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ABSTRACT

A comparison of the results of the zpplicetion of the
finite element method and of 2 modified KIESCH's solution
for the calculation of stress around an unlined tunnel in

London Clay is undertaken.

Some conventional methods and the finite element
method for the calculation of stress and displacement around

2 tunnel are referred to.

An estimate of the reduction of the shear strength
parameters along fissures is obtained by laboratory tests

on fissured and intact samples of London Clay.

On the basis of the MOHR-COULOMB criterion of failure
end by the use of a computer technique a delimitetion of -
potentially unsteble orientation zones on equal czrea
projections is obtained for 2ll the elements around a tunnel

in London Cléy.

The shear strain energy stored around the
discontinuities, which fall in the potentially unstable
zones, is comput=d for the case of z non-random discontinuity
fabric of London Clay and the values zre normalized to thé
values corresponding to an equivelent isotropically
discontinuous fabric. Then the instability of each zres
eround the tunnel is defined in terms of the principal
stresses 0, , 0y, 0, the shezr strength characteristics of

the material and the discontinuity fabtric.
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Notation

Most symbpls are défined each time they occur, but the

following are commonly used -

Wy

Wy

™ eg

< F @

o3

tunnel radius

pgék values of cohesion

peak values of cohesion aloﬁg discontinuities
residual values of cohesion

residuai values of cohesion along discontinuities
uniaxial compressive strength

Young's modulus

depth of a point or tunnel axis

stiffngss matrix

ratio of horizontal and vertical préssure
rodkpreésure | |

distance from the centre of a tunnel

uniaxial tensile strength

‘radial displacement

tangential displacement
shear strzin energy generated by a non-random

discontinuity fabric

‘shear strain energy generated by a random

discontinuity fabrie

weight pér unit of volume

sirain |

angle between a direction,ana the horizontal axis
coefficient of friction’

Poisson's ratio

"0y, 0, principal stresses

horizontal stress




radial stress

tangential stress

. vertical stress

shear stress

peek values of friction angle

'peék values of friction angle along discontinuities

residual values of friction angle

. residual values of friction angle along discontinuities

angle between O; and the horizontal axis



I. INTRODUCTION

- Any study for the design of a tunnel consists
mainly on the exrloration of geological conditions along
and around the proposed line of theftunnel, the subsurface
_geotechnical exploration, the determination of the original
end secondery stzte of stresses, the determination of the
displacement during the construction and,much lezter ,'the.
influence of the discontinuities on the stability of the
proposed tunnel, ihe determination of“the stresses in the
lining, the interaction of the lining and surrounding

ground, the analysis of economical fzctors and so on.

At first, in fhis thesis, a brief @resentation'of the
main conventional methods and the finite 2lement method ié
‘undertaken for the calculation of stress and displacement
around an unlined tunnel. This is followed by the application
of a modified KIRSCH(I898)solutionand the finite element
method to the casé of a tunnel in London Clay. The results

of the appiications are compared.

The emphasis in the consideration of the states of
stress is pursued on account of the fact that the
disturbance of the stress, during the excavation, is the

cause of many phenomena connected with tunnel stability.

However it is mainly the influence of discontinuities

on the stability of the tunnel that has been studied.
The discontinuities may reduce the strength of the

material 4 increase the permeability, accelerate the

weathering and change the modulii of elasticity.




Generally, the stébility of & discontinuous mass
depends more directly on the shear strength cheracteristics
of the discontinuities then on the strength of the intact

elements.

An estimation of the reduction of the shear strength
characteristics along small structural discontinuities,
fissures, is obtained by labofatory tests on samples of

London Clay.

The stability of a discontinuous mass, under
- polyaxial stress systems, around a tunnel in London Clay,
is considered in the -third part of the.thesis.

On the basis of MOHR - COULOMBcriterion of failure
and by fhe use of a computer = delimitation of potentially
unstable orientation zones on equal srea projections is
obtained. The shear strzin energy stored arouﬁd the
discontinuities, which fall in the potentially unstable
zones , is compuied for the casecﬁ!anon—random-discondnuﬁw
fabric of London Clay and the %alues are normalized to the
values corresponding to an equivalent isotropic discontinuity

fabric.

In this'manner, more and less stable areas around
the tunnel are defined in terms of the principal sfresses,
the shear strength characteristics and the discontinuity

fabric.



2. STRESS DISTRIBUTION AND DISPLACEMENT AROUND A TUNNEL.
CRITICISM OF RESULTS. '

General

When an underground excavafion is made,the natural
stress situation which exists in the material before any

work has been started changes,

The material around tﬁe proposed opening must be
under compression because of its oWn.weight,the weight of
any. overburden'upon.it and the influence of the geological
phenomena.uonsequently'the mass contains elastic energy
stored in a latent state.The creation of an underground
opening causes the release of potential enefgy and it is
this released energy which exerts pressure upon fhe lining
or contributes to the convergence of the surface of a

self-supporting excavation.

N.G.W,COOK(I96é) examines the changes in the energy
stored in a rock mass durihg excavation operations for two
extreme cases of material Behaviour between.which the
actual behaviour of mass must lie,

The first.qase is the excavatién,in a fluid (zero
shear stresses) in which stress councentreations cannot
exist and the fcrces across any plane are the samé before
and after the excavation.In that case ihe released energy
by excavation wil; be equal to the change in gravitational
energy due to the downward movement of the fluid above the
excavation.ihis case probably apprbximates to the 8ituation

of an excavation after an infinitely long time or at great



depths under hydrostatic pressure.

1the second case is the excavation in an elastic rock
in which the sum of the released energy,of the energy
stored in stress concentrations and of the strain energy
originally stored in the excavated rock must be equal to
the sum of the change in gravitational poténtial and of the
change in the potential of the horizontal stresses. The
released energy is equal to the work which could be
gxtracted from the rock mass by controlling the convergence’
of the surfaces of the excavation frommfheir initial

positions.

In both cases the total change in potential energy

is the same,

Therefore,when any underground excavation ié made,a
change in potential energy occurs,strain energy is stored
in the éurrounding material and excess energy is released.
The stress concentrations maintain force equilibrium and

produece strain energy stored in the surrounding mass.

It is proposed further to consider these energy

components of the mass.

The fundamental assumption on which this thesis is
based is that the state of stress around the tunnel does
not exceed the limiting stress condition for elastie

behaviour of the surrounding mass. This assumption is

probably a little unrealistic in view of the high stress
differences that must exist at the free boundary, -but it
is nevertheless a necessary assumption if the analysis is

to be re=zsonably tractable.




2.a. Stress and displacement calculation derived from the
equations of theory of elasticity and cealculation .
based on various displacement and equilibrium

assumptions.

Stress and displacement calculafion éerived from the

(Circular tunnel in an elastic infinite and semi-infinite

mass).

~Any elastic material must satisfy the following

requirements:
i)Linearity between stress and strain.
ii)Homogengity
iii)Isotropy
iv)Perfect elasticity

These properties are defined by.two independent

constants,the modulus of elasticity E and Poisson's ratio V.

The theoretical equations specifying the stress
distribution are extracted by the acceptance of plane stress

or plane strain conditions,

For simplicity the problem will be discussed in

polar coordinates.,

L.OBERT and W.DUVALL (I967) adopt a theoretical
approach to the problem.They consider an infinite plate of

thickness t with a circular hole of radius a.The applied



stress field at infinity is S., S;as illustrated in figure
2.a.1. and it is assumed that the AIRY stress function-‘ﬁ
is of the form:

CR = A logr + Br- +(Cr*+ Dr*+ ET + F) cos26 equ2.a.l

For the condltlons of no body forces the stress components are:

e 20

. TTEF
_ D"P. |
Or = Y . equs. 2.2.2 1 l Sz 1
-
.8 3% .
W FTOP T OF 96 ~
where 0, =radial stress, Oy =
tangentlal strens,t -shear stress. ——*
S« Sx
Now the constants 4,B,C,D,E,F — E
have to be determined.from the
— -—
boundary conditions.By the use
of the known stress transformation__, -—
correlation equations the boundary T _T S, f
conditions at r = are _ Fig. 2.a.1

(Or)im= 2{Sx+ 52) +5(Se= S;)c0s26
equs. 2.28.3

(Troheo= = = (Sx= S:)5in20 |

Substitution of equation 2.a.l into équation 2.a.2 and

calculation of the partial derivatives gives

Y. 9¢_ A ‘ o oot
Op=-5%+ trygm= =i + 2B + (-2C-6Er*-4Fr )cpsze

g
O, = %§2==-%-+ 2B +(2C +12Dr*+6ETr*)cos26 equs.2.a.4

P : - -2y
T~ rig:-m= (2C +6Dr*~ 6Er'-2Fr )sin26




When r =, equations 2.a.3 and 2.a.4 give

(Orlﬂf'%(s1+ Sz) +'%{Sx— Sz)cos20 = 2B - 2(cos20

1 9 equs.2.8.5
(T = -§(S,- S,)sin26 = [2( + 6D(w)]sin26

Consequently,
D = O .
2C —-i(s S,) 2 6
= o - 2 !- l equs. -a.
1
2B = 5( Se+'S,;)
When r =a,

(Jr).z O, (T}Jh:=0 o equs.2.a.7

When r=a, equations 2.a2.4 and 2.a.7 give

(O‘r)r=a=—‘§—, + 2B +(-2C - 6Eg*—~ 4F=)cosi® =0 :
' -2 equs.2.a.8
(Tro)roq= (2C + 6D’ — 6Ea*~ 2Fa”)sin26 = O

Consequently
—'_%._-l—'2B=O
-2C - 6Ea“— 4Fg*=0 - = equs.2.a.9

2C - 6Eg*- 2Fa'= 0
Solving the equations 2.a.6 and 2.a.9,the constants are
determined and by substitution into 2.a4 the solution is

_obtained (after G.KIRSCH):

2 &
Cr = -%(S + Sy, )(1 - -%i)+-%(sx- S, )(1 +-%?-————-)cos26
equ.2.a.10
Ok =—%—(S,+ S, )(1 + r*) i(S, 2?')cos26 _
equ.2.a.11
Te= —-—(Sx 3 stslnze equ.2.2.12

In the case where S, = S;= -p, Oy, O and T,, become

%
Op= -p(1 - -%—,;)

< .
T = O




When S,=0 tnen O0,, Gy T,, become .

. .
0, = S’(i -?) S‘(i +2,.a—-i,,a—)cos2e

2
0‘t=7's=(1 +%.) -I-Z?S'(i -P-—I,ia—)cosZe equs.2.a,14
3a*

T s —S‘—'(i -+ —r' )s:Ln28

From the equations 2.a.10,2.a.II1,2.a.12 we have that the

radial stress is zero at the tunnel surface whiletktangential

stress is a maximum and the shear stress is zero,

The DISPLACEMENTS are obtained by the relationships

between stress and displacement for plane stress or plane

strain.
For a plane stress conditiomn the relative equations
are
L 1, |
3;% =.E(or_ Qo;) equ.2.a.15
u .3: 1 -
1 du bv v 2(1 +9 .
?re-}- ‘_E — r = —_(_E—)-Tra eq_u-z.a.l?

where w= radial displacement

v

tangentiial displacement

Y = Poisson's ratio.
By substitution of the eqﬁations 2.a.10,2.a.I1,2.a.I2 into
equations 2.a.I%, 2.a.16, 2.a,17and by integration the

displacements are
1[ S.+ S,. a%  ;Sx- 5; at 42t
w=s[Eet Sy + &) « B35 (r - £+ 48 )eos20)

- _%_[:(_s,‘_;_i) (r - :—f) - (ir:zi‘)(r - %l;)cosze]

equ.2.2,18
v —-i{ (S = Sﬁ(r + == 4 a931n24 [(S* S’)(r --gg;ii in26
. E r r)Sln

equ.2,a,I9



For a plane strain condition,the stress displacement

equations are

du_ il N0 9 (1 A

2, 2 oL - M6-y (1 )G equs2.2.20
du v 1 -

Tt T~ T T (_’E—)'Tre

Again by substitution of the equations 2.a.10,2.,2.11,2.a,12
into equations 2.2.20and by integration, the displacement
are given

oy % S.-
g =2 E\?[(Sx; Sz)(r +£r) + (¥L)(r -?3--5-. )cosZG]

- \)(1 :\))[(Sx+ Sz)( 9.) (S - U‘)(I‘ -?)00829]

B 2
eqUe.2+8.21

| 2 g A _ r 4
v = A (Sacss Yew 22 o Basnpe] WA (Seosy (.22, oin0
- equ. 2.a.22

The ealculation of the stresses for the case of ¥leet Line
Tunnel in London Clay-a subject of the present work- has
been based on the abowe equatioms and will be discussed

later.

R.MINDLIN (I940) succeeded in an importani contribution to :
the solution of +he problem by considering a tunnel as a ;
horizontal cylindrical hole of circular cross—section
situated in a semi-infinite elastic solid under the action

of _gravify.
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By making use of the elasticity equations he has managed to
obtain such a solution as to satisfy.the houndary conditions
at both the upper free surface of the so0lid and the surface
of the hole.It is assumed that the solid hés a uniform
weight per unit of volume, Y , (constant body force) and

the length of the tunnel is large in comparison with its

diameter (Figure 2.a.2).

\r'

T [1] %
! :
If the body-force potential is £2 and :
the ATRY's stress function T, ,then im _ :
rectangular co-ordinates the stresses 0.,0; ﬁ
!
Twzare given by the equations I
{
% ‘ : 1
¢ {
O'*-:.%{..Q., O,= 3 CP;_ +Q Txz=-—=— !
Zz DX X()Z l _
_ equ.2.a.2%
If the components of the body force per unit’
&4
of volume are X,Z then they must be ‘
' Fig.2.é.2
X =-%§L-, = --gél equ.2.a.24
x - 9z

=9 equ. 2.a.2%,

In the present case X=0 ,» and from 2.a.24 Sl=-yzand so

V"CE - 1'1‘i_vh (V=Laplace's operator)

13
V' Q1 =0. Therefore from 2.2.25, V“E =0 equ.2.2.26 .
The prbblem then is of finding a solution to equation

2.2.26 which satisfies four boundary conditions.

The solution is in terms of curvilinear or bipolar
coordinates.In the system of bipolar coordinates,a” and b
are related to the Cartesian x and z as follows

_RAsinb - ; R sinhd
cosha -~ cosb ? ~ cosha - cosb

equs.2.a.27



I1

where A= htanha,= asinha,, %, = cosha,
a; = the value of & corresponding to the boundary of
the tunnel
‘Long before the boring of the tunnel three initial states

are assumed to exist,

Case I Each element of the material is under a
sﬁate of isotropic pressﬁre:fherefore at
depth 2z the vertical pressure Ov and the
horizontal O are : Oi;_yz y Op=yz.
That state is approached at great depths.
The tangential stress (; on the boundary

is given by the equation

_ 2¥A(cosha, - cosb) 1-cosa, ¢osb ~cotha,—
(Guﬁq sinha, [(cosha,—cosbf A

_ (7 -8y)cosb = _<
(T —v)sinha,*ze cosb E;Bncosnb]
equ.2.2.28

where .  Eyp= N .- né"™

N = ngmwsinhna,coshna,-nsinhaicosha)
L ' sinhns, - nsinha,

The stress on the boundary of the tﬁnnel is greatest

at the lowest poini of the tunnel cross—-section

except when a, is very small.

Case II The material is restrained from lateral
displacement into a gravitational field.

|
\
\
\
, Again at depth 2z Oy = yé ’ Cn= T_%V z

-cotheg, -

_ 2yA(cosha, —cosb) [{—cosha, cosb
( Gt )d.- a"’

Sinha, (cosha; —cosb)?

_ (7 -8Y)cosb
4(1-v)sinha,

+26*cosb - Z_’l.’\“cosnb] +yGA(cosha, -
~cosb) [6cothacsha, +6cschyy cosb +4sinha%§ncosntﬂ+

6ydﬁcscha&cds?'+2003ha,cos2?’fcos3?0
) equ.2.2.29
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where
-n&,
T, = Sn— 2n(d -1)e
n(nt -1)sinhns, . o = sif.3inhe, sinb

Sn= SinHns, - wsinls, ° coshg, — cosb

In that case, a significant change occurs in the

stress field with & variation of Poisson s ratio.

Case IITI No lateral stress exists in the material.
Again at depth gz,
O.V= XZ, O-h'-: 0

The tangential stress (U;)g, 1is equal to

the case II where G'=.%.

K., TERZAGHI and F.RICHARD (I952)obtained a
calculation of the tangential stress at the roof and at the
walls of an.ﬁnlined tunnel ,circular cross section,situated

in an elastic mass with a two-dimensional stress field. -.
It is also assumed that the depth of the tunnel is
large compared to its diameter.

Aeccording to SAINT VENANT's principle "if a system
of forces acting om one portion of the boundary is replaced

by a statically equivalent system of forces,acting on the



I3

same portion of the boundary,the stresses,strains and
nonrigid body displacements remain approximately the same
in the parts of the body sufficiently far moved from this
portion of the boundary".The authors basing themselves
upon this principle admit that the significant changes in
the state of stress generated by the boriang of tunnel do
not extend beyond a distance equal to two or three times

the largest dimension of the cross-section of a tunnel.

If now the above mentioned distance is relatively
small as compared to the depth(h) of the centre of the
tunnel,can be assumed (without serious error) that the
initial state of stress in the material located inside the
entire zone where the tunnel has an influence on the state
of stress,is indentical with the initial state of stress

at the centre of the tunnel itself,

A two-dimensional stress field is developed as
follows.Long before the execavation of the tunnel at any
depth z below the horizontal surface of the mass, the
vertical gravity stress is = zy.

The expansion of above mass in the horizoatal direction is
prevented by the resistance of the adjaceant mass while
hprizontal forces of tectonic origin may act upon the mass
tending to compress the rock in horizontal directions.
Consequently a horizontal stress exists and is given by

the equation Oh= Kzy equ.2.2.30
The tangential stress O, at the roof (point C) is

(Figure 2.a.3) 01= Oy (3K, - 1) _ equ.2.a.31



Rl

I4

The tengential stress at the walls - s -'l.ﬁh 1 l
(at point A) is
Cy= 0y (3 = KJ) 2.28.3 € N
= - equ.2.&.52 -
t Y Q < / 6,
(for K,= 1 the tangential stresses are 0 T4
equal to two times the vertical stress). _
y B
As a result of the above egquations b
Fig.2.a.3

the state of stress.in the mass around a-

tunnel depends to a-iarge extent on -

the ratio K, (Figure 2.a.4) which: ,JQ.

depends on the geological oerigin - - j

and the subseguent histoxry of the o ;

mass fofmation.. 2
0
2

Fig.) 2.a.4
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Stress and displacement calculation based on various

In the foregoing exposition only a theoretical
approach to the problem of the calculation of the stress
and displacement around an unlined circular cross-section
tunnel was undertaken with the assumption that the material
under consideration is an elastic material, that plane stress

or plane strain conditions prevailed, and that the calculations

are based upon a theoretically infinite time.

In faet the geologic materials are not elastic and

no true plane stress or plane strain conditions exist.

The formations in nature are affected by the weight
of the overlying strata;by their own weight and by the
forces generated from the geological phencmena,These forces
act as a uniformly distributed load on the deeper strata
and consequently on the roof of the opening which probably
permits the confined mass to move downwards in the form of
"plastie flow" or "rock bursts" (popping).Ih that way, a
reduction in the state of stress vwery close to the tunnel

occurs and usually secondary discontinuities are generated.

The displacements ére elaétic if the elastic limit
of the mass is not exceeded by the residual stresses.When
the excavation begins,the fatio between the major and the
minor principal stress increases in.the adjacent rock and
ﬁhe new state of stress depends on the shape and the
dimensions of the tunnel,the initial state of stress in thé

réck ,the natural properties of the mass,the strength and
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various other factors.If the mass is too weak to sustain
the modified state of stress it starts to move from the |
roof and walls in:a radial direction and to develop a
looseness zone (protective zone)until the state of stress
becomes compatible with the strength.The creation of such
a zone is of fundamental importance in tumnelling and the
time required for its development depends on the nature of
the rock,the magnitude and depth of tunnel and the rigidity
and installation timevof supports.The purpose of the
lining is to sustain that protective zbhe and not to
prevent the primary displacements which is impossible for

tunnels at great depths.

Rock pressure (according K.TERZAGHI) is the weight
of a rock mass of a certain height above the tunnel,which,
when left unsupported would gradually drop out of the roof.
Ihe magnitude of the roek pressure which acts upon the
tunnel lining afier the developmenf of the protective 2zone
varies between full geostatic pressure and zero in very
so0lid and strong rocks.According to RABCEWICZ (I944)thre reasons :
for the development of rock pressure are the loosening of
the rock mass,the weight.of the overlying rock mass, the
tectonic forces,the volume expansion of the rock mass and

swelling dwe to physical or chemical action.

