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Session 10

Soil Dynamics — General Report

Dynamique des Sols

R V. WHITMAN Professor of Civil Engineering, Massachusetts Institute of Technology, Cambridge, Mass., 

USA 

K. ISHIHARA Professor of Civil Engineering, University of Tokyo, Bunkyo-ku, Tokyo, Japan

I NTRODUCTI ON

The f our  t echni cal  t opi cs ass i gned t o t hi s ses ­
si on by t he Or gani z i ng Commi t t ee wer e:

(1)  Eval uat i on of  dynami c soi l  pr oper t i es

(2)  Desi gn of  machi ne f oundat i ons

(3)  Damage by v i br at i ons and pr ot ect i on of  
bui l di ngs

(4)  Ef f ect  of  dynami c l oads on st r engt h and 
def or mat i on pr oper t i es of  soi l s

As a r esul t ,  f ew of  t he paper s submi t t ed t o t he 
sessi on deal t  expl i c i t l y  wi t h ear t hquakes and 
of f shor e st r uct ur es — t he t wo engi neer i ng pr ob­
l ems t hat  have domi nat ed r esear ch and publ i ca­
t i ons i n soi l  dynami cs dur i ng t he f our  year s 
si nce t he l ast  I nt er nat i onal  Conf er ence.  How­
ever ,  many of  t he paper s deal i ng wi t h Topi c 4 
wer e mot i vat ed by t hese.

The out l i ne of  t hi s Gener al  Repor t  f ol l ows t he 
l i s t i ng of  assi gned t opi cs,  al t hough br i ef  men­
t i on wi l l  al so be made of  ot her  mat t er s t ouched 
upon by some of  t he paper s . The r epor t  concer n­
i ng t opi cs 1 and 4 has been pr epar ed by t he Co-  
Repor t er  and t he r emai nder  of  t he r epor t  ( except  
par t  of  t he sub- sect i on on Wave Pr opagat i on un ­
der  " Ot her  Topi cs" )  by t he Gener al  Repor t er .

Soi l  dynami cs has been a maj or  t opi c of  a number  
of  maj or  i nt er nat i onl l y- at t ended conf er ences 
si nce I X I CSMFE i n Tokyo i n 1977,  i ncl udi ng:

Dynami c Geot echni cal  Tes t i ng, Denver , 
Col or ado,  June 1977,  ASTM Speci al  
Techni cal  Publ i cat i on 654.

Ear t hquake Engi neer i ng and Soi l  Dynami cs,  
ASCE. Geot ec hn i c a l  Engi neer i ng Di v i si on 
Speci al t y  Conf er ence,  Pasadena,  Cal i f . ,  
June 1978.  3 vol umes

2nd I nt .  Conf . Mi cozonat i on, San Fr an-  
c i s c o, Cal i f . ,  Nov- Dee 1978.  3 vol umes 
publ i shed by Uni v.  Washi ngt on,  Seat t l e,  
Wash.

2nd U. S.  Nat i onal  Conf .  on Ear t hquake 
Engi neer i ng, St anf or d Uni ver s i t y,  Cal i f . ,  
August  1979;  Ear t hquake Engi neer i ng 
Resear ch I nst .

2nd I nt .  Conf .  on t he Behavi our  of  Of f -  
Shor e St r uc t ur es , London,  Engl and,  Aug­
ust  1979.  3 vol umes publ i shed by BHRA 
Fl ui d Engi neer i ng,  Cr anf i el d,  U. K.

Soi l s Under  Cycl i c  and Tr ansi ent  Load­
i ng, Swansea,  Wal es,  Januar y 1980.  
Pr oceedi ngs publ i shed by Uni v.  Col l ege 
of  Swansea,  U. K.

7t h Wor l d Conf .  Ear t hquake Engi neer i ng, 
I st anbul ,  Tur key;  Sept ember  1980.
St at e of  t he Ar t  i n Ear t hquake Engi n­
eer i ng,  1981.

Recent  Advances i n Geot echni cal  Ear t h ­
quake Engi neer i ng and Soi l  Dynami cs ,
St .  Loui s,  Mi ssour i ,  Apn l - May  1981.
3 vol umes publ i shed by Uni v.  Mi ssour i -  
Rol l a.

I n r evi ewi ng t he advances r ef l ect ed by t he pa­
per s pr esent ed t o t hi s sessi on,  mat er i al  has 
been dr awn f r om t hese conf er ences and f r om 
var i ous j our nal s.

TOPI C 1 — EVALUATI ON OF SOI L PROPERTI ES 

I n- Si t u Measur ement s

Recent  devel opment s i n t he t echni ques of  i n-  
si t u measur ement  of  wave vel oc i t i es t hr ough 
soi l  deposi t s  have been descr i bed i n a consi d­
er abl e det ai l  by Hoar  and St okoe ( 1978) .  The 
most  commonl y empl oyed pr ocedur e i s t he cr oss ­
hol e met hod.  Thr ee or  mor e " r ecei ver "  bor e­
hol es ar e dr i l l ed and cased t o t he desi r ed 
dept h i n a l i near  ar r ay wi t h spaci ngs on t he 
or der  of  2 t o 5 m.  Each casi ng i s gr out ed i n 
pl ace wi t h cement  i n or der  t o i nsur e i nt i mat e 
cont act  and good coupl i ng wi t h t he sur r oundi ng 
soi l ,  and vel oc i t y  t r ansducer s ar e i nst al l ed t o 
pi ck up t he mot i ons of  t he soi l .  To pr ov i de an 
i mpul s i ve sour ce of  ener gy,  anot her  " sour ce"  
bor ehol e must  be dr i l l ed about  a f ew met er s 
di s t ant  f r om t he near est  r ecei ver  bor ehol e i n 
t he l i near  ar r ay.  A st andar d penet r at i on t est  
( SPT)  spoon i s i nser t ed i n t he sour ce bor ehol e 
t o t he same dept h as t he t r ansducer s,  and an 
i mpul se i s gener at ed by dr oppi ng a wei ght  ont o 
t he t op of  t he dr i l l  r od.  To t hi s r od a ver t i ­
cal  vel oc i t y  t r ansducer  i s at t ached t o send a 
si gnal  t hat  t r i gger s a s t or age osci l l oscope.
The body waves pr opagat i ng t hr ough t he soi l  
deposi t  ar e moni t or ed by t he vel oc i t y  t r ans ­
ducer  at  each r ecei ver  hol e and r ecor ded on t he 
same st or age osci l l oscope.  Af t er  f i ni shi ng t he 
measur ement s  at  a cer t ai n dept h,  t he vel oc i t y  
t r ansducer s at  each r ecei ver  hol e ar e l ower ed 
t o t he next  dept h and t he sour ce bor ehol e ad­
vanced t o t hat  dept h.  The pr ocedur e i s r e­
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peat ed t o obt ai n t he wave vel oc i t y  t hr ough t he 
soi l  at  t hi s dept h.  When a ver t i cal  i mpul se i s 
appl i ed by means of  t he SPT equi pment ,  bot h ver ­
t i cal l y  pol ar i zed shear  wave ( SV- wave)  and com-  
pr essi onal  wave ( P- wave)  ar e gener at ed.  These 
t wo waves can be moni t or ed at  t he r ecei ver  bor e ­
hol es us i ng ver t i cal l y  or i ent ed and hor i zont al l y  
or i ent ed vel oc i t y  t r ansducer s,  r espect i vel y.

One of  t he poi nt s of  i nt er est  i n Paper  10/ 10 by 
Ho a r  a n d  S t o k o e  i s t he use of  a new mechani cal  
wedgi ng syst em t o pr oduce t he i mpul se i n t he 
sour ce bor ehol e.  Thi s i s cal l ed an i n- hol e 
sour ce.  I n t he f i el d pr ocedur e,  a hol e i s 
dr i l l ed f i r st  t o t he f i nal  dept h and cased al l  
t he way down bef or e t est i ng.  By means of  t he 
mechani cal  wedgi ng syst em,  a pl ug i s cl amped 
t i ght  t o t he wal l  of  t he cased bor ehol e.  The 
i mpul se i s appl i ed t o t hi s pl ug t hr ough a r od 
whi ch ext ends t o t he gr ound sur f ace.  One of  
t he advant ages of  ut i l i z i ng t hi s i n- hol e sour ce 
i s t hat  i t  i s r eadi l y possi bl e t o appl y bot h 
ver t i cal  i mpul se and t or si onal  i mpul se.  A ver ­
t i cal  i mpul se pr oduces a ver t i cal l y  pol ar i zed 
wave ( SV- wave)  and a compr essi onal  wave ( P- wave) , 
whi l e t he t or si onal  i mpul se gener at es a hor i zon­
t al l y pol ar i zed wave ( SH- wave) .

Ho a r  a n d  S t o k o e  compar e t he r esul t s  of  t he i n-  
si t u t est  usi ng t he SPT devi ce and t he mechani ­
cal  wedgi ng devi ce as t he sour ces t o pr oduce 
ver t i cal  i mpul se.  I t  was shown t hat  bot h sour ces 
can gener at e r eadi l y i dent i f i abl e SV- waves,  but  
t he SPT devi ce can gener at e l ar ger  and mor e di s ­
t i nct  ar r i val  s i gnal s f or  t he compr essi onal  wav e. 
One of  t he i nt er est i ng f eat ur es of  usi ng t he 
mechani cal  wedgi ng devi ce i s t hat  i t  i s possi bl e 
t o r ever se t he di r ect i on of  t or si onal  i mpul se.  
The i n- s i t u t est s i n t hi s vei n showed t hat  t he 
use of  t he r ever sel y  pol ar i zed shear  wave dat a 
gr eat l y f ac i l i t at es t he i dent i f i cat i on of  t he 
ar r i val  t i me on t he st or age osci l l oscope.

Hoar  and St okoe suggest ed a met hod t o det er mi ne 
t he mat er i al  dampi ng of  i n- s i t u soi l  deposi t s 
by anal ysi ng t he wave pr opagat i on dat a.  A com­
par i son of  t he mat er i al  dampi ng obt ai ned f r om 
t he f i el d measur ement s and f r om t he l abor at or y 
r esonant  col umn t est s on undi st ur bed speci mens 
showed t hat  t he i n- si t u measur ed val ues of  t he 
mat er i al  dampi ng t end t o be l ar ger  t han t he 
l abor at or y val ues by about  a f act or  of  t wo.

A new devel opment  i n t he t echni que of  t he cr oss ­
hol e sei smi c met hod i s pr esent ed by R o d r i g u e s  

( Paper  10/ 24)  who empl oyed a new shear  wave 
hammer  t o gener at e a ver t i cal l y  pol ar i zed shear  
wave.  Thi s hammer  syst em uses a hydr aul i c  
pump t o expand t wo pl at es f or  c l ampi ng t he 
sour ce t o t he bor ehol e wal l .  The per cussi on 
syst em t o pr oduce an i mpul se i s a cabl e- oper at ed 
wei ght .  The i mpul se i s pr oduced by dr oppi ng 
t he wei ght  t o t hi s sour ce i n t he bor ehol e.  One 
of  t he novel  f eat ur es of  t hi s devi ce i s t hat  i t  
i s possi bl e t o appl y i mpact s i n upwar d di r ect i on 
as wel l  as i n t he downwar d di r ect i on.  By per ­
f or mi ng a pai r  of  t est s i nvol vi ng r ever sal  of  
t he i mpact  di r ect i on,  t he shear  wave ar r i val  can 
easi l y  be di s t i ngui shed on t he di spl ay scr een of  
t he st or age osci l l oscope.  The above t echni que 
has been successf ul l y  appl i ed t o sever al  depos ­
i t s at  const r uct i on si t es i n Por t ugal .

The r esonant  col umn devi ce has been wi del y  i n 
use t o measur e t he shear  modul us of  soi l s i n 
t he smal l  s t r ai n r ange i n t he l abor at or y.
Revi ews of  t he devel opment  of  t hi s t est i ng met h­
od up t o 1977 wer e pr esent ed i n t he St at e- of -  
t he- Ar t  r epor t  at  t he t i me of  t he Tokyo Conf er ­
ence.  Si nce t hen,  some pr ogr ess has been made 
as descr i bed by paper s by I wasaki  et  al .  ( 1977)  
and Kokusho ( 1980) .

However ,  most  of  t hese wor ks have been l i mi t ed 
t o soi l s havi ng max i mum par t i c l e si ze on t he 
or der  of  5. 0 mm.  For  ver y coar se gr ai ned soi l s 
i nvol v i ng gr avel ,  cr ushed st one and cobbl es,  
t her e has been pr ac t i cal l y  no dat a concer ni ng 
shear  modul us because of  t he di f f i cul t y  i n 
const r uct i ng a l ar ge- scal e r esonant  col umn 
t est i ng machi ne.  Pr a n g e  ( Paper  10/ 22)  pr ovi des 
an i nt er est i ng br eakt hr ough t o t hi s di f f i cul t y.  
He const r uct ed an appar at us accommodat i ng cy l ­
i ndr i cal  sampl es 1. 0 m i n di amet er  and 2. 0 m i n 
hei ght .  The r esonant  col umn sampl e i s of  t he 
f i xed- f r ee t ype wi t h el ect r o- dynami c v i br at or s 
pr ov i di ng a t or si onal  moment  at  t he t op.  A 
bal l ast  mat er i al  f or  r ai l way t r ack,  havi ng a 
mean di amet er  of  = 45 mm,  was t est ed by

t hi s appar at us.  Based on t he r esul t s  of  t est s 
empl oy i ng di f f er ent  conf i ni ng st r ess,  Oq , and

di f f er ent  voi d r at i o,  e,  a r el at i onshi p was 
sought  bet ween t he shear  modul us,  conf i ni ng 
st r ess and voi d r at i o.  I t  was concl uded t hat  
f or  t he i nf i ni t esmal  s t r ai n r ange on t he or der

of  10 t he shear  modul us of  t he bal l ast  can 
be descr i bed by t he equat i on

Resonant Column Tests

7230( 2. 97 -  e)
1 + e

-  0. 38
CT0

( i n KN/ m )

Thi s i s an equat i on si mi  
by Har di n ( 1978) .  I t  i s 
t hat  t he ef f ect  of  voi d 
by t he same f unct i on as 
al so t hat  t he ef f ect  of  
ent er s i nt o t he f or mul a 
i n t he f or mul a f or  sands 
s t r ai ns .

l ar  t o t hat  di scussed 
of  i nt er est  t o not e 

r at i o can be expr essed 
f or  angul ar  sands and 
t he conf i ni ng st r ess 
i n t he same f ashi on as 

at  compar abl e smal l

The dampi ng r at i o of  t he bal l ast  measur ed by 
t hi s r esonant  col umn appar at us showed r at her  
l ar ger  v al ues , as compar ed t o t he dampi ng 
r at i os measur ed t hus f ar  f or  sands.  Thi s devi a­
t i on was at t r i but ed par t l y  t o t he f r i c t i on i n­
her ent  t o t he appar at us.

