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A sse ssm e nt o f the  e ffe cts of in te rna l dra ina ge  on the  de sign of tunne ls

É va lua tion de s e ffe cts du dra ina ge  in té rie ur sur le pro je t de s tunne ls

W .B ilfinge r -  M.Sc, Vecttor Projetos, Brazil 
W .H a chich -  PhD, GeoExpert; Escola Politécnica da USP, Brazil

A B S T R A C T : There  is no unive rsa lly accepted procedure fo r ta king into account the e ffe cts o f groundwa te r upon tunnels. N um e rica l 

models are em ploye d herein in an attempt to better understand the advantages and disadvantages o f  dra in ing a tunne l be low ground ­

water. T he  adopted models are va lida te d by comparison w ith  publishe d results (e xperim enta l, a na lytica l and num e rica l) and w ith  an 

ana lytica l solution developed by the authors. N um e rica l and a na lytica l results are compared in terms o f rates o f  water in flow , axia l 

forces and bending moments in  tunne l lin ing . T he bene fits o f dra ining the tunne l can be assessed, in terms o f lin in g  design, by means 

o f the results presented herein, w hich also a llow  estimates o f rates o f in filtra tio n  fo r the analysed situations.

R É S U M É : 11 n'y a pas de procédé consacré pour la  consideration des e ffects de l'eau souterraine  sur les tunnels. C et étude utilise  des 

modèles numériques pour essayer d'a tte indre  une m e ille ure  comprehension des avantages du drainage d'un tunne l au-dessous de la  

nappe phréatique. Les modèles adoptés sont va lidés par des comparaisons avec des résultats publiés (experimentales, analytiques e 

numériques) aussi bie n qu'avec une solution ana lytique  développée par les auteurs. Les résultats num ériques et analytiques sont 

comparés para ra pport aux débits d'eau, forces axiales et moments de fle xion sur le revêtement. Les résultats présentés permettent de  

ju ge r les avantages du dra inage vis-à -vis le proje t du revêtement, aussi bien qu'éva luer le de bit d'eau.

1 IN T R O D U C T IO N

The num erica l analyses presented in this paper, w hich were  va li­

dated by comparisons w ith  published data and w ith  an orig ina l 

a na lytica l solution, a llo w  dire ct e va lua tion o f the e ffects o f the  

fo llo w in g  factors on a) wate r in flo w  rates; and b) a xia l forces 

and bending moments in the tunne l lin ing:

-  d iffe re nt so il- lin in g  hydra ulic conductivity ratios;

-  d iffe re nt tunne l geometries (so il cover);

-  d iffe re nt groundwa te r le ve l positions; and

-  diffe re nt so il- lin ing  stiffne ss re lations.

T he  softwa re  F LA C , ve rsion 3.3, was used fo r the analyses.

2 A N A L Y S IS  M E T H O D O L O G Y

2.1 Phases o f  the analysis

The proble m  o f a na lysing a tunne l in an homogeneous me dium ,  

subjected to wate r flo w , was d ivide d in tw o phases: a) flo w  

analysis; b) stress-stra in a na lysis o f the so il- lin in g  interaction,  

due to the wate r flow .

A  tra nsform a tion o f the  results o f the flo w  ana lysis is neces­

sary to prepare the  input for the stress-stra in analysis.

2.2 Flow Analysis

The input data fo r the flo w  a na lysis are the geom e try and bound­

ary conditions, the hydra ulic conductivity o f the soil, and the  

density o f water.

F low  analyses are quite  usual in engine ering practice  and the  

results are flo w  rates and pore pressure d istribution in the soil.

2.3 Result Transformation

Pore-pressures or flo w  ve locitie s must be transform ed into forces 

or stresses, fo r input to the stress-stra in analysis.

In the  present case, seepage forces were ca lcula ted fo r each 

element o f the m odel and prope rly distribute d as noda l forces.

2 .4  Stress-Strain Analysis o f the Soil-Ong Interaction

T he  results o f the flo w  analysis are then a pplied to a model w ith  

the same geom etry, but w ith  boundary conditions and materia l 

properties prope rly adjusted fo r stress-stra in analysis.

A  line a r e lastic m ode l was adopted, under plane strain condi­

tions, fo r w hich the  displaceme nt fie ld  w ould be given by the  

N a vie r equations (T im oshe nko, 1970). H owe ve r, to a void the  

developm ent o f te nsile  forces between the  lin in g  and the soil, no­

tension elements were  introduce d there. These te nsile  forces 

w ould deve lop only fo r ve ry high so il- lin in g  hydra ulic conduc­

tiv ity  ratios.

