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N
““An axparimental ﬁrogran waa) carried out  .to exuun- the
mfluem:a of ths 5 of an “str 3 on the pore '

e,
ptessux'es in a soi:l. bed ufider the 1ni1|'nc of wlvo lond.ing.
A bed’ of -sut _0.4« m deep was placed in a wave -tank and

subjected to waves ranging in £tw\;|m:y frow 0.6 to 1.2 Hz.

generatad by & ‘flsp type . Pore U 7& the -

soil bad and wave, & weré m ured® and Then
a model of ‘a géavity based of&ah@:e o0il exploration pSatfotm
was placed on a sand berm o) ar@hve énil bed and ‘subjected to

wavés, at the same. frequencies as, wibhout_tha model. The bcttcm

' pressure wsve dstu was compared to thon prsdictad by unaax‘

" wave . theory and poz‘e pres! 4n the soil bed £ur \tha case °

wittiout thie model- in place were compdred with those preazend
by -the ‘Putnam#thu soﬁ::tion. Also, pm:a ptaasuzee uith and

without tm model in pluca were compared. It ns found li.peu-

, wave theory accutatnly’ ptadicts the, magnitude of tha battou_
= A

pressure wave, while e pore varied

I LA
considerably from those predicted by the Putnam-Lin solution, _

. 7
depending on -frequency. It was found that the pore pt‘eslur‘os

. vere 1lower in both égnd and silt when the model was in the

tank for similar wave hai‘ghts 'and frequencies and that pore
pressures builtup rapidly in the, sand berm with wave loading.
4 i, - v 7 .
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1.0 INTRODUCTION E ! 3
/
1.1 Background . ®

Bottom founded offshore structures for hydrocarbon exploration

in ice-infested waters, such as the Canadian Beaufort Sea, are

, designed to operate in extreme environmeéntal -conditions,

inclyding low temperatudes, severe sea states and high ice
lcadings.. Caisson structures, such as the Mobile Arctic
Caisson (MAC), operated by Gulf Canada ‘Resources Inc:, the
Caissaj\ Retained _Island, nperated by Esso Resourcgs Canada
Ltd., Tarsuit and the Single steel Dx‘illing Caisson (SSDC)
operated by Dome Petroleum Ltd. have been successfullm)sed
in the Canadian Beaufort Sea. (Jafferies et al, 1985) 1;1 the
American Beaufoft Sae,,tha Concrata Island n:uung Systen
(cms) and- Super CIDS have been -developed for use. . The
:geotechnical investigation for the installation of such
caissons \qonsists usyally of an extensive field program to
Chax‘aptvex_‘i’z? the foundation soils and mathémltical and
physical modelling to Yepresent the soil-stricture
!..nteraction. Included in tthis is the est‘:imation of tl":eipox'e
water pressure under the gaisson during installatién, when
;large excess pare pressures can develop, and operation, whén
1: re ptessures can build up in cértain soil types under wave
or 1ce loading to th%poim: that soil strqngth. is reduced and
failure occurs. Most theoretical and experimental
inves'tigggions into liquefaction from cyclic loading have ‘been




carried. out without considat}tion " of aoil structure -

. interaction, although some invsstigations hnve baan mada q! Lo

“ i the pore presaure fiald‘ undex‘ pipelines during wavs 1onding
.‘ (Liu et al, 1979), (Cheng and Liu, 1986) and a gtavity
L ,platfom (Spidsoe et al, 1986). Mynett and Mei (1952)

develépsd g model to predict stresses and pore water pressures

béneath a rectanguléz" célsson under the influence of wave

loading and Liu (1985) derlopeq an intégral solution to wave

induced seepage flow in a porous bed under agravity structure
using twa dimensional potential flow theory

2 Objectives . v : -

The objectives of this prcjact were:

-to measure soil pore watar pressures under the inﬂuenca of

< tonditions, with a model of a gravity based structure in place

and in the soil bed and sand berm without thé model; N
* pare thes & with theoretical predictions.
v W
‘ S | fo S
1.3 Experimental Program st o 1

A 100:1 model of an offshore caisson structure was’ con'str_ucted
B

9 L & i °
and placed on a sand berm onrr-a,soil bed in a largJ concrete

‘ .
tank filled with water. Waves were generated by a flap type

wave maker and wave energy absorbed by.a pebble beach: (FLgure

measured, as well as wave height and horizontal and vertical

1). Pore water pressures in the soil bed and ham were '

wave 1cad1ng in a model soil beﬂ and sand berm under two/‘

‘-




. height andsfrequency. .

deflection of the model under various combinations of wave

. .
For each experimental run, pore pressure and wave rﬁiéw
were digitized and stored on floppy disc and backed up on
eight track FM tape. Model defléction data were recorded by
a strip chart recorder. Pore pressures and wave héigh
frequency data were anaxy‘zsd.wi: a digital signal.analyzer.
Theoretical values for pore préesure distribution in -the
unloaded and 1loaded soil are compared with experimental

results. An t of the exp tal technique is made

and recommendations for modifications 1in the experimental

design and equipment are presented.




2.0 LITERATURE REVIEW

2.1 Pore Pressures in’ P le Beds

Water waves that move over a permeablé seabed exert a boundary

at the bed " i and will cause cyclic
variations in the fluld-pressures,and-stresses in the bed.
Effagtiva stress will vary in response to wave loading. As
soil s\arength is related to efféctive striess, waves can affec{:
stability and l@ strength. There have been a number of
investigations of the problem -of fluid flow induced in a
porous bed by, Water Waves. Sows investigations have dealt
only with the flow and pressure field in the po.ra fluid, while
cth‘ex‘s have dealt with the state of stress in the s;il

skeleton as well.' P :

Liu(1973), Massel(1976), ~ Moshagen  and  Torum(1975),

Putnam(1949), Reid and Kaijura(1957), Dawe and Chari, (1986)

sx?mined ‘the hydraulics of waves int >ting with

beds of isotropic 1ity. ‘A1l that the porous
beds were rigid and non-dafc_mnable. All except Moshagen and
Torum'(1975) assumed that the pore fluid was incompressible
as’'well. The fluid flow in the bed is assumed to bée governed

by Darcy's Law an@this, along with the assumption of a rigid

bed with i c 1ity and 1‘ ble wafér leads

]
to. t\;le Laplace equation'for the pore water pressure. One of

the key results of this theory is that pore water pressure
. | .

4




re is of the bed p 1ity.

some refinements to the basic approach have been made to
include anisotropic permeability, Sleath(1970), stratified
permeability, Liu(1973) and compressible unsaturated pore
fluid, Nakamura(1973). T 4

.

A different approach has been taken by Doyle(1973), Prevost

' and Hughes(1978) and Mallard and Dalrymple(1977).  They

considered the bed to be an elastic continuum with no fluid
flow taking place. This leads to a solid mechanics problem

and assuming that the change in pore pressure is equal to the

change in octahedral stress in the elastic continuum, similar

expressions for pore water pressure as derived by the Laplace

equation result.

Yamamoto(1978) and Madsen(1978) developed comprehensive

theories-- based —on +the Biot(1941) three dimensiomal

consz\:udatxon" theory. Both authors developed -exact, closed

form solutions for bed stresses, displacements and pore water
pressures for wai;ar waves propagating over a porous bed.

Their theories are ve and fHr  soil

progerties, such as permeability, shear modulus and density
and assume that the soil skeleton obeys Hooke's Law and that
fluid flow obeys Darcy's Law. The theoretical results of

their analyses indicate that ‘be‘d response is strongl}f

on the per 1ity k and the stiffness ratic G/K,




[

where G is the uhoar noduluu of the porous u(u.un and K 1-
the apparent bulk modulus of ths pore fluld “ \m_-r. ’th'
apparent bulk vnoduluu is a function of the degree :af
saturation of the soil, "2 : ’

.Seed et al(1976) have proposed a method for estimating the

ligquefaction potential of nafloox\ sands under wave loadlna .

and the mnqn!.tud.. of the nsiduul potc\prn-iures.

They represent ‘ha complex, pattern of ntor.;m waves by packets
of un!.fom ham@j._g‘yuvda/with the height, perie‘ BI"Ad -1ength
of the wave being spaclfied for each packet. The residuul
pore water pressure is determined using the number of cyule-
of stress-which cause u.quafaction. ° The 1Anethod was further
.generalized by Siddhartan and Fimf 197;) ;rho wrote a computer
program tg, predict te}ldual pore watexr bras-au\rss and
ligquefaction potential. - €%
2.1.1 Basic Theories . . :
Analysis of pore Hater pressures is usually bnaedj_gni the
description of a pressure vuva on the sea floor. (Figure 2).

The wave is

‘ized by most investigators by

linear wave theory assuming the. sea floor to be tig(d/l@g,

i e The‘wavs . Py,-on the sea £i:o: ig given
by . A . - ) ’

Py= Psin(Akx-whT) ’ : (1)

= P,= 8% H/2*cosh(i*d) . & * 2y

R B :

o



whexe: \X :
P, = plitude of the pressure wave

) 3, = unit weight of water

4 = wave number 27/L

. L = wave length -
d = depth of water « \ )
B 3 w = circular freqiency . /
T = wave period

H = wave height. v

r — A

LN
Putnam (1949) assumed incompressible flow, Darcy's Law and:
hydraulic isotropy and 'showed that Laplace equation‘was

applicable. Liu et al (iQ?Q)‘ugave a simple ex] res'sionjcr

the pore. préssure p, at depth )/ in a soil bed ‘of thickness. .

d,, .baged on the Putnam solution. = ' . N 2

P= p,*cospu*(d_-z))/cogh'(,\*d_') (3)

-Liu solution.

This has become kqowﬂ as the Putna

Sleath (1970‘) 'cz‘msidered hydraulic anisotropy ' with
permeaiility k,, k, in the hor’izontal and .ver‘:!.cal directions.
i N ' )
Moshagen and Torum(1975) assumed the water to be compressible
"and the soii skelet;'m to be rigid. This approach leads to the
heat conduction .equation. . A number of investigators,
-

1nciuding Yamnm¢t0(1978.) and v'Finn et al(1983) have stated that




\

"-to rapid attenuatmn of pore watsr pressure with dapih. I

¢ % ' S / )‘4/
2.1.2 Field Observations

B
~
Performence monitoring of the Molikpag while deployed on &
drill’ site (Tarsiut P-45) was discussed by Rogers et al

(1986).” The caisson, berm ‘and foundation soils were

tensi vely to monitqt and to provide,
data for future structures. Instrumentation monitored by the
data-acquisition and signa]_:ionditicnfng'system included tv‘:tal
pressure c.eus distributed unifomlfy ova‘r the base of the

caisson tb measure s'oil stress and hydtoét’atic pressure - and

fIVLstrings of electric pieznmetars installed in tha sund‘

/.
core and berm to monitor pora water pressure response to J.ce

loads. !

Results of pore pressure monito'ting indicateythat excess pore .

water pressures developed in the clay and sil‘ty clay

i )foundatipn soils immediately after caisson set down. , The

A
1

1

# excess pore water gPressure ranged “from 260 to 280 kPa,

approximately equal to the initial load on the foundation.

