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::~:h:::~~'::~d ~~O:;ti,~k:::;:: ::v: \ i::I~:~:i::t::
,< ' . - .'. .-.--- ', . '.', '<. \. " . ," ', .. .:

~" " , ;::::~:~:·:Er:it::~":::::::~tE:;£.~:
(~ '. fa1~~r~ ar e di8cu!J.8ed ~ '
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CHAPTER II

LITERATURE REVIE W '

2,. 1" Slo pe S taDi ~ity ~ia\v lJb

. ~)

Th'e pr i mary ,fll.c totl l eadi ng to' ~the in s tabi lity cit '
!30il'.." s ~~pel" c.~n·_be · c~,u.8i fi.e~ . ~8 ,i1) ," 1:hOI~ , CaU8~~9' .~~reu~ .

. a p pll ed ' Btr~8' and , , ( 2 ) those ellul't ng : ~ . red.u~t.iop. in loti

- "i1t .r e,ngth". - pa c t or s: c~~ting lnc relil ld ' liI.tren . on l a ria ,,1n.c~u~e

: increillle~ " un1t 'W~i9ht : o f . eof L 'by wetting . lidde d ' e~-terna-l

loads 'su c h as "build i n gs ," ste~pe n~,~i 81~pel e ither "i:;y 'na t ur ol .

e,rOdon ' or i:y ·..ex,c~..V~ t-i~~ ' . and. ap~l ~ed ,8ho~k 1.0 1l.d ~ (Dunn ee al ~)· .

198 0 ) . An additiona l factor fo r roarine .envi r onme n t s ca us ing .

in~rea~ed , eereee , Is wav'~ 1~d i~9 'tHenk e l 19 7 0). ' . '

~08~ of '.8tr~~9th .'~y Occur' by. abllorption "of 'Wat~r ,

in~r8a8ed · por~~lIt~.r. _ preB~lJ re '; Bh6Ck or cy~l1c · :l~dB . freeZinq '

