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ABSTRACT
\

a

Large dimension samples of natural permafbost;.obtainedﬂ
from the Schefferville area, Queb;c, Qere tesgih in a high-
capacity double direct shearing -apparatus with normal
ﬂ;essure to 100 psi, at a test. temperature of 25°F, with
loading rates between 100 -~ 200 psi/min., Three saqp}e , -
sizes, 6" x 6", 4" x u",‘and 2" x 2", in o{?ss section wefe'
‘tested to determ*ne shearing characteristics of the material.
@%e results show a 1arge increase in shearing strength with

increases in conripeméntr

Comparlson tests with remolded
samples show a signiric&nﬁ reduction in shearing strength

occurring with remélding.
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1-1 ement of Prodlem:

The miﬁing 1nduatry,c8nstitutes a very important pon;
tribution to Canadian life, both economically and,politically.
It has been estimated that Canada's total h;ncraljdepéndtnt

.

"labor force could comprise about 12 per cent of the total

~labor foroe.‘ Including the service inhustrios related to

miﬁins. the mining industry accounts for approximi/Qly 20 per
cent of Canada's Gross National Product &{7// The que;% for
minerals has b;¥n respons{ble ror/éonsiderabla northern dev-
elopment, neoessituted by~ the declining ore reserves in the

southern rggioﬁif . : . 5

1

Rl The Qevelopment of resources in the Arctic and Sub-Arctio

presents unique challenges, In Canada, approximately one
half of th; total land area is underla;n by permafrost (fig.1)
Thicknesses of up to 530 m. havejgéan recorded ‘on Nelville.
Iq;and. and it is proqacted that depths;to 1000 m. could be
anticipated,(2) As defined by Muller (3) "permafrost™ was

‘ tpe thermal condition of soils’and rooks at temperatures that

remained below 0% continuously for two years or more, ., The

funotional definition that is now acoepted includes all froze

. grourid, even hat which 15 frozen for only one year(d), A

typical section 13 given in fig., 2, showing the active aone,

1

e ——

* Parenthesized numbers refer to retercnces/i
the Blbliography.
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mafroet. . "\
Many 1arge projeote. notablyy%he New Quabeo-Labrador iron

orea. the Alberta Tar Sanda. the High Arotic oil and gaef
fields. and the niqkel and agbeatos depoalta in ‘the Daception

.Bay area of Ungava, Quebec, are in such areas, Thé\prbsenoe

of oontihuoue or discontinuoua permafroat offers’ eﬁallenges
to transportation and mnterials ha%ﬂling ayatems, mining equip-
ment teohnology. and ‘the deslgn of mine excavationsa

The designing of structures on or in permafroat szones,
and of openxpit nr,underground exoavat}an in these~areas.’
necesgitates an underatanding of the behavior of frozer’ soil
and rock, ' If ‘the method of conatruoéi&h ls such™that the
permafrost is ﬁot allowed to thaw, then thé atrength of the
natural material can be used in ealculating‘bearing cap&cities./
or the stabilities of slopes and retaining structures. These
calculations require knowing the shear strangth ‘propexrties of
permafrost in its Patural aﬁatei _ o

The purpose of 'this prbjeot'was %o detarmine how these

‘sheay sérength parameters/could beat be obta?ned ‘quantitatively

for a natural permafrost materiulﬂ’ - .
. ) ,

|
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‘could be tested. C e g

. ing capacity of 100 tons and a horizontal axial load chpacity |

e,

1;? Outline of Project:

“The streng?h of 'most geological materials is heavily de-
pen&ént on their fabric, thaf‘is. the system of fractures, -
structures, and the physical arrangeﬁént of the discontinf
uities., Furthermofe. bedding planes, ice lenses, and natutal

gradation of granular materials will lead to highly variable

anisotropic ‘properties, Cle {

In-the past, testing has usually involved smull samples i

(5,6). The éampling procédures have resulted in the selec%ion

¥

3
of samples which did not contajn structure and which were
’relatively homégeneous. Such samples would not"necessgrily
reflect the true character of the in-situ material. It is . §
believed that laiger sampl?s. which do accomodate more struc- g

‘ture and which reflect more of the fabric of the natural mat- /.
erial, would yield more meaningful re;ults. Furthermore, *in

the preparation of samples from natural permafrost, the usual
methods of cutting énd trimming cause considerable surface o
disturbance, which, in ;11 provadbility, affects tge strength

of .the material, It is believed thét‘larger samples wouid i
tend to reduece the area that is subjected togthis disturbance,
~ The purpose of this study, then, was to design a shear
testing machine in which large samples of natural permafrost

2

A double\direct shearing apparatus, with a vertical shear- Y]

of 25 tons was designed by the author and built under his
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supervision in th@ machlne shop at the Institute for Mineral
Industry Research of McGill University, Mont St. Hilaire,
The testing mackine can accomodate 6" x 6", 4" x 4", and
2" x 2" samples, The sapargtion between the shear box halves,
is adjustable to'a maximum 3/4"‘ The loads are applied man-
ually through a hydraulic system, The apparatus has ééen
calibratéd and has been founid to perform effectively,
Naturdl sampleé of permafrost were obtained by the author
" during a trip to Timmins Mine at Scﬂéfferﬁille. Quebec, These
wvere relatlvely unlform in appearance. and were taken from
‘approximately the same mining horlzon and in the same geo—
Aloglcal unit. namely the Middle IrOn Formation, which is
mainly composed of hematite. The frozen material had few
visible icetlenses.) When thawed, the material is best des-
cribed as a granular soil, sandy silt to the -touch. }
At the time of seleétion, thHe samples were packed in ice
chests, stored in a freezer overnight, and then air shippéd
_to Montreal. After being transported to the Institute for

Mineral Industry Research, they were stored in a temperature

} .
controlled refrigeration unit. Two large shipments of samples”

" were made. !

—Alfhpugh it cannot be claifed that the material was "un-
‘fﬁisturbedﬂ with regard té‘temperatdre. since the actual ground
Jtempevature yas‘%ot xnown, and since various temperature/
{chaﬁges could haye occurred ﬁuring transp;rtatio , it\sﬁodld
|

* L8
/be noted that the.ssmples arrived fn a solid state and were

4
’ ;

|
A
!

. h
| . .
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f g maintained in that state., If some thawing had occurred, it

‘:} was 'at the surfaces of the rough samples only. )
At least 3/4" of the surfade wgs discarded in the cutting

and trimmihg processes, It can be assumed éhat.ifor all prac-

tical purpcses, the structures in most of the samples\were

undistu%bed, except due to relaxation effects of removal of

overburden pressures, . S

While.in Schefferville through the courtesy. of the Iron

s T e e

Ore Company of Canada, the author used the companj's facil-
y ¥
ities to conduct shear tests on material which had been per-

mitted to thaw. This mategial had been obtained from the

same location &s the frozen samples shipped for testing.

|
.

1

Five tests were gonducted, using a ﬁykeham Ferrance 10. ton

capécity shearin apparat%s. In addition to the shearing

i parameters, the moisture contents and‘'a grain size distrib-

-

By

ution analysis were obtained."

At Mont St. Hilaire, the samples of permafrost Were/cut
/ ~ to size in thé cold roo%, Several preparation technique8°)

were tried before the author establ;shed that using a band .
co ‘ saw for rough cutting and a portable grinder for final trim- f
miﬁg produced the most acceptable samples. ‘
; These were then tested in shear, either with or without
A " -° normal pressure. . The ambient teﬁperéture during storage, .
preparatidn and teéting was maintainéd at 25°F, This temper-
ature was selected to replicate g fypical field temperature.

and to permit comparison with other results published on. the

j— / Ty
. . \




subject of shear testing of frozen soilé. During testing,

the axial load applied was held oconstant throdvhout the test.
®bservat10ns of movements versus the loads applied were made
in addition to the maxjmum breaking strength. The loadlng
rates were.calculated from the shearing strength and the total
time to failure, Moisture contents, densities, and some grain
51ze analyses were performed in addition to the sheay tests,

Remoldeq\samples were prepared from/the remnants- of the
natural materials tested., After thaw1ng. the material was
packed into molds andvrefrozén. The remolded samples were
then tested under the same conditions as were-used for the
original ;amples._

Three sample sizes, 2" x 2", 4"'x 4", and 6" x 6", were
tested, and the results were compared to determine if the
efféct of sample size to shearigg strengfh could be quanti-
fied, ¥ f

/ The results obtained from the experimental work suggest
many considerations that must be taken into account in the

testing of natural permafrost materials. These will be dlS—

w
v,

cussed 1n the sectlons concerned with the analysis of the ™~

results and with the writer's conclu31ons and recomm@ndatlons.
[ \ =<




A \ ' N
IT - THEORY and REVIEW of RELATED LITERATURE .

2.1 General ConCED$§2

. \
. T The\ij:i;:;/éethods employed in the design of o%pn pit slopes.
Sy

retaining or foundations are dependant on the knowledge of

so-called "sheai strength“'parameterSs These would be the prop- ¢
erties of cohesiony%ﬁd angle of friction which will be defined

< below, They reflect the resistance offered to movement along a
particular plané. As the most commoﬂﬂtype of failure seems to be

)
shear fallure,wﬁhelr importance can be seen,
, The re31stence to shearing can be expressed as a linear re-
1ationship denoted by the famil;ar\fﬁsm of the Coulomb-Navier

criterion. That is, failure occurs when:

¥ z%>c+chn¢ (1)
) where: Tm = maximum shear stress A _
a C = i ’ '
ﬂ cohe31op . \ F o
g = normal stress
; ¢ = angle of internal friction '

Thus, accepting the relationship between maximum shear stress
(stress in the direction of movement) and the normal stress (stress

normal to' the direction of movement), we see that the parameters.

. ¢/’ and & are constants for any particular material. Determining ¥
these constants, either by laboratory or in situ methods, leads '
/ '
to establishing the re31st1ng forces to movement, The stability

of the earth structure is thus determined by comparlng the forces

tending to produce a failure to the forces tending to preventY

i) on
- . ks
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- The simplistic view offered in equation (1) is, of course, af

idealization’which should be used only as a working model; The
factors affecting the various parameters must be appreéiaﬁgd as ?7
well as the inherent limitations 1o.the theory when applying it
//‘ to the practical design problem, ' \

A discussion of the shearing strength of permafrost necessi-

tates a full appreciation of the mechanics of fregen soils in
\ T . ‘general, and of natural permafrost in particular, Much of the
work dgne in the study of permafrost has been concerned with
g o either the delineation oéxpermafrost, or, especially, with trying
to establish its physio-chemical properties, ,ﬁntil a better
° . understanding of these properties can be reachedh. investigatiné

| N the mechanical properties of permafrost willnbe,difficult. This

explains the unfortunate lack of information available to.the

practicing design engineer,

)

Sc?ence and engineering seem ‘to approach problems with differ-

I3

ing points of view, The engineeiing viewpoint is usually purely

utilitarion, that is, to formulate solutions to problems in a

practical if not rigorous way. The scientific approach is a

careful exercise in determining the true nature of the materiale

s%ﬁdiéd. consistent\with all the laws of nature., Although engini

\ , .
eering as a whole is usually thought of as appied science, the

geotechnical branch/particularly is establishing a more empir- H

~.

r ical philosophy, generating working hyﬁotﬁeses not always in.

conformity with the rigorous scientifyﬁ theories being developed.,
=
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The present study t'ries'to relate the various scientific infor-
'\ mation available, while keeping the emphasi's on the. "engineering"

\ i ;
« ‘approach as outlined above,

2. 2 Review of Rela't:ed Work: - .

Much of the ploneerlng work in the study oi‘ the properties

permafrost and frozen ground has been done by Soviet authors,

- The most notable publlcatlons are works wrltten or edited by

? v

N.A, Tsytov:Lch, M.I. Sumgin, and S.5. Vyalov. Most of the magjor

T works are available in translation (8,9,10),

S.W, Muller's “Permafrost or Permanently Frozen Ground and

Related Engineering Problems" (3) was probabl*& the first- notaole L
North American p\,lbllcatlon. Much of the infoi-mation included was
complled from the wrltmg of Soviet authors. Altnou’gh /inuch of
the information is useful, descrlptlons of 'test:mg procedures are
lacking. ' Thus, 1t is hard to ascertain the proper 81gnlflcanpe
of the results presented, It is noteworthy to mention that

—_ ’
i

Muller is credited with originating.the word "perma'frost"."

daidinisiio

\ .
Among the Various organizations in North America, the United *

States Army Corps of Enginee‘re and the National Research Council-

]

.of Canada are the most active in conducting or sponsoring re-

% gearch, These organizations also provide translations of works'

by foreign authors,

In connection with this project, the McGill Sub-Arctic
Ay

Research La;boratory at Schefferville, Quebec produced%much neéded

” field information (11,12,13). The reports contain discussions of



, the olimﬁge, terraln, and ‘geology of the area,

g )
Previo&é work on determining englneerlng propertles of frozen

materials from the Schefferv1lle area“%as done by S.M. Yap- (lh).

4\'

Flve types of frozen geeioglcal materials were tested £o deter-

mine re31st1v1ty. thermal conductivity, compressive strength,

ldshearlng strength, and sonic velocity at temperaturfs between

28°F and 36 F. The shear strengths determlned were at zero con-
finement, using one cubic inch samples.

R.N. Yong's work (i5) includes.a ?§viewland Aiscus ions of
the important[variables éfﬁec?iﬁg fhe sﬁearing st%enétz of frozen

soils. A double ring shearing device was used in the experimen-

" tation. Effects of temperature, lateral confinement, void ratio,

:and water content were examined, using cohesive and cohesionless

o

4 '

“reconstituted soil samples, s . .

Quiﬁe recently, (July 1973)4ihe second international confer-

-

ence on permafrost .was held at Yakutsk, U.S,S.R. The proceedings
5

of the North American contributions to the conferencl can be used

-

as an up-to-date guide to the available information and thinking§
on frozen ground and permafrost. In a review of available infor-
mation on the mechanical propertles of frozen and thawing ground,
Anderson and Morgensfern note that "...the study of fr zen soils
is clearly in the stage where most work isfﬁeing done on recon-
stituted frozen soils...'(lé) This situation handicaps the
researcher gathering informatlon oh ‘the properties of natufal

/ —

permafrost.

}

In summary, althougﬁ the availablé® literature does help in

e
J
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setting up an acceptable framework for the present study, it

should be, realized that, in fact, very little research lnto the

gtudy of the shearing strength of natural per%afrost has been

done or is availabdble, . - /
¢ .

