
]]IE UNIVJIRSITY OF MANITÐBA

DOI^]TISIOPE I"OVEMEIVIS AT S}]ALIOW DEP,flIS

R]II,A'TED TO DRATNED CYCLIC PORE PRIÌSSURI:-

CIII\T]GNS

by

Jean PauL Burak

A T1]ESÏS

SL]BIVIITTED TO TFIE FACULTY OF GRADUATE STUDIES

IN PARTIAL FULFTLLI\4ET'II OF TTIE REQUIREME¡¡IS F.OR THE DEGREE OF

MAS'TER OF SCTE¡CE

DEPARTME}II OF CIVIL ENIGINEERIT¡G

WINNIPEG, I,IANITOBA

ffi ruLY, te86



Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to Iend or se11
copies of the film.

The author (copyright owner)
has reserved other
publ icat ion rights , and
ne ither the thes is nor
extensive extracts from it
may be printed or otherwise
reproduced without his,/her
w r i t t e n p e rm i s s i o n .

Lrautorisation a êtê accordée
ã la B ibl iot.hèque nat ional e
du Canada de microfiLmer
cette thèse et de prêter ou
de vendre des exemplaires du
fiIm.

Lrauteur ( titulaire du droit
d'auteur) se réserve Ies
autres droits de publication;
ni Ia thèse ni de longs
extraits de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisat.ion écrite.

rsBN Ø-3L5-33996-9



DOI,INSLOPE MOVEI"ÍENTS AT SHALLOI"I DEPTHS RELATED
TO DRAINED CYCLIC PORE PRESSURE CHANGES

JEAN PAUL BURAK

A thesis sub¡nitted to the Facurty of craduate studies oI
the u¡liversity of Ma¡litoba i' partial furfillment of the requirenre'ts
of the degree of

MASTER OF SCIENCE

@ Ì986

Pernrission has been gra¡rred to the LIBRARy oF THE uNIVER-
slrY oF MANITOBA to le'd or seil copies of this rhesis. to
thE NATIONAL LIBRARY OF CANADA tO MiCTOfiINI thiS
thesis a'd to lend or seil copies of the film, and UNIVERSITY
IvIICROFILMS to publish an abstract of this rhesis.

The author reserves other publicatio' rights, a'd neitrrer the
thesis nor extensive extracts from it may be printed or otrrer-
wise reproduced without the author's writte¡r pernrission.

BY



ABSTRACT

This thesis investigates the effect of cycJ_ic pore

pressures on soil- with regards to its deformation behavior.
The observed behaviour is then correlated to actual field
conditi-ons in which shalrow, slow ground movements have been

measured.

The effect of fl-uctuating porewater conditions on sl-ow

ground movements has been studied by subjectjng triaxial
speciments to cyclic pore p-ressure changes. These changes

were appJ-ied through a back pressure burette with full_
drainage being permitted throughout the duration of the
tests. The tests were performed at constant total loads,
and a total of lI tests was completed.

Resurts from the labo::atory tests showed permanent

changes in vorume and shape during the cyclic pore pressure
changes. The deformaLion rates reached app::oximately
constant values in the range of 30 cycles and were dependent
on the magnitude of the pore pressure changes. The strain
.rates arso increased rinearly with an increase in the ratio
Lu/Lu -.f

correrations between the raboratory test results and

the field soil behavior show that the dispracements pattern

].II



can be predicted from the cyclic pore pressure changes. The
new anal-ysis, however, seriousry underpredict.s the downsrope
movements, as the magnitude of the field dispracements is
much larger than those predicted.
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INTRODUCT]ON

shallow, slow, i-rregurar ground movements have been

freguently observed in natural- sr-opes of less than r0o
(Skempton and Delory, Ig57, Wil]iams, Lg66)as well as in
steeper sì-opes. rt has been suggested that slow movements

of this kind may at times result in srope fair_ures (yen,

1969 ) , or may continue for long periods without leading to
fail-ure (Kojan, 1967). These movements may be of
significant concern to engineers when they interfere with
construction works or engineered structures (Eigenbrod,

1984, Chandl-er and pochakis, l-g73). In periglacial areas,
continuous ground movements are referred to as sorifluction
(Bloom, 7978)- The moving soir- rayer is saturated with
water and many of the observed movements occur on slopes
with angles as r-ow as 2-5o (carson and Kirkby, Lg72).
Movements may also be due to the effects of frost: observed
as heave of the soil- during free zing followed by subsequent
consofidation on thawing (Wifliams, Lg66, Washburn, Lgl3).
This phenomenon causes a step like behavior of the soir
particles downslope.

Tavenas and Leroueir- (198r-) and McRoberts and

Morgenstern (r974) suggest that these srow movements courd
also be related to fluctuating porewater pressure
conditions- Tavenas and. Leroueil (1981) stated that the
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"cycric creep deformation behavior of natural- sropes has not

been investigated in detaiI."

In order to study the effect of fluctuating porewater

conditions on slow ground movements a Iaboratory testing

program was undertaken in which soil specimens v/ere

subjected to cyclic pore pressures, and an instrumentation

program of a slope at Bluefish Lake N.W.T. initiated where

slow shallow soil movements had been reported (Eigenbrod,

1984 ) .

This thesis presents the results of the laboratory

program and additional field observations obtained for the

instrumented slope. The data is then related to results

reported by other authors (eg. Williams, L966, Tavenas and

LeroueiI, 198I, Washburn, I973, McRoberts and Morgenstern,

r97 4) .

chapter rr describes the site investigation which was

carried out at the Bluefish Slope as well as the

observati-ons obtained from the instrumentation which was

install-ed. A subsequent stability analysis is also
presented. chapter rrr presents brief summaries of other
reports on continuous, slow soil movements as well as their
respective fietd observations and discussions on the

possibte mechanisms causing the movements.
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The raboratory programs undertaken, their results and

respective discussions are given in chapters rv and v, while
chapter vr attempts to correlate the raboratory test results
with the actuar fierd observations. concrusions and

recommendations for further study are given in chapter vrr.



II SLOPE AT BLUEF]SH LAKE HYDRO

2 . L. General Description

Bl-uefish Lake Hydro Electric plant is located on the

Yel-Iowknj-fe River System approximateJ_y 50 km north of
Yelfowknife, N.w.T. The wooden penstock of the hydro plant
runs in a north-south direction arong a south east facing
slope (see Fig. Z.L). It is partly located on rock and

partly on a slope underl_ain by clay and silt.

s1ow, continuous srope movements have occurred over the
years on the cray - silt srope, necessitating on two

occasions within a period of 50 years, the removal and

repracement of a section of the penstock. The piles on

which the penstock was supported had tirted downhill. The

only indication of downhirr slope movements was soil having
been pushed up against a series of pires on their uphill
sides, while a gap had formed on their downhirl sides.
Tilting of the piJ-es caused excessive distortion of the
penstock leading to numerous leaks. Excessive movements of
the pires became a concern approximatery twelve years after
their reconstruction in 1968. Eventuarj_y a portion of the
pipe and its supports had to be replaced in 1983.



2 -2 Geology

The topography in the vicinity of the site consists of
smoothly rounded bedrock hilrs separated by valreys with
maximum differences in er-evation of up to 7o meters.
According to Aspler (1984), the bedrock was exposed during
advances of the Laurentide ice sheet. The rocal- sequences

of tills resting on graciofluvial materiar are interpreted
as the result of basal mertout coincident with deposition by

streams flowing through the icesheet. Forrowing
deglaciation the area was subaeriarly exposed and sands and

gravels r¡¡ere deposited in some of the deeper vall_eys.

The area was then inundated by graciar Lake Mcconnelr
which deposited sir-ts and crays on topographic rows, but
sands on topographic highs. rce rafting resulted in various
size cl-asts being incorporated into the sediments.
Permafrost in the area is believed to have started to form
as recently as 4000 Bp.

2.3 Fie1d Investigations

conditions on the site seem to indicate that
groundwater may be an important factor in the slope
movements. Since its construction, the penstock has
consistentì-y leaked, contributing water to the groundwater
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regime. There is al-so an indication that groundwater from

higher up in the slope flows down an access road then down a

trough-like path on the srope under the section of penstock

recentry replaced. This is evident by an area of the access

road which is constantly wet, even during the driest part of
the summer, and by a spring which exits downsrope of the
penstock and just below the former alignment. The locations
of these observations are indicated on Fig. 2-2 which shows

the site layout as welr as the rocations of test holes,
instruments installed and test pits.

Downslope of the penstock, the rower secti_on of the
slope consists of a permafrost feature in which massive

ground ice was found between the depths of 2.0 and 8.5 m

(Eigenbrod, 1984). It is believed that the degradation of
this ice feature due to the water teaking from the penstocl<

is initiating the slope movements. A marshy area is rocated
at the toe of the slope where further degrading permafrost
is evidenced by surface slumping and surface slope

movements- A complete profile of the s10pe is given in Fig.
2-3. Fig. 2-3a shows the overall extent of the slope whire
Fig - 2-3b shows a more detailed profile of the instrumented
area. The average slope angle is approximately 70 .

The site was investigated by a totar of lB borehol_es:

five dril]ed in the fall_ of IgB2 (Eigenbrod, IgB4) and
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thirteen driÌ]ed in the summer of t984. Two test pits were

arso excavated in the summer of rg}4 and their locations are
shown on Fig. 2-2. A total of six open standpipes \¡/as

install-ed at the locations indicated in Fig. 2-2, as wel_l_ as

three el-ectro-piezometers, with their tips rocated in the
sand-gravel layer overlying the bedrock. Four slope
indicator casings \^/ere a.l-so instalred on the site in the
summer of 1984. These instalrations provided information
regarding the magnitude of si-ope movements and the
fructuations in the groundwater pressures in the sand and

gravel layer underlying the clay deposit. A summary of the
1984 Field Drilling program is given in Appendix B.

Two pressure cel-ls were installed in Test pit No. I
against the foundation pier in order to measure the soil
pressure exerted on them due to the movements. The data
obtained from these pressure cerls to date are not
sufficient to permit their evaluation and therefore will not
be discussed in the context of this study.

Three thermistor strings \¡/ere instaf red; one in rg82
and two in 1984, and have provided pertinent information
with regards to the ground temperature profile and the
uphilJ- extent of the permafrost feature. A description of
the instruments install-ed as wel_l as their instaLf ation
procedures are given in Appendix B.



2 .4 Field Obse.rvations

The site stratigraphy as shown in Figs . 2-3 and 2-4, is
interpreLed from the borehore rogs and the laboratory
crassification test resur-ts presented in Appendix B; and

from the site investigation performed. previously (Eigenbrod,

r984 ) .

A silty clay is found overlying sand and gravel
deposited directly on the bedrock. The overburden ranges in
thickness f¡:om 2.0m uphill of the penstock to 12.5 m

downhill of the penstock. The cray is often varved, and

contains ice-rafted pebbles and stones randomly deposited
throughout. The top 0.5m of soil commonly contains boulders
to a maximum size of 0.5m. At the location of Test pit
No- 2, the silty cray was onry approximatery 0.5m thick and

below changed to a sir-t to a depth of 2m. The clay obse::ved
through-out most of the site was a light brownish-grey silty
clay, nuggety, moist to wet at some locations, soft, and

contained some organics. pocket penetrometer readings taken
at r-35m depth in Test pit No. r gave an average undrained
shear strength of 200 kpa while torvane readings taken at
the same depth gave an average result of 70 kpa.

The water tables observed in the standpipes varied
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throughout the year. seasonar variations of the water
pressure in the sand and gravel zone berow the clay are
indicated in Figs . 2-5, 2-6and 2-7 . Figure 2_5 presents the
height of the water in the standpipes, with respect to their
tips r âs observed at various times through the year. Figure
2-6 shows the piezometric revers for these readings as

protted on the slope profile, while Fig. 2-7 shows the
change in .r, and the change in u, versus depth , for
different rocations, for the maximum revel of wat.er recorded
(see List of Symbols page vi). The magnitude of the
groundwater fructuations in the slope is different for each

l-ocation as shown in Fig. 2-7. with reference to a depth of
2 - 0m' th.e f luctuation is zero in the upper part of the
slope, while further down in the area of STP_I , the
fructuation is approximatery 2.5m. The highest water l-evels
were recorded in August, 1984 and september 1985.

The slope movements recorded from the slope indicator
casings installed are shown in Figs . 2-B to 2-Lr. The totar
deflections are plotted versus depth using the originar set
of readings obtained on August l-6, 1984, soon after they
were installed, as the reference 1ine. Total deflections
shown are deviations from this originar profile. Each

casing is oriented with the A* axis pointing upslope (west),
with the exception of instalration sr-3 in which the A+ axis
is pointing in the N.vv. direction. The B* axis corresponds



l0
to the groove which is 90o crockwise from the A+ groove.

The slope indicator readings as indicated in these
figures show movements of the soir concentrated in the top
2m of the overburden. The rates of surface movements vary
from Smm/yr. for SI-4 at the upper margin of the slope, to
32 mm/yr for sr-2 in the upper centre of the srope area.
For ínstal-laLion sr-1 downslope of the penstock in the
centre portion a rate of 20 mm/yr was recorded and for sr-3
a rate of L4 mm/yr was recorded. These rates of movements

are in the same -range as those reported by wirriams (1966)
for a shal-l-ow srope r-ocated at a sub-artic rocation. He

observed movements up to lB.7 mm/yr with frexibre tubes
inserted into the ground.

The temperature profires obtained from the thermistor
instalrations are shown in Appendix B, whi1e, Figs . 2-L2 to
2-14 show the yearly extremes of the temperatures
variations - A1r thermistors show reratively stabre ground
temperatures below 5m depth. Thermistors TH-l and TH-3 show
an active zone of approximately r.5m whereas thermistor
TH-2' which was instarfed at a rocation which was bel_ieved
to be at the boundary of the permafrost feature, showed an

active zone of al_most 5m thickness.

The average temperatures of the permafrost berow 5.0m
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depth were -1.3oC for the thermistor TH_3 , _L.OoC for
thermistor TH-r, and. -o.2oc for thermistor TH-2.

2.5 Stability Analysis

2.5. I Infinite Slope Analysis _ Seepage S1ope

The slope at Bruefish Lake is a fairly uniform slope of
relatively rarge extent in which the movements are sharlow
and may be assumed to be pararler to the ground surface.
The appropriate way to anaryse this slope with respect to
its stabirity is by using "inf inite srope,, anarysi-s with the
assumption that the soil- properties and pore water pressures
at any given distance bel-ow the ground surface are constant.
The factor of safety F" for the condition of limit

equilibrium using an effective-stress analysis (c, o , )

becomes

- _ ct * (y-mYw)zcos¿0tanôl
(2-L)

Yzsin0cos0

where the groundwater fr-ow is pararrei_ to the srope and the
groundwater tabre is at a verticar- height mz above the slip
surface (ref. Fig. 2-15a). For no cohesion and the
groundwater table at the surface, Eg. 2-r reduces to

y' tan þ'F1 =-S
y tan0

(2-2)
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hthere \'/ \ ís the ratio of effective total unit weight of
the soil and is usually taken as approximately 0.5, +'is
the angre of shearing resistance in terms of effective
stress and 0 is the sl_ope angle. Using y,/y = 0.5, the slope
angle o - 7o and O' = 31o determined from CIU tests
described in section 3.2.r, in Eq. 2-2, the factor of safety
F" is calculated to be 2.4.

From this simpJ-e cal-culation, it can be seen that the
sì-ope apparently has a very high factor of safety against
catastropic failurer fet it is definitely experiencing
movements.

Eq. 2-I, written in terms of ru, where r, = tJ/yz and c,
= 0, yields

(cos2O - r- ) tan Q'E'_u's sínOcosO \¿-r )

Using a safety factor of unity indicating failure
conditions, and the parameters rerevant to this srope r \d€

find that the r' required for failure is approximately equal
to 078. This val-ue is greater than the approximate value of
0.5 which correlates to the condition of the ground water
table being at the ground surface.
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2.5.2 Infinite Slope Analysis - Thaw S1ope

McRoberts and Morgenstern (L974) have applied the,

thaw-consolidation theory to the prediction of slope

stability on thawing slopes (Fig. 2-L5b), contending that
excess pore water pressures can be set up in thawing soirs
and that they are consequent upon thaw-consolidation.
solving the one-dimensionar thaw-consoridation problem using

the Newmann sol-ution

d=q/t

where: d = depth of thaw

0* = TJ"u

t = time

0 : a constant

the sorution is formulated in terms of a thaw consoridation
ratio R, where:

(2-4)

(2-s)

where c¡is defined by Eq. 2-4 and. c' is the coefficient of
consolidation. This ratio expresses the relative influence
of the rate at which water is produced by thaw and the rate
at which it may be squeezed out of the thawed soil overlying
the moving thaw interface.
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For an infinite soil- mass thaw-consoridating under serf
weight conditions the excess pore presssure has been found

to be
Y'd

u = 

--ì- 
(2-6)

(1 +:-)
2R2

where y'd is the effective stress after complete dissipation
of excess pore pressures.

considering a slope, Fig. 2-r5b, where the thaw front
is at depth d, the effective stress on plane A-A would be

y 'd cos 0, and the pore pressure would be

I
tJ=Yrdcos0+yrd,coso (----__l' (2-7)

l+ -
2a2

and applying a staticar balance of forces, the factor of
safety becomes

y' I tanQ t

F= = 
- 

( f- ---- ., (2-g)
Y 1+ - tanO

2F(2

for a thaw slope.

Applying the relevant srope parameters and a var_ue of R

of 0.65, the factor of safety against fail-ure for this
thawing slope becomes r.12. rt shoul-d be noted that the
value of R was selected using þ' = 25o, G= = 2.70 and a
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water content of 3Lz, because the solution for R was

presented for these parameters only in the original
publication. This value used for +' is ress than that
actually measured for this soi1, and the value O'= 31o

wourd give an even more conservative factor of safety.

Again using r,, : u/yz and the expression given for u in
Eq. 2.7, we f ind that

v cos2o + ytcos2o I'w

Y 
tt*-Å-,

2R2

(2-e)

Using values of y w 9.Bt kN/m3, y, = I0 k¡,/m3 , .(=

19.B k¡¡/m3 and R=0.65r ârr r,, varue of 0.72 can be obtained,
which is in the same order of magnitude as the varue of o.7B

necessary for failure of this srope. The factor of safety
obtained from the thaw slope analysis seems to indicate that
excess pore pressures due to thaw consolidation may be an

important factor to consider in the causes of srope

movements.
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III orHER RBPORTS oN coNTfNuous, slow sorl MOVEMENTS

3.1 Introduction

several articles are summarized ín t.his chapter which
deal- with shal-low, slow movements in soit as wef r as the
possibre mechanisms which cause them. These summaries

present the various mechanisms causing srope movements as

welr as presents quantitative data regarding sharrow slope
movements. Actual sl0pe movements are recorded as well as

pore pressures observed in thawing sl0pes. subsequently,
the movements and pore pressures recorded for these sropes,
as well as the possible mechanisms causing the movements are
summarized. These are later used in determining the correct
analysis to use and in comparing results.

3.2 Slopes at Schefferville, p.e. (p.J. WiIliams,
1966)

3.2.I General

Downslope movements of a soir in a subarctic rocation
were observed and reported by Williams (1966). Three sites
near the town of scheffervilre, p.e. were selected in which
2-22 cm diameter poryethylene tubes up to 2 m rong i¡/ere

inserted vertically in holes prepared with an auger in order
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to record the srope movements. The deformation of the tubes
was measured using a probe which was l_owered into each tube.
The tubes r^/ere placed in 1958 and investigated in 1959, 1960

and 1961. The sites sel-ected showed no indication of
catastrophic instabitity.

3.2.2 General Description of Area and Slopes

The three sites investigated are in areas in which
permafrost occurs discontinuously with their respective
active layers generally 1.5 to 3.0 m deep.

site 1, located 20 km northwest of scheffervir_le, is a

terraced slope feature in which the terrace surface is
sloped at an angle of varying from 40 to 9o, with a much

steeper bruff of up to 30o. six tubes \^¡ere placed on this
site (Fig. 3-t).

site 2 ís located 5 km northeast of the townsite.
overburden here varies between rm to 2m depth and surface
vegetation consists of older scrub and isorated spruce. The

srope angle varies between 50 and 23o, and water reaches the
surface at the foot of the srope. six tubes varying in
length from 0.4m to r.2m were instar-led at the site (ri_g.
3-r ) .
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S ite

about 2Oo

southeast

3 is a vegetation-free slope with an angle of
covered with small- stones and located 300m

of Site 1. One tube was install-ed at this site

Profiles showing the location
rel-ative to the slope are given in

of each installation

Fig.3-1.

A composite curve presenting the grain size anarysis of
the three sites shows that the soil contains from ro-252
sand, 44-60s silt and 15-35? clay. A breakdown for each
site shows that the site I is 252 sand, 608 silt and I5Z
clay; site 2 has 2OZ sand, 55? silt 252 cJ_ay; and site 3 has

Ize" sand, 442 silt and 342 clay.

3.2.3 Fiel-d Observations

surface movements of up to rocm !üere recorded for the
slopes at site r and site 3. The movements decreased. in
depth, varying in intensity from year to year. profires
showing the shape of the tubes in two sites is shown in
Figs'3-2 and 3-3- Tubes B and c show a ,,concave,, tube
profile and movements downhirr, while tubes A and D show a
slight "concave', shape uphil1 (WiIliams, I966 ) . This \,vas

attributed to the tube's tendency to take on this form
because of their transport to the site in a coiÌ.
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per year

movements

the site

3-4 shows

for tube C

, although

seemed to

a profile of

at site I.

deformations

indicate some

average slope

Site 2 showed

of the woody
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movements,

very little
vegetation on

3.2.4 Concl-usions

williams stated that "the concave downslope form
assumed by the tubes shows that not only is the absorute
displacement of the upper rayers greater than that of the
lower layers, but the differential movement within each
layer increases towards the surface,,. A stability anaÌysis
utilizing Eq. 4-2 with y, / y = 0.5 shows that for fai_l_ure the
angle of internal- f riction ( O' ) on site I woul-d have to be
less than 1Bo (for e - 90), and less than go (for 0 = ¿o) .

For site 3, ó' wourd have to be ress than 360, which seems

to indicate that the s10pe is at or cr-ose to failure.
Because of the sirty nature of the soil, it is evident that
the angle of internal- friction wil-l be fairly high, and thus
it was conc-r-uded that the movements (in site r anyway) are
not susceptible to conventional stability anarysis and
require further explanations.

Considerations were

movements due to freeze_

to freezing being normal

then given to the possibility of
thaw activity, the frost heave due

to the sì_ope and the soil_ settling
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vertically due to gravity upon thawing (see Fig. 3_5).
Using the equation L - E tan0 (where L = downslope

component of movement,0- sl0pe angle and E = frost heave),
williams found that the magnitude of frost heave required to
cause the observed downhir-r movements was improbable for
this case - He concluded that consolidation following frost
heave is untikely to be by itserf responsibre for the
movements.

3.3 Frost Creep and Gel_ifluction (Washburn, Lg73)

washburn (1973) considers two processes by which a soir
slope may move downhilr; frost creep and gelifruction. He

describes frost creep as "the ratchet r-ir<e downsrope

movement of particres as the result of frost heaving of the
ground and subsequent settling upon thawing, the heave being
predominantly normar to the srope and the settring more
nearry verticar. " Gerifruction is presented as soi_ifruction
(movement of ground mass saturated with water) associated
with frozen ground. since the predominant characteristic of
gerifruction is its dependency on moisture, it is contended
that the reasons for the prominence of getifruction in co_r-d

climates are two-fold: (l) tfre role of the frost tabl-e
(permafrost table ) in preventing the downward movement of
moisture and creating saturated soir conditions and (2) the
rol-e in thawing ice and snov/ in providing moisture to the
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ground.

Rates of frost creep and gelifluction \Ä/ere reported for
various l-ocations including Greenland, Lapland, and
spitsbergen. The slopes varied from 50 to 17o and the rates
recorded ranged between 9.0 mm/yr and 120.0 mm/yr. washburn
observed that the ratio of gelifluction to frost creep
differed in successive years and thereby contended that both
processes occur simultaneously, Either process can
predominate in any given year. This combined process is
ill-ustrated in Fig. 3-6.

3 ' 4 seasonar- creep Due to FlucLuating Groundwater
Table (Tavenas and Leroueil-, IgBl)

Tavenas and Leroueir- (19Br), in approaching the topic
of seasonal- soil- creep of slopes, related the soil movements
to the groundwater regime in the sropes. rt \^¡as suggested
that groundwater fluctuations can occur in the clay crust,
or in surficial aquifers, or due to variations of artesian
pressure in interval or underlying granular Iayers.

As a resur-t of yearry and seasonar- variations of the
pore pressures in the s10pe, the effective stress conditions
fluctuate. During periods of high pore pressures, the
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effective stresses are reduced towards fairure (and higher
creep rates) - During periods of row-pore pressures, the
effective stresses are higher and thus the srope is more
stable. Although they referred to the creep rates reported
by Mitchell and Eden (rg72), they state that this ,cycric
creep deformation behavior of a natural sl0pe has not been
investigated in detai-1' .

3.5 Shallow Slope Movements Caused by Excess pore

Pressures due to Thaw-Consolidation (McRoberts and
Morgenstern, l-974)

McRoberts and Morgenstern investigated several case
studies which deart with observations on sropes with
incl_inations ranging from 30 to 90. Using infinite slope
analysis, and pertinent soil data such as residual shear
strength parameters, it was found that these slopes shourd
all- be stabre for srope angres below L2.5o. They concruded
that excess pore pressures are required to account for these
low angle movements. By solving for the pore pressures
required to cause failure, the pore pressures were expressed
in terms of r, and were recorded to vary from 0.6 Lo 0.86,
as compared to an ,,, of about 0.50 for hydrostatic
conditions.

They associate these excess pore pressures to two
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possible mechanisms; thaw consolidation, and ice-brocked
drainage. Thaw-consolidation refers to the release of water
as frozen ground thaws and the subsequent settlement of the
ground- rf the rate of water generation exceeds the
discharge capacity of the soir, excess pore pressures wilr
devel-op (Andersland and And.erson, LgTB) -

rce-blocked drainage resurts when a free zíng front
advances into a srope forming on impermeable frozen soil
bfanket - This branket can then block or back-up the water
flow and may produce excess pore pressures. McRoberts and

l4orgenstern contended that ice-brocked drainage, even t.hough

observed in the raboratory seems unlikery in the fierd since
water will arways be attracted to an advanci_ng free zíng
front and 'pore water sub-pressures would be more reasonabry
expectedt.

Two case records are presented in which excess pore
water pressures were recorded during studies on thawing
slopes - The first was in the Mackenzie River varrey near
Fort Norman, N-w-T. The piezometers were instarred in areas
of sil-t-runs where free water lvas ponded at the surface.
The measured pore pressures, expressed in terms of the .,,
ratio, ranged from 0.BB to I.09 as compared to an r,, of 0.52
for hydrostatic conditions. Thus the excess pore pressure
ratios ranged betwen 0-36 to 0.57. The va.r-ues of u and r,
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versus depth are plotted in Fig - 3-7.

The second case is referring to a study done by

Chandler (L972) in which thawing slopes in Vestspitsbergen

were investigated. Measurements h/ere made at the base of

the active layer as well as at intermediate depths. The

pore pressures measured ranged from r, values of 0.65 to

0. 84 r âs compared to 0.50 for hydrostatic conditions. This

gives exces= r., values ranging from 0.15 to 0.34. (See

Figs. 3.9 and 3. f0 )

For both of these cases, it is suggested that the

excess pressures are due to thaw-consol-idation processes

3.6 Deep Seated Movements in Clay Slopes (Mitchell and

Eden, 1972)

Mitchell- and Eden present measurements from

inclinometer installations in three slopes in the Ottawa

area. The slope angles ranged from 20o to 2Bo, with one

instal-Iation on a 35o slope. Al-1 the slopes are along

rivers or creeks and are subject to toe erosion. Three

inclinometers were instal-1ed in slopes that \^¡ere similar to

adjacent ones where recent Iandslides had occurred, and

three were chosen because particular environmental faclors

were prevalent (eg. graded slope, outcropping marine clay

and a natural slope subjected to unusuatly rapid erosion).
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Three years of slope movement observations showed

significant deep-seated movements in which the time of
maximum movement for four of the instarlations was during
the spring. rt is arso berieved that most of the movement

occured during this time. The maxj_mum rates of movements

varied from 2 Lo 6 mm/month (during the Spring thaw) while
the average movements over the three year period was 0. 11 to
27 mm/yr.

rn order to investigate the i-nfruence of changes in
groundwater lever on the deformation in the slopes, a sampre

of clay from one of the slopes (Rockcliffe Clay), was

subjected to a normal drained compression test until the
sample was at equilibrium under approximately goz of its'
failure load. The pore pressure was then cycled to simurate
a 0.5 m variation in the goundwater lever. The time
intervals between the various cycles ranged between I min.
and 4 min. After several cycres (number not mentioned), the
sample had undergone about 3.5? axial strain without
fairure- No vo-lume changes were mentioned. From this,
Mitchelr and Eden concrude that this test definitely
supports the concept that srope movements are associated
with seasonal high groundwater level_s.
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3.7 Artesian Pore pressures in Shallow Slopes

(Chandl-er, Ig7 2)

Chandler (I972) invesLigated two slopes in
vestspitsbergen with inclinations in the range of Bào to L2o

on which mudfrows frequently occur in sirty materials. pore

pressure measurements \^/ere obtained at the base of the
thawing soil as welr as at mid-depth of the thawing rayer.
slope I was at the base of an abandoned cl_iff and consisted
of a series of broad raised beach terraces of tertiary
sediments - The overarl slope from the crest of the rear
scarp to the foot of the toe, was 100. s10pe 2 was at a

site in which a number of smarl scale shalrow mudslides had

developed on the slope. silt seeps \^zere evident where

emerging groundwater had brought the sitt to the surface,
indicating l_ocal_Iy high water pressures.