~n~ :tha"wi nq ac;.ti ?"n. , 1 618' of 'cem~nti ri9 ~l:ri.ah • .weat he ring,,··

~~~CelJlieB . and "~xce~8 'ive ~trainl .

~'~e~~ ,"14" 'lln ab~~~t· 1 c;uII ~f · : , .tt~n9th .

tl~~ ".a nd ~r a 8enelt~ve " cby .
'. ,:

."- .

I
( .
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r e a ~ll~ i<l ,e nt.i ,~ .i a ~, .: .' ·

overc:ogs~l i'dated ci.'ays ~<l ' shales ,or 'sti ,f ~, uBdure~.· , t;.1~,S ar e

di 'fficult , ,to ana lyse ( Dunn ~t' 'u :1 980 )".

T~" ..:" .,;,~~, '~'h""s 0; slop, st.bility ..~,i,ys••'

Many el opeo ~Xhlbit · cr e e p mOve men t s Col fe~

..i.l.l1Jefer~per year) On' a: ncee .or le~'~ 'c;:ontl n uOu,s ' ba4J.S ~ a
, « ' " " "

r esult of slla.,onal changes i~ JJO~stuJ"~ ~<l .t~per~tu:re . -S uet!

, nu::ivern~nts are not .ec 'be c:on fu~ed w1t~ ~~~,;,~ fa il~re J Dunn ,et
al '1.9BP j ~ .' . . _'.. . .' ' . ' .' ,.... " " .' .

- s ome.' · S,~OP~$ · __.' :cann~t .' be readilr :ana~Y~ed. ~ '. ' Ei am.; l es . :

i~clull'e S l:ope~ :. of :~le~· ·ge~I~.:· cr . badi.y , .'wea:t.hered~ ' sl~~e/'
. ' . .' . ' . , " . ".. .. ." ' :.,.' : '... • . ' , :: . ' .

wh'are .exe vari e d "lll&:t;.e r hl,1 s' and '. their ·et r en g t t!e'. canno t ",n,

·.S,I OP e s . involving '" -hnvi'l-y

" ,

rc r -. 'e~ amp1e ; the t ,inf.t. e · : ~ le:men~ ~t.hod ··.can:~' ,~~8 e,a ,to . ~~~d,ict

' t he

' . ' . . . , .
are . baae d '00 Ii.mi.t equUibr~u. .. ~nthi~ ' type ' of ' '~aIYB i8 , .

. the factor of ~afety , Le eet~rna ted ~ '~~~nin~ .::th e. '~~~iiion~ :
. ' of eqUiLib rium' wh~n inC:iPi ent fll~ l ure " t s '" po. ttila~ed : al on.g a

::::::::;~,:,:li:',:,:l::;':i::=th:'he:~l~~:ls:': ::~:~::: . ,
of . th~ soil ' (D~ nn et ' a~ :19~(d ' ;

A.88cond 'me-t.hod of doPe ~~1l. 1YII'ie ·' i. e ,' baee:d"~ ' the

..'Of, ~e..' th e o ry ~e' elas t,i~,ity ' ,or' pi ~ s t~ c:i ty to ':.-d~t~rfn.£ne

. . "the ~hearing ' It.~elli~8 ~l , c:rJ t:,ca 1 ' .~~ce ,Ii:~.~~~~~~ .?: , ~.~.~~. ' i~: ; " .
compllr1lon ' ",i t h tlle eoil sheari n.g . t r en g th .' F init e 'el eme nt

computer technique~ lU.':e-' ex~pi~~ : '~~ ,: 'th'i a : tyP~· , ~f ·~ ~aiY8 ~ .·'.·

' :, .'

/. .
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\.'I
giyen pre B S~ r e. dill tribll tion fr~m .a llEl.Um.~_d __~e forJ~t~~'~ '

c haracteristics for the sedilnent , Under ' th.i.s ",analyeis . it. 'i s,

PO";~le to . p~edlct : ,~e.f~~~? o f ,th e .hOd~o~tal ~~Pl~ce,m~n~s' <

a~d .th.e mad nlu.lIl . rati~ ~f ' ~~~ i ~d. _ ~ ~rest,' :}."'a.~~i..i~b; e. ' ~tr~n9t~: ":: ~ ' .:
at ,a l l dep ths in " the " s9if"profile . ; "!ffeo::te :p r oduc ed .by .

g~av~tY ~l~lId~.OlI , :th:' ~tl: ' ~nd . ~ .~ l~p~ ng , 8e~.f~O?r' :~an ..~~~~~._.~ :,,: :

; A thi t d ~d recent methoq. " of. and-yti:Cai n\odel 'tha-t -' '':

h8.,l1"bee n ~veiop8d ~_ 1I.8~ 1.s t in' evll.lu.~.ti~q ~e'afioor' e.t a b ! +i t y ,

i.s the Layered Con t i nua . an ll l y s ia (Bea and Aur!;lra ' 1981). An

e xampl e of thil met;hod ha,.~ been PUb;i~.he.d> : _i¥o ~har;peiy ·an'a.

Dunl ap /11978 ) . ,It ' l s . based on " a ~igo~~U~ : '"Vi ll~o~la.,tic · !'. •

" ,

. . ., ' . ' " ,.
a nil lysia and II gene~lIliiation of · the \ .lllI! t h o d '· ~f' : ~uivalent

~i~e~ri Z~tion. :)T~~ ' ~.roce~ur:~ a~C9.un,~~~ fO.:- · 'th,:,>-'e~~e~,:~:' :-~f '
aoUinert l.,:", nonl i n ellJ:, ma t eria l damping; ' r~te-:dependence ,at:

f.l ,.~he , 1I~:d l. , prope.rt~:. '" . and d~n:-6 1"ope IJK)Velllent f~~ced 'by :~~V~

.· · F::~::-::':;}~:::~i~:7~~~ of ' a10p,' .cabliLty . on.i,...

The 8llf,ety ' , f~ c:: t:-o:r " " F.S . , ' fof a Boi ~ ' II,ope ' '.is:
usu~lly defin ed , lll · ..

···•.1
l





where : 'c. "'.~pparei:l~ COh~siC?~

1 96 9 ) . Th e ult imate or .r~ B i d u a l s he ar atr.e~9t;h , T
R

, along .

. the 'p l a ne o~ failure~n be eXfresaed aa

lR ~ c ' + ,•.( . ~-u) ~tan . ; '
. .~

'.,':;..

-,~

likely failu'~e eurf ace (Lambe a nd . Whitman , .along the

~ : -~ . angl~ " :Of 8h~aJ;~ng . re B i.u ta~4ct;

a .. to~a1 ~tre88 normal ' t o ' the ,f dlut"e ' plane

\ , ' ·.u , .~(~~e 'p're,a.s u~.e , , .. . . . . .. . ' " . "

e' , and .' : are iptertnll ,~of effec.ti~e 8tre8~

, T'h~ ' l; ~hear ', : s;r·engtJ:l .i r"equi red " fb r ~~~i l; ibri~JI\ ·is .

aimpiy the :.' ~h.ea..r . stren. alM1.g the fi!-ilure p lane : bti i ng : ' ':.. ' . ' . " , . ' , . .
,.c o n s i d e r e d ; to fulf ill . t he requiremen te of s t a t i c

)

9qu'i1ibri~m . · ·

" . ' • . Co nsider . th~ fr e e . body dia'g rara f,?r a :wed~~ ~f '8oi ~ . '

one urlit : thi Ck , a~ ahow~: in ' Fig,~~~ ,1 . Th e weigh t.> of - .the

' we d ge •.Wt. ~ is ~aianced. by the nornal '· forc .e , N, . an d a~earing ,

fg~ce: .T.:..o.n · '~.e.' .~~tQlll of the ' wedg e : ~.). a . the ' an gle of the

i" . e.lo~e .:00 th e h~r,izon t.al . :Th e nOrm~l~nd '.shearing for~ea . ~e . .

I ' N ' ~ ,~t co; ,

' . '.,..
"v I .

T ' ~' "e ~ in , Il . . . • . . . . ' . ' ',..

1 . . .... , ' D ivid.~n9 these .-forc~s . tr .,the,. baee..·di~.en~ion.e of : ~,e, '

wed ge gi~ei~ the ' 'nor ma l etr~e el 'a, an d : the .eneee. e t resa , .~ ,

re~\:il'e'~ · f~r- ., eCt~~li~riU~ ; i~ 't lJ ~m~'. ~ bf · u~it '

· :: . ' ~~~~~~e~ ~: ' 6i~~~ , · ~...and Mgle , a ; '· '



J ...
i

.J

.I(3)

(4) '

N ' , . 2 '
" (1 ~ .b! dOS ~ ~ Y h C08 B

T .'b7~08B' ~ .:ih· 8 .~n - ,~ cc e :~ .

. Wh\i n. O - O ~ · a n d· (l" O . · t 1'l e · 8 t r·en ~ \:..h ., .T ~, · Cll. n b e '

~J:'pre8 8_~d by

" • TR, ·-.' ,~ .a'. :~.~n ·.! : ::· , "- .
. ..,' , -. .',."' : ., -·: \. i:"': ~<

....!tere <:I' . is tJ:1e eU~adve n?fffl.!'l, ~tresll ' .

: The 8af;t~ fa~j~ ~c~me·s ',i,:; ~ .:
:~: F.S.~ '~ ; :R ... ~ ~< ~ o ~~~a~ ' :l~~ :. B:'-~ " ' " .

. - . - '" "t.'.
... r.;S: ~ ~:~ f ~ :

.~it1i: r.s.'... ,~> t he '!Ia~ llll\llll Ilo~e :8 1s . ~qu.ai. \ ~Q _ t:h~ a.n:q l~ of

fri~ tion , ' . :'" . .

.. ' :hi.8<fl'llPl~ ..~eO ;'dl~.10n : 'c~n' beexpa n,ie4 iln~, . .

general b 'e'd eo i~clude siopes ".Of . f i nite - hei ght' aqd :.;b o ' t'h-~

." e 'ft'eot-a ' 9~ : excess . p6re ..:ater ~r~~·8,qre, _ .~nd ~:~O~-~~inogen~o~~" .. .:" ~ ,t. ,

. 8o~1~ . . , ... .. " .

. \" .

. severea Itletliod s of /~ 1 i ces have l ong be en ih cornman

~ ,e"",·to. ~VdUtlte·. s Lope . ll,t a h l l1t y· (Bishop 1 955 1• . :'{ F ~ lieniu ll"

i~36l. : (,j·ahb~ .'i' 973 ) .: · ' and ' (~l~llla~' and, "BailQY 196'7 ) . ''' I~ ~h.ll~ · · '

' ::n::!:l:.::;~~.: :1!:.:::';:-.,.'C';~lV1~;d: 1~~; · ~· n~:"" ,
, ~.: , ~~~ ,:o~~r~u.~,ni.ng..~:~ II.n ~ ~ ~. , d~~~r~in~~ ,~.;·'. lI u.~~n~..t~~ ~ ' .

" m~lInt. ' oC .t he ....eight, ,cf ea ch "'~1ae about ' t h e t rial eentre O•.

....

. l :

. i'.~' .'
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{5}

de f i ned in ·.Figure: 2 -.

.The dde" fot: .o.ell ' on each ,~Uoe ar 'e ,no t':, i n.ol Gd~ .I n."

., t he ' rn!?~f1nt, ' e~u~~io":s, • Si~~ • .·, ..,.~e ii ai~ .:the ~ ' s li o ~ s , ~~ e .'./. "

. oo-n~ide~:ed' ; ' t~e net ;;,ome~t o'f the s id e fo rce s ....ill be · 'z;e r :o .•

, ' \f'h~ ' ~~~~t ' req,~'lr~~ : : ~~r · :eq\l i ~ .t.briU~' 18 , P~OV id~d ';b;' " ~~e
. . ' , ..... ' , ' .-, '

, t a n g e n ti a l f~ ~c'e, Tn - ,S n ' /F . S'~. on ,t h e ba s e :of eacb · 81 ~ce . '

, , T }\ ~ for ce S? '. is . ~he " urn o f : ~;he COhe..s i ve ". and f r'~ C~{Ona l '

..~reng~h:-,at. the b a s e " e~ch :" l~.C : •., Fa:; sta~ilit.y,;

-. .: . ':'_ r t ~~ ' sin - (In · ,; l: ,Tn' " r l: F. ~ : ".
r t ·( CnJ.n+Pni~ri .n: ) ·

-. ' F . S . . ' ( 6 )

Th~ ; ~'a tety , fac~or, F .~S ~ . is .

· F . S... , ~~dst i nq"'M~e~t .,·i.l ~n J.n + 'P-~~an+ii) ( 7~ '
"OY,e7'turni ng ,Mome~t .. t ,W

ri
d n -Gn

, , , '. l , . ', ." ' ": ', ",' . ,' , " ', ' . " , . . '
. where. ~ ana lys.is. 18 l;!lleed .-on t o t al atll!lll8 ,pa r a,me t e r s c a nd. • •



,

" .
a~~lY8 i8 . Bi sh op ' s 8i:nPl if;e-4 .~thO~ . l~ d eaarit;>eQ. be l~·.

Met ,hods o f analys is that aatisfy a,l1 the ' co nd i t io? s

, of ata t ,ic equilibrium are !'IecesSarl1'Y .more 'c;, mp l -:Lca t e d and

d iffic,u l t 'eo -a p p l y . B'1I1l0 P -(l9 5S ) fo'~~d t'itat by . i.n~l~n'1

hOriit ont(l ': 1018 ' fo~ce8 to'comput e' p a~d ai:so :satj.8!Ying the

overall mome"nt equil~~rium .ene- i:eS~lt iQ9 a~'fG~Yc: f~<Cto; ~lUI
" .' . - . ' . '

onl y Sl ~9ht\'¥ 1e 68 tha n t~at ~oun~ -by lI'Oier190roulI ' meth~s.

"l'h e fo rc e P • and in t ,u rn . t he ;s t~ e n 9th o~ , t h e.
, ..:' _ . • . - . n ': ' .. ... . ... '. ' . . . . " .
botto~ o f ;· the ~lice will ~if~.~ r fr?~ ", t~e ~ase, _ , ~he :_8id~_, '

. forc'~8 are neg~ected . Each slice ' ,f a 8ssumea ,.t o· ha ve ',the 'tJame

'fac~cir ~.; . 8lll.f~tY : F . S . '. - lln.d ~ _,r~d- ~8~r;.nigth ~ ~n, "-eq~~i ' t c··

. the availa ble "tr~n9t:h a t ·t he . bottO!!' of t.h~ e ii~e dtvi~~d· bY

Tn > :~~ : .~ :~~~ + P
n ~~~~ I.n t a n ' .~ (8.l. .

B1I!i~op aseume d that the .~u~ ,?f the vertica l eide

ee eeee" on . eaeh .Si~e (Xn . + Xn+i·) ,eqUdl~~' zero ', - The n ' frotll 'a

8u lIllIat i on .o t: ve r tical f orces , '

t ' ,' 'F
v

.. Pp . co sla:
n

+ ':T
n

~in un - ' W
n

" ,0

. .\ '. : , " ;: . . .
By subs titut i on \ a nd .&i mp l i fi c a t i o n , . t he equation -.

fo r th~ f actor.of ' s~i~ty uli1n9 ' Bbhop ~e lii mpU:'fied' me t hOd ca~ '
b e shown a SI

, ... ' 's e e e '

t { [ Cn~n + (Wn~Unbri )t~n.n]l~t~n.n :t : nal'/ p: s , ) f
F .S • . '": t w

n
sIn an ( 9)

.\



, , "

'I'he method .'-o f slices . was itii-ther deveifoped',' 'by
'Mor g'en s't 'ern ' .and '~'~~,ce ' ( ~9~ S j: .s o th~'t -: .' all ' the ' -eq~ ~ li.b~ium '- - " . -' , . . . .... " - " '.

, co n di tlon~ were.sat!sfied. ' S t a nda r d " c omput e r, :'p r o g r Am

packag'8~ ' '.a r e . ~~,ai'labl e . ~o~' ; , eiope 'll.t~i.lity' , analY~i.8 ::' of .

t~rre"tr ial 1I 1~~ 8 u~ing the me t ho d of '"'s 'i ices . ·

t'
!-:'} l

\. ,1.,.

st.arting

the s'ahty ' f ac tor ." s i nc e

wi~h 'a n i~rt:ial e~timat.i!l: If t.he t hen ~alculated ·P.S . 18

uiuid :in: ~ucceed i~g t~i. als. ' eceveeseece 'l s qui"G, 'r::apid .'The

' failur~ a;c 'pr e d i c t e d by B.1S)lOP"S , simp.I i .ti ed method · haa been ,

.~ound" t~ ,co!!1pare w~ll' ~1th t he actual f a:Uure " SU ~fAc 'e' "

.similar ' for . " t~rrest J;' l ;' l . a nd .s e a b ed , slopes », ,: " w~ve":i~l!1;1ced
' .. . .", . . - . ..

pressures at the '.mudl i ne. i s
. . ' . '

cO?si~,:~ed ' f IJI: the seabed ,

.: ~ .2 ; wave-soi l . l nte~actione:

.. "" .
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(11 )

cre.lJt :,.an~. ~r~u9h~ .. "" : .pa~~.~~~~~~. ' ~f :: . _~~ ,~:-~a'v~ ... fnd~_c ~-~. -: : IJ'~~.'.
. lJtre eaee ~ithin. th~ .oil.. As a , w~ve ·. pll.l ~es ~ve:r__an, element ',

1·

n O). .6p . ; H Tv

. ' 0 '. 2 COtIh (2 ~d)

The pre u u re: ' ."P.( i , t) ~ uitder ~e ""aYI . cycle is i n . ·

. '.. ,:"here •.

" ~~:iO:::~;. ::i~:;~.::::..::P::::::,CI:~:~7:::,:.;:.~?7~,?:li~~ ::
. ". analys! . - Ot. 'the s.,.bed under the .i nf l ue nce- of .urfac. ;oc.an '; ,~

wav~·. · : is _ '8 . ~e la t~ ". ;~ . re cent ~;~~t~c.'''~'~H:nk~·l ' .l ~'~o- l ·:. ~!~~i',.~ <~..'., :: ,
1~73). - (aea 1971) . .: ..;.' .... ., ' . :: ::

' .. •ozplol~.d I.:a.~·~o;~:::;:~~t:;:;C::~.,:j: >:~~=:':<: '

·, t ,iengt)-ie. (Te~"za9hi 195.6)":. A··.~.l1p- _c~~~~•.. :_~b,~ -· o~ . ~a~Y.h

.1lit.e.t-i~,i,ca.t;~: . ·th~t .~a ;'e, 1lU8t: ~l~~· ..~ ~lr~et' :~;.":.i:'- ca~~ ~n9

. ', . ~ .

. , "
j

c··'
.:

.. ....

. : ' -'

" '- ~ . :, '

, ..... .

.r. .
i.

.··1·
'r::
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I t h as b ee n r epo r t .e d , ( Hehk e i 1970 ) t h a t.. t h e

pressur e c1l.anges on~h floo r ', . a s so c iat ed wit.h the

pas s a ge o f a wav e'.la e a ble to cause . f ai l ure in soft.

~ent'l 1n wa ter de~ he up t o about 12 9 In . I t - h as a l s o

. :' b ee n~d' t.ha t wev ' c aus e ". o f t - ss.;limsrits : t o cieol 11ate
whi ch', on sloping gl! und , lea"~'~' ~ ·t~ ·. ~ ~ ·-" ~a 8 s t~:~~~ _f.e r , ·'~f ;~~i~ ~:' .

down "' lIl:ope . ·· " Repe~~~d ' r~v~isal~ ' --!lf' ''-8h~ arc :str~in ' ~~ t.he

',. s~.diln~~~ :~a~, ~e ··F e:m~~~~l~g· · .:a rl~ ;'~- : 'ied:U~~~O~ ' 1~ 8h~~; ; ~t~~ngth:. ·

, t .."- . s~o~t ~~d'- ' zuckerm~~ ~: (~ 970.i : ~~i1i~wed/the : _te;Pi~ ,:~f ; -i ~.~ ~~bl i i tY

Of,' t he . - o~~~~ ". f i o'; r 'a~d : cb~ci·u~ei · t~a~ ·6~~y·;.;i ini't.e~ e'; i d·~nc e .

e~~8't~d 't~ . ~u~po'r ~- · t~~· · ~ll'e~~~ ' th~~ 'i~~~~ '~ctua i. l~· ~~S~~ S~-ll

.bo t .t ';>m f~ilU·:~ . ~oW:~~~r. ; '~ ~b~eq~;~t r~~e·~rc~. , hy - eeveeej,

othe ra haasho wn evra e eee '.t o t h e -contrarr.

~onelusive ~~idenee ' ; o~ · . t his ph~nOmE!ribn: bec ame.,. '

a~ail'&bl e -as:: ~ re~ult · . · ~f , ~urricil~~ c4m.ili~ ' i,n :l~69 . ,. wh'en"

. ' , " ; -. ' . '. . , .
;. E:ig'ur e ~ :~.hQW~ ah a · mQ.chanism af fililur~ i~ _ t~ill\ s' . 0...£ '

t h ~ d ist.u rb i n,~ :m~m~n t .•. ·M·d ·'.produ,c ed : QY grav ftY',· -farc e a

~:::::X.:Y.:o:t::'n:::::::: . :::lf~):yde::::::: \ :::..
(Henk e l _ 1 970 )~ : : .........- . ' . '.
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The d imensions o f this possible slide surface a re

described by the half length, x , and' the' depth , d, to .;,jhic h

sliding ,ext e nds., The 8,n918 ~f the arc of sliding ·i s .29; r '

is the - s ubme rge~ 'unit. weight o f ~oi~ : . a nd ' c . '" 2u./ L •

. The moment of r esist'ance , ' M , t h a t can be mObili z ed
, ". " ' . . ' . " . r ", .

witllln , t he 80iL: ~s ' g iven -b,Y .

wbere c~ :i s ' t~e u~~~·~i,ri~~ \8~~~~_ ::s~'r~n~t~ ~ ~:..;.... , .'.:
The s oil . :.d~ l ~e at' ,t he :po.in:. o~ . f~l ~u t:e ',,:hen 'Md ~,

M~ f . a ~ d . wh.en Md ') ~r ;; "movem_ent will ' t "ak8 : ~.l a ce . · The

· l_ imitin?~COnd it.ion- ' .i.n wh.iCh· .~r ~ . Md can "be '~hdwri , a8

~y L ·" 4 1!,2(X
L_
,/ ' 1 . Isi~ '· e~ecos e ·_ 8 1( ~ 5) '

" 81 n'0 - aco8a.~ , JkT..

';;",h 8 r e , k '. _ ~ : ,~. From ~his' rdaHonehip Hen kEll · _(1970 ) a,hoWed

~h.at 'the"bOttom : pr~ ,esu;e, effects "due 't o w~ve'~ 'c~r~ ' ino,r; ,, ~han
: : ,, ' , ' " ." , ' ...- . ' " ,:',

~dequll.te t.o, oaus~ shear ' failu~e i~ soft , s e~ ime:n t: fJ, like those

, of " the '~~h8 i s~' ippi ~,: l~~ •

.1' / ' con~equence .o.f t hh ef~e(lt, in , loos. , , ' l;Jnder ::"

. eonsolidll. te,d · 80il's , i s .en e e the "m'at'er'la l :"'11.1 , t e nd " t o'

~ccumu1ai:.~at " lJ:' ....a t er ' depth ' '~ere ', 't.1'u/ ~~~~ :,' e ff~ C! t" :"b~'C~~e 8
n·~gli91b; ~ .~i8,~, ~ePtb, is ':report'e~ >tHenkel , 1970; t o' ,be' aho~~"

. . . '
" , , ,' " "" " ",,

from about 11 125 tp, 1 150 at thill, ~epth ' r e pr e es ,rit a a c1ta nge i n
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than iac III; the, Md,i lllllnt. ca~ be lllOVed by wav e force 's, while

in de ep er ;'ater II~U ~l!IlIent bpriq rily UII~h.t ed .. f tJ:l

graY! t y - s lidee 0 .

Re nk d , (197 0) etuoied" th e 6bOVe ph en Olllenon ·.ulling a
gla'lI8 tank 1:.'5 '~ 10~9 , ."O.,4; · m ~g~ ,.and .o .io :" wide. '!.ita

, " w,e ~e c::onducte,d , with ~el!liY.e ~l1a ~nde,~ ar ·~nua lly : P.~OdU:~

:;:::'J.::;:i,;; .~h"" ;';~l~"a," " Y tha,' wa~;; : ;,.,u:": ; C:U' ~"

, ' " One " of ' the ~ ' fa c t ors W~ i~h e ffect. ' the dep t b ot ,w~vei

, i!lf~\lenee '~i~ the.-' fllJ c:l 1i ~e- -'an(l ' th~ ', 'c.o"n~"q~en~ ~~i~ f~l1u'r~ :, : '

is ~e soil ty~ end i,p IItrength , prOf ile : ' 'prir ci.ayeY" ,II.e,!,,~d,

8.edila ent8 , it Me been ,shown for a bot tom 'of ' c la y (wr ight', and ",
, ' . '. : " , .,' . ,

Dunha m, ' 1972 ) that. the soil £ailur e w11 1 be con Eined t o

~,ha~~~ ..de pth. when , the , a~il . ' s t re ng-t tl . i~~rell ~ e~ · : ' ~nifOC1l'l!y
, wi t h . de p t h ; On· the o the r baDd f or the "ty p e ' o f BOU

v . ;

i
1

l-
i
t
I

J'
.<

;
" J'" ",
".,.-" j ',':
!

"",' '. eneOu Qte~~ . ,i n the: M~,II~iB~rpPt . d~'lta ~here- th,:r~ -"·i.. , .•

su rficial · c ru.~· ," u nd ~r lain 'by', "',.:-~ ' Qnd.r,~ on.Ol ~d a ted '

" j'
I

'i
I

IllUdli~e .

: .,
,:. ,)

« ,

;, . -.

',' '"
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lind in t ime, mass movemenb' of th e 8~il oc cwrred i n the

downslope ~1rectJ.on (S ingh ' 19 71 " Doyle 1:73 ) ~

Ts ui (19 7;) used a soil co~tai n~r 1. 8 m long, 0 .6. m

deep and 0 . 15 III ,"".i de in ,wh i ch small lIJIlplitude progr es sive

wav es wet-e pas sed over ·tll e soil i¥ ,·pl ll.cin9 the soil: container" . , i'

in : a , ~~ve ' fl~~~ th a t , n:e~ ~.u r.ed 0.6 : III :~d·e . .by r.a,.m .~eep .bY/.'5 ., 0
, III , . l ong,. It was c~mc luded ., that . fo r, ~ .par ticu l a r : sh ~r 'j

8tr.ength and ' gra,vi ty , s tre ss a vav e pr e llSu.re ., be .l~ SOllIe,

critical .vaI ue . ,..mui d re~~l1~. in a~ ' equil~b~ium , condi"t~o rl.

.' w~thin th~ SO~l ' ·sucli. th a.t ", , onl y . :~m~ ll ' irre:-e r~ ~b'l~ , sh~~r

. ' .
strains ' de ve loped ee indic lited t:t. a via iblehlpture ,zone arid

i nstabil i ty of . the et ope , , .

. , l n ord~r, ~rrive a t , 8ui tab le' s~op~ . an.gle~ .fO' ,th < ,

, veve " flum e 'expe rims'nt s , Ts ui (1 972 ) con sidered ,·,the f ollowin g","

rehtions'~ip ·be;~e.en S~?P~ ' ang l e ~d BOi~ ' '~~ea; s~re~~'t~<'

(1 6)

where ' .

~ s ';" dep t h of 'sli di ng . 8~r~i!c.e

y~ '• .ave r age subme rged d'ensity

, CI~, .~ . f~~.lure ~g le ~o/~ i~p~
• c .'. undrain ed: st.~~~9th '
'. ,u · , ' . ' : " " ' . ."
: ~~ • v,el;"t~,ca,l .:: e.ff~,~~1v~. stre~~ ,.a~, _dePth '.Of f~ ~ ~u re . '·. '

. "
" :..'
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GOod ' correlation W48 found between th e shea r st.rength

~--., f ll.1'lu;e as -de t e nnim;'d f~om th e f1tat~c til t ' eJ:pe~ iment and .
, :./

. - I in-situ, van e ah eal' t es t .. f or th e Bentonite clay u eed ,

ec cause ,fa f l ,ur e

i
i

.1
I > .

l
J ' \

(19)
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IlIU B t. be

initia t e f aHu,r el, the soli aen li tivity '

Cu und i aturbed

: :u~:::::~::: in~" ~~;po;;.~n:. ~.t~: (2.) ;':

" ·,1
.. '.

! .

, .

'" (" ,? .

, I

. i
• I

. bo t t ODl pr e's . ure- r~ulred ' ~' 1n it1a te" ~d~ure-· , ( ~ ~'l '~U ld be

~~ye·~ . ,~~. e:,.i~~' ' - ~.f .~B.. ·so'il-.8tr~~~th .~ a nd : the .i:pe·:·an..ql~ ;·(b~r, :':'•.
F .S~ aqai nBt. :g ravitat"!o nal fail ure) as a . . "; .

< ::· ~ PC ··~. ; . 4 -, ( 1 _ ~. j·~cJ; .~i .:

' ~ Pc: • 2 . 4", Cu . u -'p\.)
EqU&tiO~ 21" WlU f~':In~ to , pr~dl c:t ~~ value' C;~ " ' P~ -:

to witb i n ':1: 1St for .~e lIPdel tea u i . · it ·."., ....':~_~.o ~:mciud.d
. " - - : . . ~ . \ . . : . ' -,

fr()lll .t1le t e a t. that th e de p t h of a 11 4 1ng va r i ed. -.with the

av : ,r a s e d;9 r·u. e e " co.n ~.~l1.d a.t i Q ~ " ·a ~ d.: ~h".~_ . t~ ~ . :~~ v:,~~
characted8tic:-. had no influence on the de p t h of ,·f a ilu r e . ; ' . .

'(Taui , 1~72 ) • . " . . '. >-, >. ~> .. ....t
~1.I1·1 (i973 ) ex t e nd'e d" tli e wad ::' Of ' ;lIu i · '( ~972 }. ~lIin:9

,,:~::: ~:;.~~~. '0:;:10tn.::::~;:. ~=:n::~,:n~.:~oc::r; "
, ." ?" ~~ :hOW~ ~ C~I.I I1~ remo~~in9~ ,andlo.~.• " .~re.n~.t~ :,11'1 : '. , ,

finll 9ralned " .11~mar1ne lIedi mentll 111'14" t he d8llth, of . r ell'lo l d i ng ,: , II '

• ' :::n~r: :: ' :::··:::~~c::::::::· ;::~~~:i~::·:f·:;:::;:{ ' · '
. ~,;:

' \
"...

.1,'

V<--" .' "

i
,I '

i
I

. 1:
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e lope f ai l ure i ncrea s es ' wi t h inc r ease d subsurface pre s su r ,:"

, general l y in eeeceeanee with the ' relat~on prop osed by Hen k e l
. . .

(1 970 ) • . Deep fai l~re was conlilide r ed ~' ~ , impos81,b~e unle s s

the ~ensiti:i~y of ' the s o il wa s ill . ~xcess . of ' the stati c

' f a c t o r of saf.e t y f or-:the slope .

DOY~ e: (19YO)' ' , r~po':ted t li": . rea;U ltil -;Of ' ~e·II 't.',· , 'i~' . :a •

t ank . 4 . 9 m .1!Jng , i. 6,.Jp. de e p and . 1.• 2 ~. "'i~ e .' ~i tha 1. i . III'de ; p

clay s~d illle~t, eh~ing t~e ef.~e,c t.,:: o~.:' ,~a~"e~' :101~~~r:, , , : s'7~~r~1

, combi~ti?~e ,O,f s~,i; st'ren?th :' ,and ' ",:a:,~e l~adin,~ ' ; "Cori~idci~~,,'

' I t was no t ed th~t with a , ~t.tom slop~ , If the : s oil s~rength "

was high enough , .osci.llator y ~veme~t8 di d '~~ '.~~'~ur ' ~t ,..~ .

ne t downslope ecveeen t. wa s observed.

D~le (19~O ') ' a~ l!Io ~~ade '. q~~I1tllt~ve ~bse,~~~'t.i?ns

a b au\ 80 i l , motion " :.;emoi di n g proces~es an.d ' effecl:;8" ,and" m6d.ll.

of f ailure . He eene rc eee that si~ple . a na l Ytic a i·, i~ols ,os uch

~s th e t 'ota l s't Or Ju sHp-cir?le ,a na l Y8"l:s ,a nd . t h e , ~la.st~~
shea,r stress ,~a: lya is app e a r to ,be ~8eful ~n predic~ing so H

oin s tability. 'He,' a l so observed that ' the flex ibili~Y'Of ~ the '

80i l cau s e8~,;edUCtiOn i~ bottom wav e pr:~esure .

