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The genenl ucope of ‘this re-aarch is to \mderstand

t_'he pzoblem oftuanoor Lnnabuhy auo to ocean .uzfaqe

Sable-Ialand: ragionu 0

A wave ‘tank was deeiqned -nd Built’ for th: purpola gt
of mnducung laboratory. teste: with- sedinents. siuilar to g

‘‘those found on the east coast. . The tank: is “8.5" m’ lonq,

76 ‘m wide and 1.0 m deep, with .a ‘capability. of .generating

'xegular waves |of mximum heights of ‘about 0.12 m. The.wave:
1e.nga. can be’ \mzu from 0.5.m to 4 m. -rh.'xepreuenmw :

luﬂoox- was bed“{of nand about 0.4 m d:ep, mdexlyinq a’
o

effect of “reflected) vives. Refléction ‘codfficient \ s




gy 2 e wie *a

Waves with & steepness betv)een 0.04 and 0.1 caused

failure of the test.bed of fine sand when it vas in & loose ’

utate. . pressure’was ed by ‘embedding pressure i

i trlnlducsrl inside ﬂ'le aoxl. Soil failux'e ty u.qllefaction

£ was cnnfimemby the néasured preusu:eu. However, : the sand *

). cilvays atar U.ized agai 'after abi ut’ 10 6 20 mcycles;

«reauru rg 1n & denuer “goi1y’ _The: wil fallure appeats ‘to: e

Tessure buudup. 'l:hia is -more prcnounced wheh ‘the soil ds, |

'sleped.“ P

5 % In a parallel theoret.!.cal resaarch of. the ‘same

. prahlem. solutiona have been repnrted using ont‘u equationa.

% @ R . cumpariwn of. t.he meaaured wnve 1nducad pcrewaf.er pressures

t,uh the»:epoxted theoteticul leu" ahow _goud_.

] \:orrelation 1n gome -cases..

v The Preﬂent atudieu Ehaw that f.'ha aeah d will be :

_'ected to mass mcvemem: under -pecific wnve r:qnditiona.

U This £al],ure d-penda on’ the eeaflonr aediment type and its

'umgal 1nsnu state. . 'In comb ation“with the bottom | i T

'Qhe effeq’t- Of the wave- on t.he seabad could- be
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. Tﬁd'folloﬂing symbols used in this thesis are generally

I8

A uccordance -with the " : ons “of the ' Canadi

ceor.euhnmn Sucioty (anuary et a1, 1980). 'mey are a1.n'

_defined ¥hen they firs

-ppur in- thn text of the u-auu.

‘cohesion 't i v - it

effective —cohe.lon ¥

‘refleceion unau cient

undrunud shear -tungth

40 "'rwar.ez aap:h

Tt relative densit

facm, ‘,g .,g.t,., ultimate shear strength
working sl ear stress.

= ¥ .~ -'2|/L‘_. u oF s =

L: .-'_'w-\ml.engch S New 22 e,

5 weal length nf uho&ring -urfoca .

di-tumi.ng‘ na-.n: i E Mo

: [
- coefficient of vulune cunp:e-liblfity
nunbet of | -tru- cy})n during a -t.orn

W o noml fotcc

] © p. . wave inducea
' A raht!.v. to ltul. upndicions




| excess . bottnm px‘eaauxe requlred to, m,uate mags. .
ment ' Of - gedimént - i . ;







uonunencu lhel.f and sldpe ueu\ 4

~ several times," 1y. because of '

CHABTER I

NTRODUCTION

The stabxuty and Btrength of sea, bottom 5011 has

hecame o i

cal ¢ h mpic aa a zesulc

,nf me im;reaae in ou—rela"ed constrncti,on activxty ‘in the

Terzaghi (1955 e

e '[‘he complex topography of the Muusippx. Delta,

between \:he -10 m and the 54 m contm.\rs, is squeuted cc be

the Tesult of undérvater landslides, ‘even thcugh the averaga .

| slope of ‘the seabed fis’nniy ‘ahoue/\/_wgrees or 1r125

Isnepbaré 1955) ‘at the . or_her extrens, 1umplng ‘in flnd

soil'sauu:e often haa sérious conuequanaea.l

»sndes dn goft un rconeoltdat_ed cluys o£ the Miss snippx

Delta have “been in{tiated by- atcm waves,. and huye cnuned‘

‘uo flare piles hnve ,bu_kle .

offshore\platforms to avertun;

and , moved lat_arally when fo:ced ‘by mving soil (Krafe an

wa:kma 1976 ).

“A-3Tm atsal pipelihe i, ke, Ontario has - !uiled

- of sand due

to storm-vaves (Christiun ‘et al 1974).‘,5011 failure in. this |

cuue cauud t‘he pipe to float to u\e ssurface ot‘ the soil.

. T e




'.ucuqn, Hawever, similar - raaearc‘h data _for,

"usbd to ethl.na t'he effects of waves on a baﬂ of ' fine

1 '5

Otger consequences. of submarine ‘sbil, failure

reported in the 'literature’ include\broken commumeatmm. 3

cables, ‘hrckes p.lpel'irreﬁ\n ‘destroyed harbour facilitxes

|
(Terzag‘nl, 1;56). (Kraft and Watkins,: 197

Much theoretical and; experimental work has_ been:
’ﬂune o predict the behavior of co'hesxvl sedj.menca under, wave

mhesionlass sl

aails are sparse. ' The xeseafch l‘eported in this “thesis 15 an

attempt to £ill, that'gap.. This thesis includea \a summary of -

'the lz.te ture related to the stabili{y af the" sea bdttom

urider wave \10ading. The reaults reporced ‘here' are prmazuy

exps:ment_alﬁtm correlation of \:heore(:mal results

wherever appM#priate.

" The exper)mental facility ‘consists of_a. glass sided’

\
tank. a§ m long;: O, 76 m wide -and, 1.0 - deep

Waves pp to'

"'0 12.m higtf thh periods between 0.6 sac‘ ‘and 1.8 sec.: can be

|
= genel:ated id ﬂ'le tank. The ‘wave tank waa‘ calibrated and \vlas

sand

which vas placad td a tmuxneau of 40 cm} Pa,uure of both’

flai.'and sloped bottoms' dye o wavu’ wag exnminbd by

recording ‘failure depth an{ excess porewatervpressuras in‘the | |

sand bed:  The | porewater - response ing R 501l was

mgnured at diffarent depm and 1cg effects in- caising soil

.fauure are discussad. e e

i
i
4
i
¥
i

oy

1
)




- The research reported here is part of an onboing 3

. project on' seabed stability - studies recently started at - - 4.

i £y of land. A brief summary Gf tne

-areas| of further. investigation-is given at the end of the -

. @issertatiom. -

i .:'
- b.&v .
e 2 |
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CHAPTER II

LITERATURE REVIEW

. P P 8

2. 1 sloge sta‘hxlicz AnSiysis B !
e .
: S

The primary factors leading to the lnstabxlxty :k

o

8011"slopes can-be - classified as (1) those causing increased,

applied stre!% and (2] r_ho!e cauung a reducd.on in soil

s\‘.rength‘ Factors causxng increased stress on Iand i_r;clude

‘increased . unit weight of soil by wetting, added external -

loads ‘such as bu!ldings, * steepened slopes either by ‘natural
erosion or by exca_vation, and 'apélied shock loads (Dunn et al
1980). An additional factor fof marine enviroiments causing
increased stress, is wave 1osdx‘ng (Menkel 1970).

Lnas of strength .my occur by. absorption of “water,

incruaaed porewacer px‘ennure, shock of cyeclic mnds, Ereezinq

and thawing action, . loss™ of ‘cementing mterials, veathering..-

processes, and’™ exceulve thalna. 4

The rate of llide novement in a slope failyre llh!y

vary' from a few’ muummra per’ hour to very repid siides i

'which large movenents take place in; a’ few uconds.‘ Slow

slides occur i -soils’ having a plastic -stress-strain

characcerimc where® there is -no  loss of ‘stiength’ with

incresing strain, - Rapld ulldes occur- in situatinnu where

there ig an ab:upt loss of g as in action of

Pme md or a sensitive clay.

-




‘movemeits are not to be confubed with sh

_where the varled mt_eri‘ala and -, their ntrengths.cannot be -

are baaed on limit equ:libriun.‘ In this: type ‘of annlysia,

‘of equilibrium when incipient tailuro i poutulm:ed ‘along. a

of . the 50il (bunn et al1980).

" comparison with the soil shearing strength!’ Finite -element

" computer technigues are examples : of this type: of ' anhiysis,

¢ . f L
Many .slopes ex'hi‘hit = creep movements (a fey
millineters per year) on'a more-or less continuoua basis ad a

result of ‘sedsonal changes in poisture and temperaturé. -Suéh

¢ failure (bunn ét %

al 1980). ¢ . . : . e ’
Tl =

sone " alopea’cannot e readily analyzed.

Examplu #a

include ’alopes of - pLex geology, or badly weamered slopes

A s S

readily identifiea, §lopes involving ’muvi-ly

wercanuolxdated clays md shalls or 'stiff. ﬂs(Sureﬂ clﬁys are

dif ficult e.: dnalyse (Dlmn et al 11980)%

. The most common netheds ot slope- sca'mut.y analyse! )

the factor of safety is eetxmat.ed by ewining the, conditlonl

ptedeﬂned failare plane, and then: cnmpnring 'mength

necesury ‘to maintain eqauim;um with the available’ strengthw

.. ', A.second'method of slope analylin ‘is: beasdt’ o’ e

use . of the theory of elastid ity or plast{city to deumine ‘ gor

the ‘shearing stresses at cri

For. ‘exanple; the finite ‘slement method’.can:bé used to prédict

the distribution ‘of Sheafirig strésses in a 'sedinent under 3




) 9 s RE
giyen pressure distribution from assumed - deférmation -l
c'haraétarhtica for the sediment, . Under this analysis it'is,

pouible to predict the foxr}; of the hoxix!cn:ai d.!.splacements : "

and ‘the maximim ratio’of applied stress T ‘availabie strength’’
£

sat ail depths in . l:ha ami/ profile. fects prnduced by

gravity !loads, ‘on t‘ha ol and a sloping | seafloor can also- he B g 8

1ncluded\ (wrlght 1976) : s

‘A thitd apd recent nethod cf analytlcal rodel’ that

has ‘been developed to assist in eval\{ating seaficor atabi}.xty

. ' is the Layered Continua analysis (Bea and Aurora 1981). An
example of this method has heen published by Sharpery aid - o
Dunlap /(1978). It is based on ‘a rigorous  Viscoelastic’ -

't anplysis and a generalization oi the.\ method of . equ:.valent 7

S . linearization. . The prucedure accounts for (’-he effecta of

... ' soil inertla, nonlinear material damping; rate-dépendence of

_the soil propertieg; -and ‘down-8lopé movement induced by wave

-action.

owiing summury of" sTope’ stability analysis

‘ie based on Linmit equillbrium. T 1 SR med

The safety -factoz,, F.5., 'for a soil ‘slope ‘is
usually defined,as -: %

N ; =

: ) : - :

[ , S ; _ ultimate shear strength = . N - k
} . S Thy ehear strese o * N

P ; ! K il e







‘wedge, W,

along the most likely failire surface (Lambe and, Whitman, . -

simply the  shear  siress aleng ' the !a_ilure plane . being '

. ¢ and ' are' in temé"ef’ effective stresa’ .. Te W

. The ‘shear strengt‘h required for equ;lxbrium is

1969).  The ultimate or reésidual shear stremgth, Tqe along
[the ‘plane of failuré can be expréssed as . . .
T rgm e 4 (omw) tan g v @) ; ;
where: = appa_rgnc cohesion N 5
4' =" angle of shgaring‘resiacanf:g' g -
K - total stress normal to the failure plane ‘ o o

_consldered, to fulfill ‘the requirements of static ' 5
equilibrium. “ o s
*r . Consider the free body dxagram for a wedge of moil: .

ome unit - thick, a8 shown. in Figure 1. ' The weights of .the

force, T, onthe bottom

slope 'to the horizontal.
N2 W, cos
To= W, sin g

/Dividing these

wedqe gives the nemal atreas. a, and _the .shear strees,

requi;ed for | equilibrium,_ in terma of unit. .weight,ﬂ Y . i

thick‘neu ofynge. h,

-is balanced

and angle, 8.

By the normal’ force, N, and shearing,

of the:wedge; B is the angle of the

The normal and shearing forces are

)

3 & W J : o

forces by me s dimensions Of -the




J
- 2 -
. . . F o
{1 °
: i T N
: - 9 = $7cosg T Y hcos” B s -« (3)
. © v mp— = ¥ W ain'8 cos 8 ‘ () -
- . ‘B7¢osP e g Lo
Whén.c=0, and 4=0, 'the' strength, g can be'
expressed by ) Lot e . i

i ¥ 1R7-§1' tan 8! ,

. Where o «is the effecuve normal atress‘

The safety fagtor becomeu }

‘With F.S.- = 1.‘the maximam slope § is equali ta the angle of

friction, ¢'., | s

L b : S This ainple condir_ich ‘can be expam;ed and

generahzed to include elopes of, f{nite height and also the

effgp\:.s ©f _excess , pore . water pressgre, ‘anid “no: homoganeous; .

" soils.

¥ e Sel g o e : Sevetal ‘methods’ of suceu have, 1onq been’ in common:. ;

uge"zto evaluhta slope atabi].ity (Bishcp 1955)‘. (Eellenius'

1936), (Janbu 197:), ana (Whitman and ‘Bailey 1967) -In thaae._

rganex‘al n\ethods, a trlal failu e, arc 1: divxded illto a umber

. qe -uce- as shown in’ Figute LR o

. moment af ino wa].ght of each qliue about.‘the tri.al ccntre o."

'l'he ovan:urning momam., oM, nu IR B e o

i
1
1
§




b ccnaidereﬂ, the net moment of the side forces w).].l be zer

norml xaacuon.

10
2 OM =W oa =rIW sina (5)
where W, is the.weight of the nt? siice, a, r, and a_are
defined in Figure 2. : - . % S

. the mumgnt equatlons, sines, when a]_l. the, snces are

The ‘moment required:,far -equilibrium is provided by ' the

- tangential force, T = § '/F.S. on the base of each slice.’

n

. The force S;' is the sum of ‘the cohesive and frictional’

strength, at the base of each slice. For stability:
Aoy _ g

i ik 5 8 n.
xtwnsin~un~r2?‘- =riggs

The safety factor F.S. is e
é.s. M - (7):

uvezturning quenr.

i g :
where, - analyais is based on tc:al atrass pnrameter; c and 0.

; Although the uide so:cas qancel out of the overall..

vmamem'. ‘equation, . they do Lnfluenqe "the - magnitude ‘of the

. on the paser of the dlice and thus the

N ftil:tionu! Bhear étrength at the bale of- ;he !lice.

Tha aida fatcas are lctually 1nﬂatermﬂnate but. can

be ‘approximated in various ways. ' One ‘comménly. .uqed method of

The side force: on each, slice are not’’ 1ncludqd dn.’ L




BT & )

analysis, Bishop's simplified method, is described below.
FO Methods of analysis that satisfy all the canditions

of static equilibrium are neceeéa:u'y _more 'compucaeed and

difficult to Apply BisHop (1955) faux\d that by mcang
horizont!l 'side forces

6 compute P A and also’ saf_ufying the 'A R
overall moment equxlibrium the” reaulttng aafety factor was,
e anly slxghtly 1ess than that found ‘by more rigorcua met'hode.

B The force P n’ and in turn the strenqt‘h on .the.

R A ofthe slice will differ from the case where‘ame -

B fatces are neglected. Each slxce is assumed to’ have " the k.

vt}qu.lx‘sd utrengt‘h, Ty equa). to

* the available strength at the bottom of t‘he sl),r:e dlvided by

- factor of safety, F.S., and a

F.S.

