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I learned this at least by my experiment : that if one advances confidently
in the direction of his dreams, and endeavors to live that life which he has
imagined, he will meet with a success unexpected in common hours. He will
put some things behind, will pass an invisible boundary; new, universal, and
more liberal laws will begin to establish themselves around and within him.
If you have built castles in the air, your work need not be lost; that is where
they should be. Now put the foundations under them.

Henry Thoreau, Walden



Abstract

lee scouring occurs when drifting ice masses impinge upon and move through seabed
sediments. It is a prevalent phenomenon over vast areas of the continental shelf regions
of the Arctic Ocean and the Canadian east coast. This ice - seabed interaction represents
& critical design consideration for marine pipelines associated with the production of
offshore hydrocarbon reserves. Pipelines must be designed to accommodate loading
transmitted by scour - induced soil deformation below the depth of ice intrusion in a safe

and cost - effective manner. A rational design must therefore i

a deterministic model which provides reliable predictions of the magnitude and extent of
the soil displacements generated during a scouring event.
This di ion describes i and

to gain a better understanding of ice scouring effects on seabed soil. The experimental

a series of nine i model tests. In each test, an idealized

scouring condition was simulated in an instrumented specimen of saturated clay to permit
measurements of the stress and deformation fields developed in the soil, the contact
pressures and resultant forces acting on the model ice feature, and the qualitative effects
of scour on buried model pipeline segments. Test variables included the prescribed soil
stress history, the attack angle and width of the model keel, and the scour depth attained

for steady - state iti Centrifuge ing was i as a valuable tool by

which to obtain insight into the mechanics of the ice - soil interaction, and yielded
quantitative data applicable to well - defined events. Soil displacement measurements

exhibited variation which was dependent upon the initial state of the soil, and was also



influenced by differences in applied stress paths resulting from changes (o boundary

conditions in individual scouring events.

The finite element method was evaluated as a means for prediction of the soil

response under idealized scouring conditions. The adopted two - dimensional numer

representation incorporated a finite strain formulation and the soil was modelied as

two - phase nonlinear elastic - plastic material. Preliminary verification of the numerical

approach was provided through comparison of the anal; with dat:

cyuired in

representative centrifuge tests. Appropriate characterization of the effects of

scouring

required si ion of large it with steady - state conditions, w

imposed constraints on implementation of the analysis and discref

zation of the soil
domain. The numerical representation provided adequate approximation of the effects of

scouring for compressible soil behaviour, where an cvent wa

characterized by continuum

distortion or flow, and volume change due to loss of material

in the scour path was

balanced primarily through compressive deformation beneath the inci
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Chapter 1

Introduction

1.1 Background
1.1.1 Ice Scour

Curvilinear sea bottom gouge features which are typically one half to two metres in
depth, tens of metres wide, and hundreds of metres or several kilometres in length are
found over vast areas of the Arctic and sub - Arctic continental margins. These features
are attributable to the process of ice scouring which occurs when drifting ice masses
(icebergs, sea ice pressure ridge keels and ice island fragments) impinge upon and move
through seabed sediments. The principal motivation for research pertaining to this
phenomenon arises from the hazard posed to marine pipelines and other prospective
subsea installations in cold ocean regions. Considerable literature exists regarding ice
scouring, including field, experimental, and theoretical studies (cf. the bibliography
edited by Goodwin et al., 1985). The developing understanding of ice scouring and
related design issues for marine pipelines was recently summarized at an international

workshop (Canada Oil and Gas Lands Administration, 1990).



In North America, comprehensive field studies of ice scour have been undertaken
in the potential production arcas of offshore hydrocarbon reserves. which include the
continental shelf regions of the Arctic Ocean and the Canadian east coast. The bulk of
available information on scour form and distribution are derived from sidescan sonar
records (Figure 1.1), including rates of scour generation evaluated from repetitive
mapping surveys. Scour surface morphology is also defined based on high - resolution
sub - bottom profile data and, less frequently, through direct visual obscrvations during
diver or manned submersible investigations (Figure 1.2).

On the Arctic continental shelves, most scour features are formed by the deep
keels of sea ice pressure ridges. Average scour dimensions for the Canadian Beaufort Sca
are summarized in Table 1.1 (Lewis and Blasco, 1990); however, current dimensions
may deviate from referenced values as the result of ongoing revision of the existing scour
database. The seabed in this region is effectively saturated with long, curvilinear scours
in water depths ranging from 10 to 40 m, and recent or new features are apparent in
water depths up to 72 m. The average scour is 0.5 m deep (7.1 m maximum) and 26 m
wide (1375 m maximum). Scour lengths are estimated to be on the order of scveral
hundred metres to kilometres, with a maximum recorded value of 13 km (Hnatiuk and
Brown, 1977). Scouring rates as high as 8.2 events / km / year for the 22 to 25 m water
depth interval, have been determined from repetitive mapping programs; although, there
is considerable variation in the frequency of scour formation with changes in both
geographical location and water depth on the shelf (Lewis and Blasco, 1990).

Along the eastern Canadian seaboard, ice scouring is associated with scasonal

incursions of glacial ice in the form of icebergs. Survey data from the Grand Banks of



Figure 1.1 500 kHz sidescan sonar image (swath width 75 m) showing
ice scour features at 15 to 25 m water depth interval in Resolute Bay
(courtesy of the Atlantic Geoscience Centre)

Figure 1.2 An underwater view of a small ice island keel scouring into
unconsolidated sediments (courtesy of the Geological Survey of Canada)
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Table 1.1 Ice scour dimensions for the continental shelf of the Canadian Beanfort Sca
(source : Lewis and Blasco. 1990)

Parameter Dimension Survey Population
Mean Scour Depth 0.5m 10 385 events
Extreme Scour Depth 7.1 m (45 m water depth)

Mean Scour Width 26 m 66 549 cvents
Extreme Scour Width 1375 m

Scour Length 510 10 km estimated

Mean Berm Width 153 m 100 events

Mean Berm Height 0.7m 100 events

Newfoundland (Fader and King, 1981: Lewis and Barrie, 1981) reveal a relatively low -
density population of modern iceberg scours and iceberg - created seabed pits (Mobil Oil
Canada Ltd., 1985; Barrie et al., 1986) at water depths less than about 230 m (within
the limit of observed iceberg drafts). The cross - cutting pattern of curvilinear furrows
with parallel side berms displayed in extensively scoured regions is comparable with the
observed seabed morphology in the Beaufort Sea. Relic scour formations are
differentiated on the basis of discordant trends, dense occurrence, and the presence of

features with greater di ions. Table 1.2 lists istics for the sparse

of modern scour features on the Grand Banks in comparison with survey data for other

scours on the continental shelves off Baffin Island, Labrador and Newfoundland,

including relict features in deeper waters (Geonautics Lid., 1989; Lewis and

Blasco, 1990). The majority of measured scours within the water depth range of modern

iceberg drafts are less than 2 m deep, and the widths of most scours range hetween

20 and 60 m, with rare c.~urrences exceeding 100 m (Lewis and Blasco, 1990). The
4



Table 1.2 [Ice scour dimensions for the eastern Canadian continental margin
(source : Geonautics Ltd., 1989; Lewis and Blasco, 1990)

Parameter Grand Banks Canadian east coast
(modern features) (all ages)

Mean Scour Depth 1.3 m 1.6 m

Extreme Scour Depth 5.0m 11.5m

Mean Scour Width 25m 58 m

Extreme Scour Width 100 m 330 m

Scour Density 0.3 events / km 4 events / km

Water Depth Range down to 200 m down to 750 m

Survey Population 407 events 21 000 events

frequency of scouring on the Grand Banks is not well known and may be expected to be
highly variable, reflecting deviations in the annual flux of iceberg incursions. Maximum
long term scouring rates on the northern exposed margin of the Grand Banks on the
order of 1 event / 100 km? / year are predicted based on available iceberg arrival data

(Lewis and Parrott, 1987; Lewis et al., 1988).

1.1.2 Marine Pipelines

Development Scenarios

Marine pipelines offer a potentially safe, reliable, and cost - effective mode of
conveyance for offshore hydrocarbon reserves in cold ocean regions. Pipeline transport

is not on the iling climatic it and may provide a less

to tanker transport in ice - covered waters. To



date, no major oil or gas pipeline has been installed in arcas which are subject o
scouring by sea ice or icebergs. At present, the Hibernia Field on the Grand Banks of
Newfoundland is the only actively scoured area under development for oil production
(Bruce, 1991; Chipman, 1992). Seabed soil and ice conditions in this region make it
prohibitive to deliver oil and gas to market through marine pipelines, and tanker transport
is an integral component of the proposed ion scheme. The will
include subsea flowlines as a part of the collection system local 10 the Gravity Base

Structure, in addition to pipelines which will export crude oil to offshore loading sysicms
situated approximately 2 kilometres away from the structure. The future exploitation of
smaller fields off the Canadian east coast may be expected to incorporate some aspects

of the following development approaches : multiphase pumping and flowlines for subsca

seasonal, mobile ion systems, and; iceberg detection, avoidance,

and management programmes (c.g. Lever, 1991).
In Arctic regions, there is potential for a considerable system of offshore oil and
gas transmission and gathering pipelines (K.R. Croasdale & Associates, 1994). The
Panarctic Drake F - 76 project the feasibility of ion of a subsca gas

well connected to onshore process facilities through a 1200 m flowline bundic, from
fields off Melville Island in the Canadian Archipelago (Palmer etal., 1979;
Brown, 1990). On a much larger scale, Gulf Canada Resources Limited cvaluated
production from the Amauligak Field in the Canadian Beaufort Sea, with continuous flow
to shore via marine pipeline, over a distance of approximately 50 kilometres
(Rogers, 1990). In general, the interaction of ice with the seabed is the most important
design consideration for all marine pipelines planned in association with oil and gas



production in the cold ocean regions of Canada. Pipeline design issues related to ice
scouring must also be addressed in regions of the Russian Arctic where offshore
developments are proposed, including areas adjacent to Sakhalin Island (e.g. Truskov and
Surkov, 1991; Skurihin et al., 1992) and in the Kara Sea. Most recently, a major project
has been initiated to expand production of onshore gas fields on the Yamal Peninsula in
northern Russia, which involves the construction of six large - diameter pipelines across

Baydaratskaya Bay over a distance of approximately 70 kilometres (Palmer, 1994).

Pipeline Safety

The forces imposed directly on the seabed during formation of a typical scour feature are
large enough to cause severe distress to an unprotected, conventionally - designed marine
pipeline, likely accompanied by rupture and loss of containment. Simplified calculations
(Palmer et al., 1990) show that loads anticipated during scouring events are one or two
orders of magnitude larger than anchor forces, which are known to cause damage. It is
not practicable to design a pipeline system which is able to withstand the large forces

applied during direct ice contact; at least not over i distances at an

cost. It follows that the pipeline must be protected by burial. The selection of a safe
burial depth may determine the viability of pipeline transport which, in some instances,
may render development of the oil or gas field uneconomical. Incremental increases in
the design depth beyond limits achievable using conventional pipeline trenching methods
may result in nearly exponential increases in projected costs (e.g. McKeehan, 1990).
In order to evaluate the risk of direct ice - pipeline contact associated with a
particular burial depth, the following two conditions must be resolved : (1) the

7



probability that an ice keel will intersect the prescribed pipeline route during the time
interval of interest, and: (2) for a given ice keel traversing the route, the probability that
the depth of scouring will exceed the burial depth of the pipeline. The overall risk of

failure due to direct contact may then be established with col

ration of both
intersection and depth exceedance (Comfort et al., 1990). An extensive base of
information has been compiled on the distributions of scour characteristics in the
Canadian offshore including scour depth, width, orientation, and spatial and temporal
frequencies (e.g. Gilbert et al., 1985; King and Gillespie, 1985: Gilbert and
Pedersen, 1986; Gilbert et al., 1989; Geonautics Ltd., 1989). The seabed scour data may

be used in probabilistic analyses to provide a itative risk for a prescril

pipeline route (e.g. Det norske Veritas, 1988; Murray et al., 1990). Alicrnatively, ice

environmental data may be applied explicitly in the prediction of ice - pipeline encounter

(e.g. Pilkington and 1981; Wadhams, 1982); however, at present,
this approach is limited by deficiencies in the available ice information, including a lack
of sufficient continuity in coverage or resolution of imagery or mapped data. It may bhe
possible to use ice information to augment the seabed scour database by relating the
differences in ice regimes to observed scour distributions, by correlating between actual
ice features and specific scours or groups of scours, and by developing new scour rate
predictions based on ice parameters (Dickins et al., 1991).

An implicit assumption of early ice scour research was that a buried pipeline
would only be endangered if it was located above the base of the scouring ice keel. A
pipeline may, however, also be damaged in a circumstance where the ice itself did not

contact it directly. The large forces exerted on the seabed during a scouring event must



be transmitted to the soil beneath the scour, inducing high stresses and possibly causing
large deformations. Experiments carried out in a laboratory scour tank facility
(Poorooshash et al., 1989; Poorooshasb, 1989; Paulin, 1992) supported evidence from
investigations of relict features and small scale field observations (Woodworth -
Lynas, 1990, 1992) of large sub - scour soil movements. Furthermore, in recent studies
(Palmer et al., 1989, 1990; Golder Associates Ltd., 1990), it was demonstrated that the
response of a pipeline subject to scouring will be predominantly dependent on the soil
deformation induced in the vicinity of the pipeline. The maximum stresses that can be
transmitted by the soil are limited by its strength, and, for most soil conditions, a typical
marine pipeline can be expected to safely resist these stresses without incurring excessive
strains (Been, 1990). A pipeline situated in a zone of large soil deformation below a
scouring ice keel will be deflected as a flexible structure, unless the soil is very soft and
able to flow around the pipeline (Figure 1.3). The soil subjected to failure stresses will
bhe moved over large distances causing pipeline deflection and associated distress.

The safe burial depth of the pipeline must therefore be established not only below
the maximum depth of ice intrusion, but also beneath a zone of excessive sub - scour soil
deformation. The implication of the latter condition is that in order to facilitate rational
pipeline design methods, a deterministic model is required to provide reliable predictions
of the magnitude and extent of soil deformation during a scouring event. Once soil
displacements are defined. pipeline performance can be evaluated. The development and
verification of an appropriate model of ice - soil interaction is dependent upon the
availability of quantitative data on the effects of scouring, applicable to well - defined

events which are relevant to anticipated full scale situations.
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Figure 1.3 Plan and side levation views of pipeline movement in a zone of large soil
deformation beneath a scouring ice keel

1.2 Previous Work

The majority of research involving i and ical i igations of the

effects of ice scouring has been undertaken over the last two decades. Early laboratory -
based studies were carried out within scour tank facilities constructed at the Memorial
University of Newfoundland (e.g. Chari, 1975, 1979 and 1980; Chari and Peters, 1981;

Chari and Green, 1981; Chari et al., 1982; Green, 1983; Prasad, 1985, and; Prasad and
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Chari, 1986). Small scale physical model studies were also conducted by Arctec Canada
Limited (Abdelnour and Lapp, 1980; Abdelnour et al., 1981, and; Abdelnour and
Graham, 1984). This work provided insight into the parameters which influence the
forces applied to the seabed during a scouring event. In general, the experimental work
was used 1o verify theoretical models for the prediction of the scour depth, for given soil
conditions, of an idealized ice feature subject to specified environmental loadings.
Early theoretical representations of ice scouring included the dynamic model
proposed by FENCO (1975), and the work - energy models of Chari (1979) and
FENCO (1975). In the dynamic model approach, the differential equation of motion was
;olved numerically in a time series fashion for all applied external loads, including soil,
wind, wave, pack ice, and current forces. The horizontal soil reaction was calculated
using Coulomb's trial wedge solution with a plane failure surface, assuming full
mobilization of the passive pressure. The vertical soil reaction was calculated either as
a plastic material, based on the ultimate bearing capacity, or as an elastic material
characterized by spring constants. In the work - energy model approach, energy balance
considerations were used to estimate scour depths. The initial kinetic energy of the
iceberg, together with the work done by current - and wind - drag forces, was equated
1o the work expended in ice scouring of the seabed. The work done at the seabed was
used to overcome the fully mobilized passive soil resistance as given by Coulomb's earth
pressure theory, for an idealized keel geometry with a vertical scouring face.
Chari (1982) extended the model by incorporating the method of stress characteristics
(Sokolovski, 1965) to evaluate the soil resistance. Comfort and Graham (1986) reviewed

the available theoretical models of ice scouring and concluded that they were best suited
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for the following applications : (1) assessing the risk of damage (through direct contact)
to buried pipelines by icebergs: (2) estimating scour pressures on buried installations,
and; (3) predicting scour potential in areas where field data is scarce. The models may

also be employed to set physical limitations on i scour depths,

with extreme values of the expected driving and .esistive forces.

Research related to soil ion and i isms of failure during
scouring has been relatively limited. The first compelling evidence of large sub - scour
soil movement was obtained from onshore field studies of relict iceberg scours exposed
on the former seabed of glacial Lake Agassiz in southeastern Manitoba (Figure 1.4)
(Woodworth - Lynas and Guigne, 1989, 1990; Woodworth - Lynas, 1992). Detailed
‘mapping of the sidewalls of an excavation through a large scour approximately 50 m in
width, revealed well - defined shear planes in overconsolidated clay, extending to at least
3 m below the base of the inferred scour incision surface (Figure 1.5). Sub - scour
displacements as large as 3.5 m were deduced from measured offsets of remnant
bedding. The shear planes plunged at an angle of about 25 degrees to the horizontal
whick: is comparable with the angle of internal friction of the Lake Agassiz clay. This
evidence suggested that the soil beneath the ice may have experienced a bearing capacity
failure with the formation of a Prandtl - type mechanism, in accordance with the solution
of Terzaghi (1943). Clark and Poorooshasb (1989) postulated two distinct modes of
failure during a scouring event. The first mode involved the ploughing out of ncar -
surface material and subsequent lateral movement from the path of the ice to berms on
both sides of the resulting scour incision. The second mode was that of a bearing

capacity failure, in which the downward movement of the soil wedge below the ice keel

12



Figure 1.4 Aerial photo of the study region near Lorette, Manitoba.
Relict iceberg scour features appear as prominent white lines in cross -
cutting patterns (courtesy of Chris Woodworth - Lynas, C - CORE)

INCISION SURFACE —

w=T N nERED KECHANISH

Figure 1.5 Cross - section through large relict scour showing mapped shear planes and
deformed bedding beneath the incision surface (after Woodworth - Lynas, 1992)
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is equivalent to the total volume of soil displaced from the scour trough less the total
volume of soil comprising the adjacent berm structures. The information obtained from
the study of relict scours in Manitoba prompted further field and laboratory investigations
to define the nature and extent of sub - scour soil deformation.

Field programmes were conducted by C - CORE, St. John's, Newfoundland to
investigate soil deformation beneath modern small scale scours formed by pan ice during
spring breakup on the tidal flats of the St. Lawrence estuary near Montmagny, Quebec
and at Cobequid Bay, Nova Scotia. Some of the results of these investigations were
described by Poorooshasb and Clark (1990) and detailed observations were presented by
‘Woodworth - Lynas (1992). The scour features studied were typically 0.5 to 1.0 m in
width, and ranged in depth from about 0.15 to 0.2 m. At the Montmagny site, the
scour - affected soil was a recently - deposited, very soft, brown silt which overlies a
stiffer marine clay, whereas the Cobequid Bay sediments consisted of soft to firm, highly
laminated tidal silts. Excavations were made through several of the scour tracks to obtain
visual records of the effects of scouring at the section, and to permit local shear strength
measurements using a hand - operated vane shear apparatus. The extent of soil
disturbance below the scour was estimated based on the shear strength measurements and
also through mapping of distorted soil horizons. This work provided evidence of sub -
scour soil movements in which the pattern of soil displacements was similar to the

morphology of the scoured surface. C ing of shear strength d

a poorly - defined zone of slightly increased strength immediately below the scour
incision. At Cobequid Bay, deflected sediment layering, small scale folds, and faults

were localized beneath and immediately adjacent to scour features. Sediment layers were

14



deflected vertically such that the i of deflecti imini with
depth 1o negligible values approximately 0.5 m beneath the trough of a typical feature.
On both edges of the trough, sediment layers were deflected upward over regions

0.8 m in width, ing with heave of the scoured surface. In addition,

some evidence of low angle shear plane development, similar to that observed below
relict iceberg scours in Manitoba, was obtained.

Laboratory studies undertaken by C - CORE within the scour tank facilities at the
Memorial University of Newfoundland included model tests conducted in both silt and

sand (P etal., 1989; F 1989; Paulin, 1992). The first set of tests

investigated the scouring process in a 0.4 m thick gravity - consolidated silt unit
possessing an average undrained shear strength of 4 kPa. The silt unit was overlain by
a clay layer of 10 mm thickness, with an average strength of 10 kPa. The entire model
seabed was saturated and submerged during testing. The model iceberg comprised a
series of aluminum plates assembled to form a complex prism shape. The model was
permitted to pitch and heave during scouring, and these movements were dependent upon
the stiffness of springs which formed a part of the mounting system. The model was
driven forward at a constant velocity of 0.06 m/s to create a scour. Tests were performed
at two different scour cut depths of 40 and 70 mm. The results were fully reported by
Poorooshasb et al., (1989). The effects of scouring were evaluated based on pore
pressure measurements and through observation of layer deformation. In each test, deep -
seated deformations were observed, which appeared to correspond with large transverse
movements in the plane perpendicular to the direction of travel. Pore pressure

measurements suggested that stress changes may be expected at depths less than about
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seven times the depth of scouring. Below the shallower scour, soil displacements were
recorded to a maximum depth of about 200 mm, whereas apparent remoulding of the
soil, with the obliteration of pre - existing laminae, occurred to a depth equal to twice
the scour depth below the deeper feature. In general, the effects of scouring observed in
these experiments tended to support phenomenological data acquired from preceding field
studies of relict and small scale scour features.

More recently, a series of model tests were carried out to investigate the scour
process in both dry and submerged sand (Paulin, 1992), as a continuation of the
experimental programme initiated by Poorooshasb (1989). In total, eight tests were
conducted, of which two involved submerged conditions. The model scabed was 0.4 m
deep, 3 m wide, and 5 m long, and was composed of silica sand prepared at specified
relative densities which were varied between tests, from 0 to 50 percent. The model
iceberg was constructed of aluminum plates, arranged in a regular polygonal shape with
a horizontal base and a flat inclined front face. The width of the model was set at either
430 or 860 mm for a particular test, and the attack angle of the front face was similarly
fixed at either 15 or 30 degrees to the horizontal. During testing, the model was
advanced at a constant velocity of 0.06 m/s. Two different scour cut depths of 40 and
75 mm were investigated.

The results of this test series provided further indication of the boundary
conditions and material states for which the effects of scouring may be expected to be
significant. Soil displacements were measured to depths below the initial surface as great

as 3.5 times the depth of scouring, and the hori: of di was

dominant. The magnitude and extent of the sub - scour displacements increased
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significantly with decreasing sand density. Soil displacements were restricted to a region
immediately beneath the model keel (within approximately 5 mm) for the tests performed
in sand of higher density. A change in the attack angle of the model iceberg from 30 to
15 degrees also produced a noticeable increase in the amount of disturbance beneath the
scour. For sands of different densities, relatively negligible sub - scour displacement was

recorded in tests where the attack angle of the model was set at 30 degrees. As scouring

in a test, ive strong di inuities, inferred as rupture planes, were
observed to surface both in front of and to the sides of the model iceberg. Paulin (1992)
concluded that vertical forces exerted during the model scouring events were of sufficient
magnitude to induce bearing capacity failure, based on comparison of calculated bearing
capacity values with measured vertical loads, together with evidence of upward vertical
displacement adjacent to the scour incision.
Poorooshasb and Clark (1990) reviewed the results of laboratory studies
conducted by C - CORE and submitted general conclusions as follows : (1) under certain

sub - scour ions occur in model tests in fine and coarse

materials; (2) in coarse materials, the deformations are largest in loose soils; (3) in
coarse materials, the effect of reducing the attack angle is to increase the force required
for scouring and to increase the amount of sub - scour deformation; (4) in coarse
materials, low strength zones appear to attract deformations; (5) in medium to dense
sands, the vertical total stress decreases and then increases during the approach of a
model iceberg; (6) the stress levels fall off rapidly as the distance beneath a scouring
iceberg increases in coarse materials; (7) in low strength fine materials, shear strains are

set up by the passage of a model iceberg at up to seven times the scour depth, and; (8) in
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fine materials, small surface deformations may coincide with significant sub - scour
deformations.

A 1/4 scale model test facility was established by Esso Canada Resources Limited
to obtain large - scale three - dimensional performance data on the behaviour of a buried
pipeline subjected to soil movements induced by ice scouring (Weaver et al., 1988). The
authors described the test facility and instrumentation, and discussed their effectiveness
in light of the results of three initial experiments. The apparatus included an ice keel
simulator which comprised a 1.0 MN reaction frame and a 3 m wide by | m high rigid
indentor. The indentor may be advanced a distance of 2 m at an angle of 20 degrees to
the horizontal, toward a 30 m long steel pipe section, buried up to I m in soil and
anchored at both ends. During a test, the pressure distributions on the pipe and indentor
were monitored using a variety of instrumentation, including devices developed
specifically for this experimental study. Test results were to be used to calibrate existing
analytical models of the ice - soil - pipeline interaction.

Considerable research into the effects of ice scouring and the response of buried

pipelines was recently by Golder iates Ltd. in conjunction with Andrew

Palmer and Associates Ltd. (Palmer et al., 1989; Been et al., 1990; Palmer et al., 1990;
Golder Associates Lid., 1990; Been, 1990; Palmer, 1990). The main objective of this

research was the of inistic models of the i ion between the

scouring ice, the soil seabed, and a pipeline buried in the seabed. To begin with, the

authors suggested a useful in which soil

and their effect on a pipeline. As illustrated in Figure 1.6, the soil displacement field in

the vicinity of a scouring ice feature was subdivided into three distinct regions : (1) an
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upper large strain Zone 1, above the base of the keel, in which the soil is first displaced
upward into a mound in front of the advancing ice, and is then moved laterally to berms
on either side of the resulting scour; (2) a lower large strain Zone 2, below the base of
the keel, in which the soil experiences large plastic deformation, and; (3) a small strain
Zone 3, in which the soil is subjected to stresses transmitted from Zone 2 above, but in

which the resultant soil dit are small and ially elastic.

Preliminary studies were undertaken to assess pipeline performance in each of the
aforementioned zones (Palmer etal., 1990; Golder Associates Ltd., 1990; Palmer, 1990).
For a pipeline situated in Zone 3, the potential for collapse under loading applied by the
soil was evaluated through the application of the lower bound theorem of plasticity. A
model was also developed to calculate the elastic stresses and strains in a pipeline buried
within this zone. In this model, the plastic stresses in the failing scoured soil were
computed, and stresses at the rupture surface were then applied to the elastic soil in
Zone 3. Both of these analyses suggested that a typical marine pipeline buried within
Zone 3 will be safe, and this conclusion was unaffected by moderate variations in
assumed parameters. For a pipeline located in Zone 1 and contacted by the ice directly,
analyses of plastic bending, denting, buckling, and tensile failure loads and stresses
demonstrated that severe damage or rupture may be expected. Finally, it was indicated
that in Zone 2, the safety of the pipeline would be dependent on the scour - induced soil
deformations. As such, the following requirements were considered to be the most
pertinent to pipeline design : (1) the assessment of the scour path and depth of scouring,
and; (2) the determination of the extent of Zone 2 and the soil deformations developed

in this zone.
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Figure 1.6 Schematic of axial section through scouring ice keel and zones of soil
deformation as defined by Palmer et al. (1989)

A work - energy model and associated computer program were developed to
predict the scour path and depth of scouring incrementally at small prescribed
displacement intervals (Been et al., 1990; Golder Associates Ltd., 1990). With this
model, it was possible to account for ice uplift, buoyant forces, ice flexural stiffness (for
a ridge within an ice sheet), driving forces due to wind and current, ice - soil friction,
and surcharge due to ploughed soil. User - specification of the attack angle of the ice
feature was also permitted. In addition, the model allowed for consideration of scouring
in a heterogeneous soil or in soils with varying strength - depth profiles. The soil
resistance was evaluated through passive pressure analysis based on the method of stress
characteristics of Sokolovski for a restricted class of problems in which the following

conditions were assumed : (1) development of a specific rupture mechanism including

the presence of i observed non - ing or dead soil wedges, and;
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(2) equality of the soil friction and dilation angles. The Sokolovski analytical method was
maodified to include the formation of dead soil wedges within the failure zone following
the procedure proposed by Hettiaratchi and Reece (1975). Simulation of an observed
Beaufort Sea scour (Scour EI documented by Shearer et al., 1986) demonstrated that
reasonable agreement with the measured profile could be obtained using the model.

Been et al. (1990) compared vertical scour forces derived from their generalized
passive pressure analysis with calculated bearing capacities, for a variety of seabed
stratigraphies and soil strengths. In all cases, the calculations were performed for a
constant scour depth and a constant ice keel attack angle at 30 degrees to the horizontal.
The following trends were inferred from the results of the comparative analyses :
(1) there is little potential for sub - scour disturbance in sand; (2) where clay overlies
sand, there is little potential for sub - scour disturbance when the depth of scour is near
the clay - sand interface; (3) in uniform clay layers, the potential for sub - scour
disturbance decreases as the clay strength increases, and; (4) there is a decrease in sub -
scour disturbance potential when a soft clay is underlain by a stiffer clay.

A study was carried out to predict the depth and size of Zone 2 (Figure 1.6)
produced by a passive failure mechanism (Palmer et al., 1989; Golder Associates
Lud., 1990). The upper bound theorem of plasticity was used to generate velocity field
solutions to the problem. A particular class of velocity fields was considered wherein
regions of uniform velocity are separated by strong discontinuities in which all shear
deformation and volume change is concentrated. A range of velocity fields was
considered and the solutions optimized to provide an indication of the expected depth of

disturbance. It was found that while it is possible to generate kinematically admissible
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velocity fields in dilatant materials that exhibit sub - scour deformations. these
mechanisms result in passive forces on the ice which are larger than those for velocity
fields which do not exhibit sub - scour deformations. Therefore, it was tentatively
concluded that sub - scour disturbance due to a passive failure mechanism is not
significant. As a result of this study, the authors also indicated that strongly dilatant
materials are more likely to experience deformation below the scour depth, but that such
deformations are not expected (o extend far. It was emphasized that velocity ficld
solutions are not unique, and that independent data are necessary (o establish that the
postulated velocity fields develop during scouring events.

Palmer et al. (1990) conducted further analyses for non - dilatant soils treated as
ideal perfectly - plastic materials with an associated flow rule. It was noted that this
idealization may be reasonable for soil in the actively scoured zone which, as a result of
repeated deformation, may have reached the critical state. The upper bound theorem of
plasticity was applied to calculate the resultant scour forces. By consideration of a
number of deformation modes, an interaction curve (yield locus) was generated which

possible inations of the non - di jonalized vertical and

components of the resultant force for a particular ice geometry. The normality rule of

plasticity was applied ine the point on the i ion curve which

to horizontal motion of the ice. In this manner, simple relationships were developed from
which the resultant force components may be estimated from a knowledge of the soil
shear strength, and the scour width and depth.

As depicted schematically in Figure 1.7, soil deformation and failure may be

attributed conceptually to two types of mechanisms (Been, 1990; Golder Associates
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Figure 1.7 Soil deformation mechanisms during ice scouring. Top : Rupture surface due
to passive or bearing capacity failure; Bottom : Shear dragging adjacent to ice keel or
rupture surface ( after Been, 1990 )



Lid., 1990) : (1) passive pressure or bearing capacity failure, with the development of
a rupture surface in which soil undergoes large strains and displacements, and; (2) an
independent shear dragging mechanism, which may account for large soil movements
below the ice in Zone 2. It was recognized that soil adjacent to a rupture surtace, or a
rigid body sliding relative to the soil, will be dragged along in the direction of shearing.
Although a detailed analysis of the dragging mechanism was not performed, the authors
postulated that the depth of a zone of large dragging deformations below the ice will be
unlikely to be related to the scour depth but instead will depend only on the stress - strain
behaviour of the soil. Furthermore, it was proposed that, due to stress localization
effects, strain hardening soils may be expected to experience a larger depth of sub -
scour dragging than strain softening soils. This suggestion was noted to be consistent
with available laboratory observations, where only loose sands show a significant depth
of sub - scour disturbance, and softer clays display greater depths of disturbance than
stiffer clays. It was also speculated that soil displacement in the direction of travel will
be a function of the soil properties, the width and depth of scouring, and the magnitude
of the displacement of the scouring ice relative to the soil.

A laboratory indentor testing program was undertaken by Golder Associates
Ltd. (1989) in order to provide experimental data to verify analytical models, and to
identify displacement patterns in soils around scours. A totai of 46 tests was performed
in both sand and clay soils. Sand with average densities of 1421, 1612, and 1690 kg/m®,
and clay with undrained shear strengths of 10, 20, and 40 kPa were investigated. All of
the tests were carried out using flat indentors inclined at either 30, 60, or 90 degrees to
the horizontal, scouring at a depth of 100 mm below the original soil surfacc. In a given

—

-
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test, an indentor width of 100, 200, or 400 mm was employed.

A summary of the results of the indentor testing program was reported by Golder
Associaies Ltd. (1990). Some of the conclusions presented by the authors were as
follows : (1) indentor penetration into sands resulted in the development of discrete
rupture surfaces and large fluctuations in foads as failure occurred on successive rupture
surfaces; (2) in clays, discrete rupture surfaces also developed but these occurred less
frequently in softer soils; (3) dead wedges of soil were observed in front of the indentor,
but it was noted that the front face of the wedge may be close to vertical or sloping back
toward the indentor rather than forward as suggested by Hettiaratchi and Reece (1975);
(4) a width to depth ratio exceeding about three was required before plane strain
assumptions were found to be valid; (5) analytical calculations of passive pressures based
on the method of stress characteristics as modified by Hettiaratchi and Reece (1975)
provided good agreement with measured forces (with allowance for spoil pile
development and three dimensional effects); (6) sub - scour disturbance, attributed to the
shear - dragging mechanism, was generally limited to a small zone below the indentor;
(7) looser sands and softer clays exhibited greater disturbance below the indentor than
was witnessed for denser sands and stiffer clays; (8) based on a limited number of
observations, it was suggested that inertial effects and pore pressure generation in sands
may represent important factors, and; (9) soft trench backfill materials were noted to
draw the failure plane downwards below its normal level due to the development of stress
concentrations at the stiff - soft material interface.

Examinations of available field data on full sized scours indicated that such data
are generally not sufficiently well - defined to permit reliable evaluation of failure
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or sub - scour ions (Gilbert, 1990; Comfort et al., 1990; Lewis and
Blasco, 1990). Acoustic disturbance below ice scours has been infrequently recorded on
high - resolution sub - bottom profiles of the scoured seabed in the Beaufort Sca.
Observations of this phenomenon were typically limited to the Mackenzie Trough
physiographic region, where disturbances are preserved in bedding planes due 1o high
sedimentation rates and relatively low scouring rates (Comfort et al., 1990). Figure 1.8
displays two scour features for which a region of apparent disturbance may be identificd,
possibly related to the effects of the corresponding scouring event (O'Connor and
Associates Ltd., 1980). The scour depth (D) of the larger feature was 2.3 m; however,
it was estimated that about 2 m of infilling (1) may have occurred. It may also be
inferred from the acoustic character change (2) that the sediments in an extensive region
below and adjacent to the scour trough were affected, and a similar region of disturbance
(3) may be defined for the smaller feature, shown to the right in the section. Studies of
several thousand linz kilometres of sub - bottom profiler data in the Canadian Beaufort
Sea revealed only 38 cases where this type of disturbance is present. The analysis of this
data indicated that, on average, the inferred depth of disturbance was less than about
1.5 times the scour cut depth in soft clayey sediments, and the width of disturbance was
approximately equal to the width of the scour (Comfort et al., 1990).

‘The region of disturbance identified on sub - bottom profiles (Figure 1.9) may be
attributed to sub - scour soil deformation caused by the single event in question, it may
be the result of previous scouring activity or the infilling of the existing scour, or it may
be an acoustic artifact (Lewis and Blasco, 1990). According to the authors, the

presence of the scour incision itself alters the travel paths of normally vertical incident
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Figure 1.8 High - resolution sub - bottom profile showing cross - sections of two ice
scours in stratified sediment ( O'Connor and Associates Ltd., 1980 )
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Figure 1.9 Schematic diagram of apparent sub - scour disturbance, as exhibited on sub -
bortom profile records ( after Lewis and Blasco, 1990 )
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sound waves emitted and received by the profiling instrument. This travel path distortion
may result in either an artificial acoustic void beneath the scour or an apparent pull - up
or pull - down of horizontal sediment layers. It may be difficult to discriminate between
these acoustic artifacts and the actual effects of scouring. leading to further uncertainty

in the interpretation of profile data.

1.3 Current Research

Objectives and Scope

A knowledge of scour - induced soil deformation is essential to allow for a rational
approach to the design of marine pipelines in regions vulnerable to ice scouring. With
the exception of work cited in the foregoing section, research conducted in this arca has

been relatively limited and inconclusive. Theoretical studies are unable to provide

definitive solutions without i ification of predictions of physical
Unfortunately, direct measurements of the effects of ice scouring bencath the modern
seabed are generally not feasible, and high - resolution geophysical data are not
conclusive in resolving the extent of sub - scour deformation. In addition, ficld
investigations of onshore relict scours are restricted by the age of the features, and
inadequate information regarding the scouring event itself. Morcover, small scale
laboratory model tests cannot be expected to provide results which are dircctly applicable
to the field situation, due to departures from similarity arising from unrealistic initial

stress levels in the soil.

The iencies inherent i i i studies may be



by the application of centrifuge modelling, which ensures improved representation of soil
hehaviour through the attainment of similarity of effective stress and pore fluid pressure
ficlds with the prototype. The present study involved the design and implementation of
a programme of small scale model tests of ice scouring in a geotechnical centrifuge. The

tests were undertaken to obtain insight into the ics of the ice - soil i

and to yield quantitative data on the effects of ice scouring, for well - defined events
which were representative of particular situations at full scale.

The centrifuge test data provided a basis for the development and verification of
deterministic models of the ice - soil interaction. The prediction of scour - induced soil
displacements may not be comprehensively resolved without recourse to a numerical
analysis incorporating statics, kinematics, and a complete constitutive relation. In the
present study, the application of a large strain elastic - plastic finite element formulation
was investigated, in order to account for the material and geometric nonlinearities which
are inherent to the problem. The objectives of the study may be subdivided as follows.

(1) Develop a centrifuge model idealization of ice scouring through an assessment
of the relevant field ice scouring conditions, and based on the available information from
previous laboratory studies. Define the limitations of the idealization which may arise due
to physical features or complexities of the event which are not reproduced, or which
result from scaling relationships that cannot be satisfied simultaneously.

(2) Design a centrifuge test package to simulate the idealized scouring condition,
and demonstrate the effectiveness of the proposed apparatus for use in the high - gravity
environment with remote data retrieval and system control. Provide appropriate

instrumentation to measure the stress and deformation fields within the soil, the
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qualitative effects of scour on model pipeline segments, and the resultant forces acting
on the model ice feature during a scouring event.

(3) Conduct a series of centrifuge model tests to investigate limited variations in
parameters expected to influence the effects of scouring. In addition, conduct tests which
model an identical prototype at two different scales, to establish the internal consistency
of the modelling method.

(4) Reduce and document the results from each centrifuge test to render a unique
data set on the effects of scouring for an event which corresponds directly with i notional
full scale situation.

(5) Apply finite element analyses to simulate an idealized scouring condition.
Detail the limitations of the proposed numerical representation. Provide preliminary
verification of the numerical approach through comparison with centrifuge test results.

(6) Discuss the direct implications of the centrifuge test results, and the

fa i ination of the results of hoth centrifuge modelling and
numerical analyses, for the design of marine pipelines situated in ice scoured terrain.

(7) Provide recommendations for further physical and theoretical modelling, in
support of the development of a reliable engineering model of the ice - soil - pipeline
interaction.

The scope of the physical modelling study was limited to a series of nine tests
performed using the beam centrifuge at the University of Cambridge Geotechnical
Centrifuge Centre in Cambridge, England. The soil type in which all of the model scours
were created was a reconstituted kaolin clay, and the stress history of each <lay specimen

was defined to establish desired stress states without detailed reference to specific field
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conditions. The numerical analyses were restricted to two - dimensional plane strain
representations of the problem, and were implemented through use of a commercially

available general purpose finite element code.

Thesis Outline

‘The thesis was organized into seven chapters. Chapter 2 indicates the rationale for use
of the centrifuge, and defines the physical model idealization and its limitations, with

reference to available i ion on relevant field iti Chapter 3 describes the

and i which were used to fulfil the model design
requirements. Chapter 4 outlines the centrifuge test programme and presents detailed
results for the individual tests. Chapter 5 describes the finite element formulation adopted
and the implementation of the analysis, with consideration of the restrictions imposed by
the numerical approach. Chapter 6 provides a comparison of the results of the analysis

with the i data from i i tests, and discusses the results

of both physical and numerical modelling with regard to characterization of the effects
of scouring, the influence of test parameters, and implications for the design of marine
pipelines. Finally, Chapter 7 summarizes the main contributions of the present study and

provides recommendations for further research.
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Chapter 2
Physical Modelling

2.1 Introduction

Physical modelling is an important tool for the investigation of soil behaviour during an
ice scouring event. Models provide an alternative means of obtaining the information

necessary to design or analyze systems involving natural phenomena which cannot bhe

rigorously described through the ication of i i Full scale
observation should offer the best approach for study of the problem; however, difficultics
relating to control of conditions, instrumentation of a suitable site, and time
considerations (in that occurrences of particular scour events are relatively unpredictable)

restrict the practical i ion of field i igatiy Small scale ing has

advantages in terms of the ease of ion of models and the

in which the test is performed. Results from widely different model conditions may be
obtained with the same experimental apparatus at a saving in time, cost, and labour in
relation to a full scale study.

Physical simulations of ice scouring have thus far involved small or medium -

sized model tests in which the stress scale has not been altered. To address the



deficiencies inherent in conventional small scale modelling of geotechnical phenomena,
the present research programme applied the method of centrifuge modeliing to the study
of ice scouring. The model tests were conducted to gain a better understanding of the
mechanics of scour and also to obtain information on the nature, magnitude, and effect
of the parameters that are present in the system. This chapter describes the physical

model idealization of the ice scour problem and the relevant similarity requirements. The

practical issues involved in i ion of the i are i in
Chapter 3. A brief discussion of physical modelling is first presented to illustrate the
principles involved in the development of model design criteria and to rationalize the use

of the centrifuge technique.

2.2 Physical Models and Similarity

Physical ing is used to i igate complex engineering problems. A
model may be defined as a device which is related to a physical system, the prototype,
in such a way that observations and measurements made on the model may be used to
predict the performance of the prototype in the desired respect. The prototype may be
an existing system or, in some circumstances, it may be a notional situation envisaged
in a research study, representative of a particular class of event. In all cases, model
design criteria or similarity requirements for the system must be satisfied to ensure that
the important physical aspects of the prototype are reproduced at specified scales.

The results of model tests may be extrapolated to predict the prototype response

providing that the model can be demoanstrated to be relevant to the prototype situation.
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A valid model and prototype must be similar systems. If the parts of the two systems

have the same shape, they are said to be geometrically similar. This is a basic

requirement for most model studies and it implies a point to point correspondence in
terms of a linear dimension scale. The concept of similarity must also be extended to all
other characteristics which influence the phenomena under consideration. For example,
in geotechnical studies, similarity of material behaviour between model and prototype is

essential but has often been i neglected in i laboratory

investigations conducted at Earth’s gravity. In general, the prototype conditions which
significantly influence the behaviour in question should be equivalent at corresponding
points in the model and any dissimilarities should be shown to he of minor importance.
Practical constraints may require that compromises be made in the replication of
prototype conditions. The recognition of these model distortions or departures from
complete similarity is essential to assess the limitations of the model in the interpretation
of test results.

The general principles of modelling theory are well established (c.g. Langhaar,
1951; Sharp, 1981) although, to date, these principles have not been widely exploited in

the field of soil mechanics (Scott, 1988). The of similarity i and

scaling relationships for the model and prototype may be accomplished using different
approaches. Modelling criteria may be determined directly through cvaluation of the
characteristic equations which govern the phenomena under consideration. However, this
approach is not viable for model studies undertaken to investigate conditions which arc
not amenable to rigorous mathematical analysis and, in these cases, modelling criteria

must be developed from partial analyses which are based on dimensional or similarity
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considerations. Dimensional analysis allows information about a phenomenon to be
determined from the basic premise that the phenomenon can be described by a
dimensionally homogeneous equation among certain variables. Techniques for deriving
a dimensionless functional equation from a specified list of variables that is both adequate
and minimal are thoroughly discussed throughout the literature. Inspection of the
dimensionless equation leads to the establishment of model design criteria from which
suitable scale ratios for the model may be determined.

Consider an idealized scouring event in which a body of ice (assumed as rigid)
cuts a scour in a uniform clay. The geometry of the ice feature and the scour may be
defined by a characteristic length, taken as the scour depth D and by the interface attack
angle a. The buoyant weight or vertical force W imposed by the ice feature may also
influence the problem. The event is sufficiently rapid in the relatively impermeable soil
such that undrained conditions exist, even at the small scale of a model. The clay may
be described as an ideal cohesive material in terms of the undrained shear strength ¢ and
the submerged mass density p as well as the adhesion a developed at the ice - soil
interface during relative motion. A strain rate effect on the strength of the cohesive soil
is not introduced in the analysis. Inertia forces related to the change of momentum of the
soil are also considered to be negligible for the range of velocities of interest. The
simplified physical system can therefore be specified by the following functional

equation :

F = f(ca0gWDa) @n
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which indicates that the resultant scour force F is related to the geometry and weight of
the rigid body, and to the properties of the soil, where g is the gravitational acceleration.
A partial analysis then leads to an equation in which the variables have been combined
to form dimensionless parameters as follows :

F c a
— =V i
cD? {pgD [

where y implies a functional relationship or dependency.

Model design criteria may now be established on the basis of Equation 2.2, The
resultant force F non - dimensionalized with respect to ¢ D* will have the same value
in the model and prototype providing that each of the terms on the right hand side of the
equation is equivalent in both systems. The initial two similarity requirements relate to

the scaling of the soil medium and pose the greatest difficulty from a modelling

(ol Lol (21 (2,

where the subscripts m and p refer to model and prototype respectively. A geometrically

similar model of linear scale N will have a scour cut depth of D / N. It follows that
in order to satisfy the first requirement at normal gravity levels on the laboratory floor,
the low sclf weight stresses must be matched by small soil strengths. The undrained shear
strength must be reduced in proportion to the model scale N, and a small scale model
would therefore have to be constructed from a very soft wet soil. Furthermore, in
accordance with the second requirement, the ratio of adhesion to soil strength (which is
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known fo decrease with increasing clay strength) must be the same in both model and
prototype.

Experience has shown that these types of scaling relationships for soil properties
are difficult or impossible to fulfil. If they are not satisfied, the model is distorted. In
general, to compensate for reduced self weight stresses in laboratory geotechnical models
an analogue material must be used which does not usually scale all of the relevant
strength and stiffness properties concurrently. In addition the scaled - down strengths of
the model make sample preparation difficult, imposing a limit on the factor by which the
prototype scale can be effectively reduced in practice. There are, therefore, inherent
difficulties in performing model tests at small scale in the laboratory which can be
deemed representative of particular situations at a larger scale.

Further i ion of the first i i in 2.3 indicates

that if the prototype soil were to be used in building the model, the body forces p g must
be increased by a factor equal to the model scale N. The concept of controlling body
forces gives rise to the technique of centrifuge modelling and also suggests a fundamental

similarity reqJirement for geotechnical models.

2.2.1 Soil Behaviour and Geotechnical Models

In the study of geotechnical problems, allowance must be made for the dependency of
the mechanical behaviour of soil on the vverall stress state. To accomplish this in a
physical model study, the state of stress of a given soil element at corresponding points

in the mode! and prototype must be equal. This c-ndition will not be met for model tests



performed in a one gravity environment using prototype materials, unless a full scale
model is constructed. Centrifuge modelling is a technique through which the important
similarity condition of equivalent effective stresses and pore fluid pressures in a small
scale model and a prototype may be achieved.

Model preparation generally begins with a reconstituted soil which is then
subjected to prescribed loading paths; the stress history is defined to bring the soil at
points in the model into states which are representative of clements of soil at
corresponding points in the prototype. The centrifuge test involves an initial stage in
which the model stratum of soil is brought into equilibrium under a generalized stress in
steady centrifuge flight, followed by the test proper in which that equilibrium is
perturbed in a similar fashion to the prototype event. Both stress history and stress
increments must be correctly reproduced if the correct stress - strain - strength response
is to be obtained. The mechanical behaviour of soil alters with the changing state of the
soil depending on the effective stresses and also the volumetric condition which provides
a more complete indication of the current state of the soil in relation to its previous
history. Schofield (1980) suggested the division of soil behaviour at limiting states into
three regions in a constant volume section, as illustrated in Figure 2.1 : (1) A region of
strain hardening behaviour with stable yielding at high effective stresses; (2) A region
of strain softening behaviour with Mohr - Coulomb type rupture at lower effective
stresses, and; (3) A region of fracture which might be governed by a condition of
limiting tensile strain or of no tension at very low effective stress levels. Each part of a
model may therefore be made to exhibit a different mode of behaviour depending on the

imposed stress history. In this manner, models may be used to gain information on a
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Figure 2.1 Limiting states of soil behaviour, shown in normalized effective stress
space (after Schofield, 1980; Atkinson and Bransby, 1978)
particular class of soil event and the results will need to be interpicted for other soil
conditions.

A model of a specific prototype should ideally be constructed of actual site

malerials in a state closely imating the in situ iti The irregular

characteristics of the natural soil deposit (including layers, fissures, faults, and stress

history) should also be r in the model. i of this type are therefore

the most difficult to perform satisfactorily. The retrieval of suitable soil samples and the
construction of models for site specific studies was discussed by Endicott (1970). In some
circumstances, the use of remoulded field soils in the preparation of the model may
provide an adequate representation of prototype behaviour (e.g. Nunez et al., 1988);
however, the deficiencies of the model in terms of neglect of soil fabric and
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must be ized in the of test results. The experimental
data are generally interpreted in an analytical framework, which is subsequently applicd

to the field situation.

2.2.2 Centrifuge Modelling

Centrifuge modelling provides a direct method of obtaining the correct stress ficld within
a small scale geotechnical model. A prototype stratum of soil is represented by a
geometrically similar model of linear scale N which has been constructed of the same
material. The model is rotated about the central axis of the centrifuge. The orientation
of the model is such that the outward radial direction in the centrifuge corresponds with
the vertical downward direction of the prototype in Earth's gravity field. The angular
velocity w at which the model is rotated is selected such that for a model at radius r the
centripetal acceleration rw? is equal to Ng where g is the gravitational acceleration.
Under this condition, depicted schematically in Figure 2.2, the gravity - induced
prototype stresses will be reproduced at corresponding points in the model. In both model
and prototype, the upper surface of the body is unstressed, and the pressure increases
through the depth of the soil body.

Use of the centrifuge allows for the development of appropriate scaling
relationships between model and prototype without the need for compensation of
discrepancies related to differences in stress levels. The scaling relationships which are
generally applicable to centrifuge models are well established. Lee (1985) réviewed

previous analyses and presented derivations based on the governing equations (the
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equations of equilibrium or motion, ibility equations, ized stress - strain

laws, and boundary conditions) for a saturated porous medium. Table 2.1 provides a

summary of common scaling factors which are relevant to centrifuge modelling.

Divergence of Radial Acceleration Field

The scaling relationships presented in Table 2.1 strictly apply in the case of a uniform

field. The i ion field deviates slightly from this ideal

condition in that it is radially directed and the accelerations, which are proportional to
the radius, increase through the model. The vertical stress distributions for the model and
prototype are illustrated in Figure 2.3. Schofield (1980) has shown that errors in the
vertical stress due to the variation of acceleration with depth in a model can be
minimized by ensuring that the model and prototype stress profiles correspond at a depth
equal to two thirds of the total depth of interest in the model. The vertical stress o, at
depth z may be computed by integration from the surface of the model at radius r,, to the
given depth, as follows :
et

g, = lpu’rdr = %pu’:(zz«Zr_) @4

.

In order to attain the appropriate model stress distribution, the linear scaling
factor N must be calculated at a depth equal to one third of the model depth h such that
o, = pNgz and Ng = (r +E)w’

oty @5
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Table 2.1 Scaling i ips for Centrifuge

Quantity Full Scale : Model at Ng
Lincar Dimension 1:1/N
Area 1:1/N?
Volume 1:1/N?
Density 1:1
Mass 1:1/N?
Force 1:1/N?
Stress 1:1
Strain 1:1
Displacement 1:1/N
Time (inertial events) 1:1/N
Time (diffusion phenomena) 1:1/N?
Time (viscous flow) 1:1
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The error in stress at a given depth expressed as a ratio of the prototype stress at
that depth is then equal to h / 6r. In the present study, models occupied a radial distance
less than one tenth of the centrifuge radius, and the maximum error in the model stress
profile was only about 1.1 percent of the prototype stress.

In the centrifuge, the resultant acceleration vector does not act perpendicular to
the model surface at all points in the model. The concentric acceleration contours define
curved phreatic surfaces in models. The radial field also produces small lateral
components of acceleration which increase with distance away from the centre of the
model. At the extremities of a 500 mm diameter central portion of the model, the
inclination of acceleration field was about 3.5 degrees relative to the prototype vertical
direction. Although the radial divergence of the acceleration field had only limited
influence on model behaviour, it was an important consideration in the design of the

system used to regulate water levels within the centrifuge test package.

The effect of Earth’s gravity, acting i to the
field was reduced by mounting the model on a wedge with slope 1 : N. This provision
ensured that the vertical axis of the model coincided with the direction of the resultant
A different source of error relates to movements of a part of the modci in the

plane perpendicular to the axis of rotation of the centrifuge. This part of the model will

an addi Coriolis ion equal to 2w v where v is the velocity of
movement relative to the model. The error caused by the Coriolis acceleration is given
by 2 v/ w r when expressed as a ratio with respect to the centripetal acceleration of the
model (Schofield, 1980). For events involving relatively slow movements such as in
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scepage problems, the error is small. At higher velocities, the errors increase and
movements in the model follow unrepresentative curved trajectories; although, at very
high velocities (above an upper limit exceeding approximately twice the velocity of the
centrifuge model) Coriolis effects again become negligible (Pokrovsky and
Fyodorov, 1968). In general, the potential adverse effects of the radial acceleration field
were taken into account in model design for the present study, particularly in relation to

the positioning and orientation of the model scouring event and associated equipment.

Modelling of Models

Quite apart from the errors which derive from the use of an artificial gravity field, it will
generally not be possible to replicate all aspects of the prototype situation in a small scale
model, especially in a model of a complex event such as ice scouring. The discrepancies
may be physical features which cannot bc reproduced or they may arise due to scaling
relationships which cannot be satisfied simultaneously. These problems need to be
addressed each time a new model test is undertaken. One approach to the validation of
model studies is to compare the model test results directly with prototype observations
where they are available. In the absence of suitable field data, a useful alternative
approach is the modelling of models (e.g. Ovesen, 1985) wherein an identical prototype
event is modelled at different scales. The correspondence of the test results from different
sized models provides a check on the consistency of the centrifuge model testing scheme

and validates the scaling relations, at least within the range of model scales investigated.
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2.3 Field Conditions for Ice Scouring

Figure 2.4 shows a schematic section through a scouring ice feature and indicates several
factors which may affect the ice / soil / pipeline interaction. It is clear that the scour
processes and effects, including soil deformations, will depend strongly on the soil type
and stress state. In addition, a variety of ice scour event scenarios can be envisaged
depending on the environmental driving forces which are acting and the characteristics

of the ice feature. As it is generally not possible to observe the creation of full - sized

directly, many inties still exist the physical itions which

are iate in ibing the problem. Iige of the possible field ice scouring

conditions that may arise is essential to the P of a relevant idealization, and

it s aiso required in order o assess the limitations of the model.

The ice scour processes may be expected to differ for the continental shelf regions
of the Arctic Ocean and the Canadian east coast where the usual offending features an:
respectively sea ice pressure ridges and icebergs of glacial origin. The prevalent ficld ice
conditions for each region are therefore addressed separately in the following sections.

2.3.1 Arctic Sea Ice Scouring Regime

Ice Geometry and Structural Integrity

The seasonal variation and morphology of the sea ice canopy overlying the continental
shelves of the Arctic Ocean and, in particular, the southern Beaufort Sea have been

described in several publications (e.g. Kovacs and Mellor, 1974; Wadhams, 1975; Lewis
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Figure 2.4 Elements of the ice scour problem

and Blasco, 1990). In general, scouring activity in this region may be attributed to either
sea ice pressure ridge features or to tabular icebergs (ice island fragments) which
originate from the northern coast of Ellesmere Island, Canada. The latter may represent
the most probable generator of scours in extreme water depths greater than 55 m
(Dickins et al., 1991); however, predicted return periods for ice island entry into the
water depth range from 20 to 70 m in the Beaufort sea are on the order of one to two
thousand years (De Paoli et al., 1982).

