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SUMMARY AND ACKNOWLEDGEMENTS

This report describes a series of bench-scale test methods developed to characterise the
properties of fine-grained soil. The test series, aimed specificaly at the needs of offshore
pipeline contractors, includes methods to characterise primary consolidation rate, undrained
shear strength, drained shear strength, sensitivity, and unit weight.

The test series was performed on surries of E-grade Kaolin and on two natural seabed
muds. This report describes the test methods and presents the results of the testsin al three
soil types tested.

Financial support for this research was provided by Coflexip Stena Offshore Ltd.
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A BENCH-SCALE TEST SERIES FOR SEABED SOILS

Introduction

Subsea oil and gas pipdines are often buried in trenches on the sesbed to protect them from
damage from fishing gear, anchors and mooring lines to reduce the impact of hydrodynamic
forces ad for themd insulaion. Trenching methods indude high-pressure  water  jetting,
which digpersss the soil into the water above the trench; mechanical cutting, which uses
moving blades to desroy the soil fabric; and ploughing, a less dedrucive method which uses
a fixed blade to cut the trench and pushes the spail into piles dong the Sdes of the trench.
Trenching by any mehod in finegraned oils is assumed to form lumps and chunks of soll
ad a muddy sugpenson as water becomes mixed with the soil beng removed from, and then
replaced into, the trench.

Bolton and Barefoot (1996) developed Smple benchrscde tex methods to characterise the

propeties of ol in a dmulaed date of didurbence by a mechanicad trenching operaion.

Modd teds in a sedimentation tank were peformed to edimae the rate of consolidation of

auch a heterogeneous <oil-seawater mixture, and a plate penetrometer device was developed

to probe for undrained shear drength vaues of the <oil layer & various dates of

consolidation. Thar work showed that the resulting liquefied shurry, while unconsolidated,

has gredly reduced uplift ressance and tha the time required for reconsolidation of the soil,

and therefore for regan of drength and uplift resdance, was less than that predicted by

oedometer  tests N

The ted sies disussad in the following sections builds upon this previous work, refining the l
methods previoudy used and devdoping additiond methods for characterising ol durries
using simple devices. A princpd am of this work was to devdop a Smple st of sandard
bench-scde tess and to edablish the foundation of a smple dassficaion sysem for fine-
grained soils directed specificdly a the needs of offshore pipdine congtructors. Another
objective was to describe the properties of two types of dayey sesbed soils one from off the
Atlantic coest of Spain, another from the British sector of the North Sea

A sies of tets was peformed on high water-content durries of E-grade Kadlin, Atlantic
Mud, and North Sea Soil, which determined the rae of sdf-weight consolidetion, undrained
shear drength, draned shear drength, sengtivity and thixotropic regan, and unit weght - dl
paangers important in  deter-mining the uplift ressance of a backfilled soil. This test series
was peformed on oils & various initid waer contents to asess the efect of the initid
degree of mixing of excess waer with soil on the find profiles ater sedimentation and
consolidation.

Description of Test Series

The tes sies was peformed fird on E-grade kaolin, then on Atlantic Mud, each a three
different water contents, and on North Sea Soil a two different water contents The test
series for the former two soil types condsted of three sets of four tanks each st of four tanks
containing the soil & the same water content. North Sea Soil tests were completed on only 2
tanks each a a different water content.




Slurry Preparation

Kaolin

E-grade kadlin in graular fom was mixed with a 3% sodium chloride solution (Smulding
sawaer, which typicdly hes a <dt concentration near 3%) into fully-saturated,

homogeneous durries & three different water contents. The duries were mixed in an dectric
blade mixer under vacuum in batches of about 4 litres each mixed for about 30 minutes

Four baiches were prepared a each of three water contents for a totd of 12 baiches.

Samples of eech slurry were taken to messure the initid weter content of each; weter contents
of the three different mixtures were 83% (tanks 1-4), 98% (tanks 5-8), and 112% (tanks 9

12).

Atlantic Mud

Homogeneous Atlatic mud durries were mixed from the dayey portions of vibrocore
samples and 3% sodium chloride solution, firgs menudly to bresk up lage chunks of oil, and
then in an 80-litre capacity low-sher dectric blade mixer. Theinitial durry was mixed a a
rdaively lov waer content and deposted into four tanks more st waer was added, the
dury was mixed agan a a higher waer content and was deposted into four more tanks
again, more st waer was added, the slurry was mixed & an even higher water content and
was deposted into four more tanks Each slurry was mixed under vacuum for approximately
8 hours before being deposted into the tanks The waer contents of the three different
mixtures were: 90% (tanks1-4), 99% (tanks 5-8), and 107% (tanks 9 - 12).

North Sea Soil

Two 4-litre batches of this ol were mixed from the dayey portions of fidd samples and 3%
sodium chloride solution manudly to breek up large chunks of day. Then exch bech of ol
was mixed in an dectric blade mixer for aout 1 hour under vacuum to form a homogeneous
durry. As each bach was placed into tanks samples were teken to messure the initid water
content of each durry. The initid water contents were 87% (tank 1) and 76% (tank 2).

Tanks

The tanks into which the slurries were deposited were 5000-mL polypropylene Griffin souat
form beskers (BS 5404). Thee taks ae tranducent, for visud obsavation of setlement of
the soil suface approximatdy verticd-dded;, and durable They are 248 mm tdl and have
an average diameter of 176 mm; they are lage enough to take the contents of a 35 - 4 litre

core sample mixed with excess st water.

Approximatdy 150 mm (sbout 35 litres) of soil durry was poured into esch tank. About
500 mL of st waer was poured over the suface of each durry immediady dter the durry
was deposted into the tank, in order to ensure that the slurry layer remained submerged a Al
times during testing.




