
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


S ix -s to re y  B u ild in g  on  S o ils  Im p ro v e d  b y  S and  D ra ins

Bdtiment a Six Etages sur des Sols Ameliores par des Drains de Sable

12/ 9

A . C H A L M E R S  B S c  M IC E  C E n g ,  C o n t r a c t s  M a n a g e r ,  G e o t e c h n i c a l  D e p t . ,  C e m e n t a t i o n  G r o u n d  E n g in e e r i n g  L t d . ,  R ic k -  

m a n s w o r t h ,  U K

A . B .  H A R R I S  C E n g  F I S t r u c t  E F W I ,  P a r t n e r ,  B y la n d e r  W a d d e l l  P a r t n e r s h i p ,  H a r r o w ,  U K

SYNOPSI S At  Ul ver st on,  Cumbr i a ( UK) ,  a r af t  f oundat i on f or  a heavy 6- st or ey st eel  f r ame st r uct ur e was
pl aced on 14m of  weak cohesi ve soi l s whi ch wer e i mpr oved wi t hi n a shor t  pr ogr amme per i od by a combi nat i on of  pr el oadi ng 
and ver t i cal  dr ai nage by Sandwi cks.  I n t he paper ,  t he appr oaches t o t he desi gn of  t he ver t i cal  dr ai nage l ayout  and 
pr el oadi ng pr ogr amme ar e descr i bed.  The behavi our  of  t he soi l s dur i ng pr el oadi ng was moni t or ed by i nst r ument s and t he 
r esul t s ar e pr esent ed and compar ed wi t h t he pr edi ct i ons f r om t he l abor at or y t est s.  Movement s of  t he bui l di ng have al so 
been moni t or ed f or  f i ve year s si nce t he concr et e r af t  was const r uct ed.

I NTRODUCTI ON

A st eel  f r amed i ndust r i al  bui l di ng has been er ect ed f or  
Gl axo Oper at i ons ( UK)  Lt d.  at  t he f r i nge of  an exi st i ng 
phar maceut i cal  f act or y compl ex at  Ul ver st on,  Cumbr i a,  
Engl and.  The bui l di ng i s si t ed some 30m f r om t wo exi st i ng 
si ngl e st or ey f act or y bui l di ngs and chemi cal  pl ant .  A 
f i r st  st age i nvest i gat i on bor ehol e r eveal ed ver y weak 
est uar i ne soi l s t o about  14m,  whi ch ar e i nf er i or  t o con­
di t i ons i n ot her  par t s of  t he compl ex.  The pr oposed 
bui l di ng si t e i s l ocat ed cl ose t o a f or mer  t i dal  i nl et .

The use of  gr ound t r eat ment  by sanddr ai ns was exami ned 
and,  coupl ed wi t h t he avai l abi l i t y of  a near by sour ce of  
wast e sl ag f or  a pr el oad embankment ,  a pr el i mi nar y assess ­
ment  showed t hat  t hi s gr ound i mpr ovement  met hod f or  a r af t  
f oundat i on was f easi bl e.  I t  of f er ed bot h a f i nanci al  
savi ng and an advant age over  pi l i ng as a const r uct i on 
met hod,  pr ovi ded t he bui l di ng pr ogr amme coul d be mai n­
t ai ned and set t l ement s dur i ng and af t er  const r uct i on of  
t he bui l di ng wer e wi t hi n t ol er abl e l i mi t s.  I n addi t i on,  
t he dr ai n i nst al l at i on and pr el oadi ng per i ods al l owed 
t i me f or  det ai l ed st r uct ur al  and pl ant  desi gn and i n 
ef f ect  assi st ed t he bui l di ng pr ogr amme as t he sanddr ai ns 
coul d be i nst al l ed much ear l i er  t han a pi l i ng syst em.

GROUND I NVESTI GATI ON

The pr ogr amme al l owed about  one mont h f or  a second st age 
si t e i nvest i gat i on,  i ncl udi ng l abor at or y t est s,  and 
desi gn pr oposal s f or  gr ound t r eat ment .  Two 0. 2m di am.  

bor ehol es wer e const r uct ed i n whi ch 0. 102m di am.  Geonor  

pi st on sampl es wer e r ecover ed at  cl ose i nt er val s.  Some 
i n- si t u vane t est s wer e al so made wi t h a Far nel l  Appar at us.  

Fi gur e 2 gi ves a summar y of  t he soi l  pr of i l e and t he soi l  
par amet er s.  Based on f i el d vane,  l abor at or y vane and 
undr ai ned t r i axi al  compr essi on t est s,  t he mean cohesi on 

i s shown t o i ncr ease f r om I t  kPa near  sur f ace t o 18 kPa 
at  14m,  gi vi ng an al l owabl e i ncr ease i n l oad of  about  

25 kPa f or  a r af t  f oundat i on.

