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D .D . Y O A K U M  V ic e  P r e s id e n t  o f  G e o S o i ls ,  I n c . ,  L o s  A n g e le s ,  C a l i f o r n ia ,  U n i t e d  S ta t e s  o f  A m e r i c a

SYNOPSI S A s ear c h f or  a bui l d i ng t o hous e t he Far  Wes t  Labor at or y  Educ at i onal  Fac i l i t i es
f ound an ol d 6- s t or y  r ei nf or c ed c onc r et e bui l di ng about  2 k i l omet er s  s out h of  t he Ci t y  of  San 
Fr anc i s c o c i v i c  cent er .  Or i gi nal  pl ans  of  t he bui l d i ng di s c l os ed t hat  i t  was  s uppor t ed on t i mber  
pi l es  of  unk nown l engt hs  i n gr oups  of  11 t o 14 under  eac h col umn.  The undul at i ng f l oor s  i n ­
d i c at ed t hat  t he bui l d i ng had under  gone s i gni f i c ant  set t l ement .  Updat i ng t he bui l d i ng i nc l udi ng 
addi t i onal  s ei s mi c  r es i s t ant  r ei nf or c ement  r equi r ed t hat  av er age l oadi ng on s uppor t i ng pi l es  
woul d i nc r eas e f r om 13, 500 kg t o 18, 000 k g per  pi l e.  Subs ur f ac e expl or at i on,  l abor at or y  t es t i ng 
and 2 pi l e l oad t es t s  wer e per f or med.  Ex c av at i ons  f or  t he pi l e l oad t es t s  di s c l os ed t hat  t he 
pi l es  wer e bel ow t he wat er  t abl e and ex hi bi t ed no s i gns  of  decay .  Set t l ement  and pi l e l oad t es t  
s t udi es  di s c l os ed t hat  t he bui l di ng l oad pl us  downdr ag f or ces  ex c eeded t he s uppor t i ng c apac i t y  of  
t he pi l es  and t hat  t he bui l d i ng was  s et t l i ng at  about  t he r at e of  c ons ol i dat i on of  t he under l y i ng 
" r ec ent  Bay  Mud" .  However ,  r el at i v e t o downdr ag f or ces  t he pr opos ed addi t i onal  bui l d i ng l oads  
wer e deemed t ol er abl e wi t h  t he pr edi c t ed f ut ur e s et t l ement s  bei ng i n t he or der  of  0. 03 t o 0. 06m.  
ov er  t he nex t  20 year s .

I NTRODUCTI ON

I n 1968 a c ons or t i um of  uni v er s i t i es  i n t he 
wes t er n Uni t ed St at es  of  Amer i c a f or med a j oi nt  
power s  agr eement  t o dev el op an educ at i onal  
l abor at or y .  The r es ul t i ng or gani z at i on,  t he 
Far  Wes t  Labor at or y  Educ at i onal  Fac i l i t i es ,  
began a s ear c h t o f i nd a bui l di ng t o hous e 
t hei r  of f i ces .  The s t r uc t ur e c hos en was  an 
ol d,  6- s t or i ed,  r e i nf or c ed c onc r et e war ehous e 
about  2 k i l omet er s  s out h of  t he c i v i c  c ent er  
of  t he Ci t y  of  San Fr anc i s c o,  Cal i f or ni a.

The s ubj ec t  bui l d i ng i s appr ox i mat el y  11 
k i l omet er s  eas t  of  t he San Andr eas  r i f t  zone,  
an ar ea wher e many  ear t hquak e epi c ent er s  have 
been l ocat ed,  i nc l udi ng t hat  of  t he gr eat  
ear t hquak e of  1906.  A s ear c h of  ol d maps  and 
f i l es  on t he ar ea i ndi c at es  t hat  at  one t i me 
t he s i t e was  pr obabl y  a par t  of  a nar r ow 
es t uar y  whi c h t r av er s ed t he s i t e i n a nor t h-  
s out h di r ec t i on.  Thi s  ar m c onnec t ed wi t h  a 
smal l  bay,  whi c h was  par t  of  t he l ar ger  San 
Fr anc i s c o Bay.

