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SYNOPSI S Thi s paper  i s concer ned wi t h t he st abi l i t y  cont r ol  of  embankment s on sof t  f ounda
t i ons i n conj unc t i on wi t h f i el d measur ement s  of  l at er al  di spl acement s.  A met hod f or  obser vat i onal l y  
pr edi c t i ng t he i mpendi ng f ai l ur e of  embankment s  i s pr oposed and t hen ver i f i ed f r om l abor at or y l oadi ng 
t est  r esul t s  and col l ec t ed case r ecor ds.  I n addi t i on,  i t  i s shown t hat  t he r at e of  l oadi ng dur i ng 
embank i ng exer t s a pr of ound i nf l uence on t he ul t i mat e bear i ng capac i t y  of  sof t  f oundat i ons wi t h 
par t i al  dr ai nage.

I NTRODUCTI ON

Exper i ence wi t h t he cons t r uct i on of  r oads and 
f l ood banks on sof t  f oundat i ons has shown t hat  
t her e occur r ed many embankment  f ai l ur es despi t e 
t he f act  t hat  t he f act or s of  saf et y had been 
des i gned t o be suf f i c i ent l y  gr eat er  t han uni t y  
( see f or  exampl e Bj er r um,  1972)  . One possi bl e 
appr oach t o avoi di ng such a f ai l ur e may be t o 
moni t or  t he f i el d behav i or  of  embankment s 
dur i ng const r uct i on.  I n t hi s r espect  t he pr es 
ent  st udy i s ai med at  pr opos i ng a new obser 
vat i onal  met hod f or  pr edi c t i ng t he i mpendi ng 
f ai l ur e of  embankment s  on sof t  gr ound.

ANALYSES OF SOFT FOUNDATI ON BEHAVI OR 

Lat er al  def or mabi l i t y  f act or

Fi ni t e el ement  anal yses of  cont ai ned pl ast i c  
f l ow of  sof t  f oundat i ons wi t h par t i al  dr ai nage 
under  const ant  r at es of  embankment  l oadi ng,  have 
l ed us t o sel ect  t he l at er al  def or mabi l i t y  f ac 
t or  as an i ndi cat or  of  i mpendi ng f ai l ur e of  
embankment s  ( Seki guchi  and Shi bat a,  1979 ; 
Shi bat a and Seki guchi ,  1980)  . Her e t he l at er al  
def or mabi l i t y  f act or  i s def i ned as t he r at i o of  
a l oadi ng i ncr ement  ( Aq)  t o t he hor i zont al  di s 
pl acement  i ncr ement  (A<5) at  t he t oe of  embank 
ment  over  a gi ven t i me per i od ( such as 24 hour s)  
f ol l owi ng t he commencement  of  t hat  l oadi ng i n
c r ement  ( Fi g. 1) .

o <

I t  may be appr opr i at e her e t o ment i on t hat  l oad
i ng i ncr ement s dur i ng embanki ng ar e assumed t o 
be i mposed at  r egul ar  t i me i nt er val s  ( t he r at i o 
of  Aq t o At  i s des i gnat ed her eaf t er  as t he l oad
i ng r at e,  q ) , and t hat  hor i zont al  di spl acement  
i ncr ement s ar e t aken as posi t i ve when t hey ar e 
di r ect ed away f r om t he embankment .  Fi g. 2 shows 
cal cul at ed r el at i onshi ps bet ween t he l at er al  
def or mabi l i t y  f act or  and t he i nt ensi t y  of  em
bankment  l oadi ng (q)  at  t he di f f er ent  val ues of  
t he coef f i c i ent  of  per meabi l i t y  (k)  of  t he em
bankment  f oundat i on.

Let  us f i r st  di scuss t he undr ai ned r esponse 
r epr esent ed by t he cur ve wi t h k equal  t o zer o.  
Thi s cur ve shows t hat  when t he l oad i nt ensi t y  
of  80 KPa i s exceeded,  t he l at er al  def or mabi l i t y  
f act or  t ends t o decr ease l i near l y  wi t h i ncr eased 
l oad i nt ensi t y,  i ndi cat i ng t hat  t he ul t i mat e 
bear i ng capac i t y  of  t he embankment  f oundat i on 
may wel l  be pr edi c t ed by t he poi nt  wher e t he 
l i near  par t  of  t he cur ve wi l l  cr oss t he absci ssa.  
Once an ul t i mat e bear i ng capac i t y  i s t hus pr e 
di ct ed,  i t  becomes possi bl e t o def i ne t he degr ee 
of  i mpendence of  embankment  f ai l ur e i n t er ms of
t he quant i t y  ( q. q ) , whi ch i s anal ogous t o t he

r emai ni ng l i f e t i me ( t f  -  t )  i nt r oduced by Sai t o 

( 1965)  i n t he case of  s l ope f ai l ur e.