Sever al  of  t he sampl es wer e ext r uded and al l owed t o ai r  
dr y so t hat  t he soi l  macr of abr i c coul d be qual i t at i vel y 
assessed i n conj unct i on wi t h t he l abor at or y consol i dat i on 
t est  r esul t s ( whi ch wer e necessar i l y on oedomet er  speci ­

mens cut  ver t i cal l y due t o t he t i me const r ai nt s) .  Thi s 
dat a showed t he pr esence of  t wo weak cl ay l ayer s of  l ow 
per meabi l i t y -  an upper  l ayer  f r om 1. 9m t o about  7- 5m 

wi t h a mean Cv of  7* 9 x 10“ ® m̂ / s and a l ower  l ayer  f r om 
10m t o 14. l m wi t h a l ower  mean Cv of  4. 1 x 10“ ® m / s.
These t wo cl ay l ayer s ar e separ at ed by a cl ayey sandy

si l t ,  t he l ower  l evel s of  whi ch wer e consi der ed as a 
dr ai nage l ayer  i n a f i r st  anal ysi s of  nor mal  ver t i cal  
consol i dat i on wi t hout  pr et r eat ment .

To det er mi ne t he amount  and r at e of  consol i dat i on set t l e­
ment ,  t he soi l  bel ow t he pr oposed r af t  f oundat i on was 
di vi ded i nt o 7 l ayer s as shown on Fi g. 2 and mean val ues 
of  m̂  al l ocat ed t o each l ayer .  ( Layer  7 i s a r el at i vel y 
i ncompr essi bl e i nt er bedded si l t ,  sand and cl ay wi t h gr avel  
l ayer s,  f r om 24 t o 36m bel ow sur f ace) .  Under  t he pr oposed 
aver age cont i nuous l oad of  90 kPa f r om a r af t  f oundat i on,  
a t ot al  set t l ement  of  about  0. 45m was expect ed and t he 
cal cul at ed r at e of  set t l ement  i n l ayer s 2 - 5  wi t hout  
sanddr ai ns was r el at i vel y sl ow.

STRUCTURE

The bui l di ng houses pl ant  i n whi ch phar maceut i cal s ar e 
pr epar ed.  The 40m x 28m r ei nf or ced concr et e r af t  i s l m 
t hi ck and was pl aced on 0. 075m of  bl i ndi ng whi ch l i es on 
gr anul ar  f i l l  compr i si ng 0. 5m of  sl ag r emai ni ng f r om t he 

pr el oad embankment  and 0. 15m of  r ol l ed cr ushed r ock.  The 
st eel  f r ame st r uct ur e i s i nf i l l ed wi t h br i ckwor k or  cement  
bl ocks and many of  t he i nt er nal  0. 125 t o 0. 2m t hi ck con­
cr et e f l oor s have super i mposed i mper meabl e scr eeds of  
bet ween . 060m and 0. 19m t hi ck l ai d t o f al l s t o f aci l i t at e 
mai nt enance.  The i nt er nal  wal l s al so have speci al  f l ex ­
i bl e f i ne f i ni shes t o i nhi bi t  cr ack f or mat i on i n t he 
st er i l e ar eas.  The Sout h el evat i on of  t he 26m hi gh st eel  

st r uct ur e i s shown on Fi g. 1.  The east er n 6- st or ey si de of  
t he st r uct ur e houses l ar ge i t ems of  pl ant .  The west er n 4— 

st or ey sect i on i s of  t he or der  of  10c/o  l i ght er  and cont ai ns 
of f i ces,  some pl ant  and mi scel l aneous f aci l i t i es.

X

U-------------------------------------- 4 0 m -------------------------------->|

Fi g. 1.  Sout h el evat i on of  st eel  f r ame
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Fi g. 2.  Soi l  pr of i l e 

PRELOAD EMBANKMENT CONSTRUCTI ON

The desi gn of  t he gr ound t r eat ment  spaci ngs and t he pr e-  
l oadi ng pr ogr amme was par t l y pr edet er mi ned by a commence­
ment  dat e f or  t he bui l di ng wor ks whi ch was due some 8 
mont hs af t er  t he or der  t o st ar t  sanddr ai n i nst al l at i on.

To al l ow f or  possi bl e f ut ur e desi gn and st r uct ur al  
changes,  a mi ni mum pr el oad of  107 kPa was speci f i ed 
i ni t i al l y.  A sur char ge of  about  X y jo  was ef f ect i vel y 
added by l at er  adj ust ment s.  Wi t h a t ar get  of  90c/o  con­
sol i dat i on set t l ement  under  f ul l  embankment  l oad,  t he 
equi val ent  of  at  l east  i0 0 ° /o  set t l ement  under  t he maxi mum 
desi gn l oad coul d be expect ed.

The f i r st  0. 6m of  sl ag f i l l  was pl aced on a sheet  of  
Ter r am i n Jul y  197^ i n or der  t o pr ovi de a wor ki ng sur ­
f ace f or  sanddr ai n i nst al l at i on.  Tn ear l y Sept ember  1974 
t he f i l l i ng of  t he pr el oad embankment  commenced i mmedi a­
t el y af t er  wi ck and i nst r ument at i on i nst al l at i on.  The 
sl ag was br ought  by l or r y f r om t he f i l l  sour ce 300m 
di st ant ,  end t i pped and gr aded l evel .  A r amp was bui l t  
ont o t he East  si de of  t he embankment  f or  l or r y access.

