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AbSTRACI 

Tliis report  presents tile resu l t s  of a design analysis 

f o r  tne prir;~ar,y tunnel l in ing of the  proposed twenty foot diameter, 

twin tunnels of tne  Edmonton Rapid Transit  System. The analysis  and 

design focus on tiie spacing of the  supporting r ibs  and the  adequacy of the 

r i b  and lagging systen! t o  be used. 

Several f i n i t e  element analyses involving various 

assumptions were carr ied out t o  assess the r i b  and lagging system. The 

design of tiie primary l in ing indicates a r i b  spacing of four f e e t  wi l l  

b e  adequdte t o  ensure the  long-term s t a b i l i t y  of the  lining. Some 

rninor f a i l u r e  of the  lagging ,can be ant ic ipated i f  the  maximum jacking ' 

pressures a r e  required t o  advance the  shie ld .  

Estimates of settlement prof i les  above the tunnel sections 

a r e  based on recorded experience ~ i t h  tunnels in  s imi la r  s o i l  conditions. 

Settlements above the  tunnel a r e  strongly dependent on the tunel l inp 

technique and workmanship involved. If good workmanship prevai ls ,  

m i n i m u m  settlements witnin to le rab le  1 i n i t s  are ant ic ipated.  
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,INTKODUCiIOl~i 

S ince  IS55  t i re C i t y  o f  Edmonton has beeri develop- i r is  an 

e x t e n s i v e  system o f  t u n n e l s  t o  p r o v i d e  new and adequate  s t o r m  and 

s a n i t a r y  sewer f a c i l i t i e s .  

One o f  t i i e  ri iain reasons f o r  t h e  preponderance o f  t u n n e l s  

w h i c h  have been deve loped  i n  t h e  City, i s  t h e  g e n e r a l l y  conduc ive  s o i l  

c o n d i t i o n s  w h i c h  e x i s t  w i t h i n  t h e  c i t y  l i m i t s  and s u r r o u n d i n g  area.  

The most  r e c e n t  m a j o r  p roposa l  f o r  t u n n e l l i n g  i n  t h e  C i t y  

i s  t i re p lanned c o n s t r u c t i o n  o f  a r a p i d  t r a n s i t .  sys tem t o  s e r v i c e  t h e  

c i t y .  Cut -and-cover  t e c h n i q u e s  a r e  proposed c o n s t r u c t i o n  methods f o r  

a  l a r g e  p o r t i o n  o f  t h e  p lanned  r o u t e .  However, i n  o r d e r  t o  m i n i m i z e  

d i s t u r b a n c e  and d i s r u p t i o n  i n  t h e  c e n t r a l  a r e a  o f  t h e  c i t y ,  t h e  subway 

sys tem w i l l  b e  c o n s t r u c t e d  by t u n n e l l i n g  techn iques  i n  t h e  downtown area 

T h i s  r e p o r t  d e a l s  w i t h  t h e  s u b s u r f a c e  phase o f  t h e  p r o j e c t  

( F i g u r e  1 )  - a  p o r t i o n  o f  t i i e  N o r t h  Eas t  T r a n s i t  l i n e  -. e x t e n d i n g  

between t h e  Jasper  Avenue S t a t i o n  a t  lOOA S t r e e t  and 101 Avenue and 

C e n t e n n i a l  S t a t i o n  a t  102 Avenue and 99 S t r e e t .  

T h i s  p r o j e c t  i n c l u d e s  t h e  c o n s t r u c t i o n  o f  t w i n  twen ty  f o o t  

d i a m e t e r  t u n n e l s  a t  t h i  r t y - n i n e  f e e t  c e n t r e - l o - c e n t r e .  ' lhe h o r i z o n t a l  

c e n t - r e l i n e s  o f  t h e  t u n n e l s  v a r y  between t i 1 i r t . y - f o u r  and f o r t y  f e e t  

be low t i l e  e x i s t i n g  g round  s u r f a c e .  

T h i s  p o r t i o n  o f  t h e  r a p i d  t r a n s i t  sys tem has some s p e c i f i c  

d e s i g n  c o n s t r a i n t s  w h i c h  l i iust be t a k e n  i n t o  a c c o u n t  due t o  t i l e  r o u t e  

l o c a t i o n  beneath  t i l e  Edmonton P laza  l i o t e l  and s e v e r a l  o t h e r  n ia jo r  

s t r u c t u r e s  irr t i l e  a rea  



Pilc)PO:iEL? N O R T H E A S T  Ei iMONTON 

RAP10  THANSlT SYSTEM 

<AFTER E.B.A.. 1975) 

SITE PLAN AND BOREHOLE LOCATION 



Tnis report does not deal with the special influences 

of pi1e:tunne.l or  foot.ing/tunnel interact ions  h u t  considers only 

tile desigri of the primary l ining under general conditions. In th i s  

respect ,  tile f ina l  design of the primary l ininy obtained i n  t h i s  

evaluation can be extended t o  future portions of t he  proposed subway 

system provided similar subsurface conditions e x i s t  and the construction 

technique i s  s imi la r .  

The tunnels are  to  be constructed using a shielded mole. 

The l ining will  be erected in two stages. F i r s t ,  the primary l ining 

w i l l  be constructed as the tunnel i s  advanced. In  an attempt t o  

minimize the settlements above the tunnel, the primary l ining wil l  he 

assembled in the ta i lp iece  of the shield  and will  conte in to  contact 

with the soi l  .immediately a f t e r  the so i l  emerges froin the protection 

of the ta i lp iece .  

The permanent l in ing ,  consist ing of cast-in-place, re- 

inforced concrete will  be poured i n  d i r ec t  contact w i t h  the primary 

r i b  and lagging l ining a t  a l a t e r  date.  

STRATIGRAPHY A N D  SUBSCRFACE COI4DITIONS 

Unless otherwise noted, a l l  information reported i n  t h i s  

section was extracted from the geotechnical evaluation of t he  s i t e  by 

E. B.A.  Engineering Consultants Ltd. (1975). 

The s i t e  location plan i s  shown in Figure 1. A general 

cross-section along the proposed subway route i s  sliown i n  Figure 2. 





The subs~rrface coilditions oenerally cons is t  of varying 

t;iickrresses of f i l l  overlying a lacustr ine s i l t y  clay. Beneath the 

lacustr ine deposit (or f i ' l l  in some areas)  i s  an extensive deposit of 

s i l t y  clay t i l l .  Tile f i l l  consis ts  of three units-upper and lower t i l l  

sheets  separated b y  an outwasn sand. The upper t i l l  skeet i s  columnar 

jointed while the 'lov~er sheet has a rectangular j o in t  syst-em. The 

sand seam is u p  t o  two f ee t  thick and i s  termed Tofield sand (Westgate, 

1969). I t s  location i s  near the spr ingl ine of the tunnel. Geotechnicaily 

the  t i l l s  are  essen t ia l ly  ident ical .  I n  the v i c in i ty  of the tunnel,  

the  t i l l  i s  underlain by the Pleistocene Saskatchewan Sands and Gravels 

~.riiich in turn over1 i e  the overconsolidated bedrock of Upper Cretaceous' Age 

cal led the Horseshoe Canyon Formation of the  Edmonton Group.  Further 

de ta i led  information on the geology and genera1 s t ra t igraphy in the 

Edmonton area i s  available from Westgate (1969) and Katho'l and MacPnerson 

(1 9 7 5 ) .  

Tile proposed invert elevation of the  twin tunnels i s  sliovrn 

in Figure 2 .  The tunnels generally pass through the t i l l  deposit  b u t  

encounter the Saskatchewan Sands and Gravels a t  some locations.  

The e n t i r e  s i t e  i s  overlain by f i l l  varying from 1 t o  18 

f e e t  in thickness. The f i l l  i s  predori~inantly remoulded s i l t y  clay b u t  

ranyes from s i l t y  clay to  rubble. The natural water content varies from 

3 to  30 vercent with an average of 20 percent. Standard penetration 

t e s t s  in the f i l l  gave N value ranging from 8 t o  17 blows per foot. 



For design purFoses a sa tura ted  b u l k  dens i ty  of 120 pound: p e r  cubic 

f o o t  was assunted. 

Lacus t r ine  S i l t y  Clay 

The g l a c i a l  l a k e  sediments were n o t  encountered i n  the  

v i c i n ~ t y  o f  Coreholes 1 ,  2 and 9 b u t  e x i s t  over t h e  remainder o f  t h e  s i t e .  

The Lake Edmonton sediments are  u s u a l l y  ox id ized,  g rey i sh  brown and 

calcerous (E.B.A. ,  1975). The i n  s i t u  n a t u r a l  wa te r  content  o f  the  

s i l t y  c l a y  va r ies  between 20 and 35 percent  w i t h  29 percent  b e i n g  a  

rep resen ta t i ve  value. A sa tu ra ted  b u l k  dens i t y  o f  120 pounds p e r  

cub i c  f o o t  was assumed f o r  design purposes. 

T i  11 -- 

The l o c a l  t i l l  i s  a  very dense, heterogeneous depos i t  

v a r y i n g  from sandy t o  s i l t y  c lay  and con ta in ing  a  few boulders up t o  

ten  inches i n  diameter.  The average n a t u r a l  water  content  o f  t h e  till 

i s  15 percent  and va r ies  from 7 t o  30 percent.  The average l i q u i d  and 

p l a s t i c  l i m i t s  o f  t i le  t i l l  m a t r i x  a r e  36 and 17 percent  respec t i ve l y .  

N values measured i n  the  t i l l  ranged from 12 t o  g rea te r  than 100 blows 

per  f o o t  w i t h  an average va lue  o f  57 blows p e r  f o o t .  

The undrained shear s t r e n g t h  nieasured i n  unconf ined 

compression t e s t s  ranged between 1500 and 9300 pounds per  square f o o t  

(p . s . f . ) ,  rrhereas -the undrained s t r e n g t 5  measured i n  unconsol idated, 

undrained t e s t s  was s i g n i f i c a n t l y  h igher  - b e t w e n  2500 and 21000 p.s.f. 



A value of 3300 p . s . f .  i s  recoinmended fo r  design pvrposes ( E . E . A . ,  

1975). Recorded values of the  e f fec t ive  strengtil parameter 0' vary; 

between 23" and 31 '5" (i,lathis, 1974)  and 37.5" ( E . E . A . ,  1975). P, value 

of 31" was used in design. 

Due t o  the joint ing in the  t i l l  (Westgate, 1969; Matheson, 

1970), a cohesion intercept ,  C ' ,  of zero was assumed. A b u l k  density 

of 135 pounds per cubic foot  i s  suggested f o r  design purposes ( E . B . A . ,  

1975). The overconsol.idation r a t i o  of the  t i l l  i s  appt-oxirnately two. 

One of tile major d i f f i c u l t i e s  ant ic ipated during tunnel 

construction through the t i l l  i s  the poss ib i l i ty  of running o r  ravell ing 

ground due t o  occasional water-bearing sand pockets located within the 

t i l l .  The location of these sand lenses cannot be predicted. 

Saskatchewan Sandsand Gravels 

This granular deposit i s  of ear ly  Pleistocene age and 

consis ts  of well sor ted,  rounded quartz sands w i t h  minor s i l t  and clay 

f rac t ions  (Kathol and MacPherson, 1975). The natural  water content 

var ies  from 7 t o  22 percent and the  N values,as measured by the  

standard penetration t e s t , a r e  generally greater  than 100 blows per foot. 

Horseshoe Canyon Formation 

This very dense, overconsolidated bedrock formation consis ts  

primarily of interbedded bentoni t ic  mudstones, s i l t s t o n e s  and sandstones. 

