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1.1Introduction

Le probléme classique de déformation d’'un corpglede présente sous la forme suivante :
considérons un corps solide déformable occupardamaineQ dans I'espace, de frontiere
0Q. On part d'un état libre de contraintes qui séstigine des déplacements pour les points
matériels. On soumet ce corps a des forces volwriuagissant dan$), des forces
surfaciqueg agissant sur une partie du contour nd€e tandis que les déplacemenfssont
imposés sur la partie du contay2 complémentaire doxQ. Notons que le partage enti@
etd,Q peut étre différente pour les différentes degesitebrié de forces et de déplacements.
Pour un probléme posé, en chaque point du cor@@ur3 degrés de libertés parmi les 6
degrés de libertés de forces et de déplacementsimmosé en évitant dimposer une
composante du déplacement et une composante de darcs la méme direction. On peut
imposer, par exempley uy, f;) ou Uy, fy, f) sur une partie d@Q. Sous I'effet de ces forces
et conditions aux limites imposées, le corps serd&d et les déformations induisent des
contraintes suivant la loi de comportement ou led@® du matériau constitutif. Les
contraintes doivent respecter les équations d’éxjail

d

Figure - : Probleme aux limites du corps soliddod@able Q soumis a des forces
volumiques F dans Q, aux forces surfaciquet sur la partied:Q du contour et aux
déplacements® sur la partie complémentaideQ.

Les équations de ce probleme sont les suivantes :
Equations d’équilibre des contraintes:

(E1): DOx0OQ; divo (X)+ E(x) =0
(E2:0x000Q; o.n=f,

Conditions aux limites en déplacements:

(E3): 0x000.Q ;  u(=u' ()

A ces relations il faut ajouter la loi du matérieonstitutif deQ reliant la contrainte a la
déformationg = §(g), ou :

s=%(Du+‘Dy)
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La voie la plus simple pour résoudre ce probleradgpat dans le cas de comportements non
linéaires est de prendre pour inconnue principalthbbmp de déplacemenix). En calculant

a partir de ce champ de déplacement, successivehaetdformation et la contrainte, et en
reportant dans les équations d’équilibre ci -dessmigrouvera un systeme d’équations portant
sur le champ. Dans le cas d’'un comportement élastique linédéréenseur d’'élasticité”,

ces équations s’écrivent :

(Ep) : Ox0Q; Cyudiu(x) +Fi(x) =0
(E2) : O x 006Q ; ni(X) Cija okui(X) =fi(x)
(Es) : 0x00,Q ; u) = u'(x)

Il peut étre démontré que, pour un probleme biese goomplémentaritéQ etod,Q indiquée
ci-dessus), et la défini-positivité du tensetlr (propriété admise pour les matériaux
élastiques), le systéme d’équations ci-dessus asohgion unique, éventuellement a un
déplacement de corps rigide prés qui peut étrersuppavec un choix adéquate e Mais
sauf pour des cas exceptionnels de géométriesitrgdes deQ) et des distributions de forces
treés particulieres, ce probleme ne peut étre réaoalytiquement et sa résolution repose en
général sur des méthodes numériques.

Dans la suite, nous allons considérer des cas aengjées simples, sphériques ou
cylindriques, ou des solutions analytiques peuvd&ne établies pour ces équations. Ces
solutions seront utiles pour I'étude des ouvragmgesrains profonds. Mais pour ce faire,

nous devons introduire d’abord quelques hypothsiseglificatrices qui permettent de passer
d’un probléme pesant (présence de forces volumjguas probleme non pesant.

1.2 Transformation of the problem to a problem without volume forces

As mentioned above, for both analytical and nuna¢methods, existence of body forces
leads to more complex equations to be solved. Thweret is costumary to find a method to
remove the volume forces from the problem and oepliaby appropriate boundary forces.
For underground openings, body forces are intijatelated to initial stress field. The
displacement and strains are computed from thialisitate with a stress’. In the following

we analyze the exact problem formulated with bamlgds and show what are the successive
approximations and simplifications for special ca®at allow the transformation to problem
without body forces.