'
After 275 days, the excess pore pressure was ifi the order of
150 kPa. . |

Backer et 31(1985) dai per of £k on clay

matatials under two caisson structures at Targiut and Kadluk
in the Canadian Beaufort Sea. '

o




Tarsiut was 1ocated' in 21 meters of water and consisted of
four conérata caisson structures set on a sand berm and a sand
core over silty clay and stiff silt. Foundation monitoring

included total pressure panels, strain gauges, extensometers,

inclinometers and piezometers. The excess pore water pressure
after two months was 170 kPa and continued to rise to 192) kPa
for an additional three months before t‘:aginning ko dissipate. .
Esso Resources Canada Ltd. usébthe octagonal Caisson Retained
. . Island at Kadluk in 14 moters of water. The CRI was placed
on a sand berh overlying stiff silty clay and the core filled
with sand. Foundation in’stx‘umentatioq included pore pressure

cells and deflectometers installed into the clay.. Initial T

e measured pore water preaéure was' 100 kPa and rose to 224 kPa
8 sii l;mntps' after‘the ‘end of construction. Dissip}gtinn’ occu"rred' s

but the rate was not. known ‘because of ‘transgucer failure.
These effects could not bé . explained %;\ additional 4

construction or alteration in surface facilities or -wave or

ice action. The" authors offer a number of £ hypotheses to -

explain’the effect related to-the nature of the loading and
ihitial state of atress. The clay is locally initially

cuticully stressed and %:hraugh tima dependent strain

‘dsvelopment #nd stress distrihutien adjacent soil alements

bacon\s critically stressad which in t:urn could 1ead to hlgh
. .
P i . .pore water pressures. - )




.2.2 Wave senatatio in tho l.abontog .
-, Models of marine -tmtuz'on are often tested 1n the' laboratory s 5

% under simulated x'n.nnc- or potioaxe wave eond.lttonl using | .
wave tank f-guu:y mith a device capable of mechanical H
% oscillation calied a nvenaker. There are three basic.- common
wavemaker configurations, the wedge, !ln‘: and piston. Each
type is used for a particular aspplication depending on tm‘ '
& typ; of nv.e (deep, intBrmediate ory shallow water) na'oded. ‘ . £
Wavemaker theory is based on potential flow theory. The theory
was first proposad by Havelock (1929) Biesel {1951) used the
assumptions‘ of potential flow theory und so].ved the first-
.; order linearised hydrudynamj.c equations of mgtion caused ‘by ==

the sinusoidal oscillation of ‘a wav r in ‘" rectanguler

wave tank. Eoth p.uton and f:l.ap types were considered And

fcmlae developed relating the stmke, 8, wave amplitude,
I —

® waveélength L and water deps‘h d. These are: '

for the piston type: )
- **ﬁafrﬂ'amn?rvmnx@;x.mmamn(*Ard)'r” i ) B —
y for the flap type: . Y o

0.

3 a/s = 2*sinh(A*d) * (1-cosh(i*d)+A*d*sinh(i*d)) (5) -

0

i*a (*d+sinh(A*d)*cosh(i*d)) -
\\ k2 -

< " The ratio a/sis referred to as.the wavemaker gain factor.
. = ‘ :

\ !’;ar shallow water conditions, the above equations become

S -

r 10




a/s = A*d = 2nd/L ) L T (e
Biesel's theory has been verified by many researchers. Gilbert
et al {1970) p:ﬁduced a series of graphs which included a/s-
d/gT? for flap, piston and’wedgs type wave generators as'lﬁll.

as non-dimensional hy ic forces and rfioments orf the wave

maker and hinge.

Others havé extended Biesel's theory to account for different

wave tank configurations other than'the‘ standard rectangular
shape. Hyun (1981) presented a solution for a flap type wave
maker hinged _ai intermediate depth. i a constant depth.
Hudspeth . and Chen'(«lgﬂl) further extended the theory for a
hinged’ type wave maker of variable draft by oonsideri.ng a wﬁe

tsnk of two consgtant depth regimes, separated by a graduauy

sloped tegion.

: : . P % :
Wave generation in a tank is complicated by the presence of

parasitic and reflécted waves. The ha\Emcnic oscillation of

the v waves of higher frequency
besides the basic wave desized, called parasitic waves. Most
of the parasitic.waves sre damped out within one water depth
of the wavemaker, but scm(e persist. The most important of
these is one that is twice the freguency of ‘the generated
wave. Various ‘techniques exist- to minimize the effect of
par¥sitic waves, including the generation of ﬁ wave of the
same wavelength L;ut out of phase to cancel t{ém and .the

selection of the proper wavemaker type for the fz‘equeﬁcy range ;L

T11




) ‘Baachss are used .to mmimize reflected wavas, but oompla ‘j

absorption of wave enaréy is not usually ach!.svad. ' Part of
the incident wavn\ge\ts reflected by the beach and travels bauk
to the wavemaker and 1m this manner, gets teflectad up and

'

down the tank. As wau, the test body in the tank reflect

waves in a similar isshion‘ < As zgsla_ction cannot ' be

completely eliminated, es“:imates should bg made of the beach
i .
reflection coefficient to ensure that it is below ten

U
percent(Keating and webber\, 1977) . various techniques exist to
3 | i
deternine beach reflection coefficients including messuring
£ i o I
simultaneously the wave héights at two or more points and

determining the rsfieqt‘e’d and incidont - wa{le energy
K . o v
J - g r—-(

2.3 similitude ,and Scale Fadtors ‘
o

analytically ox. graphically.

Physical modelg are used to! investigate the behaviour of the 7

prototype under controlled conditions. Often, physical
phengpena that :;cqur in pature are too comp’lex to be
invesi:igated by analytical techniques. A model is used to
:e_prasant the prototype and‘subjec't it to forces or other

changes under controlled conditions. The use of hydrmiuc and

hydrodynamic fpodel.s is well established. However, the inherent

prgblems with soil mod?lling make it more difficult and‘

challenging. As a result, physical soil modelling is not used

12




as extensively as other types.

Models are characterized by a scale factor, which is the

proportional amount by which each of the prototyp

is reduced. For exadple, a 100 metér length in the prototype

<
becomes two meters in the model at a scale of 1:50. Other

quantities, such as force and time, are reduced by agpropriate
scale factors, using the pr!.ncig],’es of similarity theory to
arrive at the required dimensionless ratios or scale

factors(Sharp 1981). N

: . /
Soil modelling can be classified broadly into two, tgpes,/
depending on how it is carried out.-wadeuing done in the
labdrntory without a c‘entrifuga is referred to- as

canventlonal or 1lg modelling,* uh;ue aantrifuge modelling 15

/ foforret td as Ng wdelling, with N bein§ the gravity and the

geometric scale fuctog. i

. The fundamental problem with soil modelling is tl'}s inability
to simultaneously scale all relevant physical phelmmsna, such
as particle size, stress l&vels and water-related e‘ffecta..

5 = ~~
This 15 primarily due to the granular nature Of soil and the

dependence of most of the properties of soil on the size of

the individual grains. Theé particle size is not normally
{

scaled becausa in doing so, the basic characteristics of the

soil wul change. For exanple, a prototype nand with a mean

diameter of one millimatre becomas a 811t sized particle in

a model 'at a scale of 1:100. Sand and silt are quite different

@ 13
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cohesive, pom'-ble'marial while silt may ba'cohmuiw, and
relatively impermeable’

In 1g modelling, prototype stresS levels are more difficult

in their mechanical and physical properties, sand being a non-

« ~
to achieve. The contact stress is the weight of the structure

- dividéiSby the contact area of theé foundstion. As the model
size dl’”é;’ases, its volume and hence its weight, decresse at
the ratio of the scale factor cubed, whil®the area only
‘decreases as the ratio of thglscue factor squared. To
compense;:a, the density should increase by the scale flétoi
or the gravi,taticnu fleld should increase so that the. contact

stress rem’a‘ins the same. °

Water related phanomer;a, such as fiow in soil normally occur

in the laminar f£low range. To properly scale this flow regime,
- &

the ng\olda number is.used to establish scale factors. The

use of this dionless number that vigcous forces

in the permeant ‘are dominant over grav: forces. on the
other hand, external forces which cause flow often are
dominated; by gravity forces, such l‘i ocean waves. In tl"ki.l
c-se,' the Froude number is t‘he correct dimensionless number

to establish scale factors. This basic conflict between the

concurrent requirements for Froude and Reynolds number scale
]

factors, gives rise to scaling problems in soil modelling.
Table 1 sﬂ;.ws sca‘ls factors used for the Froude and Reynolds

14
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To ov'ei:‘coma some of the problems gn soil modelling, a
centrifuge can be used,. where the m’o&l and soil mass are
subjected % e simulated gravitational field by means of high
speed rotation. Rowe (19\75) states that the purpose of the
centrifuge is to ingraase the self weight of the soil
particles by. the same ptoportion as the éatio of the
dimensipns of the prototype to the model. This results in an
identical, distrihution of/initial gravitational stress in the
model and the prototype which in turn permits %he application
of structural boundary stresses equal in magnitude to those
in the’l prototype. If the same ;oil and stress paths are used,
both total and ‘watar» pressures are properly'scaled.
Irrespective of the raised g fleld, a model undergoss much
fasgter pore pressure changes by drainage than does Athe
prototype. Similar}ty of éon(qlidation time factors can‘.be
achieved using a p;fe'fluid such, as oil which has a high
viscosity and by ~raisj.ng the frequéncy of cyclié forces,’ if

réquired. *

A discussion of water effects in geotechnical physical
modelling was _carried out by Goodings (1984). Scaling laws
for various flow regimes were developed and compared.r The
basis for the discussion of laminar steady state ssepage is
Darcy s Law, ,‘ .

veki 4 . 7)

where




v.d!.s:cl':stge velocity © | ' :

cient of ity '

inhydraulic gradient

Ftcnn this, scale factors for simple drainage for both 1g and: ) a

centrifuge models are developed. Goodings states that if

: pfatotype soil and permeants are used, permeability will be - - "

/111 be the same as long as all lengths sre properly sc
In*a 1g model, the above discussion implies. that @M

the same in model and prototype. As well, hydraulic gradient

drainage will be reduced by the scale factor, N’, because:

. = o ] '
=Ly e . 8)
=L,/N*1/v, " g : e
=t,/N 2 : A
where: . ®
" " subscript m applies to model = T . : =
subscript p applies to prototype -
t = time -~ ' .
L= ledgth" ' :
() v = velocity ¢ : L.
It the model is subjected to an increase in self weight of N'

times, the bouhdary geomstric conditions should rema! the

same; ., the v water pr which cause the

® . . ¢
flow to occur and the resulting water pressure at all points

will increase N times as a result of the increase in the delf/

»
g
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weight of the permeant. These two effects combine to gi\_le the
d \

time 'scale for the centrifuge as

. = £,/N? 2, 9)
Goodings i (1984) also .dlscusses seepage suclix as primary
consolidation, 1i ion and r surges. T i's
theory of one dimensional consolidation is used to develop
scaling relationships. The author statss/cha(miarity

in ‘seepage rates, the dimensionless time factor, T, -should be

the .same for both model and prototype,

(T,), = (T,), / ’ ; (10)

where
T, = Ct/h2 .
C, = coeffigient of consolidation
h = Long_est drainage path ’
t = time

‘For the same soil in model andsprototype subjected to the same
stress history, 1c,)_'=(cv)‘,. Thus %

P (T,), = (T,), (11)

which gives
CtJ/t, = 1/N2 . (12)
Good.tng's conc}udes by stating that total similarity can't be

>
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simuli 1y of conflicts in the .scale
factors for various phenomena. Significant 'phenoménn should
be modelled in ‘similarity and influences' assumed to bg

secondary should be proven so. _




3.0, EQUIPMENT

3.1 Soil-Wave Tank

The wa;le tank for this experiment was adapted from an existing
t‘ank in which‘ iceberg scour testing had previously been
carried out. The concrete tank had a movable carriage on
tracks for movement up and down its length. The tank measured
13.5m by 2.8 m by 0.8 m, with 0.2 m thick walls. In this wd)ck
the towing carriage was used during the beach reflection tests
and as an instrumentation support..

The wa‘vemaker was installed in the 'end of the tank as shown
in Figure 1. A slo;;ing beach up to the soil’ bed extended from
the wavemaker. The soil bed was approximately five metres long
with a beach of angular pebbles, at the end to abforb wave
energy and minimize reflection.