The soiÌ found at slope r- was a relatively uniform
silty sand with approximately BS c1ay, 322 silt , 402 sand
and 20e" graver- No grain size anarysis h/as performed on

soil from slope 2 - onry srope 2 was investigated for srope
movements, pore water pressures and ground temperatures.
Three lines of pegs were set out across the sJ_ope to
determine any surface movements. over the two week

observation period, none of the pegs showed any measurable
movements -
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Most of the piezometers instalfed (I to L2, 20, 2L)
\ivere simply open ended L" diameter pVC tubes, while the
remaining were er-ectricar- piezometers. The stand pipe
piezometers were install-ed by pushing to refusal, presumably
to the thawing depth. At four locations, pairs of
piezometers (L,2¡ 3,4ì 5,6 and 2L,2I) were installed, one

tube to refusar, the other to a sharlower depth. Figure 3-g
shows the locations of arr piezometer instarrations as werl
as the general site layout.

water pressures were recorded only by piezometers r,2;
3,4; 20 and 2L, whire the remaining tubes \^/ere dry. Those
piezometers which recorded water pressures were alr sited in
an area of the slope where there was a thin firm of water
flowing down the s1ope. The readings given by the
erectrical piezometers protted against time are shown in
Fig' 3-9- Fig. 3-r0 gives a summmary prot in which the
maximum observed heads of water above the piezometer tip are
plotted versus the depths of piezometers. The data show a
consistent record of artesian pressures.

soil- temperatures \¡/ere measured at two points by
driving to refusal a \ inch bore metal tube into which a

soil thermometer \¡/as lowered. The soil temperature profiles
thus obtained indicate primarily the effect of air
temperatures and thus are of little value.



2B

After performing a stabirit.y analysis, chandler showed

that for the occurence of mudslides for the range of the
srope angles at which they \¡/ere observed, the pore pressures

must have been considerarly in excess of the hydrostatic
condition. He concruded that the artesian pressures "are
berieved to be generated by rayers of soir of contrasting
permeabÌ-lity dipping downslope pararlel to the ground

surface. The presence of permafrost at a shallow depth
prevents the movement of meltwater in any direction other
than parallel withr or upwards towards the ground surface,
and consequentry the blanketing effect of the layers of
lower permeabirity material resul_ts in the generation of
artesian presures".

Another possible cause mentioned for the observed

artesian pressures \^zas overnight f reezing of the surf ace.

chandler contends that surface free zíng wilt be most likety
to generate artesian pressures in the spring when the
shall-ow depth of thaw ensures that mert water remains at or
cl-ose to the ground surf ace.

3.8 Summary

The possible mechanisms mentioned which may be

responsibre for the observed shalrow slow movements in
natural- slopes are: consol_idation following frost heave
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(vüilliams , 1966) , f rost creep and/or gerif luction (Idashburn,
r973), seasonar- variations of the pore pressures in the
slope (Tavenanas and Lerouier, r9Br, and Mitchelt and Eden,
r972), excess pore pressures due to thaw-consoridation
and/or ice-bl-ocked drainage (McRoberts and Morgenstern,
r97 4 ) and artesian pressures resurting from thawing
(Chandler, L972).

The observed slope movements ranged from 9.0 to 27.0
mm/yr for sropes in the range of 40 to 23o while one srope
had movements as large as I20 mm/yr.

The measured pore pressure ratio in the thawing sropes
investigated ranged from r- u = 0.5 to rr, = I.09.

The types of mechanisms listed wirl be taken into
consideration in the analysis chapter (Chapter VI ) as well-
as the range of r., observed. chapter rv however, dears with
the raboratory testing program performed using soir sampres
from the Bluefish S1ope.
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IV LABORATORY TESTING PROGRAM

4.I Concept of Laboratory program

The cray affected by the shalrow slope movements at
Bluefish Lake was tested using standard identification tests
as werl- as speci-ally designed Drained Triaxiar Tests with
cyclic Pore pressure changes at constant Total Load (DTTCP).

The DTTCP tests hrere undertaken in order to investigate
the effects of cycric pore water pressure changes on the
behavior of soil-, particularly with respect to rerated
deformations.

4.2 Standard Soil Tests

4.2.I Resul_ts

Water contents, Atterberg limitsr Çrain size
distributions and X-ray diffraction tests were determined
for soil identification. fn addition, consolidation tests
(one-dimensionar and isotropic) and consoridated
isotropically undrained triaxial tests (CIU) with pore
pressure measurements, were used to measure geomechanical
properties. A summary of these tests and their results is
presented in Table 4-1. shelby-tube sample rocations as



3t
indicated by borehore numbers and depth intervars are also
shown.

The moisture contents obtained for the shelby tube

samples ranged from r9z to 272 whil-e those for a brock

sampre that was taken from Test pit No. 1 averaged 3lg.

Two grain size analyses were performed by hydrometer

method according to ASTM st.andard D42r-58. Their results
are protted in Fig. 4-r and show average fractions of 732

clay, 26? silt and 18 sand..

Liquid and plastic Iimits tests were performed

according to ASTM standard 423-66 and D4 24-59. For the tube

samples' IÍquid limits ranged from zgz to 35s and the
pJ-asticity indices from IIZ to L4? ¡ for the block sample,

the average liquid timit was 432 and the plasticity index
was ]Bu. The Atterberg Limits for the soif are plotted on

casagrande's p]asticity chart presented in Fig. 4-2, and

indicate a low pÌastic clay (Cf,¡.

X-ray diffraction tests were conducted on material from
the block sampre in order to identify the clay mineralogy of
the soil. The diffractograms from these tests are included
in Appendix B, along with the procedure used for the
identification. The cJ-ay mi.neralogy, expressed as a
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percentage of

Il-lite

Chlorite

Kaolinite

Smectite

the clay fractj_on was

4BZ

252

272

18

found to be:

Expressed as a percentage of the total soil sampre in
which 732 is clay we find that 35å is Illite, 183 is
chl-orite , 20% is kaolinite and there is a trace of smectite.

Two types of compression tests were undertaken on one

of the shelby tube samples (BH p-2, 1.9-2.0m depth). The

first type of test was a one-dimensionar test using a

conventional oedometer ring, while the second type was an

isotropic test utiri zíng a triaxiar cell. consolidation
tests were also performed in the context of the cru tests as

welr as the DTTCP tests. Al-l of the consolidation tests,
except the first three CIU tests, and the simpte
(one-dimensional-) oedometer test, \^/ere performed against a

back pressure. The back pressure ensured that the sampl_es

!ùere saturated and any excess air was dissolved into
sol-ution, thus ensuring accurate vol-ume readings. sampre

preparaLion for the isotropic compression test was the same

as for the cru tests and the DTTCP tests and is described in
detail in Appendix A. The results of both types of
compression tests \^/ere plotted on a V-l_n o' diagram, and a
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u-oí diagram as shown in Fig. 4-3. The consolidation stages
from these tests, includi-ng those from the cru and DTTCp

tests' are compiled in Appendix c. rt is common that the
isotropic consofidation val-ues should be above the oedometer
val-ues in Fig. 4-3- The mean pressures are higher. Typical
time-consol-idation resurts from the isotropic consoridation
tests and one-dimensional consolidation tests are shown on

Figs . 4-4 and 4-5 respectively.

Four cru tests with porewater pressure measurement \4/ere

performed at confining pressures of 15kpa, 27kpa, 40 kpa,
and 30OkPa' respectively. The results of these cru tests
are summarized on Figs . 4-6, 4-7 and 4-B as well as in
Appendix c (nig. 4-B shows the row-stress region of Fig. 4-7
to an enlarged scale ) . For the series of CIU tests
undertaken in this study, failure was interpreted as the
points at which the stress path, when ptotted i, q_p,space,
intersected Lhe Hvorslev surface. Further discussion
regarding the definition of failure is presented in
Appendix A.

4.2-2 Discussion of Standard Soil Test Data

For the majority of the tested samples as listed in
Tabre 3-1, the water contents vrere crose to their respective
liquid limits resurting in Liquidit.y rndex values around
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unity. This indicates a soft to very soft deposit. rn this
state the soil may be deformed or remolded wit.hout the

formation of cracks and without any change in volume.

The clay mineralogy characterized by the hígh count of
iIlite, chlorite and kaolinite, indicates a soir which has

been affected by littfe chemical weathering. This is

typicar for clay deposits sedimented in a cord climate. The

clay is relativery j-nactive and not susceptible to swerling.

The compression curves for both the isotropic and the

one-di-mensional consolidation tests are both shown in V- o'
V

and v-ln ol- diagrams in Fig. 4-3. very gentle curves with-v
littl-e change in curvature in the range of the expected

preconsolidation pressure, can be recognized. This shape

may indicate sample disturbance (Holtz and Kovacs, 19Br),

and can be contributed to the soft nature of the soil in the

tube sampres (This will be presented rater in section
3 - 3 - 1 ) . The preconsoridation pressure v/as estimated to be

between 200 and 250 kpa. A description of the method used

of determining the preconsolidation pressure can be found in
Appendix A. The slopes of the normar consolidation rine
(¡, ) and of the swelling line (r< ), which are also shown on

Fig. 4-3, were obtained from the one-dimensional compression

curve and were found to be À- 0.388 and K : 0.044.
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The pressure range which was utilized during the

isotropic compression test was not quite adeguate to obtain
the virgin curve portion. rt appeared appropriate however,

to estimate the location of the isotropic virgin curve by

drawing a line through the last point of the isotropic
consol-idation curve parallel to the virgin curve portion
obtained from the one-dimensional test (see Fig. 4-3).

The two compression tests were performed from the same

shelby tube sample. Therefore, it can be assumed that the
samples were almost identical and that the two tests can be

wel-l compared. In fact, for most samples, during the
consolidation stages, a simirar behavior was observed in the
volume readings of the isotropic compression test (see Fig.
4-4). During the initial- stages of consolidationr porê

water was experled, indicating a reduction in volume. At a

certain stage, however, when the test was in the second.ary

compression stage, the sampre started to take water back in,
apparently indicating an increase in volume. The net
changes in volume neverthl-ess showed a volume reduction.

The mosL likely reason for this behavior appears to be

the presence of organic gases in the samples tested.
Methane gas was indicated by its' typicar odour and by

organic incl_usions (rootlets) found in several samples.

It{ethane gas \^/as further observed during the preliminary
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DTTCP test performed without back pressure in which the

sample had to be continuously deaired on a daily basis. A

vol-ume of air (or gas) up to 4c*3 was removed each time. rt

can be visual-ized that as consolidation proceeds, the pore

water pressure decreases and gas originally dissolved in the

pore water will_ be rel_eased at lower pressures. The

resulting gas voids will be firled by water which is drawn

into the sampre, indicating an apparent volume increase.

The net volume i-ncrease was determined as the difference

between the actuar final- vol-ume reading and the vorume

reading at time zero extrapolated from the consolidation
curve. Fulr equiribrium was accomprished ín 24 hrs. for
this fissured clay.

The load-deformation curves for the cru tests, together
with the related pore pressures are presented in Fig . 4-6.
A strain hardening behavior is shown for the sampres tested
at low stress levels (p'varying between 15 and.4Okpa) while
sright strain softening is evident towards the end of the

the CIU test at the higher stress level- (p , - 300 kpa).
This strain-hardening behavior at the row stress levels may

be due to the interaction of individual peds in the cray

fabric resulting in a rgranurarr behavior similar to a loose

sand. The strain-softening observed for the high stress
lever however, is typical for over-consolidated c1ays. The

u vs 11 ' plots for all four tests in Fig . 4.6 show that
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positive pore pressures were initialry generated, but later
became negati-ve as the test progressed. For the test at the
high stress l-ever- r positive pore pressures were generated
initially which were considerably higher than for the tests
at the ]ow stress l_evels.

In Fig. 4-7 and 4-8, the stress paths of the test
sampJ-es are plotted in a q-p' diagram. The overconsolidated
strength envelope in the Hvorsrev surface can be established
as the tangent to the various stress paths. rt was found to
have a slope M - r-25. The resulting effective strength
parameters were cafculated to be Þ' : 31o and c' = L2 kpa.

4.3 Drained Triaxial Tests with cycric pore pressures

Changes at Constant Total Load (DTTCP test)

Introduction4.3.r

The drained triaxÍar tests with cycric pore pressure
changes at constant total load (DTTcp tests) were undertaken
in order to examine soir behavior due to cycring pore
pressures. The concept of the test is shown schematicalry
in Fig. 4-9- The sample was placed into a triaxiar cer.r_ and

consolidated anisotropicalry, using a dead weight system for
the axiar load and an air pressure system for the confining
pressure- Tt was then subjected to a cycling pore pressure,
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au. The term Àu/au, used throughout the remaining thesis,
represents the change in pore pressurer Au=(_Apr) as a

fraction of the total pore pressure change measured which
produced failure (see Fig. 4-9). The axial strains and.

vol-umetric changes \^/ere recorded and protted during the
test, from which the radiar strains were arso determined and

plotted.

The forlowing sections present the procedures forl_owed

for each test and contain discussions on the sample

preparation and the test procedures (which includes a brief
description of the apparatus, the consol-idation stage, the
cycric pore pressure changes and the application of the
failure loads ) . Because of the quantity of results and

observations made, the folrowing chapter is devoted to
presenting and discussing the test results.

4.3.2 SampJ-e preparation

All the soil specimens were carved from the same brock
sampre which was corrected from a depth of approximately
2-0m below the ground surface in Test pit No. 1. Because

the clay was soft, nuggetty, and contained occasional
pebbres and rootrets, iL was very difficutt.to handle, and

great care had to be t.aken during the trimming process.

HandJ-ing procedure for the trimming and sample set-up stages
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of testing are described. in Appendix A. These procedures
were fol-l-owed for arl the cray sampres prepared for the
Drained Triaxiaf Tests with cyclic pore pressure changes
(DTTCP).

4.3.3 Test procedure for the DTTCP Tests

4.3.3. I Equipment Set Up

The equipment setup for the DTTCP tests is shown

schematicaì-ly on Fig - 4-r0 . The sampre speci-men was

encl-osed in two rubber membranes which were lubricated with
silicone oil, and placed inside the triaxiar_ cerl which was

subsequentì-y firred with water. constant axiaf loading was

applied by deadweights on a hanger, sitting on the piston
which passed through the top of the cerl. The cefr v/as

equipped with a rotating bushing to minimize the friction
between the cell top and the piston.

Compressed air was used to provide the pressure
required for celr and pore pressures. The air supply rines
were rerouted through a pressure container to minimize
fl-uctuations in the air pressure supply.

vol-umetric changes in the sampre were measured by means

of a backpressure burette. This consisted of a cylinder
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which vras encl-osed. within a crear plastic chamber which
could be pressuri-zed to the reveÌ of the reguired sampre

pore pressure.

verticar dispracements of the sample top were measured

by means of a dial gauger âs wel] as a Linear variable
Differential Transformer (LVDT). pore pressures were

measured by pressure transducers and were recorcled at
fifteen minute intervals by an automatic data-logger arong
with the verLicar displacements. The vorumetric readings as

well as the diar- gauges for dispracement readings were

recorded manually at 2 hour intervals during daily working
hours.

The sampre specimens v/ere consolidated anisotropically
at total stress conditions simirar to those estimated for
the field conditions. cerr and pore pressures were applied
simultaneously by opening the valves connected to the cel_l
base, while the hanger r-oad was appried srowry to the top of
the specimen by gentry rereasing a mechanism holding the
hanger in prace - pore pressures were cycled by using two
breeding air pressure varves set to the upper and. r-ower

stress l-evers of the r-oad cycles and a solenoid switch
connected to a timer set to change the pressure at specified
interval- s .
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4.3.3.2 Consol-idation Stage

The sampres were consol-idated at stresses equivarent to
the site stress l_evels found at depths of 1.5m,2.0m, and

3.0m using coefficients of rateral earth pressures between

0.3 and 0.6. This range was sel-ected because the estimated

K^ is 0.3 for this soil and the estimated K vafue was 0.6.A "- -' -'O

Alr tests were consolidated against a backpressure of 240

kPa. Durations of the consoridation stages of the tests
ranged between 3840 min and 4320 min. This incruded some

secondary consol-idation. At the encl of each consol i clat_ion

stage, change in rength and the total volume change were

recorded.

4.3.3.3 Cyclic pore pressure Changes

After completion of the consolidation stage, the
sampres were subjected to cycric pore pressure changes.

These changes were serected such that they were in the same

order of magnitude as the seasonal pore pressure changes

which were estimated for the fierd conditions, and varied
between 0 and 3Okpa. A second criterion which was applied
for choosing the magnitude of the pore pressure changes was

related to the proximity of the stress points to the
no-tension rine on the q -p'prot shown in Fig. 4-8. This
was done in order to determine if there was different soil
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behavior for those samples consoridated to different Ko

values. Each pore pressure change was held for two hours to
ensure pore water pressure equalization, even though it
appeared that pore pressure equalization was practically

compì-eted within half an hour after the pore pressure

change. Thus, the time reguired for a fulr cycle was four
hours.

Values for cell pressurer por€ pressure and vertical

displacement were recorded automatically every fifteen
minutes by means of a data logger, and every two hours

manuarly during the day hours. For each test, between 60

and t00 cycles \4/ere applied, resulting in a totat test

duration of approximately three weeks for each test. A

total of 11 DTTCP tests was completed during the testing
program, plus one additional preliminary test.

4.3.3.4 Application of Failure Loads

At the end of each test series, the samples were

brought to failure by increasing the pore pressure in
increments of 1.0 to 2.0 kpa, allowing ad.equate time (2

hrs.) for pore water pressure stabilization for each

increment (see Fig. 4-B). This provided additional data for
failure varues in the low stress no tension region. After
failure, the final values of pressure, height and volume of
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the samples

The samples

B-9, B-10,

taken.

were recorded

vüere visually

B-I1 and B-12 )

and the apparatus disassembled.

inspected, photographed (samples

and final moisture contents were
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RESULTS OF THE DTTCP TESTS

5. I Introduction

A total of 11 DTTCP tests \^¡as completed during the

testing program, in which the specimens were subjected to
cycring pore pressures. For each test, between 60 and l-00

cycles were applied, resulting in a duration of
approximately three weeks for each test. The results
obtained from these tests are presented, discussed and then

summari zed.

5.2 Presentation and Discussion of Test Resu]ts

Figures 5-l to 5-7 present typical data from the DTTCP

tests - The complete set of test data can be found in
Appendix c. Figure 5-1 shows plots of the vorume changes

and the axial deformation changes versus rog-time for a

typicar consolidation stage on sampre number B-4. The same

anomaly described before for the routine consolidation tests
(water being apparently absorbed into the sample during the

later stages of the test) was arso evident during each of
these tests. consolidatj-on was comprete after one day, but

was continued both for convenience and to ensure sample

saturation for three days (over a weekend period). SimiÌar
plots are presented for each DTTCP test in Appendix c.
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Figure 5-2 presents the change in height which was

measured during cycring for a typical test (test sample

B-4). Upon pore pressure increase, the sample would

increase ín height (dial gauge reading reducing) and when

this pore pressure \^/as released, the sample would

consolidate to a height less than prior to the increase. As

cycJ-ing continued, the sample reduced in height. The

permanent axial- deformation is shown on this figure. A

J-arge portion of the total- change in height occured within
the first twenty minutes of the pressure change. The

permanent axial and volumetric deformations \^rere recorded.

and were plotted versus the number of cycres as shown on

Fig. 5-3- The comprete set of plotted resurts can be found

in Appendix C.

on Fig-5-3a and 5-3b, the permanent axial strain ( er)

and permanent relative vorumetric strains (err) after each

full- cycle are respectively ptotted versus the number of
cycles for a typical test. The rate of axial strain é1, ís
the fastest at the beginning of the cycling, d.ecreases with
increasing cycling, and reaches a constant rate of
deformation after approximately 30 cycres. The permanent

relative vorumetric strain as protted in Fig. 5-3b versus
number of cycles, although very sma1f, show a simifar
behaviour as the axial- strains. Logarithmic plotting of e ,
and Ev versus 1og (No. cycles) Ao not yield a straight 1ine.
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The volumetric strains recorded

complete set of data in Appendix C )

generally less than 0.9?, but never

during cycling (see

were very smalI,

more than I.22.

The curves suggest that changes in strain occur in a

step-like fashion. The plots of permanent volumetric strain
(e,r) versus cycl-e (n'ig. 5-3b) typicaJ-Iy shows that the r'
remains constant at a certain value for a few cycles then
suddenly increases for a few cycres untir again a constant
varue is reached for severar more cycles. This sequence

continues in this \day throughout the test. The same

step-like behavior is arso evident for the axiar strains
(et) - An observation made during the testing was that as

the test progressed, a step-rike increase in the sampre

vofume would resur-t in a step-like increase behavior in the
sample length- As the vorume then remained constant, the
sample woul_d continue to decrease in length.

A composite prot of atr tests, cycred at different
values ranging between 0 and 1.0 is presented in Fig.
The small-er the ratio or' pore pressure change, the sma

are the axial strains and the r-ower the strain rate.

Lu/Au -r
5-4.

I l-er

For the sample which failed during cycling (test B_g),
fail-ure was very quick, thus having a very high strain rate.
For those tests with intermediate ratios of M/Lur, the



47

steady state strain rate falls between the two extremes

shown. rt can be seen that these curves resembre those from
typical constant stress creep tests in which the stresses
are kept constant and the axiar strain is measured. These

constant stress creep curves typically show a primary creep
zone in which the creep rate decreases, a steady state creep
zone where the creep rate remains constant and a tertiary
creep zone where the creep rate increases to failure (Nelson
and Thompson , 1977 ) . The curves from this investigati_on
incl-ude the first two zonesr primary and constant rate,
whil-e no observations were made to suggest that the tertiary
zone had been reached. However, it should be noted that
these are not typicar creep curves since dispracements were

not taking place at constant effective stresses.

rn Fig. 5-5, radiar strains, .3, are plotted versus the
number of cycles for test sampre B-9. The varues of .3 for
each cycre were determined from the permanent axiar
deformation and the vol-ume changes at the end of that cycre.
These were rerated to obtain the change in diameter using
the relationship:

AD=D-
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where: D = original sample diameter

V = original- sample volume

H = original sample height

A D = change in sample diameter

À V = change in sample vol-ume

^ 
H = change in sample height.

A detailed derivation of this relationship is given in

Appendix A. The radial strain 13 was determined by dividing

the original sample diameter by this change in diameter

after consofidation. The same behavior can be observed in

this plot as for the measured deformations: the rate of

radial strain é 3, decreases with the number of cycles and

reaches a constant value at approximately 30 cycles. A

complete set of plotted resul-ts can be found in Appendix C.

Two samples (B-5 and B-B) which r¡/ere cycled too close

to the failure line failed during the cycling. Figures 5-6

and 5-7 show the axial deformatíons plotted versus number of

cycles for these tests. It can be observed. that once

f ailure \^/as initiated, both samples f ail-ed in step like

fashion. For sample B-8, part of this behavior, hohrever,

may be attributed to the cycling of the pore pressu.re

because the decrease in po::e pressure stabilizes the soil.
A similar step-like deformation behavior had ar-so been

observed during cycling of the other testsr âs mentioned,



however, it was not

B-B on Fig. 5-7 was

rest on a support,

continued to fail.

as pronounced as

interrupted when

although once the
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in these cases. Test

the load ram began to

support vùas lowered, it

The stress conditions for each test, the magnitude of
the pore pressures cycles, and Lhe rate of strains obtained

from the above plots (;1, ðrr, ä3 and Ë") are summarized in
Table 5-1, where ð= is the shear strain rate and was

determined from the values of êl and ê 3 i. the same test

using the relationship ê= = 2/3 (Ëf - ê3),(see List of
Symbols ) .

Figure 5-B shows for sample B-4 the vertical

displacements observed during the incrementar pore pressure

increases which \^rere appried, subseguent to the cycling
tests, until the samples faired, in a settlement versus time

plot. Vüit.h each pore pressure increment, the sample

increased in length. As the stress conditions approached

failure, the rate of increase in length d.ecreased.

Eventually the sample rèngth decreased slowly (pt. A), until
with a further pore pressure increment sudden totar failure
occurred. Table 5-2 summarizes the failure stresses for
each DTTCP test together with the volume changes observed

immediately before failure.
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The results of these test series are further summarized
by using the invariant effective stress e¡ p, , V space
commonly associated with critical_ state soir mechanics,
where q =o1' o3" p' =(ol + 20ä)/3 ¡ âÍrd v = l- * e

(Schofield and Wroth, f96B). This method presents clearly
the stress paths folrowed in each test and gives a proper
understanding of the soir behavior. The test results are
presented in this manner in Figs. 5_9, 5_10 and 5_lI and are
also listed in Tabres 5-r and 5-2. Figure 5-9 presents a

composite p10t of the stress paths at initial cycles for
each DTTC' test in a q-p' diagram. The theoreticar-
no-tension rine and the Hvorsr_ev fairure tine are also shown
on this p10t - The proximity of each test cycle to the
theoretical fairure r-ine can be recognized. Tþe failure
poi-nts line up close to the theoretical ,no tension, line,
although a majority of them fall- s]ightly to the left of the
l-ine, indicating negative ob varues at failure and impJ_ying
a positive var-ue of c' in this region. This indicates,
according to Atkinson and Bransby (1978), that the soil can
sustain tensile effective stresses. Failure point B_g shows
a high cohesion intercept, which may be rerated to the
reinforcing effect of rootlets which were found in the
sample, different from the other sampÌes. As well Fig. 5_g
shows a plot of the failure points in V-p, space along with
the esti-mated fai-lure rine paralle1 to the isotropic
consolidation rine obtained from the isotropic compression



51

tests.

The stress paths during pore pressure cycling can be

presented in more detair in q-p' plots and v-p' prots as

shown for a typical test (8-6) in Fig. 5-10. The sample was

consol-idated to point A, then cycled to point B by

increasing the pore pressure, Àu, then subsequently

decreasing the pore pressure by Á u back to the area of pt.
A. Because the total stresses rv,üere kept almost constant,
the effective stresses changed onry as the pore pressures

changed. During each cycre, changes in vorume and shape

occurred due to the changes in effective stress which were

not reversibfe. subsequentì-y, the sample never returned to
its originar shape and volume. Thusr âs cycling continued,
the sample decreased in height, increased in vorume and

accordingly increased in di-ameter. Therefore, because the
sampre diameter increased, while the axiar l-oad remained
constant' the major principJ-e stress decreased. This slight
decrease in o 1 i= shown in the q-p' prot and the V-p, prot
in Fig- 5-10 by the migrati-on of points A and B at the
beginning of the test to points c and D for the final
cycles - The incremental pore pressure increase applied to
fail the sampre subseguent to cycring is indicated by pt. E.

similar stress paths are plotted for each of the DTTCP test
and are presented in Appendix A.
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The f ail-ure points were further plotted in a V-J_og p'
stress space as shown in Fig. 5-11. The slope of the
resulting faifure lines is theoreticalry about the same as

the slope of the isotropic plastic compression line plotted
in the same stress space. Because of the scatter of the

fairure points in the low stress region, the failure point
from the cru test performed at a confining pressure of 300

kPa was utilized in order to establ-ish more clearly the
location of the failure l_ine in q-log p' space.

Al-r the samples burged at failure and for some samples

fail-ure zones rising at approximateJ-y 550 from the

horizontal were indicated (For example B-3, B-5, B-6, B-7,

B-8, B-9, B-I0, B-Il and B-12). Total failure for al1 of
the samples happened suddenry, mainry indicated by rapid
compression after the fairure stresses r,¡¡ere exceed.ed..

Fail-ure for all- of the tests was defined as the point at
which a change in soir behavior occurred, and not by a

predetermined strain. sudden axial compression was also
accompanied by an increase in volume. For the tests in
which the stresses were increased to negative o! values,
however, the sudden change in vor-umetric reading is not
indicative of a corresponding increase in sample vorume r äs

much of the measured water infrow was due to water
accumulating between the membrane and the sampre. rn order
to obtain the correct stress state of the sample at fai_lure,
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the cell pressure \iüas momentarily increased so that o', = 0,

and the correct volume reading was taken.

The resurts from the DTTCP tests show that a constant
strain rate ( êr_, U, and U,, and ê s) is attained after a

rinear behavior of the sample is reached, usually around 30

cycles. The rate of deformations af ter 30 cycres \¡/as

estimated from the slopes of the rl_, 13 and eu. plots after
this point of cycling. These rates of deformations, år, ëu

and d, and ê= are summarized in Table 5-1 and are also
plotted in Figs.5-I2, 5-I3, 5-14 and 5-15 versus the change

of pore pressure ratio ¡¡,/ Au¡, in which I u, is the total
pore pressure required to produce failure at the theoretical
f ai-l-ure line. These strain rates are al_so plotted versus
au,/au, in Appendix A. For al-r the strain-rate versus Au/Auf
plots r än almost linear rate increase with ¡¡,/ Au¡ ratio can

be seen.

The relative scatter of data points in the plots of the
strain rates vs Âu,/¡u, may be related to the method of
obtaining the srope from the strain curves in the steady
state region. The strain rates \iùere determined f rom the
slopes of an average rine drawn through the stepped portions
of the curves, beJ-ieved to represent the generar, overall
behavior of the sample. Thus the rates obtained depend very
much on the selection of the s10pe of the average curve:
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whether to take the slope along individual 'stepsr or the

srope of the line averaging a larger portion of the curve

(see Fig. 5-3b and diagrams in Appendix c.). There is also

the possibility that the steps did not reflect soil
behavior, but were due to disturbances during the duration
of the tests, such as power failures and careless movement

around the apparatus, or to insensitivity in the

instrumentation.

A value of A u/ Lvf equal to unity represents pore

pressure changes up to the theoretical no-tension line and

thus theoretically constitutes the limit to which the

porewater pressure can be cycled wíthout causj_ng failure.
The strain rates for the tests cycred to this limit could
not be crearry defined because the samples which failed when

cycled to this rever, did so at different rates. This may

be an indication of uncontrolred rates in this area. rt was

evident however that the strain rates developing during

cycling increased rapidly when the stresses were cycled
close to, or at the failure line. For the lower ¡p,/Au¡

values, however, strain rates increased almost rinearly with
number of cycles. The best correlation was obtained for the

vol_umetric strain rate år, (rig. 5_14 ) . Fairure occurred

onry when the pore pressure changes reached the fail-ure
l-ine.
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rt is possibre that the ratio a u/au, may not be the
most convenient way of presenting the test resul_ts. The

reason being that at different stress levels q, the same

¡ú/ L!¡ ratio is possibl-e and different behavior may be

evident. A t.hird parameter that. may take this into account

is K' which more precisery indicat.es the stress state.

