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Solucién en desplazamientos
(rigurosa) :

Solucién en desplazamientos
(despreciando deformacion
elastica en la zona plastica)

C=fl=2v+seng—(I-
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Desplazamiento relativo de la pared (convergencia), u /a :
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Rigidez del rex estimiento
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- Degradacion con el tiempo
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Método de Panet (A FTES , 2001)
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Sostenimiento primario y revestimiento
secundario. NMA.
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Ejemplo:
i

Tinel en Madrid

- a=5m

- H=30m

- T = 20 kN/m3

- E, = 100 MPa
- ¢, = 300 kPa.
- e=01mHP

- E. = 5000 MPa

"

- 0, = 20000 kPa
Obtener presién sobre-revestimiento, convergencia y

coeficiente de sequridad, en funcién de la distancia al

frente de la colocacion del revestimiento
|

|
|
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Introduccion

Fundamentos |

- Componentes de la deformacion del tinel (contraccion
radial,ovalizacion, descenso uniforme)

- Deformaciones en zonas alejadas
- Soluciones empiricas
* Solucién analitica

Aplicacion a casos reales

Extension del Metro de: Madr'ld 1995-99

- Terreno

-~ Métodos constructivos
~ Insfr'umen’racuon

- Aplicacién de la solucién GﬂG'ITICG Pardmetros




Componentes de la deformacion del tunel

- Contraccion r‘adlal s e£=uy/a (Groundloss:é&, =2uy/a)
+ Ovalizacion: - 8 =max(u')/a (p=0/¢€)
+ Descenso uniforme: | n=u,/a)e

Total | o Vertical
Ground loss Qvalization

deformation = + o movement
[RPPP S |
. I* g o
g E S z \
/ ‘ Yy
Uz

Y




Contraccion radial. Ground loss

| 2Gpl =57 N, = E}—L _&JNO if N, £1 (elastic)
E = —];-gs =< _ ¥ N r. p(} :
1y 1 [ | o
2 AT if N, 21 (elastic - plastic)

Overload factors: N, = N, = Po~ P =N0( ~——&j

Cu A Cu pO
i { . q |
—N, | if N, < (elastic)
1 21 1—sing
€= 583 =9 1 COS¢ l—singsinv 1
[(1 sing)N, Isma(l ~smv)  1f N 2 ——  (elastic - plastic)
21 1 - sing 1—sing
Overload factors . N, = = Potccoty N, = (Nq —1)cot¢ = LPoT P
| p; +ccotg ' | c+ p;tang

. (limited range for 0,20 20,)




Ground loss + Ovalfi-.zc-ifén-: Soluciones elasticas

- Tensiones anisétropas (Ky=1) (Kirsch, 1898)

Uy p, (1+k01_p1.] 5= mar) _ po 1Koz 4

a 2G\ 2 p ) a  2G 2
- Superficie libre .  (Verruijt, 1997)
U _Po—p; _ cos@ |V _ PP siné
a 26 [H?‘(l ﬂ)h/’aucosﬁ}’a 2G 2(1.”h/a—cos9
- —t 1 S=Lo"Pi_ 1
| 2,1[]1_\/] hJ2—1]-—1 Y ( ﬂ)(h -
_ aja \\a P
epoZGp 1+2(1- g : “
A wnen s
5 ' ] 2G H /h)2
5 L_ -1
aj
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Relative ovalization, p
Relative settlement, n = (u_/a) /¢

4

1.0

o
™

o
o

o
~

o
o

(Verruijt, 1997)

e ——— — — ]

——— Relative ovalization, p=3/¢
——— Relative setilement, n = (s /a) /e

6 8 10 12 14 16
‘Relative depth, h/a




Comparacion con casos reales. I)

100 T

P11 1 111

9

e — — / 1 N1
N N 3 Forhja=o0:€ =—e"
& - 3 Ir

7] i ] —

8 - - Ing, =N, —-1-In1,

= i _

c
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o B i

(o)

@ .

2

g 1

&}

@

Theory, / =200
o~ — —e Testresults, ha=7.22
g----0 Testresulis, Wa=4.34

=TT
Lot 1l

Centrifuge tests

o (Mair et al., 1981)

Wall overload factor, N, = (p-p,) /¢,




Relative ground loss, e =AS / S (%)

Comparacién con-casos reales. II)

0 No shield
-] No shield. Air pressure
7 Open shield
10 T T ] 1 T 1 / | =0 Cfosa;dshield
' A . Slurry, EPB shield.
 Valuesor I o AmmSmesan
= P,/ P, / i -
/ L
8- 0.4/", / -
- 1,=G/s =100 / K o® §
0.6/' |
/ =
/' v
/ ®
/e -
' ® 4e 08_.7
. -
- -~ ]
"A"'“."'“;-'-'-—_“"‘_T"_"."".‘““f -------
. | ® Elastic
ST B M U l iy
5 6 7 8 10

Gross overload factor, N, =p, /s,

£ =4 F r pO
y No| 1-2 |11
}1—6‘\’"—1:; e ( p"J (N =21)

Tunnels in clay.

-Ground loss




 Tunnel ovalization, &§(%)

0.8

0.6

0.4

0.2

-0.2
-0.4
-0.6

-0.8

- Comparacion con-casos reales. IIT)

.f“\.

¢ Long term distortion ‘
- o First weeks readings I
| i
. I
- |
I e ¥
$ ;
—
1 i 1 . I i | 1 ] 1 ]
0 2 4 6 8 10 12
Gross overload factor, N, = p_ /e,

Tunnels in clay.
Ovalization
(Data from Peck, 1969)
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Negative Virtual image
(source)

I
1

(Sagaseta, 1987)




Formulacion (1)

- Contraccion radial (Sagaseta, 1987)

a ;/ I 1 | I 1 — g d
S, =-gaz X L”"f—'—’”';]—élx z Zz;,“;i} Hz=0) hl+x"?
- =2¢ea? 1
SZ — _Hgag Z|1 (%2_'_%2]_4)(:92 Z' h:l Z(z=0) h 1+x|2
h| \ry ry "y (x.'=£j
"k

+ Ovalizacion (Verruijt and Booker, 1996)

- | : '
£ o2 g2 12020 12 12
sxzé‘ag x'Lx '421; +x ;Zz J—4x'z’x ':6)’22_]
Add- . . h ' ¥ 1 [.l F 2 S ¥ 2
litional ; < ! .

a x%—z?% x"%-=z" 3x'?—2z"
s =0a |2 L4 ‘2 147z 2

z 4 1 rr4 7’"4 ) 2 ]"'6

L 1 2 2

i1




' ™ ,

a) Basic case (incompressible)
\ ds, 8
N Evol = r+L=0 — Sy =
r or r oy
«— Radial o
' displacement, s,  b) Compressibility (dilatancy) :

Ground foss

Epp] =—SINV Y o

vo! '
as, S, k 1+ sinv
= +— }——9 S, =—— | m=
m

r o 7 1—sinv
_ 05, S,
Vmax'*
or r




Formulacién (3)

Efecto comb'inado (6onzdlez & Sagaseta, 2001)
s, _ X /1__‘ x" ( ~ x —z'i\_I_
2a-1 2"120!( p i"'2 2 1205 7"
28a(a) 1 I ?
\ /1
4x'z'( z 2 _ x"? -3z ]
22 \r s
5. o z' ( ~ 52 2'12 z', ( - 2 Z'g 3\ ~
2a-1 020 2 27)20{( Y 2 J
9 Sa(a \ 1\ 1 2 "2
h)
1 ' 12 12 . 3x12___zv2
00 g,
s 2 2
(.. cont.)
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- Formulation (4)

. "Efecfo' combinado (cont.)

14

At the surface (z = 0) :

Exponent o Elastic: 1 Fully plastic: 2
| Average: 1-2, depending on h/a




Applications to actual tunnels

Case Ground - Tunnel data Surtace Parameters of the solution Reterence
' setilements

h{m) a(m) Method Vo o Ssmx  e(%) &(%) p o
. (%) (mm)

Green Park. London  Stiffclay 294 2.07 Openshield 16 865 12 084 07 1.0 Atteweli & Famer, 1974
Thunder Bay Softclay 10.7 1.24 Openshield 83 50 75 75 1.0 1.0 Palmer & Belshaw, 1978
Heathrow express  Stiffclay 19 425 Opentace 15 40 1.0 08 0.8 1.0 Deane & Bassett, 1995

Sewer. Bangkok Clay 185 133 Opentace 38 12 34 34 1.0 1.0 Phienwej, 1997

Baixa Station. Lisbon Sand 25 56  Openiace | 08 30 24 24 1.0 1.5 Sagasefaetal, 1999

3

Sewer. Cairo Clay 14 26  Airpr.shield 1.2 15 075 06 0.8 1.0 ElNahasetal, 1997
. U

N-2. San Francisco  Softclay 10 1.8 EPB shieid!l 31 30 095 334 35 1.0 Cloughetal, 1983

Sewer. Mexico City ~ Soft d!ay 1275 20 EPBshield 36 30 04 1.8 45 1.0 Romo, 1997

Lyon Metro. P1-81  Silt, sand 16 3.13  Slurry shield 0.162 0355 2.2 1.7 Kastneretal, 1996
(T) | -0.121 0000 0.0
0.041 0355 8.7
Lyon Metro. P2-S Sitt, sand 13 3.13  Slurry shield 0015 0.076 51 17 Kastneretal, 1996
-0.181 0.020 -041
_ -0.176 0.096 -0.6
(1): The first row ot values is for the passage of the tunnel face, the second one for the incremental movements dus to the

(f)

tail grout and third one the final (accumulated} displacements
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Lyon -Metro (Kastner et al., ;1 996)

EXT.EX-11  INCL.1-17

O Measured, tail passage

] Measured, after grouting
— — — Theory, tail passage
Theory, after grouting

10 -

Depth (m)
'

Paranpeters:
Tail pasg. Final
e 0.162% | 0.041%
& 0.355%| 0.355%
o 1.7 1.7

20 -

Scale:
I2mm

Soiullliavl, N TS N T N N T
45 -0 . 5 0 5 10 15

Distance to tunnel axis (m)

16
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(total: = 40 km of new tunnels)

Some data:

Total length: 37.9 km
. E.P.B. 9.5 m-diameter:
° E.P.B. 6.7 m-diameter:

. Hand excavation (belgian method):

Stations: 35.
° Cut and cover:

e  Manual excavation (multistage):

Main design and construction criteria:

Maximum open face excavation area: 7 m?

All full open face methods (N.A.T:M., premill, ...} discarded

‘Madrid Metro. 1995-99-Extension Plan

18.34 km
10.87 km
8.08 km

34




Ground conditions
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Limit of Quaternary deposits
Contact between Tertiary materials
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- beotechnical properties of “tosco”

o
5

m_ e

 Méduio Presiométrico (Kplom2)
¢ %00 1000 1300 2000 2500 3003 3300 4000 4300 3000 - 5300 - 6000

k.
I
H

*. . -
“0

SIS THHBEITHHBBITINHBNITINANDSTENEEN

) Amdodoh_‘ybﬂ

Figura 4.19, Angulo de rozamiento en of fosco.

d“’ i
SERRUREERERDRRIREEE
- Tuubindofchon $0%) :

—ia s

33358885453

10 30 50 70 9O 11 150 150 170 180 210 290 260 270
Cohesion (KPa)

" Figura 4.20. Cohesién sfectiva en of tosco.
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Metros de tdnel (m)

e SR

" e=——— Adelantada - Linea 7
4000 v—q Gibeles - Linea 8
s————o Cibeles - Linea 9
3800 +——— [aChata-Llinea4
3600 #—a Puerta del Sol- Linea 8| - .
et Pailoma - Linea 7- / 3
" 3400 +———  Adelantada - Linea 8 i /
: s——— La Chata - Linea 8 Ay /
- 3200 / 4
3000 / /
L
I 1/

2600 / #!1
2400 j /
2200 7
2000 jf ﬁ /f_ f;

1800 ' =

7 o _ 7

1600 f ‘ }4 JI
Ry AR Y
1200 : / — 4 :
1000 : 4

800 - ' ’/ rf

. AL

400 —/

200

o .
0 60 120 - 180 - 240 300 360 _420 480

Dias desde colocacion del primer anilio
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3-D numerical analysis (Medina, 1999)

s
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Madrid Metro & |\ O
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. > * — ~—— EPB shield. Past experiences
S ook \o o (Melis et al. [14}) -
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i _
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c L
e
5 107 Total: 57 sections
& gl Interval for histogram: 2 mm
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Radial contraction & (%)

Ovalization &(%)

Fitted parameters of the solution

6.0
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4.0
3.0
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1.0
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o Hand mined
e EPB shield
A EPB shield (heave)
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Ovalization §(%)

5.0

4.0

3.0

Fitted parameters of the solution (detail)

EPB shield
EPB shield (heave) P
Hand mined

a

L L i

2.0

30 40 50

Radial contraction & (%)

12 sections with
abs(g,0)<0.05%

1.0
5 (%)
5 ..
0.5 i o .

2-0.5
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Volumetric compressibility exponent, «

N n
o »
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Case with settlements

Settlements at 6.5 m from centreline Surface settlements

o U ——— o 0
| Tt |
5 E 5¢
- -lE |
@ L
g i
L g _10 L
E 10 ' C% ' L]
N I
% ] B T
0 451t ] -30 -20 -10 0 10 20
[ : Distance to tunnel centreline (M)
_ \ f ~ Solution parameters:
20 A S .= 9.55mm
Theory x= 11 ,196‘7
M d ¢=1,16% _
ot e 5=116% Depth, h=14,4m
21 S Y S mrrIra—— wrr— e p= 1 O ‘

-10 -5 0 5 10

28 Settlement (mm)




~ Case with general heave

|

Extensometer at 10 m from centreline
0 —

Tl

Theory

B Measured

-5 -~ -10
Vertical movement (mm)

29

TSR

Settlement (mm)

Surface settlements

N

1
N

0 a 1 . " . . z . 1
-30 20 -10 O 10 20 30
Distancie to centreline (m)

Solution parameters:

S =-4,8mm (heave)
max

av_/ V,=-0.187 % (heave)

a=1.45
£=-0.36%
0=-0.27%

p=0.75 Depth: h = 17.5 m
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30

Depth (m)
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CaSe- with heave and settlements

Inclinometer at 6 m from centreline

10
15

20

Settlement (mm)

Theory

Measured

(positive inwards)

P WO N S [N SN SN TN N SN NN TN TN NN T NN TN T N N BTSN N B

-10 -5 0 5 10 15 20

Displacement (mm)

Surface and deep settlements

Iy |

r z=00m

Ok —/’/.\l\r

5t =

5% z=50m /A\

I e A B N ——
5t

30 20 10 0 10 20 30
Distance to centreline (m)

Solution parameters:

s =-3,0 mm (heave)
m,ax

4V, / V, = 0,145 % (settlement)
a = 1.1

£=0.1257%
5= -0.2245%
p=-1,79

Depth: h=12m




Seccion 1+350 Linea 10 tramo 1. Metrosur
Movimientos verticales en el interior del terreno

0 I I 1 all 1 I T T

A section in ; > o
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. : . 5 0 o 4
(extension plan - 0 o
g = o) Levarta-8 | | ol -

1 999 - st) - o) - miento T ol -
i T o o

10| o -

— - 0 -

E t o i -

geo! i Y .

st j

5 15 .

C - i

2 | 1 _ ]

ot o Pars ) i

N ‘ he T 0 "

20 - g a=4.60m g ]

i e =0.2% i

[ Escaldg 5=0.06% o ]

L 2mm d p= 0.3 o _

o5 | q a=13 0 -
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A-ppl-icati—onf;sfr?s==--pi le driving

15

Salford (Cole, 1971)
Leeds (Cole, 1971) =
Letcester (Cole, 1971) : :
Northampton (Cole, 1972) _ (I nteg ration of pOIn’[
London (Cole, 1972) _ : ' .
Portsmouth (Hammond et al., 19879) 4 Source along the plle aXIS)
Mitton Keynes (Hammond et al., 1979)
Quennsferry (Hammond et al., 1979) 4
The Hague (Oostveen and Kuppers, 1985)
Baghdad (Oostveen and Kuppers, 1985)

o
I

POX+D>ROIOO

Pile uplift, srL/Q

X

I J Theoretical a) Cylindrical solid piles i
x X surface heave Length: 5- 10 m

Diameter: 0.5 - 0.6.m -

1 (Sagaseta & Whittle, 2001)

0 0.5 . | 1.0 | 1.5
Pile spacing, d/L
32




33

(a)

‘Normalized Depth, z/L

- Contours of

Pile driving tests at Hendon
(Cooke and Price, 1977)

53UR2 . _ | -8.2'UR2
Lo I 05 A0 0 TTTTTRETTTT o
)

" N;:rmalized ‘Radial Distance, r/L.