Sea ice pressure ridges form as an accumulation of angular ice blocks resulting
from the interaction and failure of abutting ice floes. For large ridges to develop,
appreciable differences need to exist between the thicknesses of the ice sheets and the
relative motion must be primarily compressive. Extreme free - floating ridges may extend
up to 13 m above sea level (Kovacs et al., 1973) although ridge heights in excess of

6to8mare i Data on keel is less well however,
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the subsurface portion of :he ridge is typically much more extensive than its sail portion
above water. The deepest ice keel in the Arctic Ocean reported to date projected some
47 m beneath the water surface (Lyons, 1967).

The ice strength and structural integrity of a pressure ridge increases with time
as brine is expelled from the ice crystal structure and the ridge consolidates. Sea - ice
deformation structures which survive beyond one summer melt season are referred fo as
multi - year features. During the melt season, the angular ice blocks incorporated in the
ridge are gradually rounded through ablation, the inter - block voids are filled with fresh
water from melting snow and ice, and the overall relief of the ridge is smoothed. The
ice blocks are subsequently bonded together through freezing of the interstitial water.
Visual observation of exposed fracture faces and drilling carried out in conjunction with
field investigations established that multi - year ridges comprise an essentially solid mass
of low salinity ice with a complete absence of open cavities (Kovacs et al., 1973; Kovacs
and Gow, 1976; Hnatiuk et al., 1978).

Scouring forces will generally not be limited by the overall structural adequacy
of the ice keel. For solidly refrozen multi - year sea ice, the expected stresses in the ice
during a scouring event are much smaller than the available confined compressive
strength of the material, and are low by comparison with those measured in ice -
structure interactions on the same scale (e.g. Sanderson, 1983). Kovacs and
Mellor (1974) indicated that a first - year ridge with a well - bonded keel block structure
can also withstand the scouring forces associated with a typical event without crumbling
or mobilizing internal friction. Fracture of the ice may however occur initially when the

keel may have sharp edges or in the case of an unconsolidated first - year
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ridge (Palmer ct al., 1989). Fragments of the ice can break loose and modify the keel
geometry, since the outer surface of the ice is at a temperature near to its melting point
and is relatively weak. Field investigations have indicated that free - floating first - year
ridges are often poorly consolidated within the bottom half of their keel structure
(Edwards et al., 1978; McGonigal and Wright, 1982; Lowrings and Banke, 1983).
Dickins et al. (1991) suggested that such ridges are unlikely to generate deep scours, and
inferred that most scours greater than 0.5 m deep located in water depths exceeding 20 m
(within the transitional ice zone) were created by multi - year features. First - year ridges
which are grounded and formed in situ are relatively stronger and more consolidated than
free - floating ridges formed from the current year's ice. According to the authors
(ibid.), deep scours found inside of the 20 m isobath (within the landfast ice zone) are
thought to be primarily related to these ridge systems.

Studies of first - year ridge geometry indicated an average sail height to keel
depth ratio of approximately 1 to 4.5 and an average keel slope of about 33 degrees
(Kovacs, 1972; Kovacs and Mellor, 1974). The highly irregular block structure of the
V - shaped keel of a typical first - year ridge is gradually smoothed over one or more
melt seasons. An average ratio of about 1 to 3.3 between the sail height and keel depth
was determined through field investigations in which several multi- year ridge
cross - sections were measured (e.g. Kovacs and Melior, 1971; Kovacs et al., 1975;
Kovacs and Gow, 1976; Dickins and Wetzel, 1981; Voelker et al., 1981). The keel
geometry was commonly observed to be gently convex or bowl - shaped in
cross - section. Figure 2.5 shows an example of the surveyed cross - section of a

multi - year pressure ridge, and also displays a geometric mo-el proposed by
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Figure 2.5 Top : Multi - year pressure ridge cross - section; Bottom : Geometric model

of multi - year pressure ridge (Kovacs, 1975; Wright et al., 1979)

Kov.s (1975). In development of this idealized shape, a flat - bottomed keel was

assumed in order to simplify the representation of low keel face angles suggested by

available field evidence. Keel skapes with low attack angles are also found to be relevant

based on considerations of the integrity of the ice during a scouring event, as described

in Section 2.3.2.




Driving Forces and Ice Motion

“Fo initiate a scouring event, the ice feature must be driven by forces which may derive
from a combination of current, wind, and ice interactions. First - year sea ice can
transmit the forces required for scouring to either isolated features or wide pressure
ridges (Kovacs and Mellor, 1974). The forces may be generated through currents, by
wind shear acting over areas of adjacent sea ice, or as a result of loading from pack ice.
Relationships developed between seabed scouring and the ice environment in the Beaufort
Sca (Dickins et al., 1991) indicated that most scours greater than 0.5 m deep found
within the transitional ice zone were created by multi - year flocs / fragments moving in
constrained pack ice conditions during winter months. A strong correlation was also
established between observed deep scours and ice motion during storm episodes.

‘The mean long - term winter ice drift velocities in the transitional zone are on the
order of 0.03 m/s with a reported maximum movement of 50 km in one day (Kovacs and
Metlor, 1974). Dickins et al. (1991) observed that winter ice motion in this zone is
highly variable, and that short duration velocity increases are generally associated with
periods of low ice concentration. Mean monthly wind speeds in the southern Beaufort Sea
typically range from 3.6 to 5.6 m/s. Storms with gust winds greater than 20 m/s are
common, whereas events involving 35 m/s wind speeds have a return period of
25 years (Boyd, 1965). The velocity of the ice canopy rarely exceeds about 2 percent of
the prevailing wind speed due to inertial effects and stresses developed within the ice,
as well as the influence of drag near to the edge of the fast ice zone (Kovacs, 1972).
Storms accelerate the ice motion, imparting greater Kinetic energy to the pack which may
be subsequently dissipated through grounding and scouring of the seabed sediments.
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The characteristics of the ice feature are important in determining its complete
motion during a scouring event. The motion of a sea ice pressure ridge is consirained by
the forces developed between the ridge and the ice sheet in which it is enveloped.
Wave - induced movements of the scouring feature are not expected to be significant due

to the damping effect provided by ing pack ice. Non - hori ice

may, however, originate as a result of soil uplift forces during scouring. As the pressure
ridge is driven into shallower water, it is lifted by the vertical soil reaction such that
scouring occurs at a uniform depth relative to the seabed, rather than relative to the water
surface (Palmer et al., 1990). Field data were collected which show rise up of the hase
of the scour corresponding with reduction in the bathymetric profile, with distance along
the track of long scours (Wahlgren, 1979; Shearer et al., 1986). These data may reflect
processes involving either vertical uplift or rotation of the scouring ice ‘eature or

abrasion of the keel during the event. Vertical movements during scouring were also

through field fons of ridge which show evidence of uplift
due to grounding and scouring (e.g. Kovacs and Mellor, 1974; Kovacs and Gow, 1976).
Uplift during scouring is dependent on the forces developed at the ice / soil
interface as well as the forces generated between the ridge and the surrounding ice sheet.
Golder Associates Ltd. (1990) examined a range of possible interaction conditions which
may arise due to vertical movement during a scouring event. These conditions included
hydrostatic uplift of the ice sheet, elastic deflections of the ice sheet, and failure of the

ice sheet assuming different failure i ‘The failure isms i i by

the authors included circumferential and radial cracking (Nevel, 1968), shear or plug

ﬂm.mﬁﬂmmmmﬂmdumwmggmu:hﬂm(m. 1988).
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Figure 2.6 Vertical force - deflection relationship for assumed failure mechanism and
typical ice conditions (Golder Associates Ltd., 1990)

Figure 2.6 shows the predicted vertical force - deflection relationship for typical
conditions in which the ice sheet was assumed to fail by circumferential and radial
cracking. The preliminary analyses suggested that, initially, the ice sheet may be
expected to undergo elastic deformations rather than being lifted as a complete mass, and

53



that failure “ill result with inued vertical . The ions necessary for

ice sheet failure (on the order of one metre for a typical case) were found to be less than
the uplift movements which have been deduced from ficld observations. The scouring
process may still continue beyond ice failure, as horizontal forces may be transferred

across the failure surfaces to the ice fragments which remain in contact with the scabed.

the i of the ic stiffness of the failed ice fragments may
not be dissimilar to the elastic stiffness of the intact ice sheet. As such, the vertical forces

applied to the seabed are not expected to be significantly limited by ic

uplift.

2.3.2 Eastern Canadian Iceberg Scouring Regime
Ice Geometry and Structural Integrity

The large icebergs which scour the seabed of the continental shelves of Baffin Island,

Labrador, and originate i from the tidewater glaciers in and
around the periphery of Melville Bay in West Greenland (Murray, 1969). The system of
cold oceanic currents in Baffin Bay, Davis Strait, and the Labrador Sea is the driving
force responsible for the transport of icebergs southward along the eastern Canadian
margin. In an average year, about 3000 icebergs travel beyond Hudson Strait, 1000 pass
the Strait of Belle Isle, and 400 survive to drift south of 48° N latitude onto the Grand
Banks of Newfoundland (Dinsmore, 1972; Ebbesmeyer et al., 1980). The annual flux is
inconsistent and may deviate by a factor of 3 or 4 times the average, depending on the

upstream population and rate of production of icebergs, as well as on storm cvents and
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changes in oceanic transport conditions (Gustajtis, 1979).

‘The size and geometry of icebergs also vary widely, depending on the details of
their origin and the degree of their deterioration during transport. Icebergs are in isostatic
equilibrium in surrounding seawater with approximately 87 percent of their mass below
the water surface; however, the height to draft ratio of individual features ranges
considerably as a result of the diversity of existing geometries. Iceberg drafts have been
estimated from above - water dimensions, inferred from the water depth around grounded
features, and directly measured using dragline, diver, radar, and acoustic profiling
techniques. The quantity of direct measurements of the subsurface portion of icebergs
available within the public domain is limited (Brooks, 1982; Hotzel and Miller, 1983).
Iceberg shape also changes slowly due to melting and other degradation phenomena, and
associated mechanical calving of large ice fragments. These processes result in instability
and capsizing, and may produce features with draft dimensions that exceed the depth of
the parent iceberg (Grant, 1973; Bass and Peters, 1984).

The results of the Dynamics of Iceberg Grounding and Scouring (DIGS) field
programme (Hodgson et n1., 1988) during which several iceberg grounding events were
monitored on the Labrador continental shelf, provided insight into conditions at the

keel / seabed interface. were made ining to ice and keel

modification during scouring events based on visual observations of the

iceberg - deformed seabed sediments from manned ibles (V - Lynaset
al., 1991; Woodworth - Lynas, 1992). The investigations confirmed that there may be
considerable attrition of the ice during grounding and scouring events, and that in some

instances seabed material may be mechanically incorporated into the ice keel.
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Characteristically flat - bottomed scour troughs implied that the initially irregulay ive
geometry was altered to form a planar surface in the region of seabed contact. This is
exemplified in Figure 2.7, which shows the debris - laden, flat section of an overturned
iceberg, interpreted to be the former keel surface. Further evidence was provided through
observation of the underwater calving of an iceberg which generated sediment - covered
ice fragments from the edge of the grounded keel. The reconnaissance of recently formed
scours also revealed pieces of ice that had spalled from the keel as shown in Figure 2.7,
and melt - out depressions where ice had previously been embedded below the scour
surface. In the interpretation of these direct field observations, it was praposed that ice
failure occurs during scouring so as to produce a more efficient shape which offers less
resistance to the advancement of the ice (Clark et al., 1989). The relative uniformity in
the shape and dimensions of individual scours along their track indicated that
modification of the keel occurs rapidly, likely as the result of shear fracture of the ice
during the imposed dynamic loading of the initial grounding event. The infrequent
occurrence of small melt - out voids in scour features, which implicd the breakout of
minor ice volumes, suggested that further modest changes in the ice geometry may also

result from continued abrasion or fracture during scouring.

Driving Forces and Ice Motion

An iceberg moves under the combined effects of currents and wind, as well as the forces
developed due to gravity, Coriolis acceleration, ocean surface slope (pressure gradient),
waves and swell (Sodhi and El - Tahan, 1980). In circumstances where pack ice is
present, iceberg motion may also be influenced through I ads transmitted by the
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Approx. 10 m field of view

Embedded ice fragment - LF

Figure 2.7 Top : Sediment - covered flat (keel) surface of an overturned iceberg;
Bottom Ice fragment embedded in iceberg - deformed seabed sediments (Photographs
courtesy of Chris Woodworth - Lynas, C - CORE)
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surrounding ice sheet (Gustajtis, 1979; Clark, 1991). Almost all of the forces which
contribute to drift act on the iceberg through transfer functions of its size and geometry.
Currents are the predominant driving force in most cases (Dempster and Bruncau, 1973):
wind - induced forces are generally less significant, except during storm events or for
mov: -nent under constrained pack ice conditions. Average drift speeds for icebergs on
the eastern Canadian continental margin typically range from 0.1 to 0.3 m/s, with
maximum speeds approaching 1.2 m/s (e.g. Berenger and Wright, 1980: Ball et al.,
1981; Ei - Tahan and EI - Tahan, 1983). The velocities of actively scouring icehergs are
effectively indistinguishable from those of icebergs which are freely - Moating
(Woodworth - Lynas et al., 1985).

Icebergs, like ships, have six possible rigid body modes of motion in the general
case (Bailey, 1994) and are susceptible to rotational movements under the influence of
environmental forces. Contact with the seabed may be initiated in one of three ways
(Woodworth - Lynas, 1992) : (1) by drifting into progressively shallower water; (2) by
weak rotational capsizing, caused by ablation and minor calving, to a decper - draft
orientation (e.g. Bass and Peters, 1984; Hodgson et al., 1988), or; (3) by catastrophic
splitting that causes high energy rotation of one or both fragments to a deeper - draft
orientation (Hodgson et al., 1988; Lever et al., 1989). The seabed feature created by the
interaction is normally a curvilinear iceberg scour, provided that motion continues in the
forward direction, or less commonly a discrete pit, if the iceberg remains stationary
following the initial seabed contact (Barrie et al., 1986).

Introduction of the seabed force creates an imbalance at the inception of the

scouring event, and rotational movements are induced about the vertical and horizontal
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axes of the iceberg. An equilibri i ion is re - it when the restoring

moment duc to the shift of the buoyancy force counterbalances the moment set up by the
seabed reaction (Lever et al., 1989). Based on observations made during the DIGS field
experiment (Hodgson et al., 1988), it was inferred that the iceberg may undergo initial
rotation about a vertical axis such that subsequent rolling motions occur about the
weakest horizontal axis. These rotational movements also have the effect of minimizing
the scouring force developed at we ice / soil interface. Once these conditions are
established, further rotations about a vertical axis cease. Examinations of seabed
microtopography resulting from irregularities in the ice keel contact surface, indicated
that ridges and grooves formed within the scour trough were characteristically parallel
1o the axis of the scour, reflecting the rotational stability of the scouring iceberg about
a vertical axis (Woodworth - Lynas et al., 1991).

A study of iceberg scours that occurred both up - slope and down - slope

(Woodworth - Lynas et al., 1986] that scour remains relatively

constant for changes in seabed relief as large as 15 m. As the iceberg scours into reduced
water depths, it is lifted such that the buoyant weight of the ice continues to balance the
vertical component of the soil reaction force (Paimer, 1990). Rigid body uplift
movements of this kind explain the relative uniformity of scour depth and breadth
typically observed over long distances and large ranges in bathymetry. The iceberg may
also accommodate the changing seabed force through rotational movements (pitch
adjustments) about a horizontal axis during scouring, as suggested by Woodworth - Lynas
et al. (1985). The response of the iceberg to shoaling or increasing water depths is
clearly a function of both its vertical and rotational hydrostatic stiffness. Additional
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vertical movements may occur due to factors other than the seabed uplift force, such as
wave loading of the iceberg. Passive failure of the soil resulting from wave forces acting

on a grounded iceberg. represents a possible mechanism for the creation of pits having

ding those normally i with the initial impact of the scabed
(Clark and Landva, 1988). Extended linear groupings of pits, referred to as crater chains
(Bass and Woodworth - Lynas, 1986), may be generated through heave resonance of the
iceberg in response to ocean swell. Seabed features of this type are rare, reflecting the
improbability of resonant iceberg oscillation during scouring (Woodworth - Lynas et al.,
1991). Furthermore, contact with the seabed serves as an extremely effective damping

mechanism against wave - induced iceberg motion.

2.4 Centrifuge Model Idealization

2.4.1 Materials Selection
Variability of Seabed Environments

The surficial sediments on the continental shelf of the southern Beaufort Sca arc

by extreme variability and i over short lateral distances, and in
water depths of 15 to 40 m the entire seafloor is re - worked by modern ice scouring
activity (Barnes et al., 1980; 1982). The correlation of shallow scismic profiling and
borehole data, limited radiocarbon dating, and paleo - environmental information led to
the development of a geological model which describes the stratigraphy of the Beaufort

shelf (O'Connor and Associates Ltd., 1980; 1982). The shelf is blanketed with a
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normally thin veneer of recent marine clays or silty clays deposited following the last sea
level rise (Unit A), which grades downwards into interbedded sands, silts, and clays of
a complex sequence (Unit B) that was deposited from a transgressing sea. Both Units A
and B overlie older, rapidly deposited sediments of glacial fluvial - deltaic origin
(Unit C), which may vary regionally from sands to clay, reflecting changes in the
depositional environment. The upper boundary of Unit C is an unconformity surface
representing a significant period of subacrial exposure, which provided conditions for the

growth of | The distribution of relic is closely related to the

surficial geology and is primarily confined to Unit C, although ice content is infrequently
observed within the overlying units. Specific features identified on the continental shelf
(massive ice, shallow gas, relic thermokarst depressions) have indicated that the
submarine environment may be as complex as the adjacent permafrost - affected land
(O’Connor and Associates Ltd., 1980).

On the eastern Canadian continental shelves, the geological setting is generally
less complex and associated soil conditions are less variable, in comparison with
conditions encountered along the Beaufort shelf. Physiographic features common to both
the Labrador Shelf and the Grand Banks of Newfoundland include an inner shelf of
rough, resistant crystalline rock with shallow Quaternary sediment cover; a central region
of longitudinal depressions, partly infilled by fine grained sediments, and; an outer shelf

of large shallow bank areas separated by saddles

underlain by Cretaceous to Tertiary sedimentary rocks, mantled by re - worked till and
glacio - marine deposits (Brown, 1986). The surficial Quartenary sedimentary cover of

the Labrador Shelf may be divided into several units, including pro - and post - glacial
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sand, silt and clay formations which overlie the lower sequences of glacial till comprising
the Labrador Shelf Drift Formation (Josenhans, 1983: Josenhans et al.. 1986).

‘The surficial and shallow bedrock geology of the Grand Banks of Newfoundland
have been systematically mapped and described by the Geological Survey of Canada
(e.g. Fader and King, 1981: Fader and Miller, 1986). The advance and recession of
Pleistocene continental ice sheets served to erode existing sediments and bedrock, and
dey-osited a relatively thin sequence of glacio - marine sediments and till over the region.
Subaerial exposure during a late Pleistocene - Holocene low sea level stand resulted in
desiccation of the near - surface sediments producing a relatively hard crust several
metres in thickness (Segall et al., 1985). The subsequent marine transgression eroded and
re - deposited the sediment cover. The recent oceanographic regime further re - works
the shallow water sediments and transports icebergs which scour the seabed (Fader and
Miller, 1986). Thompson and Long (1989) described the geotechnical conditions in the
vicinity of the Hibernia oil field, situated in the no*theastern region of the Grand Banks.
At all sites investigated, very dense granular soils (typically fine to medium grain sand)
were dominant from the seabed to depths of 50 to 60 m, and hard cohesive soils

alternating with layers of sand and silty sand were observed at greater depths.

Reconstituted Model Soil

As may be inferred from the preceding descriptions, a buried pipeline traversing ice

scoured terrain in the Arctic or eastern Canadian offshore may be expected to encounter

a wide variety of soil types and i To the soil
during an ice scouring event, uncertainty regarding the nature and structure of any
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anisotropic and heterogencous field soil deposit must be removed. In order to provide
data for the development of theoretical models, it was therefore desirable to examine
relevant prototype behaviour using a range of known laboratory materials. As a starting
point, the present study considered a class of soil event in which a soil of a particular
type and mineralogy was investigated. Provided that the modelling capability could be
demonstrated in this case, the approach could then be extended to consider other soil

The use of i soils in i models was described in

Section 2.2.1.

The soil type in which the model scouring was conducted was Speswhite kaolin
clay. An extensive base of material properties data exists for this soil type, as the
outcome of research conducted by the Cambridge University Soil Mechanics Group
(c.g. Airey, 1984; Al - Tabbaa, 1988). Typical values for some of these properties may

be summarized, as follows (Clegg, 1981) :

Liquid Limit =69%
Plastic Limit =38%
Plasticity Index =31%
Specific Gravity = 2.61
@' degrecs = 23.0
c,la'y, = 0.22 (normally consolidated)
K. = 0.69 (normally consolidated)
A = 025
K = 0.05
r = 3.4
= 0.90
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where ¢’ is the effective angle of friction, ¢, / ¢”,, is the normalized undrained shear
strength, K, is the coefficient of lateral earth pressure at rest, and A, ». I', and M are
parameters of the Cam clay model (see for example Wood, 1990). Values of the slopes
A and « of the normal compression and unloading - reloading lines were acquired from
accumuluted experience at Cambridge University with oedometer and triaxial tests. The
slope M of the critical state line in the effective stress plane and the parameter I'
describing the position of the critical state line in the compression plane were obtained

from undrained triaxial tests with pore pressure m Further details

the material properties of Speswhite kaolin clay are presented in Chapter 5.

The techniques employed in the preparation of clay specimens are outlined in
Chapter 3. The laboratory pre - consolidation stress level was altered in particular tests
to examine the influence Jf soil state on the effects of ice scouring. The stress history of
each clay specimen was selected to establish desired stress statc. in the specimen without
detailed reference to a specific prototype. To ensure that the results which were obtained
would be relevant in practice, general reference was made to the geotechnical propertics
of Beaufort Sea clays which form a part of the surficial Unit A sequence, described

briefly in the following.

Comparison with Beaufort Sea Clays

The recent marine sediments on the Beaufort shelf commonly consist of soft to very soft
silty clays of low to mediuni plasticity. The measured thickness of the surficial Unit A
clays is generally less than 6 m, but may increa. to 15 or 20 m where large topographic
depressions are infilled (Meagher, 1978). As a result of their shallow extent and soft
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consistency. these materials are difficult to sample and therefore only limited data are
available on their geotechnical propertics. Been et al. (1986) provided a summary of test
results for scabed clays on the Akpak Plateau and Tingmiark Plain regions of the
Beaufort shelf. The data presented by the authors indicated consistent trends despite
widely spaced site locations. The most notable feawre reported was high liquidity
indices, which ranged from 2 (o 3 at the seabed. to values in excess of 1 with depth.
High water contents and liquidity indices were reflected in the associated undrained shear
strength profiles. The strength data were scattered but showed a linearly increasing trend
at a rate of about 6 kPa/m with depth, and a projected zero strength value at the seabed
surface. Results were presented for a single consolidated undrained triaxial test
performed on a relatively undisturbed surficial clay sample. The observed stress - strain
response was described as elastic - plastic, with no evidence of strain softening. The

effective stress path indicated modestly dilatant behaviour, which appears o be a

common feature of Beaufort Sea clays (Crooks et al., 1986). Studies were also

to define the ibility and stress history characteristics of the recent

marine sediments (Hivon, 1983; Christian, 1985: Christian and Morgenstern, 1986). The

clays were shown to be apparently overconsolidated within upper 6 to 10 m of burial.

High values of the overconsolidation ratio at the seabed surface may be attributed in part

to the existence of a finite effective cohesion at zero cffective stress (Christian and
Morgenstern, 1986).

In each centrifuge test, the mechanical behaviour of a full scale prototype stratum

of saturated clay, 18 m in depth at Earth’s gravity, was studied at 1/100 scale in a model

specimen of equivalent soil brought into equilibrium at 100 gravitics in - flight. The
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preparation of models in the laboratory permitted control of the stress history, so that it
was possible to obtain a desired range of strength and stiffness. At equilibrium conditions
on the centrifuge, the near surface clay of each specimen was in an overconsolidated state
and exhibited undrained shear strengths in the range of 10 to 20 kPa. For comparison,

Figure 2.8 shows undrained shear strength plotted against prototype depth for the

baseline i model in the present study, together with the

strength profile suggested by Been et al. (1986) for surficial Beaufort Sea clays. A

of the i profile of idation ratio with results reported by
Hivon (1983) for the Kringalik Plateau region of the Beaufort shelf is also presented in
Figure 2.8. These plots demonstrate that a comparable range of soil behaviour existed
for the proposed model specimens and relevant field conditions.

Another factor which may be expected to influence the behaviour of field soil
deposits is the re - working of surficial sediments due to ice scouring. An interval of
about 4 to 5 m over which the original bedding of seafloor sediments has been destroyed
by active scouring, is a common feature observed on nearly all of the high resolution
seismic records collected for the Beaufort shelf (O"Connor and Associates Ltd., 1980).
A process of repeated deformation and subsequent re - equilibration with diffusion of
water between scouring events, may bring the soil to a critical state (Paimer et
al., 1990). This implies that soil in the active scour zone may undergo continued shear
deformation without any tendency to dilate or develop changes in pore pressure. The
depositional environment on the Beaufort shelf in addition to the existence of a re -
worked zone, may commonly produce surficial sediments with layers which exhibit

markedly different soil behaviour. Hori; bedded sedi; were not i
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Figure 2.8 Comparison between baseline centrifuge model conditions and field data for
Beaufort Sea clays. Left : Undrained shear strength profile; Right : Overconsolidation Ratio
in the research reported here; however, layered deposits represent a relevant field soil

condition for further study.

2.4.2 Model Scouring Event

The description of field conditions provided in Section 2.3 suggests that ice scouring is a
complex phenomenon which involves the interaction of an ice feature (subject to
environmental driving forces which may include wind, wave, current, and pack ice loading)
and the seabed soil. The ice feature may be independent or it may reside within a relatively

ice sheet. It may i uplift or rotational movements and these movements
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may be resisted by its buoyant weight or through forces generated between the feature
and a surrounding ice sheet. The ice keel may also be irregular in shape and its geometry
may be altered through abrasion and fracture. In addition, the seabed may exhibit a
significant slope or unusual surface murphology. Finally, as indicated in the preceding
section, the scouring event may involve a considerable range of soil types and conditions.

Despite the inherent complexity of ice scouring, the field evidence also indicates
that most scour features are curvilinear in nature and exceptionally uniform in
cross - section over long distances. For modelling purposes, it can be reasonably
assumed that the forces which are driving the ice feature in these instances are large
enough to ensure its continued motion. Horizontal movement of the ice at an effectively
constant velocity may represent the most relevant scouring condition in practice, and this
steady - state case also forms a rational starting point for quantitative analysis
(Palmer et al., 1989).

Experimental studies of ice scouring, as referenced in Chapter 1, commonly

involved constant velocity di - i i Most studies also

considered single degree of freedom representations in which the model ice feature was
constrained to translate horizontally at a fixed scour depth. In the general case, the ice
feature may undergo vertical and rotational movements through its interaction with the
seabed. Vertical ice movements are directly related to the vertical forces applied to the
seabed. The effects of the scour process may therefore be expected to vary depending

upon the ictions imposed on the of the scouring ice. Physical modelling

which allows for uplift of the model ice feature during the event and which considers a

range of plausible vertical stiffness conditions may permit a rational assessment of the
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importance of vertical movements on scour effects.

Appropriate modelling of the ice feature geometry and structural integrity is also
hindered by uncertainties concerning full scale geometry and properties. A logical
starting point is the idealization of the ice keel as a rigid body which has sufficient
strength to withstand the forces developed during scouring. The shape of the rigid keel
may be chosen to reflect the equilibrium geometry of the ice developed during
steady - state scouring. The field evidence given in Section 2.3 provides a basis for the
development of an appropriate idealization. Keel shapes with low attack angles which
form a planar surface in the region of soil contact appear to be relevant based on the
available data, the geometry of scour features, and inferences pertaining to keel
modification during the initial stages of the event.

The prototype scouring event investigated in the present study involved the
horizontal movement of an ice feature through a homogeneous, level seabed at a constant
velocity. At model scale, the ice feature was represented by a rigid body which was free
to lift or rotate to achieve a steady - state position. These movements were determined
by its buoyant weight in free surface water, and by forces developed through interaction
with the soil (hence, the term model iceberg is used). The basic geometrical
characteristics of the model iceberg were represented by specifying the attack angle of

a planar leading face, and the length, width, and depth of the portion of the model which

was in contact with the soil. The model iceberg ion and
are depicted schematically in Figure 2.9. These parameters may be varied over ranges
presumed to be relevant to the field situation, to examine their influence on the effects

of scouring. For the series of tests reported herc, the soil initial stress state, and the
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Figure 2.9 Model iceberg geometry and parameters of the scour problem

attack angle, width, and vertical stiffness of the model iceberg were investigated as test
variables. The following sections address particular issues related to the specification of

relevant model conditions for ice scouring.

Three Dimensional Representation

The ice scouring process may be modelled as either a two dimensional plane strain
problem or as a three dimensional problem. To simulate plane strain conditions in
centrifuge tests, the two important boundary conditions of zero out - of - plane normal
strain and zero in - plane shear stress must be fulfilled. In practice, a long narrow
rectangular container is commonly employed, and side friction effects are minimized by
suitable choice of materials and lubricants. In this type of arrangement, a half model
iceberg would travel adjacent to a transparent side wall of the container which would
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coincide with the vertical plane through the scour a An advantage of this
representation is that sulisurface soil deformation along this plane of symmetry may be
observed and recorded during the cvent.

A plane strain physical model may provide an inadequate description of the effects
of ice scouring. Experiments conducted in both coarse and fine grained soils
(e.g. Poorooshasb et al., 1989; Poorooshasb, 1989; Paulin, 1992) supported ficld
observations (Woodworth - Lynas et al., 1990) which implied that large transverse soil
movements occur in the plane perpendicular to the direction of travel. The

of a two

may therefore impose stress and

displacement constraints on the model which do not exist in the prototype. To ensure test

results which were i with real iour, three di ional models were used
in the present study, accepting the limitation that subsurface soil deformation could only

be investigated after the completion of the scouring event.

Model Vertical Stiffness

The prototype ice feature was represented by a geometrically similar rigid body which
was partially immersed in free surface water. For hydrostatic conditions, fluid pressures
were identical in the model and prototype, and other quantities scaled in accordance with
the relationships presented in Table 2.1. Since soil behaviour is exclusively dependent
upon changes in effective stress (Terzaghi, 1936), an identical soil response was expected
during scouring regardless of the depth of free water, provided that the soil was fully
saturated at all points. The fluid conditions were, however, important, in conjunction
with the geometry of the submerged portion of the model iceberg, in determining its
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overall movement and stability during a scouring event.

‘The available field cvidence pertaining to scouring ice motion is outlined in

Section 2.3. Specific pressure ridge interaction conditions which involve ice sheet failure
during uplift, as illustrated in Figure 2.6, were not modelled in the present study. Initial
rotational movements (pitch adjustments) and rigid body uplift prior to steady - state
scouring, were permitted as expected conditions for an independent ice feature.
Furthermore, duc to model symmetry about the scour axis and the imposed constant
dircetion of travel, there was no tendency for rotation about a vertical axis or lateral

translation. To ensure uplift movements which were representative of relevant field

behaviour, it was required to model the prototype vertical stiffness conditions. In

practice, this implied i ion of the

for the model, to achieve stiffness values which were plausible for a full - sized iceberg
or pressure ridge. While it was desirable to investigate a range of conditions, only
limited variation was possible in this test series. The model iceberg buoyancy

characteristics for individual tests are detailed in Chapter 4.

Interface Conditions

The relative displacement or slip between the ice feature and the soil affects the soil
response and depends upon the type of contact surface and the intensities of normal and
shear stress developed at the interface. The limited field evidence suggests that the
ice - soil interface is approximately planar and that contact surface roughness conditions
may vary as the result of ice - entrained seabed material. Dead zones of soil with small
or negligible movement relative to the interface may also be expected to form within the
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rupture surface in front of the ice keel. This type of soil behaviour has been observed in
soil cutting and indentor experiments (e.g. Hettiaratchi and Reece. 1975: Golder
Associates Ltd., 1990), and serves to alter the elfective interface geometry and
properties. In addition, observations of trenching ploughs in soft clays indicated that most
of the relative motion between the plough and the clay occurs within a boundary layer
adjacent to the plough contact surface (Palmer et al., 1979).

In general, limited information was available to define full - scale interface
conditions and it was not feasible to model such conditions directly in the tests reported
here. Instead, a reasonably well - defined contact surface was used, with surface
roughness attributes expected to fall within the range of conceivable ficld conditions,
Further investigation is required to assess the influence of changes in interface properties
on the effects of ice scouring. This may be accomplished through parametric studics
based on theoretical models which have been validated against experimental results for

known interface conditions.

Scaling of Time Dependent Processes

A velocity of approximately 0.1 m/s was selected for the notional prototype event to he
modelled in each test. For icebergs on the Canadian east coast, average drift velocities
are typically about 0.2 m/s, whereas mean long term winter ice drift velocities in the
transitional zone of the Beaufort Sea are on the order of 0.03 m/s. In the latier case,
however, scouring activity has also been strongly correlated with storm episodes which
serve to accelerate the ice motion. Palmer et al. (1989) suggested that field scouring
deformations in clay and fine silt are always undrained, and that in sands and coarser
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silts, velocitics greater than about 1 m/s are required for undrained deformations to
oceur. The authors based these conclusions on the observed behaviour of seabed ploughs.

It was required to select the rate at which the model iceberg was advanced such
that the prototype event was scaled correctly. Unfortunately, there exist different

categories of time - for ical models, for which different

scaling relationships are applicable. The time scale for an event in which pore pressure
dissipation is to be modelled may be derived from the theory of one - dimensional
consolidation (e.g. Taylor, 1948). The solution of the basic differential equation for a

one - dit i idating soil layer is specified in terms of a

between a di i degree of idation and a di i time
factor. To ensure similarity, the time factor T, must therefore be equivalent for both the

model and prototype systems. This condition may be expressed as

el sl e
where the subscripts m and p refer to model and prototype respectively, ¢, is the
coefficient of consolidation, and h is the length of a drainage path. In a model with the
same soil and pore fluid as the prototype, c, is the same for both systems, and if the
linear dimensions are scaled by the factor 1/N from the prototype, the length of a
drainage path is also reduced in accordance with the change in linear scale. Hence, from

Equation 2.6, the times for consolidation in the model and prototype are related by

1
ta = { N } ) @7

7



such that consolidation proceeds much more rapidly in the model than in the prototype.
For the scale factor N = 100, this relation indicates that one hour of model time
represents greater than one year of prototype consolidation time.

For dynamic events, a different time scale factor is derived from consideration
of the equations of motion. The accelerations in the model and prototype are related by
the scale factor N, and the following expressions may be written to describe the motion :

Lt P Awisin(0t,) and 2« NkulidaNwn

dtgy TH

ve. (2.8
where A is the displacement magnitude and w is the frequency of the motion. This leads

to relationships for displacements in the two systems given by

X, = Asill(wlr) and X, = %sin(Nu(.) 2.9

which implies that model and prototype times are related by

1
ta = { N } Y (2.10)

Since any motion may be represented as a Fourier series which is a summation of sine
functions, the time scaling relationship given by Equation 2.10 is generally applicable to
any displacement or loading. However, this result conflicts with the time scaling
requirement for consolidation in Equation 2.7, and inconsistencics arise when both
drainage and inertial effects need to be considered. In some instances, particularly where
the dynamic behaviour of sand models is to be investigated (c.g. Dean and
Schofield, 1983), this conflict between time scaling factors may be surmounted by using
a pore fluid with a similar density to the prototype fluid but 2 much higher viscosity. The
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effect of scaling up the viscosity of the pore fluid is to increase the model consolidation
time so that it is compatible with the inertial time.

For a rapid event and impermeable soil, the inertial scaling factor is the only one
of relevance. Model scouring in the present study was regarded as an approximation to
this case, with negligible pore pressure dissipation during the event. Model time was
determined in accordance with the scaling relationship given by Equation 2.10 and,
therefore, the specified rate of scouring for the model was identical to the prototype
velocity (i.e. approximately 0.1 m/s). This implied that model pore pressure dissipation
transpired more rapidly relative to other time dependent events and that, at corresponding
points in the model, pore pressure build - up was smaller than in the prototype. Model
time scaling based on Equation 2.7 would entail scouring rates which were N times
greater than prototype velocities. For the scale factor N = 100, this would necessitate
a model speed on the order of 10 m/s, which was an impracticable requirement in
consideration of the available equipment and instrumentation.

The extent of drainage during the model event may be assessed through the
inspection of isochrones which display the variation of excess pore pressure with position
at specified times. Consolidation, with dissipation to a drain at the surface, begins near
the surface and progresses downward through the soil. The gradient of an isochrone, and
therefore the seepage velocity, increases with proximity to the surface. In the present
study. the total length of advance of the model was less than 500 mm which implied an
event duration of about 5 seconds at a model speed of 0.1 m/s. Hence, for Speswhite

kaolin clay. having a coefficient of consolidation in swelling of about 1.0 mm? s, the



maximum isochrone depth L developed during the event may be approximated as

follows :

L = JlZc_l = J12x10x5 = 7.8mm [eA 4]

using the expression derived from the method of parabolic isochrones for an initially
uniform excess pore pressure (Schofield and Wroth, 1968). This result provides an
indication of the rate at which the effects of consolidation progressed into the soil from
the drainage boundary of the model. It may be expected that excess pore pressure
dissipation during the event was confined to the surficial region above the caleulaed

depth of isochrone penetration.

Strain Rate Effects

Another scaling effect for time dependent processes may arise due (o the rate of
deformation (Craig, 1982). The mechanical properties of clay are strain rate dependent.
Typically, a ten - fold increase in strain rate may lead to an increase in the apparent
undrained shear strength on the order of 5 percent. The model event should therefore
ideally be conducted at the same strain rate as the prototype event, to ensure that the
same soil behaviour is observed in both systems. This requires that the model event be
undertaken over the same time scale as that of the prototype. For model times in the tests
reported here, altered according to inertial similarity (Equation 2.10), the strength
mobilized may be expected to increase by a factor consistent with a strain rate increase
of N = 100, with strains being equal at all homologous points in model and prototype
as discussed by Bolton et al. (1973). The implementation of the time scaling relationship
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for diffusion phenomena given by Equation 2.7, would have produced substantially
higher rates of strain and associated effects in the model.

For the panticular clay and rate of deformation investigated in this study, the
possible scaling effect introduced by differences of strain rate was not expected to be
highly significant. For example, from the results of cone penetration tests conducted in
Speswhite kaolin clay, it was observed that the measured point resistance was not

infl d by the ion rate, for rates as high as 20 mm/s

(Cheah, 1981; Almeida and Parry, 1983). The magnitude of the rate effect may not be
measurable for the tests reported here, as it is comparable to acceleration, curvature, and
Coriolis errors, each of which contributed to limiting the accuracy of the centrifuge

model tests.

2.4.3 Mcdel Pipeline Scaling

A typical marine pipeline has an outside diameter of 610 mm (24 inches) and a wall
thickness of 15.9 mm (0.625 inches) (e.g. Gulder Associates Lid., 1990); although, in
the extreme, a buried pipeline as large as 1422 mm (56 inches) with a wall thickness of
19.1 mm (0.750 inch) was installed offshore in the Gulf of Mexico (Andrier, 1981).
Flowlines and transmission pipelines for oil and gas are constructed from carbon steel
alloyed with manganese and conforming to the APISL Specification. The API
Specification details the properties of the steel; pipeline steel grade is identified by the
yield strength as X42 to X80, where the numbers indicate the yield strength in units

of ksi. Over the period of the last three decades, the strength of commonly used line pipe
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has increased from 290 to 448 MPa (corresponding to API X635 grade steel) (Cold Ocean
Design Associates Lid.. 1994).

‘The main objective of the tests reported here was to understand soil behaviour
during ice scounng by investigation of the stress and deformation ficlds developed for
well - defined soil conditions. Model pipelines were also included in the test
representation to provide limited direct evidence of the effects of scouring on buried
pipelines. Prior to the test, the model pipelines were set into trenches excavated within
the specimen and the trenches were backfilled with the clay that had been removed. The
maximum pre - consolidation stress was reapplied to the clay specimen following
installation, in order to dissipate excess pore pressures and minimize the effect of

disturbances associated with the trenching activities. The resultant remoulded state of the

infilled material was ive of field soil itions produced by ing and
backfilling operations. The model pipeline installation procedures are detailed in
Chapter 3.

The deformation of a buried pipeline may be influenced by several factors, and
it was not practicable to reproduce all aspects of the full - scale situation in the model.
Only finite pipeline lengths were modelled, as constrained by the dimensions of the tub
in which the clay specimen was contained. As a result, the ends of the model pipeline
segments assumed an unknown degree of fixity in the surrounding soil during a test.
Moreover, other prototype features such as operating internal pressures and temperatures,
and concrete weight - coating of the pipeline were not modelled in these tests.

Some of the scaling relationships applicable to model pipclir_ms may be developed

from consideration of soil loading - induced deformation through bending effects or axial
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compression under shear. Other possible mechanisms of deformation and failure, such
as wwisting, buckling, or indentation, are neglected in the subsequent derivation. To
specify the simplificd physical system for an ideal elastic - plastic material, a functional

equation describing the pipeline deflection § may be written as follows :
6 = [(ELLM, EA,m,0,l,p) @.12)

in which the symbols used are defined such that : E = Young’s modulus; I = moment
of inertia; M, = plastic moment capacity; A = cross - sectional area; m = mass per
unit length; ¢ = a characteristic applied stress; | = a characteristic length, and;
p = material density. The application of partial analysis to this system then yields the

following equation expressed in terms of non - dimensional groups :

e-yiEL M, EA m @.13)
B TERIE

ol* IR

where € refers to a relative displacement or strain and v indicates a functional
relationship or dependency. Model design criteria which satisfy the requirements of
Equation 2.13 are presented in Table 2.2 for a geometrically similar model pipeline
subjected to the same applied stresses as the prototype. The implication of the
relationships specified in this table is that in order to ensure similarity between model and
prototype effects, the pipeline material used in both systems must have the same stiffness
characteristics and yield stress. In particular circumstances where only the elastic
behaviour is of interest, a different material with a reduced elastic modulus may be

employed in the model, provided that wall thickness is increased such that the first term
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Table 2.2 Scaling Relationships for Model Pipelines

Quantity Full Scale : Model at Ng _‘
Diameter and Wall Thickness I:1/N
Elastic Bending Stiffness, E I 1:1/N*
Plastic Moment Capacity, M, 1:1/N?
Axial Compressive Stiffness, E A 1:1/N?
Mass / Length, m 1:1/N?

on the right hand side of Equation 2.13 is equivalent in both model and prototype
systems.

In the present study, model pipelines were used to provide an indication of the

plastic ion which may be i by typical prototype pipelines situated at
different depths below a scouring ice keel. In order to accurately model the plastic
response, it was therefore required to use model pipelines which were comprised of the
same material as the prototype, with external diameter and wall thickness dimensions
reduced in proportion to the length scaling factor for the centrifuge model. The selection
of material properties and sectional dimensions was limited by the availability of
appropriate steel tubular sections. Details of model pipeline characteristics are provided
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in Chapter 3. In general, two model pipeline segments were used in each test, and placed
at different depths within the clay specimen. These were 800 mm length segments of
stainless steel tubing having an outside diameter of 6.35 mm and a wall thickness of
0.25 mm. The maximum yield stress of the tubes was about 380 MPa. The
corresponding prototype system therefore involved a pipeline with a thickness to diameter
ratio greater than the range of values which may be used in common field situations.
Furthermore, the material yield stress was somewhat less than that required for pipeline
steels currently employed in practice. These inadequacies of the representation must be
taken into consideration in the evaluation of model test resul‘ls4

The specified material and boundary conditions which defined the model scouring
events investigated in individual tests, selected in accordance with the discussion of

Section 2.4, are presented in Chapter 4.
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Chapter 3

Experimental Devices and Procedures

3.1 Introduction

The concepts discussed in the preceding chapter were applied in the development of a
programme of small scale model tests of ice scouring. The objective of the model tests
was to collect accurate data for well - defined physical events. Testing within the
centrifuge environment imposed practical restrictions on the methods used to achieve this
objective. The size of the model was limited by the physical dimensions and payload
capacity of the centrifuge. The elevated acceleration field and the remote communication

requirements also constrained the design and selection of the systems used for test control

and data retrieval. To these i whenever i proven

and apparatus ped in conjunction with past research at the
Cambridge University centrifuge facility were employed in the present study.
The test apparatus and experimental methods used to investigate the problem of

ice scouring are described in this chapter including : the laboratory preparation of clay

prior to i testing; the equi and i ion used in the

simulation and monitoring of an idealized scouring event in - flight on the centrifuge,



and; the post - test site investigation procedures used to further evaluate the effects of the
model scouring event. Modifications were made to improve the experimental set - up and
methods on the basis of knowledge gained as the study progressed. Therefore, a general
outline is presented here, and variations in individual tests are described with the

corresponding test results in Chapter 4.

3.2 Preparation of Clay Specimens

‘The techniques and apparatus used in the laboratory preparation of clay specimens are

considered in this section. The i ion of pressure and other i
within the specimen which were used to obtain internal measurements of the material

responses are also described.

3.2.1 Laboratory Consolidation

The clay was consolidated in the laboratory to ensure the establishment of appropriate
stress states at consolidation equilibrium conditions under self - weight stresses in the
centrifuge. For the tests performed in the present study, this involved the application of
a total stress to the clay and dissipation of the resulting excess pore water pressures in
order to establish a uniform vertical effective stress over the depth of the specimen. The
portion of the soil body with in situ effective stresses below this maximum stress was
then overconsolidated. The level of pre - consolidation was selected to obtain a desired
profile of the overconsolidation ratio and was altered in particular tests to examine the

influence of suil conditions on the effects of ice scouring.
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A single specimen of clay was prepared for each of the centrifuge tests
performed. The stress history of the material was initiated in the laboratory where it was
reconstituted from a slurry. Speswhite kaolin clay, supplicd commercially in dry powder
form, was combined with deionized water to produce the slurry. The slurry was mixed
in batches which comprised 50 kg of kaolin powder and 60 litres of water to yield
nominal moisture content values of 120 percent (about twice the liquid limit of the clay).
Three batches were prepared for each test to allow for sufficient slurry to produce a
consolidated specimen thickness of 180 mm. The mixing of each batch was carried out
under a partial vacuum of approximately 0.5 atmospheres for a minimum time period of
two hours. This procedure resulted in a homogeneous slurry of smooth consistency and

ensured a high degree of ion in the i clay specimen.

A steel, cylindrical tub, 850 mm in diameter and 400 mm deep, served to contain
the clay specimen both during laboratory preparations and in - flight on the centrifuge.
Of the containers available at the Cambridge facility, this design afforded the maximum
surface area in which to conduct the model scouring event.

The container approximated the boundary conditions required for onc -
dimensional consolidation. The walls of the tub provided a condition of high lateral
stiffness and were coated with a water - resistant grease to reduce friction. Allowances
were made for two - way drainage at the bottom and top of the clay specimen. A sieel
plate with channels cut in its surface was positioned on a rubber mat which rested on the
base of the tub. The plate served as part of the drainage system for the tub and also
facilitated post - test extrusion of the specimen. A porous sintered plastic sheet was set

on top of the plate to permit vertical drainage from the clay to a bottom drainage outlet
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in the tub situated at the level of the plate. Prior to placement of slurry within the tub,
the base drainage layers were saturated with deionized water and moist filter paper was
laid on top of the porous sheet. The slurry was then placed in the tub, with precautions
taken to ensure that air was not trapped within the soil mass or the underlying drainage
layers. Finally, the slurry surface was covered with filter paper and a second sheet of
porous plastic to permit drainage at the top of the specimen.

A large hydraulic press or consolidometer, shown in Figure 3.1, was used to
apply the required constant total stress to the clay. The tub containing the slurry was
assembled into the consolidometer and the rigid piston was brought to bear on the upper
sheet of porous plastic. During consolidation, drainage was allowed through the outlet
at the base of the tub to an external reservoir, and water was also expelled around the
edges of the piston at the upper surface. The stress was applied in a series of increments.
‘The shurry was initially left to consolidate under the ram and piston self weight (about
5 KPa) for a period of one to two days. Each successive increment imposed was then
about two times as large as the preceding increment until the maximum consolidation
stress was attained. The entire procedure was generally completed in three to four weeks
with roughly three days allowed for each increment. The degree of consolidation was
monitored by measurement of the vertical settlement of the consolidometer piston and

also by pore pressure transducers installed within the specimen.

3.2.2 Pore Pressure Transducers and Installation

Pore water pressures were measured throughout the various stages of laboratory
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Figure 3.1 Sectional view of laboratory consolidometer

preparations and centrifuge testing, both as a monitor on the extent of consolidation and
as a means of defining the soil response during the scouring event. These measurements

were made using miniature differential pore pressure transducers with an operating
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pressure range of 350 KPa (iype PDCR 81 manufactured by Druck Ltd.) shown in
Figure 3.2. The advantage of these devices for use in the present study derived from
their small size (6.4 mm diameter, 11.4 mm length) and their rapid response time, which
is on the order of 0.1 seconds in saturated kaolin clay (Mair, 1979). The active face of
the transducer consists of a crystal silicon diaphragm with a strain gauge bridge diffused
into its surface. The diaphragm is shielded by a porous (ceramic) stone which resists the
effective stress of the soil particles to isolate water pressure for measurement. To ensure
a high degree of saturation of the transducer, the porous stone was de - aired by boiling

in er for a period of about 15 minutes. In addition, the transducer was immersed in

water during of the stone il i prior to in the specimen.

A total of eight pore pressure transducers was installed. The installation procedure

Wils

carried out before application of the final stress increment during laboratory
consolidation. The bottom drainage outlet was closed, excess water was removed from
the surface of the specimen, and the consolidation pressure was released. The pore
pressure transducers were placed at particular depths in the specimen through ports
situated at four equidistant points around the tub wall. An extension piece was first
secured to the port to provide alignment for the insertion of a 7 mm diameter greased
thin - walled tube. The tube was driven horizontally into the clay specimen to a position
which was about 5 mm short of the proposed transducer location. The clay within the
tube was augered out and the tube was withdrawn leaving a clear passageway to allow

for of the The de - aired was then set on a guide and

pushed into position within the clay at the end of the passage. To backfill the void left

in the specimen, clay slurry was injected using a pump with a long hypodermic tube.
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Figure 3.2 Top : Schematic section of pore pressure transducer; Bottom : Diagram

of transducer insertion into clay specimen

Finally, the entry port was plugged with a rubber gland scal fitted around the transducer

lead at the side wall of the container (Figure 3.2). The gland seal allowed for venting

through the lead to provide the reference (atmospheric) pressure for the transducer.
The installation procedure generally permitted positioning to within £ 5 mm of

the proposed transducer location. However, encroachment of the soft sidewalls of the
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shaft and ion of the i from the guide could result in

larger i ies. The p was repeated for the remaining
transducers and was generally completed in less than three hours. The pressure on the

imen was then restored to its former level and drainage at the base outlet was

reinstated.

3.2.3 Visual Techniques for Soil Deformation Measurement

The methods employed to measure sub - surface soil displacements involved the
placement of grids of easily deformable materials at sections both parallel - and
perpendicular - to the scour axis. Grids which comprised horizontal and vertical members
placed at 10 mm intervals were used;-a more detailed mesh sizing was considered
impractical in light of the procedures required to construct and install the members. The
horizontal members consisted of segments of very fine solder attached to strands of
coloured, dry spaghetti of nominal 2 mm diameter. The spaghetti strands were retained
at the appropriate spacing (accurate to within £ 0.5 mm) by similar vertical pieces fixed
at 100 mm intervals, which facilitated the installation of all members as a single unit.
After placement within the sample, the spaghetti became pliable due to the presence of
water but retained its initial configuration.

Lead powder trails were injected into the specimen to form the vertical members
of a grid. Both the lead trails and the solder segments were amenable to detection using

radiographic techniques. The deformed pattern of each grid could also be determined by

90



direct excavation of the grid members. The post - fest investigation procedures are
detailed in Section 3.6.

To minimize disturbance of the clay specimen, model pipeline segments were
installed concurrently with the grids used to monitor soil displacements. The model
pipelines were lengths of commercially available stainless steel tubular sections (material
designation T304, seamless). The tubes have an outside diameter of 6.35 mm and a wall
thickness of 0.25 mm with tolerances of + 0.10 and + 0.04 mm respectively on these
dimensions. The maximum yield strength of the tubing material is approximately
380 MPa. In general, two 800 mm length segments were installed within the clay
specimen at sections perpendicular to the scour axis, each at different depths.

For practical reasons related to the initial test objectives and the availability of
supplies at the time of testing, a different type of tubing was used to represent the
pipeline segments in the first centrifuge test of the series. The sections used in this test
are extruded from an aluminum alloy (material designation 6063 - TF) with a minimum
0.2 percent proof stress of 160 MPa. The tubes have an outside diameter of 6.0 mm and
a wall thickness of 0.7 mm. Both dimensions have a tolerance of + 0.1 mm. A total of

five 650 mm length segments were placed in the Test | specimen.

Installation of Grids and Model Pipelines

The installation of soil deformation grids and model pipeline segments was carricd out

to the i of equilibri it under  the

pre - consolidation stress increment. To allow access 10 the clay surface, the specimen
was unloaded and removed in its tub from the consolidometer. The pressure was reduced
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in steps during unloading to avoid the onset of cavitation caused by high pore water
pressure suctions. The confining piston, porous plastic sheet, and filter paper were next
removed. The exposed top of the clay specimen was then scraped to remove a small
amount of excess material, to yield a smooth level surface at the final elevation. An
allowance was made in determination of the required elevation for the elastic rebound of
sample as measured during unloading.

‘Trenches were excavated within the clay specimen to permit the placement of

grids and model pipelines at particular depths below the initial surface level. Markings
were first lightly etched into the clay surface to give an accurate plan of trench locations
relative to the proposed scour axis. To provide a guide for the tool used to cut the
trenches, two steel bars were spanned across the top of the tub, supported at either end
by the upper flange of the container. The positions of the bars were adjusted to ensure
correct alignment of the tool during the cutting process, and the bars were then clamped
in place. The cutting tool comprised a flat plate with a narrow protruding section of
width equal to the required 12.5 mm trench width and length somewhat greater than the
maximum proposed trench depth of 75 mm. To create a trench, the rounded tip of the
narrow section of the tool was pushed into the clay to a fixed depth and the tool was
drawn across the specimen while maintaining contact with the guide bars. The extruded
clay was intermittently removed from the face of tool and stored in plastic wrap for later
usage in backfilling operations. A section of angle bolted to the tool rested on the guide
bars during the cutting process. The height of the angle was adjusted to set the depth of
the cut. To reduce associated disturbance of the clay specimen, the trenches were

excavated gradually in 5 mm cutting depth increments.
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After the completion of excavation, the prepared grid was lowered into the trench,
aligned at the required depth, and then gently pressed into the trench side wall to fix its
position and prevent damage during backfilling. At axial sections, the grid was placed
against the trench wall coincident with the scour axis whereas, at cross - sections, it was
placed at the front wall relative to the direction of scouring. The trench was then
backfilled by hand using a small spatula with an angled blade. The clay that had been
removed during excavation was returned to the trench in a highly remoulded state as a
result of handling and placement procedures. To install the model pipeline at a cross -
section, the trench was first backfilled to a depth slightly higher than the desired
elevation of the model pipeline invert. The trench cutting tool was then used to remove
the excess material to provide a level base onto which the tubing segment was placed.

The backfilling process was then resumed to ion. The i

were carried out over a two day period during which efforts were made to prevent
exposure of the clay surface in order to limit the ingress of air into the specimen. The
positions for insertion of lead powder trails were then marked out, the specimen was
covered with a layer of plastic wrap, and the piston self weight was reapplied overnight

10 ensure an even surface.

Lead Powder Trail Insertion

Lead powder trails were formed by injecting a lead suspension into the specimen o
create a lead - coated shaft. Figure 3.3 illustrates the preparation and insertion
procedures. The lead suspension was hand mixed from lead powder (less than 100 mesh
size) and water soluble machine cutting oil. A sufficient quantity of lead powder was
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added to ensure an even deposition on the wall of the shaft after diffusion of the oil into
the surrounding clay.

‘The mixture was first drawn into a piston cylinder to allow for discharge to the
hypodermic tubing used for injection. The length of the tubing was selected to provide
a depth of insertion of 80 mm for the vertical trails forming part of the soil deformation
grids. The tubing consists of a narrow section probe (1.6 mm outer diameter, 0.5
mm wall) to be inserted within the clay, brazed to a larger section barrel. The end of the
barrel is threaded to permit attachment to a port on the cylinder. To fill the probe and
barrel, the piston was slowly advanced to force the lead suspension from the cylinder into
the tubing, with care taken to expel entrapped air pockets.