Some known theories which present the above

phenomena and calculate the rock pressure will be discussed.
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K.TERZAGHI (I1946) developed a theory for dry,

granular soils at moderate overburden depths ( hs<3B )only.

The mass around the tunnel begins to move and the
displacements lead to the development of a set of -sliding
planes which define the width B of the afifected
'displacement.méssumhe inclination of the sliding planes are

45u,$ (active state).The width B is given as

——

b . o . P
B = 2|5 +h tan (45" - &Y.
[2 z ﬂ equ. 2.8.33 o 4

The displacementé are
counteracted by friction developing

on the vertical shear planes.

By the study of the equilibrium

on the prism of width B and height dz

the rock pressure p for cohesionless Fig. 2.2.5
soils is derived
_ 2hy o
B, = §£L$55¢(1 - 7K. tan?g ) equ. 2.a.34

The displacements of the lower layers did not-affect
stress conditions in the upper layers in the case of‘heights
greater than 2,.5B and furthérmore in the case of very great
depths the rock pressure is totally unaffecied by overburden

depth.
__By : |
By 7K, tan® equ.2.a.35

For the cohesive so0ils (cohesion C )the rock préssure is
| .
B(y- 3 )(1 _ e—l(..ta.n?%h')

P, ® = Tovo

~  ZK.tan? equ.2.a.36

For y:% R=0 and where B)%c- the cavity rust be supported.




18
PROTODYAKONOV (J958) developed a theory for granular

materials assuming the development of an arch ACB above
the tﬁnnel at which the stresses along it are purely
compressive and are.not associated with beﬁding.

The arch ACBis a parabolic line and its equilibrium
is investigated.The forces acting on any section -DC of the
arch are the horizontal resultant T of reactions acting
from the right 2t the crown M ,the resultant Pof vertical
pressures,the tangential reaction R at

point D of forces acting from the left on

the lowexr half of the arch.By wsing the —

equation of the parabola taking the moment

—

about D and the pressures at the pointA,we O

—

obtain as a result that the load acting

on the tunnel is equal to the weight of ;

R
the rock mass confined within the parabola

Fig. 2.2.6
and thus the pressure is equal to
. 2
1 :
R,='3'3—2$ﬁ5 - equ. 2.a.37

For cohesive soils the pressure is given as

bl

1
R, ='?'X'?§H§;E equ. ?.3.38
where tan¢+%;is the strength coéffiéient; Cuis the unconfined
compressive strength.

According to K,SZEWY (I967) this theory. gives satisfactary

results at depths from 3ﬁéﬁ;¢ to ?%%ﬁf
and it has two disadvantagesf i)from the equations of this
theory results that the height Qf.the arch is a linear
function of width(h:,-}t’m) although this relation should be
more involved., 2)the determination of the strength coefficient,

by the use of empirical values is not zccurate,




> The maximum tensile stress at the bottom of

I9

K.SZECHY (I967)determined the height of the over-break of a rock
mass,its shape and -he loading upon the lining,assuming that the
tensile strength will define the over-break above a rectangular
cavity.

Basing himself upon a statical analogy he makes +the
assumption that a three hinged arch is developed whose two lower

sidewards, mutually supported hinges-(R,,RQtransmit compression

> stresses while its third uppermost hinge is developed in the

centre line at such a height where the stresses set up by the.
overbridéing no longer exceed the strength of the rock material.
Figure 2.a.7 shows in a eross-section
the redistribution of the stresées,the lower
hinges pressed by compressive stresses and

the interior mass pulled by a tensile stress.

this cross—section should be equal to the

tensile strength of the mass.From the assumption
that this mass acts as a quadrangular disc- Fig.2.a.7
like beam K. SZEcHY was able to determine the height h, as

- 1
b, = [1.31(1 + $)- 0.39] b | equ.2.2.39
where the factor d tzkes walues between-%—and-%—for plastic

materials and between 2 and 3 for elastic ones,
. The width B is given by WILLMANN as _
: B=b(1+3) equ.2.2.40

The rock pressure acting upon the unsupported tunnel is thel
weight of the triangular zone defined by the three-hinged érch.
As a result of the installation of a support system
~ there is a reduction of the height- and width of the trisngular

zone and correspondingly of the intensity of rock pressure.
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2.b. Stress and displacement calculation derived

from the finite element method

The finite element methed is‘essentially a process
through which a continuum with infinite degrees of freedam
can be approximated by an assemblage of subregions (or
elements) each with a specified but finite number of
unknowns (Z IENKIEWICZ, I97I).

In an elastic continuum the number of interconnection
joints is infinite but the concept of fhe above method
accepts . a division of the continwus medium into elements
interconnected only at a finite number of nodal points.
Consequently the approximation employed in the finiie elemett
method is the substitution of the actual continuum by a
modified structural system,

The term "finite element method" was first
introduced by GLO UGH (I960) who used triangular and
rectangulgr elements to solve plane strain, plane stress
and axially symmetric probléms.

J. ARGYRIS (I958,I960,I965) has done pioneering work -
in natrix analysis of three—dimenéionel isotropic and
anisotropic, continua and discontinﬁcus media.

O. ZIENKIEWICZ (I97X)  .has studied extensively
the application of the finite element method in
many engineering problems involved with the calculafion of
stress, strain and strain energy in shells,bridges,dams,etc.

The finite eiementnmthod has the ability to deal
with complex geometries, boundary conditions ahd matérial

properties and can be used as an excellent numerical tool
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in the solution of a wide wariety of problems dealing with

soil and rock mechanics.

1t is recognised that such a finite element method
is a generalized RITZ method based on the principle of

virtual work.

The type of element depends on the geometry of the
boundaries, while the size, and consequently fhe number df
elements, depends on the scale of stresé gradients. Amomg
the simple type available, the three noded tfianguler
elemert is a popﬁlar choice for plaﬁe strzain and plane.

stress problems.

The general procedure in this method contains the
following steps:
i) strictural idealization;
ii) evaluation of the element properties;

iii) structural analysis of the element assemblage.

There are three éategories of models in the finite
element technique: Displacement models, egquilibrium models

and mixed models.

The gigplggpgfqz_gpggl_is based on parametric
displacement fieldé and must satisfy the conditions
i) Equilibrium: At each nodal pointlthe internal
element forces must equilibrate the external
forces;
ii) Qompétibility: The deformation of adjacent
elemen®s must be compatible;
iii) Force - deflection relationship: Tﬂe relation

between internal forces and displacements in each

element depehds upon its individual geometry and



22
material characteristics.

In this model the displacements of the nodal points
are the basic unknown parameters. Also, 2 function is chosen
to define uniquely the state of displecement within each
element in terms of its nodal displacement. From this
function a new function results which defines uniquely the
state of étrain within an element in terms of the nodal
displacement. This stzte of strain togethér with any initiél
strains and the elastic properties of the material, defines

the state of stress throughout thc element.

The following brief analysis deals with the displacement
model and can be readily applied in soil and rock mechanics '

problems.

The fundamehfal aspect of finite elément numerical
theory is that the finite element procedure repreéents a
process in which the total energy of the system is minimised
with respect to nodal displacements'This meens that s the
imposed displacement functions ére en approximetion of the
true displacement functions, the potent?al energy is then
either equal to or'gfeater than that corresponding to the

true equilibrium state.

The following convergence criteria are baseG upon-
the above requirement: .

i) The deformation of each element is expected‘to Be
similar to that developed in the corrésponding
region.of the continuumj

ii) The displacement function has to te of such a form
that if nodal displacements are.compatible with a

constaent strzin condition, such constent strain
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will in fact be obtained;

iii) The strains atmiperface betwezen elements must
be finite and the displacemenf functions are
thus selected accordlngly.

" In the finite element method aﬁ.u1thecamof elastic

-behaviour of an element the characteristic fdrce-

displacement relatiomship is

(77 - [x] 5} {F} ir}“  equ. 2.b.1

where

{F} represents the total nodal forcesj

[K], " the element stiffness matrix;
€ : .
{S} " the nodal displacements;
e ' .
{F}P " the nodal forces required to balance

’ ;.'. o any distributed loads acting on the element;
'ﬂﬂ:orepresents the nodal forces required to balance
any initial strains.
When,in the application of the finite element method,this
stage has been reached, the solution procedure follows a
standard structural rbutine.
The main efforts involved in the development of the

above relationship,as well as in all the solution procedure,

are embodied in the developmeﬁt of the stiffness matrix.

The solution procedure consists throughout the
following operations.
i)Development of a stiffness matrix of an arbitrary
element with respect to a convenient 1local

coordinate system;
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ii) Development ¢f a transformation matrix (éonstraint
matrix)for the transformation of the stiffness matrix
from the locel coordinate system to a generalized
coordinate system (global coordinates});

iii) Generation of the final stiffness matrix for the entire
assémblage,incorporatihg the boundary forces and
deflectionsg

iv) Solution of a system of simultaneous equations,which we

can substitute by a block tridiagonal matrix equation,

The stiffness coefficient is an elastic constant
relating the force acting at point | on a body and the
displacemenﬁ caused by the force itself:
where F  is the force required at i in %he A direction to
support a unit displacement at j in the w direction.

The stiffness matrix of an elemeni is the whole of
the stiffness coefficients of the elementﬂeach of them
corresponding to a nodal force.

Briefly,%he theoretiecal process of the finite
element method in plane strain used in the calculation of
stress and displacement around the Fleet Line Tunnel,London

Transport, has the following characteristics:

In plane strain conditions and in rectangular

coordinates the stress and strain tensors are

stress tensor strain tensor

Ox Tuz 0 B Yz 0
Tax 0z 0 ux &z 0

0 0 Oy 0 . 0. 0
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Under the above conditions, and in linearb'ﬂaSticity problems,

the following stress-~strain relationships are valid

£, = 5[0u- 90+ 0y)]
. 1: , equs. 2.b.3
£, = T.OZ_ v (Ox + G-g )]
Eq =-%{G3-'9(0;+ 0.)]=0 from €= 0 and equs.2.b.3
g = Ta result: Oy= V(0 + C,)
G : in matrix notation " equ.2.b.4
we have o .
% 1-\" -v O ) O-;g -
£ _ 1 +y
2=~ |V t» 0 110 : equs.2.b.5
xz 0 o E_r T
2(1+7Y) xz

Now a triangular element ABC (Figure 2.b.I) is
considered to bé referred to its own coordinate:system.ln this
element the internal displacements must vary linearly ip
two perpendicular directions,This means that ény straight
line in the undeformed element will remain straight during

deformation.

Let wus assume that the ' N2
compatible displacements at any |
point ( x,z)within the element are

of the form:

s v
. e uy .
{£}=[n]{8} " ang - S4u-2.b.6 Yo ' Ty

U= a,H ;X +'d,z} Fig. 2.b.1I

v

8,+ asX + agz
where [N]isdfumction of position, 2,, a,, ...,3, are

coefficients equal in number io the number of independent
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nodal point displacement components,and {5}t is the nodal
displacements of the element.Then the nodal displacements

of the element are:

u, = a,

U= e+ a,_X3 + a3 Z;
equs. 2.b.7

Vi = 8y

Vg = &,+ agXy

Vy= €,+ 8sX3H 842,

In matrix notation equations 2.b.7 become

u, i a,

Wy 1 x, a,

u, 1 x;, 2 a, |-

{ }:: J > equs.2.b.8

v, i a,

Vg 1 Xq as

LV;_J L 1 X3 Z3 | | B¢

" or | '{6F= [A] {a}. Solving with respect £6 {a},

{a} - [A]"{g}‘ ' | equ.2.b.9
where [A]%is the inverse of [A]. Conseguently, if the
nodal displacements,areaknown,the {a} can be determined.

By definition the strains are related to

displacements as follows

£x r bu/ax

Ez = wfdz 4 equs. 2.b,10
y d Dz |

=] |3z x|




Differentiating equations 2,b.8 we get

d
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£x a o 1L o o o0 of |2 |
. ! al
‘ £z P = a; - =10 0 O O O 1 ) a, equs.2.b.II
xuz} L ajas 0 0 1 0 1 0 Z:
or. L 26
{ } {S} equ. 2.b.12
Substituting {g% from equations 2.b.9 , 2.,b.11I becomes
h Ex -z, 2z, 0O O 0 O | 3:
-1
€z 0= X3 7, 0 | 0O O =x=x-=x5 X ) 1;:> equ. 2.b.13
¥y X=X, =X, X, =2, 2, O v,
.v!J
From equations 2,b.5 we obtain
: s v [ T
| Gx i W 0. Ex
|
| E(1 - V) ) , £, + equs.2.b.I4
Ox (L +3)(T =20y |15 | 1029 e . .
P, -
or
{g} {Ef equ. 2.b.I5

From equations

in the element

-Z; Z3 O
(1"'?) (i- 2y )x_tzs 1=y 1-y
' x?."‘i: A Xs AI,_X:

The matrix [D] is called elasticity matrix.

5.b.I4 and 2.b.I3. we obtain the stresses

Az V% VX ) (|
YAz _ I X $ u, <
1=y 1=y 1=v]| v,
Vo
“&Z; AZ; 0 (Vs
equs. 2.b.I6
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1 - o5
where Ry = (1 E%%T ’ A,= X3— Xy

. 02 . X
The next step is/evaluation of nodal forces using

the principle df.virtual work.

The nodal forces are equivalent statically to the
boundary stresses and distributed loads on the element.The
simplest procedﬁre for making the nodal forces statically
equivalent to the actual boundary stresses and distribﬁted'
loads is to impcse a virtual nodal displecement and to
equate the external and internal work done by the various

forces and stresses during that displacement.

If the nodal forces {F}, the virtual nodal
' displacements d{gsz and the distributed loads {p} act
on a unit wvolume of material within the clement (a constant

thickness of the element t is assumed), then the equations

2.b.6 and 2.b.12 give us as result: -

alt} - [x]a{sy , "
a_ia}' =[s]afsy".

equs. 2.b.17

The external work done by the nodal forces is equal to the
sum o0f the products of the individual force components and
corresponding cisplacements:
EPIR Y, ; € .
Wex =(a{5}) {F} | equ. 2.b.18
where (d{SEtf. is the transpose of d{S}? The internal
work per unit wvolume W;,:. done by the stresses (equations

2.b.1I6) and distributed forces is
W= afe} {oh- afzd {p} |
W= ({83°Y (310} - [§]'{o}) equ.2.b.19

or
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By equating the external work with the internal work
resulting from integration over the volume of the element,

we obtain

@18 1T (e} = aisyY (J[3) {o3avor) - f[v]{s}acvor)

equ.2.b.20
By using equations 2.,b 15 and 2.b.1L and substituting _the

{6} in equation 2.b.20 we obtain
{5}- (f 5] [p] [B]a(vo1)) {8 -),[N]T{p}dl:vol) equ.2.b.21

The equation 2.b.21 is the characte:ist£§ equation %.h1 and
the stiffness matrix of the element will therefore be
k]’ =5’[B.]r 0] [B] a(vor) = J'[B]T [p] [5]t axdz =[] [p][B]+A

‘ equ.2.b.22
where A is the area of the triangle.From equation 2.b.21 the

nodal forces due to distributed loads are

< T
{F}r= -_j[N] {p} d(vol) equ.2.b.23
where - -
Xg Zr2 X+ (X7%) 2 0
Z,X~Xs 2 0 ‘
T P
[N] =-§%§ Xe 2 0 equ.2.b.24.
0 X 252y X+(XeX,) 2 :
0 Z ;X=X 2
0 . X9 2 J

The distributed loads {p} can be analysed into the

"body force" components X, Z

{P} ={§} equ.z;b.25-

If the "body force" components X,Z are constant then using

the equationsz.tﬁz4 and 2.b;25,the equation 2.b.23 becomes
2 X .
{F}r =_{Z}[—%— 0] : equ.2.b.26




30

From equation 2,b.26 results that the body forces are

equally distributed at the three nodes of the element.

Until now the stiffness matrix and the nodal forces
were obtained asa function of a local coordinate system and
according to a numbering convention.In assembling all the
elements,it is convenient to refer all the elements to the
same coordinate system (global) and also to chaﬁge the
local number which individually specifies the node end the direction
of the assoeiated nodal displacement.This is obtained by

the use of a staridard technique.

Generally there is no need to consider each element
-individuwally in order to calculate the stress and
displacement at each point of a structure.The procedure
used indicates the formation of the stiffness ﬁatrix and of
the general equations.The same process is applied directly

to the whole structure.

If {S}- represents the nodal displacements of the
structure, then equation 2.b.6 becomes

{f§'= [E]{S} _ equ. 2.b.27
ﬁi = Nf when the point concerned is Within a particular
element e and i is a point associated with that element.
The matrix [ﬁ] follows a similar definition and the
virtual work principle is applied to the whole structure.
I1f dﬁS} represents the virtual displacement of all nodes

due to the externmal forces {R},the external virtual work is

Wext.= d'(S)T{ﬁ} equ. 2.b.28
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The internal wvirtual work is

Wit = J- E} O}d(vol) -jd{f d(vol) - d{f}{ }d(area)
equ. 2.b.29
where ig} is a distributed external loading per unit area

on the boundaries and the integrals are taken over the
whole regionm, -

Equating internal and external virtual work we obtain

[K]{S}f{F};{F} -iR} =0 equ. é.b.30
Then the stiffness matrix of the assem?}age is
[k,] =j[1‘a]i [] [B;]atwor) equ. 2.b.31I

the integralbehgtaken over the whole region.,Consequently,

[Kﬁ] =§Z[Kﬁr - equ. 2.b.32

which means that the stiffness of the assemblage is the

sum. of the stiffnessesof the individual elements,

In considering the virtual work for the whole system
(equation 2.b.29)and equating this to the sum of the element
contributions itfis implicitly assumed that no discontinuity
between adjacent elements devélops.This means that
displacement continuity ﬁust exist to make the above
equations valid.Equating external wvirtual work (equation
2.b.28 )Jand internal wvirtual work (equation 2.b.29we have
jdiﬁkO}d(vdl)-[ R +Jﬁ f}{p d(vol) +Jﬁ {g d(area)]

In this equation, the first term representstheE??;éag)é§2rgy
of the structure U while.. the second the potential
energy of the extermal loads W. Consequently

a(U+ W) = d(x) =0 - equ. 2.b.34
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where the quantity x, reprelents the toizl potential energy.
From equation 2.b.34 we have tlie rezult that for equilibrium

to be ensured, the total potentizl energy must be constant

end minimized for veriation of edmissible displaceinents.
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2.C. Application of a modified KIRSCH solution

and the finite element method for the case
of the Fleet Line Tunnel, London Transport..

Comparative representation of the results.

Application of a modified KIRSCH solution

Among the methodsthat have been examined of calculation
of stress and displacement around a tunnel, a conventional
one based on the KIRSCH's équations was selected for
consideration and appraisal with respect to results based

on the finite elzment method.

The tunnel upon which the above two methods were
applied is situated in London in the stiff, fissured,
overconsolidated blue - grey London Clay. The tunnel centre

line direction is approximatelyAEast - West,
- Ground surface

while the depth, in the srea under study, St

is about 29.57m. The.diameter is 4.07m
CFigufe 2.c.I), but at the Green Park Station

to a diameter of 7.0m. Such a lérge opening
provided an opportunity to investigate the

I
|
|
I
: |
of the Fleet Line, the tunnel was opened _ h=29.5Tm
! .
|
!
|
I

clay surrounding of the tunnel. |

' |

[

The shear strength characteristics of
that clay, the discontinuity fabric and <:?f}2.035m
mainly the effect of the discontinuities
on the stability of the tunnel are
extensively discussed in the third and Figure 2.¢.1

fourth chapter.




Geologically, the London Clay was deposited under

mzrine conditions in the Eocene period.

In Tertiary and

Fleistocene, during uplift and erosion, ISOm to 2I0m of

overlying sediments were removed, which correspond <o a

preconsolidation lozd of at least 2.000 xN/m* (SKEMPTON and

HENKEL I957; results for the area of central London). The

removal of load ty erosion caused a vertical expansion of

the clay and, as a result, at any given depth the horizontal

pressure is greater than the existing vertical pressure

(Pigure 2.c.2). The London Clay consists of a lower sandy

clay, of an intermediate blue - grey clay and of an upper

brown clay. The total present thickness of the London Clay

is estimated to be between 90m and I20m and its structure

takes the form of a very gentle syncline.