Occasional coal seams extend through the deposit.  The planned subway 

route encounters the  formation only i n  the  vicinty of Borehole 1 .  In 



general ,  iro:.:cver, the  bedrock fgrtilation n i l1  riot inipose a!ly special  

considerations on the design of the twin tunnels in t h i s  phase of t.!le 

construction.  

Groundwater Conditions 

The groundwater l eve l ,  measured in  a piezometer i n s t a l l ed  

in Borehole 3, i s  approximately 57 f ee t  below the  ground surface,  or  

seven f e e t  below the proposed tunnel inver t  (E.E.A., 1975),. Due t o  

the  impervious  nature of the  t i l l  through which the  tunnels wi l l  be 

constructed groundwater conditions should not impose s ign i f i can t  

construction problenls. If occasional sand and gravel pockets a r e  

encountered some dewateriny may be necessary. tiowever, the extent  of 

these water-bearing lenses i s  unknown and d i f f i c u l t  t o  predict .  

DESIGN O F  PRIFIARY LINING 

As mentioned previously, the  l in ing of the t w i n  tunnels vri 11 

be composed of both a primary and a secondary ' lining. Trie primary 

l in ing  must be capable of withstanding the  applied loads and deformations 

t o  obviate e f f ec t s  of ground movements i n  the do1.rntown areas.  

In an attempt t o  aver t  the  loss of ground due t o  localized 

f a i l u r e s  in the  t i l l ,  si~cti as t h a t  described by l~latheson (1970), o r  

t.hrough excessive tunnel squeeze, a shielded mole w i t h  an extended tai ' l -  

piece will  be used fo r  the  excavation of the tunnels. The primary l in ing  

cons i s t s  of s tee l  r ibs  and wood lagging. The r i b s  and lagging wil l  be 

erected within the t a i l p i ece  and expanded against  the  tunnel as the shie ld  



i s  advanced (b;ayo e t  a1 , 1968). 

The pr imary l i n i n g  must be designed t o  support bo t f l  

snor t -and long-term loadings.  I n  t l i e  short- term, the  pr imary l i n i n g  

i s  subjected t o  t h e  a c t i o n  o f  c o n ~ t r u c t i o n  loads such as a x i a l  forces 

caused by s n i e l d  jack ing .  Other cons t ruc t i on  loads such as e r e c t i o n  

loadings are n o t  usua l l y  c r i t i c a l  t o  design (Mayo e t  a1,1968). 

I n  t h e  long-term, t h e  pr imary l i n i n g  must the  long-  

tern1 e a r t h  pressures t h a t  are t ransmi t ted  t,o the  l i n i n g .  

The design o f  t h e  ' lagging has heen separated i n t o  t h e  

f o l l o w i n g  f o u r  categor ies;  

A - R ib  Supports ( f  s h o r t - ~ e r m  

( i i )  Long-Term 

8 - Lagging ( i )  Short-Term 

( i i )  1-ong-Term 

A l i t e r a t u r e  review found t h a t  s p e c i f i c  cases o f  pr imary l l ' n i ng  design 

a r e  n o t  w e l l  documented. One o f  the  reasons f o r  t h i s  i s  t h a t  one o f  t h e  

l e a s t  q u a n t i f i a b l e  i npu ts  i n f l u e n c i n g  t h e  design of t h e  l i n i n g s  i s  t h e  

workmdnship invo lved.  

One o f  the more ex tens ive  o v e r a l l  o u t l i n e s  o f  f a c t o r s  

impor tan t  t o  tunnel  design and cons t ruc t i on  was repo r ted  by Peck (1969). 

Several  neth hods o f  es t ima t ing  t h e  e a r t h  pressure a c t i n g  on 

a tunnel  l i ~ l i n g  a r e  ava i l ab le .  J f  i t  i s  assumed t h a t  t h e  l i n i n g  i s  

comple te ly  f l e x i b l e  and can deform t o  a  neu t ra l  p o s i t i o n ,  then the  

d i s t r i b u t i o n  o f  pressure on t h e  l i n i n g  i s  as shown i n  F igu re  4.  In 

t h i s  case the  capac i ty  o f  t h e  l i n i n g  must be adequate t o  c a r r y  t h e  r i n g  
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s t resses  from the avplied radial pressure. t!o\:ev?r, i f  the member is  

f l ex ib l e ,  i t  will  ueior~ii sucli tha t  no bending nonents e x i s t  within the :  

s t ruc tu re .  

RLDesiqn:  Lonq-Term 

The standard r i b  supports used in constructing tunnels 

of t h i s  s i z e  in the City of Edmonton are  llF6x25 beams w i t h  a y i e ld  s t r e s s  

of 50,000 p . s . i .  

The assumed so i l  stratigraphy used in the  analysis of the  

primary l ining i s  shown i n  Figure 3 .  

As outlined by Peck (1969), the f l e x i b i l i t y  of a r i b  and 

lagging, printary tunnel l in ing l i e s  somewhere between complete 

f l e x i b i l i t y  and perfect  r i g id i ty .  Since the r i b  supports a r e  ins ta l led 

in four segments and the efficiency of the connections i s  low, an 

assumption of near perfect f l e x i b i l i t y  i s  valid.  The l ining therefore 

can deform t o  a position where a uniform s t r e s s  d i s t r ibu t ion  e x i s t s ,  

t h a t  .is, bending moments are  zero. 

Using th i s  premise of a f lex ib le  l in ing  under the influence 

of the pressure dis t r ibut ion shown in Figure 4,  the  design of the  r i b  

spacing i s  worked o u t  in de ta i l  in Appendix A - Design Notes. The basic 

steps involved are  ( i )  an assumption of t he  s t r e s s  d i s t r ibu t ion  acting 

on the l ining and ( - i i )  determination of the physical properties of the 

r ibs  t o  be used i n  the construction. From these data t he  proper r i b  

spacing i s  calculated.  

Peck (1969) suggests t h a t  the s t r e s se s  acting on the primary 



l i n i n g  a f t e r  d e f l e c t i o n  can be est imated u s i n ~ j  the  r e l a t i o n s i l i p  

where p i s  the  t o t a l  overburden pressure a t  t h e  e leva t i on  
2 

o f  t h e  centre1 i n e  o f  t h e  tunne l .  

I n  o rder  t o  use. t h i s  r e l a t i o n s h i p  an es t imate  o f  K  must 
0 

he made. Brookeu. and I r e l a n d  (1965) suggested t h a t  KO cou ld  be est imated 

f o r  a  s o i l  i f  t h e  s t ress  ! l i s t o r y  and p l a s t i c i t y  index  were known. An 

average I o f  20% and an O.C.K.  o f  two y i e l d s  a  value o f  KO approxiniately 
P  

equal t o  0.70 (Brooker and I re land ,  1965). The r e l a t i o n s h i p  

KO = 0.7 + O.l(O.C.R. - 1.2) (2)  

was suggested by  Bowles (1974). 

Using t h e  above equat ion KO i s  equal t o  0.78. Other  s tud ies  o f  t h e  

hehaviour  o f  t h e  t i l l  i n  the  Edmonton area (Matheson, 1970) suggest a  

Ko o f  u n i t y .  For  design purposes a  value o f  KO = 1  used. This  may 

tend t o  g i v e  conservat ive r e s u l t s ,  however, i t  probably represents the  

upper l i m i t s  o f  KO i n  the  downtown Edmonton area. I n  a d d i t i o n ,  the 

requirement f o r  in in in l iz ing t h e  ground rllovernents suggests a conservatl;ve 

approach. 

Using a  y i e l d  s t r e n g t h  o f  50,000 p.s.i. f o r  the  s t e e l  and 

t h e  p rope r t i es  o f  t h e  wide f lange sec t i on  (C.I.S.C., 1970; see a l so  

Appendix A ) ,  t h e  a l lowab le  a x i a l  l o a d  t h a t  t h e  r i b  can r e s i s t  i s  220 

k i p s .  



Using the  s t ress  i ! i s t r i b u t i o n  from equat ion (1 )  and an 

a l lo ivahle a x i a i  load of 220 k ips  per  r i b ,  a  spacing o f  4.1 f e e t  centre- 

t o -cen t re  i s  obtained. (Appendix A ) .  As go in ted  o u t  i n  t i l e  Cesign 

Notes (Appendix A), us ing  t h e  assumptions noted, no moments o r  shear 

e x i s t  w i t h i n  t h e  member. 

The Factor o f  Safety i nvo l ved  in t h e  design i s  app l i ed  t l i rough 

t h e  Factor  o f  Safe ty  i n  t h e  design o f  t h e  s t e e l  r i b .  The recommended 

a l l owab le  y i e l d  s t ress  i s  0.6  Fy o r  30,000 p.s.i., This  corresponds t o  

a Fac tor  o f  Safety o f  1.67 i n  the  design. 

Terzaghi (1943) proposed an a l t e r n a t i v e  method o f  es t ima t ing  

t h e  app l i ed  l o a d  exer ted  on t h e  tunnel  l i n i n g .  ~ z e c h y  (1967) o u t l i n e d  

several  o the r  methods of c a l c u l a t i n g  t h e  pressure d i s t r i b u t i o n  on a 

tunne l  l i n i n g .  These methods dev ia te  from t h e  prev ious  assumptions and 

c a l c u l a t i o n s  i n  t h a t  they assume the  f u l l  overburden pressure does n o t  

develop due t o  a rch ing  i n  t h e  s o i l .  blhen t h e  tunne l  i s  excavated and 

movement takes p lace i n  the  surrounding s o i l ,  a rch ing  develops over the 

tunne l  and the  ac tua l  pressures on t i e  tunnel  supports  a re  l e s s  than t h e  

i n  s i  t u  pressures (Yardley, 1970). 

Terzaghi (1943) developed t h e  f o l l o w i n g  r e l a t i o n s h i p s  f o r  

a rch ing  over tunnels i n  cohesive s o i l s .  



and y - - unit  weight of s o i l  

- 
Bo 

- half w i d t h  of the  tunnel opening 

D height of overburden above tunnel 

tI - - height of the tunnel (diameter i n  th is  case) 

K ,- .. coef f ic ien t  of l a t e r a l  ear th  pressure 

@ .. - angle of shearing res i s tance  

C - - cohesion in te rcep t  

Substi tuting tile appropriate geometrical and physical 

properties in %his  re la t ionship,  the ver t ical  s t r e s s  ac t ing  on the  top 

of the  tunnel,  o,,, i s  approximately 20y. This i s  roughly one-half of 

the  value used in the  design of t h i s  report .  The methods out l ined by 

~z6ciiy (1367) lead t o  resu l t s  s imi la r  t o  the above. 

Peck's (1969) assumptions were used f o r  t he  design of the  

r i b  spacing s ince the form i s  convenient and conservative results a re  

obtained. 

The r i b  spac.ing of 4.1 f e e t ,  as calculated previously, 

represents the  long-term condition a f t e r  deformations have taken place. 

Rib Design: Short-Term 

In the shor t  term design of the  r i b s  subs tan t ia l ly  d i f f e r en t  

loading conditions ex i s t .  An asymmetrical loading condition e x i s t s  while 



tire griinary l in ing is  beino formed in the t a i l p i ece  of the  sh ie ld .  

Further, due t o  the jacking forces required t o  advance the sh i e ld  the 

load may vary wit11 time. 

The analysis of the r i b  i s  given i n  de t a i l  i n  Appendix A. 