5.3 Summary of Experimental Results

The most important results from the DTTCP tests appear

to be the following points:

l) During cycling of pore pressures, permanent change of
vol-ume and shape can be achieved.

2) The smalrer the ratio of pore pressure change, the
smaller the axial strains.

3 ) Deformation rates expressed in terms of strain rates
increased with the number of cycles but reached a

constant value after approximately 30 cycles

4) The strain rate is dependent on the magnitude of the
pore pressure changes.

5) The strain rates ( êf, %, êu, ê=) increase linearly with
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an increase in the ratio AurlAu, almost up to Au/Au, =

1.0

6 ) An abrupt change of conditions from constant rate of
strain to failure is indicated at the point Au,/Âu, =

1.0 .

7 ) Failure at l-ow stress revels is defined by a curve
srightly left of the theoretical no-tension rine.
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VI CORRELATION BETWEEN DTTCP TEST OBSERVATIONS AND

OBSERVED MOVEMENTS IN THE FIELD

6. I Introduction

This chapter deals with correlating the results

obtained from the DTTCP test and the actual measured

movements in the Bl-uef ish Slope.

First1y, the relationship between triaxial test

conditions and plane strain field conditions is discussed to

determine the correction,s required for the DTTCP test

results so they can be compared with the field prane strain

condition.

Secondly, because the deformation characteristics
obtained from the DTTCP tests were related to the pore

pressures at failure, the failure conditions in the slope

must arso be expressed in terms of pore pressures. The pore

pressures at failure are expressed as a function of depth D

for the Bluefish slope using rel-evant slope parameters such

as srope incl-ination 0 , angle of friction +' of soir and the

unit weight Y of the soil. The difference between the pore

pressures at failure rf and the 1owest existing pore

pressures u in the slope defines the pore pressure change ar,

required to cause failure. The ratio Lu/Lu, is plotted
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versus depth and related

the DTTCP tests, where A u

observed for a particular

to the strain rates observed from

is the change in pore pressure

depth.

Thirdly, the pore pressure changes in the surficial
portions of the Bluefish slope affected by movements must be

estimated. The pore pressure readings obtained in the

Bl-uef ish slope vvere not measured directry in the surface

zones affected by movements but in the silty sand zone at
the very base of the clay deposit. pore pressure changes in
the surface zones must therefore be estimated from these

readings as well as from other data reported for surficiar
soil- layers. The estimated pore water fluctuations au are

then used to calcurate ¡url au¡ values at various depth level-s

below the ground surface. By relating the ratio of Lu/ nu,

to the shear strain rate Ê= from the lab testing program,

data are obtained which show the shear strain distribution
versus the depth. Thus, soil movements can be calcurated
for these cycric pore pressure values. The carcurated
movements are then compared to those obtained from the slope

indicators instaÌl_ed in the slope.



59

6.2 correlation Between Triaxial Test conditions and

Pl-ane Strain Field Conditions

6.2.r General

rn this section the correrati_on betwen the triaxial
test conditions in the DTTCP tests and the prane strain
conditions assumed for the field will_ be discussed.
General-ized stress strain rerationships are presented, and

then using the conditions for each case, a relationship is
obtained between the strains rr, r., and e, and ,= and the
pore pressure ratio au/aur. The two rel_ationships wilÌ be

compared in order to determine the correction factor
required to transfer the results obtained in the triaxial
DTTCP tests to field conditions. Because the actual
behavior of soir is non-elastic, it shourd be noted that the
relationship derived for purely elastic behavior is not in
ful1 agreement with the results of the testing program.

The stress-strain behavior of an ideal
is given by Lhe generalized form of Hooke,s

elastic material

Law:
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where E' and \,' are the young's Modulus and poisson,s ratio,
appropriate for the stress strain correration in terms of
effective stresses. The values of E r and v, for soils can

be assumed to remain constant over small increments of
stress and strain only. That is, when the stress and strain
changes considered are small, and the stresses are generarly
clearry bel-ow failure, armost linear elastic conditions can

be assumed. rn this case, the above equations (6-1) can be

written:

O"* = [Ao' - vrAo' - vtL,ot)7gr

Or, = f^o; v'Ao' - v'AotJ/Et (6-2)

Orr= l\o' - vtAot - vtAot]/Er

rn terms of effective principaf stresses and strains,
the equations become:

A"i = [Aot v'Aoj - v'AojJ,/E'

0., = tAoi - v'Aoi - u'AojJ,/E' (6_3)

or, = tloj - u'Âoi - v' AI)J/E'
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6.2.2 Axial_ Symmetry (Triaxial Test )

For the case of axial symmetry as it applies for the
triaxial- test, the following conditions are valid: or, = o,3

and .2 = r3. Substituting these conditions into Eq. 6_3,

o"t = Iaoi - 2v, AolJ /8.

and

. Or, = 0., = tAoj (t-v') - v,AolJ,/E' (6_4)

For the DTTCP tests, Ooi =4o,3 = au. Therefore, we can

express the axial and radial strain changes in terms of pore
pressure changes A u:

Or, = O.r= 0., = t(l_Zv')Aul/E'

and for the shear strain changes:

(6-s)

aer=o

6.2.3 Plane Strain

For plane strain conditions as they apply approximatery

for the slope in question, the lateral strain paralrel to
the slope e, is zero; hence from Eq.6-3,

Ae, = 0 = Lno)- v'Âol - v'Aoji,/E'

Ao' = v' lÀoi + Aoji (6-6)
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and substituting this into Eq. 6-3,

At, = 0., = tAoi(1-v2) - Aoj(v' + v,z¡1¡E' (6-7)

Substituting Ooi = Ao! = A u into Eq. 6-7, vre get for
rateral and verticar strain changes due to pore pressure
changes Au:

0., = ,3 = [Au' (]-_v | _2v' 2) 
J /n'

and for the shear strain changes:

Aea=0

(6-8)

6.2.4 Discussion

By comparing the stress strain conditions for prane
strain and axial symmetry (Eqs. 6-5 and 6-8, respectively)
iL is evident that the ratio Ar3 (plain strain)/ Âr3
(triaxiar) increases as v increases for varues between 0 and
0.5 (Fig. 6-I). For example, for a value of v = 0, the
ratio is equal to one and for a value of v = 0.25, the
principal- strain at plane strain conditions wilr be

approximately 252 larger than for the axiar symmetric
conditions.

For dense soirs and solid granular materials such as

concrete or sandstone, Poisson's ratio i-ncreases from smafl
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vafues of the order of 0.2 at low stress to more than 0.5 at
very high stresses (Terzaghi, rg42). A var-ue of v= 0.5
applies also for materials in which no vol_ume changes occur,
for example , for ctay soirs at undrained conditions. For
the case of the DTTCP tesLs, the stress range used is very
low, therefore it can be assumed that poisson's rati_o might
be v = 0 -2 to 0 - 3. Thus , for rerating the prane strain
fiel-d situation to the triaxial- test results which were

obtained from the DTTCP tests, the data wiÌl_ be corrected
accordingry by a factor of L.25 using the assumption that
v = 0.25. This factor applies for a1l the strains ( 1, ,3
and e ).

S'

6.3 Formulation of Failure Criteria for Slope at
Bluefish Lake

The pore pressure at failure is obtained from a

stability analysis of the srope at Bluefish Lake by using
the infinite slope method with ground water flow parallel to
the slope. The factor of safety Fs for the condition of
limit equilibrium of a shallow slope in terms of effective
stresses is:

c' + zcos20 (y-my,.,) tanô'
(6-e)

yzsin0cos 0

where the groundwater table is at
the slip surface. The total unit

a vertical height mz

weight of soil is y r

above

and
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yw is the unit weight of water. The slope angle is 0 , and

0 is the effective angle of internal friction of the soil
and c' is the effective cohesion varue for the soir.
Because the cohesion in weathered soirs can reasonabry be

assumed cl0se to zero (Rivard and Lu, rg74), Eq. 6-9 can be

written in terms of the pore pressure ratÍo r',, as folrows;

F - (cos20-r,,) tanó'
- sinocoso 

(6-10)

uu
where r

o\z
V

For a slope inclination of 7o and an angr-e of friction of
31o in the cJ-ay, the pore pressure ratio required for
failure r.. for the Bluefish Slope becomes:u¡

tf
r =- =0.78 (6_f1)uf yz

Now substitute H for Zt and ywHwf for ur, where H is the
depth of soil- erement and H*, is the height of the water
revel at failure above the soir erement. rf we then assume

\*/ y approximately equal to 0.5,

0. 5H
tr' = v¡f = o.78 rc-Lz)

H :1.57H
wf

or

(6-l-2)
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That is, the height of water above the soir el-ement at depth
H required to give an.r, var-ue of 0.78 is a function of the
depth H. Using the relationship rf = Hwf . yr, the pore

pressure required for s10pe fail_ure can also be expressed as

a function of depth below the ground surface. Using yw =
f

9. Bt kN/m';

u, = 15.38H ( 6-13 )

Thus, the change in pore pressure required to produce

failure in the slope is

Or, = 15.38H - y"H" (kpa) (6-L4)

where yrH* is the lowest pore pressure in the slope at the
depth H.

It shoufd be noted that this relationship was

formulated for the rnfinite slope in which the seepage flow
is paraller to the srope. This is in fact contrary to the
thaw slope anarysis criteria stated by McRoberts and

Morgenstern in which the flow direction is horizontar, out
of the srope- Nevertheress, in order to keep the analysis
simpJ-e, the same relationship (Eq.6-14) will be used for
both condiÈions of polîe pressure changes; due to groundwater
leve1 changes and due to thawing.
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For the field situation, the ratio ¡u,/Áu¡ will be

expressed in terms of the range of pore pressures 
^uobserved in the fierd, and the change of pore pressure

required for failure, a uf, calcurated using Eq. 6-L4. For
values of Àu/au, = r.0, fairure conditions aÌready exist in
the slope, and the soir behavior described by the DTTCP

tests is not valid.

6.4 Estimate of Cyclic pore pressure Changes in the
Fiel-d

The measurements of pore pressure fluctuations in the
Bl-uefish Lake srope r^/ere obt.ained in the sand rayer at Lhe

very base of the clay deposit as presented in chapter rr,
Fig. 2-6.

rn the forrowing two different sources of pore water
pressure changes wir-I be discussed; a) those due to
groundwater lever- changes, and b ) those due to thawing
processes.

rn some areas of the Bruefish srope there is an

indication that the deposit is either silt or a sirty cray
whích is extensivery fissured. These soiÌ conditions wourd
al]-ow seepage of the ground.water from the lower sand layer
to the upper zones of the clay deposit. rt woufd seem then
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that the pore pressure changes observed at the bottom of the
clay deposit are approximately the same throughout the cray
deposit up to the very top. This assumption is subsequently
used when analyzing the fluctuations in pore pressures in
the BÌuefish stope with regards to the estimated strain
profile.

The groundwater variatíons measured

in the Bl_uefish Slope will_ be considered
slope indicator profile obtained at thaL

near location SI-I

and compared to the

location.

As indicated on Fig. 2-6, the piezometric erevation
ground water level-s at the location of sr-1 varied from a

depth of 2.2m below the ground surface in June to 0.2m below
the ground surface in september. rt can be seen that this
variation in H* is welr- rower the piezometrj_c elevation that
would be required to cause failure. The pore pressure
variation over the depth of the cray zone at this rocation
is shown on Fig- 6-2, where fine AB shows the pore pressure
distribution for the lowest ground.water lever and r_ine cD

shows the pore pressure distribution for the highest
groundwater leve1 - The pore pressure change au is the
dif f erence between the two l_ines.

For thaw-effects

have been previously
; pore pressures at very shallow depth
observed in thawing silt and clay



6B

slopes by McRoberts and Morgenstern (L97 4a) and by chandl_er
(\972) - The reported data are plotted in Fig. 6-3 in terms
of head of water above the piezometer tip versus depth of
piezometer tip- rn terms of pore pressure ratio ru, the r'
values vary from 0.5 to 1.08 in which r., = 0.5 represents a

water l-evel at ground surface. Rerating these data to the
thawing surface zones of the Bluefish srope, it can be

stated that r,, is definitery ress than the pore pressure
ratio r = 0.78 which is required to cause fairure, sinceuf
no slope failure has occurred.

rt is doubtful that the high thaw pore pressures
observed in the upper t.0m by McRoberts and Morgenstern and

chandl-er' are also valid for greater depths; mainry because
thaw at greater depths occurs more srowry, permitting the
dissipation of pore pressures as they develop.

For the thaw analysis, a thaw pore pressure

distribution to a depth of 2m will be used as shown on Fig.
6-4(a)- The pore pressure change au is obtained by retating
these pore pressures to zero as the minimum varue. zero
pore pressures can be accepted as a lower bound as zero pore
pressures are likety to occur at freezing conditions for
fine-grained soils at row stress levers (McRoberts and

Morgenstern, Ig74b).
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Maximum pore pressure changes due to thaw and due to

water pressure at the base of the clay zone do not occur

simultaneousJ-y, the first probably in early June and the

second in late August. Thus, both cases will be considered

separately. For each case the cycle rength is assumed equal

to one year.

6.5 Correlating Pore Pressure Changes to Strain Rate

The possibre deformation profiles for the slope will be

determined from the above pore pressure changes due to the

variation in ground water l-evel and subseguently will be

compared to the deformation profire obtained from the slope

indicator aL the location of sr-l. rn order to make the

correlation, it is assumed that the slope is at a plane

strain condition in which downhill lateral stress release is
occurring enabling downhill movements to take prace. rt
is arso assumed that cycring of the porewater pressures has

been an on-going process and thus the rateral strain rates
determined from the DTTCP tests can be utilized in this
correlation, which impries that the raterar strains are

continuing at a constant rate with continued pore pressure

cycling.

The effect of the pore pressure fluctuation at the

rocation of sr-l (shown in Fig.6-2a) on the shear strain
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with depth, is shown in the same figure, by plotting ,s and

Aulau, versus depth using Eq. 6-L4 for the determination of
ar, ,and recalling the relationship obtained between ês and

auiza:, from Fig. 5-15 in chapter v. The shear strain rate
Es, can be converted to shear strain , e s, by multiprying Ë.
by one cyc1e.

Fig. 6-5 shows the rel-ationship between pure shear
strain ,=* (equivalent to e=) and engineers shear strain
\r*. From Fig. 6-5(a) we can see that y"*i= the change in
angJ-e between two fibres in the x:z prane which were

originalry at right angles to one another and is equar to

By rotating the strained element in Fig. 6_5(b)
counterclockwise about o', the element in Fig. 6-5(c) is
obtained similar to Fig. 6-5(a). Comparing Figures
(a) and (b), it. is evident that ¡zx = 2.r*r or in other
words, engineers' shear strain is simpry twice the pure
shear strain- From Fig. 6-5(a), it can be seen that for any

element of height Lz, the displacement

ôx
Y = l.J-Ilì -:--'zx 

ôz->o oz

Ax=y .Lz'zx

(6-1s)

( 6-16 )

but
v=)c'zx zx (6-t7)
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therefore,

Lx= 2e .Lz
LA

or with
e = e : Lx = 2e .Lz
z><ss ( 6-18 )

Therefore, in order to obtain the horizontal

displacements for layer of thickness Lz, Ee. 6-18 is
utilized. For a layer of soil- of greater thickness, such as

in Fig. 6-2 for location sr-lr ârì infinite number of rayers
must be taken, and the displacement of each summed up. For

exampre' the shear strain profile in Fig. 6-2(b) must be

integrated from the bottom up in order to obtain the
displacement profile shown in Fig. 6-2(c).

A similar shear strain profire and displacement profil-e
can be constructed for the deformations due to pore pressure

changes due to thaw, using the pore pressure distribution
shown in Fig. 6-4(a). These es and Àx profiles are shown in
Figs. 6-4(b) and (c) to a depth of 2.0m.

The individuar displacement profires as shown in a

composite plot in Fig. 6-6(a) were added together in Fig.
6-6(b) to give the combined dispJ_acement profile for the two

conditions -
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6.6 Discussion

The displacement profile due to the cycJ_ing pore
pressures rel-ated to the water pressure in the sand layer
shown in Fig. 6-2(c) indicates a simirar shape as the sJ_ope

indicator profiles measured in the bfuefish srope (chapter
rr) and those reported by wirliams (Lg66) as presented in
Chapter IIf. From Fig. 6-2(c) it can also be seen that the
maximum surface movements are approximatery 0.45 mm as

estimated for one cycler âssumed to be over a one-year
period.

The displacemenL profile shown in Fig. 6_4(c) due to
pore pressure cycles related to thaw al-so shows a simirar
shaped curve as described above, with maximum surface
displacements in the order of 0.2 mm for one cycre assumed
to be over a one-year period.

The displacement profile shown in Fig. 6_6(b) again
represents the sum of the two sets o1 data indicating a

similar shape as before with maximum total surface
displacements for approximately 0.6 mm over a one year
period.

When comparing to the slope indicator profile for
instal-lation sr-i- shown in Fig. 2-8, it can be seen that the
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maximum dispracement measured is 22 mm for a one year period
and is thus considerabry greater than the predicted maximum

displacement of 0.6 mm. The discrepancies between the

cal-culated and the measured displacements over the one-year

period may be the result of deficiencies in the assumptions

used for the analysis.

Firstly, only one cycle was assumed. to occur within a

one year time period for each of the conditions the cycring
pore pressure related to the water pressure in the sand

layer and the pore pressure changes due to thaw. rt may be

possible that more than one cycle for each condition can

occur in one year.

secondly, for the determination of pore pressures to
failure an infinite slope ana]ysis was used with flow
parallel to the slope even though the actual flow direction
of the porewater may be horizontal out of the slope as

suggested by McRoberLs and Morgenstern (Ig7 4 ) for thaw

slope.

Thirdly, it is possible that the range of pore

pressures utilized at l-ocation sr-1, related to the water
pressure in the sand rayer may not truly represent actual
field conditions. rt may be that the maximum height of
water is greater than those recordedr âs well, the water
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pressure may fal-l lower than the minimum value measured or
assumed. This would have a significant affect on the shear
strain profile' especialry at the shall-ower depths, and

subsequently on the displacement profile.

Fourthly, other mechanisms are at work which cause

further displacements, such as frost-creep described by

washburn (1973). From the slope indicator profiles measured

at the Bluefish srope, it is evident that a majority of the
displacements occurred between the october Lg84 to June r9g5

time period. rt is possible that some of the displacements
are a result of the slope indicator casing 'setting' ,

however, this can only be verified by further monitoring to
estabfish a more consistent data base for the slope
movements. rt was al-so observed during the June lg85
readings of the slope indicators at the Bluefish srope that
the casings had experienced heaving of up to 3 cm during the
time interval mentioned above, which would result in a

horizontal- deformation of 4 mm.

Despite the di-screpancies, it can be seen that the
methods used to estimate the displacment profires does

produce profiles simirar in shape at least to the actual
f iei-d displacments.



75

VI]

7.r

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

Conclusions

The following conclusions can be drawn from this study:

r)

2)

Permanent changes in volume and

clay samples during cyclic pore

shape are exper j-enced in

pressure changes.

Deformation rates expressed in terms of strain
rates/cycles decrease initarly with the number

but reach approxi-mately constant values in the
30-80 cycles.

The constant strain rate reached in each

dependent on the magnitude of the cyclic
changes.

DTTCP test is

pore pressure

from a constant rate of
at the point t u/tu. = 1.0'r

of cycles

range

3)

4) The strain rates ( êr_, U r, örr, and Ë=) increase linearly
with an increase in 

^u,/ 
Auf almost up to 

^u/ 
Auf = l. 0,

where ¡u is the magnitude of the cyclic pore pressure
changes; Auf is the magnitude of the pore pressures
required to obtain failure.

5) An abrupt change of conditions

strain to failure is indicated
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6) Faifure at r-ow str:ess revers is -rîepresented by a f ailure
line close to the theoretical- no-tension line but it
does indicate some cohesion (c' = 12 kpa)

observations of a srope exhibiting sharrow soil
movements shows movement to a depth of approximately 2m,

with no crearly defined fairure zone. The absolute
displacement of the upper layers is greater than that of
the lower rayers and the movements increase from the
l-ower layers to the upper rayers at an increasing rate.

correlations between the laboratory test resur-ts and the
fiel-d soil behavior show that the dispracements pattern
can be predicted from the cyclic pore pressure changes.
The magnitude of dispracements depends on the number of
cycles, the surface zone is exposed to.

The new anal-ysis underpredicts the downslope movements.
The magnitude of the fierd di-spracements is much rarger
than those predicted usj_ng this analysis.

7.2 Suggestions for Further Research

B)

e)

The DTTCP test results show that
strain is reached after approximately

a constant rate of

30 cycles, and remain
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unchanged until about B0 cycles. Further research is
suggested for a larger range of cycles in order to find out
if the strain rates remain constant. Fu::ther research is
al-so recommended using a simir-ar raboratory testing program
in order to enrarge the data base for this type of soir
testing.

The failure points in the row stress range indicated a

small cohesion intercept (c' =12kpa). It is recommended to
expand the testing program for low stress ranges in order to
define more cJ-earry the 1ow-stress fairure enverope.

Different soil types which may be subject to cyclic
pore pressures should be investigated in a similar testing
program in order to determine if the behavior in other soils
is simil-ar to the behavior found for the Bluefish cray.

The field program shour-d be expanded in order to obtain
a broader data base for sharrow slope movements, over a

longer time period, arong with continuous measurements of
the fierd pore pressures at these shalrow depths. This is
important to determine the number and magnitude of pore
pressure cycles occurring throughout the year.
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TABLE 5-2 CONDITIONS AT FAILURE FOR DTTCP TESTS

TEST

N0.

otf
(kPa)

osf
(rcpa )

uf
(kPa)

P'f 9'f ouf
(kPa) (kPa) (.r3)

tf

B-2

B-3 288.1

B-4 287.t

B-5 277.6

8-6 301 .6

B-7 299.2

s-B 297.2

B-9 269.1

B-1 o 284.2

B-1 1 273.6

B-12 298.1

270.9 4.5

271 .7 3.4

251 .4 B.l

260.8 14 .2

277 .0 6.7

255.7 13.9

261.6 -0.4

258 .o 8.4

256.0 4.5

276.3 6.4

2.7 1 .842

4.0 1 .g2B

1 .9 1 .878

z.o 1.883

3.0 r.887

1.1 1.840

1 .g 1 .850

1 .1 1 .850

1 .t¡5 1 .877

3.1 0 1 .899

269.1

269.1

251.4

261 .7

276.0

255.8

257.3

257 .5

25t+.0

27 5.0

19.0

1 8.0

26.2

39.9

23.2

41.4

11.8

26.7

19.6

23.t
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9B

(a)

(a)Case l: seepage slope. On plane A-A, pore pressure : 1tw/ cos 0, total stress : yrl cos 0,

effective stress : (y - f*) ¿l cos 0 : y'rl cos 0, F,: (y, tan þ')l(y tan 0).

(ô)

(å)case2: rhaw slope. on plaae A-A, pore pressure=y*l cos0+ y'dcos0[l/(l+l/2R'J]

effcctive stress= ydcos0 -y.dcos 0-y,d cos0[t]/(l +U2R217,

F,=I('-;fu) # rvhere^:iþ
(After McRoberts and Morgenstern, I974u.l

F I G. 2.15 I NF I N I TE SLOPE ANALYSES
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c

PROFILE

SITE 1

SITE 2

SITE 3

A'Ár

2ll ' 6'-8'

2I.6'-8'

2r.6'-E'

(williams 1966)

LAYOUT OF TUBES AT
PROFILES FOR SITES

SITE i,
1,2 and

AND

3

FlG. 3-1 SLOPE
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APPENDIX A - ADDITIONAL NOTES

REGARDING LABORATORY TESTTNG PROCEDURES
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4.1 Sample preparation

A . I . 1 Sample T:: ì_mming ancl l{andl ing

A 2" x 2n x 6" piece of clay was cut from the blocl<

sample obtained at the t.Bm depr_¡ from Tpl and placed into a

trimming f rame between two end pratens whi ch rotat,ecl as we.l t

as hel-d the sample in place. with a wire saw, thin sf ices
were cut off the sampre whife the sample was rotated, untif
the f inal diameter of l-. 4,' ( 3 . 6 cm) r¡/as reached.

care had to be taken when rotating the sample as werr
as during trimming- I,ùhen rotating the sample, both the top
praten as welr as the bottom praten had t-o be turned at the
same time to prevent any twisting of the sample. An

alte::nate method wourd be to use a frame whichrotated whil-e
the sampJ-e remained stationary. when rowering the top
platen onto the sample cal:e also had to be t-aken so no

excess pressure wouÌd be exerted which would consolidate the
sample or disturb it.

When trimming, l:he wire sar^i \.^/as ¡un in an upward

direction (bottom towards top) while being moved back and

forth in a sawing motion. This had to be done srowr-y,

othe:rwise, because of the f issured structure, the clay wour_d

tear off and l-eave an uneven su.rface with pits and holes in
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it. The trimming was done in an upward motion to prevent_

consolidation of the sample. Ilowever, in ord.er to prevent

upward bearing and distortion, the sampre was herd gently
with two fingers immediately over the area being trimmed.

This provided a force equal to thab c::eated by the saw and

prevented further disturbance.

Because of the care which had to be taken dur:ing the
trimming pl:ocess, the total trimming time ranged from

one-harf to one hr. No surface, thoughf vvas exposed ronger
than 10 minutes, since thin srices were removed as the

sample vüas rotated.

Once trimmed to an even diameL.er, the sample was

removed f-rom the ¡-rimminq frame and the ends \.vere hrimmed

off to p::ovi_de a sample length of approximat_e1y 3". The

sampie v/as then wrapped in prastic foil and stored in a

moj-st room till needed for the testing program.

A.I.2 Sample Set-Up

rnit-ially,the celr pedestar and attached varves were

deaired by flushing water through the rines by means of
burettes attached to the pedestar- dr:ainage reacrs (LaM on

Fig- 4-9)- water was flushed through the pedestal until- no

more air was detecbed (evidenced by bubbles).
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A saturated porous stone disc \i\¡as then slid on to the
pedestar after which filter paper was placed on the porous

stone to protect the porous disc from fines of the soiÌ
sample. The sample was weighed and measured for its lengt-h

and diameter then placed on the pedestar. A thin coat of
siricone grease was appJ-ied to the sides of the pedestar and

the road cap ( subsequently praced on the top of the sample )

to reduce the possibility of reaks. water saturated f ilter
paper drains r¡/ere carefulry placed in position around the
specimen, ensuring overrapping of t.he porous disc to provide
adeguate d::ainage. A thin rubber memb¡:ane was ptaced over
the sampre using a membrane stretcher, and the l_ower section
sealed against the pedestal- using one o-r:ing.

The space between the sampÌe and bhe membrane 
'üas

deaired by raising the wash burette (on Fig . 4-g), creating
a small hydrostatic head sufficient for the water to fl_ow

upwards in this space. A small, plasLic coated wire was

inserted between Lhe membrane and the top cap in order to
arrow the water and air to escape whil-e the sampre was

gently st::oked with an upvvard motion.

A layer of silicone oil_ was

of the first membrane, and again

stretcher, a second memb.rane was

possibility of leaks during the

then applied to the outside

using the memblîane

placecl to reduce the

Iong duration of the tests -



The second membrane \^/as seal_ed

2 o-rings each.
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at both the base and top with

A thin coat of siricone grease was applied to the celr_

base before the cell top was fitted to the base and screwed

down. Water was then placed into the cell until nearly
fuI]- rn order to reduce leakage arong the road piston, a

layer of oil (about l-0mm) was poured into the cell from the
top' The loading ram, with displacement transducer and dial
gauge already attached, \^/as then srow]y rowered untir it.
just made contact with the sample. After the loading ram

was l-ocked in place, f irring of the cell was continuecl untit
no more air vvas evident.

subsequentry, the drainage lead to the wash burett.e was

sealed off and the rever in the back pressure burette was

set at midheight of the sampre (during caribration the water
level- in both the cel-f and the back-pressure burette was set
at this height and these readings taken as the , zero,
readings ) . The back presssure was then hooked up to the air
suppJ-y line, and the hanger placed on the piston with the
correct amount of weight applied. The hanger which was used
to appry constant axiar r-oads was arrowed to hang freely and

was protected against disturbances. The weights were adclecl

to the hanger whir-e the piston was supported by an arm to
prevent any uncontrolled load appfications. with the val_ves



146

to the cell base in the off position, both the cel_f and back
pressures \^/ere applied.

The test specimen was then ready for the first stage of
testing which was the anisotropic consofidation.

A.2 Load Application

During the anisotropic consoridation of the samples.

the water level in the back pressure burette (for vol-ume

changes) was recorded manuar-ry whereas, the height of the
sampre was recorded manuarly using a diar gauge as well as

automaticarly usi-ng a displacement transducer connected to
the data acquisition centre. Two tests were run
simultaneously, both utirizing the same backpressure rine
and subsequently the same pore pressure variations.

At the beginning of the consoridation stage, initiarly,
it was difficult to apply all three stresses simultaneously;
-o3. or and back pressure. originalry, when the piston and

weight were not supported by an arm, a second person was

reguired to add the weights onto the hanger whire the pore
pressure and the ce]1 pressure were applied. This method

was found to be awkward and unsatisfactory because when the
cell pressure was added, the piston was forced upwards and

lost contact with the sample. subsequently, when the
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weights were added, the piston was forced back into contact
with the sample, sometimes causing a slight jolt to the

sample.

This method was modifled during the early stages of the

test series: the piston, and hanger with weights applied,
were supported by an arm with the piston just making contact
with the sample. At the start of the test the cell pressure
v/as applied shortly before the back pressure, and

immediately after, the arm supporting the axial load was

rel-eased and slowry Iowered, thus transferring the weight
onto the sample. This procedure had the additional advantage

that onry one person !ùas required to perform it. The two

tests coul-d not be initiated exactry at the same time but
had to be started about one hour after each other. The

cycling of the pore pressuïe however, occurred
simultaneously.