As  t he Ci t y  of  San Fr anc i s c o devel oped,  
bet ween 1847 and 187 3,  anc i ent  sand dunes  wer e 
l ev el ed and ex c es s  eol i an sands  wer e us ed t o 
f i l l  i n t he mar s h and s hal l ow bay  ar eas  sout h 
of  t he downt own ar ea,  pos s i bl y  i nc l udi ng t he 
s ubj ec t  s i t e.  Fur t her ,  i t  i s bel i ev ed t hat  t he 
s i t e bec ame par t  of  a dumpi ng gr ound f or  
r ubbl e gener at ed dur i ng t he c l ean- up oper at i ons  
af t er  t he ear t hquak e and f i r e of  1906.

The bui l d i ng was  c ons t r uc t ed i n 1927.  The ol d 
war ehous e was  appr ox i mat el y  59 met er s  wi de by
7 5 met er s  l ong,  wi t h t he l ong s i de ex t endi ng 
i n t he nor t h- s out h di r ec t i on.  Or i gi nal  pl ans  of

t he bui l di ng di s c l os ed t hat  i t  was  s uppor t ed on 
t i mber  pi l es  of  unk nown l engt h i n gr oups  of  11 
t o 14 s uppor t i ng eac h col umn,  t hus  i t  i s 

pr obabl e t hat  t he pi l es  wer e des i gned f or  
t ot al  l oads  of  23 met r i c  t ons  wi t h at  l eas t
13. 5 t ons  dead l oad.  The ex i s t i ng i nt er i or  
c ol umns  wer e des i gned f or  t ot al  l oads  i n t he 
or der  of  227 t ons  ( 135 t ons  dead l oad ) .

Bui l di ng c odes  us ed i n 1969 had mor e s t r i ngent  
r equi r ement s  f or  s ei s mi c  r es i s t ant  des i gn t han 
had been i n pr ac t i c e i n 19 27.  Thi s  meant  t hat  
c ons i der abl e l at er al  br ac i ng woul d be r equi r ed 
t o r ender  t he ol d bui l d i ng us abl e f or  t he 
pr opos ed pr oj ec t .  Thi s  addi t i on of  dead l oad 
t o t he bui l d i ng meant  an i nc r eas e of  t ot al  
l oads  on f oundat i on s y s t em by  about  50 per cent .  
Bec aus e of  t he needed addi t i onal  l oadi ng,  t he 
unk nown c ondi t i on and s uppor t  c apac i t y  of  
t he pi l es  and t he ques t i on of  t he c ur r ent  
s et t l ement  r at e of  t he bui l di ng,  an ex t ens i v e 
i nv es t i gat i v e and pi l e l oad t es t  pr ogr am was  
devel oped.

SUBSURFACE EXPLORATI ON

A t ot al  of  5 bor i ngs  wer e adv anc ed adj ac ent  t o 
t he bui l di ng t o a max i mum dept h of  4 0 met er s .  
Loc at i ons  of  t he bor i ngs  ar e s hown on t he s i t e 
pl an,  Fi gur e 1.  Dr i l l i ng of  t he bor i ngs  was  
ac c ompl i s hed us i ng a t r uc k - mount ed Fai l i ng 
1500 r ot ar y  was h dr i l l i ng r i g.  Bent oni t e 
dr i l l i ng mud was  used t o s t abi l i z e t he hol es  
and r et ur n dr i l l  cut t i ngs .  Sampl es  wer e 
gener al l y  c ol l ec t ed at  1. 5 t o 3m i nt er val s .
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F IG U R E  I" B U I L D IN G  S IT E  P L A N

Mos t  s ampl es  wer e t ak en wi t h  a 50. 8mm O. D.  
s pl i t  s poon s ampl e dr i v en i nt o undi s t ur bed 
gr ound wi t h  a 63. 5 k i l ogr am hammer  dr oppi ng 
f r eel y  a d i s t anc e of  0. 76m.  The bl ow c ount  
( St andar d Penet r at i on Res i s t anc e,  N)  was  
r ec or ded and was  us ed as an ev al uat i on of  t he 
r el at i v e dens i t y  of  t he s ubs ur f ac e mat er i al .  
I n addi t i on t o t he St andar d Penet r at i on 
s ampl es  c ol l ec t ed,  r e l at i v el y  undi s t ur bed 
76mm O. D.  t hi n- wal l  t ube s ampl es  wer e t ak en 
i n c ohes i v e soi l s  by  pus hi ng t he s ampl e t ube 
wi t h  a hy dr aul i c  r am on t he dr i l l i ng r i g.