-~

2.3 Factors Influencing Shearing Strength of Permafrost:

Although the fundamental processes and variables thgt gontrol
the mechanical behavior of frozen ground are not fully understood,
engineering requirements nlceésitate at least some theoretical

models and methods in order to give practicing enginéers some
/ .

confidence in the design of earth structures made of these mat- \
; . > 1

erials, The procksges and variables which have bégn isolgted

are varyingl§ intér&ependan%} In some cases, this interdependance
is difficul} to quantify,. A further difficulty arises in trans-
\latiné laboratory studles to field conditions, and again in
comparing soil types of differing structure,

F.H, Séyles discusses shearing strength in terms of the two
accepted parameters'of cohesion and)angle’of internal friction.
Following a Russian work by Vyalov and Tsytovich (17), he des-
cribes cohesion as "attribiited to molecular forces of attraction
between particles, hysical Sr chemical cemen{ing of particles-
together, and cementing of partlcles by 1ce formation in the
soil voids”, _These .are all dependant on temperature. However,
the internal friction depends on " ice content, the soil grain
[arrangement, sigzes, distribution, and shapé: and the number of

grain-to-grain contacts". Although ice content is temperature

| \ \

e
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latter explamation'appears more important., Alsc of significance

- bound water., The increase ip strength of the frozen material

\dependent.\all the other variables are not. N

\Temperatufe‘is therefore a significant factor in t?é strenéth
characte;istfcs of a material, -It has been found that, as tem- - ;
peratures are lowered, the strength of the frozen mgterial in- , f
creases (figures 3—4}. Th;s iricrease in stre;gth is thought to
be dﬁe either to an increase in the strength of the fce phase or
to an_ increase in the quantitative amount of ice in the material.

At temperatures found in field conditions (to-15°C) (19), the

\

is the temperature-history of ?%e&permafrgﬁt, as this affects

both the ice content and the ice structure (16).

7 A T I I Nt V)

The existance of unfrozen water at-below 0°C is well known;

however, its quantitative effects on strepgtﬁ—and its'deternmin-

ation in natural samples is.not well docuheﬁted. P.J, Williams

(18) has observed that in'a sample of previously unfrézenﬂiron~~~;'“”'
ore materigl, the unfrozen water content oﬁ first freezing cén .

be as high aé 3% at -5°C, The.effect of unfrozen water is

thought to bYé more signifiggqt in cla&s and silts, which contain,

due to their structures, boumd or "double layer"™ water, requiring A
much lower temperatures than freé water to freeze, It can bg

agsumed that the effects of unfrozen water will not%pe as pro-

‘nounced in granulap materials, due to the absence of ionically -

- . . [ we
can then be related to an increase in the total moisture content,

8

reflecting the increase in the ice content (figure 5). Thus, a
|

/ ‘ . < .
simple model containing 'a combination of, two constituents, soil i
\ ' !
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[ s, |
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\ and ice, can be e&xamined as to strength and deformation charac-
N L ot - b v
teristics, N ¢ .

§ ‘ The effects’ of the loading Eate on frozén soil strength has

been rev1ewed by Kaplar (20)., The data from the American and

\ G
Russian sources,lndlcate that the strengt&'of unsaturated frozen -

. soills of normal unit weight alweys increases with the loading

o .
l/ - 4

.'rate (see fig. 4). , -

” . '

h 4 * I3 4 . v o
) It.-shouid be noted, however, that this trend‘would not con- °

i)
tinue indefinitely. As pointed out by Sayles (18), the .phenom-
? enon 1is probably llmlted by the brittle fracturlng of the ice ®

matrix at rates Whlch would produce thls phenomenon. Little ° s

effect was found on°the short-term gtrength of soils tésted with.

loadlng rates in.tge,range of 200 to 1000 psi/min at temperatures

in the area of -1 to 0°C. However, these loading rates are very.
~ ® * \z '

high compared to those in most slope or foundation failures. If
\ ‘ .

4 relationship between strength and loadiné rate does exig%, as

G

proposed by Vyalov-(21), and othérs (18,22), it would be much

more practical to perform rapid testing and to extrapolate the
; h
strengths expected at whatever 1oading\rate is encountered in the

field conditions.

o o s \ ‘{“n
'« In analyzing landslide failures in the Mackenzie Valley, - %f

‘ ﬁ"term strength of permafrost soils appeared to be governed by

frictlonal re51stance Sayles also observed this relationship

for saturated frozen sand with a porosity of 37% or less (18): .7:

L

The long-term strength was thought to be a function of normal
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stress and the apparent angle of internal friction, which could

/ . > . . .
be determined through triaxial tests on unfrozen material.

!

| Geological structure is also to be mentioned as an important
!

‘factor in the overall strength of the mass. Indeed, the nature

'of geological materials is such that the usual assumptions of

Pomogenity and 1isotropy can rarely, if ever, be a ied. Geo-

Pogical materials usually contain bedding planes,\ joints, shear

%ones, micro-cracks, and other discontinuities. e fabric or

Ftructures within the material probably govern the ultimate
}oading capacity and the mode of failure. It is therefore imper--
}tive that structural features be cqnsidered during the selection
nd preparation of laboratory specimens, The effectspof sample
ize may thus be critical in determining the st#ength character-
istics of'natﬁral permafrost. However, no such relationship has

/been published\or proposed, to the author's knowledge.,

/ ITesting methods and apparatus are also important in consid-

/éri%g the validity of the strength parameters thus determined.

! Triaxial direct shear with biaxial confinement, or torsional
tests with aﬁial compression, seem to ‘be the most widely used . ~
methods in field rock mechanics and soil mechanics.' From an
engineering point 6f view, the direct shear test with normal
pressureL (fig. 7), is perhaps t£e simplest to perform, How-
ever, from a research point of view, various.theoretical object-
ions cgn be raised, Among these are the non-hompgeneoué distrib-
ution of‘stresses in the.sheared sample, the indeterminancy of

the stresses and strains within the sample, and.the problem of

A ai
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' o a fixed shearing surface (24), However, in an’/engineering study
PO *

of directional properties, that is , properties influenced
primarily by structure, some objectyons are invalid, and certain
advantages of the method outweigh the apparent disadvantages. As

listed by E.Z. Lajtai (25), the following features should be con-
| ' .
sidered: /

—

» ‘ © " 1) Failure through planes of weakness is an.
’ enforced failure and does not in general

. " coincide with the orientat¥on of shear

va fractures predicted from the Coulomb-
Navier criterion. A similarly enforced
" failure occurs in the direct shear box - S e
{(this is considered to be a disadvantage
when testing isotropic materials).

2) In direct shear, one of the principal
. stresses is tensile.  Such a state of
. stress cannot be reproduced in a conven-
i . ' ‘ tional triaxial cell. Since failure in
* tension is quite common irnr geological .
materials (e.g. tension gashes assoc-
: ; iated with faults), the pgstulation of
; - direct shear loading iqﬁgature is
| reasonable.

' 3) WLlike the triaxial test, the direct
/ shear test allows the definition of the

ultimate shear strength because the ‘
method permits shear deformation beyond -
the point of first fracturing.

. 4) In the direct shear test, the influence
o - f the other planes of weakness is elimin-
. ated to a certain degree by the rigid
/ confinement of all but a small portion
- of the test block, " '

3 ; Moreover, from a cost point of view, the triaxial or

/’ torsional testst:zg/much more expensive and time consuming.
> Therefore, direct shear test.seems to offer the mgst

practical solution to the experimental determination of the

“ ’ <
'
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X Q:) shear strehgth properties of permafrost, providing ‘these with
| accuracies well within reasonable limits when compared to the
E heterogenous nature of natural permafrost. / .
} . i . =]
" 2-4 Summary: - | .

Many interrelated factors must be considered in determining
the shearing strength of/permafrost. The distribution of moisture
in the various phases of the material will govefn its strength to

a great extent. The proportions of the various.phases are govern-

ed by temperatﬁre and soil structure. "In granular goils, un-
froignuwafer éontent is considered negligible, and thus strength
’ is d&rectly related to total water content.
Effects of loading rate are not well understood; however,
B short-term strength determlnedj\n the range of 200 to 1000 psi/min
V can be used to fix one end of the scale, Long-term strength qf
i frozen ibii is thought to be frictional and can be determined
Qsing unfrozen samples.,

The relatlonshlps of geologlcal fabric to strength, although
recognlzed as being possibly the most 1mportant con51derat10ns,
have not been studleq to any extent. It is thought, however,
that large, natural samples with a greater amount of structure
are more valid than small samples of reconstituted material,

The testing technique is itself a variable in the quanti-

. tative analysis of strength properties.\_The direct shear method
with normal pressure although not Fhe ?3§t theoretically
$ gcéﬁrate. seems to be the most practical for investigating

qg’ ‘ directional properties of geological material, . . i

: ' Lo
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" presence o{\a large amount of blue hematite,

III-EXPERIMENTAL INVESTIGATIOI\{S

—_— ' ! %
. Vo

»

3.1 Sampling Program-Location and Geology:

A sampiing program was undertaken to obtain suitable natural c

samples of permafrost. The location chosen was the Timmins #1 pit
. \

"near Schefferville, Quebec, owned and operated by the Iron Ore

Company of Canada. Scﬁefferville is located about 700 miles
northeast of Montreal. 'The mine site is approxiﬁately 12.5 mileg
northeast of Schefferville (see fig. 8).

The iron ore deposits in this area occur. in the so—c;iled
"Labrador Trough", which consists of a 700 mile geosynclinal
segment composed of tightlf folded and faulted proterozoic'sed—
iments, volcanics, and in%rusives (26), The rocks in the trough

consist mainly of conglomerates, breccias, quartzites, shaléé

] «

!

and slates, dolomite, and iron formation. i
The stratigraphic column 6f the depos%&s in the Timmins mine
area is given in figure 9. The Middle Iron Formation of the
Sokoman Iron Forﬁation was chosen for sampling. This formation
is readily differentiable given the color, which, although vary-

!

ing in places from purplish-red to a bluish-black, is character-

istically blue, The texture is granular and porous, , The un- -

B
AN

¥

L
1

9

frozen material can be described as a sandy silt.
The ¥iddle Iron ‘Formation is the chief ore-forgﬁng horizon.

It is from 200 to 400 feet thick, and contains silica-iron oxide

rich rock which has a high7metallic lustre, due primarily to the
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3.2 Sampling Program-Climatic Conditions and
=

P

\

¥

Permafrost Distrfbutionz

Much information is available concerning the Scheffervilie
o
~area, The McGill Sub-Arctic Research Laboratory has been active

| in the region since the early 1950's, and much useful background ‘

\
\

information has resulted from the résearch conducted to date

-

(27,28). | , -
The mean annua} air temperature at the &immins 4 Permafrost

Experimental Site is —5.5°C, while the mean annual snowfall is

31.5 inches (13). fhe site i1s located a few miles north of the

Timmins mine, the origin of thé writer's sgmples.

\ . In general, the area has a_sub-%pctic climate with cool

summers and severe winters (27). The mean monthly temperatures

at the Schefferville station range from about 54°F in July to /

¥ @

—SOF in January. -

Witﬁ the témperatures noted; a much greater am%unt of perma-
frost would be expected, as it is only maintained where *the
annual mean surface tempethqre is below freezing. The explan-
ation lies primarily in,thg insulating effect of the snow and

vegetation, which increases the expected ground temperature

(29,13). The distribdfion is thyg dependant on snow, vegetation,

ground water, and the local relief,
In the Timmins mine open pit, values of ground temperature
may be in the range of 27 to 2§°F (30). / v

These values were obtained during a project undertaken by

1.0.C. in the summer of 1970, .The two "Lifts", or working

=
d
[
%

s




horizons, investigated revealed the existing perAafrost co%gitions.
A classification of permafrost was SuggéSted.xon the basis of such
parameters as temperature, moisture\content, ice content, and its
form and lithology.l 1 \

The MIF was described as being extremely dry énd brittle,
The pit faces were said to bde frequehtly overhung. The material,
was éaid to vary locally from an "ice—bouné material® %o a "hard
competent rock with little or no ice". \Mdisture ?ontents of
about, 5% were noted, ) ‘ /

The horizons investigated were 190 and 130 féet above the

horizon chosen in the sampling program for this project.

313 Sampling Program-Selection and Shipmen%: ' -

The Timmins mine is worked as two separate sections, with
pits being established at jthe north and south ends of the deposit.

The south pit, lopated on the side of a ridge, contains permafrost.

The north pit contains no frozen material, The causes of the

difference are probably related to vegetdtion and Snow cover

conditions,

By
v

The samples were taken from two different locations at diff-

ernet horizons. The principal sampling concerned the recovery of

samples immediately following a blast.' Since the air temperature

[

during the writer's visit was bgéif any prolonged e7posure of the
materials lead to thawing and disintegration. \

The sampling waﬁkdoné on Lift # 2357 and Lift # 2395, Small
sketches of,i:i_iifi\ions are shown in figure 10. -It should be

. 1,
PR
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noted that both sampling ;ocations Qere in thebPGC/ﬁRC of the
Middle Iron Formation {see  figure 9). The sampling was done on |
July 10 and July 13, 1974, | i/
‘Within ten minutes after blasting, the sampling was started.
The rough samples, approximately 9"x9"x8", were chiseled from
larger pieces using a variety of hammers and chisels, These were

tth wrapped in commercially available polyethylene wrap, then.

