assuming a purely frictional material with a linear Mohr

/;ﬁ
s

<

failure criterion, the maximum stress ratio which may be

sustained is:

0,/03 = N = tan?*{(n/4 + ¢/2)
Three yielding mode criteria can be calculated from
Egns. 4.2 to 4.4, and the support pressures (pi)

corresponding to three possible modes of yield 'initiation

re listed as follo ' 28
are a ws:: : ‘ .
. A _ g y//
For 0 -0 : p.= 2K (N+1) 4.6
ot o Pl' opo/ ‘ : ‘
‘u, >
For o -0 : = . ) : ' 4,7
vV r 'pi_ po/ . i : o

For .
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Q

!

Q
e
]

(2K -N)p ' 4.8
o] O : .

The largest value of p, will, of course, govern the
i
mode of yield initiation, which can be exptessed in terms of

reguired K

o)
Mode A for bt—o : (N+1)/2 > K > (N+1)/2N 4.9
r . o)
¢
Mode B for o -0 : K < (N+1)/2N 4.10
‘ v .r o)
Mode C for o0 -0 : K > (N+1)/2 ' 4.11m
t v (o} .

Mode A 1s the hode commonly evaluated for tunnels in
yielding ground. For example, for a typical value N of 3 (¢
- 30°), -

Mode A governs for 0.67 < Ko < 2.0 (Fig. 4.7a)}

Mode B gOVerns‘for‘Ké < 0.67 (Fig. 4.7b); and

Mode C governs for Ko > 2.0. . ,

Mode C, although possible, has been neglectedhin the
fdllowing analysis because it is of less practical V
signitT soft ground. The boundafy between thg»other'
two hodes of yield initiation:at the wall can behdegcribed
by'a\cb&tical Ko—valué}{g‘ffﬁﬁbdeﬁﬁ~}s observed fo{;Ko>Kcr°
For th;ge two cases of Modes‘A and'B, tbe relationships
‘among support pressure, wall'cbnvergehce and"extént of
plastic zone can bexderivedﬂseparately.

4
h

a) Mode A (0. -0 ) aE'K >K ' | o
t r o cr - _ - s

3

an e
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Fig. 4.8 showfgthe seguential stages for Mode A as the

-internal support pressure is reduced. The vertical stress

always\acts as an intermediate stress. Initiation of
yleldlng and propagatlon of the plastlc -zone (Rtr) are
controlled by the, tangentlal radlal stress difference. The
relationshipg,betbeen the support pressure and the radial
convergence at the wall for yield}ng ground (i.e., ground
convergence curve) have been yell studied by other authors

(e.qg. Brbwn et al., 1983). For simplicity, the

pressure-displacement relationships are calculated herein by

application of the model proposed by Ladanyi (1974) assuming

associated flow rule, constant volume change and plane
strain ccndition. Other modeis could be incorporated, but
will not be treated in detail. _ u

During the first stage (Fig. 4.8), the vertical stress
remains constant, radial stress decreasee andNtangéntial
stress increases according to Egn. 4.2 to 4.4. Yield

initiation of Mode A ocgurs if the condition of

o /o = Nor p.= 2K p /(N+1) . ” .12

tr i oo . Y
is satisfied. The magnitude of wall"convergence’with p. from
' : . . . - 1 .

EqQn. 4.12 is given:

Further relaxatlon of the f1ct1t10us 1nternal support

pressure (p ) causes the propagat1on of the plastlc zone,

‘and the tangent;al stress decreases to satisfy ‘the failure

~

=$'Kp~p.)'(1+v)]/b:_ | EYRERS
o 0 1 : : AR

Ry
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criteria. The extent of the plastic zone and the radial wall -
convergence (Ladanyi, 1974) are given by:

1/(N-1
R: = al2K p /(N+1)p. ] /1 ) , 4.14
tr o O 1 :

'

u, = a{1—[(1-éav)/(1+Av)]1/2} 4.15

For a givén pi, the plastic radius, Rtr can be
calculated from Egn. 4.14, and thus the coFresponQing wall
displacement, ui‘can be éetermined from Egqn. 4.15. Ground
conve%gence graphs of pi.versys ui and pi versus Rtr can be,
established, as schematically shown in Figs. 4.6.

As the tangential stress decreases during yielding aad
becomes equal to the vertical stress (Stage(2) of Fig. 4.8),
p,1 becomes equal‘to Kapo. Substltutlon of this p -value 1nto
Egns. 4.14 and 4.15 will yield Rtr and u, for thls stress

i
~ state, i.e., 0 =0 >0 and o =p

t v r v o :
»

During Stage(3) at which the internal preséure continues
to decreasé, the tangential stress»will deéfease_to satisfy
the failure criéeria'and e@pilibriuﬁ sta;é,'whereaS;the".
vertical.stfess drops due ‘to arching betﬁeen the shaft

i
this stage can again be determxned by Eqns. 4, 14 and 4.15,

support and the~ela%t1c ground The value of Rtr and u, at

An example is glven laté}
4 - |
b) Mode B (0.-0 ) at K <K i
L A « o cr
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Fig. 4.9 sho@s the stress distributions in a horizontal
section through a shaft at a partrcular depth in sefjuential
stages of)reducing the internal support pressure, i.e.,
simulating the shaft excavation. ‘

At Stage (1), the yielding initiates at the wall as the
vertical-radial stress difference violates the yield
criterion. The stress distributions are given by Eq%s. 4.2
to 4.4.. Hence, tﬁe‘wali displacements are elastic and can b{

calculated using Lame's equation assuming elastic material
g g

behaviour. . \//// _ .

u. = al(K p -p.)(1+»)]/E and p.=0 /N =K p
oo i ‘ i v

_/

or u, S al(k -K )p.(1+»)]/E 4.16
o a. o :
As p is further reduced, at still increases and o
v
decreases due to vertlcal shear stress induced by vertlcal
r

* downward dlsplacement (Stage (2) in Flg 4.9). Yielding.

propagates outward from the wall and the. rad1al and

tangent1al stress d15tr1but1ons are still given by Egns. 4/
{ 7

and 4. 4 - But these stresses at the wall (r= a) also sat1sfy

_ the fa1lure crlterxon7 i.e.: o ’ , _ "‘;

////.o e o= o | .17
: ot _ o A .

1 E . ' >

<
*he extent of the plastlc zone due to Mode B yleldlng

at thls stage is determlned by equatlng the rad1a1 stresses
*at,the elast1c-plast1c,1nterface,§1.e., the~stress

continuity. At the elastic-plastic beundary,,the'elastic
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radial stress is given by Egn. 4.3, and the radiaP stress in
the plastic zone is given by: ' .

¢ =90 /Nand o = p 4,18
r v \% O

Equating Egns. 4.3 and 4.i8 yields

R = a/[(Kopo-pi)/(Ko-Ka)pO] , 4..1,9 .
Once the extent of the‘yield zone has been detsrmined,
it 1s of interest’to predict the related sall displacement
allowed in Stage (2). One can make use of the same model as
~in Mode A yielding, i.e., Egn. 4.15.
At the end of Stage (2), the tangential stress becomes
equal toftﬁe vertical sttess and the support (radial) stress

is given by Egn. 4.12, Qf

P, ~© ZKC;PO/(NHI _ 420

s
e

, ‘ o ; s

Further'relief in p, as allowed in Stage (3> ceadses a

: , 1 . .

decrease ‘in o, and o£ in order to satisfy the failure |
criteria given by Egns. 4.17 and 4.18. At this stage, the

: e#tent'of the piaStic zone (va in Fig.4.9) is still

gerrned by Mode B yielding, butlthe radial stress
‘distribution will be different from that in EQn. 4.3)

because of the need to satisfy th. 4,17, Héncé, in ordef to
~determ1ne the plastic: zone. 1n thlS stage, one needs to

'.calculate the radlal stress dlstr1put10n.
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Fig. 4.9(3) shows that inside the plastic zone (r<Rt )
r

where the states of stress are o =0 >0 , the radial and
S vV r

o’
tangential stress distributions are (Landanyi, 1974ﬂ;;¢

TN-1
g = (r/a) . 4,21
r
N ;
o = Np. (r/a) ‘ 4,22
t 1 f

and the plastic zone (Rt ) is given by:
r

. 1 N+1 \
R = al[2K p /(K+1)p ] /{net) 4.23
tr o 0 1

Between the distance (Rt < r <R ), the radial stress
r vr

distribution is governed by the stress eqguilibrium with

ﬁangential stress:

)
.

0 ' . y
o =Kp-(Kp -0 "J(R /E)* ¢ 4.24
r O © o 0 r tr ’

A

vhere ¢ ' = Kp - (N-1)/(N+1)K p at r = R
: r oo : oo tr

SubStituting’r = Rfr and or’ into Egn. 4.24 yields the
radial- stress distribution in the plastic zone (R <r
: tr

<er). Continuity of radlal stresses at the elastic zone .

boundary (ar=hKao§) locates the extent of the plastic zone,

R as .
vr

2/(N 1)/(K K )]

4.25

V/k [(N 1)/(N+1)][2K P /((N+1)p )]
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The wall displacement, u, can thus be fcund in'steps

i
similar to Stage (2). The ground convergence curve without
inclusion of the gravity effect can be obtained. Examples

X

are given later.
. \'

4.4.1 Effects qf Variations of E and qu along with Depth on

Shape of Plastic Zone

In previous analyses, Young's modulus (E) and shear
strength (qu) were assumed to be constant with depth. This
assumption, made for purpose of simplicity, may.nog be valid
in practice. Equations governimg the extent of the plastic
zone for cohesionless and cohesive materials depend on the E
and qu paramefers which may be of variation with depth in
reality (i.e., due to confining and'conso(ﬁ/ated overburden

3

pressures).

Cohesionless Soils

| For E constant with depth, the extent of the yield zone
along the depth can be determined as a“function of depth
u51ng Eqn 4.14 and .Eqns. 4.19 and 4.25 for Modes A -and B“
respect1vely For Mode A and a constant dlsplacement imposed
at the shaft wall, yielding occurs on the vertical (splral)
auffates and its extent decreases rapidly with the depth.
- For Modé B, the yleldlng caused by the vertical- rad1al
stress difference occurs: along 1ncl1ned (con1cal) surfaces
following the Rankine's sl1p lines and 1ts configurat1on |
looks like the t:uncated‘cone assumed by Prater (1977) (Fig;
_D.3). |
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For @oils with E linearly increasing with depth, the p
rofile of the yield zone will look like thoge shown jn Fig.
3510, With a constant wall displacement i?pbsed, the

mééﬁitudevof stress relief with the dept?/is lérger for this !
case than for E=constant. The induced stress difference in
‘Mode A or B is largéf and/hence, the extent of the yield

zone. at dept?. The .geometry of the yield zone can be

determined from.Eqns. 4.13 to\§.2§ wiﬁh $=kh, where h 1is the
depth from the surface. i | | f . "
) S~

Cohesive Soils

< Similar reaSonings as for cohesionless soils are

applicable to cohesive soils. Equations governing the shape
of the yield zones for- Modes A ans B are glveg in Appendix
D.2 (Eqn. D;16 and Egns. D 21 to D.27 respectlvely) Fig.
4.10 illustra{gs possible conflguratlons of the plastic
zdhes for different cases. The shape may be\&ngfshapqp or
collar-shaped dependiné on the;strength—deformation property4
variatio;,with depth. That .the extent of the plastic zone
dimihishe; at ghe bottom éf the shaft is éttributed to the
facé‘effect which“resulgs in more'confinement’thgt reduces
displacemnets near the S;éé:f“v | ‘

Britto and Kusakabe (1982, 1983) investigated the
mechanism of the coilapse modes of uhsupported axi-symmetric '
excavatlons in soft clays theosetlcally and experlmentally.

&

The1r f1nd1ngs agree well w1th the shapes shown 1n Flg.

4.10.

o - ' o ' N .
» . ‘ i \ :
. o
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4.5 Comparison of Proposed Solution with FE Analysis
Numerical éﬁamples generated by the finite element

method (FEM) are use€d to compare results with those of the

O (ﬁigxlziintroduced CCM. As these_examples are,aimed at '
“f11lus rating~t@éﬁmechanfsm of the shaft behaviour and are
not designed to simulate any particular case history,

typlcal soil condltlons were selected as shown 1n Table 4,

Analyses of shaft behaviour in cohesionless and cohe51ve &
materials are/performed to distinguish two types of response
to shaft coﬁétrpction. Th@fzhosen numerical values of Kd
result in two conditions (K < K and K > K ) and permit

o cr o cr

two different modes of yielding,.i.e., Mode A
(tangential-radial stresses) and Mode B (vertical-radial

stresses).

" 4.5.1 FE Anal&

The finite element program SAFE, developed by Chan

(1985), was used for thIs comparison. The soil near the

shaft was_ discretized for e axisymmetric problem by

( ~ two-dimensional elements. The conflguratlon of the mesh is

shown in Fig. D.6. Zero dlsplacement boundaries are assumed

at the three boundaries (AB, BC, and cD) for the initial

step (i. e., sw1tch on grav1ty) The boundary AB, | | g
represent1ng the wall of a 2m diameter shaft, is allowed to
‘move 1nward due to.the. shaft constructlon. The allowed
dLsplacement proflle in the FE analyses is also showﬁiin

'mp;ig D.6. A constant dlsplacement 1s assumed along the shaft

depth except near the.base.
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- Several problems were’encountered during numerical
simulations. Mohr circles of stress state for cohesionless
soil have small diameters the ground surface close to zero
pressure (or elements at the ground surface). Small stress
relf?ﬁ could cause yielaing at these element. For the
cchesive‘soil, tension might be inducedzin the top layer at
.which supports were not reguired. Thus/ to overcome this
problem, a minimal surcharge equivalefit to 3m and 4m depth
of so0il for cohesionless and cohesive aterials,
respectively,‘were appliedrpn'the,ground surfaégijomeb
difficulty in obtaining convetgence in equilibrium iteration
‘was also experienced. This probiem is cohmenly encountered
in FE analysis involving non-linearity, plastzcity and li%it
v
equilibrium state (Bcrst and Vermer, 1984; Griffiths and

Koutsabeloulis, 1985). The incremental displacementwsin each

step after formatipn of the plastic zone was 0/a=0.01% and

<<féejnumber of iterations to obtaln a convergence tolerance

of 0.0001 varled from 4 to 10. Hence, it would be very

‘costly to determine conditions at large dispiacements. ,
4.5.2 Results from Finite Element Analyses
wr Co ‘ S : ‘ .
Stress Distribution - AN

~ - The tadial tangential and vert1ca1 stfess contours
‘near the shaft after the last. dlsplacement 1ncrement are

plotted in F1gs. 4 11 to 4. 13 for three cases. Y1eld1ng hai

t.occurred 1n all cases. “In case SM1 (Fig. 4 11), the y1eld1ng

'stress). In contrast, the cases SM2 and ‘CMT ™

is 1nduced by Mode B i.e., due to vertlcal rad1a1 stress

.d1fferen¢e_(the tangéntial stress is alwayﬁziie 1ntermedzatev'

dicatevthat
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Mode A governs the initiation of yielding and the vertical,.-
stress is always the intermediate stress. However, common
stress distribution patterns exist for three cases, except
at the bottom boundary. Sectionsiat various depths indicate_
that horizontal arching develops around the shaft openings.
The radial stress decreases toward the shaft wall: because of
the stress relief at the support. ThlS stress relief in
radlal direction .causes the stress redistribution and,
'results in an incfease in angential stress, This increase‘
in tangential stress gccégixin‘elasticregions.’within'the
plastic zone, the tangential stress decreases toward the
shaft wall.,Arching'in verticalvplanesuthat develop against
the,eﬁastic-plastic interfaces are observed in all cases.,
The plastic zone near the shaft wall tends to‘dispLace
downward.under the grayity effect, and is stabilised by the
shearvresistance derived from the adjacent elasticfzone (the
shafg wail being frictioniess). The nechanism explains why
the vertical‘stress3decre‘ses toward the wall within the |
plastic zone and*experiences a shail increase at’the f
elast1c plastlc boundary The vert1ca1 archlng due to the

S
grav1ty effect is not very pronounced because the y1eld1ng

-'allowed is not excessive. i" 'f‘ ' o f' B

~ The stress dlstr1but1ons ‘at” one horlzontal sectlon
(depth h 3. 789m) {are plotted in’ F1gs. 4.14 to 4, 16 to. -
COmpare with the results predlcted by the CCM solutlon. Thzs .

4

part1cu1ar sect1on 1s chosen be use 1t is remote from the

'1nfluence of the surface and bott boundarzes. Stress L
dlstrlbut1ons at two dlsplaceme&t stages are plotted f;rst,

‘when y1eld1ng at the wall (r a) 1s 1n1t1ated and second
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when much yielding has occurred. A comparison of results in
Figs. 4.14 to 4.16 indicates not only that’ the two methods
‘agree well with repect to the mode of yield initiation at

the wall, but also that stress diétributions?b{edicted by
L~ . o \ -

two methods are close.—

;
d

Support Pressure-Displacement-Plastic Zone Rad ius

Relatlonshlp |
Figs. 4.17 to 4.19 present ‘results of the'radlal

l

pressure-wall displacement-plastic zone radlus relationships
‘obtalned from the FEJanalyses (designated by Blscrete

.f5p01nts) and the closed form CCM (de51gnated’by full lines).

.‘

Oon the GCC plots (p -u, ) are included zones correspondlng to
1,

different stress stages d 1bed in Mechanlsms of Shait

Behav1our (Section 4.4). For SM 1 of yleid Mode B, Zone 1
-

represents the elastlc response of the ground and_ Line E

-<?

_separates ‘the elastlc zone from the plastlc Further

| d1splacements in excess of those glven by nge E induces
y1e1d1z§ v vertical- rad1a1 stress dlfference and thls

“'results 1n§a non- l1near response of the grouwd Zone 2

correSponds to the stress Stage (2) of Fig. 4.9. During

Stage (2), y1eld1ng (o —or) has occurred Further stress

~re11ef will cause at decrease and beqpme equal Ep ov, Thls

LY

state is represented by Lrne T, and Zone 3 corresponds to
Stage (3) of F1g Flg 4.9. |

Slm11ar reason1ng can .be applied for cases SMZ.and'CM1,
.except that the mode of yleldlng is dlfferent i, e., induced
by tangent1al -rédial stress differende, Mode A. Llnes E

andATlxnbcase CM1 (cohesive) are parallel, instead of
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inclined as for cases SM1 and SM2 (cohesionless).}This is .
because yielding in cohesive soil is induced by the constant
stress;differenpe given by the compressive strength, instead
of stress ratio in cohesionless soil which is dependent of
the conf1n1ng pressure (overburden depth). &

On the p»— R‘plots, the plastlc zone propagates outward
with oecrea51ng pi. The resul/s—predlcted by CCM agree well
with those of FE analyses. ' @
Extent of Plastic Zone~with Depth

_?he extent of the olastic zone with the depth in
vertical sections at two displaoement steps obtained from
two methods (FEM and CCM) are plotted in Fig. 4.20. The
results of FE‘analySes'are those of the integ;ation points,
" and hence show some variations. However, both methods yield
consistent results. It is interesting to note that the
configurations of the plastic zone arouéd the shaft show the
dlStlnCt features discussed earller. In general, the three
cases 1nd1cate that the extent of the plastlc zone increases
as displacement increases. The plastlc zone in the |
coheslonless cases not only increases in the radlal . A
dlregtlon, but also with depth..

A, comparison of behavmour in cohesionless and cohesive
soifg\demonstrate that under a constant displacement (depth
 (except.at the shaft bottom) the radlus of the plastic zone
~ decreases with depth in cohesionless soils and forms a cone
whereas” it is constant with depth in cohesive soils, forming
a collar (;ylinder above a cone). It is also;observed from
-Cases SM1%end SM2 that at'the same displaoement‘a lagbegf

-~

R
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plastic zone develop>%5r Case SMi1 (Ko=0.41) than SM2

(K =0.98). This implies that the pressure due to the gravity

o
effect in Case SM1 (K <K ) is more dominant than in Case
o cr
'SM2 (K >K ). However, the support pressure due to
o cr - -

horizontal arching is greater in Case SM2 because‘of higher
insitu stress. The resultant support pressure of vertical
and.horizontal érching in both con itjons (KO<Kcr) and
(K0>Kcr) varies 1in each situation.)For analysis of these
three cases, the soil parameters fare assumed to be constant
with depth. It can be expected that the shape of the plastic

zone will be different if the soil parameters vary with

depth. This phenomenon has been discusskd in detail earlier.