As already mentioned, the
first method &pplied , with some
modifications, in the calculztion
of stress ana_displacemenf in the
above tunnel, has been developed
by L. OBERT and W. DUVALL énd was
presented in pages 5,6,7,8,9. By
this method, in the case of the
Fleet Line Tunnel, it appears that
we succeed in obtaining an
appreciation of the new state of
. stress better than any other
method referred to in Chapter 2.a.
Some field data suppqrt the results

obtained by the above method. -

Y

12

I6

20

24

Depyh(m)

SKEMPTON
(1961)

\
BISHOP ET AL
(1965)

.Figure 2.c.2
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At first, the method considers an infinite plate of
thickness t with & circular hole of radius a. A cross-
section of a tunnel may be idealized to a semi-infinite
plate in which plane strain ccnditions are assumed. The
validity of the above method can be extended to the case
of a semi-infinite plate if a specified relationship exists
between the height of the tunnel (distance between .cut

surface and ground surface) and the radius of the tunnel.

J. SCHUIED(I926) suggested that the effect of the
tunnel is of.a localized character. He combined the radius
(Re) of the elastically-affected space by the presence of
a tunnel with the modulus of elasticity (E) and Poissonis

number of the mess (m =-%J

) - 1
R, = an’»( mx gg:-}_g]é’m_z)h)l equ.2.c.1

R. MINDLIN (I940) bzsing his analysis upon Saint-
VENAND.'s principle, again pointed out that the effect of
the hole is of & very localized character. He‘showed that
the disturbance essentielly does not exceed an - area..of
redius 8a.

S. TIMOSHENKO (I951) also confirmed that if the
diétance,of a hole from the strsight bounderies of & semi-
infinite elastic plate is not smaller than four-times the
dizmeter of the hole itself the error,of the above solution

does not exceed 6 per cent.

In the case of the Fleet Line tunnel, the axis depth

is 29.57Tm (at Green Park); therefore h>8a and the above

mentioned method can be used.
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As zlready stated during the description of the
method, the AIRY stress function used accepts zero body |
forces. In the case of an underground tuvnnel, the above
assunption leads to bzsic errors in the celculation of
stress and displacemeht.- The errors increese when the
lateral stress dces not chenge uniformly in relation to
fhe verticel stress, something thet often occursin the
case of overconsolidated geological mzterisls(Figure 2.c.2).
For thet reason , the stresses Sy, S; were considered as
acting not in ininity but upon the point under examination
when calculating the values of stress and displacement.
The zbove stresses were equated +to the existing (prior
to the opening of the tunnel) wvertical and horizontal
stresses. Following these adjustments, the equations 2.a.10,.

2.a.I11, 2.a.12 became (Figure 2.c.3)

' 3g Ak
0!' =-%— O-v[(i K \ i-—!_)"' (K 1)(1""_- 1) COSZ@] equ.Z.t_.z
2. fy
. =.§. o'v[(1+1{,)(1+% - (Ko=1)(1+ 1—?) cosze] eqU.2.C.3
: ]
T, = _-%10;(K;ni)(i - ;§§+- fﬂ) sin2o6 equ.2.t .4
Oy = V(0 + Gy) equ.2.C.7
1 4 2T
T "ﬁ_tan_O}-I%E equ.2.C.8

where Y is the angle between the principal stress
0, and the horizontal axis, ‘and O,= Yy (h-rsin®)

(vertical stressjf h = the depth of tunnel axis).
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The displacements under plane strain conditions are:

. 1 A 2
u = —i%ﬁL-O}[(Kgi)(r+-%i) + (Ko-i)(r_'%§+'%?) 00529]-

{y

LEL [(Rar1) (2= %1) - (Kr1)(r- —]acr) cos26)-

2E L
equ.2.¢ .9
1_ : ] b
v = .J%EL.GQ[(Kri)(r+-%§-ﬁ'%j) sin26] -
Vi

2 b
v o [(Kri)(r—'gé'ﬁ -£.) sin2e| .
ek W o r ] equ.2.c .10

It is generzlly zccepted Ground surface

that heavily-overconsolidated
clays behzve essentially im a-
linearly elastic menner for the : h-rsiné
small changes of siress (the - I
blue - grey London Clay is an I
orthotropic clay with a vertical I

axis of symmetry). The elastic

moduli are dependent on. the A
effective pressure andcnnsequewﬂy'

they vary with the depth in a region )
soil, increasing the soil's N under study
stiffness in relation to its \\\\__ ,/////

depth. In this epplicetinn the

elastic modulii and the density Figure 2.c.3

maintsin a constznt average velue

in terms of depth. Also, the effect of discontinuities and
any pore water pressure zre ignored znd an elestic situation-

~is assumed throughout the tunnel.

A computer programme P, was writtien to compute the

radiel, tangential and shear stresses,the principal stresses,
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the angle of the principal stress ; with the horizontal

axis, the values of norﬁalized to 01 radial, shear and
tangential stress in the region up to 5.00 radii at every 0.20
radius and every 10.00 degrees from 90 to -90 degrees
(Appendix 2.c.I).

The computed values of displacements, based upon the
equations 2.c,9, 2.c¢.10, are not accepted (they do not change
as a function of distance from the tunnel).

The values of radial, tangential and shear stress are
normalized to the stress corresponding to the weisht of
overlying material prior the excavation, and they are
plotted by computer (Figures 2.c.6 to 2.c.16).

On pages I52, I53 (Appendix 2.c.2), this computer
programme P, is presepted for calculating the stresses
as in the case of the programme Py and for plotting the

normalized stresses as well.



Application of finite element method

The finite element methcd in the form applied for the
calculation of stress and displacement around the Fleet Line

tunnel has already been discussed.

In this application, beczuse of the symmetry which
exists with respect to the vertical axis passing throught
the centre of the tunnel, only the right half of the medium

is considered.

The medium has been divided into two hundred and
seventy nine triengular elements connecteé with each other
at one hundred and sixtysix nodal points (Figure 2.0.5).
As eglreedy mentioned, each element behaves as a planar,
isotropic, homogeneous elastic plate. Also, the stresses
are assumed to be uniformly

distributed throughout the Ground surface
h 7T T 77 7 T 7

element. Since large stress
gradients are expected to

occur in the immediate vicinity 19.%9m
cf the tunnel, a large number

of elements must be used

' 10.175m
especially for this esrea. JAF“ I —jF
region -
The following boundary 8.14m ' uder

conditions zre-determined YEL_ study |
(Figure 2.c.4) : Ck)

i _ 4.07mI

i)On AB, CD, EF only verticel ol —JE

displacements are allowed;

ii)On DE, only horizontal )
Figure 2.c.4

displacements are zllowed;
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iii) On BC and the rest of the medium there zre no

displacement limitations.

The weight of each element is distributed equally
to each of its three nodzl points and consequently the
gravity load at any nodal point is one-third of.the weights
of all elements connected at that point. At the two horizontal
boundaries (AF, IE) stresses are applied corresponding to
the weight of the overlying meterial. Alsc at the verticel
right boundary (EF), the applied stresses sre equivalent to

the lateral pressures.

The Poisson' s ratio used is equal to 0.48.

The finite element programme was provided by the
Mining Engineering Department of Newcastle Upon Tyne
University and was run on the IBM 360/67 computer at Durham
Uni#ersity. A part of the output of the programme is

represented on thne Appendix 2.t.3.

The stressesare computed in Cartesian coordinates.
These have been transformed fo polar ccordinates and the
values of stress are normalized to the stresses corresponding
to the weight of overlying‘material prioxr to the excavation,

and are plotted on pages 42 to 52.

In the following pages, the results of both the
modified KIRSCH's solution and the finite element method

are presented and can thus be compared.
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Fig. 2.c.6 Results for 90 degrees

— results of a modified KIRSCH s solution
s—-+—=—:= results of the finite element method
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of the Fleet Line Tunnel

Fig. 2.c.7. Results for 80 degrees

_ results of a modified KIRSCH's solution
temi = " pesults of the finite element method
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a modified XKIRSCH’s solution.and _froﬁ the finite element method in the case

of ~ ths Fleet Line Tunnel
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Fig 2.c.8, Resulta for 60 degrees

results of a modified KIRStH's solution
=r—:—=:-=  results of the finlte element method
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Comparative representation of the stresses derived from the application of
8 modified KIRSCH's solution and from khe’ finite element method &n the case

of " the Fleet Liris -Tunnel -

Fg. 2.c.9. Results for 40 degrees

—————  results of a modified KIRS(H'a solution
=== resulia of the finite element method
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Fig., 2.0.10. Results for 20 degrees

results of a modified KIRSCH’ s solution
rm—e— = results of the finite element method
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. results of a modified KIRSCH s solution
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_ . results of & modified KIRSEH. s solution
————— . results of the finite eleglent method .
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a modified KIRSCH s solution and from the finite slement method dn the case

of the Fleet Line Tunnel
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Fig. 2.c.135. Results for -40 degrees
results of a modified KIRSCH’ s solution
‘results of the finite elemen} method
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Comparative representation of the stresses derived from the applicalion of

4, | a modified KIRSCH s solution ana-.'from the finite element method in the case
' of the Fleet Line Tunnel

SR — Gt/qv
: .
: ' Pl T ?U'/U‘: et —+ 0./0,
~ 1
- === == — G, /O,
RN —— K H—H——N——x L/O,
l{gl Sl

Mg, 2.c.14, Fesults f'or -60 degrees
results of a modified KIRSCH s solution
B Rt results of the finite element method

50



0,/0,

: 't/ 0, Comparative representeation of the stresses derived from the applicetion of
a modified KIRSCH' s solution and from the finite element method in " tha
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. 52
t/a, Comparative representation of the stresses derived from the epplication .

of a modified KIRSCH's solution and from the finite element method in the
case of the Fleei Line Tunnel

-1,

B ' Fig., 2.c.16, Results for -90 degrees.
results of a modified KIRSCH’ s solution
——m - results of the finite element method
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Conclusiors

According to the results presented in Figures 2.c.6

to 2.C€.I16 the following conclusions ere made:

I)In both methods the stfess disturbance caused by the
excavation of the tunnel, is considerébly reduced efter
a distance corresponding to 1.5 to 3 times the redius
of the tunnel. The results of the finite element method
indicate, as expected, a slightly lgrger area of stress
disturbance. )

2)Generally, the stresses derived from thé applicationdftme
finite element method change, as a function of distance
from the tunnel, in approximately'the same wéy with those
calculated from the modified KIRSCH's solution.

3)The values of radial stress, ina region lying above the
tunnel, as derived from the finite element method, are in
good agreement with the values derived from the modified
KiRSCHJs solution. In the remaining region the vazlues of
the results of the finite element method are much smeller
than the corresponding walues of the modified KIRSCH's
solution. It should be noted that as it results from
the assumptions of the use of triangular elements, the
redial stress at the tunnel surfaée shows a finite value
while the KIRS5CH's solution shows zero values.

4)The values of tangential stress derived from the finite
element method,are much smaller than the corresponding
values of the modified KIRSCH.'s solution in the region
lying above and below the tunnel. In the rest of the
region the vaslues of finite element method approach the

corresponding values of the modified KIKSCH's solution.
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5)The values of shear stress‘derived from the finite element
method,dependizgon the values of radial and shear sresses,
are smaller than the corresponding values of the modified
KIRSCH's solution especially in the region located far

from the tunnel surface.

Generally, as would be expected, the greatest
differences occur near the surface of the tunnel where

stress gradients are rapidly changing over short distances.

The differences in the stress values between the
compared methods are meinly created on account of the not
identical stress field conditions which were developed

before the excavation took place.

In the modified KIRSCH's solution the initial stress
field at each point consists of a vertical component
O, =hy and a horizontal component On = K. hy.
In the finite element method the initial stress field
results in a vertical component Oy =h,y+ O; (CASTIGL:IANO A)
and in a horizontal O,= —vl’_—1-(h,y+ 0) +. G, (STINI J.,1950)
where h, is the depth of the point from the
médel boundary AF,
O; is & stress component with values
depending " on the ?ertical Pressure
acting upoh the boundary AF and from
the distance of the point froﬁ the
boundary AF,
0, is & stress component with values
depending on the horizontal pressure
acting upon the boundery EF and from the

distance of the point from the boundery EF.
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No data was available to input initial strains in the
finite element programme and the limited time available
did not permit extensive search of methods which could help
to obtain 2 further equation of the initial stress fields in

the two compéred solutions.

It should be noted theat initielly @&nother computing
process Was followed with different essumptions, and dealing
with isoparametric rectanguler elements, whose results were

less satisfactory.

Figures Z.c.6 tc 2.c.I6 indicate that an even greater
number of elements should Be used in the immediate vicinity

of the tunnel and also that the bdundaries should be at an

even greater distance from the tunnel surface. The
differences in the results of the compared methods may be
partizlly due to the number of elements used and to the

distance of the boundaries from the tunnel surface.

Although several differences were noticed in many
results of the two methods, the fact that the results
derived from the application of the finite element method
change,las a fuﬁction of distence from the tunnel, in
approximately the same way with those celculated from the
modified KIRSCH 's solution, indicates that the results of
the application of the finite element method may be successfully
compared with those of an "applied" method (and therefore
not on a theoretical basis) in the prccess of calculating
the stress around a tunnel in a medium with a "complicated"

initial stress field.
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3, INFLUENCE OF DISCONTINUITIES ON THE SHEAR STRENGTH
CHARACTERISTICS OF A CLAY MASS.

3.a. Laboratory iesting on samples of London Clay.
Comparison of shear strength along iissures with

that of intact clay.

It is accepted that the stability of a discontinuous
rock mass depends more directly on the shear strength
cheracteristics of the discontinuities than on the strength

of the intact elements.

The purpose of the laborsztory tests is to obtain a
simple estimation of the shear strength characteristics
glong the fissures in fissured samples of London Clay and
then to compare the results with those from intact semples

of London Clay.

Details of the tests

The samples were obtained from Regent's Fark, in
London, end with an orientation vertical with respect to
the ground surface. The depths of the samplés range from
-I9m to 25m below the ground level and the samples were tested
for strength under normal and lateral prsssures apmraximating.
those which wers thought to have existed in the field.

The results of the index tests give us the following
aversges:

Wet bulk denéity 2.04 Mg/ .
Nature moisture content 26.2%
Liquid limit  78%

Plastic limit 35%
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Direct shesr box_tests. The shear strength along uiscontinuities

end in the intact clay was determined by meens of dircet

shear tests in a 6cm x 6cm shear box apparatus.

All the samples were consolidated prior to shear
testing a period of twelve hours under the seme. normal

' stress as used for the shear failure stage.

The samples which contained a natural fissure were .
taken in such a manner that the test specimen could Dbe .
set up with the fissure coinciding as nearly zs possible

with the designated shear plane in the shear box.

The displacement rates thet were zdopted were
0.005mm/min., which is sufficiently slow to permit drainzge -
to ieke placé (ét least 95% pore pressure dissipstion, as
fdund_from triaxial consoclidation tests), and 0.%75mm/min,
which inhibits full drainage and which represents undrained
conditions.- | |

The residual strength was determined in the usual
way by sdopting the shear box reversal method (PETLEY,I966).
When the first traverse was completed, the gears wer?revaﬁﬁd
and by means of tie bars, the shear box was returned to its
' initiallposition. -The procedure of shearing; as followed
in the first shear; wes then répéated uniil two consecutive

travels showed a constant value of shear stress.

EPE%§%§¥.E?§?§' These tests were cerried out in the trisxial

comprescion apparatus with cylindrical specimens of 3.8cm

diameter x 7.6cm high,

.The samples which contained a fissure were taken in

such.a manner thst the fissures were inclined 2t about 50°
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to the horizontal and lying wéll clear of the end caps.

The strength of the intact clay was meezsured on

specimens not contzining an obvious macroscopic discontimity.

Also, unconsolidated undrained tests with pore
pressure measurements were carried out on intact ssmples

of lLondon Clay.

Radial filter drains were used and the specimens
were placed in rubber membranes. All the sambles were
unconsolidated and they were compressed a% a strain rate
equal to I.5% per minute.A total correction of I5 ¥N/m* for
filter drains .and rubber membrane was applied 1o the
compression strength of the sample because the membrane
enclosing the sample imposes restraint on the sample(BISHOP
and HENKEL,I962). The correction was applied to the axial
stress and not to lateral pressure becaus:z the Poisson's
retio for rubber is zlmost 0.5 and consequently no hoop

tension was introduced in the membreane.

In order to calculzte the normal and shear stress
Iupon the discontinuities a mathematical process was

followed (Appendix 3.a.1).

- Results of tests

These results should be interpreted with care. In
spite of all the care taken it is not certain that all the
discontinuities were éet up with their entire length zlong
the shear plane of the shezr box or that the angle of these
discontinuities to the horizontal was exactly as specified

and close to 50° in the case of triaxial tests. Many of
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fhe fissures may have been secondery end no time was
eaveilatle to determine whether the chosern fissures were
wholly representative of'the inherent fissures in ‘general,
especiallj in terms of the shape and the roughness which
have an important influence on their shear strength. The
comparative paucity of fissures in the available sémples

means that a lzxrge number of tests could not be conducted.

The residual shzer strength, by definition,operates
when there is no further decrease in shear strength with
- a(T/Cn) - .
displacement -(d(displacement) 0). When the above
condition is satisfied, the curve in the standard plot

T/0n against displacement becomes horigzontal. In practice,
it is‘oftén difficult to visually Jjudge from the above plot
whether the soil has reached the residual stzte. The direct
shear box test curves for stiff clays at normal stress-
greater than about 100xN/m? tend to show an increase of
shear stress with displacement on the second and subsequent

travels (Figures 3.a2.4, 3.a.5, 3.a.10, 3.a.lI).

Figures 3.a.4 to 3.a.1% show some representative
stress-strain relationships for intact and fissured samples
tested in the shear box and in Tables 3.a.1, 3.a.2 and
Figures 3.a.l, Z.a.2 all the shear box results are’
summarised (the éhear strength characteristics were

calculated by the use of the method of least squares).

Figures 3.a.14 to 3.a.18 show, as well, some representative
stress—~strain relationships for intact and fissufed.sampl&s
tested in the triaxial aparatus and in Table 3.a.3 and in
Figure 3.a.3 211 the triaxial test results zre summarized.

From the present results the following conclusions
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may be derived:

I)In fissured samples, a significant reduction of the peak
shear strength characteristics is taking place, in a
direction co-planar with a diécontinuity;

2)The residual values of shear strength along the fissures
approach those of the intact clay but there is a finite
cohesion acrosis the fissurz surface zt the residual stete
in both types of tests (direct shear and trisxicl) and
both porewster conditions (drained—undrained);

3)In all the cas=s, a much smaller displacement wes required
in order to reach the residual strength from the peak
strength along the fissures than was the case in intact
clay. Usually, after less than 6mm displacement the shear
strength fell +to a value very near to residual and the
surface became polished and striated.

4)The stress—-strain curves for the fissured samples tested
triaxially show a rapid increase of stress at small
percentage strains, so indicating a brittle nature. But
thereafter, the rate of increase of stress becomes low(in
comparison with that of intact samples) showing more

plastic behaviour, especizlly near failure.

Discussion of results

Examination of thin sections of London Clay under
the polarized microscope (TCHALENKO,IS67) indicated that
no change in orientation of the clay particles took place
as the surface of a typical fissure was approached. This
fact, coupled with the apparent texture of the fissures

which were studied, implies that no appreciable relative
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movements. (shear displacements) could have taken place
along the fissures. This could explain the high values

(in comparison with that of intact samples) of the cohesion
across the surfaces of the fissures st the peek strength
state in both types of tests and both porewster conditions

(drained and undrained).

In all the tests with samples conteining a fissure,
after displacement of some millimetres (5-9mm) the fissure
surface became polished énd subplanar with striations or
shallow grooves aligned in the direction of shearing. The
‘polished nature of these surfaces indicates a considerable

degree of particle orientation.

Clay particles within intact stiff clay may be only
moderately orientated in the direction of displacement.
Under a shearing stress, however, these clay particles
shape up into a parsllel face-to-face structure, orientated
in the direction of the applied shearing force and, e& .a
result of this, less resistance is offered to sliding.The
degree of orientation would cobviously depend on the zmount
of displacement, the nature of the pore fluid and absorbed |
weter layer and the clay mineral type. This explains the.
reason why the value of the friction angle depeﬁdson the

amount of movement that has taken place on the discomtinuity.

SKEMPTON A.W,.(I964) indicated that the effective
residual value of the friction angle f’ is a function of
perticle size and that %— decreases as the clay fraction

(less than 0.002mm) increases.

Puring the tests, as the shear stress and normal

stress increase, shearing begins to teke plece through
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the zsperities, dilation is inhibited and eventually the
shear strength of the surface is controlled by shearing

through the material high spots.