Special apparatus was used to locate and guide the probe during insertion of the
lead trail. The location of a line of lead trails was fixed at a section by a rail placed
across the top of the tub, supported and clamped to the upper flange of the container. A
square bar template with tight clearance holes to guide the probe was moveable along the
rail. The position of the template was adjusted until the guide hole was directly above
the proposed site, and the bar was then clamped to the rail to set the location of a
particular lead trail. A vertical guide was attached to the tem, late. A channel is machined
into a bottom plate on the guide to align the barrel of the tube. A removable assembly
could also be fitted onto the top portion of the guide to fix the position of a piston rod
in line with the channel, directly above the hole in the template.

To begin the insertion procedure, the charged hypodermic tube was held parallel
to the vertical guide and placed through the hole in the template. The probe was then

pushed slowly into the clay while the barrel was maintained within the channel along the
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guide. The piston rod assembly was then attached to the guide such that the tip of the rod
fitted within the top of the tubing barrel. Finally, the tube was gradually removed from
the specimen; the barrel portion was withdrawn over the piston rod which prompted the
expulsion of the lead suspension from the tube into the shaft left by the probe. The
procedure was completed when the tip of the probe was above the clay surface. The
piston rod assembly and the tube were then removed from the guide. To place additional
lead trails, the tube was recharged with lead suspension, the template position was reset,
and the process was repeated.

A total of 74 lead trails, comprising the vertical members of four separate grids,
were generally installed in the specimen. The quantity was limited as it was recognized
that the open shafts of the trails may act as drainage paths within the specimen. The
insertion procedures were completed in a single working day after which the b was

returned to the i The i pre - idation stress level was

reapplied to the clay specimen to dissipate excess pore pressures and reduce the effect

of disturbances caused by the installation of grids and model pipelines.

Surface Markers and Final Specimen Preparation

The ining tasks involved in ion of the clay specimen were carried out one

day before the scheduled centrifuge test. Drainage access to water was disallowed, the
specimen was unloaded, and the tub was removed from the consolidometer. The clay
surface was then uncovered to enable cutting of an initial bay for the model iceberg, and

to permit the placement of surface markers.



To set the initial depth of the model iceberg at a level below the expected
equilibrium scour depth. a bay was cut within the specimen in which the model was 1o

be situated prior to the scouring event. To construct the bay. the surface was

incrementally scraped and levelled to a depth of 23 mm within a region which extended

200 mm forward from the tub wall and 280 mm in width perpendicular to the scour

A relatively stiff and light 3 mm thick plastic plate was placed within the bay to support
the model iceberg with negligible settlement from an initial 20 mm depth. The support
plate was pegged into the clay surface near to the tub wall to prevent its movement.

Surface markers were placed at prescribed locations on the specimen: plan view
photographs of the specimen taken both before and after the test then allowed for the
evaluation of the movements of the surface markers using a film measurement machine
as described in Section 3.6. The markers were 2 mm diameter spherical lead - shot,
selected to aid in definition of the model boundaries during radiographic examination.
Measurements based on these markers were expected to underestimate surface soil
displacement magnitudes.

To install the lead spheres, a clear plastic template of 6 mm thickness with an
array of tapered guide holes spaced at regular intervals was used. The template was
positioned on the clay surface and the lead spheres were inserted into the guide holes.
A specially fabricated tool was then used to indent each sphere into the surface of the
specimen to a distance of slightly less than one sphere diameter. A rectangular patiern
of markers (240 mm width, 500 mm length) were installed at 20 mm spacings centred
on the proposed scour axis. The spacing interval was sclected to allow for post - test

identification of the bulk of the markers after large soil movements, and to ensure a
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negligible influence on model behaviour. Four reference markers were also placed at
far - ficld positions which were unlikely to be affected by the scouring event.
Preparation of the clay specimen was completed with the installation of the lead
sphere markers. The general layout of pore pressure transducers, soil deformation grids,
model pipeline segments, and surface markers is shown in elevation and plan view in
Figure 3.4. Individual test variations in the arrangement are detailed in Chapter 4.
‘The surface of the specimen was photographed to provide a record of the pre -
test pattern of the lead shot markers. The camera used was a Hasselblad Model
500 EL/M loaded with a high quality 70 mm Aerographic film (Kodak 2645, Estar base).
‘The camera mounting position was fixed and measured relative to the clay surface so that

the same location could be it for the ing post - test The

clay surface was then covered with plastic wrap. At this stage, the tub containing the
prepared clay specimen was ready for assembly with external equipment and

instrumentation to form the complete centrifuge test package.

3.3 Equipment and Instrumentation

The foregoing described construction of the soii model with a prescribed stress history,

and the ions made for the of internal soil effects. In addition

to the stress history and current stress state, the soil behaviour is also dictated by the
stress path followed during the test. The test package equipment and instrumentation

were designed to address this model i through i i ion of the

prototype perturbation. In addition, the test apparatus allowed for monitoring of the
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Figure 3.4 Layout of pore pressure transducers, deformation markers, and model
Ppipeline segments, shown in elevation and plan view

imposed conditions and external model responses, to ensure a well - defined cvent.

The various components of the package were mounted on a 9.5 mm thick steel

cover plate to form an integral unit which could then be boltad to the upper flange of the

tub containing the prepared clay specimen. An opening was provided in the centre of the
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cover plate to permit a&;u:ss u; the clay surface and to allow observation during the event.
Steel box sections were welded to the cover plate to enhance stiffness and prevent
excessive deflections in the high gravity environment. The external equipment was firmly
secured to the cover plate to preclude disturbance of the soil and to allow for mechanical

handling of the complete package.

3.3.1 Drive System

Simulation of the ice scour perturbation entailed both the model iceberg (described in
Section 3.3.2) and the drive system used to actuate the model. Power to drive the model
was derived [rom a variable speed D.C. permanent magnet electric motor (type PM 2MB
manufactured by Parvalux Ltd.). The electric motor met output torque requirements
based on estimated loads and satisfied power requirements for the proposed model speed
of 0.1 m/s. A thyristor controller was used with the device to facilitate remote operation
and speed regulation from the centrifuge control room. The appropriate fixed controller

setting for the constant velocity scouring event was established through laboratory

prior to
The electric motor provided a relatively simple and reliable method of actuation
and its size and construction were suitable for incorporation into the centrifuge package.
The motor was supported by an external housing constructed of welded steel plates,

bolted to the package cover plate. To ensure serviceability in the

the device was aligned with the axis of the rotor parallel to the direction of centripetal

acceleration. The increased rotor weight was transmitted from the main output shaft to



thrust bearings at the base plate of the housing. The loads imposed on the device were
also carried through bearings at each end of the double - ended shaft on the gearbox.

Figure 3.5 shows a drawing of a vertical section thiough the package along the
scour axis. To advance the model iceberg. the electric motor rotated a 1.5 mm diameter
galvanized steel cable around a 20 mm diameter capstan fixed to one end of the drive
shaft. A box section welded to the bottom of the motor housing extended downward
through the package cover plate. The flexible cable was guided around a pulley attached
at the base of the box section and was connected to the front of the model iceberg,
initially located at the other extremity of the centrifuge container. In this manner, the
model was driven by application of a horizontal pulling force at a prescribed elevation
above the clay specimen.

The drive system did not restrict the behaviour of the model iceberg. The model
was permitted to undergo motion with six degrees of freedom. In practice, due 1o
symmetry of the model geometry and the applied driving force, movements were limited
to the imposed horizontal translation (surge), as well as vertical translation (heave) and
rotation about a transverse axis (pitch). Heave and pitch motions were developed through
interaction with the soil and were dependent upon the vertical and rotational hydrostatic

stiffness of the model. Other types of movement could arise as a result of unanticipated

load icity or specimen i ity. The dircction of travel was specified
parallel to the axis of rotation of the centrifuge (upward movement as viewed cxternal
to the package) in order to minimize errors duc to the radial acceleration ficld and
Coriolis effects.

‘The forward motion of the model iceberg was terminated automatically to end the
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Figure 3.5 Sectional view of centrifuge test package

scouring event. For this purpose, two micro - switches were connected in series with the
electrical supply to the motor. The switches were supported by a plate positioned in front
of the pulley, and the pulling cable was directed between the switches through a groove
in the plate. A small aluminum cone was fixed to the cable at a set position in front of
the model iceberg. The cone contacted and activated the switches to stop the motor when
the model had travelled a predetermined distance.

The horizontal position of the model iceberg was monitored using a position

(type PT 101 by Celesco Transducer Products Inc.) linked
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directly to the model. The transducer casing was inverted and mounted on brass supports
which were bolted to the package cover plate above the initial location of the model. This

orientation permitted extension of the ing cable vertically

from the device through a hole in the cover plate. The cable was guided around a pulley
mounted on the underside of the plate, and then fastened 1o the back end of the top plate
on the model. The position transducer employed a linear potentiometer which provided
a continuous record of the horizontal position of the model to within an error of
#+ 0.5 mm. The extension of the transducer measuring cable associated with catenary at
the test acceleration level was estimated to introduce additional deviation of the same
order of magnitude.

An indirect measurement of the model position was also obtained by means of a
rotary potentiometer connected to one end of the motor drive shaft. This lauer
measurement included the effect of a slight pre - tensioning of the pulling cable prior 10
the inception of model movement.

3.3.2 Model lceberg

The model iceberg was constructed of aluminum, to represent a rigid keel of prescribed
geometry, and balsa wood, o provide buoyancy and establish the vertical stiffncss of the
model in free surface water, Aluminum plates (6.3 and 12.5 mm thicknesses) were
welded to form the keel geometry displayed in Figure 2.9, The model was fabricated
oversize and machined to the required final external dimensions. Balsa wood segments

were coated with water resistant varnish and bonded to the periphery of the upper portion



of the aluminum shell using a high strength adhesive. The wood segments served to
extend the plan area of the model at the waterplane, and thereby to increase the vertical
stiffness of the model to a specified value. The baseline model configuration, shown in
Figure 3.6, included a keel width of 100 mm, a horizontal base length of 50 mm, and
an attack angle of 15 degrees. The waterplane area of the model was 250 by 250 mm*
which corresponded with a vertical stiffness of 61 N/mm.

‘The model iceberg design was varied to accommodate changes in parameters
proposed for specific tests in the series. The parameters and corresponding model
geometries for each test are given in Chapter 4. Some of the individual model
configurations are exhibited in Figures 3.7 and 3.8 to illustrate particular construction

features and other physical istics. The initial ion, shown in Figure 3.7,

possessed an irregular geometry with bow area dij i The
tendency to overturn during the scouring event was reduced by concentration of the
model mass at the stern and placement of the balsa wood float at the

front plate. The model was modified in subsequent tests to increase vertical stiffness

through provision of the

In general, changes to the keel shape produced changes in the buoyancy
characteristics of the model. To isolate the effect of the test variable, it was therefore
necessary to make further adjustments to the mode! configuration to maintain the same
magnitude and point of action of the buoyant weight. This was achieved through re -
design of the aluminum shell of the model, by the addition of ballast within the model,

and by the attachment of balsa wood pieces to the exterior of the model. Adjustments

were also required to ensure a i point of ication of the hori: force in
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Figure 3.6 Baseline model iceberg configuration and instrumentation

successive tests. Furthermore, it was necessary to account for the weight distribution of
the instrumentation attached to the model, in tests where devices were added or in which

the model scale was altered.

Model Iceberg Instrumentation

Each model iceberg was instrumented to yield data which facilitated determination of the
resultant scour forces, the pressures acting on the rigid keel, as well as the changes in
depth and attitude of the model throughout the event.
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Figure 3.7 Side elevation view of model iceberg used in Tests 01 and 02

The drive system pulling cable was linked to the model by a tension load cell
which measured the horizontal force developed when the model was advanced. The load
cell was fabricated from an aluminum alloy (material designation HE15W). The total

length of the device was 63 mm including end drilled with ing holes. A

central web, which was 13 mm in length and 8 by 2 mm? in section, functioned as the
sensing element. Four semiconductor strain gauges were bonded to the web (two per side

oriented with two opposite gauges in the axial direction and two opposite gauges in the

fransverse direction) and the ar was g to form a Wh bridge
Circuit. The load cell was required to operate while submerged in water at pressures as

large as 100 KPa for a continuous period of up to 10 hours. The device was therefore



waterproofed by coating the circuit and lead wires with a commercially available silicone
rubber sealant suited to this application.

One end segment of the tension load cell was coupled to the model. An aluminum
connecting piece machined as a shackle was attached to the centre of the model iceberg
at a fixed elevation. The load cell was permitted to rotate frecly in a vertical plane about
the pin of the shackle but allowed only limited lateral movement. The pulling cable was
looped through the mounting hole at the opposite end of the device and secured with a
crimped anchoring pin.

Contact pressures acting on the horizontal bottom and inclined leading face of the
model iceberg were measured to provide information on interface stress conditions during
the scouring event. Interface measurements are affected by the stiffness of the sensing
element in relation to that of the surrounding boundary material, as well as by arching
in the soil medium. Similarly, measurements derived from a relatively stiff pore pressure
transducer implanted within the soil (Section 3.3.2) are prone to influence by stress
concentration and arching effects (Kutter et al., 1988).

The soil - and waler - induced interface pressures were estimated through use of

inductive pressure (type P11 d by Houtinger Baldwin

Measurements Inc.) with a nominal pressure range of 500 KPa. This type of device is
suitable for measurements involving short pressure peaks as well as quasi - static or
dynamic conditions with rapid fluctuations. The pressure medium acts directly on a

19 mm flat steel di The deflection of the di is directly i [

the differential pressure relative to the ambient value and is sensed accurately by an

internal di; The response is  into an analogue



clectrical signal by means of an inductive half bridge energized via an external measuring
converter unit (type MC 2A).

A total of three inductive pressure transducers (length 72 mm) could be
accommodated within the model iceberg. A top plate or lid on the model was removed

1o permit i ion of the pressure and sealed to provide splash - proof

containment. One transducer was located at the centre of the horizontal base plate. The
two remaining devices were positioned at a height of 10 mm, and midway between the
centre and cach edge on the inclined leading face of the model, as shown in Figure 3.6.
‘The transducers were fitted directly into threaded holes machined in the aluminum plates
and flush - mounted with the exterior of the model. A narrow cavity between the
diaphragm and the edge of the threaded hole was closed with a metal body - filler to
render a smooth outer surface. Sealing between the mounting plane and the device was
effected by means of a gasket at the shoulder of the device, adjacent to the thread. The
electrical cables were secured within the model and fed out through an opening at the
front of the top plate to permit connection to the measuring converter units.

The model iceberg was unconstrained and it was necessary to monitor its vertical
position and orientation to define the scouring event, and to permit evaluation of the
resultant vertical force acting between the model and the soil. Four pore pressure
transducers (described in Section 3.2.2) were installed at a fixed distance below the free
water surface, at each of the four corners of the model. The transducers furnished direct
measurements of water pressures which served as an indirect monitor on the variation
of model elevation (scour depth) during the event. The response time of these devices in

pure water is on the order of 1 millisecond (Kutter et al., 1988). Wind - induced ripples
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or local water level changes provoked by model movement represented a potential source
of measurement error. To minimize the effect of these disturbances, the pore pressure
transducers were mounted within tubes attached to the side of the model, as shown in
Figure 3.7. The tubes were machined with a 13 mm diameter shaft open to the
atmosphere and a 3 mm bottom aperture 1o permit water entry. The transducer was
push - fitted into a mounting hole located 10 mm above the base of the tube, such that

the active face of the device (with porous filter stone removed) was situated at the shaft

centreline.
To reduce i i with the of the model vertical
position, were in particular tests using other

instrumentation. Initially, two linear position sensors (potentiometers) with 10 mm
electrical stroke and small physical dimensions and mass were mounted on the top plate
of the model iceberg, as shown in Figure 3.8. To record model movements during the
event, the spring loaded plunger of each device was placed in contact with a guide rail
at fixed elevation. This measurement system proved unreliable due to self - weight
compression of the sensors in the centrifuge environment coupled with their limited
measuring range. To address these deficiencies, the arrangement was modified in the
subsequent test. In this instance, two + 15 mm stroke linear variable differential
transformers ( LVDT; type DC 15 manufactured by Sangamo Ltd.) were placed within
the model and clamped in position at the top plate (Figure 3.8). The displacement
transducers were oriented such that the spindle of each device protruded vertically
outward from the upper surface of the model. The top of each spindlc was fitted with a

low - friction pad which rested on a level rail spanning across the opening in the package
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cover plate. Contact with the rail during the event was ensured by the enhanced sell
weight of the spindle at the test acceleration level.

Transducers in the test package were interfaced to the data acquisition system
through junction boxes mounted on the cover plate, as described in Section 3.4. For the

model iceberg i ion, this i the ion of devices in motion with

the model to conditioning units fixed to the test package. The elcctrical leads from the
model instrumentation were routed to the upper surface of the model and tied together
to form a single bundle. The bundle was attached in a flexible manner to a bar suspended

above the package cover plate. As the model iceberg traversed the

specimen, the lead
lengths provided were sufficient to permit advancement with the model while pivoting
about the point of attachment. This arrangement reduced the likelihood of possible

obstruction of the scouring event arising from instrumentation connections.

Provisions for Model Support

In the initial tests performed, the soil deformation pattern at the final location of the
model iceberg was altered by the effects of a bearing capacity failure below the model.

The failure was initiated as the system of forces acting on the model changed in

with the ination of In order to reduce the influence of this

were i to provide support

for the model at the end of its travel.
The support apparatus included two 25 mm sections of aluminum angle suspended
at a specified distance from the underside of the package cover plate, each at opposite
sides of the final model location. An outline drawing of the arrangement is presented in
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Figure 3.9. The model was supported when a cross - beam bolted to its top plate came
into contact with the upper surface of the angle sections. The beam was cantilevered over
a distance of 75 mm from each side of the model and intersected with support sections
at a distance of 25 mm from each end. The elevation of the top of the supports was
adjusted to a level approximately 3 mm below that associated with contact for the

estimated scour depth, and the ends of the sections were tapered from this height. The
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clearance provided, relative to the level at which contact was expected, ensured that the
scouring event was not influenced by the apparatus. This implied that a limited amount

of vertical movement was tolerated.

3.3.3 Regulation of Water Levels

A system was required to control and monitor water levels within the test package. The
preservation of design water levels and drainage conditions was essential 10 ensure
appropriate pore water pressures and effective stresses in the clay specimen. The
buoyancy characteristics of the model iceberg and, therefore, the representation of the
prototype perturbation were also dependent on the depth of free water above the clay
surface.

To maintain specified water levels during a test, water was supplicd o the
package at a steady rate and the excess flow was vented (0 a standpipe external (o the
centrifuge container. The water depth was regulated by the fixed height of the overflow
on the standpipe. The control position could be easily adjusted between tests to allow for
changes in conditions. The system accounted for potential losses due to evaporation
during the test, leakage or unexpecied spillages. To impose hydrostatic water pressures
at the bottom and top of the clay specimen, the standpipe was linked to the centrifuge
container at the base drainage outlet and also at two diametrically opposite locations
immediately above the clay surface. Connections to the tub were made using compression
fittings and semirigid nylon tubing.

The centrifuge tests were carried out with the surface of the clay submerged and
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the proposed free water depth at the centre of the container was 80 mm (baseline

condition). The control position in the standpipe and the resultant water depths across the

clay specimen were caleulated with allowance for the curvature of the water surface
caused by the radial divergence of the acceleration field, and with consideration of the
effects of Earth's gravity. Ata distance of 125 mm from the scour axis (the edge of the
mode! iceberg at waterline) the depth of free water was estimated to be 2.0 mm above
the centreline value. The water depth along the scour axis increased very slightly in the
direction of travel of the model, with a maximum deviation of 0.3 mm at the tub wall.
‘The water level was monitored throughout the duration of the test using two pore
pressure transducers (described in Section 3.3.2). One transducer was installed directly
on the clay surface at a fixed position removed from the test area and the other device
was situated at the base of the standpipe. Two pressure transducers were employed to
provide a check on each other, and to assist in locating the source of possible leakages

or obstructions in water supply to the package during testing.

3.3.4 Auxiliary Test Apparatus

Figure 3.10 shows a plan view schematic of the test packag‘a Add‘ilional package
cquipment and instrumentation needed to observe and measure conditions during the
centrifuge test included a surface settlement monitor, video camera, and vane shear test
device.

A displacement transducer of the LVDT type described in Section 3.3.2 was

employed to monitor settlement of the clay surface, as one means of evaluating the

114



sy

| =
=

115

of test package

progress of in - flight consolidation. The LVDT body was clamped to the package cover .

plate and the base of the spindlc was fitted with a perspex pad which rested on the

A charge coupled device (CCD) television camera with wide angle lens was
installed on the test package to permit close - up visual monitoring of the scouring event.

A camera mounting supported and aligned the device to provide a view of the model at
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its initial position and over a portion of the scour length, including limited observation
of the soil specimen through the layer of surface water. The view from the package
camera supplemented an overall view of the package derived from a similar device

stationed near to the central axis of the centrifuge (Section 3.4).

Vane Shear Test Device

A vane shear test device (Davies, 1981; Almeida, 1984) was added to the package to
allow for the estimation of clay undrained shear strengths based on site investigation
performed during centrifuge flight. The device, shown in Figure 3.11, comprises a
compact set of apparatus designed to operate at an acceleration level of at least
100 gravities. The vane (12) is 18 mm in diameter by 14 mm deep with blades machined
from stainless steel, and is fitted to a 6.3 mm diameter aluminum shaft (10). Connection
1o the shaft is through a slip coupling (11) which ensures that the vane is rotated only
after approximately 10 degrees of initial shaft movement. This arrangement permits

estimation of the shaft resistance, i from the torque ilized by the vane

blades alone. A thin - walled 10 mm length of the shaft (9) serves as the sensing element
for a load cell with bonded strain gauges configured to measure the applied torque.
The top of the shaft is attached to a plate (6) which can be moved vertically to
advance the vane to the test location within the soil specimen. The plate is raised or
lowered by an electric motor (3) acting through a simple gearing mechanism and screw
drive (2). A linear potentiometer (1) is used to monitor the vertical position of the plate,
and hence the penetration of the vane. The vane can be advanced over a maximum
vertical distance of 200 mm. A second motor (5), coupled to the shaft through a bearing,
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Figure 3.11 Components of the vane shear test device (after Almeida. 1984)

is used to rotate the shaft and vane to conduct the test. The rotational movement is

monitored by a rotary potentiometer (8) linked to the shaft through two nylon gears.
The vane shear test device was attached to a raised platform supported by two

columns bearing on the package cover plate and stiffening members. The platform could

be detached from the cover plate to facilitate assembly of the apparatus. Steel box
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sections were welded 1o the cover plate to enhance stiffness locally, to support the
additional loading. The device extended downward through an opening in the cover plate
such that the vane was situated immediately above the surface of the specimen at its

initial position.

3.4 Cambridge Geotechnical Centrifuge

A detailed description of the Cambridge geotechnical beam centrifuge facilities and
operations was provided by Schofield (1980). The main features applicable to the present
study are reviewed briefly in this section.

Figure 3.12 shows a simplified schematic of the 10 m diameter rotor arm of the

beam il The il was with complete symmetry such that a

model may be carried at either end of the rotor with a suitable counterweight at the
other. Alternatively, two models could be tested simultaneously, although this is not
common practice. The machine operates with swinging platforms which have surfaces
at 4,125 m radius so that the model is at a working radius of 4 m. At the peak rotational
speed of 186 rpm, the acceleration in the model at 4 m radius is 155 g. The maximum
acceleration level normally authorized for geotechnical testing is 125 g, and a package
with mass not exceeding 900 kg can be accommodated. Therefore, in its current
operations, the Cambridge centrifuge possesses 112.5 g - tonnes capacity at 4 m radius.
The highest acceleration imposed during the present experimental programme was 125 g,
and the mass of the ice scour package was approximately 500 kg.

The test package is mounted on a platform which is suspended on two swing arms
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from pivot supports on the rotor. These pivots are free to move in a radial direction
against the restraint of torsion bars to allow for seating of the platform on a fixed vertical
face plate as the applied force reaches a predetermined valuc. When the centrifuge is
stationary, the surface of the swinging platform is inclined at a small angle to the
horizontal. As the centrifuge speed is increased, the platform rotates upward into the
vertical plane at an acceleration level of about 8 g, where end - stops prevent additional
rotation. With further increases in speed, the flexible pivot system permits the platform
to move radially outward until it bears against the strong face plate of the rotor at about
20 g. Additional force imposed at higher accelerations is no longer transferred 10 the
swing arms and pivot supports which, therefore, carry a substantially reduced portion of
the applied loading.

The behaviour of the model is dependent on its orientation with respect o the
resultant of the centrifuge acceleration field and Earth’s gravity, acting perpendicularly
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to the radial field. The design of swing arrangement for the Cambridge centrifuge is such
that the resultant aceeleration acts in a plane which is inclined at a minimum angle of
ahout 83 degrees, both at rest and during a part of the swing - up process. Following this
transition stage, the inclination increases to about N : 1 to the platform surface, where
N is the prevailing centripetal acceleration. In the present study, the effect of the

resultant inclination was reduced by placing a wedge of prescribed gradient between the

test package and the platform surface. This provision was only effective at the test

aceeleration level.

The Fa s available for visual monitoring of the model under test include both
video and photographic systems. A CCD camera is fixed adjacent to the central axis of
the centrifuge and directed radially outward along the rotor arm. The camera provided
a continuous overhead view of the upper surface of the test package, which appeared at
rest in the moving reference frame. The signals from this device were acquired remotely
by television monitors and a video cassette recorder in the centrifuge control room.
Photography of the moving model in flight may be achieved using an externally mounted
camera and high intensity low duration light flash synchronized to the centrifuge rotor.

‘This latter system could not be exploited to record model behaviour in the present series

of tests due to the type of containment selected for the soil specimen.

Centrifuge Services and Data Acquisition

“The centrifuge slip ring assembly permits communication with the external environment
as required for test control and data acquisition. Above the upper bearing of the rotor,
an extension of the shaft carries the slip ring stack, comprising two separate chambers
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for electrical power/control rings and low - noise signal rings respectively. The

1y
centrifuge is also equipped with eight hydraulic or pneumatic slip rings which cnable
fluid to flow through the central axis of the machine, to supply water or compressed air
to the model during a test. Water from the slip rings was piped into the ice scour test
package through a standpipe as described in Section 3.3.3.

Electrical power is fed through high capacity slip rings to supply equipment and
instrumentation. Three - phase 415 V AC, single phase 240 V AC, and 3 1o 18 V DC
power are readily available on the rotor arm. The excitation voltage required to energise
package instrumentation is produced by direct current supplies located on the rotor near
to the central axis. The AC power for the various onboard devices is activated remotely
through solid state relays.

The centrifuge was constructed with 40 pairs of signal slip rings of which 10 are
dedicated to signals reporting on the state of the machine. With a sysiem to multiplex
input signals, the overall data acquisition system currently allows for a maximum of 57
sets of signals to be recovered from a given experiment. The ice scour test package
engaged a total of 28 data channels, including channels used to monitor instrumentation

power supplies. The data isition system is il in Figure 3.13.

The electrical leads from all of the test instrumentation were connected Lo (wo
interface boxes mounted on the package cover plate, as depicted in Figure 3.10. Each
box can accommodate up to 24 transducers. The interface boxes contain the necessary

circuitry to deliver appropriate excitation voltage to the individual transducers and to

condition their outputs to yield low impedance high - level analogue signals for

transmission through slip rings to the data acquisition system. The signal conditioning
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provided includes selectable decade gain amplification and low - pass analogue filtering.

Tl

arrangement also permitted pre - test verification and calibration of i

through the same electrical configuration as employed during the centrifuge test.
‘The multi - channel system includes further signal conditioning and an analogue
1o digital convertor controlled by a microprocessor (386 PC). The front - end signal

conditioning consists of binary gain amplifiers which are adjusted to optimize the range
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of analogue input. To acquire and manipulate digital data, the computing system is used
together with commercially available Burr - Brown hardware and Labtech Notebook
software. The data recorded using the acquisition software in this manner were suitable
for input to other processing and analysis packages.

The sig.nals retrieved from the centrifuge were also recorded in analogue format
on magnetic tape using two Racal 14 - track tape recorders. This system functioned as

a back - up to the main data logging system to prevent loss of essential test data due o

inadequate logging rates or in the event of failure of the main system. The analogue

information recorded on magnetic tape could be subsequently converted to digital format
as required, using the computer code FLY14 (Dean and Edgcombe, 1988). Manual data

logging using a digital voltmeter was also carried out throughout the duration of a test

to verify i ion responses i of the main logging system.

3.5 Centrifuge Test Procedures

This section describes some of the details of centrifuge test implementation following
model preparations 2s outlined in the initial portion of the chapter. The experimental

programme was planned in accordance with the Code of Practi

for Safe Operation of

the Cambridge Geotechnical Beam Centrifuge (Schofield, 1980). Structural analysis and

balance ions were for each test to the safety of
the apparatus and proposed activities. Centrifuge proof tests were also undertaken to
verify the structural integrity of the test package and to evaluate system performance at

an acceleration level in excess of the normal working condition.
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Package Assembly and Loading

The clay specimen was removed from the laboratory consolidometer and final model

preparations were completed one day prior to the first day of scheduled centrifuge

The external equij and i ion were mounted on the package
cover plate and the resulting assembly was bolted onto the centrifuge container. The
standpipe was attached mechanically and hydraulically to the package, and the overflow

height was adjusted to test ificati The i ion was to the

interface boxes and transducer responses were verified through the data acquisition
system. Electrical leads were secured at several points on the package to minimize
polential distress during centrifuge flight.

The model iceberg, instrumented and sealed as described in Section 3.3.2, was
placed on the plastic support plate, with care to avoid disturbance of the clay. The model
and drive system were connected by the pulling cable, and the position transducer
measuring cable was attached to the back end of the top plate on the model. The
transducer cable provided a small reaction force to the initial pulling cable tension, and
this arrangement served to stabilize the model prior to conduct of the centrifuge test. To
set the position of the model in the initial tests, a frame was fitted to the model and
clamped to the package cover plate during limited pre - tensioning of the pulling cable.
It was subsequently found adequate to establish the location of the model manually

without use of a guide frame. The final adjustments to model position were made

prior to of the i test.
The assembled package was weighed, and its mass checked against the balance
calculations manifest prepared for the test. The package was then rested on an aluminum
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wedge of slope 1 : 100 and both were bolted to the swing - platform, ready for loading
on the centrifuge. The swing - platform and package were transported into the centrifuge
chamber by overhead crane, and the platform was mounted at pivot supports on the rotor
arm. Figure 3.14 shows the completed test package loaded on the centrifuge. Hydraulic
and electrical service, control, and instrumentation lines were connected to the package
and final checks were performed on ail systems. At this stage, assembly and loading
activities were completed, and the package was ready for centrifuge testing on the

following day.

Test Procedures

prior to of the i test, plastic wrap was removed from
the surface of the clay, the base drainage outlet was opened, and a fixed mass of free
surface water was added to the test package. This initial mass and subsequent changes
to the quantity of water within the package were calculated to meet centrifuge balance
requirements, and to prevent overtopping of the model iceberg due to inclination of the
water surface at low acceleration levels. The main data logging system was also initiated
before application of centrifuge acceleration to the package. The sampling rate was set
at 0.2 Hz during the transition to the test acceleration level.

To begin the test, the centrifuge motor was started and the speed of the machine
was gradually increased. Following swing - up of the platform, water supply to the
package was introduced at the minimum steady rate. The centrifuge nominal accelcration
level was increased in stages to 15, 20, 30, 50, 75, then 100 gravities. The water level
was closely monitored, and control by the standpipe overflow established at each stage.
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Figure 3.14 Pre - test view of completed package mounted on centrifuge



The water supply rate was adjusted as needed to maintain appropriate conditions. The
time period required for each stage was about ten minutes and the test acceleration level
was achieved following approximately one hour of centrifuge flight. The presence of free
water and increased self weight during this transition phase reduced pore suctions within
the soil specimen and, thereby, altered the magnitude and time required for the
dissipation of excess pore pressures during the ensuing consolidation phase.

Upon reaching the test acceleration level, the clay specimen was permitted to

to establish equilibri itions under the imposed stress regime, The
sampling rate for the main data logging system was reset to 0.02 Hz during the
consolidation phase. To monitor the progress of consolidation, the system provided
graphical output on the control room display monitor of pore water pressure readings for
transducers implanted within the soil. Manual readings were also acquired cvery
15 minutes and data from the surface settlement transducer were plotted. Based on this
information, the degree of consolidation was assessed using the root - time method of
Taylor (1948). Depending on the stress history of the clay specimen under test, greater
than 95 percent of primary consolidation was completed within 4 to 6 hours of centrifuge
flight time. At this stage, transducers in the clay were registering no significant excess
pore pressures above their expected equilibrium values, and preparations were made 1o
begin site investigation using the vane shear test device.
In - flight vane shear tests were undertaken at three horizons within the clay
specimen. The vane was driven vertically downward from an initial position above the
clay to nominal test depths of 30, 60, and 90 mm below surface. The rate of vertical

penetration of the vane was 5 mm / minute. At each test site, following a bricf delay of
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less than one minute, the vane was rotated at a rate of approximately 75 degrees / minute
over an angular distance of about 90 degrees. The rotation was then reversed to return
the vane to its initial orientation, and vertical movement was reinstated to advance the
vane to the next test location. The main data logging system was set up to record at a
sampling rate of 10 Hz during vertical movement of the vane and 4 Hz for each vane
test, as activated through a digital trigger. Vane shear test procedures were generally
concluded within a time period of about one half hour.

Preparations for conduct of the model scouring event began subsequent to vane
shear testing. Final checks were made to ensure serviceability of data acquisition and
control systems during the event. The video cassette recorder was set up to receive the
close range image conveyed by the package camera. Data logging was started on the
back - up magnetic tape recording system, and sampling rates on the main system were
increased to provide detailed information during the scouring event. To initiate scouring,
the drive system was activated remotely to advance the model iceberg across the clay
specimen. During the event, the progress of the model was verified visually on television
monitors in the centrifuge control room. The total length of pull of the model was less
than 500 mm, and the duration of the event was on the order of seven seconds. To
caplure instrument responses to the imposed perturbation, digital sampling rates were set

at 20 Hz for a time period of 50 seconds surrounding the event, after which the rate

decreased to | Hz to ensure isition of quantities of data for
processing. Following scouring, the package was maintained at the test acceleration level
for a duration of about one half hour to allow for dissipation of excess pore pressures

generated during the event.
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At the end of the test, water supply to the package was terminated and the speed
of the centrifuge was gradually reduced. The transition from the test aceeleration level
to a stationary condition was carried out in stages of relatively short duration, and
typically completed within less than one half hour. Immediately following stoppage of

the machine, the remaining surface water was siphoned off to reduce additional swelling

of the clay specimen, and cores were taken to provide moisture content samples. Supply
lines were then disconnected and the package was removed from the centrifuge

rotor arm.

3.6 Site Investigation Procedures

The test package equipment and instrumentation were carefully dismantled to provide
access to the clay specimen for further investigation. After the cover plate assembly had
been completely removed, the scour was documented photographically with the model
iceberg in place and also following withdrawal of the model from the clay surface. In
addition, the pattern of surface lead shot markers was re - photographed using the

Hasselblad camera at the preset mounting position (Section 3.2.3). The resulting

negatives were ployed in the quantitati of surface

displacements through film measurement.

visual i ion of scour 8y

a series of measurements were made in order to establish a profile of the clay surface.
A clear plastic template of 25 mm thickness was fixed to the upper flange of the

centrifuge container to provide a level reference relative to the underlying clay surface.
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Profile measurements were obtained using a displacensenit ransducer and 3 mm diameter
measuring rod which was fitted through guide holes in the template. Elevations were
recorded at regular 12.5 mm intervals over the entire plan area of the specimen. Errors
could arise as a result of either misalignment due to the small clearance allowed between
the rod and guide hole, or penetration of the rod into the clay. Measurements were
repeatable to an accuracy of at least £ 0.5 mm based on successive readings taken at
similar locations. Surface profiling was generally completed on the first day after the
centrifuge test.

“To allow for the investigation of internal scour effects through radiography and
excavation, the clay specimen had to be removed from the centrifuge container. The
connectors of implanted pore pressure transducers were first detached, and the ends of
the clectrical leads were pulled inside the tub. Sealed plugs were then removed from the
base of the tub, providing holes through which vertical steel columns were placed in

contact with the steel drainage plate beneath the specimen. To extrude the clay, the b

was set onto the vertical columns and pushed leaving the

specimen supported on the steel plate. Soil disturbance resulting from the extrusion

process was limited to the material which had been adjacent to the side wall of the

container.

Radiographic Techniques

Radiographic methods for soil investigation developed at Cambridge University were
detailed by James (1973 a). A radiographic examination of the clay specimen was
undertaken in the present study to display the post - test deformed configuration of the
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lead powder trails and solder segments which comprised reference grids (Section 3.2.3).
The grid materials were sufficiently deformable and adequately spaced to ensure that the
behaviour of the surrounding soil was not excessively modified by their presence, and

grid di: were ive of the of the ing soil

elements. The radiographic examination also served to define the positions of pore
pressure transducers and model pipelines emplaced within the specimen.

‘The apparatus used in the examination included an industrial type Miiller MG 150
X - ray unit with a maximum source rating of 8 mA at 150 KV for a focal point size of
1.5 mm. For the investigation of clay specimens in the present study, radiographs of

acceptable quality to convey the required geometrical information were obtained with a

source current intensity of 4 mA at 150 KV using a fine focus seuting. Continuous
exposure durations of between 10 and 15 minutes were typically employed with Kodak
Industrex D film. To improve definition of the radiographic image and the accuracy of
subsequent measurements, the source to film distance was increased to 1.5 m, and (he
object to film distance was minimized. The harmful effects of scattered radiation on the
quality of the image were reduced by masking the specimen locally with lcad sheet, and
by the use of lead foil intensifying screens placed within the film cassette. The equipment

available at the Cambridge centrifuge facility allowed for manual development of X - ray

films in a ing tank i i following exposure. The
film exposure conditions could therefore be optimized through trial variations and
subsequent evaluation of the effects on the processed radicgraph.

To begin the investigation, the extruded clay specimen was transferred from the

steel plate to a less dense wooden support to provide suitable conditions for plan view
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radiographs. These radiographs were required to determine horizontal displacements of
grids placed at cross - scctions perpendicular to the scour, and also to display grid and
instrumentation locations to aid in subsequent dissection of the specimen. Plan view
information was generally compiled from three separate radiographs centred on the
cross - sectional grid positions. The accurate assessment of plan view images was limited
by the object to film distance which could not be reduced below the combined thickness
of the specimen and support plate.

The clay specimen was dissected to permit elevation view radiographs displaying
both axial and cross - sectional grids. A sharp - edged aluminum plate coated with water
resistant grease was used to cut the clay along planes which were parallel and
perpendicular to the axis of the scour. Each grid was examined successively after the
removal of waste clay in regions remote from the area of interest. Following the
attainment of a satisfactory radiograph at the section in question, the grid members, pore

pressure transducers, and model pipelines were carefully excavated to provide further

of internal di patterns and instrument locations. Finally, the
exposed model pipelines were withdrawn from the specimen and visually inspected and

measured to ine any ions resulting from the scouring event.

‘The investigation of the specimen through radiography and excavation was typically

completed within a time period of about one week.

Film Measurement

Surface displacements at discrete points represented by the movements of lead shot
markers between pre - and post - test photographs of the clay specimen were determined
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through film measurement. The out of plane vertical displacements of the surface

markers were not for in this Fi markers positioned

within the scour incision were generally displaced below the clay surface during the event
and could not be visually identified to allow for measurements based on photographic
evidence.

A film measurement machine was used to determine the locations of the circular
images of surface markers, approximately 0.2 mm in diameter, recorded on 55 mm by
55 mm film negatives. The device was originally designed by James (1973 b) and was
recently upgraded with the replacement of control, drive, and measurement systems. The
modifications were implemented by Phillips (1991); the author provided a detailed
description of the refurbished apparatus and also outlined operational procedures.

The film measurement machine consists of a film carriage, a (wo axis stepping
motor drive system, a viewing system, a moire fringe coordinate measuring system, and
a computer control system. The film negative is mounted on an optically level plate glass
surface and illuminated from above by a cold projector light source. An overall view of
the image is projected through a zoom lens and half silvered mirror onto an ohservation
screen. The viewing system also includes a closed - circuit television camera which is
used to exhibit a detailed portion of the image on a television monitor. To execule a
measurement, the operator aligns the marker image with a set of cross - hairs which arc
superimposed on the video display. Successive images are positioned in this manner and
their coordinates tecorded.

The accuracy of measured displacements was dependent on various factors

including camera movement between pre - and post - test photographs, camera lens and
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film distortion, and the resolution of the film measurement apparatus. For the size and
quality of the photographic images used in the present study, surface displacements were

assessed to within approximately 0.1 mm.



Chapter 4

Experimental Results

4.1 Introduction

This chapter detoils the experimental results for the centrifuge tests conducted as a part
of the present study. An outline of the test programme and the rationale for the sclection

of investigated test variables are first presented. The individual tests are then de:

ibed
including proposed input conditions, design modifications to test set - up or procedures,
peculiarities arising from system malfunctions, and test results which characterize the
effects of the scouring event.

The reduction of the measured output provided a unique data set for cach test
which included the following information in the general case : (1) model iceberg
configuration and test set - up; (2) estimated profiles of soil strength; (3) qualitative
surface morphology and measured surface profile; (4) temporal and spatial records of
pore water pressures and resultant scour forces; (5) surface soil movements; (6) sub -
surface soil displacements, and; (7) post - event plastic deformations of model pipeline
segments. The results are documented here for well - defined model scouring events

which are related to relevant prototype conditions through scaling relationships, as



presented in Chapter 2. The complete processed data records for each test are also

archived on computer diskette, in suitable format for use with standard analysis packages.

4.2 Experimental Programme

‘The present study was limited to a total of nine centrifuge model tests, in addition to
proof tests undertaken to evaluate system performance in the high gravity environment.
The tests were normally carried out with 1/100 scale models at a centrifuge acceleration
level of 100 gravities. Due to the limitation on the number of tests, it was not possible
to conduct a comprehensive parametric study. In general, the effects of modest variations
in the soil initial stress conditions, and the model iceberg attack angle, width, and
vertical stiffness were examined in the experimental programme. For each of the tests
performed, the material type investigated was Speswhite kaolin clay. The specified rate
of advance of the model iceberg was also fixed at 0.07 m/s, throughout the test series.
In addition, the horizontal bottom face of the model iceberg was normally set at a
constant length of 50 mm or 5 m at prototype scale, for each configuration investigated.

Table 4.1 summarizes the proposed test conditions, in terms of the clay laboratory
pre - consolidation stress ¢ ', , and the model iceberg attack angle, width and vertical
stiffness. The model iceberg was partially buoyant and free to lift or rotate during the
cvent (o attain a steady state level. Due to the lack of restriction on movements of the
model iceberg, it was not possible to accurately establish the magnitude of the scour cut
depth prior to a test. In addition to changes in depth experienced by the model iceberg,

initial pitch adjustments also produced small changes in the effective attack angle during
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Table 4.1 Proposed Test Matrix

Test Attack Vertical
Number LA Angle Width Stiffness
(KPa) (deg.) (mm) (N / mm)
soil
1 140 15 100 26 state
2 110 15 100 26
scour
3 110 15 100 26 depth
soil
4 110 15 100 61 state
5 140 15 100 61 baseline
soil
6 200 15 100 61 state
model
i 140 15 50 31 width
attack
8 140 25 100 61 angle
125g
9 140 15 80 49 test

the scouring evznt. Therefore, while the increased freedom of motion of the model provided
improved representation of field conditions, it also reduced control over input ftest

parameters. Furthermore, in some tests, technical difficulties related to equipment and

altered the i inputs from the values specified in Table 4.1, and
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this must be accounted for in the interpretation of the test results. Details of the
conditions of individual tests are provided in the sections which follow.

‘The initial three tests of the series were performed during a time period scheduled

for system design and verification. Therefore, equi and changes to the
test set - up and site investigation procedures were more notable in these tests.
Tests 01 and 02 served to demonstrate use of the proposed apparatus in the centrifuge
with remole data retrieval and system control. These tests provided information on scour
effects for a given set of boundary conditions and two different soil stress histories.
Test 03 was intended to permit an assessment of the influence of scour cut depth on the
effects of scour, through a change in the buoyancy characteristics of the model iceberg
in relation to Test 02. In this case, the test design proved ineffective as the drive system
capabilities were exceeded, resulting in malfunction.

The prototype vertical stiffness represented by the model icebergs used in
Tests 01 to 03 was 2.6 MN/m. This corresponded with the lifting of a slab - sided
free - floating ice mass with a waterplane area of approximately 265 m?. This is below
the range of vertical stiffness values normally associated with a full - sized iceberg or
pressure ridge. Therefore, the uplift behaviour observed in these tests was exaggerated
in relation to the corresponding behaviour of a typical full scale ice feature. In the

remaining tests, to address the concern of unrealistic vertical stiffness, the model iceberg

configuration was modified to provide the
while still allowing for a reasonable length of travel across the centrifuge tub. The
prototype vertical stiffness in this case was 6.1 MN/m, representing a waterplane region

of 622 m*. This configuration allowed for the establishment of steady - state scouring
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conditions, with only limited vertical movement to achieve relevant scour depths.

In the latter portion of the test programme, a small range of soil conditions was
examined, as well as a different model iceberg width and autack angle. Previous
investigations have suggested an influence of these variables on the effects of
scouring (see Chapter 1). Test 05 served as a baseline test for this series of experiments.
The prototype for this test comprised the following attributes (with corresponding test

programme variations denoted in brackets) :

Material Type Speswhite kaolin clay

Pre - Consolidation Stress (kPa) 140 (varied to 110 and 200)
Velocity (m/s) 0.07

Length of Travel (m) 45 (typical)

Jttack Angle (degrees) 15 (varied to 25)

Scour Depth (m) ( steady - state value ) 1.2 (ranged from 0.4 10 2.2)
Scour Width (m) 10 (varied to 5)

Keel Horizontal Base Length (m) 5 (constant for all tests)
Vertical Stiffness (MN/m) 6.1 (varied t0 2.6)

Tests 04 and 06 were designed to investigate the influence of changes in the initial stress
state of the soil, and involved the application of different laboratory pre - consolidation
stresses to the clay specimen. The imposed changes in initial stress conditions were
relatively modest, as constrained by the requirement to avoid the development of scour
forces which exceeded the capabilities of the drive system. In Test 07, the model iceberg
width was reduced to half of the baseline value. Scour widths in excess of 10 m at
prototype scale were deemed untenable due to the dimensions of the tub in which the clay

specimen was contained and the maximum allowable g - level for the centrifuge. Test 08
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was designed 1o allow for the assessment of the effects of a change in the attack angle.
Practical considerations also limited the magnitude of this change, since it was necessary
1o re - design the mode] iceberg in order to retain the same buoyancy characteristics as
the baseline configuration. In Test 09, the technique of modelling of models was
employed in which the identical prototype at Earth’s gravity modelled in Test 05, was
modelled at 1/125 scale and at an acceleration level of 125 gravities. This test was
conducted to establish the internal consistency of the method, and thereby to provide
greater confidence in extrapolation of the results to full scale conditions. In general, each
test involved a unique event which represented a full scale scouring situation and for

which accurate data on the effects of scouring were collected.

4.3 Centrifuge Test Results

Appendix A contains detailed plots and drawings which clarify the descriptions of test
conditions and results given in the following sections. Tiie appendix information is
presented in sections which correspond with the individual tests in the series, as is the
material presented below. Each section of the appendix is subdivided into data groups
which are identified alphabetically as follows : (A) test parameters and set - up; (B) soil
strength measurements; (C) instrument data plots for consolidation and scour event
phases; (D) surface profile data; (E) spatial plots of pore pressure data, and; (F) site
investigation drawings based on radiographic images. The test results are presented
at model scale unless otherwise denoted; prototype values may be derived in accordance

with the scaling relationships given in Table 2.1. Locations in the model are described



with reference to a right - handed coordinate system with origin at the centre of the clay
specimen : the X - axis is directed along the axis of the scour and defines the horizontal
position of the model iceberg, with positive values in the direction of travel: the y - axis
is directed laterally outward from the scour axis, and; the z - axis acts vertically with
positive values measured as depths below the initial clay surface, established following
consolidation settlement.

A summary of the instrumentation used in this test series is given in Table 4.2.
The data acquired during the scouring event are presented in relation to the event time
and the horizontal position of the model iceberg. The event time was measured with
respect to the start of motion in the test. The location of the inflection line at the base
of the inclined face of the model iceberg served as the reference datum for measurements

of its horizontal movement, relative to the origin at the centre of the clay specimen.

4.3.1 Scour Test 01
Model Input Conditions

The model iceberg configuration and input parameters for Test Ol are given in
Figure 1A.1 in the corresponding section of Appendix A. In this test, the clay was
consolidated in the laboratory under a uniform vertical effective stress of 140 kPa. The
model iceberg width was 100 mm or 10 m at prototype scale, and the attack angle was
set at 15 degrees to the horizontal. The model iceberg used in this test, shown in
Figure 3.7, possessed a vertical hydrostatic stiffness of about 26 N/mm. This model

configuration included an irregular waterplane geometry, such that initial rotational
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“Table 4.2 Test Instrumentation

Channel Device (measured or derived quantity)
PPT 01 pore pressure (soil pore water pressure)
PPT 02 pore pressure transducer (soil pore water pressure)
PPT 03 pore pressure transducer (soil pore water pressure)
PPT 04 pore pressure transducer (soil pore water pressure)
PPT 05 pore pressure (soil pore water pressure)
PPT 06 pore pressure transducer (soil pore water pressure)
PPT 07 pore pressure transducer (soil pore water pressure)
PPT 08 pore pressure (soil pore water pressure)
PPT 09 pore pressure transducer (surface water level)
PPT 10 pore pressure (model vertical position)
PPT 11 pore pressure transducer (model vertical position)
PPT 12 pore pressure transducer (model vertical position)
PPT 13 pore pressure ipe water level)
PPT 14 pore pressure transducer (model vertical position)
LVDT 15 it (clay surface settlement)
ROTARY POT. 16 rotary i (model horizontal movement)
POSITION TRANS. 17 | position (model hori: )
IPT 18 inductive pressure (contact pressure)
IPT 19 inductive pressure transducer (contact pressure)
IPT 20 inductive pressure (contact pressure)
TLC 21 tension load cell (model horizontal force)
V. DISPL. 25 i (vane vertical displacement)
V. ROT. 26 rotary i (vane rotational movement)
V. TORQUE 27 torque load cell (torque mobilized by vane blades)
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movements were discouraged during the event. The nominal depth of free surface water
at the location of the model iceberg was 100 mm in this test.

The of i i ion markers, and model pipeline

segments for Test 01 is shown in elevation and plan view in Figure 1A.2. The test layout
was dissimilar to the baseline arrangement depicted in Figure 3.3, due to the
development of procedures as the study progressed. As described in Section 3.2.3, a

different type of tubing section and material were used to represent pipeline segments in

the first i test. Based on i ion of elastic material behaviour, prototype
steel pipelines with an outside diameter of 762 mm and a wall thickness of 25 mm were
modelled. The post - yield response was strictly representative of the plastic behaviour

of a prototype pipeline comprised of the same aluminum alloy as the model pi

ne
segments. In total, five segments were placed at different depths within the specimen.
Soil deformation grids installed in conjunction with the segments, consisted of strands
of coloured, dry spaghetti. In this test, lead powder trails were injected at 45 degrees to
the specimen surface to form two separate grid patterns, as illustrated in Figure 1A.2.
A single horizontal solder member was also placed at a specified cross - seclion, to

establish the utility of this grid material for use in post - test investigations.

of the ined shear strength provided an indirect

means of evaluating the extent to which the preferred stresc history was achieved in cach

test, through ison with i ictions of strength values for the prescribed
stress states. For undrained conditions, there is a unique relationship between the critical

state strength and the moisture content for a saturated soil, independent of changes in the
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total normal stress. The undrained shear strength ¢, is commonly expressed as half of
the deviatoric stress g, at failure or the maximum shear stress, such that

1 1
¢ :iq,=EMexp{|F—(1+G)w)I/)\) @.1

where w is the moisture content, and typical corresponding material properties for
Speswhite kaolin clay are listed in Section 2.4.1.
The undrained shear strength may also be related to the overconsolidation

ratio OCR and the current vertical effective stress ¢, using an expression of the form

¢, = o, « OCR? . #.2)

in which e and 8 are empirically defined constants. Springman (1993) summarized kaolin
strength data from vane shear and single element test results presented by various
researchers (Almeida and Parry, 1983b; Nunez, 1989; Springman, 1989; Hamilton et
al., 1991). The use of a = 0.22 and 8 = 0.7 in Equation 4.2 for vane shear strengths
provided a reasonable representation of the available data for OCR in the range of 1 to
20, with some scatter attributable to different testing protocols.

In accordance with the precepts of Modified Cam Clay theory (Roscoe and
Burland, 1968), it can be shown (e.g. Phillips, 1982) that the undrained shear strength

is given by the cumbersome expression :

(A=x)
M(1+2K)0, | ocR [ [1+2K, | [9C1-K00%
d 5 M | | Te2K, | |12k, )"
. (43)



A knowledge of the variation of wie coefficient of lateral carth pressure at rest K, with
the overconsolidation ratio is required in order to evaluate the preceding equation. The
following relationships were suggested by Wroth (1975) for different ranges of OCR :

x_.ocnx_-;l(ocn-n) for | SOCRSS
>
" = 2
sm [ Ke _ oK | oo Lt 2Ke | o ocR > s
1T+2K, 1+2K, T+2K,
C 44

where the effective stress Poisson's ratio » and the parameter m are specified as 0.33 and
1.81 respectively for kaolin, and K . is the coefficient of lateral carth pressure at rest for
normal consolidation (Section 2.4.1). The latter equation for high OCR values may be
solved for K, through a process of iteration.

Figure 1B.1 shows the estimated variation of undrained shear strength with depth
for the Test 01 specimen. Equation 4.1 was used to compute c,, values based on moisture
contents measured from cores extruded after the completion of the centrifuge test. The
results are compared with predicted empirical and theoretical profiles of the undrained

shear strength ined in with ions 4.2 and 4.3. Equation 4.1 is

sensitive to changes in the moisture content, and small measurement inaccuracies could

lead to large errors in the estimated ined shear strength. post - test
determinations of ¢, may be expected to be lower than theoretical predictions, since
negative pore pressures are set - up with the stoppage of the centrifuge and excess water
is drawn into the specimen. As the clay is relatively permeable, high pore water ensions
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may also lead to air éntry or cavitation. In - flight site investigation techniques were
therefore required 1o ensure an accurate assessment of the soil conditions which were

relevant during the event.

Test Results

The consolidation records for Test 01 are presented in Figure 1C.1 as plots of pore
pressure against time, and clay surface settlement versus the square root of time. The
pore pressure transducers (PPT Channels 1 to 8) within the clay specimen were
registering no significant excess pore pressure above their equilibrium values at the
completion of the consolidation phase. The apparent initial clay surface settlement
was 1.7 mm. Using Taylor’s root - time construction, it was estimated that greater than
95 percent of primary consolidation was completed after about 4 hours of centrifuge
time. The model iceberg rested directly on the clay surface in this test and therefore

underwent i it In tests, a support plate was

placed beneath the model in order to distribute the applied loading to ensure negligible
relative movements during consolidation.

The instrument outputs during the scouring event are plotted against the event
time and horizontal position in Figure 1C.2. The Test 01 event was completed in less
than 7 seconds and the model iceberg travelled a total distance of 460 mm. The
horizontal displacement history was derived from the displacement transducer response
during the event. The average scouring rate, determined as tt~ slope of the
displacement - time curve, was 70.1 mm/s. An indirect measurement of horizontal
movement was also provided by the rotary potentiometer. This record included the effect

146



of a slight pre - tensioning of the pulling cable prior to the start of motion in the test.
The apparent duration associated with initial acceleration of the model iceberg was
negligible in relation to the time period required 10 establish steady - state conditions.

Figure 4.1 displays a plan view photograph and related drawing of the Test 01
scour, to illust,ate - surface morphology. An average cross - section surface profile is
presented in Figure 4.2 along with an axial plot depicting scour depths and berm
elevations ut different horizontal positions. Surface profile data are detiled in
Figure 1D.1 as cross - sectional plots at 50 mm intervals of horizontal position.
Settiement of the unsupported model iceberg prior to the scouring event was evident from
the local depression (approximately 11.5 mm depth) formed at the initial model position.
‘The model iceberg underwent a period of rapid uprise to an apparent sieady - stale scour
depth. The initial portion of the scour feature was characterized by an undulating surface,
although the scour incision was relatively uniform in appearance after an equilibrium
vertical position had been established. The mean scour depth for the apparent steady -
state region was 3.8 mm or 0.38 m at prototype scale. Berm clevations averaged
2.3 mm, primarily reflecting heave of the soil immediately adjacent to the scour.