Pressure Distribution at Wall

From the GCC (Figs. 4.17 to 4.19), the rdaquired support

pressures for a given displacement are detepfiined and
plotted on Figs. 4.21 to 4.23 for two displacement levels,

along with results from the FE analyses. Both methods give

o

consistent results except at the bottom boundary. These

§%Tgﬁré“ learly show that the support ‘pressure is a function

aof the displacement and initial insitu stress. The support

pressdrg‘dete 1ned from the limit equilibrium methods
propoéed‘BX)Ber zantzev (1958) is also included for
comparlson.-Excessxve displacement must be;allowed 1p'or§er'
to obtain thesé minimum preésures‘prédicted by limit
vequilibriGﬁ methods.
Gravity qffects due to the vertlcal archlng w1th1n the
</blast1c zone around the shaft are not domlnant in these b/ﬁ

cases because small dlsplacements (u/a=0.3 to 0. 56%) are

\

i
)

| : Loy _ ;
L ‘ . | D
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imposed at the shaft walls. Further merments were not
simuiated because it is very costly to obtain excessive
dispiacement and also the convergence in iteraéion prdcesses
became very unstable. Nevertheless; the CCM proyides an
excellent tool to preaict the ground pressure at specified

displacement levels.
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Figure 4.1 Earth P/ress'ure' as a function of Depth Ratio (H/a)
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Plastic

(a) VERTICAL ARCHING

K.P. | l

, BT T TR Y S T
(b) HORIZONTAL \ARCHING o

;

- Figure 4.2 Mechanism of Shaft Behaviour
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Figure 4.8 StteSS‘States,(Modg A)
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S . SHAFT - CASE STUDY (FIELD MEASUREMENTS)

~ e

5.1 E. L. Smith Plant - Terwillegar Shaft

S.I.J_Introduction

The constructlon of a-shaft south of the E. L. Smith
“Plant (Terwlllegar Shaft) provxdes aff 'excellent oSportun1ty
to oollect information for a ratlonal evaluation of
curreﬁtly available design methods and the ' negly propoSed
.éCM for shafts. Results of field monitoring, data’
intérpretation andnanalyses of this shaft were-presented in
detail>by Kaiser andwang (1984). Only data and ﬁ1nd1ngs
velevant to this the51s are hlghllghted hereih.
/ The behaviour of the Terwillegar Shaft excavated in
sand and Edmonton T111 was- studied by an'approach
1ntegrat1ng fleid measurement with results from finite
‘element analyses For this purpose, 1t was necessSary to
determlne the/parameters for the stress strain model of the
so1f’mass by laboratory Eestlng, to observe the d1sp1acement
field of the soil near the shaft to mon1tor the pressure !
development on the temporary support and to estxmate ‘the
orlg;nal insitu stress. A finite element program SAFE (Chan,
1985) was‘used to simulate the field conditions for a

5

comparison with field measurements. ‘ o
(l B 18 ) | . S
5.1.2 Pro]ect Description - ' B ‘
| Fig. 5 1 shows . the stmatlgraphy at th(/locatlon of the
Terwallegar Shaft. The. latustrlne deposits (above 6m) were
founrd to coﬂ51st of a: brown s11ty clay with. streaks of grey’

. '5 : 175
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clay intermixed. The glacial till consieted of a mitrix Qﬁ’ﬂ’l
sand, silt and clay sizes with small pg??les and_pfeces of
coal intermixed. Numerous sand lenseé many er/nhlch were
waterbearing, were encouptered aAn the glacial till. The.
bedrock consxspe? malnly of 1n£erbedded.clay shales and

sandstones. Bentonitic layer5)§ere generally present in clay

shale, however no pure benponlte seams weére encountered

during excavtion. . . ,

The Terwillegar Shaft with a finished diameter of 2.
was sunk using conventional shaft sinking metﬁgaT‘The rate
of ‘'excavation was about 1.6m per day. Each stage of
excavation was followed by the installation of temporary
lining composed of corrugated and flanged steel pletes which
“are fully a8sembled from inside the shaft to form support
rings. The diameter of the excavated shaft changed from 3.2m

" (above depth -14.5m) to 2.4m (below depth -14.5m) .

1

5.1.3 Field Instrumentation -

.

Fig. 5.2 shows the layoht*of the field instrumentation. “
Due to the axisymmetry of.the ehaft, all instruments were "
posrtioned aldng the diametric ‘axes. Furthermore, all
instruménts were:located on one side of the shaft to.enable
easy access for recording during cénstruction, to prevent
1nterrupt10n of the construct1on prdbedure and to m1n1mlze
disturbance or damages to the 1nstruments.

Fig. 5.3 dep1cts a transverse sectlon (OA) giving the
instrument elevations. “

Verticai displacemEn;s near tne,surface'and at depth

were measured using surface settlement points énd-magnetic,/‘

9 . -
P -
‘
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multlp&ggﬁ extensometers. All readings were referred to a
fixed ﬁyﬁerence point, a bench mark at about 60m from the
shattsﬁﬁﬁ} - | \,
Two inclinometers (SI) were installed'to detect the
horizontal dlsplacements due to shaft sinking. L
Six pressure §ells vere 1nstalled on the steel 11ner to
measure the earth pressure. These cells consisted of a
flexible circular flat jack, constructed from two stee}
discs welded a heir common periphery. Y
5.2 Analysis of Shaft Performance
1 The finite element method provides a poﬁerful tool to
analyze stress- deformatlon problems in geotechnlcal
englneerlng where closed-form solutions are not appl1cable,
but three pleces ofhlnformatlon.are required: (1) initial
L'insitu stress, (é) material properties and (3) construction
segence Sausing afchange°in stress. |
The finite element program SAFE used in this project
provides»options'such as;analysis for non-linear material
models, excavatlon sequence 51mulat10n and liner
1nstallat10n. ‘
'Therbjective'of the numerical simulation were:
1. To evaluate the\performance’and effectiveness of t£i¢¢¢¢¢%
N stress stra1n models by compar1son with field
measurements' and
2. To obtain numeracally a realistic description of the

magn1t1tude and distribution of expected lateral

'pressures along the shaft 11n1ng

O .
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Six FE analyses with different combinations of
s;ress—strain models, support stiffnesses and construction
seqguences were performed..The f%put paramefers for each
analy51s are listed in Table 5.

For the FE analy51s, the soxl near the shagt was
discregized for the axisymmetric problem by two-dimensional
elements. The configuration of the mesh is, shown in Fig.

‘

5.4. Zero displacement boundary cond1t1ons were assumed at
"o
three boundaries and zero pressure at the ground surface. .

The coefficient of earth pressure at rest (KO) is
assumed'to he'O.B (Medeiros, 1979). The injitial insitu
stress was applied to the finite elements by"switch-on'
gravity. Thus, the horizontal stress is governed by the
relativonshi:p: o = (»/(1=v))hy. .

FE analyses based on two different types of
stress—strain models were performed: linear elasticity and
non-linear elasticity (Dunfan and Chan, 1970). The soil
parameters were obtained fro@ laboratory tests of collected

"block samples (Kaiser and WOhg, 198?). ’

Two equivalent stiffness values of 30 GPa and. 3 GPa
were selected for the l1n1ng The first value was calculated
from the equivalent stiffness method assum1ng that the llner

. plates are fully activated and that no voids exi$t behind
“the 11n1ng The second, redUced value, was assumed to
approxlmate the effect of over=- excavat1on and imperfect
1nte§act1on.°

Two cases siﬁulating‘the eXcavation sequence and lining
installation procedures 1n the field have been performed |

 The first case followed exactly as those in the fleld and 1n
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. *

N el

" the second case, the lining installation was“delayed bf one
- | ) S
excavation step. This delay may account for 'any
over-excavation behind thé lining and simulates the delayed

activation of the lining.
AN
5 2.1 Comparison of Predxcted (FEM) and Observed Performance -
Surface Settlement . : |
Surface settlements are presented in Figqg. 5 5. The
dlsplacements measured are h1gher than those préd1cted by -
any one of the FE analyses. - % BN
' The results of analyses LE2/30 and HY2/30 are closest
to the medsurements (needing a translat1on by 2 mm) The
-maximum displacement oceurs near the shaft and the'
.settlement decreases gradually away. from the shaft harger
surface, settlements near the shaft observed along axes OB
and OC are most likely due to the loss of ground‘1n a sand'
lense, which only domlgate the behav1our near the shaft
This lense was not properly 51mulated by FEM andihence,_
dev1at1on is expected It is 1nterestxng to note that
analyses LE1/3, LE3/30D HY1/3 and HY3/30D wlth reduceb
'l1n1ng stlffness of delayed llner 1nstallat1on d1d not
produce the greatest settlements, but tended to enlarge the
zone of 1nfernce. s | | =
The results of analyses LEZ/30 and HY2/30 are almostA
equal This implies that non- llnearlty 1s of no 51gp1£1cance
for this problem because y1eld1ng is proh1b1ted due to ‘the
relat1vely low. stress, levels as. co;pared to soil strength

(except in sand).
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,SUDSUPface Settlement ’ ‘ ,

" depths below -6.0m, the analys1s HY1/3 g1ves better:

‘correlation with field measurements. Heaving was recorded at

: Hori?Onfaﬁ’Disﬁlacement_

Fig. 5.6a and b compares subsurface settlements at -

distances of 2.1 and 3.1m from the centre of the shaft (0.5m

and 1.5m from the shaft wall). Settlements are generally

ynderestimated by all models. At depths above -6.0m, the

analyses LE2/30 and HY2/30 y1eld closer predxctlon, and at

a depth —17 5m and a radial distance of 2 im. Th1s response

| was not predicted by analy51sdHY1/3 but by~the analyses v

LE2/30 -arid HY2/30.

jHorizontal (radial) displacements at depths monitored
by'tne'inclinometers ahd predicted by ‘the FE analyses are
plotred in Fig. 5.7 for comparison. "

\Except the dlsplacements in the top layer (depth —1 5m)

and éheld1splacements)due to loss of ground in the sand

‘lense (at -6. Om) thedfield measurements fall near the

'y

lower ﬁound’of the ranges predicted by the FE analyses.
Tﬂe maximum d1splacement recorded in the f1eld is 5,0mm

(at ‘10 5m). The calculated tangentlal strain is 0.24%, and

~ this value 1s well within the linear portlon of the

stress stra1n curve of Edmonton Till. Hence, it is not

5

surprising that the 11neam model LE1/3 and LEZ/30 (or the

. non- l1near,model HY2/30) give the best predlctlon \

N\~

D1spldgements\pred1cted by the nonﬂlenear analyses

HY1/3 and HY3/30D are much hlgher than those pred1ct%§ by
r

~the l1near analyses and those observed in the field,

&
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especially at greater depth. The delayed lining,installation
or the reduction in lining stiffness allows excesfive soil
deformation, and thus induces a decrease in deformation
modulus if the soil behaves non-linear. This effect is more
significant at greeter"depths pecause higher devietor&cv
stress causes higher deformation. However, this effect is
not reflected in the linear model because it does not ,

exhibit any reductlon in stlffness with respect to stress

levels,

Pressure on Lining

Results obtaxned from the FE ana.iyses are presented in

’

ig. 5.8, together with field measurements f .
L1tt e pressure was recorded by the cells at elevatlons

-12.7m And —16.0m. These low pressures indicate that the‘

[ o

contagt between the soil mass and the cell surface was poor

Soils pressures may have been transmltted to the l;nlng by

arthing of the soil over the pressure cells,}The_pressure

»

ecorded by these cells are most likely not representatbua.

‘Vresults pred1cted by the FE. analyses.‘The/ e variation of
pressure (two dlfferent d1rect1oﬁs) recorded by these cells

" may be attrlbuted to var1ous factors ;hat cannot be
quantlfled ratlonally. - 7
3 A
3,‘5.3 Comparison of”Measurements.@{th,Predictioﬁs‘from other

'Kethods

-

Cells at elevation -18.5m give better correlatioa with '

\,
N

/
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. 5.3.1 Earth Pressure

The pressure as a function of depfh ca culated .by the,

methods proposed by Terzagh1 (1943) ;Berezantgev (1958) and

Prater (1977) is shown in Fig. 5.9 for a set/ of assumed soil

a

parameters. These 5011 parameters are equal to those shown

~

in Fig 5. 10 except the‘s\he51on (c) 1s assumed to be to

%ero. The assumptxOn 51mp11f1es the calculat1on permlts a
'comparlson w1th techniques that are only applicable ﬁiz"
ould

cohe51onless materials (e. g. Terzaghl, 1943) (and sh
-
: lead to an overest1mat10n of th pzessure. '

4 ALF

“The, convergence curves gog various, depth were

-

constructed u51ng the CCM desctzbed in Sectlon 4 2.4 and are

a

shown in Fig. 5 10 together w1th the assumed 5011

parameters. U51ng the measured dlsplacements (u ),}the
-

-formatlon.pressure‘on the shaft was determined from Fi

7v¥f5,ib and plotted‘on Eig.'5.9. Futhermore, the pressures for

aSSumed”displacements of 1/3uf, Q.Suf! and O.75uf are listed

5.9.

“

”'fln Table 4,2 and plotted in Fi
" fhe- pressure distribution alo‘g the shaft‘ a-ysed'hy,

, the FEM model LE2/30 (see Fig. 5. 8) is also plotted‘gn F1g.

5‘9.

d1str1but1ons to depths of up to -6m. At greater ,

5 depths, the 11m1t\egu111br1um methods y1e1d ‘lower .

-erifssure than the C;M and FEM except 1f very large wall
:- . S X

| . e

™~



_dlsplacements are permltted (e.qg., ul-O .75 uf) From

Fig. 5.9, 1t follows that#d1splacements at depths below
-6m must 'be in _excess o% 0.5 to 6?79”” if lxmxt
.equ111br1um methods are adopted £or deszgn. Compared to
the resuits of fhe CCM and FEM, disp}acementS'at depths
of -6 to -10m are about 0. -5u, and at depths greater
than'—mm are well below 0. 33uf, i.e., excelilen;c ground
control.
fhis elearly shows~a‘dependency between the support
pressure and the wali displgpement. Large pressures are
exerted on the lining when displacements are limited.
The support pressére caleulated from the limit
equilibrium methoes is a minimum pressure required to
maintain the staSility and thus induces large wall
displacemeuts. ‘
By plotting the pressure'distributions predicted by the
‘limitteéuilibrium methods on the convergence curve%?of
Fig. 5.10, it is possible to estiﬁage.the'UItimete wall
displacement when 1imitfééuiliﬁ?ium conditjons are .
| reacﬁea. This is illustrated on one exahple‘showu in
Fig. 5.11 (same éssumptions as for Fig. 5. 10)’ The CCM
eand FEM glve close correspondence w1th f1eld f‘ 9‘
measurements. The dlsplacements correspondlng to the f.
methods proposed by Terzagh1 (1943) and Berezantzev s
(1958) are 3, 5- 4.0 times those measured or. estlmated by
the GCC and FEM. Because no pressure ‘is predicted by
. Prater (1'977) for this depth, the ‘G1splacements are
exce551ve, i. e., abOut 8 times greater than those of

/ -

the CCM and FEM. RS | S o
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v

However, from the above analysis it follows that the
method pfopoékéfby'Pfater (5977) is only applicable';or
depth of less than 8m (h/a<5) on this projggﬁ; The methods
p<oposed by Terzagh1 (1943) and. Berezantzev (1958) are
acceptaple for this prOJect if relative poor ground control
is allowed, i.e., the d1splacements are in excess of abou(
16mm. The CCM prov1des falrly 51m11ar results as pred1ctedﬁf
~ by the 11m1t equ111br1um method" for h<10 m. At h>10 m, the
‘CCM predlcts hlgher support pressure if d1splacements are
restr1cted The measured pressures are generally in suppprt
“/of these f1nd1ngs even though they cannot- be con51deredﬂ
adequate as proof for the propbsed approqch. Low pressurgs

were recorded where large shaft wall movements were

éetmitted and higher pressures in areas where movements were
: ' P .
R , : )

more restricted. . ) s

SN
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' SAND NDark brown, lc'ue, moist
B ;:: - Lrown,;loose, mojst )
e Z - Light brown, lofse, moisf
a “ L4
al e a
- R //// CLAY Brown, very silty, cL ™
/‘ moist, firm .
___57m //// - Brown, rusty, soft - q;
A .
L . }:? . SAND Dark brown, medium grained, Sp
. e water bearing .
= .q- -
* TILL. ‘Dark grey, silty, clayey CL
’ - coal 1lumps ,
- stiff ,
- pebbles ‘ o
- sand lenses . . N

Dark grey
~ silty, sandy clay
‘ ff— ‘very stiff o -
- pebbles : s Tl e
& - ¢oal lumps &f.,',\j\ L
el -~sand lensgs f;\ f’f\§i* 

:3] : Lo

v ,;: Dark greenish i 3;3';;
% L omvery firm, britt U B
? .j‘_ traces of, carbo ous clay shalg-

: fJ _and-'coal seams. . S AR
BEDROCK - Hard carbon..clay shale .

x'tﬁi--Light grey sandstone with bentonit! ,i"

1)

~

.' __ Hard clay shale gu;J]Q‘“

F1gure 5*TySubsurface Stratxgraphf'(at %erw111egar Shafk)
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6 . SHAFT - CASE STUDIES (MODEL TESTS)

6.1 Berlin Model Tests (Mode A Yielding)

6.1.1 Intr:;;;zzon ’ : .

Muller-Kirchenbauer et al. (1980) carried out a series
of \model tests to measure the soil pressure exerted by Jf?
sa on a cylindrical caisson (shaft lining). They observed
that the pressures measufed differed from those predicted by
established theories (e.g., Berezantzev, 19é5). Based on
their results, they extended Terzaghi's method (1936) for
the calculation of the active soil pressure on a plane w;l}
to the qxi—symme;rical broblem by gonsidering vertical and
hor fzontal ar¢Hf%g near the shaft. These two arching effects
were described by two lateral pressure parameters (A, ,A,)
which were ebtained by fitting the measurements by |
polynominal functions (ﬁbfe: Terzaghi (1936) assumed A, and
A, to be linearly distributed with depth). The act}ve ear;h
pressures on the shaft lining were then calculated by the
force equilibrium method on horizonial slices of an assumed
failure cone around the shaft. )

‘In‘tﬁé following;‘a brief description of the testing
pfbcédures and certain fest results, reveiant to this
%hgsis, are given. Their findings will be compared with
p:edictioné §y thevperosed convergence confinement method.
6.1.2 Testing Apparatus;and Procedure.

The shaft model of 100mm in diameter and 6 omm in
hgiggb-was fabricated from sfeel ﬁollow cylindrical
S ' 198 |
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sections. The bottom section was equipped with a sharp-edged
shoe to allow eesy driving; A recess of several millimeters
(ranging from 0 to 5mm) was provided behind the shoe. This
recess corresponds to the soil displacement allowed during
the excavation. The dimensions of the shaft model are shown
in Fig. E.1.
2
The model was sunk into a test container filled with
//sands (D=0.2 to .0 mm, n =44%, n . =32.5%) of constant

max min
density index. The soil was excavated from inside the shaft.

The forces on the shaft liningowere,measured at different
-depths. Two types of quels‘(Model I and 11) were employed
to monitor the pressure. In Model I (Fig. E.2(a)), the axial
forces along the shaft height (i.e., frictional forces on
the skaft wall) were measured, and the active pressures on
the {gigs were calcul;tea indirectly by assuming a constant
wall ffietion. In Model 11 (Fig. E72(b)), three sets of
calibrated sérain gauges orfiented at 120° are installed in
each steel.segmeﬁt to monitor the pressure directly.

’ Model shafts with different recesses (séo, 1;0,'1.5,
3.0, 3.5, 5.0mm) were excavated. in sand with various denslty
indices (ID=20%, 55%, 80%,2?0% and 95%) corresponding.to _
‘'unit weights of 16.2, 16.8,/17.6 and 18.2 kN/m?® were
measured. No.labOratory test'results were presented on;the»l
,strength deformatlon propertles ef the sand. | | ’

. Earth pressure cells were placed 1n the soil to»measure
‘thy rad1al stresses out51de the shaft before and during‘
‘i.excavatlon. The vert1cal settlement proflles at'thehsurface

were also monltored
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6.1.3  Test Results

" An example of the aetive earth pressures (IDéBO%) on
-the shaft lining using Model I is plotted against the depth
of the shaft in Fig. 6.1. The larger pressure distribution

corresponds to the model test w1th recess (s=0mm). The
pattern of the pressure diagram indicates that some
difficulties in measuring pressures existed. Fig. 6.2 shows
the.effect of recess (s) on the total active force acting
around the circumference of the shaft‘at different depth
ratios (h/a) for four density indices. The active force\ )
decreasesezjgnijkéanti} Qith small increase—im recess (s)
and reaches a nini um. After a criticallrecess that -depends
the density index e active force starts to increase

'slightly.. 5?

