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SYNOPSI S Two new by - pass r oads under  const r uct i on i n Kent  cr oss ext ens i ve ar eas of  sof t
al l uv i um on embankment s  r i s i ng up t o 8 met r es above t he or i gi nal  mar sh sur f ace.  I ni t i al  des i gn 
f ol l owi ng si t e i nvest i gat i on over - es t i mat ed t he dr ai nage char act er i s t i cs  of  t he al l uv i um wi t h t he 
r esul t  t hat  nei t her  embankment  coul d be compl et ed as pl anned.  An unusual  f eat ur e of  t he sof t  
al l uv i um i s t he ver y l ow val ue of  t he coef f i c i ent  of  consol i dat i on when t he ver t i cal  ef f ect i ve 
st r ess exceeds t he pr econsol i dat i on pr essur e.  Af t er  ex t ens i ve si t e t r i al s,  dur i ng whi ch a 
r ecent l y  devel oped met hod of  det er mi ni ng t he i n s i t u dr ai nage char act er i s t i cs  of  soi l s at  st r esses 
wel l  i n excess of  ex i s t i ng st r esses was used,  addi t i onal  dr ai nage was i nst al l ed i n t he al l uv i um 
and t he embankment s  compl et ed.  The r esul t s obt ai ned f r om t he i n s i t u t est s and t he obser ved 
embankment  behav i our  have been anal ysed usi ng a new comput er i sed met hod and have been shown t o be 
i n good agr eement .

/  f / . /  _  - ---  %

Fi g.  1 Si t e l ocat i ons and si t e pl ans

I NTRODUCTI ON

At  Sandwi ch i n East  Kent  and Queenbor ough on 
t he I sl e of  Sheppey i n Nor t h Kent ,  new by- pass 
r oads t o t he t owns ar e bei ng const r uct ed 
( Fi g.  1) .  The al i gnment s of  t hese new r oads 
r equi r e t hem t o pass over  ex i s t i ng r ai l way 
t r acks whi ch cr oss ext ens i ve ar eas of  sof t  
al l uvi um,  mar sh,  on l ow embankment s.  Thi s

r esul t s  i n t he r oad sur f aces hav i ng t o r i se 
bet ween 6. 5 and 8 met r es above t he or i gi nal  
sur f ace of  t he mar sh on embankment s and 
vi aduct s.  The pr edi c t ed t ot al  set t l ement s of  
t he hi ghest  par t s  of  t he embankment s  adj acent  
t o t he v i aduct s over  t he r ai l ways ar e bet ween
1 . 2  and 1. 5 met r es.

At  Sandwi ch an i ns t r ument ed t r i al  embankment  was 
const r uct ed i n advance of  t he mai n const r uct i on 
wher eas at  Queenbor ough t he f i r st  st age of  t he
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Fi g.  2 Sandwi ch By- Pass.  Longi t udi nal  sect i on,  bor ehol e l og and soi l  pr oper t i es

r oad embankment  was i nst r ument ed.  The i ni t i al  
r esul t s  f r om t hese t r i al  embankment s  and ot her  
publ i shed case hi s t or i es  wer e i nt er pr et ed as 
showi ng t hat  t he r oad embankment s  coul d 
pr obabl y  be bui l t  wi t hout  addi t i onal  dr ai nage 
bei ng i nst al l ed.  However ,  at  bot h si t es as 
const r uct i on of  t he r oad embankment s  pr ogr essed 
i t  became appar ent  t hat  t hey coul d not  be 
compl et ed by t he r equi r ed dat es.  At  t hi s 
st age KCC r equest ed Ove Ar up and Par t ner s t o 
gi ve advi ce on al t er nat i ve ways of  compl et i ng 
t he embankment s  and at  bot h s i t es i t  was 
conc l uded t hat  addi t i onal  dr ai nage of  t he 
under l y i ng al l uvi al  cl ay,  t oget her  wi t h smal l  
ex t ens i ons of  t he l engt hs of  t he vi aduct s  and 
sl i ght  l ower i ng of  t he f i ni shed r oad l evel s,  
was t he most  appr opr i at e and economi c sol ut i on.  
Tr i al s of  al t er nat i ve pr opr i et ar y  dr ai nage 
syst ems wer e car r i ed out  at  bot h si t es f r om 
whi ch t he f i nal  desi gn of  t he gr ound dr ai nage 
schemes and t he embankment  const r uct i on 
pr ogr amme wer e det er mi ned.  Const r uct i on of  
bot h embankment s i s now near i ng compl et i on 
enabl i ng t he measur ed per f or mance of  each r oad 
embankment  t o be compar ed wi t h t hat  pr edi ct ed.
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GROUND CONDI TI ONS

