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SYNOPSI S Model  pi l e t es t s  ar e car r i ed out  t o i nv es t i gat e t he behav i or  of  a pi l e under
hor i z ont al  c y c l i c  l oadi ng.  The new s ubgr ade r eac t i on model  i s pr opos ed on t he bas i s  of  model  
t est s.  The anal ys es  us i ng t hi s  model  ar e c ompar ed wi t h t he f i el d t es t  r es ul t s  of  pi l es .

I NTRODUCTI ON

I n a pr ev i ous  paper  ( Nakai  & Ki s hi da : 1982)  
t he behav i or  of  a pi l e under  hor i z ont al  l oad 
was  di s c us s ed c ons i der i ng t he non- l i near  
behav i or  of  soi l  and pi l e shaf t .  Pr oper t i es  of  
soi l  near  a pi l e i s c hanged by  mov ement s  of  
pi l e.  Gap bet ween soi l  and a pi l e occ ur s  i n 
some cases.

I n or der  t o s t udy  t hi s  pr obl em,  t he new 
subgr ade r eac t i on model  was  pr opos ed on t he 
bas i s  of  model  pi l e t es t  r es u l t s . The r esul t s  
of  f i el d t es t  of  a pi l e under  hor i z ont al  cyc l i c  
l oadi ng ar e summar i z ed and anal y z ed by t he 
pr opos ed model .

MODEL TEST

Model  t es t s  wer e c ar r i ed out  t o i nves t i gat e t he 
behav i or  of  a pi l e under  hor i z ont al  cyc l i c  
l oadi ng.  The model  pi l e i s an ac r y l i c  r es i n 
pi pe bei ng 2cm i n di amet er  and 40cm i n l engt h.  
The t hi n l ead s heet  i s at t ached i ns i de t he pi l e 
shaf t  so t hat  t he def l ec t i on of  t he pi l e can be 
t ak en i n t he X- r ay  pi c t ur e.

Two k i nds  of  t es t s  wer e made,  one f or  t he dr y  
dense sand of  r el at i v e dens i t y  of  95% and t he 
ot her  f or  Kawas ak i  c l ay .  The c l ay  was  r emol ded 
and r ec ons ol i dat ed so t hat  t he pl as t i c i t y  i ndex

Fi g. l  Load- Di s pl ac ement  Rel at i ons hi ps

was  27. 2% and t he v al ue of  undr ai ned shear  
s t r engt h was  9. 8KPa.  Thes e soi l s  wer e pl aced 
i n t he t es t  box  bei ng t he 40cm i n l engt h,  20cm 
i n wi dt h and 40cm i n dept h.  The pi l e and t he 
l ead shot  wer e pl ac ed i n t he soi l s ,  and t he 
hor i z ont al  cyc l i c  l oad was  appl i ed at  t he t op of  
t he pi l e.  The X- r ay  pi c t ur es  wer e t ak en dur i ng 
t he t est s ,  and mov ement s  of  t he soi l s  and t he 
pi l e wer e obs er v ed by  shadows  of  t he l ead shot  
and t he pi l e shaf t  i n t he X- r ay  f i l m.

The r el at i ons hi ps  bet ween l oad and di s pl ac ement  
at  t he t op of  t he pi l e ar e shown i n Fi g. l ( a)  and 
Fi g. 1( b) .  The t es t  r es ul t  i n t he s and( Fi g . 1( a) ) 
i ndi c at e t hat  t he hy s t er es i s  cur v es  under  cyc l i c  
l oadi ngs  s how about  t he same shape,  and t hat  t he 
ar ea enc l osed by  t he cur ve i nc r eases  wi t h t he 
i nc r ement  of  l oad.  The t es t  r esul t  i n t he 
c l ay ( Fi g . 1( b) ) ,  however ,  i ndi cat es  t he di f f er ent  
shape of  t he hy s t er es i s  cur ves  c ompar ed wi t h t he 
t es t  r esul t  i n t he sand,  and t he ar eas  enc l osed 
by  t he cur ves  ar e muc h s mal l er  t han t he ones  i n 
t he sand.

