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SYNOPSI S An anal yt i cal  met hod t o est i mat e ear t h pr essur es and di spl acement s of  st eel
suppor t s and shot cr et e execut ed by t he New Aust r i an Tunnel i ng Met hod i s newl y pr oposed consi der i ng 
not  onl y mechani cal  pr oper t i es of  l i ni ngs and t he gr ound but  al so some execut i ve condi t i ons.  
Because t he anal yt i cal  r esul t s  can be ver i f i ed by f i el d measur ement s,  t hi s met hod i s adequat e f or  
engi neer i ng appl i cat i ons.  Ther ef or e,  such execut i ve condi t i ons as t he i nt er val  of  suppor t s,  t he 
t hi ckness of  shot cr et e,  t he advance vel oc i t y  of  a t unnel  and t he di st ance bet ween t unnel  f ace and 
l ocat i on of  l i ni ng const r uct i on may be ef f ec t i vel y  det er mi ned by t he pr oposed appr oach.

I NTRODUCTI ON

Recent l y,  t he New Aust r i an Tunnel i ng Met hod( NATM)  
has been appl i ed t o such t i me dependent  gr ound 
as soi l s,  f or  whi ch i t  shoul d be not ed not  t o 
cause sur f ace di spl acement s or  damage of  s t r uc ­
t ur es sur r oundi ng a t unnel .  I n t he case of  
NATM,  l i ni ngs composed of  st eel  suppor t s and 
shot cr et e ar e gener al l y  execut ed near  t he t unnel  
f ace.  Thus,  not  onl y t i me dependent  char ac t er ­
i st i cs of  t he gr ound but  al so var i at i onal  char ­
act er i s t i cs of  t unnel  di spl acement  al ong t unnel  
axi s shoul d be t aken i nt o cons i der at i on i n t he 
anal ys i s  of  ear t h pr essur e act i ng on l i ni ngs.  
Fur t her mor e,  i t  i s exper i ment al l y  known t hat  t he 
ear t h pr essur e i s s i gni f i cant l y  af f ect ed by 
var i ous execut i ve condi t i ons.  However ,  t her e 
i s l i t t l e i nf or mat i on about  ef f ect i ve t unnel  
const r uct i on cons i der i ng execut i ve condi t i ons 
and mechani cal  pr oper t i es  of  t he gr ound and 
l i ni ngs .

I n t hi s paper ,  such an anal yt i cal  st udy of  t he 
NATM as appl i ed t o t he v i scoel ast i c  gr ound i s 
pr esent ed,  t aki ng t he el ast opl ast i c  behav i or  of  
l i ni ngs and execut i ve condi t i ons i nt o account .  
Ear t h pr essur es and di spl acement s of  t unnel  
suppor t s measur ed i n t he hi ghl y  t i me dependent  
gr ound ar e compar ed wi t h t he anal yt i cal  r esul t s.  
Subsequent l y,  t he ef f ect i ve execut i on of  NATM i s 
di scussed,  based on anal yt i cal  r esul t s.

SURFACE DI SPLACEMENT OF UNSUPPORTED TUNNEL

The sol i d cur ve i n Fi g. l ,  whi ch i s obt ai ned by 
t hr ee di mensi onal  el ast i c anal ysi s of  a c i r cul ar  
t unnel  havi ng a di amet er  D under  a uni f or m 
i ni t i al  st r ess P ( Ronken and Ghaboussi ,  1975) ,  
shows var i at i onal  char act er i s t i cs of  a r adi al  
di spl acement  u on bot h r eal  and vi r t ual  t unnel  
boundar i es.  Fr om t he above r esul t ,  i t  may be 
possi bl e t o consi der  t hat  t he l engt h of  t he span 
wher e t he di spl acement  u changes al ong t he t unnel  
axi s i s appr ox i mat el y  t wi ce as l ong as t he 
di amet er  D,  and t he nondi mensi onal  di spl acement  
cur ve may be appr ox i mat ed by t he dot t ed cur ve