The disturbance in the orientation of particles on
the shearing plane, after the first and subsequent reversals
of the direct shear box, has an influence cn the form of
the plots of shear stress against displacement (Figure
3.8.4, 3.2.5, 3.2.10, 3.a.II ) and it is possible that
subsequent travels of the box start at a higher shear stress

than that obtained at the end of the previous travel.

The reduction of the pesk shear strength perameters
in a direction co-plznar with a fissure may be pertly due
to & higher natural moisture content noticed near to the
fissure area by other zuthors. Initiel dilationsof an
overconsolideted clay undergoing shearing can lead to local
pore pressure reductions and moisture movements into the

shear plane from tlhe body of the surrounding clay.

The existence of strong "diagenetic bonds"(BJERRUM,
1967) easily justifies the significant.difference between
the peak and the residual shear strength characteristics

of the intzct camples.

In Figure 3.a2.I8 the shear stress increases repidly
in reletion to the strain and reaches the highest value‘.at
about 7% strain. The pore weter pressure also increases
rapidly and approaches the highest velues at sbout 3.5%
strein. Afiter this value.the pore water decreases as the
failure state is approached, and this is the charascteristic

behaviour of an overconsolidatcd clay.
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TABIE 8.a.1

Results of undrained (at a rate of .digpl. of 0.375ms/min) consolidated

shear box tests (LOKDON CLAY)

Pepk values Residual values
Normeal Shear | - Normal Shear
Stress 8tress | Stress . Stress
kN / mj ¥N / o N / o* xN / m*
431 250 431 R
Tntact 641 302 641 105
samples -
520 306 520 86
570 285
400 205 400 092
521 196 521 o0
Fissured ‘
. 435 209 435 - 103
samples 570.9 267 570.9 151
641 251 641 130
450 212 450 102
" Peak wvalues Residual values
A N
c % C, ?r
xN / m* N / o '
Intact 1€7 12.5° 0 9.5°
samples
Fissured o .
samples 106 18 16 11
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Drained (at a rate of displ. of O.005mm/min ) consolidated shear box

test results (LONDON CLAY)

Peak values Residual values
Normal Shear Normal Shear -
Stress Streass Stress Stress
kK /m* kK / m* xN / ot kN / m*
570.9 266 570.9 107
Intact _
6415 271 641.5 133
samples -
400 189 400 82
435,11 164 435,1 114
Fissured
521.3 175 521, 3 123
samples , '
641 230 641 162
580 210 " 580 145
Peak wvalues Residual wvalues
A A
C W/ o 7 Cr v/t i
Intact
" samples 48,1 20° (o] 11.5°
Fi d o
ssure 11.5 18,5° 5 1.5
samples
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Results of Undrained (at a rate of strain of 1.5% per minute) triaxial

compression tests (LONDON CLAY)

Peak values Residusl values
Normal Shear Normal Shéar '
Stress - Stress " Stress Stress:
W/ m* kN / m* ¥N / ¥ kN / m*
. 762 844
Intact
9137 392
samples ,
1125 404
, 551 260 520 238
Fiasured
642 314 631 269
samples -
725 290 712" 270
790 s22 784 286
875 315 850 275
Peak wvalues Fesidual wvalues
A N '
c 7:\ c, 75
XN / m* ' N / ot r
Intact 217 9.5
samples
Cu = 325¥N / m®
Fissured )
, 1935 8,5° 184 7°
samples
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2 Shear ' : pi _
*/m Stress (C=167WN/m:,$=125)
. #
S00 1 1 ‘
Pd - ‘
(8=106%xN/m", =177
240 ]
180
]
(=16 W/, FelD)
. (Cr-:O'KN/n‘?', ?i_ =9.5.)
60
' . . . Normal Stress
0 60 120 180 240 300 360 420 480 540 600 6680 720 %N/mt
B, : Peak value envelope for intact clay T Residual value envelope for intact clay
P, : Peak value envelope for fissured clay T; ¢ Residual value envelope for fissured clay

Pig, 3.8.1. Results of "Undrained’ (at a rate of displacement of O,375mm/min,) consolidated shear box tests (LONDON CLAY)
_Comparisun of shear strength along fissures with that of intact clay
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Fig, 3.a.2, Drained (at a rate of .-displ.of 0.005mm/min,) consolidsted shear box test results ( LONDON CLAY)

" Shear

xN/m* Comparison of shear strength along fissures with that of intact clay
Stress|- '

300

. (C-48 1xN/u, @ = 20°)
"

o I | | | / )/E(CJ=II.5KN/H?,%=18.5‘T

480 .
(Gp5wn/mh, B=13.5°)
T
] (Cr=0'|<.N/m1, ﬁ:llosg)
120
60 o
'/ —

. o Normal Stress
. . — : i
0 80 120 180 240 300 360 - 420 480 540 600 860 720 KN/ m

Peak value envelope for intact clay

e

r,-.: Residual value envelope for intact clay

- 2o

Peak value envelope for fissured clay | r; ¢ Residual value envelope for fissured c' ay

—~ — -Test results, obtained by K, AGARWAL(I967)on intact samgles and alonb slip surfaces of London
Clay at Wraysbury, for lower values of" Normal stress (the rate of dlspl. is 0. 00135 mm/r1in. ).
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Fig. 3.8.3. Results of Undrained (at a rate of strain of 1.5%per min.) triaxial compression tests (LONDON CLAY)

Comparison of shear strength along fissures with that of intact clagg"

*N/m* _
Shear ‘ .
: : : R3

| Stress | /0=2 17 %/, B-5)

400 : -
. : . . | N
e o (Gr193av/d, § -8.5)
300 r, (GpIsdxN/ut, $,=7°)
- . . ' °

200 . ...l T P

. A . ] . P _—
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— - T e T
— T
100 : - IR
- P
- -~ -7 ” -7 -
. / : P — ”” - - i

|~ - _ —,':—” -7

P Normal Stress
0 100 200 300 400 600 600 700 800 900 1000 1100 1200 kN/m'

P; : Reak value envelope for intact cley - Ou: Uniaxial compresaive styengih

F; : Peak value envelope for fissured clay Ty 3 Residual velue envelope for fissured clay

— — — Test results, obtained by A.SKEMPTON and D.PETLEY(I967)on intact samples and on joints of London

Cla}’_ at Wraysbury, for lower values of normal stress(Drained tests with rate of strain of 0.00367%per m!
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Shear
Stress

(xN/m* ) 200}

106/m*
100 /\_#_—'
Displacement

024602”4602-4302468- } o

Fig, 3.8.4. Intact sample ., 0,=641xN/m"

¥N/m" | Shear
3001 Stress '
250%xN/m*

300 [\\\

100 S F //‘ P 69. 5¥N/m*
/ ) : Digplocement

o 2 4 6 O0 2 4 6 o0 2 4 6 O 2 4 6 0 2 4 6 O 2 4 6 8mm
Fig. 3.a.5. Intect sample , O,= 431xN/m*

_CONSOLID_ATE_D..UNDRAINED SHEAR BOX TESTS
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Shear
Sbress 212%N/m®
200 1
102 w/m'
100 - “‘~——_____:::jj;
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300
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100

Fig, 3.a.6.

Fissured sample, Subplanar discontinuty, Op= 450 xN/m*

xN/m"
Shear
Stress
196 xN/m"
90 ¥N/m"
.__________‘—~_-‘;
Displcement
i 2 b3 4 5 6 7 mm

Fig. 3.a.7. Fissured sample, planar discontinuity, 0, =521 xN/m"

CONSOLIDATED UNDRAINED SHEAR BOX TESTS



500 XKN/m’ _ 71

Shear
Stress

200
/ /”\\
./ \ ' 92 xN/m"

1m /” ’ — X /
.’/
/ Displacement
0 | 1 2 S 4 5 6 7 mm

Fig. 3.a.8. Fissured sample::, Planar discontinuity, Oy= 400 ¥N/m*

300} *N/m* _ |
Skkar 251 xN/m*
Stress /
200
130 xN/m"
1001
Displacement
0 i 2 3 4 5 6 7 mm

Fig. 3.e.9. Fissured sample, Subplanar discontinuity, O,= 641 W/m*

CONSOLIDATED UNDRAINED SHEAR BOX TESTS
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Fig. S.a.11.  Intact sample , O,= 641 5xN/n’

CONSOLIDATED DRAINED SHEAR BOX TESTS
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100+
Displacement
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Fig. 3.e.12. TFissured sample, Planar discontinuity, O,=435.1 xN/m*
3001 KN/m*
Shear
Stress
2
200 175 xN/m
123 N/m'
100
Displacement
0 i 2 3 "4 5 6 7 mm

Fissured sample, Subplanar ciiscontinuity, 0=521. 3 XN/

CONSOLIDATED DRAINED SHEAR BOX TE3TS
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200
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Pig. 3. a. 14. Intact sample , 0, = 600 xN/m*

0=~ 0;
xN/j
800 - 702““/‘2

400

200

—————> Axial strain

0 2 4 8 8 . 10 12 u <

Fig, 3. a. 15. Intact sample , C.= 700 i/m'

“PRIAXIAL UNDFAINED COMPRESSION TESTS



T = 315xN/nm'

3
K/ Shear =7 Cu= 875 «/m 75 :
Stress : T =275xN/m’
\-——
200
100
Displacement
o b 2 3 4 5 6 7 —
Fig. 3. a. 16, Fissured sample , Subplanar discontinuity
XN/l T =290xN/u? :
300 | Shear " 0,=725xN/m* T =270xN/m"
Stress /—‘\ . Oh=T12WV/m’
. —_— et
200
100 |
Displacement
0 1 2 3 4 5 6 7 mm

Fig, 3. a. 17. ‘Fissured sample , Subplanar discontinuty

TRIAXTIAL UNDRAINED COMPRESSION TESTS
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4, THE SHEAR STRAIN ENERGY CRITERION AND ITS APFLICATION
TO LONDGON CLAY DISCONTINUITIES IK THE CASE OF THE FLEET
LINE TYNNEL, LONDCN TRANSPORT

4.a. Theoretical approach

The effect of the stress system on brittle fracture has

been actively studied in recent years.

If Oy, Oy U3 are the principal stresses acting upon a
solid element, then in principal space the points (q, G, C3),
which represent different states of stress Just necessary to
produce failure might form a surface:

0, = £ (Oy, O3) | equ. 4.a.l
The original and foundamental problem is the study of the shape

of this surface.

In rocks en masse the existence of large-scale structural
discontinuities nas a large influence on the shape of that

surface, resulting in an analysis  of increased complexity.

In the simple case of brittle or semi-brittle materials
(rocké, stiff fissured clays) the complete strain-stress curve
may be used to distinguish three regions of the material

behaviour when the state of stress is increasing.

Figure 4.a.l. shows the relationship between the principal
stress Oy and the corresponding strain t,. In that figure the"
first region is an elastic region where the strain increases

almost linearly with the stress. 1In the second region, the.
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slope of the strain-stress curve decreases with stress but

remains positive. In both these cases ths. o Stress

complete strain-stress curves imply stabili- 7 53%!&
ty and the material behaviour is regarded E g N e
as a fundamental property of that material. 5 E 5%3
In the third region, the slope of the strain- E E Strai;
stress curve becomes negative and the region *—1—**1r;‘—f7_—*'§
is potentially unstable. If the "failed" ma- Fig. 4.a.1

terial yields there is a decrease in the applied stress and

if these reductions are more pronounced than the slope of

the strain-stress curve, the material is in stable equilibrium
with the stress. This situation usually exists in the materials
in the vicinity of the surface of most underground excavations.
If the stress decreases less rapidly than the sloﬁe of the
strain-stress curve, violent failure will take place. In this

case the problem is to determine the point at which potentially

"unstable" failure starts.

The first fracture theories were based on empirical data.
They either assumed that fracture will occur if a specific
tensile stress is exceeded or they related the fracture

process to the increase of the minor principal stress.

A. GRIFFITH (1924) developed a fracture theory for
brittle materials, based upon the assumption that fracture
begins at small inherent discontinuities, such as cracks.
"According to OROWAN's(I949) interpretation of GRIFFITH's theory,
these cracks produce a tensile stress concentration at

which the stress might reach the theoretical tensile strength
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of the material, even though the applied stress is at a far

lower level,

The first simplification is that the GRIFFITH solution
is the two-dimensional solution of a three-dimension problem,
Also, the cracks are assumed to be very flat elliptical |
openings (which remain open and unchanged until fracture
occurs), subject to a tensile stress field and having a

random orientation distribution.

Figure 4.a.2. shows the stresses acting upon a crack
which is inclined at an angle © to the direction of the
ma jor principal'stfess 0, . The tangential stress O, around
the boundary of the crack (the tensile stress which is
assumed to cause fracture near the tip of the crack) was
determined by C.INGLIS(I9I3).He found the stress in terms
of the eiliptical coordinates S and n. The coordinate S
chaeracterizes the sharpness of the elliptical crack and the
coordinate n designates a point on the surface of the crack.
These are transformed to the cartesian system (x,z) as

follows |
X = ¢ sinh} sinn , z = ¢ cosh§ cosn equ.4.2.2

For a flat crack §. (the value of f on the crack boundary)

and n are small and the tangential stress near the crack \

tip is: L |
Ci: 2( E’o 9‘2- nTXZ) equo 4‘Oa.3
4 nt - '

Differentiating 4.a.3. with respect to n, equating%% to zero
and substituting these values of n into 4.a.3. we obtain

the maximum and minimum tangential stress:

' i
o.tgo-—' O-ij‘ (—c:z"' o‘:)l : : egqu. 4.a.4
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In this equation, the negztive sign gives O negative and
this is the meximum tensile stress which causes fracture.

This equation in terms of the principal stresses becomes:

[(O}+ a - (U - 0300329] + [(Of* O§_— 2(Of--05cos2@]
: 23, _ ' '

ral=>

equ. 4.2.5

By differentiating 4.a.5 with respect to © and letting

ef= 0, the critical crack orientztion is found :

Gy = 0 | 4.a.6

c0S26,i= — m equ.

This equation is meaningful when

|cos2ell< 1 which requires g + 33,>0

o
G-

If K,= =-0.33 equation 4.a2.6 Dbecomes

If - = K, then from equation 4.a2.6 becomes K.»-0.33

5.

This means that the fracture depends upon the magnitude of

J. o,

0, only.

N m/\ B"* —
— / - V\\/é D
cr,_._> / L o,
s \ Y —
TR,
] l Pig. 4.a.2
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Now it is assumed that fracture takesplace when:
O‘3=—TG equ-4‘oa08

where T. is the uniaxial tensile strength of the material.
Consequently, the maximum tangential stress 0 at fracture.
takes a value characteristic of the material.

If K.» -0.33 (0,+ 30,>0)  then substituting equation

2T

4.,a.6, into equation 4.a.5. and equating OC,= we obtain:

9
(01_ Q) - 8’.].10(01"' O;) = o equ- 4.oa-09
which constitutes with equation 4.a.8. the GRIFFITH
criterion for fracture. —

The above criteria are applicable only if the 0, is tensile.

F. McCLINTOCK and J. WALSH(I962) mcdified the
GRIFFITH fracture theory by assuming that the crack under
normal compressive stress can close after which it will
begin to carry shear stress due to fricticm along its
faces.These normal énd shear stresses will increase the
strength of the rock by réducing the stress concentratidn
at the end of the crack. | v
Also, the fluid rressure (pore pressure) in a partially
closed crack will.affect the stresses at the tip of +the

crack.

For the fcllowing analysis the case of an initially
closed crack is of greatest importance. Ir that case,when
the stress O; becomes compressive, a normzl stress On= Oy
will act upon the surface of the crack. Ccnsequently, a
frictional shear resistance t will occur

T.=|£0k R oL equ. 4.a.I0

where F is the coefficient of friction.
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The shear stress Tx: can only induce tensile stress at the
crack tip when T">|L0g Therefore, the eifective shear
stress inducing tensile stress on the crack is

Txz = P On = T equ. 4.a.11
The tangential stress Ot om the boundary of a closed crack
due to the above shear stress is given by a similar form
to equation 4.a.3 : ' |

0= 2n§}fgy‘0i) equ. 4.a.12

With the same process as we used in calculating egquation
4.a.,4, we obtain the maximum and minimum stress on +the

boundary of the crack:

O-t = i ———L—sz—s 01,. equo 4 el e 13

In this equation,the negative value is taken because the
tensile stress is producing an elongaticn of the crack.In

terms of the major principal stress and the ratio X, this

equation becomes:

_ —i(i - K)Sin2@ - pl(L k) - (1 - .K.)cosze_]} o
0, = | _ =l o,
° equ.4-a.14‘

with the same process that was used in calculating equation

4,a.,6. we found: L
tan2@y; = o equ. 4.a.I5

l.L

If again we equate the maximum tangential stress(equ. 4.a.I4)

to'fﬂiwe then obtain the fracture criterion for closed

cracks:

G - 4T, .
1T KT A - (T + )

equ. 4.2.16 .
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R.SACK(I946) extended GRIFFITH s theory to the 3-dimentional
showing that the mostldangerous cracks lie in the plane of
the intermediate principal stress,The GRIFFITH,COULCME and
MOHR criteria suggested that the strengthof the rock is
~independent of the value of the intermediate principal

stress.

K.MOGI and B.MANZANTI(I967) pointed out that the
intermediate principal stress has a definite effect on the

strength of the rock.

C.FAIRHURST and K.COOK(IS66),in disagreement with

the modified GRIFFITH theories,suggested that under normal

compressive stress crack propagation takes place imn a
direction parallel to the directiom of the greatest
compressive stress.In that case pfogressively greater stress
increments are necessary to produce continuous lengthening
of the crack.Consequently (except the case of ?ropagation
in torsion), in order for fracture to ocecur,an increasing

level of stress is required.

G.WIEROLS and N.COOK(I968) develop=sd a-criterion
based upon the assumption that failure occurs when the
shear strain energy due to the closed cracks approaches a
limiting value characteristic of the material, They
considered an intact rock specimeh"with a large number of
closed plane cracks uniformly distributed aﬁd randomly
oriented.They calculated the gquantity PEL"FGﬁ (equation
4.a,I0, 4.,a.11) for each crack in the case of wuniaxial,
biaxial and polyaxial stresses ,and foﬁ all the cracks for

which ITI-Fln?O they obtained the shear strain energy (per
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unit volume) which is stored around the cracks as a result
of the sliding produced by the above'stress state. When
this shear strain énergy reaches a constaant value,failure

will occur under any system of compressivs stresses.

B.BRADY(I969) suggested that fracture occurs Qhen
a maximum value of volumetric strain is attained within
the rock.This requires a iarge number of microcracks able
to form a maecroscopic fractﬁre surface.The same crack
distribution function was assuméd as was assumed in the

WEIBOLS and COOK eriterion.

P.ATTEWELL and M,SANDFORD (I97I,I974)using anm
texture goniometer, found that the assumed random
orientation of the cracks for the calculation of the shear
strain energy is a rather special case,They indicated that
each crystal face defimes a smalln planar discontinuity
(closed ecrack) along which localized shear movement ean
take place.The crack density distribution function was
épproximated by & series of associated LEGENDRE pol&nomials
and ,by the use of a digital computer,the limiting strain
energy was calculzted in the case of polyasxial compression.
They concluded that the GRIFFITH theory suffices to describe
the intrinsic strength anisotropy of the materials.

P.ATTEWELL and J.WOODMAN(I97I),investigating the
stability of a discontinuous rock under polyaxial stress,
applied the criterion of shear strain energy to the
large-scale structural discontinuities(fissures, joints,
bedding planes).By the use of equal area projections they

delimited potentially unstable zones in terms of the
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C OULOME-NAVIER-MOHE criterion of failure.A computer programme
was developed for the projection of the large-scale
discontinuities and the calculation of shear strain energy.
It was pointed out that the intermediate principal stress
and the orientation density distribufion-of the large scale
discontinuities exert a big effect on the stability of a

discontinuous rock.

The following analysis deals with the application of

the above ¢riterion in the case of the Fleet Line tunnel.




4.b.General analysis on the application of the criterion.

As has alreédy been stated, the Fleet Line tunnel
is excavated in the stiff fissured, overconsolidated blue

London Clay(Chapters 2.c, 3.2.)

S.PRIEST(I973) measured the orientation, size,shape
and texture of numerous discontinuities ia the clay
surrounding a ruaning iunnel during the excavation of one
the Fleet Line station tunnels at Green Fark. The tunnel
surroundings were divided into one hundred and forty four
curvilinear cells(Figure 4.b.I).0One thousand five hundred
and ninety eight
discontinuities were
measured around the tunnel,

and the total number in

each cell noted.The fissures
were mainly planar(less than
20% were. conchoidal), more

rough than smooth in the

texture and rarely more
than IScm in size.The number
of the fissures per unit
volume increases and the

corresponding size decreases
0.I2m

0.I2m
0,.25m
0.50m

as the depth decreases,

N.PRICE(IU66) suggested

. e 0.50m
that shear discontinuities ,

have a tendency to belplanar; , ‘O.SOm :

smooth and unaffecfed_ by

local lithological changes, Fig. 4.b.I
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while tensile ones tend to be more irregular and tolfoliow

minor lithological wvariationms.