3.1.1 Model Soil

The silt used in the model was obtained from a settling popd
“in w rock crushing plant ‘in St. John's. The following tests
were carriéd out in the‘iagoratory (Morin and Cameron 1987):
Atterberg 1limits, grain size, unidimensional copsoliéation,
permeability, direct shear.box and CIU triaxial 'test/s. Soil
»gra‘in size curves are given in Figure 3, the silt and'Figure
4, the éand used in the berm construction. The silt was found

to have a low Plasticity Index, with a Liquid Limit of 26%,

s 19 L ‘
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Plastie Lifit 23 % and the Plasticity Index of 3 %.

The cgr‘\sol‘idats.on test was carriéd out on the silt at an’

initial water coniant of 38%. At this water content, the

@aterial was a viscous mud and was easy to place in the

o, .
oedometer ring. Falling head permeability tests were carried’

‘out at the end of each load increment.. an‘ab!.i’lty was

obtained from thn»nl:;pa of the head vexsus logarithm time

curve and found to range from 1.3x 10" m/s to 3.1 x 10 m/s.

The results of the consolidation test are:
= R 1

Compression Index: C, = 0.12

Coefficient of Consolidation:
Tangent Modulus: M ='34 * o'

C. = Oe/Alogk = 0.52

where e is the void ratio.

Com 8.4 * 107 mi/s

¢

’

v

Morin and Cameron (1987) report that there is good agreel-ni:

between the - coefficient of .consolidation calculated by

Taylor's method and that determined from the modulus end

permeability.

The silt material was frozen in 38 mm diameter cylinders prior

to mounting in the triaxial testing equipment and allowed ‘to

‘thaw over night. Three samples were tested at consolidation

pressures of 40, 70 and 120 kPa.

summarized below.

20
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“3.1.2 Soil Installation

Angle of internal friction: 67 - 29.5° (né cohesion
intercept) ' "

Pore Pressure Parameter at failure: A, = 0.60
Direct shear box tests were carried out on the material by'
Morin and rCameton 987) and also as part afihis experiment.
"rhe results obtalned from shear box tests . differed
considerably from ‘triaxial tests, owing partially to the
different stress paths ;nd the difficulties encountered in
mounting’ of the sanllple and maintaining the gap t‘:etween the
halves of the shear box during’ testing. The results are

summarized below.

cohesion intercept : .c' = 2 kPa

angle of internal friction: ¢'= 36°

Bl

The soil was 1nst:aued i tank so that water could be

drawn out from under tHe soil in consolidation

during the course of the experiment. To do this, a layex: of
1 mm p:gastlc was placed over the concrete bottom of the tank

On top of the plustic membrana was placed a seties of plastic’
pipes at 300 mm intervals to provide an underdrain system.
’}‘hs b!.pes were covered with a geotextile and /then the soil
placed. The soiY was mixed in a cement mixer by hand ‘with
water to form a thick slurry During mixing, the lumps of

soil were bx.‘oken down as ccmplately as posslble. After mixing,

21\ 4
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the slurry was screened to remove coarse particles.''
L . 2 .

\,_/\The soil was transported to tht; Hl\" tank in cement buggies

and poured slowly down & chute through water to nlinm:_a lir_.-

The soil was allowed to consolidate.under ltl"mm waight - for
upl;roxj.utsly four months ptior‘*u Lnuttmnt‘étion..— ‘At this
time, shear strength of the silt, measured by a Pilcon Vane, .
ranged from 2 kPa to 10 kPa. The shear strength of the silt
varied with depth, with fop 10 mm layer ranging froq ﬁ:to' xb
tk’ﬁJ, while at 190 mm it ranged from 2 to a/kPa and from 4 ;o
12 kPa at 300.mm. .

N

s ’ 4 [ :
3.1.3-Wavemaker - . . ’ 14

¥ The wavemaker, a flap type, was custom made -ior- the project.
The mofor was, capable of, verious speeds through a sliding
pulley arrang nt which allowed board frequency of from'

&

approximat 0.6, Hz. to 1.5 Hz. Wavemaker stroke could be

varied from 27 to 55 millii This variation

in both frequency ang stroke allowed the generation of waves
’ - - b

of .di “heights and es as for . the” - ~
. testing program. . ko 2
Considerable time was spent ng the stics |

. of the board ar{d the relationship hlotwean wavemaker nﬁrokm 4

fiequency and wave height. Details of the, wavemaker

calibration are given in section 4.1.1.°
N
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3.2 Instrumentation

3.2.1 Pore Pressure Measurement

Pore pressures were measured using buried piezometric stones

connected to stra.fn gauge pressure transducers by tubing,

stainless steél in the soil and tank and plastic from there

‘on to the transducer. Stones, tubing gnd transducers wells

were saturated prior to use. The transducer-tubing connection

was designed so that:

T (1) water cuuld"be drained from the buried 'piezometric .

stones;

N N -

(2) water could be forced through the stones;

(3) air could be .draj.ned from the entire system;

(4) the transducers could be calibrated by a known head. The

I /tubing" on designatad a ctoss is ?hown in

Figure 5. L
> 1

. p P

Pore pressures were measured at four locations as_shown in
Figure 6. A Druck miniature transduce® was used for part of
the data collection but failed during testing. '

o .
The pore pressure measurihg equipment was calibrated initially
by ing -the cross and a kn&vn head of watet. During the
expsrimakts, % was calibrated by £1111ng and emptying- the

tank. Details of system calibration are given in section
o -

413, - : : ) o
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The tranadugers were coh;u.sct:ed_‘ to a 10 éhannal, 1nstrumentséinn .

smpli.fler, which supplied power to the transducers, as w‘.ll

s
as ampl!.fying the output signal. d
(R 3.2.2 Wave Probe - v
! The wave probe was a custon‘l( made capacitance type ar_ld
X exhibited good linearity at all wave haigm?s\ o
: 3 _ . ' P
3.3 Data Acquisition oo . . ;
) Output from the instrumentation amp!.l.ii.er was logged by a 3497 °
| C Hewlett Packard Data Logger and recorded on a Hewlett Faakard
™ in ' tion. tape . The data logger ~was
/ controlled by a Hewlett kard .86 c . C ,.v 3 .
! ¢ were wtitten to start fhe data logger, read approximately four ’
seconds gata, unpack it and atore it on disc. The wave probe
i was operatad from M:s own pdwer supply and itsxsignal was sent,
‘ to the data logger and tape recorder as well: (o <
' o - C
The data acquisition system was capable’ of measuring at |
) . approximately 110 Hertz, giving a freql;ency of 22 Hertz per

mnasuring device. Eighty points per channel were taken in
duting each run, giving a total run time of apprnximately four
seconds. A program was written to examine the data using tha

HP graphics capability. - Ia




3.4 similitude Consideration: /for wAve Tank Experiment

The Mobile Arctic Caisson v(MA;) or Molikpag, built by Gulf
Resources Canada Inc¢. (GRCI) provided the basic dimensions
and concept for the model in this project.(Rdgers et al 1986).
The Molikpag consists of an octagonal steel annulus which
supports /a .deck housing modular drilling and support
?quipmsnt. The model was constructed in a cylindrical- shape;
rather than an octagon for ease of cqpstructian and to allow
a cla’sed' form solution of the/ wave forces on the structure,
1f required(Figure 7). )

The geometric scale chosen was 1:100 which allowed the

generation of model waves with periods ranging from 0.8 to

1.7 ds, © ding. to p: ype periods of 8 to 17 _

ROrTenponding: o ipre

seconds. Scale factors were derived from—tl:;ude number,
because of ‘the dominance of gravity forces. The scale factors
used are shown in Table 2. :

Soil grain size was not sciled and fresh water at 20 dégrees
Celsius was used as the permeant resulting 1{: a conventional

1g model without modification.

25
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4.0 PROCEDURES

4.1 Calibration
4.1.1 viavam‘uker *
Wavemaker response was investigated by operating it ’a!: 20
frequency-stroke combinations and measuring wave heights with
a capacitance wave probe .and a metal meter stick. The
predicted and -measured wave heights on shown in 'urbla 3.
Further ciiscussion of the wavamqker is in Appendix }
4.1.2 Wave Tank )
—%rlﬁef/mc/t‘ion cz;efticient,uf tha'{:aach v;s{/ found to range
from 8 tg_ 10 percent. A detailed analysis of wav:a tank
charqctsrj:sti:;a w';:s not carried out in this project, as wave

heights were measured directly. L
S~

~

4.1.3 Pore Pressure Measluting Equipment .

1‘135 transducers were 2 11bfated usin’g the apparatus shown in
Figure 5. The response was found to bée linear and consistent.
- The transducers were cglibrated b; noting the voltage at
particular values 'Df‘head and determining the slope of the
’cur;le of head against voltage to arrive at calib:at‘ion factors
to convert voltage to head.. It was found that initial head on

.
the the r slightly. For example, if

7

the tank was filled with water and then the calibration was

done while emptying the tank, ~a higher value for the

£ 26
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calibration facor was obtained than for caMbrating the tank
during filling. \\This difference varied but ranged up 10%
higher. The tank was to be filled during the téstsv, so. the
values with the tank initially full were used for calibration.’
As well, slightly higher c'alihratién. factors w‘ex‘e‘found with

the piezometric stones buried than on the soil bed surface.

These differences in calibration factors were likely due to

variations in tr at the di initial

heads.
N

4.2 Soil Consolidation * .

The soil was placed in the tax_ak as a slurry and allowed to
cm;s’;lidate under its own weighf for approximately four months
prior’\’:‘c testing. The soil bed ‘r;ad beer;‘un lerlain with a
'system of plastic tubiri'g laid over the polyej:rhylene layer. The
plastic tubing was connected to a header and to a single line
which was attached to an aluminum box which could be evac\‘.\ated
of air. By.this method, it was thought that tl:e consolidation
prcéess could be speeded up. ) Water would be drawn through the
goil mass and cause consolidation and remove air in the soil
as well. ) .

For appmxd.mat;aly one wéek, this w/aS tried. A vacuum was
placed on the conséiidation box,/‘é;'xd water drawn thraqgh for

g
six to eight hours per day. Settlem‘;nt was monitored by a

)‘ ‘ f7 T




settlement plate and after consolidation, ‘the shear strength

aqi‘\ifq. y 1000 u.tr;s' of water were removed
from the soil but no change in the settlement plate or the
shear strength was observed. Little or no additional
conso‘udation of the sou’ too); plscé, .probably thcause soil
had acquirsd.structm durix‘xg the initial piacament which was
stronger than the forces in the consolidation process.
Transducer burial depth for both cases is shown in Table 4
and Figures 6 and 8. The'difference in burial depth noted is
due to the sand core in the mod-.ei, which was »apv‘rcximately
340 mm in dspth‘. Transducer 3 was not b_ut!ed under the ;nad;l,

so its depth of burial does not change.

ap sand berm, the model was placed on a
sand berm on top of the model soil bed. The soil bed was
covered with a geotéxtile so that the sand would not penetrate
the soft silt. The berm was installed over a two day period
to allow for some consolidation of the silt'and profiles taken
of the top c/f the model soil and top of the berm durirg
installation by maasurin; down with a meter stick from a fixed
point on the carriage of the wave tank. After tfhs berm had
been placed, the model was élaated into place over the berm

and ballasted with water. The centre core was then filled with
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eand.and again~pro£1ﬂl.es taken of the top of the model soil.
A'total of 25 mm sattlsbent took place beneath the centre of
the model caisson during the time the model was in the tank.
\
4.4 wav? Tank Tests
Tests- series were run as follows:
-prior to placem;‘nt of the sand berm, with the
transducers on the surface of the soil bed '
-prior to placement of the model,'thh the berm in
place

-with model and berm in place ,

-with model and berm in place for an extended (one s
hour) test to monitor pore pressure build up at one wave
héight
‘For each test series, four fr es and four

strokes were used ‘to provide a series of wave heights and wave
lengths. " In total, 36 tests were carried ‘out and the
following parameters monitored and recorded:
. -wave height
-pore pressure from the four pressure transducers
7% g
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5.0 RESULTS AND ANALYSES

5.1 Data Conditioning
Ddy:d from ‘the pore pressure transducers were noisy and had to
be smoothed by a /Féutiet smoothing téchnigue (Aubanel QM

s
Oldham 1985) before being analyzed. Noise sources were the

buildinQ power supply, stray voltages £rom operating equipment =

and response characteristics of the transducers, wirich ’u-n
operating at the low e}xgl of their response range and ‘:equ!.red
~high amplification. The _irsc;uenciaa of these noise suuté-n
were higher than tr‘\ose of: the phe:}ome‘na under '!.nvestlgation

which were , in, the range of 0.6 to 1.2 Hertz. _A_ Fourier

£ on the D and’ these high‘
freque};cies can be eliminated. The inverse Paurdgi‘Cransfom
of the spectrum with the high frequency noise removed results
in a smoothed data set. The degree of smoothing could be
varied in the program and the minimum smoothing requirad to
produce an acceptable output was used, so that relavant dntu
were not lost. The Beat degree of smoothing was a trial lnd

error 1se a

range to eliminate could

not be specified. ‘The smoothing technique worked well

although it would occasionally a straight line b

of large apike;‘ in the data. In this case, the degree of

smoothing was reduced or the data examined to remove obvious

outliérs .
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The data presented show tne'pre?i%re wave in the soil bed,
not the absolute value of pressure. To arrive at the pressure
wave, the pressure at each transducer without waves was
measured and subtracted from he pressures during wave
loading. With the wavémaker turned off, data were collected
for four seconds and the resulting voltages averaged t6 arrive
at a voltage for the stillwater case. This® voltage was then
subtracted from the voltages collected during the wave loading
and thle pressure wave 1{1 the soil determined.

