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A B ST R A C T : T h is p ap er d esc rib es the fo llo w in g  tw o  issu es su g g ested  b y  the them e lec tu rer o n U nd erg ro und  W o rks in U rb an  En v iro n m en t 

; 1. G e o te c h n ic a l C rite ria  fo r se le c tin g  m ech an iz ed  tu n neling  sy stem  in Jap an . 2 . R e c e n t e x p e rie n c e  o f  u sing  D eep  M ix in g  M eth o d  fo r 

tu n neling .

1 G EO T EC H N IC A L  C R IT ER IA

G eo te c h n ic al C riteria fo r se lec tin g  m echan iz ed  tu nneling  sy stem  in 

Jap an  are  as fo llo w s. Fig u re  1 sh o w s th e  g en eral f lo w  o f  ho w  to  

se le c t th e  m ec h an iz ed  tu n nel sy stem , co n sid erin g  v ario u s fac to rs 

su c h  as lo c a tio n , e n v iro n m e n ta l c o n d itio n s , m o re  im p o rtan tly , 

d esig n  c rite rio n , len g th  and  d iam eter o f  tu nnel, g ro und  co nd itio n , 

so il ty p es and  so  fo rth . C o n stru c tio n  p erio d  and  req u ired  are  also  

im p o rtant fac to rs to  b e  co n sid ered . It is c lear fro m  the flo w  that it is 

ab so lu tely  n ecessity  to  hav e exp erienced  and  integ rated  en g ineering  

ju d g m ent to  arriv e at the app ro priate, y et eco no m ical tunneling  sy stem  

fo r a g iv en p ro ject.

So m e  y ears ag o , Jap an  So c ie ty  o f  C iv il En g in eers ( 1 9 9 6 )  m ad e 

a q u e stio n n aire  su rv ey  o n w hat ty p e o f  sh ie ld  m ac h in es has b een

Fig u re  1. G en eral f lo w  o f  se le c tin g  m ech an iz ed  tu nnel sy stem

used  in ac tu al c o n stru c tio n  p ro je c ts , o v er the to tal leng th o f  800k m  

tu nnel c o n stru c tio n . T h e  resu lt is su m m ariz ed  in Fig  2. It b e c am e 

ev id en t fro m  the su rv ey  that c lo sed  fac e  m ac h in e s, su ch  as slu rry  

sh ie ld , earth  p re ssu re  b a lan c e d  sh ie ld  are  p re d o m in an tly  u sed . 

A m o ng  w hich , the earth p ressu re b alanced  sh ield  w ith ad d itiv es are 

the m o st freq u ently  ad o p ted , in p articu lar fo r sand y  so il and  g rav el 

lay ers.

O n e o f  m ain g eo tec h n ic al fac to rs in se lec tin g  the m ach ine  is so il 

ty p e : c lay  o r sand . To  d istin g u ish  b e tw een  so ft allu v ial c lay  and  

stiffe r p le isto cen e  c lay  is also  n ecessary  in v iew  o f  so il streng th  and  

w ater co ntent. G rad ing  info rm atio n is ano ther im p o rtant facto r, such 

as f in e  co ntent, sand  co ntent, g rav el c o ntent. G ro und  w ater pressure 

also  fo rm s an im p o rtant facto r fro m  the v iew  p o int o f  w ater tig htness 

o f  the tunnel sy stem , sp ec ially  at a d ischarg ed  g ate , in p articu lar fo r 

cases o f  sand y o r g rav el lay ers.

Fig u re  3 is a se lec tio n  chart ac co rd in g  to  g eo tec h n ic al co nd itio n , 

g iv en  in the Stand ard  Sp ec if ic atio n  fo r Tu n nels p u b lished  b y  Jap an  