‘The amount of remoulded or loose berm material observed along the sides of the
scour was negligible in this test. Surface displacement markers within the scour were
dragged forward over a limited horizontal distance, and pushed vertically downward
below the base of the incision. The model pipeline segment situated nearest 1o the surface
(crown at 5 mm depth) was partially exposed within the scour trough. A lincar
depression and soil surface fractures formed in the vicinity of this pipeline, indicating

movement had occurred over a substantial portion of its length. A small mound of spoil
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Figure 4.1 Top : Photograph of the model scour created in Test 01; Bottom : Plan view
iHllustration of scour surface features (scales shown in mm)
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Figure 4.2 Top : Average cross - section surface profile for Test 01 scour: Bottom :
Scour depth and berm elevation plotted versus hori; position

material was evident in front of the final resting position of the model iceberg. The soil
in front of the model was also displaced upward and forward relative to the surrounding
material, resulting in the formation of a semi - circular shaped (in plan view) rupture

surface. Surface heave within the scour incision immediately behind the model iceberg
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Figure 4.3 Test 01 pore pressure responses during event - transducer channels 01 to 08

was indicative of a soil bearing failure beneath the model, following the completion of
horizontal movement in the event.

Figure 4.3 shows a summary of the pore water pressure responses during the
scouring event. Pore pressure changes were recorded by eight transducers within a zone
which extended to an approximate distance of 150 mm laterally outward near to the clay
surface, and 145 mm vertically with depth below the scour. The measured locations of
the transducers are given in Table 4.3 along with the corresponding peak and minimum
values of the pore pressure developed during the event. The symbols used in this table

150



Table 4.3 Top : Test Ol measured pore pressure transducer locations: Bottom :
Maximum and minimum excess pore pressures and horizontal distance from model

PPT No. X (mm) y (mm) z (mm) w (mm)'

1 6 3 145 100.0

2 - 138 -7 115 99.9

3 5 =7 64 100.0

4 - 128 3 138 99.9

5 4 -5 68 100.0

6 -3 -37 54 100.2

1 -1 47 46 100.3

8 - 143 150 42 102.8

9 0 405 -3 1213

'w = free water depth at position
PPT No. | u; (KPa) max. du dx (mm) min. du dx (mm)
(KPa) (KPa)

1 244 13 + 50 - -
2 217 30 + 60 -3 -28
3 164 24 -21 - 16 + 49
4 237 24 + 50 -2 -43
5 168 19 +3 -8 - 60
6 154 61 -6 - -
7 146 35 -3 -6 + 91
8 142 9 -39 - -
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arc defined as follows : u, = the equilibrium pore pressure under the imposed

at the test ion level; max du = the maximum increase in pore

pressure; min du = the maximum reduction in pore pressure, and; dx = the horizontal
distance between the model iceberg and the transducer which recorded the maximum or
minimum pore pressure value.

Pore pressure changes within the clay specimen are detailed in Figure 1E.1 which
displays the spatial distribution of recorded values at 50 mm intervals of model horizontal
movement. The effects of the scouring event at shallow depths were first observed at a
prototype horizontal distance of about 20 m in front of the current model position. The
maximum increase in pore pressure measured within the apparent steady - state region
of scouring was 61 kPa for a transducer (PPT 06) located 5.4 m below the initial clay
surface, and 3.7 m laterally outward from the scour axis (at prototype scale). This peak
value was recorded when the model iceberg (inflection line) was at a horizontal distance
of 0.6 m (dx = - 6 mm) from the transducer position. A maximum pore suction of
16 kPa was measured at a prototype depth of 6.4 m, near to the axis of the
scour (PPT 03). This reduction of pore pressure occurred immediately following the
passage of the mod=1 iceberg over the transducer position (dx = + 49 mm).

The resultant forces acting at the model iceberg - soil interface during the event
are plotted versus the horizontal position of the model in Figure 4.4. The vertical force
component was evaluated indirectly from data on the current vertical position and
orientation of the model iceberg in free surface water, together with detailed information
on the mass and geometry of individual components comprising the model. A summary

of the computational procedure is presented in Appendix B. The Test 01 force data are
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Figure 4.4 Test 01 horizontal and vertical components of the resultant force plotted
against model horizontal position
also listed in Table 4.4 at 50 mm intervals of model horizontal movement. In addition,
the same information is displayed graphically in Figure 4.5 which illustrates the model
iceberg orientation and the system of forces acting on the model at different horizontal
positions. The vector angle specified in Table 4.4 refers to the angle of the resultant
force measured with respect to the horizontal. The inclination of the resultant force
vector measured relative to the scouring face of the model iceberg, may be calculated by
the addition of the vector angle to the effective attack angle of the model.

In this test, the vertical component of the resultant force was almost three times

as large as the measured hori; The average i of the verticai
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‘Table 4.4 Test 01 resultant force data tabulated for different model horizontal positions

Horiz. Horiz. Vert. Total Vector Attack
Pos. (mm) | Force (N) | Force (N) | Force (N) | Angle (deg) Angle (deg)
- 300 185.1 102.3 211.5 28.9 213
- 250 203.8 320.6 379.9 57.6 22.1
- 200 233.3 531.8 580.7 66.3 20.8
- 150 288.1 584.2 651.4 63.8 17.8
- 100 249.7 660.8 706.4 69.3 16.7
- 50 203.3 604.8 638.1 71.4 14.9
0 143.7 373.2 590.9 75.9 14.6
+ 50 208.6 573.9 610.6 70.0 15.3
+ 100 225.4 603.4 644.1 69.5 17.3
+ 150 223.6 590.9 631.8 69.3 18.1
Average' 214.3 600.0 637.9 70.4 15.7

' Average values for approx. steady state region : x = - 150 to 100.

and horizontal components for the apparent steady - state region of scouring were 6.0 and

2.1 MN at the corresponding prototype scale. The force record did not show evidence

of significant fluctuations in loading. Some initial irregularity in the measured response

may be attributed to uplift of the model iceberg and associated re - orientation (pitch

adjustment). As indicated in Table 4.4, the model iceberg experienced angular rotation

at the beginning of the event such that the attack angle decreased from effective values

in excess of 20 degrees to the proposed test value of 15 degrees. The inclination of the

resultant force vector increased during the event and, in the apparent steady - state

region, the vector angle was approximately perpendicular to the scouring face of the

model iceberg. The position Jf the force vector, calculated as the distance from the micdel
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Figure 4.5 Test 01 model iceberg orientation and resultant force vectors
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iceherg inflection line measured along the inclined face of the model, also increased at
the start of the event toward a relatively consistent value for steady conditions. The force
vector acted at an average distance of 32 mm or 3.2 m at prototype scale from the model
inflection line. The pressure cells mounted directly on the model iceberg provided limited
information on the distribution of stresses acting on the model (see Figure 1C.2). The
data record from the bottom - mounted transducer suggested that a small portion of the
resultant scour force acted on the horizontal base of the model; however, the transducer

response was ized by i ion and the pressure measurements

were subject to inaccuracies as the result of stress concentration and arching effects.
Surface soil displacements were evaluated based on film measurements _gf the

movements of lead shot markers. A plan view drawing of surface displacement vectors

at positions external to the Test 01 scour incision is presented in Figure 4.6. The average

of the axial i and lateral of dit for the

apparent steady - state region are also shown in this figure. At a distance of about 1 m
from the edge of the scour, the average horizontal and lateral displacements were 0.56
and 0.28 m respectively at prototype scale. The surface displacements decreased
gradually with distance from the scour axis to approximate values of 0.29 and 0.19 m
respectively at lateral positions approximately S m from the edge of the scour (i.e.
100 mm from the scour axis at model scale). The displacements shown for locations
within the scour incision were estimated from plan view radiographs. The internal
markers were displaced vertically downward below the scour, and were also moved
horizontally forward over an average distance of about 2.3 m at prototype scale. The

lateral movements of surface markers within the scour were relatively small in this test,
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Figure 4.6 Top : Plan view drawing showing surface displacement vectors: Bottom :
Average axial and lateral surface displacements versus distance from the scour axis
coinciding with infrequent observations of berm material along the edges of the scour.
The sub - surface displacements generated during the Test 01 scouring event were
displayed via radiographic investigation of lead powder trails, and also through manual
measurements of the grids comprising strands of coloured spaghetti. Figure 1F.1 shows
a trace (digitized drawing) compiled from plan view radiographs of the clay specimen,
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including pore pressure transducers, model pipeline segments, and the soil deformation
grids formed from lead powder trails. The trace of a cross - sectional radiograph is
shown in Figure 1F.2, including instrumentation locations and the displaced configuration
of the lateral grid of lead powder trails. Figure 1F.3 shows drawings of the post - event
geometry of the initial three lateral grids constructed of spaghetti strands, based on
evidence obtained from manual measurements. The trace of an axial section radiograph,
presented in Figure 1F.4, shows the displaced configuration of the grid of lead powder
trails located at the final position of the model iceberg in the vertical plane through the
scour axis.

To allow for quantification of the resultant (plastic) sub - surface soil
displacements, the displaced configuration o each grid, as acquired from radiographic
and manual investigations, was compared with its apparent initial geometry. The initial
grid geometry was assumed to correspond with the design condition and aligned to
conform with the undeformed far - field portion of the grid affected by scouring, since
pre - event radiographic investigations of the clay specimen were deemed impracticable.
The results are given in Figure 1F.5 as both initial / displaced plots and displacement
vector plots for the various grids implanted in the specimen. Figure 4.7 shows the initial
and displaced configuration of the lateral grid of lead powder trails in cross - sectional
and plan view. The observed displacements in this case were in general agreemem with

results as presented in Figure 1F.5; however, a more detailed assessment was obtained

from the radi ic i igation. Lateral soil were small or negligible in
this test (below the accuracy limitations of the manual techniques); although, shallow

lateral movements may be inferred from surface profile measurements of heave adjacent
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Figure 4.7 Test 01 initial / displaced plot of lateral grid shown in cross - section and
plan view (scales in mm)

to the scour. The vertical component of displacement was relatively uniform across the
scour width and gradually attenuated with depth below the scour. The horizontal
component of displacement, in the direction of travel of the model iceherg, was larger
in magnitude and decreased more abruptly with depth. Figure 4.8 shows the
initial / displaced and displacement vector plots for the axial grid of lead powder trails
located below the final position of the model iceberg. At this location, the displacements
induced by scouring were obscured by the effects of a bearing capacity failure beneath
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the model. The displaced configuration of the grid therefore provided only limited
information on the extent of the rupture surface which was observed in front of the final
model position.

The Test 01 measurements of soil displacement are summarized in Figure 4.9

which shows a profile of the maximum values of the vertical and horizontal components.
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The displacement values displayed in this plot were evaluated as the average of results
from soil deformation grids situated within the apparent steady - state region of scouring.
The maximum values of vertical and horizontal displacemet immediately helow the hase
of the scour (interpolated at a depth below base = 0.1 m) were 0.39 and 1.00 m

respectively at prototype scale. The maximum depth below the base of the scour at which
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displacements were measured, was estimated for a lower bound displacement magnitude
of 0.2 m. to ensure a consistent basis for comparison with the results of other tests, In
this test, the limiting depths for vertical and horizontal components of displacement were
1.1 and 2.5 m respectively at prototype scale. The measured vertical and horizontal
displacements cxtended to normalized values of 2.6 and 6.3 scour depths beneath the
scour base. The measured horizontal displacements may be expected 10 overestimate
actual soil movements to some extent, as a result of the limiting accuracy of the manual
measurement techniques employed in this test, and the difficulty of obtaining undistorted
plan view radiographic images.

Model pipeline segments were excavated and inspected in order to determine any
permnanent distress caused by the scouring event. The pipeline segments situated at

prototype depths of 4.5, 3.2, 2.1, and 1.1 m below the base of the scour did not

plasti ions. The segment, at a prototype depth
approximately 0.1 m below the scour base, underwent plastic bending as a result of the
scouring event. The pipeline segment was deformed predominantly in the vertical
direction, with a maximum deflection measured at the location of the pipe centre - line

(scour axis) of 1.1 mm or 0.11 m at prototype scale.

4.3.2 Scour Test 02

Model Input Conditions
The input tions for Test 02 are ized in Figure 2A.1 in the corresponding
section of Appendix A. The model iceberg ion and i i in
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the first test were also examined in Test 02, with the exception of the initial stress state
of the clay specimen. In this test, the clay was consolidated in the laboratory under a
reduced vertical effective stress of 110 kPa. The width of the model iceberg was 100 mm
or 10 m at prototype scale, the attack angle was set at 15 degrees, and the model vertical
stiffness was retained at 26 N/mm. The nominal depth of free surface water at the

location of the model iceberg was also preserved as 100 mm in this test.

“The Test 02 layout of instrumentation, deformation markers, and model pipeline
segments is shown in clevation and plan view in Figure 2A.2. The arrangement was
madified from conditions in the first test to better facilitate site investigation of the clay
specimen and to enhance the information acquired from the event. The model pipeline
segments employed in this and subsequent tests were stainless steel tubes, described in
Section 3.2.3, which represented 80 m length prototype segments comprised of an
identical material with an outside diameter of 635 mm and a wall thickness of 25 mm.
A total of two model pipeline segments were placed at different depths within the
specimen. Soil deformation grids were installed concurrently with the pipeline segments.
‘To form the members of each grid, continuous lengths of very fine solder, which could
be detected using radiography, were attached to strands of coloured, drv spaghetti. Lead
powder trails were also injected into the specimen to create separate grids. Dissimilar to
conditions in the first test, the axial grid of lead powder trails was placed at a horizontal
position near to the initial location of the model iceberg. In addition, the model iceberg
rested upon a support plate in this test, to minimize its initial settlement.

Experimental determinations of the undrained shear strength were limited to

values derived from post - test moisture content measurements. In Figure 2B.1, the
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results are compared with strength profiles based on Equations 4.2 and 4.3. Estimated
¢ values within the near - surface scoured portion of the clay specimen varied from
about 8.4 kPa at a depth of 10 mm or 1.0 m at prototype scale. to approximately
10.5 kPa at a prototype depth of 2.0 m. In this test, the specimen was overconsolidated
10 a depth of 16.0 m at prototype scale and normally consolidated below this depth, in
contrast with the stiffer Test 01 clay. which was overconsolidated throughout its entire
stratum. The estimated difference in undrained shear strengths between the two
specimens ranged from about 1.3 kPa at a prototype depth of 1.0 m to approximately

3.8 kPa at a depth of 18.0 m, near to the base of the specimen,

Test Results

Test 02 was interrupted by a power outage after 5.5 hours of centrifuge time and near
to completion of the consolidation phase. The test was restarted following a delay of
approximately 0.5 hours during which the centrifuge came to rest. The consolidation
records for the period subsequent to this delay are given in Figure 2C.1 as plots of pore
pressure against time, and clay surface settlement versus the square root of time. An
additional duration of about 3.4 hours was required to re - establish equilibrium
conditions in the clay specimen. The apparent initial clay surface settlement was 2.0 mm
during the first stage of consolidation; 1.5 mm of surface movement was recorded
following swelling / rebound of the clay specimen associated with the test delay.
Figure 2C.2 provides a summary of the test instrumentation outputs plotted
against time and horizontal position during the scouring event. The time to completion
of the event was 7.1 seconds and the model iceberg travelled a total horizontal distance
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of 450 mm. The average scouring rate was 66.0 mm/s, as determined from the position
transducer response. The horizontal displacement history was also verified through

indirect of the rotary

A plan view photograph and corresponding drawing of the model scour created
in Test 02 are presented in Figure 4.10. An average cross - section surface profile for
the apparent steady - state region and an axial plot of scour depths and berm elevations
are given in Figure 4.11. Surface profile data are also shown in Figure 2D.1, as cross -
sectional plots at 50 mm intervals of horizontal position along the scour path. The
scouring event involved an initial period of relatively gradual uplift to an apparent
cquilibrium scour depth of 12.0 mm or 1.2 m at prototype scale. The scour depth
reduced immediately to a new equilibrium level at a specific cross -
section (x = - 25 mm) coincident with the horizontal position of the first model pipeline
segment (crown at depth 14 mm). At sections beyond this change in model vertical
position, the average scour depth was 4.8 mm. The corresponding average berm
clevation was 1.9 mm, including both heave and remoulded material deposited at the
sides of the scour during the event. A localized linear depression was evident in the
vicinity of the shallowest model pipeline segment (crown at depth 5 mm), indicating that
movement had occurred over a substantial portion of its length. The model iceberg

experienced some rotational about its hori; axis during i the

final 75 mm of its travel. The inception of this non - steady motion corresponded with
the horizontal position of the shallowest pipeline segment, situated directly beneath the
scour hase.

‘The reduction in scour depth to a new equilibrium level was accompanied by the
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10 Tap': Plan view photograph of model scour created in Test 02; Bottom : Plan view
Strating scour surface features
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Figure 4.11 Top : Average cross - section surface profile for steady - state region of
Test 02 scour; Bottom : Axial section plot of measured scour depths and berm elevations
deposition of sizable mounds of berm material which had built - up as surcharge at the
front and sides of the advancing model iceberg. The initial portion of the scour feature
was characterized by an undulating incision surface, collapse or caving of the scour
sidewalls, and extensive heave of surface material indicative of significant lateral
movements adjacent to the scour. In contrast, at horizontal positions beyond the reduction
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in scour depth, the scour incision was relatively uniform in appearance, and scrape
markings were evident along the sides of the scour, with negligible berm deposition. The
scrape markings were formed as material carried with a stabilized frontal soil mass or
adhering directly to the sides of the model iceberg, abraded the surface of the specimen
as the model was advanced. A large mound of remoulded or spoil material and
considerable surface heave were observed to the front and sides of the final position of
the model iceberg.

The Test 02 pore water pressure responses for cight transducel uited

throughout the clay specimen are shown in Figure 4.12. The measured locations of the
transducers are listed in Table 4.5, together with the corresponding equilibrium pore
pressure values, and the peak and minimum pore pressure changes gencrated during the
scouring event. Figure 2E.1 shows the spatial distribution of the excess pore pressures
at 50 mm intervals of model horizontal movement. The effects of the scouring event
were initially recorded at a prototype horizontal distance approximately 25 m from the
current position of the model iceberg. The maximum increase in pore pressure measured
within the apparent steady - state region of scouring was 47 kPa for a transducer (PPT
06) located 6.3 m below the initial clay surface, and 4.2 m laterally outward from the
scour axis (at prototype scale). The peak response was recorded when the model was at
a horizontal distance of 2.4 m (dx = - 24 mm) from the transducer position. The
maximum recorded pore suction was 18 kPa, for a transducer (PPT 07) situated at a
prototype depth of 1.8 m and adjacent to one edge of the scour incision. The reduction
of pore pressure occurred after the model iceberg had travelled a horizontal distance of

7.0 m beyond the transducer position (dx = + 70 mm).
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Figure 4.12 Test 02 pore pressure responses during event - transducer channels 01 to 08

Figure 4.13 shows the resultant forces acting at the model iceberg - soil interface
during the event plotted against the horizontal position of the model. A listing of the
force data is also given in Table 4.6 at 50 mm intervals of model horizontal position. In
addition, Figure 4.14 provides an illustration of the model iceberg orientation and the
system of forces acting on the model at different positions along the scour path. In this
test, a large amount of surcharge was developed in front of the model during the event.
‘The vertical component of the resultant force was generally less than two times as large

as the measured horizontal component. The horizontal force component decreased over
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Table 4.5 Top : Test 02 measured pore pressure transducer locations: Bottom :
Maximum and minimum excess pore pressures and horizontal distances from model

PPT No x (mm) ¥ (mm) z (mm) w (mm)'

1 - 10 8 142 100.0

2 - 133 3 100 99.9

3 -4 -17 90 100.1

4 - 133 8 136 99.9

5 -2 6 59 100.0

6 -5 -42 63 100.2

7 -4 55 18 100.3

8 0 - 139 35 102.5

9 0 405 -3 121.1

'w = free water depth at position

PPT No. u, (kPa) max. du dx (mm) min. du dx (mm)
(kPa) (kPa)

1 242 3 + 100 -3 &

2 200 61 + 19 - 11 -7

3 189 30 + 111 -1 + 18

4 234 29 +21 -6 - 107

5 155 41 -13 -3 - 203

6 164 47 -2 1 - 226

& 119 31 - 16 - 18 + 70

8 139 16 - 106 - -
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Figure 4,13 Test 02 horizontal and vertical components of the resultant force plotted
against model horizontal position

the final portion of the event, corresponding with the reduction in scour depth and the
exiensive deposition of berm material. The average magnitudes of the vertical and
horizontal components for the region beyond the reduction in scour depth were 6.4 and
3.3 MN respectively at prototype scale. The effective attack angle of the model iceberg
increased at the beginning of the event to values in excess of 20 degrees, and then
diminished to values corresponding with the initial model orientation over the apparent
steady - state region of scouring. The inclination of the resultant force vector remained
nearly constant throughout the event at an angle approximately 10 degrees from the
perpendicular to the scouring face, suggesting some mobilization of friction / adhesion
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Table 4.6 Test 02 resultant force date tabulated for different model horizontal pesitions

Horiz. Horiz. Vert. Total Vector Attack
Pos. (mm) | Force (N) | Force (N) | Force (N) | Angle (deg) Angle (deg)
- 300 158.0 338.3 3734 65.0 15.8
- 250 245.1 436.6 500.7 60.7 17.4
- 200 323.7 579.0 663.3 60.8 19.4
- 150 433.9 615.8 753.3 54.8 20.4
- 100 457.0 613.2 764.7 53.3 18.4
- 50 394.1 623.5 737.6 57.7 16.6
0 372.6 636.3 737.4 59.7 15.8
+ 50 321.4 640.0 716.2 63.3 15.4
+ 100 295.7 650.4 705.1 65.0 15.2
+ 139 284.9 658.4 710.1 66.6 152
Average' 321.9 645.1 724.4 63.1 15.4

! Average values for approx. steady state region : X = - 25 to 139.

at the model - soil interface. The position of the force vector increased at the start of the

event to a peak distance of 46 mm or 4.6 m at prototype scale from the model iccherg

inflection line, and then decreased toward a steady value of 3.4 m on average, during the

latter portion of the event.

The estimated interface pressures during the event arc shown in Figure 2C.2 for

transducers mounted at the horizontal base (IPT 18) and inclined scouring face (IPT 19

and 20) of the model iceberg. The changes in water - induced pressure due to model

uprise must be accounted for in the interpretation of the measured total pressures. The

pressure response at the scouring face of the model was characterized by a rapid increase
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after initial soil contact. and an abrupt peak (maximum pressure rise = 140 kPa) and
immediate decrease which coincided with the reduction in scour depth and associated
berm deposition described previously. The interface pressure record for the transducer
situated at the base of the model described a reguiarly fMuctuating response with an initial

build - up of pressure and gradual decrease toward the end of the

measurement of soil - induced pressure changes along the horizontal bottom surface
indicated that a component of the resultant scour force acted at this location,

Figure 4.15 shows a plan view drawing of the surface displacement vectors
measured at positions external to the Test 02 scour incision. A summary plot of the

average values of the hori and lateral of di for the apparent

steady - state region is also presented in this figure. The average horizontal and lateral
surface movements recorded at a distance of about 1 m from the edge of the scour were
0.30 and 0.32 m respectively at prototype scale. At lateral positions approximately 5 m
from the scour edge (the outer limit of the surface markers) the horizontal and lateral
displacements decreased to average values of 0.11 and 0.15m respectively. The
displacements of the surface markers within the scour incision were estimated from plan
view radiographs. The identification of surface markers placed near to the beginning of
the scour was not possible, as these markers were displaced over large horizontal
distances with the surcharge in front of the model iceberg, or moved laterally as this soil
was progressively cleared from the path of the advancing model. In the apparent steady -
state region of scouring, the average horizontal displacement of the internal surface
markers was 3.0 m at prototype scale and the corresponding lateral movements were

relatively small.
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Figure 4.15 Top : Test 02 plan view drawing of surface displacement vectors; Bottom :
Average axial and lateral surface displacements versus distance from the scour axis

In Test 02 and subsequent tests, information on sub - surface displacements was
acquired through radiographic techniques and verified through the excavation of the soil
deformation grids. Figure 2F.1 shows a trace based on plan view radiographs of the clay
specimen, including the locations of pore pressure transducers and model pipeline

segments, and the displaced configuration of soil deformation grids. In plan view
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radiographs, the scour incision appears darker beyond the first model pipeline segment,
exhibiting the distinct transition in scour depth observed at this location. The traces of
cross - sectional radiographs are given in Figure 2F.2. including instrumentation
locations and the lateral grids of fine solder, situated at two different horizontal positions.
Figure 2F.3 presents the trace of an additional cross - sectional radiograph, depicting the
lateral grid of lead powder trails. The trace of an axial section radiograph, shown in
Figure 2F .4, displays the grid of lead powder trails located near to the initial position of
the model iceberg in the vertical plane through the scour axis. A side elevation view of
the lateral grid of lead powder trails is also evident in this axial trace.

Test 02 sub - surface displacements are illustrated in Figure 2F.5 as both
initial / displaced plots and displacement vector plots for cach of the soil deformation
grids placed within the clay specimen. In this test, the pattern of horizontal soil
displacements was atypical. Horizontal displacements in the direction of travel were
observed as expected; however, grid movements in the opposite direction were also
evident below a given depth. The displacements opposite to the direction of travel were
‘most apparent in the initial region of scour depth adjustment, and diminished with the
reduction in scour depth and the establishment of steady conditions.

Figure 4.16 shows the initial and displaced configuration of the latcral grid
situated at the beginning of the apparent steady - state region of scouring (x = - 25 mm).
Lateral soil displacements were small and were limited to the near - surface arca adjacent
to the scour edges, with some movements below the scour incision possibly attributable
to deviations in the initial grid geometry. The vertical component of displaccment did not

vary significantly across the scour width and gradually diminished in magnitude with
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depth. The hori; of di: decreased near to the edges of the
scour. although the distortion in plan view radiographs limited the accuracy of
measurements away from the scour axis. The horizontal soil movements decreased more
abruptly with depth than the corresponding vertical displacements and, as described
above, small negative displacements were observed below a given depth. The axial grid
of lead powder trails situated within the initial region of scouring (x = - 200 to -75),
shown in Figure 2F.5, was placed to insufficient depth to allow for reliable interpretation
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of di The displaced ion suggested that material above the extent

of the grid was severely disturbed or re - worked.

Test 02 of soil di are in Figure 4.17 which

displays a profile of the maximum values of vertical and horizontal movements, evaluated

as the average of results from grids within the apparent steady - state region. The
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maximum values of vertical and horizontal displacement immediately below the base of
the scour (interpolated at a depth below base = 0.1 m) were 0.46 and 0.50 m
respectively at prototype scale. The limiting prototype depths for vertical and horizontal
components of displacement, estimated for a lower bound displacement magnitude of
0.2m, were 1.7 and 1.4 m respectively. The measured vertical and horizontal

extended to ized values of 3.5 and 2.7 scour depths beneath the

scour base, In this test, small negative horizontal movements were also apparent at depths
below the limiting value estimated for the assumed lower bound displacement.

‘The model pipeline segments were excavated and measured to determine any
permancnt distress induced by the effects of scouring. The horizontal position of the first
pipeline segment was coincident with the abrupt transition in scour depth to the reduced
cquilibrium level. The segment was located at a depth approximately 0.2 m below the
scour base in relation to the initial region preceding the reduction in scour depth. This
segment exhibited a small degree of curvature predominantly in the horizontal direction;
the maximum deflection recorded at the pipe centre - line (scour axis) was on the order
of 0.5 mm or 0.05 m at prototype scale (model displacements were assessed to within
0.1 mm). The second model pipeline segment was located immediately below the base
of the scour (0.02 m beneath the scour base at prototype scale) within the apparent
steady - state region of scouring, beyond the reduction in scour depth. This segment also
experienced plastic bending due to the effects of scouring. A maximum deflection of
about 0.20 m at prototype scale was measured in the vertical direction at the pipe centre -
line and near to one end of the deformed segment. The measured horizontal

displacements were less extensive, with a maximum prototype deflection of 0.18 m
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recorded at a position offset from the centre of the pipeline segment. This shallow
segment also suffered a minor indentation at a position adjacent 1o the one edge of the

scour incision, indicative of local contact with the model keel.

4.3.3 Scour Test 03

In Test 03, it was proposed to investigate the influence of the change in scour depth
associated with an increase in the buoyant weight of the model iceberg. The test
parameters examined were identical to the Test 02 case, with the exception of the surface
water depth. The nominal depth of free water above the surface of the clay specimen was
reduced to 50 mm in this test from 100 mm in the preceding tests. The model iceberg
was modified to provide the same waterplane area for the revised water level, to maintain
the Test 02 model vertical stiffness condition.

The test was unsuccessful, in that the initial scour depth was larger than predicted
and this resulted in the development of forces which exceeded the capabilities of the
drive system. The motor capacity was also less than anticipated from normal gravity
trials. The model iceberg was advanced over a total horizontal distance of 135 mm in a
time period of 2.8 seconds. The model descended immediately as it left contact with the
initial support plate, a peak horizontal force of 0.79 kN was mobilized, and the drive
motor stalled. Following a brief delay, an attempt was made to advance the model

beyond its current position, with igil resulting. The

acceleration level was subsequently reduced by half to 50 gravities, and the scouring

event was effectively resumed to completion. A complete set of results was acquired for



the test; however, scaling changes and other irregularities must be allowed for in the

of this i ion. As a the value of the Test 03 data is

much reduced and details are not presented here.

Figure 4.18 shows a plan view photograph and related drawing of the model scour
created in Test 03. The depression formed as a result of the initial scourirg episode at
100 gravitics, extended to a maximum depth of 51 mm or 5.1 m at prototype scale. The
scour incision surface was irregular in this region, and the sidewalls of the cut collapsed
or caved extensively following the passage of the model iceberg. The final segment of
the scour feature, generated at the 50 gravity test acceleration level, involved an uprise
to an average scour depth of 13 mm, approaching an equilibrium condition. An extensive
volume of surcharge was displaced forward with the model and amassed in a semi -
circular mound at the front and sides of its final resting position. The latter portion of

the scour feature was also ized by variable ition of loose or

material at the sides of the scour incision, with berm elevations ranging from 1.5 to
12.5 mm above the original surface level. Model pipeline segments situated at initial
depths of 15 and 5 mm below surface were displaced vertically beneath the scour to
approximate final depths of 21 and 15 mm respectively. The first pipeline segment was
locally dented and experienced plastic bending with the development of a wrinkle on the
compression side of the segment, and a maximum centre - line deflection of about 18 mm
at model scale. The shallower second pipeline segment was also subject to indentation
as the result of local contact, and assumed a severely deformed or buckled S - shape
upon removal from the clay specimen, with a maximum deflection on the order

of 21 mm.
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Figure 4.18 Top : Photograph of model scour created in Test 03; Bottom : Plan view drawing
illustrating scour surface features
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4.3.4 Scour Test 04

Model Input Conditions

‘The model iceberg used in Test 04 described the baseline configuration for subsequent
tests. The model geometry and input parameters for this test are presented in Figure 4A.1
in the corresponding section of Appendix A. The model iceberg represented a 10 m wide
prototype ice feature with a cutting face attack angle of 15 degrees. The vertical stiffness

of the model was equal to 61 N/mm in free water of nominal 80 mm depth in this test.

The clay y pre - idation stress was maintained at 110 kPa; soil

were identical to those investigated in Tests 02 and 03.

The Test 04 of i i ion markers, and model
pipeline segments, shown in Figure 4A.2, was proposed as a standard layout, with only
slight modification required in succeeding tests. The soil deformation grids were
constructed using both spaghetti / solder horizontal members, and vertical members
comprised of injected lead powder, as detailed in Section 3.2.3. Two separate lateral
grids were installed at horizontal positions within the expected steady - state region of
scouring. A total of two model pipeline segments were placed at different depths, during
trenching of the lateral grids. In addition, two axial grids were installed : the first at a
position near to the initial portion of the proposed scour, and the second at the final
location of the model iceberg. The size of the array of surface lead shot markers was also
increased in this test to facilitate improved definition of the lateral extent of surface soil

movements.
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The experimental methods used to evaluate undrained shear strength in this fest
included in - flight vane shear testing. in addition to post - fest moisture content
measurements. Figure 4B.1 displays estimated c,, profiles for the Test 04 clay specimen.
Vane tests were (0 be undertaken at three horizons within the specimen: however, duc
1o malfunction of the apparatus, test results were obtained at only one level 68 mm below
surface, or 6.8 m at prototype scale. The vane test data for this level are shown in
Figure 4B.2, including plots of rotation and torque against time, as well as the

corresponding torque versus rotati irve. The maxil ined shear strength was

assessed from the peak torque mobilized by the vane head alone, with shaft resistance

deducted. It was assumed that test itions were i i and that a
constant shear strength was mobilized on the cylindrical surface defined by the vane
blades. This led to the following relationship between the peak torque T and the
undrained shear strength, expressed in terms of the vane geometry :

T=c, {r(3H+D)D?/6} “.5)

where D and H are, respectively, the diameter and height of the vanc blades employed
in the test. As illustrated in Figure 4B.1, the vane test results predicted a lower strength
value in comparison with the estimates based on Equations 4.2 and 4.3. The measured
vane strength was 16.1 kPa at the test level, as compared with an estimate of 18.2 kPa
derived in accordance with the empirical relation given by Equation 4.2. The access of

surface water to the vane head via the opening produced around the vane shafl almost



certainly resulted in some dissipation of excess pore pressures during vane rotation, and

this may account for a reduction in the measured shear strength.

Test Results

Test 04 was initially stopped at the 30 gravity acceleration level, and restarted following
adjustments to ensure negligible deviation from required surface water levels.
Figure 4C.1 shows the consolidation records for this test, including plots of pore pressure
against time and clay surface settlement versus the square root of time. In order to
achieve greater than 95 percent of primary consolidation, the clay specimen was
maintained at the test acceleration level for a time period of about 5.4 hours, preceding
vane test implementation. The apparent initial clay surface settlement was 1.8 mm during
the consolidation phase of the test. The model scouring event was carried out subsequent
to the completion of vane testing. Figure 4C.2 shows the instrument outputs measured
during the event plotted versus time and horizontal position. The time required to
complete the event was about 5.8 seconds and the model iceberg travelled a total
horizontal distance of 426 mm. The average scouring rate realized was 72.9 mm/s.

A plan view and ing drawing il ing the surface

features of the Test 04 scour are given in Figure 4.18. An average cross - section surface
profile is shown in Figure 4.19 together with a plot of scour depths and berm elevations
against horizontal position along the scour axis. Surface profile data are also presented
in Figure 4D.1 for cross - sections at 50 mm intervals of horizontal position. In this test,
a desired scour depth and an increased length of scouring at effectively steady - state
conditions, relative to preceding tests, was achieved. The average scour depth was

185



- -
s 5 bA .
c-- -
- ~
oy e o 5
’ . =
~ .

L00% 36 00 CAYED MG,

Figure 4.19 Top : Plan view photograph of model scour created in Test 04; Bottom : Plan view
drawing illustrating scour surface
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Figure 4.20 Top : Average cross - section surface profile for steady - state region of
Test 04 scour; Bottom : Axial section plot of measured scour depths and berm elevations

14.6 mm or 1.46 m at prototype scale; the equilibrium value was established after a brief
period of uprise from the initial model iceberg position at a nominal 20 mm depth. The
corresponding berm elevations averaged 3.1 mm above the original surface level,
including heave of the soil immediately adjacent to the scour in addition to loose or spoil

material. Remoulded material arising from berm formation and caving of the trench

187



sidewalls after passage of the model iceberg was evident to a distance on the order of
20 mm from the edges of the 100 mm wide scour trough. Local surface depressions were
also associated with the trench locations of model pipeline segments. Soil
disturbance (surface heave) in front of the final location of the model extended to about
45 mm in a semi - circular region: however, only a limited amount of loose frontal
mound material was observed.

The pore water pressure responses recorded during the scouring event are shown
in plots presented in Figure 4.21. Table 4.7 lists the measured locations of the pore
pressure transducers, as well as the corresponding peak and minimum excess
pore pressure values measured during the event. The spatial distribution of recorded pore
pressure changes is displayed in Figure 4E.1 at 50 mm intervals of model iceberg
horizontal movement. The effects of scouring were first witnessed at shallow depths, at
a prototype horizontal distance on the order of 25 m in front of the current model
position. In the steady - state region of scouring, the maximum recorded increase in pore
pressure was about 88 kPa for a transducer (PPT 03) located at a depth of 9.5 m below
the initial clay surface, and 0.9 m laterally outward from the scour axis (at prototype
scale). The peak value was observed when the model was at a horizontal distance of
approximately 9 m (dx = - 86 mm) from the transducer location. A maximum porc
suction of about 37 kPa was mcasured at the same location, immediately subsequent to
the passage of the model keel (dx = + 52 mm).

The resultant forces acting at the model iceberg - soil interface during the event
are plotted against the horizontal position of the model in Figure 4.22. Tablc 4.8 gives

a listing of the force data at 50 mm intervals of model horizontal movement. Figure 4.23
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Table 4.7 Top : Test 04 measured pore pressure transducer locations; Bottom :
Maximum and minimum excess pore pressures and horizontal distance from model

PPT No. X (mm) y (mm) z (mm) w (mm)'
1 -4 -19 101 80.0
2 - 129 - 11 93 79.9
3 -4 -9 95 80.0
4 - 127 -8 128 79.9
5 5 8 55 80.0
6 -1 -49 61 80.3
7 24 29 23 80.1
8 -1 - 149 29 82.9
9 0 405 -3 101.1
'w = free water depth at position
dx (mm) min. du dx (mm)
(KPa)

-78 . -

+29 - 16 -91

- 86 -37 + 52

+27 -12 -91

+1 -3 - 258

-34 = =

+10 -21 - 116

-59 -7 + 120
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Figure 4.22 Test 04 horizontal and vertical components of the resultant force plotted
against model horizontal position

displays the model iceberg orientation and the system of forces acting on the model for
different horizontal positions. The vertical component of force developed in this test was
nearly four times as large as the measured horizontal component. The average prototype
magnitudes of the vertical and horizontal components in the steady - state region of
scouring were 16.1 and 4.1 MN respectively. The effective attack angle increased
initially to a value of about 16.0 degrees, and the model then retained a relatively
constant orientation during :couring. The inclination of the resultant force vector was
slightly above the perpendicular to the scouring face of the model, and did not change
markedly over the duration of the event. The distance between the position of the force
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Table 4.8 Test 04 resultant force data tabulated for different model horizontal positions

Horiz. Horiz. Vert. Total Vector Autack
Pos. (mm) | Force (N) | Force (N) | Force (N) | Angle () Angle ()
- 250 237.9 1398 1418 80.3 15.6
- 200 291.6 1474 1502 78.8 15.8
- 150 356.8 1558 1598 77.1 16.2
- 100 393.0 1581 1629 76.0 16.1
- 50 451.8 1665 1725 74.8 16.1
0 439.7 1640 1698 75.0 15.8
+ 50 420.2 1628 1682 75.5 15.8
+ 100 403.1 1547 1598 75.4 16.0
Average ' 412.0 1614 1665 75.7 16.0

! Average values for approx. steady state region : x = - 150 to 100.

vector and the model inflection line increased to a steady value of 2.6 m on average at
prototype scale, during the latter portion of the event. In this test, the inductive pressure
transducers mounted on the model were damaged by the incursion of water and,
therefore, no data on interface pressures were acquired.

Figure 4.24 shows a plan view drawing of surface displacement vectors at

positions external to the Test 04 scour incision, as well as a plot of the average

of the hori: and lateral of di for the apparent
steady - state region. The average horizontal and lateral displacements were 0.31 and
0.58 m respectively at prototype scale, at a lateral position approximately 1 m from the

edge of the scour incision. The surface di: decreased to igible values

within a distance of about one scour width from the edge of the incision (i.c. less than
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Figure 4.23 Test 04 model iceberg orientation and resultant force vectors
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Figure 4.24 Top : Test 04 plan view drawing of surface displacement vectors; Bottom :
Average axial and lateral surface displacements versus distance from the scour axis

150 mm from the scour axis at model scale). The movement of surface markers within
the scour may be qualitatively assessed based on the radiographic cvidence, as displayed
in Figure 4F.1. Some of the internal markers were displaced horizontally and laterally
during the event, and were deposited at the sides of the scour incision; other markers
were displaced horizontally and vertically below the scour, and experienced only limited
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lateral . Quantitati ion of these di was i
because of the difficulty of positively identifying particular markers after very large
movements had occurred.

‘The displaced configurations of soil deformation grids, and the locations of pore
pressure transducers and model pipeline segments, are shown in plan view in the trace
compiled from Test 04 radiographs presented in Figure 4F.1. Figure 4F.2 displays
similar information acquired from cross - sectional radiographs at two separate horizontal
positions, coinciding with the lateral grid and model pipeline locations. The traces of the
axial section radiographs situated near to the initial portion of the scour, and at the final
horizontal position of the model iceberg, are shown in Figures 4F.3 and 4F.4
respectively, Figure 4F.4 also includes a view of the displaced grid with the apparent
final model iceberg position superimposed on the axial trace.

Figure 4F.5 gives details of Test 04 sub - surface displacements in terms of both
initial / displaced plots and displacement vector plots for each of the soil deformation
grids installed within the clay specimen. The initial and displaced configuration of the
first lateral grid (x = - 19 mm) is shown in cross - sectional and plan view in
Figure 4.25. Soil displacements generated by the scouring event included lateral, vertical,

and horizontal The lateral of di was more extensive

in this test than in preceding tests; although, significant lateral movements were generally
restricted to a shallow region adjacent to the edges of the scour, corresponding with the
measured surface heave. The vertical component of displacement was relatively

co

ent across the scour width, but decreased at the edges of the incision where lateral

movements increased. In general, vertical soil displacements occurred in a pattern similar
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Figure 4.25 Test 04 initial / displaced plot of lateral grid at x = - 19 shown in cross -
section and plan view

to the morphology of the scoured surface and decreased gradually with depth below the

scour. The hori; of di: in the direction of travel of the model

iceberg, was larger in i than the i vertical however, large
horizontal soil movements were limited to shallower depths. Figure 4.26 shows the
initial / displaced plot for the axial grid at the final position of the model iccherg. The
soil displacements measured at this particular location include some effects of a bearing
capacity failure coinciding with the cessation of movement and the consequent change in

forces acting on the model. To reduce effects extraneous o scouring, equipment
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Figure 4.26 Test 04 initial / displaced plot of axial grid located at final horizontal
position of model iceberg

modifications to provide vertical support for the model at the end of the scour path were
implemented in subsequent tests.

A summary of the Test 04 displacement records is provided in Figure 4.27, in
which values of the vertical and horizontal components are plotted against depth below
the base of the scour. The horizontal displacements shown in this plot were evaluated
using the results from the initial axial grid at horizontal positions within the apparent
steady - state region of scouring. Measurements acquired from the axial grid were

considered to be more accurate due to distortion in plan view radiographs; however,

larger hori soil di: ined from lateral grid results were more
consistent with measured mode! pipeline deformations, described below. The plotted
vertical displacement results were derived from well - defined lateral grid movements.
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Figure 4.27 Test 04 values of vertical and hori; of soil di:

versus depth below scour base

The measured maximum values of vertical and horizontal displacement immediately
below the base of the scour (interpolated at a depth below base = 0.1 m) were
0.94 and 1.52 m respectively at prototype scale; however, there was notable variation
in the results as obtained from different grids. The maximum depths below the base of

the scour at which vertical and horizontal displacements were measured, as estimated for
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a lower bound displacement magnitude of 0.2 m, were 3.2 and 3.1 m respectively at

prototype scale. The vertical and hori; i extended to ized values
of 2.1 and 2.0 scour depths beneath the scour base.

Model pipeline segments placed at two different depths in the Test 04 clay
specimen experienced plastic deformation due to the effects of scouring. The depths of
pipeline segments shown in Figure 4F.2 represent apparent final levels measured
subsequent to completion of the test. Initial depths for the first and second pipeline
segments were approximately 21 and 15 mm respectively as measured from the crown
of the segment to the original clay surface (i.e. approximately 0.6 and 0.0 m below the
scour base at prototype scale). Both pipeline segments were severely bent or bowed in
the forward horizontal direction and also exhibited a smaller vertical component of plastic
deformation. The maximum centre - line deflections measured in the vertical and
horizontal directions for the first segment, were about 0.22 and 2.35 m respectively at
prototype scale. Similarly, the shallower second segment, situated immediately beneath
the scour base, sustained prototype vertical and horizontal deflections on the order of
0.09 and 2.83 m at the pipe centre - line (scour axis). The observed pipeline distress in

this test was not indicative of any direct contact with the model keel.

4.3.5 Scour Test 05

Model Input Conditions

Test 05 baseline itions for the i The test inputs

are displayed in Figure 5A.1 in the corresponding section of Appendix A. The model
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iceberg configuration was identical to that used in Test 04. The width of the model was
100 mm, the attack angle was 15 degrees, and the model vertical stiffness was 61 N/mm
in free water of nominal 80 mm depth. The clay was consolidated in the laboratory under
a uniform vertical effective stress of 140 kPa, coinciding with the initial stress state for
the Test 01 specimen. The test date was delayed due to unanticipated repairs of the beam
centrifuge. As a result, the time period for laboratory pre - consolidation in Test 05 had
to be extended by about three weeks over the typical duration allowed for this procedure.
The measured compression of the specimen during this supplementary interval of
laboratory consolidation was negligible.

The Test 05 layout of instrumentation, deformation markers, and model pipeline
segments is shown in elevation and plan view in Figure 5A.2. The arrangement was
similar to that of Test 04; however, lateral grid positions were altered slightly to expedite
post - test investigation of the clay specimen. In addition, the horizontal length of the
second axial grid was extended, to improve measurements of soil displacement in the
vicinity of the final position of the model iceberg. In this test, equipment modifications
were also implemented to provide immediate support for the model at the end of the

scouring event. The support apparatus is described in Section 3.3.2.

of the i shear strength in Test 05 were
restricted to values based on post - test moisture content measurements. No meaningful
data were acquired from the vane shear test device duc to malfunction of the load cell
used to measure the applied torque. Figure 5B.1 gives a comparison of cxperimental
values with ¢, profiles estimated in accordance with Equations 4.2 and 4.3. The values

assessed from moisture content measurements are in apparent agreement with the
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Madified Cam Clay strength profile. The strength ictions were larger than

for post - test conditions, as it may be expected that free water was drawn into the clay

specimen due to pore suction set - up with stoppage of the centrifuge.

Test Results

The consolidation records for Test 05 are given in Figure 5C.1, including plots of pore
pressure against time, and clay surface settiement versus the square root of time.
PPT Channel 03 did not function during the test and, therefore, seven transducers were
available to monitor pore water stress conditions in the clay specimen. The centrifuge
time required to complete greater than 95 percent of primary consolidation was about
4.7 hours, and the apparent initial clay surface settlement was 1.4 mm in this test. A
summary of the test instrumentation outputs plotted against time and horizontal position
during the scouring event is given in Figure 5C.2. The event was completed in
6.0 seconds, in which the model iceberg travelled a total horizontal distance of 448 mm.
The average scouring rate was 72.1 mm/s, as evaluated from the data records of the
position transducer and rotary potentiometer.

Figure 4.28 shows a plan view radiograph and related drawing depicting surface
features of the Test 05 scour. Figure 4.29 displays an average cross - section surface
profile of the scour, together with an axial plot of scour depths and berm elevations.
Further details of the overall surface profile are given in Figure 5D.1 as cross - sectional
plots at 50 mm intervals of horizontal position. The initial period of uprise to an apparent
steady - state scouring level was relatively rapid in this test, similar to the Test 04 event.
The average scour depth for equilibrium conditions was 12.1 mm or 1.21 m at prototype
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Figure 4.29 Top : Average cross - section surface profile for steady - state region of
Test 05 scour; Bottom : Axial section plot of measured scour depths and berm elevations

scale. The correspording average berm elevation was 4.3 mm. The sidewalls were caved

along the entire length of the scour, and considerable surface heave was measured

adjacent to the incision. Loose or remoulded material due to berm formation and caving

was observed to a maximum distance of approximately 20 mm from the scour edges, and

decre:
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depression was associated with the trench location of the shallower second model
pipeline, suggesting some local movement of the segment during the scouring event. A
frontal mound of spoil material extended to a maximum distance on the order of 20 mm
beyond the final point of contact with the scouring face of the model iceberg. The
support apparatus served to limit vertical movement of the model to less than
approximately 4 mm below the scouring level at the end of the event.

Figure 4.30 provides a summary of the pore water pressure responses recorded
during the Test 05 scouring event. The measured locations of the transducers are given
in Table 4.9, along with the peak and minimum pore pressures developed as scouring
progressed. Figurc SE.1 displays the spatial distribution of the excess pore pressures at
50 mm intervals of horizontal movement along the scour path. The effects of the
scouring event were initially recorded as negative excess pore pressures at a prototype
horizontal distance cn the order of 25 m from the current position of the model iceberg.
The maximum rise in pore pressure measured within the apparent steady - state region
of scouring was 108 kPa for a transducer (PPT 07) located 2.5 m below the initial clay
surface, and 4.1 m laterally outward from the scour axis (at prototype scale). The peak
response was recorded when the model was at a horizontal distance of 3.5 m
(dx = - 35 mm) from the transducer position. The maximum pore suction measured was
44 kPa for the same device, when the model was at a horizontal distance of 10.6 m
(dx = - 106 mm) from the transducer positior.

Figure 4.31 shows a plot of the resultant forces acting at the model iceberg - soil
interface versus the horizontal position of the model. The Test 05 force data are also

listed in Table 4.10 at S0 mm intervals of model horizontal movement. In addition, the
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Figure 4.30 Test 05 pore pressure responses during event for seven transducer channels

results are presented graphically in Figure 4.32, which displays the model iceberg
orientation and the system of forces acting on the model at various horizontal positions.
In this test, the vertical force component was about 3.4 times as large as the horizontal
component, and the resultant forces remained relatively constant within the apparent
steady - state region of scouring. The average magnitudes of the vertical and horizontal
components in this region were 16.9 and 5.0 MN respectively at prototype scale. The
effective attack angle of the model increased at the beginning of the event to a maximum

value of 17.8 degrees, and then decreased to an approximate steady value of about
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Table 4.9 Top : Test 05 measured pore pressure transducer locations: Bottom :
Maximum and minimum excess pore pressures and horizontal distance from model

PPT No. X (mm) y (mm) Z (mm) w (mm)'
1 0 - 11 122 80.0
2 - 131 -7 89 79.9
3 - 14 -1 94 80.0
4 - 134 =9 133 79.9
5 6 -8 60 80.0
6 -6 -57 45 80.4
7 23 41 25 80.2
8 3 - 152 35 83.0
9 0 407 -3 101.3

' w = free water depth at position

PPT No. u; (KPa) max. du dx (mm) min. du dx (mm)

(KPa) (KPa)
1 196 53 - 100 -2 +75
2 165 102 +27 -28 -90
4 206 68 +38 -1l -87
5 127 57 +34 -8 -252
6 120 9% -36 -4 + 81
7 114 108 -35 -4 - 106
8 121 43 - 58 -2 + 105
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Figure 4.31 Test 05 horizontal and vertical components of the resultant force plotted
against model horizontal position

16.4 degrees, on average, over the latter portion of the scouring event. The inclination
of the resultant force vector did not vary significantly from the perpendicular to the

lined face of the model, as scouring progressed. The position of the force vector
increased at the start of the event to a peak distance of 30 mm or 3.0 m at prototype
scale from the model iceberg inflection line, and then reduced toward an average value
of about 2.6 m near to the end of the event.

Interface pressures measured at the horizontal base (IPT 18) and inclined scouring
face (IPT 19 and 20) of the model iceberg are shown in Figure 5C.2. The data acquired
from the transducers situated at the scouring face of the model, described an irregularly
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Table 4.10 Tesr 05 resultant force data tabulated for different model horizontal positions

Horiz. Horiz. Vert. Total Vector Attack
Pos. (mm) | Force (N) | Force (N) | Force (N) | Angle (deg) Angle (deg)
- 250 338.2 1302 1345 75.4 16.9
- 200 472.2 1464 1538 .2 17.4
- 150 574.5 1526 1631 69.4 17.8
- 100 566.4 1580 1679 70.3 17.0
- 50 538.2 1672 1756 72.1 16.8
0 499.8 1706 1778 73.7 10.4
+ 50 487.3 1720 1788 74.2 16.3
+ 100 486.6 1720 1787 74.1 16.3
+ 145 491.9 1713 1783 74.0 16.3
Average' 504.9 1694 1768 73.4 16.4

! Average values for approx. steady state region : x = - 100 to 150.

varying response with a peak recorded pressure of 256 kPa. The pressurc acting on the
inclined face decreased to a constant value of about 173 kPa near to the end of the event.
The pressure record for the transducer located at the base of the model indicated a
relatively steady response over the duration of the event, with minor fluctuations about
an average pressure of approximately 151 kPa. It should be noted that due to angular
rotation experienced by the model, the bottom face was slightly inclined relative to the
horizontal, as illustrated in Figure 4.32.

A plan view drawing of surface displacement vectors at positions external to the
Test 05 scour incision is displayed in Figure 4.33, together with a summary plot showing

the average values of the hori: and lateral of di for the
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Figure 4.33 Top : Test 05 plan view drawing of surface displacement vectors; Bottom :
Average axial and lateral surface displacements versus distance from the scour axis

apparent steady - state region of scouring. At lateral positions about 1 m from the edge
of the scour, the average horizontal and lateral displacements were 0.42 and 0.51 m
respectively at prototype scale. The surface displacements diminished with distance from
the scour axis to values of 0.03 and 0.21 m at lateral positions approximately 7 m from
the scour edge (i.e. 120 mm from the scour axis at model scale). Qualitative evaluation
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of radiographic evidence, as presented in Figure SF.1, indicated that the majority of
surface markers within the scour were displaced horizontally forward and vertically
downward below the scour, and underwent relatively limited lateral movement.

Q itati of these dis was precluded by the large movements

experienced by some of the internal markers.

Figure 5F.1 provides a trace from plan view radiographs of the clay specimen,
which displays the locations of pore pressure transducers, model pipeline segments, and
the displaced configuration of soil deformation grids. The traces of cross - sectional
radiographs are given in Figure SF.2, at two horizontal positions corresponding with the
lateral grid and model pipeline locations. Figures SF.3 and 5F.4 show traces of the axial
section grids situated near to the beginning of the scour, and at the final horizontal
position of the model iceberg.

Test 05 sub - surface displacements are illustrated in Figure SF.5 including

initial / displaced plots and displacement vector plots for each of the grids installed
within the clay specimen. Figure 4.34 shows the initial and displaced configuration of
the second lateral grid (x = + 41 mm) in both cross - sectional and plan view. The
lateral component of soil displacement was small in this test, and significant movements
were limited to the vicinity of the edges of the scour. The vertical component of
displacement was relatively extensive; downward movements were recorded over the
entire depth of the emplaced grids, at positions directly below the scour incision. The
vertical displacements were consistent across the width of the scour and gradually
attenuated with depth beneath the incision. The horizontal displacement component was

larger than the vertical component immediately below the scour; however, the horizontal
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Figure 4.34 Test 05 initial / displaced plot of lateral grid at x = + 41 shown in cross -
section and plan view

displacement gradient was also steeper, and movements were restricted to shallower
depths. The initial / displaced plot for the axial grid situated at the final position of the
model iceberg is shown in Figure 4.35. The results from this grid also suggest a
dominant vertical direction of displacement; although, this may be partially attributable

to the effects of limited vertical movement of the model ociated  with  the

discontinuation of scouring.
Figure 4.36 provides a summary of the sub - surface displacement measurements

for Test 05, presented as profiles of the maximum (below scour) values of the vertical

and hori; i The di shown in this plot were
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Figure 4.35 Test 05 initial / displaced plot of axial grid located at final horizontal
position of model iceberg

evaluated as the average of results from both axial and lateral grids within the apparent
steady - state region of scouring. The horizontal displacement results derived from axial
and lateral grid measurements were relatively consistent in this test. The maximum values

of vertical and i i i i below the base of the

scour (interpolated at a depth below base = 0.1 m) were 0.88 and 1.29 m respectively
at prototype scale. The limiting depths at which vertical and horizontal components of
displacement were measured, determined for a lower bound displacement magnitude of
0.2 m, were 6.2 and 3.0 m respectively at prototype scale. The vertical and horizontal
displacements extended to normalized values on the order of 5.1 and 2.5 scour depths
below the base of the scour. Model pipeline segments situated at prototype depths of
approximately 1.5 and 0.6 m beneath the scour base, did not experience any measurable

plastic deformation in this test.
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4.3.6 Scour Test 06
Model Input Conditions

The Test 06 input conditions, summarized in Figuvg 6A.1 in the corresponding section

of Appendix A, were identical to the Test 05 case, with the exception of the initial stress
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state of the clay specimen. In Test 06, the clay was consolidated in the laboratory under
an increased vertical effective stress of 200 kPa. The width of the model iceberg was
100 mm, the attack angle was 15 degrees, and the model vertical stiffness was 61 N/mm,
coinciding with the Test 04 and 05 configuration. The nominal depth of free surface
water was also retained at 80 mm in this test. In addition, the Test 06 arrangement of
instrumentation, deformation markers, and model pipeline segments, shown in
Figure 6A.2, was not altered from the layout used in the succeeding test. The elevation
of the support apparatus was changed slightly to accommodate the expected model
vertical position at the end of the scouring event.