—

‘Results of one test using Model LI are given in Fig.
6.3. The sand sample had a density index of 80% and the
recess was 1.5mm. The active pressures plotted were obtalned

>

by averaging readlngs from three sensors. A further‘

-

‘dlscusszon of this flgure will follow later.‘

ey

Flg. 6 4 $hows» some typical radlal stresses measured in.

‘ -the sand outs1de the shaft before and after excavat1on. rt

'can be seen that even before excavatlon, the 1n1t1a1 rad1a1

*'stress varxed 51gn1f1cant1y Wlth}h the sand mass. Assumlng Gl

‘the 1n1t1a1 vert1cal stress*:s equal tb the overburden
”fpressure, the calculated K value varles from 1 27 to 1 45
"The rad1a1 stress decreases due to stress rellef ln shaft

excavvtlon Typ1ca1 settlement proﬁiles near the shaft for

A

‘f(ID-SS% and 95% and d1fferent reccesses are plotted 1n Fig.-.tf?i‘

LI

6 5. For \
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ID=55% the magnitude of the settlements in general increases~
with increasing s and the maximum settlement occurs near the
shaft wall. For ID-90% surface heaving 1nstead of " settlement
is observed for small s—O.Smm. This response is due to the

dilation of -dense sand at émall straining.

6.1.4'Interpretatiqnzof Model ?est‘kesults by CCM

| Two systems (Models 1 and II) were employed ‘to measure
the a;iive earth pressures on the shaft lining using
dlfferent approaches. The authors reported' that. tests on
Model 11 gave better and more representat1ve results than
those on Model I. For thls reason, theiresults of Model I

. . ‘ N '
.are treated gualitatively and those of Model II_‘

Yy

guantitatively. _ ,
’ ' . . ‘ : ) » . ¥

Model 1 /T e “
o The 51nk1nd\o{ the shaft conszsts of push1ng the shoe "*
into the ‘soil and remov1ng the soil 1ns1de the shaft \Th\\
recess. prov1ded a gap between the shaft 11n1ng and the \
"vertlcal excavated face. Hence ~the 5011 can d1sp1ace 1nward‘fti.
by a varlable am0unt (s) unt11 1t 1nteracts w1th the 11n1ng o
For the soal l1n1ng 1nteract1on, the recess can be v1ewed as
' the dlsplacement component allowed dur1ng 51nk1ng in
add tlon to the dlsplacement ahead of - the face (assumed to
be negl1g1b1e) S1nce the act1ve pressure on the shaft v |
l1n1ng depends on thlS dlsp;acement it should be relatedfto{tfi
' the selected recess. Larger secess w111 cause smaller actlve:fh
pressures. Thls phenomenon 1s cOnf1rmed by the results shown;hti;

1n E1g.,6 T where the pressureSV£or.s=0mm are about 2 5 to 3

_c
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a4
¢ o

‘times larger than for s=5 mm..It is interesting to note that ¢
I} \‘. : .

‘ﬁf the preésurés'for zero wall displacement is significantly

'lawer’than the pressure at rest. This ifplies that some

*stress-relief andfdisplacement.h tookvplace ahead of the
acement. U P AR

boétOm of the shaft. o | . | e

The pressure displacement relatlonshlp in underground y ;ﬁ
£ openlng is best described by the ground convergence curve.
¢ :As 1ongjas the ground does not yleld (elast1c) the - ‘

’ relat(onsh1pupetween d1splacement and pressure is linear as

sh?wn in the 1nseE of" Flg 6 2 Non- llﬂbar response'w111

‘.take plac% due fo general plast1c1ty or locallzed yzeldlng

'The shapes of the cunves shown in Flg 6 2 cam be compared

with those , shown in. thg 1nset, These curves actually ‘
”re reseﬁt the~ ground convergence CUrve for a wall ' L, é

"0

”d1sp1¢cement in- excess of. the dlsplacement u (ahead‘of the. -

o

.The curves of F1g 6 2 are reproduced from

pE‘Muller Klrchenbauer et al (1980) and are plottedﬂin terms
:"cof total force 1nstead of pressure. These curves are not
‘Aaccurate because ‘they’ are obtalned by jo1n1ng discrete
_ki}measurements and the 1n1t1a1 slope may actually be steeper.
.’nThe true ground convergence curve can b%iélghlned by
i: sh1ft1ng the measured data hor1zonta11y wi h uo. It can be
;jseen that tak1ng dlsplacement as. s (neglect1ng u ) will not.
1nduce s?gn1f1cant error in. pressure predlctlon when s is

-flarge (s >1 Omm) because the _slope of the convergence curve

uzs gentler rn_thls stage than the 1n1t1al slope.

N

<

increases‘in‘most cases forllarge receSses. This can be

,Itg1s.most<1mpor§gnt ro noteythat the total force

Ll

if@’, explalned by the graV1ty effect (see later) due to vert1ca1
" T“—f_ ;Q A AL I s Q- - ’
R .5§>i' | S -
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barching after a failure mechanism has been established at a

critical amount of wall movement (between s=1 and 3 mm).

This gravity effect may become dominant as excessive

dlsplacements are allowed. (

~ The negative slopes of the initial portion of these

‘curves (Fig. 6.2) increases as the density index decreases.

This response is expected because sand of higher density

index has a higherAYoung's modulus. Thus, an equal amount Qqf
displacement imposed on sand of high density indék*wilh

cause relatively more stress-relief than for sand of low
!

density index. Furthermore, the compaction to achieve a

g A ‘
dense sand will produce higher initial stress, i.e., the GCC

-

will originate at a high initial stress ;éfcan generally be

observed from Fig. 6.2. a

» a r/

]
| [,'

Model II
The model test with 80% density index and 1.5mm recess
was chosen for a quantitative interpretation and comparison

with predictions frbm the CCM because this test gave typical

74
. and representat;ve features of the pressure\dlstrlbutlon of

all model tests. The. measurements ‘were presented earlier in

- Fig. 6.3 and show: two maxima at H/a= 3 and 10.

In order”tp calculate thewpressure using the CCM and to
compare them with the'measureé results, some necessary
parameters had to_be assumed. These include the insitu
stress state, the stress-strain law and the strength of the

a

Muller—K1rchenbauer et al. (1980) for this model test,

_soil, No medsurements of insitu stresses wére reported‘ny}
but

some restlts from model tests of
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I =90% were given as shown in Fig. 6.4. The initial insitu
stress coefficient obtained from these measurements were
found to vary between 1.27 and 1.45. It is reasonable to
assume that the model test (ID=80%) has a Ko close to or in
excess\of 1.0. (The test results wi;h lD=90% was not used-
here beeause the pressuée distribution was not presented by
Muller Kirchenbauer et al (1980)). Furthermore, no test
results were avallable to study the stress- straln
relationship of the sand. However, the stress-strain curves

should be hyperbaelic with an initial almoﬁg linear portiop.

From the settlement measurements shown in Fig. 6.5 the sand
-

_of high density index (15—95%) exhibited heave at small

straining and must have dilated. This compllcategﬁlhe strain
calculation. For this and other reasons t del test with
high density index was discarded for data interbretation.
Because of the limited information available,vthe—following
simplified assumptions were made to obtain a closed-form
solztion for the calculation of the GCC The sand is assumed

t ehave as an elastlc perfectly - plast1c, frictional

o

material that obeys the associated flow rule during plastlc

sttalnlng The angle of friction, of the sand and Poisson's

ratio were assumed to be 37° (also used by//

Muller-K1rchenbauer et al., 1980) and 0.4, respectdvely and

-the Young s modulus was asumed to be 44MPa.

The mode of X1eld1ng at the shaft-wall is due to the

‘tangentzal -radial stress difference because K is greater

“than K or (=0.62). H;hce, hor1zontal arching can be descrlbed

quant1tat1vely by the GCC of a 2-D plane strain
hole-in-plate. The GCC at various depth levels were
é ‘ .

!
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calculated, and the pressures were détermineéd by imposing a
wall displacement of 1.5mm‘(of u/a=3.0%) and plotted in Figqg.
6.3. The extent of the plastic zone (Fig. 6.6) was also
obtained for each elevation and used to calculate the
component due to gravity or vertical arching. Assuming a
wail friction angle of 2/3¢ (downward shear)‘as suggested by
Muller-Kirchenbauer et al. (1980). Two sets of cqefficients
-on soil to soil and soil to lining wall interaction (Ks and
Kw) were used and the resulting pressure distributions are
shown in Fig. 6.3. These distributions reduced to zero at
about h/a=12.5. The pressures exerted on the lining are
greater for KS=O.6 and Kw=0.5. It was shown in Appendix D
that for Mode A yielding (tangential-radial) Ks and Kw
should be closer to Ko than Ka because fhe vertical stress
always remains the intermediate stress. Hence, the pressﬁres
due to the gravity effect given by the larger values seem to
be more appropriate in this model test. Combination of the
pressure envelopes given by the yértical_arching (gravity
,effeEt) and the horizontal arching yields the pressure
distributioh on the shaft lining for u/a=3.0%. The'resultant
envelope compares well with the measured one, except at the
bottom of the.shéft where the shoe provided a shielding
'-éffect attracting the pressure from surroudding soil and
reduced fhe pressure_on'the lining justzabove (h/a=13).
.(;\from the ;bove analysis, it becomes oBwious why the
pressure distribution_épﬁthe shaftllininé has two‘maxima.
The upper maximum is caused by the grayity'effects which
dominaté.only near ‘the surface due to the shépe of the
plagtic zone’and the relatively larée wall displacements.

Gl
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The lower maximum is induced by the steadily increasing
pressure with depth and the elevated pressure due to

N . . . .
restraint of movement by the shoe (s=0mm). This reduction is

only temporary and \larger pressures would develop as the

shaft advances furtﬁer.
o
\

\
i

6.2 Cambridge'Cent:ifdge Model Tests (Mode B Yielding
j
) A series of centnifuge tests was performed in the
Cambridge University/éeotechnical Centrifuge to study the
behaviour of-deep, vertical shafts in dry sand with
particular emphasis on the horizontal pressures acting on
the shaft lining. A detailed description and the results of
a series of these small scale shaft tests in Leighton
Buzzard sand are given by.Lade et al. (]981). Schofield

(1980) presented a detailed description of the Cambridge

rojects

University Geotechnical Centrifuge and some of the
- performed with it. Here, Qe~shall give a brief description
of 'the festing procedure and results of cert@in tests which
‘will be needed for coﬁparisen with predictions of the CCM.
6.2.2 Testing Apparatus and ;j?cedu:esy
A sﬁetch of the model pafkage along with the dimensions
~and locat1ons of instruments is g1ven in Fig. E. 3 . The
shatt its lining made of polyetheylene Mel1nex, was
installed within the sand before excavation to 51mulate
artifical ground freezing tecQéZEues 1n constructzon of deep
shafts (phy51ca1 propertles of aft llnlng listed 1n Table
)=, ku . . o \

P
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Strqiﬁ gauges‘bonded to the surface of the shaft tube
were employed to measure the radial strain in the tube.
Pressure cells were placed in the soil to monitor the
vertical, radial, and tangential stresses as shown in Figq.
E.1. The ve¥tical settlements acro§§'the tub and the
Mvertical movement of the bottom of the shaft were recaided
by LVDTs. | |

Since it was not possible to actually excavate soil in
the centrifuge test during flight, the soil in the shaft was
substituted with a fluid which could bé removed in stages to
mode the excavation brocess of} the shaft. The
ZnCl,-solution of density 1.55 g/cm? and a parafin oil with"
‘q detsity of 0.765g/cm? fg;;\used to model the vertical
stresses at the shaft bottom and the horizontal strésses

inside the shéft, respectively.

6.2.3 TestLReSults

The centrifuge tests were performed using dry fine
Leiéhton Buzzard Sand i20/200, whose properties are given‘iﬁ
‘Table'E.2};Fi§; E.4 shows the stréss-strain'relatidns

" obtained from triaxial compressidn tests over the .
e

approprlate range of conf1n1ng press ' ’ |
o Results of\t%ree successful testiggag PL5 and PL6 will
be summarized and discussed. The details of eath'éf'thg
three t;sts are listed in Table 6.1. , i

Fig. 6. 7 shows a comparlson of the rad1al stra1ns
measured in the shaft liner for each test plottqg versus

)
non- d1mensxonal depth h/a. The vert1ca1 axls on this' figure

/.

P
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v )
indicates zero‘strajn corresponding to the unstressed ,
Melinek liner without earth and fluid pressure. Ideally, the
‘shafE\Lﬁn1ng should not expand- durlng centr1fuge
acceleratxon but even Yiib paraffln oil w1th]much lower
density than soil was used dld somg expan51on occur as
observed in Fig. 6.7. However, for the three tests discussed
here, the initial horizontal earth pressure near the shaft
were only slightly high¢r than the at rest pressure (i.e.,
K =1-sing) | |
° N
Fig. 6.7 indicates that as excavation of the shafts

prdceeds, the flexible l1n1ng moves inward and the formation
pressures on the shaft lining increase to the b@ttom level
as shown in Fig. 6.8, a plot of normalized earth pressures
Qersus normalized depth. In all cases do the eerth pressure
increase near the bottom of the shaft. The earth;pressures-
calgulated from Beresantzev's formula are shown for
comparison. It appears from this compaiison that the earth
pressures meaSUHQd in a flexible shaft are higher than those
spredicted. B ' - |
| The radial and tangent{al earth,pressures meaSured with
»egrth-pressure cells at level 3 after excavation foriTest
 PL5 are shown in Fig. 6.9. 1 is clear from the measured
pressure dlstr1but1on that arching develops around the shaft
caus1ng the radlal stresses to decrease in response to the

2

‘small‘tadia} movement_qf the shaft,wall during excavatiorm,
6.2.4 Prediction of Model  Test Behaviour by the CCM

. One of the essential input parameters for the CCM N/
. analysis is the stress—streih relationship of the soil. The

3

%
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tsiéxigl compression tésts on Leighton Buzzard Sand (Fig.
E:4) indicate that the stress—strainsrelations are
hyperbolic and dependent on the coﬁfining pressure levels.
The sand is slightly dilatant at small strains‘aﬁd
contractant at large strains. .
To Simplify thé formulation of ﬁhe ground convergence

d;urve,,it is necessary to make the following assumptions on
the stress-strain law of -sand:

SEEN The hyperbolic stress-strain relations are approximated
by the elastic berfectly plastic models. Because of the
non-linearity of fhe stress-strain curve‘the Young's
moduli‘E are obtained bf averaging the slope on‘thg
portion of the curve of,thg/expected stggin range. Theﬁ
displacements measured in tRe-model tests were‘about‘/"
0.2%, hence, it seems reasonable to use E at 0.2%.

However, it is also realjzed that there exists an
initial strain .(0.2 to 0.4%) if the stress difference
- din Kobcondition is imposed in tﬂe isotropic éompression <
\tzgéxial tgsts (Kaiser and Wong, 19é4). To account for
< | this aspecﬁ,.the‘E_yalues at 0.5% strain are the
appropfiate parameteré for the elastic perfectly
‘plastic wmodels.
TheAE-Qalues also éepend on the confiﬁiqg pressurebor
the depth._The cbnfinihg,préséutes'are isotropic in the
triaxial tests whereas they are anisotropic'in the -

" model tests. To account for this diffefence, the first
stress variance is uséd \i.é.,'I#(01+20;)/3)for'the
%Fiaxiéift¢8£s and I§(1+2x6)af/3 in £he moagl t?étéff

2.  The Stressfpéth‘involved in the triaxial tests

-
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(isotrdﬁfgﬂzéﬂsoliddggg\passive compression) is

différent_from that (anisotropic consolidated active
compression) involved in the model tests. To make use ~
:0f the results from the triaxial test it is required. to

assume the st:eés path did not exert great

influen&ﬁ"Qn the stfess-strain“felations.

With the above assumptions the E-values as a function
of the conflnlng pressures for 0.2% and 0.5% strains are
calculated ‘and plotted in Flg .6.10. The modulus 1ncreases
with the confining pressure or overburden depth, which can

be approximated_byilinear equations as shown:

\),n

Mode of Initial Yielding and Extent of Yielding Zone
For ¢=38.3°, KO (=0.38) is less than K . (=0.62)‘and
C

initial yielding should be induced by the vertical-radial

"

stress difference or Mode B. i

The displacement u to determine how much radial

5 , Yy T
displacement can be tolerated before yielding around-the

shaft wall takes place is:

u, = al(K -K )p é{%v)]/E - h S 6.,
i o -a o . : _
‘Table 6.2 iists the calculated displacement uy for test

no. PL2, PL5 and PL6, along with intermediate steps involved
in caiculations, A compatison of the‘hOrmalized displacement
(u /a) with the mgasgfed radial strains in the model test
(Fié; 6.7) révééls'fhat the soil in the upper zones (PL2

: PL5 h/a<1/2, and PL6: h/a<1) is in the elastic state and

‘the soil. below has been stralned beyond the yield p01nt.

_/ . . R S

e N\
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With the measured strain of 0.2% relationships between
the extent\of thé plastic zone and the shaft depth for the
model tests are calculated using Egn. 4.23 or 4.25 and are
plotted in Fig. 6.11. The shapes and extent of the predicted
plastic zone are cylindrical with depth, which are

comparable to the one shown in Fig. 4.40.

NEY

L]

Soil Pressure Distribution along the Shaft Depth
- _The soil pressures acting on the shaft lining are
calculated using Egns. 4.15 with the assumed strain of 0.2%
for the tests, and plotted in Fig./6.8,.along with the |
measured results for coﬁparison;'The~observed pressures
correspond well with™he predidted values. The pressures
near the surfase lie t}thln thef envelopes given K and K |
whereas Helow a depth (h/a t. Of the pressures are much lower
Jthan the given by Ka, i.e., yielding and related stress
redistribution take place. The soil pressures on the shaft
linings are, however,.higher that those predicted frmn(““‘
Berezantzev s formula® because Berezantzev's method only‘w)
provides minimum support pressures for cond1t1ons of large
or excessive deformatlon.
ngher pressures developed near the shaft bottom. As
('the vertxcal confining pressure exerted by the soil above
' j(f1u1d in model tests) is removed durlng excavation, the
'soil beneath the excavatlon bottom y1elds. The hor1zontal
pressures are redlstrlbuted and attracted to the shaft
11n1ng of hlgh¢st1ffness.,Th1s result . in hlgh pressure at
the bottom of the shaft. If the magerlal a% th} face is

strong enough to prevent y1eld1ng, the face\ﬁ?ﬁect would
/7

’ vy
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reduce, instead of increase the pressures.