- (Sagaseta & Whittle, 2001)
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_Cnsdfion::trgf:om'i-ng.- Actual cases

Movimientos en la superficie. Ensayo 3 Singapur

"20 T LS | T ] T T T 1§ T T T T T T T T T
] o Medido| . |
B Ajuste J
-15 |- -
£ I _ _
£ i * Parametros: 1
E :1/:7 m s :
8 10 . c2m _
E B B=040 3
*g - . p=1.50 k
o
B -
B s .
-5
0 ] " X i 1 1 i 1 1 [ ' 1} 1 ] 1 A ' ] L X
0 2 3 4 5 6 7 8 4] 10
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Distancia alf punto de nysccién (m)

Levantamientos (mm)

Taipel, bulbo h=2.5m

Ajuste
o Medido

Parametros:
h=2.8m

V =0.134 m°

o

pB=0.6
p=1.0

Distancta a ia inyeccién (m)
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To conclude...

- In cases of 'simple’ geometry, simple deformation patterns.

* Then, analytical solutions can-provide useful results.

In cases of careful tunnelling(EPB, ..), the control and
continuous knowledge of :construction:variables: provide a unique

“opportunity for a refined analysis of the results.

- In cases of careful tunnelling-(EPB, ..), a Class-A prediction of

the actual deformation:pattern is not possible. The only reliable
prediction is that if everything works well, the movements will
be |small (+ or -). However, q_!mcer'rhe ‘actual results are

known, Class-C predictions can be brilliant and rewarding.




Ground loss + Ovafl'iz;a'rion . Plastic strains

* In the elas*l’ic mnger; d/e = 0.10

* Numerical analysis is needed

Elastic- perfect plastic

N

*Tresca

Po | h | “Uniform p,, G, ¢,

Pi .k0=1

T

| *N,=p,/c,=11t0 6
< s : *hfa=3 , 5
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Contraction

Expansion
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Ovalization, .6 (%)

Radial deformation, £ (%)
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1 INTRODUCCION

En esta Nota se presentan las soluciones existentes para la distribucién de tensiones
y deformaciones alrededor de una cavidad cilindrica o esférica en un medio eldstico o
elastopldstico. El objetivo es su aplicacién a la excavacién de tineles, si bien las
soluciones son generales, y en algunos aspectos se extienden a otros casos, como la
aplicacién de una presién interior.

Las soluciones suelen aparecer en.los textos de forma parcial, con notaciones
diferentes, y no siempre libres de erratas o, mds a menudo, sin exponer las hipétesis
simplificativas hechas. Por ello se ha considerado conveniente reunirlas aqui.

La presentaci6n se va a hacer partiendo de un caso basico sencillo (Figura 1):

— Espacio infinito homogéneo e isétropo, sometido inicialmente a una presién isétropa
y uniforme, oo. "

— Terreno elastico lineal o elastopldstico, segin diversos critexios (Tresca, Mohr-
Coulomb, Hoek-Brown, etc ).

— Excavacién de una cavidad cilindrica de longitud infinita (deformacién plana) y
radio a. En la pared de la cavidad se mantiene en principio una presién iguat a la
inicial, og.

— Posteriormente se disminuye Ta presién en la pared hasta un cierto valot final, o, Al
cociente {0, /do) se le depomina a veces confinamiento o confinamiento relativo

(ver Figura 8) En el caso limite, la presién final puede ser nula (o, =0), lo que

e corresponde a una cavidad sin revestir.

A este caso se irdn introduciendo progresivamente diversas variables adicionales:

— - Estado inicial de tensiones no isétropo (ko#1)
— Profundidad no infinita B

. La notacién y convenio de signos se muestran en la Figura 1. Se utilizan
coordenadas cilindricas (7, 8z), con el eje OZ a lo largo del eje del tdnel. Se consideran

positivos las compresiones y acortamientos, asf como los desplazamientos radiales hacia

el centro de la cavidad El dngulo polat se mide hacia la detecha a partir de la clave

Tensiones
iniciales l Gy

' Tensiones
— g0 {principales) \ Q/ :
T Bl VN

124
/' Desplazamientos
Cavidad (radial)
a o
“ Coordenadass

r (polares, r,8)
"—-.._‘9

Figura 1. Notacién y convenio de signos (todas las magnitudes dibujadas son positivas)
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2 CAVIDAD CILINDRICA. COMPRESION INICIAL ISOTROPA

- El estado inicial de tensionés es is6tropo, con una presién op igual en todas

direcciones (kp=1). La presién interior, g,, es también is6tropa.

2.1 Material eldstico lineal

El material est4 definido por un médulo de elasticidad E y un coeficiente de Poisson

v, 0 un médulo transversal G (G = E/2(1+v))

Es un caso de deformacion plana (g, =0). Ademds, existe simetria axial alrededor
del eje del tinel. Por ello, son nulas las derivadas respecto a la coordenada z y respecto

— 'Tensiones:
a2
O, =0y +AC, =0y "(0-0 ""aa)‘?
¥
2

. o
Op =gy + ATy = 0y +(00~ 0, )=
;

o, =0 +A0, =0y +v(Ao, + Aoy ) =0y

~ .

Desplazamientos y deformaciones:

ol is-0 )8

a 2G 0 a7y
B
P T TG 0T %3
gg="= L (oo-0 )az
QFWHié 0 “ ;’2
£, =0

Epol =& HEg+E, =0
— En la pared (r=a):
Cra =0,
Cg: =0y +{0g - 0,)=204~ 0,
O =0y

Z

g 1
a ZG(JO aa)

-al dngulo polar, € Las derivadas parciales respecto al radio se transforman entonces en
derivadas totales, dando lugar a un sistema de ecuaciones diferenciales ordinarias,
resoluble por integracién directa. El resultado es el siguiente:

(1)

(3)

4)

3)

Es usual en tiineles denominar convergencia a esta deformacion relativa de la pared:




Pared (r=a)

250-0'3 I AP
bﬂ:
bl‘
g
= % T
9
7]
o
D
’_
Ga o
0
Pared (r=a)
S u b - -
- a
£
[
b4
&
[
N
e}
(g u=u.(ah)
) ~~—
“‘MM

g =%a - (6)
a

Asimismo, se suele utilizar también la llamada pérdida de terreno (‘ground loss’),
que es la disminucion de seccién de la cavidad por la deformacién. Suele expresarse
como fraccion de Ta seccidn de la cavidad. En el caso presente resulta:

AV, _ 2_7..;._51_3‘“_ =0 M _ 2, = %9~ N
Va 7 a® a G :

En la Figura 2 se representa la distribucién de tensiones y desplazamientos en el
terreno. Sobre esta solucién caben los siguientes comentarios:
a) Las tensiones son todas de compresién.
b) La tensién principal mayor es la circunferencial, la menor la radial y la
intermedia la longitudinal {o, 2 c,20, ).

¢} Latensién media no varia respecto a la inicial (o, + Tg = 2(70)

d) Los méximos incrementos de tensién se producen en la pated, y son
independientes del radio de la cavidad.
e) Elméximo desviador {64 — 0, ), en la pared de la cavidad, vale (20 ).

f) Las tensiones no dependen de los parametros eldsticos.
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g) Las deformaciones de cualquier punto consisten en una extensién radial
(¢, < 0)y un acortamiento circunferencial (4 >0).
h) La deformacién volumétrica unitaria (8‘,0[) es nula en todos los puntos,” en

concordancia con la no variacién de la tensién media.

i) Los desplazamientos son inversamente proporcionales al médulo transversal, G,
y no dependen del coeficiente de Poisson, V.

1) Los desplazamientos son radiales y decrecen con (1/ 7).

k) Lamagnitud de los desplazamientos es proporcional al 1adio de la cavidad, a.

2.2 Material elastopléstico puramente cohesivo
2.2.1 Pardmetros. Factor de carga, N. Indice de rigidez, I,
Se utiliza el criterio de Tresca (cohesién ¢, y dngulo de rozamiento ¢=O):
! -—-&1 -o3-2¢, =0 : _ )

Esto representa la situacién sin drenaje en terreno arcilloso. Por tanto, para la
deformacién eldstica deben usarse pardmetros en totales en correspondencia con esta
situacion, es decir, que impliquen deformacién sin cambio de volumen: coeficiente de
Poisson v=1/2, médulo E,, médulo transversal G=E£,/3.

Suele utilizarse el pardmetio denominado indice de rigidez, /.. definido como
cociente entre deformabilidad y 1esistencia al corte:

=% N ©)

Este fndice toma valores en el rango 50-300 en suelos reales (ver, p.ej la Figura 3).

1600 - T

1400 7”
1200 /

1000

E

N
AW
SN

ANNIN
™
N

Ui /
u 800 7 /

600

ZN
74

47
%
%

400t

NNNNE

200§

Ol‘- 185 2 3 4 5 678910

Overconsolidotién ratié

Figura 3. Relacién modular en arcillas (E./c,=31,), (Duncan y Buchigani, 1976).




También es usual _utilizai' un pardmetro adimensional, N, denominado factor de carga
(over"load‘ factor), definido por:

N=3"% N (10)

Este factor fue introducido por Peck (1969) y adoptado de forma universal en
tineles en arcilla como medida de los esfuerzos cortantes movilizados. Su sentido fisico
viene de la consideracién del valor limite de una presién activa, p, frente a una presién
resistente, ¢. La expresion general de dicha carga limite, en ausencia de peso, es:

p=gN,+cN, | (11)

En el caso presente (Figura 1), la presion "activa” es la presion exterior, oo, y la
"resistente” la de la pared del tdnel, o,. Al ser ¢=0, el coeficiente Nq vale la unidad, con
lo que la ecuacion (11) conduce a:

oy =0, +c,N, (12)
Comparando con (10}, se puede identificar el factor de carga N con N,

Existe cietta confusién sobte la presién interior, o,. El factor de carga se propuso
originalmente para cl andlisis de la estabilidad del frente de los tineles La presién o,
debe entonces tomarse como la presidn interior actuante en dicho frente, Ja cual es nula,
salvo en tdneles de frente presurizado (aire comprimido, esttides de-lodos o de presion
de tietras, etc.). Sin embargo, cuando se emplea para el estudio de la seccién
transversal, o, debe ser la presidn interior en la pared del tinel, es decir, la presion
soportada por el revestimiento. Esta segunda definicién se adopta aqui

Es interesante explorar el rango de valores posibles de este factor. E} minimo seria
obviamente N=0, antes de hacer la excavacién{c, = 0'0). En cuanto al maximo, serfa
para excavacién total (o, =0) En lo que sigue, denominamos a este valor factor de
carga bruto, Ny:

Gy

Ny =% (13)
CH

que puede expresarse como:

Oy _ Gy/0

NO =
Cy Cy / O-‘O

(14)

El denominador es la razén de 1esistencia al corte, cuyo valor minimo se da en
suelos normalmente consolidados, con ¢, /o'y =(0,20—0,25). A su vez, el mdximo
valor del numerador se da cuando el nivel fiedtico estd en la superficie
(00/0"0 = Vear/ Veum)» ¥ €5 del orden de 2. Todo ello lleva a que el factor de carga bruto,

Ny (excavacidn total) en suelos extremadamente blandos, podria alcanzar como maximo
valores de 8 a 10 Como veremos méis adelante, en estos casos no seria posible la
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excavacién sin revestimiento, pues la rotura del terreno alrededor del tiinel se produce
para valores menores de N.

2.2.2 Limite del rango eldstico

De acuerdo con las expresiones (4), la soluci6n eldstica indica que el méximo
desviador se produce en la pared de la cavidad y vale 2(c, —0&, ). Por tanto, la solucién

eléstica es vélida hasta un limite de oy, tal que la condicién del criterio de plastificacién
(8) se alcance justamente en la pared.

Suponemos, por extensién de 10 que ocurria en elasticidad, que la tension radial es la
menor, la citcunferencial la mayor y 1a longitudinal 1a intermedia:

, W)
Entonces se tiene:
f=0,-03-2,=05-0, -2, =200~0,)~2¢,=0 (16)
O, =0)-C, (17

Que equivale a un factor de carga N=1.

- 2.2.3 Solucion en tensiones. Extension de la zona pldstica

== Dada la simetria axial y que en elasticidad los maximos desviadores se producen en

la pared y decrecen hacia el interior del terreno (puntos d) y e) de la lista anterior), es
obvio que la zona pléstica debe ser una corona concéntiica con la cavidad y
comenzando ¢n la pared de la misma, hasta una frontera de radio R (Figura 4)

Al ser un caso en deformacién plana, es posible una solucién escalonada,
1esolviendo el problema primero en tensiones y analizando después las deformaciones

Consideremos por separado la corona pléstica (r<R) vy la zona eldstica (#=R) En la
zona pléstica, las tensiones vienen definidas por la ecuacién de equilibrio interno en
direccién radial y la condicién de plasticidad (8), teniendo en cuenta que ¢, es la tension
principal menor y op la mayor :

do, 05-0, -0
dr 2 (18)
0‘9—0', —ZC‘M =0

Eliminando o resulta:

do, _dr
2¢ ¥

24

(19)

que es una ecuacién diferencial de variables separadas. Su integracién, con la condicion
de contorno en la pared de la cavidad {0, =0, para r=a) lleva a:
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,
o, =0,+2, ln{—-}
4

Cg=0,+2, =0, +2c, +2, ln[ij (20)

o

T, 5%'(0', +o,)=0, +'cu'+2cu lr{i) e
a.

La expresién para la tensién longitudinal o requiere un comentario. Para obtenerla
se tiene que usar la condicién de deformacién plana (&, =0) En la zona pléstica, la
deformacién tiene un sumando eldstico y otro plésticor :

g, =& +el =0 (21)
La componente pldstica es nula si o. es la tension principal intermedia, pues en un

material de Tresca el potencial plastico, como el criterio de rotuta, no depende de o,
Entonces, la componente eldstica debe ser también nula:

£ =-é-[wz “v(ac,+Aa, )]=0 @

Ello lleva a:

Ao, =v(Ao, +Ac,) (23)
G, —0 =V[(0'r —0g)+{oy “0'0)]=%[(0} ~09)+ (0~ 0] (24)

o, ==(o, +0y) 25)

|

[

I
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Figura 5. Material elastopldstico (T1esca). Tensiones y desplazamientos en el terreno

Esto confitma que ¢, es la tensién principal intermedia, como se habia supuesto en
(15), y por tanto la solucién obtenida para la zona plastica (20} es correcta.

En la zona eldstica (r=R), el campo de tensiones debe seguir cumpliendo las
condiciones establecidas en el apartado 2.1, y por tanto se debe cumplir que:

o, +t0y=20, para r=R (26)

Por lo tanto, en la frontera eldstica (7=R), las tensiones definidas por (20) deben
cumplir también la condicién (26):

20, +2c, [1 + 2111[5)} =20, 27)
a

ecuactén que define el radio de 1a corona pléstica, R, que puede ponerse en la forma:




1 oo~0y 4|  w-1

La Figura 4 muestra el valor del radio R de la zona pléastica. Como puede verse, no
existe zona pléstica para N<1, cosa que ya se sabia (régimen eldstico). Para N>1, el
radio de Ia zona pléstica aumenta con N; para N entre 2 y 3 es del orden del doble del
radio del tinel; para N de 5 a 6, R se hace muy grande, del orden de 10 veces el radio
del tinel, lo que desde el punto de vista préictico equivale a plastificacién general.

Las tensiones en la zona eldstica son las cortespondientes a una cavidad ficticia de
radio R, sometida a una presién interior radial o,z dada por la primera ecuacion (20)
particularizada para r=R Esta presion resulta:

O,r=0y—¢C, - (29)

Por lo tanto, en la zona elstica (r<R) las tensiones son:

N 16?2
O, =0g—c,e —
¥
2
—-1d
op=0p+e, e T | (30

¥

o =0y

La distribucién de tensiones vienefgf tanto dada por las ecuaciones (20) en la zona
pléstica y (30) en la eldstica En la Figura 5 sc puede ver el resultado. En la pared, 1a
tension radial vale ¢, y la circunferencial (o, +2¢, ). Ambas ctecen con la distancia 7

en la zona pléstica, manteniéndose constante su diferencia (2¢,). En la zona eldstica, la
distribucién es similar a la de la Figura 2. )

La distribucién de tensiones viene por tanto dada por las ecuactones (20) en la zona
pléstica y (30) en la eldstica En la Figura 5 se puede ver ¢l resultado. En la pared, la
tensién 1adial vale o, y la circunferencial {c, +2¢,) Ambas crecen con la distancia 7
en la zona pldstica, manteniéndose constante su diferencia (2¢,). En la zona eléstica, la
distribucién es similar a la de la Figura 2, es decir, siméfrica respecto a gp. Como
referencia, se dibujan las tensiones elésticas pata el mismo valor de g,

224 Solucion en desplazamientos

Los desplazamientos en la zona eldstica tendrsn nna distribucién del tipo de la ec.
(2), para una cavidad de radio R (ec. 28), con presidn interior o, (ec. 29), es decir:

1 R I a |
u={0y~0,p)—R—=—¢"1lag- 31)
(% R)zs yo21.¢ Tr (

En la frontera eldstica (r=R), el desplazamiento es:
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N1
ug L o yaa_ 1 73 (32)

a 21, R 2,

Para obtener los desplazamientos en [a zona pldstica seria preciso en principio

utilizar las ecuaciones tension-deformacién pléstica Sin embargo, en este caso de suelo

. puramente cohesivo, con deformacién sin cambio de volumen, la solucién es trivial y el

( : campo de desplazamientos, tanto en la zona eldstica como en la pldstica estd definido
por la condicién de deformacidn a volumen constante, que puede expresarse como:.