The experimental methods employed to assess undrained shear strength included
both in - flight vane shear testing and post - test moisture content measurements. In
Figure 6B.1, the experimentally derived c, values are compared with strength estimates
based on Equations 4.2 and 4.3. Vane tests were performed at three horizons : 30, 60,
and 90 mm below the clay surface. Test results are given in Figure 6B.2, which shows
plots of vertical displacement, rotation, and torque against time, in addition to torque
versus rotation curves evaluated for each level. As depicted in Figure 6B.1, the vane test
data implied a more rapid increase in strength with depth in comparison against other
predictions. The measured vane strength was 20.1 kPa at a prototype depth of 3.0 m, as
compared with an estimate of 22.3 kPa derived in accordance with the empirical relation
given by Equation 4.2. At a prototype depth of 9.0 m, the vane strength increased to an
apparent value of 40.7 kPa, whereas the corresponding empirical strength estimate was
30.9 kPa for this test level. Surface water access to the vane head may have diminished

with depth below the clay surface, resulting in more realistic determinations of the peak
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undrained shear strength. Furthermore, the shaft resistance of the vane apparatus,
deducted in the assessment of the vane shear sirength, may have been more significantly
underestimated for tests undertaken at greater depths. In contrast, the undrained shear
strength predictions based on moisture content were relatively

with depth but werz also larger than anticipated for post - test conditions.

Test Results

Figure 6C.1 displays the consolidation records for Test 06, as plots of pore pressure
against time and clay surface settlement versus the square root of time. Some electrical
noise was evident on consolidation pore pressure transducer signals; however, this
problem was resolved prior to the inception of the scouring event. A time period of about
5.2 hours was required to complete greater than 95 percent of primary consolidation,
preceding vane test implementation. The apparent initial clay surface settlement was
2.3 mm during the consolidation phase of the test.

‘The model scouring event was initiated subsequent to the completion of vane
testing. Malfunction of the drive system produced an interruption in model motion during
the event, followed by movement at a substantially reduced rate. The model iceberg was
initially advanced over a horizontal distance of 161 mm in a time period of 3.1 scconds,
at an average scouring rate of 60.3 mm/s. The instrument outputs recorded during this
initial section of the event are shown plotted versus time in Figure 6C.2A. Model
movement was then resumed at a diminished rate of 0.53 mm/s after a delay of about
33 seconds. The additional time required to complete the event was about 468 scconds
during which the model traversed a further distance of 257 mm. Figure 6C.2B provides
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a summary of the test instrumentation outputs for this final section of the event, plotted
against time and horizontal position. Due to the decreased scouring velocity, the effects
of drainage must be given consideration in the interpretation of test results.

A photograph and corresponding plan view drawing of the scour created in
‘Test 06 are presented in Figure 4.37. An average cross - section surface profile for the
apparent steady - state region, and an axial plot of scour depths and berm elevations are
given in Figure 4,38, Surface profile data are also displayed in Figure 6D.1, as cross -
sectional plots at 50 mm intervals of horizontal position. The Test 06 scour was
characterized by extensive loose berm and caved sidewall material. A large amount of
surcharge was built - up at the front and sides of the advancing model iceberg. This
material was displaced horizontally during the event and deposited as a mound which
extended to about 55 mm in front of the final model position. The scour incision was
relatively uniform in appearance after an equilibrium scour depth of 16.3 mm or 1.63 m

at prototype scale had been

The ing berm ions averaged
5.8 mm above the original surface level; peak elevations coincided with an initial region
of significant surface heave adjacent to the scour, possibly attributable to effects

associated with the transition to a reduced scouring rate. The sidewalls were caved along

the entire length of the scour, and surface soil dit was evident to a
distance of about 25 mm laterally outward from the edges of the scour incision.

The Test 06 pore water pressure responses are shown in Figure 4.39, as recorded
during the final section of the scouring event at the reduced rate of model iceberg
movement. Table 4.11 lists the measured locations of the pore pressure transducers,

together with the corresponding peak and minimum pore pressure values, as recorded
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1 M‘;” Top : Photograph of model scour created in Test 06 - view in direction of travel;
* Plan view drawing illustrating scour surface features
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Figure 4.38 Top : Average cross - section surface profile for steady - state region of
Test 06 scour; Bottom : Axial section plot of measured scour depths and berm elevations
over the entire duration of the scouring episode. The spatial distribution of pore pressure
change: is depicted in Figure GE.1 at 50 mm intervals of model horizontal movement.

PPT Channel 06 and 08 responses at the ion of idation were i

with expected equilibrium pore pressures and, therefore, the test records for these

transducers were deemed unreliable. The effects of scouring were initially observed at
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Figure 4.39 Test 06 pore pressure responses plotted for final section at reduced rate

a prototype horizontal distance approximately 25 m from the current model position. In

the apparent steady - state region associated with the final section of the event at reduced

scouring rate, the maximum recorded increase in pore pressure was 43 kPa for a

transducer (PPT 07) located at a depth 3.8 m below the initial clay surface, and 2.2 m

laterally outward from the scour axis (at prototype scale). The maximum cxcess pore

pressure was observed when the model was at a horizontal distance of approximately

3.5m (dx = - 35 mm) from the transducer position. A similar peak response was

recorded by a transducer (PPT 05) situated at a depth of 6.9 m and 0.8 m laterally
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Table 4.11 Top : Test 06 measured pore pressure transducer locations; Bottom :
Maximum and minimum excess pore pressures and horizontal distance from model

PPT No. X (mm) y (mm) z (mm) w (mm)'
1 -3 0 142 80.0
2 - 132 -2 90 79.9
3 -10 1 87 80.0
4 -132 -2 132 9.9
s 0 -8 69 80.0
6 1 -40 70 80.2
7 -9 2 38 80.1
8 8 -239 40 87.3
9 0 407 -3 101.3

w = free water depth at position

PPT No. u; (KPa) max. du dx (mm) min. du dx (mm)

(KPa) (KPa)
1 226 34 -53 - -
2 175 91 + 10 -39 -73
3 166 40 -39 - -
4 213 36 +5 5 -
5 149 43 - 40 -17 - 135
6 96 29 - 45 - -
7 114 43 -35 B -242
8 76 ) - 171 -12 - 54
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Figure 4.40 Test 06 horizontal and vertical components of the resultant force plotted
against model horizontal position

outward from the scour axis (at prototype scale). A maximum pore suction of about
17 kPa was measured at this same transducer position, when the model was at a
horizontal distance of 13.5 m (dx = - 135 mm).

The resultant forces acting at the model iceberg - soil interface during the
scouring event are plotted against the model horizontal position in Figure 4.40. The
break in plotted dara is associated with the interruption in model motion and the transition
to a reduced scouring rate over the final section of the event. Table 4.12 provides a
listing of the force data at 50 mm intervals of model horizontal movement. Figure 4.41
illustrates the model iceberg orientation and the system of forces acting on the model at
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‘Table 4.12 Test 06 resultant force data tabulated for different model horizontal positions

Horiz. Horiz. Vert. Total Vector Attack
Pos. (mm) | Force (N) Force (N) Force (N) | Angle (deg) Angle (deg)
- 250 399.0 1270 1331 72.6 16.1
- 200 512.8 1430 1520 70.3 16.0
- 150 604.9 1504 1621 68.1 15.9
- 100 626.1 1488 1615 67.2 15.5
- 50 572.9 1506 1611 69.2 15.5
0 583.6 1513 1622 68.9 154
< 50 591.8 1471 1585 68.1 15.4
+ 100 592.3 1460 1576 67.9 15.8
+ 150 621.8 1529 1650 67.9 15.7
Average ' 604.2 1487 1605 67.9 15.6

! Average values for approx. steady state region : x = - 100 to 150.

different horizontal positions along the scour path. In this test, a substantial quantity of
surcharge material was developed at the front and sides of the model, and was displaced
horizontally with the model during the event. The resultant forces did not vary
significantly over the final section of the event, and the vertical component of the force
was about 2.5 times as large as the measured horizontal component. The average
prototype magnitudes of the vertical and horizontal components were 14.9 and 6.0 MN
respectively for the apparent steady - state region of scouring. The effective attack angle
increased initially to a maximum value of 16.5 degrees, and then reduced to a relatively
consistent orientation with an average angle of 15.6 degrees during the final section of
the event. The inclination of the resultant force vector also remained relatively constant
at an angle approximately 6 degrees from the perpendicular to the scouring face. The
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Figure 4.41 Test 06 model iceberg orientation and resultant force vectors
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position of the force vector increased initially and then retained a steady value during the
final section of the event, at a prototype distance of 2.5 m from the model iceberg
inflection line.

The interface pressure responses at the horizontal base (IPT 18) and inclined
scouring face (IPT 19 and 20) of the model iceberg are shown in Figures 6C.2A
and 6C.2B. The maximum total pressures acting at these locations were approximately
207 and 230 kPa respectively, as measured at the completion of the initial section of
rapid model movement. The pressures recorded during subsequent scouring at the
reduced rate were irregularly varying, conceivably as the result of surcharge build - up
in front of the advancing model, and the intermittent deposition of berm material. Over
the final section of the event, the average pressure was 172 kPa at the base of the model.
The average pressure at the scouring face of the model was 189 kPa, with recorded
variations as large as 15 percent of the mean value. The period of fluctuation of the
pressure response also corresponded approximately with changes in the horizontal force
record for the event.

Figure 4.42 shows a plan view drawing of surface displacement vectors at

positions external to the Test 06 scour incision, and also displays a plot of the average

of hori: and lateral f dit for the apparent steady -

state region. In this test, surface di: i varied i for

different horizontal positions along the scour path. Maximum lateral movements
coincided with the region at which model iceberg movement was suspended prior to
transition to the reduced scouring rate. Most surface markers situated at a lateral position

1 m frem the edge of the scour incision were obscured by berm deposition or caved
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Figure 4.42 Top : Test 06 plan view drawing of surface displacement vectors: Bottom :
Average axial and lateral surface displacements versus distance from the scour axis

sidewall material. The average horizontal and lateral surface displacements recorded at
a distance of about 3 m from the scour edge were 0.24 and 0.41 m respectively at
prototype scale. At lateral positions approximately 7 m from the scour edge (120 mm
from the scour axis at model scale) the horizontal and lateral displacements declined to
average values of 0.10 and 0.15 m respectively. The movement of surface markers
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within the scour may be qualitatively evaluated from radi ic evidence, as shown in

Figure 6F.1. Some of the internal markers, located within the initial region of model
movement preceding the reduction in scouring rate, underwent large lateral movements
and were deposited along the sides of the scour incision. However, the majority of the
internal markers were displaced horizontally with surcharge material amassed in front of
the advancing model, and were deposited within the mound of material in front of the
model at its final position.

The plan view trace compiled from radiographs of the Test 06 scour is shown in
Figure 6F.1, including the displaced configuration of soil deformation grids and the
locations of pore pressure transducers and model pipeline segments. Figure 6F.2 displays
the traces of cross - sectional radiographs at two different horizontal positions, which
convey similar information at each of the lateral grid and model pipeline locations. The
radiograph trace of the axial grid situated near to the beginning of the scour is shown in
Figure 6F.3. Due (o its location, the displaced configuration of the grid shown in this
trace was influenced in part by the initial section of rapid model iceberg movement. The
trace of an axial radiograph showing the grid located at the final horizontal position of
the model is presented in Figure 6F.4.

The initial / displaced plots and displacement vector plots derived from the soil
deformation grids installed within the Test 06 specimen are given in Figure 6F.5. Similar
plots were not presented for the initial axial grid (Figure 6F.3); quantitative assessment
of displacements from this grid was impeded by the reliability of the radiographic
evidence, since final locations of the surface level and top horizontal member of the grid

were unclear. The sub - surface displacements evaluated from other grids represented the
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Figure 4.43 Test 06 initial / displaced plot of lateral grid at x = + 54 shown in cross -
section and plan view
effects of a drained or partially drained scouring condition due to the reduced rate of
model movement over the final section of the event.

In general, the displacement patterns observed in this test were dissimilar to the
results from preceding experiments. Figure 4.43 shows the initial and displaced
configuration of the second lateral grid (x = + 54 mm) in both cross - sectional and plan

view. The lateral component of displacement was large within a relatively shallow region
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Figure 4.44 Test 06 initial / displaced plot of axial grid located at final horizontal
position of model iceberg

immediately beneath the scour incision, and also at positions adjacent to the scour edges.
In contrast with prior test observations, the vertical component of displacement measured

below the scour was relatively small or ligible. The i of

displacement was very large at positions above or immediately below the base of the
scour; however, significant horizontal movements were also limited to shallow depths.
It should be noted that the top horizontal member shown in the plan view plot of
Figure 4.43 was displaced horizontally from the first lateral grid at x = - 23 mm. This
evidence suggests the development of a relatively stable region of frontal material which
moved concurrently with the advancing model iceberg. Figure 4.44 shows the
initial / displaced plot for the axial grid located at the final position of the model iceberg.
Local vertical displacement of horizontal members at the beginning of the grid was
inconsistent with other deformation data, and may be attributable in part to manual
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versus depth below scour base

during The of

vectors indicated a

shallow region of large horizontal movements; however, the displaced configuration of

vertical members displayed the development of thin zones of shearing or failure surfaces

which may be indicative of deep - seated soil deformation.

The sub - surface displacement records for Test 06 are summarized in Figure 4.45
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as profiles of the maximum values of vertical and horizontal components of displacement.
‘The plotted magnitudes were evaluated as the average of results from the two lateral
grids, which were located within the apparent steady - state region of scouring. The
maximum values of vertical and horizontal displacement immediately below the base of
the scour (interpolated at a depth below base = 0.1m) were 0.15 and 3.39m
respectively at prototype scale. The maximum depth below the base of the scour at which
horizontal displacements were recorded, evaluated for a lower bound displacement

magnitude of 0.2m, was 2.0 m at prototype scale. The magnitudes of vertical

displacement were less than 0.2 m at all measured positions below the scour base.
Therefore, for an assumed lower bound of 0.2m, the vertical and horizontal
displacements extended to normalized values of zero and 1.3 scour depths below the base
of the scour. Model pipeline segments situated at prototype depths of approximately 1.3
and 0.4 m beneath the scour base, did not undergo any measurable plastic deformation

in this test.

4.3.7 Scour Test 07

Model Inpur Conditions

The Test 07 model iceberg configuration and input parameters are presented in
Figure 7A.1 in the corresponding section of Appendix A. A photograph of the
instrumented model iceberg used in this test is shown in Figure 3.8. As described in
Section 3.3.2, two linear position sensors were installed on the model to allow for

redundant measurements of vertical position during the scouring event. The input
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conditions were altered from the Test 05 baseline case by reduction of the model width
to a value of 50 mm or 5 m at prototype scale. The buoyant weight and vertical stiffness
of the model were also reduced by half relative to baseline conditions, in order to
maintain similar applied stress levels to ensure a comparable depth of scouring. The
attack angle of the model was set at 15 degrees, and the model vertical stiffness was
31 N/mm in free water of nominal 80 mm depth. The clay laboratory pre - consolidation
stress was 140 kPa, coinciding with the initial stress state for the Test 05 specimen.
Figure 7A.2 shows elevation and plan view drawings of the Test 07 layout of
instrumentation, deformation markers, and model pipeline segments. The arrangement
was modified to include only one lateral soil deformation grid and model pipeline
segment, at a horizontal position within the expected steady - state region of scouring.
In addition, the length of the axial grid at the final location of the model iceherg was
extended. These changes were implemented in order to reduce disturbance associated
with excavation and backfill of two cross - sectional trenches, and to facilitate improved
investigation of deformation fields at both the axial and lateral grid locations.
Estimated undrained shear strength profiies for the Test 07 specimen are presented
in Figure 7B.1. In - flight vane shear tests were conducted at three depths : 30, 60, and
90 mm below the clay surface. The vane test data are shown in Figure B.2, including
vertical displacement, rotation, and torque history plots, in addition to the torque versus
rotation curves for each level. In Figure 7B.1, ¢, values derived from cxperimental
methods are compared with strength estimates based on Equations 4.2 and 4.3. A higher
gradient of undrained shear strength with depth was predicted in accordance with the

results from vane testing. At a prototype depth of 3.0 m, the measured vane strength was
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20.1 kPa. as compared with the strength value of 17.3 kPa based on the empirical
relation given by Equation 4.2, At greater depths, significantly higher strength
magnitudes were predicted from vane test results. The vane shaft resistance appeared to
be underestimated, which implied higher predicted peak torque values due to the vane
head alone, than were actually mobilized during testing. The undrained shear sticagth
estimates from moisture content measurements were also higher than expected for post -

test conditions, and exceeded the strength values determined using Equations 4.2 and 4.3.

Test Results

‘The consolidation records for Test 07 are given in Figure 7C.1 as plots of pore pressure
against time and clay surface settlement versus the square root of time. The clay
specimen was permitted to consolidate over a time period of about 5.1 hours in order to
ensure the establishment of equilibrium conditions. The apparent initial clay surface
settlement was 1.9 mm, following the completion of greater than 95 percent of primary
consolidation.” The instrumentation outputs for the scouring event are presented in
Figure 7C.2, plotted against time and horizontal position. The model iceberg travelled
a total horizontal distance of 372 mm in a time period of 4.8 seconds, at an average
scouring rate of 77.8 mm/s. The model became laterally unstable from the outset of the
event, resulting in rotational movement (roll) about the x - axis. The resultant lateral
inclination of the scour incision increased gradually with the horizontal distance travelled
by the model.

Figure 4.46 shows a plan view photograph and related drawing illustrating surface
features of the scour created in Test 07. Figure 4.47 displays an average cross - section
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Figure 4.46 Top : Plan view photograph of mode! scour created in Test 07; Bottom : Plan view
drawing illustrating scour surface features
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Figure 4.47 Top : Average cross - section surface profile for steady - state region of
Test 07 scour; Bottom : Axial section plot of measured scour depths and berm elevations

surface profile of the scour, as well as an axial plot of scour depths and berm elevations.

The surface relief in the vicinity of the scour is further described in Figure 7D.1, which

depicts cross - sectional profiles at 50 mm intervals of horizontal position. The

assessment of scour depths was hindered by the narrow scour width and caved sidewall

material within the incision, as well the lateral inclination of the scour base due to tilt of
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the model. The average scour depth was 13.7 mm or 1.37 m at prototype scale, as
estimated for the apparent steady - state region of scouring. The corresponding average
berm elevation was 3.7 mm, including heave of the surface adjacent to the scour and
limited remoulded berm material. The lateral inclination of the scour hase was about
3 to 5 degrees on average, at measured cross - sections. The sidewalls of the incision
were caved along the entire length of the deeper scour edge, and over segments of the
shallow edge near to the beginning and end of the scour. Surface soil disturbance was
observed to a maximum distance of about 17 mm from the scour edges. A local
depression and associated reduction in berm elevation were evident in the vicinity of the
model pipeline segment, indicative of displacement of the segment during the event. The
model was un::pported at the completion of the event, and experienced large vertical
movement as would be associated with bearing failure of the underlying material. At the

shallow edge of the incision, surface soil di extended (o i 30 mm

beyond the final boundary of contact with the inclined face of the model. A limited
amount of loose berm material was also deposited along the sides of the model at the
final horizontal position.

The pore water pressure responses recorded during the Test 07 scouring event are
summarized in Figure 4.48. PPT Channel 06 and 08 pore pressures were inconsistent
with expected equilibrium values and, therefore, test records acquired from these devices
may be unreliable. Furthermore, the results from PPT 05, which implied a relatively
limited response over the duration of the event, were incompatible with the measurements

from other devices. The final locations of the transducers are indicated in Table 4.13,

as well as the peak and mini pore p: hangt as scouring p
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Figure 4.48 Test 07 pore pressure responses during event - transducer channels 01 to 08

Figure 7E.1 displays the spatial distribution of excess pore pressures at 50 mm intervals
of mode!l horizontal movement. The effects of scouring were initially recorded at a
prototype horizontal distance on the order of 20 m in front of the current mode! iceberg
position. The scour - induced pore pressure response was small or negligible for a
transducer (PPT 08) situated at lateral distance of 15.0 m from the scour axis. The
maximum rise in pore pressure measured within the apparent steady - state region of
scouring was 35 kPa for a transducer (PPT 07) located 3.0 m below the initial clay

surface, and 5.1 m laterally outward from the scour axis (at prototype scale). The peak
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Table 4.13 Top : Test 07 measured pore water pressure transducer locations: Bottom :
Maximum and minimum excess pore pressures and horizontal distance from model

PPT No. X (mm) y (mm) z (mm) w (mm)

1 - 13 - 13 126 80.0
2 - 156 5 79 79.9
3 - 11 6 91 80.0
4 - 123 4 131 79.9
5 -1 -6 60 80.0
6 -5 -33 70 80.1
7 -5 51 30 80.3
8 0 - 150 38 82.9
9 0 403 -3 100.9

'w = free water depth at position

PPT No. u; (KPa) max. du dx (mm) min. du dx (mm)

(KPa) (KPa)
1 197 18 + 53 = =
2 159 79 +22 - -
3 165 26 -52 - -
4 203 31 +6 - 5
5 136 3 -7 -6 -59
6 95 33 +6 - -
7 108 35 +4 - 28 + 97
8 61 - - -5 =1
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response was recorded when the model was at a horizontal position (dx = + 4 mm)
which was approximately coincident with the location of the transducer. The maximum
pore suction measured was 28.0 kPa for the same device, following movement of the
model to a horizontal distance of 9.7 m (dx = + 97 mm) beyond the transducer
position.

Figure 4.49 shows a plot of the vertical component of the resultant forces acting
at the model iceberg - soil interface versus the horizontal position of the model during
the Test 07 scouring event. The average magnitude of the vertical component within the
apparent steady - state region of scouring was 7.8 MN at prototype scale. The linear
position sensors installed to measure the model vertical position in this test, did not retain
contact with the reference guide rail, due to compression at the test acceleration level and
the unanticipated lateral tilt of the model. In addition, the tension load cell, used to
measure the horizontal component of the resultant scour force, malfunctioned as the
result of apparent water damage to the sensor (see Figure 7C.2). Therefore, the available
data on model orientation and resultant forces were limited to the vertical position and
the associated vertical component of the resultant force developed during the event.

Interface pressures measured at the horizontal base (IPT 18) and at the inclined
scouring face (IPT 19) of the model iceberg are shown in Figure 7C.2. The response at
the base of the model indicated relatively low total pressures of about 115 kPa on
average, with irregular fluctuations as large as 35 percent of the mean value. The average

total pressure measured at one side of the scouring face of the model was approximately

200 kPa over the initial 260 mm of model hori , with a

recorded value of 254 kPa. The pressure response along this side of the scouring face
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Figure 4.49 Test 07 vertical component of the resultant force plotied against model
horizontal position; approx. steady - state region : x = - 100 to 50.
declined significantly over the final portion of the scouring event as a result of the lateral
inclination of the model.

A plan view drawing of surface displacement vectors at positions external to the
Test 07 scour is presented in Figure 4.50, together with a plot of the average values of
the horizontal and lateral co:aponents of displacement for the apparent steady - state
region of scouring. The surface displacement field was not symmetric about the scour
axis, and larger lateral movements were measured at positions adjacent to the shallow

edge of the scour. The average hori; and lateral di: were

0.46 and 0.56 m respectively at prototype scale, at lateral positions about 1 m from the
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Figure 4.50 Top : Test 07 plan view drawing of surface displacement vectors; Bottom :
Average axial and lateral surface displacements versus distance from the scour axis

scour edge. The surface displacements reduced with distance from the scour axis to
prototype magnitudes of 0.14 and 0.11 m, at lateral positions about 9.5 m from the scour
edge (i.e. 120 mm from the scour axis at model scale). Qualitative assessment of the plan

view radiograph trace shown in Figure 7F.1 implied that the majority of internal markers
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were displaced vertically to positions beneath the scour and horizontally in the direction
of travel, with only limited lateral movement.

Figure 7F.1 displays a trace from plan view radi of the clay

specimen, illustrating the locations of pore pressure transducers, the model pipeline
segment, and the displaced configuration of soil deformation grids. The trace of a cross -
sectional radiograph at the location of the lateral grid and model pipeline segment, is
presented in Figure 7F.2. As shown in this figure, horizontal grid members were divided
into smaller segments in this test in order reduce influence on displacement patterns
imposed by the measurement technique. Figure 7F.3 presents the trace of a radiograph
which shows the axial grid situated near to the beginning of the scour. The axial grid at
the final model iceberg position provided limited relevant data due to lateral deviation
of the scour path resulting from tilt of the model.

Test 07 sub - surface displacement records are shown in Figure 7F.5 as
initial / displaced plots and displacement vector plots for grids placed at different
locations within the clay specimen. Figure 4.51 displays cross - sectional and plan views
of the displaced configuration of the lateral soil deformation grid (x = - 25 mm). In

cross - section, the di: pattern was to a circular failure mechanism,

with apparent rotational movement toward the shallow edge of the scour. The magnitude

of the lateral of soil di iated with the inclination of the scour

may have been underestimated, as vertical grid members were unclear at near - surface
positions. Both lateral and vertical movements were evident to within a shallow region
below the base of the scour. Vertical movements varied with lateral position, from

downward displacements at the deep edge of the scour, to upward heave adjacent to the
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Figure 4.51 Test 07 initial / displaced plot of lateral grid at x = - 25 shown in
cross - section and plan view

shallow edge. The hori; of di was signif larger than the

vertical however, i and vertical di extended

1o similar depths beneath the scour base. The initial / displaced plot for the axial grid
located near to the beginning of the scour is shown in Figure 4.52. The ncar - surface
vertical displacements evaluated from the axial grid were inconsistent with measured

scour depths, and may have been il due to i definition of the

surface level based on the radiographic evidence.
Figure 4.53 provides a summary of the Test 07 sub - surface displacement
measurements, including profiles of the maximum values of the vertical and horizontal
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Figure 4.52 Test 07 initial / displaced plot of axial grid located near beginning of scour

The di shown in this plot were assessed as the
average of the limited available results from the lateral and axial grids, described above.
‘The maximum values of vertical and horizontal displacement immediately below the base
of the scour (interpolated at a depth below base = 0.1 m) were 0.62 and 1.46 m
respectively at prototype scale. The limiting depths at which vertical and horizontal
components of displacement were measured, evaluated for a lower bound displacement
‘magnitude of 0.2 m, were 1.5 and 2.3 m respectively at prototype scale. The vertical and

extended to ized values on the order of 1.0 and 1.6 scour

depths below the base of the scour. The model pipeline segment located at a prototype
depth of 0.63 m beneath the scour base exhibited modest vertical curvature following

completion of the test, with a maxi centre - line ion of i 1.3 mm

at model scale.
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versus depth below scour base

4.3.8 Scour Test 08

Model Input Conditions

In Test 08, the attack angle of the model iceberg was increased to 25 degrees, and this

was the only proposed variation relative to Test 05 baseline conditions. The model
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iceberg configuration and input parameters are summarized in Figure 8A.1, in the

corresponding section of Appendix A. The width of the model w 100 mm, and the

model vertical stiffness was 61 N/mm in free water of nominal 80 mm depth. The ¢

lay

was consolidated in the laboratory under a uniform vertical effective stress of 140 kPa,

to establish the same initial stress state as for the Test 05 specimen. The arrangement of
instrumentation, deformation markers, and model pipeline segments, shown in
Figure 8A.2, was not altered from the layout used in Test 07. The clevation of the
support apparatus was reset in accordance with the expected vertical position of the
model at the end of the scouring event.

Figure 3.8 shows a photograph of the instrumented model iceberg used in
‘Test 08. It was required to compensate for the effects of the change in model geometry,
to ensure that the values of other test variables were .uentical to baseline conditions,

In order to retain a consistent magnitude and point of action of the buoyant weight, the

mass distribution of the model was altered through re - design of the aluminum shell, and
balsa wood pieces of prescribed dimensions were attached to the exterior of the model.
In addition, the drive system pulling cable was connected to the inclined face of the
model at a specified elevation, in order to preserve an identical point of action of the

applied horizontal force. A further equi ification was i to provide

a redundant record of model vertical movements during the scouring event.

0 allow for
measurements of vertical position, two displacement transducers were attached to the
model and were placed in contact with a reference guide rail, as described in
Section 3.3.2.

Figure 8B.1 shows estimated undrained shear strength profiles for the Test 08
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clay specimen. In - flight vane shear test data were not acquired due to malfunction of
the rotational drive motor of the device at the test acceleration level. The ¢, values
derived from moisture content determinations were significantly higher than strength
estimates based on Equation 4.2, likely as the result of moisture content measurement
inaccuracies. Undrained shear strengths evaluated by the use of a hand - operated vane
(19 mm diameter by 30 mm length) after the completion of the test, were an average of
42 percent lower than values associated with the empirical relaticaship. The large
discrepancy between post - test hand - vane predictions and the proposed in - flight
strength profile may be expected due to possible air entry to the region of the vane test,
shear distortion on unloading of the specimen, and water drawn into the clay to relieve

pore suction set - up by stoppage of the centrifuge (Britto et al., 1981).

Test Results

Figure 8C.1 displays data acquired during consolidation of the Test 08 clay specimen,
including plots of pore pressure against time and surface settlement versus the square root
of time. A time period of 5.2 hours was required to achieve greater than 95 percent of
primary consolidation. The apparent initial clay surface settlement was 0.4 mm during
the consolidation phase of the test. The relatively small magnitude of consolidation
settlement recorded in this test may be attributable to initial disturbance or local bearing
failure at the position of displacement transducer contact with the specimen surface.
The fabrication of the Test 08 model iceberg was deficient due to porosity in the
welds, which permitted water leakage to the interior of the aluminum shell. The model
was verified as watertight at normal gravity levels in the laboratory; however, water

247



entry resulted under elevated pressures during centrifuge flight. Water leakage increased
the buoyant weight of the model, and thereby altered the specified input conditions for
the test. Increased scour depths resulted in the development of forces which exceeded
drive system capabilities. causing an interruption of model motion and subsequent
movement at a substantially reduced rate. The model was initially advanced over a
horizontal distance of 171 mm in a time period of 3.1 seconds, at an average scouring
rate of 61.0 mm/s. Figure 8C.2A displays the test instrumentation outputs measured
during this initial section of the scouring event. The mode!l motion was suspended over
atime interval of approximately 160 seconds, and then restarted with irregular movement
at an average rate of 0.52 mm/s. The model was advanced over an additional distance
of 174 mm within a time duration of about 325 seconds. The test instrumentation outputs
recorded during this final section of the event are shown in Figure 8C.2B. As a result
of the significant reduction in velocity, the model event effectively represented a drained
scouring condition.

A photograph and corresponding plan view drawing of the Test 08 scour arc
shown in Figure 4.54. An avcrage cross - section surface profile for the apparent steady -
state region is presented in Figure 4.55, together with an axial plot of measured scour
depths and berm elevations. Figure 8D.1 displays additional cross - scction surface
profile data, plotted at 50 mm intervals of horizontal position. The scour depth increased
gradually from an initial value of approximately 24.5 mm to an average equilibrium
scour depth of 22.3 mm or 2.23 m at prototype scale. Berm clevations also increased
with horizontal distance along the scour path, presumably as the result of surcharge

build - up over the duration of the event. The average berm clevation was 7.7 mm above
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Top : Photograph of model scour created in Test 08 - view in direction of travel;
drawing illustrating scour surface features
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Figure 4.55 Top : Average cross - section surface profile for steady - state region of
Test 08 scour; Bottom : Axial section plot of measured scour depths and derm #levations

the original surface level. A local reduction in scour depth and corresponding increase
in berm elevation was evident at a horizontal position coincident with the location of the
model pipeline segment. A linear depression and soil surface fractures formed in the

vicinity of the pipeline segment, indicative of movement over the majority of its lateral

extent. The sidewalls of the incision were characterize¢ b’ extensivz loose berm and
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caved material along the entire length of the scour, in addition to longitudinal surface
fractures. The surface soil disturbance increased with the horizontal distance travelled,
to a maximum lateral extent of approximately 35 mm from the edges of the scour. A
massive quantity of remoulded material was displaced concurrently at the front and sides
of the advancing model iceberg. The resultant frontal spoil mound extended to a
horizontal distance of about 60 mm beyond the final model position, with a maximum
clevation on the order of 35 mm above the initial surface level.

Figure 4.56 provides a summary of the Test 08 pore pressure responses, as
recorded over the final section of the scouring event. Table 4.14 lists the measured
locations of the pore pressure transducers, as well as the corresponding peak and
minimum excess pore pressure magnitudes. Figure 8E.1 displays the spatial distribution
of pore pressure changes at 50 mm intervals of horizontal position. The discontinuity of
model iceberg movements and associated drainage effects, produced irregular pore
pressure responses during the final section of the event. Excess pore pressures induced
by the event were first measured at a prototype horizontal distance approximately 20 m
from the current model position, The maximum recorded increase in pore pressure was
47 kPa for a transducer (PPT 03) located near to the scour axis, at a depth of 7.2 m
below the initial clay surface (at prototype scale). The peak value was measured during
the final section of the event when the model was situated almost directly above the
transducer position (dx = - 3 mm). PPT Channel 07, located at a prototype depth of
1.6 m (i.e. approximately 0.6 m above the scour base) and immediately adjacent to the
scour edge, developed negative excess pore pressures and displayed a relatively erratic

-ssponse during the event. A maximum pore suction of 31 kPa was recorded at PPT 07,
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Figure 4.56 Test 08 pore pressure responses plotted for final section at reduced rate

for a model location which was nearly coincident with the position of the
transducer (dx = - 2 mm).

‘The resultant scour forces are shown plotted against the horizontal position of the
model iceberg in Figure 4.57. The break in the force records shown, corresponds with
the suspension of model movement and transition to the reduced rate of scouring. In
addition, an extreme increase in the measured horizontal force near to the completion of
the event, was indicative of load cell contact with the frontal surcharge material or
instrument malfunction arising from this contact. The results preceding this apparent

deviation in horizontal loading are presented in the figure. Table 4.15 gives a listing of
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Table 4.14 Top : Test 08 measured pore pressure transducer locations; Bottom :
Maximum and minimum excess pore pressures and horizontal distance from model

PPT No. x (mm) y (mm) 2z (mm) w (mm)'
1 -13 -3 141 80.0
2 - 140 0 85 79.9
3 - 16 -4 72 80.0
4 - 141 1 133 79.9
5 -2 -3 64 80.0
6 -2 - 45 65 80.3
7 9 55 16 80.4
8 -2 - 147 37 82.8
9 0 407 -3 101.3

! w = free water depth at position

PPT No. u; (KPa) max. du dx (mm) min. du dx (mm)
(KPa) (KPa)
1 215 27 -33 -1 - 257
2 160 73 +22 - 46 - 67
3 150 47 -3 = =
4 204 36 +29 -6 - 108
5 141 45 -2 -11 - 141
6 130 30 - 18 -4 - 192
7 95 2 -44 -31 -2
8 119 6 - 144 - 15 - 16
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Figure 4.57 Test 08 horizontal and vertical components of the resultant force plotted
against model horizontui position

the force data at 50 mm intervals of model horizom.. movement. Figure 4.58 provides
a graphical illustration of the model orientation and the acting system of forces at
different horizontal positions.

The Test 08 horizontal force records were unreliable, as load ccll measurements
were lower than expected force magnitudes in consideration of the model geometry,
scour depth, and extent of surcharge displaced with the model. Based on the available
data, the vertical component of the resultant force was about 3.0 times as large as the
horizontal component, and the average prototype magnitudes of the vertical and
horizontal components were 17.6 and 5.9 MN respectively over the final section of the
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Tuble 4.15 Test 08 resultant force data tabulated for different model horizontal positions

Horiz. Horiz. Vert. Total Vector Attack
Pos. (mm) | Force (N) | Force (N) Force (N) | Angle (deg) Angle (deg)
- 250 362.4 1734 1771 78.2 22.4
- 200 471.4 1792 1853 75.3 23.2
- 150 646.7 1774 1888 70.0 24.9
- 100 587.8 1761 1857 71.5 25.6
- 50 598.8 1747 1847 71.1 25.6
0 586.4 1768 1862 71.6 25.2
+ 50 540.9 1788 1868 73.2 25.0
Average' 586.4 1756 1852 71.5 25.3

! Average values for approx. steady state region : x = - 100 to 25.

cvent. The effective attack angle of the model increased from a minimum value of
approximately 22 degrees to an average value of 25.3 degrees within the apparent
steady - state region of scouring. The corresponding inclination of the resultant force

vector was offset by about 7 degrees from the perpendicular 3 the scouring face,

due to imation of the hori: force The position of

the force vector increased initially and maintained a relatively steady value during the
final section of the event. at an average prototype distance of 2.0 m from the model
inflection line. As the result of water leakage into the model during testing, inductive
pressure transducer measurements of interface pressures were not acquired in this test.
Figure 4.59 displays a plan view drawing of surface displacement vectors at
positions external to the model scour created in Test 08, as well as a plot of the average

of hori: and lateral of di Surface markers
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Figure 4.58 Test 08 model iceberg orientation and resultant force vectors
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Figure 4.59 Top : Test 08 plan view drawing of surface displacement vectors; Bottom :
Average axial and lateral surface displacements versus distance from the scour axis

located at lateral positions approximately 1 m from the edge of the incision were

obscured by extensive surficial disturbance due to caving and berm deposition. Based on

the available data, the average horizontal and lateral surface displacements measured at

a prototype distance of about 3 m from the scour edge, were 0.24 and 0.46 m
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pectively. The surface di decreased with distance from the scour axis to
values of 0.02and 0.19m at lateral positions approximately 7 m from the scour
edge (i.e. 120 mm from the scour axis at model scale). The radiograph traces presented
in Figures 8F.1 and 8F.4, display an accumulation of surface markers within the mound
of material at the front and sides of the final position of ihe model iceberg. The majority
of the surface markers situated within the scour path or immediately adjacent to the scour
edges were displaced concurrently with the model to its final position. This evidence
implied the formation of « region of frontal material which remained relatively stable in
" relation to the model, throughout the scouring event.

The plan view radiograph trace of the Test 08 scour presented in Figure 8F.1,

shows the locations of pore pressure transducers, the model pipeline segment, and the

disulaced ion of soil ion grids. The ies of the scour were

poorly - defined in this view, due to extensive disturbance of surficial material adjacent
to the incision. Figure 8F.2 displays the trace of a radiograph which provides a cross -
sectional view of the deformed lateral grid and model pipeline segment. The radiograph
traces of the axial grids situated near to the beginning of the scour and at the final
horizontal position of the model, are presented in Figures 8F.3 and 8F.4 respectively.

The model was not supported effectively at the ion of in this test,

resulting in some additional displacement of the final axial grid which was unrelated to
the scouring event.

Initial / displaced plots and displacement vectors plots obtained from the soil
deformation grids installed within the Test 08 specimen are given in Figure 8F.5. With

the exception of results from the initial axial grid, the measured sub - surfacc
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displacements represented the effects of a drained or partially drained scouring condition
due to the diminished rate of advance of the model iceberg. The displacement patterns
witnessed in this test were comparable to the results from Test 06, where the rate of
model movement was also reduced over the final section of the event.

The initial and displaced configuration of the lateral grid (x = - 20 mm) is
depicted in cross - sectional and plan view in Figure 4.60. Some lateral movements were
observed; however, the lateral component of displacement was limited to shallow depths,
with increasing magnitudes toward the edges of the scour. The measured vertical
component of displacement was relatively small or negligible. The vertical movement of
the horizontal grid member immediately below the base of the scour indicated cumulative

upward di which may be attril to sidewall failure or caving following

the passage of the model iceberg. Upward vertical movements corresponding with surface
heave adjacent to the scour edges were also noted; although, displacement patterns in this
region included the effects of both the scouring event and subsequent failure of the

sidewalls of the incision. The hori of di was very large at

positions above or immediately below the scour base. A portion of the upper horizontal
grid member within the scour path, was displaced from the initial grid location to the
final position of the model iceberg. The horizontal displacement gradient with depth was
also relatively high, such that large horizontal movements were restricted to a shallow
region beneath the scour.

Figure 4.61 shows the initial / displaced plot for the axial grid located near to the
beginning of the scour. This axial grid extended over the horizontal region associated

with the initial rate of advance of the model iceberg and the transition to a reduced rate.
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Figure 4.60 Test 08 initial / displaced plot of lateral grid at x = - 20 shown in cross -
section and plan view

The measurements from this grid indicated a shallow region of very large horizontal
movements, and small vertical displacements at positions below the scour base. In
addition, the displaced configuration of the vertical members of the grid displayed a thin
zone of shearing or a failure surface, which suggested the development of a deeper zone
of sub - scour displacement. The initial / displaced plot for the axial grid at the final
model position, shown in Figure 8F.5, provided comparable information; however, the
measured vertical component of displacement was larger, as was consistent with a
bearing capacity failure beneath the model following the completion of the event.

The sub - surface displacement records for Test 08 are summarized in Figure 4.62
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Figure 4.61 Test 08 initial / displaced plot of axial grid located near beginning of scour

which displays profiles of the maximum values of vertical and horizontal components of
displacement. The displacements shown in this plot were averages, based on the available
data from lateral and initial axial grids. The very large horizontal movements at positions
above and immediately below the base of the scour, limited the accuracy of
measurements in this vicinity. The approximate maximum values of vertical and
horizontal displacement immediately below the scour base (interpolated at a depth below
base = 0.1 m) were 0.44 and 2.84 m respectively at prototype scale. The maximum
depths below the base of the scour at which vertical and horizontal displacements were
recorded, evaluated for a lower bound displacement magnitude of 0.2 m, were 0.7 and
2.8 m respectively at prototype scale. The vertical and horizontal displacements extended
to normalized values of 0.3 and 1.4 scour depths below the scour base.

The model pipeline segment, initially located at a prototype depth of
approximately 0.3 m above the base of the scour (19 mm below the original clay surface
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Figure 4.62 Test 08 maximum vertical and hori; of soil

versus depth below scour base

at model scale), was displaced vertically during the scouring event to a final position
beneath the scour. Void space observed in front of the pipeline segment during
excavation, suggested that forward horizontal movement was followed by limited rebound
of the segment. Scrape markings at positions coinciding with the edges of the scour

incision, provided evidence of direct contact with the model keel. The segment
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experienced plastic bending. with maximum centre - line vertical and horizontal
deflections of approximately 0.18 and 0.32 m respectively at prototype scale. The
measured horizontal curvature of the segment was not symmetric in relation to the pipe

centre - line (scour axis).

4.3.9 Scour Test 09
Model Input Conditions

In Test 09, the identical prototype scouring event to that represented in Test 05, was
modelled at a reduced scale of 1/125, and at an increased acceleration level of
125 gravities. The model iceberg configuration and input parameters for this test are
given in Figure 9A.1 in the corresponding section of Appendix A. The model iceberg
used in Test 09 was geometrically similar to the Test 05 model, with all dimensions
reduced in proportion to the ratio of the linear scale factors, 100/125. The keel width
was 80 mm or 10 m at prototype scale, the horizontal base length was 40 mm, and the
attack angle was set at 15 degrees. The waterplane area of the model was 200 by
200 mm? which corresponded with a vertical stiffness of 49 N/mm or 6.1 MN/m at
prototype scale. In accordance with the scaling relationships presented in Table 3.1, the
mass of the Test 09 model was reduced by the ratio of (100/125)* from the Test 05
model mass, to ensure that the magnitude of the buoyant weight of the model was scaled
appropriately. In addition, the mass distribution of the reduced scale model, including
attached instrumentation, was designed such that the buoyant weight acted at

corresponding positions in both tests.
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“The Test 09 clay specimen was subjected to a laboratory pre - consolidation stress
of 140 kPa, coinciding with the initial stress state for the Test 05 specimen. At the test
aceeleration level in - flight, identical vertical stresses were induced at corresponding
positions in both specimens. The consolidated thickness of the Test 09 specimen was
reduced by the ratio of the linear scale factors to 144 mm, representing a full scale
prototype straim of saturated clay which was 18 m in depth. The thickness of the base
drainage region was increased by the installation of a 36 mm deep saturated sand layer
below the clay specimen. Due to the additional thickness of the sand layer, the upper clay
surface was sitvated at the same radius in both tests, and this served to minimize
differences in stress levels resulting from the radial divergence of the centrifuge
acceleration field. The nominal depth of free surface water at the location of the model
was reduced to 64 mm, representing an 8 m water depth at prototype scale.

Figure 9A.2 shows elevation and plan view drawings of the Test 09 layout of
instrumentation, deformation markers, and model pipeline segments. The model iceberg
was supported at an initial depth 16 mm below the clay surface, and equipment elevations
were modified to accommodate the reduced scale of the model. The pore pressure
transducers were installed at the same depths as in Test 05, as constrained by available
ports in the tub which contained the clay specimen: however, lateral distances from the
scour axis were reduced in accordance with the model scale. The soil deformation grids
used in Test 09 were placed at geometrically similar locations in relation to Test 05, and
the mesh sizing was also reduced by the ratio of the linear scale factors to 8 mm. The
prototype length of travel was increased, and the location of the final axial grid was

altered to coincide with the expected model position at the completion of the event. The
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positions of surface markers were also changed to model the Test 05 layout at the
reduced scale. In Test 09, a rectangular pattern of surface markers (192 mm width,
528 mm length) was established at 16 mm spacings centred on the scour axis. The
identical lead shot were used in both tests, such that the mass and diameter of the
individual markers were not modelled.

The selection of stainless steel sections to model Test 05 pipeline segments at
reduced scale, was restricted by commercial availability of appropriate tubing sizes. The
model pipelines employed in Test 09 had an outside diameter of 4.80 mm and a wall
thickness of 0.20 mm, and represented prototype segments comprised of an identical
material with an outside diameter of 600 mm and a wall thickness of 25 mm. The tubular
sections used in Test 05 .delled prototype segments having the same wall thickness,
but represented pipelines with a somewhat larger outside diameter of 635 mm.

The experimental methods used to estimate undrained shear strength in Test 09
included both in - flight vane shear testing, and post - test hand - vanc and moisture
content measurements. In - flight vane shear tests were carried out at three levels : 30,
60, and 90 mm below the clay surface. The vane test data are presented in Figure B.2,
including plots of vertical displacement, rotation, and torque against time, as well as the
torque versus rotation curves for each level. In Figure 9B.1, ¢, values determined by the
use of experimental methods are compared with strength profiles based on Equations 4.2
and 4.3. Similar to preceding test observations, the in - flight vane results predicted a
higher strength gradient and larger strength magnitudes at greater depths, in relation to
expected values. The measured vane strength was 24.9 kPa at a prototype depth of

3.75 m, as compared with a value of 18.5 kPa derived in accordance with the empirical

265



relation given by Equation 4.2, At a prototype depth of 7.5 m, the vane strength
increased to 36.0 kPa, whereas the corresponding empirical strength estimate was
22.8 kPa for this test level. The apparent large discrepancies with predicted vane strength
magnitudes at greater depths, may be partly attributable to reduced surface water access
to the vane head, underestimation of the vane shaft resistance, or change in calibration
of the torque load cell. Inadequate rate of rotation and associated increased drainage, may
also account for larger than anticipated strength measurements; however, the vane testing
protocol was generally consistent with that employed by previous researchers
(Section 3.5). Undrained shear strengths evaluated from hand - vane measurements were
an average of 54 percent lower than estimates from the empirical relation, as expected
for conditions following the completion of the centrifuge test. In contrast, the strength
values based on post - test moisture content determinations exceeded the estimates from
Equation 4.2. Lower than expected moisture contents and implied larger strengths were
also noted in preceding tests, and may be indicative of moisture content measurement

inaccuracies.

Test Results

‘The consolidation records for Test 09 are presented in Figure 9C.1 as plots of pore
pressure against time and clay surface settlement versus the square root of time. The time
duration allowed for consolidation of the reduced scale specimen was about 4.5 hours.
‘The apparent initial clay surface settlement was 1.9 mm, following the completion of
greater than 95 percent of primary consolidation. Figure 9C.2 provides a summary of the
test instrumentation outputs plotted against time and horizontal position during the
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scouring event. The event was completed in 5.9 seconds, in which the model iceberg
travelled a total horizontal distance of 461 mm or 57.6 m at the corresponding prototype
scale. The average rate of advance of the model was 77.6 mm/s, as assessed from the
data records of the position transducer and rotary potentiometer.

Figure 4.63 provides a plan view photograph and related drawing to illustrate
surface features of the Test 09 scour. Figure 4.64 shows an average cross - section
surface profile of the scour, together with an axial plot of scour depths and berm
elevations. Additional surface profile data are presented in Figure 9D.1, as cross -
sectional plots at 50 mm intervals of horizontal position along the scour path. The model
iceberg experienced an initial period of relatively rapid uprise to an apparent steady -
state level, corresponding with an average scour depth of 8.8 mm or 1.10 m at prototype
scale. The average berm elevation in this region was 3.8 mm, attributable primarily to
surface heave adjacent to the incision. Shallower scour depths were evident at positions
coincident with the trench locations of the model pipeline segmenis: the depth of scouring
increased slightly over the latter portion of the event to values on the order of 10 mm,
at positions beyond the model pipeline cross - sections. Loose or remoulded material
arising from caving of the sidewalls of the incision and limited berm formation. was
observed to a maximum lateral distance of approximately 15 mm from the scous edges,

with some additional local di Surface di also extended to a

distance of about 15 mm in front of the final position of the model, and a relatively small
amount of frontal spoil material was evident at this location.
The pore pressure responses measured during the Test 09 scouring cvent are

summarized in Figure 4.65. The final locations of the transducers are listed in Table 4.16
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Figure 4.64 Top : Average cross - section surface profile for steady - state region of
Test 09 scour; Bottom : Axial section plot of measured scour depths and berm elevations

together with the peak and minimum excess pore pressures developed during the event.

The spatial distribution of the pore pressure changes at 50 mm intervals of model

horizontal movement is illustrated in Figure 9E.1. The cffects of scouring were initially

recorded at a prototype horizontal distance on the order of 25 m from the current position

of the model iceberg. The maximum rise in pore pressure measured within the apparent
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Figure 4.65 Test 09 pore pressure responses during event - transducer channels 01 to 08

steady - state region of scouring was 70.1 kPa for a transducer (PPT 03) located 10.5 m
below the initial clay surface (at prototype scale), and at a lateral position coincident with
the scour axis. The peak response was recorded when the model was at a horizontal
distance of 7.9 m (dx = - 63 mm) from the transducer position. The maximum measured

pore suction was 23.9 kPa, for a transducer (PPT 07) situated at a prototype depth of

4.5 m, and adjacent to one edge of the scour incision. The negative pore pressure
response was recorded following movement of the model to a horizontal distance of

7.5 m (dx = + 60 mm) beyond the transducer position.
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Table 4.16 Test 09 measured pore pressure transducer locations; Bottom = Meaximum
and minimum excess pore pressures and horizontal distance from model

PPT No. X (mm) y (mm) z (mm) w (mm)"
1 - 11 -3 137 64.0
2 - 197 5 82 63.4
3 - 14 0 84 64.0
4 - 183 0 135 63.5
5 -2 -2 66 64.0
6 -7 - 44 64 64.2
7 -6 36 36 64.1
8 -3 - 125 30 66.0
9 0 405 -3 85.1

w = free water depth at position

PPT No. u; (KPa) | max. du dx (mm) min. du dx (mm)
(KPa) (KPa)
1 250 19 + 39 - -
2 177 92 + 14 -3 - 103
3 184 70 -63 - -
4 245 24 +26 -2 -94
5 162 4 - 18 -2 -254
6 145 48 -31 - -
7 125 45 -21 -2 + 60
8 113 9 - 128 - -

27



Figure 4.66 shows the resultant forces acting 2t the model iceberg - soil interface
plotted against the horizontal position of the model. The Test 09 force data are also listed
at 40 mm intervals of model horizontal movement in Table 4.17. In addition, Figure 4.67
displays the model orientation and the related system of forces for different horizontal
positions along the scour path. The vertical component of force developed during the
event was about 3.8 times as large as the measured horizontal component. A region of
higher vertical force may be associated with the trench locations of the model pipeline
segments. The average magnitudes of the vertical and horizontal components over the
apparent steady - state region of scouring were 17.6 and 4.6 MN respectively at
prototype scale. The effective attack angle increased initially to a maximum value of
17.8 degrees, and then declined to an average steady value of 15.6 degrees over the final
section of the event. The inclination of the resultant force vector was approximately
perpendicular to the scouring face of the model, and remained relatively constant
throughout the event. The position of the force vector did not vary significantly as
scouring progressed; the force vector acted at a peak distance ot 2.5 m (at prototype
scale) from the model iceberg inflection line, and then decreased to an average value of
about 2.2 m at near to the completion of the event.

The interface pressure records for transducers situated at the base (IPT 18) and
inclined scouring face (IPT 19 and 20) of the model iceberg are displayed in
Figure 9C.2. The data acquired from the transducer located at the base of the model
indicated a regularly fluctuating response over the final section of the event, with an
average pressure of 145 kPa and recorded variations as large as 21 percent of the mean

value. The total pressure response measured at the scouring face of the model was irregularly
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Figure 4.66 Test 09 horizontal and vertical components of the resultant force plotted
against model horizontal position

varying with extreme fluctuations. Maximum pressures were measured at positions
coincident with the trench locations of the model pipeline segments; the peak recorded
magnitude was 229 kPa. The average pressure acting on the inclined face within the
apparent steady - state region of scouring was 171 kPa.

A plan view drawing of surface displacement vectors at positions outside of the

Test 09 scour incision is displayed in Figure 4.68, along with a plot of the average

values of hori: | and vertical of di for the apparent steady -
state region of scouring. The external displacements varied with horizontal distance along
the scour path; movements near to the initial model position were predominantly Jateral
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“Table 4.17 Test 09 resultant force data tabulated for different model horizontal positions

Horiz. Horiz. Vert. Total Vector Autack
Pos. (mm) | Force (N) | Force (N) | Force (N) | Angle (deg) Angle (deg)
- 300 129.9 840 850 81.2 17.1
- 260 243.6 1000 1029 76.3 17.8
-220 276.9 1044 1080 75.2 17.0
- 180 283.8 1079 1116 75.3 16.6
- 140 296.6 1126 1164 75.2 15.7
- 100 312.3 1165 1207 75.0 15.3
- 60 295.8 1174 1211 75.9 14.6
-20 275.3 1155 1187 76.6 14.8
+ 20 285.5 1111 1147 75.6 15.5
+ 60 303.6 1088 1130 74.4 15.9
+ 100 311.5 1091 1135 74.1 16.0
+ 140 295.3 1126 1164 75.3 15.5
Average ' 297.1 1125 1164 75.2 15.6

! Average values for approx. steady state region : x = - 200 to 100.

in direction, and the

of

increased over the final

section of the scour. The average horizontal and lateral displacements recorded at lateral

positions approximately 1 m from the edge of the scour, were 0.30 and 0.45m

respectively at prototype scale. The surface displacements declined to average magnitudes

of 0.08 and 0.18 m respectively at lateral positions about 7 m from the scour

edge (i.e. 96 mm from the scour axis at model scale). As illustrated in the radiograph

trace given in Figure 9F.1, the majority of the surface markers in the path of the

advancing model were displaced vertically to positions beneath the scour and forward
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Figure 4.67 Test 09 model iceberg orientation and resultant force vectors
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Figure 4.68 Top : Test 09 plan view drawing of surface displacement vectors; Bottom :
Average axial and lateral surface displacements versus distance from the scour axis

over a limited horizontal distance, with negligible lateral movement.
Figure 9F.1 presents a trace compiled from plan view radiographs of the clay
specimen, which displays the locations of pore pressure transducers, model pipeline

segments, and the displaced ion of soil i ids. Figure 9F.2 provides

similar information in cross - sectional view, at two horizontal positions corresponding
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with the lateral grid and model pipeline locations. The traces of axial section radiographs
at grid locations near to the beginning of the scour and at the final horizontal position of
the model iceberg, are given in Figures 9F.3 and 9F.4 respectively.

The sub - surface displacement records for Test 09 are displayed in Figure 9F.§
as initial / displaced plots and displacement vector plots for each of the grids installed
within the clay specimen. Figure 4.69 shows cross - sectional and plan views of the
initial and displaced configuration of the second lateral grid (x = - 40 mm). The
observed displacement patterns in this test were comparable with the results from
Test 05. The accuracy of near - surface displacement measurments was reduced due to
poor definition of the upper portion of vertical grid members in site investigation

The lateral of soil di was small, and movements were

limited to shallow depths in the vicinity of the edges of the scour. The vertical
component of displacement was relatively uniform across the scour width, and decreased
gradually with depth below the scour. Vertical displacements were measurcd over the
entire depth of the second lateral grid; however, movements recorded at the first lateral
grid (x = - 97 mm) were less extensive, and displacement magnitudes were smaller at

this location. The hori of di was larger in i than the

corresponding vertical component at shallow depths; however, the horizontal movements
attenuated more rapidly, and apparent small negative displacements werce evident below
a given depth.

The initial / displaced plot for the axial grid located at the final pos

n of the

model iceberg is shown in Figure 4.70. The vertical movements of the model associated

with the discontinuation of scouring were reduced to approximately 3 mm, as the result
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Figure 4.69 Test 09 initial / displaced plot of lateral grid at x = - 40 shown in cross -
section and plan view

of support provided at the completion of the event. Vertical and horizontal displacement
magnitudes were similar at this grid location; however, the vertical component of
displacement was more extensive over the depth of the grid. The displacement record for

this grid also provided i ion on the pattern of

ped in front of the
advancing model. The grid measurements at this location suggested that soil in front of
the model was displaced upward and forward at vertical positions beneath the scour base,
within an apparent zone of large displacement.

