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SYNOPSIS

It was undertaken tO'determipe the effect of a single freezing
and thawing on the strengtlh and compressibility characteristics of a
compactved local clay. The soil samples were Trozen in a ciosed system
so that during the freézing process no external source of water was
available to the soil. Of‘particula% interest were the results obtain-
ed when‘the moulding moisture content was less than, equal to, or exceed~
ed the opﬁimum moisture content for the compactive efforts used. Two
.different compactive efforts were considered.

Sufficient samples were compacted using standard Proctor compac-—
tive effort, and also using modified Proctor compactive effort, to per-
mit identical tests on sets of samples subjected to the one cycle of
freezing and thawing, and on sets of samples not subjected to the freez-
ing, for the two compactive efforts.

One dimensional consolidatién.and undrained.triaxial tests
including unconfined compression tests were used to indicate the changes

in strength and compressibility characteristics caused by the freezing.
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CHAPTER I

INTRODUCTION

With the increase in knowledge of the influence of compaction
on soil properties has'come &8 better appreciation of the'advantage of
its use;l

Such factors as sizé and shape of mould, support of mould,
magnitude and distribution of compactivg effort and method.of sample
preparation etec., have been shown to have an effect on the properties
of a compacﬁed clay. . | |

Work done by Proctor2 demonstrated the effect that the size
of mould has on compaction results. The variables in Proctqr's sfudy
were:

1. A 5% 1b. tamper dropped 18 inches for 25 blows on each of 3 equal
soil layers in a 1/20 cu. ft. container. I(l2,375 ft./1b. per cu.
ft.) |

2, A 5% 1b. tamper dropped 12 inches for 25 blows on each of 3 equal
soil layers in a 1/30 cu. ft. container. (12,375 ft./lb. per cu.

ft.)
Using the 1/20 cu. ft. container gavé a maximum dry density
of 92.5 1b, per cu. ft. at a moisture content of 25.0_percent. Values
for the 1/30 cu. ft. container were 98.0 and 21.0 respectively.

Ray and Chapman3

performed a series of tests to measure the
influence of the type of support on the resulting maximum dry unit
weight and optimum moisture content. The tests were made with the

mould (&) resting on a concrete floor, (b) resting on the middle of

& stout wooden table, (c) resting on a steel plate placed on the table



and (d) resting on a 213 lb:;Weight. Ray and Chapman concluded that
the results of the standard compaction test for a given soil depend
to & small extent on the effective mass of the base on which the test
is performed. With grester compactive effort the difference in re-
sults increases, |

Lam'beh showed that differenceé in compactive effort affect
the maximﬁm dry density and optimum moisture content of a compacted
soll., The reSults of Lambe's work indicate that with increasing
compactive effort the maximﬁm dry density increases and optimum moi-
sture content decreases. |

The effect of the type of compactive effort has been investi-
gated by Seed‘and Chans. Seed .and Chan limited most of their investi-
gation of a compacted clay'to static and kneadiﬂg'compaction as these
are the common methods of compacting a‘clay soil., The results of
Seed and Chan's work, as'regards method of compaction, are too lengtﬁy
to discﬁss in this thesis, but it can be said that the method of
'compaction affects to some extent the proﬁerties of a compacted clay,
and could ﬁe significant for the pfoperties investigated in this study.

The method of preparing the eompaction sample has been investi-~
gated and the results publishea by the Highway Research Board, Bulletin
No. 316. The effect-of air drying eompared to oven drying the soil,
and the effect of recompaction versus the use of separate portions of
the sample for each point on the compaction curve, were studieq. The
results of these.studies indicate that for the soil tested there is
little dlfference between recompacting air-dried and oven-dried samples

with regard to the molsture-dry unit welght relatlonshlp. It also shows

that the continued recompacting results in greater maximum unit’weights




and lower optimum moisture contents than were obtained from a single
run.

Although only a few factors affecting the moisture-dry unit
weight. relationship have been discussed, and even though some factors
have little effect on final values; it must be realized that an accum-
ulation of the effects of these factors can greatly influence the
final moisture-dry unit weight relationship and meke repeatability of
results difficult., '

vDiscussions of the properties of a compacted clay usually
center around the term "clay structnre". The term "clay structure"
is used to describe thelarrangement of soil particles and the electrie
forces between adjacent particlee. The structure theory of.soil bew-

' haviour helps considerably in explaining measured soil properties,
According to LeonardsG, the‘direct evidence to eupport'this theory is
unfortunately scanty.

Differences in structure.resulting from compection can have
a pronounced effect on tne engineering properties ofla compacted clay.
Seedvand Chans, investigated the effect of structure on shrinkage,
swelling, swell pressure, stress deformation characteristics, undrained
strength, pore water pressures;’etc.

It was observed by Lambe8 that samples compacted dry of optimum
shrink less than samples compacted wet of optimum.

Unfortunately the influence of structure alone on shrlnkage is
not made apparent by Lambe's work, since samples of equal dens1t1es
compacted vet and dry of optimum have both dlfferent structures and
different water contents. However, Seed and Chan clarlfled thls

effect by allowlng the compacted samples to soak at constant volume




before measuring shrinkage. The results of this type of test have
shown that samples compacted dry of optimum exhibited less shrinkage
than samples compacted wet of optimum.