Settlement Measurements

Immediatdy dter the soil slurry was deposted in each tank, the levd of the surface of the
slurry was maked on the dde of the tank with a fdt-tip marker. A photocopy of a metric
ruer was atached firmly to the outdde of the tank, with the zero point of the ruler
coregponding exedtly to the initid surface of the slurry. At various times dfter depostion of
the durry into the tank, obsarvetions of settlement of the slurry suface due to sdf-weight
consolidetion  were made. Messurable changes in the surface levdl were marked on the ruler
and recorded dong with the date and time they were made. Resolution of settlement
measurements usng this method was 05 mm, an improvement over the method of marking on
the dde of the tank with a fdt-tip pen employed by Bolton and Barefoot (1996), which gves
[-2 mm resolution.

Messurable changes in the soil surface levd were obsarved daly for the fird severd days
following depogtion of the durry into the tanks In the E-grade keolin and the North Sea
Soil, obsarvations continued until no change in the soil levdl was observed in a period a lesst
twice as long as the lag peiod of time in which a measurdble chenge was recorded (ie, if the
last change in soil levd meesured was @ 1 mm change recorded 5 days after the previous
change, sHtlement was conddered “complete’ in that tank if no further messurable change
was obsarved 10 days dfter this 1 mm change was recorded). In the Atlantic Mud test series
the soil hed not completdy settled according to this criterion after 40 days, but the remainder
of the tet series was peformed on the soil after about 40 days of setlement due to time
condraints which prohibited wating any longer for the ol to be congdered “fully
consolidated” by this criterion.

Penetrometer Tests

Severd plate pentrometer devices were fabricated from aluminium, as described by Bolton
ad Barefoot (1996), to mesure shear drength in the recondituted oil layers, which were
too oft to be messured by more convertiond methods The “pla€’ of the peneromeers is a
thin drcular disc, 30 mm in dianeter, atached to the end of a hallow hypodermic aluminium
tube 400 mm in length. Attached to the other end of the tube is a thin 2-inch square
auminimn loading plate. Both ends of the tube are threaded; in the centre of both the disc
and the loading plae is a smdl, threaded hole, by which the disc and plae are atached to the
tube. Once screwed into place, the disc and plate ae hed in place by smdl collars. The tube
is placed through two holes in the centre of a support frame consding of two thin rectangular
aluminium drips separated by a cylindrical column in each of the four comers A diagram of
the device is induded in Figure 1 of Appendix A.

Smdl washes raging in weght from aoout 7 grams to 18 grams were added incrementaly
to the loading plate Vemier cdipas mounted veticdly in a fixed pogtion on a ring dand
were usd to messure the depth of snk of the penetrometer resulting from the gpplication of
each loading increment.

Foure 2 of Appendix A pictures the sdtup of the penetrometer tedts induding tanks a
pendrometer with weights on the loading plate, and mounted vermnier cdipers

It was assumed that each penetraion influenced a dircular area about 3 times the diameter of
the plae, or about 90 mm in diameter; therefore, it was hypothessed that in each 176-mm
diameter tank, about 4 pendrations could be made in different pats of the tank without the




zones of influence of the vaious penetraions intersecting enough to afect the results of

subseguent penetrations. Four penetrometer tests were caried out in one tank to test this
hypothess, the resuits of this experiment, pictured in FHgure 3 of Appendix A, show four
virtudly identicdl curves of bearing dress versus penetraion  depth, indicaing that  indeed,
four penetrations can be made in different pats of one tank without influencing each other.

Reported results of pendrometer tests exdlude the bottom 30 mm of the soil in each tank,
dnce rests within one plae diameter of the bottom of the tank were assumed to be
influenced by the bottom.

Undrained Penetrometer Tests

Undraned penetrometer tests were performed to meesure the undrained shear drength of the
il in the tanks. Undraned penetrometer tets were those in which loading increments were
added such that the penetrometer displaced repidy enough not to dlow excess pore pressures
to drain. In these teds, each load was gpplied for 15 seconds after 15 seconds, the

pendration depth was messured with the vernier cdipers, and the next load increment was
immediately applied. Loading increments were chosen 0 that each increment would  produce
pendrometer  Snk  of gpproximatdy 10 mm.

Analyss of Undrained Penetrometer Results
Folowing the andyss method used by Bolton (1996), the undrained sher drength was

determined usng bearing capacity andyss applied to a draular plae of dianger D a depth
z. The shear drength (c,) was related to bearing sress (qp) by a bearing capacity (Np):

o =L
u—Np

The bearing capecity factor, N, was taken to incresse from N, = 6 a the suface to N, = 12
a lage depth, according to the expression:

o))

Np =N, ( > (Bolton, 1996)
1+ )

2D

Partially-Consolidated Undrained Penetrometer Tests

Undrained pendromeler tets were peformed in some tanks a different times during
consolidation, for comparison of shear strengths a vaious degress of consolidation. In the
E-grade Kaolin and Atlantic Mud tanks, such a tet was peformed in each of two tanks a
eech water content; an undrained penetrometer test was performed in both of the North Sea
Soil  tanks

ket b i AR AR




Fully-Consolidated Undrained Penetrometer Tests

An undraned pendrometer tes wes paformed in evary tank a the end of the sdf-weght
consolidation period.

Drained Penetrometer Tests

Draned penetrometer teds were those in which loading increments were added dowly enough
for dl excess pore pressures in front of the advandng pendrometer to drain completely, o
thet the pendrometer came into draned equilibium and dopped moving. Drained
penetrometer tedts were caried out a the end of the sdf-weight consolidation period in 2
tanks & each water content in the E-grade keolin and Atlantic Mud series and in both of the
tanks contaning North Sea Soil. Loading increments were chosen <0 that each  increment
would ceuse the penetrometer to Snk a predicted 20 mm. The pengrometer sSnk was
meessured severd times within the fird %, hour after the application of each new loading
increment and  gpproximatdy  hourly for the next severd hours draned equilibrium  was
asumed to have been reached when three consecutive hourly messurements showed no
donificant messurable (o the nearex 02 mm) change in pendraion depth. Generally, each
loading period was about 24 hours long.