Fi g. l  Var i at i onal  char act er i s t i cs  of  r adi al
di spl acement  u on bot h r eal  and vi r t ual  
t unnel  boundar i es i n t he el ast i c  gr ound

expr essed by t he f unct i on f ( Z) ,  as shown i n Fi g. l .  
As t he nondi mensi onal  di spl acement  cur ve f or  t he 
el ast i c gr ound i s not  much af f ect ed by Poi s s on’ s 
r at i o of  a gi ven gr ound ( Panet  and Guel l ec,  1974) ,  
u can be expr essed by t he f ol l owi ng equat i on,

D P
u( Z)  =4( j f (Z)  , ( G:  Shear  modul us)

I f  t he t unnel  i s excavat ed wi t h a const ant  v el oc ­
i t y V i n t he v i scoel ast i c  gr ound,  t he di spl ace ­
ment  u of  a poi nt  J on t he any sect i on X- X i n 
Fi g. l  i s af f ect ed bot h by t i me dependent  char ac ­
t er i st i cs of  t he gr ound and by t he advance v el oc ­
i t y ( I t o and Hi sat ake,  1979a) ,  as f ol l ows.

u ( t ) =x r Ct ' T) l ? f ( VT) dT w

J 0

wher e t  i s t he t i me af t er  t he or i gi n of  t he 
coor di nat e Z ( whi ch moves wi t h t he f ace keepi ng 
t he di st ance by D)  has r eached t he sect i on X- X,  
and <Ht )  i s a cr eep f unct i on concer ni ng shear  
def or mat i on.  Ther ef or e,  $( 0)  equal s t o 1/ G.

ANALYSI S OF LI NI NG

Gr ound

Z=2D

-- 1_________ I_________ I__
--------  : A n a  1 y t i c a 1 ( v = 0 . 4 9 )

------- : f ( Z )

0 sZ <D :f(z )= e xp (0 .2 2 3 Z / D )-l 

D *Z g 2 D : f (Z )= l. 2 5 -e x p { - l.3 87 (Z/D-1)] 

: f (Z )= l
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Ti me dependent  ear t h pr essur e,  axi al  st r ess and 
r adi al  di spl acement  of  a l i ni ng composed of  st eel  
suppor t s and shot cr et e ar e anal yzed,  consi der i ng 
t he el ast opl ast i c  behavi or  of  t he l i ni ng and t i me 
dependenci es of  bot h t he modul us of  el ast i c i t y  
and t he s t r engt h of  shot cr et e.  I n t hi s anal y ­
si s,  t he l i ni ng i s supposed t o r es i s t  t he ear t h 
pr essur e wi t h i t s axi al  f or ce of  c i r cumf er ent i al  
di r ect i on,  si nce t he t hi ckness of  t he l i ni ng i s 
ver y  smal l  i n r el at i on t o t he t unnel  di amet er  i n 
t he case of  NATM.  And di spl acement s of  advance 
di r ect i on ar e negl ect ed.

Anal ys i s  bef or e y i el di ng of  suppor t

I t  may be possi bl e t o consi der  t hat  t he r adi al  
di spl acement s of  a suppor t  and shot c r et e( us and 
u c r espect i vel y)  whi ch ar e execut ed at  t he same 
t i me ar e appr ox i mat el y  equal .  That  i s,

us ( t i ) = u c ( t i ) ( 2 )

wher e t j  i s t he t i me af t er  t he l i ni ng has been 
execut ed.  Those di spl acement s whi ch ar e br ought  
about  by ear t h pr essur es p s and p c act i ng on t he 
suppor t  and t he shot cr et e,  r espect i vel y,  can be 
shown by t he f ol l owi ng equat i ons,