(a)

‘ 3 i 5 &
Bishop assuméd that the sum -of the vaxtical side.
forces on each gide (X, ) equalled zero. . Then from a ! o

summation OE vertical forces:

o B pn.cos}‘hy“gxnun-_wnfo

=k . ' -
By substitution and simplification,- the eguation

for the factor of safety using'Bishop's simplified methdd can

be shown as: |, § . ' . |

. o ‘See a .. % |
H{[epby, + (W -upp, "““‘ ] T+tany, -unu TF. s.)) w0

% (9) : :

|

F.8.. =
B i "L W, Sin e
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. “since the -safety factor, F.S., appears’ on_both
- . sfdes, -F.S. is calculated from' successive trials starting

_.with ‘an initial estimate. If the then calculated F.S. . is

used ‘in ng trials, tgence is quf:e rapid. ‘The
“failure arc 'preaicc'ed by Bishop's simplified method has been
found to compare well with the actual failure' surface.’ y
< : . The method .of slices .was further developed by
™ g g . ‘Morgenstéern ‘and Prl_ce '(196_5i so th;e all «-.ha' aquuibrium

. conditions were satisfied. Standard “gomputer ptagram

terrestrial slopes using thé method of siices. o U

-Although the. basié¢” principles of analysis ‘are

similar- for ‘terrestrial . and seabed slopes, . wave-induced
pressures at the .mudline is an. additional factor ' to. be

% s .
considered for the deabed.

2.2 Wave—SOil Interactions

2.2.1 Analysis of Cohesive sedimancu =

N

pressure wi.tmn the’ water below the wave and thé consequent
3 5

pressuré 'pu].l;s gefierated at the mudline. i Under.a wave crest

the .preagure change ' is +ap, under ‘a trough . the pressure

change is ~Ap. The magnituda of -Ap dapendl on wava‘hngc‘h, .

L, wave height, H, and water-depth; d-(Wiegel 196
linear wave theory.(Wiegel: 1964); the maxiinum vave induced

. pressute,at ‘the mudline-is given byr: - ' o M L il

" packages '“arée available . £6r " slope stagility  analyeis; o

One of the' effects ‘of ocean. waves is the chiange - cf-

From




" - H 1'
. ey T I (10)
3 o o 5 v
The pressure, Bp(x,t), under one wave cyclé is in.

phase with the surfice wave and is given as:

- dp(x,t) = A'pr_; m’zl(x/x.. - t/’f‘) - g (11).

T :
£ eany (2ud/L)

W

Becauu o! the . dif enen in pr‘i-huze under t.he

_crest .and trouqh. the . passag,

of " a. wave’ xndueea -haar_"
\dthin tht lon., )\u a wuve pnses over an, alament'
that" element experiences -a -cyclic (luctuation in

¢ and direction of these induced ‘stresses. Stability

. analysis' of ‘the l(lbed under t.he Lnfiuanco of luxface ‘ocean

wavn is a nx.qvaly recent pructlcl {Henkel- 1970)

(Do¥lc

(Bel 1971) 2 g

It was, [l

t thought that -ut-uino llide- muld be .-

.nxplnllned.inA tetms “of gravity' forces and lov ucu-.nc.

ltringths (-rn-ngm mss) A ulip-c‘r Lo, metnod ‘of analysis
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It has been reported .(Hehkel 1970) that the

pressure changes. on th

sea floor, associated with the

& passage of a wave,"‘aa able . to cause ‘failure in soft

_J’)u{.s::.'in‘ water dépfhs up to about 120 m. It has also
been hHotad that waveh \cause soft sediments to oscillate

whichy .on ‘sloping’ gtbund, leads to a mass trahafer of soil

down - slope.-- eated réversus of shear: strain in the

sediment cause remouldlng and ‘a’ xeductlon in shear strength.

+ . -Scott and zackerman (1970) revxewed the topic of instabilxty

‘of the -ocean floor and concluded t'hat only limi‘ced evidenca

5 . - exiéted to support the theory et Taaves ctyally caused sea

bottom failure. = However, subsequerlt research by several
_others Has ‘shown evidence to the'contrary.

Conclusive evidence® of 'this pheromeron became, :
available as'a rfésult. of hurricane Camille in 1969, when
Turricane 9ener§tgé waves produced “lata;al faun movements ‘to
‘at  ldast 24! m ‘below the mudline. at one' platform site -
7h . (sterling ‘and stra‘hback 1973). ! g
o ' L rFidure 3. uhtst ohe mechanism of failure. in. terms of'

the disturbing ‘moménty - '-d, prodiuced by gravity forcas

introduced by a-sloping bottom, and a'couple developed. by’ the

by surface  waves

! Oy SR

digfereitial pottom p
(Henkel 1970)%

x7 8y +'Lé2_(sin ‘o= .acos a)
T o




Ve

i
1
{ o
i

" FIGURE 3 GEOMETRY OF ASSUMED SURFACE ‘OF -
SLIDING (Fnon Hewker, 1970)
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The dimensions of this possible slide surface are
described by the half length, x, and’ the depth, d, to which

sliding extends. The angle of the arc of sliding is 26, Y
is the ‘submerged unit weight of soil, and’a = 27x/L. ;

X The mment of reaistance, M , that can be mobilized
within the soii: is given vy

3 - sin e -0 cos
M_ 72X (.—) T (5
2 ] sin’e .

(14)

where S ‘is ‘the undrained s'hear s!rengﬂ'\- 2

The suil wiu be at ‘the pcim. of failute when My =

M_; and, when My > My “moveément will' take place. The

'.\1!:11?.1!\9 condition” in vlhic'h M .Md can, be " shown.as

AE = as? @ ) 1 {uin 9-0c080 " )(15)
k'y FIna - acosa’ sindo
'whare X' .= %‘3—- From this relaticnshlp Henkel: (1970) shcwed

that Lhe hotecm pressure effects due to ques are ‘more’ than

adequate to cause shear ' failure in aeft ssdiments like t’hoae

of ‘the. r»;isusaippi delta.

P A consequence of this effect in . loose: under-

.‘consélidated soils .is, that the muterial will tend  to

accumulategfat ‘& water depth where. the' wave effect becomes

nagligi‘ble. This: depth is feported (Henkel 1970) 3 .be about.

120 ;m - for' thg Hississippi delta. "A marked change . m #lope

' from about 1:125 €0 1:50 at this depth represerits a change in

d'\a machanisri of uediment movement) i

s et vy ¥ c . .

, in"vaters shallower -




= 1nﬂuenee helow ehe nudlxnz and ‘the ccn.tqu-nt nnil failure

~

_ud'{jen:, it has been --hwh (Wright and Dunham 1972, Wright

s .z
than 120 m, the sediments can be moved by wave forces, while
in deeper water soil movement is primarily A.;opxazed with
gravity-slides. : .

Henkel (1970) studied the above phenomenon “using a
glass tank 1.5 m long, .0.43 m high and’ 0.10 m wide. T..u
were conducted, with cohesive soils under a mnnally prnduced

utlndlnq wave; o, show qunntuuvoly that wave coulé,cau.e
©

s1ope A.nutabill.ty. i

is the soil typs and. i strength.profile.: 'For clayey. ssabed,
sediments, it has been shown for a bottom ‘of ‘clay (WEight' and

Dunham, ‘1972) that the soil failure will be confined fo
shallow depths when the soil strength increases "uniformly

with depth. On the other hand for the type of soil

encountered in the Mississippi delta where thers is a

.surficial . "crust" 'undgrhin by weak underconsolidated

"1976) that the failuve sone could extend up. to 30 m below the

mudline. i e wiv 8 52

Sev-ral -types ' of . labnratery te-ts to varify t:he
existing th-e:hl have heen report-d in che publishad

utatatu:a. - The: mjurity of daca eollectud deal’ with

cehesive aoilu. Under. wave- loadjing, - the

to initially o-cxun.o in_synpathy vith: the lt.nnd!.ng uavn,

One ef the’ factnrs which uffect- the depth of wave |

diment. was fouhd :

fa
8 &)
i
i
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and in ime, mass movement of the soil ocqyrred in the
downslope direction (Singh 1071, Doyle 1973).

msul (1972) used a soil container 1.8 m long, 0. 6m
deep. and 0.15 m wide in vhich small amplitude prngressive
vaves vere passed over :the soil by ‘placing the soil cuntaxnar s
in a wave flime that 'measuréd 0.6 m wide by 1.2 L ﬂeep by
.m 'long. It was .concluded . that for a particular-s}\ ar
strength - and gravity stress a vave ptessure below some
grreient wvaten) Al st anequilibgium condition
within the soil such that :only amall Srfaveraible: dhead”
strains developed. ﬁhen the wave. bottom.’ pmgpure was at or
above the critical, aiqn{ficantly.larégl irreversible ' shear
itrains daveloped am indi;ated‘by. a visible tupture zone arid
instability of. the slope. -~ s "

In order to,arfrive at suitable’ slope angles for the
. wave’ flume experiments Taui 972) coneme:ed the’ Follbwing ™"

relationship® bétween alope ‘angle and soil- ahear atrength.

Te C ok .
- Y u 3 . g F
-r—-=-—\—-—.!in‘2u (16)
Lo Tz P2 £ d ;
where: . ¢
. c ~ . = H
depth -of sliding surface ” % 7

‘average submerged density
“failure ank;lé of slope
undrained strengm

vartlcnl affuctlve stress at depth OE fauure. W

A PRETP

5
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Good ' correlation was found between the shéar strength at
,\_,__/// failure as determined from the static tilt experiment and

| in-s¥tu vane shear test. for the Bentonite clay used.

in the above _tests,. a reserve strength,

defined ‘in terms of the ‘eritical bottom pressure. Apc_,’

requ:.x‘ed o inltiaté"n‘aﬂ! mvameﬁt ef the !edul\ent'

20 : ‘ .,) an

2 (Siﬁ‘Zav

wﬂ‘e:‘e ag is the failure: angle in static tests a.h.d d is the

mgxe of alope ‘subject m wave action. ‘It was found ‘that -

fail:¥‘e dccurred w'hen T

op, L . . . ;
= =.2.4q ¢ ,®- . S a8) . .
Toui’s 'appm'acy‘aésumea that *gravitational forces " <

y
aTone cause downslopé imass rovement. (failure) and that the ‘ :
wave éervés only . to -cause strength reduction in the soili . I
This concept is.' differant from earlier analyses in. which ie" A
{  vwagy assunéd that some additional doynsTope force must. be, :
AR prdgne s overcome s known shearing reaisr_ancg and that ‘ : l
. 4

o (reraaghx,_;ass)-

failure could occur without s0il P
% )

strgnggh iogs or forl

ther, than gravi'éy.' v & . - l
i

\The' ‘nécessary percentage reduction -in soil shearing

+res: t{me {or measured undrained strength) to'cause .faflure
\ ¥ . B 7

‘may be c?lculntad as:

o o
ReE a- %) x1008 Lo e
'

B e PO g o




and, ﬁ.:ry/vavn- to initiate failures,
mist be ) >

©, undisturbed

= s—temsarded— > FS-
@ Temould: s

the soil sensitivity

20

(20)

'

Tsui (1972) found in his experiments that' the
bottom pregsure: required to initiate failure (sp,) could be

given in terms of the soil. strangth and the slope angle (or'

P agalnne .gravitational failure) as: A o
§ o sin 2a wgals
Apy'= 2.4 ., (1 WIF"‘ (1)

Apg= 2.47c, (1 -

Equation 21 was found to predict the value of ‘pg i
to within * 15% for. the model tests.

It \'llx &lso eonclud!d
from the taltl that the depth of sliding vnried, \d.ﬂ'l the

Y avecags asyces, of” consolidation. and: that the vavq_t

characteristics had mo influence on the ﬂ.pt‘h ol .f,auuxe.
(Tsui, 1972) 3 &
uuu (1973) extended the work'of Tsui (1972), uung
the same mm Ln—um to quantify some. of the phenc-enon
reported: earlier.

Cyclic subsurface pressures, due’ B uava

action weu shown “to cause remold:l.ng and loss of urenqth !.n
fine grained. -uymarxn- sediments nnd‘ the dcﬂch ‘of ra.moldlng' -

was shown to'

nerally. increase with ‘increased subsitface '

pressure. It was also’concluded fhat ié depth of pg:ehﬁ;;x
. )
J ] ) s :
= ~ . S
= )

s
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slope failure increases with increased subsurface pressure,

generally in accordance with the 'relation proposed by Henkel
(1970).  Deep failure was considered to. be imposs'ible uriless

" . the sensitivity of the soil was in, excess of~'d|e atatic

Factor fof safety fof the slope.

Doyle (1970) reported thg Tesults: of teat

tank. 4.9 m long, G o 6'3 deep and, 1 2 m wide wit'h ald m- deep /

clay sediment, showing the effect of waves' unde: several

x combigations of soil Strength’ and wave loading ‘coriditicns. .

It vas noted that with a }

ottom slope, if the soil strength
was high enough, soscillatory movements did mt becur butta i
net downslope movement was. observed. ' . s T )

Doyle (1970) also made. qualitative observations' -

about ‘soil ‘motion, remolding processes and’ effects, and, modg

of failure. He concluded that simple . analyticsl touls Euch

) 5 the ‘total strdes silp-circie analysis and the. elastic & ' =

shear stress analysis appear to be useful in predicting soil-’ .
.. . .instability. ' He also cbserved that the flexibility'of the’ LA
soil causesia reduction Ii bottom wave pressure. - -
4 Thi\ net downsiogb. mov;ment is-'to be expected

intuitively, since there’ should be 2 soil strength range, in '

which the goil will move dawnulope vlhen there 15 an ukled

force, such as a wave ‘load. RS va

i .. The dlip-circle analysis that - noyle {1970) used is
’ R a total atress analysis in which a: sinusoidal bottom
i




pEgssure ‘acts as

nguu l(

. Doyll (1970) una

‘an_overturning momént on

lmenv:x t.ha vave

the eluﬁc -nemlnq stress xxuov " the lpdlln&. mu was '

‘\truh

i \\Q lticfiearing stress. e "-
I e ave pressuie anplitide doder. crest o
ey

80 e b i A e
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Good agreement was noted between tank tests and the
elastic stress analysis but sgreement between tests and the
slip-circle analysis was good only wher the soil had
relatively high 'strength neir the .soil surface, i.e. a
"crust" profile (Doyle ‘1970 ¥

282 Instability of Cohesionless Soils

* . Extensive slides ‘in' submarine deposits of loose

‘sand ‘are also well khown buk _often these slides are

conbitstea’ wysterious .in . that 'accordxng to conventional

stability analysis ‘the alopes should be stable beyond any

doubt (Andrésen-and Bjerrum 1967). A general description of

a number Of . failures in ~loose sand has been given by

Casagrande  (1950); other: examples are. given by Terzaghi
(1956). % -

Andresen and Bjerrum (1967) dftinguish between two

aiffO@pt types of slidés, (1) retrogredsive flow slide and

T2 qunta‘ngous ‘liquegggtion. ‘A retrogressive flow slide

generally . st_arta in the lowér part of a slope as a result’of

a local steepeﬂinq due .to ezouion or due to- the !eupaga

P

pressures during’ failing Yige. rolioving the initial slip,’

the siide "develops retrogressiVely’ inland, slicé by slice.