The gr ound condi t i ons at  t he t wo si t es ar e 
si mi l ar ,  cons i s t i ng of  al l uv i al  deposi t s  of  
Pl ei s t ocene t o r ecent  age and appr ox i mat el y  
10  met r es  t hi ck,  depos i t ed above an er os i on 
sur f ace near  t he conf l uence of  r i ver  channel s 
and t he sea.  The exi s t i ng sur f aces of  t he 
mar shes ar e 1 t o 2m above mean sea l evel  and,  
al t hough t hey ar e pr ot ec t ed by f l ood banks, at  
t i mes of  heavy r ai nf al l  t hese ar eas become 
f l ooded i r r espect i ve of  t he sea l evel .  The 
mar shes  have been r ec l ai med i n st ages f or  
agr i cul t ur al  use by t he cons t r uct i on of  l ow 
embankment s  and dr ai nage di t ches acr oss t hem,  
t he embankment s bei ng const r uct ed f r om t he 
adj acent  near - sur f ace mat er i al s .  The al l uv i um 
t hus has an i r r egul ar  sur f ace and a somewhat  
compl ex s t r ess - hi s t or y  r esul t i ng par t i cul ar l y  
i n var y i ng degr ees of  over consol i dat i on.

Sandwi ch

The soi l  pr of i l e and pr oper t i es  i n t he vi c i ni t y  
of  t he hi ghest  par t  of  t he r oad embankment s  at  
Sandwi ch ar e shown on Fi g.  2.  Sout h of  t he 
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^ Queenbor ough By—Pass.  Longi t udi nal  sect i on,  bor ehol e l og and soi l  pr oper t i es.
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Fi g.  4 Queenbor ough By - Pass
a )  Compr ess i on r at i o,  and b)  Cu/ Pc ' wi t h dept h

Ri ver  St our  t he al l uv i um i s appr ox i mat el y  
8 met r es deep over l y i ng t he er oded sur f ace of  
t he Thanet  Beds of  Pal aeocene Age.  The Thanet  
Beds compr i se f i r m t o st i f f  s i l t y  cl ay 
appr ox i mat el y  6 met r es t hi ck whi ch i n t ur n 
over l i e t he er oded sur f ace of  t he chal k of  
Cr et aceous Age.  The al l uv i um her e consi st s  of  
t hr ee l ayer s;  a f i r m des i ccat ed cr ust  of  s i l t y 
c l ay appr ox i mat el y  2 met r es t hi ck over l y i ng 
3 met r es of  sof t  t o ver y  sof t  l i ght l y  over ­
consol i dat ed si l t y c l ay whi ch i n t ur n over l i es 
3 met r es of  sof t  nor mal l y  consol i dat ed si l t y 
cl ay.  Root s and r oot  r emai ns ar e pr eval ent  i n 
t he des i ccat ed c r ust  whi l s t  peat  and peat y 
l ayer s ar e pr esent  wi t hi n t he bot t om t wo met r es 
of  t he al l uvi um.  The shear  s t r engt h of  t he 
des i ccat ed cr ust  i s t ypi cal l y  of  t he or der  of  
40 kPa.  I n t he mi ddl e of  t he al l uv i um t he 
shear  s t r engt h i s 10 t o 15 kPa and at  t he base 
i t  i s s l i ght l y  hi gher  at  10 t o 30 kPa,  but  t hi s 
appar ent  i ncr ease i n s t r engt h coul d be due t o 
t he pr esence of  t he peat .

To t he nor t h of  t he Ri ver  St our  t he char act er  
of  t he al l uv i um changes t o s i l t y  sands i nt er ­
cal at ed wi t h t hi n l ayer s of  sof t ,  s i l t y  cl ay,  
and t he r el at i vel y  hi gh r at e of  consol i dat i on 
per mi t t ed r api d const r uct i on of  t he nor t h 
appr oach embankment .

Queenbor ough

The soi l  pr of i l e and pr oper t i es  i n t he vi c i ni t y  
of  t he hi ghest  par t  of  t he r oad embankment s  at  
Queenbor ough ar e summar i sed on Fi g.  3.  The 
al l uv i um i s appr ox i mat el y  11  met r es  deep 
over l y i ng t he er oded and weat her ed upper  sur f ace 
of  t he London Cl ay of  Eocene Age,  and consi st s  
of  t wo l ayer s;  a f i r m des i ccat ed cr ust  of  si l t y 
c l ay appr ox i mat el y  2 met r es  t hi ck over l y i ng 
ver y  sof t  l i ght l y  over consol i dat ed al l uvi al  
cl ay.  Wi t hi n t he des i ccat ed c r ust  and t owar ds 
t he base of  t he depos i t  r oot s and r oot  hol es 
ar e pr esent .  I n addi t i on,  peat  and peat y 
l ayer s ar e pr esent  i n t he l ower  hal f  of  t he 
al l uvi um.  Thr oughout  i t s dept h t he al l uvi al  
c l ay i s of t en l ami nat ed and mor e per meabl e

l ayer s have been i dent i f i ed,  i ncl udi ng a l ayer  
of  coar se gr avel  at  t he base of  t he al l uv i um 
i mmedi at el y  above t he London Cl ay,  but  t hese 
appear  t o be of  l i mi t ed l at er al  ext ent .  The 
shear  s t r engt h of  t he des i ccat ed cr ust  at  t hi s 
si t e i s appr ox i mat el y  30 kPa and t he al l uvi al  
c l ay i mmedi at el y  bel ow i t  has a shear  st r engt h 
of  appr ox i mat el y  10 kPa i ncr easi ng al most  
l i near l y t o appr ox i mat el y  20 kPa at  t he base of  
t he al l uvi um.