Drained pendrometer test results are presented in terms of penetrometer bearing dress (gqp)
versus  pentration  depth.

Sensitivity Tests

Immediady dter the fully-consolidated undraned penetrometer teds sendtivity teds were
peformed on the taks First, the supernatant waer was removed from the soil surface using
apipet. Then a tankk was placed into an gopardus designed to tilt from sde to Sde
adminigering blows to the tank as it tilted and the edge of the tank hit the surface of the
gopardus foundation. This goparatus is pidured in Fgure 4 of Appendix A. It condss of a
“‘oade’ made from a round piece of med, undenesth which is a l-inch flange dong the
diameter of the cradle which acts as a pivot. The tank Sts on a I-inch thick piece of wood in
the bottom of the crade the didance therefore, between the bottom of the tank in its fully
upright postion and the apparatus foundation (and therefore, the drop height), is 2 inches
The goparatus is mounted on a wooden foundetion in which are two screws the pivot fits into
the grooves in the sorews.

Ten blows were adminigered in each of 4 diretions The directions were chosen such that
the axes dong which the blows were induced were perpendicular to each other and at 45-
degree angles to the axes dong which pendrometer teds were made, as shown in Figure 5 of
Appendix A. A tank was placed in the sengtivity gppardus, held upright, and dlowed to
drop to one Sde under its own weght, brought to the upright postion, and dlowed to drop to
the oppodte Sde This process was repeated 10 times 0 tha 10 blows to dternading Sdes
dong an axis were achieved. Then the tank was removed from the apparatus rotated 90
degress, placed back in the goparaus, and the process was repested dong the perpendicular
ais for 10 blows to dtemaing Sdes Twenty blows were adminigered in 35 seconds
dthough in ome of the Atlantic Mud tanks some expaiments were performed with 20 blows
per 20 seconds to invedigate the dependence of senstivity on the frequency of blows




Immediady after the blows were adminigered to the tank, another undrained penetrometer
ted was peformed in the tank. The sengtivity index was cdculaed as the ratio of undraned
penetrometer  bearing  dress before the blows  (fully-consolidated  undisturbed) to  that
immediatdy after the blows (pos-disturbance).

The supemaat waer was replaced dfter the sengtivity tets The tanks were dlowed to st
undidurbed for 7 days After 7 days a find undraned peneromeler ted was performed in
eech tank to determine whether there was any regan in shear drength dter the sengtivity
tests. A thixotropy index was defined as the raio of undrained pendrometer bearing dress
before the sengtivity tegt (firlly-consolideted undigurbed) to thet 7 days dter the senstivity
tes.

Average Unit Weight Measurements

Messurements of the average unit weight of the soil in the tank were made & severd times
duing the teding saies Superndant weter wes pipetted off the soil sufece and the tank
and its contents were weighed. The leve of the oil suface was maked on the outdde of the
tank with a fdttip pen dl aound the tank ad measured from the indde tank bottom. The
heght of the soil suface was cordaed to the volume of ol in the tank usng the volume-
heght reaionship depicted in FHgure 6 of Appendix A, which was developed by adding
known volumes of water to the tank and meesuring the height of the water surface with a tape
measure.

Average tank unit weight messurements were made in dl ted series & the end of the self-
weight consolidation period, immediady dter the senstivity teds and 7 days dfter the
sengitivity tests. In the Atlantic Mud ted saries average tak unit weight meesurements were
do made a the beginning of the sdf-weght consolidetion period, immediady dter the
durry was deposted in the tanks

Spot Unit Weight Measurements

A minigure pigdon sampler, depicted in Fgures 7a axd b of Appendix A, was used to obtan
samples of mud from different locations in the tanks The outer rod of the sampler was a
holow Perspex tube 14 mm in inner diamgter. The “pidon” was a nylon rod, 128 mm in
diameter. Attached near the bottom of the piston were 2 rubber washers each 2 mm wide
and 14 mm in diameter, spaced about 1 cm agpat. Pulling the pison up through the outer rod
of the sampler crested a suction pressure indde the sampler, causng <oil to be sucked into the
sampler. By messuring the height to which the soil rose within the tube, and knowing the
crosssctiond ares, one could determine the volume of the sample The soil wes then
extruded from the sampler and weighed.

The samples were placed into an oven and dried 0 tha waer contents could be determined.
All data for the unit weight and water content of soil samples detemined by this method was

cordaed and an average pedific gravity, Gs, waes obtained for each soil, by the fdlowing
relationship:

Gs_Gf
1+wG, ’

Y'=Yu




where Gy is the spedific gravity of the supematant fluid, in this case <t water;
w is the waer content of the soil;
Yw IS the unit weight of weter; and
¥’ is the submerged unit weight of the oil.

Samples from the bottom of the tank and from the top 30 - 50 mm of the tank were obtained
ad used for unit weght and water content determindtions a the end of the sdf-weght
consolidation period, immediatdy after the sendtivity tets and 7 days dter the sengtivity
tests. Sample locations were chosen such that the removd of <oil would have minimd impect
on future pendrometer tests yet provide representative samples of undidurbed soil; in
generd, they were taken from aress between the exiging peneromeler pathways and the
wdls of the tank.

