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R. K A T Z E N B A C H  T e c h n ic a l U n iv e rs ity  o f  D a rm s ta d t,  F ede ra l R e p u b lic  o f  G e rm a n y

H .B R E T H

SYNOPSI S Based on numer ous l abor at or y  t est  r esul t s  a t hr ee di mensi onal  nonl i near  comput at i on i s
car r i ed out  t o anal yse t he cr i t i cal  zones i n t he over bur den and t he saf et y of  t unnel l i ng by NATM.
Thi s  wi t h r egar d t o some br eakdowns and damages t hat  happened i n t he l ast  t i me.  Compar i son wi t h mea
sur ed sur f ace set t l ement s i ndi cat es t hat  t he i nt er medi at e soi l  par amet er s used f or  t he numer i cal  st ep-  
bv- st ep anal ysi s del i ver  usef ul  r esul t s.  An ar chi ng ef f ect  above t he t unnel  f ace whi ch i s necessar y  
f or  t he st abi l i t y  of  t he excavat i on pr ocess coul d be poi nt ed out  by means of  cal cul at i on.

I NTRODUCTI ON

Bef or e t he New Aust r i an Tunnel l i ng Met hod ( NATM)  
was appl i ed f or  t he f i r st  t i me i n ur ban t unnel 
l i ng i n Fr ankf ur t / Mai n ( West  Ger many ) , by means 
of  t wo t est  t unnel s was pr oved t hat  NATM causes 
near l y  t he same t ot al  sur f ace set t l ement s as 
shi el d t unnel l i ng and t hat  t he i nf l uence t o t he 
hi s t or i cal  bui l di ngs r emai ned wi t hi n per mi ss i bl e 
l i mi t s ( Br et h/ Chambosse 1975) .  Wi t h r espect  t o 
t hese sat i s f ac t or y  exper i ences i n t he f ol l owi ng 
year s NATM was appl i ed i n sever al  Fr ankf ur t  sub
way si t es and al so i n ot her  Ger man ci t i es because 
of  t he hi gh f l ex i bi l i t y  and economy of  t hi s con
s t r uct i on met hod.  I n t he meant i me even subway 2 

st at i ons wi t h an excavat i on ar ea of  mor e t han l oom 
ar e dr i ven by mi ni ng t echni ques and somet i mes t he 
t unnel  r out e i s pl anned so l ow beneat h t he 
gr ound sur f ace t hat  cover  wi t h st abl e soi l s i s 
r educed t o l ess t han one t unnel  r adi us.  The ex 
per i ences car r i ed out  by t he pr ev i ous l y  compl et ed 
t est  t unnel s cannot  be t r ansf er r ed t o t hose condi 

t i ons.

The quest i ons on ur ban t unnel l i ng ( assessment  of  
t he set t l ement s and di mensi oni ng of  t he l i ni ng)  
ar e compl et ed by anot her  one:  What ' s  t he mi ni mum 
hei ght  of  cover  wi t h st abl e soi l  ( Fi g. 1) ? Thi s 
can onl y  be answer ed i f  t he t hr ee di mensi onal  
st at e of  st r ess at  t he t unnel  f ace i s t aken i n
t o consi der at i on.  Fr om sur f ace l evel l i ng we know 
t hat  about  5o% of  t he t ot al  set t l ement s occur  
bef or e t unnel  excavat i on r eaches t he obser vat i on 
sect i on ( Fi g. 2) .  These set t l ement s ar e caused by

Fi g.  2 Measur ed sur f ace set t l ement  of  an 

obser vat i on poi nt  dur i ng t unnel  dr i v i ng

t he r educt i on of  l ongi t udi nal  st r ess and i ncr ea 
si ng ver t i cal  st r ess what  i ndi cat es t hat  t her e 
must  be an ar chi ng ef f ec t  above t he t unnel  f ace 
al ong t unnel  axi s.  I n a st udy f or  t un
nel l i ng i n st i f f  pl ast i c  " Fr ankf ur t  c l ay we 
anal ysed t he t hr ee di mensi onal  l oad- bear i ng 
ar ch t o f i nd out  t he cr i t i cal  st at es of  exca
vat i on and t he saf et y of  unseal ed sur f aces.