[}

The

with aluminum paper, and then were placed in Elastlc bags. The
purpose of the aluminum wrep was to provide some insulation.
purpose of the plestic/and polyethylene'wrap was ;o a%oid moisture .
o loss. The .samples were packed.into three insulated ice cheet§!
whose internal dimensions were 22"x11"x11", Two or threeasamples
were placed in each, The ige chests were traygported to n freezer
unit in Schefferv1lle for overnight storage. During storage the
samples were packed in with ice packs; the chests were taped and
secured with rope, and thenhshipped by air freigh% to Montreel.
Oge shipment weighed 585 1b. and tre second 5?0 lb. Upon arrival,~
.a°technician receiyed the ice chests and transported them to the
x: cold room labor éry at Mont St. Hilaire, After inspection, the
samples were femoved from the chests and placed in a freezer unit

whlch//gs/ﬁalntalned at 25 °r. A total of 185 samples were deliv-

ered and stored to await preparation and testing.
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3.4 Tésting on Unfrozen Samples:

\

While in Scheffegville,/the,guthor conducted shear tests on
thawed material obtained from the Middle Iron Formation. The
samples were obtained from tﬁe same location selected for thgj
samples which were shipped tocﬁont St., Hilaire,

The Geotechnical Engihéering Section of the Iron Oée Co. of
Canada permitted the authorqto use: the;r 10 Tbn capa01ty'Mykeham—
Ferrance shear box. The 12 inch shear halves were equlpped with
2 1/8"ﬁ Lrxd", and 6"x6" 1nserts~ the sheaglng mechanism was.

adgustabie to 42 various shearing rates, ranglng from .03 in/min

to 00008 1n/h1n. The horizontal and vertical load capac1§1es

‘were both limited to 10 tons. (see figure 11)

The tesﬁing was done on a 6 inch ‘sample packed into. the shear .
L. ' N
box halves, ,The writer did not attemptfto test an undisturbed

sample, since the thawed material was too friable to permit the *
retention of structﬁ;e. It would be possi%le,-hdwever, to dbtainﬂ
undisturbed éamples py taiing these frozen samples, cut to the
dimensions of the shear box, and then permitting these to thaw
while in the apparatus. °“As will be mentioned in the section(on
sample preparation, the most practical method ‘for preparing the
samples was found to be with the use of a portable grinder, A
suitable%envirowment must bé maintained to permit sample prep-
aration. The climate in theISChéfferville area is such that, /

excludlng\the\tw summer months of July and Au:ust the mean

‘ambient tTmperature is sufficiently below or near the free21ng

‘point“to permit the preparation of samples outdoors or in an
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<  3) applying a vertical load (100, 200, and 400 psi rﬁbpectively),

e

unheated building.’' By applying thi% method, a more accurate

assessment of the nétural'méterial‘kould be obtained,
- A f /
The procedure used in testing was as follows: .

1) setting.the sample,

2) creating a separation of about 1/8" between the shear

o

box halves,

|

L) aliowing tﬁe sa@ple to consolidate for 3 to 4 hours,
5) shearing the saﬁple,' _ h
6) ﬁesettlng the ;ample to vertical and applylng a hlgher
' vertlcal load. consolldatlng, and reshearing. . |, Lo
The strain rate +09 1n/h1n was selectéd.’ The shear
halVes were submerged fter the initial 1oad1ng was applled as
is suggested by the prp osed  method for consolidated, dralned
direct shear testing of goils (6).
Displacement versus load @ata and maximum”shearing strengths
at, the various applled normallstresseé were measured. The shear

tests, m01sturé content, and grain size analySLS were obtalned

using standard prOﬁedures (5).
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A detailed “escription is provided by S.Ii. Yap (1&). \

-33..

4

3.5 Cold Room Laboratory-Facilities:

' The cold room laboratory is located at the Institute for

Mineral Indusiry Research at Mont St, Hilaire, approximately
/25 miles from Montreal, Quebec, The Institute is a part of

the Department of Mining and Metallurgical Eﬁgineering of
3 .
McGill University. \

The cold room #s'a walk-in refrigerator, appFfoximately

10 lt. wide, 11 ft, long, and 8 ft. high (in ineide dimeﬁsion). _

1

A Minneapolis-Honeywell resistance thermometer controller

is)used to f:ontrolj the temperetune to within + 1°F for the
range of temperature for which the room has been designed, i,e,
-50°F to +40°F, Two eervoline recorders are used to record the
temperature and humidity in the .chamber, (see Tiguge 12)

A small refrigeration unlt, approxlmately 3 ft.x3 ft.
by 4 f% long was also used to store the samples. The unlt,
equipped with a contAnuous temperature recorder, has a temp- . ’ *

erature sensitivity of i.l F. (see figure 13)

S , . ..
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3.6 Preparation of Matural Samples: : ) * -/

In this section, the oroblems encountered in the prepar-
ation of natural samplgs are reviewed, and recommended procedures

for future work are given.

The samples ;équired by the writer for testing were rectan-
gularly shaped with zpproximate cross-sectional dimensions of
2" x 2", 4" x 4" and 6" x 6" . Initial procedures involved
rough cutting of the 1arée sample blocks and trimming to the
final dime?sions. Various preparation teéhniques vere attempted
before the most practical procedures were establisﬁed. B

The hot wire technique' of slicing was trled as a frist step.
In this method, a high resistance Qire w:s placed over a block
with Qeights abplied to either\end; simultaneously, a curreg%my
was passed through the wire. The method was rejeéted due to the
length of time required per cut, and due to common occurences of
brokg@ wires. A reciprocating action of the wire’resulted in ‘
ﬁastef penetration, Eut wires were soon abraded by the material.

The writer concluded that the hot wire fechniqﬁe right be
uséful for small samples of materials such as ciay.

A reciprocafing saw, or a mechanical hgck-saw, was then
tried. Once agaln, considerable abrasion resulted. Molybdenum—
tungsten blades were ﬁsed at the rate ofaabout one blade per 6"
cut.\ Although a worn blade could be ‘used, the cutting timeﬁ

became excessive. Another limitation was the size of the sample

that could be accommodzated in the saw.

Wedge-type cutting or breaking, using cold éhigels and
hammers, was also attempted. This method resulted in uneven

‘surfaces. It was also time consuming, as a great deal of mat-

. . ]
R e —————
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erial had %o be removed. °
A tile saw Fitted with a 6" blade was available to the

) (:} writer. This would have been suitable

by

p)

o cugting the small
2" samples, however, it was inadequate for cutting the larger
L™ and 6" samples, For these, a lafger circular saw, with .
blades of at least a 20" diameter, would have been necessar&.

- A band saw was ultimately used for cutting the rough
samples. Although the blades tended to wander during cutting,
and'unéven cuts ;esulfed, the writer found ﬁhe”ﬁetnpd to be

/Suitable for rough cutting. While blades were wprn out fairly
guickly, cutting, in most cases, was not impqded. No sigﬁfficant
differences were noted when wide and ﬁarrqw blades were used,
nor did/the design of bl;de teeth appéar to be significant.

An average of o%e blzade was used per sanmple, Wear to blade -
teeth seemed to vary with the hardness of the material bgin
cut., Small inclusions of solid hematite impeded cutting sig~
gificantly. Wear was also related to the pressure applied to
the saw aAd to tﬁg uniformity of the material being cut,

In cutting tﬂe Zf,sample§, sufficient alignments were
maintaidé& to produce tes% s#mples within acceptable tolerances.
After cutting the larger samples,\howevér, further preparation
‘was required, N/poptable grinder was used to J;ing the large
samples to acoeptablg final dimensions,

A hand-held grinder, with a 4" circular abpasive‘blade.
was used., Samples were sgcured in a vise and the upper surface

ground to flatness, A plan7 surface was used to detect uneven-

/ ness. The remaipiné faces of- the sample were then ground,
\

é,

%
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Some skill was required for grinding since material, once re-

i
V
J
|
4

-«
moved, could not be replaced. Overly ground samples would
have to be discarded. Some thawing of the sgrfaces resulted
from the gringingj however, in the case of the 4" and 6" samples
A . .

this was thought to be negligible. The grinding wheel used was
\

A

not Replacéd, although it was reduced by about one inch in

t;imming the samples, Therefore this method is fairly econ-
omical, |

It is suggésted that an improvement to the procedure would
result from a mﬁunting Bf the grinding wheel into a stu;dy frame,
Altérnafely. a grinder which could accomodate large, movable
samples could be used., Either of these, together with initial

rough cutting of the samples, would seem to be the most econ-

blocky materials, a“circular saw would be the only alternati¥e{

Abrasive, rather thén diamond blades, are indicate@ ﬂ@r non-

uniform materials. /For rocks, a diamond bla&e is necessary. y;~
After preparation, the samples were wrapped with-thin'poly- ;3

ethylene plastic and placed in plastic bags, which were secured

to produce an air-tight seal. This was necessary in,order tb / N

prevent a loss of moisture through surface sublimateon. The

samples were then labelled and stored in a small refrigeration

unit, |

;
omical and practical methods of sample preparation. For large, b
‘
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3.7 Preparation of Remolded Samples:

The writer -prepared a number of remolded samples, in order
to compare the effects of re-molding on sample strength. As
mentioned earlier, most studieés on the mechanical properties.of

permafros‘tf have been done using'reconstruc'ted material, In this

process, geological strucure is destroyed, and what remains is 1

F
a more or less homBgeneous’ mass, which may not be representative

of the original material., TE determine quantitatively the gffe"cts g

of geological strucure on’ thé strength characteristics gﬁf the
natural permafrost samples, remolded samples were prepared. These i
samples were made from the fragments of the sheared natural ]

» ' ]
samiles. After the initial shear tests, the fragments were coll-

A g

ected and placed in sealed plastic bags., \This ensured that the
n{aterial would thaw without a loss of moisture. |
After thaw;'mg, the material was placed in a plastic trm;gh
and mixed so that a relatiirely\homogeneous dample would be pro-
duced, A w;ery small amount of distilled water (20 ml) was intro-
duced %o compensate for possit/ﬂle evaporation, and other, losses,’
‘/aoo‘den molds, used for remolding the samples, were é.ssen;bled
as shown in figure 14, The sides of the boxes we;%e coated“with 4
petroleun jeliy in order to facilitate disassembly after remold-
ing. : .
N Packing of the thawed material into the boxes was done in
2 inch 1lifts. Material was placed in the box and packed manually,
During rgmolding,’ the boxes wgré‘\ covered in order to retard sub-

limation,
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The filled molds were then placed in the small freezer unit
(at 25%°F) and the contents allowed to freeze. A minimum freezing
period of 5 days was used. l
f No apparent volume char;ges occurred, during the freezing
process. It could be .concluded, therefore, that the material
~was not saturated and that it probably wou}'%i not be susceptil/)le
to heaving.
Remolded samples we#‘e tested under the same tes‘ting,cor;dit—

ions as were applied to the original sa.mlfles from which these

originated, .

-/ !




.as Appendix A. A schematic in flgure 15 is glven ﬁggfllustrate

. two fgces.

= proving ring are given in Appendix B,
/ .

°
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3.8 Equipment Design: —

A_high:capécity shearing apparatus was designeé by the author
and built under his supervision at the Institute for Mineral
gndustry Resgarch. The ﬁni% was designed to accomodate large -
samples (up to 6"x6"), and to permit the application of b}axial —
loading to 25 tons.

Mechanical drawings of. the shearlng apparatus are 1ncluded

the various capacities and 9apab111tles of the apparatus,

The machine enables double direct shearing. This config-
uration, as opposed to single direﬁt shearing, avoids eccentric

loading and enables a greater shearing area, since it involves

\

* -
9 !
!

’

From an analysis of the results obtained for a similiar mat-
erial tested by Yap in 1973 (14), the estimated loading capacities

of the testing machine were calculated,

"

It was decided that, if confinements up to 500 psi were to

be con31dered, a vertical loading of 1OOThydraullc cylinder would

p—

be requlred to apply the dlrect shearlng loads. Two 25 ton cap—~

\ ————
a01ty hydraulic cylinders were used to apply—hvriiﬁﬁ$éiggaﬁfine—

X

ment (figure 1?). , ‘ \ }

-

Loading was applied hydraulieally using hand pumps. Loads
were determined- from pressure gauges fitted to the limes (fig.17).
After testing, the gauge readings (in psi))\ were converted ’

into applied load. The calibration curves determined using a

\
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The shear goxes were made from one inch cold rolled steel.
. i ) | ' "
The two outside sections were adjustable through a sliding plat-

y

form to, which they were attached.

-

. ' - \
In the design, the writer established tHat the central section

of the shéer box could+not be displaced mére than 23" downwards

and 1" upwards, \ -

IO

One of the 25T hydraulibicylindere was hinged to permit easy

NS ey

accesg for loading and unloading specimens from the shear boxes.

Inserts for the 6" x 6" shear boxes were alsc assembled. '

o

These were 2" x 2" and h" X 4" in dimension., The inserts for gthe
l‘

mlddle box could be secured in place by means of a bolt threaded

through the three boxes on either side of the box, The two side

i

shear boxes have inserts with outside flanges to restrid®t their

'gnward”movement.(seenf;gure 18) k ' -

. Vert1cal movement during shearlng was detected u51ng a magnet-

1cally mounted displacement gauge. The gauge was accurate to

‘witLin .001", (see figure‘19) : '

The shearing apparatus was tested to its deéign specifications

and found £o operate'efficiently and safely.
¢ ~ . : % / :
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\\\ " 3,9 Testing Frocedure:

31\ . ' .
(:)h\\\ C h,ﬂhe descrintion of the testinc procediire outlines the methods
r .

8 “glused to produce the data given, aidirg further research with the
e , Fan )
- e )

E ‘
i “apparatus,® ’ \
{ S N - 2
: N . After unwrapping, the camnnles were meas:red "1sinz a vernier
: ‘ A ;s

‘ caliger. The aceuracr of ‘he measuirements was aZfected by both /

; the amgnt of pressure exerted on the c4li ner and the smoo*hness

to the nearewt ,005 inen. Ir. so-e cazes, variations of un to
+,01 inch were ro+é?, A mini-im of three éeadin; for each
dimension'oroench ga~nle were ta'rer, The averares were nsed ip
calculatin~ *he areas. - o \ !

- I+ prevarinz the shearins’apparatus, the shearing boxes
were alirned with a separation o¢ 1/° irnch hetween each pair.

) The adjustable,horizontai ram was pivoted out of the way and the .

\

sample was then inserted,

After determinring the cross~secti3Pal area, tne press-re

necessary to maifjtain the desired confinement was determined.
j - .NAQ’\ ' ) .
normal pressure of 100 psi and 50_psi were used, as well as

tests without horizontal confinemenk. The sample was 'allowed to

or

settle under this applied load.

The vertical ram was lowered ‘until contact with the - |

A e

S

specimen was detected by an inecrease in the 1load. This load was

then removed and the vertical dlgplaceﬁent ciage read and recorded
as the initial reading., The vertical loading was then applied,
the confininr nressure beinr continuously ad justed to maintain a

@; conslant pressive,

’ ' - . Y .




7 -

C : As the shear loading was applied, vertical shear displace-
ment readings were taken at régular }ncremeﬁ§3'of line pressure,
varying from 50 psi fof the_émalle; size samples to 250 psi for
the larger samples, These were recorded and later tabulated.