Surcharging

In the ted saries paformed on kadlin dx of the tanks were surcharged dter the undrained
penetrometer teds indead of beng sengtivity teded. The intent was to surchage the tanks
to dress levels representative of the stresses which would be encountered & the bottom of a
I-metre trench, and to perform pengrometer teds after surcharging, to compare the shear
drength under fidd-scde test conditions to the shear drength a reduced dress levels

A vanished wooden disc, goproximady 170 mm in dianeter, 23 mm thick, with tweve 5-
mm diameter dranage holes around the crcumference, was placed on top of the soil surface
in ech of the sx tanks The tube and plate portions of the penerometer were inserted
through two of the holes dong opposte Sdes of a diameter, each goproximatdy 45 mm from
the centre of the disc. Vaious radidly-symmetric objects were placed in the centre of the
wooden discs to serve as surcharge weights.

The surcharging method was not as effective as intended for severd ressons

« Surchage weght suffident to rase the dress in the ol to levds equivdent to
dresses 1 metre degp could not be placed on the surface of the soil without tipping
over becaue the oil surface in some casss was not entirdy leve. The largest
aurchage weights which could be placed on the surface yidded dress levels in the
il equivdent to aout 0.5-metre depth.

o penaromeler profiles of the soil (after consolidation due to surcharging was
thought to be complete) indicated that the surcharge caused a large gan in
strength in the top 10-20 mm of oil, immediady benesth the surcharging discs
but tha the soil benesth that was not influenced nealy as much by the
surcharging. In addition, the soil in the top 10 = 20 mm was S0 drong after
aurchaging that the exiding penerometer devices were not durdy enough or large
enough to be loaded enough to propely messure shear drength, but the soil was
dill too soft to be messured accuratedly by more conventiond means such as shear
vane testing.

Because of the problems encountered in trying to propely surcharge the E-grade kaolin,
surchaging and pod-surcharging  penerometer  tests were not  performed in - Atlantic Mud  or
North Sea Soil.




Results

Settlement Measurements

Becaue exch tank contaned a different intid amount of soil, the setflement messurements
ae preented as normalised (or percentage) settlement, ie, Stlement of the soil surfece
divided by the origind heght of the ol layer.

Figure la beow presents the average normalised SHtlement vs time plots for E-grade kaolin
a each waer content; Fgure Ib presents the same for Atlantic Mud, and Fgure Ic presents
the normdised setlement vs time plots for both North Sea Soil tanks Plots of normalised
settlement vs. time for each tank can be found in Figures lad (E-grade kaolin) and 2ad
(Atlantic Mud) of Appendix B. Fgure 3 of Appendix B presents the reaionship between
intd slarry water content and fmd normdised sdtlement for dl 3 oils
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Figure la. Average Normalised Settlement vs. Time, E-grade Kaolin
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Codfficients of consoliddion (c,) were determined from the average setlement vs time plots
usng the grgphicd squareroot-of-time method (Das 1994); these vaues ae presented in

Table 1 beow.
Table 1. Coefficients of Consolidation
E-grade Kaolin Atlantic Mud North Sea Soil
W ¢y (m’lyr) w ¢, (m’fyr) W ¢ (m’fyr)
83% 0.78 90% 0.22 76% 0.18
98% 1.4 99% 021 87% 0.19
112% 1.2 107% 024 | - | e

For Atlantic Mud, the ¢, vaues obtaned in thee experiments were in the range of those
determined in oedometer tets performed earlier on the soil, as reported by Bolton ax
Barefoot (1997), but were almost an order of magnitude smdler then those determined in
tank sedimentetion tess by Bolton and Barefoot ( 1996).

This gpparent discrepancy between the results for coefficdent of consolidation in a
homogeneous layer and in a layer of <oil prepaed to gpoproximaidy sSmulae the assumed
heterogeneous  dructure of a backfill indicates thet the effects of non-homogenaty, large
lumps, cracks and drainage chennds present in the gmulated (and probebly the actud)
beckfill Sgnificatly increese the rate of consolidetion. Therefore, vdues of ¢, determined
from tank stlement tests in homogeneous layers of soil quite probebly provide very
conservative esimates for  heterogeneous  trench  backfills Table 2 below presnts the
difference in times required for 90% consolidation of a |-mere cover assuming a coefficient
of consolidation representative of a heterogeneous layer and a coeffident of  consolidation
repreentative of a  homogeneous  layer.

Table 2. Time Required for 90% Consolidation of a I-metre layer of
Atlantic Mud for Different Assumed €y Values f

c, =022 mlyr | ¢, =1.8mlyr
Time required for 90% consolidation 46 months 5.6 months

Knowledge about the dructure of actud day backfill could provide guidance for goplying a
ot of “accderdion factor” to ¢ or t vaues obtaned from setlement experiments of
homogeneous layers of <ol in order to esimae the consolidation time expected for
heterogeneous backfill. Usng the results in Teble 2 ebove based on Bolton’s and Barefoot's
(1996) smuldion of heterogeneous backfill, such a factor gopears to be between about 7 and
9 for Atlatic Mud; that is 90% consoliddtion in a 1-mere deep layer of badkfill with the
same heferogeneous processes occurting & in the experiments performed by Bolton and
Barefoot, would consolidete about 7 to 9 times more rgpidly then a homogeneous layer of the
sare il
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The difficulty in spedfying dandard procedures for prepaing Smulaed backfills, ax
uncertanty about the gdructure of red day badfills a fidd-scde make it difficult to
recommend a dandard method for predicting the actud ¢, to be expected in red beckfill &
field-scale. However, a saries of sedimentation tests peformed on recongtituted soils, ranging
from samples mixed with excess seawaer for 5 minutes mixed with excess seawater for 30
minutes and mixed with excess seawater until homogeneous, for example, could provide a
gened range of vdues in which ¢, may be expexted to lig with the ¢, obtained from the
homogeneous  samples  being a  consarvative  lower-bound  esimate.