A s t and- pi pe t y pe pi ez omet er  was  i ns t al l ed i n 
one of  t he bor i ngs  t o dev el op gr oundwat er  
f l uc uat i on dat a.  Gr oundwat er  was  gener al l y  
f ound t o be about  3m bel ow t he gr ound sur f ace,  
and f l uc uat ed l ess  t han 0. 3m ov er  t he l ŝ 
y ear s  obser ved.

El ev en c or e hol es  wer e c ut  t hr ough t he c onc r et e 
f l oor  s l ab on t he gr ound f l oor  of  t he bui l di ng 
f or  t he pur pos e of  det er mi ni ng i f  f i l l  
had s et t l ed away  f r om t he f l oor  s l ab.

F IG U R E  Z  S E C O N D  F L O O R  P R O F I L E
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I n gener a l ,  l ar ger  v oi ds  wer e not ed beneat h 
t he f l oor  s l ab beneat h t he wes t er n por t i on of  
t he bui l di ng.  Meas ur ed v oi ds  beneat h t he s l ab 
r anged f r om 7mm t o 65mm.  I n addi t i on,  a voi d 
s pac e l ess  t han 10mm was  obs er v ed beneat h t he 
c ent er  of  t he pi l e c ap at  t he wes t er nmos t  pi l e 
l oad t es t  s i t e.  Rut her f or d and Chek ene 
St r uc t ur a l  Engi neer s ,  t he f i r m r et ai ned t o pr o ­
v i de s t r uc t ur a l  r edes i gn of  t he bui l di ng,  t ook  
wat er  l evel  s ur v ey s  on t he f i r s t ,  second,  t hi r d 
and s i x t h f l oor s .  Dat a f r om t hi s  mat er i a l  
s howed max i mum di f f er ent i a l  s et t l ement  ac r os s  
t he bui l d i ng f r om eas t  t o wes t  was  about  230mm 
and t he av er age di f f er ent i a l  s et t l ement  was  
about  165mm.  An eas t - wes t  pr of i l e t aken on 
t he s econd f l oor  i s pr es ent ed i n Fi gur e 2.
Ci t y  s ur v ey  monument s  had been es t ab l i s hed i n 
t he s t r eet  i n f r ont  of  t he bui l d i ng i n 1953 
and dat a f r om t hose monument s  s ugges t s  t hat  
s et t l ement  of  t he s i t e i s s t i l l  oc c ur r i ng at  a 
r at e l ess  t han 0. 5mm per  year .

LABORATORY TESTI NG

Labor at or y  t es t i ng c ons i s t ed of  t he c onv ent i ona l  
det er mi nat i on of  nat ur a l  wat er  c ont ent  f or  al l  
s ampl es  abov e t he wat er  t ab l e and al l  c l ay  
s amp l es ,  She l by  t ube s amp l es  ( t hi n- wa l l  t ube 
sampl er )  wer e al s o t es t ed f or  s hear  s t r engt h 
us i ng t he unc onf i ned c ompr es s i on t es t  and t he 
Tor v ane shear  t es t  ( hand- he l d v ane s hear ) . Dr y  
uni t  wei ght s  wer e det er mi ned f or  al l  undi s ­
t ur bed samp l es .  I n addi t i on,  c ons o l i dat i on 
t es t s  wer e per f or med on s amp l es  of  t he r ec ent  
sof t  c l ay  ( Bay Mud)  and o l der  s t i f f  c l ays .

