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Im p ro v e m e n t o f  a Q u ic k  S and

L'Amelioration de Sable Boulants
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H . H A N Z A W A  S o i l s  L a b o r a t o r y ,  T o a  H a r b o r  W o r k s  C o . ,  L t d ,  Y o k o h a m a ,  J a p a n

SYNOPSI S Qui c k  sand,  a s pec i al  sand depos i t  whi c h pos s es s es  a met as t ab l e s t r uc t ur e,  i s
c har ac t er i z ed by  pot ent i al  l i quef ac t i on under  s t at i c  shear  c ondi t i ons .  Thi s  paper  des c r i bes  
t he shear  c har ac t er i s t i c s  of  a qui c k  sand f ound at  t he pr opos ed s i t e f or  a br eak wat er  i n t he 
Ar abi an Gul f .  The paper  f ur t her  r epor t s  t he c hange i n shear  c har ac t er i s t i c s  of  t he qui c k  sand 
as  wel l  as  mec hani c al  pr oper t i es  t hr ough soi l  i mpr ov ement  by  t he Dy nami c  Cons ol i dat i on me t n o d .

I NTRODUCTI ON

Qui c k  sand,  a v er y  spec i al  sand depos i t  whi c h 
pos s es s es  a met as t abl e s t r uc t ur e,  i s c har ac t er ­
i zed by pot ent i al  l i quef ac t i on f ai l ur e under  
s t at i c  shear  c ondi t i ons  ( Bj er r um e t a l . 1961) .
A v er y  l oos e s i l t y  sand was  f ound at  t he pr o ­
posed s i t e f or  a br eak wat er  i n t he Ar abi an Gul f .  
Sampl es  f r om t hi s  l ay er  c oul d s el dom be obt ai ned 
f r om t he s t andar d penet r at i on t es t s .  A sand 
sampl er ,  a modi f i ed v er s i on of  t he Pi s hop Sampl er  
was  t r i ed and s uc c eeded i n obt ai ni ng hi gh qual i t y  
undi s t ur bed s ampl es  f r om t hi s  s i l t y  s and( Hanz awa 
et  al .  1979) .  Ko- c ons ol i dat ed undr ai ned t r i ax ­
i al  t es t s  wer e c onduc t ed on undi s t ur bed s ampl es  
and t he t es t  r es ul t s  i ndi c at ed t hat  t he s i l t y  
sand i s c l as s i f i abl e as  one k i nd of  qui c k  sand.  
Cons equent l y ,  soi l  i mpr ov ement  by  t he Dy nami c  
Cons ol i dat i on met hod was  c ar r i ed out .  I n or der  
t o under s t and t he ef f i c i enc y  of  i mpr ovement ,  
s t andar d penet r at i on t es t s ,  pr es s ur e met er  t es t s  
and undi s t ur bed s ampl i ng wer e c ar r i ed out  at  a 
t r i al  ar ea.  I n addi t i on,  s t at i c  and c y c l i c  t r i ­
ax i al  t es t s  wer e al s o per f or med on undi s t ur bed 
s ampl es  f r om t he qui c k  sand bef or e and af t er  
i mpr ovement .

Thi s  paper  f i r s t  des c r i bes  t he undr ai ned s t r engt h 
of  t he qui c k  sand f or  pr ac t i c al  us e and t hen r e ­
por t s  t he c hange i n shear  c har ac t er i s t i c s  of  t he 
qui c k  sand t hr ough soi l  i mpr ov ement  by  t he Dy ­
nami c  Cons ol i dat i on met hod.