L.COOLING &nd A. SKEMP TON (I940) suggested that the fissures in
the London Clay b&low a surface, remain closed, but when the
clay is subjected to sfress'release(for example excavation),
the removal of lateral restraint has the affect df opening
many of the fissures and providing paths to moving

groundwater.

Figure 4.b.2. shows a contour diagram of the poles
to the discontinuities.Originally a point diagram was
pPlotted using a SCHMIDT equal area net and projecting the upper

Eq@igpgq;g.mhen a peripheral counter with a circle of one
percent area was used and a contour diagram was plotted.
This may be compared with a contour diagram plotted by the
computer,.From Figure 4.b.2. two major groups of fissures
can be distinguished -

i) A group of near horizontal, gently dipping fissures

ii) A group of steeply dipping fissﬁres

The fabric of the fissures was plotted thousand times
" by the computer (Type IEM system 360/67) using a technique
described by P.ATTEWELL and J.WOODMAN(I9TI).Eriefly, the

theoretical procéss is as follows.

The probability distribution P(W,Y) of a subset of
the fabric is a sum of generalized DIRAC delta functions
(W is the latitude and Y is the azimuth of the discontinuity
normals).The DIRAC delta function &ﬁ has the following

_ property

i“ g(x) dx = 1 , " equ. 4.b.1
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Figure 4 . b. 2. Contour diagram of the poles to the discontinuities

of Tondon Cley et Green Park Station.
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For a two dimensional problem and especially
for the c¢ase in which one element A(making
an angle 6, with the OB) lies on the

periphery(Fig.4.b.2),the probability of

finding it af an angle © is

P(B) =&(0 - 8,) equ. 4.b.2 .
) ) ' ' Fig. 4.b.3
or increasing the angle © at A degrees the
probability will be
g+tA gtA . g
- YV 46 = I B.€ (6,0+4)
P(0,0+4) = LP(Q" ae = j (6-6)0 —£o....  6,e(0,644)
equ. 4.b.3

In the case of the sphere of prOJectlon, the probability of

flndlng one pole E(W”YJOf the dlscontlnulty normal at

E(W,Y) is
P(W, Y ) = &(W - w; )8(Y - ¥;) -2 equ. 4.b.4
is Ly J : i \ i sinW; qu. o QDo
or increasing the angles W,Y at A degrees we obtain

WAW L yiay

P(Y,Y+AY ; W, WebW) = dwjdx sinY P(W,Y) =

. w € (w W+AW)

0 otherw1se

The probability distribution of N poles is

P(W,¥) = NZé»(w - W) 8§ - %) 55w Smw ‘equ. 4.b.6

and over the sphere = 5 P(W,Y) sinW 4w 4dY = 1

sphere

equ. 4.b.7

In order to smooth out the delta function in some way, a
small circular area a, is allocated ét each pole and a new
function S(W,Y) is défined,which is strongly peaked at
W="W Y=Y and isnon-zero at W »W;,Y #¥. It has the following

properties:




: ngG, = qa. if G, wholly includes a.
S

=qaf if G, partly includes a,(0<f<TI) equ. 4.b.8
=0  if g, ex‘c-:!.il_.udes' a, |
then  P(W,Y) = ._%'S(W-vY s Wi o, Yp)  equ. 4.b.9
I= )

and consequently

P(W,Y) sinW aW 4Y =
srhtfl

v : ) ’ .
=2{S(¥,¥ 5 Wi, ¥;) sinW aW a¥ < qa.N equ. 4.b.10
I= . . .

Defining q and &. ( a. usually represents one percent area),
finding P(W;E) for each loéation on thé-upper hemisphere

of the sphere and using matrix calculus,an equal area
projectién is obtained showing the probability dénsity of

the fissures (example projection and projectioms 1 to 96).
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4.c. Delimitatior. of potentially unstable orientation =zones.

The clay around the tunnel was divided inte three
hundred and sixty elements (Fig. 4.c.I).& unit thickness of
the elements and”initially, a uniform distribution of
discontinuities in each element is assumed.The equal area
projections of these discontinuities are plotted for all

the elements éround the tunnel.

The state of stress upon each element is calculated
by the equations 2.Ce5.52.C.6. ,2;0.7.0h the projections
1 to 96 the directions of the principal stresses G, 40y + 03
of each glement are denoted by the symbols P,Q,R
respectively, while the symbols X(north), Y(west) and 2
(vertibal} denotz the global axes.

_ A preliminary assesment of the potemntially unstable
zones is obtained applying the COULOMB-KAVIER-MOHR criterion

for failure for-each discontinuity.

The normal and the shear stress upon éach
discontinuity was calculated by the equations

n0i='150;+-m?0;ﬁ n* O, equ. 4.c.1

T'= 1' 0+ m* O+ n* O}~ O equ. 4.c.2
where l,m,n'are the direction cosines of the normals to
the discontinuities.
According to the above criterion shear movement occurs along
a discontinuity when the shear stress exceedsa 1limiting
value given by tae equation

[ Teritl=G + Ontan® | equ. 4.c.3

where Q,ﬂ are the shear strength parameters of the
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discontinuity which approach the corresponding parameters
of the intact material (Chapter 3).For every assumed |
discontinuity for which the inequality

|T|] > O.tan®B + ¢, (equations 4.a.10,4.a.II) . equ. 4.c.4
was valid, a symbol + was printed by the computer at the
corresponding location of the projection. If the normal
stress upon a discontinuity becomes tensile and the ‘
inequality 4.c.4. is valid the computer programme will

calculate this additional shear strain energy.

On the exampie proj,ection(p.IOi,)a;c-i on the projection
I to 96 thé potentially unstable spaces are defined by the
symbols + .The ratio T/a;is greater towafds the centre of
an unstable area and is reduced towards the projection line
of critical equilibrium.It is always abcqﬂed that a small
space around each principal direction is stable(the shear
stress normal to that direction is equal‘to zero and
therefore disqontinuity poles coaxial with a principal stress
direction are always stable).The empty(white) space on the
projections means that no data were input at the

corresponding direction.

So far, assuming uniform distribution of the
discoﬁtinuities in each element and on the baéﬁsof the
‘COULOMB-NAVIER-MOHR criterion we have defined potentially
unstable orientauion zones in each element in terms of the
particular triad of principal stresses.In fact the above
-unstable zones are quite independent of the actual presence

of any discontinuity.

The concept of an unsﬁable zone in principal stress


http://equilibrium.lt
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place incorporates the idea of potential discontinuity
shear movement of.varying amplitudes over a range of
orientations.The (modified) shear strain energy criterion
uses the above idea, taking into account the strength
anisotropy arisiag from a non-random diécOntinuity

orientation,

4.d; The shear strain energy approach to failure

interpretation. -

As has been 6bvious (pages 82),the crack is extended
if the equation 4 a.l6 isvalid and a source supplying energy
is available. Consequently the GRIFFITH theory and 1its
modifications, explain the initiation of the failure
process while the COULOMB-NAVIER-MOHR criterion expresses
the ultimate failure plane direction and +the limiting

values of 1,0, upon it.

It is known that a difference éxists between .the
strain energy of the body containing a cfack under
specified external forces and the strain energy of the
same body without a crack under the same external forces.
According to G.VWIEMBOLS and G.CO0K.(I968)this difference is

defined as "effective shear strain energy" and this is the
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strain ehergy stored around the cracks as a result of the

sliding produced by the "effective shear stress"
T. = |Tl- (O~ u) tang 7 equ. 4.d.I
where u is the pore water pressure.

If the shear strain energy ériteiion is applied to
small structural discontinuities (fissures), then the
_corrésponding shear strain energy for one discontinuity for

which

T, = It| - (4 + O'-,,_tan?))o (equ. 4.a.11) equ. 4.4.2

(the pore water pressure is assumed to be equal to zero)
is given in the form:

Wd= Sft‘t ' - ) . equ. 4.d.3

where 8 is a function of the matefial,_the shape of +the
discontinuity and its position and orientation relative to_ 
other discontinuities, and 1 is a dimension of thg

discontinuity.

From equation 4.d4.3 follows that,for a solid with a
unit volume, the shear strain energy depends on the
. magnitude of the shear stress_(which acts on each
diséontinuity and consequently on the magnitudes of the
principal stresSes; the orientation of the discontinuities
relative to the direction of these stresses),on the number

of such discontinuities, and on their size and shape.

It should also be noted that R.SACK(I946)has found
a .similar equation for the strain energy due to cracks

(penny-shaped cracks of diameter 2a )equal to

81 - .

3% a?Oi equ. 4.d.4

Wy =
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In this application, although the non-random
orientztion distribution indicates discontiuuities
different in size and shape, a ccnstant length, and also

a planar shape for discontinuities are assumed.

Now the basic assumption is that failure will take
place when the total shear strzin energy, generated by
sliding between the opposite surface of N closed

discontinuities, exceeds a limiting value.,

If = number of discontinuity poles falls in the . °
potentially unstable area (as was discussed in the 1last
chapter), the total shear strain energy can be calculated.
Consequently, if the discontinuity fabric of each element
of a rock mass is known, superimposing it on the projection
" sphere of each element (Figure 4.c.I) we can calculate, for
eech element, the shear strain energy in terms of the fabric

and the principal stress field.

For N discontinuities the total shear strzin energy
will be | .
W, = NsT fP’t.,dG equ. 4.4.5
T>0" '
where G, as before, denotes the range of integrstion on the

sphere of projection.

Using the equation 4.b.9 and 4.4.5 we obtain the equation

W, = Ns1’ qzj’t.dG equ. 4.d.6
T>0™ ™ :
(the integral covers the area a,representlng the it p01nt)

For compsrative purposes, the shear strain energy

W, with respect to an equivalent isotropic discontinuity
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distribution (a probability density of unity) was computed.
In this case, the potentially unstable spaces on the
projection contain a uniform density distribution of

discontinuities. The W ; is calculated by the equation

3
W= s1' ¥ [T.d6, equ. 4.d.7
T.> 0
From equation 4.3 7 it can be deduced that the shear strain
energy is independent of the discontinuity fabrie and this
provides a base for comparison of the stability of a series

of different discontinuity fabrics with equivalent stress

and strength conditioms.

Accordingly the ratio Wgq /W, ,can be regarded as a
"safety index"., In that case,limiting equilibrium will not
exist.when-%%=1 (as usual) because potential shear

failure ean take place when W;>0,

4.e., Computation.

In order to establish the delimitétion' of the
potentially unstable orientation zones and the evaluation
of shear strain energy in the case of the non-random
discontinuity fabric of London Clay, and in the case of the
equifalent.isotropic fabric, a computing process was

followed, according to P.ATTEWELL and J.WOODMAN,
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At first, for each element,a triad of ﬁrincipal
stresses appropriate to the coofdinate location in the clay
surrounding the tunnel was applied to the total
discontinuity fabric (Figure 4.b.2)and the consequential
shear strain energy compufed (projectioné I to 76). Inm
every projection case, the discontinuity fabric remains
invariable while the principal stress magnitudes and
directions change as a function of position.The fabric is
always orientated with North at the topr)and West at the

left (Y) .

In order to make a particular study of the
stability of the tunnel in the immediate vicinity of the
excavation,the clay around the tunnel was again divided
into one hundred and eight smaller elements (Figure 4.e.I).
Again,for each el@ment,a triad of principal stresses
appropriate to ths coordinate location in the clay

surrounding the tunnel was applied to the discontinuity

“2.035m T245T m
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fabric consisting of the discontinuities measured at the

zone I (Figure 4.b.I).The potentially unstable spaces were

delimited and the "skin" shear strain energy was

calculated both for the actual non-random discdntinuify

distribution and for the equivalent isotropic distributidn

(projections 77 to 96).

Special care was taken to ensure that the

shear

strength characteristics, used in the calculation of shear

strain energy,represented a wide range of shear strength

paraméters for the clay as created by the effect of the

discontinuities and the pore water conditions.(Table4.e.I).

The whole process was repeated seven times,using each

time different shear strength characteristics ((, ?),

corresporiding to drained and undrained conditions

intact samples and on fissures surfaces,on samples

on

with

orientation vertical,inclined at 45° and horizontal with

respect to ground surface.

TABLE 4.¢.1

London Clay used in the application of the criterion

The shear strength parameters of

SKEMPTON BISHOP { MARSLAND | AGARWAL MYRIANTHIS:MICHELIS
Drained Drained | Drained |Undrained|Undrained| Drained
triaxial shear triaxial | triaxiel|triaxial | shear
tests - [box tests tests tests tests |pox tests
on on : on alon
2long samples samples |fissured )
inclined | inclined| samples | fissures
fissures at 4%° at 45° .
N A | ¢ = O -43°
%= 18.5° R=09.4]P=29 P=18.9 (veriic mm,ie:g ?‘d= 13.5°
L = O o4'j
”(hor-i z. suvnp!cs)
R (C =235 'K[YZn"
A AN . A . .
Cy =7THN/m*{ C, = OxN/i{C =" oKN./m‘C=33.121m,4"«g‘:,15°5“,{’,§‘,:@ C,y=5%N/m"
(horizon: snmp!)




I00

In the case of the calcul#tion of the shear strain energy
in the vicinity of the excavation ("skin" shear strain
energy) the process was repeated twice,applying first of
all the peak shear strength characteristics for fissure
surfaces in drained pore water conditions as derived by
A.SKEMPTON(I967) and secondly the correspcnding

characteristics as are shown in the table 3.a.2 of'Chapter 3.

In the pages I03 to I2I,only four elements from every
10 degrees between 90° and -90° are presented(the total
number of the projections exceeds two thousand).The shear
strength parameters that has been used are: P4 = 13.5° and
CN=51N/n?asobtained by laboratoty testing.The shear strain
energy was calculated in arbitrary units because the factors
s,1 (equation4.d.3)are difficult to determine with accuraéy.
The principal stresses 0y, Oy, O, were normalized with

respect to Oj.

Figures 4.e.2to 4.e.Iband 4.e.I7to 4.e.20show contour
diagrams of the shear strain energy for all.the elements
around the tunnel.In the middle of each element (Figure4.c.I)
the corresponding shear sirain energy was recorded zand

the contours were drawn by hand.

Figure 4.e.2therefore represents the distribution
of the shear strzsin energy around the tunnel fof non-random
discontinuity distribution.The shear strength parameters

used were Tu= I3.5°, Cra’ SN/m,

Figure 4.3 represents the distribution of shear strain

energy for the equivalent isotropic distribution.The shear

strength characteristics used were again‘ﬁi=13.52 CH;SxN/mﬁ
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Figure 4.e.4 represents the distribution of the

nsafety index" Wa/Ws of the above shear strain energies.
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EXAMPLE OF AN EQUAL AREA PROJECTION for an element inclined at 50 deg., 1st quad.
and terminating st a distence r = 1.8 a. ( Cs= 7x¥/m', @ = 18.5°). .

It shows :

1) The probability density of the poles to the discontinuities measured in
London Clay at Green Park Station (Pi diagram)-

2) The directionsof the principal axes P, Q, R . i :

53 The potentially unsteble spaces delimited by the symbols +

.4) The values of the normalized principal stresses and the values of direction
cosines (in brackets). .

.5) The values of Wi, Wu,Wa/ War, Wa/ Wa..
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Equal area projections of the London Clay discontinuity fabric at Green

Park Station

Elements inclined at 90°, 1st Quadrant  ( (.= 5xN/m* $4= 13.5 )
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Projection 6 , r = 1,6a
W,= 6.15 We= 9.21
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Projection 8, r=3a
‘U; = 0.43 VU;,:: 0.92

Equal area projections of the London Cley dlscontinuity fabric at Green

Park Station.

Elements inclined at 80°, 1st Quadrant ( (=5 ¥N/o*, Pz 13.5°)
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Projection 9, r= a
W, = 93.26 W,= 84.01
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r=2.2 a
Wi= 169 V= 2,94
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Projection 12 ,
lVd - C*.(555

r=3a
W= 1,32

Equal area projections of the london Clay discontinuity fabric at Green

Park Station.

Elements inclined at 79)°

1st Quadrant ( (z 5 xN/n*, By= 13,5 )
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Projection 13,
W, = 108,06 Wy= 85
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Projection r=22a

5,
Wiz =3. 80

Equal erea projectionsof the London Clay

Park Station.

Elements inclined at 60°, 1st Quadrant
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Projection 24, r = .6 a
We= 11,48 Wa= 12,32
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Propction 18, r=3a

W, =0,89 V= 1.66

discontinuity fabric at Green

( Cg= 5 kN/ot ’ P= 13.5 )
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Projection 17 ’ = a

wd: 115.05 de= 88.45
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Projection 19, r=2.2a

Wi= 3,15 Wy=3. 8¢

Equel area projecticns of the
Park Station.

Elements inclined at 50°, 1st Quedrant ((=
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Projection 18, r = 1.8 a
Wa= 15,28 Wa= 13,05
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Projection 9, r =35 a
Wi= 0.89 Wi=1. 50

London Clay discontinuity fabric at Green

t'.:‘-"‘N/mil. » = 1505.-)
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Projection 22 , r = 1.6 a

Projection 21 , r =a
Wy= 16,16  Wp= 11,60

Wy= 104,30 Wy= 83,26
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Projection 24 , r=3a

Projection 23 r = 2.8%a
W= 0.49 W= 0,74

Equal area projecticnsof the London Clay discontimity fabric at Green

Park Station
Flements inclined at 40", ist Quadrant ( (i 5 XN/d ,P= 13.5")
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Proj i = Projection 28 r=3a
Jection 27 , r = 2.3 a JeC ’ =
Wy= 0. 89 Wy= 0.59 Wi= 0,048 = 0,06

Equal area projections of the London Clay diséntinuity fabric at Green
Park Station
Elements inclined at 30°, 1st Quadrant ((g 5 kN/m* , $,= 15,5°)


http://1-.331-oocourr.O1-
http://%e2%80%a22222il-iTi.jp
http://Illl3jlu0i.il
http://ni.il

N

X
:Gr0 3007 21111112000®
1,0(:11100DLIYULIOLE
'ullllffu(;g;g 100 999 500w Willve
'wuliliiilg
Q0 106100 M0
(\Jl-."\uu.auuou:mwmul.
319wy wivLd. 1 avituliv

13 eI R
N l

413111 0ued?
sC1111uaush

» 11111000 ¢udul Jo1100000®
%1111l 0yulvlifovuve
s111111 i N T L
e 111112 W v ﬂnjoqnJojnuuouonuJUUoQUUQHEJUQUUVUD'

B 'J\!.)'Jl.'UJl.l\."Jﬁbui.UUJ:JJJuleJ:J
giz";;Duun\lu - 00ut. VUYL DUV J‘;:

PR AR - R I I TN L A 00:;-33;:.};03;“.
A 1OVGORUduNUUYs0U N LTS IBLL S

" euudt 011 l.lllllllllllll\llllllJJJllJu.lL-Ju = Jouse
» St "‘;Hllll H!l22222222221111;’0-!&0"; FIYREER
NS 13443332223221 11 wdyIu. Ll luvoutte

: . 22233 vk
g an) \:u::r:_:_::ﬁizgnz“ﬁs;_,“;nsznwauuv:ou.wu
e

3§10 WO ]
k T 1112*133%5»5555“33211 11111
; ”:"rn-u}uulzzzzan-asusssuazzxu\uuul&ﬁ::z
Caanl g 11111221353955 4443222111 111110¢ v
L 111P ) 11 112306404333322222111 101000000
mmr_1|zzz;33.zzzzz:zzzzuu(luu.u-:
Cone1112222#11112212711111 43100

11179015 wwwul
1 F e aeuauttl

LousG3WIC D

Farer gl cesl
sannPAn” =31 waaasbits 11
' PELRRLLY RENILLE L
R SR PR

7931900052
N
RS YAV IS R

Laae11111140027h111111121000e
. . 1uu®
A1 Tof pOuu sAUIONULI0AF 0uell 1131111y
11;'1;:':"\j.:::g?mn-:ﬂuomu- WIUR I L TS Juuull..llouz;\;.'
133521 7 10noan AT 00009080010 111 1110469
5222 1100wy 2075 5 3805 3 12011300 uul“u:
R e S LR T E R L
N '111uuum'."uu:-w..nunnl.nuug-
€1111111¢111111311111111111060U00%
eu£160111111111111000000000Y
o7 111110120009000®