SUBSURFACE CONDI TI ONS

The gener a l  s t r at i gr aphy  at  t he s i t e was  5 t o 6 
m of  f i l l  under l a i n by  up t o 9. 8m of  uni f or m,  
f i ne t o medi um,  s i l t y  sand whi c h i s i n t ur n 
under l a i n by  r ec ent  Bay  Mud.
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Under l y i ng t he Bay  Mud was  f ound an i nt er bedded 
or  i nt er l ens ed dens e sand and s t i f f  c l ay  whi c h 
ov er l i es  s er pent i ni z ed gr eens t one bedr ock .  
Beneat h t he eas t er n por t i on of  t he bui l d i ng,  
bedr oc k  was  f ound at  a dept h of  31. 7m and 
beneat h t he wes t er n por t i on of  t he bui l d i ng,  
bedr oc k  was  f ound at  a dept h of  38. 3m.  A 
geo l ogi c  c r os s - s ec t i on s hown on Fi gur e 3 i l l us ­
t r at es  t he gener a l i z ed soi l  c ondi t i ons  i n 
t he eas t - wes t  d i r ec t i on t hr ough t he c ent er  of  
t he bui l d i ng.  St r at a wer e mor e uni f or m i n t he 
nor t h- s out h di r ec t i on.

The f i l l  ov er l y i ng t he s i t e i s pr i nc i pa l l y  
l oose,  f i ne t o c oar s e sand wi t h some gr ave l  
and v ar y i ng amount s  of  c onc r et e and g l ass  
r ubbl e.  The f i l l  i s i dent i f i ed as Lay er  1 
on Fi gur e 3.  A l ayer  of  uni f or m f i ne sand 
( Layer  2)  was  f ound at  t he bas e of  t he f i l l  
hav i ng a t hi c k nes s  up t o 9. 8m.  Thi s  mat er i a l  
may  have been wi nd- depos i t ed,  bei ng b l own 
i n f r om sand dunes  t o t he west ,  or  i t  may  
have been p l ac ed by  man,  as s ugges t ed 
ear l i er  i n t hi s  paper ,  as  par t  of  t he dev e l op ­
ment  of  downt own San Fr anc i sco.  St andar d 
Penet r at i on r es i s t anc e i n t he f i l l  r anged 
bet ween about  2 t o 15 b l ows  per  f oot ,  and t hat  
of  t he uni f or m f i ne sand r anged bet ween about  
20 and 4 0 b l ows  per  f oot .

The r ec ent  Bay  Mud ( Layer  3)  f ound at  dept hs  
v ar y i ng bet ween 4 and 12m be l ow t he gr ound 
sur f ace,  was  a gr ay,  v er y  sof t  t o sof t ,  
or gani c ,  medi um t o hi gh l y  p l as t i c  c l ay  wi t h 
t r ac es  of  peat  and s he l l s  and oc c as i ona l  t hi n 
s eams  of  f i ne sand.  The Bay  Mud was  f ound t o 
be t hi nnes t  ( 8. 5m)  beneat h t he wes t  c ent r a l  
por t i on of  t he bui l d i ng and t hi c k es t  ( 15m)  
beneat h t he bac k  c ent r a l  por t i on of  t he 
ex i s t i ng bui l d i ng.  Ac r os s  t he f r ont  of  t he 
bui l d i ng t he t hi c k nes s  of  t he Bay  Mud v ar i ed 
f r om 8. 5 t o 13. 7m.  " N"  v al ues  i n t he sof t  
or gani c  c l ay  r anged bet ween 0 ( samp l er  pene ­
t r at ed under  t he wei ght  of  t he r ods)  and 5 
b l ows  per  f oot .  The s hear  s t r engt hs  r anged 
bet ween 0. 4 t o 0. 6 3 k i l ogr ams  per  s quar e 
c ent i met er .  Remol ded shear  s t r engt h of  t he 
s of t  c l ay  was  i n t he or der  of  0. 1 t o 0. 2 
k i l ogr ams  per  s quar e c ent i met er  i ndi c a t i ng a 
s ens i t i v i t y  bet ween 3 and 4.  The c ons o l i dat i on 
t es t s  i ndi c a t ed t hat  t he sof t  c l ay  was  near l y  
nor ma l l y  c ons o l i dat ed under  t he ex i s t i ng ov er ­
bur den pr essur e.  I t  i s i nt er es t i ng t o not e 
t hat  t he c ompr es s i on i ndex  i n t he c ons o l i dat i on 
t es t s  was  v er y  s i mi l ar  t o v a l ues  obt ai ned f r om 
s amp l es  of  Bay  Mud f r om ot her  t hi c k  depos i t s  
f ound t hr oughout  t he San Fr anc i s c o Bay.