A.3 Calibration procedure

The final calibrations for both the cerl and pore

pressure transducer \^/as accomprished by f irring the triaxial
cefl with water to approximately mid-height sample depth.
Pressure lines from an air pressure source were connected
to the top of the triaxiar cel_l as well as to one end of a

mercury monometer (Fig. A-l ) . Air pressure was applied in
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steps of 5 psi and the vortage readings from the pressure

transducers was recorded, by opening varues A and B while
keeping varves c and D cfosed, along with the corresponding
height difference in the mercury monometer. This gave a

refationship between pressure as determined by the height of
mercury, and voltage output for each transducer which was

subsequentry used in the data logger. This calibration,
however, had to be compreted twice for each test, because

the transducers had a tendency to 'drift' during the
testing- rn order to determine the exact pressures at
f ail-ure, the cal-ibration was performed immediately af ter t-he

sample was brought to f ailure. From this calibrat,ion, it
was possible to determine the condition at failure by back

calculations using the previous calibration to determine the
voltage output, then inputing this voltage reading into the
new calibration to obtain the correct pressure reading. The

transducer used for the second cerr drifted considerabty and

was subsequently not used in the latter tests. The cel-f
pressure was determined using the pore pressure transducer
which r¡¡as connected to the same cerr. once this pressure
was set, the l-ine was switched back to the cerl access

valve.

The displacement transducer \^ras caribrated using a

triaxial- roading frame and a dial gauge connected to the
transducer- The pratform of the roading frame was raised
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manualry, \,vith the known dispracement measured off the dial
gauge. The corresponding voltage output Ì^/as recorded f or
each movement and a calibration formula was determined from
this. The displacement transducers were found not to drift
at al-1 but remained stable throughout the testing program.

A.4 Failure Criteria for CIU Tests

The criteria for serecting the failure points for the

cru rests were based on the condition for overconsolidated
clays that the stress path, when plotted in q-p' stress
space' wirl approach the Hvorsl-ev surface and then proceed

arong the surface untir critical state is reached. Atkinson
and Bransby (1978) state that "...there is the possibirity
that fail-ure of a triaxiar- sample occurs premaLurery,
probably soon after the sample reaches the Hvorslev
surface.--". This is considered to be the result of
inhomogeneities within the sample.

using this, all the var-ues for the failure conditions
were obtained by approximating when the stress path of each

of the tests intercepted the Hvorslev surfacer or when the
stress path at least continued at a srope approximatery
parar]-el to the surf ace. A summary of these val_ues are
presented in Table A-l for each test and the individual test
data are presented in Appendix C.
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TABLE A-i SUMMARY OF FAILURE CONDITIONS FOR CIU TESTS

TEST

oi. (tcPa)

oj. (kPa)

"f (Z)

oi r (kPa)

oir (kPa)

qf (kPa)

pi (kPa)

uf (kPa)

A.t

clu-1

15

15

4.53

121.5

29-o

92.5

59.0

196.0

-0.15

ctu-2

27

27

5.84

153.0

30.0

123.0

71.0

204. 0

-0.02

cru-3

40

40

\.zz

162.0

38. 0

124 .0

79.3

201 .0

0. 01

cru-4

300

300

5. 05

676.8

198"0

4zg"a

357 .6

302"0

0. t9
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4.5 Method for Determining o'-VC

The value for the preconsofidation pressure cannot be

easiry determined, since due to the lack of crarity in the
curvature, the Casagrande method cannot be applied.
According to Graham, pinkney, Lew and Trianor (r9Bl)
"unthinking application of the casagrande construction can

a¡:parently produce val-ues for u.l" even though the sam¡.lì.es cicr

not yietd in the sense that the compressibirity increases at
some identifiable limit stress. " rt was further stated that
" . - . care shourd be taken that the plotting technique does

not imply behavior that is absent from the originar data.,,
For this reason, resurts from both consoridation tests were
plotted on an arithmetic scale, in a In scale for o, and in
a ln scale for p' . The values for p' for the one_

dimensional consoridation \^/ere determined by estimating Ko

using the correl-ation Ko = I-sinç' From the V_ln o,

diagram, o',rc was estimated to be between fno, = 5.25 to
5. 50, resulting in a o,i. = 190 l(pa to 245 kpa. This
sel-ection was also based on observations on the effect of
sample disturbance presented in Hor-tz and Kovacs (198r).
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Method for Calculating

Diameter

the Change in Sample

method used for car-cur-ating the change in diameter
bel-ow, with the assumption that the sample diameter

are uniform throughout the length of the sample.

Starting wi th the formula for voÌume of a cylinder,

trD2-

-xH
4

both diameter and height will reflect an

ume.

The

is shown

changes

tt _

any íncrease in

increase in vol

Therefore

rearranging,

AD=2

This is for a cylinder

mechanics, it is common

positive, therefore, Eq

v+Av=n(D+aD)26+lu)/a

increas ing

to assign

. 2 changes

in size. In soil

compression val_ues

to

(1)

(2)

AS

¡---------ì
aD=D-2 /v+Av- y' (H+AH) î

in which a positive val_ue of
sampJ_e diamter.

V+AV
(¡r+¡¡rlr

denotes a reduction 1n

(3)
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A.1 DTTCP Stress paths

The stress paths presented on the forrowing pages were

obtained using the stress conditions from each test as werl_

as the average initial- moisture content cal-culated for the
block sampre and the samples' actual_ unit weight. using the
re Iat ionship

I, = tr-$r tf + rr

where y = unit weight of the soil
y* = unit weight of water (9.81 tl¡/m3)

V : specific volume (V = 1 + e)

w = water content (31?)

the value for v was obtained for the sampre prior to
consoridaLion. From the vorume readings taken during the
consoridation and DTTCp testing, and the stress conditions
on the sampJ-e, it was possibre to calcurate the samples'
position in q-p'-v space at any time during the testing.
For the plots on the following pages, q, p' and V were

determined for the first and the rast cycles as well_ as for
the condition just pri_or to failure.
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A. B Strain Rates versus m/ n, using A u, as pore

Pressure change Required to produce Faifure on the

Theoretical No-Tension Line.

This section presents the individual plots of å1, É3, ås
and i v versus Au,/Auf in which the ratio ¡u,/Au¡ represents
the change i-n pore pressure, a ur âs a fraction of the totaf
pore pressure required to produce faifure at the theoretical
failure l-ine, ât the respective stress level qo (see Fig.
A-3. The total pore pressure required to produce failure is
expressed as the difference between p'"or,= and p'r,a where

P'"o.,= is the octahedral- stress at which the sampre !üas

consoridate to and p'rra is the octahedral stress at the no

tension line which corresponds to the stress leve1 qo.

Table A-2 presents the summary of arl the DTTCP tests using
this ratio and the folrowing figures show the composite plot
of 1 versus cycle number as wetr as the respective prots of
êa, ð ,, ê 

= 
and Ër, versus Lu/Lur.
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4.9 IDENTIFICATION OF SOIL MINERALS BY X-RAY DIFFRACTION

OBJECT: To identlfy che mlnerals present in sarnples of soil by using
X-ray diffraction Eechniques.

THEORY: MosE solls conslst prlmarily of fragmenEs of mLneral maÈter whichare hÍghly crysEallíne fn nacure. CrysEals have orderly arrangemencs of
aËoms fn their strucEure. Because of the orderly arrangement of the atoms,
Èhe atoms in a crystal can be considered Eo lle fn famlites of planes
havlng interplanar spacing of tdt. These planes are responsible for the
dlffraction of x-rays when a ray strLkes a plane at an incldenE angle 0.
The ray wíll leave Èhe plane (be diffracted) ín a manner similar to light
rays reflecEed from a mirror, at an angle equal Eo the incldent angle.

Other X-rays wlll penetrat,e lnto deeper planes of rhe same fam1ly,
and also be diffracted. The lntensfty of all the diffracted rays wlll be
a maximum, when the díffracted rays are all ln phase. when this happens,
the lnterplanar spaclng tdt of that family of planes can be determfned
from Braggts law:

2 sln0

r¡here: À is the wave length of the part.Ícular x-ray usêd.
(For a copper rarger X-ray rube À = 1.S4OSO Å,)

By rotacing a crystal in a goniomeËer, so that the lncídenE and diffracted
angles are varied, it is possible Eo get several tdt dístances for a gíven
mineral. The fd' distances so obtained and Ë.he corresponding relatíve
intensiEies of the diffracted rays const,itute a unfque ,fingãrprlnt" by
t¿hich the mineral can be ldencified.

Bragg's law applies to single crystals and. to powders of cryst.als.
A fÍne powder with parÈicles in staEistical random orientation, contains
sufficíent Particles in any given orientaÈion Ë.o produce the diffract.ion
intensiEies corresponding to given'd' disEances.

wherr a powder contains more than one mineral, the families oftdt
distances and relative int.ensiE,ies are superimposed. They can, ho\,rever,
be separated by inspection usíng a simple crial and error procedure, and
the various minerals identified.

Wich clay minerals, different treatmenEs of the powder, are required
Eo distinguish between clays having similar 'dt dístances and intensities.
These treatments include:

(1) Using specimens where the parricles are oriented by sedimenËation on
a glass slide.

(2) Using heat. treatment of oriented sanrples on glass slides, to cause
identifying changes in 'dt disLances.

* taken from the University of Manitoba l_aboratory manual.
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(3) Using organic
changes in td -solvents, ê.8, ethelene glycol to cause ide¡rtifyingt disLances.

SAIqLE PRFPARATION: AbouÈ 50 gm of afr-drted sample are crushed Lo a fl-nepowder usÍng an agate morEar and pesEel. Samples should not be oven-driedas heatfng can cause mlneral changes.

PREPARING A POI.IDER MOUNT:

(f) Take a powder mounr holder and cover t,he
cellulose (Scotch) Ë.ape, so as Ëo form aÍs w1Èhout Èhe center notch).

back of the wlndows wfth
conÈalner. (The back slde

(2) FiIl Ehe cont.aíner, open side up, wiÈh the powder sampre, and strike-off the excess powder wrth a sÈraight edge. clean-off any excesspowder that, may be around the edge of thã wlndow.

(3) Place the flat face of a glass sllde over the open window containingthe powder. I^Iirh fíngers, gently squeeze the såmple beLween thecellulose taPe and glass slide so as to press the powder against theglass slide- This will smooË,h the top surface of ite pordàr. Gentlyslide the glass slide off che container. Again clean off any excesspowder Ehat may be around Ëhe window.

(4) The powder mounE is now ready for plaeing ín the goniometer. Thecenter notch (on the top side) goes in first. Press the sample holderso as Eo open the spríng retaíning c1ips. Push the holder fn suffic-iently co hold the powder mount but noL Lo cover the window.

PREPARING AN ORIENTED (GLASS SLIDE) MOTJNT:

(1) scandard microscope grass slides , 25 x 75 mm, are scored with a glasse.urter and cut into tvro equal lengths. The halves are then wipedclean with cleaníng tissue moisËened in alcohol. (The alcohol removesany grease which could later interfere with the sample sticking tothe slide).

(2) Prepare a thín slurry of the ground-up soil by adding disrllled waÈerto Ehe sample ground-up in the agate mortar. (Ti¡e slJrry should bethin enough so that clay parEicles can sediment and orient flat sideonro the glass, when the srurry is applied onto a grass sricre) . Mixthe soil and water with a spatula unÈíl Èhe slurry is smooth and freeof any 1umps.

(3) rm¡nediately after mixing the slurry, place some slurry on a preparedglass slíde Eo form a dab about 5 mm by l0 mm, cengerecl on the slide.Repeat the procedure on three more glass slides Eo make a total of 4slides. Keep che slides horizontal.

(4) Allow the slurry to dry. Drying may be hastened by ge*tle lreat byshining an electric lamp on the sampre, or alternativery by ptacingic in a vacuum oven aE a seEring of about 40"C. While áryingr careshotl 1d be taken Lo prevenL clt¡sE, etc. f ronl fal,l,ing on tlle sanr¡rre.
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(5) once dry, Ehe orfenred (glass sltde) nount fs ready for placrng r-nthe gonlometer, or for further treatment. The gtass srtàe, withdrled slurry side up is fnserted fnEo rhe gonlometer. press theglass slfde so that the edge pushes op.r, th. spring retarning clipsof the gonlorneter. Push the glass slide 1n sufficiently to hold theslfde, but. noE to cover the dried dab of slurry.

TREAT}IENT OF ORIENTED MOUNTS:

(a) GlvcolarLon

Take one of the orfenÈed mounÈs rhat has been drred. prace adrop at a tlme, of et,herene glycor on Ehe glass srtde arong Èheperimeter of the dab of dried soll. As chå glycol fs adsoibed by rhedab, add more glycor until no furt,her adsorption takes prace. Keeprhe sample in a covered dish for r hour. rt is then reaày Eo be in-sert.ed ln Ëhe gonlometer.

(b) Heat Treatmenr

Place the oriented mount, with soir dab up, onto an oven tray,and inserE inEo heaË treaEmenL oven.

Heat the orí-ented mounÈ ín oven at. required temperaEure (325.c)for at leasL one hour.

Remove tray wíth mounË from oven, and prace in covered desiccatorto cool.

once cool, the orienEed moun. is ready for ínsertion in thegoniometer.

5' Repeat wiEh a second oriented mount. Use an increased Lemperat.ureof 550'c. (rt is possible to re-use the oriented mount previously
heated Lo 300oC after that mounE has been scanned in the gonlometer)

OPERATING THE GONIOMETER;

The following instructions are for a philips PI"I1O96/10 GoniometeratÈached to a Phirips PW1011/80 x-ray Generator. rt is assumed that thex-ray equipment has been set r.riÈh the goniomecer ready to operate. rt isalso assumed that an x-ray tube with a copper targec is being used in con-junction with a Flow counter deLeccor. Reference should be made Eo theequipment manual to confirrn the above before commencíng. If changes arenecessary fol1ow manual procedures carefully or ask for assistance.

1' lfake sure the goniomeLer is attached ro X-ray, port l.Rotare the filterselecLor over Port r so that the Ni. firter covers the porÈ. checktlìaI PorEs 2,3 ancl 4 are closed.

1.

2.

3.

2. Turn on water supply. Valve is on wall.
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4.

5.

169

SwfÈch wall mounEed elecErlc maln swlEch to ON.

on generator front panel, turn rot.ary swrEches marked volts and ampsto lowesc posltfon. Press oN swftch and allow l0 Eo 15 mlnutes vrarm-up Elme. Proceed wlth following sEeps while *¡arm-up is taklng place.

check Ehat the appropriate slrts are inserced in the gonr.omecer. Forroutine tesËing, â 1o dívergence slir, a 0.2" receiving srit ancr 1"scarter slit, may be used. GoniomeEer swl-tches should fniElally beseL af:
Step scan - off
Line - off
Limit - OSC. (Oscfllare)
CluÈch - disengaCed (co righc)
InfE.ial 20 - 3o

select. appropriate gonlomeEer gears for controrling 20 scannrng rate.A saEisfact.ory speed f.ot 20 is ro per mín for routine work. seetable on goniometer for gears fo be used.

Check recorder- Initially the charL motor should be disengaged. Checkt.hat there is sufficient paper on ro1l. (place neqr roll if required.
see equlpment manual for instrucEions). similarly check ink suppryfor Ëwo recording pens. suit.able set.tings on the recording equipmenËare as fo110ws. Asterisks indicate settings which *ry ,.qJi.u ,"-setting. The other sectings are normally not altered.
(a) PI^I1375 Hígh Volrage Supply

.\, _ On
Flow counters - 1700, and 70

(b) PW4237 Counrer - Timer
n,-0n
Presentcount-1x-
PresenÈtime -1x-
Starc - Ext.
OperaEe - Up

(c) PWI362 Ratemerer
* Range - serecE suitable range to mainËain chart peats on

graph
- 4 x 102 cps usually saEisfactory for oriented slides

*rime ""."Li.t3'o"31"*"'1":îr;'::l;:i.:::.;"î::'"::ï"li""o r.
of. 20 per min

Goniometer srrpply - ON.
Aut.. Mains switch - ínc. gen.

(d) PI^¡4280 Amplifier/Analyser
AËÈent¡atiorr- z=3
Lower level - 0.50
I,lindow
Swit.ch Eo

- 1.30 x Thr.
_ FLC

6.
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Remove cover place from goniometer sample holder. rnsert sample.
Make sure sanple is centered and soLl not covered by holder. Replace
cover plate. (NoLe safety swltch whlch w111 turn off x-ray l_f coverplate removed durlng a test. x-rays used for dlffractlon work are
dangerous, and no part, of rhe body should be exposed to the racllatlon).

By Èhls tl-me the vtarm-up of X-ray Generator should be completed. Vol¡age
should read 20 KV.
First turn voltage slowly to 40 KV.
Then t,urn Amps slowly to 20 ma.
(Note at no È1me should voltage x amps be permlcËed ro exceed lo00).
Turn AB switch for Port 1, to tu and KV Èo l.
Press Port I but,ton.

10. S:ritch Goniometer Line Eo ON.

11. SimulÈaneously engage goniomeË.er drive clutch and chart drive. A suit-able charr speed is 300 rm/hr, when a 20 scan of l"/min is used. Mark
starËíng angle on the chart.

L2- Allow goniometer to.turn through required 20 angle. For the powder
mount use a 20 range from 3" to 63o. For Ë,he oriented mounts, the
changes caused by glycolation and heat treatments can be observed inthe range of 20 3" Eo 2lo.

13. When Ehe goniomerer has turned through the angles noted in Step 12,turn PorE 1, Æ switch Eo oFF. Disengage goniometer dríve crutch,
turn chart drive OFF. Sample may Èhen be removed.

14- Manually roÈate goniometer crank to iniEial 20 = 3.. At this timeanother sample may be inserËed Ín the goniometer and steps 11 to 14inclusive repeared for as many times as t.here are samples. Betweensamples, the Paper in the chart may be manually advanàed to give some
space beE\^¡een dif fractograms. If Ë.esting is complete, proceed to s¡ep
15 to turn equipment off.

15. First turn Amps to lowesE setting.
Then turn Volrs Eo lowest. seccing.
Wait at least. l0 sec. before pressing red OFF button.

16. Swirch wall switch ro OFF.
Turn of f qrater.

NOTE: During the operaEion of Ehe x-ray equipment, Ëhe pov¡er may automa-
tically trip off. This may be caused by:

B.

9.

(a) The goniometer reachirrg the high or low limics.
tlre go'iometer will .¡ltlrirLe irì rcvcr.se d.i.rect-ion
is ncxt trrrnecl orr-

Should thl-s happen,
wlren tlle cqu j,prrren t
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(b) A safeÈy swit,ch has been trfpped. swltches on Èhe x-ray porrs will
turn the equlpment off lf for example the cover fs removed from Ëhe
sample holder, or the door is opened to Lhe hlgh voltage supply
during operatlon.

(c) The vrater pressure drops.

rf the poner automatically crlps off, check to determine Ehe cause. rf
thl-s can be corrected, recommence at SEep 4. If Ehe equipmenE automatlcally
t.rips off agaln, follow sreps 15 and 16.' Notify the techniclan.

ANALYSIS

A. The followlng analysis 1s made on the dlffracLogram of the power mounr
cr oriented slíde scanning t.he range 20 = 3" to 62".

1. Mark Ehe 20 angle opposire each peak obEaíned on ghe chart. Convert
the angle to'd'spacing using Braggrs Lar¿, and record these
opposiÈe each peak. Conversion Eables may be used or computat,ions
made v¡ith a calculator.

Examine Ë.he peaks for quartz. often 6 of the l0 or more prominent
peaks are visible. when less than r0z quartz is present, onLy 2
peak may show at 4.26Å, and 3.343Ä,. This peak is an excellent one
t.o check che calibraEion of the 20 angles. Mark t,he quartz peaks.

Examine and mark the peaks for othgr more common non-clay mlneralso
fncluding: feldspar; amphlbole 8.4Å and^3.12Å; pyroxene 2.gÃ., z.g¿Å,,
and 1.62Å; calcire 3.03Å; doLomice 2.89Â; and'gypsum 7.56A. To
verify the pressure of these mlnerals Evro or more secondary peaks
should also be checked. Refer to Table r, or diffraction tables
edited by Brown (I972).

The remaining peaks may be checked using Table r and mineral present
confírmed by reference to diffraccion Èables.

Idencification of the clay minerals requires comparison of diffracto-
grams of Ehe EreaE.ed and non-EreaEed specimens.

The following analysis ls made by comparing treated and non-treated
oriented mounts, and powder mounEs.

1. rf the untreated orienEed mount shows increased 14Å, l0Å or 7å
peaks (relative to quartz peaks) when compared co Ehe powder mount,
che effect is due to the orientat.ion of clay particles.

2. A 15Å peak chat shifrs ro tzå, on glycolarion, and corlapses ro gÅ
on heating uo 300oc inclicates smeatiÈe (montmorillonite group).

3. A 14Å peak thar doe.s not clrange on glycorat ion, ancl becomes
sltghEly to noticeably more intense on heating co 550oC indicares
chloriEe.

2.

3.

4.

B.
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A 14Å peak chat 1s unaffected by glycoratlon, and dehydrates in
steps when heat.ed lndlcaLes vermlculite. Further.heat treatment(l hour aE 700"c) causes collapse of rhe 14Å, peak Eo broad 94, peak.

A 10Ã peak Èhat does not change on glycorat.ion, and becomes more
lntense on heatlng lndicaEes lllite. Mica reacts similarly but.
shows a 54, peak as well.

Peaks aE 7.15Å and 3.75Å whlch do nor change on grycolacíon or
heaE Eo 300oc fndicaEe kaoltnite. Kaollnit.e becomes amorphous
(no peaks) when heaEed to 550-600'C.

For further idenÈification, the procedures of l,larshaw and Roy (1961), andCarroll (1970) uray be used.

CONCLUSION

Make sure all the idenEifying data; sample descrl-pcion, sample number, typeof mount and treatment usedr are shown on the diffractogr"*. Include dataon x-ray radíat.ion used, filter, sliEs, volts, Amps,20ó and. paper speedused. rnclude data of tests, rìame of person tesÈlng, and ackàowledgeUniversiry of l{aniEoba facilitles.

Swelling, shrinking, etc. characteriscics can be predictecl for the soil
sample considering Ehe propertÍes of che minerals present.

4.

5.

6.

Lisc the minerals present. A rough quantiEaEive comparíson of checlay mlnerals present can be made by reference t.o the following relatíon-
ship of peak lntensities for orÍenÈed mounts:

(a) For equal amounts of illiteuand chlorite, the 14Å chloríte peak
approximately equals the l0A tllíce peak.

(b) For equal amounts of illite and^chlorite, tlie 7Å chlorite peak Ís
2 to 3 times larger than Èhe tOÃ, ittire.

(c) For equal amou¡rts of íllire and kaolinite, the 7Å kaolirriEe peak
is 2 ro 3 ri.nes larger rhan Ehe 10Ã illire peak.

(d) For equal amounts of kaoli4íte and chlorire, the 7Å. and 3.5^& kaotiníte
peaks are about equal to 7^Ã, and 3.5Å, chlorite peaks.

(e) For equal amounts of illire andosmectiE.e, the 14Å smecrite peak is
3 to 4 Èl-mes larger Èhan the l0Ã illire peak.

(f) For equal amounÈs of íllite ancl smeçtite afÈer heaÈ treatment at.300"C,
rhe 10Ä smecrire peak equals rhe fOÅ ifffre peak.

A comparison of the actual peak helghc ratios, can be used to estimate the
relative quant iEies of tl're clay minerals present . If the percent.age of clayis known f rom a hydr:ometer analysis, Ehe per.'cenrage of tlre total s.rmple f or
each clay mineral may be estímated.
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B.l InstrumenLation fnstaf lations

8.I.1 Open Standpipe Instalfation

Four open standpipes were inst.alled in
gravel (see Fig.2 -2), in order to conf j_rm

obtained from the piezometers and therefore
Iocated between them.

17B

the sand and

the observations

are alternately

A typical- standpipe insta]lation is ilrustrated in Fig.
B-r(a). The tip was covered with a firter cloth in order to
prevent fines from pruggi-ng up the tube. After being
rowered into the borehore, ottawa sand was placed around the
standpipe tip. Above the sand, a clay seal was formed by
pouring bentonite balls down the borehole. This seal was

generally 30-4Ocm thick. The rest of the boring around the
tube vüas subsequently backfilled with available fill on the
site.

The standpipes above the penstock u/ere insLalled without
the use of a drir-] casing as the soir stood open long enough
to allow compÌete instarration. The one standpipe (srp-r)
below the penstock however, had to be instarred through the
annulus of the hollow stem drill rod because of the tendency
of the hol-e to sJ-ough in before the standpipe was instaf r_ed.

A bentonite plug was formed approximately 6m above the tip
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and above this, clay backfill was placed.

B. 1. 2 pLezometer Instal_lation

Three semiconductor type erectricar piezometers \^/ere

installed on the site (ModeÌ 45005 of Geokon Inc.)

The piezometer instalrat.ion is simirar t.o ilrat used for
the standpipe. The pi-ezometer was lowered into the borehofe
and ottawa sand then poured tilr it lvas 20 cm above the
piezometer- Bentonite pelJ-ets were then praced above this
to form a sear- of about 40cm thick. The remai_nder of the
borehole was then backfilled with ctay. A typical
installation is also presented in Fig. B_I(b).

B. l_. 3

Four slope indi-cator casings were installed, three
uphill from the penstock and one downhirl of it, using ABS

pJ-astic B4.B mm oD x 72-9 mm rD x 3.05 m long casing.

once the borehore was compJ-eted, the casing \^/as r_owered

into the hore, with each joint being grued as the rowering
commenced. once in position, cement grout was poured into
the borehole (around the sr casing) and arr-owed to set
whire the sr casi-ng was her-d down to counter the bouyancy.
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A schematic of the installation is shown in Fig. B-I (c )

8.1.4 Thermistor Cable Installation

Two thermistor cables were installed to record the
temperature regime of the ground. An earrier install_ation
completed by EBA Engineering (Lg82) indicated a permafrost
area downslope of the penstock. All three instal_lations are
shown on Fig. 2-2.

rnstarlation of a thermistor cabre invorved inserting
the cable inside a 50 mm diamter pvc access tube which had
been placed in the borehore. This access tube was then
filted with dry ottawa sand and the borehole was backfilled
with available fill material_. Because the thermistor cables
were manufactured to predetermined lengths, both had to be
folded back in order to conform to the borehole depths
limited by the depth of bedrock in each r-ocation. A typical
installation is shown in Fig. B-I(d).

8.I.5 Earth pressure Cefl

Two earth pressure cel_ls were installed against
support on the west side of the penstock in Test pi
whose location is shown in Fig. 2-2. They \^/ere ins
depths of 1.45m and ]. 70m. The pressure cel_ls used

the pier

t No. 1,

talled to

were
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manufactured by Geokon fnc. and consist of two circular
stainless steer pì-ates (23 cm dia. ) welded together around
their periphery, with a cavity between them. This cavity is
firled with anti-freeze, which transfers the soil pressure
to a pressure transducer. The pressure transducer is of the
semi-conductor type and the accuracy of the system is 0.252
of the furl scare. Further specifications are presented at
the end of this Appendix.

The earth pressure cerrs r^¡ere placed against a 3/4"
piece of plywood which again was supported by B,,x B,,blocks
of wood against the pier in order to barance out the
difference between the pier and the pile cap. Both cel_ls
lvere then covered with fine sand in order to protect them

from damage by the graver fitl which was used for
backfilling the excavation. The firl was placed carefully in
layers of 10cm thickness tirl the cerls were compretery
covered- The remainder of the pit was backfilred with the
excavated clay materiar. Figure B-2 shows schematicarly
backfilling and installation detail_s. Both pressure cerls
were eventually connected to the continuous data 10gger.
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8.1 SUMMARY OF 1984 FTELD DRfLLING PROGRAM

BOREHOLE DEPTH I NSTRUMENT I NSTALLED
(m)

DEPTH OF

TNSTALLAT I oN (m)

TH- 1

TH.2

P-1

sl-t
STP-1

STP.2

st-2
P-2

sl-3
s r-4
STP-3

P-3
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5.6

5.0
8.5

7.9
2.1

2.\
4"8

4.0

3.7
4.0
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2.4
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Thermi stor Str i ng
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Slope lndicator Casing

Standpipe

Standp i pe
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E I ectr:o .-.-P i ezometer

S lope I nd i cator Cas i ng

Slope lndicator Casing

Standp i pe

Electro - Piezometer

Standp i pe

6.7 ( 1 .3m

5.6 (2"3n

4.8

7.3

7.8
2.0

2,4

\.1
3.4

3.65

4.0

2,4

2.3

fo I d back)

fo I d back)



IB3

si lty clay

lil PVC tube

backfi I I
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FIG. B-1 INSTRUHENTATION INSTALLATIONS
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8.3 Temperature profiles

8.3.1 Thermistor No. l
B. 3. 2 Thermistor No. 2
B. 3 .3 Thermistor No.3
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8.4 Borehole Logs



SOIL DESCRIPTION
MO I STURE CONTENT

r-----r----{

,19à *rJ*)uo''-(lJ

S I LT - c layey, orgarr i cs ,
g rey

unfrozen

f rozen

Vx 20%

silty, lt. brown

BEDROC K

rmr stor no. I i nsta
(1.3r foldback)

190

BOREHOLE NO

TH- I

PAGE 1 of _¡

sFc. ELEVAil0N (m) 164.555 DATE DRT LLED Aug B, l 9B4

cor{PlET l0N DEPTH (r) 6. 7 LOGGED BY JPB

DRILLING RIG LOCATI0N Bluefish Lake



SOIL DESCRIPTION
MO I STURE CONTENT

l-|-l

, o 

tt (l¿ u,j*)o" rr(lì
CLAY - silty, lt.brown un f rozen

f rozen?

SAND S Gravel

nd of hole 5.
Thermi stor no.2 Ìnstal ìed
(2.3n foldback)

191

BOREHOLE NO.

'tH-2

PAGE I of I

sFc. ELEVATI0N (m) 165"235 DATE DRI LLED Aug B, i 985
c0r4PLET I 0N DEpTH (r) S. O LOGGED BY JPB

DRILLING RIG LOCATI0N Bluefish Lake



*1i- c)l-uo-Þ
Hg

SOIL DESCRIPTION

trl
J
o-
E
L'

C OHMENTS

HO I STURE CONTENT

+-l
. - 

PL (z) L/ (z) L, (?)
l0 20 30 40Lqo

2

3

\

5

GRAVEL and B0ULDERS - some
silt and clav

8\/ 08/ 16

CLAY TILL - si Ity,br.grey

tr. gravel

tr. sand and grave
BEDROC K

End of hole 5.0m
lnstaìì electro-piezo to 4. ìm

JJJlJ-+l -1Jl l

792

BOREHOLE NO.