3 V A L ID A T IO N  O F  T H E  M E T H O D  O F  A N A L Y S IS

B oth the flo w  and the  stress-stra in analyses had to be va lidated.  

F or this, tw o d iffe re nt 2 -D  problem s were analysed:

-  a circula r tunne l 5 m  in diameter, 12 m  o f soil cover and 18 m  

above an im pe rvious stratum. T he  lin in g  was 25 cm thick,  

w ith  hydra ulic conductivitie s ra nging from  k =  10'8 m/s to k =  

1 0 '10 m/s. T he  soil hydra ulic  conductiv ity  was kept constant 

at k =  10'8 m/s. P roperties and geom e try are sim ila r to those  

adopted by F itz pa trick et al. (1 9 81 ), a llo w ing  a dire ct com ­

parison w ith  publishe d values conce rning flo w  rates.

-  a circula r w e ll 2.5 m in radius, w ith  a 25 cm th ick lin ing. H y ­

dra ulic  conductivitie s were taken the same as fo r the tunnel 

model. W a te r pressures o f 100 kPa around the outer boundary 

and o f 0  kPa on the inne r boundary were assumed. T he ge ­

om etry is sim ila r to that o f A tkinson &  M a ir (1983). F or the  

stress-stra in analysis, Y oung's m odulus o f the soil was kept 

constant, w hile  Poisson's ra tio and the lin in g  stiffness were  

varied. Aga in, it is possible  to compare  flo w  rates obtained by 

num erica l and a na lytica l means.

3.1 Flow Analysis

F igure  1 shows the adopted mesh fo r the circula r tunne l analysis.

T a ble  1 shows that diffe re nce s between flo w  ratios remained 

be low 5% .
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F i g u r e  1 .  M e s h  u s e d  f o r  v a l i d a t i o n  ( c i r c u l a r  t u n n e l ) .

T a b l e  1 .  C o m p a r i s o n  b e t w e e n  p u b l i s h e d  a n d  o b t a i n e d  v a l u e s  ( t u n n e l ) .

k s / k r

R a t i o

p u b l i s h e d  v a l u e s  *  

( 1  /  d a y  /  m 2 )

v a l i d a t i o n  a n a l y s i s  

( 1  /  d a y  /  m 2 )

d i f f e r e n c e

( % )

1 1 , 9 0 1 , 8 8 1 , 1

2 1 , 8 4 1 , 8 1 1 , 6

5 1 , 6 8 1 , 6 3 3 , 0

1 0 1 , 4 5 1 , 4 2 2 , 1

5 0 0 , 7 1 0 , 6 8 4 , 2

1 0 0 0 , 4 3 0 , 4 2 2 , 3

*  F i t z p a t r i c k  e t  a l .  ( 1 9 8 1 )
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F i g u r e  2 .  M e s h  u s e d  f o r  v a l i d a t i o n  ( c i r c u l a r  w e l l ) .

F igure  2 shows the adopted mesh used fo r the  circula r w e ll 

analysis.

T he  ca lcula ted flo w  rates were  compared w ith  flo w  rates ob ­

ta ined a na lytica lly a long the steps presented below.

D a rcy’s law, fo r flo w  through an homogeneous, isotropic  

m e dium  is:

Q = kxi x A ( i )

where Q is the  flo w  rate, i the gra die nt and A the  area.

O n the othe r hand, a ccording to V e rru ijt (1 97 0), fo r ra dia l 

confine d flo w  the expression fo r the pote ntia l function is:

H = C,  l n(r) + C2

where H  is the hydra ulic head and r  the  radius. 

T he  gra die nt fo r this situa tion is, therefore:

1 =
Ô H  _ 

dr ~ r

E quation 1 then becomes, fo r this case:

Q = kxC,  x2x7i (4)

I f  the  proper boundary conditions fo r the proble m  at hand are 

a pplie d to E quation 2, it fo llo w s that:

C, = /  \

In
v r i  /

(5)

whe re  rt and r, are the oute r and inne r ra dii and C  is the tota l hy ­

dra ulic head.

F or the circula r w e ll analysed, r„ =  25 m, ri =  2.5 m  and C =  

100 kPa, yie ld in g  Q  =  4 .34  and a flo w  rate o f 2.73 x 10'7 m 3/s. 

T he  flo w  rate re sulting from  the num e rica l analysis was 2.74 x 

10'7 m 3/s, a diffe re nce  o f less than 1%.

3.2 Stress Strain Analysis

F or the stress-stra in va lida tion the w e ll problem  was chosen, for  

comparison w ith  the a na lytica l data published by A tkinson &  

M a ir (1983).