UsCW  =Bl P s t W ’ B1=3“L/ ( AEê

,. •>_ aoy  Pr ( t i +l )  ” PC(t - j )
uc(W - e £ c 1

( 3)

wher e t he t i me scal e i s di v i ded i nt o i nt er val s 
by t he t i me val ues t -j ,  j  = l ,  2,  ■ • ■ ( m+1)  , wi t h 
t - ^0 and t m+1 = t :j ,  ana A and Ee ar e t he cr oss 
sect i on ar ea and t he modul us of  el as t i c i t y  of  a 
suppor t ,  r espect i vel y,  L i s t he i nt er val  bet ween 
suppor t s,  Ec and h ar e t he t i me dependent  
modul us of  el as t i c i t y  and t he t hi ckness of  
shot cr et e,  r espect i vel y,  and a0 = D/ 2.  And a 
t ot al  pr essur e p*  act i ng on t he l i ni ng i s

( 5) ,  as f ol l ows ,

Au( t m+1) =u( t 0+t m+1) - u( t 0)

Ug ( t m+i ) “ Bi  { Zi  Ct m) p*  ( t m+l )  + Z 2 ( t m) }
( 7)

As t he i nt egr al  i n Eq. ( 6)  may be t r ansf or med t o 
t he f i ni t e appr oxi mat i on,

C t m+1 a 
( t m+l  - -0 3^P* CT) dT=* ( 0) P‘ ( W) - « W) P ‘ (0)

1 111
- 2 ^ 1{ p* ct j +l ) +p* ( t j )}{<f , (: tm+l - t j +l ) - ,(, ( t m+l - t j ) }

( 8)

P* ( t m+l )  i s det er mi ned success i vel y  i n t er m of  
val ues al r eady obt ai ned,  by  subst i t ut i ng Eqs.  ( 7)  
and ( 8)  i nt o Eq . ( 6)  ,

P* ( t m+l ) -
C t m+i ) +Mi ( t m) +Ki ( t m+1)

(9)
M2( t m) +K2( t m+1)

Mi f t J - Bi Z j Ct J  , M2 ( t ID) =B1Z1 ( t m)

Kl  ( t m+i )  =0. 25a„ { { <| >( 0)  - ( Ht m+l -  t m) } p*  ( t m)

m- 1 .
+ S i f P* ( t j +1) +P* Ct j ) >{<(> Ct m+1- t J+1) - 4>Ct m+1- t j )  }} 

^2 ( t m+l ) “ 0 • 25a0 { <f> ( 0)  + <£ ( t m+i  - t m) }

And ps , pc and us ar e easi l y  det er mi ned by Eqs.
( 4) ,  ( S) ,  ( 7)  and ( 9) .

Subsequent l y,  t he c i r cumf er ent i al  axi al  st r esses 
ons and onc of  t he suppor t  and t he shot cr et e,  
r espect i vel y,  ar e obt ai ned by consi der i ng 
equi l i br i um condi t i ons bet ween ear t h pr essur es 
and axi al  st r esses,

P * ( t m + l )  P s  ( t m + l )  + P c  ( t m + l ) ( 4) ° n s  ( W  = a ° LP S ( W  / A > a n c  ( W  = a °Pc  t W  / h ( 1 0 )

Af t er  sol v i ng Eqs . ( 2)  and ( 3)  about  pc ( t m+i ) ,  
subst i t ut i on of  p c ( t m+l )  i nt o Eq. ( 4)  y i el ds t he 
f ol l owi ng equat i on,

P s  ( t m + l )  = Z l ( t m) P * C t m+ l )  + Z 2 ( t m)

(5)
l +hLEc ( t m) /  ( AEe)

z 2 ( t m) = z i  ( U  {e c  -p c ( t j }

On t he ot her  hand,  as t he di spl acement  of  t he 
t unnel  i s r educed by t he l i ni ng,  t he boundar y  
condi t i on of  di spl acement ,  af t er  t he l i ni ng i s 
execut ed at  t he pos i t i on apar t  f r om t he t unnel  
f ace by di st ance L,  becomes

C tm+l a
« . ( t « + l ) - Au Ct B+ 1 ) -  f W ( t nI +1- T) § T p * ( T ) d T  ( 6)