As shown i n Fi g.  4a t he Compr ess i on Rat i o,
Cc , of  t he al l uv i um i nc r eases wi t h dept h

1 + eo

t o about  6 met r es r ef l ec t i ng t he over ­
consol i dat i on of  t he upper  al l uvi um.  Bel ow 
6m i t  r emai ns const ant  t o t he base of  t he 
al l uvi um.

The r at i o of  t he vane shear  s t r engt h cor r ect ed 
i n t he manner  descr i bed by Bj er r um ( 19 7 3) t o 
t he pr e- consol i dat i on pr essur e ( see Fi g.  9b)  i s 
shown on Fi g.  4b.  For  des i gn pur poses a 
uni f or m val ue of  0. 25 was adopt ed.  A si mi l ar  
r el at i onshi p was obt ai ned f r om t he ani so-  
t r opi cal l y  consol i dat ed t r i ax i al  t est s.  For  
t he r ange of  pl as t i c i t y  i ndex of  t he soi l s 
t est ed,  t he i ncr ease i n r at i o t o al l ow f or  
pl ane st r ai n f i el d condi t i ons i s of f set  by t he 
r educt i on t hat  woul d have t o be made f or  
or i ent at i on ( Ladd and Foot t ,  1974) .

Si mi l ar  r esul t s  t o t hose above wer e obt ai ned 
f or  t he der i ved soi l  desi gn val ues f or  t he 
Sandwi ch si t e.

SANDWI CH TRI AL EMBANKMENT

The r epor t  on t he si t e i nvest i gat i on concl uded 
t hat  measur es t o i mpr ove nat ur al  dr ai nage woul d 
be r equi r ed and t hat  a t r i al  embankment  shoul d 
be const r uct ed t o obt ai n det ai l ed i nf or mat i on 
about  set t l ement  and st abi l i t y.

Sandwi ck dr ai ns ( Gr ound Engi neer i ng,  1978)  made 
of  65mm di amet er  por ous f abr i c st ocki ngs f i l l ed 
wi t h medi um sand wer e i nst al l ed i n wash- bor ehol es 
on a squar e gr i d at  1. 15m cent r es under  par t  of  
t he t r i al  embankment ,  see Fi g.  5a.  The t r i al  
embankment  was compl et ed wi t hi n a 26 day per i od 
dur i ng Sept ember  19 73 t o a hei ght  of  3. 08m 
above mar sh l evel  ( Fi g.  5b) , whi ch was t he 
assessed max i mum hei ght  whi ch coul d be bui l t  
qui ckl y.  The embankment  f i l l  gener al l y  
compr i sed col l i er y  spoi l  ( uni t  wei ght  appr ox ­
i mat el y  21 k N/ m3) over  a 0. 6 met r e t hi ck l ayer  
of  f r ee dr ai ni ng mat er i al  ( F. D. M) . The 
embankment  r emai ned at  t he 3m hei ght  f or  
appr ox i mat el y  6 50 days,  dur i ng whi ch t i me 
appr ox i mat el y  550mm of  set t l ement  occur r ed 
wher e sand dr ai ns had been i nst al l ed as 
compar ed t o appr ox i mat el y  350mm i n t he unt r eat ed 
al l uv i um ( Fi g.  5e) .

Fi g.  5c shows t he di s t r i but i on of  pi ezomet r i c  
head wi t h dept h at  var i ous t i mes af t er  t he 
compl et i on of  t he f i l l i ng.  I ni t i al l y  t he 
pi ezomet r i c  heads i n t he dr ai ned and undr ai ned 
ar eas wer e si mi l ar ,  but  t he r at e of  di ss i pat i on 
i n t he ar ea wi t hout  sand dr ai ns was s i gni f i cant l y  
s l ower  t han t hat  of  t he ar ea wi t h sand dr ai ns.  
Af t er  6 50 days appr ox i mat el y  90% di ss i pat i on of  
t he excess por e pr essur e wi t hi n t he dr ai ned ar ea
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Fi g.  5 Sandwi ch By- Pass Tr i al  Embankment  
a)  Layout ,  b)  Sect i on,  c)  t o e)  Resul t s

had occur r ed compar ed wi t h 30% i n t he unt r eat ed 
al l uv i um ( Fi g.  5d) . I nt er pr et at i on of  t he 
r esul t s  of  t he t r i al  embankment  was made 
i ni t i al l y  on t he basi s of  t he f i r st  144 days of  
obser vat i ons,  whi ch,  i t  t r anspi r ed was t oo shor t  
a per i od t o pr oper l y  di scer n t he r el at i ve r at es 
of  di ss i pat i on appr opr i at e t o t he f ul l  
const r uct i on per i od.
I n t he over consol i dat ed cr ust ,  r api d con­
sol i dat i on occur r ed ( Fi gs.  5c and 5e) , and t hi s 
f eat ur e was mai nt ai ned at  hi gher  ef f ec t i ve 
st r esses dur i ng cons t r uct i on of  t he r oad 
embankment ,  r ef l ec t i ng t he l ower  pl ast i c i t y  
i ndex ( Fi g.  2)  and over consol i dat i on t o an 
aver age val ue of  60 kPa.