SUBSOI L

Beneat h a 7 m t hi ck l ayer  of  quar t er nar y  gr avel  
and sand occur s t he c l ayey mar l  whi ch i s known 
as " Fr ankf ur t  cl ay" .  The c l ay i s heav i l y  over 
consol i dat ed,  l ami nat ed and f i ssur ed ( c l assi f i 
cat i on CH)  ( Br et h et  al .  197o) .  The t unnel  sec 
t i ons dr i ven by NATM ar e f ul l y  embedded i n t he 
cl ay,  ot her wi se i nj ect i on of  t he r oof  i s neces 
sar y.  Dur i ng t unnel l i ng t he gr ound wat er  t abl e 
i s l ower ed beneat h t he bot t om of  t he t unnel .

Because of  t he f i ssur es t he c l ay i s suscept i bl e 
t o di s t ur bance dur i ng sampl i ng and i t  i s r at her  
di f f i cul t  t o get  sat i s f act or y  l abor at or y t est
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Fi g. 3 Nonl i near  st r ess dependend st i f f ness 
of  Fr ankf ur t  Cl ay

a)  Modul us  of  el as t i c i t y  f or  
pr i mar y l oad

b)  Modul us  of  el as t i c i t y  f or  
un-  and r el oadi ng

r esul t s.  Wi t h r egar d t o t hi s pr obl ems t he st r ess 
st r ai n behavi our  of  t he c l ay i s descr i bed by a 
r at her  s i mpl e nonl i near  el ast i c  cons t i t ut i ve l aw 
( Duncan et  al .  197o) .  To use mor e r ef i ned cons t i 
t ut i ve l aws i n t he case of  pr est r essed f i ssur ed 
c l ay such as Fr ankf ur t  c l ay seems so l ong wi t h 
out  any sense as we have not  devel oped f i el d 
t est s andnew sampl i ng t echni ques t o get  a bet t er  
f eel i ng f or  t he i n si t u st at e of  st r ess of  such 
soi l s and t hei r  def or mat i on behavi our .  Never t he
l ess,  i n connex i on wi t h deep excavat i ons,  f oun
dat i on of  mul t i - s t or ey  bui l di ngs and t unnel l i ng 
i n Fr ank f ur t / Mai n a l ot  of  speci men wer e t est ed 
at  t he Soi l  Mechani cs Labor at or y  of  t he Techni 
cal  Uni ver s i t y  of  Dar mst adt .  So we got  a sur vey 
about  t he scat t er i ng of  t he st r engt h and t he 
st r ess- s t r ai n behav i our  of  t he cl ay.  For  our  ana
l ysi s we used i nt er medi at e val ues f or  t he st r ess-  
st r ai n char act er i s t i cs.  The def or mat i on beha
v i our  depends on t he act ual  st at e of  st r ess and 
t he st r esspat h.  I n t he cal cul at i on pr ocedur e we 
di s t i ngui sh bet ween pr i mar y  l oad and unl oadi ng 
( Fi g. 3)  ( St r oh/ Br et h 1976) .

SI MULATI ON OF TUNNELLI NG

For  t he numer i cal  anal ys i s  we subdi v i ded a bl ock 
of  59 m l engt h,  35 m hei ght  and 35 m br eadt h 
i nt o 99o f i ni t e el ement s wi t h 6 and 8 nodes.  Thi s 
l eads t o an equat i on syst em of  near l y  37oo un 
knowns wi t h a f r ont  wi dt h of  3oo.  As t he ana
l ysi s i s execut ed f or  t he mi ddl e par t  of  t he t hr ee 
di mensi onal  s t r uc t ur e t her e t he mesh cont ai nes

T U N N E L  F A C E

T U N N E L  F A C E

Fi g. 4 Numer i cal  s i mul at i on of  t unnel  dr i v i ng;  

exampl e f or  4 of  al t oget her  15 

excavat i on st eps

Fi g. 5 I so- l i nes of  comput ed t ot al  ver t i cal  
di spl acement s  ( i n mm)

a)  Sur vey ( l ongi t udi nal  ar ea,  gr ound 
sur f ace,  f r ont al  ar ea)

b)  Cr oss sect i on
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f ace,  r i ng c l osur e t i me or  anchor s ar e not  neces 
sar y i n t he t ype of  anal ys i s  descr i bed i n t hi s 
paper .  Mor e det ai l ed i nf or mat i on about  numer i cal  
s i mul at i on t echni ques i s gi ven i n t he manual  of  
t he used pr ogr am syst em ( Czapl a et  al . 1978) .