Before creation of the cavity the forces appliedtihy fill materials on the boundary of the
future cavity’s wall are:

T %=00(2.n (1.1)

Where theoy(2) is the ground stress field which in equilibriuntiwthe volumetric forces that
are the self-weight:

divao +y™ =0 (1.2)

The excavation action consists first in removing ttavity’s space from modelling and
impose the surface traction forc@%= -0y(2).n on the boundary of the hole that remains in
the formation. The total traction on this boundalf then be equal to zero. This represents a
traction free boundary and corresponds to an erogity. This condition must be indeed
completed by application of a pressure correspantbnfluids filling the cavity. Under the
excavation action, the formation rocks undergospldicement resulting in a straig. If the
formation material can undergo irreversible defarora(plastic, viscous, damage...) denoted
by €", then the strain-stress relation for deformatinder the excavation action reads:

0()=0°()+C(x0(Q): [ eR-(e" B-e" )] (1.3)

whereg? represents the irreversible strain at the ingtate. It can be checked that if nothing
is changed, thed" remains equal te”", ande= 0 (non displacement because the state 0 is the
origin of displacement field), and then we find ek c®.

In some problems one can suppose initial striess that is not related to external forces,
l.e., can not be related to a volumetric and surfaaetibns that verify (1.1) and (1.2) (for
instance, the internal stresses in heterogeneoteriala when some thermal expansion is at
the origin of the stress field). But in the studyiaderground openings? is generally related

to the weight forces. In the following we supptisaty’ andT ™ exist fora®. The stress field

o satisfies:



0(x) =0°()+C(x0(3): e~ (e" Y-£" )]
diva(x) +y =0,
0x09,Q; a(x).n=T°

O0x00,Q; u=u
The numerical code takasfor the principal unknown variable. Then, this iabate, or its
derivativege is deuced from the three following equations:

div(C (x0(X) :sLX))+(Z_ZO) =0,
0x00,Q; (C(x0(¥):&(¥).n=T1"-1°
0x00,Q; u=u’

Generally, the numerical iterative method consiilsztsuppo'sing-:'ir known, and solving the
equation () and then deducing successivglyg and " respectively from (), () and
irreversible deformation law, and then, iteratihgecessary.

So we see that, in the modified problem, the volmmédorces have to be replaced by their
difference y-y° andT %-T .

The importance o™ resides in its probable effect in the constitutlag. For perfect
plasticity, for instance, the first equation ircgn be replaced by:

0(x) =0’ (N +C(x0(X):[eR-€" (Y]

And this supposes that the state ‘0’ is taken atigin of irreversible strain. But, if we have
a hardening material with hardening parametersmtdipg on the total plastic strain, then the
knowledge o€”" is necessary to b able to determine the evolufdhese parameters.
Suppose now that the aim is to calculate the digphent field due to excavation of an
underground opening. In this case the originakstédtequilibrium under the stresS can be
taken for the origin of displacements and alsovirsible deformations. The fielo®(x) can
be heterogeneous. In this case, in a first stepl@ilation is made with a formation without
excavation. The value find fa® in this problem is for the reference in the follog step.

If the value ofa® can be known analytically, for instance as a fismcof depth, its value can
be introduced in the calculation without much difity. But in heterogeneous or fractured
formations, the local value af, has to be deduced from a numerical modelling @nles
admitting some approximations. However for numergzdculation rise other difficulties. In
Finite Elements, digging the opening is modelleddmmoving some elements in the mesh and
then the remaining elements and nodes numbershamggyed. The correspondence must be
made between the nodes and elements of the iaricfinal mesh to transfer tlog from one

to the other. Also, note that the calculation schésrgenerally :

1) Determinau from Ku = F

2) Detrmineg from u and theno and €*', froma(x) =o°(l<)+C(3<,oQ<)):[s(_>§—e" (_>9]
with irreversible deformation laws (plastic or s deformations etc.)