SANDWI CH BY- PASS ROAD EMBANKMENT 

Tr ench Dr ai ns

The dr ai nage syst em i ni t i al l y  i nst al l ed beneat h 
t he r oad embankment s  consi s t ed of  225mm wi de 
ver t i cal  t r ench dr ai ns l ocat ed as shown i n 
Fi g.  6a, excavat ed t hr ough t he al l uv i um by  a 
St eenber gen B- 600 machi ne ( Gr ound Engi neer i ng,  
1977) .  These dr ai ns ext ended t o appr ox ­
i mat el y  5. 5m bel ow t he sur f ace of  t he mar sh 
( Fi g.  7a)  and wer e back f i l l ed wi t h gr anul ar  
mat er i al .  The 600mm deep l ayer  of  f r ee-  
dr ai ni ng mat er i al  was used as a wor k i ng pl at ­
f or m f or  t he t r enchi ng machi ne.  The 
dr ai nage syst em was des i gned pr i nc i pal l y  t o 
ensur e t hat  t he r equi r ed degr ee of  set t l ement  
was achi eved wi t hi n t he const r uc t i on per i od.

Fi g.  6 Sandwi ch By- Pass.  a)  Pos i t i on of  
Tr ench Dr ai ns and Sand Dr ai n Tr i a l , 
b)  Sect i on,  c)  Resul t s  of  meas ur ement s .

Const r uc t i on t o Day 230

Const r uc t i on of  t he sout h appr oach embankment  
s t ar t ed i n Apr i l  1977,  us i ng col l i er y  spoi l  
above t he dr ai nage l ayer  and a hei ght  of  3m 
above or i gi nal  mar sh l evel  was r eached af t er  
30 days ( Fi g.  6 c ) . Af t er  a del ay of  80 days 
a f ur t her  0. 8m of  f i l l  was added.  The r at e 
of  di ss i pat i on of  excess por e pr essur e i n t he 
al l uv i um was f ound t o be s i mi l ar  t o t he 
unt r eat ed ar ea beneat h t he Tr i al  Embankment ,  
and was s i gni f i cant l y  s l ower  t han t hat  
r equi r ed.  Lat er al  movement  i n t he al l uv i um 
at  t he t oe of  t he embankment  sl ope was 
appr oachi ng 100mm ( Fi g.  14) .

Col l apse of  t he weak al l uv i al  cl ay i nt o t he 
dr ai nage t r enches bel ow about  3m dept h i s 
t hought  t o have r ender ed t hem i nef f ect i ve f or  
di ss i pat i ng t he max i mum excess por e wat er  
pr essur es whi ch occur r ed bet ween 4 and 6m dept h.  
Pi ezomet er s  i nst al l ed at  4. 5m dept h showed 
l i t t l e di f f er ence i n pi ezomet r i c  head i n t he 
al l uv i um c l ose t o and mi dway bet ween t he 
t r enches ( Fi g.  7a) .

Sand Dr ai n Tr i al

As r api d changes i n t he 
consol i dat i on behav i our  of  t he al l uv i um had 
been i ndi cat ed i n t he v i c i ni t y  of  t he r i ver  i t  
was t hought  pr udent  t o car r y out  a f ur t her  
sand dr ai n t r i al .  The t r i al  ar ea,  19m squar e 
i n pl an ( Fi g.  6 a)  was l ocat ed wi t hi n t he sout h 
appr oach embankment  and cl ose t o t he i nt ended 
pos i t i on of  t he v i aduct  sout h abut ment ,  wher e 
i ns t r ument at i on al r eady ex i s t ed and wher e 
excess por e pr essur e di ss i pat i on had been 
par t i cul ar l y  sl ow.  Sandwi ck dr ai ns wer e 
i nst al l ed at  l m cent r es t hr ough t he al l uv i um
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Fi g.  7 Sandwi ch By- Pass.  a)  Pi ezomet er  
r eadi ngs at  Tr ench Dr ai ns,  b)  Resul t s  of  
Sand Dr ai n Tr i al .

f r om t he sur f ace of  t he 3. 8m hi gh r oad 
embankment  ( Fi g.  6b) .

The i nst al l at i on of  t he sand dr ai ns by  dr i ven 
mandr el  caused a 3m i nc r ease i n excess por e 
pr essur e,  but  t hi s di d not  r esul t  i n any 
det ect abl e change i n t he st abi l i t y  of  t he 
embankment .  I t  i s t hought  t hat  t he i ncr ease 
i n por e pr essur e was t he r esul t  of  a change i n 
t ot al  st r ess,  t he ef f ec t i ve st r ess r emai ni ng 
unchanged.  Af t er  t he i ni t i al  r api d r at e of  
di ss i pat i on of  excess head t o t he val ue pr i or  
t o t he sand dr ai n i ns t al l at i on t he r at e of  
di ss i pat i on was conf i r med t o be si mi l ar  t o t hat  
measur ed at  t he Tr i al  Embankment .