Espl =E, TEGTE. =@+Ezo ' (33)
Y odroor

Esta es una ecuacion diferencial ordinaria, y su solucién general es:
y=— o (34

A este mismo resultado se habria llegado expresando que el volumen de
desplazamientos de un anillo de radio  es constante e independiente de 7:

AV =2mu = 2mau, = 27Rup = cte (35)

que conduce a la misma solucién (34).
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El valor de la constante de integracién queda definido por el desplazamiento en la
frontera eldstica (32). Dado que la ley de desplazamientos en la zona eldstica (31) es del
tipo (u = C/r), dicha ley es vélida también en_}.a Zona plz’i'stica

QObviamente, la Iéy GD vale para N>1. Para N<1 (rango eldstico), rige laec (2).

El desplazamiento de la pared de la cavidad viene por tanto dado por las
expresiones (2) v (31) pata r=qa (Figura 6):

1 1 |
=— (0g-0,})=—N paa N<I
e =Ma_ 2G 21, (36)

[
S B para N2

21

I

ILa pérdida relativa de terreno resulta:

= LN pata N<1 :
AYa _ola _ 1; r (37
Va 2 =Nt paa N1
I,
La convergencia relativa y la pérdida relativa de terreno se representan en la Figura 6
y Figura 7, ambas en funcién del factor de carga N, para valores usuales del indice de

™




12

rigidez (50-200). La pérdida relativa de terreno se xepresenta en escala logaritmica, que
es lo habitual. Puede verse que en el rango eldstico (N<1) las deformaciones son
pequefias, inferiores al 1%. Para valores de N de 2 a 3 la pérdida relativa de terreno estd
entre el 1 y el 10%. Para N superior a 5 o 6, la deformacién crece desmesuradamente,
llegando a suponer précticamente el ciere de la seccién y la rotura. Es interesante
observar que, en el rango elastopléstico (N>1), las leyes son paralelas, es decir, que un
aumento de una unidad del factor de carga supone que la péidida de terreno se
multiplica por e (=2,71), sea cual sea la rigidez I, del terreno.

Es habitual representar las expresiones (36) en un diagrama como ¢l indicado en la
Figura 8. La curva que representa la evolucién de la convergencia (x, /a)al disminuir el
confinamiento (c,/0,) se denomina curva caracteristica del terreno. Se ha dibujado
para diversos valores de la cohesién respecto a la presién inicial, es decir, del factor de
carga bruto, Np. La escala del eje horizontal viene definida por el valor de la
convergencia relativa para excavacién total en régimen eléstico {,/a=0,/2G). Para
factor de carga bruto superior a 5, la convergencia aumenta desmesuradamente, y a

efectos pricticos constituye rotura. Esto ya se comentd al analizar la Figura 6 (en
realidad ambas figuras son distintas representaciones de una misma expiesién}

2.3  Material de Mohr-Coulomb

El material de Tresca c¢s representativo de terrenos arcillosos, en los que la
excavacion es suficientemente rdpida para suponer que es un proceso sin drenaje. Para
otros casos, es necesario disponer de la solucién para material de Mohr-Coulomb.

10
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2.3.1 Pardmetros

Este material estd definido, en su deformabilidad eldstica, por los- pardmetros -
generales G, v (sin la particularidad de que v=1/2).

En cuanto a la resistencia, el criterio de Mohr-Coulomb se expresa:

I+seng

1—-seng

f =(oy +ccotg p)~ (o5 +ccotgé) (38)

siendo ¢ la cohesién y ¢ el dngulo de rozamiento interno.” Ademés, para las
deformaciones pldsticas es preciso considerar comportamiento no asociado, con un
angulo de dilatancia, y; diferente del de rozamiento (ver Apartado 2.3.5).

En el material de Tresca se definieron unos pardmetros adimensionales de uso
frecuente: el factor de carga N y el indice de rigidez I,. En el caso de cohesidn y
rozamiento no hay una propuesta similar, aunque puede hacerse una generalizacién
mediante la Teoria de la Plasticidad. La ecuacidn (12) se escribe en el caso general:

Oy =0,N, +cN, (39)
N,y Ny estén ligados por ¢l teorema de los estados correspondientes:

N, ={N,~l)cotgg — N, =1+N, tg¢ (40)

“Bliininando N, entte estas las ecuaciones (39) y (40) se puede despejar N,
Alternativamente, se puede eliminar N, y despejar N, Sellega a:

Oy~ . N = O +ccotg

N, = ; q 4n
c+0' tg;;y‘ o, +ccotgy

Al igual que en el caso ¢=0, se puede utilizar como factor de carga el valor de N,:

O«

N=N
‘ c+0'a£ q!)

(42)
que supone una generalizacién de la expresién (10) anadlendo a la cohesion la
resistencia fucmonal movilizada por la presién de 1a pared o,

En cuanto al indice de rigidez, también admite una generalizacién semejante:

=% | 43)
c+o, g

Ambos factores se reducen a los ya definidos para el material de Tresca en el caso
de que el 4ngulo de rozamiento tienda a cero.

8
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Figwia 9. Matetial de Mohr-Coulomb. Limite de validez de O, como tensién principal
intermedia Comparacién con inicio de plastificacién y con excavacion total.

2.3.2 Inicio de la plastificacién

- Al igual que en ¢l caso anterior, se producird cuando las tensiones eldsticas-en la
pared alcancen a cumplir estrictamente el criterio de plastificacién =0 (ec 38) con

(01=04 =20y -0,).(03 =0, =0,). Resulta una presion en Ia pared:

o, =0u(l-seng)—ccosg (44)

que se reduce a (17) para ¢=0. Utilizando el factor de can ga generalizado (42), el inicio
de la plastificacién se expresa como:

_ cos¢
T 1- sengﬁ

(45)

2.3.3  Soluciéon en tensiones. Limite de validez de Cg20,20,.

El ciiterio de Mohr-Coulomb, jgual que el de Tresca, no depende de la tensién
principal intermedia, ©,. Si continuamos aceptando la hipGtesis de que la tensién
longitudinal al tinel es la intermedia (o) = 0g;0, = =0,;05 =0, ), se puede despejar de
(38) la tensi6én circunferencial en funcién sélo de la radxal




15

1+sen¢ 46)

Oy =—ccotgd+(c, +ccotg g)—
1—seng

Entonces, el sistema (18) formado por lei ecuacién de equilibrio interno y la de
plasticidad sigue conduciendo a una ecuacién diferencial en ¢, de variables separadas,

cuya i

ntegracién en la zona pléstica da:
. Zseng
o, =~ccotgp+{c, +ccotg ¢)(£JI_SCH ¢ (47)
a

La tensién circunferencial se deduce entonces de (46):

Desplazamiento, wa

Frontera plastica

] e R G VI P Cloy =002 ; ¢=20° ; y=6°

b: o fo, =0,35

b
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"_ . P

S, 1 -
1 1 ] | 1. 1 ]
0 5 6 7 8 9 10
rfa
Pared - -
1 Solucién elasioplastica completa
d ] — — Id despreciando ¢° en zona plastica
! ----- Solucién elastica
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Figura 10. Material de Mohr-Coulomb. Tensiones y desplazamientos en el terreno:

Caso 0, /0y =0,35: 0, 2 O, 20, entodos los puntos. Solucién correcta

i
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2sen ¢

Oy =—ccotg g+ L+seng (o, +ccotg ¢)(L)l"scn ‘- (48)
1—-seng \a e

- Por dltimo, para la tensién longitudinal o, se puede seguir el mismo razonamiento
que en ¢l caso de material de Tresca. Sin embargo, al ser el coeficiente de Poisson
distinto de 1/2, las ecuaciones (25) conducen ahota a:

o, =(1-2v)oy +v(o, +0,) (49)

Esto supone que o, no tiene por qué ser siempre intermedia entre las tensiones
radial y circunferencial. Se cumple en el caso eldstico al ser (o, +07, =207), y también

Frontera plastica

2cvo~ca -
v=0,3 ; c/co=0,02 ;9=20" ;) y=752
o Gafo‘o =0,20
S
b“ e,
0 e T Mgy e
A Y Y AP I il .
o e
w
[
S I A ¢ S I solucion elastica

__Frontera pléstica

g
-
e
o
-g Solucién elastoplastica completa
5 ~~ — Id despreciando ¢° en zona plastica
[4+] .
f- - A R U I R Solucién slastica
3
(o,0,)/2G |- N e
“'--._______._“_-_-___-_-_
”“—T‘"“'T""‘“.'“--;-----,-—---i-——--1
0 4 5 6 7 8 9 10

Figura 11. Material de Mohr-Coulomb. Tensiones y desplazamientos en el terreno:

Caso 0, /0 =0,20: 6, 20, 2 0, en patic de la zona pléstica
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en el de Tresca al ser (v=1/2). Sin embargo, en el caso general de Mohr-Coulomb es
preciso comprobatlo.

Si se sustituyen las eipresiones (47) y (48) en (49) resulta que o, estd comprendida
entre Jas otras dos s6lo para valores del confinamiento relativamente altos. El valor
limite minimo de la presién de la pared o, para el que se cumple dicha condicién viene
dado por: ‘

oy -0, : 2(1-v)cos ¢
ct+o,tgp  (1-2v)l-send)

crit =

(50)

Esta expresién se representa en la Figura 9. Para ¢=0 v v=1/2 (Material de Tresca),
el lirnite es infinito, y la tensién o, es siempre la intermedia. Sin embargo, no es asi para
otros valores de ¢ o de v. En la misma figura se han dibujado los valores de N
correspondientes a inicio de plastificacién (ec. 45) y a excavacién total(c, =0). En

gran parte de los casos, sobre todo para valores pequefios dé la cohesién, se llega a
(o‘z = (76) para una presion de pared intermedia entre ambas

Pasado este limite de la presién de la pared, la solucién se complica
extraordinariamente, pues las tensiones extremas oy y o3 pasan a set o, y 0,
respectivamente, con lo que en el sistema de dos ecuaciones (62) aparecen las tres
tensiones {0y, gg, 6,), ¥ ya no puede resolverse sin hacer intervenir las deformaciones.

En la Figura 10 se presenta ladistribucién de tensiones en el terreno en un caso con
confinamiento &,/ =0,35 en el que, como puede verse, se mantiene la tension o,
como intermedia. Er la Figura 11 se representa el mismo caso, pero con un
confinamiento menor, ¢,/cy = 0,20 En este caso, o, es mayor que oy en la parte de la
zona plastica mds préxima al tinel, por Io que la solucién presentada y dibujada en la
figura es incorrecta.

La mayor parte de los textos ignoran este problema. Sélo unos pocos hacen
referencia a él, citando el limite de validez de la solucién {Sagaseta, 1998; Yu y Rowe,
1998). Este criterio es el que se adopta aqui. Se sefialan tnicamente los limites tediicos
de la solucién obtenida, pero en ninglin caso se intenta obtener Ia solucién general
rigurosa, que, por las dificultades citadas, no es posible de forma analitica

2.3.4 Extension de la zona pldstica. Tensiones en la zona eldstica

La situacién de la frontera eldstica-pldstica se establece, como en el caso de material
de Tresca, imponiendo la condicién de la distribucién eldstica de tensiones
(6, +04 =20,) alas tensiones en la zona pléstica (47,48) Se Hega a:

1-sen¢

‘ 2 1—sen ¢
o {(l—sen p) 20 TCOER N 0 cenglir Nigmoms (5
a o, +ccotgd

Esta expresion se representa en la Figura 12 en funcién del factor de carga
generalizado, N (la curva para ¢=0 coincide con la de la), y en ella se indica su limite de
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Figura 12 Material de Mohi-Coulomb. Radio de la zona plastificada

validez Con relacién al caso de ¢=0, 1a zona pldstica, para iguales valores del factor de
carga, se reduce considerablemente al aumentar el rozamiento

En la zona eldstica, las tensiones son las corréspondientes a una cavidad ficticia de
radio R con una presién en su pared igual a la tensién radial obtenida para la frontera
pléstica (ec 47 para r=R), que es la dada por la ec (44). Las tensiones resultan:

2
R

o, =04 ~(0ysen g+ ccos ¢) =5

2

Oy =0y + {0y send+ccos ;ib)&q | (32)
2

0, =0y

2.3.5 Solucion en desplazamientos

Por 1o que se refiere a los desplazamientos, en la zona eldstica se obtienen de forma
similar al caso sin rozamiento, considerando una cavidad ficticia de radio R sometida a
una presién de pared igual al valor de o, en dicho punto. El desplazamiento en la
frontera pléstica resulta:

ug _ 0o +ccotg¢’sen¢ ' (53)
R 2G
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Para la zona pléstica, la condicién de cambio de volumen nuio (33) ya no es aplicable.
Debe usarse la ley de comportamiento elastopléstico. Para que la solucién sea realista se
requiere considerar un 4ngulo de dilatancia, y; distinto del de rozamiento interno
{material de tipo "no asociado"), que establece que debe haber una expansién
volumétrica pldstica igual a la méxima distorsién pléstica multiplicada por el seno del
4ngulo de dilatancia:

el =—yk seny (54)

vol —

Puede verse que para y=0, esta ley se reduce ala (33).

Las deformaciones plésticas se pueden expresar como la diferencia entre las totales y

las elasticas, con lo que la expresién anterior lleva a:

(e, +20)- e+ £8)= ~senyl(eq- e)-(eg-¢¢)] (55)

Expresando las deformaciones totales en funcién de Ios desplazamientos
(¢, =du/dr ;€9 =u/r),1a ecuacién anterior s transforma en:

du dksenyu o lrseny ., (56)
dr l-seniyr I—seny

Esta es una ecuacion diferencial lineal, que puede integrarse analiticamente, ya que
las deformaciones elésticas que aparecen en ella pueden obtenerse en funcién de 7
aplicando la ley de Hooke a las tensiones (47,48). Resulta:

oefo , K N
a 2G a a a
siendo:
A=-(1-2v)
B:(lwsen¢)1—2v+sen¢seny/(_}iJ
I-sengseny \a
a+l
C:[1_2V+Sen@_(1_Sen¢)1~21/+sen¢senw}[§)
1-seng¢gsenys a

a=1+senw : k=1+sen¢

I-seny 1-seng

En la pared de la cavidad{r = a):

U O'0+C‘C0tg¢(

£ :—_-‘L:
a 2G

A+B+C) (58)

a
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Los distintos libros y publicaciones suelen presentar los resultados anteriores de
forma parcial, y no siempre coinciden entre si. Ello es debido a que se hacen distintas
hipétesis, que no siempre se exponen. Las més comunes son suponer en la ecuacién
(55) que el 4ngulo de dilatancia, ¥, es igual al de rozamiento, ¢ (comportamiento

asociado), o despreciar las componentes elésticas es,&5 ] en la zona pléstica,

Esta dltima hipétesis es la que mds simplifica el calculo, pues hace que en la
ecuacién (56) desaparezca el término independiente, con lo que, ademds de no tener que
hacer intervenir las tensiones a través de la ley de Hooke, resulta una ecuacién de
variables separadas. El resultado es entonces:

a+l, N~-a
u_ Ogtecoigd ¢[!§) [I..) (59)
a 2G a a

y en la pared de la cavidad:

‘ e+l _
g, =Y Jotecogd ¢[5) (60)
a 2G ‘ a

Las leyes de desplazamientos (57} y (59) se han representado en los casos de la
Figura 10 y Figwa 12 Puede verse que la simplificacién de despreciar las
deformaciones eldsticas en la zona pldstica da un error relativamente pequeiio, que
aumenta al crecer el tamafio de dicha zona.

2.4 Material de Hoek-Brown

En macizos rocosos, es usual el empleo del criterio empirico no lineal de Hoek-
Brown (1980), que tiene por expresién:

1 =(o -03)—\ﬁn0'60'3+so‘?=0 (61)

donde o es la resistencia a compresién simple de la roca sana v m v s otros dos
pardmetros del modelo

Este criterio permite despejar la tensién circunferencial (0'9 =0;) en funcién de la
radial (O', =0y ), con o que el sistema de ecuaciones para las tensiones tiene la misma
forma general:

4o, %0, _ 0
dr r (62)

og=1{0,)=0, +mo.0, +sc?