This’ characteriatic. feature of successive slips is due to the:.

fact ' t.hat the sand liquefius as a x‘euult of Lhe lurga struin
impcsed on’ ﬂ‘. dul‘ing the lliding movement. It ('hen flows
wuy -and laaveu an unuupputted faee of ‘'sand behind 1t which
in’ turn fa/lla and: flows awny.(A_ndreuen and ngtr\lm _l967).
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Spontaneous liguefaction can easily be demonstrated
in the laboratory by ;hé'm; a contaifer of submerged loose
sand. During a brief period the sand will bahave’es a. liquid
such that heavy objects will ‘sink and light. objects will
float. This loss o strength occurs when tHe:pore yater
pressure is equal ‘to the ove;b‘u_rden preuux_—e wh'are the shear-

strength is given by'tp ‘= (¢-u)tang'; when o=i then T, goes

to zero. 5

Theé same phenomenon has been known to have Gccurred
in nature.  Slope failure in various cohesionléss subaquéous
seiilients Have Beei abteibited toV spontaneous liquefaction
initiated by earthquake activity (Terzaghi 1956). Blasting
is listed as another initiator for ‘ liquefaction of
coﬁe;onless s0ils (Andresen and Bjerrum 1967). Very little
is known about the deyelopment and propagation of this type .
of failure. During earthquakes, for example, deposits of
loose saturated - sand on land have ‘temporarily lost/ their

bearing capacity, and embankmenr.n .and buildings have. settled

or tilted as a result of £a11ura! ( asen and

B]errum 1967), (seed et (1,19 6), (Seed et al 198l1),
(Tarzugh1>1955). —"’

g The Iiquefaction is belleved to start at one ‘point,
spreading’ té neighh‘ourinq’de‘pqsléu of sind possessing
metastable’ structures. The aptendinq can, take place -in au’

_@irections,  downhill as. well, as “uphill, and even large




© £low: sliding.’ A mau r.-‘naxga of dyn )ga 16 lowerea ‘1ntn/a

\
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hori! gptal areas can be involved' in' the- failure.' §lides of
‘this type may, propagate over -large  distances ‘at a rate
varying from 10 to' 100 km per hour,

o e i 3

depending - on* the
‘topography.  The

essential feature. of - the mechanism of this =
type of - failure is the temporary structural -collapse of a . - -
- volume . of  sand folloved by reAsedimenéadon’. “‘Diring the
~ N -

short per’iod of, hquefacuon the sand will flqw down hill

if it is located on a slope (Andreser ‘ahd Bjerrum we?). i~

nata.frcm a ‘numbér of’ such " pbntaneous- 2
u nnn,have been d the “most ve of ’ :

wh;ch is- the fauuu wmch occurxed on the Grand- Banks of

' Newfouridland foumung an- eaxthquake on Novembei' 187

The rate and ‘location ‘of slope sauure was recorded by

The '

breaking Of -a séries of telecommuticatiohs 'cabies. -
aisturb ropag i

tely 550 n, ‘with velochzies P
of 20- uo km per hour Jover- & slope of less thin 1° percem-. .
(Terzag‘hl 1956)

.A method u!ed in Nm.‘way to detetmine v.hetha: or nDt

a -sand ‘deposit may . be subject to\liquafnetlcn ‘has, ‘been *

descrlbed by Andreuan and Ejerrum (1967), In 1959, ﬂxa E

Nowegian Geotechnieal Institute developed’ the’ “blasting .
i ) [

tgsv.-' to-detemine e.he'auncepuhuity‘ of a sarn deposit to -

boring and detonated. The. effect. of the blnt is cbaex'vad o

measuring -the settlement of the ,gmuna

surface land by ¢ -
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Tecording the pore pressure at. various distances from the

charge. A similar technique

as alec been: developed i

_ USSR (Andresen and sjérmh'lésﬂ{(zlcih and Ivanor 1961):

i
4

. A third cause of instabllity in cohes

onlel s lni o

is the ayeljc

loaaing d\ne -to the dluct u:t.{on ut vuve
nnd nahnan 1978)- 'I‘hiu s, mniielted
liquefaction

5 .d and Idr!.ll
O e dglernlninq the pore.

onth.

ocun ﬂnc for

,analytdically

ulinq 5100: a thx‘

' consclidation “théory. . | Biot's (1941) m-o:y taes. 'Lnte

e
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account the elasti¢ deformation of the porous medium, the
compressibility of pore fluid, and the Darciah flow of pore
fluid. . In order to verify his theory; Yamamoto -(1978)

mpared ‘his_ calculated pou pressures- with those ‘measured

amuor.o et al (1978) dei

axp :1unu done h\

"In the :above u-u, Lh_e stresses ' und def_ox'matio'nl

were not me, a and” a. lete ‘verification of .

.the " theory ‘could .not be “mad As, an example;. Yamamoto

analyzed the stablity of North Sea sediments and found that
g LS 3 40

the top portions of sand-beds -as thick as’2.5 m can be
- liguegied #fom “the design wave- and’ that -the ‘slltde-failire,
zonsi.can penetzate the sand. beds ‘as deep as 8.0'mi. . - d
4 ﬁamu.n— (1984) in a w:x done parallel ith - du.s

. pre nt thesis, has alss

bed. . Papkovich—ueuhet loluuen was “used from the theory o™

amucuy to, p:aa;ec ‘stresses and ‘failure

pore pressure s

’rhe predict.ad ‘values og pe:e

that mnured 5m wide' w 1.5 m dnp.' Coa/q and:’

“solved Biot's. qultienl for e sand | :
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interaction problem (Tsui and.Helfr_ir:h 1983, Nataraja and
Gil1 1983, Finn et al 1983, Denmars 1983). ’
Various techniques haye bee: used to arrive  at a
sslution for the transient effect of waves, bt the analysis-
of the effect of- a. aexie- o£ waves . generally involves the

-~ Seed and mmn (1978) Bppmach..

Seed nna Rumn *(1978). deve[9pad an analytical

aqainst: wav-.»xnducea instuh.ﬂity 'ma provm. a qulntxtativs

nvaluation of tha complate - time history of. pore-pressurs’
rﬁlpbnle Qf H soil pl’Ofil! KD a selected design. ltom.

'\. ‘rhe.h' goil-wave interaction .analysis showed a’.
‘progressive uildup of pore pressure caused by the ' cyalic
stresses induced by the direct action of a series o(lvaivu on’
A seibid composed - df cam-‘io}{len' soils.. - pore prelaure
within & soil . protile can build “ue: auring' series -of

progressive ‘waves,. to a stage:where it Becomes equal to the.

v‘.mm‘ effective “strei

* The un and emount of pon'

| ypressure wuildup w1u aqpana oar (1 ) vave amncuu
(25 :yeuc load!.nq chnncuzhdc- of ‘the: -ou,. (3) f.he_

drainage md nanpre.lihility chuncuzi.uc- of the aifferent -

-ou n;aca eompruing t.ha soil " profile. (snd Arn! xm-uun &

1979). Loay 2 S T g Wi

7 he analy-il of 'seed, Réhman, (xtm)' conpiders .a' ..

-u! dlffereit waves .mwxng .
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characteristics in accordance with linear wave theory. ' The

ts

characteristics of a wave component are de.crxbedf@

period, 1engt‘h aid height. The gently ‘sioping octan floor at’

a_location under sr_udy is approximated to! be’ horizontal. T
wave-induced presaure ‘on’ the ‘ccean £loor, . due to ear:'h vave
’ccmpnnent is culculated ‘by using linear wave theory (Wiegel 1

'1954 given in_ E uatmn (1q)

;. s
The . pruqressive nature o£ tne” wave mduced pheax'

'stresse

i.mplies mat alonq any . vertxcal I;Lne the amph.tude

of shear atress av; ‘the ' same’ depth Twill be “the spme. The

p‘hau lag is comme:ed unimportant nd all suc‘h hnes are |

comudered 1dentical it reupect to stresses induced by a

. givén' wave domponent, me peoblen is “theri - r:onudered a8 one=

dimensional thh regard: to pote-ptelaure rasponle.

* The' wave induced ihear etresses are evaiuated using |

the' theory of elaf!ucity. he fcuwing tvo assumpucns are -

ade: !

‘) Lineur elastic ﬂmezy u .ppucable

(2) .wave—inducad Btressal ‘on’ the ocean ﬂoor are.’".

not affected by the. pgtmaubility of me ocean -
£lor, soil . Seposit,

Charts - were t'hen \ieveloped from ‘the fDllowinq

rexmonahxp-.




where

'(;e)
\It has long been recognuad that 'Bore pressures Xn“

saturated sands __nndnrA -undrained conditions puild up -

vely under the'action: of cycli: shear lczaues. At

1% (1) “the ralaf,ive density, D, of the wotl.

(2) the induced- cycua sheur -tre-- ratio,

-



TiWorder - to develop the basic equation goyerning

" the pore-pressure response,.Seed and: Rahman (1978) assumed

that the flow of witer is 'governed by Daréey’s law’ %

BN

saad and Rahman (1979) nled the fonwmg eqitation

5 dceount for the variat:icn o, soil campranibility with

‘.\. porespressure: .. e
Ar B .
A T(28)

My
s o SR B
14ar B Al Bon

“u w0

5(1.5 -Dt’) o

‘g
r, = pore pressure ratio, /oy
: i - Yo

L % . 2D, .v . Ve
. B. =32 % .
: g W cotpressibilifyiat £, o

relative denaiqy

nitial cumpresnibil!.ty at r =n

S

3 ent Sf parmeability in, the verucnl N

txain. wmup_u\»&-gl. ated




|
5

k2 iquefac tlon unde

. fol:l.zwing fom, {seed and Rahman

. B |
The rate of pcre—pressure incr&use,/t. is given a's:
R | .
. 311 |
e — B o (29)

whegze ¥ is the mumber of stuss cycles during fa stcm, and
-3—2 ig ae;emmed in the ].aho:atory (Seed and R mnan\ms).

For many "aoils, ‘the'relstionship batisen o ‘and

the given utress conditions 1n the

can be expressed in terms Of the numbsr of cyclaj N, “to causs

197B )

- o
~;7—’= @/1) arc sin (X

o0 . .5 «
where 8 is an empuical constant.

. This ptoblem can be reduced £6 ma sol\ltion of
v 3
-r[’ ﬁ]=m‘,[r‘;v_v] ; (1)

fo
the |olut10n ofvhich has' been- done in dnite exanlene forn

And a comprahemive cumputer pregtam (DCEAN 1) }\al beeén’

.fdevelupeﬁ “for thiu purpoae. 'nm end reuult of t.his pmgmm

is. ‘the calculation of porewatar ‘pressures at vauousl poinn

and me pxediction of porewater . prassuze hxstcry ~at these

diffcrent depths in Eha seabed (Seed and Rahtian 1978 )

iy

oo



This concept' of residual porewater pressure has Deen further

deyeloped by Finn et al (1983) to include the effects Of

.' increasing porewater pressures during a storm on the shear:

and bu'l}(ﬂmdull. Others have publighed analysis of the
transient qffects. However, .there has not buerl muh work
doné in the laboratory to check either the transient effects
Of vaves or the effect of a series of, waves on fhe sea bed.
In the, research reported in this thesis an attémpt
18 mde 8 seudy experlnentally acue of e effects of vaves
on 603.1- The design, fabritzation and ialib:atién Of a
ﬁav»—eoil tank and thé results of tests with flat and slop}’ng

‘beds of woil. are reported here.
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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 was the approach used by Tsui (1972) where a small soil
tank is submerged in a larger wave flume. The other was to
build 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 0.5m to 3m
length could be generated. It was necessary to pay attention
to the design of the wavemaker 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



NRC ‘laboratory facilities in-Ottawa and Queen's Univ€¥bity at

‘Kingston, Ontario. A tiltable soil fank, 3.6 m x 0.76 m x

1'n deeg’ witn one. -long wtde of glass,'wmm} was. earlier used

. for 1cebel‘g _Bcour, model teuts, was re&dily available for use

e in the

1ength af the tank was not cnou\gh .for ule as a wave tank. L

The available tank" was axtended at both endu and
t'he 3.6 m, section with glass sid‘e was used as( the, main test

3 m section was added at one end to

aiction. An additio_nal 1

‘incorporate, a wave .absorber. « A 2. 4m section was added at

‘the other end to contain the wavemaker of sufffcient initial

., Jlength - so r.\m: the tegt section containing ‘the soil was at

least 3 times the ‘water depth from the:wave generator: this

allows the wave to reachwp steady form after leaving the wave

maker: (Kea"ung ‘and Webbet, 1977).. A smooth transition . from

the wavemaker bottom to the mudline of the| test section for

various mudling elevations is also provided. The  above
design changes required redesign of the structural supports
for the tank.. The fiiting arrangement and the hydraulic jack
. redesigned tank is ‘shown in Figure s.
' Several vave generating systems listed beloy were

* considered as pounlble generators fcr the ' presant tank.

1 Phton type
i %, Paadle, i qad at the bemom a

NLRRASS

tenent research. -.However, it was' felt that thé

N, for tilt}ng also required nuitable modifications. " The




ﬂexible ual as -hown in Pigure 6,

3. Pneimatic D
4. wedge
“5.°¢ aiter Duck in reverse
: _‘ . A_Pdale type wave generated hinged at the bottom,

was’ €inally. chosen. The' design’ incorporates a' continuous

50 that the back of the

waveboatd

. dry. ‘The drive and guide mechanisms for the -
filnged’ paddie, are, {ginple and sasi}y maintained and adjusted.
'rhe main dhudvantage of  the other -yatem- is that t‘hey
require more ahb,?ra_:e guLde -yuum- or that the perfomance

is not well in’the. 14 The Salter Dubk

has an advantage that ‘a uar.er tight seal is _unnecessary -and .
there will be no .pu.-hmg behind the wavemaker, but again
the performarice is not well hl the 11

‘The 'sizé of the motor for .the wavemaker ‘is

at on the_ cteristics of the waves to be

generated.” Gilbert et al (1971) have—published graphs vhich

late motor ity and wave istics for vatimu

® .
combinations of water depth, period and desired wave heights.

In order to gdhnu 0.1 m high va with periods in the

range 0. 5 sec to 2.0 sec in f_ha tank a 1/4 hp motor is

¢ y and £ mugt be ad e from 0.5/

Hz'm 2.0 Hz. The 1.5 hp motor wh.léh came with the t.'fm\vn .
found to be suitable. The output speed can be varied to give

ave board '‘frequencies .from 0.5 Hz to 1.7 Hz.




the bbard‘ Teatu " done without “the'’ anB,
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The paddle is connectad to the motor by a 1.m long
shaft through an adjustable eccentric wheel.as shown in
Figure 7. The maximmn eccentricity -is ‘25 cm, whxch makes
possible a total wave board rotation of up to 20 degrees.

R The _vave board i constructed of 13 mm aluminum
plate, and is 64 ‘on deep and 71 cm-wide. Wings projecting
backvard fram .the waveboard enable'a proper, connection and

operation of the watertxght mem‘anne ulong t‘hé bottom. and

'aiasa of .the' tank. st eamlined fins were attached to the wet'

‘siaé of the wave bosrd (Figure 6). to prg'ent cross waves at

Fesulted in’

excesaive ‘Crosswaves at ‘the board when the wavelength' was

nearly aqual to the ‘width of “the bank. { Any - crosswave

developad at the hoard was found to prog:ess along the length

.. of.the tank. Bxceaaivu splashing. near ths’wavebcard waa aluo

‘a problem Mfcre the fins were - Lnutall:d‘

- In urder to redude the disturhance of the 5011 in°
"
the main tut-portion of‘tha tank, the entire wave generator

section is isolated from the main tank by using a flexible

- gonnection. - ‘Further,-the section-which ‘contains the wave -

generator is ‘mounted ‘on Tubber pads; - aproximakely «2.5 cm i

thick by 5 on diameter. = Thus .yibration-, fiam the: -wave
it !
qansrator and motor' are inoluted from the Eest soils

The 1, B m length of  the nnk from the wava-

generator to the main test 'séction ‘Has -an, adjustable botr.qm.

e
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DRY SIDE

Ficure ¢ WAVE BOARD (ToP VIEW






the beach- end (piguu

mudl(h«e in t‘.'h

'_u:e 'soil s

. i T . - S

a2

to provide a smooth .gentle tx.muuon from ' the wave naker,

to the soil ‘tést bed. Details of the arrange-snt are’ * dhown
schematically in Figure 8.

The ‘central test sectian os' the tank eon'n'i'nxn‘g' the

- goil ds 3. 8 m long wim -one. .ue ot 12 . m.ck glass. ,Soil»

u hem An plan:g by phtea at the| ends, the total beight. of

whlcfj oan be adjuated €o obtain dlffer nt elevlticnl for the

fualge. .

Tha tan'k

end and a 20 un hyduunc ]ack wuh a ramnvuble “ uppm—t at

B I.B)".

“The hyanuuc jack ha

'mxx.mun d.ilplncmnt of 58 on. The' u'uppdn. at the beach ma-

l:an e adjuated to give wnical mv-nonc of £50. o at this’

tes

uctxnn ..

K qﬂ.d made of 13 mm diameter copper- pipe is

‘located at the: botton of the central fest section. .These o

i'es wiﬂl 2. -: huxn ﬂ:uua at .pproxinuly 10 ‘e

intervnll ‘nuh 4 vater to be fexcea f)\tough the -eu hel/

ple val prepared :or-:h-_‘

2 diifarant den-itial +vere prapared using the forced jet

“technique through ‘the. pip-unn oria, <l

‘A carrtage Which was' capable ! of ~‘traversing “the

1ength ef the tut tion. was:

’lnctioﬁ of mg unk mﬂ ‘was - used to support t.ho wave probn.

is luppotted by a hing- n-ar the wavemake\

Soill of -

_mounted J.n the: central.