The sand i s t hi c k es t  beneat h t he f r ont  c ent er  
of  t he bui l d i ng and wedges  out  beneat h t he 
bac k  of  t he bui l d i ng.  St andar d penet r at i on 
va l ues  of  t he sand wer e ov er  100 i n a l l  cases.  
I mmedi at el y  under l y i ng t he dens e sand and 
r ec ent  Bay  Mud i n one bor i ng was  a gr ay,  
medi um t o s t i f f  s i l t y  c l ay  ( Layer  5)  whi c h was  
i dent i f i ed as o l d Bay  Cl ay ,  r angi ng i n 
t hi c k nes s  t o a max i mum of  9m.  I nt er bedded or  
i nt er l ens ed wi t h t he s t i f f  c l ay  was  f ound 
v er y  dens e f i ne t o medi um sand i n l enses  up t o 
5m i n t hi cknes s .  St andar d penet r at i on v a l ues  
i n t he s t i f f  c l ay  r anged bet ween 5 and 14 b l ows  
per  f oot ,  and moi s t ur e c ont ent  v ar i ed bet ween 
40 and 70 per cent ,  av er agi ng about  55 per cent .  
Meas ur ed shear  s t r engt hs  r anged up t o 0. 6 t o
2. 0 k i l ogr ams  per  s quar e cent i met er .

St andar d penet r at i on v a l ues  of  t he dens e t o 
v er y  dens e sand i nt er bedded wi t h t he c l ay  
r anged f r om 30 t o ov er  100 b l ows  per  f oot .
A c ons o l i dat i on t es t  per f or med on a s amp l e of  
t he s t i f f  c l ay  i ndi c a t ed t hat  t he c l ay  had 
been ov er c ons o l i dat ed by  about  2 k i l ogr ams  per  
s quar e c ent i met er  abov e ex i s t i ng ov er bur den 
pr essur e.

Moder at e l y  har d,  f r ac t ur ed gr eens t one ( Layer  6)  
was  enc ount er ed bet ween dept hs  of  31. 7m and 
38. 3m.  The bedr oc k  i n t he ar ea c ons i s t s  of  
t he Fr anc i s c an For mat i on whi c h i s of  t he upper  
J ur as s i c  t o Cr et ac eous  age.  At  t he s i t e,  t he 
gr eens t one was  par t i a l l y  a l t er ed t o ser pent i ne.

PI LE LOAD TESTS

Two pi l e l oad t es t s  wer e per f or med beneat h 
ar eas  of  t he bui l d i ng k nown t o hav e di f f er i ng 
subs oi l  c ondi t i ons ,  i n gener a l  t he d i f f er enc e 
bet ween t he eas t  and wes t  s i des  of  t he bui l d i ng.  
The pur pos e of  t he t es t i ng pr ogr am was  t o es ­
t ab l i s h t he u l t i mat e c apac i t y  of  t he t es t  pi l es  
and,  i f  pos s i b l e,  t o det er mi ne t he per c ent ages  
of  t he pi l e c apac i t y  dev e l oped by  s k i n f r i c t i on 
and by  end bear i ng.  Ex c av at i ons  f or  t he pi l e 
l oad t es t s  d i s c l os ed t hat  t he pi l es  wer e 
be l ow t he wat er  t ab l e and ex hi bi t ed no s i gns  
of  decay.

To es t i mat e t he f r i c t i ona l  c apac i t y  of  t he 
t es t  pi l es,  eac h t es t  l oad i nc r ement  was  
app l i ed f or  30 mi nut es  and t hen r ec y c l ed t o 
zer o l oad f or  15 mi nut es .  Loads  wer e app l i ed 
i n 9 t o 13. 6 met r i c  t on i nc r ement s .  Pi l e 
Load Tes t  No.  1 on t he eas t  s i de of  t he 
bui l d i ng dev e l oped f ai l ur e at  90. 7 t on and 
Pi l e Load Tes t  No.  2 dev e l oped f ai l ur e at
95. 2 t on.  Eac h t es t  was  c onc l uded by  app l i ­
c a t i on of  appr ox i mat e l y  2 t i mes  t he pr opos ed 
des i gn l oad f or  a per i od of  7 t o 10 hour s .
I n bot h cases,  s i gni f i c ant  s et t l ement  was  not  
obs er v ed under  t hi s  l oad af t er  3 mi nut es .  A 
s c hemat i c  of  t he t y pi c al  p i l e l oad t es t  
det ai l s  i s s hown on Fi gur e 4.  Al t hough an 
at t empt  was  made t o di s t i ngui s h bet ween l oad 
c apac i t y  dev e l oped t hr ough sk i n f r i c t i on and 
end bear i ng by  c y c l i ng t he l oads,  t he r es u l t s  
of  t he ef f or t s  wer e i nc onc l us i ve.