Mov ement s  of  t he sand and t he pi l e i n Fi g . 2 (a)  
show t hat  t he sand i n f r ont  of  t he pi l e i s 
c ompac t ed due t o mov ement s  of  t he pi l e,  and t hat  
t he sand i n back  of  t he pi l e mov es  down t o t he 
pi l e shaf t  dec r eas i ng i t s dens i t y .  No gap 
bet ween t he sand and t he pi l e was  obs er v ed . The 
s and near  t he pi l e s haf t  i s compac t ed dur i ng 
hor i z ont al  cyc l i c  l oadi ng.  When t he par t i al l y  
sat ur at ed s and has t he appar ent  cohes i on,  t he

Fi g . 2 Mov ement s  of  Soi l s
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sand may  have t he c r i t i cal  hei ght  due t o t he 
appar ent  c ohes i on.  I n t hi s  case,  gap bet ween 
t he sand and t he pi l e occur s ,  and such phenomena 
can be obs er v ed i n f i el d t es t s .  Mov ement s  of  
t he c l ay  and t he pi l e i n Fi g. 2( b)  s how t hat  t he 
gap bet ween t he c l ay  and t he pi l e was  c l ear l y  
obs er v ed i n bac k  of  t he pi l e.  The hei ght  of  t he 
gap i s a par t  of  t he c r i t i cal  hei ght  due t o 
cohes i on.  The c l ay  i n f r ont  of  t he pi l e i s 
r emol ded and dec r eas es  i t s  s t r engt h . 
s i gn i f i c ant l y .

The di f f er enc e of  t he hy s t er es i s  cur ves  bet ween 
t he dr y  s and and t he sat ur at ed c l ay  i s mai nl y  
due t o t he c hange of  soi l  pr oper t i es  near  t he 
pi l e and al so due t o t he pr es enc e of  t he gap 
bet ween t he soi l  and t he pi l e shaf t .

THE RELATI ONSHI P BETWEEN SUBGRADE REACTI ON AND 
DI SPLACEMENT UNDER HORI ZONTAL CYCLI C LOADI NG

Based on t he model  t es t  r esul t s ,  t he aut hor s  
pr opos e a new s ubgr ade r eac t i on model  as  c an be 
seen i n Fi g . 3,  whi c h c ons i der s  t he c hange of  
soi l  pr oper t i es  and t he gap bet ween t he soi l  
and t he pi l e under  hor i z ont al  c yc l i c  l oadi ng.  
The ex pl anat i on of  t he pr opos ed model  i s as 
f o l l ows .

(1)  Pu i n Fi g . 3 i s t he ul t i mat e hor i z ont al  
soi l  r es i s t anc e c al c ul at ed by  t heor y  of  
pl as t i c i t y  ( Nakai  & Ki s hi da : 1982)
The s l ope of  t he l i ne 05 i s t he i ni t i al  
s ubgr ade r eac t i on c oef f i c i ent ( k i ) gi v en by 
t he f ol l owi ng equat i on.

1 2
Es

ki B = 1. 3 — —

Fi g. 4 Rel at i on bet ween Fi g . 5 Anal y t i c al  Model  
E 5 o a nd E 5 0 '

( 4)

( 8)

The s l ope of  t he r ev er se l i ne( k 2 at  67)  i s 
det er mi ned by  Har di n- Dr nev i c h model  of  
soi l .  The r at i o of  E5 0 ' t o E50 i s 
appr ox i mat el y  1. 33.  By s ubs t i t ut i ng Es 0 ' 
i ns t ead of  E50 i nt o Eq. ( l ) ,  t he 
appr ox i mat e v al ue of  k 2 i s ex pr es s ed as 
f o l l ows . ( Fi g. 4)

k 2 = 1 . 4ki ( 2)

(5) When t he s ubgr ade r eac t i on i s l ess  t han t he 
ul t i mat e val ue,  t he s l ope of  t he r ev er se 
l i ne 12  i s dependent  on t he v al ue of  t he 
di spl acement ,  and i s ex pr es s ed as f ol l ows ,

= ki  + ( k2 >y/y„ (3)

( 6 )

( 7)

y u : t he v al ue of  t he di s pl ac ement  at  Pu

When t he v al ue of  d i s pl ac ement  y  i s s mal l er  
t han y^j , t he hy s t er es i s  c u r v e ( 12,  23,  34 or  
41)  i s eas i l y  det er mi ned by  put t i ng t he 
poi nt  1 and 3 at  equal  di s t anc e f r om t he 
poi nt  0 .
When t he v al ue of  d i s pl ac ement  y i s gr eat er  
t han y u , t he s l ope of  t he r ev er s e l i ne 67 
i s k 2 unt i l  t he v al ue of  t he subgr ade 
r eac t i on r eaches  zer o.  When t he subgr ade 
r eac t i on i s l ess  t han zer o,  t hat  means  t he 
pi l e i s mov ed t o t he oppos i t e di r ec t i on,  
t he r ev er s e l i ne 78 i s det er mi ned t o pass  
t he negat i v e max i mum di s pl ac ement  poi nt  8 

r ecor ded i n t he pr ec edi ng l oadi ngs .  The 
s l ope of  t he r ev er s e l i ne i s det er mi ned by 
t he f ol l owi ng expr ess i on.