Stress Dlstr[bution

From the reduced tangential stress near the shaft wall
(Fig. 6.9), it is evident that arching develops in '
horizontal planes around the shaft. . . N

iade et al. (1981) calculated the stress distribution “
in the horizontal plane and-compared it with the measured
pressures. They found that the geqeral pattern of the stress
disttibution predicted by the model proposed by‘Klein'and
Ge}thold {1979) agreed reasonably wellﬂwith the measured
str;ss éistribution but that the extent of the plastic zone
was underestimated. This underestimation is due to the fact
that Lade ét al. (1981) assumed Mode A yielding
(tangential-vertial stfess). The actual mode is, hcwever,
Mode B which is goveraed by stress difference |
A(vertlcal rad1a1) as dlscussed earlier. The extent of the
plastic zone 1nduced by Mode B yielding is g1ven by Egn.
4.23 or 4.25,

Using the measufed pressure on the Melinex tube, one

can calculate er. The calculated R vr of 1.69a or 97mm and
. :

-

the related tangent1al stress ‘distribution: agree better
(Fig. 6.9) with the measured and conf;rms that the CCM with
the appropriate mode of yielding~is capable‘ef predicting
'the ground behaviour with’sufficieﬁtraccuracy.' '
Gravity Effect due to verticaltarchihg iaside the yield
cone (Fig. 6.9) are not dominant in.these,modei tests

" because of the relatively small straining. . - _ f¢//\;2

»



Table 6.1 Centrifuge Model Test Data

N

| : ' )
- el -

il
N
Test Moded Dimensions Prototype So11 Fluia
No. d H N a H H/a Density . used
(cm) (cm) (m) (m) {kN/m3)
< A

PL2 . 8.3 24.0 39 . 6. 3.3 9.5 5.76 15,50 ZnC12

5 .45.0 111.8 12.9 S0.3 7.80 -45.31  2ZnC12
- .8 54.0 112.9 8.8 61.0 13.8 15.43 Paraf-
C fin O

a - radtus of shaft
» - diameter of shaft
H - depth of shaft
N - gravity ratio 1n centrifuge

g
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.Table 6.2 Calculation of Displacement u.-

CTEST NG, hra h po- 1.  -E .ula
. , Am)  (KPa) .~ (kPa) (MPa) - ()
PL2 @ 1 -1.85 25.1 15.2°% 19.0 . 0,032
(H=9.5m, 2 . 3.30 .50.2 30.4 23.4 0.053{. -
a=1.65m) 3 4,95 75.3 45.6 27.7 . 0.067}
S 4  6.60 100.4. 60.9 .32.1  0.077
e - 5 8.25.,125.4  76.0 °36.5. 0.084
PL5 1 - 6.45 97.4 "59.0° 31.6 , 0.076])
(H=50, 3m; 2 12.80.°194.8 118.1 48.6  0.098
- a=6.45m) -3 19,35 292.2 177.1 65.8 0.109
- 4 25.8B0. 389.6 236.1 B82.6  0.116
5° 32.25 487.0 285.2 99.6 0.120
"6 - .38.70'°584.4 "354.2 116.6 . 0.123]
.7 . 45.15 681.87 413.2 133.6 .0.%125
L | | | <
PL6 _ 1 4.40" . 66.4 40.2 . 26.2 - 0.062
(H=61.0m, . 3 ~ 13.2. °199.3 120.8 -48.4 _ 0.099
a=4.4m) 5 ©22.0 332.2  201.3 72.6 .. 0.112].
o - 7. 30.8° 465.1t 281.9..85.8 . 0.1191|
. 9 .39.6 "598.0:-362.4 119.2 _ 0.123
11 . 48.4 730‘80é442 9.142.2 " 0:126) - .
13 57.2 -863,7 23 5 165 q 0. 128 ,;__pl
N oo/ : V\) '
=, » /' \
. *:g !

N
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“Flg‘“’e 6.1 P“’SS““E Versus Depth v Model 1 (modzfled £rom S

*e Muller-hrchenbau@({/ et al., 1980)
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Fiqure 6.5 Mea‘sur‘erhent\'\of Surface Settlement (modified from

Muller-Kirchenbauer et \‘gl., 1980)
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Figure 6.6 Predicted Plastic Zone with Depth
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"Figure 6.8 Comparison of »'Pres'smres with Depth
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7 . SUMMARY AND CONCLUSIONS 2\»\

ftl Introduction .
This thesis examines the behaviour of tunnels 22d
shafts in soils including elastic response, yield an

collapse states. These ground responses can be interpreted
Q

by the use of the ground convergence curve and analytlcal

technigues are proposed to predict the ground behaviour.

,: /

TheSe techniques are evaluated by comparison of the
predicted with the observed behaviour in model tests and
field measurements or by comparison with resuits from'
numerical simulations. . | K

The following sections of this chapter summarize the

conclus1ons,1 ical implications and recommendations for

further studles.r
7.2 Conclusions on Tunnel : ‘ -

7.2.1 Tunnel Behaviour

The ob3ect1ves of thls study are (i) to 1nvestlgate the

ground behaviour near shallow and deep

tunn 'to develop an approach to assess behavigpral

14

\\'
modes -of both shallow and deep tunnels; and (iii) to ver1fy

thlS approach by~ comp.’!son with results of behav1ora1 m§d:

r

support pressure *and ground dlsplacement'from finite element

analyses, f1eld measurements and model tests. .

The tunnel 1s viewed as a two- d1men51onal plane stra1n

. N ,
"hole- 1n,p1ate model and the excavatlon process can be

sxmulated-by progre551vely proportxonal unloadlng of the

. o . .~° 3 226 h . | ‘ | /

Ty . : ) Sty -
i . L . . 3 0

T



“

2217

"initial insitu stress at the tunnel periphery. All ground

behavioral stages from elastic unlomeding to collapse due to.
stress rel@efﬁare.Studied by use of continuum mechanics,
finite element method and limit state theory. It‘was‘found
that the mode\of behaviour of tunnel and surrounding ground

is dﬁctated by the mode of initiation and propagation‘fj}-

yleld zone. Four different modes (Modes I to IV) are -

1dent1f1ed and they are governed by the followlng
parameters: (1) the depth ratio (H/a) relatlng the free
surface boundary, overburden and geometry of the opening,
(2) the external boundary stress (Ko), (3) the internal
boundary stress (pi, ri) and (4) the ground strength
properties. Mode I with localized yield zonetp;opagat}on
from the;shoulders of -the tunnel to the free sur}ace and
Mode II w1th continuous yield zone propagat1on near the
opening are only considered in detail in this the51s because

they are commonly encountered in soft ground tunnell;ng at

K <1 0.

For a given tunnel conf1gurat1on a cr1t1cal K value
o

(K r)\ex1sts that separates Mode I. from Mode 1I1. Mode I will
cr ;s -

a tunnel with’ H/a= 5 ¢=30° nd c= O) The magnitude of K or

\
. decreases w1th increasing\H/a and ¢ The ex1stence5>of Modes

(1

I and I1 have been conflrmed by ¢he f1n1te element analyses

°

ffgg? K < K .and Mode II for K >k . (e.g., K =0.7 for
Q%CQQ\j o) cr cr , cr .

and model tests (Atklnson et al. , 1974 ktk:nson and Potts&d

1977; Cordlng et al., 1976). The s1gn1fance of 1dent1fy1ng

tpese'modeS‘of y1eld1ng is'tWO-fold. F1r5t1y,'1t can verify
the mode of yielding assumed in. any avaGlable numerical

models'predicting the'preSSure-deformation-arOUhd'the

ﬁ

et
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opening The mode of yielding in a proposed model must be
con51stent wlth\@hat ofserved for satisfactory predxct1on.'
Secondly, a‘prope;xunderstand1ng of the mode of yleldlng
provides excellent ‘insight into the tunnel behaviour ylth:
aspects of displacement fields including surface settlement'
profile. ) .

The ground responses of different stages in Modes 1 and

I1 can be identified in seQUence‘of progressi?e'

. ’ . * - ‘
stress-relief as follows: (j/(
1. elastic unloading . u

W’@S

&
This support pressure reduces to an optlmuQ value ‘and’ then

2. yield initiation
3. yield zondipropagatlon (yleld zone ay or may not
\ \ - v ‘
intersect the free surface) >

4. kinematic collapse at the ro £\ L

5. propagation of roof collapse to Y he free surfacgﬂ(with
/\'states of stress at the roof drsturbed) |
From Stage (1) to Stage (4) the support\bressure (at

roof) decreases at the expense of 1ncre sed dasplacements.

may 1ncrease beyond Stage (4). At Stage (53 a kinematlc

/ '
collapse mechamlsm occurs at the roof. The so1l blo%k ovehg{

the tunnel will undergo a sudden collapse and the rélated

v!settlement w1ll in general be exce551ve and unaqgeptable in

tpractlce. Hence, - one of the pract1ca1 1mp11catlons in

locatlng Stage (4) by the use of ‘the ground conve ence”
0 5

curve 1s that the t nnel de51gn ‘e glneer can’, est1mate the

» marglnal safety aga1n_~ the collapse state (Stage (4)) by

'ﬂ~c0mparing thegjzsplacement permltted durlng construct1on

with the displacement 1n1t1at1ﬁg the occurrence of Stage

T . o, ‘«

Cen
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’5upport pressure dlsplacement reLatlonshlp beyond Stageg

229

(4).

‘ For Mode I the ground responsesffrpm Stages (1) to (3).

- can be determined by the use of_the ffhhte element method

-until severe problems are confronted during the‘numericaIZ;' ‘
iteration process. The ground responses of Mode II may bei
approxlmated by the. “hole in- plate model under 1sotrop1c

‘stress f1e1d w;th the effect of the surface boundary

"(suppOrted by studies on two’ case h15tor1es of f1e1d

‘measurements) prov1ded that all governlng parameters satlsfy _

@

cond1t1on£“bf Mode 11. The responses 1n the "emaznlng stages )

'j(l e., 4 ‘and 5) are determlned using- 11m1t state theory.

'(:}19 method only prov1des the ultlmate support pressures buth'

the/related d1splacements are currently unresolved Howeverfp

extrapolatlon of the ground convergence curve from Stage (2)_v
or (3) to. (a) or (5) can permlt one to obtain an approx1mate -
(4) . - A

The surfgce settlement proflle, deflned by the max1mum»

‘nsurface settlement (Ss) and the po1nt of 1nflect10n (1) 1s a

' functlon of the support pressure (p ) or crown‘dlsplacement o

4

’l(S ) depth rat1o (H/a) and 5011 propert1es.‘1n general the ;h

._d1stance from the centrel1ne to the p01nt of 1nflect1on:

decreases w1th 1ncreaslng S at a faster rate for shallow

"g;tunnels than for deep tunnels .Modes I and II dlsplay

'l,several dlst1nctly d1fferent and un1que features in the;r

L]

'settlement proflles because they represent d1fferent modes

Qof y1e1d1ng If the crown settlement S 15 small the extent-h

:of _the y1eld gpne 1s small The vert:cal Settlement profxles

of Modes 1 and II are 1n1t1ally very 51m11ar, but the
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~

‘magnitude of settlemént is larger in Mode I than in Mode II.

ground settlements,

Small displacement occurs at the elastic zone and large

’

" . !‘ nl 3 3 » ’
plastic straining within the yfeld zone. For excessive S
: c

(i.e., the yield zone reaches the surfece), Modes I and II
T

exhibit distinct differences in vertical settlement profile

above the crown. In Mode I, two localized shear planes

develop and the soil biock displaces toward the opening as a

. rigid body., It remains elastic so that the differential

displacement between the crown and the surface is small.

Hence, the ratio of the surface to crown displacement

(SS/S ) tends to be close to unity. In Mode II, a plastic
s’ e

zone surrounded by the elastic ground develops around the

opening. The elastic displacement is relatively small and

most of thenstrdindng~wi%l occur inside the p}ascic zone.
Thqs the settlemeﬁt ratio S;/Sc must be much less than
.un{ty. At an equal support stress, the surface settlement in
Mcde II?KKO=1.0) is much smeller than that in Mode I

(K =0.5): This. difference is attributed to the fact that

tangent1al archlng near the opening is higher for Ko-1 .0 and

thefre51stance_aga1nst the downward movement of the soil

block aboye the crown is larger. This results in-smaller

.
o

7 2 2 Practxcal Imp11cat1ons

L] N

Based ‘on all of the results presented herein, sgveral

[+

;observatlons of practlcal 1mportance can be made: ~

-

4 : o .

1. * From the ground convergence concept, the. supportu‘

/pgessure decreases w1th 1ncreased displacements. This
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shpport pressure reduces to an optimum value (specified
by displacement Uic) and increases thereafter.
Reduction of lining pfessure can be ensured if the
displacement permitteq during construction (u ) is

con

smaller than u, . This displacement u, not .only
ic ic

corresponds to the optimum support pressure, but also

denotes the.point of initiation of roof céllapse and a
state of change in arching action above tﬁ; crown (from
convex upward to inverted downﬁardl. This transition in
arching signifies an abrupt increase in settlement
above the roof. Hence, a comparison between uCon and f
uic prov1des information on the marginal sdfety- igalnst
the development of the roof collapse. r good grqund
control u must be much less that u./.

con

The initial insitu stress (K ) not only geverns the
f 0

mode of yielding but also influences the dlsplacements
of soil around the tunnel. There exists a crltxcal Ko‘
value (KC ) to dlfferentlate between Mode I (K < Kcr)
and Mode 1I (Ko> Kcr) of>y{eldlng. The surface ‘
settlement in Mode II is much smaller than_fhat:in Mode
I at an equal suppqrtfﬁressure. In addition, Mode I has
a narrower séftlement trough than Mode II. It implies

that the potential for damage due to suffaqe settlement

- becomes more critical for'Mode I than for Mode'II. For

normally consolidated 50115 vhere Ko-l 51n¢, the mode
of y1eld1ng is generally Mode I. Tunnelllng in low\Ko
is much more-rnsky as intuitively expected.

Boundary stresses along the periphery of(é.tunnel

opening exert-great influence on the tunnel behaviour’
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in terms of yield zone development and displacement
field. Studies demonstrate that the application of
uniform pressure tends to inhibit the .propagation of
localized yield zones to the ground surface and reduces
the surface settlement. This explains why tunnel
construction methods such as air-pressurized tunnelling
and earth pressure balance shialds, provide better
ground control. However, this also shows clearly that
the apbrbach of applying a constant fictitious support
pressure at the tunnel circumference to simulate
excavation process does not provide;a reasonable
solution of ground responses. Groipd convergence curves .
pfedicted by constant pressure relief are inaccurate,

The effects of K and H/a must be evaluated by a

correct 51mulatlon procedure.

The German Tunnelling gu1del1nes (Duddeck 1980 and
1982) for 'shallow' (H/a<5) and 'deep’ #H/a>7) tunnels
are generally ]ust1f1ed both ‘in terms of ground E ,

pressure and structural models. Tﬁ!ge guidelines are

reasonably conservatlve for normally consolldated 50115

con
Terzaghi (1943) derlved a solution for the roof

prov1ded that v — is always less than uic' . {/: /;m
lo adlng
above a tunnel in cohe51onless soil. It 1s shown that
Terzaghi's tase is oaly Qalid for one special case of
tunael béhayiour (for a sbicific crown displacement the
horizontal stress‘tb vertical stress coefficient K of
soil above the'crown is equal to ﬁnitY)‘ The support
pressure may not be on the safe side if u con is gregter

than (or much less than)
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7.3 Recommendations for Further Studies (Tunnel)

Although the tunnel behaviour has been quite -
extensively studied in this thesis, there are still many
unresolved areas. For example, the Bogpdary between Mode 1-2
and Mode 1-3 is not well defined. Also, the relationship ‘
between the surface and crown settlements was not
quantitatiﬁely treated and further studies are required to
arrive at the exact solution.‘ o

Finite élement method has proven to be an effective
tool in understahding the tunnel behaviour. Techniques in
predicting the responses near collapse are definite assets
to understand the tunnel behaviour at ghe limit. Improved
}echniques in soil behaviour modelling are also necessary

for predicting the real and actual tunnel behaviour.

7.4 Conclusions on Shaft

7.4.1 Shaft Bew

The behaviour of a shaft is a three- dlmen51onal problemw
in'mhich tRree stress components (av, o and or) must be o
considered. The excavation process simulated by relief in
radial stré§s-éomponent causes bbth horizontal and vertical
archlngs around the shaft. |

Horlzontal arching .develops due to hoop stresses in a
horizontal plane (an increase in tangental stress), and can
be‘Quantified in terms of stres$-rglief (or sﬁppqrt 7
pressuré) and wall"displaceﬁenﬁ by the use of the

e,

®
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convergence-confinement method. This support preSsure—wall
displacement relationehip<is depéendent on the }nsitu stress
and soil strength—deformation\propetties. N

'Vertical arching etises from the formation of a plastic
zone of limited\exteﬁf around the shaft with a tendency to
move in vertical direcééon under the‘effe;t of gravity. The
support pressure due to verticai arching (or gtavity effect)
can be determined using the theory of arching; The magnitude
and distribution of this support pressure (due to the
gravity effect) depends on the extent of the plastic zone.,
the soil and intettecevproperties. The extent of the plastic
zone is oovetned by the mode of yield initiation (which is
dictated by Ko), the soil strength parameters and wall
displacement permitted during construction. An envelope of
support pressures resu1t1ng from horizontal and wvertical
archings yields the formation pressure around the shaft for
a giveh wall displacement. In other words, the convergence
confing¢ment method with consideration of the.gtavity effect,
which 1 be viewed as a technique of accounting for the
'three—dimensional conditions near a shaft, ¢can be used as an
analyticaI(Epproach to predict the true support pressure and
‘the wall displacement around the'Veftical-opening.

From studies on mechanisms of shaft behaviour, it was
7conf1rmed that thg@g’modes of y1e1d initiation (Modes A, B
and C) are possible, and that they are prlmarlly governed by
‘”Ko' Mode A (at—or) and Mode B (o -ar) are commonly T
encountered in the field. A critical value K cr. may be'used
to d1fferent1ate between these two modes. The support
pnessure-wall_d1splacement relationships have been derived

I
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for Modes A and B. They are completely different in terms of
yield initiation, yield zone propagation, distribubion and
magnitude‘of support pressure, and wall displacement.

Variation of strength-deformation parameters (e.g., qu;
E) with depth also exerts'a significant influence on the
shape and extent of the‘plastic zone and, thus, on the
distribution and magnitude of the support pressure.
Furthermore, it was also confirmed that the shaft exhibits
hdistinctly different behavioral modes in cohesionless and
cohegive soils.

Numerical examples generated by the finite element
method .(FEM) were used to .compare results obtained from the
FEM and the newly introduced CCM. These examples~includedﬁ
analyses of shaft behaviour of Modes A and B y1e1d1ng, and
responses 1n\gurely gohes1onless and cohesive mater1als.'
Good agreement in terms of mode of yield initiation, extent ‘
of yield zone, stress distributien and support stress*wall
displacement relatienship‘was found for the two technigues.
This suggests that the proposed conf1nement convergence
method prov1des a val1d analytlcal approach to predlct the
behav1our of shafts. o ,

| The results of three case hlstor1es (1nclud1ng one
field study and two model tests) have been descrlbed and
analyzed. The fleld measurement (Terw1llegar Shaft, | |
‘Edmonton) ~and the Berlln model tests (Muller- Kirchenbauer et
‘al.} 1980) prov1ded cases hlstorles for Mode A y1eld1ng
‘w?ereas the Cambr1dge Centrlfugal model tests (Lade et al.,
1981) s1mu1ated Mode B of yielding. It was shown that the

mode of y1el@1ng dominates the behaviour OE'shaft{with
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respect to the extent of the yield zone, wall displacement
and formation pressure around the shaft. The CCM, which
includes important'governing factors such as mode of yield
initiation, 1n51tu stress state, strength-deformation

properties of 501ls and wall dlsplacement permitted during

~——

construction (i.e., effect of constructzay method), provides
a much improved framework of interpretation for the three

case histories than conventional techniques. .

7 .
7.4.2 Practical Implications Ty

9

Based on jthe studigs of shaft behaviour presehted

herein, the f llowing 1mp11eghf6ﬁ§¢of practical importance
s

can be summarized: \
) \

1. With the formation pﬂessure—wall displacement
relationship calculatég from the CCM, it is bbssible
not only to rationally assess the required support
pressure for a given shaft, but also to evaluafe the
liﬁit of appliéability of the conventional limit
equilibrium methods fershai;}design. The stuaieslog

three case hiStoriés showed fthat the support pressures 

aetermineg frem the-l1imit equilibrium methods proposed

by Tepzaghi (19@3), Berezantzev (1958), and Prater
(1977) are mucthEWer than those*actually observed in

’ﬂests. These conventionel methods do

_the field or mode
o \v ' . \ . ‘ \ S
not dis inguish properly among \the various yield

mechanls s, and neglect ‘the 51g 1f1cance of the shape
\ :
of the ylAld one. Thex are . base on 11m1t equ111br1um

%

analyses o one spec1 1; assumed fallure mode. No

strength de ormation r 1at1onsh1ps are 1ncluded in
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: N
their formulation and full strength mobilization is

assumed. Hence, these methods dnly provide -lower limits
of support pressure or the pressure required to prevent
collapse. These limits are only- ed after large
ground movements have occurred either due to poor
ground control durgkg construction or in cases where _
large movements have accumulated for other ;easnns,

It was shown that the mode of initiation and
propagation‘of‘yield zone goverhs the ground.résponse
near an opening. Hence, for the prediction of shaft
behaviour it is essential to verify the mode of
yielding assumed in a numerical @ode& and to ensure
‘that it is consistent (with the actual mode observed in
the field or model test. The convergence confinement
hethod is the only effectivé“techhique to evaluate~
field observations. Well positioned radial
extensometers should he.emﬁioyed to determine thef

extent of yield zone. Unfortunately, in most field

s
mon1tor1ng projects and model tests dlsplacements\gr,/

stresses are only measured at few locat1ons; Kaiser et
al. (1985) demongtrated that data 1nterpretat1on based

on ‘one-directional convergence measurements may lead to

isinterpretation because many displacement fields and
rnal stress‘redistribution mechanisms could cause

the same wall movements. Case histories such as

' Terwlllegar shaft and Berlln model test (mod1f1ed from

.Muller-Klrchenbauer et al., 1980) have the same

11m1tat10ns. Cambridge model tests (Lade et al., 198 )

=

prov1des better data on stress d1str1but1on but st111

1

\

fr
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insufficient data on displacement field near the shaft

\

opening. ' - .