Eliminando oy resulta:

_dr 63)
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que sigue siendo una ecuacién diferencial de variables separadas, y permite obtener
analiticamente la solucién para &, en la zona pléstica. La tnica constante de integracién

se obtiene de la condicién de contorno de presién o, en la pared. Conocido o, , la
tension oy se obtiene del criterio de rotura (segunda ecuacién 62). Se llega a:

' 2
1 2, MO, F 2
O, =~——oI|| \ymo, 0, +s0; + In—-| -so;
mo, 2 a

Tg =0, +/m0C,0, +5C°

Con respecto a la tensién longitudinél, se mantienen las mismas reservas sobre su
condicién de. tensién intermedia que con el modelo de Mohr-Coulomb Para

(64)

Pajed
d i Frontera plastica

20‘0-6a - Nt < e -
bN
oo
bﬂ_
[
Q
w
=
[¢}]
I,_.

o [ :

i 1 b ] L 1 ] 1 1 1 J

0 1 2 3 4 5 6 7 8 9 10
r/a . -
/ Pared | Frontera pléstica
2{50-oa I T SO O e e e e i
1 m=10,3; §=0,005 ; GC/GO =20
N clo = 0,20
a 0

Tensiones, o, , o,
=
i :

Figura 13. Material de Hoek-Brown. Tensiones y desplazamientos en el teireno. Casos:
a) ¢,/00=0,35: 6y 20, 20, entodos los puntos Solucién correcta
b) 0,/05 =0,20: 0, 204 2 0, en parte de la zona pléstica

/‘_\
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confinamientos relativos pequefios, ¢, puede pasar a ser la tensién mayor.

Setrano (1997) presenta una solucién elegante y préctica del caso general no lineal,
utilizando los pardmetros de Lambe (p,q), y los pardmetros auxiliares (5,0):

mo,
)

B=
8 m ©65)
_0p+0, 0p-0,

3

2 1 2

Con ellos, el criterio de Hoek-Brown resulta:
g*
+p0 =4 66
p+pB¢ 25 q _ (66)

Las tensiones en la zona pldstica:

g=q, +2/6’1n£
a

) (67)
Lovq-p¢
y=S— g g —
1 25 q
El radio de plastificacion:
T T e | | -
Lo W \ (68)

En las expresiones anteriores, los valores de ¢ en la pared y el la frontera pléstica
son, respectivamente:

ch = J—iﬁt&ma

L (69)
ar==F+ B +2ploy + B)

En la Figura 13 se presentan las distribuciones de tensiones en el terreno. Igual que
paia el material de Mohr-Coulomb, se consideran dos casos con distintos grados de
confinamiento, tales que en el primero se mantiene ¢, como la tensidn intermedia y en el
segundo no.

En cuanto a las soluciones para los desplazamientos, la solucién completa y rigurosa
es mucho mds compleja, pues la no linealidad del criterio implica que los coeficientes
de la ecuacién diferencial (56) ya no son constantes, por lo que no es posible su
integracién en forma cerrada y debe hacerse numéricamente. Las soluciones analiticas
que apatecen e¢n algunos textos y se utilizan en programas se obtienen haciendo
simplificaciones sobre el comportamiento del material, tales como suponer un cierto
valor de la deformacién volumétrica media en la zona plédstica.
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3 TENSIONES INICIALES ANISOTROPAS

- En este caso las tensiones iniciales son :
o,=0y ; O, =kyO, (70

siendo kp el coeficiente de empuje lateral. Con esto, se pierde la simettia axial del
problema Sélo existe solucién analitica en el rango eldstico

Kirsch (1898) resolvid, tanto en tensién plana como en deformacién plana, el caso
de un orificio circular en un medio semetido a una tensién uniforme en una direccién,
utilizando el método de las funcicnes de Airy Superponiendo esta solucién (con un giro
de 90°) para las tensiones iniciales horizontal y vertical, se obtiene la solucién general.

La solucién aparece en numerosos textos, pero en muchos de ellos (p.ej., Poulos y
Davis, 1974) las expresiones de los desplazarmentos no som correctas, pues se supone
que las cargas exteriores (0,ky0y ) se aplican después de reatizada la excavacién Esta

puede ser la situacién real cuando se analizan las tensiones en orificios de chapas
metélicas al actuar cargas exteriores (que fue el objetivo inicial de la solucién de
Kirsch), pero no en el caso de tineles En este caso, interesan los desplazamientos
producidos por la excavacidn, descontando las deformaciones iniciales, gravitatorias,
producidas por el peso propio del terreno antes de la excavacién del tinel. Pender
(1980) hace notar este exvor y presenta la solucién correcta, que es la siguiente:

 Tensiones: ——
_ —1+k0 a’) 1-k, at  a* | a*
O-, --GO “T[l“‘—;{J+‘“T[]—4-}“§~+3F cos2d +O-a ;?
) ”l+k-0 a?\ 1~k a* | a’
Oy =0y| ——| 1+ =5 |~—2| 143" |c0s28 |-, —
@ 0 2 [ f2] 2 [ ; a ]’2
) ‘2 4 -
T_ko a
T,g=—0p— 5 [1-1—2?“-3?2}861]79
e 2
c —0'0|:k0(i—21/)+ [Ijz& L) 4%4:0329”
7
Desplazamientos
u 1 a I+ky 1-k a?)
f= Lo 0 42 200 4eidy 2 |cos26
a 2Gr 2 2 2)
- (72)

rz

2
_‘i=__1__‘.z,0-0[1 kg [2 4V+ulsen29
p |

Tensiones en la pated (r =a):

™,
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g, =0

ra a
Cg = 20-0( 1 +2k° - l:i@g 2cos ZBJ -0, ”
73
£ g0 =0 (73)
O =0 {ko (1-2v)+ V[%’EQ ~ 3—2—]%4cos Zﬁﬂ
Desplazamientos en la pared:
Ya _ %{60{}%"_0 + l:5’50—(3 ~ 4y )cos 29] ~ cra}
a
(74)

Ya - :—-—1— G'OF—-:ZZC—QM (3-4v)sen 29} _
Las tensiones varfan a 1o largo de la pared de la cavidad. Ademds, la tensién media
ya no se mantiene igual a la inicial, como ocurria en el caso is6tropo. En la Figura 14 se
representa un diagrama polar de la variacién de la tensién circunferencial g a lo Jargo
de la pared entre clave (6=0) y hastial (#=90°) para ko<l. La tensién es siempre de
compresion, con valores en hastiales muy superiores a las del caso isétropo Si ko<1/3,
aparecen tracciones en la zona de la clave Obviamente, la situacién se invierte si ko>1.

En cuanto a los desplazamientos, también varian a lo largo de la pared y no son
puramente radiales. Dependen del coeficiente de Poisson La deformacién volumétrica
del tetzeno ya no es nula. En la Figura 15 se representa un caso tipico. Caando se aplica
en la pared una presion o, uniforme ¢ igual a la presién media, Tom = 00 (1+k0 )2, el
tinel se ovaliza sin pérdida de terreno, contrayéndose verticalmente y expandiéndose
horizontalmente en la misma cuantia. Al reducir la presién o, toda la pared va
deforméndose hacia el intetior, llegando a producirse contraccién horizontal.

Excavacion total: aa.-o

prer: o ——

—~——

-1 >~
60

- NN\
Clave ? ; \ \ \\
AT
| h\ HIAMRR

Hastial 1 RN N ] TR IR L

-1 1] 1 2 3 4 5 &

Tensién circunferencial en la pared "ea/ S

Figuia 14 Solucién de Kirsch. Tensiones circunferenciales (oy) en la pared
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10
05 ;_ . Foen™ S (1+k°)l'2
0 k Clave ' k05

05

R S ———
T —— :

_ Hastial

sean dgaloabdabe o ol o d
10 05 0 05 -10
Desplazamiento radial adimensionai ('ua.’a) ! (5,,/2G)

Figura 15, Solucién de Kirsch Desplazamientos radiales de la pared

La deformacién del tinel puede considerarse compuesta, por una patte, de una
convergencia uniforme media u,,,, y una distorsién. La pérdida de terreno vale:

AV, w, 1(14k
@ =R QG o DT T0 gy 75
Va aim a G( 0 a] ( )

Esta pérdida de terreno es igual a la que da la ecuacién (7), tomando una presion -
inicial isGtropa igual a la presion media

La distorsion del tinel se puede cuantificar mediante la diferencia entre los
desplazamientos en clave y hastial respecto al radio del tinel:

5. Yale=0) "Male=n2) _ 0y 1 o

= 3—4y 76
e 2G 2 ) (76)

Esta ovalizacion es independiente de la presién interna o, (siempie que €sta sea
uniforme). Se representa en la Figura 16 para el caso de excavacién total (0,=0)

4 TUNEL A PROFUNDIDAD FINITA

Mindlin (1940), utilizando coordenadas curvilineas bipolares, obtuvo la solucién en
tensiones en el rango eldstico para el caso de existencia de superficie libre a una
distancia finita del tinel, considerando incluso gradiente de tensiones iniciales con la

o~
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i
™1

Cvalizacion 5/ (o, /2G)
e

10 - 2.0
Cosficients de empuje fateral ko

Figura 16. Solucién de Kirsch Ovalizacién del tinel

profundidad Sus resultados indican que la influencia de la superficie en la distribucién
de tensiones no es impotrtante si la profundidad del tinel es mayor de 2 6 3 didmetros'

En cuanto a las deformaciones, es interesante el anslisis presentado por Verruijt
(1997, 2000) mediante técnicas de vaiable compleja. “Considera la condicion de
superficie’libre’a una altura /1 sobre el ¢j¢ del ninel, pero manteniendo para las tensiones -
iniciales su isotropia (ko=1) y uniformidad (es decir, ignorando su gradiente con la
profundidad). Los desplazamientos de la pared del tdnel son:

ua=0‘0~0‘a [1_"_2(1_1/)__'6089 :I

@ 2G hja—cos@ an
Ya _ %0 "% 2(1-- V)f,ff?f__-
a 2G hja—cosé

Aunque ko=1, la presencia de la superficie hace que los desplazamientos varien a lo.
targo de Ia pared, y tengan componente tangencial Se representan en la. Figura 17

La pérdida de terreno es:

) _ 2hjai hja—-(kfa)* ~1]-1
_Va— an =2—~2~'3—= zg—égg H20=) 1—k/[a(h/a—\/(h a) -1)

(78)

' La solucién original de Mindlin, aunque es relativamente accesible, suele tomarse de otros textos
posteriores Verruijt y Booker (2000) han encontrado que algunos (Poulos y Davis, 1991) contienen
ertores significativos en los valores numéricos
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Convergencia u/a
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Figura 17 Profundidad finita (Verruijt, 1997). Desplazamientos de la pared

Comparando esta expresién con (7), el factor entre corchetes denota la influencia de .
la superficie en la pérdida de tetreno. Toma valores menores que 1,10 para h/a>3, y
aumenta abruptamente s6lo para recubrimientos menores de un didmetro (Fi gura 18-a).

En cuanto a la ovalizacidn, resulta (Figura 18-b): ‘
. Op—0 1
§=—90_Za(1y) (79)
26G (hja)* -1

Pata el rango usval de h/z, la ovalizacién relativa (cociente entre ovalizacién y
convergencia media) es inferior a 0,20.

La presencia de la supetficie implica también desplazamientos radiales diferentes en
clave (6=0) y solera (§=r). El tinel experimenta entonces un movimiento vertical de
descenso, que puede calcularse de (77):

Y,
2z He=0) ~ ¥(6=r) — Oy — 04 (1 —'V) Zh/a (80)
a a 26 (b/a) -1

Su valor relativo a la convergencia media varfa entre 0,4 y 1,0. (

T
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Figura 18. Solucién de Verruijt (1997). Pardmetros de deformacién del tinel

5 INTERACCION TERRENQ-REVESTIMIENTO

En los apartados anferiores se ha descrito el estado de tensiones y deformaciones
alrededor del tiinel la hacer la excavacién, manteniendo una presidn interior, ¢, En la
realidad, esta presién en la pared la proporciona el revestimiento Entonces, la presién
g, O es conocida, sino que es el resultado de la interaccién del terreno y el
revestimiento. El mecanismo es el siguiente:

a) El terreno se deforma progresivamente, y la pared del tinel se contre, al
teducitse la presién en la pared Si no se coloca revestimiento, se llega al
equilibrio final con confinamiento nulo La ley que relaciona el confinamiento
con la convergencia es la que se ha denominado curva caracterfstica del terreno,
y viene dada por la expresién (5) para terreno eléstico, (36) para material de
Tresca, (58) para material de Mohr-Coulomb, y expresiones diferentes para otros
comportamientos En la Figura 8 se represent6 el caso de material de Tresca.

b) En un cierto momento del proceso, se instala un revestimiento, consistente en un
anillo de un cierto material (horrhigén proyectado o moldeado in situ, ceichas,
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Desplazamiente relativo de la pared (convergencia), uja

Figura 19. Interaccién terreno-revestimiento. Diagrama convergencia-confinamiento

bulones, etc) Este anillo tienc una cierta rigidez frente a la carga exterior
gjercida por gl terreno. En el caso bésico estudiado, esta carga es uniforme vy la
deformacion del anillo es puramente radial, con-sna-convergencia definida por:

U _Ha7Ugg _Ca (81)
a a k

siendo u, la contracci6n radial del revestimiento, u, la del terreno y uqo la del
terreno en el momento de colocar el revestimiento La rigidez & del
revestimiento, si éste es un anillo delgado de espesor e y médulo de clasticidad
E,, vale:

j= el (82)

a -
¢) EI equilibrio se alcanza cuando la presién entre el terreno vy el revestimiento
satisface  simultdneamente las leyes presién-desplazamiento  (curvas
caracteristicas) del terreno (5,36,58) y del revestimiento (81)

En la Figura 19 se ilustra este mecanismo de interaccién, y el equilibrio final
alcanzado. Eventualmente, la rotura del revestimiento se producird cuando se alcance la
tension limite del material que lo constituye.

Cuanto menos resistente o mds deformable sea el terreno, mas anriba estard situada
su curva caracteristica (ver Figura 8), con lo que, para un mismo revestimiento, mayor
setd la presién de equilibrio y 1a deformacién necesaria para alcanzarla,

La Figura 20 ilustra la influencia de la rigidez del revestimiento Para un mismo
terreno, cuanio més flexible sea el revestimiento, menor serd la presién de equilibrio, a

~~
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Revestimiento rigido

. Equilibrio

Revestimiento rigido, colocacién lenta

P Revestimiento flexible
el

Presion relativa en la pared (confinamiento), o fa,

o

Desplazamiento retativo de fa pared (convergencia), ua/a

Figuia 20. Influencia de la rigidez del revestimiento y velocidad de colocacién

costa de una mayor deformacién. Sin embargo, la menor rigidez Heva normalmente
asociada una menor resistencia, con lo que el coeficiente de seguridad a rotura
disminoye. Por ultimo, es importante observar que un revestimiento muy rigido, pero
colocado tarde, o que tarda en alcanzar su rigidez (lentitud de fraguado), produce el
mismo resultado que un revestimiento flexible pero de actuacién més rapida (aunque
con mayor seguridad frente a rotura, obviamente)

Los conceptos descritos son el fundamento de la interaccidn terreno-revestimiento y
constituyen la base modeina del dimensionamiento de tineles Se ha considerado el
caso de simetria axial (tinel circular, tensiones iniciales isétropas), que lleva a que el
tevestimiento trabaja como un anillo sometido a compresién pura (antifunicular de las
cargas). En la realidad, esto no es asi, y en los apartados 3 v 4 se han considerado casos
no simétricos (aunque sélo en régimen eldstico). La extensién al campo elastopldstico y
la consideracion de la interaccidn terreno-revestimiento, con éste trabaiando a axil y
flexién, requiere €l empleo de métodos numéricos, de elementos finitos Actualmente
estos métodos son de uso habitual en el proyecto de tineles, siguiendo los principios de
la interaccién descritos
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Abstract

In the period 1995-1999 mo1e than 30 km of new tunnels have been constructed for the Madrid
Metro. Most of them are excavated -with EPB shield through stiff Tertiary layers The papet
presents the application of numerical and analytical solutions to the soil deformations measured~ ==
during these works. About 60 test-sections have been analysed, some of them including mea-
surement of vertical and hoiizontal displacements within the ground. The values of the solution

- parameters (ground loss, tunnel ovalization, soil volumetric deformation) have been obtained by

fitting the measured movements The variation of all of the parameters with tunnel geometry and
soil type is discussed. © 2001 Elsevier Science Ltd All rights reserved

Keywords - Soft ground tunnels; Soil deformation; Subs‘idénce; Analytical solutions

1. Introduetion

The analy31s of soil deforrnahons around tunnels has been one of the fields of
application of numerical methods in the past. It has usually been argued that factors
such.as the complex soil stress—strain behaviour and particularly the details of the
construction procedure could not be incorporated in the analysis in a suitable form.
However, in recent yeais, some developments have increased the “applicability of
these methods: :

e non-linear models have been implemented in most available codes, and factors
such as plastic str ains, or stress-path dependence can be considered in a reasonable
way,
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Nomenclature
a tunnel radius
¢, ¢ effective cohesion and friction
ey undrained shear strength
h depth of tunnel axis
ko initial lateral stress coefficient in total stresses
Do initial total vertical stress
u,v radial and tangential displacements of the tunnel wall
uo uniform radial displacement
W b( distortion component of tunnel walt displacements
i, uniform vestical settlement of the tunnel
I rigidity index (G/e,) .
Ny gross overload factor, for unlined tunnel (Pofcw)
N overload factor at the tunnel face ({(po—pr}/cy)
N; overload factor at the tunnel wall ({(po—pi)/cw)

N..Ngq overload factors for ¢,¢ material

o exponent for volumetric compressibility

) ovalization (§ = max(«')/a)

3 radial contraction {(uy/a)

£s ground loss (¢g=2¢)

n relative vertical setﬂement of the tunnel (n= (u,/a)/e)
7 Poisson’s ratio

v angle of dilatancy

0 relative ovalization (o= 6/¢)

e the three dimensional character of the problem can also be incorporated, and
the advance of the tunnelling process can be simulated also with an acceptable
degree of accuracy;

e on the other hand, the tunnel construction methods themselves have changed,

and the tunnelling operations are increasingly mechanised This has the side |

effect of an easier simulation in the analysis. The advance of an eatth pressure
balance (E P B) shield, with controlled face pressute and tail grout can be
modelled much better than a hand-excavated tunnel, highly dependent on the
quality of workmanship. '

A number of numerical analyses have been presented, either referring to particular
tunnelling projects or to generic problem types [11]. In three dimensional models,
the actual advance step is reproduced, and the face and tail grout pressures, as well

as stiffening of grout with time, are considered.