RESULTS OF THE STUDY

I n t he f ol l owi ng f i gur es onl y a ver y smal l  par t  
of  t he al t oget her  3oo. ooo r esul t  dat a can be i n
t r oduced.  I n Fi g.  5 t he t ot al  ver t i cal  di spl ace
ment s  ar e pl ot t ed f or  a cons t r uct i on phase when 
t he t unnel  f ace i s j ust  i n f r ont  of  t he mi ddl e 
cr oss sect i on.  The gr eat est  sur f ace set t l ement  
of  about  4o mm occur s j ust  as i n r eal i t y  mor e t han 
one t unnel  di amet er  behi nd t he t unnel  f ace.  The 
ar ea wher e heave can be obser ved i s concent r at ed 
i n t he v i c i ni t y  of  t he t unnel .  Because of  t he 
st i f f ness of  t he c l ay at  unl oadi ng heave of  t he 
bot t om i s smal l er  t han r oof  set t l ement s.  Each ex 
cavat i on st ep causes i n t he cent er  ar ea ( Fi g.  6)  
ver t i cal  ex t ens i on st r ai ns above and bel ow t he 
excavat i on ar ea,  i n f r ont  of  t he t unnel  f ace wher e 
one abut ement  of  t he t hr ee di mensi onal  ar ch i s 
s i t uat ed t he cl ay i s ver t i cal l y  compr essed.  The 
l ongi t udi nal  st r ai ns show j ust  t he oppos i t e r esul t :  
Hor i zont al  compr ess i on above and bel ow t he act ual  
excavat i on ar ea,  l ongi t udi nal  ext ens i on i n f r ont  
of  t he t unnel  caused by t he l oss of  hor i zont al  
suppor t  at  t he t unnel  f ace.  By means of  vol umet r i c  
st r ai n can be demonst r at ed t hat  l ooseni ng zone ex 
t ends t o a hei ght  of  o. 75 di amet er  above t he 
r oof  ( Kat zenbach/ Br et h 1981) .  Compar i son of  mea
sur ed and comput ed sur f ace set t l ement s i n cr oss

D I S T A N C E  F R O M  T U N N E L  A X IS  I C RO SS S E C T IO N  )

Fi g. 6 I so- l i nes of  st r ai ns ( i n per cent  of  max.  
val ue)  i n t he l ongi t udi nal  sect i on 
( caused by one excavat i on st ep)

many shor t  s l i ces t o get  enough cal cul at i on 
poi nt s  f or  t he st r ess t r ansf er  near  t unnel  f ace.  
The " dynami c"  excavat i on pr ocess ( Mi i l l er - Sal zbur g 
1979)  i s s i mul at ed by a s t ep- by- s t ep anal ysi s.
I n t he f i r s t  st ep t he i ni t i al  st at e of  st r ess i s 
comput ed:  The ver t i cal  st r ess i s equal  t o t he 
wei ght  of  t he over bur den,  t he hor i zont al  st r ess 
i s comput ed by an at - r est  coef f i c i ent  KQ=o. 8 f or  
al l  hor i zont al  di r ect i ons.  Then t he numer i cal  ex 
cavat i on pr ocess st ar t s ( Fi g. 4) :  I n al t oget her  15 
st eps each s i mul at i ng f ul l  f ace excavat i on of  one 
sl i ce t he def or mat i ons and st r esses ar e comput ed.  
An anal ys i s  wi t h 3o st eps ( t wo st eps per  sl i ce)  
del i ver ed near l y  t he same r esul t s.  By i nt egr at i on 
of  t he el ement  st r esses of  t hose el ement s whi ch 
shal l  be excavat ed equi val ent  nodal  f or ces ar e 
comput ed and appl i ed t o t he unseal ed sur f ace of  
t he r emai ni ng st r uct ur e.  I n t hi s way t he succee
di ng change of  s t r uc t ur e dur i ng t unnel l i ng i s par t  
of  t he anal ysi s.  Li ni ng wi t h shot cr et e i s cons i 
der ed i n t hat  way t hat  t he el ement s whi ch r epr e
sent  t he l i ni ng ar e act i vat ed i n t hat  moment  when 
t he cor r espondi ng t unnel  r i ng i s i nst al l ed.  Any 
assumpt i ons about  t he suppor t i ng ef f ect  of  t unnel