8 0 0

Fi g. 1 Def i ni t i ons of  symbol s used

§

4 0 0

Fi g.  2 Cal cul at ed r el at i onshi ps bet ween l at er al  
def or mabi l i t y  f act or  Aq/ A5 and q
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Fr om a pr act i cal  poi nt  of  vi ew,  i t  shoul d be 
suppl ement ed t hat  t he above ment i oned pat t er n 
of  l i near l y  decr eas i ng Aq/ A6 agai nst  q hol ds f or  
par t i al l y - dr ai ned condi t i ons,  as i ndi cat ed by 
t he cur ves on Fi g. 2 wi t h k gr eat er  t han zer o,  
when t he f act or  of  saf et y ( q f / q )  i s l ess t han 
about  1. 4.

I nf l uence of  l oadi ng r at e

Fi g. 3 shows t he cal cul at ed r el at i onshi ps bet ween 
t he ul t i mat e bear i ng capac i t y  and t he coef f i 
c i ent  of  per meabi l i t y  at  t wo l oadi ng r at es.  I t  
i s ev i dent  f r om t he f i gur e t hat  t he ul t i mat e 
bear i ng capac i t y  t ends t o i ncr ease l i near l y  wi t h 
i ncr easi ng coef f i c i ent  of  per meabi l i t y ,  when 
ot her  par amet er s  ar e hel d const ant .  Fr om t hi s 
f i ndi ng and r el at ed cal cul at i ons,

(1)

wher e q ^  i s t he ul t i mat e bear i ng capac i t y  t o be

mobi l i zed under  undr ai ned condi t i ons,  c i s t he
v

coef f i c i ent  of  consol i dat i on,  H,  i s t he max i mum
a

dr ai nage di st ance,  q i s t he l oadi ng r at e and C
i s a pr opor t i onal  const ant .

R

I t  shoul d be not ed t hat  al t hough q f u i s al so i n

f l uenced by  t he l oadi ng r at e,  due t o t he v i sco
pl as t i c i t y  of  t he soi l  skel et on i t sel f ,  t hi s 
i nf l uence i s f ound t o be oppos i t e i n s i gn and 
i ns i gni f i cant  i n magni t ude as compar ed wi t h t he 
par t i al  dr ai nage or  consol i dat i on ef f ect  ( r ef er  
agai n t o Fi g. 3) .  I n t he next  sect i on t he val i d 
i t y of  Eq . (1)  wi l l  be exami ned based on l abor a
t or y l oadi ng t est  r esul t s.

LABORATORY LOADI NG TESTS 

Tes t  pr ocedur e and equi pment

The soi l  used i n t he exper i ment al  pr ogr am i s 
f ul l y sat ur at ed kaol i n hav i ng t he f ol l owi ng 
i ndex pr oper t i es:  l i qui d l i mi t =49 %;  pl ast i c  
l i mi t =20 %;  and c l ay f r act i on=39 %.
The soi l  was i ni t i al l y  pr epar ed i n s l ur r y f or m 
by  addi ng di s t i l l ed wat er  t o powder ed kaol i n and 
by mi x i ng t hem at  a wat er  cont ent  of  about  80 %.

The soi l  s l ur r y was t hen i nt r oduced t o t he t es t 
i ng vessel  ( l engt h=200 cm,  wi dt h=40 cm,  hei ght = 
70 cm)  and consol i dat ed one- di mens i onal l y  at  a 
ver t i cal  pr essur e of  20 KPa us i ng a wat er - f i l l ed 
r ubber  bag.  Af t er  t he compl et i on of  consol i dat 
i on t he r ubber  bag was r emoved,  and i mmedi at el y  
f ol l owi ng t hi s pr ocedur e f l ex i bl e s t r i p l oad 
i ncr ement s wer e appl i ed t o t he sur f ace of  t he 
soi l  l ayer  at  r egul ar  t i me i nt er val s,  under  
pl ane st r ai n condi t i ons.  Her e t he l engt h of  t he 
l oaded ar ea was 30 cm and t he t hi ckness of  t he 
sof t  l ayer  was ar ound 40 cm.