Seed and Chan5

havé observéd that samples compacted dry of
optimum show higher swelling pressures and greatér swell percentages
than do samples of thé same densify compacted wet of optimum. The
reason is thét some of the water entering a compacted specimen during
swelling is required ta simply fill the voids, as distinct from water
absorbed by the soil during the swelling process. Thus samples com=-
pacted wet and dry.of oétimum (and having different structures) will
show different increases in water content due to both of these effects.
Samples compacted dry of optimﬁm will show increases in water content
due to both water being absérbed by the soil and by water that is
entering the voids. Samples compacted wet of optimum will show an
increase in water content that is mainly due to water entering the
voids. Seed and Chan5 state that a marked increase in swelling ten-
dencies of samples compacted dry of optimum is readily detectible.-
The influence of soil structure on swelling preésﬁre has also
been studied by Seed and Chans; Results of thesg investigations show
sampleé compacted dry of optimum exhibit greater swell pfessuies than
samples of the same final composition compaéted wet of optimum.
Structure affects stress-deformation characteristics to the
following extent. Samples compacted dry of optimuﬁ have initi;lly a
steep stresé-stréin curve with only a slight increase in stress being
developed dftgr about 5 percent str;in. For éamples compacted wet of

optimum, & much flatter curve with a generally consistent increase in



resistance to deformation up to strains as high és 25 percent is ob-
served according to Seed and Chans.

The influence of structure on the undrained strength of soils
depends on the deformation criterion adopted as a basis for strength
determination, Sced and Chnn prepared two samples at the same water
content and density (after soaking) but with different structures. At
25 percent strain both samples reached about the same ultimate strength.
However, at 10 percent strain, samples compacted wet of optimum were
evidently weaker than samples compacted dry of optimum.

Research into the effect of structure on pore water pressures
has indicated that during the early stages of a test particularly, the
samples compacted wet of optimum generated greater pore pressures than
samples compacted drf of optimum. However, at high strains both struc-
tures exhibit appr&ximately the same pore pressuress.

Although the work of Seed and Chan and others ié ﬁore extensive
fhan the above mentioned, only certain aspects have been couéhed on be=
cause theyfare the most pertinent to this thesis,

,This thesis extends some of the work done by Seed and Chan by
examining the effect of frost action on the strength and compressibility
properties of a compacted clay.

Previous laboratory investigation usually consisted of a soil
sample being frozen uniaxially in a frost cell and being supplied with
an external source of water, and subsequently thawed. Haleygh, Takagilo

and Kaplarll showed the above noted freezing procedure resulted in the forma~-




tion of ice leﬁses due to moisture redistribution during freezing and
strength loss upcn thaving. |

The methﬁd of freezing the soil samples in thié thesis program
was to freeze them triaxially in a closed system. This particular
method of freezing was adopted for expediency of the testing program.
Also, freezing triaxially in a closed system is the simplést type of
freezing process. By freezing the samples ip the manner stated (tri-
axially in a closed system), the effect of frgezing and subsequent
thawing is studied. If samples werc frozen in the customary mahner,
the effect of moisture redistribution, freezing and subsequent thawing
is examined. Freezing samples triaxially in a closed systeg eliminates
the effecﬁ of moisture redistribution due to water migrating into the
sunple. |

Because of the important effect of soil structure on the pro-
perties of a compacted clay associated with-diffe?ent compactive efforts,
two sets of soil samples, compacted to diffefent compactive efforts,
were studied., The details of the differeﬁt compactive efforts are given
‘in Chapter III.

Since the effect of frost action on the strength and‘compressi-
bility properties of a compécted clay were to be studied, it was neces-
‘ sary to conduct triaxial and consolidation tests. Two sets of consoli-
dation tests were required for each compactive effortf One set of tests
was performed on samples in the "as compacted state" (unfrozen samples),
and another set of tests was performed on identical sanples that had under-
gone one freeze-thaw cycle (froéen samples). The moisture content of a
compacted clay also affects its properties aﬁd therefore samples at
different moisture coﬁtents were examined. The moisture contents were

2 and 4 percent dry of optimum, optimum, and 2 to percent wet of optimum




for each sét of sumples. This gave a total of 20 consolidation tests,
Triaxial tests were run on semples (frozen and unfrozen) at

the same moisture contents and compactive efforts as mentioned above

with cell pressures of 0, 15, 30, 45 and 60 PSI. This resulted in a

total of 100 triaxial tests for the compactive efforts studied.

Since the number of combinations of influencing factors such
as compactive effort, subjection to one freeze-thaw cycle or no sub~
Jection to a freeze-thaw cycle, moisture content and cell pressure

result in such a large number of tests beiﬁg TUn (100 triaxial and 20

‘consolidation tests for 2 compactive efforts) the author decided to

examine only one type of soil.




CHAPTER ITI

PROPERTIES OF SUBJECT SOIL

The soil used in this study was obtained from a highway con-
struction site located at Highways No. 8 and No. 101 on the outskirts
of Winnipeg, Manitoba.

This particular soil was selected because it was being used in
an gctual earth fill structure, that would bé subject to frost action.
The results of this paper could be used in-a future evaluation of the
earth fill performance.

The soil showed the following properties as obtained accdrding |
to Procedures for Testing Soils, A.S.T.M,lz. .

Specific Gravity - 2.75(A.S.T.M. Reference Number D58)-L'I2 )

Liquid Limit. 82.5(A.S.T.M. Reference Number Di2312 )

Plastic Limit 28.5 (A.S.T.M. Reference Number Dizh1Z )

Plastic Index 5k (A.S.T.M. Reference Number Dhokl2 )

M.I.T. Classification Grain Size Percentage of
. Linits Subject Soil
(Millimeters) Within Grain

Size Limits

Gravel ‘ 2 - 100 0

Sand 0.06 - 2 0
Silt '~ 0.002 - 0.06 22
Clay Less than 0.002 78

Using‘the Unified Classification System and the Plasticity Chart, .