.7.5 Recommendations for Further Studies (Shaft)
Theﬂconvergence confinement‘method has been shown to be

a practical aﬁalytibal method to préaict actually expected~;

’ éupport pressures and wall displacements. The resulgs
determined from the CCM compare well with field meaerements

in the experimental shaft study and the results obtained

;Lﬂ/ from finite eleméht analyses. However, one limitation of the
/) CCM is the assumption of the twé;d;mensional plane strain/
condition. This condition prevails at depth, but not near

the ground surface where vertical dispdacements domingte.
Hence, some studies on how the two-dim nsional plane strain

cqnditioh affects the results should be encouraged. Further

studies should conceptrate on effects of'boundary

conditions, water table and construction sequence on the

- shape of the convergence curves.

Thé ground control involved in the case histories

studied were rélgtively good, and little yielding did occur.

In futuré}projetts, it might be valuable to. allow large
L)/(:g—-fomd deformations to observe the collapse mode of a poorIy

'supported or unsupported shaft.

-
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Symbols *

APPEND@ y
o

Notations

The following symbols are used in this thesis:’

a

H

tr

vr

con

radius of tunnel or shaft

]

depth of tunnel or shaft x
= depth measured from ground surface
= elevation measured from bottom of shaft

= area of cross section

= radius of plastic zone

radius of plastic zone induced by 2
tangential-radial stress difference (Mode A) K\/
= radius of plastic zone induced by vertical-radial
stress difference (Mode B)

radial distance

differential soil'elemeht thickness@

= radial displacement (convergence) at wall (r=a)

= radial displacement allowed during construction

fl

radial displacement at support pressure pic
= radial displacement at support pressure.pys

radial displacement at support. pressure p

I

‘ fc
= radial stress ' ' .

= vertical stress ’ * S ki

= tangential stress

major and minor principal stress

= normal stress in x-direction’

normal stress in y-direction

e 247 e
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Ti = shear stress along the periphery of;tﬂé opéning
Txy = shear stress in xy-plane
oh = horizontal stress
_pi = internal support pressure (radial stress) at wall
po = vertical initial insitu stress
pg = gtress due to gravity effect
pic = support stress for initiation of roof collape
P = support stress for yield zones propagating to the
¥s surfac
pfc = support'stress at the final limit equilib;iﬁm
state
, prd = support stress at the time of installation
| dov = differential (incremental).vertical stress
¥ ' = soil uhit weight ‘
ID- = density index (relative density) of sand
; .= Poissonfs ratio
E ;l§; = Young's modulus &
e . e average plastic dilation _
Av ? =,parametervcalculating plastic deformatiqn \\\u/ﬁj
¢ = angle of internal friction of soil
N - = tan? (45° + ¢/2) 4 |
qﬁ - uncdnfined';ompfession strength of cohesiVe soi]
CQ’V o =‘Shear strength of cohesive soil
wooo= wall friction_coeff?cignt‘  7‘_ L
“s‘ = soil friction coefficient
ﬁﬁ ) = ratio of horizontal td_yertica{‘stress
 Ksﬂ§ = K at soilfsoil boﬁndary'
K = K at soii-walifboﬁhdaryv.

-,

. B
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K at rest °

1

K at active state ( = tan?(45°-¢/2)

= critical K-value to distinguish Mode 1 (or- A) from
Mode II (or B) yielding

Al

= coefficient of tangential archfﬁg above the roof
of the tunnel :

a surface settlement constant

maximum surface settlement

L}

vertical displacement at the crown

point of inflection at the surface settlement
trough



Tunnel Analyses

B.17 Schmidt's Equations of Stress Distribution around a

\

Tunnel

777
Hy y
<
1l 6 |
a
—

-

Rédial Stress:

v

°.= "Pa - AH(1-q) +(1‘q5(A+B/2-(m7 +B/2)q)rsiné +
BH{1-q) (1-3q)cos26-B/2(1-g) (1+g-4q*)rsin36

‘Tangential Stress:

at= pq -AH(1+g)+(A-B/2-myg-(my+B/2)g*)rsiné -

/ : ﬁH(1*3q?)$0529+;>2(1-q’f4qf)rsin39\’
' oy ' -
_ N o
~ where: g = (a/r)* ~\ & ' - o |
A e (141/(um1)Y/2 - o
B = (1=1/(u-1))y/2 | C
- : - :

1/v, v is Poison's ratio

c
L}

250
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€2 (ur1) (u-1)/u

u, =
u; = (u+1)(u-2)/u
m = -u,/4u, ! <

(the negative normal stress is compressive)
Computer programs (TUN1 and TUN2, Appendix F) 2£e E

written for the above calculations.

_J
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B.2 Formulation of Mode I1I

” For the,b{furcation Mode 11, i.e., continuous domain
(Fig. B.1a), the stresses within the plastic zone must
satisfy the equilibrium eqguations (it is assumed that the
unit weight of soil 7y and the direction of gravity is in

direction at an angle 6 to x-axis):

do /dx + dr /4y ycos# ' B.3
x Xy o

1}

dr /dx + do /dy -ysiné B.4
Xy Yy o

and the Mohr-Coulomb failure criterion (for cohesionless

soil) ‘ ‘ |

(¢ -0 )*+47 = (0 +0 )sin?¢ B.5
Xy Xy X Yy :

»
b

4 Substitugion of the failure criterion (Egn. B.S) ;;:&
the‘equilibrium equationé yields a pair of guasilinear
hyperbolic equations (Booker and Davis ,1977); Associated
with a set of hyperbéiic equations are two families of liﬁes
known as a- and f- characteristics. The equations of these

. characteristics (Fig. B.1b) are:

a Tines: dy/dx=tan(6-u) o - B.6
| : : s S
i§ iines:“dY/dx=tan(é+h)_ L R o B;f'

s -

where; & = #/4 -@/2 (Fig.B.Z)"

S
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1ntegration of stress eguations along the a- and f-
with known boundéry st}ess at the periphery of the

can yield the stress distribution within the plastic
zone. Booker and Davis (1977) described methods of numerical
integration for these hyperbolic stress eqguations forvthree
clasSes of problem. The tunnel problem (Fig. B.la) belongs

lto the initdal value , or Cauchy problem. The boundary

. the periphery of the tunnel opening are

O
P2, and etc. The values at successive

stresses alon
known, i.e., P,
points, e.g., P,; ére initially estimated from those at P,,
and P,, and solved iteratively by expressing the derivatives
_in hyperbolic and characteristic equations in the finite
ﬁﬁgdlfferences. The solution is assumed to converge when the
sum of the absolute difference among the values 1n each
}terat1on does not exceed a specified tolerance.
Non-convergence may be encountered, implying that tHe
hyperbollc and characteristic equatlons are not sat1sf1ed at
that point. Similar procgdures can be applled to find values
at Points P,g, P23 and etc. A computer program (TUN3,
gAppendlx F) entalllng all numer1ca1 1ntegrat1on processes
described above is glven herew1th (Appendlx F).

W1th1n the plastic .zone R (Flg.vB.la)'where the »
hyperbolic and4characteristic eqUations are satisfied, the
solution nill convergeﬁ‘Outside the_piestic‘zone divergenece
exists. Thus, using this criterion one can determine under
what parameters ( H/a, ¢, P, anf‘to) Mode I1 becomes

1
domlnant 1n a tunnel 31m1tat10ns of using the convergence

o cr1ter1on to. locate Line i-1 are recogglzed

N that Mode Il develop§’1nto Mode II-1 is madJ based on

.

-
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opserved results of moaer test;, and needs fu;ther
confirmation. Also, Line i-1 separating Mode 11 from Moae
I11-1 is obtained from trial cases. The exact solution of
this boundary which must satisfy all necessary conditions
such as equilibrium, stress continuity across o

elastic-plastic interface, and boundary conditions (e.g.,

Detournay; 1983) is not available in-this stége.
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B.3 Calculation of Coefficient K
r

I3

7777

KoHY

0 .
' | /

c
i

Along A—A, the resultant of horizontal forces are: v
initiélly: KéyH(?a)” \

, at‘n% support prgséure: nYH(2a) ‘ .
Assuming even stress redistribution at¢the roof and floor,

‘the total horizontal force at the roof is given by:

;‘1/2K°7(}l—a)2 + (1-p)qHa

which can be expressed in terms of
1/2*+0K )y(H-a)*

| /240K ) \

Therefore ‘

iB.Ba'd

(S

oK = tzgo(a/a)(1—n)]/(n/a-1>=,
K =K + 8K L - B.8b
r o0 . L g ‘ _ )

For résults see Fig. B.2.’ | ‘:'7 : | .
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B.4 Calculation of Tunnel Support Pressure pfc

\ | .

6 .
-
- a
¥ Y
o '
J- )
N L . : . |
(. © . Summation of vertical forces for the slice yields
“ -do = (1/An )[ydy(A ) - F 1 , B.9
p v r r s o :

where: ‘Ar 2a + 2(H?y)/tanﬁ
. o

o s K ‘ “- ) .

- Integration of Egn. B.9 yields the vertical stress

K o tane(dy)
s v :

- distributions above the roof, i.e., p
) L@ .
{TUN4

A S ' L ’ ‘
1’4 E ‘ .

L

fc.

. A computer program
\\ﬁsffndix F) is-written for this purpose. -
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B.5 Analysis of 2-D Plane Strain Hole-in-Plate Problem

(Ladanyx, 1974)

N
R

Material Characteristics (L1near Coulomb):

5Peak (Elastic):

c /tan(¢ 5

S =
P
N = tan (45°+¢ /2)
P
“ M =
C

~ -Residual (Plastlc)

S
r

N

c /tan(¢ )
r' - r

tan5(45°+¢£/2)

é’:‘)
Extents of Plastic Zone:

(1+(N —I)K p /a )/(N +1)
P p:

~

R = a[(K6p0+sr-Mcoc)/(pi+sr?]

Radial Displacement at Wall:

u, = ad1-[(1- e

. T av

. where: A = (2(u /R)
ARRY

e v [2(u /R) (RA4)? ]/[((R/a)&L1)(1-1/B) 1

B = '2D[ln(R/a)] if R/a < 1,732

o

)/(14A )]

.
av

)(R/a)’

e 1. 1D 1f R/a > 1.732

‘D = —sma,

Convergence Curves.

Comb1n1ng Eqns. B 10 and B 11,

terms of ul; A comput%£ program (SFT1 Appendlx*

1/2

}

N ¥
iy
sl .'4,~'
.
.
B

A
K
1/N -1~
/ P B.10
L '

»

p can b expressed 1n

) is

wr1tten to caldulate thls relat1onsh1p

.0
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Table C.1 Tunnel Case Histories - Cohesionless Soils

Cases H/a Ss/a 1/a Reference No
(%) )
London TEL .New Cross 4.8 1.0 1.8 (1) ()
washington DC Metro < 4.5 3.5 !.4‘:‘/ 1) (1)
. 66 0.2 16 , (1) (L) !
Frankfurt Shiela -3.8 2.2 1.5 (1) (M) " -
Brussé'ls Metro . 3.2 3.0 1.1 ’ (1) (1) ‘
Mission L1ne BART 4.1 1‘.0 1.6 , (0 (1)
Toronto Subv)ay 4.6 2.7 1.0 (1) (2)
. ' - 3.9 8.7 0.7 (1) (15a)*
- - 5.1 119 | 0.9 (C” .’(’15b)
Ayrshire JD Scheime ‘4.3 9.3 En 1.0 (2) - N
‘' . warr ington Sever: t "4.7 .“1.4 1.2 4(~2) - )
! ‘ " A 7 1.0 1.4, (2) - ~
’oo- 4.2 2.9 0.8 (2) -
L (e} . ’ N
- . 4.2 1.3 1.2 (2) - s
& , 4.1 1‘.8 1.1 ' (2) -
" 4.7 0.2 2.7 (2) -
WNTDC Sewer 26 43 1.3 (2) . - \ ©
- - 5.0 1..1 i.4 (2) -
- ’ 3.6 08 ‘0.9 (2) -
) - 3:6 2.8 1.0 (2) -
- 36 04 13 (2) -
" | North west A sewer .8.4 2.8 3.2 (2), N\
( Nor thumbr {an Sew.er; 7.5 a.7 4.2 (2) - “ .
LRT Edmonton b. 3.4 0.3 .08 (3) -
_Ef Tunnel Edmonton 8.8 0.9 12.5 (4) -
. Mode Test (Cambr idge) 20 GO 0.7 ‘ (5) - .
¢ oo . “3.0 4.1 08 (5) -
. - 3 2 L4
g . .40 3.5+ 1.2, (5} - .
- ’| Mode1 VTest _(1'111791‘5) 4.9 af - 32 . (8) .
| e T &g a9 3.6 o (6) - -
' o ‘ o sii . ©. 4 2.0 .zlbce) -
« Ref.: (1) Attewell (1978). (2) 0'F 11y and New (1981) - ¥~ .
: (3) Branco (1981), (4) E1-Nahhas (1979)" N
™~ v (‘5{),’ A'tk:'tnson?fand ?ofts (?977),. (6‘54(:'o’rding et ,al,(1$76)..-
[ e - - -\

=

Co e R

'




Table C.2 Tunnel Case Histories - Cohesive Soils

7

. 4

.- {5) Atkinson and Potts (1977). (§) Cording et a

Cases H/a S?/a i/a Cu Refere;me No
: _ ‘ (%) (kPa) .
’n§a$1 Tests (Zambridge) 2.5 . g.4 ' 1.0 26 (s) -
- ' . 1.8 ce.e 0.7 26 (‘5) -
Hashingtont Netr.c T4 4.8 "1.4a 75 (1) (u;
A 36 B8 06 5 (1) (k)
Modet ;;sts (Cambriage) 3.5 7.7 1.a 26 (5) -
T . .40 7.3 20 26 (s) -
Toronto Subway 4.9 1.4 1.4 67 1) (12)
cﬁiéagg D-S 3.9 1.3 0.9 &7 (1) (13)
Sewerage, Belfast' 3’6 1.2 2.0 10 (2) -
BART. San fFrancisco 3.3 -.1.5 1.8 10 (2) -
Sutton Sewerage . . 3.8 0.4 2.3 90 (27 -~
Bristol Skwerage 3.5 1.2 2.0/ 18 (‘2) -
NWA Seweage Schemsg - 7.5 0.8 3.7. 737 (1) (B) o
Mode ! {ests‘(Cﬂbridge) 7.2 5.3 5_7 26 (5) - 0{
T ’ 80 6 %o’ 26 Y -
Kyoto, Tokyo Subway 64 03155 72 e1) (9)
BART San Fr‘unc|sc~.' 6.5 1.7 3.2 L (1) (10)
NWA Sewerage 7.5 0.8 3.9 73 ("12) -
.Suttén Sewerage - 64 09 4.0 90 (2) - A
Stock fon Counc 1 10.0 , 6.9 5.5 50 (2)° -
- . <93 89 58 s0 (2). -
washington Metro , 4.61°07 2.1 155-550 (1) (N)
" S 32;4 © 0.2 1.2 72275 (1) {R)
Running Junnel : 5.5 -.0.3 2.7 205_ (2) -
bd}don Trénsport ‘s.éy 0.2 3.8 '2;0."'(2iA' -
Oxford Trunck Sewer 8.3 0.2 3.6 200-400 (2) -
tondon R - . - 4.y 0.3 6.1 270 '(1i o (a)
. ‘ : ;19?4 0.3. 5.0 . 230 '(s)Q_, () -«
co. - : ' ."v;-jsla o}; 733 anq A ‘.é?)
Ottaw Sewer - " 12,0 0.4 5.2 354 (1) 1)
I ;ut}ﬁn séwéﬁ' T :i 19.2  0.4.711.2 180 ‘Hpéibq -
" _‘ ,' R ”" ' . 4‘ ' . o . e
1% Ref.: (1) Attewel) (1978),:(2) 0'Reilly and New (1981). o
1% -(3) Branco (.1981), (4) .E1-Nahhas (1979): e
- 31.(1976)

-y
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--(K%)_and_foundlthat K_is a functxon of fr1ctron angle (6)

ﬂofpthegwell,gnd sgilfinternal fr1ct1on angle (¢) of the ,

APPENDIX D

‘Shaft Analyses

7 .

r\/\t ‘ .
— ] g |
D.1 Vertical Arching 7 ‘ '([ - PN

X ’
Vertical soil arching sometimes can be referred to as

"bin effect in sila" quantifiedbby use of a horizontal

S

T differential j}iment whose supportsfderive from the shear

resistance on'the interfaces of the Stationaby.iall or soil
mass (Fig. 4.2d). Summation of the vertlcal féorces can be
"used to calculate the horizontal pressure required‘to
ma1nta1n equ111br1um of the so1l mass 1n vertlcal
Elrectlons. Because the shear res1stances oﬁ the 1nterfaces

are derived from the £r1ct10na1 re51stance and the shear

strength of the cohesionless and cohesive materials

”respectiVely, the vertijcal arching action for these -two

'typespof:naterials is treated separately.

Cohesionless Soils _ ,

Terzaghi (1936) adopted the vert\?al arch1ng act1on
developed behlnd the t1mber1ng of cu@s and derlved-a
relatlonshlp between the’ allowed wall y1eld1ng and the
lateral pressure dlstrxbutrongbehxnd However, he had to
a;sume some l1near funct1on on the coeff1c1ent of ] S t};
hor1zontal/vert1cal pressure (K ) along the depth Recent y,

Handy (1985) expanded h1s 1nvest1gat1on on th1s coeffici nt f»?i

[

B
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w

soil. The lateral pressure distributidn calculated from the
classic arching theory with adjustedfh;cdmpared yeil with
published data-o? some model and field tests. It.is'of
.practical importance that Terzaghi (1936) and Handy (1985)
both assumed the plasti¢ yielding b?hgnd the wall followed
the Rankine' s.sllp.llnes. However, this assumpt1on is not
applicable to-the-shaft case, 4 »
o Vertical arching near a shaft can he_quantitativeiy

!ﬁ!:‘described'by the same conceépts as'found in the.two papgrs
mentioned above, although several modifications are |
neceSSary for their generalization. These willlbe discussed
below for, the shaft behav1our. | J |
) Summation of vertlcal forces of a hdflzontai
different1a1‘r1ng element in Fxg-’4.2d gives

do = [y - (270 )/Ad%k-u.R/sina) + K u a)@dh : D
v ' v ' s s o wew o} -

In Eqn. D.1, the extent of the plastzc zone, R can be i
determlned from. Eqn. 4 14, -4, 19 or 4.25 depend1ng on the : ,
mater1a1 type and the mode® of y1eld1ng Typ1cal values of K
and K can be found in the paper by Handy (1985) for"f'”“

. v
so1l propertles. These coeff1c1ents, KS and K " def”

horlzontal to vert1ca1 stress rat1os~at so11 and wall .g]
o

(
4 .
// turn are funct1ons of dlsplacement mater1a1 types, and
W
SNV

des of yzeld:ng. F1g D 5 shows stress d1str1butxons

o e

q /

around the shaft dxagrammatacally, along w1th ranges of K ,Iﬂ

and K values for y1eld1ng Modes Q and B. It 1_
w )

4 from Eqn. D. 1

reallze that the’ﬁ

.’\. "

rt1cal stresses calcuur‘

s

H

=7

1’J.lmj.\ox:t:am: to -

depend on the stress d1str1butlon around the shaft whlch 1n r‘ e
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are assumed to be constant across the plastic zone. This

assumpt1on should be taken into account when estlmatlng the

K and K 'values. In case of the y1eld1ng Mode A (K 5K )
s cr
where the vert1cal stress is always the 1ntermedmate stress,

-

e

‘the K value at the elast1c plastlc bouhdar)\is greater than

“K and less than K » but close to K:. The K \value at the

a
wall depends on the displacement allowed fi. e., K >K for
a .
small displacement and K-<K for excessive yleldlng .
w. a

(tangential stress equal to vertlcal stress). For Mode B

L

(K <K ') where vertlcal stress is always the pr1nc1pal
o. cr

stress, the K value i$§ sllghtly greater than K and the K
; w

is_.less than K . It can be seen that the K ‘and K values
. a . s w

vary along the depth of the shaft. A . ‘\

&

With all necessary parameters in Egn. D.1 determxned
the vertical. stress distribution along the depth can be
obtalhed by numerlcal integration of dav over the whole

'depth (see the computer program'éFTZ,'Appendix F)C and the
. horizontal stress due to éravity.effect is giueh by -

- \

CohesiVe Soils > .