However, the  assumed r i g i d i t y  of the s t i f f en ing  r i b  i s  c r i t i c a l  t o  the 

f ina l  outcome. Under conditions o f  assumed perfect  f i x i t y  a f a i l u r e  

s i t ua t i on  may e x i s t  where the  s t r e s se s  i n  the  web exceed the  allourable 

s t r e s se s  by a fac tor  of 3. However, s ince the  lagging is not r ig id ly  

connected t o  the IdF beam and the beam i s  not fu l l y  constrained against  

rota t ion ( a pin or hinge connection i s  assumed) development o f  s t resses  

in the web due t o  rrloments will  he minimal. 

Design of the r i b  support under these conditions is i n  f a c t  

a colnpl ex three  dimensional problem. Simp1 e s t a t i c s  have been applied 

t o  t h i s  loading s i t ua t i on  and the r e su l t s  are i n  e r ro r  but probably on 

the  conservative s ide .  

Lagging Design 

The lagging must be designed t o  withstand the applied loads 

and undergo only reasonable deformations i n  both t he  short-and long-term 

cases.  

The lagging tha t  will be used i n  t h i s  phase of the tunnel 

construction i s  4" x 6" spruce lagging (Personal Communication G. Emanuel, 

1978). The lagging will be placed between the  flanges of the  r ibs  such 

t h a t  the  4" width of the lagging i s  i n  the  6" spacing of the  flanges. 



Tile strength progerties assun:ed for  the  lagging a r e  

depentierit on tile ty r~e  of 'load application.  1\11 properties and formulae 

used in t he  analysis were obtained from the Timber Design Manual (1972)., 

Lagging Design : Long-Term -. 

In the  long-term loading case the lagging can be considered 

as a  sin~ply supported beam under the  influence of a  uniformly d i s t r ibu ted  

load. 

Assuming earth pressures equivalent t o  those used f o r  design 

of the r i b  spacing the required lagging section n~odulus i s  3 1/2 times 

t h a t  which i s  proposed for  use. This i s  i n  d i r e c t  con f l i c t  with the  

current  pract ice  and performance of tunnelling operations i n  Edmonton, 

hence a  re-evaluation i s  presented in the following paragraphs. 

The r e l a t i ve  s t i f fnes s  of the  primary l in ing components can 

be expressed in the following manner. 

Therefore, when considering the  r i b  and lagging system a s ign i f i can t  

con t ras t  in the  r e l a t i ve  s t i f f n e s s  of the  members exis ts .  

Re-evaluating the  assumptions f o r  design of the r i b  and 

lagging system, reconsider a  s ingle  ce l l  i n  the  length o f  t he  tunnel 

consis t ing of r ib / lagging/r ib .  Due to  the r e l a t i v e  s t i f f n e s s  of the 

members some arching of the so i l  between the r ibs  develops as the  

lagging deforms. 



Again, using Terzaghi ' s  theory of arching in coiiesive 

s o i l s  (1943) and accountins fo r  the  continuous nature of the  tunnel 

l in ing ( B  = B  ) subst i tu t ion in equation ( 3 )  gives: 
l o  

a = 1.60 B1 .f where B1 = 2.05 f t .  v 

Further, 'lerzaghi and Peck (1967) suggest t n a t  the  zone of -influence 

of arching does not exceed a height g rea te r  than 2.5 t o  3 times the 

width of the  opening. 

In order t o  design against  the  worst ant ic ipated condition. 

a rectangular s t r e s s  d i s t r ibu t ion  of u,, - 2.5 By (where B = 4.1 f t )  

was assumed t o  a c t  on the lagging. Detailed calculat ions  of t h e  long- 

term design of the lagging a r e  given i n  Appendix A .  Under the long-term 

symmetrical loading conditions the lagging has a Factor of Safety of 

1.05 i n  bending and 1.14 in shear. Further, correct ion fac tors  have 

been applied t o  reduce the  allowable strength in t he  long-term (see  

Design Notes, Appendix A ) .  

In t he  long-term condition, considering the  lagging as a 

simply supported beam, 4" x 6"  spruce lagging i s  adequate i n  terms of 

both bending and shear.  

Lagging Design: Short-Term 

The short-tern1 design of the  lagging i s  more c r i t i c a l  

ilowever. 

Using the  proposed construction technique, the  mole i s  



advanced by propulsion jncks d i i c h  jack a g a i n s t  t 3 ~  l a s t  s t i f f e n i n g  

r i b  wiiich has ueen placed.  T h i s  induces cons i5erable  a x i a l  l ead  i n  tile 

member and f u r t h e r  eniiances tilc ciaxinlurii f i b r e  s t r e s s e s  s e t  up due t o  

t h e  bending of t h e  lagging.  

The maxiniun~ jacking load which can be developed f o r  

advancement of t h e  mole i s  approximately 3500 tons .  The a n t i c i p a t e d  

working range of jacking loads va r i e s  from 500 t o  1000 tons (Personal 

Communication, G .  Emanuel, 1976).  

For t imber merr~bers under t h e  in f luence  o f  both a x i a l  

loads and Lending moments t;ne fol lowing c r i t e r i o n  must be met f o r  design 

( L . T . I . c . ,  1972). 

P ' A ~  !!& ,. ,L 1 . .  

F ' b  F ' a  

where El - bending moment, inch-pounds .- 

P .- - ax ia l  l oad ,  pounds 

S -. . sec t ion  modulus, inches 3 

- -. n e t  a r e a ,  inches 2 
*N 

F ' b  
- - a l lowable  working s t r e s s  i n  

bending, psi  

F I a  .. - al lowable d i r e c t  working s t r e s s ,  p s i  

Considerins tile appl ied  jacking loads  as  uniformly 

d i s t r i b u t e d  p res su res  around t h e  r i n g ,  t h e  fa l lowing r e s u l t s  a r e  obtained: 



3500 tons 

1000 tons 

500 tons 

Therefore, i f  the  jacking force required t o  advance the 

111ole exceeds 500 tons, f a i l u r e  of the lagging might be ant ic ipated.  

However, the  recommended allowable s t r e s se s  fo r  the  spruce lagging 

used in t he  design do, on a s t a t i s t i c a l  bas i s ,  contain a Factor of 

Safety of approximately two (Personal Comunication, Dr. J.G. Longworth, 

1976). 

I t  would be within reason therefore t o  an t ic ipa te  t h a t  i n  

the normal operating range of 500 t o  1000 tons the  performance of 

t he  lagging wi l l  be acceptable. 

Moreover, the analysis deta i led i n  Appendix A assumes t h a t  

deformation and arching develop immediately. In r e a l i t y ,  i n  the  short-  

term, the uniformily d i s t r ibu ted  load acting on the lagging wil l  be some- 

what l ess  than the  design value 

However, i f  i t  i s  necessary t o  develop the  f u l l  design jack- 

ing load of 3500 tons t o  advance the mole, then some f a i l u r e  of the  

lagging will occur. This f a i l u r e  of the  lagging should occur within the  

f i r s t  one or  two c e l l s  adjacent t o  the mole. The f a r the r  the  lagging 

i s  from the shie ld  the l e s s  axial load impinged upon i t  s ince some of 

the  load i s  d iss ipated as shear s t r e s s  along the  ou te r  perimeter of 



the  tunnel a t  the interface between the so i l  and lagging. 

SETTLEMENT 

During the construction of the subsurface portion of 

the Edmonton Rapid Transit system (Figure I ) ,  the amount of sett lement 

t h a t  will  take place i s  c r i t i c a l .  

While a l l  the buildings which are t o  be tunnelled under 

wi l l  have t h e i r  foundations underpinned, any subsidence above the 

tunnels may cause unacceptable damage t o  adjacent s t ructures .  Moreover, 

sett lement of the ground above the tunnels may cause lack of support 

and cracking may develop in the f l oo r  slabs of the  buildings which 

have been underpinned. Ut i l i ty  and service connections a r e  a l so  

susceptible t o  damage due t o  sett lement.  

The construction of any tunnel represents a change i n  the 

s t a t e  of s t r e s s  in the so i l  mass accompanied by subsequent displacements. 

The settlements associated with tunnel excavation can be broadly 

broken into  two categories.  Those associated with the inevi table  

displacements caused by the change i n  t he  s t a t e  of s t r e s s  and those 

caused by the construction techniques o r  workmansllip. 

The s-trains and displacements a r e  necfssary and unavoidable 

in tunnel construction. Without allowing deformation to  take place,  

the arching e f f e c t  in the s o i l ,  which reduces the applied loads on the 

tunnel to  a reasonable value would not ex i s t .  

In order t o  minimize the amount of subsidence above the 

tunnel,  the primary l ining will  be assembled within the t a i l p i ece  and 



"ext ruded" as the  s h i e l d  i s  advanced. The l i n i n a  w i l l  be expanded 

i n t o  contac t  w i  tli t h e  s o i l  and key b locks  used t o  make the  f i n a l  j o i n t  

connect ion.  One disadvantage o f  the system be ing  used i n  Edmonton 

i s  t h a t  the  lagg ing  w id th  i s  4 inches and the  spacing between t i l e  f langes 

on the WF beams i s  approximately 6  inches. Thus, i t  i s  necessary t o  

b l o c k  o r  wedge t h e  l agg ing  i n t o  con tac t  w i t h  the  s o i l .  This  opera t ion  

w i l l  have a  s i g n i f i c a n t  i n f l u e n c e  on t h e  amount o f  subsidence t a k i n g  

p lace above the  tunnels.  

The nature and amount o f  se t t lement  occu r r i ng  above a tunnel  

i s  s t r o n g l y  dependent upon t h e  type o f  ground through which t h e  tunnel  

i s  passing and the groundwater cond i t i ons  du r ing  cons t ruc t i on .  I f  good 

worknjanship p r e v a i l s ,  i t  has been found by observa t ion  o f  var ious  tunnels 

t h a t  t h e  se t t lements  are  u s u a l l y  symmetrical about t h e  v e r t i c a l  centre-  

l i n e  o f  t h e  tunne l .  

The shape o f  the se t t lement  curve above a  tunnel  i s  a  

t r o u g h - l i k e  depression. This depression can be rough ly  approximated 

us ing  the  e r r o r  f u n c t i o n  o r  p r o b a b i l i t y  curve (Peck, 1969). The v a l i d i t y  

o f  t h i s  approxirnation has been conf i rmed through model t e s t s  on l abo ra to ry  

sca le  tunnels (Atk inson e t  a1 , '1974). 

However, i n  o rder  t o  d e f i n e  t h e  p r o p e r t i e s  o f  t h e  nonnal 

d i s t r i b u t i o n  curve i t  i s  necessary t h a t  t h e  c h a r a c t e r i s t i c s  o f  t h e  

d i s t r i b u t i o n  be known. To f u l l y  d e f i n e  the  se t t l emen t  trough a  measure 

of the  maxi~num a n t i c i p a t e d  se t t lement  above t h e  c e n t r e l i n e  o f  t h e  tunnel  

i s  requ i red  a long w i t h  a  measure o f  t h e  standard d e v i a t i o n  o f  t h e  curve. 



F igu re  5a gives the  p rope r t i es  o f  t h e  se t t lement  trough 

above a  s i n g l e  tunnel  i n  terms of 6 and 1 (equ iva len t  t o  standard max 

d e v i a t i o n ) .  