Pu/ ( Ymax  -  Ymi n -  Pu / k 2 > (4)

Ymax

Ymi n

Max i mum di s pl ac ement  r ec or ded i n t he 
pr ec edi ng l oadi ngs  i n pos i t i ve 
di r ec t i on (6  i n Fi g . 3)
Max i mum di s pl c ement  i n negat i ve 
di r ec t i on r ec or ded i n t he pr ec edi ng 
l oadi ngs  (8  i n Fi g . 3)

The el as t i c  modul us  of  t he al l uv i al  soi l  i n 
Tok y o ar ea dec r eas es  i t s  val ue t o about  one 
t hi r d of  t he i ni t i al  val ue due t o 
di s t ur banc e of  s o i l . The dec r eas e of  
subgr ade r eac t i on due t o di s t ur banc e of  
soi l  i s ev al uat ed by  dec r eas i ng t he v al ue 
of  E t o one t hi r d of  t he i ni t i al  one i n 
Eq . ( 1) .  The ef f ec t  of  d i s t ur banc e i s 
ex pr es s ed as  f ol l ows,
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(9)  The cas e t hat  k a 1 i s equal  t o or  gr eat er  
t han ka means  t hat  no gap oc c ur s  bet ween 
t he soi l  and t he pi l e.  I n t hi s  case,  t he 
s l ope of  t he r ev er s e l i ne i s equal  t o k j 1 

as s hown 7 8 i n Fi g . 3.
( 10)  The mi n i mum v al ue of  s ubgr ade c oef f i c i ent  

i s  k a . The c ase t hat  c al c ul at ed k 3 ' ( t he 
br ok en l i ne 10 12 i n Fi g . 3)  i s smal l er  
t han ka ( 1 1  1 2 ) has  no phys i c al  me an i ng . 
The r eal  phnomenon i s t he l i ne 10 11 12.  
The l i ne 10 11 means  t he gap and no 
s ubgr ade r eac t i on occur s .  The s l ope of  
t he l i ne 11 12 i s k a . The poi nt  12 i s t he 
max i mum di s pl ac ement  i n t he pr ec edi ng 
l oadi ngs .  Thus,  t he l i ne 10 11 12 i s 
ob t a i ned .

The s uc c es s i v e l oad- di s pl ac ement  r el at i ons hi ps  
can be det er mi ned by  t he af or ement i oned 
pr ocedur es .

METHOD OF ANALYSI S

The met hod of  anal ys i s  i s based on t he subgr ade 
r eac t i on t heor y  appl i ng t he pr opos ed model  
under  hor i z ont al  c yc l i c  l oadi ng.  The pi l e i s 
di v i ded i nt o smal l  el ement s  as s hown i n Fi g.  5.  
The def or mat i on of  t he el ement  i s expr es s ed i n 
t he f or m of  ser i es .

The r el at i ons hi p bet ween def or mat i on and t he 
nodal  f or ce i n each el ement  c an be cal c ul at ed 
by  Ray l ei gh- Ri t z  met hod.  The nodal  f or ce i s 
obt ai ned by mi ni mi z i ng pot ent i al  ener gy  of  t he 
pi l e- s oi l  s y s t em s at i s f y i ng c ompat i bi l i t y  
c ondi t i on of  di s pl ac ement s  and equi l i br i um of  
f or ces  at  t he boundar y  of  each el ement s .  The 
det ai l ed met hod of  t hi s  s ubgr ade r eac t i on t heor y

t hat  can i nc l ude t he non- l i near  char ac t er i s t i c s  
of  bot h soi l  and pi l e i s publ i s hed pr ev i ous l y  
( Nakai  & Ki shi da : 1982)  .