5.2 Experimental Results’

5.2.1 Introduction

The experimental' results are presented in this sectiofi. The
Putnam-Liu solution was used to generate theoretical values
for pore pressure in the soil bed. The 11||.litacicns of this

approach are discussed. -

7 < e

. 5.2.2 Bottom Pressure Wave

Thé bottom -pressure. wave was measured at four frequencies by
placing the four' transducers in'a line perpendicular to the
direction of wave travel directly beneath the wave probe.

Linear wave theory was usad to predict the magnitude of the.

" bottam pressure wava. A typical - unsmoothed example of

transducer output is shown in Figure 9. The measured values
were normalized by wave height and compared with those

predicted by theory. .

31
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_ The results 1m.ncute that the linear wave' the'ury aecurat’exy
predicts the bottom pressure wave as shown in Tghle 5.° At
0.63 Hz.and 0.81 Hz., the measured value is uith':.n\ 1% of the
predicted value. At 1.0 Hz. and’l.15 Hz., the megBuzed values

vary from the predicted values up to 8%. This is 1likely

the lower waves sre closer in form to that

predicted by 1linear wave theory.l As the wave steepness

1 with i fr sncy a;:d stroke, the wave form

becomes less like a linear wave. ‘

5.2.3 Pore Water Pressures

\ Pore ' piesguré data from -four pressure transducers were
collected for four frequencies 0.63, 0.81, 1.0, 1.15 Hz. and.
four wavemaker strokes 27, 34, 41, and 48 mm 'fof both cases,
Model and No Model. To collect these data, the 'v:agemqkar vas’
started and ‘the waves allowed to stabllize‘ for apprq]p‘d‘;natsly»'
five’" minutes. The data a‘cquisiticn system wala then gtarted
t;nd approximately f;:ur seconds of data collected.

It should be noted that the data for traflsducer 4 may not be
represent‘ative; When the piezometric stone and tubing were
removed froml the tank at the fx_:d of the experiment, v\ha

x:{iszometrié stone had separated from the end of the _tub!.ng.\‘
3

5.2.3.1 Measured and Theoretical Vglues - No Modél

The smoothed pore pressure data were'cnmparad with theoretical

32
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values by a for the same wave

height, érequency and soil depth based on the Putpam-Liu
solution. Figures 10 to 17 show the measured and theoretical
pore_ pressures plotted against wave height for the four
frequencies used. ) % .

The graphs show that the measured and theoretical values are
comparable for Transducers 1, 2 and 3, but the measured values
ar:a consistently low for Transducer 4.

.

In Figures 18 to 25 normalized depth in the soil bed i&
plotted against nomaiized prgss‘;re. Normalized pressure was

determined by dividing/the pressure at a particular transducer

itude of thq bottom pressure wave as measured by
transdficer 2, which was not buried. Normalized depth was
deteymined by dividing ‘the transducer burial depth by the
total dépth of the soil bed. The data for transducers 1 and
4 are presented separately from the data for transducer 3

because the theoretical pore for

3 as the water depth is different than for the other two

3 was not buried in the sand

berm. The results are summarized in Table 6.

In Figures 26 to 29, the actual and theoretical normalized

‘po'x-a pressure is plotted ageinst freguency for each

transducer. ; -

Transducer 1 is shown in Figure 26. The lower frequency waves
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(longer period and wave length) show the grsi?s"u pore

pressure response to wave loading. The paréentugn of

cal pore is as fonm: 0.63 Hz -

86 %, 0.81 Hz - 72 %, 1.00 Hz - 88 % and ll.'IS\HZ - 139 §.

Transducer 2 is shown in Figure 27. The pctéontag- of

cal pore is as follows: 0.63 Hz -

95 %, 0.81 Hz - 89 %, 1.00 Hz - 64 % and 1.15 Hz - 71 %.

Transducer 3 is shown in Figure 28. The percentage of

cal pore is as follows: 0.63 Hz =

98 %, 0.81 Hz - 135 %, 1.00 Hz - 141 % and 1.15 Hz - 161‘l‘ %,

Transducer 4 is shown in Figure 29. The percentage of

al pore Y is as follows: 0.63 Hz -
37 %, 0.81 Hz - 33 .%, 1.00 Hz - 27 % and 1.15 Hz‘ - 43 &.

5.2.3.2 Pore Pressure Build Uj

To investigate pore pressure build up in the model soil nx.\d
the berm with the model in place, the model was subjected to
waves of 1.0 Hz. at a stroke of 27 mm for approximately 1
hour. Pore pressure and wave height data were collected
every 3.5 minutes for four secodds. The total pore pregsure,

not just the amplitude of the pressure wave,® was found for

each and the di the total |

at each time interval found to determine pore pressure build
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up. The results are shown in Figures 30 to 33.

It can be seen that there is no build up of pore pressure for

transducers 1 and 3 located‘in the silt but there is a clear

indication of pore pressure build up in transducer 2 located
in the sand. Transducer 4, locatgd in the sand, shows no
evidence of pore water pressure build up. N
3 Phase Analyses-No Model
.
The wave proba output and transducet o\rﬁéuts for 16 cases,
four strokes with four frequenc es, @ach stroke are shown
. » ;
in Figures 34 to BJ:. Transducers .1, 2’and 4 wete virtually

in the same vertical plane perpendicular to the direction of

wave travel while transducer 3 was 1o'¢ated 1170 mm from 1 ,

. <
2z Bxui 4 in the direction of the beach. Thé wave probe was
located 400 mm from transducers 1,2 and 4 in the direction

of the wavemaker.

v

To examine the Telationship between the water waves and the
pressure waves in the soil, phase lags between transducers 1,
2 and 4, trunsducer 3 and the wave probe were calculated
using the thenret!.cal wavelength ior the given water depth
and frequency. For example, for transducer 3, using the

thsovreti' al wave length of 2807 ‘mm for a wave of 0.63 Hz.

(period = 1.59 seconds) in a wat’er depth of 0.43 m kat the,

wavemaker), the horizontal distance between the transducers
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of 1170 mm represents a phnse lag of 1170/2807'1 59 or 0.66
seconds. similarly, the phase lag from the wave proba to
transducers 1, 2 and 4 is 400/2607%1.59 or 0.23 aecondu“
Similar results can bs "£dund for the ethsr froquanuiau and

are summarized in Table 7.

The toaults for the sixteen frequency/stroke ccmlb!.nationa are

5hown 1n Table 8.

Ger{etal observations can be made about the phase analyses.

1, 2 and 4 1 in a specif}c order, depending
on the frequency with a time lag between léha r'espo%\aa.
Transducet 1 uéually responds first, although it is the
deepest and is in the silt, except at a fraquency of 1, 15 Hz.,
in which case txjsnsducet 4 rej nds first. In only one case
does \gransducér 2 respond before the others, and that is ‘»t'.
the lcmg‘at fraquancg and stroke combination of 0.63 Hz. and
2; mm..

The time lag between the wave probe response and the rgpponss
of transducers 1, 2 and 4 is a function of the distance
between the two measuring devices. The theoretical values
agree reasonably well with the observed values for 0.63 Hz.
and 1.00 Hz. with an averaga variation of 9% for 0 éa Hz. and
20% for 1.00 Hz. However, the observed values do not ugree

with the thecretica;k values . for 81 "Hz. and 1 15sz.,

although the rasults are consistent for each f:aquancy fot et

the four strokes used. The observed value for 0.8l Hz: 1s
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about 3 times theory and about 2 times for 1.15 ‘Hz.
' .
‘ .

5.2.3.4 Phase Analyses-Model in Place .

The wave p;robe output and transducer outputs for 16 cases,
four strokes with-four frequencies for each transducer is
shown in Figures 82 to 126. The wave probe was locatsd
apptoximate}y 2300 mm ahead of the transducers 1, 2 and 4.
The model caused a great deal of wave reflection, especially
at higher ftaquenciés, vgich cap be clearly seen in {“:he wave
probe output plots. Also, transducer 3 was effectively
blocked vfrom the incident waves of tl;Ae wavemaker and v{ould

receive a combination of waves diffracted around the model
v

and reflected from the beach.

'A: Wavemaker Stroke 27 mm .

Figures 83 and B4 (0.63 Hz.) show a main peak at 0.84 seconds
ind secondary peak at 0.28 § (di 0.56 5)

for transducer 1, a main peak at 0.58 seconds and secondary

peak at 0.94 s (aif 0.56 ) for tr

2, 1.06 seconds for transducer 3 and main peak at 1.00 seconds

and' secondary. peak. at'1.66 (aiffer 0.60 )
for transducer 4.

In Figure 82, the reflected wave from the model can clearly
be seen, especially at 2.41 seconds‘ with another minor peak

at 2.94 secondg. The peak of the wave occurs at 2.75 seconds,

-
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giving a time zﬁfferen‘ba between the peak and thn landinq
5 A\
reflected wsve of 0.31 and thx./ Y. peak

and previoué main peak of 1.16 sac_ondg and, batween the two
minor peaks (2.94 ‘and 2.41 seconds) of 0.53 seconds.
As the location of the wave probe is apptaximately 2300 mm

(1.30 seconds) ahead of the a mgjor

response should occur at mately 1.22 the -

location of the first peak, plus 1.30 seconds, or 2.52
* seconds, Transducdr 1 shows a peak at 2.50 seconds, which is

likely from this The y peak in

1 at 1.81 seccndé- is likely from the reflected wave, which
. can be seén 4n the Gave prot‘)a plot at 0.7 sec’cnd‘a;‘ Transducer

2 shows a secondaty peak ‘at 2.50 seconds, ccrrespcndi.ng to thn

wave registering on the wave probe 1. 30 saconds earlier.

AN

It was observed that waves were reflected from the model and

re-reflected to the wave board. Debending on the frequency

and the. distance between the wave maker and (;he model, a

standi{\g_wava could have been created, resulting in waves up

to twice/ the incident wave height. ,This phenomena is ].ike.l.y

the cause of the peak at imately 1.88 in the
output for transducer 2. It can be seen that transducer 3 is
not subjected to this effect and shows no secondary peaks.
The output for transducer 4 sth;;s two peaks, a secondary one

* at 3.22 geconds and a major one at 2.53 seconds. = This.is
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.
similar to the output of transduced 2, with a time difference
between peaks of 0.69, identical to transducer 2, but shifted

ahead in time by 0.72 seconds.