This relation supposes that’(x) is that fixed in the first step and the numericatle can
integrate it.
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Sometimes the numerical code does not allow, ousiee does not know how introducing an
initial stressa’(x) in the computation. Then, supposing that the asmatfon is based on the
relation:

o(x) =C(x0(%):[eR-€"(¥],

the user tries generally to introduce indirectl timitial stressop by imposing it on the
boundary of the domain. The forces applied in tloeleh are the following:

It must be noted that in this case, the displaceraed strain fields include the contribution of
0o and are not the same that measured during theratkma. The stress filed would be exact
if there is non-linearity in the mechanical behavid-or elastoplastic behaviour for instance,
the loading path affects the final result, and ¢fae, imposing first the stresw on the

formation and excavating then (by imposimg.n on the boundary of the excavation) does



not lead to the same state of deformation than simgo(as in the figure ...) the tractions -
0o.n on the boundary of the formation with and exis&xgavation.

Also, the strese, from which are derived the tractions on the boupd@pends on the depth.
Sometimes, it is replaced by a constant stress,tl@sdapproximation is acceptable if the
excavation is enough deep so that the variatiowobetween its top and bottom can be
neglected relative to the mean valueoef It is clear that if this approximation can be mad
for horizontal borehole and galleries, it can bé accurate for some cases of underground
storage caverns which have an important elongatieertical direction (height).

However this method can be used without problenddtermine the stresses in an elastic
formation containing a deep opening. In the follogvihe stresses and displacements around
cylindrical or spherical opening will be presented elastic formations. But the
approximations included in the results must bearpld here.

As emphasized here above the stresses deducedHeotractions presented in the figure are
exact if the formation is elastic. But this supmoséso that the tractionk on the boundary
derive from the exact stresg that, as mentioned here above varied with deep.cldssical
results that will be presented in following secfoassume a constamf. This is an
approximation that can be accepted when the exocaviatvery deep and then the variation of
0o between its top and bottom can be neglected velati the mean value @f. So on the
boundary of the domain a constasy corresponding to the value @b in the centre of
excavation will be prescribed, what we denotesbiM).

The second approximation consists in replacing fihise domain containing a hole with an
infinite body on the boundary of with (at infinityie constant stress(M). this assumption
seems to be in contradiction with the first onecsifor a point distant from the centre of the
cavity (in vertical direction) the stress can no rende taken equal t@o(M). This
simplification can however be made with the coyvder that the resulting stress solution is
correct only in the vicinity of the excavation.

In conclusion the following results suppose fiftsattthe opening is dee[R << H whereR
represents the size (radius) of the opening ldndits depth, and then the stresses are
considered only in the vicinity of the excavation.

From this stresses the displacement field du taeatton can be deduced.



1.3 Elastic displacement and stressfields around tunnels and bor eholes

We consider an infinite cylindrical hole in an mfe uniform, isotropic and linear elastic
medium. (Figure). The borehole can be vertical {Fégn) or horizontal (Figure b).

The strain and stress fields have the following expressions:

& &o &2 Ox Org Oy
&= Eop €9z | 0= Ogg Op;
gZZ UZZ

The fundamental assumption in the modelling here is that tidadesnent field is radial:
ux) = uR & :
U =(Ur,us,U)=(U,00)

In addition, the radial displacememtis function only of r and. (and also the,s = 0). The
result is that the components of strain and stress tensors reduce to:

& 0 0 o, O 0
e=| 0 oo 0|lo=| 0 Ogp 0
0 0 &, 0 0 oy,

The relation betwees andao is given by linear and isotropic elasticity:
On = A &0l + 2G &, Ogo = A Evol + 2GEgg , 022 = €vol + 2G5,
Where €y = & + £gp + €2,



1.3.1 Equilibrium conditions

The equilibrium equations that are 0io; +f=0
and more explicitly :
OxOxx +ay0yx +0,0,x+ =0
0xOyxy +0yOyy +0,0,y + fy, =0
0xOxz +ay0yz +0,0,+f,=0
in cylindrical coordinates become :