Projection 29 , r =-a
Wy= 68,78 W;= 83.67
N
- -morannoo:nuloooo-

*0111190C0ONGE GL111020100009908
#00]11070C 0203060COINI0000N0N01110e
o11101¢c00 00CcCLN2000n11111110
0211107 IDANALANANQDLONMOY G DAINANANTLL 01900
«0 211110 I000HE 0 ICICONCNIHLLEDIALRIr 9305000D1®
00111110ANDOrOLL ANCOCCLL L OMICICHOCICO0IT] 10100110
w0 111311122700207 INDDNCGENBLEADNGHVI00NFII2TL1030300e
#1111111C10001CCCELCUCICUNLCANNENN £o000rNDAC 0161106000
7 1111119700C00I00I1.Ce 306000 2L AU200LDLN0 0nAdonC 1900000
=01111171C1CANII0LACEO-2MUN0COINRN 2UNYHIINCATONCH60000GI0s
29¢ 111 WEOF ¢ 0ROOCINCLLAOAGO 07 0L 200C00IDOILDL $290000002000 ,
a0A( 10060 ANGE 0 EAMACADE AN INAOCICONTIING 0600010000004 0709008
358 1OASELOF € DO INGLILF CLANDF IS0IICENT INLAICITOINZICIAIC 020000
211< ITM002ALOMNEEN010TLLNGINNICONCIT)I0 16101C¢I0,CCNDIN000000®
ACACHAGIOLHINAICON0N 111111111121 L0111 1111110307960001:00060060
£010%300ANLOONT 0IICOLNTR111311121222222222211111000000 930000000
QN3N NEONINARGANNANDANG 1122222333344 33322272211 10700G~111000000
YRE A AECO0~0CLAI7 10"y IT11122233244555%443333211 N11100001300000
€0 0COIPDECFCDTARILENLL11223334450666456643321 1111101 131,00000
6.¢ 3C 200NN INDNGIURT 1111112222344654¢585443221111231101103000
CASAAPONCRE AT RGMITATTIT1113112112233555550443222101111 111102000
03I BLULPANLEIDTOCNNE 111111110 N1112344444333322222111111100c00
SEIONCHAIONLOOEC S DL I AN0NNDAE N111222333322222322221111110%0
g N7 QCAITNGNLCADICUE M.0( FG0nMNara]112222211112212211111111008
€300 C00S00A2 MHIHOC 3ICCCONCOLC-11121111111111211111221100
89300 D INARGLLNIC 00 BELUDLLLL A5 0 11111181714111111111211008
ally SENENA0IIrOL) exun rp11111102C3C1111111121109%0
SC11112AT R CIBLUC MO GLACHC AIOGLOC0uISNI0 1122211111008
1121114000997 LAONCACNAGLE 20, ED0CCNEI0NG111110010098
12222170AN9C 00 09 0PBSNL 0NN 7)770111111007°00
222221100 7006097003000C A0 ALY COnINT1RLRR100C S
1222112131709 LA 011111117711111310192
B11A2131R10400000 101210 009R110011110
©1111111°01111121211121213119903000®
*COTT 1111111113113C0CO0002I®
= 1711111017000006008

Projection 3i, r a 2.2 a
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Equal .grea projections of t'he
Park Station.

Elements inclined at 20°, 1st
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Projection 32 ,
Wy= 0.0

London Clay discontinuity fabric at Green

Quadrant (C g5%N/m', Py 13. 5) -
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Projection 35, r=2.2 a Projection 36 , r =3 a

Wy= 0.0 Wy;=0. 0 Wy= 0.0 W= 0.0

Equal area projections of the London Clay discontinuity fabric at Green
Park Station

Elements inclined at 10° , 1st Quadrant ( (& 5 xN/

l’ rd= 15.5 )
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Projection 37 , r=a
W;= 52,58 W;= 84,08
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Projection 39, r=2.2 a
Wy= 0.0 W= 0.0
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Projection 38 , r = 1,6 a
Wg= O. 060 W= 0. 15
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Projection 40 , r=3a

Equal area projecticnsof the London Clay discontinmiity fabric at Green

Park Station

2 = °
Elementa inclined at :0°, 2nd Quadrent ((& 5uN/m ,Ry= 13.5 )
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Projection 41 1r=a
W= 57.75 W= 83.93
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Projection 43, T =2.2a
Wd=0.0 Wa=‘ ovo

Equal area projectionsof the

Park Station,

N 113

x
L 00000CO0E 111 )000Ce
LLIITTRN 1t 0
*0011¢0LLIL0L00WLGCO0GHCLLEOLETRL0
011101C900920500000u0N00C0ULO0TEI12180
01111000060UVLTNIIO0LLOCOILOILOCCICOL001000
P00 111140CCaCCe {LLOCILGOULCUCOGINIIC-000090001
001111xuouoncoooaacocc)uuucuoocaOLoooooolluloallzo
*011111110C0GLOGIA Tuul. 000020uL00 oL QUGULCOGIO] 000 40®
PLILLIT1010C312C0COBLCrEICLOCAOCCLCCLCCe CO0ITI01LCONCES
*01111119000C005CLL(OULILEOLLILILUIIO0L ILOULD KDL 04000C S
*011111000100¢0C SuCCUCOEIGCHLOTOOOLL VDI DLPDOOLOCOOGODI00e
0331110CU0ICOC 010D 10UINCUADCUOCELLR(OCLEOCA0COCLCCO000
2404100000006 £0uAGY 30 INI0TI SUVCADUOLULLIDN IG5 ) 0020L000000
00901000000V0C020U0001000C0U00POACE IC £ V00C 13COCHC0A00000GCEO
20411 COUA00000CI(idu 116 48I0u000uLTOUVE 3 10 1CUDIVCEOLI00N0 »
0LLI00UOOLLCULILOLULOTULLIRITLINTELI101111]11300009000C0G00000
000624 ILOCOYGOCOGCO0C AGE T11111R112122222222221111 LPOLCICOOCCODDOD
U0C0UDLOLECODLO(CLLDOU Y1 2222233334433322232211 11090008 1 10000OC
Y01 200L 00¢0 COGCLOUC IDLI1 11222332445 2254433332115004 1 0C00) CO000Q
OCLUOCLOCO00LULODOCUN(D12112233344566¢6544633211111101201CGCA0C
004CLOLITCOCO10000CCULLITT]022223446566555443221111111401 100000
U0t JROLDCDOCOI00UL0111111131212¢03552554403222111111011100000
#90JLLCLO0DCCAGOUNCHIOITII1RIL0LI1234e04433332222211 1118100000
£1DUGEULDCCCOCOLACCLCLCCBO0DL0T1222333+22222322221111110000 .
*LOCICCI0CU«DCOICULUDL BUUUOD0U0T011122222¢ 111221221111181100
$ B0CLLLEOLOLSLOCLLOCONGGNO00L0LA01L121111632101212010220100
*0LIRGLU00V0L0UC ICULYLLOCCO00I0011111111Ce 11111111021 100e
#1LLCLO0O00LD o0 ;0ud DUv000C011111100+n0L112111121200e
*011110G0CC00C QL  COCCLLULUGCCUOGOU»001 111111111008
*11213100¢£ GO0 300530+2LL0GO0IOLCOGCC*+100G 11111001000
1222210000CL .00 2I0MVGUCLU S +CUDLLO0 11111 100600
*222211000C:;00GLLLI000VGUOOC ] ILULD00 11 1111000
142211111..90000000000u001111111001212111300
1eL11L151100RLCIGOCOITITILINICILINNANLLD
®1e10.11081101110211111100012€0CCCO0
“CelGaLL11311111130000000000®
*U001111C100GCCUCO0e

Projection 42 r = 1.6 a
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Projection 44 , r = 3.8

London Clay discontimuity fabric at Green

: s _ o
Elements inclined at -10°, 2nq RQuadrant ([rff) «/m", ‘ﬁ,d- 13,5 )
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Projection 45, r =a
Wy= 72.45 W= 83.61
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Projection 47 , r= 2,2 a
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Projection 46, r = 1.6 a
WJ:= 3. 77 W“= 259
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Projection 48, r =3 a
Wd:= 0.0 WJt: 0 .0

Equal area projections of the London Clay discontinuity fabric at Green

Park Station.

Elements inclined at -20° , 2nd Quadrant (CH-. 5 K N/m? ,ﬁd= 13,5 )
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Projection 49 , r =a
Wye 94.49 W= 83,32
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Projection 51 , r =2.2 a
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Equal area project
Park 8tation.
Elements inclined at -30° ,
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Projection 52 , r =312
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Wy= 0.63 W,= 0.59

IY

X
*ARNAAANAL 111110 INS
S1111193e700NC 111 AANMQINIAN S
S0V 1eONNLLACYNCOOININOI00M e ] 1] IS
Gel131003C INANNTY, 209700 NNV 1T el 110
nll||qnonnnnnnpnnnnnrnnﬂnonhq1101013]9.]333
-:g||1|nanQNAnﬂﬂoocnoln)1ﬂnuvonnnﬂﬁunne1~ogh1.
INLLILLIONNANH (A YIGHPIINICIDAACAAIZACEII LS LN 011N
‘Plllllllﬂﬂ”"ﬂﬂ'ﬂ0"ﬂ77nﬂﬁrﬁ“’honﬁoﬂﬂ1”4ﬂ“"ﬂﬂﬂllOn.gﬂ-
*1111111D170010 130 HNAANAGEININIGIN0NINBAA0IINE AT 1100e NS
7111111509009 256 1739330411323 1000 1% 1103030100706
lﬂ]llllﬂjqlon.ﬂﬂho1&“"5:J03@ﬂﬂﬂogp1ﬂ10110ﬁﬂﬁ0"9170q305075.2
rﬁﬁlllﬂ'jonot:ﬁn1ﬂlhnﬂlnﬂoﬂ*ﬂﬂ"’ﬂon1ﬁoﬂﬁﬂﬂﬂv1ﬁﬁ\1?1?0"99009
-909lﬂcﬂcon."nl”ﬂ"o1"70"00”“0(OJO“OU“UGGHDO_“3"0‘30?”0330550.
nnaoloonnnonnnoﬂopc'r=clonanbuonronOﬁnannnnOIOonnoonoowoaﬂﬂoa
SANILIEONANSNNNADARD (] 1T IINITINIGAAIIDANIAICLIN ) #200NTA0INIID e
ﬂ)fOOHGHNGO““"ﬂﬂ“ﬂ"ﬁ"“Elllllllllllllllllllllll‘ﬂ1ﬁ00°P000004930
ﬂ?oﬁ‘ﬁﬁ““:’"?"‘b!""""ﬂlllllllllZl??ZZlZ?ZZZIllln?nuooﬂo‘ﬂOHﬁooﬂ
Mno1fonnﬁoﬁﬂﬂﬂﬁ1bﬂ"3“’!l122222!3!3453332221221IIBWTDOﬂIIIOOODOO
YN GANeNONNNIONANH N1112223374455554433332110771147200299929)
0703006IN409MANIN0ANNNN 1 111223334456666564433211111101101000000
CNNDEOCeNNOACIANNNRYNG] 1 1] 11222234465565554632211111 41101109000
ﬂﬁﬁ1ﬂooﬂnhh"3ﬂlﬂﬁ0001lllllllllllZZ!!5§555b‘63222|IIIOIIIIIOOOOD
'nr1oﬂeﬂn"305"‘ﬂ"ﬂ"n'1llllll!lJ’ll!Z!“b‘LJBISZZZZZOIIllllooﬁn.
£0€NQ0ONONNNNONANCIeANE 10010 1112223333222223222¢1111110030
S0INANANEAII"A0T0MNIAIANAINN0EANS111222221111221241111121100%
000000“01ﬂﬂ“ﬂﬁ5100"01511“05?5305101121llllll!llZOIIIIZZIIOO
lﬁﬂﬂOO”FOOHPQO"1”ﬂ"ﬁﬂoﬁnﬁﬂornﬂ“"“l‘lllIllﬂlllllllllllzll
*1100003ANI18 QNG "eGCN03001111119799011114128121100¢
011110007 ININALEODA  AONBLAPANCIINNIDNT 11111111109
-1121llonnoﬂnnouoaoonnnnnnooroonnﬂonoann01lllooOlooo-
I?ZZ!IHHHOEFUWCGﬂﬁﬁﬂﬂﬂJD"1h009000‘3"11lIIIIIOOOOO
*222211000000:01I0N1000)0IT001 100110111111 €00w
12221111111 00009700 90N T111110012121111 440
11111211013793923339 2111111301 11111 111D
*IT11111171111111111111111220990000e .
*N31NP71111111111110000009000
*307111110110000000Ne

Projection 54 , r = 1,6 a
VVd = 1:3. E;E; .“bx=== E’. :3'7

N

X
=ANNAROOGITLE L Nane
*N11114%¥nnrnt11ananyannaane
+201171111791133)71099a80n A 14
olllo]nfnﬁnqn11nnranrcnﬁrnenﬁwrllllllla
1]]1|nnornnnn1nn1q:'vhﬂhnnh'ﬁﬂnﬂﬂﬁﬂhl00]931
-ﬂl_|‘lll:\n‘\(‘["\'\'\‘"\‘\"ﬁ'\‘\'jnf"\\(‘n"']'l!ln"-‘\l'!'lﬂ"_‘,‘l‘\:’l'
snlj|1]qnnnnrnﬂn4nnnrhﬂ)qrrnnnrﬂqnﬂnnﬁnnllJloollo
-.'\llll.ll!'n'nr.\qmr)n-'\wnnn-':n'mﬂ1~'}n~cn'.'-'.\'v'v'\“llmo"‘)-
t[[]]|||3|nno]nrnrnnrqqnn*ﬁnnnrnnnﬁnnnﬁwﬁn;\'|F||5¢ﬂhﬁ.
-;lll[]ln“31nnnnqnnnnnnn~nnnnnnnhnAnq~gAnnnnNn\n1|nornn0l
-1111||nnn|rnn15nrn1111n\1nﬂ1nrr1nnnnﬂrra1nn~i.;nan)néquqno'
)no[][neonANnnnqoglnnn[11nrnrnrnnnn"qu1na~n~1 [LLRLY L L]
-onnle;«nwnnnn1nﬂnnnnn1un1nnnnnnrn~ﬁﬂqn~~;nv~ﬂnnn~-ﬂnénojﬁnﬁo
Dﬁﬂtlﬂnnﬂiﬁﬂﬂﬁ1ﬂ1hq‘n\1|ﬂjﬂ11)“D?”"”th\ﬁﬂjl11H\~;1-411:n6£1
:311|lnnnnnnrnnnanqnn;:l\arnnnn-nnnnnwnn|n|n,nnn\rgn\qnonnhnau
ng:z:;::;::”"ﬂ:"ﬂ:f‘::*llllI!!lllllllllIllllll""ﬁFOfﬁHONAQanﬂ
OHchnnnﬂn;n:Snnﬂﬂ;n .lll!l)llI?l??l!???!!!llIlﬂn"ﬂﬂbﬁnﬂoﬁ1ﬂﬂ15
vﬁﬁn«nronnnoﬁ nnﬂ )2_11122222!31!&‘1!sz!!!!?lll“""IllO’"J”ﬁ
e e e
£ 5 3 6£6%44433211111101101940r AA
:::25:::22;”:&0:1:“11ﬂ1|llllz?zz;tbeS\o'ﬁ‘t0!27llll;l::h:lﬁ10(‘
- o 0" 17 '?lllllllI!'ll??!!!s!iﬁlbh!27211llllllll*"ﬂﬁ‘
N RIgNY "”1ﬂh"10""ﬁaﬂ“llllllll""lIl?!ht6663!‘!22!’2l|Illllo‘”“'
'V')(\{lo(\ﬂ'\:\'\ﬁ"'|’\‘\'|ﬂ'\-\!\‘)q'\ﬂ manr
angnnop*~n If‘.l‘\l-‘\ﬂl\ﬂ"’ll)n WARANAAFAAN
R s et T H e
':;;::::ﬂﬁf""ﬂ‘ﬁ‘ﬁﬂﬂ"0"41""‘fﬂﬁ”'llllllll‘lllllllllll!llan
AARE APArABRAA ArA~Anga T
A T TS
OIIZI|l-n1::oorurn~nnﬂao~(~nnnn-1naﬁn~~rn|llllonlg;n:
IZZ?!I“ﬂﬂn"nnn~1nbnnhhﬂ'ﬂﬂr"hﬂi“‘ﬂ*‘1ollllllﬂﬂfﬁﬂ
'!222]!“"00’"“1*1)1(?3""“?]I"'*D"“‘llllllﬁéﬁ.
IZZ?IllllI"“ﬂﬂ’"ﬂ"F“'""lllllllﬂfllllll!l”O
llllllllll"ﬂ‘“bl“""llllllll"lllllllllﬂ
'lllllllﬂllllIlllllllllllll”“ﬁnn‘1l
ST OrGAARAsre
AR TI119179)9% 9499 e

Projection 56 , r =3 a
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Equal srea projections of the London Clay discontinuity fabric at Green

Park Station.

Elements inclined at -40°, 2nd

Quedrant (C = 5%N/ul ,ﬂ_f 13.5° )
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Projection 59 , r = 2.2 a
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Projection 58 , r = 1.6 a

Wy=11.34 W;=9.43
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Projection 60, r = 8§ g
V4= 0.20  W;= 0,35

Equal area projections of the London Clay discontiruity fabriz at Green

Park Station,
Elements inclined at -50°,

ond Quedrant (C= 54V/m*, Ru= 15.5 )
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Projection 61, r = a
Wy= 110,39 Wy= 835.79
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Projection 63, r=2.2a
Wi= 8.26 Wy= 9,20
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Projection 62, r = 1,6 a
Wy= 19,61 W= 18,66
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Projection 64, R = 3 a
Wi= 1,37 W= 2,13

Equal area projections of the London Clay discontinuity fabric at Green

Park Stgtion.

Elements inclined at ~60°, 2nd Quadrant (Crp.‘m!@,/mz,‘,éf 13.5" )
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Projection 65, r = a
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Projection 67 , 1 = 1.6 a
Wy= 5. 87 Wyi= 8. 36
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Projection 66 , r= L4 a
Wy= 14,76 V= 17.70
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Projesction 68, r =2 a
Wy= 0.89 Wy= 1L.70

Equal area projections of the London Clay @iscontinaity febric at Green

Park Station.

Elements inclined at -70 degrees

ond Quadrent (g 5xV/u ,%;= 13.5)
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Projection 62 , r =@

Wy= 71.53  Wg= 84,19
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Projection 71 , r = 1.6 a
Ti= 4,62 W= 7.59
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Projection 70, r = 1.4 a
W.= 11,64 Wy= 16,88
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Projection 72,
wa = 1. 79

r=18a
W= 3.33

Equal area projections of the London Clay discontinuity fabric at Green

Park Station.

Elements inclined at -80 degrees s 2nd Quadrant

(G 5¥N/m, P=13.5")
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Projectio 73, r = a
vvd = 5565. 113 v‘h:== E}qn. j};
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Equai area projections of the London Cley discontinuity fabric at Green

Park Station. '

Flements inclined st -90 degrees , 5rd Quedrent (( .z 5xN/mt, Py= 13.5°)
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Fig, 4. e. 2. Distribution of shear strain energy (Wy) around the
tunnel, generated by the non-random discontinuity febric of London Clay
at Green Park Station. - | |

The shear strength characteristics used are Cpp SKN/ﬁ", ®= 13,5°,
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Pig. 4. e. 3, Diatribution of shear strain energy ( W;;) around
the Fleet Line Tunnel generated by a random discontinuity fabric

equivalent to London Clay discontinuity fabric at Green Park Station.
The shear strength characterisics used are C,= 5%N/m', 75r;1= 15.5°.
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Pig. 4. e. 4. Distribution of the "safety index” ( W./ W;)
around the tunnel. : .
The shear strength characteristics used are Cp= 5kiN/m*, $y= 13.5 ..



Fig. 4.e.5. Distribution of shear strain energy ( Wi) around the

tunnel, generated by the non-random discontinuity fabric of London -

Clay at Green Park Station. . :
. ~ .
The sheer strength characteristics used are Cyq= 7xN/u, fi= 18,5°
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Fig. 4.e.6. Distribution of the "safety index” ( W,/ W;)
around the Fleet Line Tunnel

The shear strength characteristics used are 6d= 7xN/m, B = 18.5°
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Fig, 4.e.7. Distribution of sheaf strain energy (Wd) around the

“Fleet Line Tunnel, generated by the non-random discontinuity fabric
of London Clay at Green Park Station. '

The shear strength characteristics used are Cr= 0¥N/m*, $= 0.4 .