§ nupport- ’A'hu. 011 llope. uf ‘1 10 llny be” &Lﬂlned alonq the - &
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A indicated earliér, one of ‘the requirements of

the tank is'to produce waves that'are simple and consistent.
Since ‘the tunk is of a fini(:e Lenqﬂl, waves w:l.ll be !eflqcted

causmg the wave height to. change along t‘he lenqth of the: .-

tank.. It. is ‘thus necassary to AN e effect.s of.

reflectxon by- inuculling a, nurtnbly deaigned béach at ‘the 1ar 3

" Lend. A very cmdmo ‘dnd effeguve wave absorbe:i:.e a* gen:lq-_ 2 K

:20 uope) covered with a Layer of -

uc}pi.ng beach  of. about 1

. ;porous” materiall ’l‘ha u‘ize of cha tank used- in this: res arch :

- px‘ecluded the \xBQ of Huch a flat beac'h due tO t‘he constraint .

of length. The Eollowxng alt’ernat&ves ware gansidered ef

wh1ch t‘ha furat ‘£ive  were tul zi nj.nce these a!feréd ealy

. comstiuction.and adjustment, ‘A'hay are. ghown uchematicaily i Y Ve

Pigures ) ami 10.

Beach #1 - K wedge of horse hair (Resilitex) ' . -

i Beach #2 - A parabolic. beach. with, transverse 3
4 K ‘wooden strips. . Radius .= 2:5 m, Ara
. o

1angth-054m ; . Ty
Beach.#3 - Similar o Beach #2 without a runner
. 4 _ -Beach #4 - Similar ‘to Beach #2 ithout e rmoded

@ strips’

‘- Beach #5 = similar to Beach l4 but cavetad wit‘h 2

LR . . ‘. cm thick horse hair
| _ Beach #6 - Perforated vertical ‘batles i
“1963)
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BEACH ‘No. 1+ ‘
. Wedge of ‘horsa_hair 3
—Rgllllux held in 3
. ploce with wire i
N mesh.
4, x 25 cm. wooden - -
- strips. i e N
3 . 4
i T beach with 2emx. ' "
J ‘2.5 ¢m. wooden
3 strips but no
< runner . N
g & > F1GURE 9 *~SCHEMATIC' OF BEACHES TESTED®
i ¢
i : : : *
{
A i
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”. ) . 46
ir -
o
) . . BEACH No. 4 ‘
- - Parabolie b P
‘ g ;
]
-
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Beach #7 —‘A sloping bank of “hcnuyc‘omb_ material
‘(Aveiro, 1982)
Beach #8 + A sloping gravel beach
z Beach #9 - Rectangular bars

Beach 410~ perfora‘ceé inclines (Hamili 1963)

e . While most of the “above types of ‘beaches, lor

;. vetsions t‘huréof, are deacribed u the 1i;erature, t‘here is

rio published datp' of thei: psrfonunnce which could\be

% extrupelar_ed to meet. the requizements of the present tank arid :

. Experiments. - In order to determine the most suitable type of

beach, a ‘series ‘of experiments was carried out’ on the first
| five typea listed abovg. The details’ of the test results are
given in.section 4.1.8. 5 A -

tor, % "
Physically, ‘the wedge of horse hair was quite

various soil slopes and water depths. - Likewise, the

- parabolic shapes, were quite adaptable since these could be

“;adjusted for dufa:eni ‘wave types, to give a minimum’

_reflection in each.case.: .
—The other alternativas were no\—f suitable since thay

. are less adaptablé for adjustment tolsuit various wave

characteristics and ‘water depths. The wave absorber which

was not tried, but which mdy be a good system for this tank
1s ‘Beagh #10, This system of perforated inclines is reported
to produce low .reflaction coefficients and ‘occupy ‘a

relatively short sectiop of wave fluma, (Hamill 1963).

acceptable “and‘ could be easily  adjusted ‘to accommodate

'.J

-
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The wave absorber finally selected was a-parabolic¢
beach similar to that described by VanLammeren and Lap (1964)
and used in the Wave and .Current Laboratory of the

Netherlands Ship Model Basin. A runner was attached to u-e‘

beach by a hinge and extends to the beach end of the soil to |

give a smooth continuous bottom.along ‘the length'of ‘thie tank

arrangement  was

as shown in Figure 8 °and Px.gux'a 110 Thi
‘Hecéssary, to prav.nt the: beanng type - relponaa of tha waves
and to prevent drifting of isand outsidé thé test section.

The performance of this modified parabolic beach is
described in, a later sectién. : \ ”
3.2 Experimental sn—vz'

. 3.2.1 ‘Instrumentatif - {2

. Wave height at various ' along

the length ot' the tank wére made by a wave pzcbq vhich was

mounted om the chrriage and_could be moved along the -length

‘. of the tank. The wave probe, shown in Figure 12, was a

type and isted of two 3 'mm diameter stainless"

: 2 KN
steel rods hardwired to the wave monh:orl. The excitation.

voltaga and the output voltage were provuud and. !Lnen:xud

uung “Churchill Controls" wave monitors. Tha‘ 1lncariz.q<

ng\ml was 'then' recorded on a strip chart recorder. .
«

% o Water pressure fluctuations af.the mudline and pore

. water pressure changes inside the sofl were measured_ using

= e e '

.




N

A, four IPT-1100° ."K;llite' pressure transducers with the
fo!loulng capacity ranges
Rated Pressure

% Maximum Excitation

. - Semsitivity |
The necessary powu jupply nmi mpliflcnt?on unxt.u were

_ manufactured in-house. . The outpt v.gnu- e au\pl.itie:h\nd
either rqcord-d d.lnctly usiru a -u—xp oharlc :ecorder} or'
were digitin\i by an HP 3497A Duta Acquiuiti n Upit, :houn in
Fiqure 13, and ‘recorded on di'kett. uuinq an/ HF BG
Mcro-computqt. & . 5 ) ¥ oY 7
b Pressure w:htion at the mudline: and ,inside the
luil'-wnu maured using a-row of 4 pre

e - transducers.

’l‘hne vere pulitioncd to read patzvnur pr ures at--7 om, 20
<. & &8
om and 30 ém bclov the mudline _(Piqun 14). The fourth was .,
used to measure .pressure variations at the mudline due to’ the’

surface wave The 'Initfal readings of the pressuré '+

L try

'hydrotutic hud o! the -un water was oftl t.. 'l“ho nlding-
recorded auunq the uxp.:‘imant directly” g e

- nqulred a separate chart recorder. When the l-l’

Anqnhiuon/controf Unit yas -used, the rate 'of
o " v =3 . s




‘and; !inal. ploh:ing, and is 1isted. ln t_‘he Apggnux.- -

R Y- T Soil.seggllwfﬂ L.

Thu'nnd usad in this work was natural sand

-excavated | .fraq\ an open pit, /fIacnoned, fahricated an'd
R ;s

Toggipg ﬁ;g “about 40 samples per second: - . Appropriate |

rsoftware was qlevelopad"fnr data ldqging. recriaval. s




. remained. unchangad.

by’20 cm long test cjlindor by aflowing the dry sand to fall
throughi'a column of waler. The permesbility was determined
for this'initial dry density. Then the soil was densified by
tapping and vibrating the centaxnar and the permeability test
was repeatad. This procedure was repcated for several
densitleu and-a telation!hip between the parmaability and
void ratlo was ebcum,a as shown in Figure 16 sl

. 3.2 ?tégatation OE Sand Bed .

axperimentl, locse ‘sand and densé ‘sand.. .1n, ome cases ‘soil -

samplau with intermediate depsities i later vere ':1-6

n.ucu-d. &

Tha lonlu sand condi.tion was Achieved in. the tank

by t‘orcing watat upwud- through thé neu ‘from the’'grid of 13 -

mm diameter “copper tubing,: at a rate of - approxinately. 5

iters. par.aecond ‘gor - 30 secunds. 'Ehe":eaultfng d:y

 pangs "sand. conasuong e achievad by,

vibtatiqn, or wave agtion: a 'Vndinnted ‘later.

Bafora the noil wn plaosd in the tan)e" t‘ne
% pnrfomnnce of: the fagility as a wave. tan and nm wave
genentien r:hnucf.-zx-tie i {‘ wuluatla-. esults of .these. ' -

.and othat tests are dhuuuod 1n t)u next chapter.

TWO qene!’al denlity canditions were uusd in the







Ficure 12 WAVE PROBE




Figure 13 [INSTRUMENTATION
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o A “rné - scope and’ £6cgs of u‘u Yeuearch may. be divided

s 1nto two broad’ categories‘

1. Evalu.atioh and talibratxon of the test tank &g .

fge S B P a.wave, £lune.

Examinatian GE the effect of waves. on| soil .
‘ata‘btli.ty. 2 g X

o ddcument-—&he perfnrmanoe 'chaucterinics o‘f r.he wava Tt e B

Tesf.s. tu evaluate the: perfarnance of 'the ‘wave -

& bed” o4 pers s 'suil. g

va\'_er col.umn‘ bove r.he :o‘,x 1 a 'Vn'y importanh parumenr an

tns- por f ‘the < wag®

theregore. ‘eva luuced

\'ior uvaml wauer depthl n‘aove the fal-e bohto’m.

“).'




. 15°, to produge. mamiy intermediate water vaves..'

. Hanual. 1971) as .hown' s.n Fl gure 17:

wave heAgh®is given as -

o
3

i i
2 N

4.1.1 . Have Characterlatl,ns

J

’rhe ‘wave flume Kas geuted uaing wave houd’
Ereqvancxes between 0.56'Hz and 1.67 Hz, witer depths between
30 cm and 50" cm, ‘and - piddle displacements up .to a maximum of

Wave charactetiﬂucu '_ at three different - water’
dept\w are given 1n 'l'abla 2. 3 'l'hese cﬁaracteusciea wexe‘,_

plou:ed in'the wave classiﬂcation chart (Shore prot-ctim

it ,may he abserved that'.

and 3 order wave theolies.

order ‘theory app].les and " for frequenciel 'hi.gher than-1- m.‘ "
Td.

Stokes'

ord-r theory appean r.o be_ nore apprapriau.

R compariuon is: made in, a me: saction of tt expeximenm'

\ valuds' of .ui 14 ,X. , ‘and ¥ boteomf e

_ pressure against heox tleal values.

4. 1 2 Wava H!i

t und wnvemk-r strake Correlation

and. flap wave makers. © Fori piston tipe wave

Z(Coeh 2'kd- 1y
o nhlk +_2ka‘







1 3 « X ! : 2
‘ - .
A

. s P
than '3d from the wavemaker, 2' is the wave length, and e is
X, 2

o ¥ o n 1
the wavemaker stroké. at the sti.‘.l. (water “level. The " above,
; . - equation has been verified in raborsEeELes .and* a' good

cortelation  has been shown to exist as shiown in Figures 18

and 19. (Ursell et al 1960, Mugqaxiaga and Murray: ‘19813,
. 7

‘given ag s

R : 4 sinh’k.d A Binh k_d - coshd +1 .
. = B I I T 2 (33):"
®oa . STz kI T T RI .
e ~ The above, équati.on “Has baan testad upéz-imanr.any ‘py. the
& ¥ Neyrpic englneeu (Ursell ot a1 1961.)) = -
ik T . The mts , done 1%1,“ gn: uaea;ch ‘to evaluam
Pk T : ‘of the, or .were red vith: the -
| s .
FoaHE 5% e b '_e_heo:eum values ‘of urseﬁ et al' (19} and shcwn 1n Rig. ]
| 2

‘20, Waye’ haxghtu. H, vere moniwred ih ?.he fank | ‘at, a;lumbar ’

f locatjons ’between 2 5 m and’, 6 m. mm the man pc!itio ot'

y relntionlhip‘ e ‘;./'n.‘ ‘The spesd, %, wa

p ) wherB~the wave height, H, is evalusted at a distance not less” -

For:a flap type wive generator: the wave height. is."




“e3

measuring the time required for a wave to f_rnvel a distance..

‘of 3.5-m/ The periodf T, was detefmined by.counting the

. n\xlpber" of waves passing a point during 30 seconds. The time

whe i measured Using a lnanual.ly operated electrc‘nic stopwatch. -
. g8 ‘
i . " Measured values .of H/e and 2n4/L for b. 36\m deep

“ water over the 'range of. 0.

‘<H/L <014and01 ‘¢ d/L < 0.5
wém.compared with the theoretical values of Ursell et ‘a1

. (1960) as given by Equation 33a: 'The compa:ison is shwn i.n
ng:;guze 0. gl 3 & w b

.
#The. experimental. valuel are about 20‘ ‘less’ than J!e)/

thabtetieal estimates. \'The #heoreticdl relationahip
', developed by ‘ursell et al (1961)- applics fo” wavemakers ‘that

are “hinged at 'the bottom; it, iu most {like;

&,

that the

in the htal vilues ls due to the fact
“the present wavemaker is hinged 4 cm above the bottom whic'h

is' approximately 108 of the total height of the wavemaker.

The, correlation obtained is thedefo onsi 1.

© . 4.1.3 Wavelength and Freguency Correlation’
" # ! fhe computeéd wavaleng’(h. using linear or aetord

order wave t.‘heary, can be shown (Shore Pwtectbn Manuu.

1977) ep be given byt

¢ 3 & -557,. u.\nh (’“’)- y P (34)
B y W B “This reldtionship was. also checked expirxmnuuy

'in the presept facility. Figures 21, 22 ‘and 23 show. the

;
1
|
|
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cal . vavelength-£re telaticmship for ' water
depths, d'= 30 cm, (36 ém and 50 cn., The- expuimental‘ values *

disturbed ;wave protiu but also . exhibits an upp-nnt
. . . . v

‘obtained. are

'.type ‘wave generutox‘ do not. have the m 1 c}n-tanc forn which .

might be, expseted from ‘the tegularit.y of tha flap motion.
depth, d/L.
&«

at Aifferept ‘points along a wave flume.

s

aluo plotted :in the ,fiqure and.’a’ gcod
70 TR : - “

carralntion is- observed.

4.1. 4’ Have Form 3

Haves’ produced By " the- patxodic motion of a flap ek

As
waves propagata they. slowly shange Forw i & periodic way,
H/L;

which depends on wave steepness, and - relative water

(Hansen and Svendsen, 1974).

Figure 24 from Hansen. & Svendsen (1974) shows, in -

an -extreme case, the.time variation of the surface, nle’vation‘
This pattern is

typical for most laboratory wave tanks and'is present because

a rigid flap cannot exadtdy produce ‘the:variation of - the

pucicu motion which cozre-pond- co a progran!va way- af

3 R
constant form: ¥ @ - PR

A qualitative axplanation of chi- motion. is that !
smaller wave' is . travelling dcken’ tha ﬂum, lup.rllnpolud ‘on

the min wnva, hut: with a ‘somewhat -mnu.er speed. Thi‘.l ‘wave

is denated al a "tree ‘second harmonic wuve" as, shown in ’
‘. T ¥
Figuu 25. » ;

3 "rThe : wave. pu:-:n not only ° -hou- itself as a
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5

Sas7a).. g

. o . L 7

; § : .
. variation in mean water level from place to place ‘along the

tank. The upper and lower wave envelopes meander ilong‘t‘ne
length of thé tank as -powrl in 'ﬂgu;a_ 26. The_ amplitude of
he:seander will® equal the amplitude of the: free second
harronic wave: - The makima .An‘d mininia “for.'the envelopes
appear at fixed po.lntu down the wave rluma, the poaibtion of
which depends only ‘on' the: main wave and the. free “second

‘harmoriic wave at the generator (Hanuen and Svendsen, 1974).

Pigure 27 uhnwl typical aurfnce ‘displacem ntl

‘'obtained in the prasent reseaich for frequencieu ranginq fm@

0,56 Hz to '1.35 Hz. The. measuremeits were made at a fixed

.
\

politlcn in the, taik “over ‘a period of ‘time: The 0.56 He wave A

has a form that is similar to that dasc;ibéa-hy Hansen and
Svendsen (1974). | ; Lt

“rigure 28 s‘hw- a l:omprelsed ploh of wave hasghu
as the. wave pro‘be waf moved ‘about 31 cm plr sec. along the
1enqth of 'the "tank. = e meandering affect\damnltrand is-

very similar to that described by Hanlen\ and-’ Svendson

. The -physical manifestation of this phe isin
some way’ ;imuu‘ o, bug uhould not.- be cantuud \thh

An uddit.!.onul umitatiqn in ~ptoduc1ng a grnvity Al

eflactian, which will be. dlscu sed dater.

vuVe in t)u -hapa of .a pure uinu s the nen linuloidal

mtim of . the

ave nake wgmn the hnge.h of r.h- eonnu:t.ing
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rod is more than 10 .times the wave board displacement,. the

second harmonic should be less than 5% ‘of the fundamental -

harmonic. (Keating 'and Webber, ' 1977). ‘For' the present

equipment, .the connecting rod is’ about 1 umeé the maximum

bcard displacament at the averaga Dtill—watat lavel. .