A tkinson &  M a ir (1 9 8 3 ) poin t out tha t the ir results are only  

va lid  fo r ve ry s tiff tunne l linings. F or those conditions they show  

that the  a xia l force  in the tunne l lin in g  is not dependent on the  

drainage conditions and equals the  a xia l force  fo r the case o f hy ­

drosta tic loa ding o f the lin ing . T he  relevance o f that re striction  

was evaluated by means o f a para me tric study, in which Y oung's  

m odulus o f the  lin in g  and Poisson's ra tio  o f the soil were varied.  

F igure  3 shows that diffe re nce s in a xia l forces may reach 20% .

These results are sim ila r to the ones presented by W ood  

(1 97 5 ); comparison o f stresses in several points o f the model 

show difference s be low 1%. F or a thorough comparison the  

reader is referred to B ilfin g e r (1997).

3.3 Conclusions about the Validation

As shown above, the proposed me thod yie lds good results both 

fo r flo w  analysis and fo r stress-strain analysis.

T a ble  2 summarises an e va lua tion o f the  influe nce  o f the dis­
cre tisa tion. D iffe re nce s remain be low  4% .

(2 )

(3)

C o a r s e  M e s h N o r m a l  M e s h R e f i n e d  M e s h

N u m b e r  o f  e l e m e n t s 8 4 3 9 0 1 3 8 0

A x i a l  F o r c e  ( k N ) *  

D i f f e r e n c e  i n  r e l a t i o n

2 7 8 , 8 2 7 4 , 8 2 6 9 , 2

t o  r e f i n e d  m o d e l  ( % ) 3 , 5 2 , 2 0

*  f o r  E r c v  =  4 0 . 0 0 0  M P a

4 E V A L U A T IO N  O F  T H E  F A C T O R S  T H A T  IN F LU E N C E  

F LO W  R A T E

Several num erica l analyses o f a circula r tunne l were conducted  

to assess the re levance o f the m a in fa ctors that influe nce  flo w  

rates to a drained tunne l, nam ely:
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F i g u r e  6 .  N o r m a l i s e d  f l o w  r a t e s  f o r  d i f f e r e n t  d r a i n a g e  c o n d i t i o n s .

* F K O  ( 1 9 8 1 ) :  d a t a  p u b l i s h e d  b y  F i t z p a t r i c k  e t  a l .  ( 1 9 8 1 )

F i g u r e  5 .  N o r m a l i s e d  f l o w  r a t e s  v e r s u s  r e l a t i v e  d e p t h  b e l o w  g r o u n d w a t e r  

l e v e l .

-  depth o f the tunne l crown be low groundwa te r le ve l (C ), and

-  so il- lin ing  hydra ulic conductivity  ra tio (ks/k r).

F igures 4 and 5 show results o f analyses perform e d under the  

assumption o f homogeneous lin in g  w ith  constant hydra ulic con­

ductivity.

F igure  4 shows that, as expected, flo w  rates decrease as the  

lin in g  becomes re la tive ly less pe rvious (increase in the kj/k,. ra ­

tio). F lo w  rates were norm alised w ith  respect to the product (soil 

hydra ulic conductiv ity)  x (tunne l perimeter). In a ll analyses, the  

diameter was 5 m, depth be low  groundwa te r le ve l was 12 m and 

lin in g  thickness was 0.25  m.

F igure  5 shows the influe nce  o f the C /D  ra tio (re la tive  depth 

be low groundwa te r le ve l) on water in flo w  rates. N um e rica l data  

from  F itz pa trick et al. (1 9 81 ), fo r ks/k r =  I ,  are added fo r com ­

parison.

F igure  5 makes it possible  to choose the hydra ulic conductiv ­

ity o f the lin in g  (a t least re la tive  to the surrounding soil)  so as 

not to exceed an e conom ica lly acceptable flo w  rate.

F igures 6 and 7 show results obta ine d under the assumption  

o f loca lised drainage through discrete  voids across the lin ing,  

which can be regarded e ithe r as construction im pe rfe ctions or as 

drains.
F igure  6 shows norm a lise d flo w  rates obta ine d fo r five  d iffe r ­

ent drainage conditions:

a) 1 dra in in the inve rt o f an im pe rvious lin in g ;

b) 3 drains, 1 in the inve rt and 2 sym m e trica lly located in the  

springline , across an im pe rvious lin in g ;

c) 4  drains, same as b) above, plus an e xtra  dra in in the crown,  

across an im pe rvious lin in g ; and

d) 3 drains, same as b)  above, but for ks/k r =  100.

R esults from  F igure  5 are superimposed fo r comparison.  

F igure  7 shows the  same data from  F igure  6, but ta king the

case k s/k r =  1 w ith  no drains as a reference.