Figure 4.71 presents a summary plot of the Test 09 sub - surface displacement

records. which shows profiles of the maximum values of the vertical and horizontal

278



o
w 2F
G a0
H
-
sl : ' e ! NI
WAL
100 L

+

+ 200
¥ OISTANLL

Figure 4.70 Test 09 initial / displaced plot of axial grid located at final horizontal
position of model iceberg

displacement components within the apparent steady - state region of scouring. The

from the initial axial grid were consistent with
lateral grid estimates in this test, and the plotted magnitudes were evaluated based on
both sets of results. The vertical displacements shown in Figure 4.71 were assessed as
the average of well - defined lateral grid movements. The maximum values of vertical
and horizontal displacement immediately below the base of the scour (interpolated at a
depth below base = 0.1 m) were 0.68 and 1.08 m respectively at prototype scale. The
limiting depths at which vertical and horizontal displacements were measured, evaluated
for a lower bound displacement magnitude of 0.2 m, were 4.2 and 2.8 m respectively

at prototype scale. The vertical and hori i extended to

values on the order of 3.8 and 2.5 scour depths below the base of the scour. Model
pipeline segments located at depths of 1.5 and 2.2 m beneath the scour base at prototype
scale, did not exhibit any measurable plastic deformation due to the effects of the

scouring event.
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Chapter 5
Numerical Analysis

5.1 Introduction

Theoretical ing and i physical ing are y

by which to predict performance in geotechnical boundary value problems, as illustrated

schematically in Figure 5.1. Centrifuge model test data are well suited for the

pi and verification of ical models of the ice - soil interaction during a
scouring event. After such verification, the theoretical model may then be exploited as
an effective method for the analysis of comparable full scale conditions of interest. Any
design methodology formulated in this manner, however, will incorporate the various
common simplifying assumptions which are inherent to the modelling techniques. Direct
calibration of the model against field data, where available, is required in order to
address the limitations of the idealization, to ensure reliable predictions of prototype
behaviour.

The accurate evaluation of soil disturbance effects during a scouring cvent is

complicated by the following factors.



t (1T

MATEPIAL FPOPEPT

%

|20 11 v 21 TBENIPS MO

CONSTITUTIVE EDUATH o
THEDPETICAL MODEL ASSUMPTIONS

THEDRETICAL MODELLING
PESULTS OF ANALYSIS

‘I-vll‘_]ll.' MEEL EALIZATION

PIRCICAL SIMLATION
CENIPIFUGE TEST PESILTS

PPEDICTIONS OF FULL SCALE SCOUR
EFFECTS AND PIPELINE PERFOPMANCE

Figure 5.1 ionship between ical modelling and fuge physical model
study of ice scouring

(1) The i ing system is ized by i of the ice

feature, and large ions and strains are within the soil mass.

(2) Soil behaviour is usually highly nonlinear and depends on the complete
geological history of the deposit as represented by the size, shape, packing, and mineral
composition of the particles, the stress history that has been sustained, the pore fluid and
other considerations.

(3) The ice - soil interface conditions are not well - defined, and include
characteristics that cannot be adequately simulated by linear modelling, e.g. Coulomb

friction.



At the current level of understanding of the process of ice scouring, closed form
analytical solutions which provide reliable predictions of soil displacements are
intractable. On the other hand, numerical techniques such as the finite element method

have been ped to the it i ies, and may

generate approximate solutions of sufficient accuracy. However, numerical analyses

which replicate all aspects of the of di are i beyond the
current state - of - the - art. The present study attempted to evaluate the practical validity
of the finite element method as a theoretical means for the determination of soil
performance under idealized scouring conditions. This entailed a comparative
examination of the results of centrifuge model tests and preliminary numerical analyses

which embraced important aspects of the physical problem.

Related Research

Finite element models have been used effectively in the solution of other classes of large
strain geomechanical problems. In particular, numerical analyses have been performed
to predict disturbance effects induced by the penetration of foundation clements and
devices into a soil medium, as during the installation of piles, penetrometers, and
sampling tubes (e.g. Baligh and Scott, 1976; Kiousis et al., 1988; van den Berg et al.,

1991, 1992). Despite notable dissimilarity of boundary iti in relation to

representations of ice scouring, these studies have demonstrated the applicability of the
finite element technique in modelling the effects of large deformations and large strains,
as well as material nonlinearities and soil - structure interface conditions. The finite
element method has also been applied to the problem of soil cutting in the context of
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tillage tools, including both two - diinensional plane strain analyses for a wide cutting
blade (Yong and Hanna, 1977) and three - dimensional analyses for a narrow cutting
blade (Desai and Phan, 1980; Desai et al., 1982; Chi and Kushwaha, 1988). Ice scouring
may be thought of as a soil cutting process; however, it differs from soil cutting by
carth - moving and agricultural machinery which involves sharp, positively - raked blades
rather than the blunt, negatively - raked geometries that are most commonly associated
with ice keels (Palmer, 1990).

Successful and economically viable analysis of the foregoing problems required
not only correct theoretical formulations, but also efficient analysis procedures and
numerical algorithms to accommodate large strain effects. Furthermore, adequate
modelling of nonlinear boundary effects through the provision of suitable interface
elements was necessary in order to obtain reasonable correspondence between

p fields and experimentally measured values.

Experimental or field verification was essential to ensure the accuracy of the calculated
predictions of soil behaviour. The finite element models were successively improved
through repeated practical application and empirical modification of input conditions or
modelling assumptions.

More recently, research was initiated in which the finite element method was
applied in the development of numerical models of ice scouring. Poorooshasb and
Yang (1993) summarized the results of initial analyses which were implemented through
use of the general purpose finite element code ANSYS (Swanson Analysis Systems
Inc., 1989). The finite element analyses allowed for large deformation conditions,

including large translational and rotational movements; however, a large strain
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formulation was not adopted. An extended form of the Drucker - Prager constitutive
‘model was used to define an elastic - perfectly plastic material response. and both drained
and undrained total stress analyses were performed. The scouring cvent was simulated

by direct lication of hori i at nodes delincating the ice - soil

interface. Two - dimensional plane strain conditions were initially investigated.
The analysis (Poorooshasb and Yang, 1993; Yang ct al., 1993) was extended to

consider a prelimi three - dij i ion of the problem, including a

simplified beam - element model of a buried pipeline. Based on correspondence of the
results from two - and three - dimensional models, the authors concluded that a plane

strain idealization may serve as an adequate ion of the ice - soil i

during a scouring event. Furthermore, it was found that the presence of the model
pipeline within the soil domain did not significantly alter the resultant forces or the
predicted soil stress and displacement fields. The authors inferred, therefore, that a
separate soil - pipeline interaction analysis may be carried out to investigate load transfer
to the pipeline from computed free - field soil displacements (i.e. displacements not
influenced by the rigidity of any embedded pipeline) in place of a comprehensive three -
dimensional finite element analysis of the ice - soil - pipeline interaction.

Yang et al. (1994) described the plane strain finite element model and compared
the results of the analysis with centrifuge model test data acquired as part of the present
study (Scour Test 02). The analysis provided information on the resultant forces and the
stress and displacement fields in the soil. The predicted soil displacement magnitudes
markedly exceeded the experimental values at positions immediately below the base of

the scour; however, the pattern and vertical extent of the computed and measured soil
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movements was found to be similar. Although the representation of the model iceberg
advancement and the material response were relatively crude, the comparisons with
centrifuge test data suggested that realistic quantitative predictions of scour effects might
be obtained through refinement of the preliminary analysis. More current research

(C - CORE, 1995) i ies in realistic ion of a steady -

state scouring condition for the limited range of horizontal movement which was
simulated.

In the present study, it was proposed to address deficiencies in the existing
numerical analysis procedures in order to resolve unexplained discrepancies in
comparison with physical evidence, and to enhance predictive capabilities. This research
was undertaken in parallel with similar numerical investigations of the effects of ice
scouring on buried pipelines (C - CORE, 1995). In particular, modifications were made
in relation to the following attributes of the numerical model.

(1) A finite strain formulation was adopted in the analysis to account for the

of both large ions and large strains, as characteristic effects of the
scouring process.

(2) Effective stress consolidation analyses were performed by application of an
algorithm for the solution of coupled fluid - solid equations, so as to include the effects
of the pore water response.

(3) The elastic - perfectly plastic constitutive model was replaced with a more
realistic representation of the soil as a nonlinear elastic - plastic material which may

exhibit both strain hardening or softening behaviour.
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(4) Simulation of the ice - soil interface was refined through use of suitable
interface elements which allowed for inherent nonlincar boundary effects.

The numerical analyses were implemented through use of the general purpose
finite element code ABAQUS (Hibbitt et al., 1994) which incorporated the necessary
capabilities to accommodate the above - stated modelling refinements. In this chapter,
features of the analysis which are relevant to the simulation of an idealized scouring
condition are described, and limitations of the proposed numerical representation are
presented. Preliminary verification of the approach is provided through comparison with

data from i i tests, as detailed in Chapter 6.

5.2 Finite Element Modelling

Nonlinear behaviour in the mechanics of deformable solids may be assumed to occur due
to one or more of the following three factors : (1) geometric nonlinearity, which arises
from the nonlinear terms in the kinematic equations or the expressions describing the
stale variables such as strains; (2) material nonlinearity, which reflects the nonlincar
terms in the constitutive equations, and; (3) boundary nonlincarity, which is caused by
the interaction between two adjacent bodies with different material properties. The utility
of the finite element method for the investigation of ice scouring derives mainly from its
capability of solving problems which involve each of these forms of nonlincarity.
Furthermore, the method allows for consideration of arbitrary geometrics, soil
stratigraphies, and applied loads, as may be necessary to ensure realistic representation

of a range of field conditions.



5.2.1 Geometric Nonlinearity
Stress and Strain Measures

Classical finite clement algorithms assume that strains, both elastic and plastic, are
infinitesimal, and that the initial geometry of a deforming body is not appreciably altered
during the deformation process. The errors associated with this approximation are of the
order of the strains and rotations compared to unity (Nagtegaal, 1982). As a result, the
infinitesimal strain definition is only useful for small displacement gradients; that is, both
strains and rotations must be small for this definition to be appropriate. The large
movements of the soil medium in the vicinity of an ice keel during a scouring event
cause significant modification of the geometry of the solution domain. The resulting
strains are no longer linearly related to displacement gradients, and the finite element
formulation must account for the changes in geometry which are inherent to the problem.
In the present study, it was therefore necessary to carry out the analysis usir. * ~ode
developed in accordance with large strain theory, in order to yield realistic quantitative
predictions of soil displacements.

When the small strain approximation is no longer valid the correct formalism of
stresses and strains must be established, and the constitutive relations must also be

to the revised itions of the large strain formulation.

Hibbitt et al. (1994) presented detailed derivations relevant to the large strain theory and
solution methods adopted within the code used in the finite element analysis. An elastic
reference state was identified for the material, and the stress and strain measures that

provided a work conjugate pairing were defined. The internal virtual work rate was
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written in terms of the Cauchy or true stress ¢ and as an integral over the natural

reference volume, as follows

j.:de= [ Jo:DdV, [ER))
v v

where J = dV /dV, is the Jacobian of the elastic deformation between the natural
reference and the current volume. In accordance with the work conjugacy concept. the

Kirchoff stress, defined as

T=1lg 6.2)

was therefore the conjugate to the strain measure for which the associated strain rate is

equivalent to the rate of deformation, given by the symmetric part of the spatial gradient
D = sym ["_V] (5.3)
ax

where v is the velocity of a material point and x are the current spatial coordinates of the
point. The stress measure expressed in Equation 5.2 was useful in the development of
constitutive models at large strains, since it is the most direct measure with respect (0 an
elastic reference state for which the conjugate strain rate is given by the rate of
deformation. The corresponding strain measure was identified in one - dimension as the
logarithmic strain, and provided the most appropriate definition for elastic - plastic
materials where the elastic part of the strain can be assumed to be smalil.

The solid (continuum) elements available within the code used a fully nonlincar

formulation and allowed for finite strain and rotation. The strains were computed by

of the rate of ion (Equation 5.3) over a given increment,
through use of a central difference algorithm. The strain components were referred 10 a
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fixed coordinate basis, such that the strain at the start of the increment must be rotated
10 account for the rigid body motion during the increment. The rigid body rotation
relative to the coordinate system was addressed by application of the approximate method
proposed by Hughes and Winget (1980). In accordance with this approach, the stress
state was integrated as follows

AR - 7, - ART + A7 (AD) (5.4

Tiear

where 7 is the Kirchoff stress tensor defined with respect to the elastic reference
configuration, and the subscripts t and t + At refer to the beginning and end of the time
increment, respectively. The stress increment A7 (AD) caused by the straining of the
material during the time increment At was dependent on the strain increment AD defined
by the central difference operator as

dAu
ax

teaz

4D = sym [ 9

in which Au is the displacement increment, and x refers to the current spatial position
of the point under consideration. The increment in rotation AR which occurred within
the time increment At was approximated as

AR = [l—%Aw] [1¢%Au] (5.6)

where Aw is the central difference integration of the rate of spin, given by

Aw = asym | OB G0
axl‘ml:
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The approximate integration techniques used to define the strain and rotation

measures were deemed inappropriate for applications in which both strains and rotations

are large and the material exhibits significant anisotropic behaviour. This condition may
arise for finite strain analyses using kinematic hardening plasticity models with the

induction of anisotropy through straining. For practical purposes with typical material

solutions may be antici for such material models when strain
magnitudes exceed values of 20 to 30 percent (Hibbittet al., 1994). An isotropic
hardening constitutive model, described in Section 5.2.3, was implemented in the present
study, where peak strain levels of the order of 100 percent were developed in the

simulation of a scouring event.

Updated Lagrangian (relative) Formulation

In the finite element approach to continuum mechanics problems, there are three
alternative methods by which to describe the deformation of a continuous medium; these
are termed spatial, referential and relative formulations (Gadala et al. 1983; Gadala and
Oravas, 1984). In the spatial or Eulerian formulation, a condition of flow is modelled

within a fixed region of space, and the current position of a material point in motion is

implicitly dependent on the variable time. This approach is inappropriate for the

of moving ies and history - materials, as required in the
analysis of ice scouring. In the referential formulation, the motion of a material point is
described in relation to an arbitrarily selected reference configuration. The total
Lagrangian formulation is a particular referential description where the initial state is
selected as the reference configuration. The relative or updated Lagrangian formulation
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is also referential in nature however, in this case, the current state is selected as a time -
dependent reference configuration.

An updated Lagrangian formulation was implicit to the analysis performed as part
of the present study. This approach facilitated the accurate definition of the material
stress history, the boundary conditions, and the stress and strain states, as material points
were coincident with the finite element mesh throughout the deformation process. The
incremental analysis procedure was based upon the following concepts (Nagtegaal and
De Jong, 1981).

(1) During each increment, a Lagrangian formulation was used : the state
variables were defined with respect to the state at the start of the increment.

(2) At the end of each increment, the state variables were revised (updated) with
respect to the state at the end of the increment.

A computational limit may be exceeded where very large local deformations
occur, as severe distortion of the elements may lead to loss of accuracy and eventually
1o numerical divergence. This condition may be partially alleviated by the implementation
of a method of description which incorporates aspects of both the Lagrangian and
Eulerian formulations. In this approach, referred to as an Arbitrary Lagrangian -
Eulerian (ALE) formulation, the mesh boundaries coincide with the material boundaries;
however, the deformations of the mesh and the material are independent of each other.
The application of this method to the analysis of ice scouring was considered impractical

in the present study, owing to the history - dependence of the material behaviour which

additional ive terms in the (Liu et al., 1987). However,

recent ALE finite element models circumvent some of these numerical difficulties
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(e.g. Huetink et al., 1990: van den Berg et al., 1991, 1992) and may represent a viable
alternative for further investigation of the scour problem.

Interactive mesh rezoning i may also be i into 1

codes to address the condition of mesh degeneration associated with very large local
deformations (e.g. Flower and Hallquist, 1986; Shih et al., 1999). The criterion for
rezoning is extreme element distortion in regions of high strain gradients, since elements

may represent states of uniform strain of the strain

experienced. The procedure involves definition of a new mesh for the deformed
continuum, and transfer of the current state of the material onto the revised mesh. In the
general case, the elemental and nodal data, including the stress and strain states, may be
interpolated, deleted, added, or translated during each displacement increment. The code
implemented in the present study provided a limited rezoning capability for use with
two - dimensional first - order elements. This capability was not employed in the
analysis, as it was insufficient to allow for adaptive mesh refinement throughout the

simulation of an idealized scouring event.

Element Selection

An important aspect of the behaviour of soils is that discontinuities may form under

certain conditions. Discontinuities which are pre - existing in the soil mass arc relatively

to deal with , in that their position is known a priori. On the
other hand, discontinuities which form in an indeterminate manner during the course of
soil deformation, such as failure surfaces during a scouring event, are more difficult to
deal with in an analysis. In the finite element method, element shape functions arc
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defined such that di: vary i , and di: inuities may only be
approximated by zones of elements undergoing intense shear deformation. In the analysis
of the corresponding large strain problems, the element types used must therefore be
tolerant to localized mesh distortion. Lower - order elements were recommended for
cases in which large strains and high strain gradients are anticipated (Nagtegaal
et al., 1974; Nagtegaal and De Jong, 1981). For a given number of nodes, lower - order
elements were noted to provide the greatest number of locations at which some
component of the gradient of the solution may be discontinuous.

The condition of zero volume change throughout an element leads to constraints

on the ion of the element (Nagtegaal et al., 1974; Sloan and Randolph, 1982).

For i ible or nearly i ible cases, the predicted response of the finite

element model may be too stiff, due to the restriction imposed on the modes of
deformation which assemblages of elements are capable of exhibiting. In order to obtain
accurate solutions for undrained problems, the number of degrees of freedom within each
element must exceed the number of constraints imposed by the condition of zero volume
change. In accordance with this requirement, first - order (4 - noded quadrilateral)
elements were found to be inadequate for use in the analysis of undrained problems in
plane strain configurations (Sloan and Randolph, 1982). This improper behaviour may
be avoided by amendment of the element formulation to address the incompressibility
constraint, or through the implementation of higher - order elements in the analysis.

In the selection of element types for the present study, it was necessary to

accommodate large strain and essentially undrained conditions, as were relevant to the

analysis of ice scouring. 8 - noded i ic elements with bi
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displacement and bilinear pore pressure description were employed in the plane strain
discretization of the soil domain. This element type was amenable to fully - coupled

effective stress analysis, and allowed for the incompressibility constraint imposed by

A reduced i ion scheme was used in forming the stiffness
matrices and internal forces for the element, and this served to increase the solution
accuracy and also to decrease the associated computational costs. Since an updated
Lagrangian formulation was used, the element stiffness was formed in the current
deformed configuration of the element. It was noted that 8 - noded isoparametric
elements are sensitive to the positions of the mid - side nodes, and severe distortion may
inhibit linear strain variation over the element and decrease the rate of solution

convergence (Nagtegaal and De Jong, 1981).

5.2.2 Material Nonlinearity

Effective Stress Analysis

The soil was modelled as a two - phase material in accordance with the principle of
effective stress. Only time effects due to primary consolidation were considered; the
behaviour of the soil skeleton was assumed to be rate and time independent. The finite

element mesh was associated with the solid phase or soil skeleton, and pore fluid flow

was permitted the mesh. A inuity it ip was defined for the pore
fluid based on the principle of conservation of mass, in which the viscous flow of the
fluid was described according to Darcy's law. The pore fluid continuity and the stress

equilibrium equations formed the basis for the coupled deformation / diffusion solution.
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‘The coupled problem was nonlinear and unsymmetric with the inclusion of the effects of

material and i inearities, and il on the void ratio.

Modified Cam - Clay

‘The constitutive model adopted for use in the present study was the Modified Cam - clay
model (Burland, 1967; Roscoe and Burland, 1968). The model is based on the concepts
of critical state theory (Schofield and Wroth, 1968; Wood, 1990) and is known to

well - i i ined behaviour for soft

clays. Modified Cam - clay is an elastic - plastic model, and includes the following

attributes for the description of the soil response : (1) an elasticity theory which

the elastic, ions of the soil; (2) a yield surface which
delineates a boundary in a general stress space, within which deformations may be
considered to be elastic and recoverable; (3) a flow rule or plastic potential which
specifies the mode of plastic deformation that occurs when the soil is yielding, and

(4) a hardening law which defines the expansion of the yield surface and the absolute

of the plastic ion. The ions of the model in relation to each

of these attributes are reported briefly in this section, with discussion entirely in terms

of effective stresses. The model was implemented numerically through backward Euler

integration of both the flow rule and the hardening law, as presented in detail by
Hibbitt et al. (1994).

In the formulation of the model, the state of stress is defined by the effective

stress quantities p and q, which represent the mean normal stress and the deviatoric
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stress, ively. The ing i strain variables are 8¢, and be, .

which represent the volumetric and deviatoric components of the strain. In terms of the
principal effective stresses and strains, the volumetric and deviatoric stresses and strain
increments are given by the following general expressions :

P = %(u|+q=+n,)

1 2 P
q = —[(0,-0,)2+(0,-0,)+(0,-0,)]'"
s ' 3 3= 0y .
de, = be + e, + be,

de,

- %[(n,-5sl)=+<n,-u,)'*(5:,-52,)=|”=

‘These quantities are related to the first and second invariants of the stress tensor and the
strain increment tensor.

The elastic and plastic responses of the soil are distinguished by separation of the

into (elastic) and nonrecoverable (plastic)
components. For large strain problems, definition of the strain rate measure in
accordance with Equation 5.3 and the assumption of small elastic strains (negligible
ccompared to unity), results in the usual additive strain rate decomposition for incremental
plasticity models, expressed as

be = de° + e’ 5.9

in which & are the total strain rates, and the superscripts e and p refer to the clastic and
plastic components, respectively.
The soil is assumed to behave as an isotropic elastic material within the yield

surface, and recoverable changes in volume are associated only with changes in mean

297



effective stress. An unloading - reloading line for a particular stress state within the yield
surface represents the elastically attainable combinations of the specific volume v and the
mean effective stress p. The equation for the unloading - reloading line (denoted URL
in Figure 5.2) is described as a linear relationship between the specific volume and the
logarithm of the mean effective stress in the form
v = v -klnp (5.10)
where the parameter k describes the gradient of the line and v, is the specific volume
associated with a unit value of the mean effective stress. Since a change in specific
volume 6v produces an increment of volumetric strain 6¢,, Equation 5.10 can be
written as an incremental relationship, given by
seg = x P 6.1
vp
in which the superscript e again indicates an elastic strain increment. The definition of
a constant slope « of an unloading - reloading line in the compression plane implies an
elastic bulk modulus K that increases with the mean effective stress according to :

v

&)

K = (5.12)

|

It is also assumed that recoverable shear strain increments &¢j are induced by changes
in the deviator stress q such that
8q
deg = — (5.13)
3 36

where G denotes an elastic shear modulus. With the bulk modulus given as a function

the mean effective stress, limitations are imposed on the permitted selection of a variable
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or constant shear modulus (Zytynski et al., 1978). In practice, the value of G might be
deduced through a specified constant value of the Poisson's ratio », leading to a shear
modulus that is dependent on the mean stress in the same manner as the bulk modulus
(Britto and Gunn, 1987).

The Modified Cam - clay yield surface describes an elliptical shape in el'fc:clivc
stress p : q space, as depicted in Figure 5.2. The yield surface is centred on the p axis
and passes through the origin, with size defined by p,, the maximum mean effective
stress to which the soil has been subjected in its past history. An equation defining the

yield surface may be written in the following form :

L M? (5.14)
P‘ M: + ,’2

in which n = q/p is the ratio of the deviator and mean effective stresses, and M is a
constant model parameter equal to the slope of the critical state line, as described below.
The change in size of the yield surface p_ is dependent upon changes in the effective
stresses p and q as the soil yields, in accordance with the differential form of
Equation 5.14. In order to specify the yield surface within a general framework for

elastic - plastic models as presented by Wood (1990), Equation 5.14 can also he

expressed as
f(p,q,p) = @' -Mi[p(p.-p)] = O G.13)

where the yield function f delineates the boundary of elastically attainable combinations

of the effective stresses.
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Figure 5.2 Top : Modified Cam - clay yield surface and critical state line in effective
stress space: Bottom : Normal compression (NCL), unload - reload (URL), and critical
state lines (CSL) in compression plane
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The concept of normality of associated plastic strain increments is adopted to
deduce the change of plastic volumetric strain which must accompany an increment of
plastic shear strain, as the soil yields. For associated flow, the yield function f and the
plastic potential g are identical, and the vector of plastic strain increments acts in the

direction of the outward normal to the yield surface, such that

5_8',: . dglap M3(2p - p,) -
8¢ dglaq 2q 2

(5.16)

The flow rule given by Equation 5.16 provides an indication of the relative magnitudes
of the individual components of plastic strain, when plastic deformations oceur.

The isotropic hardening or expansion of the yield surface at constant shape, is
assumed to depend upon the normal compression of the soil. The normal compression
stress p, provides a link, through the hardening law, between the size of the yield
surface in effective stress space and the isotropic normal compression line in the
compression plane (denoted NCL in Figure 5.2). A linear relationship between the
specific volume v and the logarithm of the mean effective stress is employed to describe

the isotropic normal compression, in the form

v = N-Alnp, 6.17)

where \ is the gradient of the line and the parameter N defines the position of the line
in p: v space, being the specific volume associated with a unit value of the mean
effective stress. The plastic volumetric strain increments are defined by the change in size

of the yield surface in accordance with the following relationship :
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s - - P .18)
vp,

which serves as the hardening law for the model, and allows for the assessment of the
magnitude of the plastic strain.

‘The model includes the concept of a critical state for the soil in which plastic
shear distortion may continue indefinitely without changes in volume or effective stresses.

The critical state condition may be expressed as

2 o 00 W gy (5.19)
ac de, de,

In effective stress p : q space, the locus of ultimate states, referred to as the critical state
line (denoted CSL in Figure 5.2), is defined according to

4 = Mp, 20

where the parameter M, the slope of the line, can be thought of as a frictional constant
relating the shear strength to the effective stress level. In the compression plane, the
critical state line is parallel to the isotropic normal compression line, given by a linear
relationship of a similar form :

v, = T-\lnp, 621

in which the parameter I' defines the specific volume associated with a unit value of the
mean effective stress at critical state.
In drained or undrained deformation of normally or lightly overconsolidated soil,

yielding initially occurs with stress ratio 7 < M on the wet side of critical state, as



illustrated in Figure 5.3 (a). For yielding within this region, the plastic volumetric strain

component is compressive, and continued ion is iated with ion of the

yield surface, and plastic hardening of the soil. Conversely, in drained or undrained

of heavily i soil, yielding initially occurs with stress ration > M
on the dry side of critical state, as illustrated in Figure 5.3 (b). For yiclding within this
region, the plastic volumetric strain component is dilative, and continued deformation is
associated with contraction of the yield surface, and plastic softening of the soil.
Although the model provides predictions of plastic strain for stress paths which reach
yield on the dry side of critical state, softening is an unstable process which fails to
satisfy the condition of normality of plastic strain increments. In this region, failure
involves ihe localization of shear distortion within distinct mpn;re bands prior to reaching
the yield surface as defined for the model.

The idealized stress - strain behaviour under states of constant mean effective
stress, with increasing deviatoric strain, is also shown in Figure 5.3. Following initial
yield, which is dependent upon the extent of overconsolidation, the soil experiences
hardening or softening until the effective stress state reaches the top of the current yield
surface with stress ratio n = M, where unrestricted plastic shear distortion can occur
without further expansion or contraction of the yield surface. The critical state line
provides a division between stress states for which positive excess pore pressures and
volumetric compression may be expected to develop and those associated with negative
excess pore pressures and volumetric expansion. The particular response exhibited will

depend upon the initial state and the total stress path to which the soil is subjected.
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Figure 5.3 (a) Modified Cam - clay strain hardening behaviour on wet side of critical
state : predicted stress - strain response for shear test at constant mean effective stress

304



S1 INITIAL YIELD SURFACE
Y82 PARTIALLY SOFTENED YIELD SURFACE
CSL CRITICAL STAIE LINE

C ;
[
Qe / A
i +— STRESS PATH
A p
q

Figure 5.3 (b) Modified Cam - clay strain softening behaviour on dry side of critical
state : predicted stress - strain response for shear test at constant mean effective stress
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5.2.3 Boundary Nonlinearity

Rigid Surface - Soil Interaction

A rational simulation of ice scouring required modelling of the interaction between the
deformable soil medium and a rigid body idealization of the model keel, under prescribed
motion. A finite - sliding formulation was adopted which allowed for separation and
relative displacement of finite magnitude, and arbitrary rotation of the contacting
surfaces. The finite - sliding capability was implemented by means of rigid surface
interface clements which model contact between an element face, attached to the
deforming medium, and a rigid body. The elements used were compatible with the
discretized soil domain and incorporated the corresponding nodes at the contact surface,
as illustrated in Figure 5.4. Three nodes of each element formed part of the deforming
mesh, and a final node acted as a reference node for the rigid body. The reference node
was common to each of the interface elements employed to detect contact with the rigid
body. The surface geometry of the rigid body was described analytically in two -
dimensions in terms of a series of interconnected straight line segments. The rigid body
reference node was allowed both translational and rotational degrees of freedom, and
boundary conditions were applied to the node to define the motion of the rigid body
during the event.

The interface elements were required to satisfy the conditions of equilibrium and
continuity of displacements in the normal contact direction. In Figure 5.4, point A is a
node on the contact surface of the deforming mesh with current coordinates x , , and

point C is the rigid body reference node with current coordinates X . Point B is the
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Figure 5.4 Node ordering for interface elements and definition of rigid surface geometry

nearest position to A on the rigid surface, at which the normal to the surface n is
directed through A. The variable h then provides a measure of the overclosure of the
interacting surfaces, given as the distance from B to A along - n, such that

nh = -x, +x . +r 622

where r is defined as the vector from C to B. If the value of h was less than a specified
clearance below which contact occurred, a contact constraint was enforced through
Lagrange multiplier techniques, as detailed by Hibbitt et al. (1994). The kincmatic
measures of overclosure and relative shear sliding, constructed at each integration point
of the elements, were used to introduce constitutive relations which define the local
material response at the contacting surfaces.
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Surface Constitutive Behaviour

The surfaces in contact transmitted shear stress as well as normal pressure, and the
contact tractions depended upon the relative motions at the interface. In the direction of
the local normal, the pressure stress - clearance relationship was defined as a perfectly
hard contact condition, for which the contact pressure stress o, at a point was given as
a function of the overclosure h of the surfaces. The surfaces separated if the pressure
stress was reduced to zero, and separated surfaces came into contact when the clearance
between them was reduced to zero. During contact, any pressure stress could be
transmitted between the surfaces, with no interpenetration.

‘The tangential shear stress tractions were coupled to the normal pressure stress
through frictional effects. The standard Coulomb friction model was used to describe the
shear response at the interface. As illustrated in Figure 5.5, relative motion or slip was
not permitted if the equivalent shear stress 7., was less than the critical stress 7, or

T B e S L (524

where the critical stress was proportional to the contact pressure ¢, , according (o :

T = O tand = po, (5.25)

in which & is the angle of friction at the interface, and y is the corresponding Coulomb

friction coefficient. For two - dimensional models adopted in the present study, an

isotropic friction condition was implicit. Frictional slip occurred when the equivalent

stress reached the critical stress value. For isotropic friction, the direction of the slip and
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Figure 5.5 Non - local interface friction model, for which the condition of no relative
motion was approximated by stiff elastic behaviour, as shown by the dashed line

the frictional shear stress coincide, which may be expressed in the form
s a2 (5.26)

where 8, is the slip rate in the i - direction, and &+, is the equivalent slip rate,

given by
by, = {virom " G2

In the numerical implementation of the friction model, the condition of no relative
motion or sticking response, was approximated by stiff elastic behaviour. The elastic
stiffness ks was defined such that the relative motion was bounded by an allowable
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maximum elastic slip, permitted before frictional slip occurred. This approximate
approach may be viewed as an implementation of a non - local friction model, in which
the Coulomb condition was not applied at a point, but was weighted over a small area

of the interface (Oden and Pires, 1983).

5.3 Implementation of Analysis

The theoretical approach should be equally valid in predicting the response of both the

small scale i model and the ing full scale event. In the present study,
the prototype full scale conditions were simulated directly in the finite element analysis.
The centrifuge model test and the numerical analysis both provided data which were used
to compare numerical predictions and experimental observations, in accordance with the

relationship presented in Figure 5.1.

5.3.1 In situ Stress State

The numerical analysis was implemented through the specification of history data which
defined the sequence of events or loadings for which the response of the model was
sought. For the physical model, the reconsolidation phase on the centrifuge altered the

initially uniform effective stress field of the specimen to a distribution of effective

stresses which were in equilibrium with the il ion field and boundary
conditions. This in situ effective stress state and the corresponding specific volume
conditions were established in the initial step of the analysis, through the application of

user subroutines, defined in accordance with the following assumptions.
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The predicted response of the soil was dependent upon the stress history and the
unloading relation assumed for conditions prior to the initial state defined in the analysis.
Soil loading and unloading were taken to be one - dimensional such that the principal
stress directions were vertical and horizontal. The in sifu horizontal effective stresses
were computed from the in situ vertical effective stresses and the coefficient of lateral
earth pressure at rest K. The K values were defined based on the semi - empirical
relationships proposed by Wroth (1975) (Equation 4.4) for initial one - dimensional
unloading following one - dimensional normal consolidation, and were bounded by the
coefficients of passive and active earth pressure. The initial values of the specific volume
were computed from the corresponding in situ mean effective stresses and the known

history of idation of the soil, in with Equations 5.10 and 5.17. The

initial size of the yield surface p_ for a given soil element was determined from the
maximum effective stresses, using the expression for the yield surface given by
Equation 5.14. The imposed laboratory pre - consolidation stresses defined the maximum
effective stress values at near surface depths, such that the initial stress state laid within

the initial yield surface.

5.3.2 Material Parameters

Theoretical modelling carried out with complex ituti ionships and

P may be ible to hidden i i ical il ilities, lack of
unique solutions, and other errors. The material parameters used in the analyses were

therefore derived from an existing base of data, such that validation of the analysis
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methods was not ised by empirical ification of the selected input values.

Typical material properties data for Speswhite kaolin clay were presented in
Section 2.4.1. The Modified Cam - clay model, as implemented in the present study,
involved specification of five parameters, each of which has identifiable physical
significance. To allow for a coupled pore fluid diffusion and deformation solution, values
of the vertical and horizontal permeabilities were also defined for the material.
Furthermore, selection of the interface angle of friction was required, with use of the

Coulomb friction model to describe the surface interaction.

The critical state stress ratio, M

The critical state is i by a normally i or lightly
overconsolidated specimen as it is sheared monotonically, and represents the state at
which the soil experiences continued shear distortion without further changes in volume
or effective stresses. It is found from empirical evidence that, at the critical state, the
stress ratio M = q_,/p,, is independent of the mean effective stress, defined in
accordance with Equation 5.20. The value of M may be determined by plotting the stress
paths of appropriate shear tests in p : q space, and computing the stress ratio associated
with large strains at the ultimate or failure conditions in the tests. The results are, in
some cases, observed to differ between triaxial compression and extension tests, and this
effect could be incorporated within the constitutive model by adopting a non - circular
generalization of the yield locus in the octahedral plane. A direct relationship also exists

between the critical state stress ratio and the effective angle of friction at constant
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volume ¢, given by the following expression for triaxial compression :

6 sing,,

M =t
3 -sing,,

(5.28)

A series of undrained triaxial compression tests with pore pressure measurement

were conducted by Davidson (1980) on i i i of §

kaolin, ing a range of idation ratios from 1.0 to 7.0. Davies (1981)
performed tests on specimens subjected to one - dimensional compression, as relevant
to the stress state imposed during laboratory pre - consolidation of centrifuge models.
The results of both test series were used to define a unique locus of end points in
effective stress space, described by a straight line passing through the origin with
gradient M = 0.88. Al - Tabbaa (1984) presented data from draincd triaxial tests on

one - di i i with an idation ratio of 2.0. The

critical state stress ratio in triaxial ion was higher in ison with the result

obtained in triaxial extension, with average values of M = 0.90 and 0.68 respectively.
Values of the parameter M for Speswhite kaolin, as reported by other research workers
included the following : 0.8 (Knoyle, 1979); 0.88 (Houlsby, 1981);0.90 (Clegg. 1981),
and; 0.84 (Powrie, 1986).

: A critical state stress ratio of M = 0.9 was specified for use in analyses carried
out as part of the present study, corresponding with a value of the effective angle of
friction ¢, = 23° in triaxial compression, as given by Equation 5.28. For simplicity,

'a circular generalization of the yield locus in the octahedral plane was adopted, implying

an assumption of equal M in compression and extension.
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The gradient of normal consolidation tines, N

It is observed empirically that, for clay i ing normal ion, the
relationship between the specific volume v and the logarithm of the mean effective
stress p is approximately linear for a constant stress ratio path, and that the gradient A
is independent of the stress ratio. A linear relationship, as given by Equation 5.17,
provides a reasonable representation of the soil behaviour over a range of effective
stresses of engineering interest. The value of A may be determined from that portion of
an instrumented oedometer or drained triaxial compression test which exceeds the initial
pre - consolidation pressure.

The idati istics of ite kaolin were i ig: by

Knoyle (1979) under both one - dimensional and isotropic conditions. Mair (1979) and
Davies (1981) compiled the data from one - dimensional compression tests as reported
by several research workers, and the results were consistent with those presented by
Knoyle (1979), indicating an average gradient of A = 0.25 over an approximate range
of mean effective stresses from 100 to 600 kPa. Powrie (1986) specified a value of
A\ = 0.26 for Speswhite kaolin, based on the results from a series of isotropic and one -

tests by Al - Tabbaa (1987). The test results

displayed a reduction of the value of A by 10 percent as the mean effective stress was
increased from 60 to 600 kPa. Airey (1984) also reported a dependency on stress level,
with the value of \ decreasing from 0.38 at a vertical effective stress of 25 kPa to 0.21

at 250 kPa in one - di i ion. A linear normal

with a constant value of the gradient of A = 0.25, was assumed to provide an adequate
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representation over the range of effective stresses which were relevant in the

present study.

The gradient of swelling lines, «

The relationship between the specific volume v and the logarithm of the mean effective
stress p during swelling and recompression is also observed to be approximately linear,
with gradient «, for clay specimens subjected to constant stress ratio paths, as indicated
by Equation 5.10. Since the coefficient of lateral earth pressure at rest K varies with

one - di i unloading, an capable of hori stress is

required if the value of « is to be assessed for one - dimensional unloading rather than
isotropic unloading. The empirical evidence indicates that the stress - strain behaviour
on an unloading - reloading path is hysteretic, such that a single value of the parameter
x is insufficient to define the gradient. Immediately following strain path reversal the soil
stiffness is higher and the value of « is locally small, with decreasing stiffness during
continued unloading / reloading.

The gradient of swelling lines for Speswhite kaolin was characterized by a value

of k = 0.045, from one - dimensional compression test data obtained by Knoyle (1979).

Al - Tabbaa (1987) i i both one - dis i and isotropic ing and
reloading, and presented values of « as a function of the overconsolidation ratio. The
measured local gradients were given by x = 0.01 on first strain reversal whereas, at an
overconsolidation ratio of about 6, average values of xk = 0.06 were obtained. An overall

result of k = 0.028 was reported, for the complete range of overconsolidation ratios
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investigated. Powrie (1986) adopted an average gradient of x = 0.05, based on the data
given by Al - Tabbaa (1987), and consistent with values assumed in preceding research
on Speswhite kaolin (c.g. Davies, 1981; Almeida, 1984). Stewart (1989) found lower
average values of x = 0.034 and 0.038 for one - dimensional unloading of heavily

In i ion of the available i evidence, a

constant value of k = 0.04 was considered to provide the most appropriate representation

over the range of ing / reloading it ici in the present study.

The critical state reference specific volume, T

As illustrated in Figure 5.2, the isotropic normal compression line and the critical state
line have parallel projections in the compression plane with reference values of specific
volume denoted by N and T' respectively, where

I = N-(\-«)h2 (5.29)

in accordance with Modified Cam - clay theory. The value of T', representing the specific

volume intercept at p, = 1 kPa, is commonly taken as the single parameter required to

describe the location of the lines of plastic compression in v : Inp space.

The critical state reference specific volume derived from the tests conducted by
Knoyle (1979) on Speswhite kaolin was I' = 3.39. Clegg (1981) obtained a comparable
value of T' =3.44 and this result was also adopted in analyses performed by

Davies (1981) and Almeida (1984). The ion of normal ion data

presented by Al - Tabbaa (1987) indicated a lower average intercept, givenby I' = 3.00.

In the present study, a reference specific volume of I' = 3.44 was used to locate the
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critical state line in the compression plane, in accordance with the bulk of available

experimental evidence for Speswhite kaolin.

The Poisson’s ratio, v

Changes in the deviator stress q within the yield locus, for an isotropic elastic soil,
produce elastic shear strain increments which can be calculated from Equation 5.13 with
an appropriate value of the shear modulus G. The empirical evidence indicates that the
value of G is dependent upon stress level, and is most strongly correlated with the mean
effective stress (Wroth et al., 1979). Al - Tabbaa (1987) investigated the relationship
between the shear modulus and the mean effective stress, for values obtained from initial
unloading / reloading in shear tests on Speswhite kaolin, and compared the results with
data presented by Davidson (1980). The variation of the shear modulus with stress level
was described according to the approximate relation given by G = 62 p, based on a least
square fit to the experimental data. The introduction of the shear modulus as a function
of the value of p results in non - conservative elasticity if the bulk modulus is

independent of the shear stress. However. the assumption of a constant value of the shear

modulus to address this i i is i i with the observed
behaviour, and generally leads to greater inaccuracies in the solution.

The selection of a constant value of the Poisson’s ratio » was adopted as an
alternative method by which to specify G where, from elasticity theory,

8 s o290 % (5.30)
2 (1 +»)

317



which implied that the shear modulus was proportional to the mean effective stress in the
same way as the bulk modulus. This approach was considered 1o provide reasonable
results where elastic behaviour does not dominate the solution, and where there is a
significant variation in stress level in the soil. Al - Tabbaa (1987) observed that Poisson’s
ratio was constant on initial unloading and independent of the mean effective stress. For
Speswhite kaolin, an average result of » = 0.3 was derived from the initial slope of one -
dimensional unloading / reloading paths in o, : ¢, space. Wroth (1975) reported a
constant value of » = 0.33 for lightly overconsolidated kaolin based on the one -
dimensional consolidation test data from Nadarajah (1973). This result was used in the
idealization of the elastic behaviour of Speswhite kaolin for analyses performed in the

present study.

The vertical and horizontal permeabilities, k, and k,

The permeability of the soil must be specified to model the flow of water through the soil

as part of a coupled deformation / diffusion solution. An orthotropic definition is

required for one - di i i in which the value of the
horizontal permeability differs from the value of the vertical permeability. The empirical
evidence indicates that permeability varies with the current volumetric state of the soil.
A decrease in void ratio associated with smaller void passages, will lead to a reduction
in permeability, since resistance to fluid flow is primarily due to viscous effects.

Al - Tabbaa (1987) investigated the variation of permeability with void ratio for

Speswhite kaolin subjected to one - dimensional normal compression. Values of
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permeability were obtained from both falling - head and consolidation tests conducted
using a modified oedometer which permitted radial drainage. Unique relationships
between the vertical and horizontal permeability (k, and k) and the void ratio ¢ were
established, in the form :

k, = 050e** x 10°* mm/s

.31
ky = 143 e « 10°* mm/s

which described a linear dependency of the logarithm of permeability on the logarithm

of void ratio. The ions provided an fitto the i data for both

normally i and it i within a range of void ratios from
2.2 t0 0.98. Comparison with the results obtained by other research workers for the
vertical permeability of Speswhite kaolin (Manson, 1980; Davies, 1981; Kusakabe, 1982;
Savvidou, 1984) showed limited scatter, and Equation 5.31 formed a lower bound at
higher values of the void ratio. In the present study, the variation of vertical and
horizontal permeabilities with the current state was accounted for through implementation

of Equation 5.31 within the analysis.

The interface angle of friction, &

The surface constitutive model implemented in the analysis required specification of the
interface angle of friction 6 as a material parameter, with the assumption that the soil had
no effective cohesion. The frictional resistances between kaolin and different structural
materials treated with various lubricants, were measured in laboratory direct shear tests,

as summarized in Table 5.1. The recorded values of interface friction were low, ranging
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‘Table 5.1 Values of the interface angle of friction between kaolin and other materials
( data assembled from : Hambly, 1969; Powrie, 1986, and; Waggett, 1989 )

Surface in Lubricant at Contact Rate of Angle of

contact with interface pressure shearing friction

kaolin (EN/m?) | (mm/hr) | (deg.)

aluminum silicone 70 24.0 0.57 t0 0.80
grease

stainless silicone 100 0.33 113

steel grease

brass silicone 70 24.0 0.52 10 0.80
grease

rubber silicone 70 24.0 0.57
grease

rubber silicone 70 2.40 0.92
grease

rubber silicone 70 0.50 1.20
grease

perspex no lubricant - - 11.9

perspex Adsil silicone - - 6.3
spray

perspex silicone - - 23
grease

from 0.6 to 0.8° for an aluminum contact surface at which silicone grease was applied
as a lubricant. The results also indicated dependency of the value of & on the rate of

shearing, where ing rates were fated with il ing frictional resi: In

addition, Waggett (1989) observed variation of the parameter with the degree of
overconsolidation of the soil, and reported higher values of residual friction with
increasing overconsolidation ratio at a kaolin / perspex interface.
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A well - defined model keel / soil interface condition was provided in the
experimental investigation, through use of a polished aluminum contact surface and
application of Adsil silicone spray as a lubricant. The effectiveness of the lubricant was
reduced, however, due to submergence of the contact surface during the event. The
specified velocity of the model iceberg exceeded rates of deformation imposed in
laboratory direct shear testing by several orders of magnitude. The contact surface
represented a practically smooth interface under test conditions, and the effects of low
values of the soil / rigid surface friction angle within the range of 2.9 (o0 8.5° were
investigated in the analysis, as considered relevant to the interface condition prescribed

in the physical model study.

5.3.3 Model Development

Finite Element Mesh

Figure 5.6 shows the general mesh ionand the boundary itions which were
adopted in the two - dimensional plane strain idealization of the scouring process. As

discussed in Section 5.2.1, 8 - noded i ic elements with bi

displacement and bilinear pore pressure description were selected for the discretization
of the soil domain. The compatible rigid surface interface elements (Section 5.2.2)
incorporated the nodes at the surface of the deforming soil, in addition to a common
reference rode associated with the interacting rigid body. The initial configuration of the
rigid body was specified in terms of coordinates which connected a series of straight linc

segments, conforming to the geometry and prototype dimensions of the model keel.
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‘The finite element mesh was required to accommodate high strain gradients
aussociated with severe deformation adjacent to the rigid body. It was necessary to provide
appropriate mesh refinement, such that displacement models of the selected elements
could adequately approximate the solution in this region. The simulation of a scouring

event also required sufficient rigid body movement to approach a relevant steady - state

condition, for ¢ ison with i observations, iminary trial - and - error

analyses were to d ine the i of the rigid body, as
dependent on the selected mesh configuration. Severe element distortion restricted
allowable refinement of the mesh for which convergence was attained at large
movements, and it was necessary to adopt a relatively coarse discretization over the depth
of the scour cut. The achievable movement of the rigid body was directly related to the
assumed mesh configuration. Comparison with the results from analyses which included
finer mesh subdivisions within the scour cut depth, indicated negligible dependence on
the mesh configuration over a limited range of movement of the rigid body. In the
analysis of individual scouring events, the general mesh configuration was adapted as a

function of the particular scour depth and keel geometry.

Boundary Conditions

The boundary conditions assumed in the analysis (Figure 5.6) approximated those
imposed by the centrifuge model container (Section 3.2.1). The walls of the container
provided a condition of high lateral stiffness and were coated with water - resistant
grease to reduce friction. The interface at the end boundaries was treated as frictionless
with consideration of the data presented in Table 5.1. The movement of nodal points
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along the end ies was ined in the hori: direction. The boundary at the

base of the soil specimen was interpreted as completely fixed. The nodal point

displacements at the bottom boundary were restrained in both vertical and horizontal

During a il model test, was made for two - way drainage
at the top and bottom of the soil specimen. In the initial analyses performed, the soil
domain was confined by impervious end boundaries and drainage was permitted at the

top and bottom surfaces.

‘The numerical algorithm for idation i a ionship between a

minimum allowable time increment and the element dimensions at a drainage boundary.

Initially, idation is a surface with a si ity in the derivative of
the excess pore pressures at the draining surface. A reasonable approximation with a
linear pore pressure representation can only be expected when consolidation has extended
deep enough to affect the first row of nodes in the interior of the soil domain. In order
to accurately model the surface condition which occurs at very small times at a drainage
boundary, the mesh size adjacent to the boundary and the time increment must be
selected accordingly (e.g. Vermeer and Verruijt, 1981).

In the present study, the solution encompassed a significant volume of soil and

an i ined response was antici during the sii ion of an event. The

of impervi ies at the top and bottom surfaces was consistent with
the type of analysis undertaken and the degree of refinement of the mesh, where detailed
representation of the surface condition was not relevant. Comparison with analyses that
made allowance for surface drainage, indicated that results were not significantly altered

by the drainage boundary condition assumed at the free surface. Following very large
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movement, the surface elements immediately in front of the rigid body were more
irregularly distorted in analyses where a surface drainage boundary was adopted. The
pore pressure tolerance that controlled the automatic time incrementation was set (0 a
relatively large value since the nonlinearity of the material restricted the size of the

increments during the transient analysis.

Sequence of Analysis

‘The simulation of an event was divided into a series of steps, and the state of the model

evolved the analysis as it to the history of loading. In the first step
of the analysis, the in situ effective stress and volumetric conditions, corresponding with
the equilibrium state of the physical model, were established in accordance with the
assumptions presented in Section 5.3.1. This step included a process of iteration, as
required to ensure a stress state which equilibrated the prescribed boundary conditions
and geostatic loadings. The size of the initial yield surface was then adjusted at any
material point where the yield function was violated, such that the initial stress state laid
on a current yield surface.

During a physical model event, a steady - state scour depth was established
following a brief period of uplift of the model iceberg from a prescribed initial position.
In addition to changes in the scour depth experienced by the model iccberg, rotations
about a transverse axis through the model produced small changes in the attack angle
during the event. It was impractical to simulate the entire scouring episode numerically.
Therefore, a uniform scour depth and a fixed value of the attack angle were adopted in
the analysis. The constant scour depth used in the analysis was selected to represent the
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steady - state condition. The simulation of the event was carried out as a perturbation
step following the set - up of the in situ effective stress and volumetric conditions in the
first step of the analysis. The rotation and vertical translation degrees of freedom of the
rigid body reference node were restrained, and the motion of the model iceberg was
idcalized as a horizontal translation of the rigid body. The translation was specified over
a fixed time interval such that the analysis step time corresponded with the physical
model event time, and an identical rate of scouring was defined for the numerical model.

The measurements of scour - induced subsurface soil deformation presented in
Chapter 4 were acquired following unloading of the imposed scour forces and self -
weight stresses at the completion of a centrifuge model test. The recorded values

embodied the ive plastic soil ion, with expected ion and recovery

of the elastic component of the soil response. To allow for comparison with the

test a final ing step was included in the analysis,
following the simulation of an event. A vertical translation was prescribed in this step,
such that the rigid body was separated from the soil domain. With the removal of the
recoverable component of the soil response as a result of the unloading step, it was
anticipated that the analysis solution would correspond more closely with the deformed

state exhibited during site investigation of the physical model.

5.3.4 Representation of Scouring Mechanisms

The model scours created in the experimental programme were wide in relation to their

depth, corresponding to the high width / depth ratios characteristic of typical field scour
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A two - di i plane strain idealization of the scouring process was

adopted in the numerical analysis. The i ion of a two -

representation imposed certain restrictions on potential mechanisms of scouring, and
these limitations were evaluated with consideration of the available evidence from

physical modelling.

Physical Modelling

During a scouring event, a material point initially situated at some distance in front of
the advancing keel was first displaced forward and upward, as associated with the
formation of a raised mound in front of the keel. The attainment of a stable configuration
of the frontal mound with continued scouring involved subsequent lateral displacement
of the material point, related to berm formation on both sides of the resulting incision.
A common feature of the measured scour profiles was berm dimensions that were small
in relation to the size of the scour created. The cross - sectional area of berm material
above the initial level of the soil surface was typically found to be less than the cross -
sectional arza of the scour incision.

A material point in the path of the advancing keel, which initially underwent

upward may also i it toward the

base of the scour, with i lateral The

provided evidence of surface material markers which were displaced to positions at the
scour base, following forward movement over a limited horizontal distance. The

downward displacement of surface material corresponded with compatible vertical sub -
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scour displacements, which occurred in a pattern similar to the morphology of the
scoured surface and attenuated with depth below the scour.

In the assessment of potential mechanisms of scouring, the requirement of

volume y for i itions must be adds d. Figure 5.7 illustrates
modes of deformation during an event, as necessary 1o balance the volume change
associated with loss of material in the scour path. The upward displacement ahead of the
advancing keel represented only a transient accommodation for this volume loss, since
development of the frontal mound was limited to a stable configuration with continued
scouring. Lateral movement of the material provided a clearing mechanism, as required
to allow for additional upward movement into the frontal mound. The material included
in berm formation through lateral movement was, however, insufficient to account for
the complete volume loss during scouring, and the remainder of the volume change was
developed through sub - scour displacement.

The measurec downward vertical displacement at positions beneath the scour must
also be compensated through a mechanism which involved backward or lateral movement
at depth, together with remote upward displacement. Limited evidence, as obtained for
a single event (Test 02), was provided in support the former pattern of deformation;
however, backward horizontal displacements as recorded for this event, diminished with
the i of steady it upward in back of the

keel, associated with infilling of the scour path, was not observed. It may be inferred that
the downward vertical sub - scour displacement was compensated through lateral
movement at depth, and upward displacement across a wide lateral extent; however, a

mechanism which involved deep - seated lateral movement was not identified explicitly
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Figure 5.7 Potential soil deformation patterns during a scouring event. Top : Side
elevation view; Bottom : View in direction of motion

in test measurements. The recorded lateral displacements were generally confined to
shallow depths, corresponding with local heave of the surface adjacent to the edges of
the scour. Dissipation of the material movement over an extensive area may account for
the lack of correlation of the observed volume change with a characteristic mechanism,
In addition, as discussed in Section 2.4.2, the effects of consolidation progressed into the
material from the surface drainage boundary much more rapidly in the modei than in the
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corresponding prototype. Therefore, it may be concluded that the observed compression
of material beneath the keel was partially accommodated through pore water drainage

within a region near to the surface.

Numerical Analysis

The two - dimensional numerical model of the scouring process neglected the effects of
soil displacement directed laterally outward from the scour axis. The continuum
idealization did not allow for a lateral clearing mechanism of failed material within the
frontal mound. The numerical model therefore represented a progressive build - up of
the frontal mound, and this restricted the range of motion of the rigid body over which
realistic predictions of the material response could be expected. In particular, the absence
of a clearing mechanism must be taken into consideration in the evaluation of predicted
resultant forces in relation to test measurements, as discussed in Chapter 6. The
numerical model was also unable to account for edge effects associated with observed
near - surface lateral sub - scour soil movements. Sub - scour displacement against the
direction of motion of the rigid body was permitted; however, preliminary analyses

indicated that this pattern of ion was not a i of the

material response, with allowance for continued upward displacement in front of the
rigid body.

The numerical model provided a direct representation of a full scale prototype
related to the physical model scouring event through scaling laws presented in Chapter 2.
An identical rate of scouring was defined for the physical model and numerical prototype
events, in accordance with Equation 2.10. This implied that surficial drainage during the
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physical model event, associated with the reduction of the linear scale, was not replicated
in the numerical analysis. The anticipated extent of drainage and the effects of pore

pressure dissipation during the physical model event were discussed in Section 2.4.2.
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Chapter 6

Analysis Results and Discussion

6.1 Introduction

Comparison between the physical model event data and the finite element analysis results

permitted a iminary of the issibility and viability of the adopted

numerical approach for prediction of the effects of scouring. For a mixed boundary value
problem, with boundary conditions specified in terms of both displacement and stress,
the stress and velocity fields must be compatible as there is no apparent independence
oetween the two fields. Therefore, separate agreement for both the resultant forces

ped and the soil ion between i puted values and

experimental measurements was required for verification of the analysis methods.

The limitations of the numerical ion were described in Chapter 5. The

analysis provided information on the resultant forces and the stress and displacement
fields in the soil for conditions approximating a steady - state, established following
limited ice movement at a uniform depth of scouring. The data acquired from each
centrifuge test were applicable to a well - defined scouring event; however, the permitted

degrees of freedom of the model iceberg restricted the expected range of motion over



hich steady - itions were relevant. Equi and i

imposed further variation in some tests, which must also be accounted for in the
interpretation of results. The selection of tests for comparison was therefore made so as
to lessen departures from the idealized conditions adopted in the analysis.