J t l

wher e Au i s a di spl acement  on t he t unnel  boundar y 
whi ch woul d be br ought  about  af t er  t he t i me t =t 0 
=( D+L) / V i f  t he l i ni ng wer e not  execut ed.  And 
Au and us can be cal cul at ed f r om Eqs. Cl ) ,  ( 3)  and

Anal ys i s  af t er  y i el di ng of  suppor t

The di spl acement  of  a suppor t  af t er  i t s y i el di ng 
can be shown by t he f ol l owi ng equat i on,  cons i der ­
i ng Eqs . C3)  and CI O)  ,

Us (t j n+i ) - a0Lps/  ( AEe) +aoL{ ps ( t m+l )  ~Pg}/  (AEp)  =B2ps ( t m+l )  +B3 

B2=aoL/  CAEp) , B3=a0aysCEp- Ee) / CEeEp)

wher e c iy g ,  Ps  and Ep ar e r espect i vel y  t he y i el d 
st r ess of  a suppor t ,  t he ear t h pr essur e on a 
suppor t  at  t he y i el di ng and t he modul us of  el as ­
t i c i t y of  a suppor t  af t er  i t s y i el di ng.  I n t hi s 
case,  ear t h pr essur es and di spl acement s ar e 
easi l y  cal cul at ed i n t he same manner  as ment i oned 
above,  as f ol l ows,

D* f t  A u CW+ M^ Ct J + K ! ^ )

P M3Ct m) +K2( t m+1)

Ps ( t m+l )  = ^ 3  Ct m)  P*  ( t m+l )  ‘  (M4 +B3>1 / B 2

PcCt m+l ) =P*Ctm-(-i ) -Ps( t m+l )

u s ( t m+l )  =1, 2Ps( t m+l ) +B3
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M3 ( t m) =B2/ { l +hB2Ec ( t m) / a2} 

M4 ( t m) =- B3 +M3 ( t m) { Ec ( t m) [ hB3/ a

P c m^ ^ P c Ct i l j  ( j t 
Ec( t j )  J

and t he axi al  st r esses ar e cal cul at ed by t he 
above equat i ons and Eqs.  ( 10) .

COMPRESSI VE STRENGTH AND MODULUS OF ELASTI CI TY 
OF SHOTCRETE

Compr essi ve st r engt h of  shot cr et e oyc at  t = 28 
days af t er  i t  i s execut ed i n a t unnel  i s appr ox ­
i mat el y ( JAPAN Soc.  of  Ci vi l  Engr s. ,  1974)

Oy C ( t =28 days) =15- 20 MN/ m2

Ther ef or e,  i f  oy c ( t =28 days) =18 MN/ m2 i s adopt ed,  
t he t i me dependent  compr essi ve st r engt h of  
shot cr et e oy c ( t )  can be expr essed by t he f ol l ow­
i ng equat i on usi ng t he t i me dependent  char ac t er ­
i st i c of  t he st r engt h of  r api d har deni ng concr et e 
, as shown i n Fi g. 2 ( JAPAN Soc.  of  Ci vi l  Engr s.  , 
1964)  ,

oy c ( t ) =18{ C1+C2l n( l +t ) }  MN/ m2 , ( t : Days)  ( 11)

wher e Ci  and C2 ar e shown i n Fi g. 2.

Mor eover ,  modul us of  el ast i c i t y  Ec of  shot cr et e 
al so var i es wi t h t i me.  And Ec i s cal cul at ed 
by t he f ol l owi ng equat i on ( Ban,  1952) ,

Ec ( t ) ={ l - 0. 0384anc }2 / ayc ( t ) / B kgf / cm2 ( 12)

6=7. 44x10 "5*0. 402x , x: Wat er  cement  r at i o

Af t er  t he st r ess of  shot cr et e r eached t he 
compr essi ve st r engt h shown by Eq. ( l l ) ,  Ec i s 
deci ded as one per cent  of  t he r esul t  of  Eq. ( 12) .

gr ound ( Adachi  et  al . ,  1969)  ar e compar ed wi t h 
anal yt i cal  r esul t s.  I n addi t i on,  consi der at i ons 
about  ef f ect i ve execut i on of  NATM ar e gi ven.  
Par amet er s of  l i ni ngs and execut i ve condi t i ons 
ar e shown i n TABLE I .