Transducer 3 is located 3470 mm, or 1.96 seconds, after the
wave probe and a peak in the output should occur at

1y 3.21 , as a wave peak occurs at 1.25

seconds. Examination of the plot for transducer 3 shows a
peak at 2.63 seconds. This difference is likely due to the

energy loss around the model and wave diffraction.

Figures 86 and 87 (0.81 Hz.) show a main peak at 0.84 seconds

and secondaty peak at 1.25 (aif 0.4% ds)

|\for transducer 1, a main peak at 0.88 seconds and secondax‘yw

peak at 1.31 (ai 0.43 ) for t:

2, 1.31 seconds for transducer 3 and main peak at 1.41 seco){ds
and secondary peak at 1.94 seconds (difference 0.53 seconds)
for transducer 4. Indications of the reflected wave can be

seen in Figure 85, althc;ugh they are not particularly large.

Figures 89 and 90 (1.00 Hz.) show a main peak at 1.41 seconds
and secondary peak at 1.03 (ai 0.38 ds )
'

for tfansducer 1, a main peak at 1.14 seconds and secondary

peek at 1.49 (aiff 0.35 ) for

2, 1.78 seconds for transducer 3 and main peak at 1.47 seconds

-and secondary peak at 1.96 ds (di r 0.49 c )
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for transducer 4. .

In Figure 88, the reflectu;i w'-ava from the model can clcg:ly
. be aaen,’ especially at 0.94 seconds, 2.94 seconds md 3.01
seconds. 'l'ha peak of the wave occurs at 1.31 seconds and 2. 31
seconds, giving a time differende bomnn the peak and the
reflected wave of 0.37 seconds. This compares well with the
time difference shown’betueen the pesks and secondary pesks
of transducers 1 and 2. Again, the response of transducers
1 and 2 are comparable to that at 0.63 Hz., wu:‘h transducer
‘2 showing response out o: phase to the VIIV.‘ 3 *

Figures 92 and 93 (1.15 Hz.) show only main pnka in the dltl.

This could be due to over g or

lag. All transducers show singl.L' peaks approximately 1.12
seconds apart, equal to the wave period. ~

B: Wavemaker Stroke 34 mm -
Figures 95 and 96 (0.63 Hz.) show evidence of two peaks in
the data, although it is not particularly clear because the
ttnngd_ucar response is so small. In -this C'lll, transducers 1
and 2 appear to show similar response characteristics, with
a peak followed by a secondary peak, unu:ka'duta at stx‘ok} 27

mm, where in 1, the Yy peak the

peak. It is not evident where the reflected wave occurs in
the wave probe plot,. although it probably is just after the
& *

main peak, with anpther possible reflection appraximately, 0.31

seconds later.,

clearly show two peaks in the
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transducer data. Wave peaks appear at 0.28, 1.50 and 2.72
seconds, with probable refléctions st 0.1 seconds, 1.31

and 2.56 ° The dif the peaks

is 1,23 seconds the same .as between the secondary peaks. The

time lag between the wave probe and the transducers for this

waveleng is 1.41 seconds, giving possible peaks responses
at 1.69 ':xkz,gz with y T at 1.50 and
2.73 seconds. Transducer 1 shows two approximately equal
peaks 0.47 seconds apart, with peaks at.1.94 and 2.4l seconds.
Transducer 2 shows a peak at 2.04 seconds, with a secondary”
peak at. 2.42 Seconds. Transducer 4 shows a peaks at 1.25 and
2.50 geconfls and secondary peaks at 1.91‘and 3.16 seconds.

It appears that there is a lag of 1y 0.45

in a1l cal and observed.

Figures 101 and 102 (1.00 Hz.) show only one peak'in the
transducer data, whue' the wave ‘probe output plot c‘learly
shows the redflectad wave. It is possible that the frequency
was such that the reflected wave was cancelled out when it
reached the model. The response of transducer 4 is very low.

C: Wavemaker Stroke 41 mm

Figur’es 104 and 105 (0.63 Hz.9 show equal peaks at 0.78

and 1.38 for t 1, peaks at 0.81

and 2.25 so and ¥ peaks at 0.46 and 3.00

seconds for 'Jrunsducer 2, a single peak at 1.38 and 3.00
seconds for transducer 3 and equal peaks at 0.84, 1.56, 2.28

and 3.19 seconds for transducer 4. The wave probe shows peaks
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at 0.81 and 2.41 seconds, with th@‘ reflected wave appearing

in the trough of th’c main wave at 0.22, 1.81 and 3.38 seconds.
The time 1lag - for this 18°1.30 giving a

. possible pesk response at 0.52 and 2.11 seconds and ncond.x"y
peaks at 1.52 and 3.11 seconds. It can be seen that the
" double peaks correspond upprpxhataly' to the theoretical peak

and secondary reésponses at 0.52 and 1.52 seconds for

‘ transducer 1, and  the peak response Of ttanaﬂucer‘ 2

corresponds to the theoretical peak Tesponse of the wave at
2.11 seconds. Transducer 4 seems to lag behind ‘the-
N

theoretical response.

Figures 107 and 108 go 63 Hz.) show peaks at 0.78 seconds and

2.06 for 1 with y peaks at 0.31,
1.56 and 2.81 seconds, ‘peaks at 0.34, 1.59 and 2.28 seconds
and secondery pesks at 0.78, 2.03 and 3.28 seconds for
ttansdu‘cer 2, a'single peak at 0.91 and 2.16 seconds for
transducer 3 and peaks at 0.91, 2.19 and 3.41 and secondary
peaks at 1.44 and 2.69 seconds for transducer 4. The wave
probe shows peaks at 1.06 and 2.28 seconds, with the reflect:
wave at 0,80, 2.03 and 3.25 seconds. The time lag for this
frequepcy is 1.41 seconds, giving a possible [;aak response at
1.24 [and 2.47 seconds end secondary pesks at 0.98 and 2.21
seconds. Transducer 1 shows peaks at 0.78 and 2.06,
corresponding approximately t‘:o the reflected wave, while
transducers 2 and 4 1lag behind the peak rn;:pchsa b‘y 0.34
. - .

seconds.




Figures 110 and 111 (1.00 Hz.) show only ‘s‘nne peak in the

transducer data, wh‘ile the wave probe outinut plot clearly

shows tr}a reflected wave. It is possible tl‘iat ;the frequency -
was such that the reflected wave was cancdllad out: whan it

reached the model. N

Figures 113 and 114 (1.15 Hz.) are presented to show that at

this frequency and stx“qke, the ‘waves are non uniform vlaith

varying amplitude and mixing of the reflected wave from the

model and thé incident wave. The transducer- responses show

similar trends as the wave.

D: Wavemsker Stroke 48 mm (Figures‘115d126)
These data show similar results as for prev‘icus data sets,
but "the non unifornity of the waves make the ";nalyses
difficult. They are presented for information only.

5.2.3.5 Comparison of Results - Soil Bec; Alons.and Model in
Blace . )

The assumptic;ns used and the boundary conditions lmpolsed do
not allow the use of the Putnam-Liu solution with a structure
in or on the soil bed. To get ;na indication af the effect
of the model on the pore pressure the two cas‘es,v model in and

model out were compared.

The magnitudes of the pore pressure readings differ between
the two cases. In m@bt ‘cases, the pore pressure is less under

the'model than in the soil bed alone. Algo, measurements made
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in the soil bed" slone show. that the pore pressure wave~

oscillates around zeyo, as*’wouid be expected if no pon"
‘ pressure had built up. With the model in the tank, variations

in this trend are seen as discussed below.

For le, with and without
the model at the 0.63 liz. and 27 mm stroke, the following can
be seen. The wave probe trac‘:sa are similar, although the wave
is approximately .10 % smaller for the case Model Installed.
(ngﬁrs_s’ 34 and 82.) Both waves are slightly elevated; that
is, the crests are higher the stillwater level than ih.
troughs are below. Tx;ansducer 1 s})ows an amplitude of,
approximately 60 Pa with no offset, whir:l‘eb with the  model
installed, the amplitude is approximately 18 Pa with an
_offset of +34 Pa. 'silmilarly transducer 2 has an anpliéuda.ot ‘ s
130 Pa with no offset, while with the model installed the
amput\_xde is 36 Pa with an offset of +10 Pa. Transducer 3 N
has an amplitude of 100 Pa with no offset while with the model E:
installed, the amplitude becomes 150 Pa with an offset of +24 *
Pa. For transducer 4, the ampiitude is 26 Pa with no offset
while with the model Lnstpxi‘ad, the mputudé is 8 Pa with an '
_offset of +13 Pa. .
.. A comparison of the wave probe outputs forthe g cases at
0.81 Hz and a stroke of 27 mm ehgwa ‘that the’ waves are
different in magnitude. I.n Figuze 37 the wave is 44 mm while

in Figure 85, the wave is 60 mm in height. Comparing the
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transducer outputs, transducer 1 has an amplitude of 35 Pa
withlan offset of 45 Pa while with the model in, the amplitude
15 10 Pa with an offset of +35 Pa. Transducer 2 shows an
umglltude cf 135 Pa with an offset of +5 pa while with the
model, the amplitude is 25 Pa fith an offset of +9. Pa.

Transducer 3 shows an amplitude of 90 Pa with no offset while

with .the model the am’plitude is 63 Pa with an offset of +21
Pa." Transducet 4 shows an amplitude of 30 Pa with no offset,
while with the model, the amplitude is 3 Pa with an.offset of
+13 Pa. ;

Th\e next .set of data to compare is that at a frequency of 1
Hz and a stroke of 27 mm. F’igures.éo and 88 show the wave
forms.which in this case are much different. Figure 40 shows
a wave of 60 mm thr; eq‘ual portions above and ‘baluw the
stillwater 'leyel and a smooth form, while Fig\;x‘e 88 shows
clearly the reflected wave from the model and a magnitude of
38 mm. Transduca}' 1 shows an amplitude of 25 with no offset
while with the moda‘l in,, the amplijjtude of the wave is 40 Ba
with an offset of +45 Pa. Transducer 2 shows an amplitude Q’af
125 Pa with no offset, while with thé model in the amplitude
is 25 Pa with en offset of +12 Pa. . Transducer 3 sht% an
amplitude of 75 Pa with no‘ offset, while with the model in,
the amplitude is 90 Pa with El:l offset o‘f +25 Pa. Transducer
4 shows an amplitude of 20 Pa with no offset, _wh!.lé with-the
model in, the amplitude is 9 Pa-with an offset of +14 Pa.

Comparing 1.15 'ilz. and 27 mm stroke, the wave probe outputs
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are agai.ri; di.ffetent. Figu;e 43 shows the wave at 66 mm, with
36 mm.above the stillwdter and 30 below, while l-“iguu 91 shows
a wave with two distinct peaks, and with a magnitude of 46 mm,
10 mm above the stillwater level and 36 below the stillwater
level. Transducer 1 shows an amplitude of 22 Pa with no
offset, while with the model in tHe amplitude 15 18 Pa with-

an offset of +74 Pa. Transducer 2 shows. an amp:l.ituda of 80

Pa with no offset, while with the model in, !:he amplitude is

24 Pa, with an offset of +11 Pa. TranM 3 shows an
amplitude of 37 Pa with no nt‘fset while with the model in the
amplitude is 25 Pa with an offset of 443 Pa. Transducer 4
shows an amplitude of 18 Pa with no offset, whil; with the
model 'J.n, tl;xe amplitude 19 6 Pa wi‘th an/ofisst of +13 Pa.

The nexé series of data-with stroke/ 'of 34 mm and frequency of
0.63 Hz. afe compared in Figures 46 and /94. The wave forms'
are similar with the model in case showing some Lndiéution‘s
of the reflected wave. Theé wave height in Figure 46 is 48 mm
with an egqual crest and trough, while with the model {s 32
with an 18 mm crest and 14 mm trough. Comparing the output
for transducer 1, in the sou‘ bed alone the amplitude is 90

Fa with an offset of +10 Pa, while with the model in, the

amplitude is 15 Pa with an offset of +15 Pa.: Trensducer 2

shows an amplitude of 190 Pa with an offset of +30 Pa, while
with .the model in the amplitude is 32 Pa with no offset.