Figure 1, the soil would be classified as a CH type soil, or a highly

plastic inorganic clay.
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CHAPTER IIT

EXPERIMENTAL PROCEDURE

It should be noted that "frozen" in this thesis denotes all-
round freezing in a closed system. .Zero cell pressure denotes an
unconfined compression test. The author found that fo reproduce samples
of a given moulding moisture content and dry density, the following sam-
ple preparation technique had to be strictly followed.

A. SAMPLE PREPARATION

Approximately 450 pounds of air dried soil was prepared for the
Standard Proctor compaétion test samples. An additional 450 pounds of
air dried soil was prepared for samples compacted with 4.5 times the
compactive effort used in the standard Proctor test. For the purpose of
this paper, the L.5 times étandard Proctor compactive effort samples will
be referred to as modified Proctor samples, although the combaction tech-
nique for the latter differed from that of A.S.T.M. D1557.

| Following the air drying of the soil, it was crushed to 3/8 inch
size and smaller hsing a Braun Chipmonk crusher. After crushing, the air
dried soil was sieved for not less than 15 minutes on a No. 4 size U.S.
sieve, using a mechanical sieve shaker. Only material passing No. 4
seive size was used in the compaction test. The material retained on the
No. 4 sieve was discarded. The material passing the No. 4 sieve was
quartered in 4 bins, A, B, C and D. After quartering 450 pounds of soil,
approximately 475 grams of material was taken from each gin, A through D,
giving a total of 1800 grams of soil per sample. ZEach 1800 gram sample
was then further dried fpr 2k hours:at a temperature of approximately 84°F.
The sample was then sieved for 5 minutes on a No; 20 size U.S. sieve using

the sieve shaker. The percent passing No. 20 was recorded as a means of

ensuring that the samples were relatively homogeneous. After 10 trials,

11




4 . 12
the average percent passing No. 20 sieve size was found to be approxi-

| mateiy 33 percent. Therefore, all samples used in the testiné procedhre
contained approximately 33 percent matefial passing No;-ZO sieve size.
It should be noted that the percent material passing - a given sieve size
refers to clusters of barticles, not to individual particles. The use of
the No. 20 sieve size and the 5 minutes sieving time were an arbitrary
choice by thg author, but found necessary to ensure ﬁniformity of material.
Distilled water was then added by means of an applicator consisting
of a bottle Qnd perforated cap to each 1800 gram sample of air dried soil |
in the appropriate amount to give the desired moisture content. Allowances
were made for the moisture content of the soil remaining after'the drying
at 84°Ff
The mixture of dried soil and distilled water was than allowed to
cure fér approximately 16 hours in a moist room, then compacted by either
standard Proctor compactive effort or modified Proctor compactive effort
(4.5 times standard Proctor compactive effort). For the staﬁdard Proctor
samples, A.S.T.M. procedure D-698-70 Method A was followed, utilizing a
~4 inch tapered mould and a Rainhart mechanical tamper. A 3.14 square Iinch
secfor—face:ramméé was used in conjunction with the Bainhaft mechanical
tamper. For samples cémpacted to modified Proctor compactive effort, the iii
A.5.T.M. procedure D-1557-70 Method A was used, but with several changes
being émployed. _Firétly, the Proctor sample was compacted in 3 1lifts not
. 5, and secondly each iayer received 42 blows as opposed to 25 as detailed
in A.S.T.M. D=1557 Method A. Using the 10 pound ram and 42 blows per layer
for each of 3 layers resulted inxa compacﬁive‘effort of 55,700 foot pounds
per cubic foot, as compared with 12,375 foot pounds per cubic foot for the
standard Proctor compactive effort, §r 56,250 foot pounds per cubic foot
for the modified Proctor, A.S.T.M. procedure D;1557-70 Method A.

The pﬁrpbse of using three 1lifts per mouldvfor the modified Proctor
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samples, compared to five as called for by A.S.T.M. D=-1557-70 Method A,

was to facilitate sample preparation for thé triaxial and consolidation
tests. For the ﬁodified Proctor samples compacted dry of optimum, it was
found that the 1ifts separated upon extrusion from the Proctor mould. The
separated lifts were too short, when 5 lifts were used, fo give triaxiali
samples of at least 2.80 inches réquired for testing.

The conéolidation samples used in the testing'program were
initially approximately 0.75 inches in height (the height of the cutting
ring was 0.75 inches). The 1ift from which the consolidation sample was
cut had 0.20 to 0.30 inches of soil trimmed from both top.andiﬁottom to
eliminate any extréneous effects that might possibly have been generated
at tﬁe intersection of two adjacent lifts.

If the soil'samples were compacted in 5 lifts, a lift‘thickness of
0.9 inches would result. Subsequent trimming would yield a consolidation
sample of 0.275 inches in thickness. Although a sample of 0.275 inches in
height is not impossible to work with, it is much more difficult to use
than a samplé 0.625 inches in height, and less accuracy is obtained using
the thinner sample. |

For the previously stated reasons the author.opted for a 3 lift
sﬁecimen rather than a 5 lift specimen for the modified Proctor samples.

After the compaction process the moisture content of each specimen
was determined using A.S.T.M. procedure D-2216. It should be noted that
for each mould 15 to.20 grams of soil was taken from the edge of the sample
when the moisture content was determined. The dry density was then cal-
culated uéing A.S.T.M. procedure'D—698-70. Moulding water content versus
dry density curves were then drawn.