A consi der at i on of  t he i ni t i al  st abi l i t y r esul t ed i n a 
per mi t t ed f i r st  i ncr ement  of  2. 8m whi ch was act ual l y 
pl aced over  t wo weeks.  The subsequent  r at e of  f i l l i ng 

of  0. 75m per  week was det er mi ned f r om an appr oxi mat e 
cur ve f i t t i ng met hod whi ch ut i l i ses par amet er s f r om t he 
oedomet er  and consol i dat ed undr ai ned t r i axi al  compr essi on 

t est s.  ( Wong 1971) .  The f i nal  t ot al  f i l l  hei ght  of  6. 5m 
was at t ai ned i n a t ot al  of  near l y 7 weeks,  on 23r d Oct o­
ber  1974,  onl y a f ew days l at er  t han schedul ed.

Fr om i n- si t u densi t y checks,  t he f i l l  was pr oved t o have 
an aver age bul k densi t y of  I 860 kg/ nr .  The embankment  
t op edge ext ended about  2m beyond t he pr oposed concr et e 
r af t  ar ea on al l  si des and was const r uct ed wi t h si de 
sl opes of  1 t o 1^.  Bet ween 5 and 7m f r om t he west er n 

t oe of  t he pr el oad embankment  bur i ed ser vi ces wer e 
l ocat ed whi ch consi st ed of  a 0. 05m di amet er  wat er  pi pe,  

a cabl e duct  and a 0. 45m di amet er  sewer .

Af t er  compl et i on of  t he pr el oadi ng i n Mar ch 1975» t he 
embankment  was r emoved by dozer  t o f or m a wor ki ng sur ­

f ace i n an adj oi ni ng devel opment  ar ea some 30m f r om t he 
East  t oe of  t he embankment .  Thi s r e- ut i l i sat i on of  t he 

sl ag mat er i al  was anot her  f act or  whi ch al l owed an econo­

mi c pr el oadi ng scheme.

SAND DRAI N SPACI NG DESI GN

The desi gn of  sanddr ai n spaci ngs ( s)  has been devel oped 
by Bar r on ( 1948)  and i s based on t he r el at i onshi p

c h  x t  = kR2 x Th . . . . . . . . . . ( l )

wher e Ĉ  i s t he coef f i ci ent  of  consol i dat i on wi t h r adi al  
dr ai nage,  t  t he t i me t o achi eve a speci f i ed degr ee of  
consol i dat i on,  R t he ef f ect i ve r adi us of  i nf l uence of  
t he dr ai n of  r adi us r  ( wher e 2R = 1. 13s f or  a squar e dr ai n 
gr i d)  and Tj j  t he t i me f act or  whi ch i s r el at ed t o t he r at i o 

n = R/ r .

The necessar y embankment  const r uct i on per i od and t he over ­
r i di ng r equi r ement  t o commence r af t  const r uct i on i n Mar ch 
1975 det er mi ned t he avai l abl e consol i dat i on per i od ( t )  of  
18 weeks.  The nor mal  al l owance of  hal f  t he embankment  
const r uct i on per i od was i gnor ed i n or der  t o i nt r oduce a 

shor t  " f l oat "  t i me el ement  i n t he pr ogr amme ( equal  t o 3 
weeks i n t he or i gi nal  pr ogr amme t i me at  t he spaci ng desi gn 
st age) .  Thi s addi t i onal  t i me el ement  was al so i nt ended t o 
make some al l owance f or  var i at i on i n soi l  par amet er s 
acr oss t he si t e.

The adver se ef f ect s of  smear  and di st ur bance whi ch mi ght  
occur  i n f or mi ng sanddr ai ns ar e not  quant i f i abl e al t hough 
at t empt s have been made t o pr ovi de a r at i onal  desi gn 
appr oach.  Hence,  consol i dat i on by ver t i cal  dr ai nage was 
di scount ed i n an at t empt  t o of f set  t hese f act or s.  Cl ose 
i nspect i on of  t he soi l  speci mens suggest ed t hat  t he i nacr o-  
f abr i c had some hor i zont al  f eat ur es whi ch woul d al l ow a 
f act or  i n excess of  uni t y when at t empt i ng t o assess a Ĉ  
val ue f r om t he l abor at or y Cv  val ues.  However ,  f eat ur es 
such as si l t y l ami nae wer e at  i nf r equent  i nt er val s,  of t en 
subver t i cal ,  and wer e absent  at  many l evel s.  ( See McGown 

et  al  1979) .  A val ue of  Ĉ  was chosen f or  equat i on ( l )  
equal  t o t he mean oedomet er  Cv  val ue of  4. 1 x 10” ® m / s 
i n Layer  5#