As the loading was applied, it was noticed that the sample
) would cr;ep somewhat., A sﬁeady loading rate was'maintained,
‘however, until the sample‘failed. ’Shagb brittle fr%cturing was
noticed only in some cases of unconfined shearing. /Thegmaximum
‘'shearing stress avplied was recorded, ‘
\ To remove the sample, the middle box was raised, the de-

- tachable ram was pivoted out, and the line pJ;ssure disconnected,
Pressure was applieé to the other ram and the sample was removed,
The boxes were then cleaned and readied for the next sample. The

o - loading, testing, and unloading operation took approximately 45

minutes per samgle, thus being particularly suitable for commercial

I

| testing. / {2
‘ L~
; /5 ‘ After the shearing tests, the remaining fragments were used
in determining density and moisture content, as wz2ll as in grain
1

size analyses. Density was particularly difficult to ascertain
in that the volume of the frozen samples could not be obtained
using conventional water displacement methods., An improvised

sand box method-was used, A fine sand, rather_ than water, was

used to dlsplace the volume of the sample. /The method, with sample
calculations, is described in Appendix ¢, Where the sampleo were
found to be sufficiently regular, their volumes were determined

[

- by means of a vernier daliper. A beam balance was used to measure




448~
C,/\ - ' : / . r / )
. - the weight of each gample to within 01 gm.
The moisture contents and grain size analyses of the samples
\ ¥

were obtained using cgonventional techniques as outlined .in ,

Lambe (5). Three determinations for density and moisfﬁrg content

|- were done for the six inch samples; two d?&erminations for the  °

four and two inch samples,
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IV - RESULTS and ALLALYSES

\

b-1 Introduction:

The statistiﬁal variabliity of ﬁh;%ical and mechgnical
properties must always ve considered when testing geélogical
materials, In many cases, a sufficient number of samples is
unavailable due to logistic and. economic restraints, The ,
design engineer nust therefore make-the best‘use of the values
available to him, bearing in mind the aimiEations of his re-
sults, It is with respect to this concept that the following
regults are analyzed, ‘ _ |

The present study made use of 1085 1b, of natural perna-
frost material, which provided three 6" x 6" samples, five
4" x 4 samples, eight 2" 'x 2" samples, and ngheroué samples
remolded from tna'od fra ents. The results of the tests

;

examine the relatlon hips between' -

a) sample size versus material strength and
deformation characteristics:

b) normal pressure versus material strength:

c) strength of remolded material versus strength
of natural material,

. For compar;son of deformation anq shear strength prop-
erties, tests were also conducted on an unfrozen sample of
geologlcally gimilar mauerlal..

Except for the unfrozen sample tested at Schefferville,
which used the facilities of the Iron Ore Company of Canada,
all shear testing was done using the 100T shearing apparatus

outlined in Section 3-8,
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ey gy
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- L-2 Unfrozen Sample - Schefferville Tests:

—

Y/

A Wykeham Ferrance shear box, shown in figure 11, was
f used to establish the shear strength parameters of unfrozen
| ) \ MIF, The procedure and test conditions are described in
Section 3-4, ‘
This material was geologically similar to the szmples :
tested in the cold room at Mont St. Hilaire, All samples
were taken from the same general area (see Section 3-4), and
were visibly similar- in texture and color, Grain size
analyses were performed on alllpaterial. The J;sults are"
tabulated and contained in Appendices E and F, From summary
curves shown in figure?20, it can be seen that the tests on
the Schefferville sample established its similarity to the
° samples subsequently tested, -
The Schefferville tests were carried out using the pro-
; cedures and test conditions described in Section 3-4. Load
versus deformation data/is tabulated in Appendix’E; summary
curves are shown in figure 21, It can be noted that the

o [

material b7hav1or changes from visco-elastic to v1sco-plastic

—

at a shear displacement of approximately 0.3 inches, This

gseems to be independant of normal confinement,

The increases in peak shear strength values with increas- \
‘ing normal stress are shown in figure 22, The éngle of fric=-
b tion is 29° with a negligible cohesion value,
The moisture content ‘of the sample whs determined to be

X J
8.7%, being typical of the subsequently tested permafrost

/ samples,
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(j& , L-3 Permafrost Samples: ' 4

‘ "All samples were visfbly simila# in texture and color,

JESCRFTTPRSENSS

Determination of grain size™distributions and densities con-,

firmed this ,similaritys however, the moisture qgntents showed
a wider range of 7hlueso ‘ {‘

Results of the grain size analyses are given in Appendix

AR e T it

/ , E. A summary of the data showing the limits within which
the MIF falls'is given in figure 20. The material can be

seen to be well graded, having uniformity coefficients between

5and 9.
Moisture contents and deqpities are reported in Appendix

O T SO

D, and summarized in Table-1, . The samples are seen to have
_an average moisture contentﬂ6f~8.9%, and an average density \
° of 3 gm/cc,
Shear test data for natural samples are given in Tables
/ D-1 to D-14 of Appendix D. On examining the rélationships
between the shearing stress and vertical disﬁlacemeﬁ%, as
summarized in figure 23, it is noted that all the natural

samples ten?ed to exhibit similar behavior. The 2" samples

occupy the/upper series of burves1 while the 4" and 6" samples

) show more displacement pé% unit of stress and loccupy the lower
%ﬁ \ series of curves, With the exception of SAM A4-4, the 4” and
6" samples showed/much greated linearity than aig the 2"

samples.

In figure 23, two characteriestic slopes are evident; one

parallel to the lower geries of curves, and one parallel to




TABLE 1 -~ MOISTURE CONTENTS and DENSITIES

~

NATURAL PERMAFROST

SAMPLE ~ MOISTURE CONTENT  DENSITY
% grm/cc
« SAM 1-6 2.3 3Lo
SAM 2-6 7.3 . 3,15
"SAM 3-6- 10,2 " 3,3
SAM 1-4 u/.9 3.3
SAM 2-4 10.0 3.2
SAM 3-L4 10.3 .3.3
SAM 4-4 10.3 3,2
Sam®s_s 4,1 3.3
SAM 172 10.3 2.5
SAM 252 (11,9 3.0
j SAM 32 11,6 3.1
| SAM L4-2 11.2 3.1
SAM 5-2 _ 9.2 3.3
SAM 6-2 6.2 3.2.
) SAM 7-2 11,7 3.1
* SAM 8-2 5.2 3.0
)
I ]
/ N
2

=55~
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indicates extropoldtion

"o indicates farlure stress

LEGEND
# THAMPLE: CONRNEMERT
I satl®- O (PsL)
2 9M26 50
3 GAM36 100
4 SMM)4- O
5 SAM24 50
6 SM34 100
7 $M.44 100
B M54 0
7 sMil2 O
10 SAM22 -850
I sAMa2 100
2 GAM42 O
3 M52 o0
4 SAMe2 50 i
5 SMT2 %0
6 SWMB2 100

L
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VERTICAL. DISPLACEMENT (X 107> INCHES )

FIGURE 23 - SEEAR SURESS - DISPLACEIENT
CURVES - NATURAL PERMAFROST
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the upper series of curves. Only one of - the 4" samples (SAM
4-4) exhibits both slopes. Four of the eigiﬁ: 2" samples
(SAM 6-2, 3-2, 2-2, 7-2) also show this behavigrvin theim
déformatiqﬁ'characteristics. The explanation for this seems
to be that, giéen that all samples had similiar grain size
distributions (see figure 20), inclusions on the shear ﬁlane
have a gre%ter effect on the shear.stress o:f[‘ smaller samples.l
Although the chances were reduced, the 4" samples were
still prone to.this probleﬁ; As%illustrated by the defor-
mation curve fo;'SAM 4-4," 1t would seem that the'sheariné .
plane encounte;ed large inclusions at 0.070 inches vertjcal
displacement and again at 0.12 inches vertical displacement,
giving rise to the sudden increase in sldbe. fhis problem
can be circumvented by increasing the gap dimension between
the shear box halves., However, this is not always satisfaétory,
as the size of inclusions may be such thdat an excessiye gap
.wggld have to be left, This woul@ produce eccenﬁric loading
problems, As well, E%e largest particle gsize must be known/_
before testing, which, in the case of natural samples, is»im—

possible, If, however, the sample homogeneity is such that

the size of the largest particle can be determined from geo-
] u\‘

logically similiar . material, the gap can be adjusted accord-

ingly. ' ’ a

.- -Since shear failures in the field occur on large planes,

I .
1t is safe to conclude that the deformation characteriétics

¢

iliﬁ%trated by/the<lower series of curvesg is probably more
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accurate than results‘obtéined from the 2" samples. -

-
.
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(:} : ~The brittle btehavior .of the samples is evident. In most :
cases, excepting where changes 1in slopes were experienced,

the samples broke abruptily after a linear build-up in stress.

This is as expected, given the rates of loading used, which

", \

were above the ductile to brittle transition zone discussed

TABSTWT v arx ¢

.

i ) in Sedtlon 2-3. '
F The range of shearlrg strength, with conflnement pressuré~

-~

for the samples te§ted, i's shown in figure 24, There is con- -

siderable scatter o data, as: could be expected from any nat-

ural geological material, Factors 1nf1uenc1ng this scatter

could include varying moistg?e content and varying geological
structure of the material.ﬁ For example, the low shkar strengfh- a
value obtgined\fof SAM 1-6 cpuld be due to its relatively low ;?
mois;ure qopteﬁt.\ \ ' ¢

‘ The number of samples tested should be taken into account

. :

wheh interpreting the dafa to obfain shearing parameters for
a .

RETIPNRTRY

use in design work, Working design values can be obtained by

i3

grouping all samples togethenr andotaking averagg Qalﬁes at

¢ . each confinement. As shovm from figure 25, a cohesion of
'\‘: - R A ) \
O 435 psi and an angle/gf friction of 83° were determined, The

cohesion value arrived at is consistent with results repprted /

by'ijYahJ (14) in his fests Bn MTP Values ‘of 355, 368 and
o i LOO psi were llsted * The testing was done %blng 1" cubes at
\»28 F, with.a loading rate of 286 psi/min.

) The angle of frlctlon of 83 appears high when coApared ‘
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('/, ’ with that of unffozen geological‘materigls, those being
tyﬁicéllj}zdoto 50°, At low confining pressures, it would
,lgeeﬁ that the ice in theﬁmgtrix contrib®tes, an additional
.\1'_ resigtance to the frictional resistance of the soil particles ;
themselves, The results of R.N, Yong's work on frozen soils
and of ice indicatea that the shear strength of ice increases
quite rapidly with increases in confining pressures (fig, 26),
‘ It ié very likely that, until the crushing strength of ‘ice is
) reached, a _high angle of friction will persist. With frozen

|
|
i
:

goils, once the ice qatrix has been crushed, residual strength
is entirely due to frictional resistance between the soil -

particles, i

Thie increase in shearing strength with normal stress is
r confirmed by C.W, Kaplar's direct shear data, using
concrete sand and blends of Manchester fine

1-(20), This data is shown in fig.27 ,

frozen McNam

sand and East Boston

B Angles of friction of 70%and ere obtained from this data,
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- in Appendix D,

L-b4 Remolded Sampless ~ )

The natural permafrost samples were remolded and tested to
determine the effects of structure on the deformation charac-

teristices and on shear strength, The results are tabulated

Examining the deformation characteristics of remolded
samples, as summarized in figure 28, the curves are noted to
be generally similar to those obtained from the natural perm-

afrost samples, However, some differences are apparent, Spetc-

ifically, deformation characteristics of gets of samples re-
molded from SAM 2- 6 and SAM 3-6 are examined in figure 29,
These curves show shallower slopes for the 6" remolded gamples
than for the natural samples, 7

Ag with the natural samples, there.appear to be two&siopes.
The REM 5~4 sample exhibits behavior similar to the REM 4-6 -

and REM 5-6 samples, However, the remolded 2" samples and the

REM 6-4 sample show steeper'slopes; at least in thelir primary

deformation stages. It would appear that , at least in the
deformation characteristics, the remolded eéhples do not reflect

the same behavior as natural permafrost material, possibly due

to differences in density and structure. )

VH

The effect of etructure on shearing strength is fllustrated
in figure 30, Except in the case of SAM 2-%, the strength of

" natural permafrost‘samplos‘is seen to be greater than that of
‘the same material remolded, In ite natural state, SAM 1-6 3
' had a low strength value, probably due -to the low moistgre

L
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content (2,3%). When remolded and tested, ne~a$parent strength

value was obtained, Considering natural samples SAM 2-6, 3-6,

1-4, and 3-4.and their remolded coubterparts of the game size,t

we .see decreases in shearing strength up to 52%, with average

decreases of 40%., SAM 2-4 shows an increﬁse in strength of

32%3 however, upon examining figure éB, which shows the erratic®

behavior of REM 2-4, this increase may be accounted for by ir-
regularities in the shearing plane, possibly large grains,

Therefore, the importance of structure on the shearing strength

of permafro&t is evident, This effect of structure generally

represents a decrease in strength of remolded samples. It is
also evident that the 6" samples tend to exhibit more consis-

tent and regular results,




(
\ _6o.
(:) 4-5 Summarys -
From the results discussed, the importance of the effect%

of gtructure in assessiné the shearing strength of a frozen
material can be seen, Although this concept hds been gener-
ally accepted in theory, experimental data is lacking., It
has been shown that, for Middle Iron Formation (MIF), the de-
creage in shear strength due to remolding is in the_order of
i ‘ 40%., As well, the deformation characteristics may also be
~éltered; however, a definite relationship between deformation
characteristics and remolding cgnnot be established ff;m the
/ available data,

¢ Camparisons of thé effects of sample Bize on shear strength

show more consistent and linear résults where samples of a '

larger size are used, This justifies the added effort needed

‘in‘ﬁrocuring, preparing, and testing such samples,

The shear strength parameters are shown to increase from

values of 29° for the angle of friction for unfrozen MIF, to
"yrobable values of 83° for thd'angle of friction with a co~
" hesion of 435 pei for natural permafrost.for short-term shear

strength at confining pressures to 100 psi,

o chus mmmin -
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A
V - CONCLUSIONS and RECOMMENDATIONS
: c &

5-1 General: ]
The objectives of t#is study were three-folds /-
&) to design 'a workable shearing apparatus capable of
efficiently handling and testing large dimension samples
(6" x 6") with the precision required;

b) to establish shear strength parameters for a partlcular
geological material occurring in permafrost, this be-

ing MIF;

c) to determine the effects of remolding on the shearing
gtrength of samples of MIF,

; Ké can be seen from the test program, thﬁ study was
baged on a limited-number of samples, To claim that the
conclusions are beyond question is therefore inaccurate,
The areas investigated represent a new and presently poorly

understood field of study., It is hoped that more experi-

mental results on natural permafrost material will sopn
become avgilable, {0 provide embirical values for use in
establishing guidelines when chooging design values fo£
particular engineering problepe.
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5-2 Conclusionsgs

- o
- -

From the present study, the following conclusions can be

K

drawn:

1) The sh?aring'apparatug designed, coéstrucﬁed, and used in
this project was found to be saf§ and eﬁfective. It functioned
satisfactorily in testing shearing strength and deformation

Gheracteristics of samples up to 6" x 6" in dimension,
- |

-

2) f%he sampling program was successful ip procuring and tra?s-

porting natural permafrost samples.

o

3) The effect of heat due to friction when cutting and trim-
la
ming material is more pronounced with smaller dimension samples

than with larger ones, o /

L) For large dimension samples, rough cutting with a band

gsav and further trimming with ahand-held grinder yielded the

-

t

g
¥

best results, By

55 The deformation characteristice of large samples a;;\more

consistent and linear than the ones obtained for~sﬁallep :

gamples,

i
S
6) For the material tqsteg, and at low.confining pressures 1
(to 100 psi), the shear sirength increases with increasing ;

- , ‘ i

pressure, -

)
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+ i

In tests-on short-term strength, the frozen material/ |

yieldé higher values of cohesion and probably higher values

for the angle of friction tha# the unfrozen material,

. —
3

-

7) An average decrease in shearing strength of 40% is

seen with testing remolded versus natugai samples.,

~

8) The material tested exhibited variability in moisture
content, density, and strength, which is typical’ of all
geological materlals. The -numher of samples tested was
limited and insufficient to definitively establish the

8

shearing properties of natural permafrost material.