No r ec or ds  wer e av ai l ab l e at  t he t i me of  t he 
i nv es t i gat i on t o i ndi c a t e t he l engt h of  
ex i s t i ng pi l es .  I t  was  pl anned as par t  of  
t he i nv es t i gat i on pr ogr am t o pu l l  2 pi l es  
t es t ed t o det er mi ne t hei r  l engt hs .  The c os t  t o 
pu l l  t he pi l es  was  ex c es s i v e r e l a t i v e t o t he 
ex pec t ed benef i t s ,  and t hat  por t i on of  t he 
i nv es t i gat i v e pr ogr am was  e l i mi nat ed.  I n 
Bor i ng B- 5 a pi l e was  enc ount er ed bet ween 
dept hs  22. 8 and 23. 6m.  At  t hi s  dept h,  t he 
pi l e was  3m i nt o t he dens e sand ( Layer  4) .
Thi s  was  an i ndi c a t i on t hat  at  l eas t  some of  
t he pi l es  wer e dr i v en t hr ough t he Bay  Mud and 
i nt o t he mor e c ompet ent  under l y i ng sedi ment s .

As s umi ng t hat  t he pi l es  wou l d hav e penet r at ed 
t hr ough t he Bay  Mud,  t he pi l e t es t ed i n Pi l e 
Load Tes t  No.  1 wou l d  penet r at e i nt o t he s t i f f  
c l ay  at  t he bac k  of  t he bui l d i ng and t he pi l e 
t es t ed i n Pi l e Load Tes t  No.  2 wou l d penet r at e 
i nt o t he dens e s and at  t he f r ont  of  t he 
bui l d i ng.
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, Conc r et e Pi l e Cat

38. 1 mm X 355. 6 
St ee l  Pl a t e

Two 25. 4 mm 
St ee l  Pl a t es

Ba l l  and socket - T 
p l a t es  

Di a l  gage 
Mi r r or  

Spr i ng—

19. 05 mm Pl y wood

25. 4 X 508 mm St ee l  Pl a t e 

Load ce l l

100 t on cap.  Hy dr au l i c  J ac k

To hy dr au l i c  pump

25. 4 i ran St ee l  Pl a t e 
50. 8 mm X 101. 6 mm Bl oc k  Na i l ed 

Sc al e t o p i l e

St ake

F IG U R E  A T Y P IC A L  P IL E  L O A D  T E S T  D E T A I L

Her ei naf t er ,  pi l e c ondi t i ons  wi l l  be r ef er r ed 
t o as s t i f f  c l ay  suppor t ,  or  dens e sand 
suppor t .  Thes e t wo c ondi t i ons  wi l l  r epr es ent  
t he ex t r eme f oundat i on s uppor t  c ondi t i ons  at  
t he s i t e f or  t he pur pos e of  t he f o l l owi ng 
di s c us s i on.  However ,  s i nce t he appr ox i mat e 
s i ze of  on l y  a f ew pi l es  was  known,  i t  i s 
pos s i b l e t hat  ot her  pi l es  wou l d be s omewhat  
s ma l l er  and s hor t er  and wou l d  hav e s ma l l er  
l oad c ar r y i ng c apac i t y .  Ot her  ar eas  ac r oss  
t he bui l d i ng wer e as s umed t o be r epr es ent ed 
by  c ondi t i ons  s omewher e bet ween t he c ondi t i ons  
r epr es ent ed by  t he 2 pi l e l oad t es t  s i t es.