The compacted samples were then wrapped in Saran Wrap, waxed and
stored in thé moist room until they were used for eithef triaxial or con-

solidation tests.

R .




B. TRIAXIAL COMPRESSION TEST s

The strength paramefers C and ¢.are important in many analyses
and can be ohtained relatively easily and quickly by using unconsolidated,
ﬁndrained triaxial compression tests. Therefdre,‘these tests were used
in this atudy.‘

The triaxial samples tested”in the undrained unconsolidated state
were prepared by simultaneously pressing three 1.4 inch diemeter (0.07
inch wall thickness), braés cutting tubeé into the top of a specimen
The sbil sample was extruded from the cutting tube by forecing a 1.360
inch‘diameter piston through the cutting tube. ' Eﬁlfﬁ

Cutting tubgs were used as opposed to cﬁtting the samples with
a wire séw because at the lower moisture contents crumbling became a
problem if a wire éaw*was used. By employing greased cutting tubeé,
three samples could be obtained simulataneously from oné Proctor mouid‘
in a relatively short period of time, thereb& reducing any possible moi;
sture loss. Trimming by means of a wire saw could introduce the possi~
bility of the samples losing moisture during this prbcess. Immediately

after extrusion from the cutting tubes, the samples were wrapped in

Saran Wrap, waxed and stored in a moist room for not less than 5 days
to allow dissipation of stressses possibly brought about by theycompac-
tion and extrusion processes.

The cutting tubes were h.inches in length, resulting in all three
lifts initiaily being part of thg triaxial sample. The final lengths of
the samples were 2.80 inches + 0.050 inches. There are two reasons for
choosing a 1eng£h of 2.80 inches. Firstly,'it is generally recognized
that the length to diameter ratio (L/D ratio)'affects the strength
characteristics of a triaxial sample since long samples, that is, samples

with a large L/D ratio,‘may fail by buékling. In view of the buckling
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phenomena, Bishop and Henkel state that a range of L/D ratios of 1.5 to

2.5 is usually satisfactory to minimize the buckling effect. Therefore,

A

triaxial samples used in this testing'program had L/D ratios of approxi-

(2.8 inches)
(1.4 inches)

minimize the possibility of failure by buckling. " The second reason for

mately 2:1 which is within the stated range of L/D ratios to
choosing a sample length of 2.80 inches is related‘to the densities of the
individual lifts. It was found thatuthe average density of the. top and
center lifts was closer to the average density of the Proctor sample than was
the average dénsity of center and bottom lifts. Therefore, the four inch
cutting tubes were forced completely throu@ﬁ fhe top and center lifts and
partially penetrated the bottom 1ift giving a sample initially about 4 inches
in lepgth. Immediately prior to a sample being tested, 0.5 inches of soil
was trimmed from the top 1ift and 0.7 inches trimmed from ﬁhe‘bottom 11fe,
resulting in a specimen approximately 2.80 inches in length. Such a specimen
was compésed of'approximately 90 percent soil from the top and center lifts
and 10 pércent soil from the bottom 1lift, which resulted in a density best
approximating the average Proctor sample density. o
After the soil sample had been trimmed to length, its dimensions and
weight were recorded. The sample was then placed on the base pedestal of
a triaxial cell. It should be noted that a nonporoué metal spacer sep-

arated the soil sample from the pedestal. The spacer was used to eliminate

‘the possibility of soil being forced into the drainage grooves invthe

pedestal, thus fouling the cell. Also, without the use of the spacer,
the samplé could be considered to'be partially drained and partially
consolidated Sy the fact that air in the drainage paths could be com—
pressed by air or'water'escaping from the sample upon application of
sufficient deviator stress. The.triaxiai sample was then covered with
two greased membranes. The second membrape was employed because of

the crumbly nature of the samples. A single membrane could be
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easily punctured by a particle of soil during testing. The membranes
were held securely sasgainst the cap and pédestal by ‘means of rubber O
rings and elastic bands. The triaxial cell was fitted on the base,
and the loading piston was—then brought into contact with loading cap
and ball. The entire triaxial cell was then placed in a loading frame.

The loading fraﬁe was a Leonard and Farnell variable strain
rate hydraulic drive unit. It was noted that this uhit did not provide
a constant rate of strain, but rather a rate:of strain which increased
with time. To ensure that every sample tested was examined at approxi-
mately the same strain rate, the initial rate of strain was the same
for each sample. This initial strain was 0.167 x lO-h inches/second.
The average strain rate was found to be .481 x 10_3 inches/second. It
was imporfant that the ioading yoke was brought into contéct with the
piston and the test started as soon as possible after the initial strain
rate was established. Load dial readings were taken at strain incre-
ments of 0.01 inches ﬁntil the load diél readings peaked and then de-
creased in magnitude. If the load dial readings did not peak but
increased at a decreasing rate of increase, the test was continued until
the percgnt strain reached approximately 26 pgrcent (0.72 inches).

Samples were tested at different confining pressures of 0, 15,
30, 45, 60 PSI. The samples tested at zero cell pressure (unconfined)
did not require rubber membranes, and these were omitted.

The desired celi pressure was maintained by the use of compressed
air. Since the samples were tested in an undrained condition, the dura-
tion of the test was invthe order of 10 to 20 minutes, depending upon the

cell pressure and type of sample » (standard or modified compactive effort).
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Both unfrozen samples and samp}es that had been subjected to
one freeze-thaw cycle were prevared and ﬁested in the manner previously
described. The method of freezing the triaxial sampies was the same as
.that described in Section B of this chapter with one exception. The
individually prepared triaxial samplés were frozen, not the entire
Proctdr mould as was the case with the samples frozen for the one
dimensional consolidation test.