In qeneul, the form of the waves ganerat‘ed appeu ?

‘o' have, the ‘sane’ characteristic anomalies that have been™.

3 ahewn-

reported other researchers. Even though these anomalies

. have ‘bedn’ demonstrated to.be similar to those reported. by

otherd it Ya important to recognize that these phenomena can

have significant effects on tests performed.in the tank. ' For

certain tests it may ,be 'desirable to eliminate or at least *
- 1

Teduce thess effects. = iy " -
4.1.5 Baating ’ . E : 5
» phenomenon cnllad “baating" has been deuc:d.bad by
Flujde (1962). When ths difference Betwéen the frequencies
of ‘two componant ‘Atiohl ?E hurmonic form is -mll‘ the

resultant vibration "takes a fom that iu called "baating" as

n Figure 29 (Plugga 1962).  .If there are’two-

) generating mechanisms' that joscillate at ulightly diftarent

F frequenc:

' th-n the expected rnult is ‘that at’ nny givsh

1oeutiun u-xpnq the Leng:h of the tgnk, ﬂ\o two’ ‘waves add

.togsther “so that e ive -nv.lop- is’ not constant with -

ok
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- SVENDSEN, 1974)

FxcunE 2 HAVE PROFILE AT DIFFERENT STATlONs
IN A WAVE.FLUME (FRoM HANSEN AND
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FIGURE 25. SUPERPOSITION OF SECOND ORDER STOKES MAIN = &
. © “NAVE AND FREE SECOND HARMONIC WAVE =
(FRom HANSEN AND SvenDson. 1974) .
. ; : 7
: ’ 3
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F1GURE;26 - ReCORD OF TOTAL WaJE HOTION.AND TOTAL SECOND

{_____HarMoNIC MOTION (FROM HANSEN AND SVENDSON, 1974)
N
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" FIGURE 27 TYRICAL SURFAC

WAVES IN THE

- WAVE-SOIL TANK -
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FIGURE 28 A TYPICAL RECORD OF MEANDERING
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# s . Tnid beat g was' ohserved during'stne canbzauon of- '
EE ~ .
L e this tank and, vhen [present, -it’is very-difficult o measure < -~ i
i

| the effects bf wave "reflection and meandering because’ the

wave heiqht are not cbnutint over time.- The phenomenon o£

- N
4 o) .
- beating was observed when. -the \folltpwing d:ficxenciea

océurred: AT PR ke TN N
| L o 'x,

1. " The: beach\u loose and moved excesaively-

7

- Tank mbve!ment was’ ex-:easxve.

au demonstrated in t_hu work. P : . -

. Exanples of beacix?g\wm:h were observed in thi.u are

shown in Figures 30, 31,32, 33;~aa." - The périoas ae guén .

beats .were ‘approximately 8 séconds: or'16 ‘sqonds. In some o£ VD‘

the preliminary tes 8 which were not recordad, penti.ng \d.th

i 5 '’ periods in the order’ of so seconds ‘was observed:

In* any reuarch of " thig type, 4E waves with

predetermined _charm:terxaticl are- required; puuminuy

calibration tests -should be done to vorify “this beatlng_.

phenomenon, identify ¢he potentin causes 'and. if nec -sax‘y to

minimize the effects mrough ate remedial
s, durd
ST S T et




Jogi g

$ 1.6 Buildup and Decay Time

displacemmts at, a utauon ‘in’ the -test . dection u' the

wavemakar ig atarted, .run, and tutnud off It may be seen

that the buil.dup time to uteady stata is vary short, “in’ the

order of @ few seconds.

. after .tne wavemaker _{a turned &R} waves: higher ch!A the

consequence in t‘he study of the wave effeé't\u_ o

higher waves set up ‘pore water:pressure in'the sail which' may

. " pe "aifferent from the steady state pressures. -Although for

the tests done in this fesearch the: above anomaly was not a
'majot problem; - the —i/llf ications of this will he ﬂilculssd in

a subsequent section,

Also, when the Have generator is tux‘ned off a 1arge

" wave always appears. .This can' be -attributed o the sl‘awlnq{

down of the wave board. As the wavemsker motor slows down to
a stop, the ‘period of the final vave becomes larger. Since
.wave speed C = I./’l‘, and b is prcporcional to 12 ;s an increase

in*period, T, causes-an increase in -wave spaed, C. . The

‘longer period wave travels faster ' 'than the] geeady state”

waves, and ‘actually catches up;. the energies ‘ara added

resulting in 'a “higher wave " height. :rheré was a clear

den\on!tx’ntion of th lmportancu of thia effaet during 5011

Figure 35 shows..a typical .plBt .of . surface

‘For' ‘some wave ’ frequsncieu \lc . thie” beginning soon,,

staady state heith_s were - obtained. Thxa, has same’.

011" as'the

FE




gy

steating; a soil -may not, fail .under steady state waves but

would fail as the large wave .passed over the test section

_ after the generator was turned 'off. The increase . in

porewater-pressure due to these large waves: ig ‘also . very

noticeable and-will b'e‘ aLE lsed Latel:.

The- natux’al decay of the waves . is alsa ‘shown. in -

Figure 35 and a réaonanea ftaquancy "of ‘about 0. 1 Hz may

observed.” In ozder o’ verify thig rese\nca phenomenun_

furthar, under still vater :conditisns, one “Bils the tank

time u(‘. the end. of" the tank was n\oni(:ored. ’I"he‘ period o£ Qle
¢

resulting . olcillutions was 8.0 -seconds.; .| Approximate

multiplee of B aeconda (8,79, "15,. 16, 80 seconds) 'vle:e

noticed in :the beatinq .pHenomenon desctibed eurli.er. 'l'he

‘resonance ‘frequency for'the system is. thus: e_stima’tad as 0.125
i i = i

i Hz. o : \
S : R

Haximum Wave Height

Lo Tl ngu:e 36 dhowl the” maximun  possible’ wave heights . ’

for. the’ glven water. dept'hs, uging the " maximum a g

stroke. The' maximum wave heighh is hmuea By two: aufanm;'

criteria;  one 15 the m)umum troke of the, wavemaker. and the

other 'is _the. p’henomenon “of” wuve breaking. waveg, ‘break when'"

H/L 3 0.14 ‘or when d/H < 1.2

The: ‘vave gerierator . can ganernte waves ot' maximum‘

helght Df 0,12' m at a mtrespondlnq wavelength OE 13'm vit'h

& water depth of |

i
S

was q\.\ickly lawared and t.he “water. elevation \vuriution with,
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'(e seconds

Ficure 30 AN EXAMPLE OF BEATING., PERIOD 1S
8 seconps FOorR 1 Hz WAVES

)_(9 seconds

F1Gure 31 AN EXAMPLE OF BEATING., PERIOD IS
9 seconps For 1,19 Hz wAvEs
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F1GuRE 32 AN EXAMPLE OF BEATING. PERIOD
1s 15 seconps For 1.03 Hz waves

—80 seconds

F16ure 33 AN EXAMPLE OF BEATING WITH
PERIODS OF 8 SECONDS AND APPROXIMATELY
80 seconps For 1,03 Hz waves
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Ficure 34 AN EXAMPLE OF BEATING.
APPROXIMATE PERIOD OF BEATS
1s 16 Seconps
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| much as that of the incident wave. = g

¥ ~ 86-

limited by breaking: the height of the longer waves were
linited by the wmximm Vave Board stécke.
4.1.8 Reflection
As a wave board 1. forced “to oscillate, a
ve p v incident wave, is created vhich £ravels

. |
o the wuva bourd to thc ‘beach at r.he Uppol(ite end’ of the

8 abua:b-d,'und t:‘he raut is
Arsflectud wave - ia then the primary’ reﬂ.ectad‘\ﬂve. "nn

nmplitudd <o tne refiectea wave desinds on the

£y The height of the short waves of Figure 36 were .

é.

c'nl acterlltic‘ of * the lurfaceaon which the . primary wave T

impacts and -génerally ‘the -amplitude Of the primary reflected

case vhen the t.flectinq lutfacu Ll vartical, impermeable and

% lmot.h, the amplitude of the raflactnd wave can & nearly as

When the Iaﬂ..ctad wave reaches. the wavemaker it

reflects as .a l.condgry incident wave; thus. a lerial of

multiple order incident and reflected waves are created. The
;teflacted waves ‘progressively attain smaller umplituds. and a’

mteady state is attained after a certain time. Lntarvul

dapending on ths lenqt'h of . “the upk. T If the. px'imnry

|reflection 1is m\ or less, thg secondary reflacted wave is

ni b Jabout, 1¥T0E Ehe Viringey: Vaiilent wave-wal- An

| generally negligible (Ursell 1960).

©  wave vill be small for a well du;i@ud beach. In the extrm -

B




'_ reflection phenomenon on"“the waves .used for testing. N B

In any series of experiments involving porewater.
pressure in soil, it is desireable fo simulate a condition
where the waverhéights not only have reached steady state biit
are uniform along the length of the tamk.. If the reflection
is significant then the wave 'hexght. an vary subat;antia].ly
along, the tank.’ For example with 258 reflection; the ratio
cf the. minimum wave heigm to thé»mxmum wave height, %

: /!!mx measured L/4 apart: will be. 0.6. n. is me:efore i
neceuary tc dete-rmine the extr@neous .effects’ of thé

The' reflection’ coefficient ¢y 1.: defined as the
ratio of A% reflected wave. heidht, ‘iR, to the  incident yave
o of s ; Jave
height HI." This can be shown to be given by:
., T
¢, = BAX . min .. (33)
INCRT A F Ay . ?

w'here H ma, and H , are the resultant heights of the incident

wave HI: and the reflected wave HR, ‘as' shown’ in Figure 37.
Physically in a wave tank Hm“:, and Hnin are separated by a
distance of L/4.

There are different methods of calculacing it Im
the mnvaﬁtienal,mehod it. is. assumed that ¢he waves are
linuioidal and: the evaluation of the ‘reflection, costetoiant:
is based on direct n\aaeuremantu of H . and H i A mall
error may ‘ be !.ntroducad in. ‘this' method because

-

g SR A et 1




. .
and Su:uki (1976) ‘have proposed a. two point method for' -

cnlculating Cr by analyzing the fourior componenu of the
amplitude by the. fast fourier transfoim technique. . |

The direct method was used for this research, in e 4
which H_ i and Hpin Were nealn'd by travelling the wave i

probe along the length of the test poztlon of t.he unk For

4. * . A ~ wavelengths less thnnll g. -readings were uken at “stations .

Tmax .

25. n. Up to” 1,u unvau were lampled at qach

|

) . £4%
. puced 0.05 m llnca ﬂ’lB diltzmca .batwsan\ﬂ 3 undﬂ-lmn would g !
be less than |

) " station and, ava:agad tc igive the wave.. amplitudei: . For -
i wavalengthl greater o1 n, i taldingn vmre ‘taken 0.1 Ha

apart.’ In ‘some .. casés condnuouu records weie made by
——

travelling he probe. aiong the length of the test section at -~
aupgedofaiaou:x-n/.." : A ' e

i - A typicmt record is shown - in Piqm'e 8. " sode «

and’ As 2 in, uung such & ncore._ Py

o b i Fne,dy staté must be reached before' the Hodieds axesof any-" e
value and only the maxima and minima that are approximately

2 - L/4 apart may b- used. It is al-o.n-couny to use. caution 5

§

'near’-.t.ge beach end of the ’un‘k 80. chn: nr.her extrane
.~ effects’ are not misinterpreted 'a‘g r-uequon. _' o oy qm

. exumpIe. 1: may be uan t.hat the vave haight- at st‘tionu 4,

10, 16 and 22 are 6.9 un'it!, 1n, 5 Imitl, S 7 unitn

ot unitu m.pectively. These maxisia and msnm- gave zene
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FiGure 38 A TYPICAL EXAMPLE SHOWING THE CALCULATION

OF THE REFLECTION COEFFICIENT
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Five wavé absorbers were assémbled anadtested over

an‘ringe of - wave “gériods, waterd depths and wave heights.  The

~ beach- types were priefly discussed in the ptevioua chapter.

(Figutes -9 and 10) and are lis beloW:

Beach %1 - Wedge Of Resilitex (narsehair).

‘Beach #2 - ‘Rigid parabulxc beach with wooden strips
wa x R and runner. .

“Beach #3. = Rigid pa:abclic beach with vloodan strips

2 L but ne :unner. 5

‘Bedch 44
'fsqaé';a'_ss -
3y
TR thick Resilicax/
;Bea::h i pE duced very low ceefficienta " of

reﬂ.ection 1n the order of 3! I.OHut most. !x‘.quenciaa t.euﬂ'_edA

sore’, frequancias
&®

However, for he ' beating ‘condition .as

described: above Wa va and _‘ é.

0 " similarly Beachi 3 gave | accéptable

dbef£icionts as. seen’in, ,.'n;bxe 3

ed abl .

' The reflectl.on mifﬂcients of Beac’has 2, 4. 5 are

Lt

tht beach .

For Erequuncias of “less

abnlic bea;c'h wi!’.h 2 em Beeilit!x

cgvetinq ‘ha

reflectiqn, -

ut again th_a beating was

uhown in Piguren 3g and 40 for' tuo » rifferent i.ncunationl of i




Y # \
TABLE 3. . I
l\El’LBCT!ON COEFFICIP.N’!‘S FOR DIPPERENT BEACH 'I'YPBS 4 X
SLOPE_ANGLE: N 2 8

.. Wave-board displacement, 2¢ = 8 cm Water depth, d = 36 cm

[Beach| Boara
. Run |Slope|frequency|Reflection Coefficient|Avg | HI
- |No. T (2] - CR (%) CR (em)

,11.8,13.2.!3‘.\2,9-1 11.3 |3.5

Gl01| 6° | 0.71

9.0
= . G102| 6° 0.89 9.5,3.6,3.6,4.5,4.5,5,| 6.0 '|4.4
i ® . 5,5 6,9.4

] - =
' * |e103 1.03  |10.7,9.4,11.0,15.8,8.1
1 F £ 6.8 :

i 3 * |e1es| 6* | 118 5.2,5.7,9.7,5.3,7.9

G105| 6° }.27 9.2,8.9,7.5,9.8,7.0

G106| 12° | 0.71 23.21.23.2,24.7'

G107 0.89° -[9.6,10.6,13.8,13.8

elba +12°. ) -1.63 13.2,12.8, 11 5,7.7,
2 A 1.7,11.7

Jer0sf 12+ 1.1 s.s.,a,.s.s.7,s.a,a.4
G110[12° | 1.27 °.[7.4.6.4,8.9,4.3,9.8

e 0.71 [25.26.3,26.3
G112 15°
G113 3
G114 1.19 g.é,x.z.s.s,_n,s,n:‘,
*|e11s viar 1p;5 4, 8109413 sie.1, [le.1 e '
i _‘ c1fs| 12°7| 0.71 15.8,5.2,4:4 5 5.1 |3,5 i %
P egioy R  ¢117 12¢ | 0.9 fsuaass. 6.1 [5.4 : 5o
a5 Joras| 12%7| 1.030 |7:5:6.43,3,4. LR Y R
by o B “exas] 12¢ 5. 5 701,82 j BRI
e 51'20 124 ss7.Ee 8.8 (8.2
§ U hETeeEa e pa TR
: ; N i

L
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TABLE 3 (continued)
REFLECTION COEFFTCTERTS FOR DIFFERENT BEACH TYPES
¥ AND SLOPE ANGLES o .

beeslel

Wave-board displacement, 2e =8 cm i

. 1
: Board Avg %
i Run |Beach|frequency | Reflection Coefficient| CR HI 3
it No. |Slope| (Hz) i CR (%) (%) {Lem) . K
: 6121| 15° | o0.89 9.9,7.5 8.5 |5.4 B g
6122( 15° | 0.71 | 6.9,6.9,7.7 . - .72 (3.3 3
6123 15° [ 1.03 | 10.6,9.2,8.3,9.4,8.5,| 9 |e.4
" 8.2 ot X ~
G124] 15 | 1.19 1.8,0.3,5.4,0.7,5.6, | 4.8°7.7
§ i 5] = 6.9,4.1 ;
c125) 15° [ 1.27 7.1,5.4,8.8,7,8.4 ° 73|81
¢
G126( ~8* | 0.71 10.5,10.5,105 10.5 |3.9
c127| ~8* | 0.89 | 12.4,12.4,13.2,01.9 [12.5 |48 | i
o .. |é128| -8 | 1.03" [|:5.9,10.3,9.7,9.7,9:2 9 |6.4 £
ol G129| ~8° 1.19 8.6,3:6,7,7.1,7.1,4.6| ‘6.2 |7.7 1 2
s : | H
“le13o) ~8* | 1.27 | 3.2,3.2,5.3,3.4,5:6 | 424) B8 | ’ §v
131 12+ | 0.71 | 13.6, 14.5,13.4 13.8 |4.1 | i
6132/ 12° 0.89 | 15 5,15 2,i4.8,14.5, |15:2 |27
f
e133[ 12* | ‘103 | 10.5,13.4,14.3,9.3, [11.9 [6.8
12.7,11.1 L e §
: c138) 120 | 1.9, | 8i4,5.5.00,12.4513.5 |10.1 |7.2 H
7 : 10.6,10 I i
wl - . |e1as| 120 | 1.27 713,6.1,6.1,6.2,6.3, | 6.2.] 8
§ R 4 4 : 6.4,6.8
b lorse| 150 [ 071 | 22.3;22,22.2 4.8
A . 6137(15° [ 0.89 21,19.8,17.6,19:1 4.4 i
l G138('15° 1.03.. | 11.7,11.1,17.6,17.6 6.4
| c13ef 150 | 1.19 | 7.4,7,8.2,7.3,00.1, |76
; - . ! - 0.3,9.3 i
g c140| 15° | 1.27 '6.9,6.2,9.1,8.776.9 | 7.8 8.3
¥ ' 2% e : 7.8 i . ,
i : o
l For Test'G126 to.Test G140, Beach #2 was used. ' 7 .