Because of  t he di f f i cul t y  i n appl y i ng st r ong 
f or ces t o t he l ar ge speci men wi t h hi gh f r equen­
ci es,  i t  was i mpossi bl e t o pr oduce t or si onal

st r ai ns i n t he speci men exceedi ng 2 * 10 
Ther ef or e,  i t  woul d appear  di f f i cul t  t o obt ai n 
a compl et e pi c t ur e of  s t r ai n- dependent  shear  
modul us and dampi ng cur ves wi t h t he ai d of  t hi s 
appar at us .

I t  i s a wel l - est abl i shed f act  t hat  i n- si t u de­
pos i t i on of  soi l s gener al l y  r esul t s  i n t he 
ar r angement s of  par t i c l es such t hat  t he deposi t  
acqui r es a cr oss- ani sot r opy wi t h t he axi s of
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symmet r y or i ent ed i n t he ver t i cal  di r ect i on.
The ani sot r opy,  exhi bi t ed i n t he shear  modul us 
and dampi ng char act er i s t i cs of  a soi l  deposi t ,  
i s one of  t he most  i mpor t ant  aspect s i n r el at i on 
t o t he dynami c r esponse anal ys i s of  t he deposi t  
when subj ect ed t o shaki ng dur i ng ear t hquakes.  
Ver y f ew st udi es appear  t o have been made t hus 
f ar  f or  t hi s f eat ur e of  t he pr obl em.  B i a n c h i n i  

a n d  S a a d a  ( Paper  10/ 3)  per f or med an i nt er est i ng 
ser i es of  l abor at or y r esonant  col umn t est s on 
cl ays t o pr ov i de t est  dat a c l ar i f y i ng t he ani so­
t r opi c  char act er i s t i cs of  shear  modul us and 
dampi ng of  t he cl ays.  A r esonant  col umn appar a­
t us was modi f i ed so t hat  i t  coul d exc i t e a 
hol l ow cy l i ndr i cal  speci men i n t he axi al  as wel l  
as i n t he t or s i onal  mode,  and t hus y i el d val ues 
of  shear  modul us i n t he ver t i cal  and hor i zont al  
di r ect i on f or  t he same speci men.  A kaol i ni t e 
c l ay and an i l l i t i c  c l ay wer e consol i dat ed wi t h 
Kg- condi t i ons t o obt ai n ani sot r opi c  speci mens.

I sot r opi cal l y  consol i dat ed speci mens wer e al so 
pr ovi ded.  The speci mens had an i nner  di amet er  
of  5. 1 cm,  an out er  di amet er  of  7. 1 cm,  and a 
l engt h of  about  12. 5 cm.  The r esul t s of  t he 
r esonant  col umn t est s showed t hat  t he val ues of  
t he shear  modul us,  at  t he st r ai n r ange bet ween

- 5 - 5
0. 15 x 10 and 2 n 10 at  ei t her  mode,  can
be char act er i s t i cal l y  descr i bed by

( 2. 97 -  e)  -  0. 5 
G0 -  H - - - T T ~ i - - - -  CT0

wher e H i s a const ant  t o be det er mi ned i n t he 
shear  or  t he axi al  mode.  For  t he Kaol i ni t e,  H 
di f f er ed by onl y  about  10% f or  t he t wo t ypes of  
consol i dat i on.  The aut hor s al so st udi ed modul us 
and dampi ng at  l ar ge st r ai ns.

Cycl i c Load Test s

For  t he st r uct ur al  desi gn of  r oad pavement s,  
per manent  def or mat i on char act er i s t i cs of  sub­
gr ade soi l s ar e of  pr i me concer n.  F a r r e l l  a n d  

Ki r w a n  ( Paper  10/ 5)  pr esent  a paper  r epor t i ng 
t he r esul t s  of  a ser i es of  r epeat ed l oadi ng 
t r i axi al  t est s per f or med on gl ac i al  t i l l  mat e­
r i al s.  The i nf l uence of  st r ess l evel ,  st r ess 
hi s t or y and number  of  l oad appl i cat i on on t he 
per manent  def or mat i on of  compact ed sampl es was 
st udi ed,  and a s i ngl e par amet er  t er med t he cr eep 
compl i ance was suggest ed as an i ndex f or  r epr e­
sent i ng t he per manent  def or mat i on char act er i s ­
t i cs of  soi l s.  The val ues of  t he cr eep compl i ­
ance as obt ai ned f r om t he l abor at or y sampl e com­
par ed f avor abl y  t o t hose obt ai ned i n a l abor a­
t or y pavement  s i mul at or  desi gned by t he aut hor s.

TOPI C 2 — MACHI NE FOUNDATI ONS

Fr om t he st andpoi nt  of  t he geot echni cal  engi neer ,  
t he desi gn of  machi ne f oundat i ons gener al l y  
means est i mat i ng t he nat ur al  f r equenci es f or  a 
pr oposed machi ne- f oundat i on syst em and al so 
eval uat i ng t he dynami c mot i ons expect ed t o occur  
at  t he oper at i ng f equenci es.  Thi s means car r y ­
i ng out  some f or m of  dynami c anal ysi s.  The 
quest i on of  how such an anal ysi s  can and shoul d 
be made,  and how t he associ at ed par amet er s ar e 
t o be eval uat ed,  has been t he t opi c of  cons i d­
er abl e r esear ch and di scussi on f or  t he past  
hal f - cent ur y.  Whi l e t he maj or  advances wer e

made some t i me ago and have been adequat el y  
pr esent ed i n books,  s t at e- of - t he- ar t  paper s and 
i n t he Gener al  Repor t  t o I X I CSMFE i n Tokyo,  
r esear ch and di scussi on cont i nues t oday.

Hi st or i cal l y ,  t he anal ysi s  usual l y  empl oys a 
mat hemat i cal  model  of  a r i gi d bl ock suppor t ed 
by an ar r angement  of  spr i ngs and damper s r epr e­
sent i ng t he r es i s t ance of  t he soi l  — and of  
pi l es shoul d any be pr esent .  Thi s t ype of  anal ­
ysi s i s st i l l  pr edomi nant  f or  desi gn st udi es,  
because i t  can be car r i ed out  r eadi l y  and i n­
expensi vel y .  Mor e sophi st i cat ed mat hemat i cal  
anal ys i s  - -  usi ng f i ni t e el ement  model s or  t he 
t heor i es f or  a v i sco- el ast i c  hal f - space or  
l ayer ed- space — have pl ayed and st i l l  pl ay 
cr uc i al  r ol es i n gui di ng t he f or mul at i on of  
appr opr i at e bl ock- spr i ng- dashpot  model s and i n 
t he i nt er pr et at i on of  t est s.  I n some ver y 
speci al  and expensi ve pr oj ect s,  t hese mor e 
sophi st i cat ed met hods may be appr opr i at el y  used 
i n desi gn.

Anal ys i s  of  a machi ne f oundat i on i s a speci al  
case of  t he gener al  pr obl em of  dynami c soi l -  
s t r uct ur e i nt er act i on.  Ot her  exampl es ar e soi l -  
s t r uct ur e i nt er act i on dur i ng ear t hquakes and 
t he anal ysi s of  f oundat i ons f or  of f - shor e st r uc ­
t ur es.  Many of  t he r ecent  devel opment s i n t hese 
l at t er  ar eas ar e of  pot ent i al  val ue t o t he ma ­
chi ne f oundat i on pr obl em,  even t hough t he scal e 
of  t he f oundat i ons may be qui t e di f f er ent .
Thi s i s t r ue of  pr edi c t i ng per manent  movement s 
of  f oundat i ons as wel l  as eval uat i ng dynami c 
r esponse.

Theor et i cal  Met hods

Recent  devel opment s wi t h r egar d t o t heor et i cal  
met hods have concent r at ed upon t he ef f ect s  of  
l ayer i ng wi t hi n t he soi l ,  embedment  of  t he 
f oundat i on and i nt er act i on among adj acent  
s t r uc t ur es .

Layer ed Soi l : Ka g a w a  e t  a l .

( Paper  10/ 16)  pr esent  r esul t s  f r om a par amet r i c 
st udy f or  t he case of  a r el at i vel y  t hi n st r at um 
over l y i ng a second ver y deep st r at um - -  a 
s i t uat i on si mul at i ng a s t r at um over  a hal f ­
space.  A ver t i cal  per i odi c  l oad i s appl i ed t o 
a r i gi d c i r cul ar  di sk at  t he sur f ace.  A f i ni t e 
el ement  appr oach was used,  empl oy i ng t he t r eat ­
ment  of  l at er al  boundar i es devel oped by Waas.  
The paper  does not  st at e j ust  how f ar  away t he 
l at er al  boundar i es wer e pl aced,  but  a di scus ­
si on of  at t enuat i on ( see subsequent  t opi c of  
Vi br at i ons)  woul d i mpl y t hey wer e at  cons i der ­
abl e di st ance.  The r at i o of  t he t hi ckness of  
t he upper  st r at a t o t he di amet er  of  t he f ounda­
t i on was var i ed,  as was t he r at i o of  t he shear  
modul us i n t he t wo st r at a.  Cur ves ar e pr e­
sent ed f or  t he ampl i t ude and f r equency of  max i ­
mum magni f i cat i on.  The aut hor s concl ude t hat  
t he l ower  s t r at um becomes ef f ect i vel y  r i gi d 
when i t s shear  modul us exceeds 20 t i mes t he 
modul us of  t he sur f i c i al  st r at um,  al t hough t he 
basi s of  t hi s concl us i on i s not  c l ear  i n t he 
r esul t s  pr esent ed i n t he paper .  An equi val ent
1- degr ee- of - f r eedom model  i s suggest ed,  usi ng 
t he st at i c st i f f ness f or  t he l ayer ed syst em and 
a dampi ng coef f i c i ent  whi ch var i es wi t h t he 
t hi ckness and st i f f ness r at i os.

4 7 3



I l j i c h e v  e t  a l . ( Paper  10/ 12)  out l i ne a 
di f f er ent  met hod f or  anal yz i ng' a l ayer ed soi l .
I t  empl oys an i mpul se t r ansf er  f unct i on — whi ch 
gi ves t he ver t i cal  di spl acement  of  a wei ght l ess 
f oundat i on subj ect ed t o a si ngl e i nst ant aneous 
i mpul se.  Two exampl es ar e pr esent ed,  one of  
whi ch i nvol ves an act ual  s i t uat i on f or  whi ch 
t est  dat a wer e obt ai ned.  I n bot h exampl es,  t he 
r esponse f or  t he l ayer ed s i t uat i on i s compar ed 
wi t h t hat  f or  a hal f - space havi ng t he pr oper t i es 
of  t he t op- most  l ayer .  The l ayer i ng does not  
have a maj or  ef f ect  i n ei t her  case.  An appr ox ­
i mat e r epr esent at i on of  t he i mpul se t r ansf er  
f unct i on i s ment i oned,  but  t he paper  does not  
i ndi cat e how t he par amet er s shoul d be det er mi ned 
f or  t he gener al  case.

The ef f ect  of  s t r at i f i cat i on wi t hi n t he soi l  
has been di scussed ext ensi vel y  i n t he l i t er at ur e 
of  t he 1970s.  The gener al  phenomena associ at ed 
wi t h a sof t er  s t r at um over l y i ng a st i f f er  hal f ­
space ar e wel l  known:  t he st r at um has nat ur al  
f r equenci es and at  l ow f r equenci es r adi at i on 
dampi ng i s r educed gr eat l y.  These phenomena can 
l ead t o s i gni f i cant l y  ampl i f i ed mot i ons unl ess 
car e i s t aken i n t he desi gn of  a f oundat i on.  
Si mpl e pr ocedur es f or  eval uat i ng appr oxi mat el y  
t he soi l - f oundat i on st i f f ness f unct i ons have 
been suggest ed ( see r ef er ences t o wor k  of  
Kausel ) . One quest i on of  pr act i cal  i mpor t ance 
i s:  how deep must  a s t r at um be bef or e t he ef f ect  
of  an under l yi ng st i f f  st r at um i s i nconsequen­
t i al .  Fr om t he var i ous st udi es,  t he f ol l owi ng 
r ul es ar e suggest ed:

Ver t i cal  exci t at i on:  H > 7 D

Hor i zont al  exci t at i on:  H > 2. 5 D

Rocki ng exci t at i on:  H > 1 D

wher e H i s t he dept h of  t he st r at um and D i s t he 
di amet er  of  t he Foundat i on.  The r ul e f or  t or ­
si onal  exc i t at i on shoul d be s i mi l ar  t o t hat  f or  
hor i zont al  and r ocki ng exci t at i on.

I t  woul d be desi r abl e t o use t he avai l abl e 
t heor et i cal  met hods t o devel op mor e gener al  
gui dance f or  pur poses of  desi gn.  Doi ng so i s 
made di f f i cul t ,  of  cour se,  by t he i nf i ni t e 
var i et y  of  possi bl e st r at i f i cat i ons.

Embedment : As di scussed i n t he St at e- of -  
t he Ar t  Repor t  t o I X I CSMFE,  t he wor k of  Novak 
i s most  commonl y used t o eval uat e t he i nf l uence 
of  embedment  upon t eh st i f f ness of  a f oundat i on.  
Ot her  st udi es have been made usi ng t he f i ni t e 
el ement  met hod.  For  exampl e,  Kausel  i n sever al  
paper s has pr oposed t he f ol l owi ng f act or s 
( Kausel  et  a l . 1978;  Kausel  and Ushi j i ma 1979) :

2 E
Ver t i cal  st i f f ness:  1 + y  ^

£
Hor i zont al  st i f f ness:  1 + 0. 5 =■

E
Rocki ng st i f f ness:  1 + 2 —

£
Tor s i onal  st i f f ness:  1 + 2. 67 —

K

wher e E i s t he dept h of  embedment  and R i s t he 
r adi us of  t he f oundat i on.  The ef f ect i ve l oca­
t i on of  t he hor i zont al  r eact i on i s at  a hei ght  
( 0. 4E -  0. 03R)  above t he bot t om of  t he f ounda­
t i on.  These f or mul as appl y f or  E/ R < 1 and f or  
hal f - space condi t i ons.  ( Cor r espondi ng f act or s 
have al so been pr oposed f or  t he case wher e t he 
sur f i c i al  soi l  i s under l ai n by a st i f f er  ear t h 
mat er i al ) . Ful l  cont act  i s assumed bet ween t he 
si des of  t he f oundat i on and t he sur r oundi ng 
soi l .  Bot h t he r eal  and i magi nar y par t s  of  t he 
st i f f ness f unct i ons ar e mul t i pl i ed by t hese 
f act or s,  so t hat  dampi ng r at i os i ncr ease al ong 
wi t h ( act ual l y even mor e t han)  t he spr i ng con­
st ant s .