Peck (1969) has assembled from observat ions o f  tunnels 

through var ious s o i l  types, a  c h a r t  which can be used t o  es t imate  the 

standard d e v i a t i o n  o f  t h e  sett leraent trough d i s t r i b u t i o n .  From F igure  

5b, knowing t h e  depth and rad ius  o f  t h e  tunnel ,  an es t imate  o f  i can 

be made f o r  a  s p e c i f i c  s o i l  -type. The curve rep resen t i ng  s o f t  t o  s t i f f  

c l ays  was used f o r  t h e  analyses i n  t h i s  r e p o r t .  In r e a l i t y ,  t h e  

p r o p e r t i e s  o f  t h e  t i l l  w i l l  l i e  between the  c l a s s i f i c a t i o n  f o r  rock 

and hard c lays  and the s o f t  t o  s t i f f  c l a y  group. Using t h e  s o f t  t o  

s t i f f  c l a y  c l a s s i f i c a t i o n  should y i e l d  over-,estimates o f  t h e  subsidence 

above the  tunne l .  

Since the  value o f  t h e  maximum se t t l emen t  a t  t h e  c e n t r e l i n e  

o f  t h e  trough, 6max, i s  n o t  known, se t t lement  p r o f i l e s  have been 

determined f o r  var ious percentages o f  t h e  t h e o r e t i c a l  volume o f  t h e  

tunne l  excavat ion.  

Using the  f o l l o w i n g  r e l a t i o n s h i p ,  t h e  maximum set t lement ,  

&max * can be c a l c u l a t e d  f o r  any assumed volume. 

S ing le  Tunnel 

Ca lcu la t i ons ,  based on the  gu ide l i nes  es tab l i shed  by  Peck 

(1969) f o r  set t lements above a  s i n g l e  tunnel ,  a r e  o u t l i n e d  i n  Appendix A. 





The est imated se t t lement  p r o f i l e s  f o r  a  s i n g l e  tunnel  a re  p l o t t e d  i n  

F igure  6.  

The maximum percentage o f  l o s t  ground assumed i s  equ iva len t  

t o  15 percent  o f  the  t.unne1 volume. This  amount o f  subsidence i s  

excessive and unexpected on t h i s  p r o j e c t .  The r e s u l t s  were p l o t t e d  t o  

i n d i c a t e  t h e  i n f l u e n c e  on se t t lement  o f  l a r g e  runs i n t o  t h e  tunne l  

should they occur.  

I t  can be seen t h a t  us ing  t h e  r e l a t i o n s h i p s  descr ibed by 

Peck (19631, t h e  magnitude o f  the  percent  l o s t  ground has l i t t l e  

i n f l u e n c e  on t h e  w id th  o f  the se t t l emen t  trough a t  t h e  ground surface. 

Th is  .is so s ince  i, a measure o f  the  standard d e v i a t i o n  o f  t h e  d i s t r i h u t -  

. ion,is on ly  i n f l uenced  by the  s o i l  t ype  and n o t  t h e  amount o f  l o s t  

ground. 

From F igure  6, the  w id th  o f  t h e  se t t l emen t  t rough over 

which s i g n i f i c a n t  displacenients [nay take p lace i s  approximate ly  80 fee t  

f o r  a  s i n g l e  tunne l .  

Set t lement  A b o a w i n  Tunnels. 

There are  two methods a v a i l a b l e  f o r  de termin ing  t h e  s e t t l e -  

ment p r o f i l e  above a  p a i r  o f  t w i n  tunnels: 

( i  ) Superimpose t h e  se t t lement  above two tunne ls .  

o r  ( i i )  Ca lcu la te  a  d i s t r i b u t i o n  based on us ing  an equ iva len t  

rad ius ,  H', c a l c u l a t e d  from t h e  fo l low ing 

d  R '  = R + - where d  = spacing o f  t h e  t w i n  tunnels,  cent re-  2 

to-centre.  



I- i cn = s  rrrr 
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The curves r e s u l t i n g  from superpos i t ion  o f  s i n g l e  

s e t t l e n ~ e n t  curves are  p l o t t e d  i n  F igure  7. 

On the bas is  o f  an equ iva len t  rad ius  R ' ,  equal t o  30 

f e e t ,  the se t t lement  u r o f i l e s  are shown i n  F igu re  8. A l l  c a l c u l a t i o n s  

a r e  summarized i n  Appendix A .  

I t  can be seen t h a t  i n  bo th  cases t h e  w i d t h  o f  t h e  s e t t l e -  

ment trough extends approximately 60 f e e t  on e i t h e r  s i d e  o f  t h e  centre-  

l i n e  o f  t h e  t w i r l  tunne ls .  The w i d t h  o f  t h e  t rough and t h e  amount o f  

se t t l emen t  t h a t  takes p lace above the  trough have severe i m p l i c a t i o n s  

f o r  the  s t r u c t u r e s  adjacent  t o  Jasper Avenue and 99 St ree t .  Extensive.  

' loss o f  ground i n t a  t h e  tunnels can cause se t t lements  o f  from 0.1 t o  

0 ' 2  f e e t  a t  d is tances o f  50 t o  60 f e e t  from t h e  cen t re l i ne .  I f  t h i s  

amount o f  subsidence took place, subs tan t i a l  damage t o  ad jacent  s t ruc tu res  

would occur. 

The i t lat ter o f  a  s i n g l e  o r  double se t t l emen t  troughs i s  n o t  

e a s i l y  def ined.  Depending on t h e  s o i l  cond i t ions  and tunnel  spacing 

e i t h e r  cou ld  r e s u l t .  Since t h e  t w i n  tunne ls  a re  passing through a s t i f f  

t i l l  m a t e r i a l  i t  i s  a n t i c i p a t e d  t h a t  t h e  se t t lement  curves obta ined from 

t h e  superpos i t i on  technique w i l l  be v a l i d .  

The amount o f  se t t lement  i s  a l s o  very  much a  f u n c t i o n  of 

t h e  ground cond i t ion ;  i f  rave l  l i n g  ground o r  s o f t  c l a y  were encountered 

d u r i n g  t h e  excavat ion,  l a r g e r  se t t lements  would be  a n t i c i p a t e d .  The 

s h i e l d e d  m l e  t o  be used i n  t h e  cons t ruc t i on  o f  t h e  tunne ls  a l lows on ly  

p a r t i a l  exposure o f  the face under adverse cond i t i ons .  Thus, severe 

runn ing  o r  r a v e l l i n g  o f  ground i n t o  t h e  excavat ions can be i n h i b i t e d  





ESTIMATED SETTLEMENT PROFILES AT GROUND SURFACE 



and the associated set t lements oiinimized. 

Larger  diameter tunnels i n  Edmonton u s u a l l y  have associated 

w i t h  them small  set t lements a t  t h e  sur face (Personal Communication, 

G .  Emanuel, 1976). However, most experience has been gained w i t h  

tunne ls  l oca ted  a t  g rea ter  depths i n  the  Horseshoe Canyon Formation. 

I n  an attempt t o  es t imate  the amount o f  se t t l emen t  which 

may take p lace the  cons t ruc t i on  techniques and s o i l  cond i t i ons  must be 

. f u l l y  evaluated. Fur ther ,  the problem i s  complicated by  a  v a r i a b l e  

s t r a t i g r a p h y  across the  s i t e .  Nhi l e  the  tunnels pass e n t i r e l y  through 

t h e  t i l l, t h e  vary ing  thicknesses o f  t h e  l a c u s t r i n e  s i l t y  c l a y  and f i l l  

across t h e  s i t e  w i l l  g i v e  v a r i a b l e  set t lements a long t h e  tunne l  sec t ion .  

As mentioned p rev ious l y ,  the  c o n s t r u c t i o n  technique invo lves  

a pr imary l i n i n g  which comes i n t o  d i r e c t  con tac t  w i t h  the  s o i l  as 

soon as the  s o i l  i s  exposed behind t h e  t a i l p i e c e .  If improper wedging 

o f  the l agg ing  takes p lace a  maximum squeeze o r  c losu re  o f  t h e  s o i l  o f  

approxin iate ly  two inches i n t o  the  tunne l  may occur .  This  amounts t o  

1.5 percent  o f  the  t h e o r e t i c a l  volume o f  t h e  tunne l .  From F i g u r e  7, 

t h e  induced set t lements w i l l  amount t o  approximately 0.11 f e e t  a t  t h e  

c e n t r e l i n e  o f  t h e  t w i n  tunne ls ,  0.1 f e e t  30 f e e t  from t h e  c e n t r e l i n e  

and about 0.03 f e e t  a t  d is tances o f  50 f e e t  from t h e  tunne l  cen t re l i nes .  

The e f f e c t  o f  t h e  passing s h i e l d  i n  t h e  second tunne l  may 

a1 so i n f l u e n c e  t h e  deformations (and se t t lements)  above t h e  f i r s t  tunnel .  

However, s ince t h e  t i l l  i s  a  r e l a t i v e l y  s t i f f  ma te r i a l ,  (Cu approximately 

3500 p s f )  remoulding o f  t h e  s o i l  should be con f i ned  t o  t h e  reg ion  

inimediately bo rde r ing  the tunnel  and t h e  i n f l u e n c e  on t h e  ad jacent  tunne l  



w i l l  he n e g l i g i b l e .  

Froill the case h i s t o r i e s  o u t l i n e d  by Peck (1969) f o r  

t'unnel l i n g  i n  s i m i  1  a r  ground cond i t ions ,  where good workmanshi p 

p r e v a i l s ,  maximuin set t lements o f  from 0.1 t o  0.2 f e e t  were recorded. 

Th is  corresponds t o  a se t t lement  t rough volume o f  from 1 t o  2 percent  

o f  t h e  excavated volume. 

F i n i t e  Element A n u s  - - 

I n  an e a r l i e r  design evaluat ion,  i n  an at tempt t o  evaluate 

t h e  s t ress  changes and deformations t a k i n g  p lace around t h e  tunne l ,  

severa l  f i n i t e  element analyses were c a r r i e d  out .  Both s t r e s s  analyses 

and deformation analyses were performed. 

The simp1 i f i e d  so i  1 p r o f i l e ,  w i t h  t h e  app rop r ia te  e l a s t i c  

p r o p e r t i e s  which were used, i s  shown i n  F igure  9. The f i n i t e  element 

g r i d  used .in t h e  immediate v i c i n i t y  o f  the  tunne ls  i s  shown i n  F igure  10. 

The e n t i r e  g r i d  used a c t u a l l y  represented a s e c t i o n  450 f e e t  l o n g  by 

100 f e e t  deep. However, r e s u l t s  of the  ana'lyses showed t h a t  t h e  zone 

o f  i n f l u e n c e  o f  t h e  tunnel  excavat ion was r e s t r i c t e d  t o  t h e  immediate 

v i c i n i t y  o f  the  tunne ls .  

Stress Analys is  

The s t r e s s  ana lys i s  was conducted i n  o r d e r  t o  es t imate  t h e  

deformat ions which would occur  i n  the  s o i l  due t o  t h e  excavat ion o f  

t h e  tunne l .  I n  these analyses, two d i f f e r e n t  assumptions were made 
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regard ing  the s t i f f n e s s  o f  the  l i n i n g .  Analyses were c a r r i e d  o u t  

us ing  a s o f t  ( f l e x i b l e )  l i n i n g  where 

E l i n i n g  1 .- 
Eti l l  - 36  

and a s t i f f  l i n i n g  where 

t l i n i n g  _ 4  

Eti l l  

This was an attempt t o  d e f i n e  t h e  i n f l u e n c e  o f  Peck's 

(1969) assumption of a flexible, pr imary l i n i n g  on t h e  deformations 

occu r r i ng  above the  tunne l .  The forces app l ied  t o  t h e  nodes a r e  tabu la ted  

i n  Appendix A and correspond t o  t h e  s t r e s s  d i s t r i b u t i o n  suggested by 

Peck (1969) and shown i n  F igure  4. 

The r e s u l t s  o f  these two analyses are  p l o t t e d  i n  F igures  

11 dnd 12. Using an e l d s t i c  ana lys is ,  the c a l c u l a t e d  defortnat ions above 

t h e  tunnel  are n e g l i g i b l e  - i n  the  o rde r  o f  f ee t .  