R



AT,

Wave-board displacement, 2e =8 cm’

ABLE 3 (concinued

o4

TABLE 3 ) -
REFLECTION COEFFICIENTS FOR .DIFFERENT BEACH
TYPES AND SLOPE ANGLES

| Boara |- : ‘ g
Run |Beach|frequency|Reflection Coefficient| Avg
No. [Slope| (Hz) CR. (%) CR
X101| 12° .89 . N
x102| 12° 15.2,16.9, 16.5 1
x103| 12¢ 13.6511.6,6.7" 10.6

|x108| 12° P

x105[:12¢ 2.5]-

_For Teat X101 to" Test X105, Btach 03 .was. used.

excessive so.that dati for some frequencies were mot.
obtained. ;

B

aeumg was:
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. am, L
P uidnlﬂcam:ly lower reflection coe}ﬂcianu(’than the other

i " two. For frequencies abové about 1.1 Hz :ha bare aluminum
beach gave a better performance. 2 b
% ;

In comparing the beach performance; the lengifiof

the wet arc of the. parabola wu Xept conntant f“f algthe -
o " tests. The inclination' of the tangent'to tiie,parabola at the

' waterline .way designated .as the beach CFigure 4l.. .7

* To mininizé SeeLdatIon, t'ne beath angle was. _uned :o suit tre .

wave churactsri-u.cu used. .. X '

" The pexformance | of the wave ' generator;

qaneratiun of nearly steady state waves and: the ' minimi:

of reflaccign are, aspepts which _are as gmpcrcant as the main

tentu “onwave: ,‘1 i acti

this renearch vas’ davcted to'. evaluacing the above | aupee:u

4.2' Inflience bf' Waves ‘on i a&d of Fine Sand

the capubu.i.ty oE pzadu-:ing upaatub!.a wnvas,» t\\e false .-

_ ’bottom’ ~w un\cved ‘and’ ‘the test’ pcxtibn of the. tank vas
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filled with white silica sand. The properties of the Ya¥ha
-~ . .

were discussed in Chapter III. The dry-6and was weighed and
the total quantity placed in the tank was recorded for cfoss
checking with insitu density measurements.’ ad

The wave-soil interaction experiménts were'

' conducted after preparing the sand bed as describéd in

| Chapter III. .Sufface waves with various characteristics were

paased over the soil” with a view to exaunine the foucm.ng

phenonena:

1. Cyelie pra!!ure changes. at the mudline due ‘to

'me effect of- surface waves . ;

2. variation of 'pote: watar pressure inside the
80il, due to the cycme/puu re . change at the
mu.dline, This. incluadd - the examination  of
potential gquick aand conitinnu and response to

shock - effects. These. obssryations. were
Shbaguentiy used for ‘determining iiguefaction
i .or soil failure c‘ond‘icion. Porewater pteuure'

. variation was axan\lned for ‘both’ horizontal ana

.m‘ve

\ " s sloping widad ‘beds.

3 nanufgcauon due to wuges.

A video record of Mthe visxéna effects of waves on

the soil was ‘also made as part of Me irial Univeruty s ETY

progren “Experiment” for pubuc talacul:ing.
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, 4.2.1 Wave Pressure at the Mudline

j Figure 42 shows a typictal surface vave generated in
the tank and tne correuppnrlinq pressure developed at the
mad1ine. It is cbvisis from the figure that the water depth
is [less than .L/2. and consequently a _measurable cyclic
pressure is developed at the mudline: This is-consistent

with -the pl:alnllrt vuiatiun‘ that - has been conventi.onally

"-assumed for the m-.\y.uh of ua;lbad stability (enkel, ' 1970).

'
5 'rhaonucau;} the' pressure  at the midline is given

Do i

B Y 4 o
bp =y } . (36)
P w2 | : :

'uwsto‘ke & ‘second order r-huomup the
botton pressure can be -éxpressed’ss the right hand side of
Equation 36 plus the second order term:

A 2 |
¢ 3 rmd tanh 21/t ¢ b (1)
B sinh“2va/L -u:hi(ZId/U
Theoretical m-puueiou- were made \lli.ng the above
two theories and ;tgapau-on with the. experimental values is -

shown in Table 4, It may be seen from the comparisen that the

'experimenux values are llightly daifferent  from the

,theoreti-:al compu%ntlonll this Wﬂu to the fact' that
& the wives are assumed to be. 'syffmetr

1 and ‘sinusoidal but

“.the ' experimental waves , are not perfectly -sinuscidal. or

symmetrical.’ The nature of the -experimental waves has been

N L _,‘,,_‘}...Z,S
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FIGURE 42 TYPICAL SURFACE WAVE AND RESULHNG
BOTTOM PRESSURE
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= ) E

discussed earlier 4n this chapter. A further explaiation for

any difference is that the theureticai‘\ values assume an”'

impermeable A?gm bottom vhereas in the'test, the sand bed is
. 7
perneable. ‘. 4

- Prou the mesuxsd preal\lres shown in Table 4, -it is

obvious that thax'eria a' pressure wave. developed at the

mudiing; the {ntensity ‘os this pregsure’ wave ‘can'be .

A

ccntinuoully mqnitored \and the effécts observed.-
4.2,2 Effects of Wava Erenuza ona Flar_ Bagd Sand«

.

to.study the conditions for soil Eailura by llquafact:.cn and -

The effect of o LAl snnd bed - was examined ’

“the sublequent pore vater pressuu diuipacion ‘and '

dansificutxon. . .

Prel‘minaty« theoretical canputations wem mada to

determine pore “water pregsures hecessary to cause

ligiefaction: Aso, s were cohducted in which back

‘presjue vas devéloped by punping vatef through the pipe-grid

'gy'nwn,jac tHe bottom of the.tan

were uled “to corzexa(:e

1iqudEied. ‘These "preliminary studie'

t\ha measured ptea-urea undex the effect of pxeqreuive

surface vaves and to delineate the Lnstunt wheh €he, oLl neur

'until the sand bed

the mudline and ’imadinta)y below reached a. no-strength -

_conditien, ’ & 0 ot

Before waves were run,  ‘back pressures during

14 i vere e -  were

OMPRECE

i
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used for. subsequent tests under wave loads to identify soil
failure,

+ [ In a setond series of experiments without waves, it

e' sofl. mis 1-

fram time = o - 2.85

essures are'vplotted on*




£l ion’, is, more’

i 3 < 1o

3 . . ’ .
embedded -in the soil ap described in Chapter III and' the
water .levél in the tank was at 80 cm elevauon under still
water condltion:s. Water was “forced under pzessuza into” the

sand bed through ‘the pipe-grid system at the bottom of the

tank.. It vas possible o maintain the still water level by

manipulatlng the outflow .and mflow valves. . Pressures were

continuuu!ly recorded at diiferent ﬂépths inside the, soil. *

n. tha; soil’.

-y
typtcul record oi change ' in pcre water pressu: e

at diffetent deptha S.s phown in Pigure Vi L i

At. time =2.8 seconﬂs, the vater vas_ ‘turned’ on, ‘ad .
“at ‘s seconds fun £1ow was acm.eved. Between 7 and 6 secana,'
the smooth’ curve repreuaﬂts the tine at which- G soil’ was
mmg ‘raiged upward as-a block by,the incoming watér. £ 6.,
~seconds l:he Block crumbled and the, soil bs/gan to boil and
hence the iluccuation in: pore water pressure. :It;may be'seen
ﬁrgm the re:orded p:essures ‘that the effect. of this |

At 30 om depth which is .

uhvlouuly due, to the lnnger soil column undergoing an: u‘xat_ic X

chanqe in na state.

Tha thwnﬁhlcally cal.culated effectiv@ ovarburdun

cond:.tian ‘are respeccively 0,56.:kpa,: 1.61 k'pa‘ and.2.41 Xpa:
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»expxained 1{n’ chapter: 111
" set, the pressure ‘transducer :output ‘was continuo’uel‘y recorded
g o Ut i !

qualitative interpretnion of t‘he p:essute variation kuélde‘

. Figures 47, 48, 49’ and 50, The chan.ge 4n.'pressure “at. the

110

As an additional confirmation and as a method of
visually observing the liquefaction phenomenon, a weight was
placed on the soil surface and was seen to suddenly sink into
the soil as the porewater pressures rose soon after the
application of the.impact load.

. Aft;r the above tests ‘to determine the liquefaction

susceptibility of the soil, the perewater‘ 'pressure response

of the soil due to:wave-load -vas studied by, prssing. waves " of

water : praasuxes within th J

/ Two €ypes Of. ubservatxong were ‘mhde. In-£he Eirst

on a strip ‘chart recorder; these records were :use: r. a

the soil: In'the’ second set of - observations; the -»pra ssure

-transducer Dutput was xecorded on comp\xtar diskettes through
‘the data logging lyutem deacribed in Chapter III. These
recards extend for periods of 10 and zo aecondl and wete used ..

fo; quantitative evaluatidn Of . the exceas,pote water

préssures: and to ‘identify tailure cxituri 3

sets of typical’ utrip charl: records are - stiown idn ¢

mudlina ‘and chu changa i.n excess pore water prasnute at 30 .cm

belw the mudune ara s‘hown i.n the ﬂ.gux‘ea togat‘her wi(’.h “the .
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i : b - e ° .
& o ‘record of the exciting surface wave for wave Efrequencies
. between 0.7 Hz and 1.35 HZ:_ The magnitudes of the pressures
in these -figures are not plotted to exact scale and so only a
: " * qualitative intérpretation is possible. Figure 47 shows the

bottom pressure responsevand the resulting porewater pressure

response when a 0.71 Hz wave passes over the test site. In

this case the sm'-faee wave appear‘a skeved while the resilting

Rigure

48(a), ‘the' pat ‘cléser -

rn -was .similar.
1 - resembldrice between surface wave form- and ‘that- of: the

resulting pressures.. . Tt can be seen ‘that as. the' surface

i, ‘. waves start, the" magnu:udeu of the px‘osaures increase

according to' the increase n;\mve height and a steady state
8o

1.

is, reached. where. the 3 nse is near
Ly \ Hwever, in the cuse of highe: fraquehey waves in B
Pigure 4s(b), Fiqure 49, 'and rigu e 50, f.he greuum rasponse

is differen:.. It may Be seen  from Pigure 48(b) “that -the |

pressure chanige with ",tima insiaqthe: soil at 30 ém s nat,

&, umiforr. hen. the firet 1.f\lz wave pasaeu ‘across. £hé. test "

loeatian the | preuu

scmawhar.

'eimilar to tha pteulu:e :esponses at othe: lower frequencies.‘_
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the wave frequency. is increased to 1.35' Hz, the initial ' i of

1 excess porewater préssure at 30 cm depth due to the initial

test wave is much larger (Fijure 49a) than that under a
steady condition.  Similarly, towards the end of an
experlment when the' last genersted wave passes the test
location there is a sudden increase in the excess pore'watex'
?teasure_. -

A relative comparison of Figures 48 to 50 shows'

JE that when 'the wavemaker. is 'turned off, pressure atteénuation

B, |, inside the ‘soil 1s also different. for different. surface wave
£ e o ftecjuencie!«~ For. example, at”1.03 az when - the :wave qenexatcr

was turned off “the . surface. vave: hetant (z-‘j.gure 48a) xeenaed'

g 8 to approxhnutely 108, while t_ﬁe pressure at 30 om depth

reduced to approximately 30% Of the steady state .pressure.

When the frequency was 1.27 Hz (Figure A;Sb), after the wave

i . genierator was ‘turned off, the wave height reduced to about’

208, but the porewater pressure at 30 cm depth’ increased by

aboit 50%  instead of decreasing. In Figure 49, it may bé
, seen that at 1.35 Hz, the surface wave reduced Qppr'oximstuy .

10% whue the magnitude of the pxeasure change at 30 om depth W

! had no significant change. .
It was also noted that in add!.uon to ﬂxe(';teuure

variations with time, the rgaponae_’ ingide  the' soil ‘aid not’

i & always correspond to the. form of the surface wave or the form

Gf the wave at the mudline. ' Figure 50 .shows asurface wave.. - X
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in form, but the sub-bottom pressure at 30 Tem was

considerably different. 'The frequency, of -pressure’change at

- 30 cm (&pth at higher frequencies .is twice: that of the

surface and bottom pressure waves.

K

1.35 Hz that d a bottom 8 hat similar

It .was also noticed that the pressure variation P

‘inside the soil was out of phase with the wave pregsure at

the mudline. This phenomenon has ‘baentreported by otherp

_ (sleath, 1970; Yamomoto, 19787 Tsui, 1983; and Raman- air
; 1984). - Table 5 and Figure 51 give a gummary' of phase Tag

i between mudline pregsure pulses ind the pressure c‘hnnge at_ 30

" em depth within ‘the sofl found in the pregent. work.” " THe |
phase lag vafies between 578%.and '17.2% dapanding on depth
below the nudline, frequeney |of the ‘waves and soil

et characteristics. \

2% chart records shows that the pressure at’the mudline follows
e general pattern of the surface vaves? Hom}avar, the type

of po:ewatet pressure response inside the sou is’ dependem:

on the wave ‘frequency which appears to influence the

magn‘itude of - the porewater pressure, thp\wpe af preasure

) " . attenuation, the foxm of the pressure wave, the Erequency,

and “the phase 1ag. 1t “is aiso most ukuy that. the

. o &
properties of ' the 'soil, particularly ite drainage

characteristics will ipfluence all the variations. 1

e

- ; ;
In summary, qualitative observation of the strip..

S




o 'I'ABLE 5 7
PHASE LAG OF THE PRESSURE ch’wm‘mu . v
N E BELOW_THE HUDLINE | &

I~ . .| Pnase daifference vetween presmsure
- . pulses at the mudline and at 30 cm
surface below the mudline (8) . .