C. CONSOLIDATION TEST

The purpose of performing consolidation tests was to provide a
means by which to detect changes in a compacted clay caused by freezing.
The changes caﬁse@ by the freezing and subsequent thawing will be re-
flected in such parameters as coefficient of permeability, coefficient
of compressibility and coefficient of consolidation, etc. These pafa-
neters are suitable only for comparison purposes because one of the
governing assumptions for consolidation theory as derived by Térzaghi 14,
was violated. This was the assumption that the porous media (the com-
pacted clay) must be fully satufated.

" The following sample preparation procedure was followed for the
consolidation test on unfrozen samples.

After having a sample coﬁpacted to the desired moulding water
content and dry ‘density, the center 1ift of the mould was cut out and
0.2 to 0.3 inchés of soil trimmed from both the top and bottom of the
1lift. The pﬁrpose of trimming the lift'was explained in Part A of this
chapter. The selection of the center 1ift of the Proctor mould resulted
from the finding that the bottom, center and top lifts did not generally
have the same densities. The center 1lift was fouhd to have a density
less than the bottom 1ift and more than the top 1lift. A second reason

-for choosing the center 1lift is that it is bounded on both faces by a
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soil-scil interface as opposed to the bottow 1ift which ﬁés one soil-soilv
- interface and one soil-air interface after extrusion from thé Proctor
mould; or one soil-soil interface and one soil-metal interféce during the
compaétion'process. Similarly the top 1lift hasvone‘soil-soil interface
and one soil-air ihterface. It should also be noted here that the top
lift of each mould was éubjected to a form of remoulding that neither the
center or bottom lifts were subjected to; namely the trimming of approxi-
mately 1/8 inch of soil from the top of the 1ift prior to extrusion from
the Proctor mould. 'For these reasons it was decided to use the center
lift of any‘appropriate Proctor mould for use in the one dimensional
consélidation tésts\because the author believed that the center 1ift had
been subjected‘to the most uniform,éompaction process.

AFéllowing the preliminary trimming of the‘centér lift, a lightliy
greased cutting ring was centered on the 1lift and the 1lift circumferen-—
tially wrapped with masking tape. The purpose of wrépping the 1lift with
tape was to provide lateral festraint for the soii so it would not tend

to crumble in front of the advancing edge of the cutting ring. If the

5

~sample were allowed tp crunble, it was found that large éir voids were
created adjacent to the inside edge of the cutting ring. Althqugh these
air voids could be Jpatched" with soil from the trimmings, patching
‘could be affected only on the. surface of the qonsolidation sémple and
large voids would still exist along the sides of the sample. The exi~
stence qf these air voids due to crumbling would give rise to erroneous
subsequent calculations such as initial wet density and initial’void
ratio. Crumbling was found to be most prevelent in samples compacted
dry of optimum, particularly in the modified&éample_compacted 4 percent

fdry of optimum. o



The top of the cutting ring was covered by a circular metal
plate and the ring wasglowly advanced tovits full height into the soil‘
by means of a mechanical piston pushing on the cover plate. Soil was
then trimmed from the top and bottom of the cutting ring to facilitate
seating of the porous stones. The sbove noted trimming process resulted
in & sample that had both top and bottom faces trimmed and therefore
both faces exposed to the same remoulding process brought abéut by the
trimming. The ring and wet soil were then placed immediately over a
saturated porous stone which was centered in‘a consolidation dish. The
top of the sample was fitted with a porous loading cap and steel ball.
This resulted in the soil sample being drained from both top and bottom.
A strain dial (0.001 inch divisions) was attached to the consolidation
dish via a loading yoke'and set to some initisl reading on the frame.

A load of 0.5 1b. (0.083 tons/ftz) was then applied through a
lever system to the sample by meané of a weight placed on the hanger.
After 2 minutes from the time the weight was put on the hanger, dié-
tilled water waé added to the dish in sufficient quantity to only par-
tially-submerge the sample. The distilled water used to partially
submerge the sample came from the same source as the distilled water
used to abtain the moulding water content. After the sample had com-
pleted the swelling process, which occurred after the partial submer-
gence, it was completely submerged with distilled water. Pressures of
0.154, 0.297, 0.5T4, 1.156, 2.302, L4.593, 0.5711‘ ton/ft2 were then sub-
sequently applied. Since different loading frames, with different lever
arm factois were employed, varying pan loads (hanger weights) were used
to obtain the above mentioned pressures. After the application of the

first pan loéd, subsequent pan loads were twice the previous pan load.
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Subsequent pressures were applied only affer the sample had reached 100
percent consolidation under the previous oressure. The condition of 100
percent consolidation was ascertained from the usual plots of strain
dial readings versus time as detailed in Leonards Foundation Engineering7.
Strain dial readings were taken at the following intervals after the
application of any one pressure, 15, 30, 60 seconds, 2, 4, 8, 15, 30, 60,
minutes 2, 4, 8, 24 hours and then once per day until the sample reached
100 percent consolidation.

After consolidation had been completed under the final pressure
the soil sample wés removed from the consolidation ring and oven dried.
Following removal fromvthe drying oven, the ring and dry soil were weighed.
Having the necessary weights and measures, and the time for 50 percent
consolidation as calculated usiog the Casagrande logarithm of time method
based on plots of strain dial readings versus log of time as detailed in
Leonards Foundation EngineeringT, the following consolidation chéradteri-
stics (as customarily defined) were evaluated for the various moulding
water contents and correspondiné dry densities: void ratio, coefficient
of consolidation, coefficient of compressibility, coefficient of permea-
bility and preconsolidation pressure.