Undrained Shear Strength of Partially-Consolidated Soil

A il which is not fully-consolideted w-ill have less shear drength then the fully-consolideted
i, as experiments reported by Bolton and Barefoot (1996) show. Since pipdines ae
generdly put into operation before the backfill is expected to be fully-consolidated, it is
usful to quantify the degree by which the drength is reduced a various degrees of
consolidation. Undrained penerometer teds were performed a vaious degrees of
consolidation; the results, in terms of shear drength, were compared to the results of tests
pefomed a ful consolideion. The correlation befween percent consolidation and the ratio
of shear drength a patid consolidetion to shear drength a full consoliddtion a  various
depths is presented in Fgure 2 bedow. Linear fits of the data were developed and are
presented bdow for E-grade keolin and Atlantic Mud; however, there were not enough daa
points for the North Sea Soil to devdop such a corrdaion with confidence
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== Cu (partially consolidated)/Cu (fully consolidated) = 0.6986*U + 0.341
~ Cu (partially consolidated)/Cu (fully consolidated) = 0.4771*U + 0.4725

Figure 2. Correlation of Relative Undrained Shear Strength with Degree of
Consolidation, All Soil Types
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Houres laf, 2a-f, and 3a-b of Appendix C presnt the profiles of undraned penetrometer
bearing dress with depth for both the partidly-consolidated and fully-consolidated cases for
eech tak of E-grade Kaolin, Atlattic Mud, and North Sea Soil, respectively.

Fgure 2 and the figures in Appendix C highlight the importance of dlowing adequete time
for consolidetion of trench backfill a fiddscde and provide some guidance for esimating
the expected decrease in shear drength (and therefore, presumebly, uplift resstance) due to
incomplete consolidation.

Undrained Shear Strength of Fully-Consolidated Soil

Foures 3a, 3b, ad 3¢ bdow presnt shear drength profiles for dl fully-consolidated samples
of E-grade Keolin Atlanic Mud, and North Sea Soil. Figures lac and 2ac of Appendix D
present undrained shear drengtb  profiles for E-grade Kadlin and  Atlantic Mud, respectively,
for each water content separady.

Undrained Shear Strength, kPa

0 0.05 01 015 0.2 0.25 03 0.35 0.4

Depth (mm)

——Tank 1 (w=83%) “t-Tank 2 (w=83%) -b-Tank 3 (w=83%)
-O-Tank 4 (w=83%) —¥—Tank 5 (w=98%) -O-Tank 6 (w=98%)
—4+—Tank 7 (W=98%) -Tank 8(w=98%) -Tank9 Ww=112%),

—&—Tank 10 (w=112%) —M—Tank 11 (w=112%) —&—Tank 12 (w=112%

Figure 3a. Undrained Shear Strength Profiles, E-grade Kaolin
The water contents indicated in the legend below the graph are the initial water contents
of the slurries; the water contents indicated on the graph under the plots are the water
contents of the fully-consolidated soil at the time of testing.
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Undrained Shear Strength, c, (kPa)

0.00 0.10 0.20 0.30 0.40 0.50

Depth (mm)

r——Tank 1 (w =90%) —— Tank 2 (w =90%) —a—Tank 3 (W =00%)
——Tank4 (w =90%) <o-@-- Tanks (w=99%) ---m---Tank6 (w=99%)
---A--- Tank7 (w=99%) . ..@ . Tank8 (w=99%) w——Tank 9 (W =107%)
‘wat—Tank 10 (W=107%) =——fr==Tank 11 (w =107%) =e@ee—Tank 12 (W =107%)

Figure 3b. Undrained Shear Strength Profiles, Atlantic Mud
The water contents indicated in the legend below the graph are the initial water contents of
the slurries; the water contents indicated on the graph under the plots are the water
contents of the fully-consolidated soil at the time of testing.

Undrained Shear Strength (kPa)
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Depth Below Surface {mm)

120

Figure 3¢. Undrained Shear Strength Profiles, North Sea Soil
The water contents listed on the chart are those of the fully-consolidated soil layer.
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Figures 3a, 3b, and 3c indicate that, particularly in Atlantic Mud and North Sea Soil, there is
alarge gain in shear strength just below the surface of the soil for about the top 10 mm, and
then considerably less gain in shear strength with depth for the remaining part of the profile.
This effect seems to be more maked a lower water contents.

Figure 4 below presents the results of undramed shear strength at various depths for all the
water contents and soils dtudied. In some cases, trench backfill may be a lower water
contents than the range of water contents studied in these experiments, but Figure 4 indicates
an approximately linear relationship between shear strength and water content, so that it
should be possible to estimate shear strength at lower water contents by extrapolating from
this graph.

Shear Strength (kPa)

0% 20% 40% 60% 80% 100%

Water Content

o Atlantic Mud  ® E-grade Kaolin 4 North Sea Soil

Figure 4. Relationship of Undrained Shear Strength at Various Depths to
Water Content, All Three Soil Types

Figures 3a and 3b of Appendix D present the relationship of undrained shear strengths to
water contents in E-grade Kaolin and Atlantic Mud respectively, distinguishing between the
results a each depth. The shear srength a each water content generdly increases slightly
with depth — a result which coincides with conventional understanding of shear strength
generally increasing with depth.

Drained Shear Strengths

Profiles of drained penetrometer bearing stress with depth are presented in Figures la-c of
Appendix E. Figures 2a-c, 3a-¢, and 4a of the same appendix compare drained and
undrained penetrometer bearing stress at various water contents in E-grade Kaolin, Atlantic
Mud and North Sea Sail, respectively. These figures show that the profiles of drained
penetrometer bearing stress generaly are approximately linear throughout the entire profile
depth, in contrast to the undrained profiles, which tend to have a much shdlower dope near
the surface and then a seeper dope below the top 20 = 40 mm.
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No generdisdions can be made however, for awy of the soil types regarding compaisons
between draned and undraned shear drength from these grgohs In some cases, drained and
undraned shear drength for the soil in a given tank appear to be about the same throughout
the profile in some cases draned drength is dightly larger; in other cases, undrained
drength is digntly higher; and in ome caes the drained strength is less then the undraned
drength near the surface, but the reaionship reversss & grester depths.