00y +Eaar6’ +00r2 + 91 ~ 99
o r 06 0z r
100g9 , 00,9 , 004, , 2019
r 06 or 0z r
aUzz_,_aarz,,,_iaaﬁz +Urz+f =0
z ar r a8 r °

For the case of stress fields around the borellodse equations reduce tm¢=0,,=0, f= 0,
independent of z):

+f, =0

+f9 =0

00y +Urr ) -0
or r

EGUQH + 00“9 + ZUr
r o6 or r

6 -0
1.3.2 The boundary conditions

There are two sets of boundary conditions:

-At the borehole wall, r = R: 0+=0/0=0,,= 0 for everyd

- for the limit r - o,  0(r,8,z) - 0o

0o is the constant stress tensor representing thergralind stresses before digging the
borehole, or also far from the borehole.

In the Cartesian coordinate system:

Oyw O 0 oo 0 O
o= 0 o, 0|=0 0, O
0 0 o, 0 0 oy,

But, note that, the relation between the stresspom@nts in Cartesian and cylindrical
coordinates is the following:

Oxx Oxy Oxz|(cosd
Oy =6.0.86 =(cos® sin® oy Oy Oy, SiB|=0,,cd0+ @, s coo ,, S

Ozx Ozy O3zz 0



Oxx Oxy Oxz|(-sing
Ogp =€9-0.6=(-sind cod (| oy, oy 0| cof |=0,, she- @, s céso ,, cB

Ozx Ozy Oz 0

Oxx Oxy Oxz|(—-sing
Og=6.08=(cosd s (o, Oy Oy CO8 |= &0 ,)sifl cad+o ,, (o8- Sia

Ozx Ozy Uz

Then for Oxx = 01, Oyy = 02, Oxy = 0) at infinity, we find the following boundary conmtihs:

Limitfor r — oo :
Oy — alc052 0+0, sirf 6
Ogg — Ulsin29+c72 co @

92 "% in2p

09 —

1.3.3 Resolution of the equations

The method of resolution consists in expressingetiigtions in terms of the displacement
The equilibrium equation expressed in terms ofvegji

60'” +Urr _0-949=0_, d_zl.l_/_lﬂ,l__u_'_ b ip:
or r dr? rdr (2 A+2Gdr

We consider first the case of a hollow cylinderhwiit the effect of pressure, or with constant
pressure. The solution of u can be written as:

u:Clr+&
r

Where C; and C, are two constants which have to be determined fthen boundary
conditions. The expression of stresses is founeto b

B B
O = A_r_z- Ogg = A+I’_2

Where A and B are constant. The boundary conditigs 0i, at R ando,= 0. at R) lead

to:

2

Réezai?)(l‘%} - 32(09—07)(1+_.RZJ,
When R/R; - o, the solution be come (noting R R

Oyp =G +

2

O =G +(Je_ai)[1_R_2J1 Ogg = G + (G -Ui)(l+E2J
r r

The vertical stress around the borehaoig,is initially equal too,. The variation of the stress
correspond to zero vertical stradt,~(80,,-v80-vd0ep) = 0. So:

00,7~V (00 +d0gp) = V(On+0gg -201) = V(20i+2( 0¢-0;) -20,) = 0 sincede =0y, .

S00,; =0y.
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1.3.4 Simple case of borehole stresses

If the pressure in the borehole is zero and theitefstress iy, then the stress is given by:

R? R?
Oy =0'0[1—r—2j, Ogg =0'0[1+r—2J ) Ocg = 0

O A
200 --

g S [P

r
Stress around a borehole for isotropic stesat infinity

o
Tk

at the borehole wall:

o =0 Tgg = 207 072 =0y
If the underground stresses are isotrapfe o= Oy= Oy
Then the three principal stresses atg: =0 Ogg = 20, 0,, =0,

If the compression strength i @en the failure occurs wheww2= C,.