The analyses do confir111 the  l i k e l i h o o d  o f  a symmetrical 

se t t l emen t  p r o f i l e  represented by t h e  nonnal d i s t r i b u t i o n  curve. A t  a 

depth o f  8.5 f e e t  below t h e  ground sur face no displacements were 

c a l c u l a t e d  i n  the  analyses. 

I n  t h e  analyses c a r r i e d  out,  an e r r o r  was made i n  t h e  

d i r e c t i o n  o f  a p p l i c a t i o n  o f  one o f  t h e  nodal forces.  Th is  e r r o r  was 

such t h a t  i t  would tend t o  over-est imate the  displacements above t i le  

tunr ie l .  Fu r the r ,  the  zone o f  i n f l u e n c e  o f  the  i n d i v i d u a l  fo rces  i s  







re la t ive ly  confined and the implications of the e r r o r  a r e  therefore 

not serious.  

Deformation Analysis 

This analysis was carried out on the premise of a two 

inch radial squeeze into  the tunnel a f t e r  the sh i e ld  had passed. This 

was f e l t  t o  be the worst case b u t  does not represent any l o s t  ground 

due to  running or  ravell ing a t  the face. 

Displacements of two inches radial ly  inwards were applied 

t o  the nodes. The x-y components of these displacements a r e  calculated 

in Appendix A. The resu l t s  of t h i s  analysis did not prove conclusive 

t.o any degree. 'The e f f ec t  of the two inch radial  displacement when 

used with a l inear  e l a s t i c  model of the s o i l  was t o  develop a 

localized area of high s t resses  immediately adjacent t o  the tunnel 

No influence was Pelt  a t  the ground surface. 

I n  an attempt to reconcile the  zone of high s t r e s s e s ,  a f t e r  

the  f i r s t  analysis a zone of p l a s t i c i t y  was delineated by studying the 

s t r e s s  levels and the available shear strength.  An average 

displacement of 1.1 inches was found a t  the  nodes bordering t h i s  zone. 

Since the zone of p l a s t i c i t y  was above the  avai lable  strength i n  the 

s o i l ,  then the displacements of 1.1 inches were input acting on a c i r c l e  

in the mesh where the s i z e  of the c i r c l e  represented the zone of p las t ic i ty  

Using th i s  approach, a t  a depth of 8.5 f e e t  below the 

ground surface,  displacements were calculated and a r e  shown i n  Figure 13. 

Again, no deformations were calculated a t  the ground surface. 





Discussion of Fini te  Element Anfisis -- -~ 

Fin i te  element. analyses, applied in the  method described 

previously do not give representative o r  r e a l i s t i c  resu l t s .  Tile major 

problem i s  t ha t  the analysis i s  based on a l i nea r  e l a s t i c  model for  

the s o i l .  Using t h i s  approach, the s o i l ,  when under the influences of 

large s t r e s s  changes o r  large deformations, acts as though i n f i n i t e  

strength i s  available.Because of the non-linear properties of the so i l  

s t r e s s - s t r a in  re la t ionships ,  the use of a l i nea r  model for  the tunnel 

analysis i s  not valid par t icular ly  in the case of the d i s p l a c e ~ e n t  

analyses. 

As an example of the s t r e s s  levels  in  some elements, the 

maximum shear s t r e s s  developed i n  one element. during the displacement 

analysis was in excess of 38000 p . s . f .  The drained shear strength of 

the s o i l  i n  the vicini ty  of th i s  e lenent ,  a t  a depth of approximately 

40 f e e t ,  i s  4000 p . s . f .  The shear s t r e s s  induced by the displacement 

of two inches i s  approximately I 0  times greater than the available 

sirear strength.  

In order t o  obtain representative resu l t s  from a f i n i t e  

element analysis of the tunnel, a non-linear s t r e s s - s t r a in  model of the 

s o i l  must be used. Further, an incremental analysis would a s s i s t  in 

obtaining reasonable resu l t s .  

Due t o  the limited resources available these necessary 

refinements to  the analysis were not carried out .  



A n t i c i p a t e d  Settle= -- 

The ac tua l  dzformations t a k i n g  p lace above the  tunne ls  

w i l l  p robably l i e  between the  empi r ica l  approach o f  Peck (1969) and 

t h e  r e s u l t s  o f  a  reasonable f i n i t e  element analys is .  Due t o  t h e  

consequences o f  any set t lements,  the e m p i r i c a l  approach o f  Peck (1969) 

should be used as a  g u i d e l i n e  i n  design even .though i t  probably 

represents an over-est imate i f  good workmanship and favourable ground 

cond i t i ons  p r e v a i l .  

SUMMARY AND CONCLUSIONS 

Ana lys is  o f  the s t e e l  s t i f f e n i n g  r i b s  i n d i c a t e s  t h a t  a  

spacing o f  4 f e e t  w i l l  be adequate. Various methods are  a v a i l a b l e  f o r  

es t ima t ing  t h e  e a r t h  pressures which w i l l  a c t  on t h e  tunnel .  Tne worst 

poss ib le  cases have been used i n  design i n  o r d e r  t o  o b t a i n  conservat ive 

r e s u l t s .  The pressures a c t u a l l y  e x i s t i n g  on t h e  tunne l  w i l l  probably 

be s u b s t a n t i a l l y  less  than those used i n  %he ana lys is .  

Tile 4 x  6 i n c h  spruce l agg ing  i s  capable o f  suppor t ing  the 

a n t i c i p a t e d  loads i n  the  long-term load ing  cond i t i on .  I n  t h e  shor t - te rm 

however, i f  t h e  nlaxirnum j a c k i n y  l o a d  o f  3500 tons i s  requ i red  t o  advance 

the  mole, f a i l u r e  o f  the  l agg ing  must be an t i c i pa ted .  

The se t t lements  t a k i n g  p lace  above t h e  tunnel  a r e  est imated 

t o  be i n  the  o r d e r  of  0 . 5  t o  1.5 percent  o f  t h e  tunne l  volume, assunling 

good workmanship and no running o r  r a v e l l i n g  o f  ground occurs. Minor 

problems may be encountered w i t h  t h e  occasional water-bearing sand seam 

o r  pocket w i t h i n  t h e  t i l l  stratum. 



Const ruc t ion  techniques i n c l u d i n g  wedging o f  the  lagg ing ,  

and the  r a t e  o f  advance o f  the t u n n e l l i n g  operat ions w i l l  c o n t r o l  the 

amount o f  deformat ion t o  a  l a r g e  ex ten t .  Unfor tunate ly ,  these represent 

the  l e a s t  q u a n t i f i a b l e  coniponents i n  the  bas ic  analyses c a r r i e d  out.  

F i n i t e  element analyses must be extended t o  i nc lude  non- 

l i n e a r  s t r e s s - s t r a i n  r e l a t i o n s h i p s  and incremental ana lys is  i f  r e l i a b l e  

est imates o f  t h e  deformations are  t o  be obtained. 

RECOMMENDATIONS 

Const ruc t ion  o f  the  Edmonton Rapid T r a n s i t  system tunnels 

prov ides an e x c e l l e n t  oppor tun i t y  t o  obta i r l  i n f o r m a t i o n  t o  re-evaluate 

t h e  design processes and assumptions a t  l e a s t  on a  l o c a l  basis .  

A p r o p e r l y  conceived ins t rumenta t ion  program cou ld  be used 

t o  ob ta in  va luab le  i n fo rma t ion  on ea r th  pressures a c t i n g  on the  tunnel, 

deformat ion o f  the  l i n i n g  and subsidence o r  se t t l emen t  above t h e  tunnel .  

Since t h e  ex ten t  o f  t h i s  t u n n e l l i n g  p r o j e c t  i s  so l a rge ,  

measurements and performance eva lua t ions  cou ld  be used as a  bas i s  f o r  

re-design o f  the  tunnel  l i n i n g  as work progressed. 

The design approach i n  t h i s  r e p o r t  took the  most conservat ive 

approach poss ib le .  i f  accurate measurements were made t h e  design cou ld  

be reduced t o  an e f f i c i e n t  s t a t e  and r e s u l t  .in s u b s t a n t i a l  savings i n  

t h e  o v e r a l l  cos t  o f  t h e  t u n n e l l i n g  p r o j e c t .  



REFERENCES 

Atkinson, J . .  Cairncross, A.M. ,  and James, R . .  1974 - "Model 

Tests on Shallow 1-unnels," Tunnels and Tunne l l ing ,  

J u l y  1974, pp. 28-32. 

Eowles, J.E., 1974 - " A n a l y t i c a l  and Computer Methods i n  Foundation 

Engineering," McGraw-Hill, p .  53. 

Brooker, E.W., and i re land ,  H.O., 1965 - "Earth Pressures a t  Rest 

Related t o  Stress t l i s to ry , "  Canadian Geotechnical 

Journal ,  Vol.  11, No. 1, pp.  1-15. 

Canadian I n s t i t u t e  o f  Steel  Construct ion,  1970 - "Handbook o f  Steel 

Construct ion,"  2nd Ed i t i on ,  C.I.S.C., Wi l lowdale, Ontar io, 

E.B.A. Engineering Consultants Ltd., 1975 - "Geotechnical Evaluat ion 

- North East R a i l  Rapid T r a n s i t  Line," Edmonton, A lber ta ,  

p .  32. 

Emanuel, G., 1976 - Personal Communication. 

Kathol,  C.P., and MacPherson, K.A., 1975 - "Urban Geology o f  Edmonton," 

A lhe r ta  Research Counci l  B u l l e t i n  32, p.  61. 

Laminated Timber i n s t i t u t e  o f  Canada, 1972 - "Timber Desfgn Manual," 

Ottawa, Canada, p. 450. 

Longworth, Dr. J.G., 1976 - Personal Communication. 

Matheson, D.S., 1970 - "A Tunnel Roof F a i l u r e  i n  T i l l , "  Technical Note, 

Canadian Geotechnical Journal,  Vol. 7, NO. 3 ,  p p .  313-317. 



Mathis ,  C. ,  1974 - "Tunnel Design i n  the  C i t y  o f  Edmonton," unpubl ished 

PI. Sc. Thesis, Department o f  C i v i  1 Engineering, The 

U n i v e r s i t y  o f  A lber ta ,  Edmonton, A lber ta ,  p. 119. 

Mayo, R.S., Adai r ,  I., and Jenny, R.J . ,  1968 -. "Tunne l l ing  - The Sta te  

o f  the  Art  - A Review and Evaluat ion o f  Cur ren t  Tunne l l ing  

Techniques and Costs, With Emphasis on t h e i r  App l i ca t i on  t o  

Urban Rapid T r a n s i t  Systems i n  the U.S.A.," U.S. Department 

o f  Housing and Urban Development. p. 65. 

N e v i l l e ,  A.M., and Kennedy, J.R.,  '1964 - "Basic S t a t i s t i c a l  Methods 

f o r  Engineers and Sc ien t i s t s , "  I n t e r n a t i o n a l  Textbook 

Company, Scranton, Pennsylvania, p .  325. 

Peck, R.B., 1969 - "Sta te  o f  t h e  A r t  Report on Deep Excavat ions and 

Tunne l l i ng  i n  S o f t  Ground," Proc. 7 t h  I n t .  Conf. S o i l .  

Mech. Found. Eng., S ta te  o f  t h e  A r t  Volume, Mexico C i t y ,  

Mexico, pp. 225-290. 