The pi l e t es t ed i n Tes t  No.  1,  f ai l ed at  a 
l oad of  90. 7 t on.  An ev a l uat i on of  t hi s  t es t  
was  made us i ng max i mum adhes i on v a l ues  of  
0. 375 k i l ogr ams  per  s quar e c ent i met er  f or  
Bay  Mud and 0. 7 k i l ogr ams  per  s quar e c ent i ­
met er  i n t he s t i f f  c l ay.  Thes e v a l ues  wer e 
se l ec t ed us i ng l abor at or y  s hear  s t r engt h 
dat a as i ndi ces .  The c omput ed l engt h of  t he 
pi l e t es t ed us i ng t he abov e adhes i on v a l ues  
wou l d  be about  28m be l ow t he pi l e cap,  or ,
7. 6m i nt o t he s t i f f  c l ay  t o s uppor t  an u l t i ­
mat e l oad of  90. 7 t on.  Thi s  i s a r eas onab l e 
l engt h f or  a pi l e hav i ng an av er age but t  d i a ­
met er  of  380mm.  I gnor i ng s uppor t  by  t he 
r e l a t i v e l y  sma l l  amount  of  f i l l ,  t he por t i on 
of  t he l oad c ar r i ed by  t he Bay  Mud wou l d  be
53. 5 t on and t hat  c ar r i ed by  t he s t i f f  c l ay  
wou l d  be 37. 2 t on.

A s i mi l ar  ev a l uat i on of  t he pi l e t es t ed i n 
Tes t  No.  2 whi c h f ai l ed at  95. 2 t on,  was  made 
as s umi ng an ang l e of  i nt er na l  f r i c t i on ( 0)  f or  
t he dens e sand of  35 degr ees .  The l oad on 
t hi s  pi l e,  i f  i t  penet r at es  3m i nt o t he dens e 
sand wou l d  be 23. 6 t on end bear i ng p l us  25. 4 
t on s k i n f r i c t i on i n t he dens e sand and 46. 3 
t on i n t he Bay  Mud.  The di f f er enc e i n t he 
c omput ed s uppor t  d i v i ded by  t he Bay  Mud i n 
t he t wo t es t s  i s due t o t he di f f er enc e i n but t  
di amet er  of  t he t wo pi l es  t es t ed and t he 
t hi c k nes s  of  t he Bay  Mud.

Cont i nui ng c ons o l i dat i on of  t he Bay  Mud under  
t he wei ght  of  t he f i l l  a f t er  c ons t r uc t i on of  
t he bui l d i ng Wou l d pr oduc e downdr ag f or ces  i n 
t he upper  por t i on of  t he pi l e.  The s et t l ement  
wou l d  c aus e mos t  of  t he soi l  s t r es s es  i n t he 
Bay  Mud t o bec ome negat i ve.  The c omput ed 
downdr ag l oads  wou l d t hen be 53. 5 t on f or  
t he pi l e i n s t i f f  c l ay  and 46. 3 t on f or  t he 
pi l e i n t he dens e sand.

Thi s  does  not  i nc l ude t he pos s i b l e addi t i ona l  
l oad of  f i l l  s uppor t ed di r ec t l y  or  i ndi r ec t l y  
by  t he pi l e cap.  The s t r uc t ur e l oad whi c h 
i s i n t he or der  of  13. 5 t on per  pi l e p l us  
t he downdr ag f or ces  ex c eed t he s uppor t  
av ai l ab l e i n t he s t i f f  c l ay.  Thus,  i t  i s 
l i k e l y  t hat  pi l es  wou l d t end t o s et t l e at  t he 
same r at e as t he f i l l .