, ' Tb : net downslope eoveae ne is ' "eo be ' ex pected' :
, . " " ' , " "

i nt.ui tively, sinc e there ' shou Ld be -a 1I0il s t reng t h r ange , ', in. ,. . '.
whi c h the 11011 wi'Urnove downa~~pe:. , w~e~ the re b ~ ' .-aed

forc e, such as ,a. ,wa ve ' l oa d .

Th e', e'i ip-c!r;cle ' IlillAl y d e th~,t :n,oy l e (19 ?O ) u.~dis

a t o t al \.atrealil an a lysie in whi ch a ~in~liIoi dal ' bo'ttom '
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Good agr~ement ....a s ,'no t e d bet~een tank t e at s and the

elasti c . IItre8 ~ analys is 'but' agreement. b e t we en tests and the

a lip-c,ircllll ana l ys i s . WllS . ,~O;d ' only when t h e 8 0 1 1 had

reilltiv.ely high · s t r !!ng,l:.h near the ' . so~l surface , Ls e , a

ftC-rU8 t ~ profile {Doy le 19 70 )-: _ , .

~ 2_. 2 . '2 Irist~biaty "c;f"CoheBionlus Soi ls

. El:t~~81Ve sli~e~ ··'i o, . - 8 ubmll~i rie· depoaite of 10 0 8e .

0 .

Andre~en ' an d ejecrum (I 9'6.7 ) d~ti~gui 8h between two

dif~t t yp es of ,s lid es . ',(1 ) rett~gre;81ve fio... elide &ld

. (2 ) ~ ~·pon~~reou~· liqUe~·~on'. : <A, r et r o g r ess"i v e fl'QW s lide

ge n erllUy . s t a r t is" i n . the iu.:.e.J:' part of a dope a8 a. resul t ' Of

, .'" ~~lll 8t~ep~in9 - ' due ' ,'t o ' er~.ion · or due to',' the ' 8ePll ~8 "

pre811,u re~ :duri~~' ~~l~in9:' ~Me . · ·.;~l iOW'in9 ' the , Initi~l .sl1p"
t~~ dide , je y,~ l ~PII r~trocir~~ R i\-~ lY : i~iand ; lIi'i~e ~ ~lice • .

Th;~ ' eh4~acteriEitie , fe·~tu~e ~f ' iue ce88 i";'~' lI1i p s ill due ,to" the': .

fac t ::th a t ~~ . ' 8a~d ~i~uef~ I!l ~ , · .all a t'e'!i~l t 'of th~ large"' ,str'a,:ln .'

im~8ed 'o~ · 'i t' during , th e ~l id in9 ' inov ement ~ It then : .flCNII

~ay ' ·a nd . · ie~ve's " l\n'unl!luppor~e~ ~ll~eof 'S'a nd' beh·l~~ · i t . wh i ~h '

i~ ' t u r n - fll/~ 1B and flOWl!l, ~l\Y , (A.nd.re8~n '.~d Bj~rrum ~9~71 ~'
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Spontaneous l iquefaction can easily b e demons t ra t ed

i n the labo rato ry by 'ha~ II co n t a i l e r . of s ubmerged loose

sand . Duri'ng ll. b rief pe~iod .t h e n o d wil l bBhav e 'fl a , liquid

. such t llat he avy objec ts ....i l1 .s ink- and light-· o bject s wi l. !
. \ . / " .

floAt . Th i s l o s 's of stre ngth OOCUr! when the ~ po ;re ",a t e r



j
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ho riz,sftal arSi'l B ca n be i nvolved ', iri ' the failure . :;!lfdee. o f

-t h i s "type may. "prO pi'l.9ate over _la-r~e.. d i .s ta ne e s : a t " !l rat e :

v~rylng " 'from 1~ t o' I OO" · 1m. pe r hour , d~pendi~g . o~ · ~~

to~o9'-raphy . The ellSentid ,fell.tu~ · of - the IOOchlU~ilIl11 ~f ' t,hi~

~y~e . of . ~a:nure .i s . _the ,. temp~nry . st':r::uctu;~ l :~ll Il.PS ~ of .,;,:'

~lum~ ' : o f "; aand.follow~d by re-~edill;eht!l~ion·. . DU~inq the

; . ehl?r~ . pe r"l OCl ?f .' ~iquefi'lction -.th'e )i.""nd . ~iU ~low down hiil

if ~t, is )ocat ed oo .' ~ · sl ope {'~ndre8 en ' ;~nd i!:l~r.rum' 19fi:il .

o e ee l .rOm ", a : 'n u m b ~' r "0-£ ',' ll!~ Oh ' ~:~ ~"b n t a n e o'~ s-
· ,' .. . . . , . -" " _ .. '- - ",. . '

• l l q ue f llc t i 0 ':ls _ h.ll.v s · be~n ~cumented , the, mOllt ·~~es s lve of

which ie · th e , t'lI.ilu~e -whi ch ' oc curred. on the" Grand Ban ks ' o f

'rhe '

· d.l~tjl r~nce pr~Pa~ate? ;ppro,~i~~~elY " ~~ o. '~ . ' 'wft h' ,v~'loci 1l~ e'8 "

: , Of '26-1:0 :km ' ~z:. hou r , :ov~r. a ,8~o~e, Of ' : l~U , ~~h.'l ' ,pe,t:cie';­

' (T er zs gh'l 19 5.6i . , .

, ..A 'lIlet hod -ceee . i n' Norway to deterrn.i'n'e ~ltther. ,ar' not

, ,a :' lISnd ' de~oa,i~ , ,~~ ,..~~ · : ' , aUbj e~t ' t~;i'q~~f'~OtiOn, 'h ll~ , : ~en

.. d~8~~i,~e< by , ~nd~e~ ~~ , :'_an~" B'je'~r~m " (l~6 7 l, ' , " I n 1~59'. : ~~ " , " ,' j
Norwegian , GeOtechnical Institute deve,l ope d " the ,':b~,~8tin9A' ' ,';\ .,:

, t~8·t · < t~ ' deter.mfn~' th~ ,"~Ll8C;~Jl t.~tiilitY' " Of a ' 8a'ri~' d it. e • '

· fl"" ,olid; o" A";,,, .':"'''' of dyO~."'''';'~:;~~'': .'...·.... :
boring and detonat ed. The , . ffe c t, of "th e billlt ii ebaer'(e<1 by '

meu,:,ring ' th e 8et.t:.l~men t of j:,hegro~nd .urf~ce ~' 8~~ 'by
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from ' th e .

: .
:i-
f

;::;~L:~~~:r .;::~q::.ti:· ::;::e~~::::;:: , ~. .. ..1.

.:;~~i~~~:~f.t~':'·'~k;·e:.[of.:tt.:..r.~i?,,(,. i.~r·.·' !D;9i,:p. ~
. : ,: ll · · :·3 ;05~ '.~ : -4~~~er: · ~ t.:.f :PIPeli ne:.;!n.. .. " ..... ... "
' . .: .torm: ~ it '- :l8- ~ be l'leYed ' that ' .tIIE; bat:U1H . te~pO"ri.hG- ;i.~·b eii ll!~. - " . ~ , " " . " , ........

.. ....: ,

. '-: , "

'.'

.: .'

.,: .. :.

c-:

" ;, .'

. ...

.::>._'

. ti\e .- ·pil~. ~mi. ·: , ~~~~' :~.if~cti~'e : 8'tr ~U"~~IJ. : . ' ~n - .;'a~.'d~ '1n'd'~?'~d: :,'," '

.;..~ ye•.: " ~·n·. l~ ,t .i ~1 ny:~" 'Uli i '~,f:" ~io t ·' "B , . ,~~re. :- d ·.i in~.n"ion~i. ~-;

·.,C~~~,dll ~.~·iio~· ':( ~_~.O~;' -' . : B.iot' s (1 941 ') , ~' ~~Ol:'Y :, t.k••. .·~t'~: ~
; "":-.

.",.,

" "
' .. .~ - . .

;:", .



. ,'. •-t~~~~:e:t -. ':~n.d~",~, c,9: . ·~ -.;.d~~P ~'~at:~ r:•._. _ R ~.~-a .~ive+Y ,8"UIFi~' ~~_~~ :'Ielgh~~.:'
.. ;'W',~. · tl I 8d with 'wave peri ode betwe en _ '~ ~ec . ; an~ 2 :~ eec , •

. a~oun~ the ' ela.tie: de"f or matfon . of the ' po r ou . .ed lUIQ. the

a:.pr~~s1bility·~! po~~ tl~l(1. . : and the Ou d a tl fl~ 'o f pcee

f.l\l~d. In' ~rdei to ~dfY his " t h eOry , YlllUlIlOt O · :"!1.979)

eompai~a ·-~s . ealC:ul~t.ed . pOr~ prees·~re• . with th~. · me~8ured '.

.· :~:v:l~::::::::~;~:::::::·:'~l · :~,::::~.:~.~~ ..;-. ';
.:- : ~i~~, ·. ~~.n~ ~·~~8 ·. O. ~· : ~ . ~~e~ ' bY 1.. s.._: '~ 'w~d e: py ~O.. ~ . "lon9 · were '

: .

2. /
4
j .

\
.j ..
.;

···r
'.J
' f ."

.<.",

I ~ .. 'th,:., ~v~.' t~.tll . · · th~ . • t r • • ~•• .' end de f.orma tion .

' 1'

: . ',
. ,. .. .' ' ,~ ~'

.. ....~
" , 0

·': ~" · .~~~!J':.' ~ cOuld.: lIOt· ~· -·7~.·' -. AS. _.n·; "~pl.': . Y~to

: I analy%ed the Itablity o f Nor th Sea lIediaente and fO\ln~ .~a t. ..

. ·th . tOP ~rt'ion ll ' of"~and - bed8 ,aB" .th i ck · 1llI '~ 2 . 5 ·· · 1II" oan. be

" . • liqU~ fi~:1f~a:,: 'th. ' ~..19 n ws '!e ' ,and : that tiI. · ·.~J:ie:.hilU.~e, .:

·6;S~~}~@~&?£~f'£"~ . .:
; --;'~lalt1 c:!ty' ~,' '~;~d;C~ · :.t~elllJe ll . ". pO~~ ....prell ~'ui.~~ :~. " f~ llu~:e

... ../::, ':!::~u r:':;'~':.it~lG;7:~~~ , ::: ::::.':~:·~~,:r~~ o:;~:~: . : •...
exp.rim~nts.~ r~.ui~ t.. /,~ ~~.1.~.. th.. l .•.• ' . . . ":'~' . . . " ,

' .,. Dur ing- , the ps'e t. year lIIIveral oth.~ .pape n ·ha v.' be. n "

. " ",~l1i1h~.d ' :' dea'lin~'~ ' ":l~h' : '~~~i~( '~p~:~f~ :,:~?f '.,~~~')Oi l-~~·~. ...
. ;,~



..
"

i nteraction proble- (~.\li a nd Helfrich 19.83; Nat. r a ja and

Gill "1983 . Finn et . • l J.983 . Deruaa~. 1983 ) ~. . . '. . .. . '-
Va rioua technique. 'ha.:va be~n uBe d . to er-r-Lve - at a

,,
"j

.) ,

': .,.

. . "
! o l ut!o n" for ' the u an.l ent , f f e c t o f itllV~• • bu t: tha ana lys is '

.:, " Ul~ f!ff~C" t ",Of, a . ~~!i~. ". of - vav 'u . gen e ra~lY 1nvo~vBa the' . -,

'±;2~;2:~f~:::E~::~~: ..~.
. ,eva~ullt1.on · · .c e . th e ' co mpl ete' - t' ime. history ot . por,:...prel8ure"

r.:' .,: ,~ " " '

re s po ns e' o f a loil pr ofile to 1\ s e lected deaign a tot'lll'.

. " :. \ . 'Th~_~; ' '.,~~~-~~~~ ~ni e'rllctlon : . llnll lY~ l~ 1J~'~d _.~ ". . : "

: ~r09reBBiYe 'b.I ~·l~uP o f pore prenure cllu••d ~ th e ' cy cJ.i c

, ' . ~~e.fJ8e ,! ' l~C~ '~ th e di r e c t ac~ion ot .,a ,' .e~ie. ' of waves "ee :

.a .ell,~ .~Po~ed -. dt c:Ohe';io'nlel ~ .oil~: . · . ,Po re 'p r e ••ce e:

~~itbi~ ~.. aoJ.1 .-. p ro f ile' ··c~~ · ' i:II,I ~ l:4 ' . up . dU~ln9' ~ ·;.'.·~ie~ · . ~<.
..p~~I;~..iVe ,' ~a Y-~~: . to :~ ~ta~e ; .wtler~ : ' i~ ~d.o.•• .1ioiu~1 .:u:'. ~e
, v~ rti-~al"eff~otl ve :·. t r e . i : "· The r a te lind 1lII'I0000nt · of 'pOre

,:~:;·:::li:l~::;::'.1~h:~:::L:~,t):,';:t::;7.'~~:~ti::"
. ....., .., " . dr~i.n~g lli lI. nd : :~pre.. l~i~ .i.ty Chara.~t e;h:~iC'~ ~r th.• "ditf . "ra rit·

"" "" " .

..::", :,.:-.
>. ' .:' ': '

..... ...



!
30

Ll -n;a r elastic t:he~~ i~: sppii isbie -.

(2 ) w~ve-' {nd~ced st. r ea;es 'On ' -th e :-ocea n noo~ are'

, £'l~r:: ao~ l :~epo~ it.

Char ta ' .we r e th~n de vel op e d trom ' ;th e £o-l lO'<1ing

. .
c haracteristics in .e cco r a a eee wi t h linear ....a ...~ th eory . Th e

characte ristid~ ~f . a wave ·compone.~t. · ~~' -~elJc :r:ibe~ ~t&

. p e riod , length: and h e i 9ht . The gently 's i op i ng ocean "fl oor a t '

a : lOCII.~·ion utlde~ ' 8tud/~s ·~proximll ~ed . t~_~: horizontal: . ~~
, '\, ' , . . ' .', :. . . . . ' ' . " ... ''- ', '.-

we ve- Jn doced "pressure .on the 'cc een f loor , " due .ec - each wave

cdm~~t;nt . " ;:~ _calC~l~ted -,b;'-~s ing . lin~lI:< ...,~ve · ~~~tY (.w~e9~ 1 '- ::
:i964.J. given iri .EqUati ~n '(10.1 .

, .. ' . - ~ ~he" '~~~9res:~v'e : ' ~lI~ur\ (}f', the " _w~v~ ' ,induc~d :'Ph~at .

.stre'8~~,s' impl i es ~th; t'~ aia~9 ·an~ . ~~~ti~,a'l rinG tl;\'e:~~l~t'ud'e : .

o~ ' .~hear · B.t r.e~~ ' d,t ..~~t; : B~e' ."d ep t;.}'i ·:Wi ~ l . ':- ~e - th~' s~e• .. ''I'h,e

~h~8.e l ag. is CO!\S~de'~ed , unrmp~rt~nt. ~ a,nd :a 1.1.·. ·lu Ch l:Lne8 ~r e ,

c~n8id~r.ed ',id~n~iC!~f :willi-' reipect. ,tb- 8t.~e8lle8 · :i n4uce d -,~ . ~ . .

. give~ ' ....~v~. '~p~ne~t,; -" th e ' pr~b'iem i~ ·'"tl'Ieri ·.~neide~~~a8 : ~:..:" . .

," dim~ns.~~nal, ....it~ : ~ega;d"~ pO~~pie~~ur~ ·.~~e"~~n8e·.~ :
, .' The ' ";a,v'e 'indllced :' ~hear ';t~e B'~e~ are "eva lu4t:'~d ' 'using .

::.~.Ory cr" ~t;·~itr ~~~. f~l\OW~~; ...o~;.U~PtiO.'~<.

I . '
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. .,and ' ,

.< '~."~IP(';' ~ lI · ~r :-:(,6)'
" .. , ~It ~~~\~~~. ' ~e~ ·.~e~n~Zed ~hat.:,~~~ ~~~ ~ ~u re<~/~

,:,...:;::.a.:~:,.l:«.::.; :::;~~~::~d~~::n.~~::n.:::::~.~.~~:::~ '~ ::,"
~,:: :i::::'~..'h~;~;;,~r~:~::~;~:~::~.:::;::r,:~"~" 'ed

. \ '. ; , " (1 ) ' ~~_. re l.~uve ,,~~~•.i~\ :{)r " ,or:~~: :,~.~-~" :. f~ '_ •

. {21 t:he induc:ed · eyc: l ~c. · l!Ihear . t rue , rat i o . .<: ..
:_! .

.e.
., : '.

I ... .,··
. ,I . .:, '
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'I tI~rder · t o de vel op' t he" b~ 8ic e q uatio n goye r nt ng

. · ' :the - po~ e~~r·~ ~8~r.e , t"e&pon~e; . ~e ed ~nd. ' Rah~ari ~1 9n l ' assll~ed :

that : ;~~~i~~ ' _Of ~ater is ·:.9C!Ye~ned by" ~.r~~y ·'" ,~,,", "

', ::::f~}~;::t,~::E:;:~::::t~es::::::8:::.
. . > ". - ~ " .! ..

: ~~pr~_ss l~i.~ ~ :tr· ,. ~~ ~. " :,. _ : .. ::: ._. . ," " . , .: . .

s eed. and Rahman -( 1979) uled th e "f o llowi n g equation

:: 't o eceoun t, i o r the ' variation _Of ,.:soi .l .co,mp r ell8'i b .i U t y · wi t h

. ~ ...

--,.,
....here i

I

d;. .

. ,. "' , 5 (1 .5 - . D
r
:>

. , . ' - . / ~
r u . .. - ~re . p~el8ure rat"! 'O, I1/g,~o. .

r. .. J/{Dr .

lll" .. C~p~~~ lJ,il:li~ UYla. t .,i lJ

. Dr ,;,, : r81~tiv~ .d~,~ lI-ity .

-~ - .
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Th e rate of po re-pressure inc.re~ _~~./ - . is given / "

' t , ~ ~ "~- ( 2 9 )

~~H N I e th e number of ~tre·E1l'J . cycl es duri n g La et f rm. and

,.;;s,i ~ . de~ermined i n tJie laboCll't:0 ry (S ~ed · and . R an \1978l •

. " "" , . ,~ or rn~ny·. · sol i e , 't~'e · '"re l ll. t1o~8hip be'J~en ~ '1l~d Ii

.q~n ~ ~~:eB$~d -~ t~ri.e . " ' . tl!"e ~um~er of qc~ej N.t . tc\cauee .
1.i (;t Ud~·e tl~n ·~.md~ ,~'· t be" given' Bt re ~ 8 . con d itons i n th~

. foil~in~ fonn, , is '~d an~ R~an. 1~7a') 1\\""

~ . .. arc ai~ [ (-NN' )i,/,26] t , 00 1"
G~o';" ,(2( . ' ) " -1

. w~ en 9 i.s, an .empi r,i ~ ai ~ons tant . \

Thi s . pr~blem : can be red uc ed t.o the . BO! lIt A :)n ' of

, : . k'[~ :. '~-] .. mv . [~ .- ·. · ~ l . : . (3.11 ,

th~ "'.~i;, i;;?'hic~ h.. ';"" d;";.in " ",to ".1,; fo"" , , ' " " , ', l .. '
. and lI. :comprehen,~ve (l(lIllpu t er prb9um . (O:::EAN I) 'Jill been "

' ~ ~d~~~lO~d :foi :~~~ ~r~8e~ : , The ' ~d .._ ~.~ 'I ~,it ? f ~1s ~pr09 ~8m
Is. . th e , cal~ul ation , of . ' por ew a t er ,'p r el8 u r e s Ilt variou81 poi,nt.

il~~' ,',tM p;ed~cti~n 'Of ~~~~t~r .. p:re~8 u,~e . hi's'~fY ·.:a · thee e

di f f e rent :dept ll s , iil ' th e ' B~a~~ (S e ed 'and Rilhma n 1978 ) .

,
"" ,! '
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au . . .
(Ti.\~ 0 at e .. Z ~

-~ . ':-..
po r ewate r pressure MS been furtherccneep e, . of ,r e s i d ua lThie

T· ·. ·:.. ...,. . .

. . .
. / , " " , ".

de~el oped by Finn .et al (l983 ) to include the effeate of
increasing porlwater presl!lur.. du r i ng a st. orm on .the allear '

and bJ~k.,lfIOdUli . Ot h e r s have publ:LlI,hed amlly.i. of ' th~
transi en t ·61 f f ec t il . Howe ,,;e r . _the're h~' .no t. beed mu~h work.

d onlf i n the laborato ry \0 chec~ eitner '~e transient. _eff~ct ~

of wllve~ or " the e~fect of . ~lIerieB ot. . wave s ont'he sea bed.

t . In '!:hlt; r e s earch ,r epo r t ed 1nthi ~ theeil!l an ~~te~Pt

ie lfIade to study experimentally 80me of t1'le effecte of , wavee

on soil. The design, fabri oati~~ ' and. ~al1~r:ti~n of a '

~~Ve-:.B:il tank. and the re~-ult~ Of .tee~~ with fh~ and 1!I1oi'Jng

'b e d. of IOli m-e "r e por t ed ' here.

c

<;"'~

i .
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CHAPTER III

EXPERIMENTAL FACILITIES AND PROCEDURES

3.1 WAVE-SOIL TANK

3.1.1 Design Considerations

Two alternative experimental arrangements to model

the effects of waves on seabed sediments were considered.

One the approach used by Tau! (1972) where a small soil

tank is submerged in a larger wave flume. The other was to

bu Ll.d a separate independent wave-soil tank similar to that

of Doyle (1970) which can be tilted to form a sloping bed of

soil. For this research, it would have been possible to use

the 58m x 4.6m x 3 m deep University wave-tow tank in which a

soil container of suitable size could have been placed for

testing . However , it was decided not to pursue this option

because of scheduling problems .

It was decided to design an independent test tank

that could be tilted, and in which waves of about O.5m to 3m

length could be generated. It was necessary to pay attention

to the design of the wavemeke r and the beach in order that

the generated waves were nearly sine waves and the reflection

was a minimum.

An extensive review of the literature on wave tanks

and wave generators was done before deciding the dimensions

of the tank to be fabricated . A site visit was also made to
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NRC 'l abOra~~ry f ,a c'! li't les 'i n 'Ot t awa 'and Quee n ' s ' uni vtf~d ty at

. " . . ', ' . . '- ..
. for l~eberq ',sdo ur ,'mOdel· t es t .s ·,.:·....aa r eadl i y '·: av ailab.l e ,f o r us e

" ..; ~'n · . t;i) ~ ~: ,pt:e ll~nt "" re8e.a~Ch. ;· .~~\w~v~.r: . .i t .. ';,as. felt t hat the'

l~ n',}.t~. o f t he tank wae h ot "en ouq h ·£or , l1se a s a wav~ tank .

'.: ~ The , ~vallab,\e t ank" wa s e~~~nded at ~th ' e'nd 's , 1I. ~d.'
. " ,

the 3••6 ,m ',8e.~...~ion with ...q l as e ,s 1d:8 lola 's, ue ed ~s( the~ ma~~ : eeee

, Clie~.~on . An.•ad di tio..na i l.~ ~ aeeti on IY'~~ adde d ,a;. one ~n~ t o '

, ineo;p~r~ t~ II. :"av e : abs orber , , A 2 .4 m'sectic,;n was add ed ' a t

" t h e ,~ther ·~~d t 'o ¢Ont ai n t he wavemaker 'of suffi'cient ini~h.1
" ,J..e ngth . 80 t1:lat ,t h e te:t se ction con taini nq :t h e eo~ l' w,ae at

· 1.~er.s t 3 't i~;8 t he : 'we~'er de pth ~rom th e ~ wav~ q~nera~orl ' t his

a1 1~w8 t h e .wav~. to r each"" 8 tea~y f or m after ,' l ea vi ng,' t he ve ve .

~ker' (Kea t i ng 'and Webbet . 19 77) . A SlQOOth trans!tion . f r om

:'; th e" ~a~~lIla~er bo~tom , t o the' ·~udline o f the I 'te ~'t 1ed~ion fo r

' va r i o u,: ~udl1n lit' eleva~~ons ' iB also provided. ~e ·· abo~e
, ,

design : Qhanges requi red ' redeei9~' of .the str~c£ural' s~pport8
. , ' . ', . .

f or the ~ank . The ,£l i ting a r ri uigement lu~d t;he hydrauli c: j ac k

~~r t~ltrn9': a,~so re~u i~ed 8~i~abl~~ mo~i ;ficat~~n·e • .. The

r edee ignedtan k ' ~s ' shown ,i n Fi gl:lr'e ' 5 .

Seve ra l wave, generati~g eys~!,ms lie ted be low wer e

co nSidere d a~ poesible s enera; ors fO~ t he ' prel8nt . tank.

1 . Pis t .on tyPe .

•P~••l ' ; h, n: , . ee th.~ttom

...

, J.
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3. : pneu..atlc ·

4 . Wedge

s. . 5 . 1t . r DUck in reve r s e

:" , pa~ cn e ~e wav e · genera telt. hinged at the bOttOil .
\ . .

....- . fin.~ly . ~holl en . . 'I h e de sig n ' i nC:O,rpo rlltell a ' contlnuoul

. fle~lb~e .•• l!Illl ·" .~own in .Flgu:r;.e 6 , . 11,0 th!l t the back o f the

.....Il~ei;ollrd ' i ~_ dry : "' The' driVe ~nd quide mechani$11l8 ,f o r the '

~ in~ed ·· ,~·~di!; . are ..~.iIllPle . an d ' NS Uy maintai ned ~nd acJ-jul ted .

,Th e . m~.i.n diaad v,llntaqe- . of . the", ~ther . • y~tem• . i~ t hat. .t h e y

req~l;e more ' ela~r~ .te ' ~id~ ~.t.~ml or that . the performanc~

1& not well dqoumen ted in the , literature . Th e Salte r DU~k

has i n advantage ~t .·a.._~e~ · ·U9kt a.a1 ii 'unnec e u a ry ·and.. . .. . ~

the r e will be no .pl~.8hl n,9 be hind ' the .;,ay'emu e r . }:Jut agai n.

the perfolllllu1ce 18 eee well doeu-ented ' .in ,~e ~t~rll.ture .

' Th e ""lze o f the moto r ' for ; t h e wavelaaker · ·i .

depende pt 'O n t~.... Ch~r.a ~.t.ri.tic. o f the wave. t o b~

generated : Gilbe rt et ' a.l (l91l) ha.V8-fl"lblbhed graph'. which
. . .' . . . ~

correlate IICtor capacity and _ve c:ha raeteri .tie. · fo r va riOtl•
. Il) , . • • • ..,.

combination. of _ter de ll-t h , period a nd . ~elli red wave height• •

I!! order t o ~.r~ t. a . 1m ' hi~h :"~ave. with peri.cd. · i n the ·

ra nge 0 .5 lee t o 2.0 eec i n ' the . 't a nlt a. 1 /4 hp motor 18 , :

ne;~.lI ll1 ry a nd ~aveboar~ fre~u.ncy ,mUj t ~ adj ulItab1 e f r om ~ .5 i

H~ to 2.0 ~~. The ,1.5 hp mot o r w ich 'e ame w~th the ~wu •

f ou nd t o be . • uit"bl e: ' Th e ou tput. speed can be va ri ed to' gi .v.e

wa v e ·b o a r d ' f r e q u e n e i • • . t r o m 0 .5- HE t o 1 . 7 Hz •..

"'.
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The paddle is ccnnecced to the ,mot o r by II 1 . III ~on9

shi!tft t h r o ugh a n ad justa:t"le eccentric wheel . as ' shown i n

Figure 7 • The ' maxi mum eccentricity ' i8 "25. em, ""hieh makes

. . . .'

plate , and is 64 ' C!l!'~eep and 71 ' em' wide . , .w~ngB projecting

baCkwa~J1 :~rQlll , ~be ~aveboilrd : emible" .a .pro~er , conne'cHon - a~d

ope~~t~on , ~~ "t b e , 'I:'~t~;ti.9~f ~'~m:tlJ;~ne : - ~ iong ' ' t~~ ~ttom : 'll.nd,"

- "s i de s o f .ehe ·~ll. n:k .- '. s f 'r e'a'mH ned . f I ne ·wei e. 'a~~~,ched t o the w~t '

" a ~de Of~~e ~~y~ ~~~~" (~i;~r'~"6 )' t~ ' _'~r«erit, ' ~;~~~ wa~e8- -'al
the ,bb.a rd . .: Te8·~8 .' d ;; ire ' , · ·~tt~~ut ._~~,~ . fine , i:"e 8~1~e d ~n '

.e ~ce. 8.i Ve cto8 ~~ave~ at' _ ' th~ ' board ,'~~~'n _~~e ' ~~a~~~e~~h " wu '

ne ar:1y ' e~ua l "·t o the ' wt'd t h ' of , 'the tank . Any ' c.ro e ewa ve

. d e~elope~at 'th~'imrd~as 'fo~nd ~o p~re.8 alOng' t~e ' ~e~'gth'
.. ' : : " " , ' " -, ", " , '," .

, " of . the ' t ank ': Exceeai'veepleeldng n":a.r ,,t~e ~w;':v:e~a.rd wa: 'a~so

.-

. ' "', ." " ,'. . , , " , ' . '

' ~on.nection·. " ' ~urther~ ", t he ' section ' whi ch ~ conta1 n. the' wave "

. . . ' . ' , . . ' " .

• soction is isolated' f r om the 'mai n' t a nk: by using a 'flexible

-!
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FI GURE 6 WAVE BOARD (TOP VI EW)
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FIGURE 7 WAVE"'''' EP DP E
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.. . . . ' .
prov i de a 8JDoOtll' ge nt. le trandtion f r oai th e wa.ve . lllake r .

., th e ~11 ··t e l t 'bed: 'D eta ~h ~f.,. ~.e· :rran9~ent : are" ~~.

. Th e . ·l:ent~a i· ~e.t. . ·.i~~ti~n ' Of ' th. · tll.·~k ~':Ji~~n:in9 ' ~e
." . ~oil .1s 3,.8 m',l on g" with -ce e . 8'1;'. "of ' 12 Imi. 'tJ;li ek · 91ae ~ . ... s oil: .

'-.8' :~~ ~~ ',111 ~i~c . " by . :pl a t e li. at,::f:?'Ie : ·~nd.~ ; .~:. :. tot.a ?, ·~i 9ht~"OL.

' . ....,hIc}) · c:an., be ad justed to cibtd~ . dit"ferent' , el evation• . fQr ' the '.

.~dl'h: :. ~": : t~~. ' \' :~~~OT~e:bY ~ . 0?·9~ :'e., ih~ ·L~~
e~d _.~d ·~ · 20 · tc~ hy4·r al.l11c ja~k with- a rO!'movabl~ .qu'Ppo'rt ' at ··

'.::,::c:.:::i1:~::;·:: :.:.~) ' ~"~T::~t:::~: '~:~:~c~;~: .
. ~~~ .~~ . iu:ijU lJ ~!d"~ \~ve .:..e~i·c.al~·nw;,~~'nt. ~ ~ SO : ~: .at ~i~ ;

: ··I
L
..,

l ~

. . 1
I·,
;l ._
j

!
~

.!
. ,f-..

. ....:... .

.1:'

":'.-'

c,

.,,:

.. .. ..

""~ '.

.: l oc;'lI.t..ed ·.it the ' bott~-: of ' the ' centr'al tnt ~eetion' Th ee e .

: . ~.~~~ -- ~~'t~ ,'-' 2. ~':, hoI II"., ": :~~ ~ ~ 'l~.~ . ~.~ .apP'~D~ ~~'''te ~~~'~~~'o ' c~ ~ .