SzGchy, K., 1966 -"The A r t  o f  Tunnel 1 ing," Akademai Kiado, Budapest, 

pp.  208-218, and pp.  681-783. 

Terzaghi, K., 1943 - "Theore t ica l  S o i l  Mechanics," pp. 194-202, 

"Tunnels Through Cohesive Soi ls , "  J. Wiley and Sons, Ed. 

Terzaghi, K. ,  and Peck, R.B., 1967 - "So i l  Mechanics i n  Engineering 

Pract ice,"  2nd Ed i t i on ,  J. k l i ley  and Sons, p. 267. 

Westgate, J.A., '1969 -- "The Quaternary Geology o f  t h e  Edmonton Area, 

A lber ta , "  I n :  Pedology and Quaternary Research, Ed: 

S. Pawluk, U n i v e r s i t y  o f  A lbe r ta  Press, pp. 129-151. 



Yardley, D.H. (ed.) 1970 - "Rapid Excavation - Problems and Progress," 

Proceedings of the Tunnel and Shaft Conference, Minneapolis, 

Minnesota, 1965, American Institute o f  Mining Metallurgical 

and Petroleum Engineers, pp. 296-323. 



APPENDIX A - 

- -- DESIGN NOTES - 



Design Notes -- Tunnel P r o j e c t  

Assume t h a t  t h e  temporary l i n i n g  i s  complete ly  f l e x i b l e ,  

(and connect ions are  no t  100% e f f i c i e n t )  thus t h e  temporary l i n i n g  w i l l  

deform such t h a t  the  n e u t r a l  a x i s  i n  t h e  s t i f f e n i n g  r i b  co inc ides  w i t h  

t h e  l i n e  o f  t h r u s t  and no bending moments w i l l  develop i n  t h e  r i b  ( i n  

a plane nortnal t o  the ax i s  o f  t h e  tunne l ) .  

Only r a d i a l  pressures a c t i n g  on the  r i b .  

yes ign  o f  S p a c i x o f  -- --- WF Ribs Wi th in  the  Tunnel -- 

The s ta t~da rd  r i b  t o  be used i n  c o n s t r u c t i o n  o f  t he  pr imary 

l i n i n g  f o r  t h e  r a p i d  t r a n s i t  tunnel  i s :  

WF6 x 25 @ 50 k s i  y i e l d  

and has the  f o l l o w i n g  s e c t i o n a l  p rope r t i es  (C.I.S.C., 1870) 
H 

Area = 7.35 i n  7 

dw = 2 . 0 4 4 n  2 

h/w = 17.1 

d/Af = 2.30 in - '  

# w t  = 25 / ft 

d = 6.37" 

b = 6.08" 

t = 0.456" 

w = 0.320" 

a = 2 7/8" 

T = 4 1/2" 

k = 15/16" 

kl = 9/16" 

c = 1/4"  



k,s&n Notes Tunnel P r o j e c t  

Assume the fo l l ow ing  c r i t i c a l  geo log ic  p r o f i l e  and 

condi t ions  a t  the s i t e :  

Horehole No. 2 

130'N o f  Jasper 4venue 200'E of 100 Street  

---- ,%.*- ELEV. 7228-3 

I- - 
FILL OVERLYING 
LAKE EDMOHTCX4 

~5.0' CI.AY 



Design Notes Tunnel F r o j ~ a  

Soil p rof i le  obtained from E.B.A. Geotechnical Evaluation 

( E . B . A . ,  1975) Water t ab le  a t  depth b u t  ground saturated (assumed) 

Tunnel diameter of 20.5' from d e t a i l s  of proposed mole. 

Kn Va'lue 

The t i l l  .in downtown Edmonton ar-ea i s  known t o  be 

overconsol idated. However, s i gn i f i can t  l a t e r a l  s t r e s s  re1 i e f  due t o  

'influence of downcutting of Saskatchewan R4ver Valley reduces t he  

coef f ic ien t  of ear th  pressure a t  r e s t  t o  KO - 1.0 

From Krooker and Ireland (1965) 

KO = f ( I  and 0.C.K.) 
n P 

from E . B . A .  (1975) 1 avg - 202 
P 

O . C . R .  = 2 

From Figure 11 (Brooker and Ireland, 1965) fo r  I = 20%, O.C.R. = 2 
P 

KO = 0.70 

'Therefore, i f  KO = 1 .0  osed fo r  design resu l t s  wi l l  be conservative. 

Pressure Distribution ----- on Tunnel Lining 

From Peck (1969) have the  following suggested design pressure 

d i s t r ibu t ion  around a f l ex ib l e  tunnel l in ing (see Figure 4 ) .  



"Des i q n  Notes Tunnel Project  

Where PZ = the ver t i ca l  s t r e s s  a t  the  centre  of t he  

%urine1 (used as an average value) 

If  K -1 then the uniform applied s t r e s s  on the  primary l i n ing  
0 

= 1/2 ( I t 1 1  PZ - Pz 

Basis of A n a l e  - 

Consider a !/2 s e c t i o n  of the  tuntrel s i nce  i t  must be 

i n  equil ibrjum. The farces can be resolved in the  following manner: 

3= 

Now considering equilibrium in the  horizontal d i rec t ion  

and Ph rpcosede - rPo/' cos8dB 

71 
= r p  C-sinelo := rp (0-0) 

therefore we see t ha t  P,,=PH=o a n d  equilibrium e x i s t s  in the horizontal 



Design Notes - Tunnel &oj& 

l n  the ver t i ca l  d i rect ion 

'n 
2 P  rp s ine  d6 

V 

- rpCcos~  - coso] = - 2 rp 

therefore P,, - rp 

From moment equil ibr iun~ -it car1 tie shown tha t  the  nloments a t  the  ends 

a re  a l so  zero.  

Further, since a uniform all-round s t a t e  of s t r e s s  ex i s t s  then no 

matter where the section i s  taken around the  circumference o f  the  

tunnel,  the shear force across the  section and the  moments will be zero. 

Therefore, the  only force acting on the  section i s :  

.I P 1-p where p = - (1 + K ) 
\I 2 0 P, 

Now c-sz - 

Each s t i f fen ing  r i b  has t ransferred t o  i t  via the lagging a load 

dependent on the  spacing of the  r i b s .  
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The al lowable s t r e s s  ,in t h e  s t e e l  ~liealber i s :  

a a l l  = 0.G F = 0.6(50,000) = 30,000 psi  = 30 ksi 
Y 

Since  o a l l  = 30 ksi and t h e  area of t h e  sec t ion  i s  7.35 in 2 

Therefore P a l l  = ua !4= 303000 * 7.35 = 220 k ips .  

From t h e  previous c a l c u l a t i o n s  know P = K.p ilnd p = yz ( z  @ I& of tunnel )  h 
and in t h i s  case p = y 1 z 1 .E Y2z2 - -, 120(15) + 135(25.6) 

= 5260 # / f t 2  ( # / f t / f t  of l.unne1) 

Therefore Ph = R . p  - 10.25 (5260) = 53900 #/.ft of tunnel  

'Therefore t h e  spacing of  t h e  r i b s  based on t h e  a x i a l  compressive 

s t r e n g t h  of the  WF beam a lone  i s :  

Now consider  t h e  lagginglbeam i n t e r a c t i o n  

Considering t h e  lagging board a t  the s i d e  of  t h e  tunnel 
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Say the boards a r e  12" pieces of lagging ( N . B .  t h i s  assu~nption makes 
no d i f f e r e n c e  t o  t h i s  por t ion  
of  t h e  a n a l y s i s )  

Then, the  fol lowing condi t ion  e x i s t s  

.- Earth Pressure 

or. on t h e  f l a n g e  of t.he beam (assume a l l  load t r a n s f e r r e d  t o  'lower f l ange )  

Total load Q ove r  1  f t  o f  beam f o r  
a  4.1 f o o t  r i b  spacing i s  

Q=K yz* .- ( f o r  each l / 2  web ) 
0 2 

4 1 # Therefore 1) - 1.0(5%60)  (T) - 10783# - say  11,000 / f t  of  beam 

Now i f  the  upper f l ange  of t h e  beam i s  assumed a  r i g i d  suppor t  f o r  t h e  

Long-'Term Condition t h e  fol lowing condi t ion  e x i s t s :  

Assumed per fec t  f i x i t y  

$ 
Considering s e c t i o n  A-A under symmetrical loading 

# P = 22000 / f t  of beam. 

Area of web f o r  1 f o o t  = w*R = 0.320" * 12 = 3.84 i n  2 

Therefore aac tua l  - - --= 22000 5730 ps i  = 5.7 ksi 3.84 

0 a1 1  
= 0.6  F = 0 . 6  * 50 ksi = 30 ksi 

Y 
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rhe re fo re  t h e r e  i s  adequate s t reng th  i n  the  web t o  r e s i s t  t h e  app l ied  

loads. 

Now cons ider ing  t h e  s e c t i o n  5-0  through the f l ange  

.. - 1'000 where Area = 0.456" * 12" - 5.74 i n  2 
Area 

But = 0.6 F 30000 ~ s i  t h e r e f o r e  f lange s t r e n g t h  O.K. 
Y 

Dur ing the  passing o f  a 2nd tunnel adjacent t o  an e x i s t i n g  tunnel ,  i t  

has heen shown (Peck, 1969)that  the t u n n e l l i n g  a l t e r s  t h e  shear s t ress  

d i s t r i b u t i o n  around t h e  f i r s t  tunnel  and increases t h e  app l i ed  load on 

t h e  l i n i n g  of t h e  f i r s t  tube. Hor.rever, i n  t h e  cases considered by Peck 

(1969) the  app l i ed  pressures approached the  t o t a l  overburden pressure. 

Therefore, i n  t h i s  case s ince  Ko=l has been assumed f o r  design then the  

design has been based on f u l l  overburden pressure. Therefore, one can 

neg lec t  the e f f e c t  of the  passing tunne l  on t h e  design o f  t h e  s t i f f e n i n g  

r i b s  i n  the  pr imary  l i n i n g .  

Now consider t h i s  case. 

Th i s  case may a r i s e  du r ing  t u n n e l l i n g ,  i . e .  where t h e  s t i f f e n i n g  r i b s  

have been l e f t  unsupported and the re  i s  on ly  an a p p l i e d  l oad  from the 

l agg ing  on one s ide .  

Consider ing a gross approximation 
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(2.875 - 9/16) 
. 9/16 . ere M = P*L, tvhere L. - 

7 

Therefore M = -- "OoO * 1.72" = 1580 i n # / i n  o f  beam 12 

and P := 920 # / i n  o f  beam 
A 

Therefore cons ider ing  a rec tangu lar  s e c t i o n  1"  wide 

0 - P .t Q! I : d z !ikw :: 0.00273 in 4 m a x  I 12 12 

- .- -- 920 + 1 5 8 0 ( 0 . 1 a  = 95500 psi 
0.32 0.00273 

b u t  oall = O.6Fy - 0.6(50,C100) = 30,000 p s i  

And the  s t reng th  of  the  s e c t i o n  has been exceeded by  a  f a c t o r  o f  3. 

tiowever t h e  v a l i d i t y  o f  t h i s  r e s u l t  r e s t s  on the  i n i t i a l  assumptions .- 

o? complete ? . i x i t y  ( r i y i d i t y )  o f  t h e  support ,  and 'lack o f  any 

r e s t r a i n i n g  fo rce  on the  oppos i te  s i d e  o f  t h e  memlber. 

Fur ther ,  t h i s  i s  i n  r e a l i t y  a complex, 3 dimensional bending 

probleni which cannot be adequately analysed us ing  s imple s t a t i c s .  