Compl et i on of  Embankment

Usi ng t he i nf or mat i on f r om t he Tr i al  Embankment  
and Sand Dr ai n Tr i al  a l ayout  of  Sandwi ck dr ai ns 
was des i gned t o per mi t  st age const r uct i on of  
t he r emai nder  of  t he embankment  us i ng col l i er y 
spoi l  whi l e mai nt ai ni ng a mi ni mum f act or  of  
saf et y of  1. 2.  The r at e of  consol i dat i on 
al ong t he l engt h of  t he appr oach embankment  al so 
had t o be such t hat  t he r oad pr of i l e woul d be 
accept abl e.

The spaci ng of  dr ai ns var i es bet ween 0. 8m 
cent r es at  t he v i aduct  abut ment  t o 4. 5m cent r es 
appr ox i mat el y  400 met r es  away wher e t he 
embankment  i s about  4. 5m hi gh.  The dr ai ns wer e 
pl aced on a squar e gr i d f or  t he f ul l  wi dt h of  
t he embankment  i nc l udi ng t he si de sl opes 
( Gr ound Engi neer i ng,  1978) .

Embankment  f i l l i ng r ecommenced on Day 382 
( 1st  May 1978)  and cont i nued i n st ages unt i l  
compl et ed dur i ng Apr i l  1980.  The pr ogr ess of  
f i l l i ng i s summar i sed i n Tabl e 1.

QUEENBOROUGH BY- PASS ROAD EMBANKMENT

Const r uc t i on t o Day 700

The f i r st  st age of  t he r oad embankment  was 
const r uc t ed as an i nst r ument ed t r i al  embankment  
dur i ng t he sl i mmer  of  1976 and cons i s t ed of  chal k 
f i l l  wi t h a uni t  wei ght  of  18 k N/ m3 over  a

bl anket  of  f r ee dr ai ni ng mat er i al  ( Fi g.  8b and 
8c ) . Wher e a hei ght  of  3m was exceeded,  
subst ant i al  gr ound movement s  occur r ed and t hese

sect i ons wer e st abi l i sed by r educi ng t hei r  
hei ght  t o appr ox i mat el y  3m.

Onl y  some 20% of  t he di ss i pat i on of  t he excess 
por e wat er  pr essur e f r om t hi s f i r st  st age 
occur r ed dur i ng t he 600 days af t er  compl et i on 
of  t he f i r st  st age of  t he f i l l i ng ( Fi g.  8 c) .
The por e pr essur e r esponse i n t he al l uvi al  cl ay 
beneat h t he embankment  i s summar i sed on Fi g.  9b.  
The i ncr ease i n por e pr essur e was appr ox i mat el y  
5 kPa l ess t han t he i nc r ease i n embankment  
l oadi ng.  As shown on Fi g.  9a, bel ow t he 
des i ccat ed c r ust  t hi s di f f er ence i s cons i st ent  
wi t h t he di f f er ence bet ween t he ver t i cal  
ef f ec t i ve st r ess and t he pr e- consol i dat i on 
p r es s ur e.

Some 50mm of  l at er al  movement  occur r ed at  t he 
t oe of  t he 1 i n 2 si de s l opes dur i ng f i l l i ng 
and r eached 70mm dur i ng t he subsequent  600 days 
( Fi g. 14)  .

Thus t he embankment s  coul d not  be compl et ed,  
and par t i cul ar l y  t he r equi r ed 95% consol i dat i on 
i n t he vi c i ni t y  of  t he pi l ed v i aduct  abut ment s 
coul d not  be r eached by t he r equi r ed dat e of  
August  19 81.

Ver t i cal  Dr ai n Tr i al s

Two di f f er ent  t ypes of  ver t i cal  dr ai ns wer e 
t est ed i n t he t r i al .  These wer e t he 
A. V.  Col bond dr ai ns whi ch consi st  of  a non­
woven pol yest er  f abr i c st r i p 300mm wi de by 
4mm t hi ck ( Tr i al  Ar ea I I )  and Sandwi cks ( Tr i al  
Ar ea I )  see Fi g.  8a.
Each Tr i al  Ar ea was 15m by  24m i n pl an wi t h t he 
dr ai ns ext endi ng t he f ul l  dept h of  t he al l uv i um 
( Fi g.  8b ) . The Sandwi cks of  ef f ect i ve 
di amet er  65mm wer e spaced at  l m cent r es,  based 
upon t he r esul t s  obt ai ned at  Sandwi ch.  I t
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Fi g.  8 Queenbor ough By- Pass.  a)  Ver t i cal  
Dr ai n Tr i al  l ayout ,  b)  Sect i on,  c)  Resul t s
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Fi g.  9 Queenbor ough By- Pass,  a)  Ver t i cal  
ef f ec t i ve st r ess v.  pr econsol i dat i on pr essur e,  
b)  Change i n pi ezomet r i c  pr essur e v.  embankment  
pr es s ur e.

was assessed t hat  t he ef f ect i ve di amet er  of  
t he A. V.  Col bond dr ai ns was 220mm and t hat  a 
spaci ng of  1. 35m woul d be r equi r ed t o obt ai n 
t he same r at e of  consol i dat i on as t he Sandwi cks.  
As at  Sandwi ch,  pr edr i l l i ng t hr ough t he 
embankment  was necessar y  i n or der  t o i nst al l  
t he ver t i cal  dr ai ns.