DETERMI NATI ON OF UNDRAI NED STRENGTH OF THE QUI CK 
SAND FOR PRACTI CAL USE

Ty pi c al  soi l  c ondi t i ons  at  t he s i t e ar e as i nd i ­
c at ed i n Fi g.  1.  N bl ows  s howed l ow v al ues  ( 0-  
1)  f or  t he S2- 2 l ayer .  Undi s t ur bed s ampl i ng by 
t he Modi f i ed Bi s hop Sampl er  was  t r i ed and s uc ­
ceeded.  Undi s t ur bed s ampl es  f r om t he S2- 2 l ayer  
wer e put  i nt o t he t r i ax i al  appar at us ,  ani s ot r op-  
i cal l y  c ons ol i dat ed under  t he s t r es s  r at i o,  
( 3hc/ Svc=0. 5 ( ( Jhc and Ov c  ar e t he hor i z ont al  
and v er t i c al  c ons ol i dat i on s t r es s es  i n t he t r i ­
ax i al  t est )  and t hen s ubj ec t ed t o shear  by  c om­
pr es s i on under  c ons t ant  v ol ume condi t i ons .  
St r es s - s t r ai n- ex c es s  por e pr es s ur e c ur v es  ob t a i n ­
ed f r om t hes e t es t s  ar e i ndi c at ed i n Fi g.  2 t o-

- 7

c

°  - 10 
- P

 ̂- 11
0)
3 - 1 2

Is 2 - 1 1

=  Cor al  
SS- 1 ,  N=5- 10 
' ; N=l - 3, w=30%
: Si l t  Cont . =20- 30%

j j s2~2|:

| S2-~3l

: N=0 - 1 , w=3 5- 4 5% 
. Si l t  Cont . =30- 40% 
: N=3- 7, w=30% 
i Si l t  Cont . =25- 30%
N=12- 31, Nav =25

Fi g.  1 Ty pi c al  soi l  c ondi t i ons  at  t he s i t e

get her  wi t h por e pr es s ur e par amet er ,  A v al ues  
wi t h  s t r ai n.  As  shown i n t he f i gur e,  t he dev i a ­
t or  s t r ess  r eac hed a peak  v al ue at  a v er y  smal l  
ax i al  s t r ai n ( 6i =0. 2%)  and t hen dec r eas ed wi t h 
mor e s t r ai n v al ue (6i  =1% t o 1. 5%)  . Af t er  t hi s  
s t r ai n v al ue was  r eached,  i t  agai n i nc r eased.  
Thi s  i s one of  t he undr ai ned s t r engt h c har ac t er ­
i s t i c s  of  qui c k  sand c l as s i f i ed as  hav i ngl i mi t ed 
l i quef ac t i on behav i our  ( Cast r o 1969) .  When t he 
shear  s t r engt h at  t he peak  poi nt  ( poi nt  P i n t he 
f i gur e) i s  pl ot t ed v er s us  Sv c , t he f ol l owi ng 
s t r engt h par amet er s  wer e ob t a i ned : -

Su( c ) = 10 + 0. 3l 5vc  KN/ m (1 )

Su( c)  = undr ai ned c ompr es s i on s t r engt h

When t he s t r engt h of  t he s i l t y  sand i s ex pr es s ed 
i n t he f or m as shown i n eq. ( l ) ,  t he f ol l owi ng 
t wo par amet er s  s houl d be i nv es t i gat ed bef or e 
s t r engt h v al ues  ar e appl i ed f or  pr ac t i c al  p r ob ­
l ems  such as  s t abi l i t y  anal y s es

( 1)  Ani s ot r opy  i n undr ai ned s t r engt h

( 2)  Whet her  t he s t r engt h at  t he P poi nt  c an be 
us ed or  not  us ed bec aus e t he dev i at or  s t r ess  
agai n i nc r eas ed at  a r e l a t i v el y  smal l  ax i al  
s t r ai n v al ue as  s hown i n Fi g.  2.  I f  t he same 
phenomenon t akes  pl ac e i n pr ac t i c al  pr obl em,  
i t  woul d be t oo c ons er v at i v e t o us e t he 
s t r engt h at  t he P poi nt .