. inter va i . IInab led ' _tllr "ec .be' fore,ed 't:hr o'ugh the" SoU' when ':,

. the, . 's o! i.·. •~mpie . :";a~ ' " pre~red . for·: t.h.~, '~~ ~ ,"8 ;' So ile' 'e e .

. .~' d~ffere'nt : ·dend ~:.ie. " We~e ' p r epa r e d ': 'u. i ng ·Ut.". f orced , je t. '\ . . . , " .'
· t,,: ~~~ iq~e thrO~9h. , :t::? ~, P~P.li~,~ ' . 9r~d . :' , , : ", ' .

.A . c ar rhge·· w~ieh.,- ""ili cii.P llti ~~ ." O(" ·t.r~v~.t' ~ i I}.9 ··t h e

". l,e ngth' . ~t ' ~." ~t~.II·t '. • ~et.io?:_ ·"'I1 . ·: ·III('~\U'!- te·d -. i .n .~e : .cent ~a l. ·

1I.lIc·Haft- of , the : ~a.~ ~~d' '""as · 'Ulled ' t~ 8UPPC;~t · ·th ll ~v .. ~rObe• •·

-. -.;~w'ort . ~~~, -.oi~l • .lop~, ~ of t l ':W , ma~ be ·dl~a.ln O!'d ~~~n9 .~e

Il'.u:d.l~he :. in· . t::?" , t~. t. .~e~io!, , · . · ;" ,
.. '.: ~' : '.

r
'. i

r •
I , ' . ...

r··

1,- '
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Figure!! ~ _Gnd 10 • . '

Beach U . - , ~ wed ge of .hone hai~ (Ruilitou)

' Bea ch ' 2 :. A , parabolic. , beach , ·~i t~ . tra ns ve'rs 8 .

. ....oode-? . at~ipl!l .

le~9th , .. Q.84 In

, . ' .
-' Similar ,t o Bea ch , '2 ·....i t h out II. runne r

- . 'Sl m1lar ' ,:' t o ~ell.~h ' 2 , with·O~~: the ~ ....~eri
" trips · , , ' · :~ ; · . '

- sillil!lr . to , 8&ac\,-, "4 : bu t 'coye r ed' ....i th ,2 '

.~ ,per f ora ted ,·i .e r d l?lI.l ·.~tfJ.es ,(lJt:l 11: '

' l~,6 3 1 .

Beach ..,3
Bea ch '4

", "AB. ·indiC~.ted earl.i~ j:' . ' ~rie , o f t h B .r~qU i remBntB of
the t,~nk ie 'to 'p~oduce v avea' th a t '· ~tB simple ,a nd ~onaietent .

s'i~~e "·€.h·e :· ~a'~k- i~ of A finite'. len:~th\ ' wllve~ , ....ih· be ' .·r·eile..~ted

. ' ?~~8{ri9 '. ~~~ _~~v~ _h~i9~i:. . · ~o . cha~g'eal?j,g . th~ 1~n9~~' :, ';f ~hB ~

tank • .:', ' ,! ~' ia.. : . 'th~~_ . ,~~~~e.~~r;.~ .t:o miri.imiz~.~h~ · ~~ f~ct~ , o ~ '
r;~fl ec~iQ~ by-. lnatal J,.1ng '4 ; .u ~t.ablY ds,,!i,?~e:d ,be ac h .B.t ·t~e . far

, end • . ' A . Ye~y ' 79~ri and e~fe?ti":"e""~a~e ~bs?r~er; : i~ ' a : 9S ':1tl~ .

· ~ l.opi n'i 'b~a~h . ,of~ a~u.t : 'i i20 81o~e ~ .- ·, C;;ver~d. : Wl~h a ' ~aye r o f ,

por~~ : ' iiia.teri-U ~ , ! h.s' B'b:.e'~ 6f ·the, tank ' ·ua e'4 ··i n .t h ie· rel eaich '

' p~e~ lUd~d : t~~ ~~.~ " ~f '~~h' ~a. !~at .be'ach ·.d~'~·~ ~~' : th~ _c6Tl~~rai~~ "

, ., . ~f .:· le~g~h .;· '-.~.~ fOl~~'~n9 <d~~r~at~7s .'....er~ . 9,?nS ~.d~:~- . ,~f . .

.....hich , the ' fi~8t_ '£lve· , ....ere . te l;::1:!.-:~"Jnce these , o.f f e.r 6d .Basy.

construe.tlon and,' adjuatment .~ . They a re, l!Iho ....h schematically i ;" ... ....
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Be "";h H - A ",lopi'nq ' bank ~f 'hone ycomb. materia l '

(Aveiro , 19B2 )

Be ach ee _'- .i>. 81op~ng g ravel b~ach

Be a ch ,9 - Recta~9Ula~ b a rs

Beach "' 10 ' - Pe r fo rat ed /inc li ne s (Ha~iH 19 63 ). . . ( ', . "

Wh~ le . ~s.t . ~f •.t.h e - a~ove _t~pe a of · be.ach~ . ' o r

. ' -, , '., .,'" ,.- , .
' b e ll-eh , ' '4 '8'8 r 1s 8 .~f e ~perirnent8 w;"s 'ca r r i e d> ou t " on th~ .· fi rst. . .

, five type s . ~ilIted abov,. The detai ls' o f t h e 't e s t r~sults 4J;'e

91ve~ f n ,s ecUon 4 ;1.8 •.
I , • . •

Phyrlcally, • t he wed ge of horse h air was q u ite

acceptable " I:ln~ ' co uld ' b e ell8,:l.ly ' ~d justed "ec 'a c.conunoda te .

. v~riOU B Bo il ~lopes a rid wat e r · d epth. ~ · · L ik.wi~ e , the

. parabolic s h a p e s we r e q ui te ' a'dapt~bie' /a i~ce. 't~e ~:e' :cou~l ' b e ' ~,­

"a d j u s t . d f o r d if f e r e nt · wa v e - t yp es . t o giv e II minimum'

r e flec:t l on in eacb .,caB~ ~· ·

- Th e other a l t.ernati ve a -eere : nol:.~ suitable li!ince t h ey

.l e se . adapl:.ab~,e' ,f o r a4 j ue tme ntl- ee; eu .it ....a r i ous ....a ve

c:haracteri Btic~ a nd ' ....atar' d~t.h8. The ....a v e . absorber Which
. . ~. ( " , . "

wa s no t t ried, b ut wh.ich may b e a good s ystem fo t' tMs tank

i s ~'Be~9~ H O ~ "Th is ey~tem of .pe rforated l~?li~BIJ 18 '~r'~po'r t,E!d



' (

4.

r.,

Th e wav '!! absor ber fina lly lu~lected _II a ,par a bol i c c

be ach e im ibr to th a t descr i b ed by YanLamJIle r -en and Lap (1 964 )

a n d u soed I n ' t h e Wilv e lin d .Cu r f e n t Laboratory of 't h e
o • '" . ~

Ne t h e r land . , S h i p M?de1 Baaln . A t'Un ner wall lltta~hed to ~..

beach by II hinge and e~tend8 to the ~llch e~d - of th e 1lO~1' to .

give it. smoo t h eont inuou8 bott·01ll .a1oo9 ,th e I llngth :.Of ..t:i;-e t anlt

da "Shewn ' i~ Figllr:e 8 ~~nd ·Fi<fu re . l ~ ; T~b 'arrlln~eme~t :' ~I1 ~
"nece ii. a r y, t~ p'revllilnt the -,bea t i ng t,y; . ; r u 'pon se ' of . th'e VIl~II"

and' to . p u v e n t : 'dri ;~in9' o f :sa nd OI.ite.ld eithe 'te~'~ • • c t 10 n .

The p.,rtOrlllll!1Ce o~ , thlll 1lOO~'!ied' parabolic bea~h ill . •

d escrIbed I n: ,-.la te r 8ec t lon • .

3 .2 Experilllental Set-Up

• ~ . 2 .1 ' I n ll t ruJll lln t ll t l ;t1!

Wave height rnellllu r ellle ntll " . ~a.r~~u•• ~oclI~c:'n. ~bn9

the l e ng th Of. the tank wioYe Jnade by II _VII prObe, ~lch "'.11 "
. IIIOUllt ed 011 th e ca r riag e and . C'OUl~ ~ JIOv-d;' along th e . 1e!1qt.h "

o£ '~e _ tan~ • . ' Th~ wa ve ""?" . ;h~n: 1n ~1'!J~re " :12 • . " " /I.

r .e. ietan c e typs ' and consis t ed of two 3 ' 1ITI\. td:!ame t e r etainl .~ . ·

.~eei. . rod. : hardwir~ to ',the wave iIIon itora . Tile" exc i t ation..

veaeese an~ the ou..tput vo ltage war e prev.J.ded ' ~d 1.1ne a ri\ ed

uli ing "Chuteh il l Co nt rol . " wa ve IIlOni tore . The li:~.ar1z~4 .
", ' " . . " - - . . , " , ,; ,.. ,

e igtl. al wa. th e n re corded, on I!l e t r i '\:lcha r t r eco r d e r . . ,

: .e. , ' . " , ~ -" r Wate r pr~• • u r~ - fluc i.uat.ion~ " ~~ . th'. ~dlin~. an~ po r e

. : water p~e..uu ch~~ge. " ~.i ~d;· · th e .~~ ; ~r.·· ·~a~~'~~~ ·:·udng.

.' .. .. - , .

<I
I

i
I
j

: : . :. :;.
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. adcro-computer .

The•• wer e poalt.1oned to read , por_ate ~ pr••eu r~' . a t:.- . 7 an ; ' 20. ·

all ~d ' ]~ em 'be~' the IIUd l1ne .(~19ur.·" i 4 ) :: ' ;~e :fO~·~~<~.' : :",
ueea :0 m;aau r~ .p~.~ e6u r~ . ~ar~at1on•. atr~. ~·~ 1 ~~~. d~e :.to ~ ~... ' .
Bur :i!lCe ,••ee v e •• •. . The Init"l~ t. r~.din9~ o f t~e' ~ p:e ~ . u r . "- .

, -, ' t;~aduc. r·~ ";era~ eu lt.~lY·· · ~djU~.t~~ · i n. • or'~e-r .~ t~at ' : ~he

hydroa tatlc he'ad of the . t il l \A t~r ~. ·e off". t ~~ : 11\'; '. re ad in.q; .

'::::::::'0:.:;':: : .•::~~:~~.,r<ctly . ~."..~·: t.; ..~;i~~ '~; .

t? .that ,:.:' :::O:~·:':~:~:b:o:.jt P::;~::~.=..;~:~~::i
' . :equ i red 'a eep ante m a r t r e c or d e r', When the KP .34."97~ Da ta .....•; .

', . pre.~ur~ ~;la~ion' _ ;at ·~.e· · ~~~lfn~ :_ '~d .~e1~e : .~~. ,
. oil· valli mee.Bured UIIing .a · row .O,f..•· 4 .,pr •• • u~.. . tran,ducerl .

. ' ". s ens1~l~ltY \ . I. ~ .·5~:;~kPa · . .. .
The nece••ary powe r , uPP l:y . &.Dd ' . ,a.llIplif~c~on unite .we r e

. manU factu~ed~ i~~~U~ , • The ~t~~/l"9na·1 .~e ~~~iiied " ~; "
.. , . - .' " . . ' / .- - ., .' ~ ."" ' .. ....," -

'e~t~er · r~cord.d. ~lre.7tlY . UlI;in.2J a - a u !p: chart .re~order ,o t"'

" ~e~e: di9 ithed, ~ ' an HP 3491A ,~a~1l ~~Ul"ltt::?~ "~pi'~~ ""~fi~

.~19 u re l~' . and " · r.c~rde~ on: ,"dJ., k"et t !" :.,ud n.g· ant "HP . 86 ·

)
. /

''\ ; : ou .r I P T - llOO" ~~li te "

' . fo .l1owlnq 12pacity range l

Rated P.r• • • u,.re • 35 tR,a . ·

MIUl:bnUll\ Exci tat i on . . \ 1~' VDC-

. »

\

1/

. " .

I
I,.

Acqu ielt1o n/ c o ntrc l Unit. . .. . y~" ,u"d ! ttl .. rate ·:.of ·,:~.:' :'.~.~~ : .>~
. ~;,

' :

': . .
.....:::•. -: :S-,..

. ::', r
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i
\rsa nd ' .

~et:rieval . . ' ,

pe'

.( . :

. _ . ' " . . _ " 8~C~m!'. ' ! ' . APprq~rlate .

.'. ~.~p.U.t~\ ~:i.~~~.~e, · w~ ~ - .tJ eVe l~.~.d 4f~/~ta~ ~crq9~n9 '
and:.tinal plo~t.in.9 , .. 'a.n~ .is. li s t ed . i n tl),e ,~p.p8~\UX . >

:-
..lQijgip9 wa~ .ab~ut 49,
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by " 20 CllI l o n g teet. ~Yl1nder by allOwing t.!,e dry und to faU

t.hrougl'i · a' c~iumn " ~f water . ' The permeability w"as det.ermined-. ' ..
for .t h ie ' init.1it1 dr~ d~n:"ei~y. " :rhenthe 8011 was denait-led ' by

t.~~pihg' ,a~d· Vibre.t. i~9· t.he co nt.ainer and : the permeabil1ty."teut

wae r~peated . This procedure was r epeated for several .

I~en8itie8 ' and , a ' re7ationehip between" th e , perllleability' and

~Oid ' ra~io ·w.a i 'o~~ai~~d ~8 ' ~how;' in . Fi~ure ' l,~ ; ,

,.~porim..t:ol::::r::.t:::':on::':'.:t,1:0,::'0,' .~~•• '

,:::.:~:, ;i}:oi":::~~O:.~:: ::::::::~:::\~~:~v:tei~.·:::::~ ,: ;1""
•,by. forc ing ·wa t ". r upwar12l1' throu9h the ''' oU ',f~om ,the ' qrid of 13 ".-' ~

,~ ':. d.i:-~~;t~~ . · ~o~~e; .' ~~~inq" ~t' .~ ~ate · .' o~ · .: ~p~r~x·i.mat'~lY . ' ·5 · ·· ' - .1

> ~::::;t~,o ~:~J::r:::.~3:):::~: · d,.;;:.;<:::lt.:ni: ~.:: ,.. ' ' j
. ,us i ng -a 146 ' clIl-3 , t h i n 'o(lll1. : eo.mp l e r " theea v,1I1uee were cl)ec'ked Ie
. ; . uB1:ng·. ' ·~~~, ~~'dl:i·~~ ,:~~~vat.ion :~~e~rv~a · ',~hrOUqh ,t.he· qlae~ ' ''walt " .' '.. ' I
, c'~i~ ' :';'ii.~' ~aJt~Q' : d~~~'n~ d:ra~naglJ ~ to' .n~u~~ th~~ ~~'e 80~1 : VOIUIll8 j •.;.,",;.,;,.,..."...;.'-'......,.-'."·'1,:.Vib~.H" ',oi ~~~o~qti~':' i~;"O'~~l't.r,\ ' ,,'

'; . ...... : '.... , . , ...' ~efore , '~h". . ,I o.i ~· , ....~7 ".p.~'aQ,e~_ ~.~ n , t he ' . t .en,X';. ' t~~ .

. p erformance .o f -. the ta qUl t.y ~as II. , wa.~. , t an . ~n4 -.t~.wav•

. , ~~n~;a~i~n . cl:la:~c~er~,~~c'i . :W~ l'I~ " ~V~l~~.t~~.:. ~ . •I~.lt. , ~'t ~. t~..~
, a~~ , ~b:.t. : test.. are ~i,ou..e4. i~ ~b:'. :n u t eh a tn. '. .. ;" '.
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ELECTRICAL
CONNECTORS

FIGURE 12 WAVE PROBE
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_ CALIBRATION SCALE

STAINLESS STEEL RODS
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FIGURE 13 INSTRUMENTATION
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Table 1

PROPERTI ES 'OF ' TH~ SO~L ' USED'
i .

.~ :

Pd .ri.in (by pou rj,ng s and' 1 3~9
throu?h a column of !"'llt e r-)

Pd max (by .vib~ating. in 1613
saturated s t ate ' with no
~ urc:harge.) · • .

.)
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EXPER1HE~T~ RESUL~S " MDDiscus s roN

'.

.The ' $c.~PQ "a n d ;6~U. ',0,1:.thj,~ ~e ~e il. rch ,ma.y ~e d~V~d~d

J.n~o t ....o broa.d ·. ca~~~~~ ie9 ·: '. '1, _. . .

~ " 1. Evaluatibl\' a nd , t:al:ibration.~· C!f ~e ' ~ e$ 1;. tank ~iJ
a .vave flume." . ..

E~aJ!lina~ ioo. ' . o;' - : ·~e '. etf~ct"Of' :' i.ta-~e·g · on ~ s oil
,ri t~b l.U:t.Y' .

· · · :~::m:~:~S::;:~·:'~ji:F~~::7Et:·:r:t:::~:.:::~j~ . · .
, ge? e r at or ' ,a tld ~Cll .fO~ , ~8e' -, .in , ~urther . t.~Bt8 ~ - , itn :evaluatiO~

.:~~::v~.::~;:~:::t;;:~:Jia~: :::6;::.::::::,~:::~::::~~" ";
.· wa~~ . ';·~n(p~rforiua~ce· Tes~~ . : .

. T~8t..8 ; 'ec ' .evaiuat~ · t he ,p e r for ma.nq e of "t h e ' "ia :Ve' .

'•.' '. ge~e.~~.t~~ .~~~: : ~~'e : be~.C~~\Ji~~~ . -~;~·f~.~_m~d. ·~it~o~t·:· , ~.~.:~ ·." i~ . :'~.~~ ' ,:
1:ank .· Hqwev.e r ", in o.rder lO';Bimu late . the ,pr'e8 en~.e, of ' a "80i l '

-.~ . f~ i~~ :~~t~~ ~~- ..~o .·'~· ~hiC,k.~ ~i~()~ "~e:~ nfO~~-~ci ;~ith)5 .' ~

~. .s.~. .~.·.~~e~:~~.b~.· ~.nci,~ .r~e,a~.~ ~:~ . a,n.~~~:;.~,': t~. ~h~ ,~t.tc;~ , ,::
. C!,f >t !te t a nk ,W'u ' u,u.ed t'sJ r.e.p z;:e u .nt 4: be~ - .o.l!"i~pe:r!"ell.b~e ' ~oiL . .

.' In' ' an~ , .~~dY. '~f ..• ~ab, d. , ·, ~tAbi iit'i ~~e . he~';Jll;t ·..Of , '~e

.. E~~:.~:::~~t:!:3=:~::~:::::t~:::F·~·:::~:~::: .'
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' 0
,4-\,1,. 1 . Wave Cha r a cte r i Bt10s

.". '''' . :~~ , ' w~ve ' ~ ;·~m~. f<as . . ~e~te:d u 6- in~' : w.a,ve k:!oard

fr-:t~l;ln~ie8 , be ti.';e~n ?;Sfl"lJz and, 1 . 67 '.ae , ..dee; ,d8P t. :tJ.8, b~tween

30 eM an d ~O ·. em; .an.d ..p~Mle d1ep,la.c:eme:nts up ..to II. n1aJimum of

, 15·, to p r odu.ce . llla.i n .i y in t, ermed i,ate ....ate r 'wav~ lI • .

'wave :: '·c:~aract~ri-~ tic. li t th~ee· · diffe rent wllte 7. .. . ~ "

depth~ are,. gi.~e~ i~ __~~bl~ _ . , 2 . . These ., c:hllr~ c:teri8t1cB wer e ".
._ .. - .' .or , . _ . , '. . ' ,_, . ', , .. ' • .'.'"
plot ted in the 'wave ' eh.8 8-ific:a t ion , ' char t .( S hor e " Prot ectiOh

. ·.::::·~: . ':::)~::e:":::e;~:.~:::·t·.i~:::.~:eb:P;:i::',l:;:
"and J ' order . wave the ories . "

. ;fyP~ .Clll~Y. · f.o~ ' f~eqUe'n~l~e D~lo,~' a. :.:Hr;'"' S tOk~B" '· 2,nd":':~ _

. ord~r . 'theory ~ppl1es and ': f o r ' freqlleil.c;i"e~& h igher 't ha n " i.," Hz,".
• ,,-. "C ' " r d", .- " :' .... .. . :" ': . ;. " ' : : ', ' .: :' , " ; ' .
S t 'o.)l;Il I' " ' .~' ' ·' ,o :rdu . ' t h eo r y ll.ppear:1 ec . be . l!Iore ap?rop.r.i.l5,~e:,

.' :~;::'~~;~OW::Ol~~i"~: ~:::L::t~en:!·.';;...r~• ...bOt~~ .:

. pr-e a eur e a:9d~8 1; ~ne9r.~~1(:a l var u e e , . ' , ',.,'

et; ~i41}:::;;:::,~::9:::~:::~~ai~r:~SJ:~~':~:; ':
. ' and, f 1ll.p· ' t.Ji: 'wa Ve" inall;era . ·· For;' piaton ~~~, wa~~ ':~.~e~~.we'.h';",~~ .;~e;. .. .

H .2 .( C~8h . 2 k od, ':. 11' ;

~r s.l.~ 2koa ·~ 2~C!~



...:

,..
0 . 8 7 a .6 3

.. ,061 ',068

0.5 5

.079 . il .1 ~ '" .
~: ~:7 g :;~

,66 :l ~O~

-»

0' ,91 "
, ,096

.18

~ . "



. ../

.~
,'~ ,;~~ k ' , :' C~'h ' k . ,: + 1
. 0 " ~ ' \ 0 . 0

.s .I ,nh ;2 kod ,+..; 2 kod

•.~ ... ..

· ',': ·1~.!. ··'whe~he wave he i ght. H. ,is ~e~aluated a t: ~ a: di8t~~ce .not 1esS:." · .

th~~ ·3.a from 't~e wa.vemake~: ~' 11l1 th' l....av. e l en..9thw ·and.' , ,..f~('
• . _ .0 I '. -, • " .' /

the wavelllaker llI'trOk-e at. t he s titl ....ater ~ev'el. The - abov e -:. ", ~ . ' . - ,- :~
e quati.on has be e rt ver i.fied "i n laboratori~~, '".a nd · a - ~~ . •~. _

cor're ~atlon 1)3 8 b e en sh o wn to eds t as ah own l n Fi gu res 18 -"..!
and 19. (Ur -bel,l ' e e, ~1 -i 9 6 0, MUgq'eri~ge' ~~d ~;·raY.'19?{h ,1'

If . Fpr " ~ ;lap ty p e wave- ' qenera t or / tbe'-"'ave heigh t , l s. : ,. ; ".. .
. " :. ' "., ..: " .' " ,. ', '. :" '. ' ."~ .

(338 ) -' ' .

0:' ,\
" - '--, :'

~ - The above ~ _e~u'ilt.ion ' : h~·~ ~een' ' t~ llI te~ . upi:r:i~eri~"'i\Y - · b; ~~-~
Neyrpic~ ' ~·ngJ.n~~r~ · (:u~.~il ', e ~'_ '~i l~~i.) ·~

. .. ' .: Th a ' te'et~', dc~e '-. i~pr~~rit :~eaellFCh t o fVal UlltB
:.I" - ' , - - , ' . . " . - -- - , .' ,- ' .

:the perfctmance , .o f the, __wa~e~k.r , _we_r~ c?mpared ' ,wi th· t be: ~

..,,;C:!:~.i:,~i;f.~t·B~;;;:{ ·.
'.' : .' ,I"-t n e wa veboard _ueing ' .tb& ', wave pr~be ·, ~~Icribed.- EHl.rlhr . ,,· . ~e >.;

T ::T!~~;~S~~:~B:ti~±
by th e ZIIOvi l'\9 .pIn . The wa ve ~hlJt~ wal det. e r min e d udn~thP .

relation.hip C .. • j../T . "" s peed: ~ " was det.ermineM~'

, , , "- ~ " \;: ,'
." .,) ~,' ,;<'

I

f
I

i·
I
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.: \ !
. measurl~9 th e time ~ reqll ired "f or II wave"to trav~'+ ':. distance .

r 3 .5 i,'m: The pe; iOd ; T, was ' · d etermi ne d by , CO~nHn9' ,~e

.nu IPb*:,r",of ,_ v es paaei'\9 a ~int dur1n~ 39 •.ec c nde , The , time.

W~8 ~a~8~r8d ~B ~ng .a m:anu.a,ll~~rat.~d . ele c:: ~r(,~i"C ' ·Slo~atch ._ -
l1e aa ured va l ue s .'of HI e , an d 2".d/ t. , for ' 'b . 36 In ' deep

.. '" . ' . . ". . - . . \.
wtt~r OVer the 'rang,~ of . O'.Q~; ,( H/L .< ' 0 . 14 .~d .0 ' ,1 0( ": ( ~~, ~

we~com~red wi t h .th e theor.e~lc:al. val~e.B . of Urse.ll et ', .11.1 .

..;"-~1a

..~~ .

II·.
".'- (1960 ), ~ given t¥ Equation aa e , "Th e OOI\Ip.riaon 18 shown '~

. ' ~9ure 2? I ". _

.. . 'l' h"e " e%~erlmentll.l. vll. lu ~! are ~ut 20' ' l e n - , th ll. ri , e.~ ' : '

~,heor e~+~~ l. t e~tim~at;EIB. t · The , "t.he~~euc-h __. 'r 'e l ll.t l o nSh i p..;
1
I-
i
,
.. .,' , . r .

II
I

. . .
are "h i nged at ' the bOttom: it , 18 moet 'lik e, thot the

(3~).;

,Or 4e.r wllve :heor :v, can ):Ie .how· ( Shor.e : . P#fte~~.~n ·Manual .

1977) ' ~ be given :by l
-,

" i n th~ pn"{Iot faci U ty . Figure . :21 ; " and 23 .~ow th a i.....
. f <

;':,.
,

:

. ,' l "
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!

, " ~
TEST OF WAVEMAKER THEORY FOR"SMAl.L

, 1960)

,·."T· " ""'
PISTON GEN ERATOR 'PERFORMANCE FOR
REGULAR WAVES (FROM MUGGERI DGE

. AND MURRAY, 1981>.

WAVE-s TEEPNESS ( FROM ~SfLL E ~L

"
to 1.1

·" "Ih ptr l"'t nla.
~torJ"'" !.....··,·..

~ / .. ..u . ..", . .. u

fiGURE i9

--f >-J
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for ~~ter

: '-',

.. .. ". : '
.. waves . propagate they . slowlY . '-~hange form i n aperiodic way,

. w~iCh "d~pen~': "on wav~ .teepn~. ~ ; · H/~'; · an~ ' ~e~ative wa~er.

;ep~~, d/L " ' (Ha n '; en ' ana ,",sv~nd.~n ; 197 ~. ) "

Fig ure, 24 f r om Han sef;" &. Svends en ( ~9?~hOwa , in . '~

an : e~tre llle e..e~ t h e . time va'riatio~' , of t he lIur f a.ce, .el~vation ,
, . ' 1 \ " , ;

a t ili fferept P9int ll alo ng a wav e fl ume, This p a ttern is

t ypi cal fO;. ,mo~t' l aborat ory ~a~e" tank s '8.n d · 1& p.rl!' S~~t b;e~au.e ·.
a rig i et, , flap" cann~t n~~ 'p r Odu6e t h ei'" vai~.t,ion ' ~f ' the

pa r ticl e . motion, ~hich . corr~.pond. to,,·a ·progrea8.1v~ wa,!~. · , of
c~nlltant form"i. .. .. , . , . ; . "

~ . q~al~tative ~'XPlanati~n ' :;'f thi~ . mot ion', i~ t~at ' , .

• itlaller ' w~v~ :. ' 18", tra~~llin9 ' ci~~·· 't h e . flu~ . lIuper i mposed 'o n

~a niai'n ·;;;~ve ;.· ;b~t', ~ith 'a ~ol'lle.;;hat ;maller 8pee d'; ' " ~~II' 'way~
i'. ~e'not~d " ~~ ' , a >fr~e · ' : ••QOnd ' ~a rnK>nic' ':_~e · " as , lIhown ' :i n-. .

,.'1'h e ::.wn e " pat 'ter" not: .on l y ' '' h ow,1I i t ••lf aa .6. :

di sturbed ": ;"'~~ s ~ pr'~uie ' bu t alao . ' . lI;h ib i,t ~ apparent

I
!
I
!
I

'I
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( 1 97 4 ). .J
,." ...\

tank ~ Th e .u ppe r and l~~r : .,j~ve . enve fo pee 'mea nde r a long ' t he

variat ion i n mea n ....a te r l ev el' from place. to p l ace along t h e ' \ I

' . . ' ' . .' . .
. h.a.rmodi c wav e ~~ the genera.to~ . (Ha nsen a nd, svend,sen , 1974). -;f

Figure 27 Ih owi . t ypi cal s urface d ilplac.men'~.

, . . . , . , " . . . . . . ', .{ . . ~ \ '.'
obtained . in the ' prel ent ' r e s e a r ch f o r . f r eque ncies 'ra~g i~9 fr~'

0,56 ' Hz to ' i,35 'HZ, The mea aur e me iita wer,e ~de ' at ~"fi xed

- ~o~'iti~n i n t he , tanlt .ov er . a Period 'of ·time :: -The 0,5:6 Ht:' ~ave

~ . 't)u ' a fO~ ' tha.t ·11 8im'ii~r ' t~ ,t h a t ·. de8 c·Fib~·d ~ ~y Han sen ~ a~d
Sven'dae n (1 974).

.. ' .1 .' . , · .. ' , •

'--'...liJi-1re ' ' 28 sh ows ' a ..compressed · p l o t ·o l wave ·.heigh t a

as the · wav~ p~obe :~rmoV~d '~~ut , l cm p~~ ' s ec . · a~o~~ t.h e

~~nqth Of~" th~ '. tan~ . 'T.h~·.' m~~~~e r.inq : . e ffe~~.~~~~ro\·ed, . J.:'.
ve ry a1milac- to that · d8lcri~d . b y -Hal\le~ and · ' Sve nd s on

.... -. ' . l ,: ' , • . •

. The :·ph yeicaI mani~e.~ation o.f ,t:hh phe,~oll\enon i ~ ' i n

.c e ome , way ri.mila r t:, 'bur IIh~~ id :ot. be (!~nfue ed , i t h ~

*e tl ec tion , wh i ch wi ll be 4bc~lII ec;t t ate r . . ""

{\ , .An , additional , ~i~itatiC?~ in ~pt~ducing .a . gravity~..,
~ . . " ~ . " ,. . ."" .. . .-' . ,~, :. ' :, '. , . ,"..'

rYaY~ .in . ,. :t.~~ .' .~~P~ , O~ , ' , ' ; ,pur ejl~~:r ...b , tbe..~o~ ' .~.~~iOl~:~..

motion ~f,. t b e JI!"~v.IlIIl'k~rt:• . ~'an ~.• · len9t.~ of. · .~e (!()n~e:ct.in9,

p:J.
1 .

. . ~ .s.

.~,
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r~ Is ' more ..than 10 . ~ 1I1l~·8 the wave board d!splac:em'ent. , ':b~ '

. ,eco nd barmoJClic " should "b e 1eB6 th"an -5\ ' of; the fundamental .

. For.: ~he , pr e sent

equip~en~ ~ .~ : , c~nnec tll19 rOd : i~ : abol.l.t . l~ , ti~~ .' ~he. ,Jllax i,m~m

", ::b oa r d dl~Pla~.em~n~ ' at ~~~ _ a;'era9~ 8.till~wllter ": _ 1~~~1:"/ ' . .'
',t n "'i!ene ral : ".th e,. for~ 'o~ - th'~' wa,,:ea·~e·n:~Il'ed ,:app;ar.

" .

" , ',.,.
' .. .;

.~. '

\ . : r ,tJ.me ;... .

". ,>t."

'."1"

! ~ ,

4'.1.5 Beating

A'Pb~nomE"~o~ cllH~d ~be ll.ti~9 ''; ,~~ f1 been 'deeccl~ed , ~y
Fiugg~ "( 1962,). When ' t~:~ ·d~ff. ~ence :be'tw8e~ the f:r~uen~ie~
?f two c~m~~en~__ at~on~ .?f ~'~~~'ic ; to~m ~i , 8 1na~ i~~ ~he:. ,: ,

°i r~Bu·lt.~nt "~lbratio~ ' ~);~11 - ~ :-f~rn; - that- ~8 c~'lied ·.t>elltlri9~: ~8'.i d ' eh o w.? "\ n , P'l 'g-'u r s .'2.9. ',( Fl u gg 8 . ·1 9 ~ 2) . .r e . t h e r e ' a r e -e ve

. i ' 90neradrw , me cha nisms t ha t ,os ci llat e at " ~'H9~tl~ . dif'f~re~t ",.

J frequencl,!,8. ', 't~8n the 8~p.cte'd r.~ult 18 '.t ha t ' ~~ : a.ny ··qi~~~ .
~ . ) '-, - '<"'.... :.: .' , -. ' . ' ,- ' . " .

I
location :~~~ ~l!-e~ _, '~~~?~... Of. /k,.the two ',wavel add'.". ",, •..•.•• n.,.. .. __,,- ... .

" )
': ~~~~ , .
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WAVE " P R6·F.·~ ~{AT , DIFFE~'ENT ' STATloNS .