9) 4 survey of the available literature shows that a def-

inite gap exists in present knowledge of the shearing prop-

s

erties of natural permafrost,

3
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"1) More extunﬂivu testinp of natural permafrost should be

- R orwne pmrasd a4 5 e e e

donn to ostablish the diﬂtribution of utrangtha andﬁﬁhearing

charaotqrtutlom. - . : )

‘2) burge (ut loawt 6" x 6") Bamplem whould be used when-’

*9 &

, determining shoear ﬁtrenyth param@terﬂ.

3) 'Phe alfacis of the uab dimenuion batwaesen the Qﬂéf? box

' ~¢halven on the sheaziny characteristlios of matarialb ghould

be invegtlpat@d. [ R : [

u)’ 1o ﬁ#oid ihe problamn‘and 9xXpIny9 agsoolated with trans-
- poriing naturul permafrost material, testing should be oon-
dfoted ay ologely as possible 1o the sampling sita. . /
.5) Further reygarah into pample. prsparation tachniquos and
thdir affuoﬂﬁ on sample 1ntegrity would be’ valuablo.

oé} = “ F “ /
6) Tﬁe effep§g of loading rate, molsture oantent:(in both
frozen ahd unfrozen matorial).ﬂgonéity. and tcmyern%urg on

thaxmhaaring strength of natural permsfrost must-be quantified,

7) The rqlationahipa betwewn ahort-torm und long=term nhaar
strength should be determined) onabling the dotorminati7n 4

S

long=tern ahbnr gtrength by’ uning the moro timeklesriolent 4"\

short~$¢nn shear strength test, Co . i

-
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' CALIBRATION CURVES for VERTICAL and -
HORIZONTAL LOADING RAMS
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PROCEDURES for DENSITY
DETERMINATION of FROZEN SOILS
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DETERMINATION OF FROZEN SOIL3

PROCEDUREZ FOR DENSITY

Introductions The following is an outliné of a procedure

M;ferialss

Prgcedures

Vs

H

!

for determining the bulk density of a sample
of frozen goil, /ZThe method ip efficient and

Al

-
?

' suféiciently precise for a quick determina~-

tion of“density under environmental condi-
tions, g .

Graduated cylinder - 1,1iter capacity with .
15 ml, graduationﬂ: ‘
Graduated cyl£;EEF\~\gjO’ml. capacity with

1 ml, graduations,

Uniform .sand (Ottawa Sand or equivalent),
Bean balance - reading to 0.1 gm,

Chip down sample to obtain a roughly regular
pilece, cmaller than the inﬂide_piamete;'of
the 1 L. grad, cylinder, '

Weigh the sample to withih 0.1 gn and record,
Pour 100 ul of sand into the bottom of the

1 1 grad,.cylinder, .

51lide in sample, ‘ o

With the 100 ml grad, cylinder, pour in

. measgured amounts of sand to completely

cylinder to the closest 100 ml rk.‘/@a sure
the sand is level when reading,

submerge the sample, filling the 1 L grad,



- Record the volume of sand needed to subperge

5 . 5
. the sample, \ ! %
™~ b

Sample . . , \ L v

Calculationsy ‘weight of sand = , 210.5 gn (1)

Volume of sahd + sample|= 300 ml (2)

Volume of sand uaed % 230 ml (3) g
Volume of sample = 70 ml (2-3)
\ .

Denz;ty wi, of pamp. - o
. vol. of sgmple\ 3%%*5 = 3,0 gm/cc
s o (
Notess _ - Avoid tapping the grad. leinder, as this

will induce compaction aﬁd lead to erroneous
resulte. '

L.

& |©
- Repeat the test until two congecutive, con-

sistent results are obtained,

|




¥
Pteg
n by ks

PES

s

e
' ar
P

]

o T AR A
s
13

-
o

;e

APPENDIX D
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- s
R RS

! o o y o ‘ o -
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‘ ] b:'t’t 2"’2' 3"2' 'LF-'Z & 03"6
were cut from same blogk,

[
]
»
.
5 e e Moo AR 8, 3 TR

[

!
o4
0

i

e 3

- Bl i e e



Lo bAiPLE: SAY¥ 5
DI KSIOB

| ””AJM:MW"?ﬁbjmg

. UODIZONTAL COrPIINT P

0 -

: 1.935" x 1.975"

D-13 143 DATA AVD 2

7*«3‘

I

>

° 12
- . -
- L
. 4 L
e 3
. . —
1 o G
I o Al po Y it g = 4
TEST TZ.2Z2AT 2L E
- N ——
— -

DENSITY: 3.3 ==/zc.
K 4 V . %
MoISTU22 ﬁox:er: 9,2%
T . . @ 3
__LOADING RATZ: 539 psi/ain -

4

LINE - SHEAR LOALD
. “ PRESSURE -

&; psi 1» -

I

. ‘ps

S¥EAR STR235 ™

vz? ICA;
710 31ﬂ

f‘ﬂ*”?’

.uu.lnu.

< ! ST AYTT

DY N Sy iy 4

_ 0 - 0
1,030
2,060
3,090
I, 120
5,150
6,170

-0
136,2
“269.6
Lol b
539.3
71

2.9

0

1
26

39

\n
N

0
"

2

Yatural permatfost ,
samole, . -

Vo S4% 5-2, 6-2 2%
weve cuf from the
aame bloc?. . ",

7-2

.

B

byt o A S g i
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SA*IPLE s SAM 6-2

\Q
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' ‘/a

TABLE D-14 1AB DATA AND RESULTS  °

°

v

TEST TEPEAATIRE: 2507

‘.IJ.* ) g? ¢

>
U,L—-—-_A..-‘_

—

DIIEVSIQFS: 1,975" % 1.97" x 7.625" '+ DENSITY: 3.2 gm/ec, -
-SHEARTIG-AZEAT 7,72 in? . T e "EOIozjﬁé/CQ?EQﬁH €,2% .
' HORIZONTAL COFPINIEG PRESSURE: 50 psi - LOADLS RATZ: 260 psifmin
’ N ! \AQ\
: L.
) LIKE SHZAR LOAD SHEAR 3TRESS YERTICAL REZUARYS
- PRESSURE DISPLACZIELT
psi 1b pai < x10™%4n
0 0. 0 0 - .
.. 50 1,030 - o132,k 20 _Eatural permafrost
100 - 2,060 268,32 © €0 . sample.
N 150‘\ 3,090 397.2 75 Stress ? failure:250 psi
200 4,120 529, “ 90 . . , .
A “ 3L 5-2, b= -
- 250 5'150 ° ? \‘{61‘9 —_— 115 b Ly 2 5 2, 6 2 ?/4 7\2 .
_ L . - were cut from the
300 6,180 o 9“13 137 . same blocks
: 325 ’ 6’700 i 860-5§§ * v “ S— t
. - . - % - 1o reading taken
+ "/“ “e ¢ ) 5
- - e
. P bt
i . . : 3.
e
o - 3 ~
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._-',. -rsr CAC 73:‘ »
) it M‘ﬂf" L—._,__J

4
—_— ’ ¢ A »
’ = TABLE D-15 DATA AND RESYLIS ~ -,
’ . : \ “ .
SAYPLEs SAY 7-2 ‘ _ - ) TZST TEAPERATURE: 2507
DI:ZNSIONS: 1,70 x 1.96% % 7.375" B DENSITY: 3.1 z/ze.
SHEARING ARZA: 7,06 in® ’ . . ZO0IBTURE COWTELT: 11.73
HORIZOUTAL CO:PINING PRESSURE: 50 psi - o - LOADIEG RATZ: = i
- LINE SHEAR LOAD SHEAR STRESS  VERTICAL . REIARYS
PRESSURE — DISPLACEIENT ,, _
psi - 1b psi xlO'Bin . . - ]
. : —
0 0 0 0 | :
50’ . 1,,036 . 145,9 . 10 - ) , Zja:,‘t’:.\ral permafrost
. .. ‘ - sample,
100 2,060 291.8 b5 \
- 150 /\ 7,090 437.7 90 ) Ttress ? failure: 586 psi
" 200 1,120 . 583,€ 150 | L
] ' 3A7 522, 6-2 % 7-2
were cu*t 'from the
+ - -
same dlocr,
- -
, o = - ro reading takern
— ~
¥ e -
L) M / . '
- o
> | ’ v

t)

.t g

fg———"

[REReN
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eony -
o b s
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. -
o ;
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' _ ,
[ B —
X [P
/ \ 13 . .
—
AN
~c . + .
3
: -
J . . - .
d -
{
[} '
e, n-|||1\“\\,l v e A3 " <
[TV XN 2Tl {204 & .
e - - , & ﬁ

184 [ggseaiiTes £ scoanc Lo ‘ LE 2* S04 060°¢C 057 .
- - ]
u , . 49 1142 G;-‘2 001 .
-)..‘n.?}lrb
Ydd oyt I
« +D»Q¢Ht*§ﬂp .HN»N;J‘.N N.ﬁ m Uh\.wo , OA\O .H " -~
: X 0 0 0 — 0
e Aw N ~
uwm..oax 184 . o, 1d -
- WNTZ0YIdEIC - FehSgEYd
. TAEY.IEL ‘ " ~YLIIETS. CLTILT CYERE CYOT EVEEL .17
% sZIVE SIGYOT , \ 18d 00] *ZEASSEd THTHNIZI00 TVISOZIEOK
4 72°S FLNELI00 EEL 1510% - SHUT 05°L *VEUV LNIEVEHE —
oo /S - . . ! el . v ’ AT COLIITTE
Sl O T t ZITSHAA N Cwl % L526°1 % ,506°1 SHOISHENIQ
momm IZELIESEZL ISEL 2-3 LYS $FILIVS
ZTI6E7E QY v4vd €VI 91-d 218V - ,
Ve - ° L. ~ . —
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TABLZ D-17L43 DATA AlD RE3TLIS

SAUPIE: 22 1-64 . ) TEST TZLFZALTIRE: 2507
DII=3106i5: 5,94 x 5 99" x 7.275" nNEZITY 3.3 = /nn,
. SHEARIIS ARZA: 71,18 in® . HOISTJRE CONIZNT: 2,55
HORIZONTAL COIFINING PRES3TREs O psi g LOADING RATZ: 104 psi/mir
LINE, cuzan 1eanl” 3HEAR 3TRESS YEATICAL “ RZARES
- PRESS'IRE , DISPLACZ/ENT
psi 1b psi " x10"%in . ‘
0 0 ) 0 \ o Prepared 2 092, o o .
) 200 L,120 57.9 30 N i}cgz:eased(;“z‘i "7 .
. \%oo 5,100 . g6.2° 40 P ~ei: 2t 2577 Jor 7 2i7'm
400 &,20 - 115,2 *€0 - .
500 -10,300 144 7 €2
. 600 12,360' 175'7 &5 Strezs at failure:521 »si
700 15,120 202,56 7 oh Y. TN
‘ 800 16,470 231.5 110 P
. 900 12, 50 §260.5 - 125 , Tored Treo game —aterial,
1,000 20,600 289 ,L 135
1,100 22,660 313.5 150
o 1,200 21,720 ° 7,3 ° 173 B
1,300 26,780 376.3 190 : )
« 1,400 2E,840 405,2 270
1,500 30, 390 43,2 300 ‘
1,600 32,960 46%3,1 ! 320 .
1,700 35,030 492,1 350 -
... 1,800 37.9%. S e a8 . N

i

W



. . . L e
3 ‘ ‘
) . ) T - ° ' < N .
— : . TA3LE D-181A3-DATA AID RESULTS T : )
SAMPLEs REH 2-6 _ : TZS? TEVPIRATIZZ: 2507
DIVENSIONS: 5,25" x 5 78" x B % . DEIZIT7: ] 3.1 ~/2=.
SHEARIHG ARZA: £7.63 ir? ’ q WOISTIRE COITZIT: 9,1;«: R ‘
HORIZONTAL COIFININC P3EI3URZ: 50 »aoi - , LOADINT 2472 175 psi/fain | A
LITE 3}’33“ LOAD SUZAR 3TR23Z5 T YZPTICAL . - AR, g
PRIIIURE. g DISPIACZEAT . -
nsi 15 . psi . %x10"24n L ' ] ay
0 0 0 S0 o '
250 h 5:150 ', . 76-15 . ;T 20 _ ’ Prepar at Oo? B i
500 10,300 152.3 55 T . aintapined at 07 for 3, i
-~ |2 £ - \- .
v . Iy . . Y .
1,000 20,600 30 6 . 95 _Arereaded %o 2 %2, ’
1,250 25,750 320, 7 : 123 J Yo igia ar 2297 for 7 22z,
1,500 30,900 “ ‘!'Su. S 1153 . *Sgresz at failure:701 psi ;
1,750 961050 533,90 - 193 ' i
. ! ¥ e v, J'r;;' 4 nror
2,000 11,200 609.2 253 . *- no reading takern
2,250 ‘56, 350 €65.3 . 323 » T 1-5, 2-6 Z 3-5 rers —
2,360 b7,320 700,56 # formed from same nmaterial,
* ) B ’ P L , ‘ -~
' | L : A
L
o ,
- , W u,é,;'é‘
& — I o
-~ * q N -
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; TABLE D-1914B DATA AND RESULTS T
SAUPLEs REL 3-% | ’ 1257 TZUPERATURE: 257
DI.ZASIONSs 5,915" % 5,675" x &" ~ — \ ) JEISINYs 3,3 s/ee,
SHEARTHG AREA: £€7.16 in® : . ©O0ISTURZ CONTENT: 9.25
HORIZOUTAL CO:FINIic PRESSURE: 100 psi . 10ADLIG RATE: = .
LIZ -  5HZAR LOAD  SH2AR STAESS  VERTICAL 23VARYS
PRESIURE - ~ b DISPLACZYEN _ , — -
pai 1b psi %10 74n ’
0 - 0 0 o . R .
+ 250 5,150 . 76,7 C 7 . Prepared at 0%z
] 500 — 10,300 153 .4 30 —~ \ zaintained at ofz;;or 3
a 750 15,450 ~ 230,0 L 62 o days; temperature
' 1,60Q 20,600 306.7" ) 26 " : incre%sed to 250?;
1,250 25f750 323,04 121 - — te1d g+ 27%7 o45n o da--z,