Scour Tests 04, 05and 09 were chosen as representative tests from the

for ion with ical si ions of the
prototype scouring events. A realistic vertical stiffness was defined in these tests, and
uniform scouring conditions were therefore established following limited initial unsteady
motion. The design rate of advance was also achieved during testing, such that
approximate undrained conditions were modelled in each event. Furthermore, in these

tests, the accurate definition of the event was not hindered by equipment or

C isons based on the data from Tests 05 and 09, which
represented an identical prototype scouring event, additionally permitted assessment of
the internal consistency of the physical modelling methods.

In this chapter, a comparative examination of the data acquired in representative

tests with analysis results is presented. The i of the

for characterization of the effects of scouring is discussed. The implementation of the

analysis to study a range of parametric variations is also required to evaluate the relative

of test and analysis icti however, in the present study,
practical considerations limited the scope of this objective to a direct assessment of the

effects of parameters from the results of the i

Finally, a methodology through which the numerical approach may be applied in design
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of buried pipelines to accommodate the loadings imposed by sub - scour movements is

and i practical implications of the study are discussed.

6.2 Analysis of Test 04

6.2.1 Input Conditions

Numerical analyses were undertaken to investigate the prototype scouring event
corresponding to Test 04, described in Section 4.3.4. Table 6.1 provides a summary of
input conditions employed in the analyses, including the parameters chosen to describe

the behaviour of Sp ite kaolin. The adopted for i ion of the

analyses were outlined in Section 5.3. The prototype depth of scouring was specified as
a constant value of 1.46 m, in accordance with the average equilibrium vertical position
established in the experiment. The prototype rate of horizontal translation of the rigid
body was set equal to the average test scouring rate of 0.073 m/s, on the basis of the
scaling relationship given by Equation 2.10.

A series of initial analyses were conducted to define the finite element mesh
configuration, as depicted in Figure 5.6. The coarse discretization permitted severe
deformation adjacent to the rigid keel surface associated with large movements required
to approach a relevant steady - state condition. The mesh configuration assumed in the
final analysis of the Test 04 problem comprised 2524 nodes and 774 elements, which

included hoth 8 - noded i ic elements and ible rigid surface

interface elements. The total number of variables in the model was 5624, which
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Table 6.1 Summary of material parameters for Speswhite kaolin and additional input

as specified in

analyses of

tests

Input condition /

Values for analysis of

Values for analysis of

material parameter Test 04 event Test 05 / 09 event
prototype
scour depth (m ) 1.46 1.21
rate of keel
advance (m/s) 0.073 0.072
preconsolid. effective
vert. stress o', , ( kPa ) 110. 140.
normally

i ne 0.69 0.69
K, variation with

idation ratio Eqn. 4.4 Eqgn. 4.4

critical state
stress ratio M 0.90 0.90
gradient of normal

idation lines 0.25
gradient of swelling
lines « 0.04
critical reference
specific volume I’ 3.44
Poisson’s
ratio » 0.33
permeability
coefficients k., ky Eqgn. 5.31 Eqn. 5.31
interface angle
of friction & (deg.) 2.9 2.9
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encompassed the degrees of freedom of the model in addition to the Lagrange multiplier
variables. A total of 338 increments were needed to achieve an equivalent prototype rigid
body movement of 14.5 m, and the analysis was terminated when the incremental

displacement was less than 10 times the total prescribed value.

6.2.2 Analysis Results

‘The results of numerical analyses for the Test 04 event are presented in this section, and

I with the i reported in Chapter 4.

Local Element Behaviour

Figure 6.1 indicates positions of reference elements in the finite element mesh, selected
to illustrate patterns of local behaviour during simulation of the event. Elements EL 20,
80, and 140 were situated at a horizontal position x = 14.4 m in front of the initial
location of the rigid body, at average depths below surface of 0.9, 2.6, and 4.3 m,
respectively. Figure 6.2 displays the effective stress paths experienced by the reference
elements, and the associated deviatoric stress - strain responses. In addition, the
computed centroidal element excess pore pressures developed during the event are shown

plotted against deviatoric strain in Figure 6.3.

For an initially i state and ion under
conditions, the elastic portion of the element response was characterized by a constant
value of the mean effective stress, until the deviator stress had increased sufficiently to

bring the effective stress state to the initial yield surface. The computed isotropic elastic
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Figure 6.1 Test 04 analysis mesh configuration illustrating reference elements and nodes

response therefore involved only elastic shear strains and the pore pressures generated
were equal to the changes in total mean stress. With the inception of yield, plastic shear
strains developed and there was a corresponding decrease in stiffness. Yiclding at near
surface element positions, with initial stress ratio n > M on the dry side of critical state,
was associated with plastic softening and contraction of the yield surface. The mean
effective stress increased with continued yielding until the effective stress state reached
the top of the current yield surface with stress ratio n = M. The excess pore pressure
decreased from an initial maximum value, attained with the onset of yield, to 2 minimum
value at critical state. For the surface element EL 20, suppressed volumetric dilztion of
the soil resulted in the development of negative excess pore pressurcs, whereas the
magnitude of pore pressure reduction following yield was less severe for the clements

situated at increased depth.
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140 ) during event simulation; Bottom : Element deviatoric stress against strain
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The beginning of yielding corresponded with a decrease in stiffness of the soil and
a kink in the pore pressure - strain relationship; however, the passage of the effective
stress path through the initial yield surface was not relevant to soil failure or stability.
‘Whereas a laboratory test on a single element of soil reaches completion as the effective
stress path approaches the critical state line, field loading and numerical simulation for
an element in the scour path was continued. As the effective stress path for the clement
progressed toward critical states, the incremental shear stiffness local (o the point
approached zero, and the soil was incapable of resisting any additional shear stress. The
local attainment of critical states, or local failure, was initially contained or supported

by surrounding soil which had not yet failed.
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At critical states, deformation continued without further change in the deviator or
mean effective stresses, and this implied that excess pore pressures generated were equal
to the changes in total mean stress. The effective stress state remained constant; however,
the total stress path moved sideways in p : q space with increased total mean stress at a
constant value of the deviator stress. The surface element EL 20 exhibited a sharp
increase in excess pore pressure at a critical state, with notable periods of fluctuation in
the rate of pore pressure development, as may be attributed to variation in load transfer
associated with a stick - slip response at the rigid body - soil interface. Element EL 140,
at greater depth, displayed a more uniform excess pore pressure response, with a gradual
decrease in the rate of development during deformation at a critical state. Despite
dissimilar initial stress states and character of response for the elements situated at
different depths, comparable pore pressure magnitudes were obtained at the completion
of the simulation, with higher rates of total stress change and excess pore pressure
development at shallow depths. A reduction in pore pressure and the development of
negative excess pore pressure values due to the suppression of volumetric expansion, was
predicted for elements which experienced unloading with passage of the rigid body
beyond the material point during simulation of the event. The rigid body movement was
not extended over sufficient range to represent this unloading condition at the horizontal

position of the selected reference elements.

The ive shear strains i at the ination of were
significantly larger for elements EL 80 and 140 (&, = 1.24 and 1.17, respectively )
below the depth of the scour cut, relative to the surface element EL 20 (&, = 0.67)

situated above the base of the rigid body. The deviatoric stress : strain response for
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element EL 20 became erratic or variable at high strain levels, and may be related to the

effects of extreme element distortion, associated with high strain gradients in this region.

Excess Pore Pressures

The contours of computed excess pore pressures are shown plotted in Figure 6.4 for
different horizontal positions of the ..gid body over the limited range of movement

simulated ia the analysis; results are presented for increments S0, 100, 200, and 338,

with hori of 1.8,4.1, 8.6, and 14.5 m, respectively. The
spatial distribution of the experimentally recorded pore pressure changes was displayed

in Figure 4E.1 for different intervals of model hori In

general with the test was found; the recorded pore pressures

ranged between extreme values of - 37 and 88 kPa at the transducer locations, which
showed reasonable correspondence with the predicted bounds illustrated in Figure 6.4.
The horizontal and vertical extent of the computed excess pore pressure field also
coincided with the zone of influence inferred from the transducer records; pore pressurc
changes were predicted at horizontal distances on the order of 25 m in front of the
current model position, and at vertical distances which extended to the bottom boundary
of the soil domain. In addition, the development of negative excess pore pressures within

shallow regions both in front of and behind the ing rigid body, was

with measured pore suctions both preceding and following passage of the model keel over

a particular location.

The ification of impervi surface ies was i with the

of an i i idation analysis, as discussed in
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Section 5.3.3. At these boundaries, the computed excess pore pressures reached constant
values with no physical significance which depended upon the loading and geometry of
the solution domain.

‘The analysis results provided an adequate representation of the character of the
local pore pressure responses, as acquired through transducer measurements during the

event. Figure 6.5 presents i for indivi records with values

computed at corresponding prototype depths in the numerical model. The model
predictions were provided for reference integration points located at different horizontal
distances in front of the initial rigid body position, to illustrate the effect of the range of
movement simulated in the analysis, The magnitude of excess pore pressure development
increased with the initial horizontal distance from the reference point; however, the
difference diminished as a far - field initial distance was approached and an apparent
steady - state response was simulated. The computed values were compared with the
measurements from transducer Channels 05, 06, 07, 04, and 01, with model locations
as specified in Table 4.7. The two - dimensional analysis representation was unable to
account for the measured distribution of excess pore pressures with lateral distance from
the scour axis.

‘Comparison of the recorded pore pressure changes with analysis results indicated
close correspondence of measured and predicted peak magnitudes for a given range of
horizontal movement (for typical analysis reference points at x = 13.7 and 17.8 m in
front of the initial rigid body position). The analysis results also implied similar rates of
excess pore pressure development in relation to the individual transducer responses;

however, some over - prediction of recorded magnitudes may be expected for simulation
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Figure 6.5 (continued) Test 04 comparison of analysis results with experimental
measurements for individual pore pressure transducers

of an increased range of horizontal movement. The physical model loading history
resulted in a more gradual initial development of excess pore pressures which may have
allowed for a limited amount of dissipation and a corresponding decrease in the measured
values. The apparent over - prediction of test measurements may also be partially

to the lateral separation of particular from the scour axis. The

predicted locarions associated with attainment of the peak response showed reasonable
agreement wit"; the recorded values, where some experimental error was cxpected in
determination of the relative positions of the model keel and individual transducers during
the event. Comparison of computed pore pressure changes with measurements for the
Channel 07 transducer, situated at a depth of 2.3 m, demonstrated that the analysis was
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able to simulate the character of the response, including negative excess pore pressure

related to ic dilation for heavily overconsolidated soil

conditions at shallow depth. In general, the test showed greater variability
of pore pressure magnitudes with changes in depth, in comparison with results from

the analysis.

Interface Pressures

In Figure 6.6, the contact pressures for reference interface elements, acting in the
direction of the normal to the surface of the rigid body, are shown plotted against
horizontal position during simulation of the event. The reference elements (denoted
EL 1004, 1005, 1006, and 1007) incorporated the nodes along the inclined surface of the
rigid body at the initial position, as shown in Figure 6.1. The analysis results displayed
the development of the normal stress with finite - sliding interaction between the rigid
body and the deformable soil medium. The element responses were characterized by a
build - up of compressive normal stress with movement along the inclined surface of the
rigid body, to a peak value which occurred at the transition to the horizontal bottom
surface; the normal stress decreased to a minimum value with further movement along
the horizontal surface, although an abrupt rise in pressure was associated with the
transition to loss of contact between the element and the rigid body. Computed normal
stresses at the inclined and horizontal rigid surfaces may be compared with measured
contact pressures acting on the model iceberg; however, no data were acquired in Test 04
due to malfunction of the inductive pressure transducers mounted on the model. The
predicted reduction of normal stresses to minimum values on the horizontal surface
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Figure 6.6 Test 04 analysis contact normal stress versus horizontal position for reference
rigid surface interface elements

supported evidence from other tests in the experimental programme, from which it may

be inferred that the extent of this surface had limited influence on the effects of scouring.

Resultant Forces

Figure 6.7 shows a plot of the computed horizontal and vertical components of the
resultant force acting on the rigid body together with prototype forces scaled from the

model test measuiements presented in Figure 4.22. For the horizontal component, close

was obtained bet nputed and measured values over the complete range
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of movement simulated in the analysis, to within a difference of 0.8 percent at the final
horizontal position. For the vertical component, the apparent stiffness of the measured
response initially exceeded the analysis result; however, correspondence between
computed and measured values improved following increased movement, to within a
difference of 1.3 percent at the final horizontal position. Adequate prediction of the
resultant force values also served as an indication of the extent of similarity between the
associated stress fields.

Several factors contributed to observed differences in computed and measured

resultant force values, and to potential divergence with representation of a greater range

of movement in the analysis. i ies were anticij and values of
the vertical force component, derived indirectly from the test data, were indeterminate
at the inception of movement. The analysis was also unable to account for the initial
separation of keel and soil and the variation of scour depth and attack angle preceding
the establishment of an equilibrium vertical position and orientation. The continued
build - up of failed frontal mound material represented the forces associated with the
development of surcharge over a limited range of movement; however, the absence of
a clearing mechanism implied an unbounded increase of the computed force and eventual
over - prediction of the measured steady - state response. In addition, the analysis did
not allow for interface shear forces attributable to adhesion or friction at the sides of the
model keel. The expected force contribution arising from side friction was smal! for the
practically smooth interface conditions considered relevant to the physical model study.

The influence of the interface conditions adopted in the analysis on the computed

resultant force magnitudes was investigated for values of the soil / rigid surface friction
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angleof & = 2.9, 5.7, and 8.5° corresponding to friction coefficients of u = 0.0, 0.10,

and 0.15. Figure 6.7 shows the hori: and vertical fc for the different
interface assumptions, plotted against horizontal position for a consistent range of
movement of 4.5 m. The computed horizontal force increased with greater interface
friction, and a difference of 9.5 percent at the final position was associated with the 2.8°
increase of the friction angle. Conversely, the computed vertical force decreased with
greater interface friction, and a difference of 6.6 percent at the fina! position was relatcd
to the same increase of friction angle. The magnitude of the total resultant force was not
altered significantly by the change in the interface condition. The use of a realistic low
value of the interface friction angle in the analysis provided improved correlation with

the measured responses.

Soil Deformation

Figure 6.8 shows a view of the displaced configuration of the finite element mesh and
the corresponding soil displacement vectors from the analysis, following horizontal
movement of 14.5 m to the final position of the rigid body. The computed displacement

field exhibited discontinuities for elements adjacent to the inclined rigid surface, as may

be attril to the i of the coarse discretization to high strain
gradients in this region; the large elements at the interface reflected an averaged

behaviour. The available experimental data on subsurface soil displacements were derived

from at indivi soil ion grids, presented in Figure 4F.5. In

comparison, the computed two - dis i it field was qualitati similar
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to the recorded displaced configuration for an axial section through the clay specimen,
as illustrated in Figure 4.26.

Displacement vectors plotted for different analysis increments displayed the

pi of soil ion patterns during sil ion of the event. The material
points initially situated at the interface with the inclined rigid surface were displaced in
a direction between the horizontal and the normal to the surface, with decreasing
magnitude at greater depth. The displacement vectors rotated vertically npward with
increased distance in front of the rigid surface, defining a semi - circular region of large
soil displacement which extended to positions beneath the scour depth. The upward and
forward displacement of soil in this region was compatible with heave of the free surface
in front of the rigid body and formation of a continuous frontal mound. Small backward
(negative horizontal) displacements were computed at positions below the base of the
rigid body, in agreement with limited data available from other tests in the experimental
programme; however, these movements were associated primarily with elastic extension
which accompanied undrained compression of elements directly beneath the inclined rigid
surface.

Contour plots of the horizontal and vertical components of soil displacement are
presented in Figures 6.9 and 6.10, for increments 50, 100, 200, and 338, corresponding
with rigid body horizontal movements of 1.8, 4.1, 8.6, and 14.5 m, respectively. The
horizontal displacement field was defined by a semi- circular region of large
displacement which extended well below the base of the rigid body, and diminished with
distance in front of and below the scour depth at the current position of the inclined rigid

surface. The plotted contours of the vertical component of displacement displayed two
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distinct regions which separated upward (positive vertical) displacement, associated with
formation of the frontal mound, from downward (negative vertical) displacement, related
to compression beneath the rigid body, and bounded by a maximum value equal to the

scour depth. A material point situated in front of the rigid body, was initially subjected

to upward and forward di and i and
continued forward displacement with passage of the rigid body. In the assessment of
analysis results, it was necessary lo differentiate between the transient displacement of
«a material point, which was dependent upon proximity of the rigid body, and the ultimate
or cumulative displacement of the same point following complete passage of the rigid

body, which represented the displacement value measured in the experiment.

n
The equivalent plastic strain magnitude, defined as 2, = { % el el }

in which & }‘, is the plastic strain tensor, served as a measure of the total accumulation

of plastic strain induced during the event. Figure 6.11 shows contours of the plastic
strain magnitude plotted for different increments in the analysis, in order to illustrate the
propagation of a region of large (plastic) deformation during scouring. A peak magnitude
of plastic strain of 110 percent was established following horizontal movement of 14.5 m
to the final position of the rigid body, and values which exceeded about 15 percent were
computed at a maximum depth on the order of 4.5 m or 3.0 scour depths below the base
of the scour. The magnitude and extent of the region of plastic straining underwent
continued growth over the complete range of movement simulated in the analysis, with

decreased rate of development toward an apparent steady - state condition.
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Figures 6.12 and 6.13 provide comparisons of computed and measured profiles

of the hori: and vertical of soil di i The test

values were recorded subsequent to completion of the event, as presented in Figure 4.27.
The analysis results are displayed for reference Nodal Lines 27 and 29, with initial
positions in front of the rigid body as depicted in Figure 6.1, selected to represent the
cumulative response following complete passage of the rigid body beyond the initial
positions. The computed profiles of horizontal displacement displayed increased

magnitude for nodal lines at greater distance in front of the initial rigid body position;

the p! of an ilibrium displaced ion was precluded by the

for inuity of the di: field together with representation of a
continued build - up of the frontal mound. To ensure relevant simulation of the deformed
state exhibited during site investigation of the physical model, the analysis results were
presented for conditions following unloading and associated elastic rebound, at the
completion of the event. Figure 6.14 shows computed displacement profiles for
conditions before and after elastic rebound. In comparison, the displacement results
indicated negligible overall change with allowance for rebound; however, small negative
horizontal displacements at depth were found to represent an elastic portion of the
response which was recovered upon unloading.

The soil displacement profiles for the reference nodal lines in the analysis
displayed close correspondence with the test records, in consideration of measurement

inaccuracies and inherent limitations of the idealization. Some dissimilarity was also

anticipated due to variation of measured results acquired from grids at different locations

within the clay specimen. The hori: of di was larger in




|
N
T

x
+0

Depth Below Base of Scour (m)
&
T

|
[}
T

Horizontal Component

ooooo Scour Test 04
xxxxx Nodal Line 27
+++++ Nodal Line 29

— o — o —F O — Ty~ —q— —

- [T ST NS T

-05 0.0 05 1.0 15 20 25 30
Displacement (m)

Figure 6.12 Test 04 comparison of measured and computed values of the horizontal
component of soil displacement plotted against depth below the scour base

363



T T T T T —T—T—T
| -
| o
Eo N R
|
~ l o
oL +x "
E-2
e |
3
gL 1
%] r | -
e
© |
B e
g —4 1
o |
*
s le
0]
s} |
£ |
=
o
o |
o
|

»
o

_6 — * .

Vertical Component
| b ooooo Scour Test 04 i

l xxxxx Nodal Line 27
B +++++ Nodal Line 29
|

| 1 | ! 1 1 1 !

-0.2 0.2 0.6 1.0 1.4 1.8
Cisplacement (m)

Figure 6.13 Test 04 comparison of measured and computed values of the vertical
component of soil displacement plotted against depth below the scour base

364



| - .
|
o | £y 0 7
|
~
E2p | = l
N |
=
3 | va
%) Fo )
2 le
& I
o =4F i
o |
3 T
o
2 | 4
o I
x
£
3 E Elastic Rebound
o
= Nodal Line 27
- oo0o000 Horizontal Final
i xxxxx Horizontal Initial
| aasaa Vertical Final
- +++++ Vertical Initial
. | 1 L 1 | 1 L 1 L

-0.2 0.2 0.6 1.0 1.4 1.8
Displacement (m)

Figure 6.14 Test 04 comp of computed di: profiles before and after
unloading and associated elastic rebound

365



than the it vertical and de ed more abruptly with
depth beneath the base of the scour. The maximum horizontal displacement of 1.52 m
scaled from test measurements immediately below the scour base (interpolated at a depth
below base = 0.1 m) was bounded by the computed values of 1.40 and 2.00 m for Nodal
Lines 27 and 29, respectively. The depth of a region of measured large horizontal
displacement below the scour base (assessed for a lower bound displacement magnitude
of 0.2 m) was 3.08 m at prototype scale or 2.0 scour depths, whereas values of 2,78 and
3.12 m were established for the reference nodal lines in the analysis.

The vertical displacement profile included a maximum magnitude equal to the
scour depth, and displayed more gradual reduction with distance beneath the scour than
the associated horizontal component. The computed vertical displacements for Nodal
Lines 27 and 29 were almost identical, and both under - predicted prototype magnitudes
scaled from test records. The maximum vertical displacement of 0.94 m based on
measurements immediately below the scour base (interpolated at a depth below
base = 0.1 m) exceeded the value of 0.76 m derived from results of the analysis. The
extent of a region of measured large vertical displacement below the scour base (assessed
for a lower bound displacement magnitude of 0.2 m) was 3.21 m at prototype scale or
2.1 scour depths, which was greater than the depth of 2.60 m inferred from the computed
displacement field.

The effects of changes to the interface conditions on the displacements predicted
by the analysis were studied for values of the soil / rigid surface friction angle of
=29, 5.7, and 8.5° corresponding to friction coefficients of . = 0.05, 0.10, and

0.15. Figures 6.15 and 6.16 display profiles of the horizontal and vertical components

366



0 T T T T T T T T T
| * ox
|
r | +x0 T
|
E_z — I * 0 -
N |
e
3 o
n 3 | i
5 |
L3
8 [
g —4 T
o |
5 r
o
© L 4
@ |
< f
o
8-6F L .
| Interface Friction
L " 00000 0.05 i
| xxxxx 0,10
¢ Akt 0.15
L 1 L 1 ! 1 L 1 L

=05 00 0.5 1.0 1.5 2.0
Horizontal Displacement (m)

Figure 6.15 Test 04 analysis comparison of profiles of the horizontal displacement
component for different interface friction coefficients

367



L e S e B B
I + x 0
|

B | * 0 i

|

?_2 B | »o i

o |

=

g !

%) - | B

© I

) I

841 ]

o© |

z b

o |

© - 4

o |
Ll

S |

&

a -6 |a E
| Interface Friction

L e 00000 0.05
| xxxxx 0,10 §i
e EE RS 045
o PN A TR SR NN T SN

-0.5 0.0 0.5 1.0 125 2.0
Vertical Displacement (m)

Figure 6.16  Test 04 analysis comparison of profiles of the vertical di.rpiazemgm
component for different interface friction coefficients

368



of displacement computed for the different interface assumptions, based on a consistent
range of horizontal movement of the rigid body of 4.5m. Both components of
displacement decreased with greater interface friction, and a 2.8° increase of the friction
angle resulted in maximum differences in displacement on the order of 0.1 m for near
surface positions. The variation in displacement magnitude declined with depth below the
scour base. and the predicted extent of the region of large soil displacement was similar

for cach of the interface conditions under consideration.

6.3 Analysis of Tests 05 / 09

6.3.1 Input Conditions

Numerical analyses were also performed to study the prototype scouring event
corresponding to Test 05 and related modelling of models Test 09, which were described
in Sections 4.3.5 and 4.3.9, respectively. Input conditicn. and material parameters used
in the analyses are given in Table 6.1. The initial stress state for the Test 05 clay
specimen was defined through application of an increased laboratory pre - consolidation
stress in relation to Test 04, with consequent reduction in the depth of scouring for
similar imposed boundary conditions. A constant value of the prototype scour depth of
1.21 m was adopted in the analyses, based on the average equilibrium vertical penetration
established in the experiment. The prototype rate of horizontal translation of the rigid
body was specified as 0.072 m/s, as scaled directly from the average Test 05 velocity.

Test 09 measurements were included in a comparative examination with results of the
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Figure 6.17 Test 05 / 09 analysis mesh configuration illustrating reference elements
and nodes

analyses, both to evaluate correspondence with predicted values and to provide limited

of the i i through ion with the Test 05 data. The
average equilibrium scour depth established in Test 09 was 1.10 m at prototype scale,
and the recorded depth of scouring increased to approximately 1.25 m over the final
portion of the event. The rate of scouring achieved during the experiment represented a
prototype velocity of 0.078 m/s, which exceeded the corresponding Test 05 value.
The finite element mesh, shown in Figure 6.17, was adapted from the gencral
configuration employed in the Test 04 analysis, with nominal element dimensions
decreased in proportion to the reduction in scour depth. The Test 05 /09 mesh
incorporated 3776 nodes and 1176 elements, which included both rectangular 8 - noded
isoparametric elements and compatible rigid surface interface elements. The total number
of variables in the model was 8487, which consisted of the degrees of freedom of the
370



model as well as the Lagrange multiplier variables. An equivalent prototype rigid body

of 12.8 m was i over 202 i in the analysis, with allowance

for an incremental displacement less than 10° times the total prescribed value.

6.3.2 Analysis Results

‘The results of numerical analyses for the Test 05 / 09 event are presented in this section,

and compared with the experimental measurements reported in Chapter 4.

Local Element Behaviour

Reference Elements, EL 23, 97, and 171, selected to illustrate patterns of local
behaviour, were situated at a horizontal position x = 11.8 m, and at average depths
below surface of 0.7, 2.1, and 3.5 m, respectively, as depicted in Figure 6.17. The
effective stress paths for the reference elements are displayed in Figure 6.18, together
with the corresponding deviatoric stress - strain responses. In addition, excess pore
pressures, generated as the simulation progressed, are shown plotted versus deviatoric
strain in Figure 6.19.

The initial yield surface size, defined by the laboratory pre - consolidation stress,
was increased in relation to Test 04, and reference elements in Test 05, at similar initial

stresses, more heavily i states. It was noted that for states

which are dry of critical, the between i data and the

predictions of Modified Cam - clay theory is less adequate, and that data of failure are

better described by the equation of the Hvorslev surface (Schofield and Wroth, 1968).
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The peak shear stresses computed were therefore expected to be higher than those
observed to cause rupture, and over - prediction of negative excess pore pressures was
also anticipated with representation of a more dilative response. While use of the
Hvorslev equation provides a better fit to data in this region, Britto and Gunn (1987)
suggested that, in their experience of practical application via the finite clement method,
significant advantages over direct use of Cam - clay (or Modified Cam - clay) theory

were not apparent. The adopted numerical represerdation was also unable to predict

with the ization of distortion in distinct rupture planes.
The Test 05 elements exhibited comparable patterns of behaviour to Test 04 local

responses, described in Section 6.2.2. The onset of yield occurred at higher levels of

ic stress, and the ion was iated with an increased range
of plastic softening and contraction of the yield surface. Once the soil yielded, the
effective stress paths turned toward critical state and pore pressures declined so that the
baianced the irrecoverable, plastic expansion, related to the changing size of the yield
surface. For the elements EL 23 and 97, at near surface depths, negative excess pore
pressures were induced following yield as 2 result of the suppressed volumetric dilation
under essentially undrained conditions. In relation to Test 04, the reference elements

exhibited similar pore pressure il atthe ion of the si ion, following

local attainment of critical states and associated positive excess pore pressure

development. The range of was i ient to represent ing related to
the passage of the rigid body beyond the horizontal position of the selected elements.
‘The cumulative shear strains established at reference element locations in Test 05

n
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Figure 6.18 Top : Computed effective stress paths for reference elements ( EL 23, 97,
and 171 ) during event simulation; Bottom : Element deviatoric stress against strain
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Figure 6.19 Computed excess pore pressures during event simulation plotted against
deviatoric strain for reference elements ( EL 23, 97, and 171 )
exceeded the values computed following a larger range of movement in Test 04. The
magnitudes of shear strain were higher for elements EL 97 and 171 (¢, = 1.33 and
1.19, respectively ) below the depth of the scour cut, relative to the surface element
EL 23 (&, = 0.90 ) situated above the base of the rigid body. At high strain levels, the
deviatoric stress : strain response for element EL 23 was somewhat irregular, as may be

attributed to effects of severe distortion in this region.

Excess Pore Pressures

Figure 6.20 shows contour plots of computed excess pore pressures for the analysis
increments 50, 100, 150, and 202, representing horizontal movements of the rigid body
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of 3.0, 7.1, 9.9, and 12.8 m, respectively. The computed magnitudes exceeded Test 04
analysis values, for which a larger range of movement was simulated at a greater scour
depth. The spatial distributions of the measured pore pressure responses in Tests 05
and 09, for differcnt horizontal positions of the model, were displayed in Figures SE.1
and 9E.1, in the corresponding sections of Appendix A. The experimentally recorded
magnitudes ranged between extremes of - 44 and 108 kPa for transducers located within
the apparent steady - state region of scouring, and these values were in reasonable
agreement with predicted bounds given in Figure 6.20. The distribution of computed
excess pore pressures also showed general correspondence with the region of measured
effects of scouring, which extended to a prototype horizontal distance on the order of
25 m in front of the current model position, and to vertical positions at the bottom
boundary of the soil domain. The computed negative excess pore pressures in front of
and behind the current rigid body position coincided with pore suctions measured
preceding and following passage of the model over a given transducer location.
Comparisons of the measured pore pressures in Test 05 with computed responses
at corresponding prototype depths in the numerical model are presented in Figure 6.21
for individual transducer Channels 05, 06, 07, 04, 01, and 02, with model locations as
indicated in Table 4.9. The complete range of movement of the model in relation to a
particular transducer location was not simulated in the analysis, and results were
therefore presented for reference integration points at different horizontal distances in
front of the initial rigid body position. The computed magnitudes increased with greater
initial horizontal distance from the reference point, with decreasing rate of change toward

an apparent steady - state response associated with movement from a far - field initial
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position. The measured pore pressure distribution with lateral distance from the scour
axis was not accounted for in the two - dimensional analysis representation.
An assessment of the adequacy of analysis predictions based on consideration of

a single record was i iate due to the antici i error,

the influence of disturbance arising during installation, and the effects of arching and
stress concentration on the measured response. The analysis results did not provide
detailed correlation with individual transducer records in Test 05, as exhibited for similar
comparisons of computed and measured pore pressure values in Test 04. For some

transducers (Channels 05, 04, and O1), of

np and
measured peak magnitudes was evident for typical analysis reference points at x = 14.7
and 19.2 m, with slight over - prediction expected for simulation of an increased range
of horizontal movement. The analysis under - predicted measured peak magnitudes in
other instances (Channels 06, 07, and 02); although, computed pore pressures less than
test values were anticipated for a transducer (Channel 02) situated in the unsteady region
of scouring, near to the initial horizontal position in the physical model event.

In general, the under - prediction of experimental peak values in Test 05 was
associated with transducer locations at shallower depth, and the analysis results displayed
more uniformity of magnitude with changes in depth than the test records. The rates of
computed excess pore pressure development and dissipation during passage of the rigid
body were reasonably similar to measured responses for individual transducers. In the
analysis, peak magnitudes were realized at horizontal positions of the rigid body
preceding passage over the material point ( at negative values of horizontal distance

in Figure 6.21 ) and depended on the depth of the material point; in the experiment, the
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locations of peak magnitudes showed greater variability, partially auributable to

error in ination of the relative positions of model and

transducer during the event. The development of negative excess pore pressures, for

heavily over - consolidated conditions at shallow depth, was predicted qualitatively in the

analysis; however, associated magnitudes and pore suctions recorded by transducers at
greater depth were not adequately represented.

In comparison of computed values with Test 09 measurements some over -

prediction was expected, since the constant depth of scouring adopted in the analysis

exceeded the average equilibrium scour depth i in the i An overall

assessment of individual transducer records displayed reasonable correspondence of peak

with si ion of limited hori: in the analysis, and over -
prediction of experimental values for a more realistic increased range of horizontal
movement. The analysis indicated a relatively uniform distribution of peak pore pressure
magnitudes with changes in depth, and was unable to quantitatively represent observed

attenuation of measured peak responses with increased depth.

Interface Pressures

Figure 6.22 shows contact pressures for reference interface elements along the inclined
surface of the rigid body at the initial position (denoted EL 1005, 1006, 1007, and 1008
in Figure 6.17). The contact pressures are plotted versus horizontal position over the
complete range of movement during simulation of the event. The Test 05 / 09 reference
element responses were similar in character to the corresponding Test 04 analysis results;
however, greater magnitudes were predicted at both the inclined and horizontal bottom
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surfaces of the rigid body. The computed element normal stresses increased to peak
values with movement along the inclined surface, and decreased to minimum values with
subsequent movement along the horizontal surface; the transition to a loss of contact
hetween ihe element and rigid body was associated with an abrupt rise in pressure.
‘Test 05 inductive pressure transducer measurements at the inclined surface and horizontal
base of the model are also presented in Figure 6.22, where measured peak and average
pressures are superimposed on the test records. In addition, the peak and average
experimental values are shown plotted in relation to the reference element responses. The
average pressure magnitude at the horizontal base was less than 40 percent of the peak
pressure which acted at the inclined surface of the model. The comparison of average and
peak measured values with computed normal stresses indicated close correspondence with

test data acquired for both the inclined and horizontal surfaces.

Resultant Forces

Figure 6.23 displays the computed horizontal and vertical components of the resultant
force acting on the rigid body together with prototype forces scaled from the Test 05
and 09 measurements, which were presented in Figures 4.31 and 4.66, respectively.

Comparison between resultant force records for the modelling of models Tests 05 and 09

indicated with increased over the final portion of
the event, where similarity of the measured scour depths in both tests was greatest. The

analysis predicted increased magnitudes of both the horizontal and vertical resultant force

relative to ing Test 04 puted values, and this finding was
in accordance with the experimental results; however, the correlation of computed and
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measured resultant force records was less satisfactory for the Test 05 / 09 analysis. For
the horizontal component, the analysis results under - predicted the measured response
over the extent of movement simulated in the analysis. The difference in magnitude

hetween computed and measured hori forces was i 13 percent at the

final horizontal position. Extrapolation of the computed horizontal force record implied
reasonable agreement with the experimental results for an apparent steady - state scouring
condition associated with representation of an increased range of movement. For the

wvertical was obtained between computed and

measured values at the final horizontal position in the analysis, to within a difference of
about 5 percent. The analysis predicted a progressive increase of vertical force over the
simulated range of movement, without a marked tendency toward a constant magnitude
consistent with the experimental results.

The dissimilarity of computed and measured forces may be attributed in part to
specific limitations of the numerical representation. The analysis did not allow for the
additional forces developed as a result of the increased scour depth preceding the
establishment of an equilibrium vertical position and orientation of the model.
Furthermore, the effects of adhesion or friction acting at the sides of the model were

neglected, and this factor also il to under - iction of the test

The eventual divergence of computed and measured vertical forces was expected, with
ongoing build - up of frontal mound material, inherent to the two - dimensional
continuum idealization. The limited range of movement investigated in the analysis
provided adequate approximation of the measured effects of a steady - state scouring

condition i with continued however, for a clearing
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mechanism was required as part of the numerical representation, in order to form a
realistic simulation of the complete scouring episode.
‘The computed horizontal and vertical components of the resultant force are shown

plotted in Figure 6.23 for values of the soil / rigid surface friction angle of § = 2.9, 5.7,

and 8.5° ing to fricti i f u = 0.05, 0.10, and 0.15. The analysis
results displayed a comparable influence of changes in interface conditions ir relation to
the Test 04 investigation. The horizontal force component increased in magnitude and the
corresponding vertical component decreased as a result of the assumption of an increased
interface friction angle in the analysis, and divergence of the computed force records was
enhanced over a greater range of horizontal movement. A 2.8° increase of the interface
friction angle reduced the magnitude of the total resultant force by as much as 5 to
10 percent, at the completion of movement; the modest increase of frictior angle, relative
to the realistic low value adopted in the general Test 05 / 09 analysis, provided improved

correspondence of the computed and measured force responses.

Soil Deformation

Figure 6.24 shows the displaced finite element mesh configuration at the termination of

horizontal movement in the analysis, and the ing plot of soil

vectors. The computed di field exhibited istics in relation
to the corresponding Test 04 analysis results. The apparent discontinuity of displacements
between adjacent elements below the inclined rigid surface suggested improper behaviour
and some deficiency of the numerical representation at very large movement.

evidence of i recorded at indivi grid locations
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was presented in Figures SF.5 and 9F.5. The two - dimensional displacement field from
the analysis was qualitatively similar to the displaced configuration of the axial grid at
the final model position, depicted in Figures 4.35 and 4.70 for Tests 05 and 09,
respectively. In comparison with computed values, the measured region of large vertical
displacement extended to greater depth below the scour, attributable in part to vertical

of the model i with the of scouring.

Soil displacement vectors, plotted for different horizontal positions of the rigid
body during simulation of the event, also displayed similar patterns of movement in
comparison with the Test 04 analysis results. The computed displacement field was
characterized by a semi- circular region of large displacement, compatible with
downward or negative vertical displacement of a material point beneath the current
position of the inclined rigid surface, and positive vertical displacement at locations in
front of the rigid surface, associated with formation of a continuous frontal mound. The
region of large displacement extended below the scour depth, and the magnitude of both

and vertical of the di imini with increased depth.

The development of small (elastic) negative horizontal displacements below the scour
depth may be attributed to lateral extension which accompanied undrained compression
of elements beneath the rigid surface; cumulative displacement data for the Test 09 event
provided limited experimental evidence of similar backward - directed movements at
depth.

Figures 6.25 and 6.26 show contours of the horizontal and vertical components
of soil displacement plotted for analysis increments 50, 100, 150, and 202, corresponding

with rigid body horizontal movements of 3.0, 7.1, 9.9, and 12.8 m, respectively. The

389



contours of the horizontal component described a semi - circular region of large
displacement, and displayed decreased magnitudes with distance in front and below the
current position of the inclined rigid surface. The contours of the vertical component
defined two distinct regions of transient displacement depending on proximity to the rigid
body : a region of upward displacement related to heave of the free surface and frontal
mound formation, and; a region of i i with

compression beneath the advancing rigid body, with maximum value equal to the scour
depth. Although similar patterns of movement were exhibited in relation to results from
the Test 04 analysis, the predicted displacements were different in magnitude and extent,
as described below.

Contours of the equivalent plastic strain magnirude are displayed in Figure 6.27,
as computed for different increments of horizontal movement of the rigid body. The
development of a mechanism of general plastic failure or large deformation may be
inferred from the region of yielded elements and associated high magnitudes of plastic
strain during simulation of the event. In relation to the Test 04 analysis results, the
computed region of plastic straining was less extensive, and maximum plastic strain
magnitudes exceeded Test 04 values established over an identical range of rigid body
movement. A peak plastic strain magnitude of 106 percent was computed following
horizontal movement of 12.8 m, and values greater than approximately 15 percent were
apparent at a maximum depth on the order of 3.7 m or 3.1 scour depths below the base
of the scour. The region of plastic straining exhibited continued development with
increased movement throughout the simulation, toward a constant extenit representing an

apparent steady - state condition.
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“The computed and measured profiles of the horizontal and vertical components
of soil displacement are presented in Figures 6.28 and 6.29, respectively. The
experimental results represented the average of values derived from axial and lateral grid
measurements, as given in Figures 4.36 and 4.71 for Tests 05 and 09, respectively. The
test measurements were compared with the analysis results for reference Nodal Lines 33
and 39, at locations in front of the initial rigid body position, as shown in Figure 6.17.

Nodal Line 33 di values the ive response following

complete passage of the rigid body beyond the initial position, whereas Nodal Line 39
was situated below the horizontal base of the rigid body at the termination of movement

in the analysis. The increased dispi; i computed for indivil nodal

lines located at greater distance in front of the initial rigid body position may be

attzibuted to the i for inuity of the di field together with
continued build - up of the frontal mound, as imposed by constraints of the numerical

The i profiles included the effects of unloading and

associated elastic rebound, relevant to itions during di: in

the experiment. The small (elastic) backward - directed or negative horizontal
displacements, computed at depth below the scour, were recovered with the allowance
for rebound.

Comparison between displacement profiles for the modelling of models Test 05

and 09 indicated with notable variation of

recorded magnitudes of the vertical displacement component between tests. The
differences in the computed responses for the Test 04 and 05 / 09 events represented the

effects of a reduction in scour depth and a decreased range of movement, in addition to
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the prescribed change of the initial soil state. The computed maximum displacement
magnitudes and the depth of the region of large horizontal displacement were reduced in
relation to the corresponding Test 04 analysis results, and these findings were in
agreement with the experimental trends. The analysis results also exhibited diminished
extent of the region of large vertical displacement, in contrast with an increased depth

of influence inferred from test measurements.

The computed profiles of the hori: of di for reference
Nodal Lines 33 and 39 are compared with the experimental records for Test 05 and 09
in Figure 6.28. The maximum horizontal displacement, equal to 1.12m for Nodal
Line 33 (interpolated at a depth below base = 0.1 m), was in reasonable agreement with
values of 1.29 and 1.08 m scaled from the Test 05 and 09 measurements. The results for

Nodal Line 39, at greater distance in front of the initial rigid body position, displayed

increased hori: it and implied di from an equilibrium displaced
with si ion of continued in the analysis. The depth of a
region of ted large hori: i below the base of the scour (assessed

for a lower bound displacement magnitude of 0.2 m) ranged from 1.83 10 2.80 m bascd
on the results for Nodal Lines 33 and 39, respectively. The analysis nsull:s were
compared with measured values of 2.9 m in Test 05 and 2.78 m in Test 09, or
approximately 2.5 scour depths; the correlation between computed and measured depths
improved with numerical representation of an increased range of movement.

The computed profiles of the vertical component of displacement for reference
Nodal Lines 33 and 39 are compared with the experimental records for Test 05 and 09

in Figure 6.29. The analysis results displayed less gradual attenuation of vertical
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displacement with depth below the base of the scour, and under - predicted test
measurements over the complete range of depths considered. The computed maximum
vertical displacement of 0.61 m (interpolated at a depth below base = 0.1 m) was lower
than the corresponding values of 0.88 and 0.68 m scaled from the Test 05 and 09

measurements. The region of large vertical di extended to a

computed depth below the scour base of 1.88m (assessed for a lower bound
displacement magnitude of 0.2 m) which substantially under - predicted the depth of
influence inferred from the experimental evidence. The measured profiles of vertical
displacement represented an apparent upper bound for tests in the experimental
programme, and were deemed less reliable due to the variation between Test 05 and 09
results, and differences in data acquired from the individual grids. The computed vertical

were to minimum values scaled from the test

measurements.

Analyses were performed to study the effects of changes in the soil / rigid surface
friction angle over the range of values § = 2.9, 5.7, and 8.5° corresponding to friction
coefficients of x = 0.05, 0.10, and 0.15. Similar to results of the Test 04 investigation

of interface it the computed hori and vertical of di:

decreased with specification of higher values of the friction angle, except at material
points immediately adjacent to the base of the scour. An increase of the friction angle of

2.8° resulted in i i in the di i on the order of

0.1 m for near surface positions, based on representation of a consistent range of
horizontal movement of 12.8 m in the analysis. The trend of the results suggested

modestly improved correlation, between the computed displacements for Nodal Line 33
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and the test measurements, with use of a realistic low value of the friction angle, as

adopted in the Test 05 / 09 analysis.

6.4 Soil Deformation

6.4.1 Numerical Validation

Practical Limitations

The requirement to represent large movements relevant to the physical model imposed
practical constraints on implementation of the analysis and discretization of the soil
domain. Severe element distortion restricted the range of movement over which
convergence was attained, and limited allowable mesh refinement in the vicinity of the
rigid body. Adaptive mesh rezoning algorithms may be introduced to provide more
detailed and accurate information in the region of high strain gradients adjacent to the
rigid body. For two - dimensional undrained deformation, volume loss in the scour path
must be partially accommodated through continued upward displacement ahead of the
advancing rigid body. Without allowance for a lateral clearing mechanism, a stable

configuration of the frontal mound could not be established in the analysis, and

of the i i field was anticij with
The measured steady - state response was therefore approximated by the cumulative
displacement which followed complete passage beyond a material point situated in front
of the initial rigid body position, and which corresponded with the development of a

realistic configuration of the frontal mound.
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Analysis of Scour Tests

Comparison between the Test 04 experimental data and responses computed through

simulation of the corresponding prototype scouring event, established the viability of the

numerical ion. The analysis results exhibited
with the measured effects of scouring, including excess pore pressures, resultant forces,
and soil displacements. The correspondence between computed and measured values
indicated that realistic approximations of steady - state conditions may be obtained
without requirement to represent the complete range of horizontal movement in the
analysis. The analysis allowed for progressive development of soil failure with continued
movement: from the initial elastic response to yield and piastic deformation contained by
surrounding elastic regions, followed by very large deformation in regions of unrestricted
plastic flow. The soil response was characterized by a semi - circular region of large
displacement which extended from the base of the rigid body to the free surface, and
encompassed positions beneath the scour depth. The region defined a pattern of
displacement and did not represent a physical condition of shear separation or
discontinuity; the computed displacement magnitudes attenuated with distance in front of
and below the current rigid body position, without evidence of localized shear distortion
associated with formation of distinct rupture planes.

The development of a localized soil deformation response which represented a
physical discontinuity was restricted by the relatively coarse discretization which was
adopted in the numerical analysis. In addition, the tendency for near surface soil elements

to undergo softening upon shear was partially suppressed by drainage conditions which
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limited the allowable volume change during the event. The variation of cumulative soil
displacements with depth computed for reference nodal lines in the analysis provided
reasonable predictions of measured values; the computed profiles were not attributed to
an explicit mechanism of shear dragging adjacent to a rupture plane or rigid body sliding
relative to the soil.

The Test 05 / 09 analysis permitted an assessment of the influence of a change
in the initial state of the soil; although, the results also represented the effects of changes
to other variables, including the scour depth and the range of horizontal movement, in
relation to the Test 04 analysis. The correlation of computed and measured values was
less satisfactory for the Test 05 / 09 analysis, which indicated some deficiency of the

numerical representation in addition to anticij i ies. The

analysis defined an increased depth of soil at heavily overconsolidated initial states,
associated with contraction of the yield surface and strain softening behaviour. The
analysis results displayed increased magnitudes of cumulative shear strain and reduction
in extent of the region of large displacement, in comparison with Test 04 computed
values. The greater localization of response was consistent with an increased number of
soil elements which experienced softening toward critical states under continued

deformation throughout the event; strain softening behaviour was associated with

ofa ion of ion in regions which had become weaker by
comparison with the surrounding soil. In contrast, soil which underwent plastic
'olumetric compression and hardening, allowed for increased transmission of stresses and

distribution of deformation over a greater depth of influence.



Compressible and Brittle Soil Events

In prediction of the effects of scouring, two general classes of event may be distinguished
in accordance with the regimes of soil behaviour defined through concepts of critical state
theory : (1) Compressible behaviour with stable yielding of initially loose or lightly
overconsolidated materials on the wet side of critical state, and; (2) Brittle behaviour with
rupture of initially dense or heavily overconsolidated materials on the dry side of critical
state. In the compressible or wet state, an event may be characterized by continuum
distortion or flow, where loss of material in the scour path is accommodated primarily
through compressive deformation beneath the incision; distinct rupture planes are not
formed and cumulative soil displacements attenuate with increased distance from the rigid
body. In contrast, where brittle or dry behaviour represents the dominant mode of soil
response, an event may be characterized by formation of a succession of rupture planes
which develop from the base of the rigid body to the free surface in a repeating pattern,
with related periodic variation of the resultant forces; in this instance, the bulk of
material loss in the scour path may be accounted for through progressive lateral clearing
of blocks of soil separated from the continuum, associated with the creation of
discontinuous berm features at the sides of the scour incision.

The present study provided evidence of the applicability of the adopted numerical
representation to the deformation of soft clay under essentially undrained scouring
conditions, in which the integrated effect of eleinient responses described an event
dominated by compressible soil behaviour. The analysis was not applied to investigate
brittle soil events, for which the development of rupture planes may be expected to
invalidate the numerical representation, without specific allowance made to address the
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effects of discontinuities. C i ination of the Test 04 and 05 / 09 analyses
displayed dependency of the depth of the region of large displacement on soil behaviour,
which was altered with the imposed stress history or initial state. Compressible soil
events were associated with development of a relatively extensive region of large
displacement, with greater stresses being transmitted through strain hardened material;
this range of soil behaviour may, therefore, represent a limiting condition for which the
evaluation of sub - scour effects was most relevant to ensure pipeline burial at sufficient
depth below a region of large displacement. In contrast, brittle soil events, with strain
softening beyond peak stresses, involved the concentration of intense shearing and
volume change in very thin regions of material, and large sub - scour soil displacement
was expected to be relatively localized for this range of soil behaviour.

‘The assessment of previous analytical investigations of mechanisms of failure
developed during scouring events ( see Chapter 1) indicated that, for horizontally
moving ice features, rupture planes were not expected to extend below the depth of
scouring, with the exception of strongly dilatant soils, for which minor sub - scour
disturbance was predicted. The available experimental evidence displayed cumulative
displacements at positions below the depth of rupture planes defined through the analysis
of failure mechanisms. For brittle soil events, shearing may be expected to occur almost
solely on the rupture planes, with eventual deformation at constant volume and constant
mobilized friction under continued relative motion toward critical states. An additional
region of large (plastic) soil displacement may be attributed to dragging deformations of
soil immediately beneath the rupture planes or adjacent to the rigid body sliding relative

to the soil; however, the softening response of the neighbouring initially dense or heavily
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overconsolidated soil may also be expected to inhibit the extent of a region of large

dragging di as further ion would remain concentrated in the

weakened soil.

6.4.2 Effects of Parameters

Initial State and Stress Paths

In the present study, the i ion was not i toi igate the

complete range of parameters which defined the effects of a scouring event. In addition,
evaluation of the influence of parameters through direct comparison of the results of tests
in the experimental programme, was hindered by the small number of tests performed,
and by permitted variation in individual tests. Section 6.4.1 discussed the effects of initial
state on the depth of the region of large scour - induced soil deformation, with
comparison of the Test 04 and 05 / 09 computed values. The measured displacement
profiles were inconsistent with the analysis results, in consideration of the relatively
extensive region of large vertical displacement recorded for Tests 05 and 09; however,
the variation in measured magnitudes of vertical displacement suggested that results
presented were representative of extreme values and may be associated with unsteady
conditions.

The mode of deformation and failure was not defined exclusively by the stress
history or initial state of the soil; the expected response was also dependent on the total
stress paths (drained or undrained) applied during the event. The influence of the stress

path may be illustrated by considering an element of dense or heavily overconsolidated
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soil, with initial state on the dry side of critical, situated in front of the initial position
of the rigid body or ice keel. If passage of the keel imposed loading which involved
increased deviatoric or shear stress at constant mean normal stress, the element would
exhibit brittle soil behaviour, with strong tendency to soften and gencrate dilatant
ruptures; however, if a large increase of mean normal stress was applied more rapidly
than the corresponding deviatoric component, the stress path may reach failure on the wet
side of critical, and the element would then display compressible behaviour, associated
with hardening and continuum distortion. The effects of parametric variations on the soil
deformation developed during scouring may, therefore, be evaluated qualitatively in
accordance with anticipated changes to stress paths, which describe the relationship

between mean normal and deviatoric components of stress under the applied loading.

Drainage Conditions

In the present experimental programme, Test 06 provided the most striking evidence of

the contrast between the mode of soil deformation and failure exhibited for brittle soil

events, in relation to events i by ible soil jour. The input
conditions for Test 06 were identical to those for the Test 05 baseline event, with the
exception of the imposed stress history, which defined a more heavily overconsolidated

initial soil state. due to j ion, Test 06 involved a

substantially reduced scouring velocity which, together with the enhanced rate of
dissipation in the model, implied that the event represented fully or partially drained
conditions. The Test 06 scour was characterized by extensive loose or discontinuous
berm material, and a large amount of surcharge was built - up at the front and sides of
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the ing model. C ison of the ive di profiles for Tests 05

and 06 (shown in Figures 4.36 and 4.45) served to illustrate dissimilarities in the

measured effects of scouring. In Test 06, the i of the hori; of
displacement was very large at positions above or immediately beneath the scour base,
but movements were limited to a shallow or localized region. The magnitude of the
vertical component of displacement was small or negligible at all sub - scour depths. The
loss of material in the scour path was therefore accommodated through frontal mound
development and subsequent lateral clearing to discontinuous berm features, rather than
by compressive deformation below the incision.

The drained soil conditions in Test 06 allowed for dissipation of excess pore

suction by the mechanism of transient flow of pore water, which led to softening and

of ion in a narrow region of weakened soil. The

influence of drainage iti also offered an ion for the relative similarity

of measured displacement patterns for other tests in the experimental programme, which
indicated dominant compressible soil behaviour, despite differences in the initial soil
state. For the essentially undrained conditions which were relevant in the majority of
tests, the dissipation of negative excess pore pressures was restricted, such that softening
behaviour and localization of the soil response in a near surface region was partially
inhibited. The suppression of softening was apparent in consideration of the computed
clement deviatoric stress - strain responses for Test 04 and 05 / 09 analyses, shown in
Figures 6.2 and 6.18, respectively. In practice, relatively compressible soil behaviour
may therefore represent the most prevalent response during scouring in clay, where full -

scale field conditions may be expected to be undrained for most conceivable events.
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However, it should also be noted that, for events which are nominally undraired. in the
sense that the overall volume does not change, there may still be local drainage of pore
water from the surrounding soil, which may facilitate softening and development of thin
zones of shearing or rupture planes.

Test 08 provided further substantiation of the influence of drainage conditions on
soil behaviour and the effects of scouring. The displacement patierns in this test were
comparable to those measured in Test 06 and both tests involved a significant reduction
in the rate of model movement, which allowed for dissipation of negative excess pore
pressures during the event. In addition, an increase of the interface friction angle or
adhesion with decreased strain rate, may have represented a contributing factor o the
localization of response which was exhibited in both tests. The effects of changes to
interface conditions were investigated as part of the Test 04 and 05 / 09 analyses, and

it was found that computed hori and vertical of di decreased

with specification of higher values of the interface friction angle, as illustrated in

Figures 6.15 and 6.16, respectively.

Artack Angle

For brittle soil behaviour, previous analyses have suggested that rupture planes were
unlikely to extend far below the depth of scouring, and this conclusion was unaffected

by changes to the angle of attack; although, boundary wedges or dead zones of soil were

required blish ibility with modification to the interface geometry. The effect
of decreasing the attack angle was also to induce high or rapidly increasing mean normal

stresses as the rigid body or ice keel a blunt i i 10a

410



field scouring event. Therefore, while the initial soil state may define a dense or heavily
overconsolidated condition, the large spherical pressures generated at low attack angles
may be sufficient to direct the stress path to failure on the wet side of critical states, with
resulting plastic compression of the soil. In contrast, rupture and fracture may represent
the dominant mode of deformation and failure during soil cutting at low effective stress
levels with sharp or positively - raked implements.

For compressible soil behaviour, decreasing the attack angle altered the pattern
and extent of the expected deformation. A blunt interface geometry induced greater
vertical stresses during a scouring event, with corresponding increased vertical strains
and displacements. In Test 08, the attack angle of the model iceberg was increased to

25 degrees, and resulting measured vertical di were small or igible, and

large horizontal displacements were limited to a relatively shallow sub - scour region.
‘The influence of a change to the angle of attack was not isolated, however, and the
results of this test also reflected the effects of a substantially reduced rate of model

advance, and a greater scour depth in relation to baseline conditions.

Scour Depth

The boundary conditions which served to define the two - dimensional representation of
scouring included the scour depth in addition to the angle of attack. The analysis of
failure mechanisms proposed for brittle soil events implied that the expected extent of
rupture planes beneath the scour base was insensitive to changes to both parameters. As
with reduction of the attack angle, the effect of increasing the scour depth was to
generate additional mean normal stresses which may induce compressible soil behaviour
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for initial states on the dry side of critical. In this manner the influence of both
parameters may be expected to be interdependent, in that a limiting condition for which
the dominant mode of soil deformation and failure changes from brittle to compressive,
for a given initial state, may be described as a function of both the attack angle and the
depth of scouring.

The scour depth also influenced the expected soil response indirectly, as increased
depths were related to decreased initial vertical effective stresses, such that soil within

the region of influence of the event, more lightly i initial

states i with plastic ion. For soil behaviour, the pattern

and extent of soil deformation was dependent upon the scour depth. as the intensity of
vertical stresses induced during scouring was increased for greater scour depths, leading
to increased vertical strains and displacements. In addition, increased spherical pressures
resulted in compression and hardening for soil elements below the scour and allowed for
greater transmission of stresses, which facilitated distribution of deformation over a
greater depth. The assessment of the influence of scour depth through direct comparison
of the results of tests in the cxperimental programme was not possible; however,
measurements in individual tests displayed decreased magnitude and extent of
displacement for grid locations near to the end of the scour path, associated with a

reduced depth of scouring at steady conditions.