TABLE I
Par amet er s of  l i ni ngs and execut i ve condi t i ons

A cm2 105. 94 Ee NW/ m2 206000 Ep NN/ m2 3040

£y=ays/ Ee 0. 0013 L m 12. 5 L m 0. 7

V m/ day 1. 5 D m 7. 6 P MN/ m2 7. 88

1/ a NW/ m2 80 1/ b f -N/ m2 80 h m 0. 25

X 0. 4

5 10 20 50 100 

1 + T ( T: Days)

Fi g. 3 Radi al  di spl acement s of  t he gr ound 
sur r oundi ng a c i r cul ar  t unnel

Cr eep f unct i on of  t he gr ound

Fi g. 3 shows t he r adi al  di spl acement  i u0 of  t he 
gr ound sur r oundi ng a c i r cul ar  t unnel  ( D=3 m)  
wi t hout  l i ni ngs,  whi ch was exper i ment al l y  
excavat ed at  a shal l ower  si t e bef or e a mai n 
t unnel  ( D=7. 6 m)  was excavat ed.  Au0 does not  
i ncl ude t he di spl acement  whi ch was al r eady 
br ought  about  bef or e t he t i me t i  when measur e ­
ment  st ar t ed,  and i t  can be shown by t he f ol l ow­
i ng equat i on,

Au0 ( T) = c+m- l n( l +T)  , ( T: Days) ( 13)

ANALYTI CAL RESULTS AND FI ELD MEASUREMENTS

To ver i f y t he met hod ment i oned above,  f i el d dat a 
of  ear t h pr essur es and di spl acement s of  t unnel  
suppor t s execut ed by NATM i n t he t i me dependent

1 . 0

wher e c and m ar e const ant s,  and T i s t he t i me 
af t er  t he t unnel  has been excavat ed.  On t he 
ot her  hand,  t he anal yt i cal  di spl acement  u can be 
expr essed by t he f ol l owi ng equat i on,  assumi ng 
t he pl ane st r ai n condi t i on,

u ( T) = a|Pcf> (T)  /  ( 2r ) ( 14)

and

wher e r  i s t he di st ance of  r adi al  di r ect i on f r om 
t unnel  cent er .  Fr om Eqs.  ( 13)  and ( 14) ,  i t  i s 
easi l y  under st ood t hat  41 ( T)  may be expr essed by 
a l ogar i t hmi c f unct i on <(> ( T)  = a+b• I n( 1+T)  , and by 
subst i t ut i ng t hi s f unct i on i nt o Eq. ( 14) ,  Au0 can 
be shown as

Au0( T) =u( T) - u( t 1) =^ ^ { l n ( l +T) - l n ( l  + t i ) }  ( 15)

As t he Measur ed val ue m i n Eq . ( 13)  cor r esponds 
t o aJPb/ ( 2r )  i n Eq. ( 15) ,  r et ar dat i on shear  
modul us 1/ b can be det er mi ned as 80 MN/ m2. 
Subsequent l y,  t he val ue of  shear  modul us 1/ a may 
be est i mat ed as 80 MN/ m2 by usi ng Fi g. 4,  whi ch 
shows t he r el at i onshi p bet ween 1/ a and 1/ b,

t :Days Cl C 2

0<l +t £4 0 0. 442

4<l +t £l 0 0. 245 0. 266

10<l +t sl 00 0. 552 0. 133

100<l +t 0. 947 0. 047

10 20 50 100 200 365

1 + t  ( t : Days)

Fi g. 2 Ti me dependent  char act er i s t i c  of  t he 
st r engt h of  r api d har deni ng concr et e,  
const ant s Cj  and C2 i n Eq.  ( 11)
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1000

„  100

* 10\

1

0.1
0. 1 1 10 100 1000 

1/ b ( MN/ m2)

Fi g. 4 Rel at i on bet ween shear  modul us 1/ a and 
r et ar dat i on shear  modul us 1/ b

obt ai ned by bot h f i el d dat a of  t i me dependent  
sur f ace set t l ement s due t o shal l ow t unnel  exca ­
vat i on and l abor at or y cr eep t est s about  sever al  
soi l s and sof t  r ocks ( I t o and Hi sat ake,  1979b,  
1981) .