'I N A WAVE FLUHE (FROM !lANSEN AND
SVE~DSEN , 1974) . . , .:

C'
" .r

·· · : ;· I '\"-J< : ./).~·. {U.•·· >\;Ji' .·.··
. - ', ' . " . .- . :" '.' : '. . ", ' "

. -. " .. . • " .- . .' . , 1, ': ' . : "

I

i "



1
j ." 74

-'-'-

, )';- '

J
"J

, )
' ;

" 1'
f

j- ..f

i

\ '

" Z '~-
.r/ '~~J

. FIGURE25. S"PERPOSI TION. OF; 'SECOND OROER STOKES MAIN .&.
:WAVE AND F R~E SECOND HARHONI C:WAVE . ......... : .."

(FROM HANSEN ,AlID SVENDSDN, l,97Q)

. J

.j ..i

I
1-

"
J

, ,

t



I., , ..,

i .:':?
1, _:

j
i

r
L

"j '

;AIj
"

"

. ; .
" .~.

. ~, , "

.,-..

, ..

~IGURE 27 .ry pi~A'" SURFA;E _ WA~~ S IN 'THE"
~AVE · S~ IL:: TANK:- . . .. ~.
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FIGURE 28 A TYPrCAL RECORD OF MEANDER I NG

76



. 1 -i
~~.

l :
f

t
.< . -
: ",

... --.... ._~

.' • ••. ,.t •.·

_. ,

-.'. ..

.'
. : .

.'. , . ~

-:;

.. ;



. . .

_ ~ ~hi 8..1 bEiat:~~" "'as' ob~.rved du~~n9'~.t!~ ~liR:~ti6n of ,
. ' -.....; , ' ...<, .. '.' ..... " -' . " . -." " --=-" - ' . •. •. :--, '

this ~nk lI.nd~_when . pre,se.nt, : : ;;10 ~ry- - difl1cult " to mea,Bure

the ' ' ~ffeet B bE' ~ave -_· ~eflect.io~- · and mean~e:r::~ n9 be cause " th e

78

\ ... ~J\ !

1-,

i
1·

I'- ~av!t·_-· ~1l J.9~~:' Il~e , .~~. :~~8t.ll~~. o::~ _ tim.e. ·-.T he '~.enom~n~~ ., o~ . 1

be!!-!: ,ng , Wi!!':' Ob.s.?'t'Ved . whe~. , ·t h ':!·· .,/:.? llljlwi n g 'de fi c:i e n f ie,. ;

~ .. ...~ .:"'~ .•. !

.."~ ::.:::~~:2:: '~:~:~~::8::~·d exce8~·~'~'~~f··~' ·'~"·'••••.••••t.•·••'0<-,:'.-•.'~.•.•.•...;~:~.". ;·•.~.··•.._.•..•..-:.·•••·.•.·.·..··.JII;'·_-..•...,..,
c '/3· ~ ..'1h.~ , ~r _t~-~ · i~'~:~<·.: ~:h-i~~. : · ~e'Il~,~ " '_ ~~~~ ~ ; _ . ~ . , -sc _ " _

. oecl1111t e with" wav e act. i on . > .

il~~stl~F~j2t?;~.:Y: ..'
Examples o~beatfM......wh ich ve r a obl~~ved- ln this ,are

shown, _~ ~ ' FigU~.~~ .' 30 :: ' ' .~ l :, ?~_. :. _~.-a:~:;h:' \·:~r..~~6:· ':f '- ,'~~,Ch
be ats ,_ r ,ll , ap~rox~~~~,~lY 9 . 8econ.~8 · c;'x:.".16 ,. 'tI~nd~.: , ' ;~~ 8.0me ,',o~ ; . '"

t he pJ:e liminar y tes{swhich wer e : not r~c~rded. ,~l>ea_tin9 ·wl th ·

p'dod"n,~• • :~~,~,,::~:~'~:;d:hi:::~:V·:~ : ~::>~i~h~ '
predetenni~~d '. ~~lI. rll.e~erhtic.•.: ' ,a~e :: ''. ~·~u~red ~· prJ!~imil1;ar~ · .:'. -'- ~ ,

:::~:::::~ ':::::f;h~U~l~:;n~t:~::·~;:':.::Y'f:::.':::~:~~: ·~ : '\'



"1< ·~~"r' · · ~-· ;r.~. ··.
I. ·· ·.··
" " ---:.---, . . ~

I " .".J l . 6--- -'BUildup anI! Deo~y Time

I." . . ~iqllre - "35
1

" .h~·W8 , . a. :' · ~yp i·c~ i ..pl~t ': : ~f' 8urface '

! l . diaPlacemJt8 at , a ' at ation -I n" the" . :te~i ~'s~~~iOn. ee ' t he

::,~ '- ::::~:::rb::;;:;~:::: Z:tD:y 7::::-t:~2:h::; be the
I . order . of a,' f ew eeccnee', . ...

~-~ : . . ;. ~::~or. ' , io~,e , ': w~.j·~ :, fteq~enCi~ ~,~t tli~" ~~9~'~~ing soon .

;'.N . after . Ule<,,~~e~~ker · . i . ~u '~n~d-"· _&i:~ ::;,:-:.ve~~ ·hig~~r· th~~ . ~h~

~-v C~~'BF~~ti~?:t:tt:-t~:1t£;~· · ·
,.,.i . l i~:~a::~::·::n:r:: ::-?:::~::.:::::::r::~2:t:::g:o:~:

·ma j.~r.- problem,:"the .17m .li cat1o~s -o f thb wilL .be ' ~~.c:ul8ed 1~

I: ~ " ! a Bub s equen t aec71o~ ';" . . ". . /,~ .' : :

A18o"wh~~ th~ ";'~ve ' generatQr i. turned" off .e iaj;~e

....av~ ll1way 8 appea~~ . Thi·~ · ca~ '. be . ~ttribu~ed: :, to th~ :.1'~..,i~9 .



I ,

\.

f~; , . 'the" ;~;~e'n : ~~~~-~ . : '~'~P~h~:,:: ' ; ~ ll i~9 ~~ ': ' ~~#~~:"' ;'~'v~~a~er -'

str:oke'. : Th. ' ~~i'~~ ;'~a~'~': "~;9ht: , 1~ ·.-h~~l:~d·' :~ , tW~-:;dl~.fe?,·~?~ ·: ' · ­

c;it~~ i~'; .'one , :1~ - , ~e" ~xim~ " ~t~6k~ ': 'Of : the' ....a·vem~k ..r ·~d '~~ '.
'- , ' - - .' ' - ;,. .. ; -,. .. ....

wouli. fail as t1l.e large '....eve . .p8"8sed over the test section

' . a~~e'r '\:'~~·"' 9 Il ne ,~'~ t':~r -, ";4rJ · t l.l r n·ed ': ~ff . The··'!ncree.se , i~
porewater:-'pr e s 8ur e due to "th e s e large wav~IIiI' ilJ ' '-o.l ao ,' ve ry

' fJot'ic'~able _ ' ~d-~;"U l bl:.' :-~-~~~~~~~ ~~t.~~_~ _ , .-<,,--;-: ; -;. ;: _:

, The ',' ,na t u r al .~ decay 'o f the , ~~ve8 . i 8' ; aho - shown ,.i n . f "'
.~j.'~~:~.3.s::, :_a_~d:· "~' :.~~o~a.~.?, -:~r~q~,f ~·~, ·:.~~ '::bO~.~'...~ ~ .~. " _~~•.~)',::~ . ~:_.:'.
~~8~rvea •.:. :."I~ . ' .-,~rd_e_r: ~ to _ ,.- ~er~ .f~_::_ . ,thi:~, ' ,r~s,onanc~ : _ " Phe,~~m,eno?' "

fur·the,r_~ :'.: :~nd~~- · :,~.~111 . }~at~~ .- ', ~on~iti~,~s . : ,"?ne ,~f,' " ~~~ ': ~a,nk ,': ",

.: , :E:~:{:7:EE~i::~n:~::·.~:i~:::~::~·~\~:l~:£tt···· · ·
:~i.tiPl.~S , o~ · ',8 '-, ' ~~_C?nd D ., :·:· (8 ,:, .?~i'_ :- :·' ..~ 5 ...:...~~.:' . -~:, : .' ~~~ ~_O~d8 .~ :.··. w. ~~

. n~t~c.ed . in :,~e ' : ,~~Hn9 , : ~lf~?~~_?_O~ _~~s_c.r~~~d :,~a~.~i~_r~.: Th~ _ .

;::o~.nO"f'~U~nOY ~,th. .,...."b thu...timT~' 0:'25

I
!
•. 1
{

!

!

I I·
f

. r ·.. ~
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FIGURE 30 AN EXAMPLE OF BEATING, PERIOD IS
8 SECONDS FOR 1 Hz WAVES

FIGURE 31 AN EXAMPLE OF BEATING, PERIOD IS
9 SECONDS FOR 1.19 Hz WAVES
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FIGURE 32 AN EXAMPLE OF BEATING. PERI OD
IS 15 SECONDS FOR 1.03 Hz WAVES

FIGURE 33 AN EXAMPLE OF BEATING WITH
PERI ODS OF 8 SECONDS AND APPROXIMATELY
eo SECONDS FOR 1.03 Hz WAVES



8 3

FIGURE 34 AN EXAMP LE OF BEATING,
ApPROX IMATE PER100 OF BEATS
I S 16 SECONDS
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The height. o f tb\e sh o r t "'6~e. o f Fi gu r e 36 vere ". ~ .

1111l1ted ~y br.ak~n9'r~ -.~. height of the longer

",l1~it~ by t.h . _ xlaum 'Wave 'board. etrok e •

· 4·~ 1 . 8 . R.il ~~tiOl:l . \
.. . . . . .

. A. III wav e boa rd ., 111 fo rced ' t o a_ciliate , a

",;' '.p:~~e8-. i v. prima.~y. :. lneide.nt ~a~:. i. crei.t·~t't:fWh lcb tr~veb

I" ~: '; ,"'~:~1:1fs;:1JS~~~~~·S
.'1·; ·: ':'-' ,:\, : , : ~ ~J;-i ; ~ d e':~ ~.(:,.'~~·~: "~ ;~::f\~ C ·~·. ~ " ' ·· :" ~ 've · "~ ~:~'~ ~.~ ~ o'~:~' ~h'.' '.

'::;-':.'".1- '. characterloticaof tho .urfaco .on whichtho pri_ry wavo ';'"
. \ i'~C:to .and;.~~.nllY t~".:~mp11:Ud. - Of . ~,;.. P~i';'ry r.!fl~:t.d .
. • wa.ve wil l ' ~ _..I I fo r a wel l dll. 1.9n.4 beach ". -" I n the .e at-rem. - ..

. . - , ". ': " _ c~s~ .~lU;~ th'~ ' ~lI fl~cti n9 .·~~f~·~.~ ~~ vlI~tlca~. · l~pe.~~a.b~• .' ;.:~~ .

·' IIl~th. · ,t h ;" al'llpl1tUd~ o f the . re il~ct~ · vav e . c"an' ~ . De a r l y ••

. \ mUCh :48 ' ,tha t o f. ~h. l!,~i~e~t ";~v. ,- . .

;;.\'.:fl~ct. ::~:::·co:::;:ct;:c;::~: ::::,~~t:::::t::: :: '
. \ lIlu lt.ip l~ · orde~ in61dent and r e fl e ci ed va ve . ~r . cr~a"ted • .~• .

... ' r~.f1~~~t.ed ..~~vea ' p~09r.8lI~ ,~JelY . ~tt~i n . ~~1I1~~~ . ~~Pli~~~~ 1!i ' ~'nd e

Is t ead)' . s t a t e , ie attained ' a fte r 11. ' certa in t ime int e rval

... . \.

" " , "
~ . . . - ~'-' -'- .

, [ d'~p~~d ing on ~he leng th . of . th~ ta~k" " J;t' th. , primar y

. . t.~e f,l l7\~t·ion ,is " .~~'.' ~r , ~e~ . . ~h? ae.~o~darY· . · ref~~~.t.d , ....e ve 11

:~'l;1~~ 8 ..tha~ , abou~ 1\" of ~he. · prhl~ ry \ inc~d.nt wave. and ' 11
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In any series o f 'e~perlDlen~8 involving por-e vec e e.

pre s s ure' i n Boll , it is Clesl r eab!e to simulate III oonClitiQn. '
where the 'fnI,ve l he i gh t s noton~y have reached steady IlIta te b\Jt

lir e uniform along the length of th e tank . , I f ' th e r e f l e c t i on. . - . ' .
~.. significa nt , th~n the wa ve ne;2-ht. can v~: ~ulJ Bta~~.iaJ. l:Y

al,ong , the tank. - For eX4mplewi t.h ' 25 ' .r e f l ec t i on; the ratio

'o'1 :'th~min,imum ..,ave ·.he·~·~h<t.t·O :th it "~x·.1 m'u·~ ~a ve h eight ,
" .' , , - ." . : . ~ : . . - - ': " " " , :' : ,:. -. ' . ' .. .. . "

, w " , ::~:;:::;.. , ::.:::::~~: ~:::t_::;~e;.:~: ',,;;.::.th:t::::,
rtflectionphenomenon 00 the ",aYe s .ue ed for ' t e s ting . '.;~,: " . "

. . : • oil' '. . " :, .. -".:_ " ' . ' .. ," • -' , :" '. ,_ " ~ ' , : . ":': .' : ..

,,'. . _~,.e r;~flect _io~. · co e f.f~ ~i .e .: .t .cR . j, .S. ' . de f~~ ~d A~ ,_ ,the .
ra t i o of die re flec ted 'Wave h e i gh t, 'HR, to the ' i ncident ll'ave

he1~ht H~ ·; Thi~ ~~_ "i:>e 'i~Own , ' ~o be giyen ' by . ~

',

c .. H rnax ~ H';;i~ '
R Hmax -. Hmi n

lJl)

wh~r~ H.max. a ndH'min are the re~~ltant: ~'ei9~~~ ,Of '~e i~cident

wa';e Hr: ,. 'a;,,~ th e ~efleC?~ed "w~ve HR.,-ae ··.'ehown ' in Figure 37.

PhYlliC_~llY .in-.Il wav e tank -Hrn~x : II,nd tl mi n" .re -_~epat"at.ed by a

di 'stance of Li4. . '. "
....]her:.;ue d1f:er~nt I118th~e,O£. _,Cali:~ 1~~e~_n9. ~~ : In

,t h e conyen tio~a~th~ it . i e , ae llume~ that the -wa ve e are

" B .in iJ 8o~dal and , th e ~1l~ua~~6n ,of th e ·retl eCU t;m . co e f U c ient­

~ e'!'a8e,~ on direct me.aBuumente. of :Hma i lltid . Hmi ri; A/emdl

:er r or' ,may "b e i nt r6d 'uce d ,i n ,- ~ ui1e m~thcid bece'u8e. ,J~f the '

aB8uniPti~~ of II, 8~~~~oidei waV/p~Cifile (Haml1i 196i ): G"ooa
. . ", . ~ ~ " ,
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and SUl:uJd {19 76 J "ha ve" p~opo.e4 a . .po i n t. method for'

c ll.1c:: u l a ti ng CR by analyzing the fo~-ri.r . ~O ll.po[l en~ of" th e

ampli tude by the . f.e t ~ourier traneforJII technique .

The dfr e.et met.hoc! : waa . uee d to r · 'th1~ re~ellrch. I n

." !" "m/ .....n~ 'H~ln' ~.• ~ •. mell~~~ ~.. t:uve l ~ ~n9 . ~~ ~ave'
pro~ along the l eng th o~: the t n t. p?rtJ:~,~ o~ ~~ ..tll.~. , .For

~:'f~.'~~f2:g2@f~;ftg~ , ' o j

ae 25 .9' fo r the : ..e ,

"

:::::::~9i~;.9i.~~;:~ c:::' ki~~::··¥.::?:~t:'L'l ~~ '. ..:'"~..,
.tr~v., ii.9 . u:~'pr~b. ':ib~9 '';'; ' l~ri~~ 'of;;;:--:~'. ~ ~~~tiO~' .; <',:;. , ;.

ill ~ed ~f about ' l rm./ e. ' : .:
.' ~ . .

A typ ici'" r ec o;d ill shown i n, F'lqure 39 . " " 'SOlie •

~~::::~~::C:t::: ::··~~tr.~~~:·::o~. :::·:=:::t~(:;:;.:..~
va lue and an i y ' the ~~1~1l. arid ' :m1~i~ll' that- ' are -:~Wr~J:1~at.li . "

. L t4 apa r t p!By be utI.d . " ,I t. .is al.• o . nec::e~a~~,~ ~.8e .:.c:a\ut.i~n· .:

• near lffie ~~eh '; n4 o f the" l ap): 80 , th at oth~r, e:ltrane~ua

".. e ffec~a ar e n~t midnte rpreted aa nflec:;tion. In ~ie '....
exam ple, ·. it · rrwi,y be se e n that ' the" wave 'hei ght . at s t l tiori.s '4 ,

, " , " ',' ' .- ' .

10 , "I ' ~d22 ar e 6.9 un:us,~ il~ 5 ' 'uni~8 , 6 .7 u'nita : ~zid ' ~:1 ~ 5

u~its respe~tivelY: " Th'~lIe lIIll. :d rna · 'an d'. minim. g8.;;e ' ~e fl'e~tio:n : "

. CC:ef~~~i ent• .~~ 2~' , ; ~6 . ~ ' . and . 26.: 3tI· .whi C: 'was th e~ _ av~ra~'~d ' • .
.•...I
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A TYPICAL EXAMPLE SHOWI NG THE CALCULATION
OF THE REFLECTION COEFF i CiE NT
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.,
1 .1

"

;' ;: .

.-: <'~ri 't :~~ ~, ~~~~~~: " .- -. ': .- .-.

B~~C~ ..~ ~:: ~: ' S~~t~: ' P~~~~~i~' "be~~3~_t~ : r\lnn~5 " :

~i~e ' w~ve abaorbe rs ;"ere as sembled' a nd't este i;l 9v e r

a .'f~·i1?e ,o f w~v~'~ri~d9 ' ~~t~'r\ ~ePth'8 and ' wav e he191;1t8. :"-'I'he.

...' ~~ct'I., types ' ;~&J;e. " . ,~def ~Y dilicuBSBd. "'in " " I;'reViOU8 - ' ehap~er

. (Figurelll :9 .""il.: ' 1~ ' .: and are H eG 1>e).o,"= "

. It. Be a'ch 'iI . : Wedge o~ Re~i1itex .- (ho rs.liai ;l .

.:::_:::;~n~:: . t::Zd::~:~;:::::~:.'t.~::~~::::t::;.1:
de8~dbed: ·abo~e .~8AJ:ce ll~ive.:nd ~h'~e~ept.abie· . : ". ,.

.· · db.M,n,.i:::',l:r~;~n .~ ::n;E:: ::'::t :::t:t.:~:C::::tt):·
.- , e~~e·e ~_i~~. :~n~_ ' i:,~:n.8~d..e;~_d _'~~~i~~~~t.~b:~~ . -'. :::.. ~,< .:.:::..
. : . :;: " _The ,:.e f~~c:d()ll; : coe f fiC ie'.lt8 of'·.~eaclu~e_ 2, ....h 's(~r~.

ehown i~ ' Fi~uree ·'3'9 ' a';'d'4"0 f or: two',diffts rent :l nc 11nad one ~ of,. ,

th' ~~nh;·;~~ ' f~.:u.ncI, ·· Of ·~:./.:t~~~ ••.;:Z\.,•.~•th2:

.... , J
, .1,' .

j
I
t
!
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Beac h Boa r d
Run 81o~ f r e q uency Re f lection Coef f ici e nt '" HI :No . (Hz } CR '" \ CR (~ )

~nO l s 0 . 71 9: 0 .11 . 8 .13 . 2 ,'13 } 2 . 9 . 1 11 .3 3 .'

G~Q2 " 0. 89 9 .5 . 3.6 ; J . 6 .4 .5.4 . 5 .5 ~ s ;c ...
5 , 5 . 9 , 8 . 6 , 9.4..

GI O] .. .. 1.0 3 10 . 7.9 . 4,11 .0,15.8 ,8 .1 10 ,3 YO'' . 8.-
~ ..t'. s . 7 , 9. ~.. 5 •.i ..7.9.Gf.Q4 " I . I §' : 6 . 9 7 .4 ,

G lO 5- ." ' \ . 2 7 9 .2,8 .9 , 7 ; S . 9 . 8 , 7 •.0. . ,8 . 5 8jf ::,;,
GI 06 ,12 ·, 0 . 71 2 ~.~ / ?3 . 2 .24 ·T 2 3 -,7 ~ '3l9,. -, .. 4;-6 -GIQ 7 12 ' 0 . 8 9 9 .6~· l O ..6 •.1? .8 ,13,. 8 ,12 :

' . ;. <...
0109 .I?'" .:l -.~J 13 : 2 ..12 . 8 , 11 ~ S. 7.7 . ll . ~ . 6:9

.• 1~ ;7,;.~1 ;? . .' . ,., -, ..
Gl0'9 12'" 1 .19 S', 5.; ~ .5 , 3:' ,6 .8;S.,,, : 1 . 2 7 • • ,
Gl10 :'12 ' 1.21 7. ~; 6 ,. 4 . 8 ~9 : 4. ] i9 .'8 ,.. 8: S,
GU I I S ' '::'0 . 71 .. 2S.26 .] , 26 . i -, 25 .9 : ·;'t:.,

1'6 ;'~S" i:·h 8 . 4:19 ;' ]G1l2 I S- . > ~ ~ 8 /i .. 17 . 2 .., ~.
Gi 13 IS " I ·. ()] ... i.3:2 ;·i~ ::~ .I S . 4 , 1 2 . 8 14 . 2 6 .6 :,

IS '
.... . . . .

'.. : 6~14 1 . 1 9 ~-. 6 . S ;1:,';2 , S . 6 ,4 . 6 ,4.3', l .t.., .. 5 . 3 ,

('.1' ~.... -. ~~~~~ ~li~. '9 ~ :I . 3 ,:~ 'j ~ . I . "G:ilS 1" l' ~' 27 1 S~ l : .;.... ,.
. Ll6 12 - ' .0 : 71 > ~ : ,~ , : :., 2 ~ 4 .~:4 , . ' '. " , : 5 . 1 3:.5 ( '

.' Gl17 '9i 8 /i " ,
.. c' ~ :

12 -, 9 ~ 1 ..8 :8 . ~.6 ..S : 8 . 1 , ,..
QUS 1" 1 .03 ' ; 7 ;S .6.•4 ·,3.3 ~4 . 7· 5 .5 7 .o

Q1l9 12-, l' .l~ 9 ~' ~ ~ ;'.l ..a,2'; .- 8 . 3 7 ,"6' .
- l,it:.:'. ; ..~ ,:7 ~ ~': . ;,. ;

.'
«rs c .l~ - ; 8 .8 8 . 2 "

\. " ' ;" .

"

· ' ·.··1 .;

• " " , TABLE 3 .
REFLECT I ON COEFF ICI ENT'8""""FOROI F PERENT BEACH TYPES

~D SLO PE ANGLE S

. • WaYe-'b04r d a i,ph,ceme nt 2e . 8 CIII Wa f e r depth . d .'36 em

" " "

;

-i

!
! .
;

i· :·
! !

.'#
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TAB LE 3 (cont i nued )
REFLECT I ON CO!FF'I'CIEiffS FOR DIFn RENT BEACH TYPES

• AND SLO PE ANGLES
. .'

Way_board di epl 11celll8nt 28 · ·8 c m

8o", r d M,
Run Bea ch f r e q u ency Rllfleetlon Coefficrient CR HI
No. Slo p e (Hzl CR (Il ( ll ( CIII)

0 1,21 '5' 0 . 8 9 9,9 . 7 .5 .., 5 ••

0 1 2 2 15 ' 0 .71 6 . 9. 6.9 .7 . 7 . 1 . 2 3 . 3

0 1 2 3 ' 5' 1.03 10 . 6 .9.2 , 8: 3 ,9. 4 . 8 .5 , , ...
' . 2

0124 15 ' 1 . 19 1. 8 . 0 .3 . 5 . 4 .0.7 . 5 . 6, 4.' 7 . 7 ·
6 .9. 4 .1

01 2 5 15 ' 1 . 21 7 . 1 . 5.• 4, 8 . 8.7 ,8. 4 7 . 3 . a .1

01. 26 ..... 0. 71 .

. :» }:: :: : : : ~, " , . i
10. 5 3 . '

cl121 .... "' 0 . 89 1 2 . 5 4 . B.

G12B ~. " . 1 ·.~3 ·· s-.9 ; i o .3 , 9 . ',)i .!, 9.2 .s ...
01 2 9 ..... 1. 19 8.6, 3 .i 7 ~ ., . 1 ,7 .1 ; '4 .6 ~ . 2 7 .'"-_.'

·J . 2 ~ 3.• 2, 5 . 3, i . 4 . 5 ~ ~01 30 ~. 1. 21 .4 ; 14 ..
', '

0 1 3 1 12- · 0 ~ 71 13 .6, 14 .5 , 1 3 .4 1 3 ' ,B 4 . i
: . . .

0 1 32 ". G. 8 9 15 . 5 .11 5• 2,i 4 . B,1 4 . 5 , 15 . 2 4 : 7
16 .2

G133 ". ·' Lo 0 3 10·. 5 . '13:4, 1 4.3.9. 3 , 1 1'. 9 ...
12 .7 .11.1

G134 ". 1 .19. : 8.4 ,5 " 5, 10 ; 12. 4 ; 13 .5 . 1 0 . 1 7 . 2
10 .6 .10 · ·

G13 5 12 " 1. 2 1 7\i . 6 '.1 ,6 . 1 .-6. 2 ,6. ~ , 6:2 e
.. . 6 . ~ ,6; 8

2 2{G1 3 6 15" 0 . 71 2 2 .4~22 , 22 .,2 4.'.
1 9 . "

~
G1 3 7 ' 5 ' 0 . 8 9 21 ; 1 9 ..8 , 17 . 6, 19 ;1 4.'
G1 3 8 ' I S O 1.03. . 1J . 7 , 11 .'1.' 17 .6 , 17 . 6 . '~ 14:5 ~ • .4

" .. , , ' . -~
(U 3 9 ~ 5. ,0 1. 1 9 7 .4 , 7 , ,9.2 , 7.3 ,11.. 1 , , ' B . 8 7. 6

10 ;3. 9 ~ 3 . ';

01 40 15 0 '. 1'.27 6 .9 ,6 . 2 , 9 .1.8 . 7 ,'6 .9 7. ' e . 3.. · 7 .8

. \
' ~I:. ',. .

~ ( ' .

1
. ,

. ,~



l

\
I:

' ~r
/~ REFLE CTIoN CO~~~~ri~~U~~:FERENT BEAC H

TYPES AND SLOPE ANGLE S

Weve- bo a r d di s p lace me nt , ae .. 8 em '

Board
Run Beach frequency Refl.ecti on Coefficient 10.179
No . Slope . (St ) CR, ( t1.l, ' . CR

. 4

•

",:\ ,","

XIOI 12· . . 89

XI 02 12 ' . 71 ,1!i . 2 " 16. 9 ~ 1 6-,5 1,6.2

XI 03 1 2 ' i ~ O ~ i3 .6 ~11.6. . 6~:7

X I0 4 12 ' 1. 19 .

XI05 : 1 2 ~; .L27 /-. ~.O. ~ 2:0

: F or Teat KIOl t.o"Te lllf{X10S.Be~""ch . ~ ..wa . us~d . Beati ng
e xceee Lv e 80 _t h ll.,t datil. for 10llle frequencies 'were not: .
obt ained : '" . ,

r

:1 '

OJ
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.:1.:<;.,

8.i~l'fieantlY' lower r e fheti,o n co e 'kfi.;.i :e.n ts\'\ h a n . the, other

F~r f r eq:ueneiElIIl' abov e abo ut . "1. 1 82;"-t he . ba re ' ll~ulllinulll.

beach gave a better performan c e . •

,I n eompa~ing the .b8 .ll.ch: perfo'!m~nce ; , t h e
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til le"- - W1-. t h ~.itB ei;l.ica sand . .Th e p,ropertiea ot th~ ~';j'tn~

we ,r e discussed in 'Cha p t e r I I I . The dry.-aai\d was we~ghed a nd

th, e t ota l quanti ty placed i~ the tank was r ecorded fo r crose.,.,.
The wave-~oil .1 n ~a r a c t i o n . 8:J1:perlment s '!o'sre'

conducted a fte r · prep~ring the s a nd bed . as deBcr~bed in

Cha pter Il l : Surface wa ves wi t h var io us characterist ics' we re

P~SS~d' over ~t.he·· 80il' - wi~1l. ' ~ _ V i~'" to , ex~~l,Id~e -th6 'f~UOlo'i~9
: -.:. : :', . , ' . :. ;

ph~ nomei'1a : .

, 1 ', CYC1.1'-~ : prell ~ ~t-~ '· . Change',,_'at . the. _mU(~lll~e . -o:'Iu8 :'1:.0

2 . V~rill~iOl) ~f pore ,.';':."t.t.I!I!~~ ppyr;' lll i~re i~S i.d.~ .t h e

8011 . due to the cycl~re , c hange at t he­

mU.dline~ This, " l~C,~Ud~~_ th~ , e x~min~~t6n ' 'Of

pote ntial , quick sa nd cond~tlon8 and r es ponte t o

s hock - effects. 't'h e ee . absEiryadons , we r e

·...: )~~,~8qU8ntlY u8e~ for d$t~'i~ining · :i i~u·e fac:t.10n .

. or 80il f a il ur e cond i tion . Porewa ter ,p r e ss u r e '

, v~;i,atl'~'n ~u .. e .xami'ri;",.," f~r :both ': h~ .d zo~t~ l ' a~d

.1 ~,~~ing ,' S ~nd .,be~8 : ." \

3 • . ,~n8ifi.ca,t io~ , d~e to wa, 8 ' , .

A ,,:.~~eo ~e~ord .. ,o~ ..' t he 'Vi8~\~. , 'ef,~ec ts ,o f ,~a~18 ,~n

'~he aof L v ee also made ' as 'p a r t of Memdri a l . Univ e r d tY' I ,ETV

~ro~ ~am " ~_~~P8r~m~'~{., " ~;'.i:.>.~b~ ,i,;.'~~~.l eC~-.}:i ~9 : ' ~ .' ' , . , ' .- r
. - . ~ ' . ' ' ' , , :[-
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' .... 2 .1 Willve P re••u r e at. th e "u dltol

} f i gure 42 shows a typ ical 8u r f ill.c e Qve gelle r .B ted . i n

the ta n k and ' the 'c:orre8~di~9 pre"l,I~e d.ve~oped a t the

~dl1n. . I·' .. ob~ fr~ the fi."n "'e< "'. ....r dop'h

Theo r et i c a l OOIlIput4 ti o n8 were _ d e uing th e abov e
· ,,' ., ' . ' . i.-

"". th e:o,rie" " " ~tp=-pa.r1.a~ ,wi.~r ~•.~xperbl~nt.al . va~ ueB i~ .

sh own ' in Tabl e #4 • . I t lll!Iy be seen ,from tlI e c:ompar l a o n tha t ' the
o , • • _ • -. '. • • • • _ . _ I . . .' • ~ _ . . . •

· ex p e rillle n t .al -val u e . a r e ,l'ightly 151ll.u n t.. f r om th e

. , th~~~~t·i cal ~mpu'eIl t1~~~ ' this . ~~d~ to . th e · fac~ '·, th~t
" ~ ~th~ '~ 'wave si er e ..~umv4 ·. t o be ': :sy ,,"et.rical .: and: Binueoida~ but " :

\ ~ ""- : ' l':_~~" ~~pe'~ :I:~~~tal' wa v. , are n~t. :,' p. rf.~t'ly · d n u lloi d a l , or

:..- ' .e~~'et~i~~~.: . '. The nature o~ the· . · .IP.·~l~.n~~l "'~~.II· · ha e be. n
'-\,

I.,

' ...~ .

(37')

(36 )

---....;::;;...-'---_...........:.: '"

I s 71e Bs than .L/2 . a nd c:on~.equ.nt.ly '" . fIIna u rable eye). !e

p res sure b d~v. lOped a.t th., mudl !'n. ; Til l. 1! · con e i _t ent

wi t h ·th e . p~e. i~re var iation \ tllat ' h a l' b een con~entJ.ODal lY

· ~e e;~;. ' f O; "'~· ··Maly.i. :o f •• l be' etabU" y (.ankel." . 70 ) .

. ~he~;.t~~~ l i.l·the ' pr~'188ur e :t th'. " lmld li ne Is 'given , ',

by . line~: :~:r:;e" · '\ 2.a \ -" .'.
. co'!' l I:'"t '1

• :. , '. I. .
~~s.to'ke ' . _ ·' i e cO? d. order . ,re la t i o n. h i p t he

bot. t Olll pre•• u r e ca n ' be . ezp r eeeed I. th e r i gh t ha nd s i d. o f
.' . . " _ "', I ..

I!:q lrii.t.io~ 3.6 p l u" . th e eecond ~e;r t.U 'la l"

• . .~ .~I-' --~ • . • ,' :. ' :

-..: .-
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FIGURE 4 2 TYPI CAl. S·URFACE WAVE ANDRESUl,T1NG
BOTTOM 'PRESSURE
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dr,cussed earlier in th i s chapter . A further · ex plll.ri~t i.on for '

"-
r un, . 'b ack" ~r•.~,;·u~e·s· '- , during '

densificatio? •

)lefore wa ".1 wers

l.·i~efa~tion . ~!as ure.d.

. ~ondition.

any diff~ence is that . the theoreticll~ val u e . "-'8UI'II8 " a~•• ·

. i mpermeabl e 'rgill bot tom Wtupreaa i n , ~e 'test J the.'.u.nd bed ~~._

permeable . . ' . . ; )

FrOIl\ th~ rne,uur~,dlreB,ures encwn in -r.ab1s, 4 , :' 1t i; " "
~bVio.ua_ 1 that fth:e:r: ~. :IB II. ', p~e 86U~ E! , ~ave. , de~.~.l~pe.~~~~ ':",~ , :t~e
~Il d l"i ~ e; t~e _ int.ene"i,ty 0: t hh : p re ~ s ure.' wa~e. ·c:l!I, n._ -b~

c:~ntinuo~aly ;mqnl tored\a. ? d ~he " eft~'ct 8 obae~vec1. : .' - ~ ":

"" 4.2 .2 E;"ctB :'f ~;. 're""B " o,a pi;; B"'O; sao. "",
' j ' .- , \' - " ,' " '-' " "

.. ~ . _T~e ,.~ f~e ct ~~ .w/lv\, .,c:n, II."" a~nd ;bed~: ~' .~~~~in~~

to -st u d y th e conditione f or 80i l flli.ture .by. liquefaction and
. . " . . ' " ~ ;. ' ' - ,,-::"',' ....

l ' t he SubUq,ue?t pore va ler . pre s ~-u~. ,dis s i patio n ' and

. . " , . . .