I nst al l at i on of  t he dr ai ns was car r i ed out  
dur i ng Apr i l ,  1978,  and as shown on Fi g.  8 c 
t her e was agai n an i mmedi at e 3m i nc r ease i n 
pi ezomet r i c  head f ol l owed by r api d di ssi pat i on.

Compar i son of  Dr ai n Per f or mance

The change i n pi ezomet r i c  head and set t l ement  
wi t h t i me at  var i ous dept hs wi t hi n t he Tr i al  
Ar ea I  i s summar i sed on Fi gs.  10a and 10b;  a 
si mi l ar  r esponse was obser ved i n Tr i al  Ar ea I I .  
The por e wat er  pr essur e r esponse and set t l ement  
wi t hi n t he des i ccat ed c r ust  wer e smal l  compar ed 
t o t hat  i n t he sof t  al l uv i um bel ow.

As shown i n Fi g.  11a t he di ss i pat i on of  excess 
por e wat er  pr essur es occur r ed mor e r api dl y  at  
al l  l ocat i ons wi t hi n t he Tr i al  Ar ea I ,  t he 
aver age per cent age di ss i pat i on bei ng 45% as 
compar ed t o 32% wi t h t he Tr i al  Ar ea I I  dur i ng 
t he f i r st  90 days.  Dur i ng t hi s same per i od t he 
set t l ement  of  t he Tr i al  Ar ea I  was about  130mm 
compar ed t o appr ox i mat el y  100mm i n Tr i al  Ar ea I I .

I t  was conc l uded t hat  t he ef f ect i ve di amet er  of  
t he A. V.  Col bond dr ai ns was 120mm and t hat  i n 
or der  t o gi ve compar abl e per f or mance t o 
Sandwi ck dr ai ns i nst al l ed at  l m cent r es t he 
spaci ng of  t he A. V.  Col bond dr ai ns woul d have 
t o be 1. 15m.  Somewhat  l ar ger  ef f ec t i ve 
di amet er s  of  band dr ai ns based on t he 
c i r cumf er ence have been r epor t ed by Hansbo 
and Tor s t ensson 1977 and Hansbo 1979.  I t  i s 
poss i bl e t hat  t he st r i p was f ol ded i nwar ds 
dur i ng pl aci ng,  r educ i ng t he act ual  wi dt h bel ow 
300mm.

For  t he f i r st  50 days di ss i pat i on c l osel y 
mat ched a t heor et i cal  r at e based on a 
coef f i c i ent  of  consol i dat i on ( hor i zont al )  cv 
of  l m2 / yr .  ( Fi g.  11a) .  The r educt i on i n ' 
r at e of  di ss i pat i on ev i dent  f r om about  t he 50t h 
day i s cons i s t ent  wi t h t he change i n cV (h)  
i ndi cat ed on Fi g.  12.  On t hi s f i gur e t he 
r esul t s  der i ved f r om oedomet er  t est s and f i el d 
per meabi l i t y  t est s ar e pl ot t ed t oget her  wi t h 
dat a publ i shed by Rowe 1972 and r esul t s f r om a 
near by si t e at  Cl i f f e ( Fi g.  1) .

P IE Z O M E T E R  L E V E L - m e t r e s  a b o v e  d a tu m  S E T T L E M E N T  -  m m

Fi g.  10 Queenbor ough By - Pass.  Changes i n 
a)  pi ezomet r i c  pr of i l e and b)  set t l ement  wi t h 
t i me

At  st r esses onl y a smal l  amount  i n excess of  
t he pr econsol i dat i on pr essur e t he val ues of  
cv / v \ and cV (h)  wer e f ound t o aver age 0 . 5m2 / yr .  
and Conver ge on val ues bet ween 0 . 2  and 0 . 4mVy r .  
( Fi g.  12) .  These unusual l y  l ow val ues have 
been subsequent l y  shown t o be cor r ect  by 
anal ys i s  of  t he embankment  behav i our  and r ecent  
f i el d t est s ( Fi q.  12) .