Fig. 4.e.8. Distribution of the ."sefety index” ( Wa/ ¥ ) around
the TFleet Line Tunnel o

The shear strength characteristics used .are Cp= OxN/m!, ¢ =90.4,
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Fig. 4.e.9. Distribution of shear strain energy ( W;) eround the
Fleet Line Tunnel , gemerated by the non-random discontinuity fabric
of London Clay at Green Park Station.

T~

A
The shear strength characteristics used are C.= 0 xN/m%, P = 20°,
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Fig. 4.e.10. Distribution of the‘safety index” ( Wa/ W,) around the

Fleet line Tunnel, n

The shear strength characteristics used are C = 0 ¥N/m} P = 29°.
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Fig, 4.,e.1l. . Dis_tri'bution_ of shear strain energy (- W,,) around the
Fleet Line Tunnel., generated by the non-random discontinuity fabric
of London Clay at Green Park Station.

The sh_ear strength characteristics used are C = 33, 12%N/m", P 18,.9°,
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Fig. 4.e.12. Disiribution of the "safety index’( Wy/ Wy) around the

Fleet line Tunnel,

~n

The shear strength characteristics used are ¢ = 33.12 uN/m% $- 18.9°.




Fig., 4.e.13. ' Distribution of shear strain energy ( wy) around the

Fleet Line Tunnel , generated by the non-random discontinuity febric
of London Clay at 3reen Park Station. .

The shear strength characteristics used are G = 235 xN/m?, - ¢ =0.43°,
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Fig., 4.e.14. Distribution of the "safety index” ( Wi/ W;) around the
Fleet Line Tunnel. '

. ~ A o
The shear strength characteristics used are C= 235 xN/m", }b = 0,43 .
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Fig. 4.e. 15.. Distibution of shear strain energy ( Wd) a;'ound the
Fleet Line Tunnel , generated by the non-random discontinuity fabric
of London Clay at Green Park Station.

The shear strength charactiristics used are C= 400 ¥N/m®, P = 0.4,
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Fig. 4.e.16, Distribution of the safety index ( W;/ W;) around the

Fleet Line Tunnel. . .
The shear strength characteristics used are C = 400 wN/u*, P= 0.43°.
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Equal area projections of a section of the London Clay discontinuity

fabric at Green Park Station.

: .
The elments are inclined at 90 degrees, 1st Quadrant ( C= SxN/m,ﬁd-:I.S.S').
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The elements are inclined at 50° degrees , 1st Quadrant ( C = 5xN/m*, P=13.5
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Equal area projections of a section of the London Clay discontinuity

febric at Green Park Station.

The elements are irclined at 0,0 degrees , Zmd Quadrant ( Crd=_51LN/m§ = 13. 5).
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Fig. 4.e.17. Distribution of shear strain energy ( Wy) around the
tunnel, generated by a section of the non-randcm discontinuity fabric
of London Clay at Green Park Station, which section represents the -
discontinuities existing in the immediate vicinity of the tunnel,

The shear strength characteristics used are Cp= SxN/m' ﬁ;: 13.5°.

(Diemeters of inner and outer circles are drawr to different scales,

Fig. 4.e.I).
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Fig. 4.e.18, Distribution of the ‘safety index” ( W/ Wy) around the
Fleet Line Tunnel. '

08

The shear strength charactiristics used are CnF SKN/h‘, 7%: 13.5°.

( Diameters of inner and oﬁter circles are drawn to different scales

Fig. 4.e.I).
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Fig. 4.e. 19. Distribution of shear straiz energy ( Wy) around the

tunnel generted Yy a scction of the non-random discontinuity fabric
of London Clay &t Green Park Station ’ which section renresents the
;discontinuities existing in the immediate vicinity of t - tunnel.
'"he shear strength characteristics uscd are 6d= 7%N/hﬂ' 1= 18.5°.

( Diameters of inner and outer circles are drawn to different scalns;.
Fig. 4.e.1).
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Fig. 4.e.20. Distribution of the safety index ( W,/ W) around ths
Fleet Tdne Tunnel. -

The shear strengih characteristics used are C,= 7 kxN/m?, $= 18.5°.
( Diameters of inner and outer circles are drewn to different scales,
Fig. 4.e.I1).



4.f., Results

From all the Figures which represent the distribution
of the shear s%rain energy generated by the discontinuity
fabric of London Clay as tunnelled at Green Park Station
(2 non-random discontinuity fabric), it can be seen that a
distinct concentration of shear strain energy takes place
at directions ranging between 48° to 60° in each.Quadrant
and at a distance equal to the radius of the tunnel (that

is on the perithery of the tunnel).

In the cese where the shear strength characteristics
represent drained conditions, the direction of the concentration
b

lies at an orientation of (45° ﬁ-j-) degrees to the horimntal

in each qusdrant.

This does not indicate that the presence of - the
discontinuity fabric has no effect on the direction of the
concentration of W;(and consequently on the potentizl
failure). It simply means that, the character of the fabrié
is a not—unduly-sehsitive factor in the generation of the
shear strain enargy value,: especially_when it is assumed

that the same discontinuity fabric exists in each element.

The ZOne around the tunnel with W;>O tends to extend

verticelly, especially for lower values of Wy . This follows
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frbm the original state of stress in the surrounding cley.

The slope of the relationship between Wg and r
(distance from the centre of the tunnel) is very steep
following the éisturbance (generated by the excavation)
of the in situ principal stresses.

For elements in the immediate vicinity of the tunnel

surface (r=a, -%:1, %::O, %:%:\)) with

an
enisotropic discontinuity distribution, the differences

in the values of shear strain energy Wq =re generated by
the diffefent numbers of poles falling in approximately thé
same potentially unstable orientation zones (Prbjections
I, 5, 9,... 77, 8I, 85, €9 and 93; values of Wy). In the
case of an equivalent isotropic distribution the same number
of poles fall in the same potentially unetable orientation
zones and conséquently the generated sheer strain eneréy
Wy is the same for all the elements in the immediate
vicinity of tke tunnel (Projections I, 5, 9, ... 77, 8I,
85, 89 and 93; values of Wy. Figure 4.e.3; radial symmetry

for the highest wvalues of Wg).

The axial symmetry of the Figures,which represent
the distribution of the shear strein energy, results from
the special technique Which was followed for the superimposition

of the discontinuity fabric on ezch element.

The anisotropic fabric speéifies the velues of Wy
in the potentially unstable space which have been delimited
in terms of the principal stresses and shear strength

characteristics.

On Figure 4.e.4, which shows the distribution of the

"safefy index", more and less stzble areas are defined.
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Obviously, the ‘topography of the Figure results from the
corresponding shape of the Figure 4.e.2. The line joining
points hzving a value of zero (corresponding to zero Wy )
expresses, in this case, the boundezries of the studied erea.
It is noticeable that the crown and the sides of the tunnel
are more stzble with respect to shear than_ere the areas

.disposed at 45° or herezbout to the horizontel.

The differences in Figures 4.e.4, 4.e.6, 4.e.8, 4.e.10,
4.e.12, 4.e.I4, 4.€.16 and 4.e.16, 4.e.20, arising from the
different values of the shear strength characteristics,

emphaéize the effect of these characteristics on the stability

of the tunnel.

4,g. Discussion

It was assumed thaé the staté of stress around the
tunnel doés not exceed the limiting stress condition for
elastic behaviour of the surrounding clay. waever the
calculated values of stresses, at the immecdiate vicinity
of the tunnel, indicate that the clay may have béen brought
into the plastic stéte. Futhermore, the existing discontimuities -
may have influenced the re-distribution of the stresges
during the excavation. Consequently, the 2bove mentioned
essumption concerning the elastic behasviour of tﬁe surrowding

clay in the process of calculating the values of stress may
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. have been a cause of insccuracy in the obtained results.

As elready mentiéned (in 4.d.), in every projection
case the discontinuity febric remains invariable as &
function of position. This fact reduced the influence of
the discontinuity fabric on the differentiation of values
of the shear strain energy among the elements. More
accurate results could have been obtained if the discontimity -
fabric was a function of position. In such a case, however,

the work load would have been immense anéd really unacceptable.

The effect of the presence of weter on discontinuity
shear stability has not been of particulzar concern in this
application. Two effects can be observed:
i).If the pore weter pressure is zero the presence of the
water on the stability surface decreoses the shear strength.
It has been pointed out that an important différence
exists between the shear strength paraméters of a dry
discontinuity and those of a wet discontinuity and,
further, that the peak-fo—residual reduction in the
friction angle is more significant in the case of a wet
discontinuity. Defihing the residual shear strength
parameters cf the discontinuities during shezr box tests, -
the z2bove reduction has been estimated,

ii)If‘the pore water pressure is greater than zero the
effective shear stress may be calculated (equation 4.4.I).
The effect of pofe water pressure on the distribution
of stress around a small discontinuity (a crack) and
consequently its influence on crack propagation, has

been investigated by F. McCLINTCCK and J. WALSH (p,sl),

Generally, .it is suggested that the failure mechanism
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of higly fissured clays, in a large cross-section unlined
excavation, appears to take place under drained rather than
unérained conditions. 1If drainage does occur, then the
effect of pore water pressure on the reduction of the nomal

stress is rather small,

Under the above azssumptions, the use of shear strength
parameters representative mainly of drained conditions can
reasonably be justified. Its absolute validity is however,

a function of cley exposure time and hence, ultimetely, the

rate at which the tunnel advances.

Generally, this application shows that the criterion
may be used in the case qof problems dealing with tunnel

stability.

It may provide an estimate of the inétability of each
position around a tunnel in terms of the principal stresses
Oy, Oy O;, the shear strength characteristics of the
material and the discontinuity fabric of the particular

location.
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. APPENDIX = 2.c,X._ . Compuiez.programme,.g . SR

DOUBLE PRECISION K,STGR,SIGTyTAU, THETA, X +DEGREEW yHyR,GoAsN,Ey
1 S1G14SIGZ+SIG2,SIGV,SIGRV,SIGTV,TAUV -
V = 0.44D0 .
E = 1075¢00.0DD . l .
H = 29,5710 g
G = 20.0900
A = 2.,03%DC

5 R = 2.03500
N = 1.0D9 _
READ (%,100) DLGREF

175 FORMAT (15 47)

1F (DEGREEF.GE.%9R.INJ) STOP
' WRITE(64,120) DEGREE ' .
127 EQPMAT(*1',32X,'R E.S UL TS FOR 'F6.l,! DEGRTETES"®
WRITE(6,150) ' .

15C FORMATIU/// 44X e R y5X, *SIGRY 46X, *SIGT 48Xy "TAU"'y 5Xy "THETA' 45X,
1 PSIGLY «5X s 'S5TG27 4 0Y, 'SIG3YyAX, -
1 TSIGREVE 35Xy ' SISTV Y X, ' TalIVY, /) .
X = DEGREE/I(182.0D0/3.1415%926535897332D0)

DO 10 I=1,21
K = 2.59D0 = (H - R=DSIN(X)})} * 0.03DJ

SIGV = G *. (H —R*DSIN{X))

SIGR = J.5DJ = G = ([H=R&DSIN(X)) % ({1.0D0+K)*(1.0DO-A%*2/R*%2)
1 #{K = 1.0D0) # (L. OND+3.0D0A%%4/R¥*4 — 4, JUC%A®=2 /RE*2

1 % DCOS(2.0DC*X))

SIGT = 0.503 * SIGV # ((1.0D0+K)%* (L. UDD+A%E2/RE%2)
1 (K = 1.000)%(1.0004+3.000%A%%6/Pxt4) % DCISL2.000%X) )

TAU = =0.500 % 6 = (H=R*DSIN(X)) * (K =1.,IND) |
1 *(1.0N0= 2.000%A%%4 /h%b + 2,000%A%%2/K*%2) * NSIN(2.000%X)
THETA= 0.5DC * DATAN{2.0DD%TAU/(SIGR=SIGT)) '
1 “(180.000/3.1615926545E9732200)

IF (D‘GPEE.uE.O ong) -GOTO 170
THETA = THETA + (90,000~ WLP~(HEGNFF))
GOTC 180

17¢ THETA = THETA "_(QD.ODO-DEGREE)

180 CONTINUE

SIGL = 0.5D0*(5IGR+SIGT)+D.5D0*DSQRTI(SIGR-SIGT) =#2+4,0DI=TAU%%2)
SIG3 = 0.5DOX{:IGR+SIGT)I-0. SDU°D§QRT((§IGP STGT )xx2+4,0D0%TAU%=2)]
SIG2 = V * (SIG1+S1G3)

SIGRVY = SIGR/SIGV
SIGTvV = SLGT/SIGV
TAUV = TAU/SIGVY : - : -
WRITE(H,2230) N,SIGR,STGT,TAU, THETA,SIG1,S51G62,S1G3,
1 STGRV, SIGTV. TAUV '
200 FORMAT(1IHO F4.l A"y 7{F1U.2}+3(F10.3))
N = N + 0.200 '
R = N % A
10 CONTINUE
GUTd 5
END

Computer programme symbols

V=vy, H=zh , G=), A=a ;, R=r
SIGV = 0,, SIGR = O, SIGT = Oy, TAU =T, THETA =1,

'S1G1 = 0,, SIG2 =0,, SIG3 = 0;, SIGTV = 0/ 0,, SIGRV =0,/ O,

CTAUV = T,/ O,




_ I52
APPENDIX 2.c.Z2.

Computer programme P,

DIUBLE PRECTISION KeSTIGR SIGT«TAU, THETALXyDEGREE yV o H P3Gy AyNyEy
} SI51,5162,ST1G%,51GV,SIGRV,SIGTV,TAUV

DOUBLE PRECISIOY PLTVAL

GIMENSTON PX(10J3), PALLODY,,PA(100),PCLLO0),PD(100),PE(10D)

V = 0.48D0
E = 100009, 000
H = 29,5700
G o= 2000900

: A = 2.0350)

¥ 5 Kk = 2,03%N0
N = 1.0N7

FEAR (5,100) DEGREE
100  FURMAT (105,01
IF (CEGREZ.GE.998.000) STOP
WRITL(64120) NEGREE
120 FORMAT('1',32¥,"R E S U L TS FOF 9,F6.1,' DEGR2EE S
WFITE(64150) - ,
150 FURMAT(///,64Xy "RV, 5X 4 'SIGR 1 46Ky 'SIGT 48Xy "TAUT,5X, ' THETA ,5X,
PSIGLY X tSTGRY 66X 4 1SIG3Y oA X,
1 *SIGRVT 45X 'SIGTVI,,6X, *TAUVT,/)
X = DEGREE/{180.0D0/3.1415926535897932D0)
DO 10 I=1,21
K = 2.55D00 — {H - R#EDSIN(X)) * 0.0300

—

SIGV = G * (H —-R=DSIM(X))
SIGR = D.5D0 * G * {H-R*DSIN(X)) * ({(1.D)0+K)=*(1.0D0~A%%2/R%%x2)
1 +{K = 1.0D0) * (1l.0DO+3.7D:%A%RL/RE%G = 4, CDURARR2/R.%2)
1 * DCNS{2.300%X)) '
SIGT = Q.500 % SIGYV * {[1.0D04+XK)=(1.,0D0+A%%2/R%%2)
1 “(K =, 1elD0)®(1.0D0+3,0D0uAR4/02%4) * DLAS(2.0D3%X))
TAU = =0.5D0 * G * {H-R*=DSINI(X)) % {K -1.000)
1 . %(1.0D0- 3.000%A%%4/R%x4 + 2,0N0xA=%2/R%%x2) % DSIN(2.,0D0%X
THETA= 0,500 # DATAN{2.%02%TAU/ {(STGR=-SIGT))
1 £(180.0D0/3.14153265358G793200)

IF [VCEGREE.GELD.OD0) GOTN 170
THETA = THETA ¢ {(90.9DD-DABS(DEGRcE))
GLTO 180 :

17¢ THETA = THETA = (S2.0DI)-DFGRER)

180 CONTINUE

SIG1 = o.snm*(SIGP+SIGTJ+0.500*DSDRT((SIGD-SIGT:**2+4.000*1Au=*ﬁ
SIG3 = J.5DO*({SIGR+SIGTI-0.500%0SORT((SIGR-SIGTI#*2¢4,0D0x TAUR#2,
$SIG2 = Vv = (SIGL+SIG3)

SIGRY = SIGR/SIGV T
SICTV = SIGT/SIGY

TAUV = TAU/SSIGV .

PX({T)=N :
PA{TI)=Ul

PB{T)=U2"

FC(Ti=SIGRYV. ‘ ‘
FOLI)=SIGTV

PELI)=TAUV : ‘

WREITE(642030) Ny SIGRySTGT,TAU, THETA,SIG1,4,SIG2,S16G3,
- 1l SIGRVySIGTV,TAUV
290

FORMATULHD FA L, "AyTIF10.3),2(F10.5),3(F10.3))
N=2M=+ 3,200 '
F = N=* A
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153

10 CONTINUE

Call FLTOFSE 1edy 0e5y =109 laly 2.0, 2.0 )
C=——==<DF A ¥ AND X AX1S
COLL PAXTSU zaofiy 2420 dy vy =5eDy R0LDy =100 045y 140 ]
YY=8,0
PLTVAL=5.0
DC 111 1 = 1, 7
CALL PHUMBRL 145« YY, 0.1, PLTVAL, 0.0, SHF3,0% )
r. PLTVAL=PLTVAL=1.0 A
YY=YY-1.0
111 CUNTINUE
CALL PAXIS(2.D0y 3oy 3y Dy =Relly a0y 1.2y 2.0y 1.0 )
. PLTVAL=2,0
YY=4.,0
Lo 112 1=1, &
CALL PHUMERL YY=0.3y 2.79 Dols PLTVAL, 0.0, SHF3,0% )
YY=YY+2,.Q ’
PLTVAL=PL TVAL +1.0
112 CGHT INUE
- C=--—~ DRAW SIGV, SISTV ARND TAUV
Cabth PLINEL PXe PCy 21y 19 1y 3y 1.0 )
CALL PLYIMET PX, PDy 219 1, 1, 11, 1.0 )
CALL PLINE( .PXy PFy 21y 1y-1y %y 1.0 )
C-===~DRAW TITLE

F LALL PNUMBRI(L 34y 1D, .2y DFESRFE, D00,
« X29H'IFSHULTS FIR DEGREES ="yFh.l1¥* )
; C-===- END CURRENT PLOT

CALL PLTEND

GUTD 5

END

FILE
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APPENDIX 2.C.3 154
2.8 LOAD CASE NO:. &
23 NODE X=FDRCE Y FORCE .NODE x=FORCE Y-FORCE NODE X-FORCE Y~FDRCE
c3de 1 0.0 U T1TE ©3 2 0.0 U.717E 03 4 0.0 0.717E 03
233 8 U o JLTATE 03 i4 V:0 D TLTE U3 22 Detd 0.T17E.03
234 32 995¢ 03 V. T.7t 03 42 (957E 03 0.0 55 «935E 03 0.0
<35 68 (9Y1T7E U3 w.L Bl :905E 03 Q.0 93 --«880E 03 0<0
£36 105 851K U3 UL 1i6 :-T784E 03 '¢390E 03 127 0.0 ~¢390E€ 03
237 137 O_0 <390E ¢3 147 0:0 * «390E U3 156 0.0 ~c390E 03
236 166 V.U «390c U3
27 oo« OQUTPUT OF STRESSES AND DISPLACEMENTS oeee
2Te NODE X CO- ORD Y COP-IEQ LD DI SPLACEMENTS . i
15 ‘ NOc X. Y RESULTANT SIGMA=X SIGMA-Y
<15 4 0.0 0:0 * - = - :

.76 i 0.0 0:0 Oc: =3T74.9192 ~20 4282

17 2 1.0760 0.0 » H
t78 H 0.0016 0.0 0:.0016 =~441:4270 =-38°:4333
279 3 0.0 0. 4070 * : H . LY
i8u 1 0-0 _._g:_(!_qgs__ 020005 "48_'8_1"’375 "_32 06367
28L 4 2.2220 0.9 * : .