Because a  lnoment i s  app l i ed  t o  a curved member, compressure 

forces normal t o  the  plane o f  bending conip l icate the  ana lys is .  
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The assumption o f  a f i x e d  end i s  f a r  from the  ac tua l  case. I n  r e a l i t y ,  

t h e  support  w i l l  tend t o  r o t a t e  dnd a c t  as d p i n  ( i  .e. O moment developed) 

Also, the  i n t e r a c t i o n  o f  the  lagging/beam i s  n o t  a r i g i d  connect ion and 

t h e r e f o r e  the  system should deform t o  a s t a t e  o f  zero moment. Fur ther ,  

t h e  WF s t i f f e n i n g  rib will genera l l y  be supported i n  t h e  opposi te 

d i r e c t i o n ,  e i t h e r  by l agg ing  (case p r e v i o u s l y  analysed) o r  by t h e  jack ing  

system f o r  advancement o f  t h e  s h i e l d .  

Design o f  Lagg ing  -- 

Must a l s o  consider  t h e  s t reng th  o f  t h e  wood l a g g i n g  t o  be used i n  the  

temporary 1 i n i n g  o f  the  tunnel .  

I n fo rma t ion  f o r  Design 

Lagging - a l l  4"x6" spruce 

Jacking Pressures 1)Maximuni Pressure = 3500 tons 
f o r  sh ie ld/mol  e 2 ) A n t i c i p a t e d  ope ra t i ng  range 500-1000 tons 

(Personal Communication, G .  Emanuel , 1976) 

Diameter o f  excavated tunnel  = 20.5 f e e t  

Thickness o f  l agg ing  i n  tunnel  - 4" = 0.333 f t  

Area o f  annular  r i n g  from 20.5' to  20.16667 f t  i s  

20 5 2 20.5-0.3333 2 Area = n(---) - .n(- 2 2 -1 
= 10 .7 f t  2 

= 1533in 
2 

Therefore,  j a c k i n g  pressure on t imber  l agg ing  i s  

3500X2000 = 4.57 k s i  Maximum = 1533 

1000*2000. - ., . 31 ksi Maximum Operat ing = 1533 - 

500*2000 = 0 -65 k, j Minimum Operat ing = 1533 
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Noiv consider the design of the lagging as a sin;;)ly supported beam. 

!3irst considev. .the l q - t e r t n  condition where no axial  loads a r e  applied 

t o  the lagging fronl the forward jacking of the  sh ie ld .  

Lonq-Term Case (simple bending of member) 

1 
z 

# w = (K  -y ) - - l(5260) 2630 / f t  of lagging = 219#/irr lagging o 2  2 

1 s ince exposed lagging sect-ion i s  1 2  wide. 

W L  -. 2630A4 1 5400# Tllerefore R =R = - - r.- 
1 2  2 2 

S = section modulus - - bh2  f o r  rectangular section 
2 6 

'Therefore S = kw-.. = '16 .fn3 
6 

.. 2 wk2 _ 219(4.1*12) = 66300 in# - - .. 
Mmax D o 
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From page 52 Tiniber Design Manual (1972) 

- .> - Km 
'req1d F n b  where Km = Moment Fac tor  = 1.0 

Therefore Sreq, - 
M - -  - 66300 - -  

F ' h  F 'h 

For  tawrl t imber  FIb = FbKSbKFKa 

where K 
Sb 

- s e r v i c e  c o n d i t i o n  f a c t o r  f o r  bending = 1.0 

K~ = t reatment  f a c t o r  =! .O f o r  un t rea ted  wood 

KD 
= l oad  d u r a t i o n  f a c t o r  = 1.0 

and Fb = 1150 p s i  

Therefore SresId - 66300 - 57 .7  i n  3 
1150 

Therefore, the requ i red  sec t i on  modulus i s  much g r e a t e r  than t h e  

a c t u a l  sec t i on  modulus and f a i l u r e  o f  the  'lagging i n  the  long-term 

c o n d i t i o n  can be expected. 

Fur ther ,  i f  a x i a l  loads due t o  t h e  app l ied  j a c k i n g  f o r c e  are  considered, 

t h e  s i t u a t i o n  i s  aggrevated. 
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Using the previous analysis ,  substantial  laggin9 sectional properties 

a r e  required in order t o  ensure the s t a b i l i t y  of the timber lagging. 

Wowever, th i s  r e s u l t  i s  grossly inconsistent with the current practice 

and performance of tunnelling carried out i n  the  City of Edmonton. 

The major problem involved in t h i s  portion o f  the analysis i s  the lack 

of capabi l -ity to s a t i s f a c t o r i l y  quantify the so i l / s t ruc tu re  interaction 

and to  separate out tile ro-ies of the lagging and s t i f f en ing  r ib  systern. 

The theory of arching 'in s o i l s  when applieci t o  the  given boundary 

conditions leads t o  reasonable resu l t s .  

Previously, the r i b  lagging system was assumed Flexible when considering 

the  design of the s t i f fen ing  r ibs .  However, the r a t i o  of the moduli 

of' e l a s t i c i t y  for  both the wood lagging and the s t ee l  ribs i s :  

and in f ac t  the waod lagging i s  subs tan t ia l ly  more duc t i l e  than the 

s t ee l  r ibs .  

Now, consider an individual cel l  in the tunnel consist ing of two " s t i f f "  

s t ee l  r ibs and the lagging 

Terzayki (1943) has outlined the 
theorv of  archins  i n  s o i l s .  
~ a b o r a t o r y  investigations have 
shown t h a t  the oressure on a 
yielding strip iuch as a-b i s  almost 
independent of t he  s t a t e  of s t ress  
exis t inq i n  t he  s o i l  a t  a heiqht of 
more than 26 t o  3B above the top 
of the  s t r i p .  
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Fu r the r ,  Terzaghi and Peck (1967) i n d i c a t e  t h a t  t h e  u l  t imd te  pressure 

imposed on a  y i e l d i n g  s t r i p  i s  n e a r l y  t o t a l l y  independent o f  depth r 

o f  the tunnel  below the ground sur face.  Fur ther ,  t h e  pressure exer ted 

on the  s t r i p  i s  approximately equ iva len t  t o  the  we igh t  o f  the  s o i l  i n  

t h e  shaded area abc on t h e  prev ious f i g u r e .  

I f  t h i s  shaded area is assumed t o  be a  rec tang le  hav ing  dimensions 

Bx2.5B (4.1 ' x 2 . 5 * 4 . i i ) ,  the est imated st resses a c t i n g  on the  l agg ing  

supported between the  two s t e e l  s t i f f e n i n g  r i b s  can be ca lcu la ted .  

Therefore, assuming a rch ing  i s  t a k i n g  p lace between t h e  i n d i v i d u a l  r i b s ,  

t h e  ea r th  pressure a c t i n g  on the  'lagging a t  the t o p  of t h e  tunnel 

is equ iva len t  t o :  

(4. ' !*10.25') 

o r  a  l a y e r  o f  s o i l  10.25' t h i c k  r e s t i n g  on the  lagg ing .  

Consider the l agg ing  ds a s imply supported beam under t i e  i n f l u e n c e  o f  

t h e  g iven pressure d i s t r i b u t i o n  (again l agg ing  i s  6" wide) 

# 
1.1 = 692 / f t / 1 / 2  f t  o f  w a l l  - 58#/ in /1/2 ft o f  w a l l  
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Long-Term Condition 

From the Timber Design Wanual (1972) 

- - - M% 
'req'd F ' b  where Km=10 (defined previously) 

F I b  = 1150 ps i  

lhere fore ,  ireqld - - 17550*1'0 = 15.3 i n  3 
1150 

3 
b u t  'actual - 16 in therefore O.K. 

For shear in the  member: 

- 1.5V KN 

%eqrd - F- where KN = notch f ac to r  = 1.0 
v 

and F '  f o r  sawn iumber i s :  
V 

F I v  = F K K-5 v sv C Kg = duration f ac to r  - 1.0 

KF = treatment f ac to r  = 1.0 

KSV= service condition fo r  horizontal 
shear = 1.0 

Fy = 85 psi (L.T.I .C. ,  1972) 

Therefore, Areq  , d  .- 5 1 1 8 8 ) )  - I i n  - - . - 2 
85 

b u t  2 
*actual - 24 in therefore O.K. i n  shear.  

The ant ic ipated deflection of the  member under long-term conditions is: 
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Ka = d e f l e c t i o n  f a c t o r  = 1.0 
a = 5 w ~ 4  384E' I  K~ I = -- bh3 =. -- 6*43 = 32 jn4 

12 12 

where E '  = E K ~ ~ K ~  where KF - 1.0 

A = 5 ( 5 8 ) ( 4 . 1 * 1 2 ) ~  
384*1,200,000*32 = 0.12 inches 

KSE = se rv i ce  c o n d i t i o n  factor- = 1.0 

E = 1,200,000 p s i  

Thus, i n  t h e  long- term cond i t i ons  a  4"x6" ' lagging member .is s u f f i c i e n t .  

It should be p o i n t e d  ou t  t h a t  s ince  t h e  l agg ing  i s  r e s t r d i n e d  aga ins t  

b u c k l i n g  i n  3  d i r e c t i o n s ,  t h e  unsupported l eng th  i s  equ iva len t  t o  the  

l e n g t h  o f  t h e  member. 

Short-Term Design o f  Ldggine 

I n  t h e  shor t - te rm the  ldgging/support  system i n  t h e  tunnel  w i l l  be 

sub jec ted  t o  a x i a l  fo rces  due t o  t h e  j a c k i n g  pressures o f  t h e  mole and 

s h i e l d .  It i s  necessary t o  eva lua te  t h i s  c o n d i t i o n  i n  o rder  t o  assess 

t h e  o v e r a l l  performance o f  the lagg ing .  I h e  a n t i c i p a t e d  j a c k i n g  pressures 

have been o u t l i n e d  i n  a prev ious sec t ion .  

A member under t h e  i n f l u e n c e  o f  combined bending and a x i a l  l oad  must 

be designed t o  s a t i s f y  the  f o l l o w i n g  cond i t i on :  

where M = bending moment 
S = s e c t i o n  modulus 
F t b  = a l l owab le  working s t ress  

i n  bending 
P = a x i a l  load 
AN = n e t  area 

F I a  = a l l owab le  d i r e c t  working 
s t r e s s  
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Consider t h e  performance of t h e  lagging under t h e  maximum a n t i c i p a t e d  

ope ra t ing  pressure  of 1.31 k s i :  

L = 49.2 inches 
P = 32000# 
I = 32 i n 4  
E = 1,200,000 p s i  

1 x -____.-_ - ~. . .- - 0.115 * 1.253 = 0.144 inches 
3 2 0 0 0 ( 4 9 . 2 ) ~  

- I~(~:~oo,ooo) rm- 

- 17550 + 4608 = 22158 in' 
3 

S  = 16 in 

P = 32000' 

AN= 24 in 2 

I: t = F K K K where Fb - 1150 p s i  
b  b S b F D  

K = s e r v i c e  condi t ion  f a c t o r  f o r  bending - 1.0 

KF = t rea tment  f a c t o r  = 1.0 

K = load du ra t ion  f a c t o r  = 2 .0  s fnce  jacking 
p res su re  can b e  considered an instantaneous 
1 oad 

t h e r e f o r e  F i b  - 2300 ps i  
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F ' ,  - FcKscKFKoKC where Fc = al lowable u n i t  s t r e s s  
p a r a l l e l  t o  gra in  = 800 ps i  

= s e r v i c e  condit ion f a c t o r  f o r  
Ksc compreision paral.ie1 t o  gra in  

=0.91 

KF = t reatment  f a c t o r  - 1 .0  

KD = load dura t ion  f a c t o r  = 2.0 

KC = s lenderness  f a (  t o r  = 1 .0  

Therefore FIa = 800(0.91)(1.0)(2.0)(1.0) = 1450 ps i .  