The sheer res1stance of cohe51ve materlals 1s
1ndependent of tﬁefébnf1n1ng pressure. Hence, applylng
hor1zonta17pressure on the shaft wall does not enhancelthe
strength of the/ﬁfterial in the plastic zone, It ;;ﬂ\
'necessary to 1dent1fy the possible: collapse mechanism within
the plastic zone and 1nh1b1t the mechan1sm by external

.3
forces ?F
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Fig. D.4 shows one of the posS?Ble collapse mecﬁanismé
rarouna the shaft. The ¢ollar within the plastic‘zone will
cave in vertlcally and exert a. resultant welght (W') on the
con1ca1 mass beneath. To 1nh1b1t the hor1zontal caving in of
the conical mass "horizontal pressure has to be applled The
required total force is given by con51der1ng the foroce
equ111br1um along the 1nc11ned fallure\surface of tpe-‘
conicai.mass' J

|

" (W'+Wc)sina - P (cosa) - F =0 b ’ D.3
g .
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D.2 Mechanism of Shaft Behaviour in Cohesive Soil

, ‘
This section contains equations: governing the mechanism
of sha%&,behav1our in cohesive soil. Eguations are .
' de51gpaf§§ in the same Sequence as those for cohes1on1ess
soil éxggpt a preflx‘— D. Thus, the explanations 1n\
cohe51onless soil sect1on is applicable to this appendxx

~

The notations and symbols are given in Appendix A.

~

The stresses in ah elastic thick walled hollow cyiinder

are given by: )

“0
v o
! ) ; ' | ,
o -[K p -p, 1(a/r)? - . D.S
r o oo i . :
2 ' o !
o =Kp +[K p -p.)(a/r)? o D.6
t 6 o oo i ' v - A
For a cohesiye'materiél the strength is assumed to be
constant: ‘
0, - 03.=q . o © ' D7
- : u . : . ) " ’
_ | Hence,gthe support pressures for three p0551b1e modes

of yleld 1n1t1at10n are:

I



For o -0 : p.= (2K -1)p -g D.10
t v "1 o] o v P

\
The largest valuekof p will govern the mode of yield

A1n1t1at10n which can be expressed in terms of required K :

o
v B : ”5 ¥
Mode A for o -o : (2p )+1 > K > 1- (2p )
t r gu/ po o qu/ po
D.11
‘Mode B for 0 -0 ¢ K < 1- g /(Ze“? S .D.12
N vV I o u of . :
. ’- A S VA \
- Mode C for o -0 : K> q /(2p )+1 D.13
t v (] u o ‘ ‘
Modq C 'has been neglected in the follow1ng analy51s
'because 1t is of less pract1cal 51gn1f1cance. A cr1t1cal
‘K-value, K is used to d15t1ngu1sh Mode A from Mbde B {
cr !
i.e., Mode A and‘Mode B. observed for K > K and K < K '
J cr e} cr
respectlvely. ' \ s
. ‘\ \
a) Mode A (0 -0 ).at K > K \ w'
- ) t r 0. cr r
The yielding initiates at the ¢ondition . o
B
"o -0 = 2K -2p.= : Lo D14
' r . oPo “Pi™ 9y : g -

The magnitude of displacement corresponding ‘to the S
‘ RS \ \
. . X - A . A

_yield initiation is: .

us ‘v[a(Kopo“Pi)(1+v)]/$ |

-
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Q

Further decrease in. the 1nternal support pressure -
causes propagatlon of the plast1c zone’ and increase in

wall convergence wh1chiare as follows%

. . PR
‘ - R = pl(K p - ~1/2 D.16
ip = elexpl(X p -p.)/q -1/21} 6
.r.r, ’ e .‘ . 1/2 .
u, = a{1=[1/{1+a )} / } : » D.17
v
N\ [ .
o SN
b) Mode B (o -0 ) at K < K E
v r o] cr o ‘ .
g’) d 4 - - ) ._l‘ / ) iy CTT,(

o Yielding initiates at the condition of Qqns'b;12

“and the disglacement at this’stage is-given by:,

N
k PO
. “ : g < '
. - - Y .
s . s
.

or u, = al(K -K )p (1+»)]/E - ' . D.18
o1 c a o ———

As p is prdgress1ve1y reduced, the vert1ca1

stresses Wlll also decrease due to”the vertlcaJ shear

\ t .L .
; LN
s stress 1nduced by vertlcal downward dlsplacement, and .

~ the tangenz;el stress will increase unt1l 1t becomes Y
equal to the vertical stress at the wall At th1s ]

state, the d1al stress in the plastlc zone is given -

by:

' | o =0 - and 0 = R ~* D.20
q : v Po e

- r v i
: : “»
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Vv

Equating this stress®with that in the elastic zone
éiven.EyAEqn.“ﬁ.S-yields the extent of plastic zone
| N L
. R, =a/TKp-p)/[(K -1)p *+q 1} D.21
* vt oo i’ o, o u - »
o ,

_The corresponding waﬁl cénvergence at this stage
can ‘be found by épplicatipﬂ}of'&he model‘prOposed by -

Ladanyi (1972),

i .

1 N ( 3

: PPN V2 S

cu, = af{1-[1/(1+Aa V)3 "} D.22
1 <. g v
S S CL Ry : . \
- and the support pressure is _ P PRE " \
o = (K P -q /25x’ . - 3. D.23 - \
' o1 0 0 u . c L. e '
w0 ," S - - ' , \) ’
fFurther rel1ef in support p;essure 1nduces the)

: propégatlon of the plastic zone.‘The mode of y1eldlng
_is. 54111 controlled, by Mode B. But near the shaft wall
there}exlsts a zone at which the tangential stress

) become equéi ‘to the vert1cal stress. W1th1n th1s zone,l
hthe radtgf_fhd tangential stresses governed by the ‘

fa11ure/cr1ter1a ariﬂglven as Laﬁanyl (1974)

7 -
o ='p.+q (In(r/a)) " .: . D.24.
r 1 "u : S S .
o =p,+q (1+ln(r/a)) ... . -D.25’
t 17y , _ . -
@ T, @, . . b
. K - - - ,"q\
and the extent-of this zone is. =~ . ‘;ﬁﬁ;)

\ . ~ . ST \‘_".’/ .
. ., \ ~- i ) Lo ~ . - (R .
L : S c : &



o o g | o
R__=a{exp[K.p -p.)/q -1/2)} N plag
tr A oo 1 “u o : i -

To calculate the ‘extent of the plastlc zone due to
Mode B, one needs to know the radlal stress
distributlon. Between, the dlstance (R ; <r < Rv;)’
.,shown in Fig. 4.9, the tondltlon of equlllbrlhm with

—

tangentlal stréss gives radxal stress as

0. = K p_ STk B -0 ')(R r/r) ] ¢ D26

where: ¢ ! = 2K - at r ='R
. r. . p q tr

Subst1tut1ng r = Rtr ahd o ' into Egn. D,26 yields.”‘
r
the radlaf stress dlstr1but1on in the plastlc zone (R
tr
<r <R ). Cont1nu1ty of radial stresses at the
vr

elastlc zone boundary (v . = K ¢ ).locates the extent of
C :

athe-plastlc.zone, R as: :
. vr .

R = : . , . v
vr ’
a/{(K RCH )exp(Z((K‘p p )/q -1/2)]/[(?~K )b +q 1} -j

t*’ ' S B ; ~\ DK;j‘f

- » ) o”‘ . o ' : ‘ .
The wall displacement can alsobefouqa-§1kf;¥r to
A. Mode A. | L ’ “ ." G.a . ‘__: ) ',‘.:‘-‘ . ) Ly

o

'S
&
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-

- [|Plastic|Elastic . - ,
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- (a) Schématie, Movement .

. PN F t e l
in Ptastrc Zone {b) Stresses  on Element

, in Plastic “Zone
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-

(c) Mohr Diugfum
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 Figure D.1 Terzaghi's Method (1943) |
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a a i .
iy

.
\

Eay E—

! k]
h
R
N \///

BerezantzeV'(1958)

Radial stresses (Pr) acting on a vert1cal cylindrical
sunface 1s(g1ven by: 4

K a}g y Ca l
Pro= ah—— (1 - (— 7Y 4 g+ ¢ cotd li—9 k- 1)/
. g -1 r . or r o )
where: K = tan?(45° -d/2) .

r
g

a + h{K N\, -
2 tan¢. tan (45° +E’/2)

 Figurg D.2 Berezahtzev's Method (1958)1‘,‘
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Lo . . e

f‘z‘.

;\b\ﬁad+us of shaft
H - depth of shaft ' -
'} - angle between the hor1zontal and the fa11ure
- . surface of."the cone
¢ - angle of internal fr1ctgar of soil’
DM - wetght mf_the sl1d1ng cone
- Q - reaction acting on the sliding cone
P - earth pressure acting on the shaft lining
T - tangent1a] force which has a radial component
F act1ng in outward direction, i.e.
.2 tan(¢/2) :
P
\ .
N ?/
)
//”’A Du
’“' - .

"

(‘ & ..
~uFiQh;;\P?QLPréter's Meth9”(1977)
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e 7
{. \} . -
. ' MODEEA R >K .y
| at Goat
tt
¢ K > K for small R,
lw> Q or sma tr |
Kw® Kq forr large »R (0, = 0,)
. " ) ’At R«tr‘ “0’ : £
S (r(QfKS< K,.but close to K °
. L‘Rtr.-" . : N .
. ¥ N }ﬁ; .\ P
R : \ A -
_ CIV average Oy in gravnty effect '
\ alculation. ‘
N e -
A |
u 4  MODE B (Ky<Kcr)
— - » B B 14 L4 . '
: ' SOt Atwall N
. - 0 : \'.
ovf ' ' o o
7 . ) ‘ - \ . v o ."
7\§\ - Ut . At r =er
1~ Co. ch‘<Ks‘< Ko
.:' ‘- _'i; ’? : v | .,
1 TRy, . - /~
i : “ T 5 . Ty
. ve \ . "/ ' B L
’ . l."/ ° (/5‘ N
) ., e ‘be :“k‘ ,//'?/. |
F1gure D S Coeff1c1ents of Vert1ca1 Rad1a1 Stress ( K /)
W
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Shaft Case Hﬂistories
S
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Table E. 1 Propertiés of Melinex (Shaft Lining)

e

Tensile 3§rg;éth : 17.865 KN/sq.cm:
Yield Strength 9.81 KN/sg.cm.-
Young’'s Modulus 430.0 KN/sqg.cm.
(at 1% strain) .
Elongation at . . 5%
Yield Point. B s o
Coefficient of Thermal 17.10° x10 <cm/cm-C
Expansion . )7* - ‘
Y - ’ P
R 1 4




Table E.2 Properties of Le%gthon'Buzzard Sand 120/220

-~
v

N N
A\

.
N ‘ \,

3

SN

Specific Gravity
Minimum Density
Maximum Density
Average Grain Size
Coefficient of Unif
(=D60/D10)

Density in Test
Density Index
Frictional Angle

2.66

12.95 KN/m3
15.86 KN/m3
*0.13 mm

ormity 1.40°

i

1.535-1.550 KN/m3
85%-90%
38.3 deg

287
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& " Figure E,1 'Shaf‘t' Details (modified from Mull'er—Ki'rchenbauer'

et al., 1980)
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Figure E.3 Model Test Setup (modified from Lade et al.,

1981)
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om0 = — - — 0. — 0 T % [0,=30 NcmP)
o g )
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—or —6- —0— —0—-2 113 {015 Nicm)

'V/.-’-’\‘__'—"‘—- T 12 (8y=10 Nrced)

-~

. Figure E.4 Stress-Strain and'VolUmé‘Change Curves from
Triaxial CompteSsion Tests on Leighton Buzzard Sand

(modified from Lade et al., 1981)
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APPENDIX F

- Ce Computer Program

Tunnel Analysis
TUN1 - Calculate support pressure for yield'initiation at

the roof (Line c-d4, Fig. 2.4)

s

TUN2 - Caldulate suppért pressure for yieid initiation at »
the springline (Line h-k, Fig. 2.4) o ,
TUN3 - Determine Regime-'J'<of’Mode 11 (Line i-1, Fig. 2.4)
TUN4 - Calculate suppQrt pressure for final ‘equilibrium
state (pfc) . | | |

TUN5 - Calculate support pressure for p s (LIne e-f, Figq.
' S . y : _
2.4) ' ‘ : ' o *

Lo

Shaft Analysiéﬁ o S o <

§FT1 - Calculate Ground Convergénée.Cu;be oglsoil model .
(Ladényi,f1974) o .

SFT2 - Calcﬁlate support‘préssuré“for vettical'arching

- ' ‘, .7 292 | ';5/:"
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C

C

!

ct’t‘.o..".oO...‘oﬁ....‘..o‘..‘tt.o..t..o‘.t..n..‘tto.t.".
N

.

Ceesevsnseses TUNYT *sossasssese

C

. 601

602

603

DXK0O=0. 1
DDEP=1 . .
DPHI=S.

. DO 11 I'=1.5

PHI=PHIO+DPHI*(1-1)

" XPHI=PHI*3.14159/180.

XNP =(TAN(3.14159/4 .40. 5‘XPHI))“2
WRITE(6.601) PHI, XNP
FORMAT(/, * ANGLE =’,F6.2,’ NP =

00 22 J=1,8
XKO=XKOO+DXKO*(J=-1)
XMIL = XKO/(1.+XKO)
XN=1.0/XMIL
D1=(1.41./(XN-1.))*0.5
D2=(1.-1./(XN-1.))*0.5
XMIL1=(XN+1)*(XN-1.)/XN
XMIL2=(XN+1)*(XN-2)/XN
XM=-XMIL2/(4*XMIL1)

WRITE(6,602) XKO,XMIL

FORMAT(’ KO = “,F5.3, ’ POISSON RATIO =°

WRITE(6,603) ) . -
FORMAT(® H/A ‘. PI/YH *./)
00 33 L=1,9 +
DEP = DEPD +DDEP*(L-1)

AT ROOF

FETA=3.14159/2.
Q=1.0

‘', F6.3)

C " CALCULATION OF SUPPORT PRESSURE(IN TERM OF YM) FOR
YIELD INITIATION AT ROOF ‘IN TUNNEL

c
c
C.‘k ‘..‘.......-‘...‘...“........‘.;‘“‘...".,.....p‘.
)
C USING: :
C ELASTIC STRESS DISTRIBUTION AROUND A CIRCULAR TUNNEL
C  UNDER INTERNAL PRESSURE USING SCHMIDT METHOD  {
c
C .‘.....:‘..‘O‘...*l...‘.'..‘.‘...“....‘...‘....‘..
C INPUT FILE:
c’ 1. KO,PHI,DEP '
c 2. EOF
C .
C OUTPUT FILE:
C SUPPORT STRESS IN NEGATIVE
c !
¢
READ(5.511) XKOO,PHIO.DEPO .
511 FORMAT(3F10.0)
c

.F6.2)
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!
. < )
g N
61" ¢
62 XSTe “D1*(1.4Q)+
63 & (D1-0.5 oz-xm‘o-(xm‘o.5'02)'0‘0)‘(1_/osp)°sx~(rzra)—
' 64 &  D2°(1.43°0Q)*COS(2*(FETA))+
65 & 0.5’02‘(1.-0‘0*4'0‘0‘0)‘(1./DEP)‘SIN(B'FETA)
66 c ,
67 ALPHA= XST/(XNP+1.)
68 c - ‘
69 WRITE(6,612) DEP _ALPMA
70 612 FORMAT(F5.2,F10.3)
71 33 CONT INUE
72 22 CONT INUE
73 11 CONT INUE
74 - STOP
75 ~ END
End of file
1 c .
2 C.‘.“.“.‘.Q.‘.“..‘.".“..‘...“.O.‘....“...,.““.
3 C , //f\m/.
;' g‘.......... TUN2“‘O.‘...
€ C CALCULATION OF SUPPORT PRESSURE(IN TERM OF YH) FOR N
7 c YIELD INITIATION AT SPRINGLINE IN TUNNEL
c
g c‘.“.‘...““..‘.0.‘.‘.0'....‘..‘....“.‘“.‘.0.......0.
10 c
11 ¢ ubiNnG: , -
12 C ELASTIC STRESS DISTRIBUTION AROCUND A CIRCULAR TUNNEL
13 © € UNDER INTERNAL PRESSURE USING SCHMIOT ME THOD
t 14 C
15 i c D‘........."‘.‘...““.“0‘..‘.‘-’..00“0O....‘..h
16 C INPUT FILE: S
17 c 1. KO,PHI.DEP
18 c 2. EOF
19 c : )
20 C OUTPUT FILE: . .
21 c SUPPORT STRESS IN NEGATIVE ‘ , .
22 c .
23 . C ; ¥
24 READ(S%511) xxK00,PHIO.DEPO
25 511 FORMAT(3F10.0) ' &
26 . C ‘ .
DXKO=0. 1 LT T .
DDEP=1. : N ¥
DPHI=5 .

DO 13 I=i,5
PHI=PHIO+DPHI*(I-1)
XPHI=PHI*3. 14159/ 180.
XNP =(TAN(3.14159/4.40.5*XPHI) ) "3, . :
WRITE(6,601) PHI,XNP . ; Lo v,
FORMAT (/.. *" ANGLE =’ .F6.2,° NP = ‘,F6.3)

DO 22 J=1.8 , . R %

XKO=XK00+DXKO*(J-1) , ‘ R T
XMIL = XKO/(1.+XK0O) ) » T

XN=1_0/XMIL ) S
.43 D1=(1.+1./(XN-1.))*0.5 , / T
44 D2=(1.~1./(XN-1.))*0.5 ‘ ~ S e

%3



End

c
c

¢

. C . THE SPECIFED T
>
c
c

J
. , .
XMIL 1=(XN+1)=*(XN=1.)/XN B '
XMIL2=(XN+1)*(XN-2)/XN
Lo XM=-XMIL2/(4*XMIL1)
C . 2N
WRITE(6,602) XKO,XMIL
602 FORMAT(’ KO = * . F5.3. * POISSON RATIO =',F6.2) s
c .
WRITE(6.603) ’ i ¢
603 FORMAT(‘ H/a ', PL/YH °./)
DO 33 t=1.9 *
: DEP = DEPO +4DDEP+(L-1) -
c . d
c AT SPRINGLINE
c o
FETA=0.0
Q=1.0 . . 5 ' N
C N
XST= -D1*(1. +o)*
& (D1-0.5"D2-XM*Q-(XM+0Q 5= 02)-0-0) (1. /DEP)'SIN(FETA)-
& D2*(1.43°Q%Q)*COS(2*(FETA) )+
& 0.5%02%(1.-0°0+4470%0%Q)*(1./DEP)*SIN(3*FETA)
c .
ALPHA= XST/(XNP+1.)
c

'WRITE(6,612) DEP ,ALPMA
612 FORMAT(FS.2.F10.3)

as CONTINUE

22 CONTINUE

11 CONTINUE
STOP
END |

.
C..‘."‘o‘o‘.o..o‘.‘..cooo“o...‘t..notct..‘.-t.ot‘.o.."t‘
N d -

C

_co-.‘-‘oc-oto..‘n TUNJ3#t*essssnsses

STRESS DISTRIBUTION WITHIN THE PLASTIC ZONE

= SOLVING CAUCHY 'PROBLEM
(INTERNAL PRESSURE WITH SHEAR IN % OF INSITU STWESS)
< (MARCH 21, 1985)

“..‘..“‘..‘.".."...‘.".‘l‘..‘.‘.‘O..‘..‘.‘.‘.‘.“‘..

INPUT FILE:
1. RAD.HT,PI(%).ANGLE,COHESION, DENSITY POISSON ‘S RATIO,  TOLEN,

2. EOF . ) .

srssessannn. .

QUTPUT INTERPRETATION :
+VE X~AXIS POINTING DOWNWARD, 4+VE Y-AXIS RIGHT :'

C
C
C
T
C
C
C
C
C
C
C
C
c !
R - RADIUS , THETA- ANGLE BETWEEN X AND R DIRECTION

DIVERGENCE OCCURED WHEN THE DIFFERENCE IN FED EXCEE
OLERANCE . I .E. HYPERBOLIC CONDITION NOT

VALID AND bifurCATION INVOLVED .