“Plane strain analyses ate also used, requiring the intr oductlon of parameters to
simulate the actual advance of the tunnel (face stiess telief, length of ground supported
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by fresh grout, etc)). With a careful selection of the appropriate parameters, these
models are still highly valuable, even for very refined analyses [2]. '

In spite of the complex processes taking place around the tunnel, the patterns of
soil deformation at some distance are relatively smooth, involving only moderate or
small strains. This leads to a general type of approach in which the tunnel con-
struction operations are not reproduced in themselves, but represented by their
overall effects in the deformation of the surrounding soil (ground loss, distortion,
etc.). Then, the distribution of the movements in the far field can be analysed by
different procedures, either empirical, numerical or even analytical

Empirical methods were developed, assuming simplified functions for the distzibu-
tion of movements, which are matched with the results of observations in actual tun-.
nels The use of the Gaussian curve for the surface settlement profile, proposed by
Peck [19] is still the most used tool for this putpose. However, it does not give infor-
mation about other components of deformation Its extension to cover horizontal
displacements or inner soil movements are doubtful, and lacking of a solid basis of
observations in actual cases

Analytical solutions for these distant deformation have been presented in recent
years either restricted to linear elastic soil, o1 based on kinematical conditions
[23,31]

The first part of the paper is devoted to the analysis of the deformations in the
immediate vicinity of the tunnel, and the definition of repiesentative parameters by

. means of analytical and numerical methods. Then, the patterns of distant deforma-

tions are considered Finally, the solutions are applied to seme-illustrative cases;
particularly to the extension of the Madrid Metro, in the period 1995-1999.

2. Tunnel deformation |

In the general case of a circular tunnel of radius a at finite depth, %, uneven initial

stresses (ovo#ouo) and stress gradient with depth, the displacements of the tunnel

wall are non-uniform and with radial and tangential components (u(6), v(6)) This
deformation can be considered as the sum of several fundamental modes (Fig. 1):

e 2 uniform radial displacement, g, which can be expressed as a radial contrac-
tion (s =up/a) or as a unit ground loss (¢ = AS/Sy = 2mauy/ma® = 2¢);

e an ovalization or distortion of the tunnel without change of section (no ground
loss). The radial displacements («') are predominant over the circumferencial
ones (V). The distortion is usually taken positive as depicted, i.e. with vertical
shortening. It is defined by §=max(u)/a. Sometimes, the relative ovalization
parameter, p is used {p=24/z);

e 2 downward uniform movement, u,, with no distortion. It can also be repre-
sented by the non-dimensional ratio n= (u,/a)/e.

The miain available solutions for the determination of these magmtudes are 11sted
below. A more detailed teview has been presented by Sagaseta {25].
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Total Ground | Ovalizat Vertical
deformation ~ roundloss valization + movement
_ ' vertical
u'e)
up
v'{e) Uz

Fig. 1 Components of deformation of the tunnel

21 Ground loss. Axial symmetry

The simplest case is a circular tunnel of 1adius a, infinite length, excavated at
infinite depth in a soil mitially subjected to uniform isotiopic compression, po,
(Gvo=Cno=po)- A uniform pressure, p; (p; < po), is left acting at the tunnel wall.

The problem is one-dimensional, and a closed form solution is possible, even in
the elastoplastic rtange The sttess changes are maximum at the tunnel wall, so the
plastic zone is a concentric annulus of radius R around the tunnel Of the above
modes of deformation, only the pure ground loss exists.

2.1.1. Purely cohesive case (G, u=1/2, ¢,, $=0) _

The solution for this case is very simple and well known. It is usually written in
terms of a stability factor, N= (pg—p;}/c,. This parameter was originally introduced
by Peck [19] and called ‘overload factor’, to analyse the stability conditions at the
tunnel face. For tunnels in clay, it is often used as a reference, but sometimes it is not
clear which pressure is subtracted from the overburden pressure p,. The following
notation 1s ploposed here: :

e gross overload factor: Ny= pofcy, the one that would develop if the tunnel was
excavated and left unlined. It can reach values of up to 8 or 10 in very soft soils
(e is related to p'o);

e face overload factor: Ny= (po-ps) /c-u, where py is the pressure at the tunnel face,
which is only non-zero in closed face tunnelling (air pressure, EPB or slurry
shield);

£
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o wall overload factor: N;=( Po—Pi)/cu, Whete p; is the pressure at the tunnel wall,
" ie. at the soil-lining interface. :

, Ihe radial contraction is:

BB N; = (1 - i)No if' NV; < 1(elastic)
&= -1-8‘3 = 2G 2Ir 2L (1)
£ = = 1w 1 Bt . . -
2 . ----—2[r eN| 1 fed —211 e(] po)No 1 if Ni = 1 (ClaSth-plaStlc)

where I, is the rigidity index (ratio of shear stiffness to strength, I, = G/cy).

212 General case (G, 1, ¢, &, V)

The solution for the general case with cohesion c, fnctlon angle ¢, and dilatancy
angla v, 1s more complex and of less direct applicability The incompressibility con-
dition in the case ¢ =0 has several implications that simplify the solution, and that
are lost in the general frictional case. On the other hand, the volumetric strains in-
the soil imply that the ground loss at the tunnel and the volume of settlements at the
surface no longer coincide In real cases, only the latter of these two parameters is
measured, and this decreases the practical interest of evaluation of the ground loss at
the tunnel.

Besides these reasons (or perhaps due to them), there is s N0 universal agleemem

- about the use of non-dimensional parameters similaz to the overload factor or rigidity -

index defined above for the undrained case. As a consequence, the expressions for
stresses and displacements given in the literature use different parameters and nota-
tion. Their results are not always coincident, sometimes due to printing errata, and in
other cases to the consideration of different sxmphfymg assumptions, not always
stated explicitly. -

From the application of the Theory of Plastmlty, the following two factors can be
deﬁned

Pyt ccoted
7 pi + ceotd

Py — b : : _
(N — I)Cthb == m (2)

It follows from this that any of the factors N, or N, above can be used as load
parameters. Ny gives generally simpler expressions, but the factor N, has the advan-
tage of reducing to the overload factor N; when ¢—0. So, both N, and N, can be used,
having in mind that they are linked by (2). The ngldlty index, 7,, can be genexahsed
accordmgly as:

I = G/(c + pitang).
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At the onset of plastlclty at the tunnel wall, the following critical load factors
result:!

1 . ’ cosg

P S VAL
71 — sing “ 71 —sing

The general expression for the elastoplastic radial contraction (for Ny Ng) is:

1 Po + ccotep sing \ /R\ ™
bt “"2_“"[1"2){( um)(?) “1}

, 4
_ pitccotgpl —2u +singsinv{ (R fetm {
2G 1 — singsinv a
where R is the radius of the plastic zone, and:
_l+sing ) 1 +siny d R (Nq )1“?:? _ 5

T e = ; an
1 —sing 1 —siny a Nge

It 1s usuval to find simph'ﬁed versions of' Eq (4) The most common assumption 18

1 Ve | if Nqg < Ny (elastic)

£ == 585 —_ )~5in¢sinv ) (6) .

U (Na Y™ (elastic—plastic)
o ce qu a- “'ge & P

Egs. (6} and (4) give very similar 1esults. Sometimes, fusther simplifications ate

made, the most frequent being: zero plastic volume change (v=0), associative beha- '

viour (v=¢), or some uniform volumetiic strain along the plastic zone.
2.2 Non-symmetrie deformation. ovalization, vertical translation

In the cases of finite depth, uneven initial stresses or stress gradient with depth, the
problem is two-dimensional, and the analytical solution is restricted to the elastic
regime.

! It has been assumed implicitly that the interthediate principal stress acts along the tunrel axis, ie in

the direction of plane strain: o092 6,2 o, It can be easily proved that this always happens for incom-
pressible soil (¢=0, u = 1/2). However, in the general case, it only holds for moderate values of the load
factor [24,32].

3

Y
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2 2.1. Elastic solutions

The problem with total initial stresses being different in vertical (po) and horizontal
directions (ko po) (kors£1), keeping the assumption of infinite depth, was solved by
Kirsch [10] and can be found in any textbook of elasticity. However, in its original
presentation, the solution was given for the case of stresses acting on a medium with
a pre-existing hole. For application to tunnelling, the interest is focused on the
excavation of the cavity in a pre-stressed medium. The stresses ate the same in both
cases, but the displacements are different (in the pre-existing hole case, they do not
vanish with the distance to the tunnel) [20,29].

The radial contraction is:

st po(ltke pi )
a 2G 2 Po .
and the tunnel ovahization results:
(v 1— k '
R R ) . ®

a 26

For the case of a near surface tunnel, Mindlin [16] obtained the elastic solution for
the stresses, considering also initial stress gradient with depth His results indicate
that the influence of the surface on the stress distribution is not significant for depth-
to-diameter 1atios over-2-or-3 Regarding the deformations, there is a recent solution
by Verruijt [30], using complex variable techniques The boundary condition of the
stress-free surface is considered, but keeping the assumptions of isotropic (koe=1),
and uniform initial stresses (no gradient with depth) The tunnel wall displacements
are: . -

u po—p | cosé
4 O
@ 26 -~ — COS6
a
v po—pi sind .
-= 2(1 — ) e 9)
h 4
- a 2G == cosd

This means a 1adial contraction, ¢, and ovalization, §:

2
2E ~’3—~ (ﬁ) -1 1 -1
ala a

Po— Di :

e=2"F 114201 p) _ o (10)

2G 2
BN L (ﬁ) _
S aga a

Ay




452 C. Gonzdlez, C. Sagaseta | Computers and Geotechnics 28 (2001 ) 445468

s=tgR - m—-—-———(h)i | | an
=) -1
d

The factor in br ackets in Eq (10) denotes the influence of the free surface on the
radial contraction. It is only significant (greater than 1 10) for 2/a<3 On the other
hand, the presence of the ftee surface implies that the radial displacements are dif-
ferent at the crown (6=0) and invert (§=r). So, a third component of the tunnel
deformiation emerges: a uniform downward movement, u,, shown in Fig. 1. It can be
calculated from (9) as:

h

. 2- ‘ :
Yy  Po— i a
— —_ ) 12
el (R e

N2
(&) -
a
The value of this compo:nent relative to the average radial contraction, n= (u,/a)/e,
ranges from 0.2 to 0 6 for the usual cases. It must be noticed that this component is

only responsible for the settlement of the ctown being larger than the invert heave,
as usually observed in real tunnels. For a relative ovalization p==0.2 and a relative

settlement n=0.4, the crown settIement results in being twice as lar ge as the invert

heave

2.22 Influence of plastic strains _

All the above analytical solutions of non-symmetiic cases are restricted to linear
elastic ground Their extension to elastic—plastic material requires numerical
analysis

It has been shown that in the elastic range, the relative ovalization, p=§/¢, due to
changes in the pressure at the tunnel wall, is of the order 0of 0.1-0.2 As a general rule,

shear strains in the plastic range can increase indefinitely with no further increase of

the applied stresses, whilst volumetric strains ate always bounded and telated to
~ changes in the mean confining pressure. Hence, it can be expected that the relative
ovalization increases when significant plastic zones develop around the tunnel This
presumable trend is investigated by numerical analysis in the following paragraphs.

The goal is to isolate the influence of plastic strains on the degree of ovalization of
a circular shallow tunnel In order to eliminate other factors, such as k, effects,
gradient of p, with depth or non-symmetric tunnelling operations, the medium is
considered as prestressed with a uniform pressure, p,, and the tunnelling operations
are reduced to even variations of the inner wall pressure, p;.

The soil is considered as purely cohesive elastic-perfect plastic material (G, ¢,
n=0.35, $=0, v=0} The influence of the shear strength is considered by the gross
overload factor, Ny, in the range 1-6, and a constant rigidity index 7,=200. Two
values of the tunnel relative depth are considered, #/a=3 and 5. Two alternative
construction processes are examined.
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® Sequence A: Excavation by reducing the wall pressure, p;, from p to zero (full
excavation or failure). This is representative of open face tunnelling,

e Sequence B: Increase of the pressure p; beyond py. This intends to reproduce
ideal pressurised face tunnelling, with grouting at the shield tail.

The analysis is cartied out in plane strain, with 8-noded quadnlatex al elements for
the soil, using CRISP program [3]

The results, in terms of radial contraction; ¢ and ovalization, §, ate shown in
Fig. 2. In all cases, deformations for sequences A and B (excavation and grouting
pressute) are opposite (there is no reason to expect differences in loading and
unloading of the tunnel wall in the absence of gravity and k; effects).