One paper  t o t hi s sessi on deal s wi t h embedment :  
R a n j a n  e t  a l . ( Paper  10/ 23) .  The aut hor s pr e ­
sent  t he equat i ons of  mot i on f or  an embedded 
bl ock i n t er ms of  subgr ade modul us,  i nc l udi ng 
modul i  f or  ver t i cal  compr essi on at  t he base,  
hor i zont al  compr essi on at  t he si des,  hor i zont al  
shear  at  t he base,  ver t i cal  shear  at  t he si des,  
and r ocki ng.  Dynami c exper i ment s,  us i ng bl ocks
1. 5 m by 0. 75 m,  ar e i nt er pr et ed t o st udy. t r ends 
i n t he subgr ade modul i  as a f unct i on of  t he 
dept h of  embedment .  Equat i ons ar e pr esent ed 
f or  t he var i at i on of  ef f ect i ve ver t i cal  sub­
gr ade modul us wi t h embedment ,  and f or  t he 
associ at ed ef f ect i ve mass and dampi ng r at i o.
The r at i o bet ween r ock i ng and hor i zont al  sub­
gr ade modul i  i s sai d t o r emai n subst ant i al l y  
t he same ( r at i o = 3. 5)  f or  al l  embedment s,  and 
a cur ve gi v i ng t he i ncr ease of  t hese modul i  
wi t h embedment  i s gi ven.  Owi ng t o t he l i mi t a­
t i on on t he l engt h of  paper s,  R a n j a n  e t  a l .  

coul d not  pr esent  t he dat a on whi ch t hese con­
c l us i ons wer e based,  and unt i l  a f ul l er  st udy 
i s possi bl e t he pr oposed equat i ons and cur ves 
shoul d be used wi t h caut i on.  The aut hor s 
agai n emphasi ze t he i mpor t ance of  cont act  be­
t ween t he soi l  and t he si des of  t he f oundat i on.

I nt er act i on among adj acent  f oundat i ons : 
Thi s t opi c i s i mpor t ant  when eval uat i ng t he 
dynami c mot i ons caused by mul t i pl e machi nes 
and i n sel ect i ng t he r equi r ed spaci ng bet ween 
adj acent  machi nes.  I t  i s al so much- di scussed 
i n connect i on wi t h t he anal ysi s  of  c l osel y-  
spaced st r uct ur es subj ect ed t o ear t hquake 
gr ound shaki ng,  a s i t uat i on whi ch t ypi f i es 
nucl ear  power  pl ant s ( e. g.  Mur akami  and Luco,  
1977) .  The same t opi c i s encount er ed i n t he 
st udy of  gr ound i nt er act i on wi t h hi gh- speed 
r ai l  syst ems.

Two paper s t o Sessi on 10 addr ess t he t heor et i ­
cal  anal ysi s  of  t hi s pr obl em f or  masses r est i ng 
on t he sur f ace of  an el ast i c  hal f - space:
S a r f e l d  e t  a l .  ( Paper  10/ 25)  and Ho l z l d h n e n  

( Paper  10/ 11) .  The aut hor s out l i ne t he gover n­
i ng equat i ons and boundar y condi t ons and suggest  
di f f er ent  t echni ques f or  t he sol ut i on of  t hese 
equat i ons,  pr ov i de some i l l ust r at i ve r esul t s  
and expl or e possi bl e s i mpl i f i cat i ons and appr ox ­
i mat i ons.  Whi l e t he paper  by Sar f el d et  al .  i s 
speci f i cal l y  or i ent ed t owar d t he anal ys i s  of  
r ai l  syst ems,  i t  pr ov i des r esul t s  and conc l u­
s i ons of  gener al  i nt er est .

Because of  t he compl ex i t y  of  t he pr obl em,  t he 
sear ch f or  appr oxi mat i ons and i mpl i cat i ons i s 
of  par t i cul ar  i mpor t ance.  One i nt er est i ng 
quest i on i s:  How much i s t he dynami c r esponse
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of  one mass af f ect ed by t he pr esence of  near by 
r i gi d but  massl ess pl at es? Ho l z l Oh n e r  addr esses 
t hi s quest i on and concl udes:  Not  si gni f i cant l y,  
at  l east  when t he spaci ng bet ween f oundat i ons 
equal s or  exceeds t he wi dt h of  t he f oundat i ons.
A second quest i on i s:  Can t he mot i ons at  a 
near l y  r i gi d pl at e be appr oxi mat ed sat i s f ac t or i ­
l y by t he sur f ace mot i ons cal cul at ed i gnor i ng 
t hi s r i gi di t y? Ho l z l Oh n e r  says t he answer  i s 
yes.  These same concl usi ons ar e r eached ( or  
i mpl i ed)  by S a r f e l d  e t  a l . Taken t oget her ,  
t hese concl us i ons i ndi cat e t hat  enor mous s i mpl i ­
f i cat i ons can be made i n many cases.

A di f f er ent  quest i on i s:  How does t he r esponse 
of  a si ngl e mass change when ot her  masses ar e 
pl aced near by? Her e t he answer  i s:  The ef f ect  
can be qui t e si gni f i cant .  For  exampl e,  consi der  
a symmet r i cal  f oundat i on subj ect ed t o a ver t i cal  
dynami c l oad act i ng t hr ough t he cent er  of  gr av i ­
t y.  Al one t hi s f oundat i on wi l l  exper i ence onl y 
ver t i cal  mot i on.  Sur r ounded by ot her  masses - -  
even masses t hat  ar e not  act ed upon by dynami c 
l oads — t he f oundat i on may r ock and sway s i g­
ni f i cant l y .  Thi s was i l l ust r at ed v i v i dl y  i n 
t he wor k of  War bur t on et  al .  ( 1971) ,  al t hough 
t he ef f ect  i s exagger at ed when dampi ng wi t hi n 
t he hal f - space i s i gnor ed.  S a r f e l d  e t  a l . ex ­
pl or e t he quest i on:  I f  t her e i s an i nf i ni t e 
ser i es of  masses l ocat ed al ong a l i ne,  how many 
of  t hese masses must  be i nc l uded when det er mi n­
i ng t he r esponse of  one mass t o a dynami c l oad? 
The answer  i s:  At  l east  3 masses on ei t her  si de.  
I f  t he sub- soi l  i s a st r at um,  t he i nt er act i on 
ef f ect s  may be even mor e i mpor t ant  because t he 
number  and spaci ng of  t he masses wi l l  have a 
st r ong i nf l uence upon t he nat ur al  f r equenci es 
of  t he syst em ( see,  f or  exampl e,  Gonzal ez and 
Roesset ,  1977) .

St i l l  anot her  i mpor t ant  quest i on i s:  How wel l  
can a 3- di mensi onal  pr obl em be appr oxi mat ed by 
a 2- di mensi onal  anal ysi s.  S a r f e l d  e t  a l .  i n­
vest i gat e t hi s poi nt ,  and f i nd t hat  a 2- di men­
s i onal  anal ysi s gr eat l y over est i mat es i nt er ac ­
t i on bet ween adj acent  squar e masses.  ( Thi s 
concl us i on may  have gr eat  i mpor t  t o t he anal ys i s  
of  nucl ear  pl ant s. )  Conver sel y ,  t he anal ys i s  
of  adj acent  squar e masses under est i mat es sever e­
l y t he i nt er act i on bet ween l ong r ect angul ar  
masses such as r ai l r oad t i es.

The t opi c of  i nt er act i on among adj acent  s t r uc ­
t ur es i s r i pe f or  f ur t her  st udy.  The goal  of  
t he sophi st i cat ed anal yses whi ch can be f or mu­
l at ed and car r i ed out  on moder n comput er s shoul d 
be t o devel op gener al  pr i nc i pl es and r ul es t hat  
can be used i n pr act i cal  desi gn.  Gi ven t he com­
pl ex i t y  of  t he pr obl em,  t hi s i s a chal l engi ng 
t ask.

Eval uat i on of  Desi gn Par amet er s

The eval uat i on of  t he st i f f ness of  t he soi l  i s 
cr i t i cal  t o t he pr edi c t i on of  t he per f or mance 
of  a machi ne f oundat i on.  Thi s i s t r ue whet her  
t he engi neer  i s sel ect i ng a val ue of  shear  modu­
l us t o use i n an equat i on f r om t he t heor y of  
el ast i c i t y  or  choosi ng val ues of  subgr ade modu­
l us.  Eval uat i on of  dampi ng may be i mpor t ant  i n 
some cases.  Whi l e consi der abl e at t ent i on i s 
of t en gi ven t o eval uat i on of  an ef f ect i ve mass 
of  soi l ,  t hi s ef f or t  i s j ust i f i ed onl y  i f  car e­
f ul  at t ent i on has been pai d t o t he choi ce of  an 
equi val ent  st i f f ness.

Two paper s t o t hi s sessi on (Y a n 3 Paper  10/ 32)  
S r e e k a n t i a h ,  Paper  10/ 28)  di scuss t he eval ua­
t i on of  coupl ed r ock i ng/ swayi ng par amet er s di ­
r ect l y  f r om t est s upon smal l  (~ 1- 2 m)  bl ocks.  
The l i mi t at i on upon t he l engt h of  paper s has 
f or ced t he aut hor s t o omi t  many det ai l s  con­
cer ni ng t hese t est s and concer ni ng t he met hod 
f or  ext r act i ng par amet er s f r om t he measur ement s . 
Hence t he Gener al  Repor t er  f i nds i t  di f f i cul t  t o 
comment  i n det ai l  upon t hese paper s.  I t  woul d 
appear  t hat  l i t t l e at t ent i on has been gi ven t o 
t wo consi der at i ons whi ch can have a maj or  i n­
f l uence upon t he choi ce of  par amet er s f or  de­
si gn of  an act ual  f oundat i on:  t he ampl i t ude of  
dynami c st r ai n and t he l evel  of  i ni t i al  ef f ec ­
t i ve st r ess wi t hi n t he soi l .  For  exampl e,  i n 
bot h t est s t he dynami c mot i ons ar e l ar ge com­
par ed t o t hose whi ch woul d usual l y  be accept abl e 
i n an act ual  f oundat i on.  These poi nt s  ar e di s ­
cussed i n Paper s 10/ 2 and 10/ 21,  whi ch ar e 
r evi ewed subsequent l y  under  t he headi ng of  Case 
St udi es .

One aspect  of  S r e e k a n t i a h  ' s  paper  i s qui t e i n­
t er est i ng.  Test s wer e made upon a number  of  
bl ocks of  di f f er ent  si ze at  t he same si t e.  The 
par amet er s eval uat ed f r om one t est  wer e used t o 
pr edi c t  t he mot i ons of  t he ot her  bl ocks.
( Thr ee of  t he bl ocks wer e i ndi v i dual l y  used i n 
t hi s way as r ef er ence t est s. )  The er r or s be­
t ween pr edi c t ed and obser ved mot i ons r anged 
f r om 1% t o 125%,  wi t h a mean of  45%.  These 
r esul t s  ar e a good i ndi cat i on of  our  abi l i t y  t o 
pr edi ct  t he mot i ons of  a machi ne f oundat i on.  
Wi t hout  t he benef i t  of  act ual  t est s at  a si t e,  
we shoul d not  expect  t o do as wel l  as t hi s.

Case St udi es

Ever y possi bl e oppor t uni t y  must  be t aken t o 
compar e pr edi c t i ons wi t h measur ement s made upon 
act ual  f oundat i ons.  Such case st udi es pr ov i de 
checks upon t he val i di t y  of  t heor i es,  al t hough 
usual l y  t hey r eal l y  ar e t est s of  t he met hods 
f or  eval uat i ng t he par amet er s appear i ng i n t he 
t heor i es.  Two compar i sons bet ween pr edi c t i ons 
and obser vat i ons ar e pr esent ed i n t he paper s 
t o t hi s sessi on.

A di r ect  f oundat i on: Pr a k a s h  a n d  Pu r i  

( Paper  10/ 21)  di scuss an i r r egul ar l y shaped 
f oundat i on — about  3 m acr oss — f or  a r ec i p­
r ocat i ng compr essor  whi ch appl i ed an of f - cent er  
ver t i cal  l oad at  6. 75 Hz.  The sub- soi l s  wer e 
sands and si l t y sands,  wi t h bl ow count s of  about  
8 j ust  bel ow t he f oundat i on and 15 by 6 m bel ow 
t he bl ock.  The bl ock was f ounded 2. 4 m bel ow 
gr ound sur f ace,  but  was sur r ounded by an ai r -  
gap.  The obser ved dynami c mot i ons wer e exces ­
si ve:  about  0. 32 mm hor i zont al  mot i on at  t he 
t op of  t he bl ock,  compar ed t o a per mi ss i bl e mo ­
t i on of  0. 0125 mm.

The r esponse of  t hi s f oundat i on was comput ed 
( af t er  t he f act )  usi ng t he equat i ons f or  a 
l umped mass- spr i ng syst em wi t h uncoupl ed ver t i ­
cal  mot i on pl us coupl ed r ocki ng and swayi ng.
The spr i ng const ant s wer e eval uat ed by t wo 
met hods:  (a)  Bar kan' s met hod,  empl oy i ng semi -  
t heor et i cal  r at i os among t he subgr ade modul us,  
and (b)  f or mul as f r om t he t heor y f or  a uni f or m 
el ast i c hal f - space,  i nvol v i ng shear  modul us and 
Poi sson' s  r at i o.  When comput i ng dynami c mot i ons 
us i ng " Bar kan' s spr i ng const ant s" ,  dampi ng was 
i gnor ed.  Radi at i on,  but  not  i nt er nal  dampi ng,
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was i ncl uded when empl oy i ng t he " hal f - space 
spr i ng const ant s" .  The ef f ect i ve mass of  t he 
soi l  was not  i ncl uded i n ei t her  case.  Act ual l y,  
t he di f f er ences bet ween t he t wo met hods wer e 
r eal l y  of  l i t t l e pr act i cal  si gni f i cance,  i nas ­
much as t he ver t i cal  sub- gr ade modul us f or  
" Bar kan' s  met hod"  was comput ed f r om t he shear  
modul us used i n t he " hal f - space met hod" .

Of  gr eat est  i nt er est  i n t hi s paper  ar e t he t ech­
ni ques used t o eval uat e t he shear  modul us of  t he 
soi l .  Vi br at i on t est s on smal l  bl ocks wer e con­
duct ed,  as wer e cyc l i c pl at e l oadi ng t est s.  The 
shear  modul i  deduced f r om t hese t est s wer e 
cor r ect ed f or  l evel  of  s t r ai n and ver t i cal  ef f ec ­
t i ve st r ess,  so as t o ar r i ve at  a val ue appl i c ­
abl e t o t he act ual  f oundat i on.  These pr ocedur es 
appear  t o be sound and usef ul .