P-1

PAGE I of 1

sFc. ELEVAT I 0N (m) 
1 65. 4 1 0 DATE DRILLED Auq i0,t9gll

C0HPLETI0N DEPTH (r) 5.0 LOGGED BY JPB

DRILLING RIG LOCATI0N Bluefish Lake



_6
-o)Ì-L
G-

Hg
SOIL DESCRIPTION

trj
J
o-
E
Lâ

C OHMENTS

HO I STURE CONTENT

t-.H

Loot(ï¿ 
trJ*)uot,-(1,ì

I

2

3

\

5

6

7

C LAY siltyrsoftrwetrbr.
g rey

SAND and GRAVEL over
BEDROCK at B.2m
S lope I nd i cator cas i

instal led to 7.3m

ìy ing

ng

un f rozen

193

BOREHOLE NO.

sl-1
PAGE i of i

sFc. ELEVATTON (m) 166.32 DATE DR¡ LLED Auq I 0- 1 I ,1 984
c0r4PLET l0N DEPTH (m) g. 5 LOGGED BY JPB

DRILLING RIG LOCATI 0N B I uef i sh Lake



_1
a- oJ

[:
äg

SOIL DESCRIPTION

ttl
J
o-
f
LN

COMMENTS

MO I STURE CONTENT

æ-|
.^Pr(?l t/ (U) L,(z)to 20 30 40Lco

3

4

5

C LAY silty,sof t,wet
br.grey

SAND and GRAVEL
BEDROCK at 7.!m standpipe rst

not frozen

lled

A
A

194

BOREHOLE NO

STP-1

PAGE ¡ of a

SFc. ELEVATt0N (m) 166.675 DATE DRILLED Aug 1i,i9B4
C0HPLETI0N DEPTH (m) 7.9 LOGGED BY JPB

DRILLING RIG LOCATI0N Bluefish Lake



:-oF-uo-uu-.
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SOIL DESCRIPTION

t¡l
JÀ

L1

COMHENTS

HO I STURE CONTENT

æ
,ot'-(å¿ ',J*)uo',(1,ì

2

3

4

CLAY - silty,organics,
br. grey, surface cove
wi th organ i cs

ed

SAND and GRAVEL - siìty

BEDROC K

End of hole 2.4n
Stahdpipe instaììed ro 2.3m

j Jj jIIIJ+I

195

BOREHOLE NO.

STP-4

PAGE 1 of 1

SFc. ELEVATI0N (m) DATE DRILLED Aug 14,1981r
C0iTPLET l0N DEpTH (m) 2"tl LOGGED BY JPB

DRILLING RIG L0CATI0N Bluefish Lake
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[:
9! o.r

c

SOlL DESCRIPTION

t¡J
J
o-

=
LN

COHHENTS

HO I STURE CONTENT

+-l
. _Pr(%) t,l (z) L, (?)
lô - ?ô tn 'l,n L rÅ

C LAY s¡lty,mo¡st to wet
soft,br.grey

tr g rave I

sand sìoughed
while instaìl

up to l.0m
ng p i ezometer

BEDROC K

not fro

8\/ 08/ 16

T

3

4

G

iL
L
,1-

End of hole 4.Bm
Electro-piez. no. 103 instaì
to 4. /m

ed

196

BOREHOLE NO.

P-2

PAG{;[

sFc. ELEVATt0N (m) 169.225 DATE DRT LLED Aug 1 3 ,1 984
coHPLETI0N DEPTH (m) 4.8 LOGGED BY JPB

DRILLING RIG LoCAT I 0N Buef i sh Lake



SOIL DESCRIPTION
HO I STURE CONTENT

l-o-.
._Pr(Zl u (U) L,(?)to 20 30 l{cLcó

silty,moist,soft to
f i rm, br. grey

not frozen

SAND and GRAVEL

End of hole 4.0m

BEDROCK

Sìope lndicator casing
instal led ro 3.4m

r97

BOREHOLE NO

s l-3
PAGE'¡ of ¡

SFc. ELEVATI0N (m) 168"0i8 DATE DRTLLED Aug l3,l98ll
C0HPLETI0N DEPTH (r) t1. O LOGGED BY JPB

DRILLING RIG LOCATI0N Bluefish Lake



SOIL DESCRIPTION
HO I STURE CONTENT

r_-___a__l

,ot'-(T¿ 
urJ*)u.tr(lì

CLAY - si lty,moist,br.grey

End of hole 3.7n

not f rozen

Slope lndicator casing
instal led ro 3.65m
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BOREHOLE NO.

s t-4

PAGE I of I

sFc. ELEVATI0N (m) 168.45 DATE DRI LLED Aug 1 3, i 984
C0NPLETI0N DEPTH (m) 3.7 LOGGED BY JPB

DRILLING RIG LOCATT 0N B I uef i sh Lake
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SOIL DESCRIPTION

L!¡
J
o-
E
L4

COHMENTS

MO I STURE CONTENT

#

,ott(Tå 'rJ*),.otr(lÀ

I

2

3

4

5

:l

siìty,br.greyC LAY not frozen

SAND and GRAVEL - wer

End of ho I e 4. Onl

B EDROC K

Standpipe instal led 4. 0nto
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BOREHOLE NO.

sIP-3

PAGE 1 of 1

sFc. ELEVATt0N (m) 168.41 DATE DRILLED Aug 13,1984
c0HPLETI0N DEpTH (m) 4.0 LOGGED BY JPB

DRILLING RIG LOCATI0N Bluefish Lake
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SOIL DESCRIPTION

t!,
J
o-
t
a.n

COHHENTS

HO I STURE CONTENT

æ
,.tÚl trJ*)uo"(lJ

I

2

3

4

5

6

7

CLAY - si lty,br.grey
boulders on surface

not frozen

no rdg.
84/ 08/ 16

SAND and GRAVEL ?

End'of hole 2.9n

il;tt
t:
t..
f:

BEDROC K

Electro-piezo no.102
instal led to 2.4m

200

BOREHOLE NO.

P-3

PAGE 1 of 1

SFC. ELEVATI0N (m) DATE DRI LLED Aug I 3,1 984
C0HPLETt0N DEPTH (m) Z.g LOGGED BY JPB

DRILLING RIG L0CATI0N Bluefish Lake
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SOIL DESCRIPTION

r¿l
J
o-t
LO

COMHENTS

HO I STURE CONTENT

l-.-i

,nP'- 
(Tl t,, (z)r^LL(fl

I

2

3

4

5

6

7

CLAY - some silt and sand,
moist,br,grey

laminations of cìay and si ì

some i ce-rafted pe-bles rmax
c i -^ 1 1-* ^^-^ ^-^^-: ^^

ï

not frozen

pp=z.5 tsf
tv=0.9 tsf

pp=3.3 tsf
tV=0.6 tsf

e l+t It 1

C

Y t
breaks aìong laminations
End of hole 2.1n

ï ,
u

UIUKUU K

Standp i pe i nsta I ì ed to 2. 0m
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BOREHOLE NO.

STP -2

PAGE i of I

sFc. ELEVATI0N (m) 167.67 DATE DRILLED Aug 11,1984
C0HPLETt0N DEpTH (m) 2.1 LOGGED BY JPB

DRILLING RIG LOCATI0N Bìuefish Lake



SOIL DESCRIPTION COHHENTS

HOI STURT CONTENT

|.--_--+-{
.-PL(z) tl (z) L,(u)lo-20 io toLcn

CLAY - silty,some gravel
and cobbles,br.grey

si ìt.tr.clay and pebbles,
max.size 2$nn,moist to wet
some organics, i ron oxide
sta i ns rhorz. I ami nat ions of
silt and clay,soft
sandy and grave I ì y

of hole 2 ^l¿n ,

not frozen

=2.0 tsf

BEDROC K

Slope lndicator casing
instal ìed to 2.4m

202

BORTHOLE NO.

s t-2

PAGE 1 .f I

SFC. ELEVAT I 0N (m) I ÁR - 1 n7 DATE DRILLED Auq 13.ig6q
COHPLETION DEPTH (m) 2.\ LOGGED BY JPB

DRILLING RIG LOCATI0N Bìuefish Lake
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Hg

SOIL DESCRIPTION

t¡,
J(L
E
L'

COMMENTS

HO I STURE CONTENT

+-l
.-Pr(?) t.l (u) L,(?)r0 20 30 q0 L 50

f'
t

2

3

4

5

6

7

CLAY TILL - some ìarge rock
max. s ize 30 cm. , root-
lets throughout.

- blocky cìay,greyish

- wet ìayer of si lt
- dk.grey clay,some si ìt

high plastic
- CLAV TILL - tr.gravel,

dk.orev- ìron oxìde den

pp=3.0 tsf
tv=0.9 tsf
PP= 1 .0 tsf
tv=0.3 tsf
PP=z.0 tsf
tv=0.7 tsf

B

\ - sl iãr."Årides,btocky
\ structurerblock sample
\\ obta ined. /

TPC. 102 instal led at 1.7n
TPC 'l 0'l insta I ìed at 1 .45m

203

BOREHOLE NO.

TP-I

PAGE I of I

SFC. ELEVATI0N (m) DATE DRILLED Aug 9-1 1,1984
c0r4PLETlOt'l DEPTH (m) 1.8 LOGGED BY JPB

DRILLING RIG LoCATt0NBluefish Lake



SOIL DESCRIPTION
HO I STURE CONTTNT

l_a_-____{

.-Pr(T) t^l(u) r-,(?)ro 20 lo toLcó
CLAY TILL - silty,weather

organ ì cs throughout

S I LT - greyi sh,very wet frozen 06/13

204

EORIHOLE NO.

TP -2

PAGE 1 of 1

sFc. ELEVATI0N (m) DATE DRI LLED Qct 1 9, 1 985
c0HPLETt0N DtpTH (m) 2.0 LOGGED BY JPB

DRILLING RIG LoCATI0N Bluefish Lake
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8.5 Instrumentation Specifications



2A6

Models 2510, 3500, 3650, 4800E and 480OEC

Fñkon
GFOTECHNICAL
INSTRUMENTAIION

Earth Pressure Gells

and

Models 2520, 3600, 3660 and 4800C

Goncrete Stress Gells
FFATURES

. Long-term stability.
c High sensitivity.
c Hi8h pressure range.
r Post-stressing tube for

re-inflation ín concrete.
c Low volumetric displacement.
¡ Suitable for remote monitor-

ing over long time periods.

Geokon Earth Pressure Cells are designed to measure
total pressure in earth fills and embankments as well as
pressures on the surface of retaining walls, buildings,
bridge abutments, sheet pilings, tunnel linings etc. Con.
crete stress cells are designed to measure stress in mass
concrete.
All cells consist of two circular staínless steel plates

welded together around their periphery and spaced apart
by a narrow cavity filled with either an antifreeze solu-
tion (Earth Pressure Cells) or mercury (Concrete Stress
Cells).. A length of high-pressure stainless steel tubing
connccts the cav¡ty to a pressure tranducer. External
pressures acting on the cell are balanced by an equal
pressure induced in the internal fluid. This pressure is
converted by the pressure transducer into an electrical
signal which is transmitted by a four.conductor shielded
cable (direct burial typc) to the readout location. A
readout box is used to read the cclls, and calibrations are
provided to enable the observed readings to be convert-

ed to units of pressure or stress. (Models 25 I 0 and 252O
have a pneumatic transducer which connects to the read-
out location by means of polyethylene twin tubes in an
outer PVC wrap).
ln all systems the internal fluid is degasscd to a max-

imum dissolved gas content of 2.0 ppm. This ensures
that the volumetric displacement of the cells is a mini-
mum and that their response characteristics are linear
and highly sensitive. Concrete stress cells have a 24-inch
long "pinch" or "post-stressing" tube to allow mercury
to be forced back into the cell after the concrete cures.
This ensures good physical contact bctween the cell and
the surrounding concrete. Concrete stress cells may be
pre-encapsulated in concretc to simplify the post.stres-
sing operation.
Thermistors may be included in thc transducer housing
to measure tcmperatures. Cables can be routed inside
flex conduit for added mechanical protection.
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Geokon offen the following four basic types of traneducers:

Pncumat¡c (Modcfs 2510 anó 252O1. Th¡s treneduccr ls a perur
Model P-l0O ånd ¡sconnccted to thc rcadout locatlon v¡a twln
pncumetic-tub$ (Model T.102). lt 13 re¡d our ur¡n8 thc perur
Modcl C.102 Rc¡doul Box.

Scmlconductor Slrrln Grge - Conventlonal stylc pressure trans.
ducer comparible wlth neny cxlsting dataloggerjwhere 5 volt
DC or AC cxcltarion ls provlded. ltrc sign'âï output is large
cnough to bc scanncd dlrccrly withoul futher anipllficatlo-n.
T!gy mey also be rcad rcmotáty using thc Geokon Møcl Rg-l0l Rcadout Box.

SPECIFICATIONS
Model Number EP Cell 25i0

CS Cell 2520
Transducer type

Typical ranges available psi

Over-range capacity % F.S. 3000 psi max.
Accuracy % F.S. 0.4*
Resolution % F.S. 0.4*
Thermal effect on zero % F.S,f F zeÍo
Excitation voltage V -

Rcslst¿ncc Stnln Gàte - Thes€ transducerÉ are comp¿tible wlth
othcr reslstance rtr¡in g¡gc systcms such as load cclis, borcholc
dcformatlon gages ctc, Ihcy may be rcad out using convcntlon.
¡l stre¡n ¡ndlc¡tor or readout boxes (Vlshay P3504, Vt¡h¡y p3500
ctc.).

Vlbratln¡ Wlrc (Modcl 1500H). This rransducer h comper¡bte
wlth thc rest of the Gcokon linc of vibrating wirc lnsrrüments
and is recommcnded for use with rhe Modci GK.4 DaralogSer
or GK-401 Readout Box. lt incorporarcs all of thc advariùg.
ca of thc vlbr¡tlng wlrc systcm of mc¡surcments.

SignaI output

Bridge resistance

Transducer housing dia.

Transducer housing length
Weight (less cable

Connecting leads

Readout box

Accessories
GK-401 Readout Box.
Thermistor Rcadout.
RB-l0l Readout Box.
P3504 Readout Box.
Petur C-l 02 Readout Box.

Pneumatic

¡5 to 3000*

1.5

6

7

Polyethylene
twin tubes

- Petur C.102

3500 3650
3600 3660

Semiconductor Resistance
strain gage strain gage

25,100,500 25,100,500
1000,3000,5000 1000,3000,5000

200 200
1 0.5

infinite infinite
<0.05 <0.02
max.6v max.lov

(DC or AC) (DC or AC)
203

150in I l5out
1.625

6

350

2.25

6

5757
4cond. 4.cond.
shiclded shielded

Geokon RB.l0l Vishay P3504

4800E
4800c

Vibrating wire

50, I 00,500
1 000,3000,5000

i50
0.25

0.1

<0.05
5v sq.wave

I 200-2000H2
frequcncy

coil 150

I

6

57
2-cond.
shieldcd

Geokon GK-401

mv/v

ohms

in.

in.

lbs. 5

tDepcnds on prcssurc gagc ¡n rcadout box.

Options
Thcrmistors.
Flex Conduit Cable Protection.

Ordering lnformation
Spccify: l.Modcl Numbcr.

2.Rangc.
3.Cablc Length.
4.Acccssorics Rcquircd.
5.Options Rcquired.

ig@liprt
7 CENTR/\L AVEMJE
wEsr LEBANON. N.H. 03784

óo3/298.50ó¿

îor furlhcr at/ornøtion cnntact us .



lEeolkon
Vibrating Wire

Piezometérs and
R,!?J.5fi,ENfif"' Pressu re Transduce¡'s

Geokon Vibrating Wire Piezometers and
Pressure Transducers are designed to
measure fluid pressures (e.g. ground
water elevations, pore pressures) in bore-
holes, embankments, foundations, pipe-
lines, wells and pressure vessels.

¡
t
¡
t
¡
t

Long term stability in difficult environments.
Hermetically sealed.
Small size.

Stainless steel construction.
Lightning protected.
Heavy duty cable.

soft ground on the end of diamond drill rods. Foiuse in critical
locations another model has been developed w¡th e pneu-
matic back-up system to provide confìrmation of Bage ac-
curacy and stability. One model is available for usè where
fluctuating temperatures are a problem and another for use in
typical pressure transducer applications where a hydraulic
pressure connectlon is required to permit easy coupling to
pressurized tanks, pipelines, earth pressure cells, etc.

All models of transducers may be obtained w¡th a built-in
thermistor for measuring lempeiatures at the sensor location.
Construct¡on: Ceokon þiezometers utilize the latest develop
ments in vibrating wire pressure transducer technology. The
transducer is fabricated entirely from stainless steel com.
ponents, selected to minimize temperature effects and
welded logether to create a hermetically sealed chamber for
the vibrat¡n3 w¡re element. The ends of the vibrating wire are
clamped using a patented swaging technique that ensures
high stability while allowing miniaturization of the com-
ponentS... .¡, Iir¡*.ç...f¡rìì"'-4:+ "! 

i'!' :"
' : L ,; y. 'iji.:i:ì:.T.11.'1,'. t''- '. t:r.i-.'.' . .: . :- .::

An electromagnetic ioil, located close to the wire, is used to
both pluck the wire and to convert the w¡re vibrations so pro-
duced into an electrical output current whose frequency is
identical to the natural resonant frequency of the wire. Chang-
ing pressure causes defleaion of the diaphragm thereby altei-
ing the tension of the wire and ¡ts resonant frequency of vibra-
tion. Thus for each pressure there is a corresponding fre-
quency output.

The cable used to transmit the frequency signals is designed
for direct burial in the ground. lt has two thick outer wraps of
tough highdensity polyethylene separated by a metallic
armored sheath, The cable is grease filled to discouraBe water
wicking along it in the event that it is cut. Both cable and coil
are protected from lightning damage. lt should be noted that
lead wire resistance changes brought about by water penetra-
lion, temperature var¡ations and contact resislance do not af-
fect the frequency of the output signal. This factor, coupled
with excellent zero stabilily, makes the Geokon Vibrating
Wire Transducer more prelerable than conventional strain
gage transducers for long-term measurements in diflìcult en-
v¡ronmenls.

ln geotechnical environments it is necessary to use a filter
stone to prevent soil particles from impinging directly on the
diaphragm. The standard filter stone is made from sintered
stainless steel w¡th a 50 micron pore size. ln partially saturated
soils, where air is to be excluded from the piezometer cavity,
a high air entry lìlter tone may be specilìed. Note that
negative pressures (suction) can be measured.



MODELS AVAILABLE

Model 45005 STANDARD MODEL
This model is designed for direct bu¡lal in embankments,
fills, etc. Also for ¡nstallation inside boreholes or obser-
vet¡on wells. lts small size allows for lts installation ln
conventionäl standpipe piezometer riser pipe (minlmum
l.D. ls %").

Model4500DP DRIVE POINT MODEL
This transducer ls located ¡nside an EW drill rod couollnc
with a pointcd nose cone attached, When screwed onto-
the end of EW drÍll rods the un¡r can be oushed direcrlv
¡nto soft ground with the sißnal cable loËated inside thá
drill rod. This model ls recolerable at the end of the iob.

Model 4500PN Vl BROiPN EUMATIC MODEL
To be used ln very critical applications needlng verlficatlon
of readings. A pneumat¡c tr¿nsducer packaged in tandem
w¡th the vibrat¡ng wlre lransducer permits isecond eval-
uation of the measured pressures. The signal cable ls suo-
plcmented with two pneumätlc tubcs.

Model 4500T TEMPERATURE STABLE MODEL
Where temperatures fluctuate markedly this model ls useful
sincÊ-it is only minimally affected by rhese chances f.0l%
F.S./"F,-compared to 0.1%F.S./"F for srandard-model;1.
Note: All models can be supplied wirh rhermístors built i;.
to the transduc€t to measure the temperature et the trans-
ducer locatlon.

Model 45@H PRESSURE TRANSDUCER MODEL
This model is supplied wirh a %" male pipe thread flrrlns
to perm¡t the tran$ucer to be coupled directly into hy--
draulic or pneumatic pressurc lines, For laboràtory uú a
lighter, more flexible signal cable should be specifíid

4 Conductor Polyethylcne,armored
Greasc-filled Cablc

Vibrating Wire Sta¡nless Steel Housing

Filte r

D laphragm Plucking and Plckup Coils

Readoutlnstrumentation:'..'''',......:...'..',.-]
All modelscan,be-r-eadulingtheGeokonModel GTllT4PortableReadoutBox, Theboxdísplaysthereadingona5dlgltliquid
crvst-al displav (LCD). The display.cd read.ings.can be converted into pst by using the caLiuratiãn äau irõól¡iiùiiri ír,ã'Ëi.ro,n.uer..The pneumat¡c halfof the MoiJel 4500Pñ Plezometer can be read-usin! iÀe Fiiri rtlóã.1 c-loi[el?'Jut so*.'iun.tiån ¡o*.,andterminal boxesareawilable.t:p-rotectcablesplices.andelecrr¡cal conñeirors. Àutor.tiãaør;;;ì;-r;r-¿í"ä;rï'È.r..o,n-
plished using ¡he Geokon Model GT1 1 72 porrable Datalogger.

GEN ERAL SPECI FICATIONS

50, 100,250, 500, 1000, 5000
':: a:,. ,'):. | 2Xra¡ed pressure .:l

ì.,:i':r.lj'.ii;,r' 0.1%F.S. minimum ;,:ìi.,'
t)\\::i::.:.,. : t0.5 oÁF.s..r: r-.:: : .,i .l

' ' . ' -)oo ro 150" F (-29" ro 6s'c)
0.1%F.S.rF (Modet 4500T - 0.ol%F.s./.F)

Diaphragm displacement
Cable

.01 cc at F.S.
4 conductor direct burial type - 22 ga.

st¿ndard: 50 micron sintered stainless steelFilter

,:.. ':- iir::..
r .: 

,_:. 
PN ',.1

0.7s (1e)
7.125 (181)

.s(.23)'

H.
0.75 (19) 1.0 (25.41t'

s.t 2s (l 30) ; 6 (152):;i:::
.26(.12),,' 1.0(.45),r.':l

., . . :, : t....:. r; í: i :.,1...-. t.

Ordering lnformation 
. :. 

,.

Specify: i.Model No.
2.Pressure range
3.Cable length
4.Options requ¡red . .,.,

... .. ............ i".'
: t;..;.: .

'..'.' 
- :

Optional Accessories
Thermistor
High-entry fil ter stone
Lighrduty cable
Terminal boxes
J unction boxes

209

fÞëõkon
lg--J '(qoooied
7 CENIRAL AVENUE
WEST IEBANON, N,H. 03784

603/298-506Å

For further information contact us . .



GENERAL PURPOSE PRESSURE TRANSDUCER

IPT-1100 SERTES

f Hlgh Unamplllled Output
I Rugged All Welded Con¡trucllon
f Hlgh Overload Capabllltlee
I Excellenl Long Term Stablilty

2I0

I . whtfs---_____ _J _d,
t¡tô.t¡

Tho lngsnlous appllcatlon of modsrn solld state technology lo lransducsr senslng ls the maln r6ason lormaklng tho IPT'1 100 S€rles th€ mosl advencsd general puriôse pressur€ transduceir avallable. D6stgnsd tomoasure llquld or 9as ptessu16, tho transducortare ol dlt.we¡deó stelnlesg ste€t consirucilãn, wtth tnregral
Pj9t_t-!1"^19¡.Tq dlsphtagm. Ths IPT'1100 provldss ân extremety rugged, accuraìe aì¿lnäiöens¡"e meansror 0re33ur€'lo-volleoo convârslon. The I PT-1 1 00 Serlds are ldealiy sulted lor a large number ãf appllca¡onsln lndurtry, procc¡¡ -Controt, Mrrtnr, Automrtñ", iydr;;i;;; 

"nd 
Acrosp!cc.

INPUT
Prassurc Rångos

Opcratlonal Mods
OYar Prgssuto
Burst Pr€gsqro
P¡6ssuro M6dlâ
Ralcd El6ctrlcsl Excltstlon
Mrx. El€ctrtc!l Excltrllon
lnpul lmÞcdrnca

_0:l_ -10- 25 50 109 2æ 5OO 10@ 2fi0 soOOpSt0-0.3¡1 0.08 1.72 3.¡t 8.0 1t.2 3,r.5 69.0 liã.ó saS.o aÃn
Soalad GauOs, V€nted crugo.
2 Tlm€s Ratod Progsuro Rângc,
5 Tlmrs Rrtsd Pr6sluro Rango lo Mâx. of 2O,OOO psl. (1379 BAR.).
Any Llquld or câs Comptilbtc wtth t7-apH SS (H OOO Condtilon).
r0 voc,Ac (FMs)
r2 vDcrAc (RMs)
t8ú! Ohm (Nomlntl)

OUTPUT
Oulpul lmD€drncc
Full scstr output (Fso)
Fcsldual Unbrlancc
Comblnsd Non-Llnoarlty, Hystarælr,

end Fop6stabillty
Hyst616sls
Roposteblllty
F6solullon
Nrlurol Froquoncy (Nom.)
lnsulâtlon Rosl3lancc

85O Ohm {Nomln¡t)
100 mV (Nomlnsl)
5% FSO

0.5% FSO Max.
0.25% FSO Msx.
0.t % FSO Max.
lnllnlto
12 KHz lor 50 PSt Fenc. to 50 KHz lof 5{m pst F¡ngc
10O Mooohm Mtn. ât 5OV OC

ENVlRONMENTAL
Opcrst¡ng Tcmp€Gtu.c Rrnga
CompcnEstcd Tcmprrrtutr Rrngc
Thrrmsl Zr.o Shtlt
Thcrm!l Sicnslt¡vtty Shtít
St€rdy Accôlcr¡lton ¡nd

Llnoâr Vlbrrllon
Altlludc
Submcrslon
Humldlty
Mrchanlc¡t Shæk

-40'F lo +25O'F ( -¡3O'C lo +tæ'Cf
&)'F lo r8{r'F (27.C ro æ.C).
2% FSO,100.F(s5.C).
2% FSOrlm.F(55.C}

Nol Grcrtcr Thrn 0.02% FSOrg. Fr.q6ncy Rtngc GæoO H: M!x. Ac4tcrstton SO9 (.|OOO wfih no d¡mrgâ)
- lg) lt. lo + 70,000 ft. Wll not Drmroc S.nær.
To 50 ll- Wllhout Dsm¡gc.
l0O% Fôlrllvr Humld¡ty.
læg hrll Sln! Wrvc I m, ræ. Durllton.

PHYS!CAL
Pros!urc poft

Elôclrlc!l Connætlon

W6lOhl

A.-33S56/E,t 'fr-æ UNF-3A .8.-L,-tg NpT Mat6 Av¡Iabtc !t Ertr! Cost
S.tl6d Câblc Arlrmbly ln lcngthr up to æ lt. (g mctârs)
110 Grmr AÞp?ox.

OnDERINO INFORXATTON: tpf.l tOO.Xtn.EX.X.XXX
PrGslurc Rrngc ln psl
Oprrltloî¡t Mod. (VG or Sô)
Prcalurc Port lhrcrd Strc (A or B)
Crbl. Lrngth
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HR SERIES_GENERAL APPLICATIONS
¡ OPTIMUM PERFORMANCE FOR THE MA.JORITY

OF APPLICATIONS

. LARGE CORE.TO.EORE CLEARANCE -t/16 INCH (1.6 mml RADIAL

GENERAL SPECI F¡CATIONS
lnputVoltage ..... 3V rms (nominall
Frequency Range . . . 40O Hz to 10 kHz
Temp€rature Range . . €5"F to +3CÐ"F

(-55"C to +150"C1
Null Volraç Less than 0.5% full scale output
ShockSurvival ... .. 1æ0gfor 11 milliseconds

The HR high reliability series of LVDT'¡ is suitable for
most çneral applications. The HR series features large
cors-to.bore clearance, high output voltage over a broad
range of exc¡tst¡on frequencies, ond I magnet¡c stainless
stoel case for electromagnet¡c and electrostatic sh¡eld¡ng.

Vlbrstlon Tolaranca .

Coll Form Matsrl¿l , ,

HouslngMatsrlal ...
Lc¡d tVire¡

20 g up to 2kliz
High density, glas- fllled
polymer
AlSl 400 ¡eries stslnlesc ¡teel
28 AWG, ¡tranded copper, Tef-
lon.insulated, 12 inches (30O mm)
long (nominalf

PERFORMANCE SPECIFICATIONS AND DIMENSIONS (2.5 kHzl MEiÊtc L,tt.rr:etjt.'!. n: p.ruE

LVDI HOMIÍIAL LIIEABITY SEiSIÍIVITY IIPEDAICE ?HASE
M00EL LltlEAR IPERCEÍ{Í mV 0ut-/ 0iñ SHlf¡
lUcSER RATGE FUIL RAiGE Volr l! ht

lnchõ 50 t00 125 lf0 .001 ln. ñ," ?rL 3.c Or¡m

050HR !0.050 0.r0 0.25 0.25 0.50 6.3 lit t30 1000 -t
t00HR 10.100 0.t0 0t5 0.25 0.50 a.5 t80 l0t0 50m -5
200HR i0.200 : 0.r0 0.25 0.15 0.5{¡ 2.3 100 il50 aom {
l!0BB !0.300 0.10 0.25 0.35 0.50 t.r I,f ll00 2700 -il
a00Hn 10.100 0.t5 0-25 0.35 0.60 0.90 li t700 3000 -tt
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C.1 Consolidation Test Results
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C. l-. 1 CIU Consolidation Curves
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C. 1. 2 f. sotropic Consotidation Curves
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C. L.3 One-Dimensional Consol-idation Curves
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C. 1.4 DTTCP Consolidation curves
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C.2 DTTCP Test Data



TEST ¡ E2

Sample Length A{ter Consolidation ¡
Sample Diameter A{ter Congolidation
Sample Area After Eonsolidation
SampI e Vol urne Af ter Consol i dati on
Void Ratio After Eonsolidation
Water Eontent Before Eonsolidation
l¡later Content After DTTCP Test

Date Tested

7.7A2 crn
3.754 crn
1 1. O69 cm2
E}6.19ó crn3
o. Bsl3

250

: O51OE}S

oi=49. okPa
oå=ze. ákPa
Aur=15. OkPa

END
of

trycI e

AL

(cm)

E1

(cmlcrn)

Av

(cc)

Ev

(cclcc)

AD

(cm)

ES

(cm/cm)

I
2
3
+
5
6
7
B
I
10
11
t2
13
L4
15
1å
t7
20
nn
LL

27
2B
29
52
33
34
3B
40
44
45
50
51
32
53
5é
57
58
62
ê8

. ooo32

. ooo40

. ooo70

. oo10å

. oooBo

. oo150

. ool0B

. oo124

. oo134

. oo128

. oo14å

. oo14a

. oolå2

. oolåB

. ool6E¡

. oo204

.ooL76

. oolBB

. oo230

. oo200

. oo22å

. oo?o?