Di scuss i on of  t est  r esul t s

Fi g. 4 summar i zes r esul t s  obt ai ned f r om f our  
l oadi ng t est s wi t h di f f er ent  r at es of  l oadi ng.
I t  i s seen f r om Fi g. 4( b)  t hat  each of  t he f our  
cur ves exhi bi t s  t he same pat t er n as pr edi c t ed i n 
Fi g. 2.  I t  i s al so ev i dent  t hat  t he ul t i mat e 
bear i ng capaci t i es mar ked by ar r ows on Fi g. 4( b)  
ar e compat i bl e wi t h t he abr upt  i ncr ease i n 
set t l ement  at  t he cent er  of  l oaded ar ea whi ch i s 
obser vabl e f or  each of  t he f our  cur ves on Fi g. 4 
(c)  .
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bear i ng capac i t y  q f  and r ec i pr ocal  of  
l oadi ng r at e 1/ q
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Fi g. 5 pl ot s  t he ul t i mat e bear i ng capaci t i es 
obt ai ned f r om Fi g. 4( b)  agai nst  t he r ec i pr ocal  of  
t he cor r espondi ng r at es of  l oadi ng.  I t  i s seen 
f r om Fi g. 5 t hat  t her e i s a l i near  r el at i onshi p 
bet ween q and 1/ q whi ch conf i r ms t he val i di t y  
of  Eq . ( 1) t

CA S E  RECORD S T U D IE S  

Shi r akawa t est  embankment

A t est  embankment  was const r uct ed on sof t  gr ound 
at  Shi r akawa by  t he Japan Hi ghway Publ i c  Cor po
r at i on ( abbr evi at ed as J HPC) , f or  t he pur pose of  
assesi ng t he met hod of  st age const r uct i on of  
embankment  wi t h no pr ov i s i ons f or  i mpr ovi ng 
subsoi l  condi t i ons ( t he JHPC,  1979)  .

Pr i nc i pal  par amet er s descr i bi ng t he f i l l  pr of i l e 
and subsoi l  condi t i ons ar e l i s t ed i n Tabl e I ,  
wher e par amet er s  of  ot her  t wo t est  embankment s 
expl ai ned bel ow ar e al so gi ven.

TABLE I

par amet er s  of  t hr ee t est  embankment s

Subsoi l  condi t i ons Fi l l
Si t e

soi l
dept h w c u h (m)

(m) (%) ( KPa)

Shi r akawa cohesi ve 7- 11 40- 160 5- 25 6- 8

Kur osaki cohesi ve 7 50- 400 10- 40 6. 7

Ai ko or gani c
3
7

50- 250
300- 700

5- 30 4. 5

0 .
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Fi g. 6 (a)  shows t he const r uct i on sequence of  
Shi r akawa t est  embankment .  The assoc i at ed deve
l opment  of  hor i zont al  di spl acement  at  t he t oe of  
t he embankment  i s i l l us t r at ed i n Fi g. 6( b) .  The 
l at er al  def or mabi l i t y  f act or  i s pl ot t ed agai nst  
t he f i l l  hei ght  i n Fi g. 6( c) .  Her e not e t hat  t he 
f i l l  hei ght  (h)  i s used i ns t ead of  t he l oad i n
t ensi t y,  q.  I t  i s seen f r om Fi g. 6( c)  t hat  t he 
same pat t er n as pr edi c t ed i n Fi g. 2 hol ds f or  
each of  t he t hr ee embanki ng st ages.  Fur t her mor e,  
i t  i s not ed t hat  such a pl ot  of  l at er al  def or ma
bi l i t y  agai nst  f i l l  hei ght  i s capabl e of  r epr e
sent i ng t he ef f ec t  of  hal t  t i me per i od on t he 
ul t i mat e bear i ng capac i t y  i n a ver y c l ear  manner .

Kur osak i  t est  embankment

I n t he case of  a t est  embankment  at  Kur osaki ,  
sand compact i on pi l es wer e dr i ven i nt o t he f oun
dat i on soi l  af t er  t he f i l l  hei ght  was r educed 
f r om 5 m t o 2 m,  and t hen embanki ng was r esumed 
as shown i n Fi g. 7( a)  ( t he JHPC,  1976) .