M/S 
22150 32000 P/AN 

Therefore  - .+ ---- = 16 -- 4E = 0.60 + 0.92 
F ' b  F ' a  2300 1450 

= 1.52 p 1 . 0  -. 

Therefore  the  s t r e s s e s  a t  the maxin~um a n t i c i p a t e d  ope ra t ing  p res su re  

exceed t h e  al lowable s t r e s s e s .  

A t  an opera t ing  pressure  of  500 Tons 

I A = 0.1'15* - 0.129 inches 
1 6 0 0 0 ( 4 9 . 2 ) ~  

- 1 0 ( 1 2 0 0 , 0 0 0 ) ( 3 2 ~  

Therefore M = w L  + P A  = 17550 +16000(0.129) - 19600 i n  # r - 

Therefore a t  t h e  lower a n t i c i p a t e d  ope ra t ing  pressure  t h e  s t r e s s e s  within 

the lagging a r e  a t  t h e  design l i m i t .  
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A t  an opera t ing  pressure o f  3500 Tons 

A =  0.115 * 1  - 0.37 inches 
109000*(49.2)~ ' - 10(1200000) (32) 

'Therefore Mmax = IY_- IPIi = 17550 + 109000(0.37) -= 57900 i n  l b s  8 

M/S 
57900 109000 P/AN -. 

and p- .+ 7. = 16__ .? r= 4.70 11 1  
a  

- 
b  2300 1450 

and the  design c r i t e r i o n  i s  again exceeded 

From the  prev ious  cons idera t ion  o f  t h e  l agg ing  i n  t h e  shor t - te rm case, 

under the  i n f l u e n c e  o f  t h e  j a c k i n g  pressure o f  t h e  mole and sh ie ld , in  a l l  

cases the  s t resses  i n  the l agg ing  members are a t  o r  above t h e  design 

' l i m i t .  

liowever, the  recommended s t ress  l e v e l s  i n  bending and a x i a l  l o a d  

suggested i n  t h e  Timber Design Manual (1972) a r e  conservat ive.  D r .  J. 

Longworth, Department o f  C i v i l  Engineer ing U. o f  A. (Personal Communication 

1976) i n d i c a t e d  t h a t  on a  s ta t . i s t i ca1  basis ,  -the s t resses  a t  f a i l u r e  f o r  

a  t imber  member are  a t  l e a s t  tw i ce  as l a r g e  as the  recommended design 

values ( i . e .  Fac to r  o f  Safety o f  2). 

I t  i s  t he re fo re  a n t i c i p a t e d  t h a t  t h e  l agg ing  w i l l  per fo rm s a t i s f a c t o r i l y  

i n  t h e  sho r t - t e rm case when t h e  a p p l i e d  j a c k i n g  loads are  w i t h i n  t h e  

range o f  a n t i c i p a t e d  work ing loads o f  500 t o  1000 tons. 

However, i f  the  j a c k i n g  l oad  requ i red  t o  advance the  mole and s h i e l d  

approaches the  maximum capac i ty  o f  the  jacks,i.e. 3500 t o n s , f a i l u r e  o f  
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the  lagging immediately adjacent t o  the  tunnell ing machine can be 

expected. 

A t  l a rger  distances from the tunnell ing machine the  applied axial  

loads due t o  jacking will  be some fract ion of the  actual  jacking loads 

due t o  the so i l / s t ruc ture  interact ion.  Some of t he  load will be 

dispersed as a shear s t r e s s  development between the lagging and the  s o i l .  

The actual d i s t r ibu t ion  i s  d i f f i c u l t  t o  quantify however. 

Design based on the c r i t i c a l  section adjacent t o  t he  tunnell ing machine 

can be considered as the l imit ing case. 

As wel l ,  some f lexure  w i l l  he introduced in to  the  lagging members 

as they pass from the shie ld  i n t o  contact w i t t i  t he  s o i l .  

Settlement above Iunne l  

I t  has been found,through instrumentation and observation of several 

tunnels,  t h a t  the settlement p ro f i l e  above a s ing l e  tunne l  may be 

reasonably represented by the normal d i s t r ibu t ion  curve o r  e r r o r  

function. 

In order t o  est imate the settlement p ro f i l e  above a t unne l  the  maximum 

settlement,&max, must be known o r  assumed. Assumptions regarding the 

maximum sett lement t h a t  niay take place can be made from observations of 

the performance of other  tunnels under s imi l a r  s o i l  conditions. Further, 

the  width of the  settlenient trough must be known. 

From observations and recorded data a re la t ionsh ip  between the width of 

the  settlement trough and the dinlensionless depth o f  a tunnel has been 

developed for  various tunnels passing through d i f f e r en t  materials  (Peck 1969). 

This re la t ionship i s  shown in  Figure 5. 



W n  Notes TMnel P r o j e c t  

An approach t o  e s t i ~ l i a t i n g  the se t t l emen t s  above a tunnel ,  i s  t o  

assunie a c e r t a i n  percentage of l o s t  ground ( d  percentage of  the tunnel 

a r e a  over a s p e c i f i e d  !ength) and c a l c u l a t e  t h e  se t t l emen t  p r o f i l e s  

t o r  various q u a n t i t i e s  of l o s t  ground. 

The area of t h e  t rough can be e s t i n ~ a t e d  using t h e  r e l a t i o n s h i p :  

Area = 2.5 i Gmax 

o r  Volume = 2.5 i 6max per  u n i t  length  of  tunnel .  

For the proposed tunne l :  

Z -- depth o t  4 below ground s u r f a c e  = 40' 

R = rad ius  of  tunnel - 20' 

z 40 - 2 Therefore - = - -- 2R 20 

and f o r  s o f t  t o  s t i f f  c l ays  from the re la t ic lnship  p lo t t ed  on Figure 5 

we have: 

i  
- = 1 . 5  the re fo re  .i = 15 '  R 

Now cons ider  t h e  se t t l emen t  p r o f i l e s  f o r  l o s t  ground amounting t o  

1 ,2 ,3 ,4 ,  . . .  % of t h e  tunnel a rea .  

I n i t i a l  diameter  =. 20.5 f t  Area - 330 f t  2 

% Lost Ground Vo-lume o f  so-il Gmax 
(Area/uni t lenyth  of tunnel  ) ( f t )  

v - V - v from Gmax = - - - - 
2 .5 i  2 .5(15)  37 .5  





Desisn Notes Tunnel Pro,iect 

The c a l c u l a t i o n s  f o r  the d i f f e r e n t  assumed values o f  l o s t  ground are 

summarized i n  Table 1. 

The d i f f e r e n t  o r d i n a t e  values were ca l cu la ted  us ing  the  p rope r t i es  o f  

t h e  normal d i s t r i b u t i o n  curve ( N e v i l l e  and Kennedy, 1964). 

Set t lements above Tunnel Pa i r s  

The se t t lement  occu r r i ng  above a  p a i r  o f  tunnels can be est imated us ing  

one o f  t h e  f o l l o w i n g  approaches: 

(a )  Super p o s i t i o n  o f  t h e  se t t lements  u f  t h e  i n d i v i d u a l  tunnels.  

o r  (b )  Determinat ion o f  a  se t t l emen t  t rough f o r  a  s i n g l e  tunnel  us ing 

an equ iva len t  rad ius  based on t h e  diameters o f  t h e  s i n g l e  tunnel .  

The cen te r  l i n e  o f  t h i s  combined se t t lement  rough w i l l  correspond 

w i t h  t h e  l i n e  o f  s y m e t r y  o f  t h e  two tunnels.  

Approach A 

From t h e  previous c a l c u l a t i o n s  t h e  e f f e c t s  o f  supe rpos i t i on  o f  t h e  

i n d i v i d u a l  se t t lement  curves can be summarized. 

It has been dssumed thd t  the tunne ls  a re  a t  40' cent re- to -cent re  f o r  

s i m p l i c i t y  o f  c a l c u l a t i o n s .  The ac tua l  spar ing  i s  39 f e e t  cen t re - to -  

cent re .  The d i f f e rences  i n  the  es t imate  r e s u l t i n g  from t h i s  assumption 

a r e  n e g l i g i b l e ,  

The c a l c u l a t i o n s  are  summarized i n  Table 11. 

Approach B 

Using t h i s  approach an equ iva len t  rad ius  f o r  t h e  t w i n  tunnels can be 

c a l c u l a t e d  from 

d R '  = R + 2- where d - spacing (Peck, 1969) 
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D e s i q n  Notes Tunnel P r o j e  

40 therefore  R '  = 10 i - = 30' 2 
7. - 40 i therefore  - - = 0.67 = -i- - 0.70 therefore i = 21' 

60 R 

therefore  V = 2.5 i Gmax per u n i t  length of tunnel 

therefore  V = 21 (2.5) finlax = 52.5 Gmax 

'1-he calciilations a r e  s imilar  t o  those fo r  a s i ng l e  tunnel and a r e  

summarized in Sable 111. 

Fin i te  Element Analysis- 

Assuming the  or iginal  s t r e s s  d i s t r ibu t ion  out l ined by Peck (1969), the  

nodal forces required t o  give a s t r e s s  f r ee  boundary i n  the  f i n i t e  

element analysis a r e  ca lc~ l la ted  below. 



Design Notes - Tunnel Project 

A t  p o i n t  i 

a1 = y(z, - r s ine )  

a3 = KO ~ ( z ,  - r s i n e )  

2 2 oi = K y (z l  - r s i n e )  cos 0  + y(z - r s i n e )  s i n  e 
0 1  

2 2 a = y(z, - r s i n e )  [Ko( l  - s i n  6)  + s i n  e l  i 

2 a = y (z l  - r sine) [Kg + s i n  e ( I  - KO)] i 

C a l c u l a t i n g  s t r e s s  relief t h a t  takes p lace  upon excavat ion  o f  the 

tunne l .  

Kt1 our : 

2 u .  - y ( z  -- r s ine )  [KO + s in  0 (1 - KO)] 1 1 



m n  Notes Tunnel P r o j e c t  

f o r  nodes 90 and 67 

R9~,67 = 42500 (0.2618 4- 0.2618) = 22,253 l b s  

f o r  nodes 91,68 

R91 ,68 = 19,016 l b s  

Node 92,78 

Node 79 

Node 89.66 



D e s i q n  Notes .- Tunnel  P r o j e c t  

Node 76.65 

Node 

64 

65 

66 

67 

6 8 

7 6 

7 8 

7 9 

89 

90 

9 1 

9 2 

Angle From 
H o r i z o n t a l  

90 

60 

30 

0 

30 

60 

60 

90 

30 

0 

30 

60 



D l g n  Notes Tunnel Pro j&  

F i n i t e  Element Analys is  - Imposed Displacements 

Another p o r t i o n  o f  the f i n i t e  element ana lys is  c a r r i e d  out  i n  t h e  

prev ious  i n v e s t i g a t i o n  imposed a r a d i a l  d i sp lace ren t  o f  2 inches inward 

on the  tunnel .  The x-y ~riagnitudes o f  t h e  imposed displacements a r e  

l i s t e d  below. 

Node X-Displacement ( f t )  Y-Displacement ( f t )  

79 0.0 -0.1667 

Y 2 -0.0833 -0.1443 

91 -0. i 443 -0.0833 

Y 0 -0.1667 0.0 

89 -0.1443 0.0833 

76 -0.0833 0.1443 

64 0.0 0.1667 