So c ie ty  o f  C iv il En g in eers ( 1 9 9 6 ) , in w hich the typ es o f  m achine are 

classified  in term s o f  so il typ e and  SP T  b lo w  co unt. Fo r exam p le, if  you 

have an alluvial so ft clay  w ith SFT-N  say  2, y o u  co u ld  se le c t e ith er earth 

p ressu re b alan ced  sh ie ld  o r slu rry  sh ie ld . Bu t i f  y o u  hav e  a stif fe r 

c lay , ad d itiv e s  are  o f te n  n e e d e d  to  m ain ta in  f lo w a b ili ty  in  a 

w o rk in g  c h am b er o f  sh ie ld  b e c au se  o f  sm all w ater c o n ten t o f  the 

stif f  clay . A d d itiv es are also  need ed  fo r sand y  so il to  keep  the face  

stab ility  and  f lo w ab ility  o f  the excav ated  so il. W hen  y o u  hav e g rav el 

lay ers, slu rry  sh ield  m ay  no t b e  the b est c h o ic e , b ecau se o f  p o ssib le 

c lo g g in g  o f  th e  m u ck  tran sp o rtatio n  p ip es and  a lso  b e c au se  o f  

d if f ic u lty  in o b tain in g  su f f ic ie n t fa c e  stab ility . W e  a lso  h av e  to  

rem em b er that slu rry  sh ie ld  tu nnel sy stem  has treatm en t fac ilitie s  

w hich  req u ire  ad d itio nal cast and  sp ac e . In th ese  p o in ts in m ind , it 

is said  that the earth  p ressu re  b alan c ed  sh ie ld  w ith  ad d itiv es has 

w id er ap p licatio ns.
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Figure 2. Type o f machine used in Japan
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Figure 3. Geo technical selectio n chart fo r tunnel system
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T h ere  are  b asic ally  fo u r ty p es o f  ad d itiv es cu rren tly  b een  used  in 

Jap an : c lay  m in erals su ch  as Be n to n ite , in te rfac ia l ac tio n  ag en t, 

ty p ically  fo am in g  ag ent, p o ly m er ty p es su ch as C M C  and  hig h w ater 

ab so rp tio n  resin . A m o n g  w h ich  m o st freq u en tly  used  ad d itiv es is 

C M C , w hich  is a kind  o f  v isc o se  increasing  ag ent, fo llo w ed  b y  o ther 

three ty p es. Bu t there is an in creasin g  trend  o f  using  fo am in g  ag ent, 

p artly  b ec au se  the ex c av ated  so il w ith Ben to n ite  so m etim es has to  

b e  treated  as an in d u strial w aste  and  the o v erall p lant req u ired  is 

re lativ e ly  larg e co m p ared  to  that o f  fo am ing  ag ent. Past exp eriences 

sh o w  th at w e need  m o re  th an  3 0 %  f in e  c o n te n t to  h av e  sm o o th  

o p eratio n . T h e re  is an em p iric al eq u atio n  o f  ho w  m u ch  ad d itiv es 

are  re q u ire d , re c o m m e n d e d  b y  A s s o c ia tio n  o f  Ea rth  P re ssu re  

Balan c e d  Sh ie ld  w ith  A d d itiv e M eth o d  ( 1 9 8 9 )  as

2 A D D ITIV ES

Concentration (D)

=  a x  (3 0 —P0.074) x + (40—Pq 25) ^ (60- P2 (p

in  w h ich  the co n c en tratio n  D . is d efined  as

Concentration (D) =
Weight of the additive  

Weight of the water
■ X 1 0 0  ( %  )

P0.074 ■ 0.074 m m  Percentage passing, 

Pq 25 : 0.25 m m  Percentage passing, 

P2 0 2.0 m m  Percentage passing,

a : 2.0 ¡3'. 0.5, y : 0 .2

P0 074 = 30 ,or over 30% 

Pq 25  = 40 f° r over 40% 

P j 0  = 4 0  for over 60%

a  : A  coeffic ient accord ing  to Uniformity coefficient (Uc)

o = 1 .0

a = l . l
a = 1 . 2

U c£4  

4 > U c i 3  

3 > U c >  1

v  TP  ± 0.00 Tunnel

in  m eters

Fig u re  4 . Im p ro v ed  z o n e  b y  D M M
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Fig u re  5. D ata o f  so il stren g th  afte r im p ro v em en t

Jap an has m o re than 10 y ears exp erience o f  using  fo am ing  agent. 