. oo222

. oo2B8

. oo252

. oo3?2

. oozEtå

. oozEg

. oo30B

. oo514
, oos22
. oo332
. oo332
. oos30
. oo35c)
. oo332
. oo340
. 00360

. oooo4

. oooo5

. oooo90

. ooo14

. oool0

. oool7

. ooo14

. oool6

. oool7

. oool6

. oool9

. oool9
, ooo2l
. ooo2?
. ooo2?
. 00026
. ooo23
. ooo24
. ooCISo
. 00026
. ooo29
. 00026
. 00029
. ooo37
. ooo32
. ooo4l
. ooo37
. ooo37
. ooo40
. ooo4('
. ooo4l
. ooo43
. ooo42
. ooo43
. ooo45
, ooo43
. ooo44
. ooo4ó

-O. Ctê

-o. 1ê
-o.26
-o.26
-o.56
-o.36
-o. 42
-o.46
-o.46
-o.5?
-o.54
-o.5å
-o. â2
-o.66
-o.7t
-o.71
-o. B?
-1. Ol
-1. 06
-1. 12
-1. 11
-1.21
-1.21
-1.21
-t.24
-L.26
-1.31
-1.41
-1.41
-t.46
-1.4El
-1.51
-1.51
-1.51
-1.51
-1.5ê
-1-å1
-t-é6

-. ooo70
-. ool90
-. oo300
-. oo300
-. oo420
-. oo420
-. oo490
-. oo530
-. oo530
-. ooåoo
-. ooå30
-, ooê50
-. oo720
-.oo770
-. oo820
-. ooB20
-. oo95c'
-. ot 170
-. o1230
-. o1300
-. o1290
-. o1400
-. o1400
-. 01400
-. 01440
-. o1460
-. 01520
-, o1å40
-. o1640
-. o1690
-. o1720
-. o1750
-. 01750
-. 01750
-. o1750
-. olEl10
-. olB70
-. o1930

-. oÛ16c)
-. oo570
-. oo599
-. ooå10
-. oo820
-. oCIaso
-. oo?5ó
-. o1050
-. 01050
-. ol lAO
-. o1230
-. 01270
-. 01400
-. o14BO
-. o1600
-. 01å10
-. 01840
-. 02260
-. o?s70
-. 02500
-. CI2500
-. 02700
-. 0?700
-. 02700
-.o2770
-. 02830
-. 02950
-. 03140
-. os150
-. 03260
-. o5soo
-. 03370
-. c)3570
-. 03570
-. o33BO
-. o34BO
-. 03600
-. 05700

-. 0C'C)43

-. oo099
-. oo16rJ
-. oo163
-. oozlB
-, oo221
-. oo255
-. oozBcr
-. oo2Bo
-, oo510
-. oo32B
-. oossB
-. oos73
-. oo394
-. 004?6
- . oo42?
-. oo490
-. 00602
-. ooé31
-. 00é6å
-. 0c,666
-. oo719
-. oo719
-. oo719
-. oo73B
-. oo754
-. oo7Bl
-. ooBSå
-. ooB5"
_. OOBåB
-. oc)879
-. ooE}9B
-. ooB9B
-. ooB9B
-. OC)9OO

-. oa927
-. oo?59
-. 009E}6



TEST : Bz

Sample Length After Consolidation
Sample Diameter After Eonsol idation
Sample Area After Eonsolidation
Sampl e Vol urne Af ter Conso1 i dati on
Void Ratio A{ter Consolidation
l¡later Content Be{ore Eonsolidation
Water Content After DTTCP Test

Date Tested

¿ 7.7e7 crn
: S.754 cm
r 11,ô69 cmZ
: 8å.19ê cm3
: r).8315

:

25r

: O51OE}S

ol.=4g. okPa
oå=29. åkPa
Au=15. OkPa

I'liddle 
^ 

L
of

Cycle (cm)

E1

(cmlcm)

Ev

(cclcc )

AV

(cc )

AD

(cm)

E5

(cñlcm)

I
2
?

4
5
6
7
B
I
10
11
l2
13
t4
15
1ê
T7
21
nn
LL

24
28
35
34
51
ã7
5A

-. ool 1

-. oooB
-. oolB
-. oooå
-. ooo4
-. oooT
-. ooo4
-. oool2
o.o
o. oooz
Q. OC!O4
o. 00046
cr. oooE8
o. ooo?2
o. ooolB
0. oooSB
o. ooo40
o. ooo92
0. oo07B
Q. O0170
o. oo142
(r. oo150
c). oo I Bo
o.0024å
('. Ct0256
o. 00260

-. ooo21
-. oool0
-. ooo23
-. ooooB
-. oooos
-. oooo9
-. oooo5
-, OOOC)?
o.o

, ooooS
. oooo5
. ooooS
. ooooT
, oooo3
. oooo2
. ooooT
. oooo5
, oool2
. ooolo
. ooo22
. ooolB
. oool9
. ooozs
. ooo32
. oooss
. ooo33

-o.35
-o.35
-o.45
-o.45
-o.45
-o. å5
-o.65
-o,65
-4.7=-r
-o.7ã
-4.73
-o. 85
-o. 85
-o.90
-o.95
-1. OO

-1. 10
-1.30
-1,30
-1.50
-1,40
-1.45
-1.45
-1.70
-t.73
-r. Bo

-. 00406
-, 00406
-.oo522
-. oo52?
-. oo5?2
-. oo754
-. oo754
-, oo754
-. ooB70
-. ooBTct
-, 00870
-. 00986
-. 0c)9E}6
-, 01044
-. c'l102
-. o116c,
-.ot276
-. o1508
-. c)150E}
-, o15C)8
-, 01å?4
-, 016E}?
-.()168?
-. o1972
-. o203(t
-. o2()BB

-. ooB16
-. CIo760

-. oo95?
-. oo9Bl
-. oo9Bó
-. o1413
-. 01420
-. 01401
-. o164ó
-, o 1651
-. o1ó5å
-. otB75
-.QLB77
-. oL977
-.0?094
-. o?zCI?
-. 02414
-. 0?859
-. Cr?E}56

-. o3B7B
-.c)5090
-. O32r1O

-. Öf,?Clo
-. r)376c'
-. os97(t
-. of,9Bc)

-. oo21B
-. oc)?oZ

-- oo254
-. o03å1
-. oo2å5
-. 0C)376
-. oo37B
-. oo373
-. 0(}43?
-. oo44c}
-. o(r441
-. 005?6
-. ôc,5c}()
-. ocls?7
-. oo555
-. oo5B7
-. (,c'643
-. 0C'76?
-. 00761
-.öt767
-. ooB??
-. clc)85?
-. orlB54
-. O I OOCr

-. O 1o=C)

-, 01C)6tl
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Date Tested r O5SOBETEST ¡ B3

Sample Length A{ter Consolidation :
Sample Diameter After Congolidation :
Sample Area After Gonsolidation !
Samp1e Volume After Eonsolidation :
Void Ratio After Gonsolidation :
Water trontent Before Consolidation !
Water Eontent After DTTCP Test :

8.585
3.929-
L2. LA4
104. O5B
4.793
31.5 7.
3?- â 7.

crn úi=48. OkPa
trrn Õå=24. åkPa
cm2 A:=lE}.åKPa
cm3

End of
trycl e

AL

(cm)

EI

(cmlcm)

AV

(cc)

Ev

(cclcc )

AD

(cm)

E5

(cmlcm)

5
6
7

l1
12
13
t7
18
t9
23
24
23
so
+êJÈJ

4t
43
4?
55
59
60
61
65
âê
B3
B4
B?
90
91
95

. 00296

. oa??â
, 00956
. o1196
. o1240
. o129å
. o135å
.oL4à2
. o1438
. o1506
. 01618
.oL626
. o1698
.oL746
. o1846
. o1896
. o194å
. 02016
. o2016
. 02026
. o?o16
. 02006
. 0?006
. o221å
.02276
. 0?286
. 02298
.42236
. Õ22=6

. ooo34

. ool0B

.oo11r

. oo159

. oo144

. oo151

. CIo158

. oo17c,

. oolåB
, oo175
. oolBB
. oo189
, ool98
. oo200
. oo215
. oo221
.44227
. oo235
. oo252
. oo23å
. oo?35
. oo234
. oo234
. oo?58
. 00265
. 00266
. oo?ó8
. oo26s
. 00263

o
o
o

-o. 05
-o. 05
-o. 10
-o. 10
-o. 10
-o. 10
-o.20
-o.20
-o.20
-o.20
-o.30
-o.30
-o.50
-o.50
-o.35
-o.40
-o.40
-o.30
-o.40
-o.40
-o.50
-o.55
-o.60
-o.60
-o. å5
-o.70

c)

o
o

-. ooo4B
-. ooo48
-. 00096
-. 00096
-. ooo9å
-. 00c}96
-. oo192
-. oo192
-. oor92
-. oo192
-. oo2BB
-. oo2BB
-. oo2BB
-. oo2BB
-. 00536
-. oo3B4
-. oo3B4
-. oo2BB
-, oo3B4
-. oo3B4
-. oo4B1
-. oo529
-.oo577
-.oo377
-. 00625
-. 0c}673

- . QOO67
-. oo212
-. oo219
-. oos6B
-. oo57B
-. 00486
-. oo4?9
-. oo524
-. oo5lB
-. oo723
-. oo74B
-. oo750
-.oo76ð
-.009.67
-. oo990
-. 01001
-. 0101s
-. o1156
-. 01217
-. 01220
-. 01029
-. o1215
-. o1215
-. Q1452
-. o15êO
-. 01657
-. 01660
-.4L744
-. olaSa

-. oool7
-. ooo54
-- ooo55
-. oÕo9s
-. 00096
-. ool?4
-. ool?7
-. oo153
-. oc)15"
-. oo184
-. oc¡ I 9C}

-. oo191
-. oo195
-. 00246
-, oo?5"
-. oo255
-. oo25B
-. oo294
-. ooslo
-. oo510
-. 0026?
-. OC!3C,9

-. oo3()9
-. oo37c}
-. oo397
-. oCI423
-. oo423
-. oo444
-. oo4å8
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Date Tested ¡ O53OB5TEST ¡ BS

Sample Length After Êonsolidation !
Sample Diameter A{ter Consolidation:
Sample Area After Consolidation ¡
Sample Volume After Eonsolidatíon :
Void Ratio After Eonsolidation r
Water Content Eefore Eonsolidation ¡
Water trontent After DTTCP Test :

B.5BS cm
3.929 cm
12.lE4 cr#
I O4. O5Ê crP
o.795
31 . 57.
32.é,57.

ol=49.O kPa
oå=28.å kPa
Àu=18.6 kPa

Middle 
^Lof

Ëycle (cm)

E1

(cmlcm)

Ev

(cc/ccl
AV

(cc )

AD

(cm)

E3

(cmlcm)

6
7

12
13
1B
Lq
25
30
43
49
55
6L
66
84
?o

-. ooo70
. oo120
.oo470
. oo510
. 00670
. oo710
. ooB40
. oo920
. olo90
. ol3?o
. o1200
. o1320
. o1330
. ol5BO
. o1550

-. ooooB
. oool5
. ooo55
. ooo59
. oooTB
. oooB2
. ooo9B
, ooloT
. oo127
" ooló2
. oo140
. oo154
. oo155
. oo184
. oolB1

o.50
-o.50
-o.55
-o. êo
-o.60
-o.65
-o.70
-o.70
-o. Bo
-o.73
-o. 85
-o. ?o
-o.90
-1. oo
-1. 10

-. oo4B
-. oo48
-. oo53
-. ooSB
-. ooSB
-. oo52
-. oo57
-. oo57
-.oo77
-. oa72
-. oo82
-. 0086
-. ooBT
-. 0096
-. oloê

-. ooq27
-. ooq72
-. 0114s
-. o124E}
-. 01285
-. ol3B7
-. o1512
-. ol5SO
-. 0175E}
-. o1733
-.oL?77
-. 02000
-, 02000
-.o2?46
- - o242gj

-. oo25ó
-. oa?47
-.oo?qz
-. oCI314
-. oo327
-. oo35s
-. oo3B5
-, oo3B9
-.oo447
-. oo441
-. oo47B
-. oo509
-. oo509
-. oo57?
-. ooå1El
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TEST ! 84

SampIe Length After Consolidation
Sample Diameter After Eonsolidation
Sample Area A{ter Consol idation
Sample Volume After Consolidation
Void Ratio After Eonsolidation
Water trontent Before Congolidation
Water Eontent After DTTCP Test

258

Date Tested ; O62085

: 8.9O? crn oi =49. Okpa
: 3.918 crn oå=2E}. êkPa
¡ 12.O34 cm2 Lu=22.9kPa
¿ LO7.397 cnÊ
: O.859
¡ 31.5 Z
: 5C¡.9 7.

End of
Cycl e

AL

(cm)

E1

(cm./cm)

AV

(cc)

Ev

(cclcc )

AD

(cm)

E3

(cmlcm)

2
6
7
B

1?
13
14
1B
20
24
23
2ê
30
36
37

Power

. oo470

. oo900

. o09Bo

. o1076

. o122El

. 01302

. o1358

. o1450

. o1540

. o1640

. 016å0

. o1700

. ol7ElO

. 01880

. 01880

fai I ure

, ooo52
. oo101
. ool lo
. ool?1
. oolsB
. oo146
. oo152
, ool6s
. oo173
. oÕ184
. oolEl6
, oo191
. oo200
. oo21 I
. oo21 I

. oo229

. oo229

. oo251

. oo2êo

. oo267

. oo?é9

. oo275

.oQ?74

.oo?77

. oo278

. 00286

. oo2a5

. 002?6

.oo297

.oo297

o
o
o
o
cr

o
C)

o
o
o
o
c,
0
o
o

o
o
o
o
o
o
o

-o. 10
-o. 10
-o,10
-o. ro
-o. 10
-o. 1c)

-o. 10
-o.10

o
o
o
o
o
o
o
ct

o
o
o
0
o
C)

o

o
o
o
o
c)

o
o

-, ooo95
-. ooo95
-. ooo93
-. ooc)9s
-. ooo93
-. ooo9s
-. ooo93
-. ooo?3

-. ooloo
-. oo198
-. oo216
-. oo237
-. oo270
-. oo2B7
-. oo299
-. oos19
-. oo339
-. oc)361
-. 0036é
-. oo375
-, oo392
-. oo414
-. oo414

-,oa47L
-. oo471
-.4Q476
-. oo5s5
-. oo549
-. oo554
-. 00565
-. oos40
-.c}0386
-. ooSaB
-, oo404
-. oo402
-. 0c}4?5
-.oo427
-.oa4?7

-. ooo?7
-. ooo5l
-. ooc)55
-. oooå1
-. 0c)C)69
-. ooc,73
-. oooTå
-. oooB?
-. oooBT
-. 0c}ct93
-. ooo93
-. c,0096
-. oc)loc,
-. OO1C,6

-. 001c'6

-. oc,1?o
-. oo1?o
-. oo1??
-. oo136
-. oCI14C)

-. oo141
-. oo144
-. ooo97
-. ooo??
-. 0C'099
-. OO1C,3

-. oc) 1c}3
-. ool0B
-. oo109
-, çç1r-r9

- samplE! Feconsolidated to ¡ V = LAe.497 cnF
L = B. å97 crn
D = 3.985 cm

51
52
F-sl-ì

s7
5B
59
60
é3
64
65
69
72
77
7B
B1

. o?o40
, o2042
. 020å2
. o25?O
. o25BO
. 02400
. 02450
.CJ2444
.4247c,
. o24BO
. 02550
. 02540
. 02640
. 02650
. 02å50



TEST ! B4

Sample Length After Consolidation i
Sample Diameter After Eonsolidation !
Samp1e Area After Eonsolidation :
Samp1e Volume After Consolidation :
Void Ratio A{ter Consolidation :
Water Content Before Eonsolidation :
Water Content A{ter DTTCP Test :

259

Date Tested : 062OE}5

8.9O9 cm ol=4e. O

3.918 cm oþee. a
12. O34 crn2 A ut=ZZ.S
LO7.3q7 .m3
c).E}59
31 . 57.
3c¡.97.

l':Fa
lrPa
kFa

I'li ddl. e 
^Lo+

Cycl e (cm)

E1

(cmlcm)

AV

(cc)

Ev

(cc/cc)

AD

(cm)

E5

(cmlcm)

I
?
a

13
14
20

-, oo920
-. oogzcr
-. oo220

. ooo40

. oooBo

. 00260

failure

-. oo103
-. ooo92
-. ooo25

. oooo4

. oooo9

. ooo29

0.70
(). Bo
o. E}5

-o. Bo
-o.90
-o. €}5

-. 0065
-.oo74
-.oo79
-.oo74
-. ooB4
-. oo79

-. o1073
-.o127ê
-, o1499
-. o14å5
-. o1660
-.01600

-.oQ274
-. oo32é
-. oo3B3
-. CrO374
-. oo4?3
-. oo41c'

Power - sample recons;olidated to : = LOB.4?7 cm3
=8.ä97 cm
= 3.?E}5 cm

V
L
D

52
53
5B
64
å5

. oto20

. oto20

. 01300
, o12åO
. ol2BO

. oo114
, oo114
. oot4å
. oot4l
. oo144

-o.95
-1. OO

-o,95
-o.90
-o.90

-. ooBB
-. oo92
-. ooBB
-. ooBS
-. ooBS

-.oL979
-.02070
-. 02043
-. 01940
-.oL947

-. ocrSü5
-. oc)52E}
-, oo522
-. 00496
-.0ö497
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TEST ¡ B5

Sarnple Length Af ter Eonsol idation ¡
Sample Diameter After Consolidation:
Sample Area After Consolidation !
Sample Volurne Af ter Eongol idation :
Void Ratio After Eonsolidation ¡
Water Ëontent Before Êonsolidation !
t¡Jater Eontent After DTTCP Test !

262

Date Tested : Cr719B5

B. 031 cm
3.575 cm
10.0A6 cm2
8O.602 cm 3

o.834
27.O 7. (air
33. O 7.

ol =SEl.2kFa
oj =1o' lkPa
Au=1O. kPa

dry)

End of
Cycl e

AL

(cm)

EI

( cmlcrn)

AV

(cc)

Ev

( cclcc )

¿D

(crn)

E3

( crn./cm)

I
5
6
7
1t
T2
13
L7
18
t9
25
24
23
2q
41
42
43
44
45
46
47
4B
49
50
51
52
53
54
tÊ
-, -,
56
57
58
59
60
6t
62
65

.oo770

. 0153ú

. 01750

. 02010

. 02680

. O29O(r

. 03000

. o3210

. 03290

. oss40

.0s440

. 03500

. 05520

. 03570

. O49OC)

. 05040

. 05r20

. ö5r20

. 05120

. o5160

. oSlBo

. 05260

. 05270

. 05270

. 05270
- 0528c'
. 05340
. 05530
. o53åO
. o53éO
. 05350
. 05360
. 0537C)
. 05450
, o54BO
. 05480
. 05460

. ooo9å

. oo191

. oo2lB

. oo250

. oo334
, 0036l
. oo374
. oo400
. oo4lo
. oo4t6
. oo428
, oo43é
. oo43B
. oo445
. ooåto
. ooó28
. 00638
. ooå38
. 0063Ê
. oo64s
. ooå45
. ooå55
. 00660
. ooåÉo
. 00660
. 00660
. 006å5
. 00664
.006è7
.00667
. 00éó6
. 006å7
. 00669
.00679
. 00682
. 00682
. oo6Bo

0
-o. 10
-o.10
-o. 10
-o.20
-o.2c}
-o. ?c)
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.40
-o.40
-o.40
-o.4(}
-o.40
-o.40
-o.40
-o.40
-o.40
-o.40
-o.40
-o- 40
-o.40
-0.40
-o.40
-o.40
-o.40
-o.5c,
-o.50
-o.50
-o.50
-o.50
-o.50

o
-, oo124
-, oc)124
-. oo124
-. OC)?4ç¡

-. croz4B
-.00248
-. oo24B
-. oo?48
-. oo?48
-. oo24B
-. c)c)?48
-. Ç()24E}
-. oo24B
-. 00496
-. 00496
-. oo49å
-. 0c¡496
-. oo49å
-. 00496
-. oCI49é
-. oo49ó
-. c)0496
-. 00496
-. 00496
-. 004?6
-. 00496
-. 00496
-. 00496
-. oo49ó
-. 00496
-. 0c)620
-. 00620
-. 00620
-. 00620
-. 00620
-. 006?0

-. oo174
-. 0C}5å6
-. ooó15
-. ooê73
-. CIl045
-. oto90
-, o1 120
-. o1 1å4
-. o1t82
-. 01 193
-. c,l215
-. c}l??9
-, 01?3S
-. 01244
-. o1987
-. o?o20
-. 02c,40
-. 02040
-. 02040
-. 02050
-. 02050
-. 02070
-. 02070
-. o2070
-. 02070
-. 02070
-. 02090
-. 02094
-. 02091
-. 02091
-. o20BB
-. ozs10
-. o2315
-. 02330
-. 02340
-. 02340
-. 02335

-. ooo49
-. ocrl5B
-. oo172
-. oolBB
-. o(r?92
-.0c)3c)6
-. oc,512
-. o0s26
-. oc'331
-. (¡C'334

-. oo34()
-. oc,s44
-. oo345
-. oo34B
-. oo55å
-. 00565
-. oo570
-. oo57()
-. oo=7(}
-. oo572
-. oo574
-. oo579
-. oo579
-. oo579
-. 0Ö579
-. oo579
-. oo5B4
-. oo5B3
-. oo5B5
-. oo5B5
-. oo5B4
-.0c'647
-. 0064E}
-. ooé53
-. ooê55
-. 00655
-. 00653



263TEST s BS (cont'd)

End o{ AL
Cycl e

(cm)

EI

(cmlcm)

¡V

(cc )

Ev

(cc/ ccl

AD

(cm)

E3

(cmlcm)

64
6=¿)

66
67
7A
g3
a4
Bó
B9
?5

. 05470

. 05500

. 05550

. 05610

. 05å60

.4t770

.4?ãÉ8

.47309

.689tO

.7âq30

. 0068l

. ooå85

. ooê91

. ooå99

. oo700

. 05200

. 05303

. 05891

. oB5Bl

. 09579

-o.50
-o.50
-o.50
-o.55
-o.70
-1-90
-2. OO

-2. ro
-2.45
-2.30

-. 00620
-. 00620
-. 00620
-. ooå82
-. ooB6B
-. 02357
-. 02481
-. o2êo5
-. 03040
-. 02854

-. 02340
-. 02340
-. o23óO
-. 02480
-. 02824
-. l3?90
-.14400
-.15790
-.22042
-.237EFJ

-. ooê54
-. 00654
-. ooê59
-. ooå94
-. oo790
-. 03910
-. 04028
-.o44t7
-. 06166
-- 0å654



TEST : Bg

Sample Length After Eonsolidation
Sample Diameter After Eonsolidation
Sample Area After Consolidation
SampIe Volurne After Consolidation
Void Ratio After Consolidation
Water Content Before Consolidation
Water Eontent After DTTCP Test

264

Date Tested '. O7t9B3

: 8.O31 cm
: 3.575 trm
: 10.OBê cm2
: BO.6C-2 cm3
¡ O.E}34
z 27.O7. (air
: 33. O7.

ol=3B.ZkPa
oþro. l kPa

A u=lO. l kPa

dry)

MiddIe 
^Lo+

Cycl e (cm)

E1

( cm./c¡n)

Ev

(cc / ccl

AV

(cc)

AD

(cm)

Ê-{

(cmlcm)

I
6

12
l3
1B
19
20
21
22
?5
74
25
3å
42
43
44
4-¿
46
47
4E
49
50
51
52
e=iJrJ

54
55
5ó
37
5B
5?
60
61
62
å3
64
65

. ooloo

. o1550

. 02670

.a2770

. 03150
, o3lBO
. 03250
. o33EO
. 03350
. 03?90
. os330
. 03400
. 03920
. o48êO
. 04950
. 05040
. 05060
. 05080
. 051()0
. 05090
. 05170
. 05170
. 05lBO
. 05200
. o5?10
. 05260
. o52BO
. o5?8ö
. 05?90
. o5310
. o5s20
. 05350
. o53BO
. 05450
. 05440
. 05460
. 0546c'

. oool

. oo19

. oo33

. oo34

. oo59

. oo40
, oo41
. oo42
. oo42
. oo41
. oo42
. oo42
. oo49
. ooå1
. oc}62
. 0063
. 0063
. 0063
. 0064
. 0063
. ooå4
. 0064
. ooê4
. 0065
. ooå5
. 0066
. 006é
. 0066
. 006å
. 0066
. 0066
.oo67
.0o67
. 0C)68
. oo6a
. 0068
. 006E}

-o. åo
-o. åo
-o. å5
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o. Bo
-o.90
-o.90
-o.90
-o.90
-o.90
-o.90
-o.90
-o.90
-o.90
-o. ?o
-o.90
-o.90
-o.90
-o.90
-o.90
-o.90
-0. ?5
-1, OO

-1. OO

-1.OO
-1. OO

-1.00
-1, 05
-t,1c'

-.oo74
-.oo74
-. oc,gl
-. ooBT
-. ooBT
-. ooBT
-. CIoa7
-. oo87
-. ooBT
-. ooBT
-. oo87
-. oo87
-. oo9?
-. 0112
-. 0112
-. 0112
-. ol l2
-. 0112
-. ol 12
-. ol l2
-. 0112
-. 0112
-. o112
-. 0112
-. ol12
-. o11?
-. o112
-. 0112
-. o112
-. o118
-. QL24
-. 0124
-. c,l24
-. 01?4
-. o124
-. 0124
-. 0136

-. 01353
-. o1673
-. 02040
-. o?173
-.o?,?.âO
-.o?,260
-. 02290
-. 023c,C'
-. ozsoo
-.o?,79A
-. 02300
-. o2310
-. 02ê50
-. 03090
-. o5110
-. 03130
-. 03130
-. 03140
-. os140
-. 05140
-. 03160
-. 03160
-, 031åO:. 031ó?
-. os165
-. 03176
-. o31B I
-. 05181
-. o3183
-. c)5500
-. o3410
-. c'3418
-. C)5424
-. C)5436
-. 03550
-. 03550
-. os664

-. oos79
-. 0046E'
-. oo571
-. oCI6c,8
-. ooå52
-. ('0634
-. ooósE}
-. ooê44
-. 0c,644
-. 0()640
-. ooê40
-. oc)ê5c)
-. 0ö740
-. ooBéo
-. ooB70
-. ooB70
-. 00E}76
-. ooe77
-, ooBTB
-. ooaTB
-. ooBBS
-. ooBBS
-. oQBAS
-. ooaBS
-. ooBEtT
-. ooBE}9
-. oc)890
-. ooB40
-. O(tg4g
-. oo923
-. oo954
-. oc)E}56

-. oo95B
-. 00961
-. oo99f,
-. oo?94
-. C)1c)25



265TEST s B5 (cont'd)

l"liddle AL
of

Cycl e (cm)

E1

(cmlcm)

AV

(cc)

Ev

( cclcc )

AD

(cm)

E3

(cmlcm)

â6
67
6E
69
70
7t
72
73

. 05440

. 05570

. O555Ct

. 05350

. o55êO

. 08570

. 05570

. o55BO

. 0068

. 0069
, 0069
. 0069
. 0069
. 0069
. 0069
. oo70

-1. 10
-1. 10
-1. 10
-1. 10
-1. 10
-1. 15
-1. 15
-1. 15

-. 0136
-. o13ó
-. 0136
-. o13ó
-. 0136
-. ol43
-. 0143
-. 0143

-. os654
-. 03675
-. 05ó44
-. 03åE}4
-. 03ê86
-. Q3799
-. 05794
-. 03901

-. o10?4
-. 0102E}
-. 01051
-. 01051
-. o1312
-. 01C)å3
-. o1063
-. o1063
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268

Date Tested z ö72ö8.5TEST : B6

SampIe Length After Eonsolidation
Sample Diameter After Consolidation
Sample Area After Consolidation :
Sample Volume After Consolidation !
Void Ratio After Consolidation ¡
l¡later Eontent Bef ore Consolidation :
Water Eontent After DTTCP Test !