Usi ng a Sandwi ck di amet er  ( 2r )  of  65mm a spaci ng ( s)  of  
0. 9m on a squar e gr i d was chosen,  whi ch,  wi t hi n t he f or e­
goi ng l i mi t at i ons,  was desi gned t o achi eve 90/ £ of  t he 

t ot al  consol i dat i on set t l ement .  The model  pr edi ct ed about  
80̂ * consol i dat i on set t l ement  i n Layer  5 at  t he end of  t he 
18 weeks consol i dat i on per i od whi l st  i n Layer s 2 and 3» 
some 95°/o of  t he consol i dat i on set t l ement  was ant i ci pat ed.  
The embankment  l oad pl aced af t er  Sandwi ck i nst al l at i on 
was appr ox.  110 kPa and dur i ng pr el oadi ng t he expect ed 

t ot al  set t l ement  wi t hi n Layer s 1 t o 7 bel ow t he embank ­

ment  cent r e was 0. 472m on t he basi s of  one- di mensi onal  
consol i dat i on t est s.  I n addi t i on,  el ast i c set t l ement s 
of  41mm wer e ant i ci pat ed.  The l abor at or y oedomet er  t est s 
i ndi cat ed t hat  set t l ement  wi t hi n l ayer s 1,  4,  6 and 7 
woul d occur  soon af t er  i mposi t i on of  any l oads.

EMBANKMENT CONTROL

Cur ves of  excess por ewat er  pr essur e agai nst  embankment  
hei ght  wer e cal cul at ed f or  each pi ezomet er .  El ast i c 
met hods wer e used t o der i ve t he st r ess f act or  at  t he
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di f f er ent  pi ezomet er  l evel s and posi t i ons.  Val ues of  t he 

por ewat er  pr essur e par amet er  A r angi ng f r om 0. 33 t o 0, 53 
wer e obt ai ned f r om l abor at or y consol i dat ed undr ai ned t r i ­

axi al  compr essi on t est s.  A st abi l i t y envel ope was devi sed 
f or  each pi ezomet er  and act ual  pi ezomet er  r eadi ngs dur i ng 

pr el oadi ng wer e pl ot t ed as a cur ve of  excess por ewat er  
pr essur e agai nst  embankment  hei ght .  A saf et y f act or  of  

0. 7 was appl i ed t o t he expect ed excess pwp f or  a t ot al  
embankment  hei ght  i n excess of  3. 4m.  ( See Br ons and Al usi

1973) .

CONTROL I NSTRUMENTATI ON

A pl an of  t he i nst r ument at i on l ayout  i s gi ven on Fi g. 3.

The i nst r ument s wer e i nst al l ed af t er  Sandwi ck i nst al l a­
t i on.  Dur i ng embankment  l oadi ng,  a set  of  i nst r ument  

r eadi ngs was t aken at  appr oxi mat e 0. 4m i ncr ement s of  

f i l l i ng,  i . e.  t wi ce per  week.  Thi s pr ocedur e l i mi t ed 

t he si t ewor k on r eadi ngs t o about  6 hour s and enabl ed 
al l  t he dat a t o be eval uat ed and t r ansmi t t ed by t el ephone 
t o t he cont r ol l i ng engi neer  by  t he f ol l owi ng mor ni ng.
The f r equency of  r eadi ngs on some i nst r ument s was var i ed 
dur i ng and af t er  embankment  const r uct i on i n or der  t o 
mai nt ai n a r api d anal ysi s of  t he essent i al  dat a f r om 
pi ezomet er s and heave pegs.

Pneumat i c pi ezomet er s wer e i nst al l ed i n t wo mai n gr oups,  
one bel ow t he embankment  cent r e and t he ot her  bel ow t he 
Nor t h t op edge of  t he f i l l ed ar ea.  Two f ur t her  pi ezo­
met er s wer e i nst al l ed out si de t he t r eat ed ar ea at  dept hs 
of  3m and 6m r espect i vel y bel ow or i gi nal  gr ound l evel  
beneat h each of  t he embankment  si de sl opes.  The st at i c 
gr ound wat er  l evel  was det er mi ned f r om a Casagr ande 
pi ezomet er  some 50m away f r om t he embankment  and was used 
as a dat um f or  t he measur ement  of  excess por e wat er  
pr essur e i n al l  pi ezomet er s beneat h t he embankment .

H1Q* P1 = P 'ezom eter
★  H2 r heave peg 

# 1 3  = inclinometer 

Q v s g  = vertical settlemt gauge 
N” S=  horiz. settlemft gauge

Fi g. 3.  I nst r ument at i on l ayout  

SANDWI CK I NSTALLATI ON

The Sandwi ck i nst al l at i on uni t  compr i ses a t r acked cr ane 
f r om whi ch ver t i cal  l eader s ar e suspended,  A 0. 095m od 
st eel  casi ng i s dr i ven i nt o t he gr ound wi t h t he assi s ­
t ance wher e necessar y of  a hi gh f r equency hydr aul i c 

vi br at or .  The casi ng has a di sposabl e shoe on i t s base.

The Sandwi ck compr i ses a 0. 065m di amet er  seaml ess woven 

pol ypr opyl ene st ocki ng whi ch i s pneumat i cal l y f i l l ed on 
si t e wi t h washed and gr aded shar p sand.  ( See Hughes 1972) .  
Some 1850 Sandwi cks wer e i nst al l ed wi t h a si ngl e dr i l l i ng

uni t  t o an aver age dept h of  15m i n 2 \ weeks i n August  1974.