Transducer 3 shows an amplitude of 130 Pa with no offset,
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while with the model in the amplitude is 160 Pa with an offset
of +10 Pa. Transducer 4 has an amplitude of 45 Pa with no
offset, while with the model in, the amplitude is 8 Pa with

an offset of +4 Pa.

At 0.81 Hz, the wave height i‘s 50 mm with eqvual crest and
trough, while with the model in the wave height becomes 80
mm, —agnin with equal crests and troughs. Transducer 1 shows
an amplitude of 50 Pa with no ofgset, while with the model
in, the amplitude is 13 Pa~xith an offset of +19 Pa.
Transducer 2 shows an ampu:‘;;ﬁof 160 Pa wilth‘\na oifsat,
while with the l;mdal. in the amplitude is 36 Pa wl‘cl’\ran offset
_Of +4 Pa. Transducer 3 shows an amplitude of 120 PL with no
offset, while with the model in, the amplitude is 75 Pa with
an offset Of +15 Pa. Transducer 4 has an amplitude of 37 Pa
with no offset, while with the mddel in, the amplitude (is 9

Pa with an offset of +9 Pa.

Comparing Figures 52 and 100 for frequency of 1.00 Hz and
stroke of 34 mm, it can be seen that the] wave forms and®
heights are quite different. In Figure 52, the wave height
is 84 -mm, with a crest of 48 mm and a trough of 36 im with a
smooth wave form, while in Figure 100, the reflected wave can
clearly be seen, and the.wave height is 42 |||m with a 22 mm
crest and 20 mm trbugh. Ttansd\rcet 1 has an amplitude of 35

Pa with no offset, while with the model in, the amplitude is
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12 Pa with/an offset of +84 -Pa. Transducer 2 shows. an
amplitude of 165 Pa with no offset, while with the mddel in,
the amplitude is 8 Pa,‘wlth an offnat of +8 Pa. Transducer
3 has an amplitude of 100 Pa with no o!fnt,‘whna with the
model in the amplitude is 75 Pa, with an offset of +35 Pa.
Transducer 4 shmm. an amplitude of 32 Pa with no offset, while
with the model in, the amplitude is 3 Pa with an offset of +12
Pa.

The data set for 1.15 Hz and’ strake of 34 mm could noc be
smoothed, so the next comparison wul be made of Figutss 58
and 103 at 0.63 Hz and 41 mm. In Figure 58 ;:he wava £om 1q
smooth and has a height of 60 mm witR equal crest and ttou_gh.
Figure 1:03 shows a spiky wave form in whi.u;h ; numt:lor of

different reflected waves can be seen and with a height of' 40

mm, with a crest of 27 mm and a trough of 12 mm. Transducer

1 has an amplitude of 110 Pa with an offset of 7 Pa, while
with the model in thav amplitude is 20 Pa with an offset of
+25 Pa. Transducer 2 shows an amplitude of 245 Pa with an
offset of +25-Pa, while with the model in, the amplitude is
40 Pa wikh an offset of +5 Pa. Transducer 3 shows an amplitude
‘of 132 Pa with an offset of +17 Pa, while with the npdal in
the amplitude is 215 Pa, with an offset of +35 Pa. Transducer
4 shows an amplitude of 55 Pa with no offset, while with the
-model in, the amplitude is 4 Pa with'an offset of +20 Pa.

Comparing the data at 0.81 Hz. and stroke "41 mm, the wave
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height is 6’6 mm with a 36 mm crest and 30 mm trough compared
to a heigl';t of 88 mm with equal crest and trough with tye
model installed. Transducer 1 shows an amplitude of 50 Pa with
no offset while with the model installed the amplitude is 22
Pa with an offset of +20 Pa. Transducer 2 shows an amplitude
of 196 Pa with no offsét, while with i:he model in, the
amplitude is 45 Pa with an offset Gf +15 Pa. Transducer 3
shows an amplitude of 180 Pa with no offset, while with the
model installed the amplitude is 85 Pa wi/th an offsgt of +35
Pa. Transducer 4 shows an amplitude of 46 Pa with no offset,
while with the model installed the amplitude is 10 Pa, with -

an offset of +10 Pa. .

Comparing Figures 64 and 109 at 1 Hz‘, Nit can be seen that th‘e
wave forms are different, with thé raflgcted wave showi{lg up
clearly in Figure 109. The wave height in Figure 64 is 100
mm, with a crest of 60 mm and a trough of 40 mm. Transducer
1 shows an amplitude of 40 pascal with no offset, while witﬁ\
the model installed, the amplitude is 16 Pa with an offset of
+75 Pu. Transducer 2 shows and amplitude of 190 Pa with n;)
offset, while With the model installed, the amplitude is 25
Pa with an offset of +25 Pa. Tiansducéer 3 shows an amplitude
of 120 Pa with no offset whdle with the model in, the
aemplitude is 85 Pa, with an offset of +55 Pa. Transducer 4
shows an amplitude of 38 Pa with no offset, while with the .-
model installed the amplitude is 7 Pa with an offset of +50_

Pa.
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At 1.15-Hz end stroke 41 mm, Figures 67 and 112 are compared.

The wave form in Figure 112 is very irregular,

3 the heights
of the crests and the troughs are unequal during the sampling.
These data are presented for information only and will not be

7
analyzed. Similarly, the data for all frequencies at stroke

48 mm are for 4 ation. The irregularity of the

wave forms with the model installed make comparison difficult

with the .case soil bed alone. B

5.3 Discussion

5.3.1 Pore Water Pressures - No Model

- -
In order to understand some of the phenomena occurring, it is

useful to refer to the.general theories. for pore pﬁsuur.

by Ya 1978) and 1978). As discussed in

~ -
the literature review, the Putnam-Liu solution and Moshagen
and Torum model are limiting cases of these more ganarui:
theories. H‘hen}he stiffness of the porous medium is much
A

smaller than that of the pore fluid, such és is the case.for

saturated soft soils, Yamamoto predicts that the bed response
'

i of 1ity and has -no phase lag.

The the iu solution for -

a rigid bed and incompressible pore fluid and the solution by
Prevost et al(1975) for an elastic continuum without pore
fluid. On the; other hand, if the ati!jfnass of the porous
medium is m:.lch larger than that of the pore f}l.uid, such as

for partially saturated dense sands, the preasux{ response
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“results ar

approaches the solution of Moshagen and Torum for a rigid

.
porous bed and compressible pore fluid. The pressure then

attenuates rapidly and the phase lag increases linearly as

the distance from the bed surface.

The use of the Putnam-Liu solution to predict pore water
pressures in this experiment is’ limited by a ' number of
factors. The Putnam-liu. solution assumes a homogeneous
saturated soil bed, wr_u.ls. the physical model was ‘compossd of
a two layer soil system, separated by a geotsxtil/e. ‘ As vyal’l,
the.-sand may not hs‘ys been satu;atéd. The‘ silt k:xad been in
the tank for 4 Q’lths and had been subjected to a vacuum for
a week in an attempt to consolidate it, so it is reasonable
to assume that the degree of saturation was oMbose to 1008
On the ‘other ;mnd, the sand had been in the tank for less than
one mqnth and could have beeg\ less than totally saturated.-
o

This may hs_lp to explain some of the observations. Transducer

1 usually responded prior to transducers 2 and 4. These

ot con&stent with the. more general theories or
the simple Putnam-Liu solution. If there was phase lag in the
response with depth, !than the ;:rdsr of response shqgld bg 2,
4 and then 1, which was never observed. If there was no phase

lag with depth, then the transducers would likely respond

together. It is likely that the sand was unsaturated causing

a_phase lag in transducers 2 and 4. In the saturated silt,
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however,’ there was no phase lag. Also transducers 2 and 4

» . 9y
show :larger 5 than 1 and 3

which would be the case if the sand was not fully aut;urated.

5.3.2 Pore Water Pressures - Model

Comparison of the data for the soil bed alone ai he model
installed reveals some unua\;al “features. - With /the model
installed, there is an elevation of pore pressure for all the

transducers. This axis.shift, which is always ‘positive,

varies from a few Pa to up to 84 Pa, but appears to consistent

“for .éach _ with t 1 the largest with an
average shift ‘,of 43 Pa, “transducer 3 - 30 Pa tran.adlucax‘ 4 -
16 Pa and transducer 2 - 13 Pa. The ’raasnns for i;hiﬂ'shif\l:
are not clear, but it is noted that the largest shifts occlrr‘

in the transducers in the silt, 1 and 3 and the smallest

. shifts are in the sand, transducers 2 and 4. Also, the shift

occurs only with the model”in the tank, so it is ressonabie
to infer th;t the model influences the.shift in some manner,
although a shift in transducer 3 would not be expected
because the model was not.placed over it. However, a chang’e
in. the water level due to a stanﬁing wave between the model- (
and - the wavemsker could hava‘"ruiseVd the wuter’ surface unE/

- v
caused an increase in.the pore due to the

in hydrostdtic head. The overall increase in head for
transducer 3 would be in the order of 3 mm (30 Pa). There is

some indication in the wave probe data that this was taking
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-
place. Overall, the crests are larger then the trcughs\,"jf)
although it is not possible to quantify a relationship between .

a large positive shift in pore pressure and increase in water
elevation. Also if this was taking place it would be expected.
that all trans/glucers would show similar shifts.” A possible‘
explanation for this discrepancy, however, could be the effect

of‘ the moﬁél in damping out pore prassu:e response directly
beneath it from the wave loading. It could effectively
isolate transducers 2 and 4 frofp the wave environment to a
greater degree than transﬂ;;ucets 1 and 3. The loss of wave
energy ax;lcund ‘the model could explain why transducer 1 shows

a larger shift than transducer 3. .

During wave loading, the model did move and oscillate in
response to the wave loading. ‘It is possible that the rocking*
of the relatively stiff model and sand core/berm unit over the
softer gilt causad/ a change j.n the stress state in the silt

leading to the shift in measured pore pressure.

5.3.3 Pore Pressure Build Up

Liquafactioﬁ occurs when excess»’pore water pressure exceeds
the overburden weight, causing the soil to loose l\shear
resistance and act' like a liquid. Excess pore water pressures
will dissipate by drainage but can build up under cyclic -
loading because ' drainage ;.s -not complete before the next

cycle. Residual pore water pressures caused by cyclic wave

action are generally determined by the Seed (1977) method to
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take into accau/nt the degradation in shear and bulk moduli

with 1 ng pore water The ¢lon of ‘the
moduli has a significant effect on both the levels of pore
water pressure and the possibxé depth of liquefaction. Jn
this experiment, no attempt was made to étsdiet pore pressure
build up because of the complexity of the method and lack of
reqd‘ited geotechnical daté. ¥
I )
- oy .

However,: 1t 13 well established that sends are particularly

.

ble to pore build up, both from eér‘thquuka
loading and wavea lr;ading. The susceptibility is. based on a
number of factéis including density, vai’d ratio, number of
applied cycles and gameability. If the ;and wj.s highl}_{
pemegble, then pore pressures will -dissipate as rapidly as
they are formed. “Below a critical permesbility, pore
pressures will not build up under wave loading because of -the
limited seepage. /;l'hare dpes not 'Sppear to be a good

definition of this 1ity = range of the

complexity of the phenomena, although Demars(1980) sugéasta
the renge above which excess pore water prgsaurés will
dissi&:ate as rapidly as‘tihey are formed is a »msdium coarse
silt: "o T

In tInts experiment, the increase in pore water pressure at
i :

transducer 2 was approximately 65 Pa in 65 minutes or an_

average of 1- Pa per minute. The hydrostatic pore water

pressure due to position in the sand core at transducer 2,
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340 mm ;elaw the stillwater level is 3300 Pa. The increase
in pore water pressure is about 2 % of the hydrostatic, so
the “soil was %}11 quite stable a’nd not near liquefaction.
It is possible that additional wave loading would have

resulted in more build up.