282 1 -0 0007 0.0 00097 234454072 =~48¢51421
283 5 i.949C 0. 7510 o :

£84 1 »0.0018 060010 00021 =~367:1973 -44%5044
¢85 6 0.9890 0. 4940 :

286 : 1 ‘0. 0015 0.0003 0: 0015 =496,8162 =39°%,2180
287 7 0.0 1.5280 L :

288 1 - 0.0 0.0019 0:0019 +=396:-3281 ~-18¢ 7686
289 8 3.5290 0:0 x 3

29¢ i 0- 0004 0.0 0.00n4 =557.5701 =-724.1682
9. 9 28490 1:1700 . :

29 ' 1l ~0,001% =0.0022 " 0:0026 +581l.7371 =72%:.6724%
293 10 1.5310 1.8980 -2 :
294 i - 00 0021 - 020011 0.0024 =401:9558 =239¢% 6042
295 11 0.7770 1.6960 : .
96 H ‘00014 0.0017 0.0022 =509:9673 +-317%.5256
297 12 c.0 2. 8490 * :

298 . by 0.0 0.0039 0.0039 =520:. 3015 =34,0219
<99 13 3.6630 1.74C0 . . :

W 1l =0~0012 ~0.0026 00029 =407.3950 =563;3477
L1V 14 5.1230 0.0 . * :

302‘ . 1 0.,0016 0:0 0.0016 =~463,8916 =558.6912
G5 15 2:.2380 2. 2280 :

e i 0.0026 -0.0026 0. 0037 <«650:.4197 =742,3987
LS 16 2. B87TBL - 2. 6750 H

U6 i -0 0026 -0c 0043 0,0051 =~374:5171 =559,1045
07 17 1.1140 3:0450 :

308 i ~0,0037 0.0002 0:0037 =416:6326 =182,5137
3u9 18 0.5650 2. 8980 H

3.0 i ~0.0024 0.30056 0.0061 ~669:7534 =233,87178
3i. 9 0.0 3¢ 6400 * 3

3.2 ) 1l 0.0 0:.0071 0,007l ~-626.2009 63: 6042
3i3 2 5.924u 1.1350 H

3.4 1 0- 0006 =0.0005 0.,00N8 =499;,6355 ~565,9565
315 21 4.3640 2.4420 H

3i6 i <0 0008 0. 0034 0,0035 =531.0405 -670.6704
3.7 2¢ 9. 4920 0.0 * :

48 . 1 00,0002 0:0 0:00N2 ~592.0063 =599:953%
3i9 23 i.6280 3. 2850 ' H .
340 1l =0n 0056 ~0.0007 0::056 =-680:4104 =-607.2815
32: 24 2: 0930 36110 H
3de 1l -0. 0056 ~0:0051 D.:0075 =279:9719 =~455,8816
323 25 3.4300 3:.2170 H :
3z e 0-.0030 : 0.,0054 0,006 =~618:4753 =~838,0117
3:5 26 0. 9950 3.6190 :
3¢6 1 -0 0040 0. 0030 00050 =~511,0603 507887

327 27 C.4590 3.5000 H
3ce 1 -0 0025 0:0084 0:0087 =654:6514 -5800201




329
. 330
" 354
33
333
334
335
336
337
338
339
340

344
342
343
ie%
345
346
3497
348
349
350
352
35¢
353
354
355
356
357
358
359
360
36i
362
363
364
365
366
367
368
369
3Ty
3Ti
" 37e

373

374
3715

376
377
378
379
38v
38i
382
383
384
385
386
187
388
389
29¢

28

29

34
35
36
37
38
39

40

42
43
44
45
46
47
48
49
50

51

53
54
55
56

57

0.0
4.9350
6. 6970
3.8770

10,1750
1.3220

1. 7000
2. 4940
<. 8200
C¢.8070
0.4100
0.0

5.3540

- 7.2670

10. 1750
42070
11800
1.5340
2. 0260
2:29Ly
3. 0600
0.7380
0.375u
0.0
4. 4090
5.6110
7:6160

10.1750
3.2060
2. 0780
1.3860

3. 7440
i
3.2560
1
2. 2390

i
3.8670
i

0.0

1
3. 8140
1

40780

1
4:.0120
4.4770

i
3.8870

i
3.780G
3.9480
4_1560
3.4610
2.4020
4.5740
4.0610
4 2850
44050

4_T7830

I R R R R S R

4.9920
4.0780
3.9810
4.0700
5.3280
5.1160

e e e e

47620
1
4.3110
' 1

5.5400
1
4. 2370
i
4. 4530

M
-

&
-0

+0.0020

- 0. 0001

"000041
&

0.0

~0,0072

~0,0077
~0n 0074

00077

+000044

“030026
%z
0+ 0

-0..0033

~0n 0014
%

0.0

=0.0059

=0, 0082

--0. 0092
=0o0116
0s0114
~0~0111
- 00053
-0~ 0031
=
00
* 00063
=0.0036
00007
x
0.0
~0e 0102
-0, 0096

=0- 0109

0.0076
"0;0031
<0.0009
00059

%

000

00025

“0:003&
”090063

~0.0088

0.0050
0. 0099
0.0089
~0,0036
=0.0017
~020012

“0c0066.

0:.0047
+ 00015
-0 0050
=~0.0100
~0:0099
0:.0064
00,0112
0.0098

=0.0083

"0;0050-

+-0. 0036
0. 0023
~0.0128
0.0062
0. 0005

0.0076
1050037
0,019
0.0072

0.0

0,0077

ounoag
0»009?
ouu11%
ouooeé
0:0102
puuoaé
0.0049
onooz%
0.0012
oﬁaosé
oﬁooqé
onooqé
ouuxzé
onoxsi
ou014§
0.0083
on011?
0.0098
0,0104
ouooe%
onooaé
o"ooz§
00164
ouuizé

0. 0199

=697 8076
=363: 4321
~435: 0374
=302: 6533
=495: 4099

=715: 0117

~223. 0782
=541, 3184
~168: 6976
~576: 5884
~743. 6907
~943; 7871
~355. 2935
~389; 7263
~388: 9346
~342. 2915
~581: 3110
~1275 6499
=538, 7017

~41: 5908
~281: 5103
~513, 9434

=979 9465

‘1270, 7588

-84 5929
=153 4674
=237: 5267
~231: 4653

=9. 6083
=227. 0140
51. 4676

155

95,6648
~4T73.7163
=493, 9709
=495,3176
=51541655

=413,2795

“26206145
89701460
-581;6914l

50: 1636
=32.9926

56¢ 5616
= 5500 9907
-509, 3501

=453, 0906

=675 9570

~2090 2651
~ 7804973
~9560 8936
=711 4697
-923,3936
© 0.3082
=96 5480
~55,1857
-42152463
~389.2532

=394,0386

-289,2761"

»539.3247
-3552470
84. 8469



teo
13

25
1lh
r 27
to8
+29
(X1
2
12é
133
+34
35
130
237
+38
139
t4u
t‘t 20
téz
143
44

64
65
66
67
68

69

74
15

76

T8
79

U

*. 809y
2.0450
<.4850
< 4280

U. 6960

0.353¢
4. TT70
5._698C
T.733¢C
10.1750
3.256L
1.0.80

i 3080

-1.652L

1. 865U
2.219¢
2.325¢
2. 6450
3. 2060
4409y
5 6110
1. 616L
16. 1750
2. 605
i.5590
1. 7620
2. 9270
2.1240
2.36i

2.3250

3. 60U
4. 207y
5.3540

T. 2670

4_5870
- 0 N1ap
4. 9250
- - 0,0138
520400
IS 0,0l55
5 617¢
- 0-.01438
4.1930
: 0-.Q0074
4.1J.0
i ‘00043
 105¢
i ~0,0087
6.1050
1 -0, 0065
6.:1059
s »0s0N031
6_105¢0 *
1 0,90
6. 1050
1 0.0152
4. 3430
i ~0.0G10S
4 5460
i - 0-0121
4. 7190 ,
3 =0+ 0155
5.0270
1 -0~0154
5.2999
1l 0. 0181
5. 6950 '
1 - 0-0156
6.1050
1 ~0, 0189
6. 6TI0 .
1 Qe 0080
6.8820
1 ~0a 0051
7. 094¢
i 000029
7. 4480
L =00 0001
7.8990 L
p 0.0
6.5640
ol ~0a0116
4_,7970
1 -0-. 0161
5.1880
. i 0. 0160
£.367T0
a 040203
S.7300
i ~0.0177
6. 1050
i ~0.0212
6.5150
1 ‘0e 0140
T.2180
1 -0, 0096
1. 6360
8.0540
i ~0.0027
8.74S0

RV e
2.0094
10,0118
~0.0162

0. 0079

6:.0122
0.0093
00069
-0.0057
»0,.00G33
+0.0153
0. Tu68

0.GOl6

~0_.00.4

0.0075

©w0.0120

0.0167
-0.0181
~0.0181
+-0.0125
00090

=0 0079

=0_0U039
-0, 0213
~0.0002
00058
Q. 0109
«0.0171

- =0, 0200

~3.0237
~0.0223
~0.0151

~0.0112

0.0144
00 167
Dgé_gé
0. 0220

0-0102

060130
0:0128
Ge D95
02965
0.0033
0.0216
0.0128

Q.vl22

0: 0171
uu021f
00229
0:0262
0.0198
0.0135
00009%
0. 0079
oooa3§
0. 0263
00016i
lJa016é
200230
0&024é
Ogozqg
0.027%
00243
oL016§
0.0115

+297: 6772
11.0795
=136, 0206
63.6117
~353. 0730
1114. 9833
92. 8892
~183: 4070
=237:3578
~205.5857
=113, 3292
~145. 1380
1.7999
38:.1674
-51: 9637

~135. 5299

88: 5745
-62c 8685
19. 2407
~73. 2255

~130: 1663

~203. 3771

-193: 9334
85. 5331
-83: 5427
105: 4302

~113. 7348

~11: 1392
6. 0727
116 2069

-306: 2170

=404 Q0945

~349: 8342

156

“64308845

»69306428

~1081: 4844

-884- 6460

92:0274

9. 9177
~469, 8882
~45€,4370
~4473.3528
-313:4319
~79%,9746

~78:0768

5. 7474
~115. 2627
~403,7927

~1261:2179

1091, 4277
~993,8176
~5800 2004
-331.3364
-33%,8264
~33°.5820
-217:2839
-85t 2551
~167: 9614
-16804156

~1137. 4773
~140458315
1214: 3994

-~1096:1826.

-849:5911 -
~627:9595 "
‘482c3384



P r8e

58

t59

r&u

1. 7%
1.7
oo
1-53
165
106

TYE

:63
+69
TG

Y

27
t13
v T4
t75
: 76
17
178
v79

B

t8.

185
184
t85
t86
t87
r88
t89
v
94
+9e

193

17
+95
t96

t97 .
t98

199
e
N
o
w3

E

S
W6
Wl
wa
n9

N W
[ I o |
| S

Uv\lilll\lw‘\.‘\l
LAY I R R TR W O

93

94

95

96

97

1il4
115
l1¢
117
118
119
128
12i
122
123

102750

2. 4850
1.9120
2. 0040
2. 157
2.1240
2.2190
z.29:L
2. 820U
3. 877U
4. 9354
6. 6970
10.175u

2. 0440

2. 4940
3.630u
4 3640
5.924u
& 1750
i.809u
l1.9120
i 7620
~ 6520
~. 4520
1.7000

2.0930

9. 8080
-1

T7.0.00
1
5.4090
i
5. 7520
1
&_L050
by
6. 4800

6.9110
7.4270

T.7330
1
8. 3420
X
8.9540
1
9.97i0

->
13,7210
i

T.2850

6.1050
L
6.4580
1
6. 8430
.

7.1830

&
T. 825G
i

8.1980
8:9930

9.7680
i
1i.9790
: 1
26,2850

1
1.6230
1

& 8010
1
7.1220
i
7.49:0
1
7. 8350
3.1320
1
8.5990
1

-+0,0002
%*
0,0

~0a 0139
~0.1213
-0.0189
~0.0233
06 6161
000164
~0N, OG8Y
-0~ 0045
«0,0013
040004
0,0008
*
3.0
-00 0102
~0.0256
£0.0174
10,0187
~0,3120
050092
~0.0056
00016
0,0004
G-00i3
x
0.0
~0~0112
-0 0199
~0~0128
-0a 0127
~0.0069
D~ UD50

0-~.0034

4, 0097

~0.:3044

-0. 0266
~1). 0088
+0.0148
~g.0212
Q. 0257
#0.,0297
~Q. 0299
. 0: 0249
£0.0173
'0.0125
- 0.0111
1 0.9045

--0.; 0340

.+-0.0219

- 00294

CcU332
=G, 0381
~Q.0387
~0.03i6
-Q:0227
+0.0155
~0. 0129
+Q.0046
0. 0437
-0. 0368

~0.0419

=0.0476

- Q.0507
Q0441

0.0368

0e IJU ‘37

050044

ouoané
0s.231
0. 0240
0.0315
0c0303
0. 0340
0.0309

0.0253

. 0.0173

0;012%
0.0112
p;co«é
0.0355
0;033?

0: 0342

00382

G Gend

*{:9398

0p0326
OeGZZ%
0:01 5;
0:0135
0;004%
0;045i
o=o41§

0.0438

0:0493 -

10,0512

0c 0444

C. 0370

“36133774
=333, 2201
~226: 3839
25:5023
26 4243
“17953386
7. 6215
=189; 8256
28: 1902
~47. 6638
=141, 2715
=143, 5776

~244. 5219

.=212: 9244

286717
+0. 0246
1: 2054
~157: 6559
75. 6136
-563.0806
~466: 0493
~615: 7449
~280; 6528
~165: 7349
~351. 0010
~383; 6785
6: 1348
115. 7618
33: 1549
39: 2141
145 1282

»112. 9341

b=
\Jn
~J

=45 443640

=35 0691

- 1048¢ 4836
‘«886:1221

~1641: 5615

2034, 5200

14140 3452

“1235. 8418

~543.4602.
~392: 3486 °
255837
~178:6981. °
~ 273, 5459.
~197,7215
-61155930

2685.4141'

+1648,63797°

1129.6204
-388- 7998
-948. 1238
: 8250 3462
~814e T170
=381, 6721
-206: 7128
=330,1213
~664c 5369
=864 7002
“17%.6808
-123,9921
30. 0597
=169: 7189

~257. 4719 .



124 2.8780 9.5350 :

1 -~0,0004 -0.0284  0:.U284 =210-3479 =-289.7734
125 3. 6630 1G. 4700 :

1  =0.001%4 -0.0207  0:0207 =-122,6600 -169;3602
126 4. 9700 12,0290 _ :

1 0.0016 ~0:0i53  0.0L%  101.1954 145:5203
127 8.5400 16,2800 :

1 00008 -0:0076  0.0077 =222:6319 =-113,6971
128 1. 3860 1.7570 :

i '0.0075 +0.0526  0.0531 59,6383 1158196
129 1.5580 7.4130 :

1  -0.0134 +0.0502  0:.0519 =~119:0410 =-197c464l
130 i 3080 7. 6630 :
1 -0.0086 ~0.0549 000555  =9.6517  28.0370
13i 1.1800 8:1490 : _
1 +0,0062 :0.0608  0.0611 =515:4656 =247¢0057
132 1.3220 8.3960 : -
1 ~0,0052 00565  0c0567 =59457227 =367 2053
133 i 6280 8. 9250 :
1 - 00040 =0.0485  0s0437 =-580.6021 =53%2739
134 2. 2380 9. 9820 :
: 1 =-0.0008 -0.0381  0.038. =582.7056 ~619.5725
135 2. 7870 110750 :
}  =0.0013 =0.0306 050306 =564 5247 =547,8755
136 3.8660 12. 8650 :
0.0027 -0:0217  0:0219 =~316.3176 -368.71L%
137 5.8750 262800 ' : ,
1 0.0051 :0.0087  0.0lN0 =~290:3425 -240.5893

138 i.0780 T7.9730Q :

1 : 060072 ~0.0641 0. 0645 =190.9245 =13.5751

139 1.0170 T.8670 :
1 0+ 0082 00659 0-0664 =167-3391 =~B82: 5952
140 0.7380. 8.13:20 H .
. 1 ~04, 0032 =0. 0704 00706 =419:-9153 60 2420

141 0. 8070 8.3230 . :
1 =0.0025 0. 0675 0:0676 =444:4775 105; 8488

142 0.905¢ 8.5910 :
' 1 =0, 0021 00637 0.0638 ~346:9312 90. 7495
143 1.1140 9: 1650 H ‘
i =0- 0018 : 0.0569 0.0569 -280.2800 =510 7939

144 i 5310 10.3120 . :
1 0-.0004 0, 0483 000483 -261:0969 17605152

145 1.9490 1ic4590 2

1 0., 0000 ~0.0398 00398 =249.9174 =-162.6769

146 2. 645y 13.3720 :
i 0-.0029 ~0.0325 0:0326 =~144.7419 =176c0162°

/

147 . 37030 16,2800 _ : /
1 0.0043 -0.0258 000262 =~140.5833 -21708639

148 0. 696l 8.0170 : -
1 +0-0048 +0¢0719 0.0721 =306.0764 11601982

149 0. 3750 8.2290 :
1 -De0018 Gc0847  0o0B47 -681:4287 -14605580

1506 U. 410U 8. 4300 o :

' 1 :0.0014 =0.0827 00827 =497.1040 ~-950:2970

151 0. 4590 8. 7100 2

i ~0a0012 ~0.0801 00802 =471, 9648 =172:2837

152 6.5650 9:3120 . :

1 ~0.0009 =0.0752  0o0752 =538.9761 -34601631,

153 00 7770 10c 5140 , _ : :

i 0,0007 +0.0666  0e0566 =331,0803 =354,5984




—_
581\

582
58z
584
-585
566
587
s8s
289
59U
59.
59<
593
594
595
596

-. 597

59¢
599
oGy
oui
eLs
oL3
6U4
. 6LS
oL 6
ol9
6ii
6.4
END OF FILE

L G(LAST)
END OF FILE

EL  F(LAST)
1.332
END OF FIL:

£S1I6

154 V. 989¢C

i55 1. 3430

156 1.794C

i57 0. 353

158 (URY

159 0.0

160 ¢.0

162 0.0

162 0.9

i63 0.9

164 0.0

i65 0.9

166 0.9

ITERATIONS CARDS
N 10J1

* INDICATES

11:: 5820

11,7160
1

3. 12:C
i
16:.23C0

&.1090
i
8.1400

8.2620

i
B. 4660

1L
3.75C0
2.3610
1

1
11.8030
: i
13.8380

1
162809

1
MAX STR.
2685.4i36

0. 0010
0.9035
0. 0031

~0.0026
&
0.0
*
0.2
®
0,0
*x
0-0
*x
0.0
=
0.0
&®
0.0
0
0.0
*
0.0 _
MAX DSP.
0c LU9Y

PR.ESCRIBED DISPLACEMENT

-0 0607
~050511
00422
+0.C262
0. 0989
0. 0974
~0.0968
~0.0961
.0:0952
000965
0. 0584
~0:103%8
-0. 1090

D.n&n%
o=051%
0. 0423
0;086%
0.0980
0.0974
026968
0.0961
oeoes%
0.0965
0:098@
0.1038
0-1090

MAX X=COQRD
10-1750

159

=375 1692
~270. 5254
~127- 2871
=711 4092
-763: 3250
576 2297
~421. 6418
~362: 4248
~312: 2612
~227: 4295
-210: 8896
-182.4247

~189: 6343

>

~429.1638
=422:0552
=293.6084%

12,7617

=600 5513 |.

~-27:6359

-2 4052

~62:16457

=17 %2579

{
38:01816

-421c 3367
~538:1033

-451.1089
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APPENDIX 3.a.l

In the trisxial tests the normal and shear stress
upon the fissures was calculated as follows.

It is assumed that the discontinuity is planar and
inclined to the horizontal plane at zn engle of 6°. In the
specimen, the discontinuity will be included in an ellipse

(Fifure 3) Having .the equation

2 2
where
; AB a .
b= IC =5 = o==5 KFlgures I and 3).
a = radius of the specimen _ l01
c = OC = atan® (Figure 3)

\3
A =\WE%§ = ¢0sb
then the surface Syy(Figure 3) G // _q
e _ '

is

o
S(pos) = jxf‘ b - % dx =

- AT« Prein X : -
=5 x\/b=x* + b.31n|b|] —

{6, -

and consequently Figure I Figures 2

Seetips 4%[:: e+ B siﬁ'%l-]

AY

b e

Figure 3 | | Figure 4
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It is assumed that the specimen starts to slide on the

discontinuity just after the yield point. Then the sliding

is connected by the axial strezin (after the yield) with the

t

AL = o718

equation

Now the new stressed surface

and S ( E L()

oM = if

‘AM . Ia that case

x=%b . —_—
AVY - x*dx
x=gP

AL

Sam)= S

and consequently

<

xX= 1

s -—4S A - & ax
(CGEY™ ™ )yzop

ihen knowing the stressed

surface the stresses 0, and

.G;are analysed and the normal

and shear stress are obtained
On= 0, cos® + (;siné

T = Oy sin6 - (Uscos8 .

(Figure 4).

Scerr)y consists from S

It is easy to prove that

On

Figure 5
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