Scour Width

For brittle soil behaviour, analytical descriptions of three - dimensional scouring
mechanisms for narrow ice features are not available, and limited information exists by
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which to define the expected lateral and vertical extent of rupture planes in exceptional
cases where plane strain assumptions are invalidated. For events in which compressible

soil behaviour is dominant, decreasing the scour” }vidlh may be expected to diminish the

extent of the induced stresses and ing strains and di below the

scour. The attenuation of stresses with depth is more gradual for events which involve

high scour width / depth ratios priate to two - di i P! ions of the

field scouring process. The relatively greater depths required to realize the same
reduction in stresses may be attributed to the reduced capacity for lateral distribution of
the applied loads during an event : only one lateral dimension is available for large
widths associated with plane strain conditions whereas, by contrast, stresses developed
beneath a narrow ice keel are permitted to spread out symmetrically over the horizontal
planes.

The reasonable agreement obtained between experimental data and analysis results

in Test 04 provided support for a two - di it numerical

as typical field scouring geometries may be expected to involve greater width / depth

ratios than those i i in the i The analysis was,

however, unable to account for edge effects due to observed near - surface lateral
displacements, as well as possible dissipation of lateral sub - scour movement over an
extensive area. Test 07 was intended to permit an assessment of the influence of width
on the effects of scour, and input conditions were altered from the Test 05 baseline case
with reduction of the scour width by half. Comparison of the distribution of measured
displacements with depth for Tests 05 and 07 (shown in Figures 4.36 and 4.53) displayed

similar profiles of horizontal displacement; however, in Test 07, the extent and
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magnitude of the vertical displacement were decreased substantially. Measured
displacement patterns also exhibited large lateral movements in the plane perpendicular
to the direction of travel; although, these movements were partially attributed to lateral

inclination or tilt of the model during the scouring event.

Vertical Stiffness

‘Whereas the vertical (hydrostatic) stiffness of the rigid body or ice feature :ﬂeclnd its
overall motion and stability for unsteady conditions at the inception of an l:vuml. the
influence of vertical stiffness on the effects of scouring at an equilibrium depth and
orientation may be expected to be negligible, over the range of stiffness conditions
considered plausible for a full - sized iceberg or pressure ridge. The foremost effect of
a change in the vertical stiffness was, therefore, to alter the boundary conditions of scour
depth and angle of attack during the establishment of steady - state conditions. Test 02
provided limited experimental evidence of soil - structure interaction effects during
scouring, with uplift response related to increased soil stiffness in the vicinity of a model
pipeline trench; however, comparable behaviour was not apparent in remaining tests,
where the model iceberg was modified to address the concern of unrealistic vertical
stiffness.

Soil Type

In the present study, the effects of scouring were investigated in Speswhite kaolin clay,
and experimental data were not acquired for soil of dissimilar type and mineralogy.
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However, the behaviour of sand may also be fitted into the critical state framework
which served to distinguish compressible and brittle soil events for clay. Inferences may,
therefore, be drawn concerning the expected modes of deformation and failure, with
consideration of similarity between the behaviour of loose sand and that of normally or
lightly overconsolidated clay, and between that of dense sand and heavily
overconsolidated clay. While the pattern of behaviour of sand is similar to that of clay,
there are differences of degree, and except for situations in which mean normal stresses
are very high, or the sand is unusually loose, the consolidation characteristics are much
less important. The behaviour of sand is influenced most of all by its initial specific
volume, The majority of sands are deposited in states which are denser than critical and,
at low or modest stresses, behave as though they were heavily overconsolidated,
irrespective of their stress history; although, some deposits may be sufficiently loose to
compress upon shearing. Most commonly, therefore, sands may be expected to exhibit

brittle soil behaviour during scouring, characterized by strain softening and localization

of it i with the P! of dilatant ruptures. The applicability
of the continuum numerical representation is limited in such circumstances, without

modification of the method of analysis to account for effects of discontinuous behaviour.

6.4.3 Summary of Experimental Data

Figures 6.30 and 6.31 present a summary of the test measurements of scour - induced

soil di in which i of the hori: and vertical are

plotted against depth below the base of the scour. For compressible soil events, greater
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peak values of the horizontal component were recorded at the scour base: however, large
horizontal displacements were limited to shallower extent, as vertical displacements
attenuated more gradually with depth below the scour base. Where brittle soil behaviour
was dominant, as exhibited in Test 06 and, to a lesser degree, in Test 08, the response
was characterized by an intense region of very large horizontal displacements
immediaiely beneath the incision, together with small or negligible vertical displacement
at all measured sub - scour positions. The experimental results displayed considerable
variation, attributable to the effects of changes in the initial soil state, and to differences
in stress paths during an event, which resulted from changes to boundary conditions such
as the scour depth and the angle of attack. Scatter of the data may also be ascribed to

measurement inaccuracies and variation in the grid measurements made in cach test. In

the Test 01 hori; i profile appeared to overestimate actual
soil movements as a result of the limiting accuracy of the manual measurement
techniques employed. Similarly, the variation in measured magnitudes of vertical
displacement in Tests 05 and 09 indicated that the results presented were representative
of extreme values for these events, related to unsteady scouring conditions.

The region of large sub - scour di: was defined i for

individual scouring events by ification of the maxil value i i below the
scour base (interpolated at depth of 0.1 m below the scour base) together with the
limiting depth, below which displacement magnitudes less than a lower bound of 0.2 m
were measured. A summary of results from the experimental programme is presented in

Table 6.2. The itude of the hori of di at the scour base

ranged from 0.5 to 3.4 m, and averaged 1.6 m for all test measurements. The extreme
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Table 6.2 i and vertical di: il at scour base and limiting
depihs below scour base - summary of results from experimental programme

Scour Test Horizontal component of Vertical component of
sub - scour displacement sub - scour displacement
magnitude at limiting depth | magnitude at limiting depth
scour base * below base ** scour base * below base **
o1 1.0 2.5 04 L1
02 0.5 14 0.5 17
04 L5 31 0.9 32
05 13 3.0 0.9 6.2
06 34 2.0 0.1 0.0
07 L5 23 0.6 L5
2.8 2.8 04 0.7
1.1 28 0.7 4.2

3 magnitude (m) at depth below scour base = 0.1 m

bid depth (m) at lower bound displacement magnitude = 0.2 m
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values of the limiting depth of the region of large horizontal displacement were 1.4 and
3.1'm, with an average extent of 2.5 m, corresponding with a normalized value of

2.5 scour depths. The i of the vertical of di at the scour

base ranged from 0.1 to 0.9 m, and averaged 0.6 m for all test measurements. The
extreme values of the limiting depth of the region of large vertical displacement were 0.0
and 6.2 m, with an average extent of 2.3 m, corresponding with a normalized value of
2.3 scour depths. The average values may be considered relevant to compressible soil
events for the particular soil type and states influenced by the range of parameters
investigated in the present study. In contrast, for events which involved predominantly
brittle soil behaviour, measured vertical sub - scour displacement was negligible, and the
extent of the region of large horizontal displacement may be limited to less than
1.4 scour depths. The values quantifying a limiting depth of the region of large

displacement were sensitive to the selected lower bound magnitude; the appropriate zero

was on pipeline discussed in Section 6.5. In addition,
inaccuracies may be expected due to interpolation between grid measurements, which
were available for approximate one metre depth intervals at prototype scale.
6.5 Implications for Pipelines
6.5.1 Model Pipeline Results

The experimental programme allowed for limited direct observation of the effects of

scouring on buried model pipeline segments. The scaling relationships were detailed in

Section 2.4.3, and Chapter 3 provided i i ining to model istics and
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T of the ion included the following : finite
segment lengths with unknown end fixities; lack of operational internal pressure or
temperature; thickness to diameter ratio which exceeded that of typical prototype
geometries, and; material yield stress lower than that of commonly employed pipeline
steels. These limitations suggested that measured deformations were unlikely to represent
the detailed response of a typical full - scale marine pipeline. Instead, the models
provided general indication of the sub - scour depths at which permanent distress of a
pipeline may be induced by the effects of scouring. As indicated in Chapter 4, the nature
of the distress exhibited varied from minor plastic bending in most instances, to more
significant measured horizontal and vertical curvature. Model pipeline segments in the
scour path experienced local denting and severe plastic bending to positions below the
scour; however, the development of buckling failure and rupture or loss of integrity was
inhibited by the high thickness to diameter ratio of the pipeline geometries investigated.

‘Table 6.3 provides a summary of model pipeline performance in the experimental
programme, given as a listing of the depths for which a segment was found to be
plastically deformed, and the depths for which a segment was not permanently affected
by the scouring event. Two general results were evident : (1) permanent distress was
displayed for some model pipelines which were initially situated at depths below the
scour base, and; (2)in some instances, model pipelines subjected to large soil
displacement below the scour base did not exhibit any measurable deformation. The first
result was consistent with the requirement to address sub - scour soil displacement in a
rational pipeline design methodology. An implication of the second result was that it may

be possible to establish safe designs for pipelines buried within a region of large (plastic)

421



Table 6.3 Model pipeline performance for different initial depths of segments below base

of scour - summary of results from experimental programme

Scour Test Model pipeline deformed Model pipeline unaffected

during scouring event during scouring event
Initial depth of segment Initial depth of segment
below scour base (m) below scour base (m)

01 0.1 1.1,32,45

02 0.0,0.2

04 0.0,06

05 06, L5

06 04,13

07 0.6

08 -03

09 15,22

soil displacement below the depth of scouring, as may also be necessary to ensure an

economically viable solution.

6.5.2 Design Methodology

The primary objective of the present study was the development of models which would
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allow for the evaluation of soil deformation due to ice scouring, and the relationship

between ical and i physical in support of this objective, was
depicted schematically in Figure 5.1. As illustrated in Section 6.5.1, large sub - scour
soil deformations transmit loading to a buried pipeline which is stiffer or more rigid than
the soil in which it is embedded. The soil - pipeline interaction must therefore be
addressed in order to facilitate prediction of the pipeline response to loading imposed by
soil movement, such that safe burial depths may be established in accordance with
conventional design criteria. To this end, the numerical representation adopted in the
present study may be extended to incorporate a model of the pipeline; however, the
inherent complexity of a three - dimensional finite element analysis of the complete ice -
soil - pipeline interaction, including a realistic model of the nonlinear bending of an
internally - pressured pipeline, may be expected to restrict practical implementation of

such an approach. A i the free field di derived from numerical

simulation of the ice - soil interaction, may serve as input conditions for an independent

analysis of the soil - pipeline il ion. The p and verification of an
engineering model of this type was recently described as part of a parallel study on the

effects of ice scouring on buried pipelines (C - CORE, 1995). Some of the results of this

hich the practical i ion of the design

implicit in the present study, are presented here for completeness.

Soil - Pipeline Interaction

An existing model of soil - pipeline interaction ( PIPSOL ), previously applied in
simulation of the effects of differential ground movements such as frost heave and thaw
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settlement (Nixon et al., 1984). was adapted for use in the analysis of the pipeline
response 1o ice scour - induced soil deformation. The PIPSOL mode! (Nixon, 1994) is
a numerical extension of the Winkler solution for an elastic beam on a spring foundation,
in which the pipeline is represented as a nonlinear, axially loaded beam - colur:n, and
the soil is idealized as an elastic - plastic material. A nonlincar moment - bending strain
relationship is used to simulate the response of the pipeline, with consideration of the
biaxial stress state imposed by internal pressure. The analysis provides information on
pipeline deformation in bending, axial extension, and ovalization.

Figure 6.32 illustrates the sequence of steps involved in implementation of the
engineering model. These procedures may be embedded in an overall risk asscssment

based on seabed scour data and ice envi i ion for the ibed pipeline

route, in order to address the following two conditions : (1) the probability that a
particular ice keel will intersect the route during the time interval of interest, and; (2) for
a given ice keel - pipeline encounter, the probability that any imposed pipeline distress
will exceed design requirements for serviceability or ultimate limit states. For a given
scouring event, the distribution of free field soil displacements in the vicinity of the
pipeline may be defined based on information from separate numerical analyses of the
ice - soil interaction, or derived directly from empirical evidence, where available.
Loads are imparted to the pipeline by relative motion between the pipeline and
the surrounding soil, as will occur when the soil restricts the free movement of the
pipeline or when the pipeline attempts to resist the movement of adjacent soil. This
behaviour is characterized through soil resistance functions, which describe the

relationship between the load per unit length of the pipeline and the relative displacement

424



P AL T

\L

O NI

Tt A RN L

B oI et ion

GEABED SOIL PHOPERTIES
I1: PIPELINE VICINITY

PIPELINE DIMENSIONS
AND MATERIAL TYPE

|

BERBAIO 1 FREE

FHDOIL UISPLACEMENT!

LOAD - DISPLACEMENT
5 HONLINEAR RELATIONSHIPS

OPERATING TEMPERATURE
AND INTERNAL PRESSURE

SOIL - PIPELINE
INTERACTION ANALYSIS

CHECK DESIGN CRITERIA
PIPELINE STRAIN LIMITS

VARY BURIAL DEPTA AND

PIPELINE CHARACTERISTICS

OPTIMIZE PIPELINE DESIGN
FOR GIVEN SOIL CONDITION

Figure 6.32 of p olved in
model of ice - soil - pipeline interaction ( modified after C - CORE, 1995 )

0

inve

425




between pipeline and soil. The nonlinear load - displacement relationships, also known

as p - y curves, may be obtained based on i soil it incij in

with the i provided in ASCE (1984) or other accepted
industry guidelines. The final input conditions required for the analysis are the pipeline
characteristics, which include the section dimensions and material type, as well as the
temperature and internal pressure of the pipeline during operation. An advantage of an
independent model of the soil - pipeline interaction, is to allow a series of simulations
to be conducted in a rapid and computationally efficient manner, for a particular
distribution of free field soil displacements. Several analyses may be performed in which
the pipeline structural features and burial depth are varied, in order to optimize the
design, with consideration of strain limits or other design criteria established for the

pipeline section.

Verification of Engineering Model

An example investigation was carried out to demonstrate the procedures involved in
implementation of the engineering model, and to illustrate the effects of changes to scour
parameters on the predicted pipeline performance (C - CORE, 1995). Partial numerical
verification of the model, for use in the study of ice scouring effects on buried pipelines,
was also obtained through comparison of analysis results with data acquired in the
present experimental programme. The analysis was conducted to predict the measured
pipeline response in Test 04, where segments at two different burial depths suffered

permanent distress as a result of the effects of the scouring event. The performance of
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the model pipeline segment at greater depth, with an initial soil cover of 21 mm (0.6 m
below the scour base at prototype scale), was simulated.

‘The lateral and vertical distributions of the free field soil displacements, specified
as input conditions for the analysis, were derived from the experimental records
presented in Section 4.3.4 and Appendix A. The measured soil displacements represented
cumulative values following complete passage of the rigid body or ice keel. The
maximum transient displacements during the scouring event were approximated as upper
bounds for the complete data set acquired from the grid measurements. The nonlinear
load - displacement relationships were based on the ASCE (1984) recommendations for
soft to medium clays, where the peak load was derived from bearing capacity theory
using the soil undrained shear strength at the model pipeline elevation and the interaction
factor suggested by Rizkalla et al. (1992). A surcharge term was added to the bearing
capacity equation to account for the high vertical stress imposed by the ice keel, such that
calculated peak loads varied with lateral distance along the pipeline axis. The moment -
bending strain relationship for the pipeline was estimated using a hyperbolic uniaxial
stress - strain curve (Nixon, 1994). Since the experimental pipeline displacements were
measured following unloading at the completion of the event, it was necessary to evaluate

the relaxed strains and the i i with for elastic

rebound of the pipeline to zero bending moment.

Some aspects of the simulated pipeline response showed reasonable agreement

with the i results, in i ion of the i to estimate input
conditions from end of test measurements. Figure 6.33 shows a comparison of the

predicted and measured displaced configuration for the pipeline. The predicted pipeline
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displacements were similar in magnitude to the measured pipeline displacements. The
pipeline was deformed with the soil beneath the ice keel, and was restrained in the
transverse direction by the soil outside of the scour path. With allowance for elastic
rebound following unloading, the analysis predicted a high degree of straining in the
central portion of the pipeline, with relaxation to a relatively uniform profile toward the
ends of the segment. The measured pipeline displacements were smoother and more
dispersed than the predicted values, which displayed a more pronounced plastic hinge
development. The predicted displaced pipeline configuration also exhibited a slight
reverse curvature adjacent to the edges of the scour path, which was not apparent from
test measurements.

To allow for comparison with the analysis results, pipeline bending strains were

as the second derivative of the measured pipeline di This approach
was anticipated to introduce significant error, due to the central differencing procedure
and the limiting accuracy of the test measurements. In Figure 6.33, the predicted pipeline
bending strains are shown plotted against distance along the pipelinc axis, together with
values derived from the measured pipeline displacements. The predicted bending strains
at the centre of the segment were much greater in magnitude than the corresponding
experimental results, as may be partially attributed to insufficient measurement precision

to permit resolution of peak values at this location.
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Chapter 7

Summary and Recommendations

7.1 Introduction

The scouring of seabed sediments by a moving body of ice is a common occurrence
throughout the continental shelf regions of the Arctic Ocean, the Canadian east coast, and
other potential production areas for offshore hydrocarbon reserves. The effects of this
phenomenon represent a critical design consideration for oil and gas pipelines planned
to traverse these regions of active scouring. It has been determined that it is unlikely that
an unprotected pipeline could safely withstand the large forces imposed through direct
ice contact, and burial at sufficient depth to avoid this circumstance is essential.
Importantly, however, large scour - induced soil deformation may also transmit loading
to a pipeline buried below the maximum depth of ice intrusion, causing permanent

distress which may render the structure unsafe or unserviceable. A rational pipeline

design must therefore i a ical model which provides
reliable itati ictions of the soil di: generated during ice scouring.
ing definition of the soil di field, the pipeline response to the scouring

event may be evaluated through adapted procedures of soil - pipeline interaction analysis.



7.2 Physical Modelling

A programme of centrifuge model tests was undertaken to provide data on the effects of

ice scouring, for well - defined events representative of relevant field situations, in

support of the Jt and verification of a realistic ical model of the ice -
soil interaction. Model design criteria or similarity requirements were satisfied such that
the important physical aspects of the prototype were reproduced at specified scales. Use
of the centrifuge ensured that effective stresses and pore fluid pressures in the small scale

models were equi with ing full scale it as required to allow for

dependency of the mechanical behaviour of soil on the overall stress state.
Ice scouring is a complex phenomenon, and a variety of event scenarios may be

d ing upon the i driving forces which are acting, the

characterisucs of the ice feature, and the soil type and state. The assessment of field
evidence provided a basis for the development of an appropriate physical model
idealization. For modelling purposes, it was assumed that the ice feature moved
horizontally through a uniform level seabed at constant velocity, and motion during the
event was not limited by the available driving forces. Initial uplift and rotational
movements were permitted prior to the achievement of steady - state conditions. The ice
feature was represented by a rigid body, and the shape of the keel was chosen to reflect

the equilibrium geometry, established following expected modification over the initial

stages of the prototype event. The soil type i igs was.
kaolin clay; the stress history of the soil was prescribed to establish particular initial

stress states, with general reference to properties of the surficial Unit A sequence of
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Beaufort Sea clays, to ensure that the range of strength and stiffness modelled was
relevant in practice.

Test apparatus and experimental mcthods were developed or adapted to simulate
the idealized scouring condition, including definition of the soil stress history through

laboratory preparation, establishment of the correct current effective stress levels in -

flight on the i and i ion of the prototype perturbation and

associated stress paths. The equij and i ion also allowed for

of the imposed conditions and external model responses, to ensure well - defined cvents
which were amenable to subsequent analysis. The test measurements were intended to
provide information on the contact pressures and resultant forces acting on the model ice
feature, the pore water pressure changes within the soil, the scour - induced soil
displacement field, and the post - event displaced configuration of model pipeline
segments.

A total of nine tests was conducted, excluding proof tests which were carried out
to evaluate the equipment design and system performance. In each test, a unique event
applicable to a notional field situation was modelled, and accurate data on the effects of
scouring were acquired. A prototype stratum of saturated clay which was 18 m deep and
85 m in diameter at Earth’s gravity was investigated at 1 / 100 scale in a model specimen
of equivalent soil brought into equilibrium at 100 gravities on the centrifuge. The level
of pre - consolidation was selected to obtain a desired profile of overconsolidation ratio,
and was altered in particular tests to examine the influence of initial soil state on the
effects of scouring. The maximum vertical effective stress imposed in the laboratory

ranged from 110 to 200 kPa, and a pre - consolidation stress level of 140 kPa was
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selected to define the baseline test condition. The near surface clay of each specimen was
in an overconsolidated state and exhibited undrained shear strengths of between 10 and
20 kPa, on average.

In addition to changes in the initial soil state, specified boundary conditions were
varied in the test programme, to ascertain the effect of individual parameters on the
experimental results. The vertical position of the model ice feature was unrestricted
during a test, to allow for uplift movements at the inception of the event. The scour
depth established for steady - state conditions included extreme values of 0.4 and 2.2 m
at prototype scale, with an average magnitude of 1.2 m for the complete range of tests
performed. The prototype scour width was limited to a maximum value of 10 m, which
served as a baseline condition, and was reduced by half to investigate a narrow scour of
5 m width in a given test. Similarly, the attack angle of the model ice feature was set at
15 degrees to the horizontal, with a single test variation to evaluate a sharper keel
geometry with an attack angle of 25 degrees. The model was advanced at a uniform rate

0f 0.07 m/s, which was i rapid for it i itions to prevail,

corresponding with expected field conditions for scouring in clay; however, the
capabilities of the drive system were exceeded in particular tests, which resulted in
movement at a substantially reduced rate, applicable to a fully or partially drained
prototype event.

The centrifuge test programme demonstrated the utility of the test apparatus and

with ions where i ion resulted in
changes to in indivi tests. The ing of models technique
provided ification of the internal i of the ion, and
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increased in ion of the i results to full scale. The

physical characteristics of the model scours were also compatible with the general
morphology and structure observed in field investigations of both modern and relict
features.

Excess pore pressures were measured at discrete locations throughout an area
which extended over a prototype distance of 15 m, both laterally outward from the scour
axis and vertically with depth. The maximum recorded increase in pore pressure in the
apparent steady - state region of scouring ranged between 35 and 108 kPa, with an
average value of 62 kPa. The maximum recorded pore suction in the apparent steady -
state region ranged between - 16 and - 44 kPa, with an average value of - 27 kPa. The
peak positive responses were typically observed at times preceding the model ice feature
passage over the measurement position, whereas the negative pore pressure changes were
witnessed immediately subsequent to passage of the model.

The reliability of the resultant force records was limited by the indirect

mp in derivation of the i results. The test
measurements did not show evidence of periodic variation of loading, apart from
irregularities of the response attributed to initial unsteady conditions or measurement

inaccuracies. The average i of the hori: of force at steady -

state ranged from 2.1 to 6.0 MN in individual tests, and associated measurements of the
vertical force component included values between 6.0 and 17.6 MN at prototype scale.
The inclination of the resultant force vector was approximately normal to the scouring
face of the model keel over the duration of most of the events investigated. The

vertical / horizontal force ratio ranged between 1.9 and 3.9, and an average value of 3.0
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was i for tests in the i Contact pressures recorded at

the horizontal base and inclined scouring face of the model provided some information

on the stress distribution at the interface; however, the transducer responses were

cha ized by i ion and the pressure measurements were subject to
inaccuracies as the result of stress concentration and arching effects. The data records
from bottom - mounted transducers suggested that the force contribution developed at the
horizontal base of the model typically represented a smaller portion of the resultant force

measured during the event.

7.3 Numerical Analysis

The finite element method was evaluated for use in the development of a theoretical
model for prediction of the soil response under idealized scouring conditions. The

adopted numerical representation included the following attributes : a finite strain

to both large ions and strains as characteristic effects
of scouring; a coupled deformation / diffusion solution for soil modelled as a two - phase
nonlinear elastic - plastic material, and; a finite - sliding capability applied by means of
rigid surface interface elements to allow for inherent nonlinear boundary effects. The
general purpose finite element code ABAQUS provided the necessary capabilities for
implementation of the analysis.
A finite strain theory was required to account for large soil movements which
introduced significant changes in the geometry of the solution domain, where peak strain

levels on the order of unity were developed in simulation of a scouring event. A correct
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formalism of stresses and strains was established, and the constitutive relations were
generalized in accordance with the revised definitions. An updated Lagrangian
formulation was adopted, which allowed for appropriate representation of the soil stress
history, the boundary conditions, and the stress and strain states in the current deformed
configuration. Rectangular eight - noded i ic elements with

displacement and bilinear pore pressure descriptions were selected for use in the coupled

effective stress analysis, with i ion of the ibilit int imposed

by i iti The solid i elements used a fully
nonlinear formulation to accommodate finite strain and rotation; however, a
computational limit may he exceeded in local regions of high strain gradients, where
severe element distortion may result in loss of accuracy and decreased rate of solution
convergence.

‘The soil behaviour was described by the Modified Cam - clay critical state model,

which is known to the major i istics of soft

clays. In accordance with concepts of critical state theory, the soil exhibited strain
hardening or softening behaviour following initial yield, and the particular response
induced was dependent upon the initial state and the applied stress paths. For yielding

of lightly overconsolidated soil on the wet side of critical state, continued deformation

was. i with i ion or positive excess pore pressure
development, whereas, for yielding of heavily overconsolidated soil on the dry side of
critical state, volumetric expansion or negative excess pore pressures were anticipated.

The soil underwent hardening or softening toward an ultimate or critical state, where
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plastic shear distortion continued indefinitely without further changes in volume or
effective stresses.

Adequate simulation of nonlinear boundary effects at the ice - soil interface was
accomplished through use of rigid surface interface elements that modelled the contact
between an element face, which formed part of the deformable soil medium, and a rigid
body idealization of the model keel. The formulation allowed for separation and relative
displacement of finite magnitude, and arbitrary rotation of the contacting surfaces. A
perfectly hard contact condition was defined such that any contact pressure could be
transmitted between the surfaces, with no interpenetration. The tangential shear stress
tractions were related to the normal pressure stress in accordance with the standard
Coulomb friction model.

‘The material parameters adopted in the analysis were derived from an extensive
base of experimental data for Speswhite kaolin clay, acquired through accumulated
experience at Cambridge University with triaxial and oedometer tests. The complete
descriptior: of the constitutive model required five parameters to specify the shape and
size of the yield surface at a given mean effective stress and specific volume, as well as
the elastic properties of the material. The model parameters included the critical state
stress ratio, the gradient of the normal consolidation lines, the gradient of the swelling
lines, the critical state reference specific volume, and a constant value of the Poisson’s
ratio. The variation of the vertical and horizontal permeabilities with the current state
was also specified through empirical relationships which described dependency on the

void ratio. In addition, an appropriate value of the interface angle of friction was
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required, with implementation of the friction model to define the local material response
at the contacting surfaces.

A two - di it plane strain idealization was i i and full scale

prototype conditions were simulated directly in the analysis. Numerical representation of
a scouring event required sufficient horizontal movement of the rigid body to
approximate a steady - state condition. Severe distortion of elements adjacent to the rigid
body restricted allowable rc..uement of the finite element mesh for which convergence
was attained at large movements, and it was therefore necessary to adopt a relatively

coarse discretization over the scour depth. Preliminary analyses were w0

determine the maximum rigid body movement, as related to the selected mesh

The boundary itions adopted in the analysis were compatible with
those imposed in containment of the physical model.

The ical analysis was i through specification of the sequence of

everits or loadings for which the response of the model was sought. The in situ effective
stress state and the corresponding specific volume conditions were established in the
initial step of the analysis, in accordance with the prescribed stress history and assumed
one - dimensional loading / unloading of the soil. The simulation of the cvent was
imposed as a perturbation step, following a process of iteration to ensure equilibrium of
the initial stress state with boundary conditions and geostatic loadings. The motion of the
rigid body was idealized as a horizontal translation at a uniform scour depth, selected to
represent the steady - state condition. A final unloading step followed simulation of the
scouring event, to allow for direct comparison of the analysis results with data acquired

through post - test site investigation of the physical model.
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In the assessment of potential scouring it for

conditions, it was necessary to balance the volume change due to loss of material in the
scour path. The material included in development of a frontal mound, and berm
formation through lateral clearing, was insufficient to accommodate the complete volume
loss during scouring, and the remainder of the volume change involved sub - scour
deformation. It was inferred that downward vertical sub - scour displacement was
compensated through lateral displacement at depth, together with upward displacement
across a wide lateral extent; however, a pattern of deep - seated lateral movement was
not identified explicitly in the experimental study. Lateral displacements were measured
at shallow depth, and associated with local heave of the surface adjacent to the edges of
the scour. The lack of evidence for a characteristic mechanism of sub - scour
deformation was attributed to the distribution of material movement over an extensive
region. In addition, volume change related to compression below the scour depth was
partially accommodated through surface drainage, as pore pressure dissipation transpired
more rapidly in the centrifuge model than in the corresponding prototype.

‘The limitations of the two - di i i ion were evaluated

in consideration of restrictions imposed on potential scouring mechanisms. Without

allowance for lateral movement of failed material, the model described a progressive

build - up of the frontal mound, where vertical di: was i
to account for the complete volume loss in the scour path. The absence of a lateral
clearing mechanism limited the range of motion of the rigid body over which realistic
predictions of the material response were expected. In addition, the numerical

representation neglected edge effects of near - surface lateral displacement and associated
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local heave. Sub - scour displacements permitted opposite to the direction of motion of
the rigid body did not represent a significant component of the material response, with
continued upward displacement in front of the rigid body.

Preliminary verification of the numerical approach was provided through a

of the i solutions derived from the analysis and the
experimental data acquired in representative tests. Tests 04, 05 and 09, with limited

departures from idealized scouring conditions adopted in the analysis, were compared

with i i ions of the ing prototype events. Corrclation of

measurements from Tests 05 and 09, which modelled an identical prototype event, also

permitted of the internal i of the imental methods.
‘The comparison of Test 04 data and values computed through simulation of the
event, indicated reasonable quantitative agreement between predicted and measured

effects of scouring, including excess pore pressures, resultant forces, and soil

The computed porep field displayed overall

with the range of measured pore pressure magnitudes, and the zone of influence inferred
from transducer records. In addition, the analysis results provided appropriate
representation of the character of the local responses including similar peak magnitudes

and rates of excess pore pressure development; although, in general, measurcd pore

pressure i exhibited greater variability with changes in depth, in relation to
computed values.

Adequate iction of the hori: and vertical of the resultant

force also provided evidence of similarity between associated stress fields. Close

agreement was obtained between computed and measured values of the horizontal force
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component, over the complete range of movement simulated in the analysis. For the
vertical force component, the correspondence between computed and measured values
improved with increased movement; however, eventual over - prediction of the measured
steady - state response was anticipated, with continued upward displacement of material
in front of the rigid body and representation of a greater range of movement in the

analysis. Other factors which served to inhibit realistic prediction of the resultant force

included measurement inaccuracies, the effects of initial unsteady conditions, and the
force contribution arising from friction at the sides of the model keel.

The computed two - dil i i field was qualitati similar to

the measured displaced configuration for an axial section through the clay specimen. The
analysis results displayed a semi - circular pattern of large soil displacement which
extended from the base of the rigid body to the free surface, and encompassed material
beneath the scour depth. The magnitudes of the computed displacements attenuated with
distance in front of and below the current position of the rigid body. A material point
situated in the scour path, was initially subjected to upward and forward displacement,
associated with formation of a continuous frontal mound, and subsequently experienced
downward and continued forward displacement, with passage of the rigid body beyond

the position. Soil displacements opposite to the direction of motion were computed at

positions below the scour depth, consistent with evidence from other tests in the
experimental programme; however, these backward movements primarily represented an
elastic portion of the response which was recovered upon unloading.

The profiles of horizontal soil displacement derived from the analysis exhibited

increased magnitudes for vertical profiles at greater distance in front of the initial rigid
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body position, without allowance for lateral movement of material in the scour path. The

measured steady - state response was by the ive displ: of

reference vertical profiles subjected to complete passage of the rigid body, and associated

with of a realistic ion of the frontal mound. The correspondence

between d and measured hori: and vertical di indicated that

displacement conditions for steady - state scouring may be approximated without
requirement to represent the complete range of horizontal movement in simulation of
the event.

The correlation of Test 05 / 09 analysis results with experimental data was less

satisfactory, and indicated iencies of the i ion in addition to

expected i ies. The computed excess pore pressure field displayed

reasonable agreement with the range of recorded magnitudes and the region of measured

effects of scouring; however, the computed responses did not provide detailed

with indivi records, as exhibited for similar comparisons
of computed and measured pore pressure values for Test 04. The Test 05 / 09 analysis
predicted a relatively uniform distribution of excess pore pressures, and was unable t0
quantitatively represent the observed attenuation of measured peak magnitudes with
increased depth. The contact pressures for reference interface elements increased to
maximum values with movement along the inclined surface of the rigid body, and
decreased to minimum values at the horizontal bottom surface. The computed normal
stresses at the interface displayed close agreement with average and peak values from

measurements at the inclined and horizontal surfaces.
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The Test 05 / 09 analysis predicted greater magnitudes of both the horizontal and
vertical components of the resultant force in relation to corresponding Test 04 computed

values, in agreement with the experimental findings; however, the analysis results

provided i ion of the force For the

component, the computed values under - predicted the measured response, as may be
partially attributed to neglect of additional forces arising from initial unsteady conditions
and the effects of friction acting at the sides of the model keel. For the vertical

was obtained between computed and measured

values at the ion of in the si ion; however, the computed force
record displayed continued increase without convergence toward the measured steady -
state level.

The computed soil displacement field displayed similar patterns of movement in
comparison with results from the Test 04 analysis. The region of large displacement
extended below the scour depth, and both horizontal and vertical components diminished
in magnitude with increased distan:e from the current rigid body position. The vertical
profiles of horizontal displacement at refe:' nce positions in the analysis provided
reasonable predictions of the measured maximum sub - scour displacement, and
correlation between the computed and measured depth of large displacement improved

with representation of a greater range cf For the vertical the

measured displacements decreased more gradually with depth below the base of the
scour, and the analysis results under - predicted the test measurements over the complete
profile of depths investigated. The computed vertical displacement magnitudes were

comparable to lower bounds of the experimental data.
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The laboratory pre - consolidation stress applied in Tests 05 and 09 defined an
increased depth of soil at heavily overconsolidated initial states in relation to Test 04
conditions. The Test 05 / 09 analysis predicted increased magnitudes of cumulative shear
strain and reduction in the extent of the region of large displacement in relation to
Teat 04 computed values. The greater localization of the response was associated with
an increased number of soil elements having tendency to soften toward critical states

under continued deformation throughout the event.

7.4 Soil Deformation

In evaluation of the effects of scouring, two general =lasses of event were distinguished,
corresponding to compressible and brittle regimes of soil behaviour, defined through
concepts of critical state theory. For compressible behaviour, with stable yiclding of
initially loose or lightly overconsolidated materials on the wet side of critical state, an
event was characterized by continuum distortion or flow. The volume change due (o loss
of material in the scour path was balanced primarily through compressive deformation
beneath the incision, rupture planes were not formed, and scour - induced soil

displacements attenuated with distance from the rigid body. Compressible soil events

were i with plastic i ion and strain ing, which allowed
for increased transmission of stresses and distribution of deformation over a greater depth
of influence. As a result, events dominated by compressible soil behaviour were most
relevant from the point of view of pipeline design to accommodate sub - scour soil

deformation.



In contrast, for brittle behaviour of initially dense or heavily overconsolidated
materials on the dry side of critical state, an event was characterized by development of
a succession of rupture planes, extending from the base of the rigid body to the free
surface in a repeating pattern, and associated with periodic variation of the resultant
force. In this instance, the material loss in the scour path was largely attributed to

ve lateral clearing of discontinuous blocks of soil, and related berm formation

prog
at the sides of the incision. For brittle soil events, with strain softening beyond peak
stresses, soil déformation was concentrated in regions of weakened material, and sub -
scour soil displacement was expected to be relatively localized. Previous analytical
investigations indicated that rupture planes formed as mechanisms of failure during brittle
events do not extend far below the depth of scouring, although minor sub - scour
disturbance was predicted for strongly dilatant soils. A region of large (plastic) soil
displacement was attributed to shear dragging deformations of soil immediately beneath
the rupture planes or the rigid body sliding relative to the soil; however, the softening
behaviour of adjacent material was also expected to limit the extent of a region of large
dragging displacements.

The present study provided verification of the adopted numerical representation
for prediction of the effects of scouring in soft clay under essentially undrained
conditions, where the soil response was governed by compressible behaviour. Similar
applicability was not demonstrated for brittle soil events, where the development of

failure isms was i ible with the contit idealization. The

analysis was not il to i i a range of i iati and the
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evaluation of the influence of test parameters relied primarily on data acquired from the
experimental programme.

‘The mode of soil deformation and failure exhibited during a scouring event was
dependent upon the initial state of the soil, and was also influenced by changes 1o the
applied stress paths which resulted from variation of boundary conditions described by
test parameters. A substantially reduced scouring velocity in particular tests, together
with drainage at the enhanced rate of dissipation in the model, allowed for softening of
near surface soil and scouring effects which were characteristic of brittle soil events. The

relative similarity of measured displacement patterns in other tests was attributed in part

to the influence of drainage iti For it i iti the
dissipation of negative excess pore pressures was suppressed, such that softening
behaviour and consequent localization of the soil response was partially inhibited.

The attack angle and scour depth defined boundary conditions for the two -
dimensional representation of scouring. For brittle soil events, carlier analytical studies
implied that the extent of rupture planes developed during scouring was independent of
changes to both parameters, and failure mechanisms were not expected 1o encompass
positions below the depth of scouring. The effect of decreasing the attack angle or
increasing the scour depth was to induce high or rapidly increasing mean normal stresses
which may be sufficient to direct stress paths to failure through stable yielding on the wet
side of critical states. For compressible soil behaviour, changes to the attack angle or
scour depth influenced the pattern and extent of the expected soil deformation. The
intensity of vertical stresses induced during scouring was increased for greater scour

depths or blunter keel geometries, leading to increased vertical strains and displacements.
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In addition, increased spherical pressures resulted in plastic compression and hardening
for soil elements below the scour and allowed for greater transmission of stresses, and
increased distribution of deformation.

The correspondence of computed and measured effects of scouring in the analysis

of Test 04 provided support for a two - dil i numerical ion, where

typical field scouring geometries were anticipated to eniail greater scour width / depth

ratios than i i in the i For ional cases involving

narrow ice features. where plane strain conditions were invalidated, analytical

of three - di i scouring it for events in which brittle soil
behaviour was dominant, were uncertain. For compressible soil behaviour the reduction

of scour - induced stresses, and ing strains and di: with depth

below the scour was more gradual for two - dimensional events described by high
width / depth ratios. The diminished capacity for lateral distribution of the applied loads
during a plane strain event accounted for greater depths required to attain a similar
reduction in stresses, resulting in a more extensive region of sub - scour deformation.
Although the present study was limited to the investigation of Speswhite kaolin

clay, the critical state assisted in the ion of expected modes of

deformation and failure for scouring events in soil of dissimilar type and mineralogy. The
in situ states of sand deposits are most commonly situated on the dry side of critical.
Sands therefore exhibit similar patterns of behaviour to heavily overconsolidated clays,
although some deposits may be sufficiently loose to compress during shear. As a result,

brittle soil behaviour, i with localized ion and the of
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dilatant ruptures, was expected for scouring in sand at states representative of typical
field soil deposits.

A summary of test measurements of sub - scour soil displacement displayed
variation due to the effects of changes to the prescribed stress history or initial state, and
to differences in applied stress paths arising from changes to boundary conditions in

individual scouring events. Some scatter of the experimental data was also attributed to

the il ies il by i In general, the measured

of di ‘was larger in itude at the scour base than the

vertical and the vertical of di

‘more gradually with depth below the scour. For the horizontal component, the magnitude
of displacement at the scour base (interpolated at a depth of 0.1 m below the scour base)
ranged from 0.5 to 3.4 m, with an average displacement of 1.6 m for all tests. The
extent of the region of large displacement (estimated for a lower bound displacement
magnitude of 0.2 m) ranged from 1.4 to 3.1 m below the scour base, with an average

depth of 2.5 m, corresponding to a normalized value of 2.5 scour depths. For the vertical

the of di at the scour base ranged from 0.1 t0 0.9 m,
with an average displacement of 0.6 m for all tests. The extent of the region of large
displacement ranged from 0.0 to 6.2 m below the scour base, with an average depth of
2.3 m, corresponding to a normalized value of 2.3 scour depths. The average values
derived from the summary of experimental data were applicable to the particular soil type
and states investigated in the present study, which defined compressible soil events in the
majority of tests performed. In contrast, brittle soil events were characterized by small

or negligibie vertical displacements, and a relatively intense region of large horizont:l
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displacement which extended to less than approximately 1.4 scour depths below the

scour base.

7.5 Pipeline Response

A summary of model pipeline in the i prog: provided an

indication of the sub - scour depths at which permanent distress of a pipelire may result
from the effects of scouring. The plastic deformation exhibited by pipeline segments
initially located at depths below the scour base supported the requirement to account for
sub - scour soil displacement in a rational pipeline design methodology. The observation
of other segments which were unaffected by the event su_gested that, in some instances,
safe designs may be established for pipelines buried in regions of large (plastic) soil
displacement below the scour depth, as may also be necessary to ensure a cost - effective
solution,

For a given scouring event, the distribution of free field soil displacements was
defined through complementary approaches of physical and numerical modelling of the
ice - soil interaction. A design methodology (C - CORE, 1995) was described in which
the measured or computed soil displacements then served as input conditions for an
independent analysis of the soil - pipeline interaction. Partial verification of the approach
was obtained through comparative examination of analysis results with test measurements
of the displaced configu:ation of a model pipeline segment, acquired in the present

experimental programme.
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7.6 Further Research

The present study was to advance the ing of ice scouring effects

on seabed soil through observations from centrifuge model testing and related numerical

analyses. Further research is to address the i

of the physical and
numerical representations and to extend their range of application.

The experimental programme comprised a series of nine tests in which a
particular idealization of ice scouring was investigated. The tests explored a limited range
of parametric variations for model scouring events conducted in a reconstituted kaolin
clay. The accurate definition of input conditions was hindered by the permitted degrees
of freedom of the model ice feature, and also by equipment and instrumentation
malfunction in some instances. Further testing is required, to encompass an increased
range of scouring conditions, and to allow for controlled study of the effects of individual
parameters on the soil response. Among the relevant parameters expected to influence
the magnitude and extent of soil displacements developed during a scouring event are the
stress history or initial state of the soil. the attack angle, and the scour depth. Tests
should also be performed to establish the relative significance of the length of the
horizontal surface of the rigid body idealization of the ice keel. Lnportantly, the
experimental database on ice scouring effects shou’d be extended through investigation
of an increased range of known laboratory materials, in addition to layered soil deposits
which may represent a relevant field soil condition.

The programme of additional tests should be planned with consideration of the

requirement to provide quantitative data in support of the development and verification
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of deterministic models of the ice - soil interaction. Therefore, continued emphasis

should be placed on the impi of it to facilitate detailed

of' soil di and related isms of soil failure. To allow for

verification of models of the soil - pipeline interaction, more realistic pipeline
representations should also be incorporated in the centrifuge tests, with appropriate
instrumentation to monitor the bending strains and deformations iaduced by a scouring
event. Subsequent testing should also address particular deficiencies of the experimental
methods adopted in the present study, including design of more reliable systems for the

measurement of resultant forces. ined shear strength

were inadequate in assessment of the degree to which the preferred stress history was

achieved in each test. As a result, more extensive in - flight sitc investigation is

to reduce the inty in empirical ionshij i between the
measured resistances and the soil strength and stiffness.

In the present study, numerical analyses were restricted to two - dimensional
plane strain representations of the scouring process. Preliminary verification of the
approach was provided through comparison with data acquired in the experimental
programme. Further analyses are necessary to demonstrate correspondence with
observations for other scouring events, in consideration of the complexity of the
numerical procedures adopted. Ideally, the numerical representation should be
successively improved through repeated application and empirical modification cf input
conditions or modelling assumptions. Pending further validation, the generality of the

finite element method could then be exploited to i igate the influence of

variations over significant or realistic ranges. Although three - dimensional
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representations of ice scouring are not anticipated to provide a viable approach for
similar practical application, analyses of this type should be undertaken in order to

provide i ion on the lateral distribution of soil di: and also to define

scouring mechanisms for extreme narrow width events.

Appropriate characterization of the effects of scouring required simulation of large
movements corresponding to steady - state conditions, which imposed constraints on
implementation of the analysis and discretization of the soil domain. In addition, the
two - dimensional continuum representation did not allow for accommodation of volume
loss in the scour path through lateral soil displacement, and this restricted the range of
movement of the rigid body over which realistic predictions of scouring effects could be

expected. For compressible soil events, the measured steady - stale response was

by the ive di following complete passage of

the rigid body, and ing with the of a realistic ion of

the frontal mound. Comparative examination of analysis results and measured soil
displacements for other scouring events is recommended in order to cvaluate the
reliability of this approximation and to establish more accurately the required range of
simulated movement. Consideration should also be given to the application of rezoning
techniques, to allow for appropriate mesh refinement in the region of high strain
gradients adjacent to the rigid body, and to provide increased consistency in the range
of movement ov_r which convergent solutions are attained. Adequate simulation of brittle
soil events may only be achieved through element removal and the introduction of a pre -

existing discontinuity at the scour base in the numerical represen*ation.
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Direct calibration against full scale field test data will ultimately be required in

order to evaluate the model

apabilities and limitations introduced by the
various simplifying assumptions adopted in both the physical and nunierical
representations of the scouring process. Additional field investigations are also
recomrended to resolve uncertainties which still exist concerning the physical
characteristics and motion of ice features during scouring episodes. Continued research
will also be necessary to address more complicated field conditions which may include
anisotropic and heterogeneous soil deposits, irregular ice geometries, abrasion or fracture

of the ice, unsteady uplift or rotational movements, and the effects of pipeline trenching.
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Experimental Results
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Test Attack Vertical Test
Number [ Angle Width Stiffness Variable
KPa degrees mm N/mm
soil
1 140 15 100 26 state

INSTRUMENT LOCATIONS :
A - INDUCTIVE PRESSURE TRANSOLCERS (3)
B - PORE PRESSURE TRANSDUCERS (4)

C - TENSION LDAD CELL

Figure 1A.1 Test OI input parameters and model iceberg configuration
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Figure 1C.1 Test 0] consolidation records. Top : Pore water pressure versus time for
eight transducers; Bottom : Clay surface settlement versus square root of time
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Figure 2A.1 Test 02 input parameters and model iceberg configuration
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Figure 2E.1 Test 02 pore pressures (kPa) shown for different model horiz. positions



Figure 2F.1 Test 02 trace compiled from plan view radiographs of the clay specimen
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Figure 4A.1 Test 04 input parameters and model iceberg configuration
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configuration of lateral grid at x = - 19
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Figure 5A.1 Test 05 input parameters and model iceberg configuration
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Figure 6A.1 Test 06 input parameters and model iceberg configuration
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Figure 6F.1 Test 06 trace compiled from plan view radiographs of the clay specimen
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Figure 7A.1 Test 07 input parameters and model iceberg configuration
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Figure 7E.1 Test 07 pore pressures (kPa) shown for different model horiz. positions
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Figure 8D.1 Test 08 cross - sectional plots of clay surface profile measarements
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Figure 8E.1 Test 08 pore pressures (kPa) shown for different model horiz. positions
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Figure 8E.1 Test 08 pore pressures (kPa) shown for different model horiz. positions
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Figure 8F.1 Test 08 trace compiled from plan view radiographs of the clay specimen
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Figure YA.1 Test 09 input parameters and model iceberg configuration
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Figure 9E.1 Test 09 pore pressures (kPa) shown for different model horiz. positions



o

o feeee

0
0f- :
X3 H ol
0~ . ! 3
! s |
o2 ! YR
15 = ! ! =1
SRS S NN NN PN PRI (NI (NI
-5 - 00 - 150 - 100 -5 0 9 100 119

Figure O9E.1 Test 09 pore pressures (kPa) shown for different model horiz. positions



29412 1
o : —
5640 80
ono 0194
1ty |- : i
020 o158
150 |- . =
P TN TN NSRS ST PR B
b T [} 0 w1
[}
9= 4
[¥: 11 1
10 - —
i ol3 1
190 |- |
A RN M
0 - -8B -m IR
0
0l
on1
10—
i o004
150 [~
ST U N
0 -m EIE)

Figure 9E.1 Test 09 pore pressures (kPa) shown for different model horiz. positions



W...,:....-..@_.ﬁ:

KOILIS0d TId 1300 20 w)¥8

s o

]
A0SV 3NS5 30 |1£

[ F3d1d 13008

Figure 9F.1 Test 09 trace compiled from plan view radiographs of the clay specimen

671



SUIGH Q18O WLV

NI BOOH —) o oor —omm e e

*’ SIXY ®¥n0ds

97

Figure 9F.2 Test 09 trace of cross - sectional radiograph showing displaced

configuration of lateral grid at x

672



TR
LI L AL

T 1T

NI3dId 13004 o m o

i

SUIVH r 20V NI
1045 0V31

Figure 9F.2 Test 09 trace of cross - sectional radiograph showing displaced

configuration of lateral grid at x = - 40



SCOUR BASE
ESTIMATE

HEMBERS

AL GHID J

Figure 9F.3 Test 09 radiograph trace of axial grid; x = - 230 to - 125

o

FINAL SURFACE ESTIMATE INITIAL SURFACE —[

ANIAL GRID MEMBERS EOGE OF RADIOGRAPH ——=t

Figure 9F.4 Test 09 radiograph trace of axial grid; x = + 55 to + 285
674



N T T T T T
o
-
w N r 4
H +
5oa- RO -
B K
2 -+
0} B -
f
0 [T TITR—
=== DISPLALED
1 1 1 1
- 150 100 <50 0 E] 100 150
T T T T T ]
w 2 i
H i
= | L — R L
g
“lab iz, s © |
7:81065. 20
1 L 1 1 1
- 150 =100 =50 0 50 100 150
¥ DISTANCE
L T T T T T
o J
w 2F i
2
e .
g
~
sk
5 DISPL. VECIR — 106m |
1 L 1 L L
- 150 100 - 100 10

0
¥ DISTANCE

Figure 9F.5 Test 09 sub - surface soil displacement records. Top : Initial / displaced
plot for lateral grid at x = - 97; Bottom : Displacement vector plot (scales in mm)

675



2

anf-

s

B

HORIZ. MEMBERS :
2:61063, dZ=8

S|
=150 0 50 100

Y DISTANCE

3

DISPL. VECTIR — 10 m

Figure 9F.5 Test 09 sub - surface soil displacement records. Top : Initial / displaced

1
- 100

al-

!
0 100
Y DISTANCE

plot for lateral grid at x = - 40; Bottom : Displacement vector plot (scales in mm)

676




Z DISTANCE
S}
T

40— -
80 INITIAL |
DISPLACED
L ! | L | L
- 250 - 200 - 150 - 100 - 50
X DISTANCE
-20 T T T T T T T
O i —

w
2‘ I SEOSTSTERONWRARNE N )
5 Ar SNAN NN NN VA e
= r NN NN N NN N N g
~ 40k P - 1
P
80 o SF b5 os s d B3 E
F DISPL. VECTOR —- 10 mm -
L | L | L L L
- 250 - 200 - 150 - 100 5
X DISTANCE

Figure OF.5 Test 09 sub - surface soil displacement records. Top : Initial / displaced plot
for axial grid at x = - 230 to - 125; Bottom : Displacement vector plot (scales in mm)

677



DISTANGE

. _— 1
+50 +100 +150 + 200 1250 +300 +3350
X DISTANCE

7 DISTANEE

o DISPL. VECTIR — 20 0 "
1 S L

= e
+ 200 + 250 + 300 + 350
X DISTANCE

Figure 9F.5 Test 09 sub - surface soil displacement records. Top : Initial / displaced plot
for axial grid at x = + 55 to -+ 285; Bottom : Displacement vectcr plot (scales in mm)

678



Appendix B

Resultant Force Calculation

This appendix describes the i used in the of the

resultant forces acting at the model iceberg - soil interface. An example of the resultant
force calculation is presented for a specific time and model position during the baseline
Test 05 scouring event. The model vertical position and orientation were established in
two - dimensional space using water pressure measurements from pore pressure
transducers installed at fixed elevations at the front and rear of the model. The effect of
small out - of - plane model rotational movements was accounted for through use of the

average of transducer measurements acquired from each side of the model.

Identification and Measured Input Data :
Scour Test 05

Event Time = 4.00 s

Horizontal Position = 0.0 mm

PPT average front = 20.6 kPa

PPT average rear = 23.2 kPa

Load Cell Horizontal Force, TLC = 499.8 N



Figure B.1 depicts the submerged model geometry with respect to a local
coordinate system, as well as the force components acting during the scouring event. The
elevation values Ei were calculated from the measured water pressures, and served to
define the free water surface relative to an arbitrary datum at the base of the model float
attachment. In this manner, the model orientation (pitch angie) and vertical position were

established in relation to the known surface water level.

Model Vertical Position and Orientation :

elevation at PPT front = 11.0 mm

elevation at PPT rear = 13.6 mm

E, = 108 mm; E; = 13.8 mm; E; = 11.2 mm; E, = 13.4 mm; E; = 9.8 mm;
E, = 14.9 mm.

model pitch angle, 6 = 0.020 radians or 1.2 degrees

scour depth calculated at model inflection line, Z, = 12.9 mm

scour depth calculated at model rear, Z, = 13.8 mm

The hori: fc was ined directly from the tension load cell
record during the scouring event. The vertical force component was evaluated indirectly
from data on the current vertical position and orientation of the model iceberg in free
surface water, together with detailed information on the mass and submerged geometry
of the model. The simplified force system shown in Figure B.1 included the total weight
force Wt , the individual components comprising the buoyancy force Bi, and the

horizontal and vertical components of the resultant force, F, and F,, acting on the
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Figure B.1 Sketch showing submerged model geometry and force components acting

during scouring event (exaggerated pitch angle)
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inclined face of the model. In the following, the position of the point of action of each
force component was established in relation to the x - y coordinate system for the initial

model orientation, prior to the inception of rotational movenent.

Force Magnitudes and Positions - Initial Coordinate System :

Component X (mm) y (mm) Force (N) Force (N)
atlg at 100 g
Wt 83.3 79.8 - 35.022 3502.2
BI 80.0 44.2 10.279 1027.9
B2 10.0 70.0 0.107 10.7
B3 139.0 70.0 0.107 10.7
B4 74.5 85.6 2.997 299.7
BS 92.7 92.0 0.298 29.8
B6 -25.0 84.9 1.200 120.0
B7 -16.7 90.1 0.063 6.3
B8 174.0 86.9 1.698 169.8
B9 182.3 94.2 0.063 6.3
B10 10.0 85.4 0.503 50.3
B11 13.3 90.9 0.010 1.0
B12 139.0 86.7 0.626 62.6
B13 1423 93.6 0.010 1.0
TLC 0.0 360 [ 00000 - -499.8

In order to allow for the rotation of the model iceberg about a transverse axis
(pitch adjustment) at the current position, the force components were transfomed to the

x' -y’ coordinate system. The x' - axis is directed parallel to the free water surface, and
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the y* - axis is directed paralle! to the resultant centrifuge acceleration vector (or normal

1o the free water surface) such that the following relationships may be written :

x'=xcosf +ysinf and y' =-xsinf + ycosf

Force Magnitudes and Positions - New Coordinate System :

Component Force (N) x’ (mm) y' (mm) Moment

at 100 g (Nmm)
Wt - 3502.2 84.9 78.1 - 297378.0
Bl 1027.9 80.9 42.6 83173.4
B2 10.7 11.4 69.8 122.6
B3 10.7 140.4 67.1 1505.8
B4 299.7 76.2 84.1 22850.2
BS 29.8 94.5 90.0 2813.8
B6 120.0 -23.3 85.4 -2790.3
B7 6.3 -14.8 90.4 -92.8
B8 169.8 175.7 83.4 29843.5
B9 6.3 184.2 90.4 1153.9
B10 50.3 11.7 85.2 590.8
Bl 1.0 15.2 90.6 14.5
B12 62.6 140.7 83.9 8808.0
B13 1.0 144.2 90.6 137.2
TLC - 499.8 0.7 36.0 17987.7

Sum of Forces in + y’ - direction = - 1706.2 N
Sum of Forces in + x' - direction = - 499.8 N
Sum of Moments about Origin = - 131260 Nmm
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The equations of equilibrium may be used to calculate the magnitude of the

vertical and horizontal components of the resultant force, and the location of the point

of action of the resultant force on the inclined face of the model.

Vertical Equilibrium :

F, (positive y’ direction) = 1706.2 N

Horizontal Equilibrium :

F, (positive x' direction) = - 499.8 N

Resuitant Force F = 1777.9 N

Inclination of Resultant Force Vector = 73.7 degrees (measured from + x’ - axis)
Location of Resultant Force x' = 78.4 mm y’ = 5.1 mm
Summary of Forces acting on Model Iceberg :
Component Force (N) x' (mm) y' (mm)
Wt - 3502.2 84.9 78.1
B 1796.0 82.5 60.3
F, -499.8 78.4 5.1
By 1706.2 78.4 5.1
TLC 499.8 0.7 36.0
The resultant force ion was il using a macro

program to obtain solutions at other times and model horizontal positions during the
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scouring event. To check the validity of the calculation, the results were compared with

vertical force estimates based on the post - event measured profile of scour depths.
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