1,500 30,900 560,1 - . 156 ' P2 1-4

'] 2"6 & 3‘6 ’J,T"‘j
' 1,750 . 26,050 536,28 — 220k LT : formed fro~ zame2 mzierial, <@
¢ 2'000‘ 1‘;1,200 613.5 36 . . . A
- - P . . ~ Stress 3 Zailure:73% nai
N . k (\
Y
%—= no reading taken
L \\
: I
=
< O
- o
I el ‘l
L 3 ’ .
<4 ~ ‘
» -

>

o e M Teas
) oam

b
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M *

o et e Bl W Vi v L%,

ek ,’_,:75,_’, l" M&M 2 Baan TGRS wlldien MR Y . AR EEE NG . V6. B e
B \ :
- F . .
. N \\\ . . ® {
) * 7321z ‘D-20 IAB DATA AID RESULTS . Lo ' -
) ./i‘u 1 - 0 lrd /
38UPLE: REL 12X TE5T TZIPIRATIZE: 2577
DI I:SIC..M 592" x 5O % 7 ],25" CoF DENSITY: s 2.2 mm/feei
o,wmlx“ AZZA: 70, ,5 in? ’ MOISTURE CONTENT: 9.27 s
A . - e rbdd —y Py B 4 : 11-/'4 Lo o’ - ‘w
HORIZOI.TAL, CO.7IE I PRZ33JRZ: 50 psi . ) 401’-:) LRATZ; Zk psi 5
LIIE SEEAR LOAD SHEAR STRES3 VERTICAL - 2ZARYS . b
PRESSURE DISPLACE.ZIT : , .
4 o -, “y 4
psi 1b psi %10 31:: . : i
0 0. 0 0 * ' -3ample remo¥den " Treos a .
- ¥ - A
. 100 \_ 2,060 29.3 2% thawed framments of )
200 ,120 5%.6 - ! 34 2-£,
300 - 6,180 87.%7 £1_
400 8,240 117,1 7 - Prepared 2 0°7 )
500 10,300 . = i, - 7% ‘ saintaines at 6°7 for 2
. 600 12,3560 175.7 f 10 daye; temperature . o
: i
. 700 14,110 20l ,9 121 increazed vo 25°7; ‘
£00 16,1:20 234,2 phls reld a+ 25°7 Zor 7 days,
900 12,510 . 2£3.5 12 % - no readinz tarer
1,000 20,600 292,72 196 ” - . |
1,100 22,660 322.1 \ 273€ Stress 2 failure:337 psi
1,150 23,740 337.4 = 2 f
£y -~ ¢ 2 ‘g e
N . I -
~ * ’?},ﬂ
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SATPLZ: REY 5-5

-~

TABLE D-21 1A3 DATA AFD REZ3U1LTS

DL ESSIONS: 5.78" % 5,E75" x B ; SITY: <~ 2,5 5%/=¢.
-
3 ? . #OISTURE COITINT: 3.0%
HORIZONTAL COLPILLG—PRES3JRZ: 100 pei ADITT‘?&TE=‘1HO psi/ﬁingj &
LINE SHZAZ LOAD  SHEAR STRESS  VERTICAL . XEZUARYS A
* PRESSURE DISPLACZVENT -
“psi 1b psi - x10"3in %
T oo © 0 0 0 Sazmle rerpldss / £rom
100 2,060 29,8 17 ' thawed fragments of SAl 3-£
200 4,120 59,6 b2 ,
300 6,120 29,4 65 - Prepared 2, 0°?
100 2,250 119,3 Coe3 raintained at 0%7 for 2
500 10,300 . 19,1 160 dajfs; tererat ire
600 12,360 172.9 T4 increased to 25°7;
700 15,430 - 20%.7 135 - ST neld at 252 for-7 da:s.
800 16,50 23€ .05 153 ' Stress 2 failure:l17 psi
900 12,510 262.3 _ 372 3
1,000 20,600 29%,2 190
1,100 22,650 327.9 2'17
1,200 21,720 357,73 252 , I
1,300 26,720 . 387.6 ~ 302 - g
1,400 28,840 417.4 o352 . T
. ) .

DA~
\
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TABLE. D-22 1AB DATA AND RESULTS

SAMPLE: REM 6-6 | |
. ™ .
DIMENSIONS: 5.89" x 5.92" x 7.13

SHEARING AREA: 34,87 in® -
HORIZONTAL -CONFINING PRESSURE: O psi

¢

TEST TEMPERATURE: 25°F
DENSITY: 2.6 gm/cc.
MOISTURE CONTENT: 2,2% -

LOADING RATE: “w—

-

REMARKS

e

!

H
" NO APPARENT STRENGTH RECORDED

KO
k] v v

"R

t

Sample remoldeaifrom
thawed fragments of SAM 1-6

Prepared @ 0°F

‘majntained at 0°7 for 3

days; temperature
inecreased to 25°F;
held at 25°F for 7 days.

¢

»

% - no reading taken

0 -

e mer e cpem e sy
\
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TABLE D-23 LAB DATA AKD RESUIZS -

SANPLE: REI 1-It - .. TEST TZPIIKTIRE: 2507
DLELSIONS s 3.975" x 3.98" x 6.5" ' ‘ DEISITY: 2.8 /e,
SHEARING AREAs 31,64 in® ‘ HOISTEPZ 20NTZNT: 9.97
_jﬂomzozzi’AL COHPINING PRESSURE: 0 psi ‘ : ° LOADII; 287Z: 15k pei/zin
LINE SHEAR L0AD  SHEAR STRESS  VERTICAL | VA ‘ REARYS
PRESSURE ‘ DISPLACEVENLT , _ _
- psi 1b psi %10 24 ¥ ) —
0 0 0 0 ] Saaple remolded  from
a . «
50 1,030 32.5 19 . trawed ‘razments of ZAL 1-&
§ 100 - 2,060 —— 65,1 29 ;
150 3,090 97.7 51 . : Prepared 2 0°7
\—@ 200 b,120 130,2 — 71 naintained at 992 for
| 250 5,150 162.8 92 : dav733  “emperzture
b 300 6,120 195.3 120 irereased to 25°7; _
n 350 - 7,210 227.9 143 rel2 at 25°7 for 7 d2-z,
400 T 8,240 . 260,4 17° J4ra3ztY failtre: 392 pai
450 49,270 , 292.9 217 e .
B7s - 9,790 309.3 » % - no readinz takén
h 4 ‘ ; -
fory
N M N Ly
" o
- ’

O S
Y

A i

o

.:\.
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L"id
PANH

> mA”Lu D-24 1AB DATA AYD 2

oo LTS,

. SALPLE: qﬁ 2l
DIIENSIONS: 4,00" % 3,805" % x 6,5"

SHZARTIS ARZAs 30,40 in?

~

* TEST T PZRATURZ:

T n0ISTURE qontz’ys 12. 7

N -’ LA A Ty, - R A 4 - po o v oo
DR R wai LS 1 it i W e MR 3D
{ .
, ‘

2507

OE;’SITY: zm/cc.

HORIZONTAL COLFINIIG PRES3URE: 50 psi LOADIIG RATE: = 2
LIVE SHZAR LOAD  SHEAR STRZ3S  VERTICAL ' REVARYS £
PRESSURE. ‘ DISPLACE!ENRT ! ‘ e
nei_ ~ 1 psi 10 34in o
0 0 0 o pe
50 1 030 33-8 o s ‘
100 2,060 ! 67.7 % Sample remolded from
150 3,090 101,5 66 thawed fragments of SAi 2-L [
200 h,120 135,3 &3 . i
250 5,150 169,2 96 o ;
300 6,150 203,0 102 ) Prepared 2 077 |
350 7,210 236.8 112 Eain 05 eopm 2 L
100 8:21’,0 2907 _ 129 mainfained a* 977 for 3 g
k50 9,270 30k, 5 : 123 days; temperature z
00 10,300 336, 1 —= so 0, "
250- 11:%30 /?]23 teo _ increased ;co 2:°7; /5
200 12,360 106,0 174 held a% 2§ ? for 7 davs,
0 1 90 11. .8 o 19 o ~ ° 4 1 o a4
780 113,’: 120 h;g,? i 202 Stress 2 failure: 5&3 31
F R S 2 .
850 ,\( 17:510 275.2 - 251 » - 1o reading taken
900 18,540 609,1 276 . -
950 , 19,570 62,9 311 - | ~—
~ ' '«
~ Y s,
z a‘f»;:.: )
- ' :
. “ ) %




E:..

AN

SANPLEs ‘REi1 3-4

SHEARING AREA: 30,00 in
HORIZOITAL CONFINING PRESSUREs 100 psi -

- DIMENSIOHS: 3.775" x

TABLE D-25 DATA AND RESULTS _ s

3.975" kX 6.5"
L2

TEST TE.PERATURZ: 2507
_ DENSITY: 3,0 ==/cc,

#OISTURE COLTENT: 10,17 -
LOADING RATE: 200 psi/min 4

LINE HEAR LOAD S‘IEAR STRESS VERTICAL BEZLARYES
PRESSURE ) i DISPLACEVELT
psi 1b psi x10 31n
0 0 0
50 17630 3k, 3 10- Sample remoided from
1% 2,900 o5 2 thawed fragments of SAL 3-b
200 L,120 137.3 L
250 5,150 171.7. : 4 A0
300 6,120 s 206,0 26 , Prepared 2 0°F L
50 7,210 240,3 76 mainiained at 097 fo= .3
ugg g‘ggg %gg:g~ gg ’ dayss -temperature
ggg i 10,300 3&3‘2 10k _ inéreaged to 25°7;
11 330 h 3?70 113 — ) ‘ ’ A + o M Sl
600 12, 350. k12,0 120 held at 2577 Zor 7 days )
650 13,390 L46,3 136 Stress-? failure:601 psi
700 11#,420 L4&0,7 154
750 15,450 515.0 178 ) .
800 16,480 549,13 200 » - no reading .taken . ﬁ?*
850 17,510 583.7 % 221 ¥
875 12,020 600,8 . o

|
-2T1-

- e *
| b tihlbnitiird b s s s s i ot s o b st g i R i e T A NN
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7

SAIPLEs RE b=l

ﬁgxz: 3I0U3s 3.

965"

-

b 3.7;2" 3(

Wl e S
:M- }lt ‘,-45. -“

TABLZ

D-26 1AB DATA AND RIZILTS

7.5"

~F

g

SIZARING ARZAs 30,00 in - - MOIZTIRT COLTENT: TH.75
HORIZONTAL CONFENILG PRE3SURE: 0 psi (/ LOADINS RATE: 302 psi/ain
~lilgrgo .
" LINE 'SHEAR LOAD  SHEAR 3TRESS VERTICAL . REJARYES
PRESSURE -~ DISPLACZMENT o :
psi 1b psi < x10™%in
0 ° 0 Y 0 0 Sample remolded from
50 1,030 34,0 ‘ 3 ° .
- 100 2,060 6e.6 7 e @hawe frasments of SAY 1-€
150 3,090 - 103.0 - 3 o
200 ,120 137.3 12 e 5 A0 .
250 5:150. 1717 1L Prevared 2 077 . -
300 6,180 206.0 1 maintaired at 0°7 for 3
. ,210 2"1’0' 19 - =% L o
288 g'zuo 27u.% 21 da/s~ temperature
450 9,270 309.0 23 | nereased to 25°7;
500 10,3200 343,3 25 . e 5O o A
550 11,330 377 .7 30 slivat 2577 for 7.dayd.
. 600 12,360 12,0 34 - 3tress 2 failure:70L poi
650 13,390 h6, 37
700 15,420 L&o,E LL
750 15'1"50 515.0 t 50 . \ A
800 16,430 549,3 5% N
850 17,510 563.7 6L ’
900 18,540 618,0 73 ; '
950 19,570 © - 652,3 83 5 -
1,000 . 20,600 686.7 95 &
1,025 21,110 703,8 105 ]

Lde. . ¥

PN




vy

‘W"@n b -t R TP ‘H“":‘:‘I Q) ;m Y. 7 R ;e
bl L7 5. «.;_“;.sm»iw S jf’ i _..... -y w/« u.i‘.'&n" ',":1’;“ - .;”fo’ h—"" s, SRR