Based on t hi s modul us,  t he f undament al  f r equen­
ci es comput ed by t he t wo met hods br acket ed c l ose­
l y t he oper at i ng f r equency.  Si nce,  i n v i ew of  
t he ver y l ar ge obser ved mot i ons,  i t  seems 
r easonabl e t o pr esume t hat  t he f oundat i on was 
at  a near  r esonance,  i t  may be sai d t hat  t he 
comput ed r esul t s agr ee wi t h obser vat i on.  The 
comput ed mot i ons wer e wi t hi n a f act or  of  1. 2 t o
2. 8 of  t he obser ved mot i ons,  whi ch i s r emar kabl e 
consi der i ng t hat  a l i ght l y-  t o moder at el y- damped 
syst em was somewher e c l ose t o r esonance.  These 
r esul t s  conf i r m t hat  t he choi ce of  t he shear  
modul us was subst ant i al l y  cor r ect .  Cer t ai nl y,  
i f  such an anal ysi s had been made at  t he t i me 
when t he f oundat i on was desi gned,  i t  woul d have 
cor r ect l y  pr edi c t ed t hat  mot i ons woul d be ex ­
cessi ve.

I t  i s di f f i cul t ,  i n any such case st udy,  t o 
r each mor e def i ni t e concl us i ons unl ess a f ounda­
t i on can be exci t ed at  di f f er ent  f r equenci es so 
as t o det er mi ne t he act ual  r esonant  f r equency — 
whi ch t akes ver y speci al  machi ner y.  Such i n­
f or mat i on i s necessar y i f  a det ai l ed compar i son 
of  obser ved and comput ed mot i ons i s t o be mean­
i ngf ul .  Lacki ng t he oppor t uni t y  t o var y t he 
f r equency,  a r ecor d of  t he phase di f f er ence 
bet ween appl i ed l oad and r esul t i ng mot i on can 
be usef ul .

A pi l e f oundat i on: Paper  10/ 2 by B a g c h i  

deal s wi t h a l ar ge f oundat i on ( appr oxi mat el y 
10 m x 12 m)  f or  a hi ghl y  unbal anced r ec i pr ocat ­
i ng compr essor .  The subsoi l  consi st s of  a sandy,  
si l t y cl ay t o a dept h of  about  3 m,  f ol l owed by 
a met er  of  f i ne medi um sand and t hen a medi um 
t o f i ne dense sand t o consi der abl e dept h.  I n 
t hi s l at t er  mat er i al ,  bl ow count s r anged f r om 
30 t o 45 bl ows/ f t .  The mat  was suppor t ed on 
bor ed,  cast - i n- pl ace pi l es wi t h a l engt h of  
10 m.

Dur i ng t he i ni t i al  st ages of  desi gn,  i t  was 
assumed t hat  t he pi l es wer e end- bear i ng as r e ­
gar ds ver t i cal  st i f f ness.  Hor i zont al  s t i f f ness 
was eval uat ed by assumi ng t he ef f ect i ve l engt h 
of  pi l e t o be 2. 4 m.  Appar ent l y  t he ver t i cal  
and hor i zont al  st i f f ness wer e t hen comput ed 
usi ng onl y t he mat er i al  pr oper t i es f or  t he pi l e.

As const r uct i on began,  dynami c t est s wer e made 
upon a si ngl e pi l e.  I t  was f ound t hat  t he hor i ­
zont al  s t i f f ness coef f i c i ent  ( uni t s of  subgr ade 
modul us)  was qui t e sensi t i ve t o t he ampl i t ude 
of  vi br at i on,  wher eas t he ver t i cal  s t i f f ness 
coef f i c i ent  decr eased onl y s l i ght l y wi t h ampl i ­

t ude.  These ar e s i gni f i cant  r esul t s  whi ch ar e 
i n accor d wi t h t he gener al  exper i ence concer n­
i ng pi l ed f oundat i ons.

The t est  r esul t s val i dat ed t he val ues of  s t i f f ­
ness used f or  pr el i mi nar y desi gn.  The act ual  
nat ur al  f r equenci es of  t he compl et ed f ounda­
t i on was measur ed,  al t hough ver y f ew det ai l s  of  
t hese measur ement s ar e pr esent ed.  The obser ved 
f r equenci es agr eed ver y wel l  wi t h t hose pr e­
di c t ed on t he basi s on t he dynami c t est s on a 
si ngl e pi l e,  and t he measur ed ampl i t udes at  t he 
oper at i ng f r equency ( about  0. 7 of  t he l owest  
obser ved nat ur al  f r equency)  al so agr eed wel l  
wi t h t he pr edi c t ed ampl i t udes.

The aut hor  emphasi zes t he i mpor t ance of  eval uat ­
i ng t he hor i zont al  s t i f f ness f r om dynami c t est s 
on an act ual  pi l e at  t he si t e,  as a f unct i on of  
t he ampl i t ude of  vi br at i on.  The Gener al  Repor t ­
er  agr ees t hat  t hi s i s a pr er equi s i t e f or  a con­
f i dent  pr edi ct i on.  The aut hor  al so suggest s 
t hat  t he behavi or  of  dr i ven and bor ed pi l es i s 
si mi l ar .

Cor r ect i ng Vi br at i ons

When excessi ve v i br at i ons ar e obser ved or  ar e 
pr edi c t ed by anal ysi s,  t he f oundat i on engi neer  
usual l y  t hi nks i n t er ms of  geot echni cal  sol u­
t i ons:  changi ng t he s i ze of  t he f oundat i on,  pr o­
v i di ng under pi nni ng or  pi l i ng,  s t i f f eni ng t he 
soi l ,  et c.  However ,  one shoul d al ways be al er t  
t o t he poss i bi l i t y  of  cor r ect i ve act i on t hat  
does not  r el y saf el y  on soi l  mechani cs.  When 
r ock i ng i s t he pr obl em,  l ower i ng t he f oundat i on 
or  bet t er  cent er i ng of  ver t i cal  f or ces may 
achi eve t he necessar y r educt i on i n v i br at i ons.  
Two ot her  appr oaches ar e di scussed by I l j i c h e v  

e t  a t .  ( Paper  10/ 12) .  The use of  damper s on 
t he machi ne i s a passi ve appr oach.  An act i ve 
appr oach empl oys some means f or  put t i ng con­
t r ol l ed addi t i onal  ener gy i nt o t he machi ne at  
such t i mes as t o i nt er r upt  t he v i br at i on pat ­
t er n,  t hus suppr essi ng t he bui l d- up of  exces ­
si ve vi br at i ons.  Theor y i s out l i ned and exam­
pl es ar e pr esent ed t o demonst r at e t he f eas i bi l ­
i t y and pot ent i al  benef i t s  of  bot h appr oaches.

Set t l ement

I t  i s wel l  known t hat  machi ne f oundat i ons over  
l oose sands,  especi al l y  sat ur at ed sands,  can 
exper i ence excessi ve set t l ement s.  Thi s poss i ­
bi l i t y  shoul d al ways be checked bef or e an anal ­
ysi s f or  dynami c r esponse i s under t aken.

E i s l e r  e t  a t .  ( Paper  10/ 4)  gi ve a 
br i ef  descr i pt i on of  a t hor ough st udy of  t he 
f oundat i on f or  a t ur bo- gener at or .  Fi ni t e 
el ement  anal yses wer e used t o det er mi ne t he 
spat i al  var i at i on of  dynami c st r esses wi t hi n 
t he soi l .  The ef f ect s of  i ni t i al  s t r esses and 
dynami c st r ai n ampl i t udes wer e t aken i nt o ac ­
count  i n t hese anal yses.  Tr i ax i al  and di r ect  
shear  t est s wer e empl oyed t o est abl i sh t he 
dynami c st r esses whi ch woul d cause r esi dual  
vol umet r i c  st r ai ns.  I n t hi s case i t  was con­
c l uded t hat  t he f oundat i on was saf e f r om t he 
st andpoi nt  of  excessi ve set t l ement s.  Thi s 
exampl e i l l ust r at es t he t ype of  s t udy whi ch i s 
possi bl e and desi r abl e f or  i mpor t ant  pr oj ect s.

A u b r y  e t  a l . ( Paper  10/ 1)  al so t ouch 
upon t he t opi c of  set t l ement s,  al t hough t hey 
deal  wi t h set t l ement s caused by ear t hquake t ype
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shaki ng.  Thei r  r esul t s show t hat  hor i zont al  
shaki ng causes consi der abl y  mor e densi f i cat i on 
t han ver t i cal  shaki ng ( at  0. 08 g accel er at i on) ,  
a' l t hough ver t i cal  accel er at i ons ar e s i gni f i cant  
when combi ned wi t h hor i zont al .  Thi s st udy con­
f i r ms pr ev i ous concl us i ons by Youd ( 1972) ,  Seed 
and Si l ver  ( 1972)  and Pyke et  al .  ( 1975) .

TOPI C 3 — DAMAGE BY VI BRATI ONS

Thi s t opi c i s t ypi cal l y  subdi v i ded i nt o t wo sub-  
t opi cs:  (a)  at t enuat i on of  v i br at i ons as t hey 
pass t hr ough t he soi l ,  and r educt i on of  t hese 
v i br at i ons by scr eens:  and (b)  t he l evel s of  
v i br at i on t hat  may  be damagi ng t o bui l di ngs.  
Ther e i s one excel l ent  paper  t o t hi s sessi on 
concer ni ng each sub- t opi c.

At t enuat i on and Scr eeni ng of  Waves

Ha u p t  ( Paper  10/ 9)  pr esent s and i nt er ­
pr et s  dat a obt ai ned f r om t est s i n a speci al  bi n 
of  soi l ,  havi ng a di amet er  of  8. 3 m and a dept h 
of  3 m.  A smal l  exc i t er  was used t o cr eat e t he 
v i br at i ons and speci al  t r ansducer s wer e devel ­
oped t o r ecor d t he mot i ons wi t h mi ni mal  di s t ur ­
bance t o t he f i el d of  mot i on.  Scr eeni ng by 
sol i d obst acl es,  r ows of  bor ehol es,  sheet  pi l e 
wal l s  and open t r enches wer e al l  under  i nvest i ­
gat i on.  Car ef ul  compar i sons wer e made wi t h 
r esul t s f r om f i ni t e el ement  st udi es ( descr i bed 
dur i ng I X I CSMFE)  and wi t h exper i ment al  r esul t s 
f r om ear l i er  i nvest i gat or s.  I n gener al ,  t he 
r esul t s  have once agai n conf i r med t hat  t he key 
var i abl e i s t he si ze of  t he scr een r el at i ve t o 
t he Rayl ei gh wave l engt h.  Some of  t he mor e 
speci f i c  concl us i ons ar e:

* The scr eeni ng ef f ect  of  sol i d obs t a­
cl es depends upon t hei r  cr oss- sect i on-  
al  ar ea nor mal i zed by t he squar e of  
t he wave l engt h,  and does not  depend 
upon t hei r  act ual  shape.  Thi s  r esul t  
had ear l i er  been pr edi c t ed by t heor y.

* Sheet  pi l e wal l s  ar e r el at i vel y  i n­
ef f ect i ve,  at  l east  f or  wave l engt hs 
on t he or der  of  t he dept h of  t he pi l ­
i ng.

* Theor i es pr oposed f or  t he scr eeni ng 
ef f ect s  of  open t r enches ar e good,  
at  l east  f or  t he r egi on i mmedi at el y  
behi nd t he t r ench.

The exper i ment s wi t h bor ehol es wer e l ess con­
c l us i ve because of  t he di f f i cul t y  i n mai nt ai ni ng 
open hol es.  The aut hor  r ecommends f ur t her  st udy 
of  t hi s t echni que.  Thi s paper  i s r ecommended 
f or  cl ose st udy by any engi neer  i nt er est ed i n 
t he use of  scr eeni ng.

At t enuat i on as pr edi c t ed by t heor y i s ment i oned 
br i ef l y  by Ka g a w a  e t  a l .  ( Paper  10/ 16) .  The 
at t enuat i on of  mot i on w al ong t he sur f ace away 
f r om t he st r uct ur e was eval uat ed,  and f ound t o 
f i t  t he st andar d equat i on combi ni ng bot h geo­
met r i cal  di sper s i on of  Rayl ei gh waves and i nt er ­
nal  dampi ng:

Ef f ect s on St r uct ur es

S t u d e r  a n d  S u e s s t r u n k  ( Paper  10/ 29)  r epor t  upon 
t he Swi ss gui del i nes ai med at  pr event i ng damage 
t o bui l di ngs f r om v i br at i ons.  These gui del i nes 
set  f or t h l i mi t i ng vel oci t i es,  as measur ed at  
f oundat i on l evel ,  as a f unct i on of  f r equency,  
cl ass of  const r uct i on,  and sour ce of  vi br at i ons.  
At  t he l ower  end of  t he f r equency r ange 
( 10- 30 Hz) ,  t he l i mi t i ng val ues ar e,  dependi ng 
upon t he c l ass of  const r uct i on:

For  v i br at i ons f r om bl ast i ng:  8 t o
30 mm/ s

For  v i br at i ons f r om machi nes or  con­
st r uct i on equi pment :  3 t o 12 mm/ s

Hi gher  vel oci t i es ar e per mi t t ed above 60 Hz f or  
bl ast i ng and above 30 Hz f or  machi nes and con­
s t r uct i on equi pment .  The vel oc i t i es ar e not  
var i ed f or  soi l  condi t i ons,  but  soi l s wi l l  i n­
f l uence t he ampl i t ude and f r equency of  i ncom­
i ng vi br at i ons.

These gui del i nes ar e based upon 200 i nvest i ga­
t i ons.  The chosen val ues ar e a compr omi se r e­
f l ect i ng t he di ver se v i ewpoi nt s of  t he member s 
of  t he cogni zant  commi t t ee.  The vel oc i t i es ar e 
hi gher  t han pr ev i ousl y  per mi t t ed,  but  l ower  
t han t hought  j ust i f i ed by t he aut hor s.  I t  had 
been t he i nt ent  of  t he commi t t ee t o i nc l ude i n 
t he st andar d a pr ocedur e f or  pr edi c t i ng t he 
gr ound mot i ons r esul t i ng f r om bl ast i ng,  but  i t  
devel oped t hat  t her e wer e t oo many var i abl es 
and uncer t ai nt i es.  The st andar d r ecommends 
t hat  measur ement s be made whenever  t her e i s 
concer n,  and out l i ne a suggest ed pr ocedur e.