P r~ l)minary' .th~oret.i·cal . cQ.mpu~a~ion~ , ::~;~r.~ .ma~e eo

determin e p are ·.......at e.r ..· p'r e~"8Urea " nec e.nary t o ' , ca uae .

liquefaction .. Alri~ , ~Iperiritent~ ."'er e ~~~~u~tltli " in which back • ; ~. . .
preai~fe ",a8- de"eloped by pump~ng "'atei throu<jh -t.blll pipe-grid

By'r " " tho bot<,. o f thB tan,,' ",ntii tha oan d bad.

liqu ied. ' .Thee,a · Jilrtliminary.: l!!'~Udi~,~. .",ere .uI.e~ ..t~ •.co~.~e ~\t~

t~e .~asured , pr e s s ures 'unde r the ,', effec~ 'of , . proqreui ve

8 urface wa"ea and "to delineate t.he instant , ....he~ .th~'.':~:i:l. , ri~~k '

t "he mU~~ine ,and ~immedia~elY : b!llo:" . re~Cl)ed " a .:~ltren~~~ ., :

I
I

I

.J
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. .
111il8,d . fo~. 1iI IJbse qu ent.- teat;. s under wave lo~de to' ide~tify 80il

£ai;Lure ;

. .'Of.•t:~~~~:d~i:::::~~:~~:: . :,:,:~::.:::.:;::o::.'::':~o::
a'nd.t.h e" lIubse<J:uerit.>di a l i p ll.t:.ion ,Of t h e"-preSlllur e • .

· ;::'£il~f~~~~i#:1~~:; '~:~:
° 8!,9Wn~_ in ~~~~it;.ia~>.~~~ge.B __ot ;~ql1re_ ., 4~" :<:.fr~ 'time, ~ 0 _ ~ 2. 4 '

~itt'~~~~:?i~~~ ·. ,
'..ao . ~~ ~.n~ ~:~:m~.:;t~:~t:;:[t:tj:~ . .c:p lotto

d

. ~ ~. an:d\CO!UP'ar.e< ....{t~· th~ - " c~;i C~l ~t~d oV~'r~urd:en

..)~~~f~i~~~~%~@~t'
~ . W~.I\~1:l ~ .erve~ , t~~_t.:. .d~a in~ge. ,';Ia 8 , c~Plet; t" ,a~ ,~he - . BO~l ..rell.~h!:~. :. :'t".
: ',a :d r y ·a8'n. ~ty . 'oi: 1J.29 "kq/,ni~ ; : -. -\'

..
, '/ -, :.

L
f\

i
I
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cha nge " in ~.t8; .""ta~e~ : ' . ", I ', " . ' -" ' . " / " '. : . , ' ,: : ':' ,':

" rJle · ,t~.ou~~callY ca 1e.Ulat.,~ .f:f~e~l'Ml, ",oYe.r~~,r,~~n

pre s s ures : at, ? .em, 20 . .-L~ , and JO:, ;~ em 'dapt l\B: f.o~ " , ~ .qu'lek

c6~d',ition .' a re' · teepeet'1~,e1Y . "O , 56, ,' k'l' a~ ~ 1 '. ,61 ', kPll<a~d :~ "2 ; 4,1 k'~~ :

. : w~~~m~a,r~B ~ell.· . ·~l~~ ' th~:?~~~U,;,~d .'~te.Wll,:~~, ' p~~~.IIU~~~, ~.f i', r

, , 0 '. ~ , k~ ., ~ ,.6 :, kP..ll,' ll f1.d ,2.-,4 " .~p~ , . ~ho,wn . by : ~~e'' .dll.eh~d ~ ,~n~ ',I n .

' Fi~ur,e : ' 44 '~ ..~e: ' Il~VB : obse'rY.~,t10n , f ; r ..:q~iCk. c~"n~i:-id~ ' '';'a a :

embedd ed in ' the Bo i l all described i n Chapt.er IiI and' th e

waterlevei Hi ·the t ank ~a~ at. · eo. 'em eiev~t.ion under $ti~l
" , - . . , . " , . " .

w~ter conditi0n.a:' ~ater wae ' f o r ced underpree su re into~the

aa nd b ed 't h r ough ' the pipe-gr~d 8Y8't~~ at the bottom ,o f .t h e

tank . 'It -~a8 "P0 8B'i b l:e" to: -!nai nt.ai n tl-.·';~ 8~ i ll wate r . 'l evel , b~

manipulating ' t he , outflO'!i",,,,,rid, int~'~w.. V~JV~8 ' .~" pressu;e:s were '

co ntinuo us l y "r:ec or de d a t :' diff~rent - dep~'s : in side, the" ,80il ~ , . A :

)'::P::~~:::::~14t:.c::n::o~ · :';,~::'~:.7~~li~ :t~i' ~~1l -",

' 11 At.: t l me:. 2". 8 : s e co nds , :' the wat er 'wlle t.u~ned ·,. cin ~ , : a ii~
, . - ' . ~ . , • • , ", 1 . .... " ~ . ' . ': " '. . •

" a t 4 seconds "f ul l '·f l Ow wile ac h J.eved . aeween ·4 a nd 6 's e cond",

..~he ~:~~h ' ~~.~,;,~ ',:";:preB ~~~8' ~h~ t~~~ 'at ' wi,i~h " :t~~ " '~~l1 ' , ~~~ '~
b8in9"~ai 8e4 , ~pward ee . ~ b l oc k ' by . t h e i~'c'oming 'wa-te~ , ''' A.~ ' 6

;, :.::::d:b:b~;u:::::~:,u~;;:~:'t::e~::ei.~,::I·::~t:y~~•.::: ..
: from '" -th~ " r e c o.r tte d . p r e se u l:8 "'",: t h a,t , -t~ ,a. · effect Of , ' , thi-~ )

. ' :f~~C~,~'~~ ~~~: : , 1."':\ niOr~, ' pr~nounced. ' ,.~t'<iO 'cm~ ~ep,th Whi,~h : 1. ~: :
' ob vl o.uB1y due . to the , l on'ga r ,8011 column .unde r goi ng .an er r a t i c
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, . -~~ Nt~'~rld ~~~~~~',..
du,'in':J liqll.rocti~ .

toIJO l.INE

0.1
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Iv,

As an ac.!di tional
~

confirmation and as a method of

suscept ibility of t he Boil, . the porewa t er 'pee e euee respo ns e

vi8ual ly obse rving th e liquefact.ion phe nomenon . a weight. was

pl ac ed on the 9011 surface and ",as ee en t o suddenly sink i nto

t he Boll ao the ' po re wa,te r pre ssurea ro s s Bo on aft er t he

applicat ion of t h e. i mpac t load .

. After the ebcve testl to determi ne t he liquefaction

the Boil ; I'_i'l "the ' :B~co';d : '-~et - ' of ",Obeer vat:i ons..' the ~re~_8ure
. . . ' , -" . ' . "; ..- .;: " . " ,_" ;" , ", !. " . ' , ." .: ,I -'. :_

trans duce r ou.t put JoIU ' re c \?rde d. on compute r , diskett es t hro ll9h

t.he - ' _dat~ lo<jci~~9 . ·~:is t·em-· , " de~~rl~'e~ ': i~ . : ~h'~p~e-r~ ~ I~·~ . Th~8 e '

~eco'rd'sextend for '~r1od~: ' Of io,and 20"8~~~hd~ '4~d ;';~-r ~,' : ~8 ~~ -.' , . . . " -. - - . ' --. " ' - -. ,

-:
j ,



~\") -! I II

\ < :>
reco r d o f the exci ting sur f ace wave f or wa v e freq uen c i e s

betw~en 0:7 H:r. I!u~d l .) 5~,The II\llgn itudes of th e pres su res

i n these i 9ures ar e no t plo tted to exa ct sca l e an d 8 ,0 on l y a

qualitative i nter pr etation i s pos s ib le . Figur e 47 sh ows t he

bottom pressure , r,~~po_nse~and t he r es ul t ing pore water pr ess ur e

r:eeponse .wh en a 0 . 71 Hz ....a ve passes over t he test ' s l te . I n ,.

thi's cae e the su~fac e ....ave ap pea r s , sk ewe d ,whi le .m e resulting

., ~~~~~£{tt·~:;:tS!:rB:r1t;:::f[I~;;~JJ::·1"%f't::1t~:
,.,.... ",: ,<:~~~~i~~1 ;: 'i,-} I n tbs elise of 11. 0 3 Hz < w~~~~'_ ~~~~~" ' :i~ ~~~ure

' 4'8' { '~:j ~ ' -" " f'h~ : p"att~'~~: , wa~ ' _; :~ 'inii l-~ ~_ " ';"'i t h :: _~rit:;: , ~·v·~·~ ·. c{o-s·~~- ,

r e s emb lanc e . bs~~e~~·- ; ' sU:r;·f-::;~':· -'~i~e · " f~~m : ~~d~ - '~~~'£- ce.' the

r 'esu lting 'presa~res' ; . I 't can . ' be' 's eein :t h a't' a s . the '8 11 r f~ce

wave~ : , ~ ~~ rt.'." , . the,::- m~9ni~~d8B :~~ : ,~he Pt: ~8 u re'~' : ' ·i ~,cr ~ae e
~~C(n:d~n9' t~ : tll~, " in~;.a 8~ _ ' i~\"a\'e ' hd~~'t ' G~ " a ',. ~~eadY ~ta;~11
i~ ~' reach~d, , · where .' t he pr~~.~·re ,_ ~ee~,~.~ . is ' rte~ r ' dn~:~~~~ •.

. Ho...:';ver:; ": ' i~ : th~ ,'; c::'a~e ··o.f ·.· h~9hef . f,r·e,q~eney':~~~:~ . i~

p~g ue e'' ~8 (:,b ~,..~, - p i 9.u,re ' ,4~ ..:::'~'~~ : ' F:i~,~~,~ ::: :50 ~ : ,<~he \-~r~ o-~ tir;':"_rea~o_~ ~,e

~ ~~?'~::~J!i~3@~~~M~
~i~i1·t t:~::- ;,::~;:rocl~:.~.n':~";:::~:'~rt;; ;:~tl" '.



the ....ave frequ ency. ie increase d to 1 . 35 ' ae , the initia l ' ' , .1

e xcess poreve te r pre>ssure a t 30 .~pth due t o the initia l

test wav~ 11 ' much larger (Figure 4 9 1l1 ) th an tha't under a

s t eady ~ndi t to;: simila rly, towards t h e e nd of a~

ex.Pertment when th", last ge ne rated. ....a ve paasea the t e s t

1oc~tion th e r e ill a sudde n i ncreas e i'~ th e exeeee po r ewate r ..

p ressure..

I't re lative compar~son of p!.gtlrea 4~ to 50 sh ows . ,
' . ' " . , , ' . , '."" "
that whe n 'thewa vemaker , ,11 tu rned off, prel8ur e attenuation

";~S id.~ thll ··S01.< ';8"'a18.0-: diffe,t:en~: ,: .·fO; dif~~'re~'t surface, ';'a~'e

/ ' -ir~q'~"nc'ie~ ;"; , F'~'r , '~~ampl~ ; ." " a:t.:',: i.: 03 ·: Hit : , :""h-e~ "the ; wa~~ >3"ne'ral~0r: .
.." ',',,< ',. '., ':, ..:; ; ~ " ,' , - ~ . ',': ,',' '_.".' I , " ' , : " , " .' ' , ' ' : , . ... ., ' .'

was ' ,t u r n ed of f . ' th~ , eue r e ee. veve . he ight · (Figure 48a) , r e duce d

t9 ap~r,odmat~iy ' t~, ;- :~hile .. ·th~ p,rn~~re ~t ' . ~o ' ~ . d~;~h

r educed to a~~r6:dmatelY 30\ ' ,~f, ~e '- s t~'adY" ~ta te ' ,p r e a's ur e •

.When th e freqU~,ncy was ' 1 . 27 .ae (Fig ur e 48b) , a f tu.. the ~ave

generator wa{. ,'. tur ned . off, the wave haight' reduced ' t o about'
. . ' ,

2.0\ , t>.u t.' the po rew ater pressure lit ' 30 em dep t.h increa s ed by

abou t 50\ ,, ~s'tead : o f dec r'lladng .
. . ,

I n Figure 49 , it may .be

lIe'en . t.,hat . a t , 1. '35 Hz; - the s:ur.~ace wav'e ' ' ~educed ap'pr'ox'im~u~y

10 \ ,....h i.le . the magn it.ude ~f the 'pr es s lIre change at ao an 'depth

. had no · s ,igni f i C<l.;Il t , dlan9~": ' , ' , ' ,
" 'I t was ' _ ll 1a~ not ed' ~at' i~ ' addi tio n to th~ r;re·~su;e
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a;- 1 . 35 that p r o.duc"'ed ll, ' bo ttom , pre~s u re some what similar

lin form , b ut. , th~ BU~-botto~ p r~~8ur e at 3 0 --em ....a s

co ns l2l.erablY di ffere nt . 'Th e frequenc~_ 'o f -p r e 8BUr 'l '· c't!ll.r-ge at

q ualit.a t i ve obaerva-t!on ofIn Bummary,

Chara c$-er lst icB.

c~~rt .record~ . hows tha t t~e p re8lllure :'at ' t h e mUdli,n.~· ~OHO~B
't he ge~erel pe~tern nf tbe eur eec e ,;.~• .'{ HOW.V.~.th. 'typ~ .
~ . . ' , . .

ot' po~~';a:,,! r _,p r e s s u r e r~BP~n8e inside t h e ~O~ ~. , : i~· 'd~p.e~~~_nt"
o n t h e , ~ave ' f r eq u e nc y wh i ch appear. t o in flu ence '. t:tJ.e :

raagn,i t ude _ o f~porewi!-ter ' pre s . u r a • . ,~h.e ly"P$·'.of 'pre~ .ur: •

attenuation ; t.he fOr.~ . 0; the - ~re'e eu~e' ~ave . " ·the ,:#;~q~~n~~""' -· "

4nd· ·· th~ phll~e lag . It: ~ 1& aho , ' m~ s t. l1k;iy . ~h~{: " t~~

prop~ rtie s e e ' t.he ' ~ o il . P4~,t ic~ lar'll i~~ ·' ·d,·~ ai:n~g e .

cha racteristic. wi ll. i?flue~c~ ~ll the vari~ti~~• .:, ~l. te~ ' ·

b elO.... t h e l'\ludline.

,t he mudl!ne , Th is phenomenon'; hu 'been. r:epo rt.ed' : ,by othe~~

"

It . wa s also notice~' . tlui.t the _p're••ur~ . , v·ariatio'n:. ~.

. i nsid e t h e 80il was o~t of pnaee ~ith . t h e .wa v e r~e.~8ur~ ~t.

. 30 e 1l\ 1:Pt h .at h igller _~reqUenC:l es ,is t wi ce : tba~ of t~e

sur face a nd bo ttOlll pressure wav e s . -; ' .

\..

, . 4
i
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TA~LE5 _ , ' "
PHASE 'L AG OF THB PRESSURE FLUC TUATION

BELOW THE MUDLINE •

Ph ase difference ~tIo'een pressure
puLa ee ae tbe mudli ne en' a t 30 om

Surface below tbe mUdl1 ne ' "( i l . .
Wave

FrrJ~rCY
Run 1 Run ' 2 . .acn 3

: ';7i ' ." " -t- o 8.4 , I 5.8 .
. B9" > • "

. . ,' 1. ~ ;7,. ", S
1. Q.1i- . " .. . . ', lh.2 ,'

"h19 10 , . 10 . 4 . ' n .7 '.
1. 27 9 :,.. " 1"17.2

g ~~" -:1,.35 -r. . 16 ;5

"
"', .- - •Run 1 Lo o se 8-o11 ,(Td 1250 kg/II I .

R~n 2 .' :~un 3 - ~8~.~~ ~.~.il ·' (Td - . 14 00 ..·kg/ m)

Not:e~ ' . Phase. lag .!s.-def .f.iled as the differ~';c'eih "t i me
between when the , ma,~imulJ, pressure . ia ' fa ,l t ' on .the, ..-, '"
mUdll,ne. "a nd wbe n t"'~ , mi!::d~m ' p r e s s ur e is felt , at 30 , em
depth' directly below. ' Th ie time difference'is divlqed
by t h e -wave period and multiplied" by 100\ to;.give phase
lag i n pe rcent. . . .' - . . "

. !

# ,

1 " , '1 -~---' -'-~-- '~- "
I I
i ll
I ' ,
I '

, I

,I

' \ ..
': ' , .

,\

r.

,j,

" ',". 1 '

", ' .~
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'.' ,,:~~~~;J§~~~~~:~~i~~,:'.
c..n~:";.:::":: ,:,~I~:::- , i=~~:~o:~vr:~~:'~: eq:2::~~~ ,
0 - 89 Hz i n 42 :OD.·. ./1eeri wat~r • . The , dry. dill)lIity .,?f "the BOll' was

:\ SO·O,' k9/ml . ' 1 ~ 1~: ' ~~e~·" that ~ei:~ . 1,8 ' .11 ;;;'c'li C: ·:varl.at lon ,in

~,~,~,2:.,;,:,f,:F";,~,·,:,,i',·~,0S~{,~,\,:~,/,:,CO,'.~~•
. The ' r~~tl! 1; pUlIl8ure . ineul,lud ' and __ recorded , i n. Fi gure - 52 , "

X f£~!~~S::.Th~·s·d~S,t
j ' . :':~>.3,~ ~·, ·~~;~! ; . ;ar.~ · :~h~', :ln · F~,9ur~II ' 54,' ~nd ' 55 :" .}~;~Y_ ~_ s~~~ ','
I fe, Q,"!' ,f,,',9ur es 18 .: a ' rs, ' ,'sone.ti,ly good,

J-',
;:\

i



l \

I
I I'
I 120

~,
I
i

! H

;.,

.r
!.

.:

.....
' . ' . ~,

.* ·'0
0 , '

" . $:

l ,
.e:

e .

~ ', :' ;~ . :."'....

! . I
, L l

$ 0 , .

o

'. 0 '

e
, ..

: -.il :

l
R.3

I '
o , .l

",. $ ...•

...;
' , l . !l "! :,~ ':l' :", 2 ~ :!l 'a

".. : (ZH)~U'~"•

" i . '

....

.v-

C/ " mO .
o 0

" .
',\ ",

-'"



12 1

, ~. ~

~

~i
~ .~

~ :
~ g

­'"
o

Q "
5C1d"l1) &.Jnsluwd

N

'l

~l7-s:
-<;;

,
~

l3>\
~ l;:, .

" ~ I ,· '.
.. k<~ ;: ;.... .:.:. .c) ..

8 ' . .,..,.. i:><.
. :

ill
~Ix: ~ ' .

./

((
~ ::-'- .e e'e-:-- E<>" U

..~oo - ~.~ ,: ! !
.NN.~ d:~

J!=' . ... ...

P~
. • 'A;

" . ~~ ..

- -
· i
r

.. I.
:J



12 2



. . JI

" , "
.". \

i ..
,\.

'.3

: -. .. .. .. :.;'



...•v

..
12 •



' . .'

.J

" - <

.... ,..,. ~" "..-. , :~
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' ~2:. .:.)p~~.~~at~~ _ ~.r~.llt"~~, .. " .~,e~th ' ~'.. . ' .

::: ' .S : :~::~:':~e:':~ .:~;~~a,v~ "p r-e eau r-e ..a~, t~e se~fl~r •

· .,/

c o r r e lation cetveen theoretica l and exper Lmenc e L res ults wi t h

t h e better correlation f o r th<!l denle (P d ~ IS~O k9~mJ ) SOi~.

Te ets wi t h a slightly di .f f e : e nt ect r . and wave. .pe riods betlo'een

0 . 7 4 e e c , and ,1 . 4 sec. 'n eve shown (Chari and ua v e , 1984 ) that

t h e corre la~ion be tween theUu!ory and ' e xp <!l r i ment s was .9~d

o~iY . f or ', th~ "".ave -'par~oda 6.f .a.bout , l"'COn~ : .'/ , The . ll.~Plit·Ude.::.t;:'::::~: Pt;;:m..t ~~~th .' . ~~•.b/ ":";':·byL":.:.·

· :P~ ~ 'PP~:~hki:~a:' I
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some co r r ela tion 'has been sh own between th e equation of < Liu

et a l (19 79 ) and "th e experiment.al realllta ; it would be

necessary t.o modify ~qua ti o~ 38 to include the' wave f r eq uency

and the coeffioi 'en t of sOi ~ per~eability . .

The pcrevece r peeeau xe r~sponse f~r a l oo s e sand

. ( P
d

"' · 12 50 'k g / rn3',ia shown in rigur'e 56 . While ~ere is a ,

cyclic pcreveeer . pressure '{a~~at:Lon'; for this· t:ype se soil

. II.b o . th~" .~lI.r~~t~Otl is not ,co na t antt. The;~ -. a : ~e t ,inc~~ '
i n . the ' porewater ,pr~esu~e , dur~ ng, thf first 8-10 wave s . af~er' ,

which ' the \ t, . ;~dU?e~ " · ,~nd , the ' respons ~ 8tabU~~es . with: t!le
, , '

z"er o , . exCl!!SS · ". !'?reW8.ter',· 'pr~,u ure as , t he mean , The . ",a~e .

\ p r:e SSUl' e ~t " th~ ' m~IH i ne .' is' t ransmitt ed, , t~ :,th e ~oil .' bs an

i nc re as e in the neutra l stres ~ r e s ulting in a ' transien t

i ncrease" 11'1 the porewater pr~ssur·e . .It. ny subsequent

'd1s~ iPati~n ~ ot.: the, porewate~ p~e8Bure .u~d ~~ '~~ntinu e~ w:,ve

pressure on the seabed is lik'e ly to result in' a dei'l.sification

of .t he sa~d i n.' ,Ii process , 90~ewha t similar ,' to ~oi l

consolidation .

,ve r i f f ca t..!o /l thepiiof . wHl' be discullse d l ate r .

' . ' i19UF';~:~ ,:"-si , -5~ ': , ~d " S9 ",'at e " ; si~har to\"igure S6 ' iti

that th'e'a '~ · f~'94r~s. ;~p~~ li ent ' the' tYPi~ar 'por~water pre~sufe
' r es p ons e : w'h'en ... th e·r,e ' .wa s " no . Via'i b l s' , fa i1.ur~ . Figure , 60 •.

' . . repI:,e~e~lI . th e po~e~at,er pr~s'sur,e.· . ~,~8·ponse Wtl.snU\e ,deptb of

.fallur~' wail cibeer ved, ' to eJ:t~nd " 1 ;'5 " em' bel~w . th e JRudii;' e , a t _ . .

<cr-« ,
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re8P~n8 e d uring de.eper fail ure. A simpl e e xp lana t ion o f wha t. .
tak es prace iathat when the ....ave ch ara cterilliticerea ch a

-' ' "
certa in i n t e ns ity the wa ve load di rectly caUU B 801 1 fa ilure .

Th e depth of thi s f a il u r e a ppears to be rela1:;ed to wa v e
' . , .

: characteris'tics. a s. sh ewn late~ : This. fil.l1 ure ",:1 10 "' . a

rearr~H\gemept; oi . 80il pa 'r ticl ee ; . during " whl oh time the "o il

behaveB Il.·~. "' . ~ iquid ': and' thus ',t h e ' 'high pOrewater :: pr.e8 8u~e~ .

d lJ rin9de~pei''iailuie . · ~

deYelO~'~ '~d"::r:"~:: · :::~T,.ex:::~n: P:::'::::~ P:}~~:::: .
o~ !~r~'ed .· d e p, :~ - bf." f ~ Uu'r e ';".' .Z ~ ;· ' a rid-:·~h~, - ~8~ ~i, ·.~~ e r~~rde n "
pre s sure 'cO:L:r eElpo n dl ng to 't h l !J dep t h are . a l s.O ',glven ' i n ' t h e

. ta'~le .: '~_~'t, ..~~~ ;' b e' eee n . ~hat , t~e ~aaBure~ n;~' -,inl2.:~a:~e , i~
eoe eve e er pr,eaiu~e iI near-~Y. e~ual t~ ct~e' 5lV,erbJ~den , ~~e88 ure

. ' t _ _.

i n e~ch case . Th e ·.e f f e c t i v e IJtre.a8 , at. : t h.e " leve l of

mell..8Ur funent · muat _ t hu8: b~ ll..pprox i,mi!i.tei}' eero , ' ind.ic~t1~~i ;,11., ,

, ccifte1aVO~ o~ - t~e: - ,Ob '-er~~d _.fa~ .lure' dep't~ with" , th'e ', :pb~e"'~te r'

prell~u r,e :, me a:eur ement a:-'~~d '.~cO'~~~'t~t,i?'~~ ;
From- vi.8Ud bb. /il; 'r'vafio~.· . thr,ou9h :~8 , 9;a8:B - wa ll ; it

:::.~::;:::~::.tli::t~9:::r:;; ;pe7::r7~:,~~:::.~'~:t:.

mu'~~l~~- ; an'~ '-;~~'9·~eu ' d~~~e~', _~ith'\'~A~h: ~~~~:B~·~~'~' · wa~~- : u~~~,~

~ . t~e f1nal· , - ' .~e,~th weB ,' ~Ch,i~:e:cl. ,:, ",...· ? ,nqll,:·, a ' , ~~im~~. : _~ePt~::,; ·0 t.

. ;;'~.. ~.. ,.";.',,~'1~~: ;:"'! ."~.
' , 1 , ' · ,.:>;\':"

. . . ' . . ~; ~ "



. TABLE 6 ,

Heaaur~ a nd Comput.eci: pai1~ie 'Dep t h ri and 'corr~spOnding ' po i _ a te r prenu're's

0 0 " " "

Ch~~=:::r'isticB " .:
Observed Rarnan-,-Nair RllJl\i!In-Nair Net 'ipcreaa e in pore wa t e r

Fi.g. : depth of liqu.efaction depth ':of preepure at t - - J O em (kPal
. ao , fai l ure , Dept.h 811'ding

, Period Wat.r . ·· ' L (em)
"

_( em) Ca l c u lat e d .

0" (~e:e) .. depth'\.., (eml ( Measu red a8 8 u min9
(C IU) " . . liquefaction

00 1
'

, - 00,+ , i' , t o ZL '

5 7 0.84 . "4 2 0 1 .1 .\ '; ', ,i ' ~ :: ~ 0.0 0 .0
S8 ," 1. 1 2 27 " '- , 0 -. ' 1 .9 0 .1 0.0
59 ". 1 . 12 30 ,1 . ~ · 5

2 .3 6. 1 0 .05 0 . 0
60 <. 1 . 1 2 : 31 2 .·3 ' 6 . 1 I 0 .15 0.12
6 1 0 .79 . 15 0 .0 2 . 0 O .~ 0. 16

< ' 6 2' . ' , 0 . 8 4 .. 1. ,10,, 0' 3 '- 1.0 f> 2 . 7 0.J5 0.24
6 3 -

j.;. ~ : ~: ' ~ 22 5 1.0 . 2 ;., ,0
.,'. O.S O. a

" 64 . 3S 5 0 .·0 2.0 0 .46 O. a
6S 0 . 79 >S ' , S 1 .0

"
~

2 .3 0 .48 O.a
6 6 " to:12 3'3 , :_ 7 2.0 5 .0 0 .66 0 .56

_67 , .84 30 10 1.0 • 4~O 0.75 0 . 8

' ::;"';
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s oi l movement would become pr og r eEIBively les& wi t h each w~ve

a nd th e soil layer. w",,~ gradually de ns i f i ed . Figurell 68( "", 1:1)

show the var i a t i on of failure dept h wi th wa~elength for wave. .
h e i gh t s of 10 an and 6 .5 CllI r espectively. Figure 68 (e) ' ,sh ows

the dep th of fa i l ure fo r diff e rent wa ve he i ghts when water

deP .th and wa~elength are ke. ~nstant.. 0 1:lvi o.ualy hlgher

waves cau se .~eepe r eoil failure . Fr ain th e .ee a e re8u l t~ i t was

r seen that Boil fa ilure ~eura when -'wave ·s t e epnes s.. HILi is

b e t ween 0. 04 an d 0 ..1 . -, A ~parison wa s made .': be t we en er e "

expeti~ental . results " 'o f ' f ai l ur e de p t h ' an d : ' p~~ li 8 he'd
" "

theor~tical computations (R~n-Nair , 1984 )~ ' : ', I t ca n' bE! seen

'i n Figur e". 68 'tha t there ~s ~~" " signi fi~ant :~r~el~tion . The""---"

' compUt a t i ons i nvo l ve so il parameters ; lIueh as ~'poi s s on ' s- ra tio ,

pe r mea b i lity , d ry unit ~~i9ht,' s he a,r ~Od~lu s ' an d s an d

den sity . Of thes e varia~l~S , permeab ility,. dry' ~nit weight

and san d dens i t y can be d; t e r mi ned , i n the l~boratory Ilild· can. . .
be used wi th s om~ con f idenc e , but' parame t ers such as

. li'oie so n ' s r a tio A~~ she aF modulus h ave r: estima~_ed :. bY-'--;. ,__

Rarnan~N"air (1984) ' f r om resul~s pub li she d fo r equi,:,~nt

soils . ,

i t ' can be shown - that ' the theoret ical co mpu tati'o ns

....ill be; <:I uite sensitive t;? var-\at1ons in" th~ a bC?v,8
, , " .

'" pa ramete r s . Fo r ex ample Figure 6B( d.l shows the e f f ec t; of

den!-ity on , failure depth (Rama,n:"Nair'. 1984 ) . ,I t was aleo

de~6n.trated , that " c:hangu .i n : ot:he'r pe.rametera h~ve , a . eimilar

, ef f e c t .

i

I
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Aa mentioned e ar l i er , it wa s observed that a f t e r

f a i l ur e, t he e xc e s s poce water pressure " dissipated and t h e

80;1 gradua l ly densi f ied . Thi s pr ocees o f densi ficati on was

conf~rmed ~ t~o different typee ~t observat ions .

ex ample, ....hen t he . depth of wave - i nduced failure e xtended

about 8 em be low t.he m~dline it ve e not i ce d that the original

e Le v e c Lo n - of t h e mudl!ne deersaaed by about 1.0 e rn.

s'~ml1ai:'ly wh~n t h e dep~h ' cif fa ilure' "'<:IS , 16~ the mu'dl ine'
. . . , \ .

. elevation d ropped by ab out 2 .0 em" . ,.,.ThUS it WiUJ Observed that

the e ntire z o ne ', of fll.ill.ir~ ":u d~nlJi'fi~d ' l) ft~r. the

d iss ~pati~n ' o'f - ~ xce8 s ' porswata r pre~~ur·e. .. '

Th e phenomenon ',o f ' s o l I d¥slfi c ll.t ion wa s also

ve r i fi e i:l by determininq the s.oil densi~ie8 at aeverd d 'ep t1is

bef6re a nd a~ter WIl1(e induced failur~ by ' samplii)9 the soil

wi th a thin wall s ampler . The" results are s h ow n in

Fi'iJur e 69 . Gr aphs t1 . and t2 are t~e typicJ ; initia~ 'd~y , ".

densi"tles bl;lfor e the 'eo i l wae subjected to wave acti9~ '

Graph -. ~ is a typi~l profile of the eo U 'd~n~ ity . fO~. · a

eituation wh e r e , t h e , eO!l .....a a aUbjected to wa ve ac tion but d i d '

not lique fy. I t m~ thu 8 b8 concluded that under

circumstances , where t h ere is no visib~.e . so i l fa ilure there is

no change in ,d 8ns i .t y at de~th . xcvever , when i nserting the