Based  o n accu m u lated  exp eriences, Fo am  Shield  M etho d  A sso ciatio n 

(19 9 2 )  co m es up w ith the criterio n fo r required  m ixing  ratio (Q ) w hich 

is the ratio  o f  v o lu m e o f  fo am  to  the v o lu m e o f  excav ated  so il. Fo am  

m ixtu re ratio  is ag ain  exp ressed  by  the fu nctio n  o f  U c  and  the sam e 

g rad ing  characteristics as

Foam M xlng Ratio (Q)

=  - ^ -  I ( 6 0 —4 X X0 ®) +  ( 8 0 -  3.3 X Y0 » ) ( 9 0 - 2 . 7 X Z0 -8) I ( % )

w ere  g iv e n  to  d e te rm in e  th e  stre n g th  and  s tif f n e ss  o f  th e  c la y  

im p ro v ed  b y  D M M , su c h  as s u f f ic ie n t u p lif t re s is ta n c e  ag ain st 

b u o y ancy  fo rc e  ac tin g  o n the tunnel and  su ff ic ien t stif fn e ss ag ainst 

th e  e m b an k m e n t lo ad in g  and  a lso  th e  d u rab ility  o f  th e  sh ie ld  

m ach ine  fo r su ch  as larg e and  lo n g  tu nnel.

Fig u re  5 sh o w s so m e resu lts o f  so il stren g th  b e fo re  and  a f te r 

im p ro v em en t (Jap an  So c ie ty  o f  C iv il En g in e e rs , 1 9 9 6 ) . T h e  so il 

stren g th  m easu red  sc atte rs w ith in  th e  tw o  lim its ; th e  lo w e r lim it 

g o v erned  b y  stab ility  and  se ttlem en t, th e  u p p er lim it g o v ern ed  by  

w ear o f  the cu tter.

X : 0.074 mm Percentage passing, 4 x  X °* = 60 for over 60% 

Y : 0.25 mm Percentage passing, 3.3 x  Y°« = 80 for over 80% 

Z : 2.0 mm Percentage passing, 2.7 x  z°-# = 90 for over 90%

a  : A  co effic ien t accord in g  to  Uniformity co effic ien t (Uc)

a = l .0 Uc S  15

a = l .2 15 >  Uc S  4 

a = l .6 4  >  Uc

U su ally  th ese  ad d itiv es are used  in c o m b in atio n  in o rd er to  se lec t 

the m o st su itab le  c o n d itio n s fo r a p articu lar so il b e in g  exc av ated . 

Thu s in ad d itio n  to  m an u fac tu rer’ s sp ec if ic atio n s, a set o f  trial m ix ­

ing  tests w ith the so il is n ecessary  p rio r to  the ap p licatio n .

3 SO IL  IM P R O V EM EN T

T h ere  are a w id e v ariety  o f  p o ssib le  so il im p ro v em ent m etho d s fo r 

tu n neling , in w h ich  je t  g ro u tin g  m etho d  w ith c h em ic al g ro u tin g  is

freq u ently  used  in Jap an . Bu t w e d o  hav e a recent case  w here D eep

M ix in g  M eth o d  (D M M ) has b een  used  fo r tu nneling .

In the Trans To ky o  Bay  H ig hw ay  Pro jec t w hich  co nsists o f  10km  

tu n n e l se c tio n  and  5k m  B rid g e  Se c tio n , D M M  w as ap p lied  at 

U k ish im a A c c e ss  w here  w e hav e  a 30m  th ick  so ft allu v ial d ep o sit. 

Slu rry  sh ie ld  m ach in e  used  has a d iam eter o f  slig h tly  o v er 14m .

Fig u re  4  sh o w s the illu stratio n  o f  im p ro v ed  z o n e b y  D M M  w ith 

70 m  w id e  30m  d eep  and  7 00m  lo n g . So m e  d esig n  co n sid eratio n s

4  SU M M A R Y

( 1 ) Th ere  ex ists a stand ard  sp e c if ic atio n  fo r tu nnel, b y  w h ich  the 

p rim ary  se le c tio n  is carried  o u t. So il ty p e, g rad in g  in fo rm atio n  and  

w ate r p re ssu re  to g e th e r w ith  th e  c o s t re q u ire d  f o r  tre a tm e n t 

fac ilitie s and  o v erall p lants are c ru c ial fac to rs fo r the f in al se lec tio n  

o f  the m achine .

( 2 )  Je t g ro u tin g  is u su ally  used  fo r so il im p ro v em en t. A  c are  

reco rd  o f  u sing  D eep  M ix in g  M etho d  fo r tu n neling  w as p resented .
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