BEHAVI OUR UNDER PRELOADI NG 

a)  Pi ezomet er s

Fi gur e 4 shows t he r esponse of  pi ezomet er s P3» P4,  P7» 
and P9 dur i ng pr el oadi ng.

Fi g. 4.  Pi ezomet er  excess por ewat er  pr essur es dur i ng 
pr el oadi ng

The excess por ewat er  pr essur e i n Pi ezomet er s Pl l  ( at  3m) *  
P12 ( 6m) ,  Pl 6 ( 6m)  and P18 ( 6m)  moved above t he st abi l i t y 
envel opes dur i ng pr el oadi ng.  However ,  t he embankment  
geomet r y and densi t y at  t he Nor t h and East  si des was at  
var i ance wi t h t he i ni t i al  st r ess i ncr ease assumpt i ons due 
t o t he hi gher  f i l l  densi t y caused by wheel  l oads on t he 
access r amp.  At  Pl 6,  a cessat i on of  l oadi ng was or der ed 
unt i l  a det ai l ed i nspect i on r eveal ed t hat  t he embankment  
t op edge ext ended a shor t  di st ance beyond t hat  ant i ci pa­
t ed i n t he i ni t i al  cal cul at ed r esponse.  The r ecal cul at ed 
envel ope f or  t he r evi sed f i l l  geomet r y showed t he excess 
por e pr essur e t o be at  an accept abl e l evel .

The st andi ng wat er  l evel  moni t or ed i n t he Casagr ande 
Pi ezomet er  var i ed over  a smal l  r ange -  evi dent l y i n r es ­
ponse t o r ai nf al l .  Despi t e t he pr oxi mi t y t o t he sea,  no 
var i at i ons si mul at i ng t i dal  movement s wer e det ect ed.

Fi gur e 5 shows t he cal cul at ed degr ee of  di ssi pat i on of  
excess por ewat er  at  t he pi ezomet er  dept hs dur i ng t he 
per i od af t er  t he embankment  had r eached f ul l  hei ght .  
Evi dent l y,  i n t he soi l s t o 10m bel ow t he embankment  
cent r e,  an aver age 90% di ssi pat i on was achi eved wi t hi n 3 
weeks of  compl et i on of  f i l l i ng whi l st ,  bet ween 10m and 

14. 5m,  t he ext r apol at ed t i me f or  80c/o  consol i dat i on i s 
about  5 weeks.  Bel ow t he Nor t h t op edge of  t he embank-

o.
O)
TJ

Fi g. 5.  Cont our s of  excess por ewat er  pr essur e
di ssi pat i on af t er  compl et i on of  f i l l i ng

e x c e s s  n w p  d is s ip a t io n (  /o)

2 0 40 60  80  20  40 60  80

itime in i 
weeks from i 

^completioni 
[of filling v . v > .
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ment  t he degr ee of  exces9 por ewat er  pr essur e di ssi pat i on 

i n Pi ezomet er s P6 t o P10 i s gener al l y l ess at  al l  l evel s 
at  any compar abl e t i me,  and,  al t hough cl oser  t o t he 

pr edi ct ed t i mes,  t he over al l  r at e of  consol i dat i on was 
qui cker  t han ant i ci pat ed.

b)  Set t l ement

Fi gur es 6 and 7 show t he movement  of  hor i zont al  set t l e­

ment  t ubes i nst al l ed at  t he base of  t he f i l l  al ong t he 
cent r e l i ne of  t he l engt h and br eadt h of  t he embankment .  
The mar ked i ncr ease i n set t l ement  under  t he east er n and 

nor t her n si des i s consi der ed t o be at t r i but abl e t o t he 
addi t i onal  compact i on by l or r y wheel  l oads wi t hi n t he 

ar ea of  t he r amped access r out e.

Fi g. 6.  Hor i zont al  set t l ement  t ube bel ow embankment  
( West  t o East )

t est s on t he oedomet er  speci mens gave a t ot al  of  

0, 076m movement .  The hor i zont al  set t l ement  t ubes wer e 
subsequent l y di st ur bed dur i ng pr epar at i on of  t he 
f oundat i on l ayer  of  sl ag.

Fi gur e 8 shows on a l ogar i t hmi c scal e t he set t l ement  
agai nst  t i me of  t wo poi nt s,  one bel ow t he embankment  

cent r e and t he ot her  bel ow t he Nor t h t op edge of  t he 
embankment .  The pr edi ct ed set t l ement  cur ve by compar i ­

son sl i ght l y over - est i mat ed t he t ot al  movement  bel ow 

t he embankment  cent r e by 0 . 029m,  i , e.  a 6e/o  di f f er ence.
The shape of  bot h t he pr edi ct ed and act ual  set t l ement /  
t i me cur ves i s si mi l ar .  I t  i s evi dent  t hat  90^  and 100% 

set t l ement s bel ow t he embankment  cent r e occur r ed at  
about  10 weeks and l 6 weeks f r om compl et i on of  f i l l i ng.