The same wou l d be t r ue f or  a pi l e f ounded i n 
dens e sand;  however ,  t he s uppor t  pr ov i ded 
by  t he dens e sand i s s omewhat  gr eat er  t han 
t he s uppor t  pr ov i ded by  t he s t i f f  c l ay.
Thi s  wou l d be par t i c u l ar l y  t r ue i f  pi l es  
wer e dr i v en f ar t her  i nt o t he dens e sand 
as s umed f or  t he abov e eva l uat i on,  i . e.  pi l es  
l onger  t han 21m.  Bec aus e t he s uppor t  c apac i t y  
av ai l ab l e i n t he dens e sand was  l i k e l y  gr eat er  
i n pr opor t i on t o t he downdr ag f or ces  f r om t he 
Bay  Mud,  i t  may  be s af e l y  as s umed t hat  t he 
r at e of  s et t l ement  of  a pi l e f ounded i n dens e 
sand wou l d  pr obab l y  be s omewhat  l ess  t han 
t hat  of  t he f i l l .  I t  f o l l ows  t hat  wi t h  t he 
pi l e s et t l i ng s l ower  t han t he s i t e f i l l ,  t hat  
v oi ds  wou l d  dev e l op beneat h t he pi l e caps ,  
gr ade beams  and f l oor  s l abs.  Thi s  was  s ub ­
s t ant i at ed by  t he i nv es t i gat i on of  v oi ds  be ­
neat h t he f l oor  s l abs.  I n addi t i on,  t he 
s et t l ement  pat t er n ac r os s  t he bui l d i ng i s c on ­
s i s t ent  wi t h  pi l es  hav i ng t i ps  f ounded i n 
dens e sand i n t he wes t  and s t i f f  c l ay  on t he 
east .
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CONCLUSI ONS

The c ons t r uc t i on of  t he r equi r ed l a t er a l  
br ac i ng and ot her  nec es s ar y  s t r uc t ur a l  
add i t i ons  t o t he bui l d i ng wer e f ound t o i n ­
c r eas e t he r ea l  l oads  i n t he bui l d i ng by  about
50 per c ent  or  t o a t ot a l  dead p l us  l i ve l oad 
of  about  20 t on per  pi l e.  Under  t he shor t  
t er m l oad c ondi t i on,  t he i nc r eas ed l oad wou l d 
be r ef l ec t ed by  r educ t i on i n t he v a l ue of  nega ­
t i ve adhes i on i n t he Bay  Mud.  The max i mum 
downdr ag wou l d u l t i mat e l y  dev e l op wi t h 
f ur t her  s et t l ement  of  t he gr ound s ur f ac e wi t h 
t i me.  Gener a l l y ,  i t  was  c onc l uded t hat  t he 
per f or manc e of  t he pi l es  wou l d be c ont r o l l ed 
by  downdr ag f or ces  and wou l d s et t l e at  
appr ox i mat e l y  t he same r at e as t he s i t e f i l l .  
The r at e of  s et t l ement  mi ght  i nc r eas e 
s l i ght l y  due t o addi t i ona l  l oads,  but  wi t h 
t i me,  t he r at e of  s et t l ement  wou l d t end t o 
r et ur n t o t he pr es ent  r at e or  l ess.

I t  was  t hus  c onc l uded t hat  i t  wou l d  be 
f eas i b l e t o i nc r eas e t he s t r uc t ur e l oad as 
pr oposed.  However ,  i t  was  r ec ommended t hat  
t he s t r uc t ur e be des i gned t o be c apab l e of  
t o l er at i ng s et t l ement s  of  30 t o 60mm i n t he 
nex t  20 year s .  I t  was  be l i ev ed t hat  t hi s  
s et t l ement  wou l d be oc c ur r i ng as di f f er ent i a l  
s et t l ement  wi t h t he eas t  por t i on of  t he 
bui l d i ng s et t l i ng r e l a t i v e t o t he west .

AC KNOWLEDGEMENTS

The wr i t er  wi s hes  t o t hank  Dr .  J ohn K.  Hemphi l l  
and Mr .  Pau l  Spai n wi t h  t he Far  Wes t  
Labor at or y  f or  Educ a t i ona l  Res ear c h and 
Dev e l opment ,  f or  t hei r  per mi s s i on t o ut i l i z e 
dat a c o l l ec t ed f or  t he pr oj ec t  i n pr epar at i on 
of  t hi s  paper .  I n addi t i on,  t he wr i t er  
wi s hes  t o t hank  Dr .  Ron Sal l y  wi t h  Shannon 
and Wi l s on and Mr .  Hal  Dav i s  wi t h Rut her f or d 
and Chek ene f or  t hei r  per mi s s i on t o ut i l i z e 
dat a c o l l ec t ed i n par t  by  t he aut hor  dur i ng 
t he wor k  per f or med by  t he t wo c ons u l t i ng f i r ms.

178