I n or der  t o i nv es t i gat e t hes e t wo pr obl ems ,  1)  
s t r ai n and s t r es s  c ont r ol l ed t r i ax i al  c ompr es s i on 
and ex t ens i on t es t s ,  and 2)  s t r es s  c ont r ol l ed 
s i mpl e shear  t es t s  wer e c ar r i ed out  on di s t ur bed 
s ampl es  f r om t he S2- 2 l ayer .  The t es t  r es ul t s

6 83



1 2 /2 3

Fi g.  2 St r es s - s t r ai n- ex c es s  por e pr es s ur e 
c ur v es  obt ai ned f r om Ko- c ons ol i dat ed 
undr ai ned t r i ax i al  t es t s  c onduc t ed on un ­
d i s t ur bed s ampl es  f r om t he S2- 2 l ayer

obt ai ned f r om t hes e t es t s  ar e s ummar i z ed i n 
Fi g.  3.  As  s hown i n t he f i gur e,  t he f ol l owi ng 
t wo f ac t s  c an be poi nt ed out : -

( 1)  Fr om t he s t r es s  c ont r ol l ed t es t s ,  i t  can be 
c l ear l y  obs er v ed t hat  t he s t r ai n r at e af t er  
r eac hi ng poi nt  P s uddenl y  i nc r eas es  r eac hi ng 
6% t o 10% f or  an i ns t ant ,  whi c h s t r ongl y  
demons t r at es  t hat  t he undr ai ned s t r engt h at  
poi nt  P shoul d be us ed f or  pr ac t i c al  pr obl em.

( 2)  Ani s ot r opy  i n undr ai ned s t r engt h i s r e l a t i v e ­
l y  gr eat er  as  f o l l ows : -

Su( e) / Su( c )  = 0. 18 -  0. 24 0. 2)

Su( s ) / Su( c )  = 0. 62 -  0. 64 ( 2: 0. 6)  <2)

Su( e)  = undr ai ned ex t ens i on s t r engt h

Su( s)  = undr ai ned s i mpl e shear  s t r engt h

When t he s t r engt h r at i o ex pr es s ed by  e q . ( 2)  i s 
mul t i p l i ed by  t he c ompr es s i on s t r engt h under  un ­
d i s t ur bed c ondi t i ons  ex pr es s ed by  eq.  ( 1) ,  un ­
dr a i ned ex t ens i on and s i mpl e shear  s t r engt hs ,  
Su( e)  ana Su( s)  c an be obt ai ned as  f o l l ows : -

Su( e)  = 0. 2 x ( 10 + 0. 3l 5vc)  KN/ ms

Su( s)  = 0. 6 x ( 10 + 0. 3l 3vc)  KN/ m2

I MPROVEMENT OF THE SI LTY SAND BY DYNAMI C CONSOL ­
I DATI ON METHOD

Bec aus e of  t he l ow undr ai ned s t r engt h of  t he 
qui c k  sand di s c us s ed i n t he pr ev i ous  sec t i on,  
t her e i s a h i gh pos s i b i l i t y  f or  a c at as t r ophi c  
f l ow f ai l ur e when a s t r uc t ur e i s c ons t r uc t ed on 
t he s i l t y  sand at  t he s i t e.  I t  was  det er mi ned,  
t her ef or e,  t o c ar r y  out  soi l  i mpr ov ement  f or  
t hi s  s i l t y  sand.  For  t he soi l  i mpr ov ement ,  i t  
was  pr opos ed t o adopt  t he Dy nami c  Cons ol i dat i on 
met hod ( her eaf t er  c al l ed D. C.  met hod) .  The 
f ol l owi ng f i el d ev al uat i on pr oc edur e was  adopt ed.

( 1)  Car r y  out  t r i al  t r eat ment  wi t h D. C.  at  a

Fi g.  3 St r es s - s t r ai n c ur v es  obt ai ned f r om
1)  s t r es s  and s t r ai n c ont r ol l ed t r i ax i al  
c ompr es s i on and ex t ens i on t es t s ,  and 2)  
s t r ess  c ont r ol l ed s i mpl e shear  t es t s  on 
di s t ur bed s ampl es  f r om t he S2- 2 l ayer

t es t  ar ea ( 100m l ong and 40m wi de)  wher e t he 
t hi c k nes s  of  qui c k  sand i s max i mum,  and t o 
c ar r y  out  v ar i ous  i n- s i t u and l abor at or y  
t es t s  on  t he s i l t y  sand bef or e and af t er  
t r i al  t r eat ment  wi t h  D. C.