F igure  7 suggests that fo r tunne ls deeper than C /D  =  2 the in ­

flo w  re la tionships remain e ssentia lly constant.

N otice  that fo r C /D  ra tios be low zero (wa te r leve l be low tun ­

nel crow n) the case w ith  1 single  dra in across the inve rt presents 

se em ingly highe r in flo w  rates. T his is, in fact, due to the reduced 

wet perimeter.

F i g u r e  7 .  N o r m a l i s e d  f l o w  r a t e s  f o r  d i f f e r e n t  d r a i n a g e  c o n d i t i o n s ,  r e ­

f e r r e d  t o  t h e  c a s e  o f  k s / k r = l ,  w i t h  n o  d r a i n s .

5 E V A L U A T IO N  O F  T H E  F AC T O R S  T H A T  IN F LU E N C E  

L O A D IN G  O F  T H E  L IN IN G

Loa ding o f the lin in g  was evaluated in terms o f bending m o­

ments and a xia l forces. T he  same circula r tunne l o f the previous 

ite m  was analysed, w ith  sim ila r geom etry and drainage condi­

tions, but fo r va rying stiffne ss ra tios, as represented by the fo l­

lo w in g  non-dim e nsiona l quantities (D udde ck &  E rdmann, 1982):

ER

E r e J

a  =
ER3 

E nv J

(6)

(7 )

where  E is Y oung's m odulus o f the soil, R is the tunne l radius,  

Em  is Y oung's m odulus o f the  lin ing , A is the lin in g  cross sec­

tion  and J  the lin in g  m ome nt o f ine rtia .

R esults in terms a xia l forces in the  inve rt o f the tunne l lin in g  

are summarised in F igures 8 to 10, each o f w hich for a diffe re nt 

hydra ulic conductiv ity  ra tio. Those figure s show normalised ax­

ia l forces as a function o f the stiffness ra tio (p  from  equation 6), 

fo r va rying re la tive  depths. N orm a lisa tion is a tta ined by d ivid ing  

the forces re sulting from  the analyses by the corresponding force  

for the case o f an im pe rvious lin in g  (no -flo w  situa tion).
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6 C O N C LU S IO N S

Figure 9. Normalised axial force in lining invert - M e , =  10.

M l

Figure 10. Normalised axial force in lining invert - ks/kr =  50.

T he  study showed that the bene fits o f provid ing drainage to a 

tunne l depend on a series o f factors. D ra ina ge  o f a tunne l can re ­

duce sign ifica ntly  the be nding moments and a xia l forces, but 

only fo r tunne ls in re la tive ly s tiff soil (h igh a  and P). F or tunnels 

in re la tive ly soft soil, the bene fits o f dra inage are not significa nt.

T he  dire ct and indire ct costs o f dra inage can be related to in ­

flo w  rates. F igure  5 makes it possible  to choose the hydra ulic  

conductiv ity  o f the lin in g  (a t least re la tive  to the surrounding  

soil)  so as not to exceed an e conom ica lly acceptable flo w  rate.

O n the other hand, the e fficie ncy o f the w a te rproofing o f a 

tunne l can be evaluated num e rica lly using F igure  6: fo r a known  

in flo w  rate and geom etry, it is possible  do determ ine  the corre ­

sponding ks/k r ra tio or the e quiva le nt dra inage condition.
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Figure 12. M aximum bending moments in lining - C /D =  2.4 -  D  =  5m.

F igures 8 to 10 show that, as expected, as the hydra ulic con­

d uctiv ity o f the  lin in g  decreases the  a xia l force  in the tunne l lin ­

ing approaches the va lue  corre sponding to hydrosta tic loading.  

M ore ove r, a sign ifica nt re duction o f a xia l forces may be ex­

pected in dra ined tunne ls in re la tive ly s tiff soil (h igh P).

F igures 11 and 12 show, fo r C /D  =  2.4 and D  =  5 m, the a xia l 

forces and bending moments due to wa te r and soil loa ding o f the  

lin ing . The curve  la be lle d "D ude ck" re fers to effective soil load ­

ing upon the  lin ing , as proposed by D udde ck &  E rdm ann (1982),  

conside ring a stress re lie f o f 3 0 %  o f the “in situ " stresses, k0 =  

0.5, and water le ve l at the surface. T he  othe r curves re fe r to wa ­

te r loa ding o f the tunne l fo r d iffe re nt drainage conditions, or to 

com bined soil and wa te r loading.

O nce again, figure s show that significa nt reductions in load­

ing may be achieved by means o f drainage, provide d the soil is 

re la tive ly s tiff (h igh a  and P).
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