TOPI C 4 — DEFORMATI ON AND STRENGTH DURI NG 
CYCLI C LOADI NG

Def i ni t i on of  Fai l ur e

I n or der  t o obt ai n i n- dept h under st andi ngs of  
t he def or mat i on char act er i s t i cs of  soi l s under  
sei smi c l oadi ng condi t i ons,  car ef ul l y  conduct ed 
t r i ax i al  t est s  i nvol v i ng sl ow unl oadi ng and r e­
l oadi ng ar e pr ef er r ed t o t est s per f or med wi t h 
hi gher  f r equenci es of  1 t o 3 Hz . The l abor at or y 
cycl i c  t r i axi al  t est  r esul t s i n t hi s vei n ar e 
r epor t ed by L u o n g  a n d  S i d a n e r  ( paper  10/ 18) .
I t  was f ound conveni ent  t o i nt r oduce a t hr esh­
ol d st at e of  st r ess separ at i ng t he cont r act i ve 
and di l at i ve behavi or  of  sand,  i n or der  t o pr o ­
v i de meani ngf ul  i nt er pr et at i on of  t he def or ma­
t i on char act er i st i cs.  Thi s  t hr eshol d s t at e of  
st r ess i s def i ned by a s t r ai ght  l i ne emanat i ng 
f r om t he or i gi n and bei ng subt ended by t he f ai l ­
ur e l i ne i n t he p' - q st r ess space,  wher e p'  i s 
t he ef f ect i ve mean pr i nc i pal  st r ess and q i s 
t he devi at or  st r ess.  Thi s char act er i s t i c  l i ne 
i n t he p' - q st r ess space cor r esponds t o a st at e 
of  st r ess wher e no vol ume change can occur  i n 
t he dr ai ned t est .  Whenever  st r esses ar e 
changed i n t he domai n bel ow t hi s l i ne,  t he 
def or mat i on of  sand i s st abl e and cont r act i ve,  
and t her e i s no hyst er esi s of  vol ume change i f  
unl oad- r el oad cycl es ar e execut ed wi t hi n t hi s 
domai n.  I n cont r ast  t o t hi s,  i f  st r esses ar e 
changed acr oss or  above t he char act er i s t i c  l i ne, 
bui l dup of  per manent  di spl acement  or  r upt ur e 
was obser ved t o occur  i n t he sampl e.  I t  woul d 
appear  t hat  t he char act er i s t i c l i ne ment i oned
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i n Lu o n g  a n d  S i d a n e r ' s paper  i s si mi l ar  t o what  
i s r ef er r ed t o as " l i ne of  phase t r ansf or ma­
t i on"  t hat  was used i n t he paper  by I shi har a 
et  al .  ( 1975) .

Wa n g ' s Paper  10/ 31 i s al so concer ned wi t h t he 
def i ni t i on of  f ai l ur e of  sat ur at ed sands dur i ng 
cycl i c  l oadi ng condi t i ons.  Ef f ect s of  i ni t i al  
shear  st r ess on l i quef act i on- t ype f ai l ur e of  
sand ar e consi der ed on t he ef f ect i ve st r ess 
basi s.  I t  was shown t hat  appl i cat i on of  an 
i ni t i al  shear  st r ess i n dr ai ned condi t i ons 
l eads t o an i ncr ease i n r es i s t ance of  sat ur at ed 
sand i n subsequent  undr ai ned cycl i c l oadi ng.  
Fai l ur e condi t i ons r el evant  t o t he st at e of  
st r ess ar e pr oposed by consi der ei ng t he Mohr -  
Coul omb t ype f ai l ur e cr i t er i a i n t er ms of  ef f ec ­
t i ve st r ess.  A br i ef  r ef er ence t o t he col l apse 
of  l oess soi l s dur i ng ear t hquake shaki ng i s 
made by I v a n o v  e t  a l .  ( Paper  10/ 14) .

Mul t i - Di r ect i onal  Shear

The behavi or  of  sand subj ect ed t o mul t i - di r ec ­
t i onal  shear  on a f i xed pl ane i s of  i nt er est  
because i t  l ends t o t he c l ar i f i cat i on of  l i que­
f act i on r es i s t ance of  hor i zont al  sand deposi t s 
dur i ng ear t hquakes under goi ng cycl i c  shear  
s t r esses t hat  change not  onl y  i n ampl i t ude but  
al so i n di r ect i on.  Thi s aspect  of  t he pr obl em 
was i nvest i gat ed r ecent l y  by Pyke et  al .  ( 1975) ,  
who conduct ed mul t i - di r ect i onal  shaki ng t abl e 
t est s i n whi ch a l ayer  of  dr y sand i n a smal l  
shaki ng t abl e was mount ed t r ansver sel y  on anot her  
l ar ge shaki ng t abl e.  Based on t hese t est  r e­
sul t s,  Seed et  al .  ( 1978)  cal cul at ed t he r es i s ­
t ance t o l i quef act i on of  t he same sand t hat  
woul d have been obt ai ned i n a si mpl e shear  t ype 
st r ess condi t i on i f  t he sand had been sat ur at ed 
and subj ect ed t o t he cyc l i c  shear  st r ess exe­
cut ed i n a gyr at or y manner .  I t  was f ound t hat  
t he r es i s t ance t o l i quef act i on under  20 cyc l es 
of  uni f or m gyr at or y shear  st r ess i s about  15% 
smal l er  t han t he l i quef act i on r es i s t ance t hat  
woul d be obt ai ned i n uni - di r ect i onal  l oadi ng.  
Mor e r ecent l y,  Casagr ande and Rendon ( 1978)  
desi gned and const r uct ed a s i mpl e shear  t est  
appar at us i n whi ch cycl i c  shear  st r ess coul d 
be appl i ed i n mul t i - di r ect i onal  l oadi ng condi ­
t i ons.  Anot her  s t udy i n s i mi l ar  vei n was con­
duct ed by I shi har a and Yamazaki  ( 1980)  usi ng 
a mul t i - di r ect i onal  s i mpl e shear  t est  appar at us 
equi pped wi t h l oadi ng r ams posi t i oned i n t wo 
mut ual l y  per pendi cul ar  di r ect i ons.  I n one 
ser i es t est s on l oose sat ur at ed sand speci mens 
empl oy i ng c i r cul ar  and el l i pt i c l oad pat hs wi t h 
a phase di f f er ence of  90 degr ees bet ween st r ess ­
es i n mut ual l y  per pendi cul ar  di r ect i ons,  i t  was 
shown t hat  t he cycl i c st r ess r at i o i nduci ng 3% 
s i mpl e shear  s t r ai n under  a gi ven number  of  cy ­
cl es decr eased as t he ampl i t ude of  t he second 
component  was gr adual l y  i ncr eased.  When t he 
second component  gr ew as l ar ge as t he mai n com­
ponent ,  t he cyc l i c  st r ess r at i o dr opped t o 
appr oxi mat el y  65% of  t he cycl i c  st r ess r at i o 
causi ng 3% st r ai n under  uni - di r ect i onal  l oadi ng 
condi t i on.  I s h i h a r a  a n d  Y a m a d a  ( Paper  10/ 13)  
pr esent ed r esul t s  i n s i mi l ar  vei n f r om t est s on 
sand us i ng a t r ue t r i axi al  appar at us.  The oc t a ­
hedr al  pl ane wi t hi n a cubi c  speci men was en­
v i saged as a pl ane on whi ch shear  s t r esses woul d 
be var i ed i n di r ect i on as wel l  as i n ampl i t ude,  
and t he t hr ee pr i nc i pal  st r esses wer e cyc l i ­
cal l y  changed so t hat  t hei r  combi nat i on coul d 
i nduce r ot at i onal  and cr i sscr ossi ng shear  st r ess

pat hs on t hi s pl ane.  The t est  r esul t s  al so 
showed a r educt i on i n cycl i c  st r ess r at i o caus ­
i ng l i quef act i on i n a gi ven number  of  cycl es,  
as t he conf i gur at i on of  t he st r ess pat h on t he 
oct ahedr al  pl ane changed f r om a st r ai ght  l i ne 
t o an el l i pse and f ur t her  t o a ci r cl e.

Ef f ect  of  K 
___________ o

S c h w a b  ( Paper  10/ 26)  i nvest i gat ed t he ef f ect s  of
i ni t i al  K - condi t i ons on t he f ai l ur e of  sat u-

o
r at ed cohesi onl ess soi l s under  cycl i c  l oadi ng 
condi t i ons.  A usual  t ype of  t he t r i ax i al  cel l  
was equi pped wi t h a hor i zont al  r od t hr ough t he 
f l ank of  t he cel l  t o appl y cyc l i c  hor i zont al  
l oads t o t he mi d- hei ght  of  a cy l i ndr i cal  speci ­
men 30 cm i n di amet er  and 50 cm l ong.  I n t he 
mi d- hei ght ,  a di sk- shaped per f or at ed pl at e was 
i nser t ed hor i zont al l y  i n t he speci men and a 
r i ng was at t ached t o t he per i pher y of  t he pl at e.  
The hor i zont al  l oadi ng r od was connect ed t o t hi s 
r i ng t o t r ansf er  t he hor i zont al  cycl i c l oad t o 
t he speci men.  Wi t h t he t op and bot t om ends of  
t he speci men f i xed hor i zont al l y,  i t  was t hus 
possi bl e t o pr oduce si mpl e shear  t ype def or ma­
t i on i n t he upper  hal f  and l ower  hal f  of  t he 
speci men under  any desi r ed KQ- condi t i ons . At

bot h ends of  t he speci men,  a dr ai nage cont r ol  
devi ce was i nst al l ed t o per mi t  cyc l i c  si mpl e 
shear  t est s under  cont r ol l ed dr ai nage condi ­
t i ons .

I n one ser i es of  t est s i n whi ch Kq was mai n ­

t ai ned t hr oughout  cycl i c  undr ai ned si mpl e shear ,  
ampl i t udes of  hor i zont al  shear  s t r ai n and axi al  
shear  s t r ai n wer e measur ed as f unct i ons of  t he 
number  of  cycl es.  I t  was not ed t hat  t he ampl i ­
t ude of  t he hor i zont al  shear  st r ai n r el at i ve t o 
t hat  of  t he axi al  shear  s t r ai n at  a cer t ai n num­
ber  of  l oad cycl es depends upon t he Rev a l ue

i mposed on t he speci men.  The l esser  t he K -

val ue,  t he l ar ger  t he axi al  shear  st r ai n ampl i ­
t ude as agai nst  t he hor i zont al  shear  st r ai n 
ampl i t ude.  Fai l ur e of  t he speci men was cons i ­
der ed t o have occur r ed when 5% s i ngl e- ampl i t ude 
st r ai n was i nduced ei t her  i n t he hor i zont al  or  
ver t i cal  mode of  shear  st r ai n.  I n t he t ype of  
t he cycl i c  shear  t est  as above,  t wo component s 
of  shear  s t r ai n ar e i nvol ved and i t  appear s 
necessar y t o consi der  t wo st r ai n component s,  
i n combi nat i on or  separ at el y,  t o def i ne any 
f ai l ur e cr i t er i a.  Thi s appear s t o be a new 
ar ea i n whi ch f ur t her  st udi es ar e necessar y.

Dynami c Ef f ect i ve St r ess Met hod

Dur i ng t he l ast  sever al  year s t her e have been 
gr owi ng i nt er est  i n t he devel opment  of  a dy ­
nami c ef f ect i ve st r ess met hod f or  t he anal ys i s  
of  gr ound r esponse dur i ng ear t hquakes and i n 
connect i on wi t h of f - shor e st r uct ur es.  The 
ef f ect i ve st r ess met hod of  anal ysi s consi st s  of  
sol v i ng t he non- l i near  equat i ons of  mot i on f or  
t he gr ound coupl ed wi t h gener at i on and di ss i pa ­
t i on of  por e wat er  pr essur es,  wi t h r esul t i ng 
t i me change i n soi l  pr oper t i es.  A key el ement  
i n t hi s met hod of  anal ys i s  i s t he est abl i shment  
of  a pr oper  mat er i al  model  i n or der  t o pr edi c t  
i ncr ement s of  por e wat er  pr essur es t hat  occur  
dur i ng var i ous t i me i ncr ement s of  shear  st r ess 
i n t he cour se of  i r r egul ar  sei smi c exc i t at i on.
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Sever al  por e wat er  pr essur e model s have been 
pr oposed and an excel l ent  r ev i ew was pr esent ed 
by Fi nn ( 1979) .

Paper  10/ 6 by F i n n  a n d  B h a t i a  pr oposed a pr ac t i ­
cal  appr oach t o por e wat er  pr essur e pr edi c t i on 
gui ded by t he i nt r i nsi c t i me concept  of  endo-  
chr oni c t heor y.  The por e wat er  pr essur es ar e 
expr essed di r ect l y  as a monot oni cal l y  i ncr eas ­
i ng f unct i on of  a si ngl e var i abl e cal l ed a 
damage par amet er .  The new par amet er  was def i ned 
as a f unct i on of  t he cur r ent  val ue of  shear  
s t r ai n and t he st r ai n hi s t or y exper i enced by t he 
sand.  I t  was pr oposed t hat  t he st r ai n hi s t or y 
be r epr esent ed by t he.  l engt h of  t he st r ai n pat h.  
I n t he case wher e t est  dat a ar e avai l abl e i n 
t er ms of  shear  st r ess i nst ead of  shear  st r ai n,  
a si mi l ar  damage par amet er  was f ound t o be 
def i ned i n t er ms of  t he cur r ent  val ue of  shear  
st r ess and t he l engt h of  t he st r ess pat h.  The 
pr oposed concept  was subst ant i at ed by si mpl e 
shear  t est s per f or med on seven c l ean sands.

The dynami c ef f ect i ve st r ess appr oaches have 
been pr oposed exc l us i vel y  f or  cohesi onl ess soi l s 
i n r el at i on t o pr edi c t i on of  l i quef act i on i n 
sand deposi t s.  One f act or  account i ng f or  t he 
par t i cul ar  emphasi s pl aced on cohesi onl ess soi l s 
appear s t o be t he ease wi t h whi ch t heor i es can 
be t est ed and ver i f i ed i n l abor at or y t est s on 
c l ean sands.  I n cont r ast  t o t hi s,  i nt er pr et a­
t i on of  cyc l i c t est s on cohesi ve soi l s on t he 
ef f ect i ve st r ess basi s has been consi der ed a 
pr ohi bi t i vel y  di f f i cul t  t ask,  because of  un ­
cer t ai nt y  i nvol ved i n accur at e measur ement s of  
por e wat er  pr essur es i n l abor at or y t est  speci ­
mens.  A successf ul  ef f or t  was made by Ma t s u i  

a n d  Ab e  ( Paper  10/ 19)  t o measur e por e wat er  
pr essur es i n t r i ax i al  speci mens of  c l ay by em­
beddi ng a mi ni at ur e pi ezomet er  i n t he mi ddl e of  
t he speci mens.  I n undr ai ned cycl i c i sot r opi c 
l oadi ng t est s ( i n whi ch pur e compr ess i onal s t r ess  
i s appl i ed r epet i t i vel y)  on sat ur at ed cl ay,  t he 
cyc l i c var i at i on of  por e wat er  pr essur e mea­
sur ed by t he mi ni at ur e t r ansducer  showed a com­
pl et e coi nci dence,  bot h i n ampl i t ude and i n 
phase,  wi t h t he cycl i c change i n t he ext er nal l y  
appl i ed i sot r opi c st r ess.  Thi s obser vat i on i n­
di cat es t hat  t he por e wat er  pr essur e pr oduced 
by t he undr ai ned i sot r opi c l oadi ng was per f ect l y  
pi cked up by t he t r ansducer  i mbedded i n t he ‘
speci men.  Gui ded by t hi s success,  Ma t s u i  a n d  

Ab e  wer e abl e t o t r ace t he ef f ect i ve st r ess 
pat hs f or  t he cl ay sampl e under  cycl i c l oadi ng 
condi t i ons.  A f eat ur e of  t he t est  r esul t s 
deser v i ng at t ent i on i s t he f act  t hat  t he por e 
wat er  pr essur e coul d become moment ar i l y  equal  
t o t he i ni t i al  consol i dat i on pr essur e af t er  a 
cer t ai n number  of  cycl i c  shear  st r ess had been 
appl i ed t o t he c l ay speci men.  Thi s i s a st at e 
of  st r ess ver y much si mi l ar  t o t he st at e of  
cyc l i c mobi l i t y  def i ned f or  dense sand by 
Cast r o ( 1975) .