The gr aph al so suggest s t hat  t he t ot al  set t l ement  der i ved 

f r om t hese set t l ement  cur ves at  any poi nt  i n t i me l ags 

behi nd t he consol i dat i on set t l ement  i nf er r ed f r om t he 

degr ee of  excess por ewat er  di ssi pat i on i n t he pi ezomet er s.  
However ,  t he cal cul at ed maxi mum i nst ant aneous por ewat er  
pr essur e r esponse under  f ul l  embankment  l oad used f or  
compar i son pur poses,  i s evi dent l y excessi ve.

t i m e  f r o m  s t a r t  o f  f i l l i n g  ( d a y s )

Fi g. 8. Cal cul at ed and act ual  set t l ement  bel ow 
embankment

Fi g. 7. Hor i zont al  set t l ement  t ube bel ow embankment  

( Nor t h t o Sout h)

Readi ngs i n t he hor i zont al  t ubes wer e cont i nued dur i ng 
embankment  unl oadi ng whi ch commenced on Mar ch 6t h 1975.  
The mean measur ed t ot al  of  heave and swel l i ng was 0, 04m 

i n t he per i od of  one mont h af t er  r emoval  of  t he f i l l  
commenced.  The abst r act i on of  t he f i l l  mat er i al  f or mi ng 
t he embankment  occupi ed t he f i r st  2 weeks of  t hi s per i od.  

I n compar i son,  a cal cul at i on based on cycl i c swel l i ng

BRE set t l ement  poi nt s wer e i nst al l ed on each si de of  t he 
f oundat i on r af t  and r eadi ngs of  set t l ement  wer e r ecommen­
ced on 1st  Jul y  1975.  Fi gur e 9 shows t he set t l ement  at  
each poi nt  dur i ng and af t er  bui l di ng const r uct i on i n t he 
5 year s t o June 1980.  The aver age bui l di ng l oad on t he 
soi l  i s pr esent l y about  90 kPa.  The st r uct ur e was 
subst ant i al l y compl et ed i n Januar y 1977 but  pl ant  
i nst al l at i on cont i nued unt i l  Apr i l  1977.  I n Januar y 1977 
t he mean set t l ement  of  t he r af t  si nce i t s const r uct i on 

was 0 . 03m whi ch i s some 50% l ess t han t he 0 , 06m set t l e­
ment  or i gi nal l y pr edi ct ed.  The mean set t l ement  on t he 

East  si de was 0. 045m whi l st  at  t he West  si de i t  was 
0. 012m,

The Nor t h East  quadr ant  of  t he 6- st or ey sect i on of  t he 

bui l di ng i s now t he heavi est  due t o a concent r at i on of  
pl ant  and a pr eponder ance of  f l oor  scr eeds and wal l  
f i ni shes.

I n June 1980 t he mean set t l ement  on t he r af t  was 0. 055® 
compar ed wi t h t he cal cul at ed movement  of  0. 085m der i ved 
f r om a consi der at i on of  t he pr obabl e el ast i c movement s 
dur i ng bui l di ng const r uct i on and secondar y consol i dat i on 
set t l ement .

The mean secondar y consol i dat i on coef f i ci ent s f or  each 

l ayer  whi ch wer e used i n t he pr edi ct i ons wer e der i ved 

f r om oedomet er  t est s and ar e gi ven i n Tabl e I .  Fr om an 
anal ysi s of  t he r af t  movement s si nce Apr i l  1977 a mean 
coef f i ci ent  of  0. 0025 was obt ai ned whi ch i s near l y 50°/o

w ic k s  a t  0 * 9 m  

f r o m  d a t u m

c / c —  

( m) —

_  t i m e  in  d a y s

f r o m  s t a r t  o f  . f i l l i n g ^

EST

Ml  Ml " " "

d i s t a n c e
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l ower  t han t he wei ght ed mean of  t he l abor at or y coef f i c ­

i ent s •

Tabl e I

distance  from W est toe(m). d is tan ce  from Sou th  toe(m).

Layer

1- 4

5
6

Coef f .  of  Secondar y Consol i dat i on

0 . 0 0 5 1

0.010

0. 0018

new
stru c tu re  —
applied
p re ssu re s t ru c t u re s  | 

m ain plant
complete ^ 4 / 7 7  . 6/ 80

Fi g.  10.  Set t l ement  beyond embankment  t oe

maxi mum l at er al  movement s of  50mm occur r ed at  2. 5 t o 3m 
bel ow embankment  t oe l evel .  The maxi mum l at er al  move­
ment s bel ow 9m f r om sur f ace ar e al l  l ess t han 0 , 025m.

BACK ANALYSI S

An anal ysi s of  t he per f or mance of  t he pi ezomet er s i n t he 
t r eat ed ar ea dur i ng pr el oadi ng was made usi ng a cur ve-  
f i t t i ng met hod.  ( Ri char t  1959) .  The r esul t ant  f i el d Ĉ  
val ues ar e shown on Tabl e I I  f or  t wo posi t i ons bel ow t he 
embankment .