For the deep case (h/a=>5), the radial contraction ¢ follows closely the theoretical
solution for infinite depth [Eq. (1)], but some degree of ovalization is observed. In
the elastic 1ange, § is positive for excavation and negative for grouting (i.e the tun-
nel shortens or expands more vertically than horizontally). However, plastic defor-
mations reverse the trend, and the values of § and & have opposite sign. This means
that lateral displacements are greater than vertical ones, and the tunnel deforms into
a vertical ellipse for excavation and into a horizontal ellipse for tail grouting

ayh/a=3 _ byh/a=5
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Fig. 2. Numerical analysis of a shallow tannel Radial deformation and ovalization.
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For the shallow case (4/a=23), the deformation trends are similar in the elastic
range and for moderate plastic stiains. However, for a value of N; of about 16-2.2,
a sudden 1everse of the ovalization takes place, followed by a roof fajlure of the
tunnel. In this case, the vertical deformation of the tunnel is always greater than the
lateral one. ' _ :

As a result, the relative ovalization of the tunnel can take any value within a very
wide range In general, relative ovalization increases as soil strength decreases.
Horizontal deformations are dominant in deep tunnels, but in shallow cases, there
can be a reversal of the pattern, and roof deformation can be the major one. These
trends can be significantly altexred by the conjugate effects of ky and gravity (weight
of the shield, etc.). '

2.3 Application

Fig. 3 shows the results of centrifuge tests of a circular tunnel in clay [12], in which
the inner pressure p; is decieased progressively until collapse. Two tests are pre-
sented, with &/a ratios of 4.34 and 722 The numerical results presented in the pre-
ceding section for /e of 3 and 5 have been supelimposed in the figure, as well as the

case of infinite depth, for a rigidity index of 200, indicated by the authors as repre-

sentative for the case. In the initial pait of the curves, near the elastic range, both

tests give similar values of the ground loss. This indicates a relatively small effect of

160 __ T T | T g
E Ha=w E
g’\c‘;.
:1‘5 101 -
I r ]
7 i )
8 1
ko) u R
5
9 - -
o
)
E 1k -
[ a . .
jad - ]
" ———— Theory, / =200 .
i o- — —e Testresults, Wa=722 ]
i B ----0 Testresulls, a=434
1. 1 1 1 ] I | 1 | 1 . ] 1

01
0 1 2 3 4 5 6 7 8
Wall overload factor, N, = (p;0,) /¢, _

Fig 3. Near-surface ground loss. Centrifuge tests {I2j'and numetical results.
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the free surface. For the plastic range, the deeper case follows closely the theoretical
curve. However, in the shallower case the measured ground loss is higher, in agree-
ment with the results of the numerical analysis. :

There are many reported measurements of ground loss in actual tunnels in clay.
However, in most cases the overload factor at the face, Ny, is used as reference As
commented above, in order to compare with analytical predictions, the relevant
parameter is V; at the tunnel wall. The pressure p; is not known So, it must be taken
as variable, expressing the solution in terms of the gross overload factor, Ny, and the
unknown value of the pressure ratio p;/po, as in (1)

- This is plotted in Fig. 4 for an average rigidity index (Z,=100), together with the
1esults of actual observations. It is clearly seen that closed face tunnels give lower
ground losses, at relatively higher lining presswes For conventional excavation,
without shield, there are only cases with Ny up to 2. The range for open face shields
extends to No=4, and beyond this limit there are only cases with pressurised face.
There are some rematkable exceptions: four points of conventional (no shield) tun-
nelling, with Ny > 7, cotresponding to Chicago Metro, excavated under air pressure
in 1940 [19]; there is also a noticeable case of open shield tunnelling in a soil with
No=9 with moderate ground loss (4 3%), in a section of San Francisco BART [19].

o No shield
= No shield. Air pressure |
- v Open shigld i
10 ° Closed, air presure,
! ' ' slurry, EPB shield
Values of ] .
L p/p, 00 07} / / _
/ ]
0.4/ /
g‘ / / Y .. b
W /
"C/) . ,. O?l i
E i / *
2 /o ;
(=] .
VRS
g / v o ® . j
/ '.i o 08 -
O S
e T me ]
- 7 e I Elastic
| i f | 10[ rgnge

4 5 6 7 8 9 10
Gross overload factor, N,=p,/c,

Fig. 4. Measured ground loss in tunnels in clay
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Fig 5§ Measured ovalization in tunnels in clay (data from Peck [19])

There are fewer data on measurements of tunnel ovalization. Fig. 5 shows cases
compiled by Peck [19] for open face tunnels in clay. The absolute value of the dis-
tortion tends to increase with Ny For large Ny values, the distortions tend to be
negative in the first weeks, and then the deformation is reversed to positive ovaliza-
tion. Comparing with Fig. 4, the order of magnitude of the distortion is about one
tenth of the ground loss. However, this analysis is only qualitative, because the dis-
tortion is measured in the lining, so all the WoVement§before the lining erection are
ignored. In contrast, the ground loss is measured as the surface settlement volume,
s0 1t includes all the deformation.

3. Distant deformation

Fot the distiibution of far field movements, the influence of construction details
and tunnel precise geometry is not so important, due to attenuation with distance.
As a result, soil deformation follows relatively simple patterns. On the other hand,
the influence of the soil surface becomes of primary importance, and must be considered
in any realistic analysis This explain the success of empirical methods to fit the
patterns of soil deformation. The use of the ertor curve, proposed by Peck {19] and
Schmidt [27], has become the most efficient tool to fit the final transverse profiles of
surface settlements. The success of this approach is based on its capability for repro-
ducing the actual patterns of settlement profiles, but there is no theoretical basis for
it. Some further extensions of the error curve have been introduced for horizontal
displacements, and movements near to face, but based on a limited evidence.

A theoretical approach to this problem was proposed by Sagaseta [23], based on
solutions for incompressible irrotational fluid flow (Fig. 6). This solution has been
applied to tunnelling and also to a number of problems related to ground loss or
injection (pile driving, pipe jacking, compensation grouting). It is outlined in the
following paragraphs.
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Fig. 6. Neat-surface ground loss Virtual image technique [23]

3.1 Ground loss at finite depth

Fitst, the undrained ground loss in an infinite space is considered, reducing the
tunnel to a point sink (Step 1), with the conditions of incompressibility and spherical
symmetry determining a radial field of displacements, decreasing with the distance
to the sink The surface is considered by using a virtual image technique (Step 2),
combined with corrective surface tractions (Step 3), for which elastic solutions for
the half space are used It is casily proved that the displacements at the surface are -
twice those that would occur if the sink was in an infinite space. -

The final displacement ﬁeid due to a ground loss &g (radial deformation &) is given

by:
| 1
" “‘*‘“%[X’(ﬁﬁz) sy

(13)

alz1 2, 2Z(x? - 22
Sy ———ea —-Z—2+————~( 2)
h 12 rf2 !4
Fy 2 2

whete z)=(z-h), z;=(z+h), and ry and i, are the dlstances to the sink and its
image, respectively (Fig. 6) The prime (') denotes that the magnitudes are scaled by
the tunnel depth, 4.

At the soil surface (z=0):

a X
ppnty = 25a-ﬁ—--~1 e
a 1
hl4x?

(14)

Sz = 2,‘90
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These expressions imply that the displacement vector at the surface is addressed
towards the tunnel centre. The complex variable solution by Verruijt [30) has con-
firmed that only for extremely shallow tunnels (h/a <2), there is a significant depar-
ture from this.

3.2. Tunnel ovalization
Referring to the deformation components at the tunnel wall, step 1 in the analysis

(Fig. 6) implies a pure radial ground loss, and steps 2 and 3 give a significant
downward movement, but only a very small ovalization. Recently, Verruijt and

Booker [31] have presented an extension of the above analysis including the effect of

the ovalization For the sink in the infinite space, Kirsch’s solution is used, neglect-
ing the third order terms, (q/r )3 The displacements are written in terms of the radial
tunnel deformation ¢, and the ovalization §, instead of py, p; and k.. In this way, § is
taken as a basic input parameter, as the giound loss, regardless its origin (uneven
stresses, different suppoit conditions at the ctown and at the sides, or plastic defor-
mations that imply maximum movements at the crown)

For u=1/2, the displacement field due {o the tunnel ovalization, 8, is:

(15)

These displacements must be added to (13) to give the total displacement field

T'he transversal settlement troughs given by (14) are wider than usually measured
in actual cases [24,28]. The ovalization tends to reduce this lateral spreading, thus
giving a better reproduction of actual measurements. ;

3.3 Soil compressibility. Plastic srmiﬁs

The volumetric strains in the plastic range (soil positive or negative dilatancy) can
also contribute to give settlement profiles mote concentrated than in the undrained,
constant volume case In order to include these effects, the use of an exponent in
the denominator of the settlement profile Eq. (14) was proposed [17,24]. This
was based on the fact that in non-elastic medium, the displacements in the plastic
zone attenuate with a power of the distance, O(1/r*}, «>1. For purely plastic
deformation, « coincides with the dilatancy coefficient m defined in (4), which is
in the range 1-3.- However, in real cases, the value for « must be an average
between this upper limit in the plastic zone around the tunnel and & =1 in the elastic
region
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3 4. Combined effect. General solution
The simultaneous consideration of the ground loss, ovalization and volumettic

compressibility leads to the following general expressions [8], where higher order
terms have been neglected:

§x . oy ‘ x:z 22 X %2 2
—75;:'1'=*5'75“(1“P 7 1)—2,2 (I“P*‘“rz—i)
2£a(-];) rio ry ryo £

4x'z (2’2 x? - 3252)

2r A
* . .7 _ x? — 23\ e ‘ X2 — 27\
= 1—p + 14+ p——a—r
(’\ 25a(%)2a_1 2r ,12“ ' f ’12 _ 2 ’2205 ”;.2
22 f2 3 \12 Zfz
2 32 (2("’ + p) + 4102""2 14 : )
2 ty

and at the surface (z=0):

. ) 2a—-1 X 1’”’”‘"1 X"
= e Sy = — aa(h) m( +p1 T )

(17)
s 26&(@)201_1 ———--1 1 -~———1 — '
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4, Application

PN

4 1. General aspects

The solution (16) is defined by thiee pa: ameters: £, § and o Their values in a given
case can be obtained if the displacements are known in at least three points. In
practice more values are needed, and the following trends are usually observed. -

e Particular values of the displacement have a wide scatter Better fitting is
obtained if some smoothing, averaging or integration of the measurements is
petformed. The volume of surface settlements, the maximum settlement, and the
equivalent abscissa of the inflection point (at which the settlement is 0.61 Spay),
easily obtained from the measurements, ate convenient parameters for this
purpose. \

e If only surface settlements are measured, it is not p0331b1e to separate the
effects of « and p(=6/¢). There is always a family of values (a,p), giving
practically identical settlement profiles. To obtain individual values of « and p,
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it is necessary to know soil displacements inside the soil (inclinometers or
extensometers).

e In some cases, the tunnel construction can be divided into elementary opera-
tions (staged excavation, twin tunnels, face and tail deformations in shield tun-
nelling). Then, the above solution can be applied to each individual operation
and their effects superimposed. The expressions are linear for ¢ and §, but not
for «. Hence, the values of ¢ and & can be added only if & is kept constant for
all the process. _

e The value of ¢ must be 1 0 in clays (at least for short term deformations) In
granular materials, o> 1, but not very high, specially for deep tunnels. A rea-
sonable upper bound can be ¢ =2 in any case and keep o221 for h/a>8

e With shield tunnelling in very soft soils, the ratio of vertical to horizontal dis-
placements at the tunnel face and at the tail can be very different. As shown in
the numerical analyses presented above, tail grouting in soft soils can produce
greater lateral displacements The resulting relative ovalization can take almost
any value (positive or negative), depending on the face and grout pressures
distributions.

4 2 Some illustrative cases

The solution has been applied to some illustrative examples taken from the lit-
erature, with available measurements of vertical and horizontal displacements, at the

~~surfaceand inside the soil. Table 1 shows for each case the relevant tunnel-data, the — -

main parameters of the soil deformation (relative volume of settlements, ¥, and
maximum settlement, sy}, and the parametets of the solution (¢, 8, p, &) giving the
best fit to the measurements.

The first five cases are for open face tunnelling, either with shield or hand exca-
vation The giound loss is usually over 2% (¢> 1%), with moderate ovalizations
{(p<1). The last five cases, with pressurised face shield (air pressute, slurry or EP B)
give less ground loss, with & below 1%, reaching almost zero or even negative values
For the cases in clay, the value of @ =1 has been forced, whilst in granulai soils it
has been left free, in the range 1-2.

It 1s also remarkable the high ovalization resulting in the N-2 (San Francisco) and
Mexico sewers. In both cases, the ground is extremely soft, and hence the tail grout
can induce a widening of the horizontal diameter, as it was shown above

4.3. Madrid Metro extension

The new extension plan of the Madtid Metro for the period 1995-1999 has inclu-
ded the construction of more than 30 km of new tunnels and 35 stations. Sixty-four
per cent of the tunnel length was excavated with EPB (earth pressure balanced)
shields, 21 % with hand mining (Belgian method) and 21% in cut and cover.

Most of the urban area of Madrid is settled on Tertiary (Pliocene) deposits, cov-
ered by Quaternary sediments associated with the Manzanares river and its tributaries,
and also by frequent man-made fills. All the Tertiary materials ate very stiff, heavily
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Table 1
Results of application of the analytical solution to some documented cases

Case Ground  Tunnel data Surface Parameters of Reference
settlements  the solution

h a Method Vi  Smax & § - p o

™ () (%) @m) (6) (%)

Green Patk. Stiff clay 294 207 Openshield 16 6.5 12 084 07 10 Attewell and
London ' ' Farmer [1]
Thunder Bay  Softclay 107 124 Openshield 83 50 75 15 10 10 Palmerand

' ' ‘ Belshaw (18]
Heathrow Stiff clay 19 425  Open face 15 40 10 08 08 19 Deaneand
+CXPIESS _ ' ' Bassett 5]
Sewer. Clay 185 133 Openface 38 12 34 34 10 1.0 Phicnwej [21]
‘Bangkok ' .

Bzixa Station.  Sand 25 56 Openface 08 30 24 24 10 15 Sagascta
Lisbon : ' ot al [26)
Sewer Cairo Clay 14 26  Ab pres. 12 15 075 06 08 10 ElNahas
shield ’ et al [6]
N-2 Softclay 10 18  EPBshield 31! 30 095 334 35 10 Clough
San Francisco etal [4]
Sewer Mexico  Softclay 1275 20 EPB shicld 36 30 04 18 45 10 Romo [22]
City o
Lyon Metio Silt, sand 16 313 Siuny shield 0162 0355 22 17 XKastner
P1-Sl ' o _ ctal [9]
Y ¢ ) LI T 0121 0000 00 '
: 0041 0355 87
Lyon Metio Silt, sand 13 313 Slury shield 0015 0076 51 17 Kastner
P2-8 _ etal [9]
6] —-019f 0020 —01

~0 176 0.096 -06

% {1): The first 1ow of values is for the passage of the tunne! face, the second onc for the incremental movcments-

due to the tail grout and third one the final (accumulated) displacements.

overconsolidated. From top to bottom, the following layers are found: (i} “arena de
miga a clayey sand, with the clay forming bonds between the sand particles; (ii)

“tosco”, a stiff sandy clay; (iii) “periuela”, a stiff maily clay; and (iv) gypseous marl,
with some layers of gypsum rock. i

The unconfined compressive strength increases with the fines content, from 200 to
400 kPa in the sandy materials up to 15002000 kPa in the tosco and peAuela. The
vertical deformation moduli obtained from plate loading tests are in the range 30~
150 MPa, also increasing with fines content, and approximately 2-3 times greater in
the horizontal direction, The values from self-boring pxessuIe meter tests are sig-
nificantly higher, in the range 400-1300 Mpa.

The presence of occasional layers with expansive pr OpeItICS within the pefiuela has
caused some major problems in building foundations in the South of Madrid, but
there is no record of any significant incidence in tunnelling works.
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Past experience indicates that for open face tunnelling, the relative volume of set-
tlements is below 1%, except in the presence of local weak zones, such as clean
water-bearing sand lenses, quaternary sediments, man-made fills, etc. [7]. For EPB
tunnelling, the relative volume of settlements is generally below 0.5%, showing a
good correlation with the cover in Tertiary materials [14].

The design criteria were to accept maximum surface settlements of 5 mm under
buildings and 17 mm in open areas. A large monitoring plan was implemented, with
a total of 9000 instruments installed: points for surface settlements and horizontal
displacements, control of building movements, inclinometers and extensometers
(multiple rod type and sliding mictometers), as well as earth pressures, forces and
stresses in tunnel lining, etc. A central control unit was created, where all the read-
ings of the instruments were collected, together with the data furnished by the tun-
nelling machines A detailed description can be found in Melis et al. [15].

5 0 ¥ T H L] | L] T T 1] I T 1] T T | 1} T I' T | H T T T 1 T T T T
128 Quatemary and/or fill
40\ Tetiary | C; .
;\3 . - o
S 0 | O
g 30F \ , _ -
£ o Hand mined (Belgian method)
2 \ ® EPB shield J
z - ® - —— [EPB shield. Past experiences
5 200 \° o | - TTT(MeEEEET14]) J
N
2 10 ~ — Bl
l‘(:é L] Og — ®  —— — —— —
E \ i . -:_- L W)
0 oy e %3 e u..:‘" ® o © ° .. o
'Y ._ ° L] '
[ J
A e e 1 e g L
0 =05 10 15 20 25 30

Cover in Tertiary / Diameter ratio, C/D

Total: 57 éections
Interval for histogram: 2 mm

Number of sections

{4 77 N 7 W 7. N0 7 I 7.1 A 7 7|
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Maximum settlement, s, (mm)

Fig. 7. Madrid Metro, summary of maximum settlements and volume of settlements.
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Different studies have been conducted to interpret all these data, from empirical or
semi-empirical analysis to 3-D numerical models for the tunnelling process [13]. In
the present paper, the solution (16) has been applied. Fifty-seven test sections have
been analysed, 6 of them excavated by open face hand tunnelling (Belgian method)
and 51 with EPB shield Fig. 7 shows a summary of the maximum surface settle-
ments and volume of settlements.

From the EPB shield sections, there are 13 with suxface heave, and 12 sections
with movements smaller than 1 mm (ie. within the range of accuracy of the
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464 C Gonzdlez, C. Sagaseta | Computers and Geotechnics 28 (2001) 445468

measurements). In the remaining 26 sections, the settlements ate generally of a few
millimetres, with the exception of 5 cases, with larger movements (> 40 mm). For hand
mined tunnelling, 5 sections have settlement of some millimeters, and one 57 mm.

In each section, the values of ¢, § and « have been obtained by fitting the measured
movements, subjected to the restrictions above commented The resulting para-
meters are summarised in Fig 8, plotted against the relative depth, Afa None of the
parameters shows a tendency to vary with the depth This 1s reasonable, because the
depth has alteady been considered as an independent variable in the formulation.
The parameters can vary with the soil type and tunnelling process, but not with the
tunnel geometry.