¡ 7. BlO crn
:3.615 cm

LO.2É,2 cn2
80,142 cm 3

c).837
26.3 7. {air
30. 1 7.

o1=62. OkFa
oþzo.7kFa

A u=1O.5kFa

dry)

End of
Cycl e

AL

(cm)

E1

(cm./cm)

AV

(cc )

Ev

(cclcc )

¿D

(cm)

ES

(cmlcm)

I
5
6
7
11
t2
13
l7
1B
L9
23
24
25
26
77
2A
29
4t
4?
43
44
45
46
47
4B
49
50
51
52
53
54
55
etiJc,
57
5B
59
åo

. ooo20

. oo050

. ooo70

. ooo90

. ooo50

. oo2lo

. oo210

. oo1êo

. oo200

. oo23rl

. oo24()

. oo290

. oo290

. oo27c)

. oo280

. oo280
, oo270
. oos20
. oos90
, oo390
. oo370
. OO37C)
. oos80
. 00360
. oo400
. oo410
. oo420
. oo390
. oo390
. oo390
. oo400
. oo410
. oo400
. oo390
. oo390
. oo3Bo
. oo400

. oooos

. oooo6

. oooo9

. oool 1

, oooo6
, ooo27
. ooo27
. ooo2l
. 00026
. ooo29
. ooo3l
. ooo37
. ooo37
. oooss
. ooosó
. 00c,36
. ooo35
. ooo4l
. ooo50
. ooo5r'J
. ooo47
. ooo47
. ooo49
. 00046
. ooo5l
. ooo52
. ooo54
. oooso
. ooo50
. ooo50
. ooo5l
. 00052
. ooo51
. ooo5()
. ooo50
. ooo49
. ooo5l

-o. 05
-o.10
-o.20
-o.20
-o.20
-o.3c)
-CI.50
-o,30
-o.30
-o.30
-o.35
-o.35
-ô.35
-ö.35
-o. s5
-o.4(l
-o.40
-o,50
-o.45
-o.45
-c'.45
-o.45
-o.50
-o.50
-o.50
-o.50
-C).50
-o.5c)
-o.50
-o.50
-o.55
-o.55
-o.55
-o.60
-o. åo
-o.60
-o.60

-. oooå2
-. oc) 1?5
-.(:)0350
-. oo250
-. oo250
-. oc)374
-. oo374
-. oo374
-. oo374
-. oor74
-. c)o437
-. oo437
-.0(1437
-. oo437
-. c)o437
-.0()499
-.oa4?9
-.aaê24
-, 00562
-. oo5ó2
-. oo5ó2
-. 0C)56?
-. 0C'624
-. ooê24
- . o0é24
-. ooó24
-. ooå24
-. 00624
-. 00624
-. 00624
-. 006E}6
-. (]0686
-. 0c)686
-.oo749
-.oo749
-.oo74?
-.ÇJ0749

-. CIC)1 1B
-. öc)?37
-. rx)4å7
- .(l0472
-. cro462
-. (J()723
- . Qü72ã
-. c)c)7 I 3
-,çct7?2
- .rJa729
-. üC)944
-, c,(rE5å
-. üc)E}5ó
-. ooB5l
-. c)oE}54
-.00966
-. oo9é4
-.012C)0
-. o I 10c!
-. o1100
-. o1 1C)Cr

-. 01 100
-. O121r')
-. o1?10
-, 01220
-. 01220
- . oL?,24
-. 01220
-. 01220
-. 01220
-. 01531
-. o1334
-. C)l351
-. o1444
-. 01444
-. 01459
-. oL444

-. oclc)33
-. Õc)c)óå
-. oc)129
-, 001*1
-. oc'12€}
-. Õc!2c)0
-. oo?oc)
-. (,ö 1?7
-. O(,?(¡C'
-, oc!3ü?
-.0c)==4
-. C,0?67
-, c!03å7
-. oc)235
-. oc)25å
-. C)þ?.(]7

-,00267
-. ü(!352
-. oc)3(!5
-. c,c)3c¡5
-. oo304
-. o(,s()4
-. oc)336
-. oo335
-. oo557
-. oossB
-. oo53a
-. oo337
-. oo357
-. oo337
-. oo5éB
-. 00369
-. oo3óB
-. oos9?
-. oo59?
-. oo39B
-. oo599



TEST ! Bó (cont'd) 269

End o{
Cycle

AL

(cm)

E1

(cmlcm)

AV

(cc)

Ev

(cclcc)
AD

(cm)

ES

(cmlcm)

å1
6?
å3
64
'ECtL,

66
â7
7g
7q
BO
81
a2
B3
a4
a5
B6
e7
B8
B?
?o
91
92
?s
94
95

. oos90

. oo3Bo
, oo320
. oo370
. oo400
. oo430
. oo450
. oo420
. oo540
. oo500
. 00500
. oo520
. oo530
. oo590
. oo590
. oo580
. oosao
. oo580
. OOåOC)
. ooå4c)
. oo700
. oo6Bo
. 00670
. 00680
. 00690

. ooo50

. ooo49

. ooo4l

.ooo47

. ooo5l

. ooo55

. ooo5B

. ooo54

. oooå9

. oooé4
, 00064
. oooå7
. oooê8
. oooTå
. 00076
. ooo74
. ooo74
. ooo74
. ooo77
. oooB?
. ooo90
. ooo87
. 00086
. ooo87
. ooo8B

-o.60
-o.60
-o- 60
-o.60
-o. åo
-o. åo
-o.60
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-4.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70

-.oo749
-.oo74?
-.oo749
-.oo749
-.oo74q
-.oo749
-. oo749
-. oo873
-. oo873
-, oo873
-. ooB73
-. oo873
-. ooBTs
-. ooB73
-. 00973
-, ooBTs
-. ooB73
-. oo87s
-. ooB73
-. oog73
-. ooB73
-. ooB73
-. ooB73
-. oo873
-. ooa73

-. o1441
-. o1439
-, o1425
-.oL437
-. o1444
-. o1451
-. 01455
-. 01å73
-. o1701
-.olâqz
-.ot692
-. 01696
-- o1699
-. o1713
-. 01715
-- 017to
-. ol7to
-. 01710
-. o1715
-.oL724
-. o1738
-. o1733
-. 01731
-. o1733
-. 0173å

-. oo59?
-. oo39B
-. 00394
-. oo39B
-. oo399
-. oo401
-. oo403
-. oo4å5
-. oo471
-. oo4åB
-. oo4êB
-, 00469
-. oo47c'
-.oo474
-.oo474
-. oo475
-. oo473
-. oo473
-.oc)474
-.oa477
-.004E¡1
-. oo4E}c)
-.oo479
-. 0C'48c}
-. oo4Bo



TEST : B6

Sample Length After Consolidation
Sample Diameter After Eongolidation
Sample Area After Consolidation
Sample VoIume After Consolidation
Void Ratio After Eonsolidation
Water Content Before Consolidation
l¡Jater Content After DTTtrP Test

270

Date Tested : C¡72O85

z 7.8LQ crn oI =ê2- OkPa
: 3.615 cm oå =ZO.7kPa
= LQ.262 crn2 

^ 
u=1O.5kPa

: 8O.L42 cm3
: O.E}57
¿ 26.37. (air dry)
: 3O.17.

Middle 
^L0+

Cycle (cm)

EI

(cmlcm)

Ev

(cclcc )
^v

(cc )

AD

(cm) (cmlcm)

1

6
t2
1S
1A
19
20
21
"F)
LL

23
24
25
3å
4?
4S
44
43
46
47
48
49
50
51
E9

53
54
ÉÉ
L,È,

56
37
5A
59
60
6L
â?
L=

64

-. oo16(]
-. o0130
-. ooo3(]

. oo210

. 00060

. ooo50

. ooo50

. oooto

. ooo50

. oo100

. oo110

. oo170

. oo150

. oo220

. oo250

. oo22c!

. oo200

. oo190

. oo2to

. oo250

. oo?Bo

. oo34ö

. oo250

. oo270

. oo?70

. oo250

. oosl0

. 00260

. oo250

. oo24()

. OOlBC¡

. oo240

. oo270

. oo250

. oo27(1

. oo300

-. ooo2
-. ooo?
-. oooo

. oo27

. oool

. oool

. oool

. oooo

. oool

. oool

.0001

. ooo2

. c,ooz

. ooo5

. oooS

. ooo5

. ooo3

. ooo?

. ooos

. ooo3

. ooo4

. ooo3

. 0(]03

. ooos

. ooos

. ooos

. ooo4

. ooo3

. ooos

. ooo3

. ooc)z

. ooo3

. ooo3

. ooo3

. ooo3

. ooo4

-o.20
-o.30
-o.40
-o.40
-o.45
-o.45
-o.45
-o.45
-o.50
-o.50
-o.50
-o.50
-o.50
-o.60
-o.60
-o. êo
-o.60
-o.60
-o.60
-o.60
-o.6CI
-o. åo
-o.60
-o. åo
-o.60
-o.60
-o.60
-o.60
-o.60
-o.60
-o.70
-o.70
-o.70
-o.70
-o.70
-o.70

-. oo25
-. oo37
-. oo5('
-. oo50
-. oo5å
-. 0C'56
-. 0C'56
-. 0056
-. oo6t
-. 0062
-. oCI62
-. ooå2
-. ooå2
-. oo75
-. oo73
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo75
-. oo87
-. ooBT
-. oo87
-. ooBT
-. oo87
-- ooaT

-. oo414
-. 0064å
-. ooB90
-. oo950
-. 01030
-. 01030
-. o1030
-. 01020
-. o114c¡
-. o1150
-. o1152
-. o1170
-. 01161
-. c,1 400
-. C'l410
-. O141r)
-. 0140c}
-. c¡ls9c!
-. o1400
-. CIl410
-. o14?O
-. ol4lo
-. c'l410
-. 01413
-. 01413
-. 01410
-. o142S
-. C)l41 I
-. 01410
-. o1410
-. 01617
-. c)l631
-. 0163E}
-. o1éss
-. o1638
-. o1645

-.oo114
-. o0179
-.oo247
-. 00263
-. oo284
-. oo?84
-. oo2B4
-. oo?81
-. oo315
-. oo3la
-. oo31?
-. oo-22
-. oo521
-, oo39(]
-. oo3?o
-. oo390
-. oo3B7
-. 0c,386
-. oQSgT
-. oo390
-. oc,=?2
-. oo3B9
-, oo39c)
-. C)c'391

-. oos91
-. oo3?C)
-. oo594
-. oof,9c)
-. oo390
-. oo3B9
-.0cJ447
-. oo45t
-. oo453
-. OCr452
-. oo453
-. oo455



TEST ! 86 (cont'd)
271

Midd1e A L
o{

Cycle (c¡n)

E1

(cmlcm)
^v
(cc )

Ev

(cc/ccl
AD

(cm)

ES

(cmlcm)

66
67
é8
â9
70
7t
7?
73
74
73
76
77
7A
79
8C)
at
B2
85
a4
B5
B6
a7
B8
B9
?o

. oo250

. oo350

. oo3go

. OO32C)

. oo520

. oo320

. oo320

. oo300

. oo350

. oos30

. oos40

. oo370

. oo3Bo

. oo300

. oo4lo

. oo3Bo

. oos70

. oo380

. oo440

. oo4óo

. 00460

. oo450

. oo470

. oo470

. oo490

. ooo3

. ooo4

. ooo5

. ooo4
, ooo4
. ooo4
. ooo4
. ooo4
. ooo4
. 0004
. ooo4
. ooo5
. ooo5
. ooo5
. oooS
. ooo5
. oooS
. ooo5
. 0006
. 0006
. oooó
. 00C,6
. ooöé
. oooó
. 0006

-4.73
-o.75
-o.75
-o.75
-o.73
-o. Bo
-o. go
-o. Bo
-o. Bo
-o. Bo
-o. Bo
-O, BÖ

-o. Bo
-o. Bo
-o. Bo
-o. Bo
-o. 85
-o, E¡5

-o. E}5

-o. 85
-o. 85
-o.90
-o.90
-o.90
-o.90

-. oo94
-. oo94
-. oo94
-. oo94
-. oo94
-. o1()0
-. oloo
-. oloo
-. o10c)
-. oloo
-. oloo
-. rl100
-. 0100
-. 01C,0
-. OlOC)

-. 0100
-. 01c'6
-. 0106
-.0tC)6
-. Ql0ó
-. 01 06
-. 0112
-. o112
-. ot t2
-. 0112

-.o174â
-.o1764
-. ot776
-.ot762
-.ot764
-. 01874
-. otB74
-. ot870
-. olBBl
-.ata77
-. o1a79
-. olBB6
_. OlBBB.. OlBBB
-. o1900
-. o1B8B
-. o2c)o0
-. 02000
-. oz()14
-. o?o19
-. o2019
-. o?130
-.c}2134
-. o?134
-. 02158

-. oo4B3
-. 0C)488
-. oo491
-. oo4aa
-. oo4BB
-. oo519
-. oo519
-. oo517
-. oo52(r
-. OCr519
-. 0Cl520
-. o()5?r
-. oCI5??
-, oo5??
-, öo5?4
-. o()52?
-. oo553
-. oo5=f,
-. 0Û557
-. Ct(t559
-. Orì559
-. ct(t599
-. oo59Õ
-.0c)59c!
-. oo519



(¡
¡ ¡ = É
.

t'- ln J s X

0.
00

12

0.
 0

00
8

0.
00

04 0.
0

(¡
¡ I e F U

1 (J É
. l- t¡
J = J o

íe

0.
0

o

i0

-0
.0

04

20

l0

-0
. 

00
8

30

20

40

T
E

S
T

 8
-6

30

50

C
Y

C
LE

 I
IU

IT
B

E
R

5o
40

f" e a

o

-t
r 

-1
É

"=
 0

.7
x1

 O
'c

vc
le

 
I

I

6o

c@
00

tø

lo

60

B
O

7o
80

90

T
E

S
T

 8
-6

-r
 

- 
I

é,
 =

 5
.lx

l0
.' 

cv
cl

e 
I

V
,

10
0

90
 

10
0

N
) \ t.)



0

-0
.0

01

-0
.0

02

-0
. 

00
3

-0
. 

00
4

-0
. 

00
5

-0
.0

06

t0

c.
'\

l¡¡ I = t-
-

at
',

J ô

o

20

od

30

O
O

C
Y

C
LE

 I
IU

}1
B

E
R

4o
 

50

oo

@

60
7o

O
A

B
O

T
E

S
T

 8
.6

o

90

o

t0
0

ce
e

-c
 

-l
é^

=
 3

.8
O

xl
O

 ' 
cv

cl
e 

¡

t

oc
-

9o
oo

N
) \ \}
J



TEST z E7

Sample Length After Eonsolidation :
Sample Diameter After Congolidation:
Sample Area After Eonsolidation ¡
Sample VoIume After Eonsolidation !
Void Ratio After Eonsolidation :
Water Êontent Before Eonsolidation !
Water Eontent A{ter DTTCF Test !

274
Date Tegted ¡ OBO9B5

7.598 cm
3.558 cít
9.943 cm2
75.5,47 cm 3

o.813
27 .72
33.27.

o'r =52.Zkpa
oå =za. okPa
Au=16.6kPa

End O+
Cycl e

AL

(cm)

E1

(cm./cm)

AV

(cc)

Ev

(cc / ecl

AD

(cm)

E3

(cm./cm)

1

?
å
7
12
a-IrJ

t4
1B
19
20
24
25
76
27
2A
29
30
31
52
5S
34
S5
36
s7
3B
s9
40
4t
42
43
44
45
46
47
4B
49
50

. ooo40

. ooo70

. ooo80

. ooo20

. oo120

. oo110

. ool lo

. oot40

. oo150
, oo?10
, oo140
. oolEo
. oo170
. ool40
. ool30
. oo140
. oo140
. oo140
. oo150
. oo140
. oo160
. oolBo
. oorgo
. oo180
. oo2Bo
. oo?70
. oo290
. oo300
, oo290
. oo400
. oos50
, oos60
. 00560
. oo390
. oo440
. 00460
. oo450

. oooo5

. oooo9

. oool I

. ooooS

. ooo16

. ooot4
, oool4
. ooolB
. ooo20
. ooo2B
. ooolB
. oo237
. ooo2?
, ooolB
. oool7
. ooolB
. oool8
. ooolg
, ooo20
. ooolB
. ooo2l
,00024
. ooo24
. ooo24
. ooo37
. 00036
. ooo3B
. ooo40
. ooo3B
. ooo53
. 00046
. ooo47
.ooo47
. ooo5l
, ooo58
. 0006r
. ooo59

CI

o
-o.10
-o.10
-o.30
-o.30
-o.30
-o.40
-o.40
-o.40
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o,50
-o.50
-o.50
-o,50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o.50
-o,50
-o.50
-o.50

o
o

-. oo13
-. oo13
-. oo40
-. oo40
-. oo40
-. oo53
-. oo53
-. oo53
-. 0066
-. 0066
-. 00ê6
-. 0066
-. 0066
-. 0066
-. 006å
-. 006å
-. ooêê
-. 006å
-. 006å
-. 006å
-. 00ê6
-. 00é6
-. 006ê
-. 006å
-. 006ê
-. 0066
-- 0066
-. 0066
-. 0066
-. 006å
-. 006å
-. 00å6
-. 006ê
-. 0066
-. 0066

-. oooo6
-.00013
-. oo25l
-. oo237
-. 00730
-. oo72B
-. oo72B
-. oo970
- . oo972
-. 0c)986
-. 01205
-. 01214
-. 01212
-. o1205
-. o1202
-. o1205
-. o1205
-. 01205
-.ot207
-. o1205
-. o1220
-. 01214
-. 01214
-. 01214
-. 01238
-. o1?35
-.01240
-.ot242
-. o1240
-. o126ó
-. 01254
-.oL257
-. 01257
-. ot264
-. 01275
-. ol2BO
-.ot27a

-. ooooz
-. ooo04
-- ooo70
-. oooó7
-. oo205
-. oo2('5
-. oo205
-. oo?7s
-. oo273
-. oo277
-. oo339
-. oos4l
-. oo541
-. oo339
-, oo33B
-. 0(¡339
-. oc,359
-. oo339
-. ooss9
-, oos39
-. oo340
-. oo341
-. oo341
-. oos4l
-. oos4B
-. oo547
-. oo349
-. oo349
-. oo549
-. 00356
-. oo353
-. oo353
-. oo35s
-. oo555
-. oo35a
-. oo5åo
-. oo359



275

TEST rB7 (cont'd)

End of
Cycl e

¡L
(cm)

E1

(cm./cm)

AV

(cc )

Ev

(cc/ cc)

AD

(cm)

E5

(cmlcm)

51
52
t-
sJ-1

54
5ê
=-t7

58
59
åo
61
â2
63
â4
67
6B
69
70
74
76
81
a3
86
90
92
96

. oo450

. oo440

. oo430

. oo430

. oo530

. oo530

. ooSso

. oo530

. oo520

. CIo560

. ooê20

. 00660
, ooTto
. oo6Bo
.oo720
.007E}0
. ooBoo
. oo900
.oo740
. ooêBo
. o(rå90
. oCI680
. oo730
. oo750
. oo730

. ooo59

. ooosB

. ooo57

. ooo57

. ooo70

. ooo70

. ooo70

. ooo70

. ooo70

. ooo74

. ooo8?

. oooBT

. ooo93

. ooo90

. ooogs

. oo103

. oo105

. oo119

. oo10C}

. oo100

. ooo?1

. ooloo

. oo100

. ooloo

. ootoô

-o.50
-o.50
-o.50
-o.50
-o.60
-o.60
-o. åo
-o- 60
-o. åo
-o.60
-o.6c,
-o.60
-o. óo
-o.60
-o. åo
-o. óo
-o.60
-o. óo
-o.70
-o.75
-o. Bo
-o. Bo
-o.80
-o. €t5
-o.90

-. 0066
-. 0066
-. ooéå
-. 00å6
-.oo79
- . oa79
-. oo79
-.oo79
- . oo79
- .0079
-. oo79
-.oo79-
-.oo79
-. oc!79
-.oo79
-.oo79
- . oo79
-. ooBé
-. oo93
-. oo99
-. 010å
-. 0106
-. ot06
-. o113
-. 0119

-.ot27B
-. 01275
-. 01273
-. oI273
-. 01531
-. 01551
-. 01531
-. 01531
-. 01529
-. ol53B
-. o1552
-. 015å2
-. o1574
-. 01566
-. o157å
-. o1590
-, o1595
-. o1736
-. 01915
-. o1918
-. 02038
-. 02036
-.o?()47
-. 02169
-.o?2e2

-. oo359
-. oo35B
-. oos5El
-. oCI358
-. oo430
-. oo430
-. oo430
-, oo430
-. oo450
-. oCI432
-. 00436
-. oo439
-. oo442
-. oo440
-. oo443
-.40447
-. oc,44B
-. oo4B9
-. oo510
-. oo539
-. oo573
-. oo572
-. oa.57 4
-. 00610
-. 00641



TEST 2 B7

SampIe Length A{ter Consolidation :
SampIe Diameter After Consol idation
Sample Area After Eonsolidation
SampIe Vollrrne Af ter Eonsol idation
Void Ratio After Consolidation
Water Eontent Before Consolidation
Water Content After DTTCF Test

276

Date Tested I 0BO9B5

7.598 cm
: 3.558 cm
z 9.943 cm2
z 73,347 cm 3

: O.813
= 27.77.
: 55.27.

oi =52.ZkFa
ol =z¿- okPa
6u=16. åkFa

Hiddle AL
of

CycI e (cm)

E1

( cm/crn )

AV

(cc )

Ev

(cclcc)

AD

(cm)

E3

( crnlcm )

1

?
3
4
5
6
7
a

13
t4
1E
16
t7
1B
t9
20
?L
2?
23
24
23
26
?7
2e
29
3C)
31
s2
S3
34
35
36
37
SA
39
40
4T

-. oo230
-. oo220
-. oo200
-. oo21Ð
-. oo340
-. oo230
-. oo1ó0
-. oozScl
-. oQ27ö
-. oo28c)
-. oo?70
-. CIoz10
-. oo23c)
-. oo25c)
-. oo210
-. oo140
-. oo140
-, oo 141-r

-. oo130
-, oo120
-. oo130
-. oo13c,
-. o0 r 5rl
-. oo1B0
-. oo140
-. Ðo14C)
-. oo160
-. oo190
-. OO13C)

-. oo110
-. oo100
-. oooBc_)

-. oooBo
-. oool0

. 00060

. ooo70

. oo()9c,

-. oo03
-. ooo3
-, oo03
-. ooos
-. ooo4
-. ooÐ3
-. ooo2
-. oooS
-. oo04
-. oo04
-. ooo4
-. ooo3
-. oooS
-, oooS
-. ooCIs
-.0002
-. ooo2
-. ooo2
-. ooo2
-, ooo2
-. ooo2
-. ooo2
-. ooo2
-. ooo2
-. ooo2
-. ooo2
-. ooo2
-. ooo2
-. ooo2
-. oool
-. oool
-. oool
-. oool
-. oooo

, oool
, oool
. oool

-0. 3{r
-o. 30
-o.30
-o.3c,
-o.30
-rJ. *t*J

-C,.35
-o.35
-H. s=
-o. 65
-o.65
-o. å5
-o. ó5
-o.65
-o.65
-o.70
-o.70
-4.7()
-o.70
-o.7c)
-Q.70
-o.75
-o.73
-o.73
-o.73
-o.75
-o.75
-0.75
-o.7s
-o.75
-4.73
-o.75
-o.75
-o.75
-0.75
-cr.73
-o.73

-.c)040
-. OO4C)

-. oo40
-. oo40
-, oo4ö
-. c¡o5c)
-. oo50
-. oo50
-.OO7c)-. 0090
-. oo90
-. oo90
-, oo90
-. oo90
-. oo90
-. oo90
-. OO9C)

-. OO9C)

-. oo90
-. oo?o
-. oo90
-. o100
-. 0100
-. o100
-. oloo
-. 0100
-. 0100
-. 0100
-. 0100
-. o100
-. 0100
-.o10C)
-. 0100
-. o100
-. OlOCr

-. c)l00
-. 01C'0

-. t)Oå48
-. 00651
-.00å55
-. 00653
-. 0062?
-.00766
-. oo782
-.ço766
-.ot226-. o1458
-. o145E}
-.4t474
-.oL47U^
-. o1470
-. oL477
-. 01608
-. ot60B
-. o1608
-. o1ó10
-. o1613
-. 01610
-.ot72a
-,ot723
-. o1716
-.oL723
-.ot723
-.ot72L
-. o1735
-.oL72e
-.oL7s2
-. o1735
-. o1739
-. o173?
-.o1736
-.o1772
-. o1775
-.ot77q

-. oo182
-. oo183
-. oo184
-. ool84
-, c,o 175
-. oo215
-. oo220
-. oo215
-, oo344
-. oo410
-, oo410
-. oo414
-. oo413
-. oo4r3
-. oo415
-. oo452
-. oo452
-. oo452
-. oo453
-. oo45s
-. oo453
-. 00486
-. oo4B4
-. oo4B2
-. oo48s
-. oo4B5
-. oo484
-. oo4B2
-. 00486
-. oo4B7
-. oo4B8
-. oo4B9
-. oo4BB
-. oo494
-. c,c)49E}

-. oc)499
-. OOSC)C)



TEST I B7 (cont"d) 277

l"li ddl e AL
of

Cycl e (cm)

E1

(cmlcm)

Ev

( cclcc )

AV

(cc)

AD

(cm)

E3

(cmlcm)

42
43
44
45
46
47
4g
49
50
51
5?
53
54
55
5ó
ã7
5B
5?
60
åt
62
63
64
67
68
6?
70
79
97

. oooBo

. oo130

. oo220

. oolBo

. oo200

. oo200

. oo210

. oo2êo

. oo2óo
, 00260
. oo250
. oo250
. oo230
. oo230
. oo220
. oo220
. oo290
. oo2Bo
. oo27u
. oo27U*
. oo570
. oo450
. oo400
. ooEl0
. oo520
. 00460
. oos50
. oo2êo
. oo?to

. oool

. ooo2

. ooo3

. ooo2

. ooo5

. oooS

. ooo3

. ooos

. ooo5

. ooo3

. ooo3

.0003
, ooo3
. ooo5
. ooo3
. ooo5
. ooo4
. ooo4
. ooo4
. ooo4
. ooo5
. 0006
. ooo5
. oooT
. oooT
. 0006
. ooo5
. ooo3
. ooo3

-o.75
-o.7s
-o.73
-o.7s
-o.75
-o.75
-o.7s
-o.75
-o.73
-o.75
-o.75
-o.75
-o.73
-o.75
-o. Bo
-o.80
-O. BCI

-o.E}0
-o. EtS

-0. B5
-o. g5
-o. Els
-o. a5
-o. 85
-o. a5
-o. 85
-o.85
-1. 05
-1. 15

-. O1OC¡

-. o 10c)
-. 0100
-. o100
-. otoo
-. 0100
-. oloo
-. 0100
-. oloo
-. 0100
-. otoo
-. oloo
-. oloo
-. 0100
-. ot to
-. ot 10
-. ol lo
-. o110
-. 0110
-. 0110
-. ol10
-. ol10
-. 0110
-, ol lo
-. o110
-.0110
-. 0110
-. 0140
-. 0150

-.4L777
-. oIBOO
-. o1810
-. o1801
-. olBö5
-. olBO5
-. oIBOB
-. otBl9
-. olBlg
-. 0181?
-. 01El17
-. olBl7
-. olE}12
-. 01812
-.ot??7
-.4t9-27
-. o1944
-. o1941
-. 02056
-. 02056
-, o20Bo
-. 02099
-. 02090
-. o21 12
-. o2115
-.02101
-. 02075
-, 02522
-. 02751

-.oa499
-. oo503
-. oo509
-. oo5cr6
-. oo507
-. oo507
-. oosog
-. oo51 1

-. oo51 1

-. oo51 1

-. oo51 I
-. oo51 I
-. OO5CI9
-. oo5()9
-. oo542
-. oo542
-. oo54å
-. oo54ó
-. oo379
-. oo57?
-. oo5B4
-. oo5go
-. oc)5E}6
-. oo594
-. oc)594
-. oos9ct
-. oo5B5
-. oo709
-. oo773
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TEST :BB

Sample Length After Eongolidation !
Sample Diameter A{ter Eongol idation:
Sample Area After Eonsolidation !
Sample Volume After Eonsolidation !
Void Ratio After Consolidation !
Water Content Before Consolidation !
Water Content After DTTCP Test !

280

Date Tegted ¡ OBO985

7.462 trm oþ59.2kPa
3.603 cm ol=f ¿.$kPa
1O. 193 cm 2 A u-=1å .7kPa
76.OSq cm 3

o. Blo
?9.ã7.
30. 07,

End Bf
trycle

AL

(cm)

E1

(cmlcm)

AV

(cc)

Ev

(cc / cc)

AD

(cm)

E5

(cmlcm)

I
7
å
7
B

T2
13

. ol lBO

. Êesso

. oBo20

.10390

.12510

.46330

.57AAO

. ool58
. oo315
. o1075
. ols92
. o1ó50
. oå2lo
.477âö

o
-o. ro
-o.30
-o.30
-o.40
-r. to
-1.40

-. oots
-. oolS
-. oo39
-. oo59
-. oo53
-. 0145
-. o1B4

-. oo2B3
-. oo904
-. o2åêo
-. 03248
-. os9ó1
-. 0144t
-. olB2B

-. ooo80
-. oo223
-. oo739
-. oo902
-. 0110c!
-. 04000
-. 0507C'



TEST ! BB

Sample Length After Eonsolidation ¡
Sample Diameter After Eonsolidation !
Sample Area After Consolidation :
SampIe Volume After Consolidation :
Void Ratio After Eonsolidation :
Water trontent Before Consolidation !
Water trontent After DTTCP Test !

287
Date Tested ¡ O8O9BS

7.462 cm
5.éO3 cm
10. 193 cni 2

7å.O59 cm 3

o.810
29.52
30. 07.

oI=59.ZkPa
o¡lå. BkPa

A u=16.7kPa

Middle At
of

Cycl e (cm)

E1

(cm/cm)

Ev

(cc./cc )

^;v
(cc)

AD

(cm)

E3

(cmlcm)

I
7
7
B

13

. ooå10

.ot770

. 09880

.11370
,54560

. oooB

.0024

. ot32

. o152

. o731

-o.50
-o.70
-o.85
-1. 10
-3.50

-. oo70
-. oo90
-. 0110
-. 0140
-. o46CI

-. o1350
-. o20Bo
-. 04430
-, 05390
-.22450

-. 00369
-.00578
-. o1?29
-. o1496
-. 0å230
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TEST !89

Sample Length After Eonsolidation
Sample Diameter After Consolidation
Sample Area After Eonsolidation
Sample VoIume After Consolidation
Void Ratio After Congolidation
t¡later Eontent Bef ore Eonsol idation
Water Eontent A{ter DTTCP Test

284
Date Tested : OB14B5

t 7.937 cm
: 3.563 crn
t 9.970 .r#
¿ 79.338 crÊ
: Cr. BOó
z 29.97.
z 32.32

ol =3O.4kPa
oå=1g.SkPa
Au=1å.7kPa

End Of ¡L
Eycl e

(cm)

E1

(cm./cm)

Ev

(cclcc )

¡V
(cc )

AD

(cm)

Ê=

(cmlcm)

4
5
â

1r
L7
1A
19
20
2T
22
2B
29
50
31
52
33
34
35
36
37
3B
39
40
41
42
43
44
43
46
47
4B
49
50
51
Eñ
ÈJ ¡l

59

. oo440

. 00560

. oo590
, oo730
. oosoo
. ooB30
, oo850
. ooB50
. ooB70
. ooBåo
. oo910
. ooBBo
. oo890
. oo8éo
. oo850
. ooB70
. ooBBo
. ooB90
. ooB90
, ooB90
. OO9OCt
. oo910
. oo920
. oo950
. oo99()
. oo990
. o1010
. o1010
. o1030
. o1030
. o1050
. o1020
. 01010
. o1020
. o1030
. ololo

. ooo55

. ooo70

. ooo74

. ooo92

. oo101

. oo104

. oo107

. oo107

. oo10?