For instance, if @= 10 MPa (chalk), the limit depth of the borehallowed by the stability
condition would be given bg, =5 MPa, so H = 200m if the average density42.5

But, of course, this analyses does note take ataufutme effect of the borehole mud. This
qguestion will be studied in more details in thddaling.

1.3.5 Borehole at pressurep

The case of the borehole at pressure p can be éedion the above formulae with = py.
It can be obtained also by superposition princgdlan isotropic stress:

Consider, the stress field corresponding to anrmadepressure p in the borehole and zero
stress at infinity. It is obtained bsuperpositionof a constant and isotropic stress field p:

T

and the above stress filed f@§ = -p. The solution is:

11



1.3.6 Thestressfield solution for anisotropic far-field stress

A solution to the above equations is obtained Hdyilsg the equations on the displacement
field. The solution of stress field is is the fallmg. It must easily be checked that it satisfies
the equilibrium and boundary conditions:

(o =ch0526?+02 sirf 6-

2
Ul+02R_+02_Ul 4_3R2 E cos@
r2 2 r2 Jr?

01+02R_2+3(02—01)E
r2 2 rt

_ 2
oy =2 U{l{z—ﬁJE} sin®
2

cos@

Ogg = 015in? 6+0, cof O+

r2 r2

Now, we can superpose this stress field to thatesponding tod;, 0,) to find the stress
field in a borehole with internal pressure p andenground initial stresseg( 0,). We find:

2 —
0, =0,c08 0+0, Siﬁe_01+0252+02 % 4—352 if cos@- p—Ff
2 2 r<)r r
2 —
Og =0,SiP0+0,cos0+ % +0252+ 3(022 Gl)E; cos@+ pif
r r r

_ 2
O, :%{1+(2—£J RT sin®

r2 I,.2

1.3.7 Stress state at the bor ehole wall

The risk of failure is maximal at the borehole walin the wall of the borehole the stress
components are:

Opr =P
Ogg = (30, —01) co$ O+ (F1- 0, )sif O+ p
o =0

As previously the stress in the axial directiop, is obtained by assuming plane strain
deformation during the drillout process of the lhmie. The initial stress state is,( 01, 02)
and the finaled,,, or, Ggg), and sincédo,= V(On+0gg -01- 02) = 2V (0, — 04) COS B
So:

0, =0y + 2v(0, —07)COS D

12



The extreme values ofyg are:
0=0: 0Opw=302-019 O,z =0y+ 2(02-071)
0=1/2: Ogp=301-02—p 0z =0y - 2(02-01)

If the underground stress is isotropie,= 02 = 0p thenagg is independent d and equal to:
Or=p Ogg = 2004 ,0z; =0y for everyd

1.3.8 Displacement field

The displacement is counted from the stateogfstress. The stressy induces a linear
displacement field that is taken to zero at theebole centre.

This displacement is given by:

—y2 2 -
ur=1 V9t R 1,970 r+4R2——R1 cos D
E 2 r 2 roord

_v(1+v) {01 0, (r —EJ_—GZ _Gl(r —E;jcos 29} +p e
r r

E 2 r 2

N __0,-0, (1+V){2R2 +(1—2\1)(V+E;j} sin ®
2 E r r

To this displacement must be added

U=¢gX

€
We haveso{ ! s} with
2
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1.4Elastic displacement and stress fields around a deep underground spherical cavity

To determine this state of stress we have to censie spherical geometry of the cavity and
to write the above equations in a spherical sysieooordinates.

We consider a spherical hole in an infinite unifprisotropic and linear elastic medium.
(Figure).