25 : .
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g :
g_ 20 * e g ] | ] 4
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E 15 3 u - . = . 4
% » | B
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g 05 ] Tosco ]
= [ Arna Arena Tosco T ) b
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Fines content (%)

Fig. 10. Madrid Metto, volumetric compressibility exponent, a.
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Fig 11. Madrid Metro, EPB shield, section with settlements (line 9, section 9)
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The ground loss at the tunnel is roughly constant. The radial contraction ¢ is
generally below 0 5%, with the exception of the six sections with large movements,
associated with small cover in Tertiary material, in which € is between 2 and 5%.
The ovalization is shown in Fig. 9 against the radial deformation. There are still few
data, but it seems that the relative ovalization tends to increase (0—1) when the

Surface setflements
Extensometer at 10 mfrom centreline g
0 — - £
: .' g _.4
[ ] E
o £ 2| (reave) A
L = .

10} S b—"m S
- | -3¢ 20 10 0 10 20 30
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£ 15 e
§' : ] Solution parameters:

i (heave) 1 - 8, =-48mm (heave)
20 — . AV, /V, =-0,187 % (heave)

[ ] a=145 :

[ Theory £=-038%
2 ; ‘m Measured 8=-027%

o ] p=075 Depth: h=17.5m
30 N L PR PR S e

5 0 -5 -10

Vertical movement (mm)

Fig 12 Madn}; Metro, EPB shield, section with sutface heave (lines 7-4, sectiop=24) -
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5t 4 = 5 1
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o0l - m  Measured AV, /V}, = 0,145 % (settlement)
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e=0.1257%
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A =-17
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Displacernent (mmy

Fig. 13. Madrid Metro, EPB shicld, section with heave and settlements (line 4-1 section 6).
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magnitude of the deformation increases. This could reflect the fact that when large
movements develop, it is mainly due to crown instability, with a smaller increase in
the lateral displacements. With 1espect to the volumetric strain exponent, «, Fig 10
shows the obtained values as a function of the dominant soil type in each section.
There is some tendency to decrease with the increase in fines content, approaching
a=1 for clay matezials.

The next figures show some examples of the displacement patterns observed in the
‘analysed sections. Fig. 11 is a typical case with general settlements of a few milli-
meties, in sandy soil. The solution parameters have bee fitted using the surface set-
tlements and extensometer teadings at 6 m from the tunnel axis. Radial contraction
and ovalization are both positive (1.16%). Fig. 12 corresponds to a case of general
surface heave due to excessive face and tail grout pressures, which are reproduced by
negative radial contraction (—0 36%) and negative ovalization (—027%). Finally,
Fig 13 is for an intermediate case, with surface heave near the axis, but settlement at
some lateral distance Here the fitting parameters are negative ovalization (~0.22%),
but positive radial contraction (0.13%)

5. Conclusions

The 1esults of measurements of ground deformation during the construction of the
Madiid Metro extension plan have been interpreted using a general analytical solu-
tion. The soil-¢isplacemtien(s aTe written in terms of the tunnel deformation compo-
nents: radial contraction and ovalization, and a parameter to cover soil volumemc
compressibility.

The results show that the solutlon can reproduce with reasonable accuxacy the pat-
tern of soil deformation in a wide range of cases, from limited deformations of a few
millimetres to larger displacements associated with small cover in competent ground
Settlements and heave associated to large values of face and tail grout pressares can
also be reproduced
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- Notation

Geometry Stresses

R radius of circular tunnel section G.Gp radial stress on tunnel wall massif

d unsupported tunnel length from working face O, natural stress tensor, natural stress value with hydrostatic

X distance from working face to any given tunhel cross section tensor

Time Ground properiies

t time after working face has passed any given tunnel E Young's modutus of ground
(M cross section . n Poisson's ratio of ground

T, characteristic time of rate of advance of working face G shear modulus of ground

Tu  time characterising the rate of time-dependent deformation of 6,  uniaxial compressive strength

the ground
Ty time characterising creep behaviour of support Support properties
Displacement, Convergence Es  Young's modulus of support

vs  Poisson's ratio of support
Ks  stiffness of support

Key  normaistiffness of support
Kss  bending stiffness of support
Ps  support pressure

u, Ly, radial displacement of a point on tunnet wall

U, value of u at working face

ua  value of u at distance d from working face

u.  value of u at very fong distance from working face
value of u for unsupported tunnel

Upg
Cix) convergence at section at distance x from working face Decompression

Speed A confinement loss

. A¢  confirement loss at working face

V4 rate of advance of working face Ay  confinement loss at distance d from working face
A,  confinement loss at boundary of elastic zone




1-INTRODUCTION - - - - - - -
11 - Empirical methods based on geotechnical

ClasSification SyStems = v v rrmamracnaiiciann i
12 - Methods giving loads exerted by the ground on the support
13 - Methods of analysing support exposed to

predetermined lgads: ===« v e e mncnn e
14 - Methods addressing ground/support interactions = »«-»«- -

2« TUNNELS CONVERGENCE = - v« = v+ =newvam s e e -
3 MECHANICAL BEHAVIOUR OF SUPPORT -«evcecvcnnnan- '

31 - Circular ring of constant thickness e (@<<R) « == -vwuuanse
32 - Circular ring of n segments of thickness € -« -« ---=aveu-
3 3 - Circular steel ribs at spacing s in intimate contact with ground
34 - Rock bolts ==---u--. e e aaas .
35 Shoterete » -« =ememmnaaamacnaa. ek

T - INTROBUCTION

.. Designing tunnel support was for many years

considered too complex for strict enginee-
ring analysis and remained an empirical art
repeating technigues that had proven satis-
factery under similar geological conditions in
the past This similarity approach was based
on qualitative factors that were neither well-
defined nor interpreted in any consistent
way .

The anaiytical methods which are a basic tool
for construction engineers were found to be
unsuitable for tunnel support design This
left the way open for dogmatic claims about
the universal suitability of certain methods
and techniques, c¢laims failing to stand up to
quantitative analysis

The difficulty of designing tunnel support
arises mainly from

* inadequate knowledge of ground beha-
viour under conditions associated with tun-
nel driving,

+ insufficient data on the natural state of
strexss in the ground, and

+ the fact that it is a three-dimensional pro-
blem

The last point is due to the fact that the engi-
neer needs to analyse the interaction bet-
ween the ground and the support neat.the
working face

Additionally, time-dependent response dic-
tated by the rheological properties of the
ground may also have to be considered

The convergence-confinement method is a
simplified method of analysing this interaction
between the ground and the support In its
basic form using extreme axisymmetry
assumptions, it becomes a two- or one-dimen-
sional problem, providing a simple understan-
ding of the ground/support interaction pro-
cesses occurring near the working face

These Recommendations describe the gene-
ral principles of the convergence-confine-
ment method, including the rules for selec-
ting the confinement loss value, which is the
keystone of the method. They also describe
the field of application of the method and its
relationship to other existing methods

Contrary to what is mistakenly assumed in
the usual design methods, the ground/sup-
port interaction is not generally amenable to
dealing separately with actions applied to
the structure and the structure's stresses and
defcrmations Addressing these two factors
sep:rately is the main reason for the inade-
guay of the methods previously proposed

In fect, tunnel support design methods can
be ciassified into four types:

* Purely empirical methods indicating the
most appropriate type of support for a situa-
tion defined from various geotechnical classi-
fication systems

2 3.6 - Stiffriess of some standard SUPPOrtLYPEs -« --v-v-x-voan 6
3.7 - Combinations of several types of SUpPort - -« «--v--nx- &
2 4 - PRINCIPLE OF CONVERGENCE-CONFINEMENT METHOD 6
3 4 1 - Axisymmetric case: linear elastic ground and support-- - - - -
4.2 - Axisymmetric case: elastic-plastic ground » -« -s--enas wue 7
3 5 - DETERMINATION OF CONFINEMENT LOSS - ----- ----. 7
3 § 1 - Methods based on corvergence in an unsupported tunnel - - - 8
‘4 5.2 -Methods based on convergence of supported tunnel ~----- .8
“L 007 8 3. Using convergence-confinement method with s
5. two-dimensional computer models « - v - =« s v mwane wanma
5 6- EXTENS]ON OF CONVERGENCE-CONFINEMENT
2 METHOD TQ SUPPORT AHEAD OF THE FACE ---------- g
5 7 - TIME-DEPENDENT DEFORMATION e evucvuueanans ( )
6 BIBLIOGRAPHIE «-vnccmcanu v can s wees 10

* Methods for determining the loads acting
on the support, regardless of support type
and deformation

» Support design methods which consider
loads exerted by the ground as input data
but allow for support stiffness and deforma-
tion and the reactions of the surrounding
ground

+ More recent methods taking full account
of the ground/support interaction

These methods, which are the subject of ear-
lier AFTES Recommendations [1], are brief(_‘
reviewed in the following.

1.1 - Empirical methods based on
geotechnical classification systems

Various rock classification systems have been
proposed The most widely used are
Bieniawski's RMR {7} and N Barton's Q sys-
tem [3] They attribute a lumped score to the
rock based on several quantified parameters
The overall score determines support type

This approach must not be confused with a
different use of the RMR and Q index for
determining the geomechanical properties
of rock {Hoek & Brown) [14].

AFTES has proposed a method entitled
“Tunnei Support Type Selection” described
in interim Recommendations in the
September 1976 special issue of Tunnels et
Ouvrages Souterrains. The parameters use{d
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for support selection are rock strength as
measured on laboratory specimens, frag-
mentation (RQD index} and weathering,
hydrogeology, tunnel cover and cross sec-
tion, and tunnel environment, Another
important feature is that the rock strength
classification is to some degree dependent
on tunne! driving method (presplitting or
mechanical excavation). A matrix identifies,
for a given situation, unsuitable support
methods, feasible methods and appropriate
methods Unlike the RMR and Q classifica-
tions, there is no information on unsuppor-
ted length, steel rib inertia and spacing, rock
bolt density and bolt length, or shotcrete
thickness

These methods had the merit of introducing
the need for a quantitative description of the
ground But since they are based on case his-
tories whose relevance has not been addres-

© sed, they tend to repeat past mistakes They

are in standard use, mainly abroad, and can
be useful aids at the project planning stage.

1.2 - Methods giving loads exerted
by the ground on the support

These methods determine the extent of the
failure zone Purely static considerations then
determine the reaction that needs to be
exerted by the support to keep the faiture
zone stable

These methods implicitly assume that severe
convergence has occurred for failure mecha-
nisms 1o occur; the corresponding displace-
ments are not necessarily acceptable for the
support structure

Methods differ in the way they define the fai-
lure zone

In the methods recommended by Terzaghi

. ffig. 1) and Protodiakonof, the shape of the

failure zone is given Its extent depends on
the mechanical strength of the ground and
tunnel cover.

Figure | - Definition of failure zone above tunnel
crown according to K Terzaghi

Caquot [8] defines the failure zéne by analy-
sing the extent of the plastic zone around a
cireular tunnel :

These methods are justified when the failure
mechanism considered is independent of the
support method

This may be the case with a shallow tunnel
where there is & possibility of a sinkhole
appearing at ground level.

It also concerns the case of rock tunnels
where the stresses around the opening are
well below the uniaxial compressive strength
of the rock and the deformations caused by
the tunnelling are very slight The only signifi-
cant displacements that can occur are due to
pre-existing discontinuities opening or cau-
sing blocks to slide. Three-dimensional struc-
tural analysis will reveal joint sets of constant
direction, and allows the engineer to deter-
mine the maximum dimensions of blocks
liable to be unstable for the actual size and
direction of the tunne! excavation Here, the
support merely serves to prevent potentially
unstable blocks from falling or sliding
Methods based on structural analysis are
appropriate in such situations (fig 2}

Figure 2 - Unstable rock blocks intersected by the tunne!

1 3 - Methods of analysing sup-
port exposed to predetermined
loads

These methods deriving from conventional
structural design based on strength of mate-
rials theory are the normal complement to
the methods described above, and the same
remarks apply

However, what is known as the "hyperstatic
reactions” method deserves special mention
The support is modelled as bars and the
ground reaction, as springs (fig 3). It is an
attempt to address the interaction between
the ground and support The load on the
support comes from the actions needed to
maintain the failure zone in equilibrium and
the reaction of the ground to yielding of the
support '

! CONVERGENCE CONFINEWENT METHOD

Figure 3 - Principle of hyperstatic reactions method

This method has frequently been used, des-
pite the structural engineer's perplexity as to
the distinction between the zone exposed to
ground actions and the zones exposed to
ground reactions to support displacements
Setting spring stiffness is critical. Results may
even become very surprising when heading
and benching. The method is still frequently
used and may be useful, especially for shal-
low tunnels, because the mode! is simple to
use

1 4 - Methods addressing
ground/support interactions

Strict engineering analysis of the
ground/support interaction is feasible by
three-dimensional computer modelling by
various methods, lurnped together under the
name "composite solid methods " They use
afinite element or finite difference approach,
or separate elements This type of modelling
may include for

. supbort structure and geometry with
constitutive equations for this structure,

+ the geometry of the various geomechanical
units identified around the tunnel with their
constitutive equations, and

* unnel excavation phases and support ins-
tallation

The advantages of this type of three-dimen-
sional modelling are incontrovertible and
they will probably Ibecome commonplace in
future with the inexorable progress in com-
puter methods with in which young engi-
neers are increasirigly familiar. At present,
their use and interpretation is still considered
slow and complex and involves difficulties in
running sensitivity analyses on parameters
whose determination involves much uncer-
tainty, especially geotechnical parameters

Somewhat paradoxically, these models are
mainly used for very complex underground
openings where it is difficult to assess the
true influence of the simplifications needed
to make them more like more routine design




problems. The LCH1 cavern currently being
built for CERN is a good example of three-
dimensional modelling of a highly complex
underground ensemble of large, intersecting
chambers and shafts {fig 4).

The convergence-confinement method does
away with the need for a complex three-
dimensional model, It is based on the two-
dimensional analysis of the interaction bet-
ween the support and the ground. It is
therefore much simpler This type of analysis
has been proposed by several authors, the
first probably being Fenner [11] in 1838 The
same approach was adopted by Pacher [20]
in 1964 Their main shortcoming was that
they failed to consider ground deformations
that occur before the support is installed.
With his characteristic "core" ling, Lombardi
introduced the concept of convergence at
the working face [17] Panet & Gueflec [21,
1974] advocated including for deformations
occurring prior to support installation via the
confinement loss factor This is the origin of
the convergence-confinement method which
was given its name at a1978 AFTES meeting
in Paris

The principal advantage of the method is
that it allies ease of use with an objective
approach to the more important processes
involved in the ground/support interaction It
allows easy analysis of the sensitivity of para-
meters which can only be quantified approxi-

. mately

The first AFTES Recommendations on the
convergence-confinement method were
issued in 1984 [1]. Abundant research fin-
dings since that time, along with much
observational data, have made it necessary
to re-write the older Recommendations

2 - TUNNEL CONVERGENCE

The loss of confinement caused by tunnel
driving causes stress redistribution around
the excavation and deformations. Conver-
gence of the tunnel along line ais the relative
displacement of a diametrically-opposed
pair of points on the tunnel wall on this line
as the working face advances

Convergence depends on the distance x bet-
ween the instrumented section and the wor-
king face, on elapsed time t after the working
face has passed the instrumented section, on
the unsupported distance d hehind the wor-
king face, and on the stiffness of the support;
this can be written in general terms:

C=Cx(t)1,d K]

Convergence measurements are usually plot-
ted versus distance to working face and time
(fig 5)

Detailed analysis of the curves yields very ins-
tructive information about the influence dis-
tance of the working face, and therefore,
about the extent of the decompressed zone
and whether or not time-dependent defor-
mations will occur It also enables a judge-
ment to be made as to the validity of the ana-
fytical models

Standard tunne! instrumen-
tation methods give the

convergence behind the B e

working face but no data on
the convergence which
occurs ahead of it (now cal- = "]~
led 'preconvergence’) New
design and construction
approaches for tunnels in B R

difficult ground provide a vy o

more refined analysis of the
behaviour of the ground

- CONVERGENGE-CONFINEMENT METHOD
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ahead of the working face {cf ADECO-RS
method developed by P Lunardi [18, 19]).
Since it is not possible to measure preconver-
gengce directly, he proposes measuring extru-
sion of the ground ahead of the face, ie the
displacement of points on the tunnel centre-
line ahead of the face as the working face
advances. Much can be learned from the
amplitude of, and changes in extrusion with
reference to the working face, especially for
installing temporary support or preconfine-
ment.