There is even quite a bit of discrepancy between some draned penetrometer profiles in the
same il a& the same waer content in different tanks, implying thet the tex method hes
limited precision. Therefore, condusons which can be drawn from these teds induding
corrdding draned pendrometer  bearing  dress vadues with vdues of draned uplift codffident
Obtained in centrifuge tests, may be limited.

Sensitivity and Thixotropic Regain

Fpdines in operdion ae subjected to cydes of temperdure and pressure which cause the
pipdine to buckle upwad in the trench. It is thought that the movement of the pipe in
response to temperature and pressure cycdes disurbs the soil surrounding the pipe, and thet
this didurbance may reduce the drength of the soll if the ol is sendtive Some oils regan,
gther patidly or completdy, the drop in drength due to sendtivity; this phenomenon is
known as thixatropic regain.

Table 3 bedow presents a summary of the test results for dl three soil types Figures laf, 2a-
1, and 3a-b of Appendix F compae predisurbance pogt-disturbance, and thixotropic regain
penetrometer  profiles for each tank tested.

As sen from Table 3, the senstivity obsarved in each ol at a depth of 20 mm was greder
then that obsaved @ 80 mm. This rexult indicaes that the method of goplying disurbence
hes a greder efect on the top of the oil layer than on the bottom. Table 3 ds0 suggests that
gther none of the soils is overly senstive, or the method of inducing didurbence in the soil
was not effective

In mogt casss the shear drength 7 days after sengtivity tesing was actudly greater than the
oigind srength of the undisturbed ol. This result, coupled with the observation discussed
in the next section tha the unit weight of the soil genedly incressed during this time period,
may indicate that some secondary consolidation due to pladic reedjusment of the soil fabric,
is occurring during this time.

Table 1 of Appendix F summarises the results of experiments peformed to investigae the
dfect of rae of goplication of blows on the sengtivity index in Atlantic Mud. This table
shows that for the Atlantic Mud tanks a the lowes water content, the faster gpplication of
disurbance led to a smdler sengtivity index, but the resllts a the other two water contents
do not show a condusve difference in sengtivity index between the two raes of blow
application. However, the difference which was found to exid a the lower water content
ggests the importance of dandardisng the rate of agpplication of blows in order to achieve
consistent results.

Teble 2 of Appendix F summarises the rests of experiments peformed to invedtigate the
dfect of the number of blows aoplied to a tank on the sengtivity index, in Atlantic Mud. AS
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expected, there is generally an increase in sengitivity index with an increase in the number of
blows to the tank.

Table 3. Summary of Sensitivity and Thixotropic Regain Results

Sensitivity Index | Thiixotropy Indexi
Depth Below Surface 20 mm 80 mm 20 mm 80 mm
Atlantic Mud
w* = 81% 1.71 | 0.98 | 1.03 0.83
w* = 84% 1.79 0.99 1.07 0.77
w* =94% 1.71 1.14 0.98 0.83
| E-grade Kaolin
w* = T4% 1.60 1.01 0.93 0.71
w* = 86% 1.53 1.20 0.86 0.70
w* = 93% 1.96 1.25 0.69 0.64
North Sea Soil
w* = 67% 1.95 0.96 1.30 0.93
w* = 72% 2.17 1.10 1.24 0.97

e s q lidated, undisturbed X
Y Sengtivity Index = P>y consaidaer, indurbed ; vaues liged are average values for dl tanks

Q4 p(post-disturbance)
tested at this water content.

q idated, undistarbed .
{ Thixotropy Index = PO o ) ; values liged are average vaues for dl tanks

4 p(7 days after sensitivity testing)
tested at this water content.

* Water contents ligted in table are the water contents after full self-weight consolidation.

Unit Weight

Values of average (tank) unit weight and average spot values of unit weight of samples taken
from the bottom and from the top 50 mm of the soil layer are summartised in Tables 4, 5, and
6 below.

The results for tank average unit weights are accurate to +/- 0.4 kKN/m’; spot values of unit
weight are consdered to be accurate to within +/- 035 kN/m® (these estimates are based on
the esimated levd of uncertainty inherent in the methods of messurement of weight and
height).

The results presented in these tables indicate some disagreement between the tank average
unit weights and the spot values determined from samples taken with the piston sampler; the
tank average values are generally about 0.4 to 0.6 KN/m® |ower than the range between the
vaues of unit weight & the top and bottom of the tank. This discrepancy suggests that one or
both methods of determining unit weight contain some systematic error. No obvious source

16




that measurements using this device contain systematic error.

Table 4. Unit Weight (kN/m®) Values for E-grade Kaolin
Average Values for all tanks tested at each water content

of this sydematic eror is known; the level of accuracy of both methods was thought to be
quite high. The most likdy sources, however, are erors in the measurement of height of soil
in the tanks or in the messurement of volume ingde the pison sample. Known volumes of
water could be placed in the piston sampler and the height of the water could be measured in
order to develop a correlation between height and volume to verify the measured inner
diameter of the tube used in volume calculations and thereby to verify or refute the hypothess