Rat e of  Consol i dat i on

I n t he des i gn of  t he dr ai nage syst em a 
coef f i c i ent  of  consol i dat i on of  0. 7m2 / yr .  was 
used f or  ver t i cal  ef f ec t i ve s t r esses up t o 
130 kPa and 0. 35m2 / yr .  f or  ver t i cal  ef f ec t i ve

D A Y S *

Fi g.  11 Queenbor ough By - Pass.  Ver t i cal  Dr ai n 
Tr i al s.  Changes i n a)  di ss i pat i on and 
b)  set t l ement  wi t h t i me.
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Fi g.  12 Queenbor ough By - Pass.  Var i at i on i n 
coef f i c i ent  of  consol i dat i on wi t h ver t i cal  
ef f ec t i ve st r ess.

st r esses gr eat er  t han 130 kPa ( Fi g.  12) .
Manual  cal cul at i on of  st age const r uct i on r at es 
f or  a wi de r ange of  al t er nat i ves i s t edi ous wi t h 
mor e t han one val ue of  cv . A comput er i sed 
met hod of  sol ut i on of  per mi ss i bl e const r uct i on 
r at e wi t h r ef er ence t o t he cur r ent  ef f ect i ve 
st r ess and cont i nuous l y  changi ng val ues of  cv 
has been devel oped ( Col e 1980) .  Thi s has 
been used i n t he back anal yses of  cur r ent  
val ues of  Cv ^ j  ( Fi g.  12) .

Compl et i on of  t he Embankment

Ver t i cal  dr ai ns wer e i nst al l ed t hr ough t he 
ex i s t i ng embankment  and si de sl opes,  and al so 
beneat h t he ar eas upon whi ch ber ms wer e 
const r uct ed t o enabl e compl et i on of  t he hi gher  
par t s of  t he embankment  ( Fi g.  14) .  Sandwi ck 
dr ai ns wer e sel ect ed and t he spaci ng was 
des i gned t o al l ow st age cons t r uct i on of  t he 
embankment  us i ng pul ver i sed f uel  ash ( pf a)  wi t h 
a uni t  wei ght  of  13 kN/ m3 whi l e mai nt ai ni ng a 
mi ni mum f act or y  of  saf et y of  1. 25.  The 
spaci ng was al so des i gned so t hat  t he r equi r ed 
95% pr i mar y consol i dat i on was achi eved at  t he 
pi l ed abut ment  and set t l ement  of  t he r oad was 
wi t hi n accept abl e l i mi t s.  The dr ai n spaci ng 
var i ed bet ween 0. 9 and 3. 0m cent r es on a 
squar e gr i d.

Embankment  f i l l i ng r est ar t ed on Day 1063 ( 31st  
Mar ch 1979)  and wi l l  be compl et ed dur i ng 1980.

PREDI CTED BEHAVI OUR AND MEASURED PERFORMANCE

Embankment  const r uct i on at  bot h si t es was 
cont r ol l ed by t he use of  char t s gi vi ng l i mi t i ng 
val ues of  excess por e pr essur e r el at ed t o 
embankment  sur f ace l evel  ( Fi g.  15) .  When t he 
excess por e pr essur e f or  a par t i cul ar  ar ea of  
t he embankment  had f al l en suf f i c i ent l y,  
addi t i onal  f i l l  was added as shown i n Fi g.  15 
f or  one ar ea of  t he Queenbor ough By- Pass.

The r el at i onshi ps bet ween t he pr edi c t ed 
set t l ement  and t he i ncr ease i n l oadi ng due t o 
t he embankment  cons t r uct i on f or  t he t wo si t es 
ar e shown on Fi g.  13.  I n bot h cases t he

Fi g.  13 Bot h si t es.  Set t l ement

pr edi c t ed set t l ement  based on t he coef f i c i ent  
of  compr ess i bi l i t y  obt ai ned f r om convent i onal  
oedomet er  t est s,  was i n r easonabl e agr eement  
wi t h t he measur ed behav i our  on si t e.  Ther e 
has been somewhat  gr eat er  set t l ement  t han 
f or ecast  i n t he ar ea 50m sout h of  t he v i aduct  
abut ment  at  Sandwi ch ( Fi g.  13) ,  and t hi s may 
be at t r i but abl e t o di s t ur bance of  t he gr ound 
dur i ng ear l y  t r i al s of  t he t r ench dr ai n 
equi pment .

Set t l ement  of  t he embankment s  has been 
accompani ed by s i gni f i cant  l at er al  gr ound 
movement s  ( Fi g.  14) .  The max i mum l at er al  
def or mat i on whi ch has occur r ed t o dat e at  
bot h si t es i s appr ox i mat el y  20 0 mm and t hi s has 
been mai nl y  due t o st r ai ns wi t hi n t he al l uvi um.  
Af t er  i ns t al l at i on of  t he ver t i cal  dr ai ns t he 
aver age max i mum hor i zont al  movement s  wer e 
appr ox i mat el y  10 % of  t he max i mum set t l ement s at  
embankment  cent r el i nes.  Dur i ng t he con­
s t r uc t i on of  t he Tr i al  Embankment  and dur i ng 
ear l y  st ages of  t he r oad embankment s  bef or e t he 
ver t i cal  dr ai ns wer e i nst al l ed t he hor i zont al  
movement  was much gr eat er ,  bei ng near l y  40% of  
t he ver t i cal  movement .