Anal yt i cal  and measur ed r esul t s

Fi g. 5 shows t he anal yt i cal  and measur ed ear t h 
pr essur es act i ng on suppor t s.  Fr om t he anal y t ­
i cal  r esul t ,  i t  can be under s t ood t hat  t he ear t h 
pr essur e i ncr eases wi t h t i me unt i l  i t  r eaches 
t he val ue p s=Aa„ s/ ( a0L)  at  whi ch t he suppor t  
yi el ds.  Then t he i ncr ease of  t he ear t h pr essur e 
st ops t empor ar i l y  and r esumes af t er  t he shot cr et e 
yi el ds.  Such anal yt i cal  behav i or  i s i n good 
agr eement  wi t h t hat  of  f i el d measur ement s.

E 1. 4
?:

1. 2
<u

D
t/) 1. 0
c/)

U. 8
Cu

rC
+-> II h
aJ
U-l

0 . 4

0 . 2

0

0. 1 0. 2 0. S 1 2 5 10 20 50 100 
t j  (Days)

Fi g. 5 Anal yt i cal  and measur ed ear t h pr essur es 
act i ng on suppor t s

The cur ves i n Fi g. 6 show t he anal yt i cal  t unnel  
di spl acement s u af t er  t he l i ni ng i s execut ed at  
t he t i me t =t o i n bot h t he cases of  t he NATM and 
t he convent i onal  met hod i n whi ch t he ef f ect  of  
suppor t s pr event i ng t unnel  di spl acement s i s 
negl ect ed.  The measur ed set t l ement s at  cr own 
ar e al so pl ot t ed i n Fi g. 6.  The anal yt i cal  
di spl acement  i n t he case of  NATM i s c l ear l y  l ess 
t han t hat  of  t he convent i onal  met hod.  The

i i 1 
•  : Est i mat ed f r om sur f ace

set t l ement s caused by shal l ow 
t unnel  excavat i on o

" O: Resul t s of  
l abor at or y 
t est s %o  %  o  

o o #

0 8  

©  0) 0 
o

..... 1__

•  •

1 1

8

CD

a(O
a

Fi g. 6 Anal yt i cal  di spl acement s ( t he NATM and t he 
convent i onal  met hod)  and measur ed ones

20

N.
2

5 15

o

10

5

0
0

Fi g. 7 Ef f ect  of  t he i nt er val  of  suppor t s L on 
Oy C and Ty^

measur ed di spl acement s  cor r espond mor e cl osel y  t o 
t he anal yt i cal  r esul t  of  NATM t han t hat  of  c on ­
vent i onal  met hod.  Fi g. 7 obt ai ned anal yt i cal l y  
shows t he ef f ect  of  t he i nt er val  of  suppor t s L on 
t he compr essi ve st r engt h of  shot cr et e ayc and on 
t he t i me span Tyc f r om t he t i me of  execut i on of  
shot cr et e t o t hat  of  i t s yi el di ng.  I f  L i s 
l ar ger  t han 2m,  t he st r engt h of  shot cr et e becomes 
ver y l ow.

CONCLUSI ON

I n t hi s st udy,  an anal yt i cal  met hod t o cal cul at e 
ear t h pr essur es,  di spl acement s and axi al  st r esses 
of  t he suppor t  and shot cr et e execut ed by NATM i s 
newl y  pr oposed.  Consequent l y,  var i ous execut i ve 
condi t i ons can be ef f ect i vel y  det er mi ned by t hi s 
met hod.
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