Sample preparation for the samples tested after one freeze-thaw
cycle was identical to the procedure used for the unfrozen samples. The
method of freezing the samples was to suspend the entire waxed Proctor
mould samplevin a burlap sling in a conventional freezer for a period of
2k hours. The purpose of +{he burlap sling was to ensure circulation of
air around the mould and therefore guarantee three dimensional freezing.
The temperature in the freezer was +6°F.' After the 24 hour freezing

period, the frozen moulds were allowed to thaw.

20
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Three dimensional freezing, that is'all around freezing as
corpared to uniaxial freezing, in a closed system was employed for the
following reasons. Three dimensional freezing was the simplest form
of freezing and the most expedient to useAih this study.’ If uniaxial
freezing were used in either an open or a closed system, moisture’
redistribution would affect the results. Since the purpose of this
paper was to explore the effect of freezing on a compacted clay, not
the effect of moisture redistfibution and subéequent freezing, uniaxial

freezing was not appropriate as a method of freezing the samples.
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CHAPTER IV

OBSERVATIONS AND RESULTS

In the following text, the results of the one dimensional

consolidation tests and the undrained triaxial compression tests are

examined and pertinent observations made regarding the strengﬁh and
coméressiﬁility characteristics of the compacted soil under investi-
gation.‘

Due to the large number of one dimensional consolidation tests

and undrained triaxial compression tests, the author has, in some in~-

stanées, presented a typical example of a particular relationship or
characteristic being examined, and the change in this property due to
one freeze-thaw cycle. If certain properties were studied for each
individual test, the time réquired to compile representative diagrams
and tables would prove prohibitive. B |
The reader should note that the term "frozen sample", when used
in this transcript, refers to é soil sample that has been subjected to .

one freeze~thaw cycle and not to a sample in the frozen state.

A. GENERAL -

The dry density moulding moisture content curves for the two
different compactive efforts are shown in Figures 2 gnd 3. These curves . .
were determined by running a series of compaction tests. Utilizing the
optimum moisture contents obtained from the twb sets of compaction tests,
the moisture‘cqntents at 2 and L peféent wet and dry of optimum were
determined ahd plotted as shown inAfigures 2 and 3. Figure 2 shows that
the soil, when compacted to standard Proctor compactive effort, has a

maximum dry density of 86.9 lb/ft3 at an optimum moisture content of

29.6 percent. Figure 3 demonstrates that the same soil when compacted
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to modified Proctor compactive effort attains e maximum dry density
of 102.0 lb/ft3, at an optimum moisture content of 21.6 percent.

B. TRTAXTAL COMPRESSION TESTS

The results of the undrained triaxial compression tests and
comments regarding the effect of one freeze-thaw cycle on certain soil
properties related to triaxial compression tests are presentéd in the
following discussion.

'Mohr—Coulomb envelopes were constructed for each series of
frozen and‘unfrozen, undrained triaxial compression tests for samples
at varying mouiding moisture contenﬁs compacted to standard and modi-
fied Proctor'compactive efforts., The above noted Mohr-Coulomb envelopes
are shown in Figures L through 13.

A summary of strength parameters C and ¢ for samples compacted
to standard and modified Prﬁctor efforts is presented in Tables I and ITI.

The symbol @ signifieé the angle of internal friction. -The k -
symbol C denotes the shear streés intercept.

Plots of cohesion'versﬁs moulding moisture content for unfroien
samples and samples subjected to one fréeze—thaw cycle, compactgd to
standard Proctor compactive effort at varying moulding moisture contents
are shown in Figure 1hA. The points rlotted in FigurevlhA are cohesicn
values 6riginating fr&m the best-fit tangent lines utilized in the con-
struétion of the resﬁective Mohr-Coulomb envelopes, Figures 4 through 13.
The decrease in the unfrozen cohesiop due to one fieeze—thaw cycle was
plotted and is presented in Figure‘;hB.

Figure 14A indicates that the freezing and thawing process in-
duced a decrease in the cohesion of unfrozen samples throughout the range
of moulding moisture contents that were exaﬁined. It should also be
noted that the cohesion for unfrozen and frozen samples decreased with

increasing moulding moisture content.
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TABLE I
SUMMARY OF STRENGTH PARAMETERS C AND @ FOR FROZEN AND
UNFROZEN SAMPLES COMPACTED TO STANDARD PROCTOR COMPACT=~

_ IVE EFFORT.
MOULDING MOISTURE CONTENT (PERCENT DRY OR WET OF OPTIMUM)
PARAMETER 4% 2% 2% 4%
DRY DRY OPTIMUM WET WET
g°
UNFROZEN . . 6.5 4.0 .500 600 . 3.0
@° - .
FROZEN 6.0 4.0 ’ 4-0 e 5.0. 3.0
(1]
C PSI :
UNFROZEN 36.0 30.0 22f0 14.5 ‘13.0
C PSI o |
FROZEN 30.0 24.0 17.0 10.0 6.7
TABLE II

SUMMARY OF STRENGTH PARAMETERS C AND @ FOR FROZEN AND
UNFROZEN SAMPLES COMPACTED TO MODIFIED PROCTOR COMPACT~-
IVE EFFORT.