Par t i c l e Shape and Packi ng

I t  has been known t hat  t he r es i s t ance of  sat u­
r at ed sand t o l i quef act i on depends upon t he 
st at e of  packi ng as t ypi cal l y  r epr esent ed by 
t he r el at i ve densi t y.  However ,  r ecent  st udi es 
by Ladd ( 1974)  and Mul i l i s et  al .  ( 1977)  showed 
t hat ,  i f  sand i s deposi t ed t hr ough di f f er ent  
met hods,  di f f er ent  f abr i cs ar e f or med i n t he 
packi ng and can exer t  equal l y i mpor t ant  i nf l u­
ence on i t s cycl i c  behavi or  even when t he r el a ­
t i ve densi t y  i s t he same.  Ther ef or e,  i t  now

becomes appar ent  t hat  t he use of  t he r el at i ve 
densi t y  i s meani ngf ul  onl y  when compar i ng t he 
cycl i c behavi or  of  di f f er ent  sands compact ed t o 
di f f er ent  densi t i es under  an i dent i cal  pl ace­
ment  condi t i on.  Even f or  t hi s modi f i ed i nt er ­
pr et at i on f or  t he pr oper  use of  t he r el at i ve 
densi t y,  however ,  some skept i c i sm has been 
r ai sed.  I shi har a and Wat anabe ( 1976)  showed,  
f or  exampl e,  t hat ,  even i f  t he r el at i ve densi t y  
i s i dent i cal ,  a gr eat er  cycl i c r esi st ance can be 
mobi l i zed f or  r el at i vel y  uni f or m coar se- gr ai ned 
sands.  Thi s ki nd of  sand gener al l y  has a smal l  
di f f er ence bet ween t he max i mum and mi ni mum voi d 
r at i os and,  consequent l y,  has a smal l er  pot en­
t i al  t o decr ease vol ume f r om a gi ven st at e of  
packi ng under  cyl c i c  l oadi ng condi t i ons.  I n 
cogni zance of  t hi s f act ,  t he use of  t he vol ume 
decr ease pot ent i al  def i ned by e_em^n was sug­

gest ed as a bet t er  par amet er  t han t he r el at i ve 
densi t y  t o r epr esent  a st at e of  packi ng of  sand 
deposi t ed under  s i mi l ar  condi t i ons,  wher e e i s
t he voi d r at i o and e denot es t he mi ni mum voi d 

mi n
r at i o.

I v a n o v  e t  a l . ( Paper  10/ 14)  pr esent ed an i nt er ­
est i ng paper  i n t hi s vei n,  suggest i ng t he use of  
shape f act or  as a new par amet er  t o i dent i f y  
physi cal  pr oper t i es of  sand.  They measur ed,  
usi ng a mi cr oscope,  shapes of  a hundr ed par t i ­
c l es each f or  f i ve di f f er ent  sands havi ng near ­
l y i dent i cal  gr ai n si ze di s t r i but i ons.  By 
anal yz i ng st at i s t i cal l y  r oundness and spher i c i ­
t y of  par t i c l es,  a par amet er  cal l ed shape coef ­
f i c i ent  was det er mi ned f or  each of  t he f i ve 
sands.  Among t he f i ve sands i nvest i gat ed,  t he 
shape coef f i c i ent ,  K,  t ook a l ar gest  val ue of
0. 38 f or  Shul bi n sand consi s t i ng of  r ound­
shaped par t i c l es and a smal l est  val ue of  0. 12 
f or  Kr asnor echenski j  t ai l i ngs sand composed of  
angul ar - shaped par t i cl es.  The aut hor s of  t hi s 
paper  pr esent  i nt er est i ng t est s on t he i nf l u ­
ences of  t he shape coef f i c i ent  on some physi cal  
pr oper t i es of  t he sands.  Fi r st  of  al l ,  i t  was 
shown t hat ,  under  an i dent i cal  voi d r at i o of
0. 67,  t he Shul bi n sand wi t h t he hi ghest  val ue 
of  t he shape coef f i c i ent  exhi bi t ed a per meabi l -
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l t y coef f i c i ent  as l ar ge as 4. 0 * 10 , as

agai nst  a per meabi l i t y  coef f i c i ent  of  5 x 10  ̂
obt ai ned f or  t he t ai l i ngs sand havi ng t he l ow­
est  shape coef f i c i ent .  The ef f ect  of  t he shape 
coef f i c i ent  on t he angl e of  i nt er nal  f r i ct i on 
was shown t o be al so si gni f i cant ,  wi t h t he 
r esul t  t hat ,  under  t hei r  mi ni mum voi d r at i o 
condi t i ons,  t he Shul bi n sand shows an angl e of  
i nt er nal  f r i ct i on of  36° ,  as cont r ast ed t o a 
l ar ger  angl e of  i nt er nal  f r i ct i on of  46°  mea­
sur ed f or  t he most  angul ar - shaped t ai l i ngs 
sand.  Unf or t unat el y,  t he ef f ect  of  t he shape 
coef f i c i ent  on l i quef act i on r es i s t ance of  sand 
i s not  pr esent ed i n t hi s paper  i n a manner  
di r ect l y  compar abl e t o t he r esul t s of  ot her  
i nvest i gat i ons .

Sea Bot t om  S o i l s

I n  n um erous zon es o f  i n t e r e s t  t o  o i l  i n d u st r y ,  
sea b o t t om s a r e  co v er ed  w i t h  c ar b o n at e se d i ­
m en t s w h i ch  a r e  m i x t u r es o f  car b o n at es and  s i l ­
i c a t e s .  T h e i r  g r a i n s a r e  b r i t t l e  and can  
b r eak  u n d er  a s t r e s s  o f  o n l y  a few  100 K pa. 
A n g u l a r i t y  o f  g r a i n s i s  g e n e r a l l y  p r on ou n ced  
and cem en t at i o n  i s  r an d om ly d i sp e r sed  i n  t h e 
sk e l e t o n  o f  t h e m a t e r i a l .  Fo r  t h e p u r p o se o f  
c l a r i f y i n g  t h e m ech an i cal  c h a r a c t e r i s t i c s  o f
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t hese speci al  soi l s,  sever al  k i nds of  l abor at or y 
t est s wer e per f or med by Na u r o y  a n d  T i r a n t  

( Paper  10/ 20)  on undi st ur bed speci mens of  t hr ee 
di f f er ent  k i nds of  sand:  al gal  sand,  shel l  sand 
and det r i t i c  sand.  The physi cal  pr oper t y  t est s 
showed t hat  t he behavi or  of  t he car bonat e sedi ­
ment s does not  di f f er  f r om t hat  of  c l ass i cal  
s i l i cat e mat er i al s,  except  f or  t he compr ess i bi l ­
i t y i ndex whi ch var i ed f r om 0. 02 f or  det r i t i c  
sands ( si mi l ar  t o s i l i cat e sand)  up t o 2 and 
even hi gher  f or  al gal  sands.  Oedomet er  t est  
r esul t s  have shown t hat  t he f r act i on of  CaCÔ

i n each gr adat i on r ange has an i mpor t ant  ef f ect  
on t he compr essi bi l i t y .  A hi gh per cent age i n 
l ar ge par t i c l es was i ndi cat i ve of  bi ol ogi cal l y-  
evol ved gr ai ns and accor di ngl y  of  a hi gh com­
pr ess i bi l i t y.  On t he ot her  hand,  a l ar ge per ­
cent age of  CaC03 i n t he smal l er  gr ai ns y i el ds a

r educed compr essi bi l i t y  due t o t he smal l - adsor p-  
t i on capaci t y  of  cal ci t e.  Dr ai ned t r i axi al  
t est s showed a shar p decr ease i n t he peak f r i c ­
t i on angl e wi t h i ncr easi ng conf i ni ng st r esses 
due t o gr ai n br eakage and hence a l i mi t ed t en­
dency t o di l at ancy.  Cycl i c  t r i ax i al  t est s wer e 
al so per f or med on t hese mat er i al s ,  s i mul at i ng 
wave l oadi ng on of f - shor e f oundat i ons.  The 
r esul t s  of  t est s wer e i nt er pr et ed on t he basi s 
of  t he concept  of  t he char act er i s t i c  cur ve 
pr oposed by Lu o n g  a n d  S i d a n e r  ( Paper  10/ 18) .

Wi t h an eye t o r epr oduci ng t he st at e of  st r ess 
i n t he soi l  el ement  beneat h t he f oundat i on of  
of f - shor e pl at f or m exper i enci ng cycl i c changes 
caused by wave mot i ons,  J e s  s b e r g e r  a n d  J o r d a n  

( Paper  10/ 15)  manuf act ur ed a cycl i c t r i axi al  
t est  appar at us i n whi ch t he l at er al  st r ess coul d 
be changed cyc l i cal l y  as wel l  as t he ver t i cal  
st r ess.  By maki ng t he cel l  pr essur e change 
180 degr ees out  of  phase wi t h t he ver t i cal  
st r ess,  i t  was possi bl e t o pr oduce compl et el y  
r ever s i ng cycl i c s t r esses on t he 45°  pl ane wi t h ­
i n t he t est  speci men wi t hout  cr eat i ng any cycl i c  
change i n t he compr essi onal  st r ess.  Test s wer e 
per f or med on sat ur at ed medi um dense sand spec i ­
mens ( r el at i ve densi t y  = 75%) .  Under  t wo- way 
l oadi ng condi t i ons i n whi ch t he cyc l i c st r ess 
compl et el y r ever ses i t s di r ect i on,  t he cycl i c  
st r ess r at i o causi ng 3% doubl e ampl i t ude st r ai n 
i n any gi ven number  of  cycl es was about  hal f  t he 
si mi l ar l y def i ned cyc l i c st r ess r at i o execut ed 
under  one- way l oadi ng condi t i ons.  I n anot her  
ser i es of  t est s,  ef f ect s  of  dr ai nage on t he cy ­
c l i c r es i s t ance of  t he sand wer e i nvest i gat ed.  
Af t er  speci mens wer e subj ect ed t o a gi ven num­
ber  of  cycl es,  a shor t  per i od of  dr ai nage was 
i nt r oduced t o r educe por e wat er  pr essur es t o 
some ext ent ;  t hen cyc l i c  l oad appl i cat i on was 
cont i nued unt i l  t he speci mens def or med t o f ai l ­
ur e st r ai ns.  I t  was shown t hat  t he dr ai nage 
consi der abl y  i ncr eased t he cyc l i c s t r engt h of  
t he sand.  I n t he case of  cycl i c  l oadi ng such 
as t hat  caused by t he wave mot i ons,  t he number  
of  l oad cyc l es t o be consi der ed i s wel l  over  
2000 and cor r espondi ng t i me dur at i on i s on t he 
or der  of  sever al  hour s.  Ther ef or e,  t her e may 
be suf f i c i ent  t i me f or  t he por e wat er  pr essur e 
t o di ss i pat e t hr ough r el at i vel y  per meabl e sand 
deposi t s  beneat h t he f oundat i on of  t he of f - shor e 
st r uct ur es.  I n v i ew of  t hi s,  t he aut hor s of  
t hi s paper  emphasi ze t he i mpor t ance of  consi der ­
i ng t he ef f ect  of  dr ai nage on t he cycl i c  
s t r engt h of  t he sand when assessi ng t he st abi l ­
i t y of  t he f oundat i on of  of f - shor e st r uct ur es.

OTHER TOPI CS 

Wave Pr opagat i on

v a n  d e r  Ko g e l  a n d  L o o n - En g e l s  descr i be 
( Paper  10/ 17)  a shock t ube t est  devi ce t hey 
devel oped f or  s t udyi ng wave pr opagat i on t hr ough 
por ous medi a.  The t ube had di mensi ons of  7. 5c m 
i n di amet er  and 90 cm i n l engt h.  I n or der  t o 
avoi d undesi r abl e f r i ct i on bet ween sampl es and 
i ns i de wal l  of  t he shock t ube,  a t hi n l ayer  of  
f l ui d about  1 mm t hi ck was i nt r oduced.  A t ot al  
pr essur e gage and sever al  por e pr essur e gages 
wer e embedded i n t he sampl e t o moni t or  t i me-  
changes of  pr essur es i n t he cour se of  t he com­
pr essi onal  wave pr opagat i on.  I n t he f i r st  
ser i es of  t est s  us i ng a dr y sand,  t he t ot al  
pr essur e gage r esponded c l ear l y  but  t her e was 
no appar ent  si gn of  ai r  pr essur e t r ansmi t t ed 
t hr ough t he por es.  Ther ef or e,  t he compr essi on­
al  wave was consi der ed t o have pr opagat ed mai n­
l y t hr ough t he soi l  skel et on whi ch had much 
l ar ger  s t i f f ness t han t he ai r  i n t he por es.  I n 
t he second ser i es empl oy i ng par t i al l y  sat ur at ed 
sand,  t he por e pr essur e gages r esponded al most  
as c l ear l y  as t he t ot al  pr essur e gage,  whi ch i m­
pl i es t hat  t he por e f l ui d as a whol e had a 
st i f f ness as l ar ge as t hat  of  t he soi l  skel et on.  
I n t he l ast  ser i es of  t he t est  usi ng al most  
sat ur at ed sand,  t he r esponse of  t he por e pr es ­
sur e gages was as pr onounced as t hat  of  t he 
t ot al  pr essur e gage.  Al t hough t he t est  r esul t s 
pr esent ed i n t hi s paper  ar e st i l l  qual i t at i ve,  
t hey wer e consi s t ent  wi t h what  coul d be pr e­
di c t ed by a si mpl e t heor et i cal  consi der at i on.