Fi g. 7 Measur ed and comput ed set t l ement s of  
gr ound sur f ace

a)  Cr oss sect i on

b)  Longi t udi nal  sect i on

LONGITUDINAL STRAIN 
( moxim um  vo iu e  . 100*/. = Q 0 K 3 )
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sect i on and l ongi t udi nal  sect i on shows t hat  t he 
i nt er medi at e soi l  par amet er s  and t he above des 
cr i bed cal cul at i on met hod del i ver  usef ul  r esul t s.  
Fi g.  8 demonst r at es t he ar chi ng ef f ect  al ong t un
nel  axi s.  I n t hi s f i gur e t he devel opment  of  ver t i 
cal  st r esses dur i ng sever al  st ages of  const r uct i on 
i s pl ot t ed.  I n t he moment  when t he t unnel  i s 2o m 
i n f r ont  of  t he el ement  t he ver t i cal  st r ess i s yet  
equal  t o t he i n si t u st r ess.  But  t hen wi t h pr ogr es'  
si ve t unnel  dr i v i ng t he ver t i cal  st r ess i ncr eases 
so l ong,  unt i l  t he t unnel  i s 1. 5 m i n f r ont  of  t he 
el ement .  At  t hi s st at e of  excavat i on t he ver t i cal  
st r ess decr eases r api dl y  because of  t he hi gh l ongi 
t udi nal  ext ens i on and t he l oss of  hor i zont al  sup
por t .  The zi gzag l i ne i n Fi g.  8 i s s i mi l ar  t o t he 
obser vat i ons of  Mul l er - Sal zbur g et  al .  ( 1978)  who 
measur ed t hi s ef f ect  of  al t er nat i ng st r esses i n 
model  t est s and t r i ed t o expl ai n i t  by means of  
an undul at or y  st r ess di s t r i but i on i n t he v i c i ni t y  
of  t he t unnel  f ace.

CONCLUSI ONS

The descr i bed anal ys i s  i s a f i r st  st ep i n t he de
vel opment  of  saf et y anal ysi s f or  const r uct i on 
phases f or  t unnel l i ng under  l ow cover .  The pl ot  
of  s t r essl evel  i ndi cat es t hat  a hi gh s t r essed 
zone sur r ounds t he t unnel  dr i ven by NATM ( Fi g. 9) .  
Most  cr i t i cal  i s t he r oof  ar ea bet ween t he al r eady 
c l osed r i ng and t he f ace.  Thi s i s t ypi cal  f or  NATM 
and cannot  be t ot al l y  avoi ded.  But  i t  i s possi bl e 
t o el evat e t he saf et y by an ear l y  r i ng cl osur e.  By 
means of  t he comput ed l ooseni ng zone and t he di men

si on of  t he hi gh s t r essed ar ea above t he r oof  an 
assessment  of  t he mi ni mum hei ght  of  cover  wi t h 
st abl e soi l  i s possi bl e.  I n case of  an act ual  
pr act i cal  pr obl em i t  i s necessar y  t o car r y  out  
sever al  cal cul at i ons wi t h di f f er ent  i nput  dat a 
( hei ght  of  over bur den,  excavat i on t echni que,  
change of  di amet er )  t o get  r el i abl e dat a about  
t he saf et y of  t unnel  dr i vi ng.  The pr esent  st udy 
shows t hat  t he saf et y depends on t he dept h of  t he 
t unnel  beneat h t he sur f ace,  t unnel  di amet er ,  di s 
t ance bet ween t unnel  f ace and c l osed r i ng and 
l ast  not  l east  s t r engt h of  t he soi l .

y

Fi g. 8 Ar chi ng al ong t unnel  axi s;  devel opment  
of  ver t i cal  st r ess dur i ng t unnel  
dr i v i ng i n sel ect ed el ement  No.  1

b )  r

Fi g.  9 St r ess l evel  S = t g ip , / t q ip
a)  Sur vey mob
b)  Hor i zont al  cr oss sect i on 1. o m above 

t he r oof
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