Schematically, there are three situations:

+ The working face may be stable with little
extrusion at the face

+ The working face may be stable but exhi-
bits significant extrusion, due to deforma-
tions ahead of the face

* The working face may be unstable and col( - _
lapses

The first two situations are those for which
the convergence-confinement method is
ideally suited

Its extension to the third case requires prior
analysis of the methods of shoring up the
working face and of the deformations ahead
of the stabilised face Such analysis is beyond
the scope of these Recommendations

i
e

N

Figure 4 - Model of CERN LCHI cavern

figure 5 - Tunnef convergence vs time and distance to working face
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Figure 6 - Extrusion and instabifity of working face
{aftes P Lunardi)
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3 - MECHANICAL
BEHAVIOUR OF SUPPORT

Support systems oppose convergence of the

_tunnel wails by exerting a pressure, com-
monly called the support pressure Support
pressure Pg increases with support system
stiffness and is limited by the strength of the
support material

With a circular tunnet of radius R, we define
the normal stiffness modulus of the support
Kgpas:

U
ps -KSN—

Only the linear portion of the support strain
curve is considered.

With an axisymmetric tunnel, this modulus
alone determines support stiffness, but
under non-axisymmetric conditions, we also
need the stiffness modulus in bending Kge

Typical stiffness moduli for different types of
support are given below for an axisymmetric
model

S

3.1 - Circular ring of constant
thickness e (e<<R)

E e
Ko w——s_ =
N l—vsz R
E I
Ko =-—
T ol-v: B
inwhich
3
I=5
12

3 2 - Circular ring of n segments of
thickness e

Figure 7 - Model of segmental fining ring

The above expressions are used, with

(93
R R

2
4\" ¢
Iml 4= —
n) 12
in which {fig 7)
ae is the equivalent thickness at joints

§is the angle subtended at centre bya Immg
segment

B0 is the angle subtended at centre by a joint
{jis the inertia of the section at a joint
a’e’
I ==
12

3.3 - Circular steel ribs at spacing
s in intimate contact with ground

E 4 E[
Ko = sR . Ko = SR

in which

A is the area of the rib cross section

E,is the Young's modulus of steel

{ is the moment of inertia of the rolled steel
section

These expressions assume the ribs are in
near-continuous contact with the ground

3.4 - Rock bolts

The foftowing brief discussion of rock bolt
support concerns only the stiffness of this
type of support. The subject is dealt with
much more fully in the AFTES
Recommendations on rock bolting.

* Mechanically anchored rock bolts, longitu-
dinal spacing s, transverse spacing s,

1 8,3,
= +
K, R :zq)zE Q]
Kg=0
in which

L is bolt length
¢ is bolt diameter
E,is the Young's modulus of the bar material

Q is a factor for deformation at the bolt head
and anchorage, determined from puil-out
tests

* Rock boits anchored over their whole
length

Rock boits anchored over their whole length
and Swellex or Split Set type dowels are
considered as rock reinforcing members and
their effect is modelled by assuming impro-
ved geomechanical properties of the bolted
zone

In this way. thick shell theory can he applied
to the bolted zone, atthough shell thickness
must be taken as less than bolt length
"Homogenisation theory' [11] can be used to
determine the mechanical properties of this
ring It is considered as an equivalent isotro-
pic material with enhanced cchesion

Two dimensionless parameters characterise
the role of rock bolts. One describes bolt
contribution to the stiffness of the homoge-
nised zone:

Y
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The other parameter describes bolt contribu-
tion to the improved strength of the homo-
genised zone:

—_D,,.S‘,,_a},5
(o)

<

in which Dy, Sy, Ej, 3, are respectively bolt
pattern density, bolt ¢ross section, and
Young's modulus and yield point of the bolt
material :

It is usually found that rock bolts contribute
Iittle support if only linear strain is conside-
red But in fact, bolting plays a particularly
important role under high convergénce
conditions This can only be understood if
rock mass dilatancy is considered, especially
in terms of brittle or strain softening beha-
viour beyond peak strength Analytical
methods which do not consider such beha-
viour underestimate the effect of rock bol-
ting

3 5 - Shoterete

Shotcrete is widely used for tunnel support.

ground/support interaction must be based
on (i} shoterete age and (i} whether or not
the shotcrete forms a continuous shell The
developing stiffness of green shotcrete
allows It to adapt to convergence (cf AFTES
Recommendations on shotcrete)

3 6 - Stiffness of some standard
support types

The following table presents typical order-of-
magnitude stiffness and strain moduli for a
few types of support routinely uséd, in a tun-
nel of 5m radius

3 7 - Combinations of several
types of support

In most cases, a combination of support sys-
tems is used If all the types are installed at
the same time at the same distance behind
the working face, they are assumed to be
exposed to the same displacement field, and
stiffness moduli are the sum of the stiffness
moduli of the constituent systems

If they are not all instalied at the same time,
support stiffness varies with the distance to
the face and this must be allowed for in the

The stiffness to be introduced in analysing== .convergence-confinement analysis {fig 8)
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4 - PRINCIPLE OF CONVER-
GENCE-CONFEINEMENT
METHOD

Instead of the three-dimensional problem,
the convergence-confinement method [23]
addresses a two-dimensional plane strain
problem of the ground/support interaction

It consists of applying to the walls of the ope-
ning a stress

c=l-1)0 0

0, is the natural stress in the ground; A is a
parameter simulating the excavation as it
increases from 0to 1 It is called the confine-
ment foss {fig 9). ’

As this parameter decreases in value, theg- -,
ground loses its confinement, and this loss ok .
confinement causes a displacement u of the
walls of the opening such that

flo,u)=0 @

This is the convergence equation for the
ground.

The equation for support behaviour relates
the stresses exerted at the wall to the corres-
ponding displacement: '
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Figure & - Confinement curve for combination support system

Figure 9 - Change in confinement loss on tnnel centreline

Kg (MPa) 850 750 210 150 60
Kee (MIP2) 0,45 0,13 5, 10% 7.10° 0
Max up/R 2,5.10° 15.10° 33 10° 1 10° |
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1 lou)=
This Isthe convergence equation for the sup-
port

The support is usually installed some dis-
tance d behind the working face, called the

unsupported distance. Displacements u, will

have occurred ahead of the face and in the
unsupported zone behind it

Displacement u; has a comresponding confi-
nement l0ss Ay

Therefore the preceding equation can be
written

flo. G- " =0 ©

The equilibrium which eventually results from
the interaction between the ground and the

P

~ support is found by solving the system of

* equations (2) and (4)

The confinement loss concept is the key to
the method and determining its value A, at
the time the support is installed is the main
challenge

It should be mentioned that other methods
have been proposed to take account of the
proximity of the working face limiting
convergence at the time of support installa-
tion Svoboda suggests simulating this effect
by progressive softening of the ground wai-
ting to be excavated But these methods
have been found to be less practical than the
confinement loss method. He did not offer
any clear rules for finding the amount of sof-
tening from unsupported distance and
ground behaviour. Setting it at 90% for deep
tunnels and 30% for shallow tunnels appears
completely arbitrary

In the simplest case where there is complete
axisymmetry about the centreling and there

T is no time-dependent deformation of
o° §  the ground, the convergence-confi-

g nement method is amenable to very
1k simple graphic plotting {fig 10)
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Figure 10 - CAxisymmetric case. Graphic representation
of convergence-confinement method
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4.1 - Axisymmetric case: linear
elastic ground and support

In the simplest case, displacements and
stresses are radial, equations (2) and (4} are
linear and are written

Ky is the stiffness modulus of the support.
Solving this system determines the support
pressure ps and radial displacement at equili-
brium ug:

Ko

NS I Y
2G+K( Jor

Ps=

26+ A,K o 00
2G

R 2G+K,,

in which

B 26 = ——

ar 1+v

% Figure |1 - Axisymmetric cose
Y. Graphic representotion of
', convergence-confinement
*, method for elastic ground
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4.2 - Axisymmetric case: elastic-
plastic ground

When confinement loss approaches unity,
the boundary of the elastic response zone
is reached at the tunnel wall with a confine-
ment Joss value A,

If the plasticity criterion js given by an intrin-
sic curve whose equation is

F(o1,0,)=0

then the value of A, is given by

F{(1+A¢ )ac,(l--/'l.-c)ao}-o

. With x>}, . , there appears a plastic zone of

radius R, and the convergence curve of the
ground ceases to be a straight line because
of the plastic strains
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Figure 12 - Axisymmetric case Convergence curve of
ground and change ir plastic radius for elastic-plastic
ground

The equations for the convergence curves
under axisymmetric conditions have been
established by various authors for various
types of elastic-plastic behaviour laws [23]

5 - DETERMINATION OF
CONFINEMENT LOSS

 Selecting the confinement loss A correspon-
sy ding to the convergence occurring before

the support starts interacting with the
ground is the most critical point in the
convergence-confirnement method

Ay is determined from the convergence
equation:

Mi-2)o,u,]=0




The value of A is therefore chosen by deter-
mining the radial displacement uy at the
unsupported distance d behind the working
face

High uy displacement values correspond to
higher confinement loss values as Ay
approaches unity. This parameter is gover-
ned mainly by the length of the unsupported
distance behind the face d but it Is also
dependent on the constitutive equation for
the ground and to a lesser extent, on the
stiffness of the support.

Accuracy in calculating the support pressure
is closely linked to the accuracy of determi-
ning A4 . It is dependent on the slope of the
convergence curve near its intersection with
the confinement curve The impact of uncer-
tainty as to the precise value of A, on the
value of the support pressure should be
assessed in all cases

The radial displacement u, can generally be
written

Ug = Uy +ag (U, - Uy)
inwhich
ayis given approximately by

-l

m and & are coefficients dependent on the
constitutive equation for the ground

Therefore uy, U, m and & have to be deter-
mined

Commen errors are to assign ug and u,,
values for an unsupported tunnel; but then
U, is not the equilibrium radial disptacement
for a supported tunnei and uy is overastima-
ted

What are called implicit methods using
values for a supported tunnel have been
developed more recently

5 1 - Methods based on conver-
gence in an unsupported tunnel

5.1.1 - Elastic ground behaviour
o,R
U, =
2G

Uy = Ul

Cp=025 ; m=075 ; E=1

Therefore

2

Ay =1- 0,75[—92755—-]'

0,75R +d

it will be seen that this equation yields a
confinement loss at the face (d = 0) of 025,
but in fact, the true value depends on the
Poisson's ratio With 0 2<v<0.5, it ranges
more or less linearly from 020 to 03 But
with d/R > 0 25, confinement loss is almost

_ entirely independent of the Poisson's ratio -
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Figure 13 - Axisymmetric cose Radial displacement
vs x for different Poisson's ratiocs

5.1.2 - Elastic~plastic ground behaviour

The value of uy is determined by assuming
similarity with elastic ground conditions, as
proposed by Bernaud, Corbetta & Nguyen
Minh [5] This approach consists of obtaining
the U, = A(x) curve for elastic-plastic condi-
tions as a homothetic transform of the cor-
responding elasticity curve of centre o and
ratio 1/ ffig 14)

The final radial displacement of the unsup-
ported tunnel is written as
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Figure 14 - Applicatiory of similarity principle (after
Bernoud, Corbette & Nguyen Minh)

From this:
2

0,75R ]

u, =ty |1-0,75
. 0,75R+&d

5.2 - Methods based on conver-
gence of supported tunnel

These methods allow for the fact that the
stitfness of the support limits convergence
ahead of and behind the face, so that coeffi- -
cient by has a lower value than in the. -
methods described above The effect is
obviously more marked when the support is
stiff and installed close behind the face

What are called 'implicit’ methods have been
developed by Bernaud & Rousset [6] and by
Nguyen Minh & Guo [14] These methods
give similar results

Nguyen Minh & Guo define two parameters:

/3
Al =22
um@
and
u
Bm=]-—2
L




in which ., and Uy, are respectively values
of u,, and u,, for an unsupported tunnel

They thus arrive at the general equation

B~ 445+ 0424°]

This formula and the equations for the
convergence and confinement curves make
it possible to determine u,, and uy.

The following table shows correction factors
to be applied to the A4 value for an unsup-
ported tunnel in elastic ground for different
values of d/R and normal stiffness modulus of
the support, referred to the shear modulus of
an elastic ground:

k, - K.
2G
ksyl/R 1025 | 0,50 | 075 |1 |2
0,25 10,97 | 0,97 { 0,98 [ 0,99 |0,99
0,50 [0,93 | 096 | 0,96 | 0,98 [0,99
1 0,88 | 0,92 | 095|097 [098
2 |083 |089 | 093|096 |097
5 [076 1085089 {094 (097
10 |071 {082 | 0,86 [ 0,93 |0,96
« [069 | 081 | 085|092 096

In non-linear ground, iterative methods must
be used too determine A, The starting point
is the value obtained for an unsupported tun-
nel, then proceeding to iterate for A and B
until the problem converges with little
change between successive steps '

5 3 - Using convergence-confine-
ment method with two-dimensio-
nal computer models

The most common way of using the conver-
gence-confinement method is to investigate
a two-dimensional cross section of the tunne!
in a finite element model reproducing the
exact tunnel geometry and construction
phases, with one or more confinement joss
valugs, as discussed above

Values for A; are usually found from axisym-
metric models, ie for circular tunnels, with
hydrostatic natural stresses and uniform
ground. Any significant departure from these
basic assumptions - tunnel cross section ins-
cribed within a highly eccentric eflipse, highly
anisotropic natural stresses, highly heteroge-
neous ground near the tunnel, shallow

ground cover - requires that A4 should be
determined with simplified models. This
approach is all the more necessary when sup-
port stiffness is high compared to ground
deformation characteristics and support is
installed close to the working face

For example, when designing a large under-
ground railway station opening, Agwas selec-
ted on the basis of the convergence data
from a three-dimensional model of the
unsupported excavation and a two-dimen-
sional model simulating the phases of exca-
vation and support installation

These adaptations of the method require
engineering judgement and cannot be rea-
dily cedified in guidelines

6 - EXTENSION OF
CONVERGENCE-CONFINE-
MENT METHOD TO SUP-
PORT AHEAD OF THE FACE

The growth of tunnelling in soil and similar
difficult ground has produced techniques for
shoring up the working face and controlling
displacement ahead of it.

Slurry and earth pressure balance shields are
being rivalled by forepoling and consolida-
tion by bolting and drainage. These tech-
niques aré used alone or in combination
They control extrusion of the ground and
convergence behind the working face
Extending the convergence-confinement
method to forepoling situations has been
studied by many researchers A method for
determining confinement loss behind the
face has been proposed for elastic condi-
tions [13], but there is as yet no method for
elastic-plastic conditions Nevertheless, in
many cases where displacements caused by
tunnef driving need to be very tightly control-
led, the elasticity approach may be sufficient
if plastic deformation is insignificant This
may be the case with shailow tunnels

P Aristaghes & P Autucri [2] have made anin-
depth analysis of convergence behind the
working face of tunnels driven with pressuri-
sed shields and have shown the difficuity of
using the convergence-confinement method
in its strictest form with a single confinement
toss value They introduce three efficiency
coefficients, for the working face support
pressure, the radial pressure around the
shield tail, and the grouting pressure behind
the segmental concrete fining The object is
to predict displacements more accurately,
especially surface settlement above shaliow
tunnels driven with a closed-face shield
machine

7 - TIME-DEPENDENT
DEFORMATION

Convergence of a tunnel section is found to
be due to the working face receding but
often also, to deformations which continue
to occur when the distance to the working
face is much greater than the distance of
influence of the face

The processes causing these time-depen-
dent deformations are

» the rheological behaviour of the ground,
and

* creep in the support system

When considering the rheological behaviour
of the ground, one must, as far as possible,
distinguish between the rheological beha-
viour of the soil skeleton and the develop-
ment of steady-state pore water flow around
the tunnel. It is frequently difficult to make
this distinction through lack of data on the
hydraulic properties of the ground (permea-
bility coefficient, storage coefficient) and on
how the water table is fed

Support creep is an important factor, espe-
cially with concrete support systems

Including for these time-dependent defor-
mations when analysing ground/support
interactions raises many difficulties which
have not yet all beenresolved

In the very great majority of practical cases,
simplifying assumgtions have to be made

(22

The validity of these assumptions must be
checked by assessing the characteristic times
of the various time-dependent processes:

+ Characteristic time of excavation rate:

d
T, =
A VA

+ Relaxation time characterising the time-
dependent deformation rate of the ground
T

+ Relaxation time characterising the creep
behaviour of the support T

Crder-of-magnitude values for these chatac-
teristic times may b e very different and justify
the simplifying assLemptions introduced

The most common practice is to take a
convergence equation with short-term cha-
racteristics for the clriving and suppeort instal-
lation stages, and another convergence
equation with long-term characteristics to
determine final equeiiibrium {Ty<<Ty)

When the permanent lining is installed a long
time after the temporary support, interme-
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diate characteristics between the short- and
long-term characteristics may be used

qls

However, theoretical developments for
viscoplastic axisymmetric conditions [4] show
that this is not always justified It is only
acceptable with support whose relative stiff-
ness modulus meets the following condition:

1
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