E i s l e r  e t  a t .  ( Paper  10/ 4)  di scuss t he pr opa­
gat i on of  shock waves emanat i ng f r om a spher i ­
cal  expl osi on.  Near est  t he expl os i on i s a zone 
wher e t he soi l  i s l oosened,  pr esumabl y  because 
of  del at ency associ at ed wi t h l ar ge shear  
st r ai ns.  Fur t her  f r om t he expl os i on t her e i s 
a zone of  compact i on.  Anot her  sect i on of  t hi s 
paper  di scusses t he di f f er ence bet ween st at i c 
and dynami c compr essi ve modul us,  whi ch exi st s 
even i n dr y sand.  I t  i s suggest ed t hat  t her e 
i s a l i mi t i ng r at e of  i nt er par t i cal  sl i di ng.
The r el axat i on t i me f or  sl i di ng i n sands i s 
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sai d t o be 10 s.

Two- di mensi onal  non- l i near  wave pr opagat i on i s 
di scussed by I v a n o v  e t  a t .  ( Paper  10/ 14) ,  spec ­
i f i cal l y f or  t he case of  a wei ght  f al l i ng upon 
a sof t  soi l  over l y i ng r ock.  The compr essi ve 
st r ess- st r ai n cur ve f or  t he soi l  i s assumed 
S- shaped,  so t hat  t her e ar e el ast i c  waves,  pl as ­
t i c waves and — at  hi gh st r esses — compact i on 
waves wi t h a pr opagat i on vel oc i t y  gr eat er  t han 
t hat  of  el ast i c  waves.  Ref l ect i ons f r om t he 
r ock cause i nt er act i ons among t hese waves,  a 
number  of  whi ch ar e i l l ust r at ed by exampl es.

Ear t h Dams

Dur i ng t he f our  year s s i nce I X I CSMFE,  t her e 
have been a ser i es of  maj or  paper s by Seed con­
cer ni ng t he saf et y of  ear t h dams dur i ng ear t h­
quakes.  I n t he Ranki ne Lect ur e ( Seed,  1979) ,  
t he r esul t s  of  many year s wor k concer ni ng l i q­
uef act i on i n dams ar e summar i zed i nt o a coher ­
ent  t heor y.  Whi l e st at i ng c l ear l y t hat  t he 
t heor i es i nvol ve many i ncompl et el y  t est ed as ­
sumpt i ons and must  be used wi t h caut i on and 
j udgement ,  Seed cl ai ms t hat  such anal ysi s can 
and shoul d be used t o hel p gui de t he desi gn
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of  new pr oj ect s and t he eval uat i on of  exi s t i ng 
dams.  A paper  by Seed et  al .  ( 1978)  col l ect s 
t oget her  exper i ences dur i ng ear t hquakes of  many 
dams,  pr i nc i pal l y  i n t he Uni t ed St at es and 
Japan.  Fr om exami nat i on of  t hese dat a,  sever al  
i mpor t ant  concl us i ons ar e r eached.  Ther e have 
been no ser i ous f ai l ur es of  dams composed of  
soi l s whi ch ar e not  suscept i bl e t o r api d bui l d­
up of  por e pr essur e dur i ng cycl i c  l oads.  Fur ­
t her mor e,  even i n dams made of  sandy soi l s 
whi ch ar e suscept i bl e t o l i quef act i on,  s i gni f i ­
cant  f ai l ur e has not  occur r ed unt i l  t he peak 
gr ound accel er at i on appr oaches 0. 2 g.  Makdi s i  
and Seed ( 1978)  have pr esent ed a ver y usef ul  
pr ocedur e f or  est i mat i ng t he per manent  def or ma­
t i on of  dams whose st r engt h i s not  r educed 
r api dl y  by cyc l i c l oads.  The met hod account s 
f or  t he i nf l uence of  dynami c st r ai n upon shear  
modul us and hence nat ur al  per i od,  and i s si mpl e 
enough t hat  cal cul at i ons can be compl et ed by 
hand i n a f ew mi nut es.  A si mi l ar  pr ocedur e,  
whi ch i s especi al l y  usef ul  wher e dams ar e f ounded 
over  soi l  or  sof t  r ock,  has been devel oped by 
Sar ma ( 1979) .  The Comi s i on Feder al  de El ec t r i ­
c i dad ( 1980)  i n Mexi co has r epor t ed a t hor ough 
case st udy of  t he def or mat i on of  t wo dams dur ­
i ng a maj or  ear t hquake.  The obser ved def or ma­
t i ons wer e qui t e smal l .

Al l  i n al l ,  t hi s has been a s i gni f i cant  f our  
year s f or  t he desi gner s of  ear t h dams i n 
sei smi c r egi ons.

I n X I CSMFE,  Ga z e t a s  a n d  A b d e l - Gh a f f a r  

( Paper  10/ 7)  out l i ne t he t heor y f or  t he dynami c 
r esponse of  ear t hen dams i n whi ch t he shear  
wave vel oc i t y  var i es wi t h dept h accor di ng t o a 
power  l aw.  Resul t s f r om measur ement s of  dynami c 
mot i ons at  a number  of  dams ar e pr esent ed i n 
suppor t  of  t hi s t heor y.  Wher eas t he most  common 
assumpt i on of  a uni f or m vel oc i t y  l eads t o a 
quar t er  si ne wave f or  t he f undament al  mode,  t he 
t heor y of  t he aut hor s pr edi ct s  a mode shape mor e 
l i ke t hat  f or  a cant i l ever  beam.  Thus a " whi p­
pi ng act i on"  i s pr edi c t ed near  t he cr est  of  t he 
dam.  The dat a f r om act ual  dams - -  bot h measur ed 
shear  vel oc i t i es and measur ed dynami c mot i ons - -  
do appear  t o suppor t  t he cont ent i ons of  t he 
aut hor s,  al t hough t hey do not  expl ai n how t he 
var i at i on of  vel oc i t y  wi t h dept h was measur ed.
I n ot her  paper s by t he aut hor s ( see r ef er ence 
l i st  f or  t he paper )  t he t heor y i s pr esent ed 
mor e compl et el y,  and i s as easy t o use i n pr ac ­
t i ce as t he t heor y f or  uni f or m r el at i vi t y.  The 
Gener al  Repor t er  expect s t hat  t he aut hor s 1 
t heor y wi l l  be used i ncr easi ngl y  i n t he f ut ur e.

Ret ai ni ng St r uct ur es

The past  f our  year s has al so seen a s i gni f i cant  
advance i n t he desi gn of  gr av i t y  r et ai ni ng 
st r uct ur es agai nst  ear t hquakes.  Thi s i s t he 
concept  of  desi gni ng t hose wal l s  f or  def or mat i on 
r at her  t han f or  f or ce ( Ri char ds and El ms> 1979) .  
The pr i nc i pl e i s essent i al l y  t hat  used f or  
bui l di ngs:  a s t r uct ur e may be desi gned f or  
f or ces smal l er  t han t hose pr edi c t ed on t he as ­
sumpt i on of  no yi el di ng,  pr ov i ded t hat  upon 
y i el di ng t he st r uct ur e r emai ns st abl e and does 
not  di s t or t  excessi vel y .  Ri char ds and El ms 
pr esent  a ver y si mpl e pr ocedur e f or  i mpl ement i ng 
t he appr oach,  maki ng use of  t he t heor y and 
r esul t s f or  a bl ock s l i di ng on a pl ane.  The 
gener al  val i di t y  of  t he met hod has been con­
f i r med by model  t est s ( Lai  and Ber r i l l ,  1979) ,

al t hough t hese t est s i ndi cat e t hat  use of  t he 
s l i di ng bl ock anal og i s r at her  conser vat i ve.
The conser vat i sm can be account ed f or  by i n­
c l udi ng t he ef f ect  of  t he ver t i cal  accel er at i ons 
whi ch must  occur  when t he backf i l l  y i el ds even 
t hough t her e i s no ver t i cal  accel er at i on of  t he 
base ( see Whi t man,  1979) .  Whi l e f ur t her  r e­
sear ch i s st i l l  necessar y — on t he ef f ect  of  
t i l t i ng,  f or  exampl e — t hi s new concept  wi l l  
make t he desi gn of  gr av i t y  wal l s  much mor e 
r at i onal  t han i n t he past .

I n a paper  t o t hi s conf er ence,  Au b r y  e t  a l .  

( Paper  10/ 1)  descr i be some r esul t s  f r om model  
t est s of  wal l s  subj ect ed t o base shaki ng.  The 
use of  r ods t o s i mul at e a gr anul ar  soi l  s i m­
pl i f i ed t he exper i ment al  ar r angement s;  t hat  i s,  
t her e was no pr obl em wi t h si de wal l  f r i ct i on.  
The t est s demonst r at ed t he ampl i f i cat i on of  
base accel er at i ons ver t i cal l y  t hr ough t he back ­
f i l l ,  and t hat  t hi s ampl i f i cat i on decr eases wi t h 
ver t i cal  accel er at i on.  Wi t h a r i gi d wal l ,  t he 
obser ved dynami c l at er al  f or ces appear ed ver y 
s i mi l ar  t o t hose pr edi c t ed by t heor y.  The 
r esul t s  as r epor t ed seem mor e qual i t at i ve t han 
quant i t at i ve,  but  do ser ve t o gi ve conf i dence 
i n t he usef ul ness of  t he t echni que.  Some r e­
sul t s ar e al so pr esent ed f r om an appl i cat i on of  
t he f i ni t e el ement  met hod t o comput i ng t he 
r esponse of  an anchor ed bul khead.  However ,  
si nce space di d not  per mi t  a descr i pt i on of  
t he assumpt i ons used i n t he t heor y,  i t  i s not  
possi bl e t o i nt er pr et  t hese r esul t s.

Soi l - St r uct ur e I nt er act i on Dur i ng Ear t hquakes

At  t he t i me of  I X I CSMFE,  t her e was st i l l  a 
maj or  debat e under way among t he pr oponent s of  
t he sever al  met hods — f i ni t e el ement s,  l umped 
spr i ngs,  et c.  — f or  r epr esent i ng t he ef f ect  
under l y i ng soi l  upon t he dynami c r esponse of  
bui l di ngs.  Si nce t hen t her e has been a much 
c l ear er  under st andi ng of  t he s i mi l ar i t i es and 
di f f er ences bet ween t he var i ous met hods,  and of  
t he advant ages and l i mi t at i ons of  each.  These 
mat t er s  have been di scussed t hor oughl y i n t wo 
maj or  publ i cat i ons f r om t he Uni t ed St at es:  
I dr i ss ( 1979)  and Johnson ( 1981) .  Bot h publ i ­
cat i ons cont ai n cont r i but i ons by t he pr i nc i pal  
wor ker s i n t he Uni t ed St at es.

Of  cour se,  t her e ar e st i l l  f act or s whi ch ar e 
di f f i cul t  t o account  f or  by anal ys i s  and whose 
ef f ect s  hence ar e poor l y  under st ood.  These 
maj or  f act or s ar e t he ef f ect s  of  adj acent  
s t r uct ur es and t he nat ur e of  t he i nput  mot i on;
i . e.  body waves vs.  sur f ace waves,  et c.  These 
ar e t opi cs f or  cont i nui ng r esear ch.

Anot her  t opi c whi ch as yet  i s poor l y  under st ood 
i s t he ef f ect s  of  non- l i near i t i es such as par ­
t i al  upl i f t  of  t he f oundat i on dur i ng ear t hquake 
shaki ng.  T a y l o r  e t  a l .  addr esses t hi s pr obl em 
i n Paper  10/ 30.  They f i r st  devel op a Wi nkl er -  
t ype model  of  a bed of  spr i ngs,  and consi der  
bot h separ at i on and el ast o- pl ast i c  y i el di ng 
dur i ng cycl i c  r ocki ng.  Al so r epor t ed ar e ex ­
per i ment s us i ng model  f oundat i ons 0. 5 m by
0. 25 m.  ( Paper  10/ 1 by A u b r e y  e t  a l . cont ai ns 
some addi t i onal  exper i ment al  dat a concer ni ng 
t he st r esses on t he bot t om of  a r ock i ng f oot ­
i ng. )  Wi t h cl ays,  t he t heor y pr edi ct s  and t he 
exper i ment s show qui t e a di f f er ent  behavi or  
dependi ng upon whet her  t he saf et y f act or  f or  
ver t i cal  l oad al one i s gr eat er  or  l ess t han
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about  2.  When FS > 2 ( or  maybe 3) y i el di ng oc ­
cur s onl y i n t he f i r st  cycl e and t he set t l ement  
st abi l i zes.  For  FS < 2,  y i el di ng cont i nues dur ­
i ng each successi ve cyc l e and set t l ement s accu­
mul at e.  Wi t h sands,  a pr ogr essi ve t ype of  
set t l ement  appear s f or  al l  saf et y f act or s,  
wi t h t he r at e of  set t l ement  i ncr easi ng as t he 
saf et y f act or  decr eases.  These var i ous r esul t s  
ar e basi cal l y  t he same as t hose pr ev i ousl y  
not ed by Rowe et  al .  ( 1976)  i n cent r i f uge t est s 
and Zi enki ev i cz and col l eagues at  Swansea i n 
t heor et i cal  wor k.  A name has been gi ven t o t hi s 
phenomenon:  " shakedown" .  Tayl or  et  al .  have 
sever al  pr act i cal  suggest i ons f r om t hei r  wor k,  
among t hem:  t he concept  of  " pr ot ect i ng"  a col umn 
by havi ng t he soi l  " hi nge"  bef or e y i el di ng can 
occur  i n t he col umn.

Paper  10/ 27 by S i g i s m o n  e t  a l .  deal s i n t he 
model l i ng of  a pi l e f oundat i on f or  a nucl ear  
power  pl ant .  Two met hods ar e compar ed:  one us ­
i ng a f i ni t e el ement  model  and t he ot her  a 
l umped mass- spr i ng appar oach.  I n bot h cases a 
number  of  assumpt i ons ar e made on t he basi s  of  
s t udi es i n ot her  r ef er ences.  The aut hor s con­
c l ude t hat  t he r esul t s  obt ai ned by t he t wo 
met hods ar e si mi l ar .  Act ual l y ,  bot h met hods 
appear  t o pr edi ct  a var i at i on of  bendi ng moment  
wi t h dept h t hat  i s adver sel y  i nf l uenced by t he 
di scr et i zat i on schemes.  However ,  t o j udge t he 
concl usi ons pr oper l y,  i t  woul d be necessar y t o 
see many mor e det ai l s  of  bot h t he met hods and 
t he r esul t s.