The ver t i cal  dr ai ns wer e pl aced at  t he same 
spaci ng beneat h t he whol e wi dt hs of  t he r oad 
embankment s  t o ensur e t hat  t he embankment  
s t r uct ur e woul d not  be af f ect ed by wi de di s ­
par i t i es  i n set t l ement .  Thi s ar r angement  
of  ver t i cal  dr ai ns may have al so have mi ni mi sed 
t he l at er al  mi gr at i on of  excess por e wat er  
pr essur es i nt o t he adj acent  unt r eat ed gr ound 
and r esul t ed i n t he smal l er  l at er al  movement  
af t er  t he dr ai ns wer e i nst al l ed.

I n Tabl e I  t he pr edi c t ed cons t r uct i on pr ogr ess

Fi g.  14 Bot h si t es.  Embankment  cr oss sect i on 
and l at er al  movememnt s.

O y  a t 6 m  d e p th  kPa

120________ 160 _______ 2 0 0 _______ 2 4 0
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af t er  f i l l i ng r est ar t ed i s compar ed wi t h t hat  
achi eved.  At  Sandwi ch t he r at e of  f i l l i ng 
was al ways somewhat  s l ower  t han t he f ast est  
r at e per mi t t ed by t he s t abi l i t y  cont r ol  char t s,  
wher eas at  Queenbor ough dur i ng t he l at est  
st ages t he r at e of  f i l l i ng has been r est r i c t ed 
because t he hi ghest  measur ed pi ezomet r i c  l evel  
has come cl ose t o t he max i mum per mi t t ed ( * i n 
Fi g.  15) .  Never t hel ess as may be seen f r om 
t he est i mat es of  t he ear l i es t  poss i bl e day 
f or  pl ac i ng each l ayer  t her e has been onl y some 
30 days del ay at  Sandwi ch and no del ay at  
Queenbor ough.  The r eason f or  t hi s i s t he l ow 
ef f ect i ve st r ess at  whi ch t he val ues of  cv 
become ver y  smal l  ( Fi g.  12) ,  a f act or  whi ch 
was not  f ul l y appr ec i at ed at  t he desi gn st age.

The i ni t i al  des i gn sat i s f act or i l y  pr edi c t ed 
t he hei ght  of  embankment  whi ch coul d be bui l t  
i mmedi at el y  but  t he subsequent  pr obl ems 
r esul t ed f r om t he di f f i cul t y  i n det er mi ni ng 
t he appr opr i at e val ue of  t he coef f i c i ent  of  
consol i dat i on r el evant  t o t he pr ogr amme f or  
t he r emai nder  of  t he embankment  const r uct i on.  
Gui dance f r om case hi s t or i es  publ i shed 
shor t l y  bef or e t he i ni t i al  desi gn ( Rowe 1968,  
1972,  Mur r ay and Symons 1974) , l ed t o 
opt i mi s t i c  assessment s of  t he l i kel y  f i el d 
val ues of  t he coef f i c i ent s  of  consol i dat i on.

Kent  Count y  Counci l  Hi ghways Labor at or y  have 
devel oped an appar at us whi ch enabl es accur at e 
i n s i t u det er mi nat i on of  t he coef f i c i ent  of  
consol i dat i on at  s t r esses cons i der abl y  i n 
excess of  t he exi s t i ng i n s i t u st r esses i n t he 
gr ound ( Ni chol son and Jar di ne,  1981) .  The 
r esul t s  obt ai ned f r om t hi s equi pment  have 
cor r el at ed accur at el y  wi t h r esul t s  back -  
anal ysed f r om embankment  behav i our  ( Fi g.  12) .
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Fi g.  15 Queenbor ough By - Pass.  Pr ogr ess of  
f i l l i ng and cont r ol  char t .

Tabl e I
Pr edi c t ed and achi eved pr ogr ess of  f i l l i ng.

SANDWI CH QUEENBOROUGH

PREDI CTED ACHI EVED
Ear l i est
Possi bl e

Day

PREDI CTED ACHI EVED

Dept h 

Of  f i l l  
m

Day

Dept h 

of  f i l l Day

Dept h 
of  f i l l D. ,

Dept h 

of  f i l l Day

Possi bl e

3. 8 St ar t 3. 8 St ar t St ar t 3. 0 St ar t 3. 0 St ar t St ar t

4. 3 1 4. 3 12+ 1 3. 5 1 3. 5 4+ 1

5. 1 25 5. 5 84+ 46 4. 0 1 4. 0 8+ 1

5. 9 75 6. 2 160+ 77 4. 5 5 4. 4 19+ 1

6. 7 135 6. 9 206+ 122 5. 0 25 4. 9 76+ 1

7. 5 210 7. 5 367+ 272 5. 5 49 5. 3 161+ 64

9. 3 290 8. 2 418+ 392 6. 0 75 5. 8 236+ 176

9. 1 360 9. 1 487+ 452 6. 5

7. 0

109

147

6. 5

7. 15

244*

351*

236

351

7. 5

8. 0

201

300

t o be pl aced

1.  + These l ayer s coul d have been pl aced ear l i er .

2.  *  These l ayer s gave t he maxi mum per mi t t ed r esponse,  see Fi g.  15.
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