L) Ny :
Run 1 - Lodse Soil (vd 1250 xg/m3) e s
= 1400. kg/m) SN g e

Run 2 & Run 3 - Dense

i : Note: - Phase. 1ag, 1s defihed as the difference in “time
» between when the maximum pressure.is felt on:the @ %
v mudline. and when the maximum pressure is feltat 30.cm .  :
. © +. . . depth’ directly belcw, This time difference i divided e Jy

. i by the wave period and multibued by 1008 to-give phase <0
s g, lag in percent.. . : g &

Ce t »/}4\ PR :
b ¥ o . Q » B ' :
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! by abc"we. Furthe: 1nvescigauun and qua ntauve .measuréments
dre_ requized £o eutablish a mathematical relationahip between

o ke the surface wavé . characteristics, soil prépdrties and the

“

n pouwacer, leuponse at depth in ‘the Boil.: o

Te ts were a)ao condncted 1n ‘ieh fcmr presnure

ia‘cunad below...’
¥, i Fidure. 52. 4 (:'he record ;c- po:ewa‘cer ptéssure
fol W 3 -

chqnge insxda the soil fot & 9 cm high’ wave at u frequency Of:

0.89 Hz in 42 m deep wn{.sr. 'l’he dry dens).ty of “the gnﬁ was

L C . lisooika/m?. 1t id seen- unt there is a cyclie varhtion in .

the excess par'

ate: px sure w‘mch v;ries over a’ connbant

range at each of the £oux' +depthé ‘with' n& re!idua]. porewater

Ap:easure. Theo:eucal values of wuv-\xnduced porewgter

: preual\re- xnsme soll

The

Smillr nlultl‘ for loule soil (D

i g, pnasure A%, the. mdune.

abo kg/m’) ‘are '}hawn in Figures 54  and ‘55, It'may be seen

fu:m {'iqureu 52 to 55 that.* thara ia a raauonamy goad
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-'/
correlation between theoretical and experimental results with

the better correlation for the dense (py = 1500 kg/m3) soil.

! Tests with a slightly different soil and wave periods between

1
i

: 0.74 sec. and 1.4 sec. have shown (Chari and Dawe, 1984) that
v the correlation betieen the theory and’ experiments was good

only for, the wave peri.oda 6f about. 1 second. . The ampumae

po:awate: preuure at aapth £ has be/en Given. by Liu,

“.cosh k_(d -z)

f-h}
Dshkod

: where . : ‘ ;Lk».
: - ' P, = poxewacer pressure at degth % ‘ i
’ vamplitude of the ave ‘pressuré at the ssafloor B "
or ’ . B ko wave gumber,, 2«/1., & i B

L' = wavelangth

4, '=‘thickness of the seabed’
5 1mpermeab1e Layer

ve'r_lyi,m‘g‘ W rigia
LA S ]

vt Ve delyy Thia 1 tit dapands on' :m. coaificlem: of !
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some correlation has been shown between the equation of Liu
| et al (1979) and -the experimental results, it would be
necessary to modify Equatiop 38 to include the wave frequency
and the coefficient of wu permeability. i -
The porewater pressure response for a loose sand
(e -1250 kg/m’) is shown in Figure 56, While there is a:

¢ ) cycuc porewater pressure qaz;auon, for this type Of_.soil

also, the variation is not constant. There is a.net incre

whiéh the 'it, réduces and.'the’ response stabilizés with the
Safo. exceie: irevhtin pressuve sy, ihe Keshs © e Save
© {pressire at the ‘mudline-is ‘transmitted to the soil as an
. lincrease in the neutral stress resulting in a- transient
increase: ih the porewater pressure.  Any subsequent
Adisaipation e e, FEeaeE [presagEe Eader continued wave

- presaure on the seabed is likely to reault in a densification

Lo % Df'th? sanrl in 4 process som_ew‘hat s}.nu.lar to soil

P consblidation, ' This éennficanon' and ‘an® éxperimental ¢
:verificauon theréof Wil be digeussed later. t

e, e T gy i'igurus 57, 581 and 59 -are “similar to Eraace 56" i

timf: these figures - represent: the typical porewatér pressure

"res’p‘onae' when . there .was .no visible failure. Figm;e 60 ».

‘the sur: 3 when the ‘depth of

failure wai cbserved: to extend 1.5 cm’ below the mudline at__

the glass Wall. Figures 61 to 67 show the poréwater pressure

B o N

. s N,
£ in the porewater pressure during th& first 8-10 waves . after® -

|
)
]
|
}
3
{
§
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du!lng ﬂeeper fauure .

»aevalopaa duri.ng ‘these. tests ' is qiven in Ta‘ble 6:

4 B 139

response during deeper failure. A simple explanation of what
takes place is that when the vave characteristics reach a
certain intendity tne wave “load directly causes soil failure.

The depth of this fauure appears to be related to wave

. characteristics as shown later.  This failure allows a

rearrangement cf soil patticlaa, during which time the soil

behaves as, a 1iquid and thua the high porewater preasures

A sumar:y o muximum excess ponwn.er p\.‘%uutes

The

observed. depth. 5f fallure, Z,; -and'the #9il overburden

L
pr’easun 'corresponding to ‘thik dapth are.also .given »L‘n‘:he
table. 'n_ ‘can’ be seen that the maasured net& 1nczeau in
porewater prensure is nearly equal to tha overburdén pressure

in each case. The ~effective stl’a!u at’ the' level of

measurement. must -thus bé uppruxxmauiy zero, indicating ja. -

) co{}aladon of- the observed failure deptn with ‘the: pormter

ptessure measure: “and o g o v

Fron visual bservations, through: the glags wall; it

was poaAible to delineate’ theé soil movement under diffex;ent .

wave N conditions. . The . general pattez‘n of uou/ failure
observed was ‘that . the aou movement wculd bagin at the
mudline und prugrgss deepar with each uuccenive wnve until

the final ' depth was achiaved. Onge; ‘a mximum depth OE

\. -
failure wvas reached, . 'the\ proce would be ‘revers

T e e S e




. g : i - L
‘ 4 i - TABLE 6 .
’ Measured and C Pailure Depths and ng Pressures
- Wave L man-Nair n-Nair| Net i in pore water -
Fig.| Characteristics - |depth of|liquefaction|depth of _ |pressure at z = -30 cm (kPa)
. No. | failure,| Depth sliding
7t Period | Water. 7, (em) - : Calculated,
s : | (sec) deptn®. | (em) ) Measured assuming
4 (cm) - 3 . | liquefaction
to zy &
57 0.84 a2 o a3 5 0.0 0.0
L 27 0 1.9 7 0.1 0.0
5 30 0 . 3.3 1 0.05 £ 0.0 .
31 1.5 2.3 1 0.15 0.12
15 2 0.0 o 0.1 0.16
19 3 1.0 7 0.35 0.24
22, 5 1.0 7 0.5 0.4
35 5 0.0 o 0.46 ° 0.4
. 35- 5 1.0 .3 0.48 0.4
b 33, & T 2.0 0 0.66 0.56
8 30 10 . 1.0" o . 0.75 0.8 .
o - & “
,_.
B IS
. 5 5
f
5 . <
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s0il movement would become progressively less with each wave
and the soil layer was gradually densified. Figures 68(a,b)
show the variation of failure depth with wavelength for wave
heights of 10 cm and 6.5 cm respectively. Figure 68(c) shows
the depth of failure for different wave heights when water
depth and wav;alengch are ke‘ c?nstnnt‘ cbx;ionaly' higher
waves cause deeper goil failure. From the ‘test résults it was

seen that soil failure occurs when- wave steepness, H/L: is

between 0.04 and 0.1.° A comparison was made between the

experimental. results of failure depth  and: published

theoretical computations (Raman-Nair, 1984). It can'be seen

in Figure 68 that there is no significant correlation. The —"

compitations involve soil parameters guch as’ 'poxugn's- ratio,
permeabiidty} dry ‘Gnit; welghts whear modulue and) @and
derisity.  Of these variables, permeability, dry unit weight
ang Band; Saneley can; be adterminen s the laboratory and can

be used with some confidence,. but parameters such as

. Poisson's ratio and shear modulus have been estimated by"

Raman-Nair (1984) from results published for equivagent

goils. '
- SN

It can be shown. that the theoretical computations

will be quite sensitive to variations. in' the above.

parameters.

density on failure depth (Raman-Nair, 1984). It was also

demonmstrated that changes in other parameters have a.similar

effect.

s ) :
For example Figure 68(d) shows the effect of
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As mentioned earlier, it was Observed that after

failure, the excess porewater pressure dissipated and the

soil gradually densified. This process of densification was
A

confirmed by two different types of observations. For .
example, when the depth of wave-induced failure extended .
about 8 cm below the mudline it was noticed that the original [ Y

elevation- of the mudline decreased by about 1.0 cm. *
similarly when the depth- of failure was 16% the mudline

g elevation dropped by about 2.0 cm. Thus it waB observed that

the entire zome of failurg was densified after the
dissipation of excess porewater pressure.

The phenomenon -of‘ soil de‘nsification was also
. verified by detetmining the soil densities at several depths
before and after wave induced failure by ‘sampling the soil
with a thin wall sampler. The. results are shown in
Figure 69. Graphs #1 and #2 are the typicdl initial ary .
densities before the woil was subjected to wive actign.
Graph T#3 1is a typigal profile of the soil Wenaity for 'a

situation where the soil was subjected to wave action but did

] ;
not liquefy. It may- thus be concluded that under
circumstances. where there is no visible.soil failure there is .
no c‘hange in density at depth. However, when inserting the
i
i thin wau aample: into the surface sand :h-ra appeared to be
i a thin denser crust Just: at the mudune which offered higher
: resistance to sampler ion.. This :non’ was “not
: quantified further. ¢ I L
i 2
b .
\ . b d
| .
¢ B o ] p
v . W - I . .
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In figure 69, it may appear that there is a
considerable variation in the values of initial densities as
represented by Graphs #1 and #2. This variation which is in

the ‘order of 4% is due to the practical limitation of

sampling a loose soil of this type.

Density measurements were made of the loose sand
after the soil was subjected to wave induced liquefaction and
subsequent densification. Graphs #4 to #7 are the typical
results of the measured density after failure, Tt is. shown
quantitatively that there is a éhange in density as a result
of the wive effects. .However, it has not besn datermined
whether. this'pha;fomenon extends below the zone of failure.
Further work is requifed 'to precisely delineate this

densification zone.

4.2.3 Additional Triggering Forces ‘Causing Soil
Biforooa-triagening Foroen Sechy fo

In a previous section it was: demonstrated that a

sudden shock will increase the pore water pressure inside the

s0il which could -then triggera liquefaction failure of the

entire®soil bed. Such a sudden ihcrease in'pore water

pressure could also happen in -combination with wave induced

pore water pressure. In order to. demonstrate this in the -

‘laboratory, a locse sand’ (s, = 1250 'kg/m?) was used with

waves that would not by themselves cause liquefaction

failure. The normal -steady stateé response to waves. is shown

" in the first part of Fifure 70. After about 3 seconds'a 260 .
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gram lead mass was dropped from a height of 6 cm above the
bottom onto the sand bed, at a horizontal distance of about

10 om from the pressure location. The

pressure response as recorded by the pressure transducers is
shown in Figure 70.

The pof pressures are similar to

wave induced porewater pressures measured when liquefaction
occurred ' near . the . mudline. Soil liquefaction was also
vi'suany observed in this test where soil movement was seen

tn ‘occur tc a depth of . abont 2 "cm and’ the' mudline flnally

dropped in elevation by about 4 mm.

The abaVe' observations have practical significance

in terms of séabed 1nbtallations and the stability theteof.

VIt ds 11kely Ehut the seabed may be stable under wave induced

pressures, but a, failure could be triggered by a localized

ted with cons ion activities. ° The
extent to which this localized phénomenon: will afgect an
extended zome of the seabed--and: the magnitude of the effect
are, topics which require furthier work: '
4.2.4 Effects of Waves on a Sloping Bed of Sand
Two- types' of tests were done under this.category in
the labm'-ato:y. In ohe series, (';he sand bed’ was placed ;t a

uniform slope in ale test section of the tank. These tests

were intended to simulate the waveysail »intaraction for?

infinite slopes. However, one limitation in these tests was
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“that the maximum slope that could be obtained for the soil

‘was about 1:10, which was dictated by the dimensions of the
tank. The other Series of tests involved finite slopes: # -*
In the first series of tests on a sloped sand bed,

gentle slopes of about 1:10 representing m,im. slopes

were formed in both directions. Thus- the effects. of waves

approaching shallover or deeper water' were exlmi.nnd. Pore-

water prallural were reco:ded at about the middle ut uut

Visually recorded mudline elevatlonl before und afta

fnil.ure are ncorded in Figures 76,' 77, 78,_79, and ‘80, 'K"ha
gerierated waves had ‘& freguency of 1,03 Hz.

The slope ‘failure in Figure 76 is an h:uhntaneeu-
slump that occurred during a period of about 1 second, and
extended over a afstance of 3.2 m.. It.was observed that the
s0il appeared fo remain 1iguid 'in the middle portion of [the

slump, - for a period of about 10° seconds. , Figure 71 shoys
i : .

= that the excess porewater, pressure’.was mobilized

3 corresponds to the fauuu time nanrved durlng the ten:.v 1:
. is nlso seen ° from Figure 71 | that tho excess por:watar
pressuré is diseipated in 10 seconds wm.cﬁ eotre-pondl‘ta the

period during which the soil:-was, .ob

ved, to be,dil & 1iquid

; 3 "~
state. during the densification proceas.
) 5 -

section and are’ shown in nguxea 71, ‘12, 13) 4, 'and 75,
11’ :

: \ approximately 1 sec (between the 4tn” and “5th -econd). and -

-
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‘It was” seen from visual observations and from an

jon of the pressure 1 in the

" © above records, that the failure of the sloping bed of sand is

suddesl, unlike the, failure in the tests with ra flat' bed
(Pigure ‘65) where failure began at the surface and’ progressed
- deeper 'gruduall.y. Coagarison. Gf PAGHEEEY 7V, in €5 cieuly
shows that the pressure buildup is relatively sudden f e
case of a sloped soil, ‘which is followed by mass slumping.
"l‘ha'e'xceu.perewater pressure . is dis (pauhé slowly in both

.
, .cases, after failure. . ’ ’l )

There aré gome diffdrences in the extent and

type of failure when the waves travelled down the slope

and up the slope. When the waves. progressed toward

*v shallower water, ‘the excess p 3 developed

during the slump was approximately 258 more than wvhen the
_waves progressed toward desper’ vater. The change in soil
profile was ‘also ‘hoticeably more and the duration of the
instability was longer. It was also noticed that when waves

. progressdd. toward shallower water a relatively Zlarger “number
—

of vAves was required to cause failu‘e. However, the. typ

efj udden failure and rapid d‘valepmont of exceu porewatar
a
/raluure vere sinilar.

The drainage characteristics of a sloping seabed

afe differtnt from thome of a flat “eabéd because of the




# 7. slope and these differences are seen in the pressure records.

. v oOne example is the phase lag discussed earlier between the

" wave . induced pressure -at the mudline .and the porewater .

__-Figures 71 and 74. In both’cases, before failure there was a

phase ‘lag between the pressure changes at ‘the mudline and ‘the
f'p're"ésurs change at depth. In the case of \iaves. approaching
deeper water this lag was similar to a.flat seabed in that
i the pressure change at depth alvays lagged behind the
pressure change at the mudline. . However, ii the case of

waves approaching shallower water, after -the initfjl failure

) re

the pﬁure change a%ehe‘muauna lagged behind the pressure

change! depth. v

Testa with a :U.ghtxy different soil and a range of '

wave -frequencigs, have shown that phase lag is dependent on‘»

the slope bu§§thnt the pressure pulse at depth generally
lagged the pxessure pulse at the mudline (Chari ‘and Dawe,,

S 1984). This is probably due to the fact that drainage is
inflyenced by theé direction of the waves.

\J . the densification time for the soil vhen it failed
due to waves ‘approaching shallower water appears to be
generally longer than the t{me requireg wheh it failed die to
waves approaching deeper water. The factors affecting ’tﬁil‘

nt

process are not examined here and the observations at pre

are only qualitative.

! . w §

pressures inside tfe spil. This aifference can be seen in.
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A, second . geries of. tests was done ‘to' verify the

effect of waves in triggering the iailure of a ﬁnite slope.

' relatively steep glope vas formed in the “midale of thé flat

test bed by mrefully axcavating .a ‘V" shnped cut’ across the’
width of the ta;\k as uhtzwn in Mguu 8l. The angle of t_‘ha‘
slope  was ‘very nearly equal to the natural .ahgle of repose .’

for the sand. \.