thin wall sam p18 7 " ". th~. 8u~tac. iia.nd t~.re appee red t o re'
a thin denser. crust ju s t , at t he mudli ne which offe red higher

' . ' .
r esistance t o lIamp le r pe netration . Th1e pheri.om~non' WIlS ~not

quantif1~d f urther.

-.

i
!.



In figure 69, it may a.ppell r t.hat

143

there 1s a

/

-

considerab le variation i n the va l ues o f i nitial densities as

represented by Grapha tl and '2 . This vadation which i s i n
. .

the -c r e e e o f 4% 1s due t o the praetLeiSl limi tation o!

sampling .a l oose Boil of t his type ., ,
Dens i t y measurements veee ~ade of the l oo s e sand

a fter the soil was. ' subj ~cted t o wave Lndueed l i que f a c t i on and

euoeequent, dens l f l c a t i on . Graphs,4 to tl a re the typical
. . '

r e au l t.s · of t~e . m'ea8 ure,~ d,:nsfty afte"r fai l ure ,' It "i s' -,shown

qua nti t a t i vely that tbere is a c;hange .Ln dens ity a s a r e s u lt

of · the ';""ve effects. ncvevee ,." i t has not been :"~termined

. whethe'r. t h i s ' ph en"omeno.n ex t ends belOW the e one of f a i l ur e .

Fu r t h e r wo r k 1 11 requi red "to prec.iBe~y ·d e li~ea. t e t his

denai fi c at!on zone.

4 ' ,2 . 3 Additional Triqgering FOr ce e .ca ue i n.g Soil
Fdlure

I n a previous ' section i t was ' ,delflO~8 trated .t h a t a

sudden shock will increase the pOre wa t e r pressure i ns i d e , the

soil which cou ld ,the~ t rigger -'a ' liq ue f a ctio n f llilur e o~ th~

entire " s o i l bed. Such a ' sudden increase in " ,~~e , ~ater}
. " . - --,'

pe e a au r e c;ou l d a lso happen in : combination with ,wa ve induced

pore .wa t e r pressure . In .p J:'de r to . demonstrste t1l 1 s !~ : h e '

' la b~r- a to ry i ~::10cise .8'an:d '(Pd'" USO 'k.9/m3 ! was , U ~,'~ d wi ~:h

waves tha t would no; b'y , t h e ms e l v es ca'u se ' :l iq uetact~ein

f ailur e . The _no rma lstell,dy stat e r e s pon s e to waves 1s Sho wn

. in' t h e ffut part of .Fi !i;ur ·e 70 .

, ,. , , .
After a bou t 9 s'econd s.·a 2'~O ' . . :.

I ~'f' ~..,
p

't' ". ~- ",'- , .
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gCllJl\ lead llIaSS was d.ro pp ed. fr~lIl a heignt o f 6 on above the

bottom on to the sa nd be d , at a hor i zo ntal' distan ce of about

10 em from th e pressure t r an sduce r location . Th e po r ewater

pr.eeaure re s pons e as reco.!ded by th e pre ssure transduc ers 1s

sho wn in Figure 70. '

Th e po~e....ate.r . pressur es r ec orded are simi lar

wav e induc~d pi:,r ewlliter ' pr e eeu r e e mea s u r ed when_ lique f act ion

occur red , near the , mudline . Soi l liquefac t i on was a lao

vi 's ually" obse r ved in th is ,t e e t wh~ t'e .80i l, ~v~ent was ~een

t ,o" 'occur to ' a depth ' ot , about' 2 "an ' and " the IlIUd line "f i na lly

d rop;pe d i n eievation by about 4' J;IIIl .

Th e ';'l:lo~e' ob8 erv~tione ha ve p~acti cal sig~ficance

i n terrnsof ' s )abe d inlJ ta llatlons an d the stab ility :·ther"eOf .

, I t 18 like l y th~t ' the , l!Ieabed. ,lI'IlI.y be s tab le und e r wave i nduced

preEi8ur:8~ but a . fa,i lure co uld be . trigg~red by a' l oca lized

phenomenon as sociated wi t h constru ction ac t ivi ties . Th e

,:x t.en t. -. ~o wh ich _t hi.B lOClll1.zed phen~enon ' will llf4e Ct a~

extend ed zon e ' o f .th e. seab~d· ' an d:.' the magnitud e , of th s. ',e f f e c t

are, topics wni ch require fu rther' wor k ;

4. 2;4 Ef f e t:U _ of Waves on Il S l op i ng Bed of sand

TW_O ' t ypes of t ests ·wer~ . done un~er tIi i s , cat.ego~ · in

t h e l_llb~"ratory. -i \~~e ' ~eri~a. the ', aa nd be .d ~-~ pl~c,ed . ~t e

uniform s lope in ~e ' t est sec tion"of : the -·tank . Th e ile. ' ~e8 ts

i n f i n i t e d opes.i
I
I
I
-'--' -"-": ~~~-'-'-' -'-'- .

How,\ver, one lind. t aUo n in .th e Be ' tes t.i' ~ll~

I
",

. ,.... ,
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tha t the _xi_UIII dope that co';!ld be ob t a i ned fo r the eoU

'WlUI about 1110 . which wa. 'dic ta t e d by the dilllen8 i on.8 o,t th e

tank . The othe r aeries o f t ea t s i nvo l v ed ' finite" s lopes : • : .

I n the tica t ae riea of tea t e on a sloped sa nd be d . :

ge ntle 's l Ope s , o f a.bout 1: 10 ' r e p r ••e ct. ing i n f}nit.e 1$10pey

were fOI1lle~ i n both dlr~ctio~8 . ThUll - th e e f fe l7t ll of wav es

llpproachl n~ sh a l low e r or de ep e r wilt e c ' were eS,u deed . po r e-: '

~llt~r. pre~.~r• .• we re ' .recor~ei a t " . , abo.ut :~e '~dd l ~' .~f·. '~~;. t
eect.I on an d. are ' .b~ciwn in Fi gure s ' 71 . ," ?2 . : 73~: 74 ; . an'd

VisUal ly " reeor~ed n:~dl1ne el"evati o na 'befo~e ';,an d _ afte.~' ~~i.l

. f "',i l uee are record~. i n Pigurea 76 ;' 77 . ' 78 . , 79 '; .~ ' aO~ Th e

. ~ne;~t~ ~V~. '~id ' - 8 ~r~~eney of 1 .0)· ~~ . :

The" e lope 'f d l ur e in Pigure '76 i~ '~., in.t.a~~a·neou ~ , ... ~ ,

s lullIp th a t oc c urrsd du ring a ' pe riOd ~t about 1 aecond; an d

I

.:

soil appeared £0 r emain li~Ld :in thlill ~ddi.~ ·porti~~ .oi:-the '

. j i ulllP, -,f o r a peri~ of about 10 ' .~,e C:Ond. : Fi~~re , 71 sh,O'(~

- ~ha t the eKe en ' p"or ,. "'lI t e r . p res,sure ' . ...'!'. 1I0b i l iz e d ':in
,,;pp rp:dlul te l y I , • • e ( bet.... en , th.~ 4 th · ',and ' 5 th , "e~~d) . ',.and.:

~rre.~~de to th e , f.ilur~ th-e ,o~~Jrv~'~ du~i n9; 'th_e ~. t. , I t "

La ' deo ..en ' f rom Figur e ,: 71 , t ha t : t.~e ·.. 'ex~es8 ;rewat e~ , ~'
p~e. II'ure 18 dilll,ipa t e'd in l'~' sec ond. ~Lch·:Co~re.pond;· ~O th~ ,

. : ' .
Peri~ dur i ng w~i~h 'th. ,'80 i l: ~~8: .~~~rved, 'to be,.tri' ,a 1iq~'Ld .-
8tat8. du r ing the , d~natt1 c:, .iatLon pr oc:e oll.8 . . ~ ' -... ; '
" ' "l "



..

'/:
1. . "
1: ,

i ·1i .

I i
I -

f'
t
I .···
k

I I-;I .

r'
i
i
! ,:": .~ " \ .! •

i,.

I

J
':.

I .

i .

",

;
I .

- .. 146 .

:----:--.t..:!~~=.....,. •..~..~":, .



9 .
I

.!

(

15 . 20
~.~~EFACTION · FAILURE .

" ' . :

W~ve HtiOh". "H..(em)
-- 10o ·

:.'......



. ;.
i '. ~ .
( . , : ."

'··i·

. ~" .
.~ . ,

\ ' ,: '

" ' . '

!" "

:., "

. .....: .

. ,

.\

. . .
': ( Ul~I 14~ nos

'. :".

..

. ,
' "

'It. , 148 ,

. " ... . -
.~

.,

"

.-
;

I
i-
t
! .
1·
r :

i
"

I



' - ' . ;

i
I ,

.~

'"

~ , .

' w
.~

. ~ ..



1 5 0

0 .. - .

,

~ ,

G ' . ~~. _.

~'..-' " ~~ . '

E ~
.' ~~ .

{

' d. ...: . ~ ,..: .. .

fa
Ell>
~ !!!

~Il>
~ !

<: I;>

/ :,." 1:>' .., '-- , " ' ~
,:' ,

"j
~ ~

~' : b< "

c

~ i> ~ :>
" , ,:

~ , ~
... ;,

- "" ,

-: ? ' .
l> ... -.. t;> ,

: "
' ~.: , :,' , ...

,',

. ,':
, ..

:

c ' .. , e .. .. ,c .. C "-, In " C ,

,'"

, I



, .

151

..
"

.. co
.. .,r" .,r

co

'"

r
. ~ ~

.'
~

, ,
/ ~

, , ~'. '.
. ~

" : l .' '"
e.

~ , o ,
!L '>: -,f ~

~ o'

'< .• I '.' .~
r'.....

.'

: 'i'. ~ .e "
0

r3~'. , ~ r> : .
N

10j< £ ' ±:E >.> .

~
... . p ,
". ."

o . j
i' . . ;..

i·· V , ',; " -:
I .

"

0 ••

. 1 "

. ',



152

" .

.f

~ .

.a
"f' .~

~

it! Q -, &n o
. d - I · ,

In - .Q , an
.I ' . , 01 '

~~
iil

!!!
;(
~ !!!'

\ "

<II>

. C · ~

"
'..': ., " . ' ~'. " "

., . ~ . '> .

'".
<

~
.'

a .,) . , ~
~ •.....

s
: I ' ~ " , I > tz"

, ,'
,. ". ~ I.···.

: ! ~
m

.' s ~ :
I ~ I :

S 5 -~
~5

.. m

0 :
~:

1,J ?
lbi~

.
" ~.,. e... .

. "" . , N

.. J
Q

..

I
l
,j



..

,.

i
, I
' I

: ·1~~-"----"---

.1,53

.>
.~ ."

~ -,

. .
~u: ..



('

154
,

13
.\

!l
I

~

I
!
!

::

" J-.'-~.' ".'

# ,

. /

\

TtJ;~~M~2j ~I · :
;:: Q.. ~

~ . : :
a:: '
:i:
r:
~o

OJ
~ .

o
. ~

:~

~ ~ :

' .

I ,.

I



t,.
\

15 5

..

... ...... .

: L
~

~ '

..... ·tl n .... / ... . j
• • ~ % • • • ~ .1

,
,-,,- ---~- ---' ---'. .! -5-:-~'- - - ---'- '-- r

! / h r ,

I
··' ~-' n. . ;! !

.. . ' N! I
. 1;; ' ! : =,,~ .. f.. ~ .. ." : I.

, : I ·
:/. • 0 : .

'I '. ' ~ ~ .'
:5 ~
f9 • ,

; ,
. t

; ..
. ,'. ' ..



I .

I
. \ ~ .l '

. / "

J'
"'," " :/:

.J
.1
r
!

.'

. ....; ..

. '"

',: ,:

, ~ . "

~

:3 ... ~

: j'.
"" . CA,_ ~ •

. : .

156

"

1lJ . , iii

":., '

·b11
<r .>

. . . ST

(.": l. i! i :

. ~

..-' .

'; ..r
/ .

.'r >

lil 'J~ .. Ii! , !l ' . !1" Ill ·.·fil
. ,"", ~ .nos

1.

".j .
i .

I..

I.

.-(.

r.·
1

._'- _.-' -



.. is'

i ' il ". Il
i
I

I .......
.~---,-,..,..---~

->

': , :"

- .j
~. ::'."

.. ....

'."

"J

"w.
.~

:, .

.. ... .

, >
. ~

:It . v. .
..~.' , ... ..'

o . :,-
' ~'.'

' 0
w ,

'J. '. ~

.~

• • •. 1 ·

.: ..,..'

"
, "

.::

"

! ' '0'

2.
~.... .

< ~,": . .



J

, :
'J I ..

1 5 8 .,

I, : ." . ,

:1'"

.r-. ..

": ~

' ., :5'
N i ·

ii "
~ ~ '

. ' ~ .
, . ... ..

\.f

:... '.:'" <,
~ . :":., ' ,' :: '.'.;~ ... ~ . , ..

' ~-. :

. ....

" .., ';

"
' ..

. . ;

",' -.'

"

;
.t
.(

"r

·S:·; '



' ~

159 ' "
,....

C" .

"' ".. ~
... . .

"

,A, : "

. ~...

'".

-i
!

';,
( '"

i
I , .~



du rin9 U1. dump wal app rod.-a t. ly 25' ..or. Ulan when the

. "fa ve. prog-ce..~d tow llrd deepe -c wllt.r . Th e ~nge i n eoil

p-c'o fi l e .wa. " h o 'notice,bly more and the du ration of the

i n.t ,bility 0111. l o nge r . It wa e . i. o noticed that when :t a ve e

, p r oqr • •••d. ~ard . .. l l ove r ..ater a relati ve ly ""1a r ger "fIU_be r
, 1'"./ ~ , ~ ,

, ,of ,"fIJ,ve e wa e requi r,ed , t o cau.e~failULe, ",OWeVer , th e t.rp•.,

"" , o f f ~ ':' d~en , f a il ur e' an d r ap i d ~.V~ lO~IIl.~t of eJlC~8 ~ porew~ter

~eB lu re _ r e 8lJni ,l a -c, ..

Th e d i'ai '; ag. ch~ ract.ri.tic8 o f a 8l~ping ,I e " '"

difhrttnt f rOl1l th o.. of a f l a t ' .ab ed be caui.. of th e

. ..'
cue of a' e lop ed 80il , ' wh i ch r e fo llowed by mall. slump ing .

,

I,

I,
I

·i
i
!

1'0

-.

ob.ervation. and fc o lll an

.'' . . / .'f
"1 t ......~een "l r ma.. visu al

. .' .
The ' e l ceu po ee water preaeu c'e , 11 db lii pa tftu1 alO'Yl ly i n bo th

~~u.. ; afte~r fail ure . • ~ l .
. . .. /

Tt'ere .ell ..,ome . dtH.nne.. In th e ' exeene ..and

type . of fa ilure wh en the wave . travailed down thl!' d~p.

/lind u~ the alope . iih ~n t h e wa v••. , pro9r~.8ed t owe f d

eha llowl!:-c wate -c. 't h e e aceee pe r eve ee e • p -ce••urt! deve loped

-; Interprl!l t ll. t~on of tJle plr _ ater - pee'-sur. _aau.rementa · in th e

ebove record.; that the fa ilur e qf th e doping bed of .~nd h

8u4den . u~lik~ ' ~e\ ' fai l ure in the tea te 'wi t h ra f l at. .' bed '

('Pique e "65 1 where fa ilure beq a n at t.h,e ' .~ r fll.ce 4lId ' progre...d

:.. de . per #9rad l.Hl l ~Y ; Compa ri"llo n rtf Pi9'ure ~ 71 lI.Ild 65 clearl y
" • . .t '

shows that the . pr~..ur e bu ildUp iI r e l a t i ve ly sudden in th~

'. ' .

,..,....

\
' --

I"
I

I
; .
I

I
I .
i
I

. . .•• s ,

'..
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. " .
# . 1I 1~pe' a~d .these differences ' aee lee,n' in . the' p rellll.ure re,eo"rdi .

One e,xample , is the phaee laq dhc'uI .ed' lIa~lier' be 'tween the '

': wave . Induc~d pre~8ure -a t - the mUdl \.ne' ,a nd' the - par_aur"

p r eSBur '8S in.ide tl: IIpil. This dffference can': be aflen . in ... . . . . r . ....
.....,p.~9ure ll 7J, an~ ,74 • . In both :'!11811 . before failur~ there vall II.

phase' ' l a g between the pressure changes at '"the mudline arid -t h e

:~'re8 8 lJre ch~nge , at ~epth . I n the case of ·w~ve8 . ap;r~Ch.ing

d~~p'~r water this l ag Wll.l5 IIimilar. t o ll. : flat aea~ed in that

.the pressure ~hllnge' at depth alway.' l a gged behind the

preuure change at the mudllne : . However, in the Cllse df

,wa ves a ppr oach i ng 8h~llower ve eee, after · t h e init\t ,f a i l ur e .

t.he p!rure change a~ the .'lI\Udline lag-qed behind the p~~..ure
\ ( 0 . ...

change , depth . , -,
• • 0

Testa ..with a slightly different lIoil ~d' a range 'of .

wa ve 'freqUenc~\s . have shown t,hat ·. phalle lag ill depende nt on

..~~., s~op,e bU~ that · the pre8lllut:e ,PUl se a~ depth , g., neral ly

iagged the ~e..ure pulse at the mudli ne (Chari and Paw-et"

-.. . 1,984) , This is prt;:ibab1y due t o .t h e lac: that drainage i~

i nf1\1enced by the direction of the waves .

\) . The densification time for the soil when it f ailed

du e to waves . app rcachlng shallower water appears to be

gene.rallY ~onger than the t7m8 , requ~ re~ whe~ it fa iled due , to ,

" wa ve " a~proaching deeper water" Th,e f actors affe~ting ,t flh

proce.. are 09t examined h ere a nd t h'. ob • • r~~tion. a t pre.ent

are on l y qu alita tive •
. I

' ,; ' .-/0

I
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A-,etl<:c;md .. se.riee 9f ', teate . wall done ' ~O ' ve;ify the

effect of . waves . i~ ' ttigger ing ' the. fa !lureof ' a ,f i n i t e slope .

; JA re iiltively ~t.8~p : lope _a fOrllle~ , i n .till:t ~~d.dl~ of' the f~at '­

t,st bed ' by , ~refUllY . excava t i ng .ft,·ov· 'shape~ cUt ' ec rc es 'th e '

width Of ' the ta'~~ aa shOwn i n' Fig~re 81 . The angle of "th e ."
' . . , . " ., ,' .' .. . " , ' , .
slope . ~1iI very ' nearly equa l to the nat~ral . ahgle . of r epo ee

', for the ,and . \

'I'h' po r ewa t e r pr e e s ur ee , were " record ed ae ·I .l Hz

.waVS8\ 'fIete , .pa ae ; d over the test · soi~: Th e " re8~ts are show,n

1a Figure 82 . ,A sUdde n increa ss 1n por_lIter pressu re was

recorded a'ft e r ' tJre fir~t 4 , wave~ , , ' this coincides with a
f

visu a lly observed s oii failure . Th e!"t yp e of fai lure epa
I ~

• infilling of the ' exclIvllted trench are ,shown in Figure .81 f r olll

visual obee ; vat'i one . J' 1"' .... . ..'
. . From an ' examinatio~ of the r eee eeee pOre , w~ter

p:elil s~res ':td'th~ visua l '~setv~tion a the failure 'it may ' be

co'nclucied th~t the 80~lfal iu.i. ' ,i ni ,t al~Y i a f~lfure' ,Of ~,8
sloPe an d not the ' li.que f a c tiori type of f~ilure that , was

observed 1~ earlier t ..ts;'i1;h · a f i at . Band bed . It is also

likely l that thiilalope fai i u te 'induce~ ' a:. consequent auah.n. , . "

po re w~ter pr sssurs in ' ·~s lo..s7, pressure trane duce n at ·20

an and 30 em below th~ IllUdline . There was no ~udden ' i nc rea s e

. i n" pc.nure at 7 em ~low \ ths "rnudl1ne 8i n\ e 'the tr~nsducerll

were iocated:!t the ' ~9~ of th~ ',trench "on the far\.ide of th.w

eX<levetio~" ~d failure was confined to ~e. opp o . i t e elope ~t .

"

,\

. ..~"

I '
I
I,

i



" . _ .~ ----------- .

1.

' .

the eJ;c~vation ·ne ar the ....eveeexer , J~8t ' a ft e r th";,nrtlal

f a ilu r e '~e " ie ' 8 . eUght i ncreas e in '··pt?r e ....eeer prea~ure at,:·

163

. .
the : eombiried ' effect ' 'of , ehe . -aho ck a,nd wa v e i nduc ed · pore'io',ater ·

. ' . ' - . ( . .
preaeurel'. . However in thi8' case '. th e trench ,''''''hleh .ex-:t.ended

'ac r o u the width of the- tank 'ac t ed _ all a dampe r -and . the

re~aining te.,tpor tlon of the ta~k beYOn'dth~..tren~b. "r emained

~ . :

A<I(Utiori~l ' experiments wer~ ' cOn~ucted in'.which · ' a :

260 .gr am mass ' .....11.8 ' dropped , from oS ·he.i9~t , o f" 6 cm~ abov~ ~e ' .

"" , ; .~ ~~uaiine. ,. 118, ' al re,~( dellc::~ ,ibe~ ,for 8imil~~ t~8t.S . for ,II· ' ,i l a,t

" .' ~ .aand · ~d .' · II]- .. th,~~e teste . i t was . fou~~ .th ll ~ the Budde n:-I'

iil.lir ea se 'in pore.wate r pr,~88ure ' cau!e.~ &,Oil liqu e.fa dt i on und er

I

[
/ i..

-1'-;
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presaurell. The taBla with i n f i ni t e and finite e l ope s were, .
meetly qualitative . But the results are in gen :ral agreement

with earlier publi. ad theoretical resultll . , Fu r the r work

.witb' _ .-8'lV~r~.~, ..~ · ·. t r;n~8 , ' of pr~fJS~rel ~ niea~~remen~~ along the

lengt~. , of, the' .~nk.it ie c cirilnlend~d .
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C~TER -V

SUHl'III.RY -AND -CONCLUSI ONS

.,

r

·r
'1:.;.- _.-

, -. ' . .-: . " . . , .. .

: ~x~e~t..ed O~UCh '. ....~~emake:ra . c , Mad.IlIl~: :_ve, .-h~~,9~t.s of, ' ~2 ~_; ~ .

CII;Il -be, gen~ted in , th e" ,!:1I;~1J: ' - ~n water dePt~s' . of SOD . ~~ , F,Or ,

,1it:-:t-i n'i e\:Of . ~~ve• . gene~.ateQ . (iU~ .l.~9 , ,?~ ~l~bra~~o.n . , s~oXU ,
h , - ' / ./ _ ', - " ,' .- ', . ' '" , " , :

2. d , ~nd ~r, .order ,~eo~~es a;·efO~~d . ,t..~ . :~ · apPliC~l)l~ •. "<, ..
j Laboratory wave .taJik s are not of eta nda r ll!f :e d d ze.

,>.' and ,80/ &e ~rforman~~ '. 9~ne~ailY , t~~d'~ _, ,~o ' ~ ~dividual~'ti~

;\·~:.:::.:1:· ·,"1 : ·:~~~:n~;;~.:.::~bo~::n;:,:~:: ....
,' t a nk ' un d in t.hi~ . inv,~.t.i9a~n:~ .~ 'imper.mea1?le be ach 'o f

. .
La bo,r a .t o ry mOdel - et;udieB wer,e co nducted ' , o f the

, . . ' ."' '. - \ " , .. , ' '-,:
interaction of ocean waves wit.n the ' seafloor . an a "the, re su l ts

'wer~ -ccm~r~d - W,i~h - ~~~'H8~~d . ~~~~O~ie": , : "" eummn y· - of . the

) ,r e &Ul t e .: ~f , t~h' ' re8e.~' rCq : and . ~o~~ -: 8eU9. .ge8t.ion8f~-r · ..~rt~~~ .

;- 1. inve8~i9atio .n are . qiven ~ this chapter ~ ' . , .

".- Bubs t.antial pa rt .c r the . war); WAS l1evotedto the

de.819'n llnd fabr.tcation of a : wa ve~8o il , t a nk and itl!l

ca libration• . The ,t e s t Un); , ~hl cl1 ' i s , a . s :m long . can ~ .

tilted. ' ·~ ma:dI1lWn,' i nc linll.tio!l.B ~f , ;- 1'110 aM <:o~t.dn8 a wa ve

·1lIak.;;: ll. "mai n t~8t ' :~ectlon ' :with ·;;·(gI'au ·sfde\ n whi~h the

~~i~ .\.~ · ~l~~ed . :. ' nd -a '~aCh'~ .Uit:~lY .delli9ned :: t~;Un:liniz~" . : '
.wa ve .' refl~cit19n . The perf~t1lI arice ot· th e ': 'fl ap. t.yp e w~v~,

- 9~r:ie rat.or· w~.- 'I n genere.l '--a9re e~ent ·'~tb · ,"tIleoret:ical · r esults

,:J
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parabolic . shape was f ound . t o . give re~lectil::>n coefficients

be.~~w _:"0 \ ." Wh~l e this ~a8 . t r ea,t e,d " ~~ all.tiBfa~?'ry. ....i\.J:l i~;the

ti!'Ja""co ns t r ain ts of ' this re:searc:h, . it. !MY b e poa e Lbl.e t o ge~
. \ . . " .: - . . , ..',,'" , . '

a bet~8,r . performance: },y f urthe.r . - r et'inernent of' . th~ beach .

d~~i~n . : . -., .,'

A' c ohe~ ion l e S8

I

," ,

. ' . .. " . '. ," " ,

con du c t ed. at different 11011 densities a nd ', under d!fJ;erent

" ";wavo , l oading .

~e pr~~8ure ~ea~'urement8 at. ',th e mUdl~ne _were ' found

: ~~ . , b~ . ~ n 'g'en'oral llg~ee~en't "'ith' ' th~ " .~o~p·u~atitm. ~f ' 'wei~ei:'"

(1965''- ·ti 81n~ ,s, t oke s . 2n~ order '. ....a V,!' eq~a~ion • . Ho~ever . th!l.

llh~oretic4l ' predict iO~$ '. a'~e ' 'bu ed on :"t~e alJll,umpti~n' ~f an .

. imperlll'e'~b~~' .~~be-d '. · A.-,'bet~':r : fit: : " bet~~: :'~h~ llea~~~ed an:d "
theore't1~ al re 8~~t 8 11 ',: l: ~~e lY 'by '~~ ns'i:;'''e ~';ng 't h e.' "s o ll ' -

. ' - ., - .

. ' t e s t s 4n~ . quantitative m;eaa_urem~nts ' . wer.e c a r rie d ,o ut- to

determine the ' -wav e . indl:l~ed pres8urf~ ' a t : the; ' mudliA~ a~rl.

1i ns'id~ _ i~e -8~U. TItOlle . t ests ' 'w!!I r e: . C?r re lated w.fth " the

- . co n d ' tio.s , 'squirsd "t o' c,,"ss :so~, fBi ;u'• • .· · Tso"s w~;s . ,

I ~ perm~abiU.ty ·i,;' ·the theor~tial fobl\ui'~tion : '~re~~~'er

pr~~~·ur.~., inl i~~ , t~e 8~l.i.:"er~ fO,und :7~ ' ~J o~t , ~~ phue ~ith . : .

., . :~:~~::;::~7·;::::~~:·.E:·~:::::::::n::~:~~~:1~:t::S::: ...•..
~ep.nd.n~ . on thedrainaq. prop:rtie.· ,o~. 'soU '."I'

I
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Fo r a f lat -bed of l 00 8e s a nd; so il lique f ac t ion wa:'s

foun~ to 'oc c ur ,'f o r c eecetn 'Surface weve e , The · eJl;~en~-·of :011
. , ! ' : .. - ~ .- . .

f a ilur e was ,v i s ua l J,y o b 8 e r v e d .a nd correl.ated ....'i t b · t h e

. : ~e~BurBd ' P~-*}8'Bur~' ~:nd _ ef~ect'ive ~e1:9ht' : :C9mpU~ lltiOn'B: , _ o~ , the

· Boi~: . '!'here Le ~ : g~ COI.'relat~on . ame;~g _ th~ ··resul ts .
Wheneve r . ~er:e -~~8! 'lique f~:cti~n~ ' t he ~~il '. re~t~bi'ihed ' a~d

fina ll~ r~aOb~::adenB,r ~t~~e. Even· .~~e~' :ther~ w~~ ~ ~!=, " eo il '

fail ure, a ,thi n dS r).8S' c r us t ,~t · t he ~ud 1 1n~ -~a~ ' al~aYB' for med

u~der wav e i nduc&Q :~ress~r~~8 ' .~i~ ph.enome.no~ . may ~equire '

f ur t he r i~vest iga7.i'~n ·a rid ',18 .. lik~lY . 'to' b~ r~:lted to. ' r~PPl e .

f or mation on the eeahe d ; . .;-

. The tran~ ie'nt and ~YCl lc f~e~~ti~~~, :eV~10~d /nsi'd'~
. the soil..,ere c?lIlpa re"- ..,ith the ' , theor~tlcal: computs t i b ns ' of

L1u '. , .1 i';79'). '""i1. '~•• r. ' ~" ,.n , •• ~.'•••~, '. " ...1
t he O'r eti"cd va lUe II · at, ~~ec~ fi ci· ~a~~~re~,ue~~l~I1 ;" "a ge~~ra l .',
cor.r,e laU'on , is not. tound ;- It ' >ill ' ·c~~·cIUcl.ed ' t h a.t ·'t h e .
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Te st. e . were conducted in ' whi ch a l ocal ah ooK load.'

ci~.~;'":t:~~O: ::a:~:t .•:a:'~~:::~;~'C:::at::h::~::r:~::~:~-
~~~.·'~~d·den . " 'wit~' 8~,.i;· ··~a~i~~.e ~nd ' :~ ,~~~~ if~~.;tl~n , 8~~~i"¥ :to