Tabl e I I

Fi g. 9.  Set t l ement  of  r af t  dur i ng and af t er  bui l di ng 
const r uct i on

c)  Heave pegs

Heave pegs wer e posi t i oned at  di st ances of  l m or  2m,  5m 
and 10m away f r om t he embankment  t oe.  These pegs wer e 
accur at el y l evel l ed f r equent l y dur i ng embankment  con­
st r uct i on i n or der  t o assi st  i n al l owi ng t he onset  of  
any i nst abi l i t y t o be moni t or ed.

Negl i gi bl e heave occur r ed at  al l  posi t i ons but  set t l e­
ment s at  1 or  2m l at er al  di st ance f r om t he t oe wer e i n 
t he r ange bet ween 0. 073m and 0. 113m at  compl et i on of  
t he pr el oadi ng per i od.  At  5m f r om t he t oe set t l ement s 
wer e i n t he r ange f r om 0 . 025m t o 0, 041m whi l st  at  10m 
onl y smal l  movement s of  bet ween 0. 005 and 0. 013m wer e 
measur ed.  These r esul t s conf i r med a pr e- cont r act  
cal cul at i on whi ch was r equi r ed t o est abl i sh t he mi ni mum 

di st ance at  whi ch t he t oe of  a possi bl e second pr el oad 
embankment  coul d be pl aced at  a l at er  dat e so as not  t o 
af f ect ,  wi t h any si gni f i cance,  t he pr esent  bui l di ng.  

Fi gur e 10 shows t he set t l ement s at  t he heave pegs on 
t he West  and Sout h si des of  t he embankment .  The f i nal  

movement s at  sur f ace above t he bur i ed ser vi ces beyond 
t he West  t oe ar e of  t he or der  of  0. 025m.

d)  I ncl i nomet er s

Thr ee i ncl i nomet er  t ubes I I ,  12 and 13 wer e i nst al l ed 

bel ow t he t oe of  t he f i l l  t o a dept h of  16 met r es.  
Di spl acement s f r om t he or i gi nal  ver t i cal  t ube posi t i on 

wer e eval uat ed by use of  a comput er  pr ogr amme.  The t ube 
at  t he west  t oe of  t he embankment  was agai n of  i mpor ­
t ance i n f or ecast i ng any adver se movement  near  t he 

ser vi ce pi pes whi l st  t o t he Nor t h si de of  t he f i l l ,  a 
concr et e access r oad had t o be mai nt ai ned i n good con­
di t i on.  A maxi mum l at er al  movement  of  64mm occur r ed at  
4m bel ow t he embankment  t oe at  2. 7m bel ow nat ur al  gr ound 

l evel  i n Tube I I  on t he Sout h si de.  I n 12 and 13

Embankment  Cent r e

Dept h

( m)

Fi el d Ch 

m2/ s x I O- 8

Lab.  Cv  

m“ / s x 10 8

D , . Fi el d CvJ 
Bat . i n i l

Lab. Cv

2. 1
4. 0
6. 0

20. 6 ) 

21. 2 ) 
18. 1 )

mean

=7. 9 2. 5

10. 1 20. 6 Rapi d 1. 0

11. 5 12. 4 4. 1 3. 0

Embankment  Nor t h Top Edge

2. 5
4. 0
6. 0

18. 4 )

8. 9 ) 
13. 3 )

mean

= 7. 9
1. 7

9. 0 13. 0 15. 9 0. 82

11. 5 9. 5 4. 1 2. 3

Except  i n t he var i abl e l ayer  bet ween 7«5m and 10m t he 
r at i os of  f i el d Cj j  t o l abor at or y Cv  ar e i n a smal l  r ange 

of  1. 7 t o 3* 0.  Evi dent l y t he c l ay cont ent  i n Layer s 3 & 
4 ( See Fi g. 2)  i s var i abl e over  t he si t e,  t hus si gni f i ­
cant l y af f ect i ng per meabi l i t y  at  i sol at ed pi ezomet er  
l evel s ,

Mean val ues of  Cj j  of  10, 5 x 10“ ® m̂ / s and 9. 8 x 10” ® 
m̂ / s r espect i vel y have been der i ved f or  t he f ul l  dept h 

of  compr essi bl e soi l s f r om t he ver t i cal  and hor i zont al  
gauge r eadi ngs at  t he embankment  cent r e.  These r esul t s 
ar e about  t wo- t hi r ds t he mean f i el d Ĉ  val ue f r om t he 

back anal ysi s on pi ezomet er s and,  al t hough t he mor e 
accur at e,  t hey ar e agai n dependent  on cur ve f i t t i ng 

met hods.  Smal l  amount s of  secondar y compr essi on may 
wel l  be i ncl uded wi t hi n t he movement s used i n t he 
cal cul at i ons.  By compar i son,  t he wei ght ed mean f or

6 1 5



1 2 /9

f i el d Ch der i ved f r om pi ezomet er s i s l 6 x 10“ ® m̂ / s.