=2

st 4 P ]
- T TABLE D-27 1AB DATA AlD RESJLTS J B n
. ; ] . L - - - . °
SAMPLE: REH _5-U » ~ . TE3T T PERATIRZ: 25’3:;
4 * " > i T . 8 [ - ) - .
" DIMENSIONS: 374" x'3,91" x 6.125" - : - DENSITY: © 2.9em/ec,
_ SHEARING AREA: 29,25 in® T e _ " 0ISTURZ: COMIZNT: 9,27
HORIZONTAL COi:iFIiilNG PRESSURE: 50 psi ' . LOADINZ RATE: 4140 psi/min’ .
- h ‘ ..
LINE SHEAR LOAD  SHEAR STRESS YERTICAL . - °  exzanRys
" -PRESZURE / DISPLACZIENT '
psi 1 . psi . x107%in | . ' \
0 0 0 o : ] uamvle remolded “rom
50 . 1,030 . " 35,2 & ~ thawed fragments o< . ,
'o100,. 2,060 70,1 - 37 ‘ " 9 SA41 2-%, [same.as RI 4-5)
150 3,090 105,¢ . 62 - ) o
200 . 4,120 . 140,3 S92 o ¥ " Prepared ? 0°7
' - , { .
250 - 5,150 176.1 | 130 G S . maintaified at-7°7 ‘or 3
300 A 6,180 ° 211'3 1€0 ° X darrss  temperature . a

450 ~ 7,210 2h6, 5 20¢ »

_incr@aﬂeﬂ +o 2597,
Loo ~8,240 281.,7

- 234 : held 2t 250:' cor 7 dayss

i
450 - 9,270 316.9 289 I Stress ?.failure:317 psi
. - ‘ 1
2 -
- | ot
; o £ -
: i
- N - ®

. ' s
o e e Bt 2 s SiskPRAE R

Man W dlase L wasrefEd
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TABLE D-28 1AR DATA ALD RESULTS

X

,/ékyPLE: RE 6-L - ; — TEST TEZPERATURE: 2507 - -
DIZENSIONS: 3.98% x 3.835" x 6.375" DELSILY: 2.9 zmfec.
SHEARIIC AREA: 30.53 in2 A ; " LOISTURZ CONTENT: 9,17 ]
HORIZONTAL COIFININZ PRESSURE: 100 psi - LOADLS RATE: » ,
LINE 3HZIAR LOAD  SHEAR STRESS  VERTICAL ' RELARKS

" PRESSURE DISPLACEME:!T , .

psi _1b _psi xlO-Bin N
0 0 .0 - 0 «
50 1.020 . 23.7 i Sample remolde¢ froa
100 2,060 7.5 .
150 31090 101.2 o thaved fragments of o ’7/
200 ,120 134.,9 = 13 . . SAM 3-6 (same ag REX 5-4)
250 5,150 168,7 .15 K
300 5,180 . 2020 23 . - . o o
350 . 7,210 236,2 - 29 ' Prevared 2 077 .
f * ! /
%@8 5:%28 582;2 22 maintained at 0% for 2/ .
'ggg ig.ggg & 33’1/11* l;? : days; ‘temperature /o
. . ¢ . 71. . S 0=,
600 * T2:360 ’ Lou,g 6L ) _ . increased to 2577
ggg %3 328 ﬁggg gg : neld at 25%7 for 7 days.
’ - L ) ess 2 fali :£ £]
750 15,440 = 506.1 99 Stres ' ailure:475 pel
) goo 16,280 539,8 34f1 ‘
B 50 17,510 : 573,5. C1ho ’ . A
: - 900 'fa 18,210 5073 137 v # = 10 reading taken ' !
950 19,570 641,0 185 , ' o A
1,000 20,600 . 67,7 218 . >, s

T
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TABLE D-29 LAB DATA AND RESULTS i
. ZAIPLZ: RZY 1-2 TEST TEIPZATIE: 2507
DIIEISIONS: 1,075" x 1,29 % 2" DENSITY: 2.6 gn/ce.
SHEART: "~AR7A » 7.6 JHRISTURE COLTENTy 12,07
HORIZOMTAL CO.."I::Ii"s PRES3URZs O psi LOADL: ZATZ: 115 pai
—  1LINZ 3¥ZAR LOAD  3HEAR 3T23ISS.  VERTICAL RETARYS oo
' PRE33URZ - DISPLACE: =i
— psi 1% psi xlor 3;‘m .- : y
- 0 0 y 0 0 Sample remolded from
- : 15 _ thawed frasments of ZAL 1
50 1,030 13%.1 : (same as REH b-k)
100 2,060 276t 3 Prepared 2 0°7
150 4,090 T 57 . #zintained at 0°7 for 3
| 7L rlays; temperature
o
200 4,120 552,3 i increased to 2507
o~ . ~ T held a+ 25%7 for 7 daus,
| ' ~ Stress ? faillure:552 psi j/,
{ v
¢ - )
\ . ) | . .
- \ [y i |
O
— [}

ikt e nadiiC sl

P
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TABLE D-30 LAB DATA AiD RESULTS n ‘ w

4

a5 v

%7

R T

SAYPLE: RE! 2-2

DLIENSIONS: 1.775" % 1.985" x 8*

SHEARING- AREA: 7.05 in®

DEI3ITYs
©0ISTURE COLTENT: 6.3%-

TEST TE PEZRATURE: 2507

2.7 gn/ce.

*®

held at 25°F for 7 davs.
Stress ? failures292 psi

'» - no reading taken

'
f
|

! ~

f

2
O

HORIZONTAL CONPINING PRESSURE: 50 psi LOADING RATE: f ;5
< b
P
LINE SHEAR LOAD SHEAR STRESS VERTICAL REARYS {
PRESSURE DISPLACEMENT
psi 1b psi x10"7in n
i
’0 0 0 0 P Sample remolded from i
50 1,030 146,1 28 - thawedéf?agments of by
—_— ) SAlT 2- same as REX 5-b o
100 2,060 292,2 56 ™
- ‘ Prepared 3 0°7; :
- ' maintained at 0%°R for
~E‘days; tempera“ire -
e ) increased to 25°F;

cmrt
———
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TABLE D-21-1AB DATA Aiip RZSULTS

-

P S - - . . L. .
R T SRR T S LAY R o e .
VA A }'f.)‘“ 4 RN "‘:’,4 70

. .k&.‘m.ﬁ_‘.& P TAS -3 VLY sl

57 S =«
2 IOt MRS A -

0

SAIPIE: REI 3-2 - ™ gmst TE:PERATURE: 250F _

DIIENSIONSs 1,97" x 1,84" x 8" ) ) JEFSITY:
2

SEEARING AREA: 7.25 in s ' MOISTURE COLTENT: 11.37
HORIZONTAL CO:FINIIG PRESSURE: 100 psi . LOADI{S RATE: 2-
LINE | SHEAR LOAD  SHEAR STRESS  VERTICAL - \, REUARES
PRESSURE DISPLACEMENT : :
pei 1b pei x10™2in V & Lo J .
0 | o C 0 o - : _ Sawple.remowlded from -
. . ’ 7 \ ";‘ [ -
50 1,030 41,0 ~ 31 . thawed fragnefits of
— - - N . SAIT 3-6 (same a2g 2E_E-L)

75 1,540 212.1 xﬁ& £ ‘ : -
: - srervared at Gor;

nairtained at 0°7 ¢or 3
g

e

dayz;

Fl

@

temperaturg increased.to .

o - ' _0..
f( : . 25773

teld at 2503 for 7 days,

N T -
= Stregs 2 failure:212 vpsi
o - » - no reading taken
e . AR
¢ -
i)
—_ B ®

~

[ T

s
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TABLE B~1- G2AI; SIZE AGALYSIS -
SAZPLEs REN 1-6 L .
YZIZHT OF 3AIPiZ: 500 rm . «
§
r.s, PIIIR  SIZVE JRICUT AT, 3IEVS T, SOIL DIA0TUT CUITIATIVE CZanIoe
‘' SIZVE  E5® OFENLIG, OF SIZVI 4+ 30IL (STAINED ZIDTAILCD PoRAIUT ~1.0En
" WUIBE! {ma) (=m) (=) —1) ZETAINID
= Iy ! 24 539,4 570,54 1,0 =,20 .20 1.2
o o o 2,37 . 531,8 550,7 1%.,9 3,70 11,92 8,02
14 17 1.19 Ls3,5 ueL, g 30,7 €.1h 12,12 £1,88
° 300 . 27 .595 108 .4 L67.,9 595 11.90 20,02 £9.97
50 1.0 L .297 21,4 Lgé Iy 75.0 15,00 heg,02 5L ,98
70 £z .210 y 363.3 hoo,0 36.7 730 52,3F L7 gL
T &g o) 169 3545 "3F7.L 32.9 €.52 52,0k - 11,06
200 270 o7k 238.2 b11,2 73.0 1k, £0 73 .5k 2¢ kg —
’325 V223 Lo 329,k Lo2,0 78.% 15.72 9,24 10,7k
Loo’ G0 027 3877 b3zl £0,7 10.1h no,"0 D
Al - - 376.1 379,1 7.0 D 100,00 -
a 3 @
] \
, ‘
[ PR TR SRR RIS S S N Y - b ¢

-p2t-
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. ®
/000 O 100 O /00 7Q o/ o/,
v - o/
s 0Z W
og ™
: N R
. \ oy u
) 1] - - M
. . os 2
. f/ . _ ®.
. o9 <
» - oL w
7] N ~
{f/ o
™ o6
N oor
. ) N
TIN/S NUQIWY FSYVOD | -FAN/S ANTITIW | FEYVOD IV WwWrIgIw 1WWS\QU NOILY IIAISSYI D) 4
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TABLZ E-2 GRALL SIZE ANALYSIS . (
SNPLEs SpH 1 v . B

WEZIGHT OF 3AITLE: 500

a }
r.s, 7LIR SIZVE >EIU1T JT, SIEVZ 4T, SOIL PEIRCIEIT CUINLATIVC CZnIIT
. SIzE  .ToE t:ﬁir: 0T\SIEVZ + 30IL ZETALLZD  ZITALLED 0 FIRCINT TICZ7,
| (RULEER . (m (\<|) (= () 2ZTAINID ’
Al ! '.74 585.5 heL3 9.27  “9.37 ¥0.73
2 ¢ 2,07 559.2 ' 27 .0 5,08 1,75 £5.25
1€ 14 1,19 ! Lt g 32,0 - 6.41 21,16 - - 7FEh
0 50 .595 IMERD LEE T 52,4 11.68 32,50 £9 ,1F

7
70.6 . 14,13 16,97 53,03
3.3 £.86  53.23 17,17
. 32.0 6,40 £0.23 39.77
' 67.3 - 13,47 73,70 2£.30

Q
¢
N
R
(\)
[
<
)
[9)N
N
O
W
0
-3
-
av

(=Y

QO ~N I\
to] (o)
g —
O ~N
I3 b
[ nNy
= O
TN ~ .
€
0 =
N N
= =Y
= Ry
W &
o )
N AN
L ]
- <

[
Q
l\)
O
Q
-~
W
2
«Q
*
AN
-
s
o
N
(¥t

o

S W
o
W
]
)
N
\
2
W
N
Ne!
w
.
™
W

3.2 16,65  90,3¢ 3,45,
. 00 100 027 397.7  k32,L bg,7 - 9.1 90.%9 -51
- DAL - - 3761 377.5 2.0 Ve 99,97 - T
| - ) ‘ -
| _
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M T

SAND

SILT

CLAY

CLASSIFICATION, COARSE

MEDIUM

FINE |COARSE \MEDIUM

FINE

COARSE ]

MEDIUM

FINE

/oo

\

N

70

~

g

PERCENT FINER BY WEIGNT

20

10H:

\.

0

ro

'FIGURE E-2 GRAIN SIZE ANALYSIS

o/ 0.0/

DIAMETER IN MM,

LY

SAM 16—

A

o o0/

0 o000/

»

‘i.,“t" X



SAMPLE: SAM 2-6

YEIGHT OF SAIPLEs 500.m.

TABLE E-3 ZRAIL

U.s, TYIZR
SIZVE Ut

IiUT.BER

OPEIING

YUEIGHT VT, 31IZV=

0r 5IZVE + 5010

(zm) (m)

T,

B
ol o

30IL TIRCIUT
SmATC
P

()

AL lAL LT

rge ey AT wrpt
PRI S

bt Yo brhilend

- wd st St -

S A mye——

PSSR FPY

i B
DN W -

[ ]

Wy \Q =
(o2 e IR ] O\'O&f .

5
1¢ 109
200 270
J25. 222
oo . LoD
PAL -

539.0 _ 537.7
531.,¢ sl 1
hs3,7 gl 2
" 408, 5 gl 7
21l 501,92
362.9 10,5
358.3 327.0
.33¢8.2 20,5
329.3 3776
387-7 hob07
376.0 Loc,p

0.7
12.5
30.5
L¢,3
70,5

LE,&

k2,7
2.3
47,3
17.0

22,7

SO ¥
2 KAl
F.75.
£.02

3!:.15

,
e

o ¥
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—_— ) ‘ ¢ ,
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M T SAND S/ILT CLAY .
CLASSIFICATION| COARSE | MEDIUM] F/INE |CORRSE | MEDIUM | FINE |COARSE TmeomallEme B
. » A
. . o0 Sy 7
. ” ‘N\ . .11 ‘ +
8o h *
. N
3 » . J\
-~ m . N | | | -
3 o 3§
3 i \N
% 50 A P
§ o '
5 i
g [ T
: )
& 20 .
- 1 b “ v
/0 - ; .
T o r0 . o7 o.0/ 0 00/ 0 ooo/ i
, DIAMETER IN MM, )
. . 1
. \ K\Q 5
. FIGURE E-3 GRAIN SIZE ANALYSIS N
i
SAM 2-6 . ~
. - [,
. N } e
- B ./ He
e A~ R T R P t i
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f TABLE E-U . ZRAII SIZE ALALYSIS J T
SAPLEs SATT 3-C _
YWZIGHT 02 SATPLE: 500 zm

\

QJ

WEICHT  JT. SIE/Z T, 30IL

PR Y a bk Femer T AT T Aren
TERCENT CUTILA :

:
.5, Z2IR OIZVE

SIZVE [E5%  OPELILe OF SIZVE + 50I. 23TAILED  XSTAILGD DPIR0IT o
NUMBER (mm) (=m) () (=) 2ITAINID
L h, kol 52,1 sh1.7 2,¢ 052 b,52 99 b7
P 7 2,37 531.5 539.1 7.0 1.52 2,0k 97.9¢
/16 11 1,19 k53,6 M7 13.7 2.7k 70 95.22
3 2" \595 = 107 L 1522 13,R P76 13,58 B4 16
50 1o 297 21,1 hoL," 75,0 15.0" 20,42 71,37
20 rs 210 362,20 lhol.) 30,5 7.70 36,32 63,67
100 175 J180 35l 2, e 7.0 7.8 13,00 56,20
200 200 L07%  330.3 ha2t 0 1507 A7 60,9t 39,04
325 ”i’??f“’ oL 3201 301, 1.7 12,30 73,27 24,72
1,00 Loe ,n77 307.7 I09," 22,1 L2 78,70 22,30
TAT - - 375.0 Lo b 111.5 22,30 100,00 — -
~
Y