Model  Test s

Sever al  of  t he paper s al r eady r evi ewed have em­
pl oyed smal l  scal e or  model  t est s;  e. g.
Paper s 10/ 1,  10/ 9,  10/ 30 and t o some ext ent  
10/ 23,  10/ 28 and 10/ 32.  I n t hese paper s,  l i t t l e 
or  no at t ent i on has been gi ven t o t he appl i ca­
bi l i t y  of  such model s and t o t he scal i ng l aws 
t hat  mi ght  appl y.  I n t hi s connect i on,  t he need 
t o consi der  t he ampl i t udes of  dynami c st r ai ns 
and t he l evel  of  i ni t i al  ef f ect i ve st r ess has 
al r eady been ment i oned.

One paper  — Paper  10/ 8 by Gu d e h u s  a n d  He t t l e r  

deal s speci f i cal l y wi t h physi cal  model l i ng.
The paper  i s i n t wo par t s,  t he f i r st  concer ned 
wi t h monot oni cal l y  i ncr easi ng l oads and t he 
second wi t h shakedown dur i ng cycl i c  l oadi ng.

I n t he f i r st  par t ,  model l i ng l aws ar e post ul at ed 
f or  t wo si t uat i ons:

r i gi d st r uct ur e:  u/SL = B ( F / y l 3) “  

f l exi bl e st r uct ur e:  u/ I  = B t F/ y^2^ )  01

wher e u = di spl acement ,  i  = char act er i s t i c  
l engt h ( e. g.  wi dt h of  a f oundat i on) ,  F = f or ce,  
y = uni t  wei ght  of  soi l ,  = an el ast i c  l engt h

( e. g.  / El / yJl  f or  a pi l e wi t h f l exur al  s t i f f ness 
El )  and B and a  ar e f act or s t o be det er mi ned 
f r om t est s.  These model l i ng l aws r esul t  f r om 
a s i mpl i f i ed st r ess- st r ai n l aw,  pr oposed i n

1977 by Di et r i ch,  of  t he f or m:  Ae - ( Aa/ cj g) a

wher e Ae = i ncr ement  of  st r ai n,  Aa = i ncr ement  
of  st r ess and Og = i ni t i al  st r ess.  Exper i ment s

wer e r un usi ng r i gi d model  f oot i ngs f r om 2. 6 t o
49 cm i n r adi us and model  pi l es f r om 9. 6 t o 82 cm

i n l engt h, wi t h sand as t he soi l .  Remar kabl y 
consi s t ent  r esul t s ar e r epor t ed ( wi t h a = 1. 6 
i n bot h cases)  , pr ov i ded t hat  t he i ni t i al  st r ess 
r at i os a^ / o^  i ncr ement al  st r ess r at i os and

st r ess hi s t or y ar e t he same at  al l  scal es.

For  cycl i c l oadi ng,  t he l aw:  u / i  = ( u/ i . ) ^ h( N) ,

al so pr oposed ear l i er  by Di et r i ch,  i s i nvest i ­
gat ed,  wher e ( u/ Jl ) ^ i s t he val ue of  u/Ji . f or

monot oni c  l oadi ng and h( N)  = 1 + 6 £.n N,  N be ­
i ng t he number  of  cycl es.  Model  t est s on pi l es 
y i el ded 6 = 0. 195 f or  a r ange of  l oadi ngs,  as 
di d an i n- s i t u pi l e t est .  At  l ar ger  cycl i c  
l oadi ngs,  i ncr ement al  col l apse may devel op.
Now t he scal i ng l aws no l onger  wor k,  pr esumabl y 
because t he si ze of  t he sand par t i c l es ( whi ch 
i s not  scal ed)  di c t at es t he t hi ckness of  shear  
zones and hence st r ess changes associ at ed wi t h 
di l at ancy .

The mat t er  of  appr opr i at e scal i ng l aws i s qui t e 
i mpor t ant ,  as t her e appear s t o b e 1i ncr easi ng 
i nt er est  i n model  t est s.  For  exampl e,  ex t en­
si ve model  t est  f ac i l i t i es have been devel oped 
at  t he Publ i c Wor ks Resear ch I nst i t ut e ( and 
ot her  i nst i t ut es)  i n Tsukuba Sci ence Ci t y i n 
Tokyo.  Yoshi mi  and Toki mat su ( 1978)  have made 
excel l ent  use of  smal l  scal e exper i ment s i n 
t hei r  st udi es of  t wo- di mensi onal  por e pr essur e 
changes and set t l ement  of  bui l di ngs dur i ng 
ear t hquakes ( see Yoshi mi ,  1980) .  Thi s i nt er est  
no doubt  r esul t s f r om t he desi r e t o t est  ear t h 
s t r uct ur es and soi l - s t r uct ur e syst ems under  
ext r eme envi r onment al - t ype l oadi ngs wi t hout  
havi ng t o wai t  f or  nat ur e t o cause such l oad­
i ngs on act ual  st r uct ur es.

A speci al  t ype of  model  t est  i s t hat  car r i ed 
out  on a cent r i f uge.  Cent r i f uge t est i ng st ar t s 
f r om t he v i ewpoi nt  t hat  t he st r ess- st r ai n 
behavi or  of  soi l  i s s t r ongl y dependent  upon 
st r ess l evel ,  and hence i t  i s necessar y t o r e­
pr oduce i n t he model  t he act ual  l evel  of  st r ess 
expect ed i n a pr ot ot ype.  Whi l e most  cent r i f u­
gal  t est i ng has i nvol ved st at i c  l oadi ngs,  t her e 
have been t est s s i mul at i ng t he r el at i vel y  s l ow 
cyc l i c l oadi ngs caused by ext r eme ocean waves 
( Rowe et  al . ,  1976,  1977;  Scot t ,  1979) .  Ther e 
have al so been t est  pr ogr ams i n Engl and,  t he 
USSR and t he USA st udyi ng cr at er i ng by expl o­
si ons.  Recent l y,  t he capabi l i t y  f or  s i mul at i ng 
ear t hquake- t ype gr ound shaki ng has been devel ­
oped at  Cambr i dge Uni ver s i t y  i n Engl and 
( Mor r i s,  1979;  Whi t man et  a l . , 1981) .  Cur r ent ­
l y t her e i s i nt er est  i n t he t est i ng of  dams,  
and ef f or t s t o devel op mor e ver sat i l e shaki ng 
devi ces have been under way by Ar ul andandan at  
t he Uni ver s i t y  of  Cal i f or ni a at  Davi s.

Cent r i f uge t est s ar e l i mi t ed as t o si ze,  and 
ar e r el at i vel y  expensi ve.  Hence i t  i s qui t e 
desi r abl e t o know whet her  and when model  t est s 
i n nor mal  gr av i t y can gi ve usef ul  r esul t s.  
Looki ng mor e br oadl y,  t her e i s t he quest i on 
as t o whet her  we shoul d speak of  " model  t est s" .  
Per haps t hey ar e bet t er  r egar ded as " smal l  
scal e t est s"  whi ch r epr oduce t he mai n f eat ur es 
of  f ul l  scal e si t uat i ons and agai nst  whi ch 
t heor et i cal  met hods can be cal i br at ed.  These 
var i ous quest i ons al l  deser ve much f ur t her  
at t ent i on.

4 8 2



I n  c l o s i n g ,  t h e R ep o r t er s w i sh  t o  l e a v e  you  w i t h  
t h r ee f i n a l  o b se r v a t i o n s.

F i r s t ,  t h e r e  i s  e x t e n si v e  u se o f  t h eo r y  -  o f t e n  
q u i t e  so p h i st i c a t e d  t h eo r y  -  i n  co n n ec t i o n  w i t h  
t h e s o i l  d yn am ics a sp e c t s o f  t h e d esi g n  o f  en g ­
i n e e r i n g  p r o j e c t s .  We ap p l au d  and su p p o r t  t h i s  
p r a c t i c e ,  assu m in g o f  c o u r se t h a t  t h e r e s u l t s  
o f  t h e o r e t i c a l  c a l c u l a t i o n s  a r e  u sed  t o  su p p l e ­
m en t , and n o t  t o  r e p l a c e ,  ex p e r i en c e  and j u d g e ­
m en t . U se sh o u l d  a l so  a l w ay s be made o f  si m p l e 
c a l c u l a t i o n s  t o  ch eck  t h e r easo n ab l en ess o f  
r e s u l t s  fr om  com p lex c a l c u l a t i o n s .  U se o f  
t h eo r y  seem s m ore common f o r  d yn am ic p r o b lem s 
t h an  f o r  s t a t i c  p r o b l em s. T h i s i s  due i n  p a r t  
t o  t h e sm al l  s t r a i n s  w h i ch  o cc u r  w i t h i n  t h e s o i l  
i n  m any d yn am ic p r o b l em s. I n  t h o se d yn am ic 
p r o b lem s i n v o l v i n g  l a r g e  s t r a i n s ,  t h eo r y  i s  
s t i l l  much l e s s  r e l i a b l e .  A t  p r e se n t ,  t h e r e  i s  
a good  b al an c e b et w een  t h e d evel o p m en t  o f  t h eo r y  
and  p r o g r ess i n  l a b o r a t o r y  t e s t i n g .  We hope 
t h i s  b a l an c e i s  m ai n t a i n ed , and t h a t  t h e p r o ­
f e ss i o n  can  av o i d  t h e t r en d  -  w h ich  h as o cc u r r ed  
i n  o t h er  d i s c i p l i n e s  -  f o r  t h e o r e t i c a l  d ev e l o p ­
m en t s t o  o u t d i st an c e  t h i s  ex p er i m en t a l  b a s i s .

I n  t h i s  c o n n ec t i o n , i t  i s  e s se n t i a l  t h a t  o p p o r ­
t u n i t i e s  be b o t h  se i z ed  and c r ea t ed  f o r  com p ar in g 
t h e p r e d i c t i o n s o f  t h eo r y  a g a i n st  a c t u a l  o b se r ­
v a t i o n s .  E s p e c i a l l y  when d e a l i n g  w i t h  t h e 
e f f e c t s  o f  ear t h q u ak es o r  ex t r em e w at er  w av es, 
t h e c o l l e c t i o n  o f  a c t u a l  d at a i n  t h e f i e l d  i s  
e x p en si v e , t i m e-co n su m i n g and su b j e c t  t o  n a t u r e 1s 
own sc h ed u l e . T h er e h ave b een  e x c e l l e n t  a n a l y ­
se s o f  m any c ase  st u d i e s w h i ch  n at u r e h as 
p r o v i d ed , and  f u t u r e  o p p o r t u n i t i e s m ust  be 
p u r su ed  d i l i g e n t l y .  C l a ss A p r e d i c t i o n s ,  i n  
t h e p u r e st  sen se , a r e  d i f f i c u l t ,  si n c e  t h e ex ac t  
d e t a i l s  o f  t h e l o ad i n g  can n o t  be known i n  
ad v an ce. I t  i s ,  t h e r e f o r e ,  e s se n t i a l  t o  r e p o r t  
t h e r e s u l t s  o f  t h e f i r s t  at t em p t  t o  u se an  
e x i s t i n g  t h eo r y  p l u s i n i t i a l  se l e c t i o n  o f  p a r a ­
m et er s, t o  p r e d i c t  o b se r v a t i o n s, and n o t  j u s t  
f i n a l  r e s u l t s  sh ow in g t h a t  t h eo r y  an d / o r  i n p u t  
p ar am et er s can  be m o d i f i ed  t o  p r o v i d e  a good  
f i t  t o  r ec o r d ed  d a t a .

Becau se c ase  st u d i e s i n v o l v i n g  a c t u a l  ex t r em e 
en v i r o n m en t al  l o ad i n g s o cc u r  i n f r e q u e n t l y ,  m odel  
t e s t s  can  p r o v i d e an  a l t e r n a t i v e  so u r ce o f  d at a 
a g a i n st  w h i ch  t h e o r i e s  and p r o ced u r es f o r  s e l ­
e c t i n g  p ar am et er s may be ch eck ed .

I t  i s  ev i d en t  t h a t  t h e f i e l d  o f  s o i l  d yn am ics 
h as co n t i n u ed  t o  gr ow  r a p i d l y  d u r i n g  t h e f o u r  
y e a r s si n c e  t h e C o n f er en ce i n  T ok yo . Su b ­
s p e c i a l t i e s ,  su ch  as s o i l  d yn am ics f o r  o f f ­
sh o r e en g i n eer i n g  and g e o t e c h n i c a l  ear t h q u ak e 
e n g i n ee r i n g , h ave ap p ear ed , and we f i n d  t h a t  
i n t e r n a t i o n a l  c o n f e r en c es co n cer n i n g  j u s t  t h ese 
su b - sp e c i a l t i e s  a r e  b ei n g  h e l d . Su ch  s p e c i a l ­
i z ed  c o n f e r en c es a r e  v a l u a b l e  f o r  t h e i n t er c h an g e 
o f  i n f o r m at i o n  a t  a d e t a i l e d  l e v e l .  H ow ever , 
we n o t e an  i n c r e a si n g  t en d en cy  f o r  l a c k  o f  
com m u n icat i on  b et w een  w o r k er s i n  d i f f e r e n t  
s p e c i a l t i e s .  We a r e  p a r t i c u l a r l y  co n cer n ed  

ab o u t  t h e n eed  t o  b r i d g e b et w een  t h e w ork  i n  
s o i l  s t a t i c s  and  s o i l  d y n am i cs. M od u lu s, f o r  
ex am p l e, u su a l l y  i s  t r e a t e d  q u i t e  d i f f e r e n t l y  i n  
s t a t i c s  an d  d y n am i cs, and  y e t  t h e r e  m ust  be 
c o n t i n u i t y  o f  s t r e s s - s t r a i n  b eh av i o r  w i t h  
f r eq u en c y .

H ere l i e s  a c h a l l en g e  f o r  t h e I n t e r n a t i o n a l  
So c i e t y .  The So c i e t y  m ust  on on e hand h el p  
f o s t e r  gr o w t h  w i t h i n  s p e c i a l t i e s  w h i l e  on  t h e 
o t h er  hand en co u r ag i n g  and a i d i n g  com m u n icat i on  
among t h e sp e c i a l i z e d  i n t e r e s t  g r o u p s. I n  
p a r t i c u l a r ,  t h e So c i e t y  m ust  st i m u l a t e  s p e c i a l ­
i s t s  t o  r e l a t e  t h e i r  w ork  t o  t h e o v e r a l l  p a t t e r n  
o f  ad van ce w i t h i n  s o i l  m ech an i cs and f o u n d at i o n  
en g i n ee r i n g . T h ese a r e  n o t  new p r o b lem s n or  
new g o a l s f o r  t h e I n t e r n a t i o n a l  So c i e t y ,  b u t  
we u r ge t h a t  sp e c i a l  a t t e n t i o n  be g i v en  t o  
t h i s  c h a l l en g e  d u r i n g  t h e n ex t  f o u r  y e a r s.
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