. : t~e" ve ve...indu~ed · fal1u:re. ' '!:'he .p rac t.ica i Im.p~l~at1~~ ,o f .t h is

, . ob s e rvation ' ilI tl1-,~ Po i d b lli t y , that, ,th:e':ae llo' f1~r , ";'hich ·~Y ~.

8tabl,~ _ un~er .~a.ve ' l~~d.~ :;may~ ':~'d~~nlY , ~~il dU8:,tO' 'lQcai ,s~~~~~
that ' may occur d Ur!n9 t he con8t,:~cti~n . ph an .Of e - seabed .

112

. ~Wav lI!I interaction wi t h a"n._ infinite . s lop e- 'o f the'

••afioor va's 8'J:a ril ine~"bY ~ r~'P.n ~ n,'!J . wa v e s · up -alope and .

~.own~ • .~oP. . ~•. ~hase 1~9 o~ : the , P~~~_8.ur~._ ""'a.ve. ~na}~'e .th.e .

801 1 ' i.different , in theSE! ' .t s s t a c ompa red with t ho ee ue ing a .

nat '. e a b ed becauee of 't h e ' ~loping surface '~nd the ch ange in

dr~iiulge cha~act~ri8tics.• . 'Th~ . 6l~P$ . , ~a ilure":i. . · ~ sudden
• , ' " ' . ' o' 't " ', '

mallS. s l umpi ng .and , ill .' dif f erent from the ' gradual progrellsive '

~'uro~f ~ . fl~" a.aba.:· ~iiailar oba",vaUo~a w",a;~.a · for '
Iijfi?it~ ;" ' slOP~ " , :Soil. ' ,~ai ~~~~, ' wa~" ~l~ay'~ ' :acc~~.~i~d ',r.:

~enllification l simil ar" , to the . b'!lhavio~t: 0 7,:a .flat · mUd.lin~ •

•F~rther, me..ur-ementll .· are ' r~~e:n~~ii' fo~ : ' the s.~ope . • tUd!~.'.

with eev.r~: :.row~..,.Qf,~r:e.~~~e ~anll~uc~~~. .' , ":. ' " ., ' .:

The 'stabilit y of Ileabed ,Iled i m. nts een.be i nfluenced

by a ' uitab'le ' ~~mMne:t~on , of '· .t~~ weve · ,~~~di~'~~n• •· · · ' · 1~
.;. .. " ". :' .:': t ," ,c ' .- ,', " .", '

~raina~~ , dhar~ct~lri~tiCIl .- o~, ' : ,:h~ , " ~Oi.l. "' . ~,t.Il.' :~\::!rt~~ . '. : ' ~.h~C:,
bathymetry ~nd ,~.~~~. o~: th~ .~a5~~ ~nd ..th- .t~~10f ,• .U~f,~':,~ · ,'~ .

• .. . . . . , ·' ! ,I · ' , · '
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