( 2)  I f  t he t es t s  r es ul t s  af t er  D. C.  s at i s f y  t he 
s t abi l i t y  r equi r ement s  of  t he f oundat i on 
of  t he br eak wat er ,  t he D. C.  met hod woul d be 
adopt ed f or  t he pr opos ed s i t e.

For  t he t r i al  t r eat ment ,  a s quar e s haped r ammer  
( 2. 4m x 2. 4m) ,  wei gh i ng 32t ,  hol l ow ( t o dec r eas e 
t he r es i s t anc e i n t he wa t e r ) , was  dr opped f r om 
a 10m t o 12m hei ght .  Roc k  f i l l  mat er i al  1. 5m 
t hi c k  was  f i l l ed ov er  t he or i gi nal  gr ound s ur ­
f ace t o k eep t he r ammer  s i nk i ng i nt o gr ound 
dur i ng t ampi ng.  Then t ampi ng was  c ar r i ed out  i n 
t wo s t eps  as f ol l ows :

( 1)  Fi r s t  pat h:  The t r i al  ar ea was  di v i ded i nt o 
s quar e gr i ds  ( 4m x 4m)  and 7 t o 10 t amps  
wer e appl i ed t o t he c ent er  of  eac h gr i d.

( 2)  Sec ond pat h:  3 t o 7 t amps  wer e appl i ed t o 
t he s quar e gr i d ( 2. 5m x 2. 5m)  and number s  
of  t amps  wer e c ont r ol l ed t o obt ai n a f l at  
gr ound sur f ace.

The l ay out  of  D. C.  met hod and t he t ampi ng met hod 
us ed at  t he t r i al  ar ea was  as  s hown i n Fi g.  4
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F i g . 4 Lay out  of  D. C.  met hod and t ampi ng 
met hod us ed at  t he t r i al  ar ea

COMPARI SON OF I N- SI TU TESTS RESULTS BEFORE AND 
AFTER SOI L I MPROVEMENT BY THE D. C.  METHOD

Fol l owi ng i n- s i t u t es t s ,  1)  s t andar d penet r at i on 
t es t s ,  2)  pr es s ur e met er  t es t s  and 3)  undi s t ur bed 
s ampl i ng wer e c ar r i ed out  at  t he t r i al  ar ea be ­
f or e and af t er  soi l  i mpr ov ement  by  t he D. C.  
Compar i s on of  wat er  c ont ent  v al ues  meas ur ed on 
undi s t ur bed sampl es ,  N v al ues ,  def or mat i on mo d ­
u l us  ( E)  and l i mi t  pr es s ur e ( pi )  v al ues  ( f r om 
pr es s ur e met er  t es t s)  bef or e and af t er  i mpr ov e ­
ment  ar e s ummar i z ed i n Fi g.  5.  I t  c an be c l ear ­
l y  obs er v ed t hat  t he wat er  c ont ent  af t er  D. C.  
dec r eas ed 5% t o 7% and t hat  E/ ( ?vo and pl / 5v o 
v al ues  c ons i der abl y  i nc r eas ed af t er  D. C.  ( ( 5vo= 
ef f ec t i v e v er t i c al  s t r es s ) . The i n- s i t u t es t s  
r es ul t s  bef or e and af t er  i mpr ov ement  di d not  
s how any  s i gni f i c ant  d i f f er enc e bel ow E. L( - ) 12m,  
whi c h s ugges t s  t hat  t he ef f ec t  of  D. C.  woul d be 
l i mi t ed t o a dept h of  5m t o 6m f r om che under ­
wat er  gr ound sur f ace.

COMPARI SON OF SHEAR CHARACTERI STI CS OF THE SI LTY 
SAND BEFORE AND AFTER I MPROVEMENT BY D. C.