The ' were re as 1.1 Hz' «
waves were paugi over the test soil. The results are shown
in n\‘gun 82.. A sudden increase in porewater pressure was.
recorded after ‘tMe first 4. waves; thi-‘ coincides with a

visually observed soil fatuze. rha’eype of failure apd
|

§ infilling Of the- excavatud trench are shown in Figure.81 from

visual cbservations.
4 From an’ examimtion of thel recordefl pore water
pressures 3& the visual cbservation of the failure it may be
concluded that: the soil -failure initfally g a fallure of the
slope and not the 1'gque£uceioﬁ type of failure that was
observed in earlier tests with a flat sand bed. It is also

likely' that ‘this slope failute induces a consequent sudden

*‘pore water pressure in the lower, pressure transducers at 20

om and 30 cm below the mudline. There was no sudden increase
in préssure at 7 cm below the mudline sirde the transducérs
were located at the edge of the'trench on the far side of thy

excavation and failure was confined to the opposite slope 4f

o
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the a near the . Just ‘after ne initial

failure :de ‘is & siight increase in'pore water pressure at

set .up as ppteuute’x“ is escaping -from :the -location of
densiﬂcatlon. R 15 allo Frobabla h]at densification

occurred. only. bePw the 7 o depth. The' _soil . failure was

'flat test section.were not affected.
Additional - experiments were conducted in which a
260 gram mass was dropped yfrom a height of "6 cm above bthe

mua'uns,, as‘ulreadl deacribed for similar tests for a éxac
o

&
‘_,sand bed. '~ In . these tests it was found Jthat the sudd;n‘/

increase in porewater pranun caused soil uquuzuction under

the combired 'effect ‘of the: shock nnd wave induced- porewatar-

pressures. However in this case’ the tronch which axtendld
‘across the width of the: tank ‘'acted as a damper and t_he

remaining teat portion of the tank beyond ‘the: trench reminud

stable as seen i_nh\rigute 83, - Figure 84 shows the pot/water N

response.,

v

conclusions of, vaid and Finn (1979) an Finn et'al (1983) (‘.hht

the drainage from a plbping -eug.uor 15 fagter . than from a

" "Nlevel one and that static shear -creue- induced, in a sloping

seafloor ‘tend to rdtard the rntf of development of porewater

% om depth; .this- is probably due to the hydraulic gradie‘ht

—onfined” only to” the' slope’ of “the tyénch-near the.waveboards -

the opposite slope Of the'trench (on the beach.side) and the

The ' above .obsérvation is conui-tuLt with the.
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h/autly qualitative. -
. .. with earlier vpubl.i‘.
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’x‘ha tests ‘with infinite and finite slopal veru

But th- re-ultu are. in general. agraement'

}?urthor work
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§ . ) . CHAPTER 'V . -

SUMMARY - AND “CONCLUSIONS

fnteractien of ocean waves wit.h the seafloor and the: reuultl!

i

{

i

i

P , ;

] 4 Laboratdry model * atudien were conducted’. of the

i

!

i

“i were compared with .publishied theorieq A summary” of . the

@

investigation are given in this chapter.
_A substantial part of the.work was devoted to the

b s " design .and fabrication of a wave-soil  tank and - its

. tilted to masimum inclinatiofs of. ¥ 1:10 and contains a wave
soil ‘is “placed, .dhd a beach: suitably designed to minimize
) wava reflection. The perfémahce of»t.he"flai) type wave

ganerator wag in general agreement. with ‘theoretical results

axpected of iuch wavemakers. Haxi.mm wave heights of 120 mm

g ) .. can.‘be geneta:

| P and afe e N ue found to. be* upplieable.
/ Laboratory wave tanka are ot of standardized’ sizes
/

- and s

gn w suit 1tl performan

e beich of

3““1“ of this research -and some auggeatwnu for furthat‘

maker, a ‘main test section with diglass side in which the"

ited in, the mx\k in water depthl of 500 mm _) For,

‘the performance gonetally tendu to be individualiuie'

: . ! ; ¢
BAL .- .calibration.. The test tank which is 8.5 ‘m long, can be

the nn?\ ‘of wavn genarated auﬂng the ca!.lbuuon, stokn_'

g
?a'nd J nique. © Each w nk nquirn a b-nch of indivldunl_

uﬁlenen_n._ . For_ the wave
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parabolic ahape was found to give reflection coafficients

beldw 10\. while thi.s was tredted'as satisfagfory. wx\'_hin the

design.’ '.~ i

¢ © .of.Newfoundland, was' used as’ the ‘tes¢. soil. "Qualitative
[ | tests and quantitativa measurements’, were carried out to
Y . deternine the ‘wave indyced pressurfs at’ the “mudlife and
el ’inside the ‘soil. These . tests ‘were c?rralnted with ’ the

. conditions raquired to cause “soil failure. . ‘Tests were

conducted at dulerant eoil ﬂenuitiea and ' under different.

wave loadi.ng. ko M L%

The préssure measurements at’the mudline vare found

” (1965) using stoken 2 order .wave aquntion- However, the

theoretical ptadictionl are ‘based on the assumption Of an

mparmeabla ueabud- A better ﬂ,t ‘between ‘the measured and

. theoretical results is :likely by considering the “soil

[ lity ‘in the 1 !okmuucion. Porewater

BN 5 pressuras 1nl1d§ the soli were found ‘to bé out of phase with

| " the lu:‘taqs waves at' all !rnqunn\:ina used,’ 'rhu phau

, difference wai

1aa‘d of th“ punuu wuvq inlida thd soil ‘will “als
og/ﬂ\o -cil.h

dap-ndcnt on the dninug- propnrt!.

3 »' . S % ‘- f

:Lm(consczainu ,Of "this teuearc‘h, 1t may be possible to get

\
a better purformance by furt‘her refinament of the beach»

" A conesionless; soil,. somewhat similar to.the

surﬂcial sedi.mencs in the Hibernia region of t‘he Grand Banks -

to be in general agreemane with the .computatibns of Weigel

hmm to' dapnnd on wave traquency. The flag or s
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For a flat bed of loose sand, soil liguefaction was
found to ‘ocour .Eor certain ‘Surface waves: ' The ‘extent of soil
failure was visually obsérved and correlated with the
measured prsssur ef. and effective weight computatlons of ‘the
sou. ' There is a_ good  correlation -among t‘he results,
‘Whenever . there. was liquefaction; the soil restabillzed and
finally reached a danst?r state. Even when there wag no soil

failure, a thin dense crust at the mud.\.i.ne was always formea

under wave induced Ss.  This _may réquire’
further xnve-ugats.sn and i 11ke1y o be related to. ripple
formation on thé seabed: . J

s The transisnt and éyclic pressurcs develcped Anside

the soil were ccm\pured with the thsoratieal computatinns of

Liu ‘et al (1979). m-ue t‘hare is an ag:eemenr. with the

t‘heoretical valuea ‘at. lpacific wava#:lquenci 8, a gane:al *:

correlation is not foundl It . is concludud that t‘he
theoretical ~formulation may require fu:ther refinemént, to,
include the-soil pumaabiuty ana’the vave fraq\lency. S

: The measurea’ dapt‘hl of faiiure were' conpared Quh

t]‘\ﬂ calculationu of Raman—msir (1954) buned on Biot'l (1941)

theory. The theondc.u cumputution ineludn vatiublal uuch

as the elastic conamnn fot the soil /énd 1t- density

realistic eompukho

gty “"‘3’ 3 S ‘%y.‘

e ‘only if t‘he‘ elut_ic

A =~




Tests were conducted .in which a local shock 1uad

was induced on a ﬁlat sand bed which was otha!\vli!e stablr

under the wave loads: 'I'}Ae resultihg porewater pressure \rlse

was " sudden, with soil fauure and densification umux}: to

.‘the wave induced failure. Tne p:aceieal xmpucacxon of this

observation is the! pousibllity that -the ‘seafloor which may be
stable under yave loads may suddenly £ail due to. local shocks

that ‘may' occur during the construction phase of a* seabed

" installation.

- ! -~ 7
‘ Wave interaction with an infinite slope of the!

seafioor was examined by ‘rifining waves: up-slope and

down-slope. 'rh- phase lag of the preasute wave inaide the

soil ia different in thuse teuta compar.'ed with those uulng a.

flat’ seabed because of the sloping surface and the change in
drainage characteristics. . Thé slope failure®is ‘a sudden

mags, slumping and. is differant from the' gradual prograuaive'

fallure of a flat seabed. Sthilar observations were'made’ for -

4 feinite slope, - Soil’ failure was' always accompanied by’

\danlification/ sinilar .to’ the  bshaviour of a'ua': nudlire. .

-Further me: L Jare 1

for: the nlope utudias
with nevetal rows of prenura tunudumare. |

The ltlbility of leahld sediments can be influqnced
by a Buitable cenﬂmmd\\ of stom wave ‘condh.ions. e

drainage Ghuactsruu.c- of (:h-_loil, ics du

i

s s



. waves, are” the ptinary ctors & ba ccnuideted Ar evaluating

the seabed stability.\ ,Fven a Btabla ‘sanfloor may fni.l due te

1oda1 !hnck loads. Althaug‘h l:‘ha'exi!king th!oratic«l

formulaticns arq eacisfuccozy for- sens upecific onditiunn.

: further _affnrts ‘are. requiteﬂ to, xefine the-o mathSdu Afo
‘general app‘].xcation. B'ottom"currsn‘ts m-e to. be con-ldare?/ 1n v

addition ito wave effects’ whezevex‘mu currénts are’

significant. -An evuluation ‘of . the cnmmngd effer:t of
bottom currents ahd waveu is. a. chullaninq B

further studies. = .-
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860 GOSUB 1110

1100008 PTS(0)= 0 @ PT6(0)= 0 € PT7(0)= 0 € PTS (0)=

870 PO(0)= 0 @ P1(0)=[0 € PTZ(D)- 0.8 PT3(0)= 0,.@ PH(D, -
4

880 ALPHA €.GOTO 2030
890 FOK' I = 1 TO NDP

w

N

o

5

s

=

)

RN

ococoo

940 [pT2(1) = PTZ(I-1)4PT2(1) N\
950”1‘3(1) = PT3(I-1)+PT3(1)

-960\vp!l([) = PT4(I- 1)-|JP‘N(I)' Y\

970/ PT5(1) = PT5(I- 1)+P15(1) \ %
80" NEXT. 1 O \ .
990 PT2AVG = nz(nnr)lbnr

1000. PT3AVG = PT3(NDP ) /NDP
1010. PT4AVG = PT4(NDP)/NDE
1020 PT5AVG = PT5(NDP)/NDP
XJDNDP-NPGIORITITDNDR

i




1040 PT2(I) = PTZAVG
1050 PT3(I) = PT3AVG
1060 PT4(1) = PT4AVG
1070 PT5(I) = PTSAVG
1080 NEXT I -

1090 GOTO 790

1110 MINVAL = 9999
1120 MAXVAL = -9999

1130 DISP "HOW MAKY ' SIGNALS TO BE PLOTTED " @ INPUT SIGNUM

183

1140 OR I = 2 TO SIGNUM#1 @ DISP "PT";1;() PLOTTED

(th)' ! Iirur SIG$(I-1)

1150 N

1160 ron .v -1 104

1170 POR I = 1 TO NDP .
1180 ON J GOTO 1190, 1230, nm, 1310
1190 IF SIG$(J) = "N THEN

1200 IF MINVAL > PT2(I) ﬂ“ )nlvnl. -

1210 IF MAXVAL < rrzu) THEN MAXVAL =
1220 GOTO 1340 <

1230 17 SIG§(J) = K" THER 1350

1240 IF MINVAL > PT3(I) THEN MINVAL =
1250 IF MAXVAL < PT3(I) THEN MAXVAL =
1260 GOTO 1340

1270 1f SIG$(J) = "N” THEK 1350

1280 IF MINVAL > PTA(I) THEN HINVAL =
1290 IF MAXVAL < PT4(I) THEN- MAXVAL =
1300 GOTO 1340

1310 IF SIGS(J) =:"K” THEN 1350

1320 IF MINVAL > PT5(I) THENMINVAL =
1330 IF MAXVAL < PTS(1) THEN MAXVAL =
1340 NEXT I

1350 NEXT J

»
1360 MAXVAL = CEIL (HAXVAL) IF MINVAL < 0 THEN MINVAL =

PT2(1)
PT2(1) *

TI(D) -

PTI(I)

PTA(1)
PTA(1)

PT5(1)
PT5(1)

o,

7

a

s+2++2=(1*CEIL (ABS (MINVAL))) ELSE MINVAL = INT (MINVAL)

1370 GCLEAR

1390° LOCATE 20,120, ID 90

1400 SCALE 0,NDP JMINVAL,MAXVAL

1410 FXD 0,1 @ LGRID -4, -(nlnvu.lz) o,
1420 FOR J = 1 TO 4

1430 PAUSE N .
1440 FOR I =1 TO HDP

‘ 1450 ON J GOTO 1460,1490,1520,1550

1460 IF SIG$(J) = 'II" THEN 1590

051

1470 IF I = 1 THEN PEN UP,@ MOVE I-1,PT2(I)

1480 DRAW.I-1 , PT2(I) @ GOTO 1580
1490 IF SIG$(J) = "N* THEN 1590

77, 1500 IF I = L THEN PEN UP @ MOVE I-1,PT3(I)

1510 DRAW I-1 , PT3(I) € GOTO 1580
\1520 IF SIG$(J) = "N" THEN 1590

1530 IF I = 1 THEN PEN UP @ MOVE''I-1,PT4(I)

1540 DRAW I-1 , PT4(I) @ GOTO 1580
1550 IF SIG$(J) = "N" THEN 1590

1560 IF I ="1 THEN PEN UP @ MOVE I-1 ns(x)

1570 DRAW I-1 ,. PTS(I)




1580 NEXT I
1590 NEXT J ’
1600 LORG 4 3

.333

164D LABEL 'mu" @ MOVE NDP/242,3. 75 @ LABEL F$ "e ostzE. 4

" +e20cMOVE NDP/2,-1.66 €@ LABEL 'n-asuun crANGE®

1650 MOVE -16,1
1660 LDIR 90 & CSIZE 3

1690 DISP "FILE NAME "
1700 INPUT P$

1710 CREATE F§,RC,256
%1720 AsSIGNf 1 TO

ure (kpa)”™ *

1730 PRIST # 1 ; uDP, pT20), T30, PH(). PT5()

1740 ASSIGN/ 1-TO

1750 DISP_"DO YOU uxsn TO LABEL !/r

1760%INPUT RS
1770 1IF IS
1780 DEG
1790.1 I‘: P "INBUT DIR"
1800 PUT D

(¢ 1810 LDIR D

1820 DISP "SET LORG"
1830 INPUT LO
1840 LORG LO

" THEN 'GOTO 1960

1850 DISP "DISP ll‘l!l LABEL COORDINATES X;¥" , .

1860 INPUT
1870 MOVE X

+ 1880 DISP "Blf!l CSIZE™ *

1890" INPUT ST -
1900 CSIZE SI -
1910 DISP 'urh LABEL"
1920 INPUT-LABS

1930 LABEL LABS

1940 GOTO 1750

1950 nruu €
1960 &

\970)::2(1) - ‘-(H“LTH.X(ﬁl)‘CALl)*PIz(l)
PT3(1)—m—r (MULTPLX(C1)*CAL3)+PT3 (1)
1990 PT4{I) = -(MULTPLX(CL)*CAL4)+PT4(I)
2000 PT5(1) = -(HULTPLE(C1)#CALS)+PTS (1)

2010 NEXT-
2020 GOTO 830
2030 DISP."FILE NAME "§

2050 INPUT F
* 2060 CREATE F§,RC,256
| ,2070 ASSIGN # 1 TO F§ ‘
-2080

@ Ccl = Ccr+l

PRINT # 1 ; NDP, I‘IZ(). PT!().‘PT.(). PTS()

2090 _ASSIGN# 1 TO *
2100 GOTO 2290

2110 DISP "PILE ALREADY EXISTS
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e 2 % . o e . & |
i L 2120 DISP "ru AGAu 1 Yll g ) -
5 2130 1KPUT A$ : N
L © ¢ 7140 IF A$ = "Y" THEN 2040 .
] s B 2150 IF A$ = "N" THEN 2290 ~ -
i 2170 ERD . -
q 2180 DISP "FILE NAME™ ¢
<. - 72190 IRNPUT.F$§ 2 A
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. 2210,READF L, lB!« PT20), n:(). PT4(), PTS()
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