5.3.4 similitude .Consideraticms

As the model testing was carried out at 1g, it is not possible
to accurately predict all aspects of prototype behaviour. The_y
wave heights, periods, wavelengths, water dspt;h, model size
and berm dimensions were all scaled p}:oparly at a scale of
1:100. For example, the frequenGy. range, 0.63 Hz. to 1.15
Hz., (period ranging from 1.6 “Beconds to 0.87 seconds)
corresponds to waves wlé}; 16 to 8.7 second periods, which are
found in the Beaufoft SBa at a Froude time scale of 1:10. As
well, the water dgfth of 0.43 m (43 m prototype) is'within the
range of daﬁﬁs’ n which such caisson structures are deployed.
On the other hand, water related phenomena, which were a key
part of this experiment, were ‘not scaled properxg, and it
would not be‘»possible to make any quantitative predictions on
prototype behaviour based on the results of this expetimen't.

5 Comparison with Other Experimental Work

Liu(1985) considered wave induced pore pressures under a
caisson with a continuous bottom. The results of his work

are compared with these experimental results, noting that
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there are some differences between the two cni;e. The
physical model used in this work consisted of two concentric
cylinders connected on the bottom, with ‘a sand core, w‘hila
Liu(1985) considered a continuaus bottom. ' As a result, the
boundary conditions cﬁange and the solution of’ the\velncity
-potential would result-in different expressions for the bure
pressure field at the calsson bottom in each case. Also, no
upm;rd seepage is allowed in Liu(1985) while seepage would

take place in the sand core in this experimgnt.
e

Liu(1985) defines a pressure coefficient, C, = p/P,, where P.'

is the wave. induced dynamic pra’ssute‘on the sea bottc}l\,"and P

. is. the pore water pressure. He presents graphs of C, as a

function of the distance, x/B, measured from the front toe of

the structure, where B. is the caisson width. ' He shows a
number of plots, using kB, the wave number times the caisson
width and d/B, soil depth divided by caisson width as
parameters. Cp w::s calculated and the results shown in Table
9.

The trend in these results are similar to Liu(1985) in that

with 4 ng , the p c, 1

Cheng and Liu(1986) compared experimental results of pore
pressure measurements with those predicted by the Putnam-Liu
solution and a poroelastic solution and found that the Putnam-

Liu solution over predicted pore water pressure resgonse, the
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poroelastic solution gave results that agreed more with lab

data and as i . the with lab data

/\ - Eets poorer. .

The results of this experiment show that the Putnam-Liu
solution *ends to over predict the pore pressures, as shown
in Table 10., The ratios shown in the Table are the pore
pressure predicted by the Putnam-Liu solution divided by the

measured pore pressures without the model in place.

For the transducers located in the silt, the Putnam-Liu
% solution over predicts at the' lower frequencies and under
predicts at the higher frequencies, which is opposite to what

g'hang and Liu(1986) found. As the frequency decreases, the

agreement with the Puti iu solution better.

v '
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f
6.1 Conclusiogg

1. Linear Havej’ theory accurately px:edicted ‘the mngnitude of
the bottom pribaura wave.*

2. ¢ Putnam“Fiu solution to Darcy's law, whlch\z::s used to

estimate pore jpressures, in this experiment, does

for soil properties, snd is a limited form of a more general

t ucuﬂunt

solution to ‘{ is type of problem.

‘\
3.. In the éand the measured preieurea woxs dower than
predicted and showed a'phase lag. This was idely due to a

ama1l amount .of air in the sand. s

4. In the silt, the measured pressures were generally higher

than predicted and did not show a phase lag.

- .
5. The soil wave tank performed well in the expariment except
for some minor instrumentatlcn problema. The pressure

transducers were not the best choice for measuring the very

small and ‘the pi ic stones’
used wer§ not robust enough to stand up to the long testing
period. !

6. The model was too large for the wave tank. It caused a
. v .
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great deal of reflected wave energy and obscured the. data .
) 7. The transducer located in the sand core 12dicated build up
of Apore pressure qver time. There was no build up of pore

pressure noted in the silt.

6.2 Recommendations .

1. 1f further work is to be carried out in the soil-wave.tank,
it would be useful to carry out a study to define the
operating characteristics of the system, particularly the
reflection coefficient of the beach as a function of freguency
and stroke and the wavem;ker ch.araétetistics.

2. It is, difficult ;nd potentially dangeéous to change the
stroke of .ehe L ofr the p al fqr the

wavemaker to collapse. A 'better method to do so should .be

< designed.

3. As part of’racd/mmendd wave tank operating study, the

matimum model size should be investigated.

4. 'More robust instrumentation should be used to measure pore

« The pi c s(:ones‘rera not strong enough to
stand up to the rigors of beirg buried and subjected to long’
tﬁm wave loading. The D(uck |r‘|1n1ature pore pressure
transducer may be the best choice for this type of wo;k.




TABLE 1

Scale Factor Comparison for Fro\)de and  Reynolds Numbers

Froude

Reynolds C

: ,\ ’ Time 1/N2 /N
7 Velocity N . /N
where N is the geometric scale factor s

e, ,
[

| : I

|

: TABLE 2 R
. !

o |
| . - iy <
.Scale Factors Used.Based on the Froude Number
]
Length 1:100
Velocity 1:10 d
. ~
Timg ' 1110
\ ) .
" Stress/Pressure 1:100
-



TABLE 3

Comparison of Actual and Theoretical Wave Heights
Bhz) s Hr Hp g o
0.63 27 28 27 41 1.48
0.63 34 39 37 52 1.41
0.63 4 a7 45 63 - 1.40
0.63 48 55 56 78 1.32
0.63 55 85 65 84 1.29
0.81 27 42 40 60 1.50
0.81 34 55 ss 75 1.36
0.81 41 67 67 91 1.36
0.81 48 579, 86. 106 1,23
0.81 55 90 100 ‘122 1.22
1.00 27 45 40 75 1.88
1.00 34 75 66 95 1.4_i
1.60 41 83 78 14 146
1.00 48 90 89 " 134 1.51
1.00 55 110 196 153 Yiaa
1.15 27 68 * 68 83 1.22
1.15 34 90 8 ' 105 1.22
1.15 41 110 103 126 1.22
1.15 ‘48 115 106 . 148 1.40
1.15 - 55 140 124 169 1.36

Hr = height messured by ruler. Ht = theoretical height.
Hp = height measured by wave probe. § = stroke.

All dimensions in millimetres.
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TABLE 4

Burial Depth of Transducers. (m)

Transédcer With Model
1 " o.611
2 0.340
3 0.162
ks 0.425
TABLE ;

No Model
0.377
& 0.000
0.162

0.192

Actusl and Theoretical Bottom' Pressures

0.63 6.90 6.84
0.81 5.16 * 5.20
LY
1.00 3.18 3.40
1.15 2.36 2.18
62

" Freg.(Hz) Po/Hp(Ac) Po/Hp(Th) Diff£(%)

+0.9

-0.8

-6.5

+8.3°




F(hz) S(mm) Trl

0.63 27
0.63 34
0.63 41
1 0.63 48

0.81 27
0.81 34
0.81 41
0.81 48
Avg.
Theo.
1.00 .27
1.00 34
1.00 41
1.00 48
Avg.
Theo |
1.15 27
1.15 34
1.15 41
1.15 48
Avg.
Theo.

3.10
2.58
3.48
3.74
3.23
3.74
1.80
1.25
1.68
1.46

1.55

2.14
0.97
1.00
0.74
0.81
0.88
1.00
1.00
0.53
0.63
0.55
0.68
0.49.

TABLE 6

Comparfson of Actual and Theoretical Pore Pressures
]

No Model

Tr2
6.59
6.96
8.42
7.69
7.42
7.79
6.09
6.:11
5.59
5.92
5.93
6.64
2.31
3.90
3.76
3.32
3.32
5.16
2.62
2.64
3.05
3.13
2.86
4.03

T3
4.87
5.44
4.63
6.23
5.29
5.38
4.23

4.84

4.47
4.81
4,59
3.41
2.26
2.68
2.23
2.46
2.41
1.71
1.46
1.03
1.44
1.42
1.34
0.83

where F = f_tequancy(Hertz),

Note that all pore pressures have been divided by wave height. -

Tr4
1.44
2.31
2.03
1.83
1.90
5.08
1.4
1.00
1.28
1.20
1.16
3.50
0.48
0.50
0.68
0.60
0.57
2.13
0.62
0.57
0.55
0.55
0.57
1.32

Tr1
1.81
0.76
1.67
0.78
1.01

1.08
0.45,
0.54
1.20
0.82

2.31
3.91
2.38
0,85
2.36

3.26
3.68
0.92
1.99
2.46

Model
T2
2.08
1.88
2.05
1.21
1.81

0.88
0.75
1.13
2.34
1.28

121

0.75
0.87
1.23
1.02

0.93
0.61
0.34
1.88
0.94

T3
8.89
9.91
1.0
2.44
8.07

2.00
2.06
2.44
1.96
2.12

4.51
3.20
1.83
1.95
2.87

1.96
1.42
0.96
3.04
1.85

§ = wavemaker stiroke(mm)

Tr4
0.69
0.27
0.87
0.79
0.66

0.40
0.23
0.65
0.88
0.54

0.77
0.61
1.59
1.69°
1.17

0.59
0.95
0.26
2.42
1.06

ra




" TABLE 7

Phase Lag b-tuu.n W Probe and Transducers (sec)

Wave Probe to

Tr. 1,

2 and 4

Wave Probe to

Tr. 3.

o I

, to Tr.

2 and 4
3

0.63 Hz.

0.23

0.89

0.66

0.81 Hz.

1.00 Hz.

0.27

>
1.15 Hz.




TABLE 8
N Trensducer and Wave Probe Peak Response Times (sec

Figures -~ Tr#l Tr#2 Tr#3 Tr#d WP
3,353 V157 1.56 2.20 1.59 1.36
37,38,39 1.31 1.37 2.00 1.44 0.60 :
40,41,42 0.53 0.59 1.28 0.52 0.34 N .
43,44,45 0.81 0.91 1.70 0.91 0.16
46,47,48 0.81 0.81 1.50 1.00 0.62
49,50, 51 1.19 22 1.88 1.25 0.50
52,53,54 0.84 0.88 1.63 0.88 0.65
55,56,57 1.06 1.09 - 1.86 1.03 0.41
58,59, 60 0.72 °  0.72 1.25 - 0.72 \0.46
61,62,63 0.91 0.91 1.56 0.92 0.19
64,65,66  0.91 0.94 1l67 0.94 '0.89
5 67,68,69 _ 0.34 0.38 1.19 0.31 0.62
70,71,72 0.41' 4 0.4 1.03 0.53 0.23 .
R 73,74,75 - 0.56 0.59 1.22 0.63 1.14
76,77,78 0.31 0.36 1.13 0.41 0.09
4 79,80,81  .1.16 147 1.95 1.13 0.58
Tr = Transducer
® WP = Wave Probe
“ TABLE 9

_ Comparison of Pressure Coefficient with Liu(1985)
!