The di f f er ence i n t he hor i zont al  di spl acement  
behav i or  bef or e and af t er  t he i nst al l at i on of  
sand compact i on pi l es can be seen f r om Fi g. 7( b) . 
That  i s,  al t hough a cons i der abl e amount  of  
l at er al  soi l  movement  was caused by t he dr i v i ng 
of  t he sand compact i on pi l es,  t he devel opment  of  
hor i zont al  di spl acement  at  t he second embanki ng 
st age was suppr essed due t o t he r ei nf or cement  
ef f ect  of  t he sand compact i on pi l es.  Thi s s t at e
ment  i s mor e c l ear l y  seen t o be t r ue by pl ot t i ng 
t he l at er al  def or mabi l i t y  f act or  agai nst  f i l l  
hei ght ,  as i ndi cat ed i n Fi g. 7( c) .

F i l l  h e i g h t  h  m

Fi g.  6

Fi l l  h e i g h t  h.

Resul t s  f r om Shi r akawa t est  embankment

Fi l l  he i gh t  h  m 

Fi g. 7 Resul t s  f r om Kur osak i  t est  embankment
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Ai ko t est  embankment

Thi s sub- sect i on di scusses r ecor ded dat a of  
hor i zont al  di spl acement s f r om t wo t est  sect i ons 
of  an embankment  const r uc t ed at  Ai ko ( t he JHPC,  
1966) .  The pur pose of  t he t est  f i l l  was t o eval 
uat e t he sand dr ai n per f or mance,  and i n one 
sect i on sand dr ai ns wi t h a di amet er  of  40 cm 
wer e i nst al l ed up t o 10 m deep at  a spaci ng of  
1. 2 m i n a hexagonal  ar r ay.  I n t he ot her  sect i on,  
no pr ov i s i ons f or  i mpr ov i ng subsoi l  condi t i ons 
wer e made f or  t he pur pose of  compar i son.

I t  i s seen f r om Fi g. 8( b)  t hat  asi de f r om t he 
devel opment  of  hor i zont al  soi l  movement  due t o 
t he i nst al l at i on of  t he sand dr ai ns,  6 ver sus h 
cur ves dur i ng embanki ng ar e s i mi l ar  i n shape.

F i l l  h e i g h t  h  m
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F i g . 9 L a t e r a l  d e f o r m a b i l i t y  f a c t o r s  i n  c r i t i c a l  

c o n d i t i o n s  ( a f t e r  Ku r i h a r a  a n d  T a k a h a s h i ,  

1979)

Thi s i mpl i es t hat  i n t hi s par t i cul ar  case t he 
sand dr ai n i nst al l at i on di d not  y i el d appr eci abl e 
i mpr ovement s i n t he bear i ng capac i t y  of  t he sof t  
f oundat i ons i nvol ved.

A per mi ss i bl e l ower  l i mi t  of  Aq/ A6

I nf or mat i on on t he l at er al  def or mabi l i t y  f act or  
at  t he onset  of  cr ack gener at i on or  f ai l ur e of  
embankment s  has r ecent l y  become avai l abl e by t he 
wor k  of  Kur i har a and Tak ahas hi ( 1979) .

Fi g. 9 shows a pl ot  of  l at er al  def or mabi l i t y  
f act or s i n such cr i t i cal  condi t i ons agai nst  t he 
r at i o B/ Df , wher e B i s t he base wi dt h of  embank 

ment  and Df  i s t he max i mum dept h t o a obser ved

s l i di ng sur f ace.  Fr om Fi g. 9,  i t  may t ent at i vel y  
be suggest ed t hat  f ur t her  embanki ng shoul d be 
hal t ed when t he l at er al  def or mabi l i t y  f act or

( Aq/ A6)  has r educed t o ar ound 200 KN/ m3.

CONCLUSIONS

1.  An obser vat i onal  met hod of  pr edi c t i ng t he 
i mpendi ng f ai l ur e of  embankment s,  i n t er ms
of  t he l at er al  def or mabi l i t y  f act or ,  has been 
pr oposed and ver i f i ed.

2.  The i nf l uence of  l oadi ng r at e dur i ng embank 
i ng on t he ul t i mat e bear i ng capac i t y  of  sof t  
f oundat i ons wi t h par t i al  dr ai nage has been 
shown t o be expr essed as Eq . ( 1) .

3.  A per mi ss i bl e l ower  l i mi t  of  t he l at er al  de 
f or mabi l i t y  f act or  i s t ent at i vel y  suggest ed

t o be equal  t o 200 KN/ m3, based on t he f i el d 
evi dence col l ec t ed by Kur i har a and Takahashi

( 1979) .
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