\T______ -_——-——— -
@

1

\<

The strain and stress fields have the following expressions:

srr 8re srtb 0-rr Gre 0r¢
€60 O

The assumption of spherical symmetry implies that the displadefedoh is radial:u(x) =
ux) & :
g :(ur ,UE,UZ):(ur’O,O)

In addition, the radial displacemauntis function only ofr. The result is that the off-diagonal
components of strain and stress tensors vanish, and moeggw&g and0eg = Tg¢:

e, O 0 o, O 0
€= 0 g O 0= 0 ogg O
0 0 €g¢ 0 0 0Oy
Moreover:
_au _ u

Err ~ o €90 = €¢¢ =

The relation betweesr andao is given by linear and isotropic elasticity:
On = A &0 + 2G5, Ogo = A €vol + 2GEgg Oz = €0l + 2GE,,
where:
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Evol =& + Egg t+ €2

Equilibrium conditions

The equilibrium equations that are 0igj +fi=0
and more explicitly :
OxOxx +0yOyy +0,0,x + =0
OxOxy +0yOyy +0,0,y + f, = 0
0xOxz +0yOy; +0,0,, + f, =0
in spherical coordinates become :

00 160re+ 1 00r¢+20”—oee—o(p(p+0recot9

T+ = : +f =0
or r 006 rsinB 00 r
100y, , 1004 1 004qy , (Too ~Tp)COO+ I g fo =0
r or r a6 rsinB do@ r
}60¢r+_100q,e+ 1 aoq,q,+30r(p+209q,c0t6+f 0
r or r 00 rsinB 9@ r ¢

For the case of stress fields around a sphericalycainder spherical symmetry conditions,
(016=01¢=0, Ogg=0¢y, f = 0, independent &f and):
60'”, O, ~Ogg

or 2 r =0
The boundary conditions
There are two sets of boundary conditions:
-At the borehole wall, r = R: Or=06=0rp = 0 for everyd, @

- for the the limite r» o,  o(r,6, @) - oo =-P. &
Oo Is the constant stress tensor representing thergrawind stresses before digging the
borehole, or also far from the borehole.

Resolution of the equations

The method of resolution consists in expressingetiwations in terms of the displacement
For elastic behaviour:

We takeu(r) = u(r) e,

And, by replacing this expression of the strain atrdss field for linear elasticity, and in the
equilibrium equation, we find:

— 2
S

or r drir dr?\r

The general solution of this equation is:

u=ar+ P
r2

15



wherea andb are two constants to be determined from the bayndanditions. Then we
find:

B
=a-=, €og = €4, =0 +——
] 80 ~ €4 [ 3
and:
2B B
=A-——, 0-99=0-¢¢=A+73
r r

where the constants A and B are given by:
A=(0GB\2W)a , B=2B

Hollow Sphere

We consider first the case of a hollow sphere witttbe effect of pressure, or with constant
pressure. In this case, the boundary conditiops (p; atR ando,= —pex atRe) lead to:
az PR -RR g=1(R- M RER
3 3 !
Re - R 2 @ - R3
When R/R; - o, the solution become (noting R R

1
A:_pe' Bzé(pi_ pe)F’?;s
and then with CM Convention (compression negative):
- p)R? - =4
O-rr:_pe-'-(pe rEI)RI’ Oee:0¢¢:_pe_(p62r5) |

The displacement is given by positive if outward):

u= ~Pe r_'_(pi_pe)F\I)'3
3\ +2u 4ur?

If the compressive stresses are denoted posit{iRN Convention):

~ )R =
O-rr:pe_(pe EI)RI’ Gee:oq)q):pe"'(pa rE) I

r 2

The variation ofo,, andogg are represented in the following figure.

16



3pe - P

Pe |--

Pi

P S N

0O R rr
Stress around a cavity for isotropic strags pe at infinity

If the initial stress state of the ground beforgityaexcavation, corresponding to a uniform
ground stress P, is taken as the origin of displacements, thewy tré displacement reduces
to:

(p — Po) R’

u=-—-_—e1

4ur?
And the convergence (displacement at the cavity @aainted positively if inward) will be:

_1+v

Y 2"V —p.
R - 2E (Pe — P
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Appendix

Elastic stress and strain fields solutions around bor eholes

A set of elementary homogeneous displacement figddisfying equilibrium equations with
zero forces are presented below. In cylindricalrdoates, in plane stress or plane strain
conditions, the strain field is given by:

Err :%, 899 :&+}%
ar r r 00
1oy, 6u9 Uy
Ere T
r 69 o r
The Hooke’s law becomes:

Plane Strain Plane Stress
R I E
O, = (1+V)( )I:(l V)Err +V€99:| o, =m(€rr +V€99)
E
) ° (1+v)(1- ) o) (= (V)] 0 =1y (Ver + )
E
O, = %a . 0,,=V(0, +0y) Oro :mgre , 0,=0

The equilibrium equations reduce in:
ao-rr +}ao-r9 + O-rr _099 :O
or r 06 r
} 6099 + aore + 20r9
r 06 or r

=0

Let the following displacement fields with assoedtstresses iplane strainconditions be
considered:
0) Linear displacement field, uniform strain anakss:

o _0,+0, 0,-0

_ o, = -—2_—lcos®
uf:lév[c ;0 (1-2v)r-—=2 91y COSB:l 2 2
(1+ ) 0-20:0-142-0-2"'02_010058
o_1+v)o,-o,
ue—T%rstﬂ . o -0
Oy = 2—1sin20
1) Displacement im *, due to a “pressure” in the borehole
R ot =- ER
U=a-- 1+v r?
E R
Uy =0 Op=a8——— , 0,=0
0 00 all+v r2 re



2) Pur shear displacement field homogeneous®in

. 2 :—az—?JE E;cosza
u?= 5cosZB rvr
r _az 3
r 5 3E R
Rt Ogo azmr—Acosza
Uy =a,—sin2
' 0% = 3E R4S|n26
T &R
3) Auxiliary displacement field homogeneous ift
2E R
s R? 0, =-a,———C0s®
U —233(1—V)T cos B 1+v r
= O =0
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It is easy to check that all these elementary ha@negus fileds satisfy individually the
equilibrium conditions when the stresses are coatphy theplane strainHooke’s law.

The displacement® corresponds to the uniform stress figd

The stress fields™ to > corresponding to the other elementary solutiomssvaat infinity.

To build the stress field around the borehole after excavation, a combination of
displacements” to ® must be superposed allowing to vanish at the borehole boundary the
stresxs’.e and add the contribution of a pressure denotea},by

Let denote by

-0,+0
o=-0°+0,6=| = °
-0,+0,
This corresponds to:
+ —
6”:—01 %16, +22 105D
2 p
_ 0,+0 0,-C
Op =————2+0,-—2—cos®D
2 2
_ 0,-0, .
g = ——2—=sin2
2

Only the componentg, andg,, have to be created with the fieldS to 0°. By computing

the values ob* to @® atr = R, the coefficients of the combination are determiifrem the
following equations that must be satisfied for gvér
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This yields: _1+vo,-0

With these coefficients, the displacement filag=u +u’+J’ associated tos, and
representing the displacement due to excavatiorpeessurization of the borehole become:

2 —_—
1] =1+V{01+02&—02 01(4(1_V)E_EJ cos:(’i}—ll-;—vcrp—l:‘;g

" E 2 r 2 rord r

E 2 3

_ 2
U, :H_Vu{z(l_ 2\,)&4.&} sin®
r r

And the stress filed is:

2 —
o =9t0; (PEJ_M{} 4EZ+ Si:j cosB+0p—Ff
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i 2 r2 2 r r
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®o2 ( rzj 2 ( r4j Pr?
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T(l ziz_gﬂ;j sin®
r r

Note that the displacement associateatis u = u=u+ U, but onlya represents the real
displacement due to excavation and pressurizatiobhcan be measured’ has no physical
meaning and tends to infinity when- . The Hook’s law reads for this case of existing
initial stresses:

0=00+C:¢
whereeg is the strain associated to For the general convention of continuum mechanics,
(compression negative) we haag= -p where p designate the pressure (positive) in the
borehole and the positiug@ points outward the borehole. For the Soil Mechaugienvention

(compression counted positively), we have to @kep and then positive, points inward
the borehole.
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