The t ot al  set t l ement  of  0. 479m at  t he embankment  cent r e 
at  t he end of  pr el oadi ng'  compr i ses el ast i c st r ai n,  
appr oxi mat el y 100% consol i dat i on set t l ement  and a smal l  
amount  of  secondar y movement .  By compar i son,  t ot al  
set t l ement s due t o el ast i c and 100% consol i dat i on move­
ment s cal cul at ed by t heor et i cal  met hods ar e gi ven i n 
Tabl e I I I  f or  a net  i ncr ease i n pr el oad of  107 kPa.

Tabl e I I I

Met hod Tot al  Set t l ement  ( m)

St ei nbr enner  ( 1934) 0. 474
Skempt on & Bj er r um 0. 408
Oedomet er 0.513

The el ast i c set t l ement  i ncl uded i n t he Tabl e I I I  i s 
0. 041m and was der i ved f r om assumed val ues of  Youngs 
Modul us En.  Usi ng t he st r ess/ st r ai n cur ves f r om t he 
consol i dat ed undr ai ned t r i axi al  compr essi on t est s,  l ower  

val ues of  t he or der  of  6000 kPa wer e obt ai ned at  2% 
st r ai n at  sampl e dept hs of  2m and 5m.  At  11m,  an 
val ue of  8800 kPa was obt ai ned at  2% st r ai n.  Wi t h t hese 
t wo En val ues,  t he cal cul at ed i mmedi at e set t l ement  woul d 
be 0. 067m whi ch woul d i ncr ease t he t ot al  set t l ement s i n 
Tabl e 3 by about  0. 026m.

CONCLUSI ON

The use of  Sandwi cks al l owed a saf e pr el oadi ng and a 
r el at i vel y hi gh st eel  f r ame st r uct ur e t o be pl aced on 
poor  compr essi bl e soi l s wi t hi n t he r equi r ed pr ogr amme 
t i me and wi t hout  subsequent  i nt ol er abl e set t l ement s t o 
t he st r uct ur e.  Wi t h t he hi ndsi ght  of  t he act ual  con­
sol i dat i on par amet er s,  t he sanddr ai n spaci ngs coul d have 
been sl i ght l y wi der  wi t h a consequent  smal l  f i nanci al  
savi ng.  However ,  t he st r uct ur e benef i t ed f r om a pr e-  
l oadi ng t o about  100% consol i dat i on set t l ement  at  some 
10% above pr obabl e maxi mum f ut ur e desi gn l oad and r educed 
t he expect ed movement s dur i ng and af t er  bui l di ng con­
st r uct i on.

I n t he par t i cul ar  ci r cumst ances of  t hi s case hi st or y,  t he 
addi t i onal  cost  of  and t he r esul t ant  del ays caused by an 
ext ended soi l s i nvest i gat i on woul d have absor bed much of  
any savi ng.  The use of  a pi l ed f oundat i on woul d have 
cost  al most  doubl e t he cost  of  Sandwi cks and pr el oadi ng.  
Al so,  a pi l ed f oundat i on woul d have i ncur r ed a del ay i n 
t he bui l di ng pr ogr amme as t he st r uct ur al  desi gn coul d 
not  be f i nal i sed unt i l  l at e i nt o t he pr el oadi ng per i od.

The pr edi ct i on of  f i el d Ĉ  val ues was made saf el y by t he 
use of  Oedomet er  r esul t s but  t he back anal yses showed 
t hat  t he r at i o of  t he f i el d Ĉ  ( f r om bot h pi ezomet er  and 
set t l ement  r esul t s)  and l abor at or y Cy- var i ed f r om bel ow 
uni t y t o 3 on a r el at i vel y smal l  si t e whi ch has a com­
par at i ve degr ee of  uni f or mi t y of  soi l  condi t i ons.  ( See 
Gar assi no,  Jami ol kowski  et  al  1979) .

Mor eover ,  a pr opor t i on of  t he movement s occur r ed dur i ng 
er ect i on of  t he st r uct ur e so t hat  t he br i ck and bl ock 
wal l s wi l l  have exper i enced l ess di f f er ent i al  movement s.
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The use of  a di spl acement  met hod of  i nst al l i ng wi ck 
dr ai ns di d not  cause a measur abl e addi t i onal  set t l ement  
due t o t he di st ur bance and r emoul di ng.  The amount  of  
set t l ement  dur i ng pr el oadi ng was wi t hi n 10% of  t he 
pr edi ct i on usi ng dat a f r om Oedomet er  t est s on hi gh 
qual i t y sampl es.  The mean secondar y movement  t o dat e i s 
bel ow t he amount  ant i ci pat ed al t hough t he compar at i vel y 
uneven di st r i but i on of  l oad over  t he r af t  f oundat i on has 
caused a r el at i vel y wi de var i at i on i n movement  bet ween 
t he East  and West  ends of  t he r af t .  The t ot al  di f f er en­
t i al  movement  bet ween t he r af t  cent r e ( obt ai ned f r om t he 
mean of  t he movement s at  t he Nor t h and Sout h BRE set t l e­
ment  poi nt s)  and t he NE set t l ement  poi nt  i s of  t he or der  
of  1 i n 660 whi ch i s wi t hi n t he accept abl e t ol er ance.
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