, Freg(Hz) kB C,(Liu) C,(my work)
5 0.63 1.96 *0.36 0.28
0.81 1.85 0.37 0.18
1.00 1.33 0.43 0.28
1.15 1.04 0.47 0.34
.
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arison of jults with Che and

0.63 Hz 0.81 Hz

1.4

0.8
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WATER WAVE ~ o

autga -

OCEAN

RIGID IMPERMEABLE

Figure 2 WAVE PRESSURES ON OCEAN FLOOR
\
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‘GRAIN SIZE DISTRIBUTION ‘ Data Sh..‘t 6
C Project Soil-Wave Tank Job. No.
‘ Location of Project — MUN Boring No. WT1-88  sampigno. -3 !
' Description of Soil _Lundrigan Silt DephofSample
Tested By. Cameron Datoof Testing _86°09-23 7 TN
Gravel Sand )
i \ ¢
Coarse to
aadiom; I Fine St Clay
1
/‘ U.S. standard sieve sizes
.8 < 2 R g2 8
£ £ ¢ ¢ ¢ 2
- i
|
AN :
I
= T
N . 1
&
z | J
J 8
s R I}
+
I
[}
I N
i N
1
-
. T i
o +
2 ) P .
: T
Grain diameter, mm -
Visual soil d
Soll classitication:
System
- o FIGURE 3
i # . 2
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GRAIN SIZE DISTRIBUTION

projeer _S0il-Wave Tank

70

Job. No.
Location of Project MUN BotingNo. Sample No,
otson Iceberg Tank Sand popy of sample
Tested By, _Cameron —_ Dateof Testing 86-09-23
Gravel Sand’
%
Coarse to
oAt I Fine D Clay
T
U.8. standard si sizes
el .
?‘ 2 2 8 4§ 2
! i
“ i i |
i i
|
N
LY [
. M} i
] :
£ ||| [
£ | 1 - i
8 Tl
£ il i
|
H 1
i Il
| |
t 1
i '
Ll I
i
| | |
LT 1y
° M S 8 @5© &
E g ¥ ®E 3 g3
Grain diameter, mm
Visual soil
Soil classification:
-
Systom
FIGURE 4




VENT TO 10 CHANNEL

; / AMPLIFIER
v .
,\D_" .
3mm PLASTIC TUBING
TO PIEZOMETRIC STONE
_, \ .PRESSURE
: TRANSDYCER
- )
13mm PLASTIC *

TUBING TO BURETTE [

CROSS

PIEZOMETRIC STONE

3mm PLASTIC TUBNG 2 Ny
TO CROSS

BRASS FRAME

mnm

TENSIONER

“SWAGELOCK"
FITTINGS

PIEZOMETER

Not to Scale

» Figure 5 - CROSS AND PIEZOMETRIC STONE
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< Figure 1 — Trans. 1 and 3. — 0.63 Hz.
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Figure 16 — Trans. 1 and 3. — 1.15 Hz.
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T6 determine ‘the \‘of ‘/{' , a'serles of

'gangiated and measured using a.capacitance wave probe and a

x 1-Capbration of Wavemaker - e .

Introdu n

For a flap type‘ wavemakaz:, thé wavemaker gain'factor, a/s, is

! . - . .
given by: ! -~
. \ .
a/s = 2*%sinh(Ad) * osh(Ad)+id*sinh(Ad \ ' -1
\ - ;
(Ad) * (Ad+sinh(Ad)*cosh(Ad))-
S )
where: . . x

a = wave amplitude, s = wavemaker stroke, 1= wave number, .

. d = water depth. -

B

. ) 3 g 5 5
waves of. di es and - was 1y
- g :

meter- stick with »mi]tlimetzaj Vdivisfons. L Thecretil%él wave
height§ were compuiad using the’ wavemasker -gagn factor for
wﬁter depf;h o.q |;| adjacent to the wave‘maker. Table 3‘ s‘hows
the wavemaker stroke, wave heights méasured by the ruler and
the wave ‘prpbe, the theoretical wn\'ré heights and the ratio of

theoretical to actual wave heights measured by the wave probe.
" 2 P

Observations

1. The wm}e heights measured by the meter stick and wave probe g

. . \ )
agree closely' for &mall waves and low frequencies. but vary

201




i
2. Using Equaﬂon 1

vhaights ! wete 3 1 ‘m*-ﬂ" that /s

t eoretienl» wave hei.ght: Lg highet than tho measured’ wav.

haight. The’ avarags nvet-sstlmutes wera: 0 63 Hz.-.’!Bt, P,B}

Hz.-SS%,‘ 1.0 Hz.-—56%, .1.15 HZi- 28&.

3. A11 waves were theoretical).y baluw the btenkinq 11m1t oi T
. Hp/L = 0.142 which is pted!.cted by 11neet wave theory.‘ % ;

4. WAVQB of 1 Hz. and 1.18 Hz. umdeep wLar wnvn (d/l. ¥ i
. 4
0.5). 'l'ha lowar fraquency waves we:e trenaitienal. wavas, 1f

' the water depth over the soil bed is used to calnulate the.

tatio d/L, then all waves are t:unsitional. L i

-

biscussion .. 3 ’ s % 7
AASince waves . were measured‘ by the ‘wave pvhe,r it was riot =
necassary to define the operating charactsristius of the
‘wavamakar! However, the limited (_:eati_ng and canbnﬂ.on does
s " ‘inaicate ¢t the theory of Hyun (1981) is not adaq‘\;ata to'

) predict wave  heights in a ‘tank cox’:figured-_ui-_l:h two depth

P z!'agimes; Wave heights wére consistently avere?g:imutsd by an

average of 39% The loss in wave energy is ikely due to
: absorption in the soil bed and on the ‘initial| sloping beach®

in front of the wavemaker. E .




Appendix 2 , o g

, Pore es-Actual end Th tical ' .

. Soil Bed Alone-0.63 Hz.  AC. ™. Ac. - m.
: ° str(mm) ©  Hp(mm) ' TL(Pa) Ti(Pa)  T2(Pa) T2(Pa) °
27 39 -61 ~73 -130 -152
: 60 7 127 D 1s2 -
u 44 -64 -90” / -164 -188 ]
90 170 | 188 o
Qe 60 -112 -230 -235
’ RS 12 275 235
i a8 e -122 -270 -254
: : 115 12 230, 254 -
. | . .
L 0.63. Hz. ) - AC. TH. . Ac, THy #
oSttom) o Hpam) . TPa) L TGa) | TeGR)  T(PA) |
27 39 S -0 =105 -26 ¥ 99 R
’ " T 105 "/\'30 TN i
34 @ - -1 -129 . -60- -122 T
o “1 . 120 51 122 -
o 60 -121 -162. - -s6 -153
voaw © ez - 66 153
@ e C -5 . -izs . -s6 -166,
. + .. 20 5. 83 166




AC.: TH.

‘Str(m) © Hp(mm) 13(P8) T3(Pa) * © Té(Pa) : TP ).
. & - . z 5
27 . a8 = w0 . . . 75 - 25, -7,

et 86
55 136




s’ a1 123 g 160

- N 82 -2 -4 -160 -213 i
= ) 50 a 160 213
a 100 -6 - 50 - -182 -259
Cow 50 198 259 ‘
@ 110 -52 s -200 -268
¥ 5 - 165 285
' 1.00 Hz. i ac. TH. © AC. H. i
ste(®n)  mp(mm) - . T3(Pa) T(Pa) . T4(Pa) T4(pa)
27 151“ -70 -53 -15 66
] 70 7 , 8 § s " 66 . Z
3 faz . 10 o -a ‘-'aa' i
— = . 100 * 70 T 20 88
a 100 _ -2 . -85 -38 “107
s i ’ 85 ) 30 _ 107 )
) ' 110 a1, e -38 -117
= ERTY 9 28, 117




1.15 Hz.
Str(mm) -  Hp(mm)

27 - 65
s e
a1 94

.n‘\
48 -, . 110

'l3j Pa) Td(lil! ‘l“sl_’ !

=27

7.
#36°

36

-20
i20

—25.

25
-
30

-30

30

“TH..

-‘;‘ :

pe




With Model-0.63 Hz. (All values are actual)
-~ Str(mm) ~ Hp(mm) T1(Pa) T2(Pa) . T3(Pa) T4(Pa) /

27 36 10 -%0 -+ -150° 5 = ;
- 5 a5 - 170 2'0\ / o
34 33 .o 28 -150 1 o B
- : s 25 T34 177 8 //
S SR 11 T . -30 Beo 12 ,’/
& —a 50 . 250 22
a8 89. C-44 -36 -72 © -;(6 .
' 25 72 145 /60 .
, A
: 0.8l Hz. . “
Str(im) Hp(mm) . mee) T2(Pa)  T3(Pa) . T4(Pa)
27 v60 " 20. . -0 " -40 7 .
’ . a8 " 34 80 }4 '
34 € - & a0 o " 63 ¥, )
i




1.00 Hz. 3 S ande
‘Str(mm)  sp(mm)’  TL(Pa) . TA(Pa) . T3(Pa) . T(ra)’

27 D) 30 d -10 82 P8
TR ; 60 0 102 - 20
. ) ; T ¥
!u. n 44 72 . -7 2 ©%6. .. 1u
o ) 100 26 108 16

.63 ) =+ & & ea .. _do

* 100 60 167 . &
mwo 20, I ° o
74 92 - 214 12
1.15 Hz. # ) N 2
‘Hp(em) . TL(Pa) . T2(Pa)  TO(PR)  Td(re)
.46 . 50 -7 - 13 5
ez, * 3 s 16
74, ta2 " C -5 s 20
’ 160 . -. 40 100 - 50
108 " 93, -17 42 26 .
£ 156 75 ‘130 a3 k.
120 89 /n(\ 85 0. . A
150 140 280 160 3

v\‘ ‘o




Appendix 3
Beach Reflection Coetficient . » .

The absorpfion of wave enex“gyw a beach is not perfect; as
a rgsult part of the incident wave is refiected dnd a standing
wave is set up in the wave tank. As a result; wave height is
not the seme at all points; but varies with distance £rom the
wavemaker. Ursell(1960) found that if the maximum and minimum
values ‘of the variation are denoted by Hm'ax_ and Hmin, .the
Yreflection coefficient, Er, may be computed as

| Er'= (Hmax-Hnin)/(Hnax+Hmip)

7 \

Procedure

~ L

To determine Er, the variation in wave heights was measured
by attaching two wave probes -to the ‘travelling carrfage in
‘the-wave tank ah:i moving the carri'ag; down the Eank_' while
waves' were being gensfated. The output from the probes vas
Qirected to a strip chart recorder andthe variation in wave

height measured directly from the chart.

Results
'The calculated reflection coefficient ranged from 7 to 10
percent. )




'regrassicns were calculated for thé - data gnmmtad md the

* Pore Press

Kppendix @ . .« . ) . T

Calibration.of = n

Wave Frobn

.The wave probe was.calibrated by- 1ower1ng it nnd r.xss.ng in

fhe water 10 mm intervals and recotding the output vo].thg

Two probes were used .and a " numbar of trials Tun. Linear

following relationships natablishod for the wuve probes. . '_
. s

Probe 1: H(mm) = 0.59 * voltage (mV)

Probe 2:  HK(mm) = 0.60 * voltage (mV) -

The pressire transduc;:;.-s tubing, porous -stones  and

electronics were calibrated by varying the head on them’ at v

fixed i and e g ' the output . voxt-gn.

L P varied dépending on . the tank was

being filled or emptied and whsthe!' the piezometric stones

were burled or on the surface. For thework with, the model’

in place and the stones buried, the tank was empt}ed,'nnd. P
£i1led a number’ of times and an ‘average vslue used to . ;
deteimine ‘the proper calibration factors.' Amplifier gain / e
was inGFeased to 200 before the model was installed to attempt

o redice the noise. This appeared to be guccessful, as the e

data collscted wag less nolsy than dats collected at a gain
0£720.. The calibration factors used were: . oy
P ;

+210 - <




= o 'l‘ranlsdu;:u- 1:
4 "l'r:naducor 2:
' “Transducer 3:

-Transducer 4:

H#y

Pore Pressure(Pa) = 53400

Pore Pressure(Pa) = 53400

Pore Prasmu‘a(ra)‘»- 56600 ?

Pore Pressure(Pa) = 53600

-
211
.

AL DT

*

*

*

voltage

voltage
voltage

wvoltage

(mv)
(mv)
(mv)
(mV)
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