Tank Average Top Bottom
Original Surry: w = 83%
Fully-consolidated 14.74 15.02 15.34
Post-Disturbance 14.75 16.09 15.27
7 days after sengtivity testing 14.94 15.28 15.59
Original Slurry: w = 98%
Fully-consolidated 14.25 14.61 14.73
Post-disturbance 14.15 14.47 1472
7 days after sengitivity testing 14.56 14.97 15.17
Original Slurry: w = 112%
Fully-consolidated 13.98 U
Postdisturbance N D
7 days dfter sengtivity tegting 14.59 15.00 15.05
Table 5. Unit Weight (kN/m®) Values for Atlantic Mud
Average Values for all tanks tested at each water content
Tank Average Top Bottom
Original Slurry: w =90% 1412
Fully-consolidated 14 43 14.87 15.26
Post-Disturbance 14.57 14.91 15.18
7 days after sensitivity testing 14.60 14.96 15.24
Original Slurry: w=99% 14.06
Fully-consolidated 1431 14.76 14.75
Post-disturbance 14.36 14.67 14.80
| 7 davs dter sengfivity testing | 14.60 14.72 15.06
Original Slurry: w = 107% 13.33
Fully consolidated 14.19 14.20 14.67
Postdisturbance 14.16 14.40 14,71
7 davs dfter sengtivitv testing 14.22 14.56 14.85




Table 6. Unit Weight (kN/m®) Values for North Sea Soil

Tank Average Top Bottom

Original Slarry: w =76%

Fully-consolidated 15.43 15.70 14.22

Post-Disturbance 15.30 15.49 15.41

7 days after sensitivity testing | = -———-- 15.43 15.81
Original Slurry: w=287%

Fully-consolidated 15.28 15.96 15.78

Post-disturbance 15.27 15.71 15.94

7 days after sensitivity testing 15.37 15.68 15.85

In E-grade kadlin, there is about a 3% increase in average unit weight between the fully-
consolidated messurement and the messurement 7 days dter senstivity testing. Also the
difference between the unit weghts a the top and bottom of the ol layer in E-grade keolin is
about 0.2 to 0.3 kN/m’.

In Atlantic Mud, the average unit weight of the soil increased by 2% (lower water contents)
to 6% (highes weter content) between the origind slurry date and 7 days efter sengtivity
teding, when the soil was gengdly & its mog dense Also, there is a difference of about 0.3
to 0.4 kN/m® between the unit weight a the top and bottom of the soil layer.

Snce there were only two tanks of North Sea Soil measured (and, therefore, the benefits of
averaging ae not avalable), the trends in the data for unit weight ae less dear for this ol

type.

All vaues of waer content and unit weight messured were corrdated to determine values of
gedific gravity for each oil. The vaues obtaned were

o E-gradeKaolin Gy =252 +/- 0.01 (obtained from 56 samples)
o AtlanticMud: G, =252 +/- 0.02  (obtained from 64 sampley
« North Sea Soil: Gs =2.66 +/- 0.07 (obtained from 9 samples)

Potter (1996) dates that the supplier of E-grade kaolin quotes a spedfic gravity of 26 for the
oil. The resit of these expariments is somewhat lower then this known vdue This

discrepancy suggests that there may be some eror in the method of meesuring umit weight in
samples obtained by the pigon sampler, snce there is little doubt about the accuracy of water
content measurements.

Concluding Remarks

The test saries presented in this report hes good potentid in describing meny propeties of oil
in trench backfill. The repetiion of experiments on severd tanks containing the same <ol &
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the same waer contents yidded results which generdly indicate good repedtability. The
folowing agects of the ted seies require further invedtigion or  refinement:

« the extrgpolation of reslts of codffident of consoliddtion in a homogeneous layer to a
heterogeneous  backfill, which may contan lumps cacks and dranege chands, and may
therefore consolidate much more repidly  then  the  homogeneous  layer;

o the usfulness of reslts obtaned in draned pendromeer tests, which fal to show dear
trends compared with undraned pengrometer test  results

o invedigation into the source of the sysemdic eror which gopears to be presnt in one or
both methods of determining unit  weight.
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APPENDIX A: APPARATUS AND TEST PROCEDURES
SUPPORTING MATERIAL
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2-inch square
aluminium
—— [0ading plate

3-mm diameter
lightweight hollow >
hypodermic tube:

450 mm long

Support Frame

Small holes in
support frame for
penetrometer rod to

ride through with
minimal  friction

bl

rad

30-mm diameter
circular aluminium disc

Figure 1. Simplified Diagram of Penetrometer

Figure 2. Photograph of Penetrometer in Use, with Tank and Vernier
Calipers
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Figure 3. Four Undrained Penetrometer Profiles in the Same
Tank of Kaolin at the Same Time, with Similar Results

Figure 4. Photograph of Apparatus for Administering
Blows to Tanks for Sensitivity Testing
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Penetrometer Location

Figure 5. Plan Diagram of Tank, Indicating Penetrometer Locations and
Orientation of Axes of Disturbance Application
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Figure 6. Volume vs. Height Relationship in Tanks
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Photograph of Piston Sampler Contai

Figure 7a
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Figure 7b. Diagrams of Piston Sampler Before Sampling and
Containing a Sample
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APPENDIX B: SETTLEMENT CHARTS
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Figure la. Normalised Settlement vs. Time, Kaolin,
83% Water Content
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Figure 1 b. Normaiised Settlement vs. Time, Kaolin,
98% Water Content
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Figure 2a. Normalised Settlement vs. Time,
Atlantic Mud, 90% Water Content
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Figure 2b. Normalised Settlement vs. Time,
Atlantic Mud, 99% Water Content
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Figure 2c. Normalised Settlement vs. Time,
Atlantic Mud, 107% Water Content
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APPENDIX C: PARTIALLY-CONSOLIDATED SHEAR
STRENGTH CHARTS
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Figure la. E-Grade Kaolin, 83% Water Content: Undrained
Penetrometer Bearing Stress Profiles Comparing Partially and
Fully Consolidated Cases
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Figure Ib. E-Grade Kaolin, 83% Water Content: Undrained