MOULDING. MOISTURE CONTENT (PERCENT DRY OR WET OF OPTIMUM)
PARAMETER
4% 2% - 2% 4%
DRY DRY OPTIMUM . WET WET
@° o ' R
UNFROZEN 39.0 34.0 ' go.o 12.0 4.0 R
@° | |
FROZEN - 39.0 34.0 . 19.0 12.0 5.0
C PSI : . \ B
C PST » -
FROZEN 25.0 38.0 ..66.0 | 57.0 44.0
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Figure 14B shows that the percent decrease in cohesion due to one
freeze-thaw cycle increases with increasing moulding moisture content.
The percent decrease in cohesion was based on the cohesion decrease
divided by the unfrozen value of the cohesion.

Similar plots for unfrozen and frozen samples at varying mould-
ing moisture contents compacted to modified Proctor compactive effort
are presented in Figures 15A and 15B.

Figure 15A demonstrates that the cohesion for unfrozen samples
and sémples exposed to one freeze-thaw cycle reach a maiimnm value near
the optimum moisture content and then decrease on the wet and dry side
of optimum. The decrease in cohesion, from the maximum value at the
optimum moisture content, is greatest for samples compacted on the dry
side of optimum. Figure 15B shows that the percent decrease in the
unfrozen cohesion is zero at L percent dry of optimum, approximately 5
percent for samples at 2 percent dry of éptimum, optimum, 2 perééﬁg'ﬁet“
of optimum, and 20 percent for samples at h perceﬁt wet of opfimum. The
percent decréase in the unfrozen cohesion was calculated as previously
detailed for samples compacted to standard Proctor compactive effort.

A plot of the relationship between the anglelof'internal friction
and the moulding moisture content for unfrozen and frozen samples at
varying moulding moisture contents compacted'to standard Proctor effort
was drawn and is presented as shown in Figure 16. Although there is |
some scattér apparent in Figure 16 it may be said that the change in the
angle of internal friction due to one freeze-thaw cycle is negligible
for any given mbisture content.

A similar plét was constructed for frozen. and unfrozen samples

at varying moulding moisture contents compacted to modified Proctor
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compactive effort and is shown in Figure 17. From Figure 17, we may
conclude that the change in the angle of internal friction due to
one freeze-thaw cycle is negligible for any given moisture content.

The above discussion indicates that the strength parameters
C and @ for samples compacted to two different compactive efforts are
affected by one freeze-thaw cycle in a closed system. The effect of
a freeze-thaw cycle on the strength parameter C was readily detect-
ible, however, the effect of freezing on @ appears to be negligible,

\The unconfined compressive strength of a soil sample is of
particular interest because this figure is often used as a design
criteria. For this reason, the relationship between the unconfined
compressive strength and the moulding moisture content for samples
compacted to both Proctor efforts was examined.

Figure 18A shows the relationship between the unconfined com~-
pressive strengths and the corresponding moulding_moisture contents
for frozen and unfrozennsamples compacted to standard Proctor compac-
tive effort. Figure 18A demonstrates that the unconfined compressive
strengths for‘unfrozen samples and samples exposed to one freeze—thawv
cycle decrease with incréasiﬁg moulding moisture conteht.

Figure 18B demonstrates that the ?ercent decrease in the un-
confined compresaive strengths due to one freeze-thaw cycle reaches a
maximum between the moulding moisture contents of 2 percent dry of
optimum, and optimum, for samples'compacted to standard Proctor com—
pactive effort. ' Similar plots were constructed for samples cbmpacted
to modified Prbctor compactive effort and afe presented in Figures 19A

and 19B.
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Based'on Figure 19A, we may conclude that the unconfined com-
pressive strength moulding moisture content.relationship for frozen
and unfrozen samples compacted to modified Proctor compactive effort
is approximated by the shape of the usual dry density-moulding ﬁoisture
content curve, with the peak occurring at the optimum moisfuré content.

Figure 19B sets forth the percent decrease in the unconfined .
compressive strengths, due to one freeze-thaw cycle, versus moulding
moisture content for samples compacted to modified Proctor coﬁpactive
effort. Figure 19B indicates the unconfined strength loss increases
from O pércent at 4 percent dry of optimum to a maximum value at a
moulding moisture content of 2 percent wet of optimum, and thence de-
creases.

The percent loss in the unfrozen unconfined compressive strengths
§ue to one freeze-thaw cycle for a given moisture content was based on
the loss in streﬁgth over the unfrozen strength.

Alsummary of volume change upon freezing, and therefore a change
in density (decrease), and percent loss of unconfined compressive
strengths at corresponding moulding moisture contents is presented in
Table III. |

Table III indicates that for samples compacted to modified Proctor
compactive effort, the greatest percent decrease in unconfined com-
pressive strength occurred at the same moisture content that displayed
the greatest increase in volume due to freezing; namely at a moulding
moisture content of 2‘percent wet of optimum. This, however, was not
the case for samples compacted to standard Proctor compactive effort,

For samples compacted to standard Proctor compactive effort, the greatest
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TABLE III .
SUMMARY OF PERCENT CHANGE IN VOLUME AND PERCENT LOSS IN UNCON-
FINED COMPRESSIVE STRENGTH DUE TO ONE FREEZE-THAW CYCLE FOR
SAMPLES AT VARYING MOULDING MOISTURE CONTENTS COMPACTED TO
STANDARD AND MODIFIED PROCTOR COMPACTIVE EFFORTS .