.n-..ooonot‘.o.c-n..c-tcotntatotnant‘.cnfhaatnoc-c-ta..nn'

COMMON TUNPRS, RAD, PHI,.COH ,W,

& X(20.20), Y(20,20).TH(20.20).5P(20, 20), sn(zo 20)
& 'NP,NF . IX0,1Y0, NBC, DIVAN TOLEN

c o

C W - WT OF sSOIL ‘ ' . ’



C TUNPRS -~
C TOLEN -

INTERNAL SUPPORT PRESSURE
TOLERANCE ALLOWED IN CALCULATION fOR ACCURACY

%OF INSITU STRESS

C RAD - RADIUS OF TUNNEL
- DEPTH OF OVERBURDEN o

C' HT
PHI

Y -
SP
SR

[eNeNoNesNsNeNoRoNeNeNe]

3
[}

601

.

XKO -

- INTERNAL FRICTIONAL
COH COHESION OFf SOIL
INITIAL INSITU STRESS COEFFICIENT
P -~ NODAL POINT IN CHARACTERISTIC

X - X COORDINATES

Y CDORDINATES

ANGLE OF\ SOIL

- STRESS FUNCTION
STRESS FUNNCTION

&

®

INPUT DATA

TH -ANGLE BETWEEN X

~AXIS AND PRINCIAPL STRESS

READ(5,501) RAD ,HT,TUNPRS,PHI , COM,W,XKO, TOLEN

FORMAT(BF10.0)

WRITE(6,601) RAD HT,TUNPRS,
RADIUS OF TUNNEL =

FORMAT( *

* DEPTH OF OVERBURDEN =
TUNNEL SUPPORT PRESSURE =’
FRICTIONAL ANGLE =~

COHESION =

’

PMI ,COH.W . XKO.TOLEN 7
.F6.2./,

‘. F6.2./. -

.F10.2./.

F&.2,/,

F6.2, 6 .

C
C

KO = ~
JOoL =

DN S TR RN

&

&

INITIAL DATA
NF=10

WEIGHT = |

,F6.2/.
‘,F8.5.//)

C' NF - NO. DF FORWARD CALCULATION (PLASTIC ZONE EXTENT)

C

PHI=PHI=*3.

XNP=TAN(O.25%3 .

1416/180.
1416+0.5°PHI )*TAN(0.25°3.1416+40. 5‘PHI)

F6, il/ ‘ .

WRITEN6,698)

698 .

FORMAT (10X,

& St

3 SR

X Y.’
ST

SSH

.5X,

‘THETA’  3X

/)

L "SX’

C BOUNDARY CONDITIONS

NBC=9
OR KNOWN BOUNDARY CONDITIONS

- NO.
; .. r

1Y0e9 ///ffw

DIVAN=3 14159/8 .

C NBC
’ IXO=1
DO 11 I=1 ,NBC

11=1-1

MX=IX0+11

NY=IYO+I']

X( MX,NY)=RAD*COS((I1)*DIVAN)

Y( MX NY )=RAD*SIN((II)*DIVAN) . R\‘\
TH{ MX NY )=0.5 *3.4416+(11)*DJVAN

C INITIAL SXO .SYO STRESSES IN X , Y DIRECTIONS
SYO = We(HT+X(MX ,NY))

SXO = XKO‘V‘(HT*X(MX . NY))

.3x,

Sy,

C INITIAL NORMAL AND SHEAR STRESSES ON THE SURF*CE

C . CALCULATIOGN QF P ,

SNO_= 0.5*(SX0+SYO

+ 0.5*(SX0-SYO)*COS(2°TH(MX, NY))

ST = -~0.5%(SXO-SYO) *SIN(2* TH{MX NY))

SUPPORT PRESSURE

SN = §
.ST = §

CX =

)

- % OF INSITU STRESS .
*TUNPRS v :
*TUNPRS ' '

R STRESS PARAMETERS
COH*(1./TAN(PHI)) -

’

296

<

SXY
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2

297

VX3 = (SN*SN*SIN(PHI)*SIN(PHI)-ST*ST*COS(PHI)*COS{PHI))
VX2 = 2%CX*SN*SIN(PHI)*SIN(PHI)+CX*CX*SIN(PHI)*SIN(PHI)
VX3 = RT(VX14VX2)
c ROOT1-?§N*CX ~VX3)/(COS(PHI)*COS(PHI))
ROOT2=(SR+CX+VX3)/(COS(PHI)*COS(PHI))
SP({ MX,NY) =R0OOTZ2, - €X
C . P2=ROOT1-CX N
SR{ MX . NY) =SP(MX, NY)‘SIN(PHI)4C0H‘COS(PHI)
DTH = TH(MX, NY)*180./3.1416
R = . SQRT{X(MX,NY)*X(MX NY)+Y(MX NY)*Y(MX NY))
AN = (ATAN(Y(MX, NY)/X(MX.NY)))
DAN = AN*180./3.1416 .
SX = SP(MX,NY )+SR(MX, NY )*COS(2*TH(MX ,NY ))
SY ~ SP(MX,NY )7SR{MX, NY )*COS(2°*TH(MX NY ))
(\ SXY = SR(MX NY)ESIN(2*TH(MX NY)) .
T~ St = (SP(MX, NY)~$R(MX NY))
S3 = (SP(MX,NY)-SR(MX,NY))
SGT = SX‘(SIN(AN)'SIN(AN)) +SY*(COS(AN)*COS(AN))-
8 2°SXY*SIN(AN)*COS(AN)
SGR = SX*(COS(AN)*COS(AN)) +SY*(SIN(AN)*SIN(AN))+
& 2*SXY*SIN(AN) *£OS(AN)-
SGSH = 0.5%(SGT-SGR) *SIN(2*AN)+SXY* (COS(2*AN))

(o
. WRITE(6.612) MX, *NY _ X(MX, NV),Y(MX. NY ).R.DAN, .
L & SX, SY,SXY ,St1, $3,SGR,SGT,SGSH ‘
€12 FORMAT( * P(*.12,’,7,12,) =’ ,3F6.2, F6.1,8F7.2)
C WRITE(6,613) CX,VX1,VX2,VvX3, ROOTt ,ROOT2
' €613 FORMAT(6F10.3)
- C WRITE(6.614) SXO. SYO.SNO.STO.SN.ST .P2
. C614 FORMAT(7F 10. 2) . . ~
[olt} R
11 CONTINUE
c b :
c ! 1 o 7
; CALL NODE
c‘,
' STOP :
END . - .
¢ ;
c ' .. ;
C'  SUBROUTINE NODE
SUBROUT INE Nogb >
.COMMON TUNPRS, RAD, PHI,COH ,W,
: & x(20.2d), Y(20, 20) TH(20 20).5P(20,20),5R(20.20).
T NP NF | IXO 1YO. NBC.DIVAN,TOLEN
c -

.o XAN=(3.1416/4)-0.5%PHI

i S
Cc ICON -~ COUNTER TO LIMIT NO. OF ITERATION ‘ .
C

DO 10 I=1,NF o
: WRITE(6,699) I ! v
€99 . FORMAT(‘ FORWARD CAL. NO. “%ys) SUARLEE /) -
NNBC=NBC- 1 \ ,
DO 20 II=1 ,NNBC. ‘\ s
ICONT 1=0 o /
: NC1=I1=1
c NC1 - COUNTER MOVING DIAGONAL DOWNARD
IM=IXO+NC 1 u
. JM=IYONC1 ) A
. . v “ . .
_ , ;

/’“;3 - - | ' “ B

)
-
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- C

c
C FIRST ESTIMATES OF XP, YP, SRP AT POINT P
C .
XP1 = O.5*(XA+XB)
YPt = O0.5+(YA+YB)
THP 120 .5* (THA+THB)
SPP1=0.5*(SPA+SPB)
SRP1=0.5*(SRA+SRB)
C WRITE(6.904) XP1 YP1 THP1, SPP1 SRP 1 -
Cc904 FORMAT(5F10.3.//) ’ :
C SOLVE FOR SPP AND THP
1000 ICONT1=ICONT 1+ 1 . . ~
If (ICONT1.GT.20) GO TO 999
E1=-SIN(2*XAN) / oy
E2= SIN(2*XAN)
Fle-WeSIN(2*XAN)*(XP1-XA) i
F2=-W*SIN(-2*XAN)*(XP1-XB) . !
G1=SRP 1+SRA .
G2=SRP1+SRB A=3
H1=-W*COS(2*XAN)*(YP1-YA)
H2=-W*COS(2*XAN)*(YP1-YB) .
SPP2=(G2*(F1+H1)-G1* (F24H2)+E1*G2*SPA-E2*G1°SPR+
& G1*G2*(THA-THB) )/ (E1*G2-E2°G1) "
THP2=(E2*(F1+H1)-E1*(F2+4H2)+E1*E2*(SPA-SPB)+
& E2*G1*THA-E1*G2*THB)/(E2*G1-E1*G )
SRP2= SPP2+SIN(PHI)+COH*COS(PHI) #
c WRITE(6.,901) €1, €2,F1,F2,G1,G2 H1 H2
€901 FORMAT(8F10.3,//)
c WRITE(6,902) SPP2,THP2,SRP2
€902 FORMAT(3F10.3.//) !
c Ty
c SOLVE FOR XP, YP o : °
A = (0.5°(THP24THA)-XAN) '
B = (0.5*(THP2+THB)+XAN) g
XP2 = (YB-YA+XA*TAN(A)- xe-TAN(B))/(TAN(A) -TAN(B))
‘YP2= ((XB-XA)*TAN(A)*TAN(B)+YA*TAN(B)- -YB*TAN(A))/
& (TAN(B)-TAN(A)) ;
C WRITE (6,805) A, B, XP2,YP2
€905 FORMAT(4F1-.3://)
[
c TEST FOR CONVERGENCE - A
c
: TEST = ABS(XP2 xp1)+Aas(v92 VP1)+ABS(SPP2 SPP1)
& ‘+ABS(THP2-THP 1)
IF "(TEST-.LT. TOLEN) €0 T0 2000
c WRITE(6,906) TEST
€905.

(\Q

IN=TXO+NC 141

UN=IYO+NC 141

XA = X(IM,JM)
XB = X(IN,JN)
YA = Y(IM, JUM)
YB = Y(IN,UN)
THA=THECIM, UM)
THB=TH(IN,UN)
SPA=SP(IM, UM)
SPB=SP(IN,UN)
SRA=SR(IM, K JUM)
SRB=SR(IN,JUN)

FORMAT(F10.2) ..

-

298
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\
3 \ f
1 - d )
XP1 =XP2 d
YP1=YP2
“ : SRP1 =SRP2
N SPP1 =SpPP2
R -4 GO TO 1000 .~ » . o
C. : '
. 2000 M= IM+ 1 -
o X( M, UM ) =xP2 y
Y{ M, UM ) =vP2 . oL . .
TH( M, OM ) =THP2 .
SP( M. UM ) =SPP2 .
- SR{ M, UM“) =SRP2 5.
L DTH = TH( M, JM)*180./3.1416 .
R = SQRT(X( M, JUM)*X( M, UM)+Y( M, UM “Y( M. JM))
AN = (ATAN(Y( M, UM)/X( M, uM))) . )
DAN = AN*180./3.1416
SX = SP{ M, UM )+SR{ M, UM )*COS(2<TH( M . UM ))
SY = SP(. M, UM )=SR( M, UM )*COS(2°TH( M, UM ))
o SXY = SR( M, JM)=SIN(2°TH( M. UM} )
S1 =(SP( M. UM)+SR{ M. UM))
3 S3 =(SP( M, JUM)-SR( M, uUMm))
SGT = SX*(SIN(AN)*SIN(AN)) +SY*(COS(AN)=*COS(AN))-
g, 2*SXY*SIN(AN)*COS (AN)
SGR = SX*{COS{AN)*=COS(AN)) *SY‘(S%N(AN) SIN(AN) )+
& 2*SXY*SIN(AN)*COS(AN) :
. SGSH = 0.5%(SGT- SGR)‘SIN(2‘AN)*SXY'(COS(2 AN))
.. C
v wpgrs(e €03) M, JM XOom, dM),Y& M, UM ). R.DAN. °
. 8 SX.SY.SXY, .s1 s3, SGR. SGT, SGSH
603 FORMAT( P( ‘" 12,¢) =, 3F6.2, F6.1,8F7.2)
C . -
c INfERCHANGE IMAGES IF II=1 OR NBC-1 ) . ,
e X ‘ L
: IF (11.£0.9) Gowad 93 o : .
. -GD TO 94, ° . .
Q3 LOX( IM, UM-1) « X(IM#1, UM ) . . d
\\ TLU¥( IM, JM-1) =-Y(IM+1, UM )} & P "
© THC IM. L UM-1) =TH(IM+1, JM )- DIVAN, o .
SP( IM, UM-1) =SP{IM+1_ UM ) SR
“ SR IM, JM-1) =SR(IM+1, UM ) . : . . ’
T MUM=gM- .
© DTH & TH{IM,MJM)*1BO./3.1416
R = SQRT(X(IM,MUM)*X(IM MUM)+Y(IM MUM)=Y(IM.MUM)) . «
AN. = (ATAN(Y (1M, MUM)/X(IM,MUM))) L
: DAN =AN*180.73.1416 - \
. SX-= SP(IM,MUM )+SR(IMIMJUM )*COS(2*TH(IM .MuM }) A
SY = SP(IM,MJUM )-SR(IM, MUM )'COS(2°TH(IM MUM ))
SXY = SR(IM,MUM)*SIN(2*TH(IM,MUM))
51 = (SP(IM,MUM)+SR{IM,MUM))
S3 = (SP(IM,MUM)-SR(IM,MUM))
" SGT = SX*(SIN(AN)*SIN(AN)) *SY‘(COS(AN)?COS(AN))-
& 2*SXY*SIN(AN)*COS(AN)
SGR = SX*(COS(AN)*COS(AN)) 4SY‘(SIN A IN(AN))*
& 2*SXY*SIN(AN) *COS({AN) o
A SGSH '» 0.5%(SGT- scn)'st(2‘AN)+sxv g@(z-AN))
c [ -
WRITE(6,604) IM,MUM JX(IM, Mqﬁé Y(IM, nun ) .R,DAN; T
\ & SX,SY,SXv, s1 sa SGR scr sssw Y
604  FORMAT( ' P(-, ') =’ )\3F6.2, F6.1,8F7.2) "
c - : <

!

¢ v

FIS
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269
270
271
272
273
274
275
276
277

278’

279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

295

296
297
298
299

301
302
303
304
30%
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328

95

605
20 |

(o]

C

C

C

C

300

‘IF (11 EQ.(NBC-1)) GO TO (85

’ép To 20

X( IM+2, dM*1) 5 OX(IM41, UM )

Y IM+2, UM+1) =-Y(IM+1, UM )

TH( IM+2, JM+1) =TH(IM+1, UM )+ DIVAN

SP( IM+2, UM+1) «SP(IM+1, UM )

SR( IM+2, UM+1) =SR(IM+1, UM )

NIM=IM+2

NUM= M+ -

DTH = TH(NIM_ NUM)*180. /3 t416

R = SQRT(X(NIM,NUM)*X(NIM NUM)+Y(NIM NUM)*Y(NIM_NUM))

AN = (ATAN{Y(NIM _NJUM)/X(NIM_NJUM)}))

DAN = AN*180./3. 1416

SX = SPONIM, NJUM )+SR(NIM NUM )*COS(2*TH(NIM _NUM ))
SY = SPENIM_NUM )-SR(NIM, NJM )*COS(2*TH(NIM, NUM N

SXY = SR{NIM.NJUM)*SIN(2*TH(NIM, NJUM))

SPP1 = SPP2

S1 =(SP(NIM_NJUM)+SR(NIM,NUM))

S3 =(SP{(NIM NUM)-SR(NIM _NJUM))

SGT = SX*(SIN(AN)*SIN(AN)) ‘SY’(COS(AN)‘COS(AN))‘
2*SXY*SIN(AN)*COS(AN)

SGR = SX*(COS(AN)*COS(AN)) +SY*(SIN(AN)*SIN(AN))+
2+SXY*SIN(AN)*COS(AN) 4

SGSH = 0.5°*(SGT-SGR)*SIN(2°AN)+SXY*(COS(2*AN)) 7

WRITE(6,605) NIM.NUM .X(NIM,NUM), Y(NIM, NUM ) .R.DAN,

SX,SY.SXY,S1,S3,5GR,SGT, SGSH

FORMAT(. * P(’.12,7,’.12,’) =’ 3F6.2, F6.1,8F7.2)
CONTINUE

C COUNTER ( MOVING CENTRIOD IXO, 'IYD SIDEWAY RIGHT BY 1)

IYO=1Y0-1 Id

DO 30 LL=1, NBC
ICONT2=0 v P

NC2=LL-1

NC2 - @OUNTER MOVING DIAGONAL DOWNARD”

IM=IXO+NC2

JM=1YO+NC2

IN=IXO+NC2+1 .
JUN=1YO+NC2+ 1 S
XA = X(IM, UM)

xB = X(IN,JN)

YA = Y(IM, JM) )
Y8 = Y(IN,(JUN) -
THA=TH(IM JM) —~
THB=TH(IN,JN) -
SPA=SP(IM, UM) )
SPB=SP(IN, UN) ) L
SRA=SR{IM, JM)

sns-sn(x)u.um \

C FIRST ESTIMATES OF xP, YP,“SRP AT POINT P

c

!
XP1 = 0.5*(XA+XB)
YP1 = O.5°(YA+YB)
THP 1=0.5*( THA+THB)
SPP1=Q.5%(SPA+SPB)
SRF1=Q.5* (SRA+SRB)
|
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v
329 c
330 c SOLVE FOR SPP AND THP
331 3000 ICONT2«ICONT2+ 1
332 IF (ICONT2.GY.20) CO TO 999
333 ET=-SIN(2*XAN)
334 E2= SIN(2*XxAN)
335 Fila-WeSIN(2*XAN)*(XP1- XA)
336 F2=-W*SIN(-2*XAN)*(XP1-XB)
337 G1=SRP1+SRA
338 G2=SRP 1+SRB
339 His-W*COS(2*XAN)*(YP1-YA)
340 H2=-W*COS(2*XAN)*(YP1-YB)
341 SPP2=(G2*(F1+H1)-G1*(F2+4H2)+E1*G2*SPA-E2*G1*SPB+
342 8’ G1*G2*(THA-THB) ) /(E1*G2-E2°G1)
343 g THP2=(E2*(F1+4H1)-E1*(F24H2)+E1%E2*(SPA-SPB)+
344 ™ & E2*G1*THA-E1*G2*THB)/(E2°*G1-E1°G2) .
345 SRP2= SPP2+SIN(PHI)+COH*COS(PHI)
346 c
347 o SOLVE FOR XP, YP
348 c
349 A = (O0.5*(THP2+THA)-XAN)
350 B = (0.5*(THP2+THB)+XAN)
351 XP2 = (YB—VA*XA'TAN(A)—XB'TAN(B)),/(TAN(A)—TAN(B))
352 YP2« ((XB-XA)*TAN(A)*TAN(B)+YA*TAN(B)-YB*TAN(A))/
353. & (TAN(B)-TAN(A))
< 354 c ’ . N
355 C TEST FOR CONVERGENCE
356 €
as7 TEST = ABS(XP2-XP1)+ABS(YP2-YP1)+ABS(SPP2-SPP1)
358 & +ABS(THP2-THP1)
359 IF (TEST .LT. TOLEN) GD TO 3000
360 XP1 =XP2
361 YP1=YP2
362 SRP1 =SRP2
363 ' SPP1 =SPP2
864 GO TO 3000
365 c
366 . 4000 M=IM+ 1 :
367 ) X( M, UM ) =xP2 '
368 Y( M, UM ) =YP2
369 TH( M, UM ) =THP2
370 SP( M, UM ) =SPP2
371 SR{ M, UM ) =SRP2 .
372 K DTH = TH( M, JUM)*180./3.1416
373 R = SQRT(X( M, JUM)*X( M, UM)+Y( M, JM)*Y( M, UM))
374 AN = (ATAN(Y( M, JM)/X( M, UM)))
375 DAN = AN*180./3.1416
376 SX = SP( M, UM )+SR( M, UM )*COS(2*TH( M , UM })
ar? SY = SP( M, UM )-SR( M, UM )*COS(2*TH( M., UM ))
378 SXY = SR( M, JM)*SIN(2*TH( M, JM))
379 : S1 =(SP( M, JUM)+SR( M, UM)) ,
380 : S3 =(SP( M, JUM)-SR( - M, UM)) :
381 SGT = SX‘(SIN(AN)'SIN(AN)) +SY‘(COS(AN)‘COS(AN))'
382 & 2*SXY*SIN(AN) *COS(AN)
343 SGR = SX*(COS(AN)*COS(AN)) +SY*(SIN(AN)*SIN(AN))+
384 8 2*SXY*SIN(AN)*COS(AN)
gbs SGSH = 0.5*(SGT-SGR)*SIN(2*AN)+SXY*(COS(2*AN))
B6 o . ‘
387 . WRITE(6,606) . M, UM . X( M, UM),Y( M, JM ) R,DAN,

3sh_ - & ':~\SX.SV.SXY,51.53.SGR. SGT,SGSH
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file

606
c
30
C .
c
c
10
999

610
888

C
Con
C
Cnes»

-

ERslsEvEeNeNsNeNeNsNoNoNeNeNoNeNeNeNeo Ne!