Penetrometer Bearing Stress Profiles Comparing Partially and
Fully Consolidated Cases
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Figure Ic. E-Grade Kaolin, 98% Water Content: Undrained
Penetrometer Bearing Stress Profiles Comparing Partially and Fully
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Figure le. E-Grade Kaolin, 107% Water Content: Undrained
Penetrometer Bearing Stress Profiles Comparing Partially and Fully
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Figure If. E-Grade Kaolin, 107% Water Content: Undrained
Penetrometer Bearing Stress Profiles Comparing Partially and Fully
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APPENDIX D: UNDRAINED SHEAR STRENGTH CHARTS
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Figure 1 b. Undrained Shear Strength Profiles, E-grade
Kaolin, Initial Water Content 98%
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Figure Ic. Undrained Shear Strength, E-grade Kaolin,
Initial Water Content = 112%
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Figure 2a. Undrained Shear Strength Profiles for
Atlantic Mud, Final Water Content 81%
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Figure 2b. Undrained Shear Strength Profiles for Atlantic
Mud, Final Water Content 86%
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Figure 2c. Undrained Shear Strength Profiles for
Atlantic Mud, Final Water Content 94%
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Figure 3b. Shear Strength vs. Fully-Consolidated Water
Content at Various Depths, Atlantic Mud
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APPENDIX E: DRAINED PENETROMETER PROFILES
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Figure la. Drained Penetrometer Profiles, E-
grade Kaolin
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Figure 1 b. Drained Penetrometer Profiles,
Atlantic Mud
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Figure 2a. Drained and Undrained
Penetrometer Profiles, E-grade Kaolin, 83%
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Figure 2b. Drained and Undrained
Penetrometer Profiles, E-grade Kaolin, 98%
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Figure 2c. Drained and Undrained
Penetrometer Profiles, E-grade Kaolin, 112%
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Figure 3a. Undrained and Drained
Penetrometer Profiles, Atlantic Mud, 90%
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Figure 3b. Drained and Undrained Penetrometer
Profiles, Atlantic Mud, 99%
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APPENDIX F: SENSITIVITY AND THIXOTROPIC REGAIN
CHARTS
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Figure la. Sensitivity and Thixotropic
Regain, Tank 1, E-grade Kaolin, w = 74%
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Figure Ib. Sensitivity and Thixotropic Regain,

Tank 2, E-grade Kaolin, w = 74%
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Figure Ic. Sensitivity and Thixotropic Regain, Tank 5, E-
grade Kaolin, w = 86%
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Figure Id. Sensitivity and Thixotropic Regain, Tank 6,
E-grade Kaolin, w = 86%
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Figure le. Sensitivity and Thixotropic
Regain, Tank 9, E-grade Kaolin, w = 93%
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Figure If. Sensitivity and Thixotropic
Regain, Tank 11, E-grade Kaolin, w = 93%
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Figure 2a. Sensitivity and Thixotropic
Regain, Tank 1, Atlantic Mud, w = 81%
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Figure 2b. Sensitivity and Thixotropic
Regain, Tank 2, Atlantic Mud, w = 81%
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Figure 2c¢. Sensitivity and Thixotropic
Regain, Tank 3, Atlantic Mud, w = 81%
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Figure 2d. Sensitivity and Thixotropic
Regain, Tank 4, Atlantic Mud, w = 81%
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Figure 2e. Sensitivity and Thixotropic
Regain, Tank 5, Atlantic Mud, w = 86%
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Figure 2f. Sensitivity and Thixotropic
Regain, Tank 6, Atlantic Mud, w = 86%
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Figure 2g. Sensitivity and Thixotropic
Regain, Tank 7, Atlantic Mud, w = 86%
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Figure 2h. Sensitivity and Thixotropic
Regain, Tank 8, Atlantic Mud, w = 86%
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Figure 2i. Sensitivity and Thixotropic
Regain, Tank 9, Atlantic Mud, w = 94%
Searing Stress, q, (kPa)
0 0.5 1 1.5 2 25 3 3.5
20
30
E a0
E
£ 50
&
o 60
70
80
90
100
—&— Fully-Consolidated
—&— Post-Disturbance
- . - Thixotropic Regain

Figure 2j. Sensitivity and Thixotropic
Regain, Tank 10, Atlantic Mud, w = 94%
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Figure 2k. Sensitivity and Thixotropic
Regain, Tank 11, Atlantic Mud, w = 94%
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Figure 21. Sensitivity and Thixotropic Regain,
Tank 12, Atlantic Mud, w = 94%
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Figure 3a. Sensitivity and Thixotropic Regain,
Tank 1, Galley Soil, w = 67%
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Figure 3b. Sensitivity and Thixotropic Regain, Tank
2, Galley Soil, w = 72%

64




Table 1. Effects of Rate of Blow Application on Sensitivity Index,

Atlantic Mud
Sensitivity Index, [Sensitivity Index,
20 mm 80 mm
w = 81%
20 blows/20 sec* 1.53 0.82
20 blows/35 sect 1.76 1.03
Si(fast)/Si(slow) 0.87 0.80
w = 88%
20 blows/20 sec*= 1.69 1.14
20 blows/35 sectt 1.82 1.08
Si(fast)/Si(slow) 0.93 1.06
w = 94%
20 blows/20seCx**+* 1.68 1.24
20 blows/35 secitt 1.72 1.10
Si(fast)/Sl(slow) 0.97 1.12
* Tank2
** Tank7
***Tank 11

t  Average of Tanks 1, 3, and 4
#t Average of Taks 5,6, and 8
tt Average of Tanks 9, 10, and 12

Table 2. Effect of Number of Blows on Sensitivity Index, Atlantic Mud

) w = 81% w = 86k w = 94%
S120 biowsy Slia0 blows). 0.79 0.93 0.95
20 mm depth
120 biowsy S1(a0biows), 0.75 086 11
80 mm depth
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