Var i ous  k i nds  of  t r i ax i al  t es t s  on undi s t ur bed 
sampl es  f r om t he s i l t y  sand wer e c onduc t ed t o 
det er mi ne t he ef f i c i enc y  of  t he D. C.  met hod.
Tes t  r es ul t s  obt ai ned f r om i s ot r opi c al l y  c ons ol ­
i dat ed dr ai ned t es t s  on undi s t ur bed s ampl es  f r om 
t he S2- 2 l ayer  bef or e and af t er  D. C.  ar e i nd i ­
c at ed i n Fi g.  6 i n whi c h v ol umet r i c  s t r ai n v al ues  
AV/ Vo,  ar e pl ot t ed v er s us  nor mal i z ed s t r ess ,
(01 -  <J3 ) / 0c ( Oc = i s ot r opi c  c ons ol i dat i on 
s t r es s ) . As  obs er v ed i n t he f i gur e,  t her e i s 
c ons i der abl e d i f f er enc e i n AV/ Vo v al ues  bef or e 
and af t er  i mpr ov ement ,  par t i c ul ar l y  when Oc i s 
l ess  t han 200KN/ m2 .
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i dat ed dr ai ned t es t s  on undi s t ur bed s am­
pl es  f r om t he S2- 2 l ay er  bef or e and af t er  
i mpr ov ement  by  D. C.

On t he ot her  hand,  as i ndi c at ed i n Fi g.  2,  t he 
undr ai ned shear  behav i our  of  t he s i l t y  sand at  
t he s i t e i s s t r ongl y  c har ac t er i z ed by  l i mi t ed 
l i quef ac t i on behav i our  at  v er y  smal l  ax i al  s t r ai n 
I t  was  mos t  i mpor t ant  t o see whet her  t hi s  c har ­
ac t er i s t i c  was  c hanged or  not  af t er  D. C.  An-  
i s ot r opi c al l y  c ons ol i dat ed ( 3hc/ 3vc = 0. 5)  un-
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dr ai ned t r i ax i al  t es t s  wer e c ar r i ed out  on u n ­
d i s t ur bed s ampl es  f r om t he S2- 2 l ayer .  The 
nor mal i z ed s t r es s - s t r a i n c ur v es  obt ai ned f r om 
t he t es t s  ar e i ndi c at ed i n Fi g.  7 t oget her  wi t h 
por e pr es s ur e par amet er ,  A v al ues  wi t h s t r ai n.
As  s hown i n t he f i gur e,  t he l i mi t ed l i quef ac t i on 
phenomenon obs er v ed on s pec i mens  bef or e i mpr ov e ­
ment  was  not  obs er v ed on s pec i mens  af t er  i m­
pr ovement .  That  i s,  t he met as t abl e s t r uc t ur e 
of  t he qui c k  sand was  des t r oy ed and c hanged t o 
a nor mal  sand s t r uc t ur e t hr ough soi l  i mpr ov e ­
ment  by D. C. _ The ef f ec t  of  i mpr ov ement  was  
not ed when <5vc i s equal  t o or  l ess  t han 150KN/ m.  
The same t r ends  wer e al so obs er v ed i n dr ai ned 
shear  t es t s  as  pr ev i ous l y  poi nt ed out .  Si nc e 
t he s t r ess  l evel  under  dead l oad i nduced by  t he 
br eak wat er  i s l ess  t han 100KN/ m2 , t hi s  c har ac ­
t er i s t i c  i s i mpor t ant  f or  ev al uat i ng t he s t ab i l ­
i t y  of  t he br eakwat er .

Fi g.  7 Nor mal i z ed s t r es s - s t r a i n- por e pr es s ur e 
par amet er  ( A)  c ur v es  obt ai ned f r om an-  
i s ot r opi c al l y  c ons ol i dat ed undr ai ned 
t r i ax i al  t es t s  on  undi s t ur bed s ampl es  
f r om t he S2- 2 l ayer  bef or e and af t er  i m­
pr ov ement  by  Dy nami c  Cons ol i dat i on