=92t~

—



PERCENT FINER BY.WEISHT

bt oMt <

e
¥ -
“MLT SAND . SILT CLAY
CLASSIFICATION| COARSE | MEDIUM FINE “|COARSE MEDIUM FINE COARSE |(MEDWwm | F/INE
00
ey
Nﬁ\‘q -
” L
N,
80 <
. - 1l 7 ’
70
L
« N
[ ] - i4
B0k \\
N
401 +H -
» \L »
.'V
20
g ] )
_ /o
0 /0 ¥ o/ o.0/ o o0/ 0.000/.
JDOIAMETER IN MM \
FIGURE E-4 GRAIN SIZE ANALYSIS
——— 1
SAM 3-6 s 7 .
I -
J?“ »




SAIPIE: SAl 1-k

WEIGHT OF SAITLZ: 250

CTABLZ E~§ ORALI SIZE ATALYSIS Ce

1 N .
~— —

(.5,  T®IR SITZVE YEIGHT +° T, -3TIVE 9T, 30IL TIREIUT  CUINIATIVE TIITC
SIZVE [El¥ PELING OF SIEVEe¢ ¥ 30IL ZEITAICED  AIZTAILED  PIR0ITIT 132 1
LU BER (mm) (=m) ) o (™) . 2ZTAILID
L ' v 71 539.2 _532.2 0 - P! [ - )
O C::l 2|§C 53107 53108 i -1 ,ObrK ! o"OLJ' ’ LT *99096
16 17, 1,19 .- 1453,8 L55,3 1.5 - /0 Tk 99.3%4
30 1 .595 bot,s. b2 ,2 15.7 5427 6,91 93.09-
50 10 .297 1,6 hss,3 33.7 13,07 20,3% 79.%2
70 ‘= .210 .9 387.0 2L 1. 7.63 30.01 69,99
100 120 , 180 e 37,7 T. 2b,3 . 9,71 39,72 £0,2%
. 200 220 o7k J35.5 301.7 53.2 21.2f 60,57 39.02
;o328 220 L0 329.5 376.5  b7i0 v 12,78 79.7¢ 20,20
) 00 Lon L0327 30747 hol,lr 13.7 . 5,b7 n5.23 1h,77-
DA - e - 376.1~ 13,0 36,9 _1k,75 . 100,00, -
& e — S . r’ ’ ’
T { e@b ¢
- i
- TTe—— H
B o , N
N ) ° (e o]
. o ]
! -~
~ 2
- — o
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PERCENT FINER BY WEIGHT

g B
. .
»
M T — SAND Siner CLAY
CLASSIFICATION| COARSE | MEDIUM | FINE |COARSE [MEDIUM | FINE |COARSE MEDIUM| FINE
/100 .
"‘—«wh = _
%0 .
8o
704
60 \
50 = -
40
a —
3a
20
. y N |
" . 3 1
10 10 . or o.0r - o oo/ o ooor
DIAMETER IV M. - —_ B
FIGURE E-5 GRAIN SIZE ANALYSIS
. SAM 1-4 ‘ * )
b - > L

Dl oy

e 3 s et el e

PN




v g VI - . ~
- S . TABLE E-6 .- GRAI! SIZE ANALYSIS )
_ SAMPLE: SAN 2-b ‘ \ B - R {
. > . } N
WEIGHT OF 3AIPLE: 250 gm , o _ : :
iy i
* /
.S, TYIZR SIZVE HEIGHT JT. BIZVET YT 30IL PIACITUT CITILATIVZ DZ2CIT i
SIEVE [E3Y  OPEIILG OF SIEVZ + S0IL XZTAILED  RITAINZD  PEDOIUT 7102
NUMBER (mm) (=m) (zm) . - (=) 2TTAILED ’ -
) L Let | 539.2 539.2 . 0 0. S0 100,00
P s’ 2,30 . 531.6 531.6 0 0 0 100,00
'16 1./' 1.19“ L"5308 Ll'slcly' ) 3.6)‘3 \1 ll'"“' 1510“‘“' 98056'
3 20 .595 bOP 16,0 37.6  15.05 16,49 - 23,51
50 ho ,297 21,6° k55,9, 3,3 13,73 30,22 69,78
e 70 £5 o <210 363.0 380,04 17.4 .95 37.17 - 52,82
100 100 R 35,5~ 370.1 15,6 5,20 . h3lk2 56.5%
200 | 200~ L07h 338.5 372,° .3 13,73 L 57.15 0 h2.Es
325 225 0N 329.5 377.9  TWRLL 1932 7€.53 23,47 .
400 0% ,077 367 .8 32,6 L, 6 17,93 CooLk,nE - 5,50
AT - - 364,88 . 377,5 13.8 5.52 100,00 ~ - - .
- 1
3 . u .
J - o
. 1
. A
- ~
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pes

T Y V2 e T e T g,

¢

N Vd
- .
] ~
M T SAND SILT CLAY
CLASSIFICATION| COARSE |MEDIUM | AINE |COARSE [MEDIUM | FINE |COARSE | MEDWM | FINE
100 A - .
N \;
\ 90 2 — o
. N ,
;. ]
§ 70 1
w »
X
G \ ) )
¥ 50 — N —
<
Q ool }
s B ’
g 30
8 1 ~
Q 20 . !
/0 \l .
/0 7.0 o/ 0o/ 0 00/ 0 000/
ODIAMETER IV M, —_ -
. FIGURE E-6 GRAIN SIZE ANALYSIS .

SAM 2-4

)

——
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L ) : " TABLE E-7 GRAIN SIZE ANALYSIS
~SAMPLE:s 3Al; 3-DL . ) -t -
YEIGHT OF SAIFIZ: 250 -=m -
» _— 4
u.s. T7132 SIZVE YEIZIT UT. 3IZVE WT.-30IL DIERCIUT CUTILATIVZ CINCIUT
SIZVE [E3¥  OPELTIC OF SIZVE + 30I- . RETALLED RITAILID TI2037 ~1.22
NULBER (mm) - (zm) (rm) () 2Z7TAILNDO
N ' L, 70 539,1 539,1 0 0 "0 100,.6C
p ., 2,3° 531 .4 532.,6 1.2 JME - LE 99.52 .
1€ 14 1,19 bs3,8  —Us5bk.9 1,1 Ll .92 99,08
30 2" 525 hog,s 420,3 11.8 bh,72- 5,60 - oLy, 3£
50 1o ,297 421,55 450,73 28,8 11,54 17,17 f2,82
70 ‘r .210 362.9 3L, 5 21,6 8.66 25,00 74,16
100 100 Ao sk % 377.3 22.9 9.12 35,02 €L, 9f
200, 270 07! 330.5 £ 390.3 S1e” 20,76 55.77 bl 22
32 72 LON -329.,6 ~_  365.5 " 35.9 1k, 29 70,17 29.83
LOO hon 027 377.7 402,7 1,9, " 5,07 7.1k 23,54
DAY - - 36,7 Lol 2 59.5 23.0L 100,00 -
—_ _ e i -
{

§
s
\¥)
N

|

/]
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SAND

ST

CLAY

CLASSIFICATION| COARSE

MEDIUM

FINE |COARSE \MEDIUM
1

FINE

MEDIUM

FINE

- . /00

COARSE

N.‘*

80

AV

70

\

\

PERCENT FINER BY WEIGHT
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/0

o/ !

DIAMETER IN MM

FIGURE E-7 GRAIN SIZE ANALYSIS

SAM 3-4
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APPENDIX F .

SCHEFFERVILLE TESTS:
GRAIN SIZE ARALYSIS

~134-
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TABILE F-1 SCHEFFERVILLE TESTS: SHEAR TEST DATA 7 %
" ‘ 3
SAMPIE: Middle Iron Formation - ;

RATE: 0.090 in/min : AREA = 6" x 6" |
NORMAL CONFINING PRESSURE: 100 psi TEMPERATURE : 70?F é
SHEAR ‘ LOAD _ SHEAR REMARKS §
DISPLACEMENT READING LOAD o
in L 1b . (
. 0 0 0 %
.050 - 33 . 267 Using Proving Ring ;
“150 53 1232 # 3964nand a conver-
.200 : 61 1418 sign factor of
.250 68 1581 23.25 1b/division.
«300 72, 1674 ¥
_«350 . 74 . 1720, Shear stress at
400 77 1790 failure: 57 psi
450 78 1813
«550 79 1837
650 - .80 1860
.750 80 1860 o
.950 81 1883 = /
1.150 82 1906 ' -
1.250 - 83 - 1930 \
1.350 ﬂ 8k 1953
1.450 . 85 1976
1,550 86 19999 T
1.650 . 86 19999
\ 1,750 87 2023 \ !
1.850 87 ° 2023
1.950 88 | ° 2046
2.'050. 87 | 2023

2,150 ) 87 2023 }




|

I. < a a

| ‘ ) - TABLE F-2 SCHEFFERVILLE TESTS: SHEAR TEST DATA |,
- . ¢ - ' ! .

-7 SAMPLE: Middle Iron Formatién :
RATE : 0.09/0 in/min’ T © - AREA = 6" x 6"
NORMAL CONFINING PRESSURE: 100 psi L TEMPERATURE: 70°F
- SHEAR LOAD SHEAR  _ .- REMARKS .. »
DISPLACEMENT  READING LOAD -~
in - . J6 \ .
0 -0 0 | ”
.10 bs - 1046 Using Proying Ring
o .15 : 58. 1348 . # 3964 and a conver-
e «20 - .86 .- 1'534" sion factor of
N T .ow2 167 23.25 1b/division
S 75 174k :
R © .35 77 1790 . Shear’ stress at :
<50 B 78 P 1813 failure: 51 psi f
45 78 1813 o :
30 o 78 1813 . | ; g
- -~ ko . 78 1813 o 3
' <70 ‘ 79 1837 ’
.80 79 ' 1837 .
90 79 1837 ~ | '
1.00 79 . 1837 :
\ 110> 79 1837 ° |
1.20 79 1837 :
1,30 - 79 1837 ¢ §
1.40 78 18?3 o ?
1.50 77 "1790
= 1,60 " 76 1767
: 1.70 75 1744 _
Te L 180 L 75 1puk |
1.90 75 174 ‘ _
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R \
S "
Ty, . ; |
. | TABIE F-3 SCHEFFERVILLE TESTS: SHEAR TEST DATA
) \
- SAMPLE: Middle Iron Forma\%ion
" RATE: 0,090 in/min . AREA = 6" x 6"
. | NORMAL CONFINING PRESSURE: 200 psi : TEMPERATURE: 70°F
SHEAR LOAD SHEAR . REMARKS
) DISPI@ﬁEMENT READING  LOAD B
i 1ib .
0 0 0
.03 5% 1279 . Using Proving Ring
_ 06 77 1790 "# 3964 and a conver-
09 92 2139 | sion factor of
W11 . 99 2302 23.25 1b/division.
S : 111 2581 ( ‘
21 - 139 3232 Shear stress at
' ~ ' 2 147° . 3418 failure: 111 psi
29 158 3673
- 164 3813
.37 | 166 3859
.39 167 3883
| - RN 167 . 3883 i -
: .5l . 168 3906 ’ SN
T L6k 168 3906 ‘
7l 169 - 3929 )
\ e 170 3953 \
.9k 170 3953 ’
1.14 169 3929 v
A ' 1,2k 169 . 3929
’ -1,k 168 3906
1.54 168 3906
- , 1.64 167 . 3883 /
1,74 165 3836
& 1,84 162 ° . 3766
: 1.9% 158, 3673 -
k4 , 1,04 156 3627
2,14 155 3604

2.24 154 3580




O

TABLE P4 SCHEFFERVILLE TESTS:

-138-

SHEAR TEST DATA

SAMPLE: Middle Iron Formation

-~ RATE: 0,090 in/min -
NORMAL CONFINING PRESSURE: <6g.psi

AREA = 6" x 6"
TEMPERATURE: 70°F

SHEAR

. LOAD SHEAR . REMARKS
DISPLACEMENT  READING ~ LOAD T
in 1b -
0 0 0 ‘
.037° #O 1860 ﬁgin% Eﬁ?&ing Ring -
.070 200 4650 # 3964 Ad a cohver-'
.110 250 5812 sion fdctor of
, 170 300 6975 23.25 1b/division.
.225 330 7672 e
- .310 342 7952 ' Shear stress ag
. 360 342 7952 failure: 222 psi.
S 410 342 7952
.60 341 7928
.510 340 7905 v
« 560 340 - 7905 )
v .510 339 7882 " -
.910 330 7672 '
1.110 322 7486
1.310 312 7254




—

&

TABLE F-5 GRAIN SIZE ANALYSIS

SAMPLE: SCHEFFERVILLE TEST- : .
MIDDLE JRON FORMATION -

WEIGHT OF SAMPLE: 500 gm

}

—_—

' u,s, TYIER SIEVE  WEIGHT WT, -SIEVE WP, SOIL_ PERCENT CUMULATIVE PERCENT
SIEVE MESH OPENING OF SIEVE .+ SOIL . RETAINED" RETAINED PERCENT FINER
NUMBER (mm) (gm) (gm) : (gm) .RETAINED

16 14 1,410  823.2 828.5 5.3 1,06 - 1,06 - 98,94
60 60 0,250 710,2 '845,8 135.,6 27,12 28,18 . 71,82
80 80 0,177 7045 742 b 37.9 - . 7.58 35,76 6l , 2k
140 150 0,104 716.6 -  77L4.6 . 58,0 11,63 47,39 52,6t
200 200 0,07%  702,6 743.5 ©ohoig 8,18 55.57 bbby
270 270 0,053 69846- 732,6 34,0 6.79 62,36 " 37.64
325 325  0.0kk  696,8 736.3 39.5 — 7.89 70,25 29,75
- PAN - - 680,.4 843,7  _ 148,8 29,75 100,00 -
i )
) o 4
"

-6£1-
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PERCENT FINER BY WEIGHT
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FIGURE F-1 GRAIN SIZE ANALYSIS
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