COMPARI SON BETWEEN CALCULATED AND FI ELD TEST 
RESULTS

Ful l  s c al e pi l e l oadi ng t es t s  wer e car r i ed out  
at  f our  c ons t r uc t i on s i t es  t o compar e t he t es t  
r es ul t s  wi t h c al c ul at ed ones  by  t he pr opos ed 
t heor y .  The symbol s  of  soi l s  ar e shown i n 
Fi g . 6 . The open- ended s t eel  pi pe pi l e and t he 
pr ec as t  pr es t r es s ed c onc r et e pi l e t es t s  wer e 
car r i ed out  at  Shi k i  i n Sai t ama.  The soi l  i s 
mos t l y  c l ay  and i t s pr of i l e i s shown i n 
Fi g. 8 ( a) .  The t es t  and c al c ul at ed r esul t s  of  
t he open- ended s t eel  pi pe pi l es  ar e s hown i n 
Fi g . 7.  The t es t  and cal c ul at ed r esul t s  of  t he 
pr ec as t  pr es t r es s ed c onc r et e pi l e ar e s hown i n 
Fi g . 8 . I n Fi gs . 7- 11,  Qt  means  t he hor i zont al  
l oad and 6  means  t he hor i zont al  di s pl ac ement  at  
t he t op of  t he pi l e.

The t es t  on t he open- ended s t eel  pi pe pi l e i s 
al s o c ar r i ed out  at  I shi kar i  i n Hokkai do.  The 
soi l  pr of i l e,  s i ze and s t i f f nes s  of  pi l e,  t he 
t es t  and c al c ul at ed r esul t s  ar e s hown i n Fi g. 9.

The t es t s  on t he s t eel  cased c onc r et e pi l e i s 
car r i ed out  at  I chi k awa i n Chi ba.  The soi l  
pr of i l e,  s i ze and s t i f f ness  of  pi l e,  t he t es t  
and c al c ul at ed r esul t s  ar e shown i n Fi g . 10.  The 
t es t  on t he bor ed c onc r et e pi l e i s al so c ar r i ed 
out  at  Sendai  i n Mi yagi .  The soi l  pr of i l e,  s i ze 
and s t i f f nes s  of  pi l e,  t he t es t  and cal c ul at ed 
r esul t s  ar e s hown i n Fi g. 11.  Al l  t he t es t s  
ex c ept  at  Sendai  wer e car r i ed out  under  t he 
c ondi t i on of  t he pi l e t op bei ng f r ee t o r ot at e.

I n t he t es t s  of  s t eel  pi pe pi l es  s hown i n Fi g. 7
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and Fi g . 9,  t he c al c ul at ed r es ul t s  s how f ai r l y  
good agr eement  wi t h t he t es t  r esul t s .  I n t he 
t es t s  of  t he pr ec as t  pr es t r es s ed c onc r et e and 
t he s t eel  cas ed c onc r et e pi l es  s hown i n F i g . 8 

and Fi g. 10,  t he c onc r et e i n t he pi l e shaf t  
dev el ops  c r acks  due t o l ar ge def or mat i on of  t he 
pi l e shaf t .  Though t he non- l i near  pr oper t i es  of  
c onc r et e i s i nc l uded i n t he pr oposed met hod,  i t  
i s di f f i c ul t  t o obt ai n t he ac c ur at e behav i or  of  
c onc r et e i n t he pi l e shaf t .  The di f f er enc e 
bet ween t he c al c ul at ed and t es t  r es ul t s  i s 
mos t l y  due t o t he c hange of  pi l e s t i f f nes s  under  
l ar ge def or mat i on of  t he pi l e shaf t .

I n t he t es t  of  t he bor ed c onc r et e pi l e,  t he t op 
of  t wo pi l es  ar e c onnec t ed by  t he r ei nf or c ed 
conc r et e pi l e cap so t hat  t he t op of  t he pi l es  
ar e r es t r ai ned f r om r ot at i ng.  Though t he 
change of  s t i f f nes s  of  t he r ei nf or c ed c onc r et e 
pi l e s haf t  i s di f f i c ul t  t o es t i mat e,  t he 
c al c ul at ed r es ul t  shows  f ai r l y  good agr eement  
wi t h t he t es t  r esul t .  I t  i s  due t o t he r eas on 
t hat  t he def or mat i on of  t he pi l e shaf t  i s r at her  
smal l er  t han t he cas e of  F i g . 8 and Fi g . 10.

CONCLUSI ONS

The behav i or  of  a pi l e under  hor i z ont al  cyc l i c

l oadi ng c an be ex pl ai ned by  t he subgr ade 
r eac t i on t heor y  us i ng t he pr opos ed model .

The ef f ec t  of  c hange of  soi l  pr oper t i es  near  a 
pi l e s haf t  and t he gap bet ween soi l  and pi l e 
ar e i mpor t ant  f ac t or s  t o be c ons i der ed when a 
pi l e i s s ubj ec t ed t o hor i z ont al  c yc l i c  l oadi ng.
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