LI QUEFACTI ON STRENGTH OF THE SI LTY SAND

When t he br eak wat er  i s s ubj ec t ed t o wav e f or ces  
under  s t or m c ondi t i ons ,  c y c l i c  shear  s t r es s  wi l l  
be i nduced i n t he f oundat i on.  I t  i s i mpor t ant ,  
t her ef or e,  t o det er mi ne t he l i quef ac t i on 
s t r engt h of  t he s i l t y  sand f or  ev al uat i ng t he 
s t abi l i t y  of  t he br eak wat er  under  s t or m c ond i ­
t i ons .  L i quef ac t i on s t r engt h v al ues  of  t he 
s i l t y  sand ( S2- 2 l ayer )  bef or e and af t er  i mpr ov e ­
ment  obt ai ned f r om c y c l i c  t r i ax i al  t es t s  per ­
f or med on undi s t ur bed s ampl es  ar e c ompar ed i n 
Fi g.  8.  As  s hown i n t he f i gur e,  l i quef ac t i on 
s t r engt h af t er  i mpr ov ement  by  D. C.  i nc r eased 
about  1. 4 t i mes  ov er  t hat  bef or e i mpr ovement .
I n addi t i on,  i t  s houl d be not ed t hat  l i quef ac ­
t i on s t r engt h of  t he s i l t y  sand bef or e i mpr ov e ­
ment  i s v er y  l ow when c ompar ed wi t h t hat  of  some 
t y pi c al  sands .  Thi s  l ow l i quef ac t i on s t r engt h 
woul d be c l os el y  r el at ed t o t he l i mi t ed l i que ­
f ac t i on phenomenon obs er v ed i n s t at i c  undr ai ned 
t es t s .

Fi g.  8 Compar i s on of  l i quef ac t i on s t r engt h
of  t he s i l t y  sand ( S2- 2 l ayer )  bef or e and 
af t er  i mpr ov ement  by  Dy nami c  Cons ol i dat i on

CONCLUSI ONS

The f ol l owi ng c onc l us i ons  wer e obt ai ned f r om
t he s t udy : -

( 1)  Undr ai ned s t r engt h v al ues  of  t he s i l t y  sand 
at  t he s i t e f or  pr ac t i c al  us e ar e as f o l ­
l ows  : -

Su( c)  = 10 + 0. 310v c  KN/ m2

Su( e)  = 0. 2 x  ( 10 + 0. 310vc)

Su( s)  = 0. 6 x ( 10 + 0. 310vc)

( 2)  Dec r eas e i n wat er  c ont ent  af t er  i mpr ov ement  
r eac hed about  5% and c ons i der abl e i nc r eas e 
i n def or mat i on modul us  and l i mi t  pr es s ur e 
( f r om t he pr es s ur e met er  t est s)  wer e obs er v ­
ed af t er  i mpr ov ement  by  Dy nami c  Cons ol i da ­
t i on .

( 3)  The ef f i c i enc y  of  t he i mpr ov ement  was  
c l ear l y  obs er v ed f r om meas ur ed c hanges  i n 
v ol ume c hange c har ac t er i s t i c s  dur i ng dr ai ned 
s hear  t es t s .

( 4)  Ko- c ons ol i dat ed undr ai ned t r i ax i al  t es t  
r es ul t s  s t r ongl y  demons t r at ed t hat  c har ac ­
t er i s t i c  pr oper t y  of  qui c k  sand ( l i quef ac ­
t i on f ai l ur e under  s t at i c  shear  c ondi t i ons )  
was  c hanged by  i mpr ov ement .

(5)  The ef f i c i enc y  of  t he i mpr ov ement  by  Dy nami c  
Cons ol i dat i on was  c l ear l y  obs er v ed par t i c u ­
l ar l y  when s t r es s  l ev el s  wer e equal  t o or  
l ess  t han 150KN/ m2 .

( 6)  The ef f i c i ent  dept h of  Dy nami c  Cons ol i dat i on 
under  sea wat er  was  l i mi t ed t o a dept h of
5m t o 6m bel ow t he gr ound sur f ace.

( 7)  L i quef ac t i on s t r engt h af t er  i mpr ov ement  
was  i nc r eas ed about  1. 4 t i mes  t he s t r engt h 
bef or e i mpr ov ement .
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