. oo108

. c)o1 14

. oo111
, oo11?
. ool0B
. oo107
. oo109
. oo111
. ool l l
. o0112
. oo112
. oo113
. oo114
. oo116
.oo119
. oc,124
. oo124
. ool.27
.ooL27
, oo12?
. oot29
. oo15?
. oo12E}
.oat27
, oo128
. oo129
. ool2a

-o. o5
-o, 05
-o. 10
-o. 15
-o.20
-o.20
-o.20
-o. ?o
-o.20
-o.20
-o.25
-o.30
-o.50
-o.30
-o.3c'
-o.30
-o.30
-o.3C'
-o.50
-o.30
-o.30
-o.30
-o.30
-o.31
-o.31
-o.31
-o.31
-o.3r
-o.31
-o.31
-o.31
-o.31
-o. 31
-o. s1
-o. s1
-o.4c}

-. 0006
-. oooå
-. oo13
-. oo19
-. oc)25
-. oo25
-. oo25
-. oo25
-. oo25
-. oo25
-. oo52
-. ooSB
-. oo38
-. ooSB
-. oo3g
-. ooSB
-. rlo3B
-. ooSB
-. ooSB
-.oo38
-. ooSB
-, oosB
-. oo38
-. oos9
-. oo39
-. oo39
-. oo39
-. oo3?
-. oo39
-. oo39
-. oo39
-. oo39
-. oos9
-. oos9
-. oos9
-. rx)5(l

-. oo21 1

-. OC,23E

-. c)c!357
-. oo501
-. 006?9
-. oo6s5
-. ooå40
-. QO64O
-. 0c,644
-. 00642
-. oo7ê5
-. ooB7l
-. ooBTs
-. 00866
-. 00864
-. 00869
_. oc,B71
-. ooB73
-. ooB73
-. ooB75
-. ooB75
-. oogTB
-. ooBBo
-. oo909
-. oo9lB
-. oo9lg
-. oQ923
-. 00923
-.(Jo927
-. oo9?7
-. oo932
-. clo925
-. cro923
-. oo925
-.oo927
-. 01 124

-. ooo99
-. ooçt67
-. oo100
-. oo141
-. oo176
-. oo178
-. oolBo
-. oolBC)
-. oolBl
-. oolBr-)
-. oo?15
-. oo?44
-- oo245
-. oo?43
-. oo?43
-. oo244
-. oo244
-. oo?45
-. oo245
-. oo245
-. 0c)?46
-. oo?4å
-.aQ247

^Âñee-. LrLr¿.-r-,

-. oo?58
-. oo25B
-. oo259
-. oo?39
-. oc)260
-. 0026t
-. 00261
-. oc)?6o
-. oo?59
-. oo259
-. 00261
-. oo355



TEST :89 (cont'd) 285

End of
trycl e

AL

(cm)

EI

(cmlcm)

AV

(cc)

Ev

(cc / ccl

AD

(cm)

E3

(cmlcm)

åt
â2
64
67
åB
70

. o1000

. 01030

. olo30

. olo20

. o1020

. o1000

. oo126
, oo129
, oo129
. ool28
.oor27
. oo126

-o.40
-o.40
-o.45
-o.40
-o.40
-o.40

-. oo5c,
-. oo50
-. oo57
-. oo50
-. oo50
-. Ðo50

-. o1122
-. 0112?
-. 01241
-. 01127
-. o1124
-. 01122

-. oo315
-. oo317
-. oo34B
-. oo31å
-. oo316
-. oo315



TEST : B9

Sample Length After Consolidation
SampIe Diameter After Eonsolidation
Sample Area A{ter Consolidation
Sample Volume After Congolidation
Void Ratio After Consolidation
Water Eontent Be{ore Eonsolidation
Water Content After DTTCP Test

286
Date Tested r OE}14E}5

¿ 7.937 cm
: 5.563 cm

= 9.97Q cr#
z 79.338 c¡rl
: O.OE}6
¿ 29.97.
¿ 32.37.

oì =5o.4kPa
oå =18.SkPa
Au=l6.7kPa

I'liddl e AL
trf

Cycl e (cm)

E1

(cmlcm)

Ev

(cc / cc)

AV

(cc )

AD

(cm)

E5

(cm./cm)

1
a
3
4
5
à
7
B
I

10
11
1?
13
14
15
1å
L7
1A
t?
20
2L
22
23
24
25
?6
27
?B
29
50
31
32
33
34
35
3ó
37

-. oo980
-. ooB10
-. oo730
-. ooåso
-. ooå20
-. 00600
-. oo500
-. OO4OCI

-. oo440
-. oo410
-. oo3€l0
-. oo410
-. oo310
-. oo290
-, oo290
- . oo270
-, oo250
-.()0240
-. oo22c'
-. oo200
-. oo210
-, oo190
-. oo320
-. oo210
-. oo270
-. oo250
-. oo240
-. oo24c,
-. oo250
-, oo2Bö
-. oo280
- . oo27a
-.oo270
-. oo270
-. oo2Bo
-. oo35(,
-. oo310

-. oo12
-. oo10
-. ooo9
-. oooB
-. ooo8
-. oooB
-. oooå
-. oooå
-. oooå
-. ooo5
-. ooo5
-. ooo5
-. ooo4
-. ooo4
-, ooo4
-. ooo3
-. ooo3
-. ooo3
-. ooo3
-. oooz
-. ooo2
-. ooo2
-. ooo4
-. o6os
-. ooo3
-. ooo3
-. ooo5
-. oo03
-. ooo3
-. ooo4
-. ooo4
-. ooo3
-. ooo5
-. ooo5
-. ooo4
-. ooo4
-. ooo4

-o.60
-o. éo
-o. óo
-o.65
-o.65
-o. å5
-o. ê5
-o.65
-o.70
-o.70
-4.70
-o.70
-4.70
-o.70
-o.70
-o.75
-o.75
-o.75
-o. Bo
-o,80
-o.80
-o. Bo
-o.80
-o. Bo
-o. Bo
-o, Ê5
-o. 85
-o.85
-o,90
-o.90
-o.90
-o.90
-o,95
-o.95
-1. OO

-1. OO

-1. OO

-. oo80
-. ooBo
-. oo80
-. ooBo
-. ooBo
-. oo80
-. oo80
-. ooBo
-. oo90
-. oo90
-. oo90
-. oo90
-. oo90
-. oo90
-. oo90
-. oo90
-. oo?o
-. oo?o
-. 0100
-. 0100
-. 0100
-. oloo
-. oloo
-. 0100
-. 0100
-. 0110
-. o110
-. o1 to
-. o110
-. o110
-. o110
-. o110
-. 0120
-. 0120
-. 0130
-, 0130
-. 0150

-. o1125
-. 011é3
-. 01191
-. o1309
-. o131Êl
-. o1322
-. o1345
-. o1351
-. o1470
-.oL47â
-. o1482
-.Qt476
-.01499
-, o1505
-. 01503
-. 01620
-.01624
-. o1å?å
-. 01743
-.oL747
-.o1747
-.oL749
-.ot720
-. 01745
-. o 1731
-. 01848
-. olB50
-. otB50
-. o1959
-. o1952
-. o1952
-. o1955
-. 020ê6
-.02066
-.02176
-.ozt64
-.oztâ?

-. oo31é
-.oo327
-. oo332
-. 00367
-. oo370
-. oo37 I
-. oos77
-. oo379
-, oo412
-. oo414
-. oo41é
-. oo414
-. oo421
- . oo422
-. oo422
-. oo455
-. 00456
-. oo457
-. oo4B9
-. oo490
-. oo490
-. oo491
-. oo483
-. oo490
-. 00486
-. oo519
-. oo5l9
-. ooSl?
-, oo550
-. oo548
-. oo54a
-. oo549
-. oo580
-. oo5Bo
-. 0061 1

-. 00608
-. 00609



TEST I B9 (cont"d) 287

Mi ddl e
o{

Cycl e

ir
(cm)

EI

(cmlcm)

AV

(cc)

Ev

(cc/ccl
AD

(cm) (cmlcm)

SB
39
40
41
42
43
44
45
4â
47
48
49
50
51
52
É?ÈrtJ

54
55
56
â7
58
59
60
7?

-. oosoo
-, oo290
-. oo2Bo
-. oo250
-. oo210
-. oo160
-. oo120
-. ooo?o
-, ooo70
-. oooêo
-. oo l Bc)

-. Or112ö
-. oo100
-. ooo9()
-, oo100
-. oo100
-, ooo70
-. oooåo
-, ooo5ö
-. ooo20
-. OOO4I)
-, ooo40
-. ooo40
-. oo2åo

-. ooo4
-. ooo4
-. ooo4
-. ooo3
-. ooo3
-. ooo2
-. ooo2
-. oool
-. oool
-. oool
-. ooo2
-. ooo2
-. oool
-. oool
-. oool
-. oCIo1
-. oool
-, oool
-. oool
-. oooo
-. oool
-. oool
-. oool
-.00(]0

-1, OO

-1. OO

-1. OO

-1. OO

-1. OO

-o.95
-o. ?5
-o.90
-o. ?o
-o.90
-o.90
-o. ?o
-o.90
-o.90
-o.90
-o.95
-o. ?5
-o.95
-o.95
-1. CIÕ

-1. O(]
-1,OO
-1. OCt

-1.2ü

-. o130
-. 0130
-. 0130
-. o130
-. 0130
-, o120
-. o120
-. o1 10
-. 0110
-. o1.10
-. o110
-. o110
-. 0110
-. o11C,
-. o110
-. o120
-. 0120
-.Ç1?O
-. o1?0
-. ö130
-. Ö 15Ct

-. o13CI
-.o130
- . (]15C'

-.o2t7L
-.o2L73
-.o2t76
-.o2ta2
-.o2lq4
-. 02091
-. 02100
-. 01995
-. 02000
-. 02002
-. 01975
-. o1989
-. 01993
-. o19?5
-. 01995
-- o1995
-. 021 10
-. 021 14
-. 021 1ó
- . o2234
-. cr2230
- . 0223(J
-. 02230
-. o262é

-. 0060?
-. 00610
-. 0061 I
-. ooó10
-. 00615
-. oo5B7
-. oo5B9
-. oo5óo
-. 00561
-. oo5ê2
-. oo554
-. oo558
-. oo559
-. 00560
-. oo5E9
-. oo559
-. oo593
-. oo59=
-. oo5?4
-. 00627
-. 00ó26
-. ooó2é
-. ooê2é
-, oo737
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TEST Ê B1O

Sample Length After Consolidation ¡
Sample Diameter After Eonsolidation :
Sample Area After Consolidation :
Sample Volume After Eonsolidation :
Void Ratio After Ëonsolidation :
Water Content Before Consolidation i
Water Eontent A{ter DTTCP Test ¡

Date Tested : O9O68
2Ê.J

90

7.776
3.37 4
10. o31
77.996
o.825
34.22
Í,L.92

?cm ol=44.9kPa
cm^ 03=18. OkPa
cm' Ar=5. BkPa
.r3

End 0{ ALd
GycI e

(cm)

E1

(cmlcrn)

Ev

(cc/ ccl

o
0
o
c'
o
o
0

-. 0006
-. oooå
-. 0006
-. ools
-, oo13 .

-. oo13
-. o013
-. 0c,15
-. c)o15
-. oo13
-. ools
-. rl0 17
-. oo19
-. QO19
-.0019
-. oo19
-. crQ 19
-. oo19
-. oot9
-. ool?
-.oo19
-. oo22
-. oor9
-. OC¡26

-. LlCr3i2

-. (lC)2é

(mclmc )

av
(cc)

C)

o
o
o
o
o
0

-o. 05
-o. 05
-o. 05
-o. to
-o. 10
-o. 10
-o.10
-(]. 10
-o. 10
-o. 10
-0.10
-o. l5
-o. t5
-o, 15
-o, 15
-o.15
-ü. 15
-o. 15
-o. 15
-o.15
-o. 15
-o. 17
-o. 15
-o.20
-0. ?5
-o.20

AD

(cm)

I
?
3
4
L,

à
7

12
13
L4
1B
t9
20
2L
2?
2S
24
57
42
4S
44
4B
49
50
54
55
56
60
6â
6B
72
79
B4

. ooolö

. ooo5c!

. ooo70

. oooBo

. oo100

. oo140

. oolBo

. oo230

. oo250

. 00260

. oo?80

. oo290

. oo330

. oo280

. oo300

. oo500

. oo310

. oo420

. 00460

. oo5c)o
, ooEoo
. oo5öo
. 00460
. oo4Bo
. oo5to
. oo520
. oo520
. OO56C¡
. 006?0
. 00640
. 00620
. o0630
. ooé70

. Ðoool

. oooo6

. oooo9

. oool0

. oool5

. ooolB

. ooo?s

. oooso

. ooo32

. ooo33

. 00056

. ooo37
, ooo42
. ooo3å
. ooo59
. ooo40
. ooo40
. ooo54
. ooo59
, 00064
. 00064
. 00064
. oooS?
. 00062
. 00066
. 00067
. oooé7
. ooo72
. oooBo
. ooo82
. ooo80
. OCIOBI
. oooB6

-. oooo2
-. ooooT
-. oool2
-. ooo14
-. oool2
-. ooo2B
-. ooo37
-. oo163
-. oo168
-, oo170
-. oo2B9
-. oo292
-. oo301
-. oo2B9
-. oo294
-. oo294
-. 00?96
-. oo322
-. oo39?
-. rlo454
-. oo454
-. C,Ù454
-. oo445
-. oo450
-. oo457
-, c,c)459
-. oo459
-. 00468
-. oo5zB
-. oo4g7
-.oo397
-.00713
-- l)c)60E}

-. ooool
-. oooo?
-. oooos
-. o0QQ4
-. ooc,05
-. ooooB
-. ooolC)
-. 00c'46
-.Õoo47
-. ooo4B
-. oooal
-. oooB2
-. oooE}4
-. o0c)91
-. oooE}?
-. oooE}"
-. oooB3
-. Õc)09(r
-.oo11?
-. oc) 1?7
-.oat27
-. c!()127
-. oo125
-. QC) 126
-. oc,12E}
-. ÖC¡l28
-. c)c) 12E}
-. rx)131
-. clc) 14E}
-. oo136
-.ûctl67
-. c,c)Zclo
-, oo 1 7c,



TEST ¡ BlO

Sample Length After Eonsolidation :
Sample Diameter After Êongolidation :
Sample Area After Consolidation :
Sample Volurne Af ter Gonsol idation E

Void Ratio After Consolidation !
l¡later Eontent Before Eonsolidation !
Water Content After DTTCP Test !

29r
Date Tested : 09O6Ê}5

7.776 cm
3.574 cm
1O. O31 .,&
77.996 .nF
o.E}25
30.27.
sI.9Z

ol=4+. ?kPa
oå=1g.0kFa
Au=S. BkFa

Middle A L
of

trycle (cm)

E1

(cmlcm)

Ev

(cclcc)

AV

(cc )

AD

(cm)

E3

(cmlcm)

I
?
3
4
5
6
7
B
I

10
11
t2
15
14
15
1å
l7
18
19
2A
7t
22
¡)?

24
25
33
43
49
50
55
56
61
62
67
a2

-. 0006()
-. ooo90

. oool0

. ooo30

. ooo50

. ooo70

. oooBo

. ootoo

. oo100

. ooc)?o

. ool 10

. oot4ö

. oo150

. ool70

. oo230
, oo210
. oo230
. oo220
. oo230
. oo240
. oo27u
. oo250
. oo2óo
. 00260
. oozao
. oo340
. oo350
. oo420
. oo420
. oo490
. 00460
. oo490
. oo4Bo
. oo520
. oo5Bo

-. oool
-. oool

. oooo

. oooo

. oool

. oool

. oool

. oool

. oool

. oool

. oool

. ooo2

. oool

. ooo2

. ooo3

. ooos

. ooo3

. ooo3

. ooo5

. ooo5
, ooo3
. ooo3
. ooo3
. ooo3
. ooo4
. ooo4
. ooo4
. ooo5
. oooS
. 0006
. 0006
. 0006
. 0006
. oooT
. oooT

-o.15
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o,20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o.20
-o. ?o
-o.25
-o.25
-o.25
-o.25
-o.25
-o.25
-o.25
-o.27
-o.30

-. oo20
-. oo30
-. oo30
-. oo30
-. ooso
-. oo30
-. oo30
-. oo30
-. oo30
-. oo30
-. oo30
-. oo30
-. oo30
-. oo30
-. oo30
-. oo50
-. oo30
-. oo30
-. oo30
-. ooso
-. oo30
-. oo30
-, oo30
-. ooso
-. ooso
-. oo30
-. oo30
-. oo50
-. oo50
-. oo30
-. oo30
-. oo30
-. ooso
-. oo30
-. oo4ô

-. 00326
-. oo433
-. oo45å
-. oo4ê1
-. oo4å5
-. oo470
-.oo472
-.oo477
-.oo477
-. oo474
-.oo479
-. 00486
-. oo4aB
-. oo493
-- oo507
-. oo502
-. oo507
-. oo505
-. oo507
-. oo509
-. 00516
-. oo51 1

-. oo514
-. oo514
-. oo5lB
-. oo532
-. ooå4?
-. oo6ês
-. 006ó5
-. ooóBl
-.00674
-. ooåBl
-.ao679
-. oo734
-. ooBl6

-. ooo9l
-. oo 121
-. ool2B
-. oo129
-. oo130
-. oot32
-. oo132
-. oo135
-. oo133
-. oo153
-. ool34
-. oo136
-. oo137
-. oo138
-. oo14?
-. oo141
-. oot42
-. oo141
-. oo142
-. oo142
-. oo144
-. oo143
-. oo144
-. oo144
-. oo145
-. oo149
-. oolB2
-. oolBå
-. oolB6
-. oo191
-. oolE}9
-. oo191
-. oo190
-. oo205
-. oo22B
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TEST : Bl I

Sample Length After Eonsolidation :
Samp1e Diameter After Eonsolidation :
Sample Area After Consolidation ¡
Samp I e Vol urne Af ter Eonsol i dat i on :
Void Ratio After Consolidation :
Water Content Before Eonsolidation !
Water Content After DTTEP Test !

294
Date Tested : O9OåBS

7.â94
3,584
10. oBB
74.ã93
o.e4?
3C).97.
33.77.

cm of =34.5kPaI
trm ^ oà =14.5kPa
E,m' Au=5. BkPa

.r3

End Of
Cycl e

AL

(mm)

E1

(mrn/rnm)

AV

(cc )

Ev

( cc./cc )

AD

(mm)

ES

(nm/mm)

I
?
3
4
5
6
7

t?
13
14
18
19
?a
24
26
37
42
43
44
4B
49
50
51
54
L, 

-,

56
åo
ê6
67
7?
79
84

. oool0

. oool0

. oo160

. oo170
, oo16c,
. oo220
. oo270
. oo310
. oo440
. oo450
, ooSBo
, oo420
. oo440
.00400
. 00490
, oo520
. 0056c,
. oo5Bo
. ooåóo
. 006?0
. ooó4Ð
. oCIå90
. 0069('
. o(r70(}
. ooB70
. ooB9()
. oo91ö
. oo900
. ooB90
. ooB50
. ooB70
. OO9ZCr

. QoQcrl

.00014

. ooo22

. ooo23

. ooo22

. ooo30

. ooo37

. ooo42

. oooéo

. oooSB

. ooo5l

. ooo57

. 00060

. ooo54

. 00062

. ooo70

. 00076

. oooTB

. oooB9

. ooog4

. oooBT

. ooo93

. ooo95

. ooo95

. ool1El

. ool20

. ool2s

. oo12?

. oo120

. oo115

. ool lB

. oo124

o
o
o
o
o
o
o

-o. 05
-o. 05
-o. 05
-o.10
-o.10
-o. 10
-o, 15
-o.15
-o.20
-o.2s
-o.20
-o.20
-o.23
-o.23
-o.25
-o. ?5
-o.25
-o.25
-o.25
-o.25
-o.25
-o.25
-o.5c'
-o.35
-0.35

o
o
o
o
o
o
o

-. oooT
-. oooT
-. oooT
-. oot3
-. oo13
-. oo13
-. oo20
-. oozc)
- . oo27
-. oo31
-.oo27
- . oo27
-. oo31
-. oo3l
-. oo54
-. oo34
-. oo34
-. oo34
-. oo34
-. oo34
-. oos4
-. oo34
-. oo40
-. oo47
-.oCI47

-. oooo3
-. ooo24
-. ooo39
-. ooo42
-. ooo39
-, oooE4
-. 00066
-. 00196
-. oo227
-. oo225
-. oo24?
-. oo34?
-. oo347
-. oo45B
-. oo4Bo
-. 00607
-. oo6gB
-. c'0621
-. 00641
-. oo703
-. oo708
-. 0076B
-. 0076E}
-.oo770
-.ooB12
-. oo817
-. ooE22
-. oo819
-. ooBl7
-.0(,927
-. oto52
-. o1064

-. oo001
-. ooooT
-. oool 1

-. oool2
-. oool I
-. oool5
-. ooola
-. ooosS
-. 00063
-. oooå3
-. 0c'C,69
-. ooo9å
-. ooo97
-. o012Êl
-. oo134
-. oo169
-. oo192
-. ool7s
-.aaL79.
-, oot96
-. oo19E}
-. oo?14
-. oo?14
-. oo215
-. oo227
-. oo22B
-. oo?29
-. oo2?9
-. oo?za
-. oo259
-. oo293
-.oo?97



TEST : Bll

Sample Length After Eonsolidation :
Sample Diarneter Af ter Eonsol idation ¡

Sample Area After Eonsolidation :
Sample VoIume After Congolidation :
Void Ratie After Eonsolidation :
Water Eontent Before Consolidation ¡
Water Eontent After DTTCP Test :

295
Date Tested : 09O685

7.ã9-4 crn
3.584 cm
1O.OBB cm2
74.59-3 .r3
o.842
50.97.
33.77.

ol=34.5kPa
oå=t+.5kPa

A u=5. BkPa

Middle AL
0f

Êycl e (cm)

EI

(cmlcm)

Ev

(cc/ccl
AV

(cc )

AD

(cm)

E3

(cmlcm)

I
4
L

3
4
5
â
7
B

13
14
15
16
t7
TB
25
2à
s5
43
4q
50
55
5ó
61
62
67
B1
B5

-. oo15ö
-. oo150
-, oo170
-. oooBo
-. ooo40
-, ooo5ö

. ooo40

. ooo70

. ool?o

. oo230

. 00260

. oo21(]

. oo210

. oo200

. oo3()cl

. oo410

. oos40

. oo4Bo

. oo4Bo

. oo5zrJ

. 00600

. oo750

. oo730

. oo72Õ

. oo700

. oo74ö

. ooTgo

-. ooo2
-. oooz
-. ooo2
-. oool
-. oool
-. oool

. oool

. oool

. ooo2

. ooo3

. ooo4

. ooo3

. oCIos

. ooo3

. ooo4

.0006

.0004

. 0006

. 0006

.(){)07

. oooB

. oo10

. oÐ10

. oo10
, rloo?
. r)o10
.oo11

-o. 15
-o.20
-o.20
-o.20
-o.20
-o,20
-o.20
-o.2?
-o.25
-o.25
-o.25
-o.25
-o.25
-o.25
-o.33
-o.3(]
-o.55
-o.35
-o.40
-o.40
-o.38
-o.40
-o.45
-o.45
-o.45
-o.47
-Õ.47

-.4467
-. oo20
- . aa27
-.oa27
- . oo27
-. Ðo27
- . oo27
-. oo29
-. oo34
-. r)OS4
-. oo34
-. oo34
-. öo34
-. oos4
-. oo44
-. oo40
-. oo47
-.4o47
-. ooE4
-. oo54
-. oo51
-. oo54
-. 0()60
-. 0c,60
-. 0060
-. ()c)63

-. 0063

-. oo324
-. oo444
-. oo439
-. oo401
-. oo47 L

-. oo4åE
-. oo490
-, oo545
-.oo647
-, 0065å
-. 00664
-. 00651
-. ö0651
-. ooó4?
-. 00865
-. ooB?ö
-.()092s
-. oo957
-. oloTå
-. 01086
-. o1106
-. o1142
-. o1?57
-. o1255
-. o1?50
-. o 13{r8
-. ()1317

-. ooo90
-. oo124
-. oo122
-. oo129
-. oo 131
-. oo131
-. oo137
-. oo152
-. oo100
-. ool83
-, oo185
-, Öc)B 17
-. oo182
-. oolal
-. OC)241

-. oo???
-. oo?58
- . 00?67
-. 003c'0
-. oo503
-. oo309
-. oo519
-. oc)351
-. oo350
-. oo34?
-. 00365
-. (,C'368
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TEST : Bl2

Sample Length After Consolidation
Sample Diameter After Consolidation
Sample Area After Consolidation
Sample Volume After Eongolidation
Void Ratio After Consolidation
Water Content Before Eonsolidation
l¡later Content After DTTCP Test

298
Date Tested : t-r9f,(rB5

: 7.511
: 3.562
: 9.965
t 74.852
: rJ.824
t 3L.97.
= 34.27.

cm o{=59.6kPa
crn oå=3=. (¡kFa
cm2 A ur=S3. OkFa

cm3

End 0+ 
^LCycl e

(cm)

E1

(cmlcm)

AV

(cc )

Ev

(cclcc )

AD

(cm)

E3

(cmlcm)

I
2
3
6
7
B

L2
{?¡U

L4
1Er

20
24
27
30
rJI

3å
4?
43
49
50
54
55
61
62
67
6B
7?
7A
B5
91

. 00610

. o1010

. 01340

.0t9Bo

. 02050

. o2?êo

. 02560

. 02750

. 02840

. 03130

. 03250

. o54AO

.03500

. oså40

. 03660

. 03750

. 03980

. 04020

. 04140

. 04200

. o42óO

. 04340

. 04340

. 04350

. 04450

. 04450

. o45éO

. 04830

. 05040

. o5lBO

. oooal

. oo135

. ool78

. 00264

. oo273

. oCISc}1

. oo341

. 00366

. oo37B

. oo417

. oo433

. 00463

. 00466

. oo4B5

. oo4a7

. oo499

. oo5so

. oo535

. c¡o551

. oo55?

. 00567

. oo57a
, oo57a
. O(r579
. oo592
. oo592
. 00607
. 00645
. 00671
. 00690

C)

o
o
o
ü
o
0
o
o
o

-o. 05
-o, 10
-c,, 1c)

-o.20
-o.20
-o.30
-o.3c'
-o.30
-0.40
-o.40
-o.4CI
-o.40
-o,45
-o.50
-o.50
-o.50
-o.60
-o.60
-o.60
-o.74

o
o
o
CI

o
o
o
o
o
o

-. oooT
-. oo15
-. ools
-. oo27
-. oo?7
-. oo40
-. oo40
-. oo40
-. oo53
-. oo53
-. ooSs
-. oo53
-. ooêê
-. ooê7
-. 0067
-. 0067
-. oo80
-. ooBo
-. ooBo
-. oo94

-. oo14å
-. oo241
-. oo319
-.oo472
-. oo4BB
-. oo53a
-. ooå10
-. 00655
-.oo677
-.o0746
-. oo?94
-. o1068
-. o1073
-. o1344
-. 01350
-. 01609
-. 016å4
-. 01673
-. 01?40
-. o1954
-. 019å9
-. o1990
-. o2110
-. 02230
-. 02250
-. 02250
-. 0252c'
-.02581
-. 02ê32
-. o2?oo

-. ooo41
-. 0(,068
-, ooo90
-. oo152
-. o0137
-. CIol51
-. oo171
-. oolB4
-. oo190
-. oo209
-. CIo?51
-. oosöo
-. oo301
-.QO3,77
-. oos79
-. oo452
- . 0o4e7
-. oo470
-. 0(1545
-, oo549
-. oo553
-. oo55B
-. oo592
-. 0c}626
-. c,065?
-. oo6s2
-. oo700
-. oo725
-. oo739
-. oc)B15



TEST : Bl2

Sarnpl e Length A{ter Consol i dati on !
Sample Diameter After Consolidation :
Sample Area After Consolidation !
Sampl e Vol urne Af ter Eongol i dati on :
Void Ratio After Eonsolidation :
t¡later Content Bef ore Eonsolidation !
lrlater Content After DTTtrP Test :

299
Date Tested : O93OE}5

7.311 cm oi =Sç.6kPa
3.5ó2 cm oå=SS,OkPa
9.9éJ5 cmz Àu=35.OkPa
74.E¡ã2 cn3
o.424
3L.92
3.4.27.

Middle 
^ 

L
of

Cycle (cm)

E1

(cm/cm)

Ev

( cclcc )

AV

(cc)

AD

(cm)

E3

( c¡n./cm)

1

7
4
7

13
14
20
23
2â
s1
37
5B
43
44
4q
50
55
É,Lrc)

61
â7
67
åa
73
79
B5
9t
92

-. oo9Bo
-. 00520
-. ooo70

. 00660
, o1250
. o1430
. o1850
. 02130
. o?160
. o23BO
. 02500
. 02480
. 02730
. o2720
. 02850
. 02920
. 03020
. 03020
. 03060
. 03120
. o44SO
. 03290
. 03390
, 03710
. 03860
. 04040
, 04070

-. oo13
-. oooT
-. oool

. ooo9

. oo17

. oolB

. oo25

. oo?B

. oo29

. oosz
, ooss
, oo33
. 0036
. 0036
. oosB
. oos9
. oo40
. oo40
. oo41
. oo42
. oos?
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C.3 CIU Test ResuLts
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C.4 X-Ray Diffraction Results
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