-

-

101

102

OoO0O000n

601

302

FORMAT( P(’.l2.’.'.12.')/-‘13F642_ F6.1,8F7.2)

CONTINUE .

- COUNTER { MOVING CENTRIOD IXO, 1Y0O UPWARD BY 1)

. IXO=1X0+1
CONT INUE
GO TO 888

WRITE(6,610)

FORMAT(* SOLUTION DIVERGING’ ./}
RETURN

END

AR R R R R R NN YT Y T TR T T
esssessssccnns TING *eesssnsas . .

VERTICAL gTRESS DISTRIBUTION ALONG TUNNEL DEPTH
(USING BIN ARCHING THEORY ,REF: HANDY._ ASCE,MAR. 1885, ,P302)

-
A A A E RS A R R AR L R R R R N R Y RN R R R A R N N S R R NN A RS P E R NN FEE R I Y

. -

INPUT FILE:

1. DEPTH{TUNNEL). RADIUS., INCLINED ANGLE(YIELDING EAR).
2. DENSITY,SOIL-SOIL COEFF.,SOIL ANGLE

3. DITTO (REPEAT LINES 1 and 2) :
4. 0.,0., . . o

S END OF FILE :

OUTPUT FILE INTERPRETATION:
1. VERTICAL STRESS IN TERM OF PI/YH

(AR E RN AR E R R ERE N R R R R R P E R E R E Y R N RN

READ(S.1) H, RAD.ALPHA ) .
IF(RAD.LE.Q.0) GO TO 999

FORMAT(3F10.0) .

READ(5,2) DEN,XK,PHI

FORMAT(3F10.0)

WRITE(G,101) H,RAD. ALPHA

FORMAT(3X,’ HEIGHT= ‘. FS5.1,’ RADIUS=’.F7.2.’ INCLINED=' FG.1)
WRITE(G, 102). DEN, XK PHI )
FORMAT (3X, ‘DENSITY =/ F5.2,° XK=’ _F4.2,
& * SOIL FRICTION=',F5.1,//)

XK - COEFF., OF HORIZ. STRESS / VERTICAL STRESS AT FAILURE BOUND
ALPHA - INCLINED ANGLE OF THE CONE '
PHI=PHI*3.1416/180.
ALPHA=ALPHA*3.1416/180.

R=H*(1.0/TAN(ALPHA))
DZ=H/20." - .
$1GV=0.0 ‘

WRITE(6.601) _ 3
FORMAT(‘ . DEPTH ‘,40x,' P/DEN(Z) *./)

> . .
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47 c
a8 DO 22 1=1,20
49 2=D2*1

N\t 50 . AREA=2 *RAD+2.*(H- Z)/TAN(ALPHA)
51 } IF (AREA.LE.O.0) GO TO 44
52 ‘ FSOIL=XK*SIGV*TAN(PHI )*DZ
53 . DSIGV=( 1N\Q/AREA)*(DEN*DZ*AREA-FSOIL)
54 ) SIGV=SIGV+QRSIGV

- 55 ' . PV =SIGV/(DEN*2Z) e
s6 ~ ¢ Vi
57 WRITE(6, 103)% 35AREA FSOIL .- DSIGV,STAV, PV ) /
58 . 103 FORMAT(6FB .2\ !
59 22 CONTINUE \ \
60 44 GO TO t1
61 999 STOP \

\

62 END . i : .
End of file » t\ - ) e /
c_‘nooo»o..o.oooo_oo7.*....0n.-.o...---‘iznso-o--c‘.-..o..n.

'

c /
C.o-.o.o—oo.. TUNS o,o.oo...c‘-.oc
c
C 1IDENTIFY MODES OF(FAILURE (AUG, 1985)
C CALCULATE FORCES DUE TO GLOBAL GRAVITY EFFECT (YIELDING
C  ZO0NES REACHING SWRFACE FORMING COLLAPSE MECHANISM)
C SPECIFY KO
C INCLUDING VARIATION OF STRESS ALONG TUNNEL PERIPHERY
{ C REDUCING SUPPORT PRESSURE BY PROPORTIONS. ALONG POSITION —-
c ...‘clc..‘to..‘t“‘t...“t“ntt.o.‘.‘on.t-.‘tt‘o.‘.‘-.n.q.n
"G INPUT FILE _ .
C 1. ANGLE OF FRICTION OF SOIL., KO DEPTHRATIO, '
C ( ALL ARE INITIAL VALUES)
c 2. END OF FILE
c
. c
C OUTPUT INTERPRETATION g
(o 1. GRAVITY EFFECT RESULTS ONLY IF PI/HY LESS THAN
c P2(1) (MODE:WEDGE)
c 2. MAX. P2(1) GIVES THR CRITICAL YIELDING ANGLE
c .
c
DIMENSION P2(10) .FETA(10) . XFETA(10) . XT(10)
- - READ (5,501) PHIOQ, XKOO,DEPO
501 FORMAT(3F1O 0)
C
28  C DEP -BBQTH/RADIUS RATIO
29 DDEP =1.0
0 7 DPHI #10.
31 DFETA = 10. y
2 . DXKO=0.1 Lo
33 o “\
34 DO 11 It=1,3 %‘\\%
35 o PHI = PHIO+ DPHI‘(I1—1) N .
36 : XPHI = PHI®*3.1416/180. )
. 37 _ WRITE(6.602) PHI .
. 38 . 602 - FORMAT(//.,' ANGLE PHI =’ ,F5.1)
.39 c ' .
40 D0 22 12=1,8 I
41 Co- XKO=XKOO+DXKO*(12-1) , .
42 ' WRITE(6,666) XKO. : '

43 - ‘6’66\,,_: _\FORMAT( ‘* XKO =', F5.2)



(e

. o //
DO 33 I3=1.89
DEP=DEPO+DDEP*(13-1)
WRITE(6,601) DEP

601 FORMAT(’ DEPTH RATIO = * F5.1) -
-C
C
GF = O0.5*(DEP-1.0)*(DEP-1.0) ?}
c
DO 55 L=1,10
FETAD = 45.40.5*PHI -~ $.0
FETA(L) =FETAO +(L-3)*DFETA
XFETA(L) = FETA(L)*3.1416/180.
XT(L) = TAN(XFETA(L)-XPHI)
55 CONTINUE —
WRITE(6.612) FETA(1), Fé}A(2) FETA(3),.FETA(4) FETA(S),
8 FETA(6).FETA(7).FETA(B).FETA(9) .FETA(10).
612 FORMAT(*'ANGLE’ ,10F8.1./)
C I3
C

C CH - RATIO OF LATERAL SUPPORT STRESS TO PO
C CV - RATIO OF VERTICAL SUPPORT STRESS 10 PO
p

CH= (1,0-0.5/DEP)*XKOD

Cv= (1.0-0.5/DEP)

(o
c
MODE 1- SLIDING WEDGES ON SIDE
c
DO 66 M=1,10
PART1 = O.5*DEP*DEP*(1. /TAN(XFETA(M)))* (osp -3.1416/4.)
PART2 = (XKO*GF+XKQ*DEP)
P2(M) =((PART1*XT(M) - PART2)/(CH+CV*XT(M)-XKD))/DEP
66 CONTINUE
c
.C
WRITE(6.611) P2(1),P2(2).P2(3),P2(4).P2(5).
. & P2(6).P2(7).P2(8).P2(9).P2(10) .
611 FORMAT(’'PI/YH’, 10F8.13) N
44 CONT INUE '
33 CONTINUE
. DEP =DEPD )
22 CONT INUE
‘XKO=XKOO0
11 CONTINUE
STOP
END

End ofﬁf!le . .
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C
C SHAFT - GROUND REACTION CURVE FORMULATION®
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'C SCIL MODEL - LADANYI(1974)

” (MAY, 1985)
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€ TASUMMING:

C' HOLE IN PLATE 2~-D PLANE STRAIN
C CONSTANT VOLUME CHANGE
C ._ASSOCIATED FLOW RULE
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£\§:EFP-DEPTH/RADIUS OPENING ' .

')

INPUT FILE: ,
1. KO, MODULUS. DENSITY, RADIUS(=1.0. NORMALISED)
2. PEAK ANGLE(SOIL). RESIDUAL ANGLE., PEAK COHESION.RESI. COM
. POISSON RATIO .
3\ pITTO
éo
"END OF FILE

APH1= SUPPORT PRESS(PI)/INT. STRESS(PO)

APH2= COHESION(CE)/INT. STRESS(PO) ELAST

APH3= COHMESION(CP)/INT. STRESS(PG) PLAST
CE/PO =KA®**.5/2°KO ,
APHA4sPO/E

FANGLE=FRICTION ANGLE ELASTIC
PANGLE=FRICTION ANGLE PLASTIC
XMIL=POISSON RATIO

XKO=COEFF. EARTH PRESSURE AT REST

E= MODULUS

YDEN=DENSITY

OIMENSION APH(S0).PSIGR(1Q).PSIGT(10).ESIGR(10)
DIMENSION ESIGT(10),PXR(19).EXR(10)
REAL NOE,NOP,NUM
WRITE(6,7)
FORMAT( ‘GROUND CONVERGENCE CURVE CALCULATION'./)
READ(5,77) XKO.E,YDEN,RD
FORMAT(4F10.0) “
WRITE(6,777) XKO,.E.YDEN,LRD
7 FORMAT(3X,” KO = * . F6.2," E = ’,F8.1,* DENSITY. =  F6.2.
& ‘ RADIUS = ‘ F6.2)
IF(XKO.LE.0.0) GO TO 1000

FORMAT ('SF 10.0)
IF (EANGLE.LE.O.0) GO T0 1000
WRITE(6,101) EANGLE ,PANGLE,CE CP, XMIL

333 READ(S5, 1) EANGLE,PANGLE.CE.CP, ; IL

104  FORMAT(4X.,

c
c

&' PEAK ANGLE =':F5.2,’ RESID. ANGLE =" ,F5.2,
&’ CE =" ,F6.2,” CP =’ F6.2,
&’ POISSON RATIO =‘,F4.2./)

EANGLE=EANGLE*3.1416/180. s
PANGLE=PANGLE*3.1416/180. ‘ .
NOE=(3.0+SIN(EANGLE))/(1.-SIN(EANGLE))
NOP=(1.0+SIN(PANGLE))/{1.~SIN(PANGLE))
+ DEP=0.00
APH1 INPUT DATA ,
NAPH1 = NUMBER OF APH(I) ENTRY S

NAPH1 = 27
" APH(1)=0.0002 "

/" APH(2)=0.0004 : . .

APH(3)=0.0006
APH(4)=0.0008
APH(5)=0.0010
APH(6)=0.0015 . .
- APH(7)=0.002 S .
APH(8)=0.0025 : .



115
116
117
118
119
120

121

122
123
124
125
126
127
128
129
130

132
133

AOOOO0O (o]
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APH(9)=0.003

APH( 10)=0.0035

APH( 11)=0.004 .
APH(12)=0.005

APH( 13)=0.006 .
APH( 14)=0.007

APH( 15)=0.008

APH( 16)=0.009
APH(17)=0.01

APH( 18)=0.02
APH(19)=0.03 -2
APH(20)=0.04
APH(21)=0.05
APH(22)=0.06
APH(23)=0.07
APH(24)=0.08
APH(25)=0.09
APH(26)=0.10
APH(27)=0.15

C PRINT TITLE COLUMN
WRITE(6,601)
601 FORMAT(‘ ,PI1/PO ‘,3X,’ HT/RADIUS ‘,4x,’'RP‘ BX, 'Ul"’, 4X

& ‘LAT PRESS’./)

a

C Y
C DEPTH(SHAFT)/RADIUS = 15
C ’ L [
DO 44 JJ=1,15 n
DEP=DEP+1.
PO=YDEN*DEP*RD
APH2=CE/PO 4 '
APH3=CP/PO
APH4=PO/E 7
C SCP=A (PO) . e e
=APH3/TAN(PANGLE) ) N

C SIGMAC=B (PO)
B=APH2*2*COS(EANGLE)/(1.0-SIN(EANGLE))

C MC*SIGMAC=C (PO)
C=(B+(NOE-1.0)*XKO)/{NOE+1.0) _ .

C UENOS= ELASTIC DISPLACEMENT AT WALL OF NO SUPPORT
UENDOS=2.0°APHA*( 1.0+XMIL)*XK0

C PLIM=.PI/PO AT PLASTIC YIELD INITIATION (=APH1)
PLIM=XKO-C

DD 999 I=1 NAPH1
APH1=APH(1)
» IF(APH1.GE.PLIM) GO TO 44 -
C"RP(EXTENT OF PLASTIC ZONE)=RAD(PLAST)/RAD(OPENING) (RE/RI)
EX=1.0/(NOP-1.0)
RP=( (XKO+A-C)/(APH1+A))**EX
IF(RP.LE..1.0) GO TO 44 C :
RSTS(RAD. STRESS AT ELAST/PLAST INT)=D (Po)
RSTS'(XKO c)

CALCULATE WALL DISPLACEMENT‘ ul
APH4= POJE -~
UE=RAD. DISPLACEMENT AT ELAST/PLAST INT.
UE=(1.04XMIL)*C*APH4*RP
DC= -SIN(EANGLE) »

o C e N
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134 - IF(RP _GE. 1.7321) GO TO 89
135 - R=2.0°DC*ALOG(RP)
136 CT 0 TO 33 e
137 99 .12DC -
138 33 DENZZ 0+ ((1.4XMIL)*C*APHA) *RP*RP
139 NUM=((RP*RP)-1.0)*(1.0+1.0/XR)
140 - EAV=DEN/NUM -
141 (o .
142 C UIgmRAD. DISPLACEMENT AT WALL/RAD.OPENING
143 fa=(2.0*UE/RP-EAV) *RP*RP
144 =(1.0-SQRT(ABS((1.0-EAV)/(1.0+AA))))
145 (o ‘
146 ORP = APH1*PO
147 ¢
© 148 WRITE(6,602) APH1, DEP, RP, UI, HORP
149 €02 FORMAT(F10.6 .F10.1,F10.2,F10.5,F10.3)
150 ~-. C WRITE(6,102) APH1,APH2, APH3, APH4 DEP,RP . UENOS.UI PLIM
151 7 ¢C & DEN,NUM AA RSTS.PLIM -

152 " - C102 FORMAT(9F8.5) - - .
CALCULATE STRESS DISTRIBUTION

153 . C v
154 C XR-WITHIN PLASTIC ZONE XRR-WITHIN ELASTIC ZONE
155 C PSIGMAR-PLASTIC STRESS RADIAL
156 C XINR={RP-1.0)/4
157 c DO 55 1JU=1.S -
158 c PXR(IU)=1.0+XINR*(IU-1)
159 C. EXR(IU)=(RP+1U)
. 160 " C PSIGR(IJ)=(APH1+A)*((PXR(IU)**(NOP-1.0)))-A
3161 € ESIGR(IU)=XKO-C/((EXR(IJ)/RP)*(EXR(IJU)/RP))
- 162 C PSIGT(IU)=NOP*(APH1+A)*((PXR(IJ))**(NOP-1.0))-A
163 c ESIGT(1U)=xXKO+C/{(EXR(IJU)/RP)*(EXR(IU)/RP))
164 C 55 CONTINUE _
165 c WRITE(6,104) PXR(1) .PXR(2).PXR(3).PXR(4),PXR(5S) . EXR(1),
166 c &EXR(2) ,EXR(3),.EXR(4) EXR(S)
167 C 104 FORMAT(10F8.2) . .
168 c WRITE(6,105) PSIGR(1) ,PSIGR(2),PSIGR(3).PSIGR(4) PSIGR(5),
169 c 8ESIGR(1) ,ESIGR(2).ESIGR(3),ESIGR(4) ,ESIGR(S)
170 C 105 FORMAT(10F8.4) : ‘ ‘
171 c WRITE(6,106). PSIGT(1).PSIGT(2) ,PSIGT(3),PSIGT(4) PSIGT(S),
172 c &ESIGT(1),ESIGT(2).ESIGT(3) ,ESIGT(4) ESIGT(S) _
173 C 106 - FORMAT(10F8.4) c
174 999  CONTINUE ’ . C
175 T 44 CONTINUE ’
176 . GO TO 333
177 1000 STOP : !
178 END . .
End of file
1 c . . : e
2 C.“.‘tt"l.“".‘t‘_’“.-“‘.t‘“q‘t-."0...‘."'0‘.“‘.‘.‘..‘.h
3 c
4 C‘...“t". SFT1"‘O'....."...
5 c ) ‘ o
‘6 C ' VERTICAL AND HORIZONTAL STRESS DISTRIBUTION ALONG CONE DEPTH
7 c (USING BIN ARCHING THEORY,REF: HANDY,”ASCE,MAR. 1985,P302)
i :) C . (PLASTIC RADIUS CAN BE VARIED IN SHAPE) ‘
9 c .
10 c.i‘ﬂ“‘.“'ll..‘.“.‘..'."t“.',“.tt...‘ltll“l‘t‘..‘t“lt...n
11 c : B :
12 . ¢ INPUT FILE: ‘ ' ' : :
13 (o 1. DENSITY(SOIL), SOIL-SOIL COEFF.,SOIL-WALL COEFF.,SOIL ANGLE
14 c WALL FRICTION ANGLE, :

\
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71 103
72 22
73 999
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End of file

XKW -

DEPTH(SHAFT), RADIUS, .

NO. OF ENTRY FOR PLASTIC RADIUS(RP)
RP,

RP,

DITTO. ' L
0..0.,

END OF FILE

DNV DdDON

DIMENSION RP(50)

READ(S, 1)DEN, XK, XKW, PHI .DELTA

FORMAT ¢5F 10.0) :

READ(5,2) H, RAD

FORMAT (2F 10.0)

WRITE(6,101) H RAD

FORMAT(3X,’ HEIGHT= ‘. F5.2,° RADIUS=',F7.3./)
WRITE(6,102) DEN,XK,XKW,PHI DELTA

-

FORMAT(3X,’ DENSITY=' F5.1_ ° XK=’ F4.2," XKwW=' _F4 2,
& * SOIL FRICTION=’.F5.}.' WALL FRICTION=‘ FS.1,//)

READ PLASTIC RADIUS (RP)
READ(5,.3) NRP
FORMAT(I3)

DO 55.1=1 ,NRP
READ(S.4) RP(I)
FORMAT(F10.0)
CONT INUE

DZ=H/(NRP+1)

AUPHI"PHI*3.1416/180. -

DEL TA=DELTA*3.1416/180.

-

‘SIGV=0.0

WRITE(E.601)
FORMAT( ' DEPTH . 40X, 'VSTRESS’.’ P/DEN(Z) *./)

DO 22 I=1,NRP

Z=0DZ*1 .

EXR=RP(1I) -

AREA=3.1416* (EXR*EXR-RAD*RAD)

IF (AREA.LE.0.0) GO TO 993
FSOIL=2.0%3.1416*EXR*XK*SIGV*TAN(PHI ) *D2
FWALL=2 0*3.1416*RAD*XKW*SI1GV*TAN(DELTA)*D2
DSIGV=(1.0/AREA)* (DEN*DZ*AREA-FWALL-FSOIL)
SIGV=SIGV+DSIGY <0

PD=SIGV/(DEN*2), ‘
HORP=XKW*SIGV

XK - COEFF. OF MHORIZ. STRESS / VERTICAL STRESS AT FAILURE BOUND
AT WALL

WRITE(6,103) Z.RP(I).EXR.AREA;FVALL.FSOIL. DSIGV,SIGV.PD,HORP

FORMAT(11F8.2)

. CONTINUE

- STOP
END