COMPACTIVE EFFORT | ==
MOULDING
MOISTURE STANDARD PROCTOR . MODIFIED PROCTOR
CONTENT
$ DRY OR |
WET OF % VOLUME 2% STRENGTH % VOLUME 2 STRENGTH
OPTIMUM ‘ CHANGE CHANGE CHANGE CHANGE
(INCREASE) (DECREASE) (INCREASE) (DECREASE).
4 3
RS 2.295 27.5 0.0 | 0.0
2% 0.824 | 35.2 0.008 . 15.6
DRY £ ] . L ] - . L ]
OPTIMUM 0.775 34.9 0.839  25.0
2% -1 0.135 23.9 1.613 31.0
4% : 0.422 17.0 0.96 20.0 v
WET :
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loss in unconfined compfessive strength occurred at a moulding moisture
content which did not render the largest volume change upon freezing.
This apparent difference in behaviour may reflect possible differences
in soil structure generated by different compactive efforts,

Figures 20, 21 and 22 show the rélationship between the deviator
stress and percent strain, the 01/03 ratio and the percent strain and
the major total principal stress and percent strain respectively for
frozen and unfrozen samples compaéted to standard Proctor and‘modified
Proctor compactive efforts.

The déta presented in Figures 20, 21 and 22 were provided by
samples compacted at optimum moisture content and tested at a confining
pressure of 30 pqunds'per square inch. Although somewhat different
curves are obtained for samples compacted at different moulding moisture
contents and tested at different cell pressures, the graphs are, in the
author's opinion, typical of the relationship that each of the individual
curves represent. There is, however, one set of triaxial test results
that do not conform to the relationships presented in Figures 20 to 22.
This set was compacted at 4 percent dry of optimum usiﬁg the modified
Proctor compactive effort. It was found that the samples at 4 percent
dry of optimum compacted to modified Proctor compactive effort displayed
relationships which are opposite to those presented in Figures 20 to 22,
For example,‘at a given percent strain the deviator stress for the fro-
zen sample exceeds the deviator stress for the unfrozen samples. This
is éxactly the opposite to what Figures 20 to 22 present. A more de-

tailed discussion of the previously mentioned graphs is pfééented below.
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Graphs 20A and 20B show how the deviator stress changes with
applied percent strain. The deviator stress, as used in this paper,
is defined as the difference between the major total principal stress
and the minor total principal stress. Both graphs 20A and 20B show
that at a given percent strain, the deviator stress for samples ex-
posed to one freeze-thaw cycle is less than the deviator stress dis-
played foé unfrozen samples. It appears from graphs 20A and 20B that
the decrease in the deviator stress‘due to one freeze-thaw cycle is
approximately uniform after 3 percent strain and that the curves for
frozen and unfrozeﬁ samples have the same general shape for both stan-
dard and modified Proctor compaction that was examined.

Figures 21A and 21B are curves showing the typicél relation-
ship bétween the stress ratio 01/05 and the percent strain. The
guantity 01 is the major total principal stress and 05 is the minor
total principal stress. From the graphs we see that one freeze;fhéﬁ:
cycle generally decreases the Oi/Og ratio at any given gpplied strain
for both the standard and modified Proctor compactive‘efforts. It dlso
appears that the general shape of the 01/65 curves is not appreciably
altered by one freeze-thaw cycle. , /

The felationship between the major total principai stress, 01,
and the percent strain for both standard and modified compactive efforts
is presented in Figures 22A and 22B. Similar to the ébove noted relation-

ships, the OI versus percent strain curves are affected by one freeze-
thaw cyecle. For a given percent strain, the'unfrozen»major total prin-
cipal stress decreases after freezing and subsequent thawing. The

general shapes of the curves sppear to be unaltered after one freeze-~

thaw cycle.
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The maximum major total principal stress, the maximum ratio of
the major total principal stress to the minor total principal stress,
and the maximum deviator (total stresses) stress are of particular
interest for the following reasons. The maximum major total principal
stress is used as an indication of the ultimate strength of a soil at
a given confining pressure. The maximum 0&/0% ratio and the maximum
deviator s;ress are used as failure criteria. The above mentioned
quantities (for the standard and modified Proctor efforts) were there-~
fore plotted against cell pressure and the results are presented in
Figures 23 through 28. It should be noted that an element of distor-
tion is introduced in Figures 23B to 28B. The distortion originates
in the percent change concept. For example, Figure 23A shows the
difference between frozen and unfrozen results seem to be independent
of cell pressure. The difference expressed as a percent willvshow
an increase because the devisor of the percentage is getting smailé%.i
The results of the zero-cell pressure triaxial tests (unconfined)
significantly differ from confined testsand for this reéson have been
separately discussed.

Figure 23A shows a family of curves for unfrozen and frozen
samples at vafying moﬁlding moisture contents compacted td modified
Proctor éompactive effort representing the relationship between the
maximum Oi/OE ratio and the various cell pressures. This plotvimplies
that for a given cell pressure, the maximum Oi/Oé ratio at a particular
moulding moisture content is less for frozen samples than for unfrozen
samples. Furthermore, Figure 23A also indicates that for a given celi
pressure, the maximum 01/0% ratio’increases with decreasing moulding
moisfure contents. It was observed that the maximum 0;/0% ratio for
a given mduldingvmoisture content increases.with decreasing confining

pressure.
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Figure 23B is a plot of the percent chénge (positive or negative)
due to one fregge-thaw cycle of the haximum Oi/O% ratio versus cell
pressure for samples at varying mouiding moisture éontents compacted.to
modified Proctor compactive effort. Although a definite trend ié not
established in Figure 23B, it may be said that generally, samples at
the various moulding moisture contents and cell pressures show a decrease
in the maximum 03/05 ratio. The exception to the previously noted rela-
tionship are those samples compacted at 4 percent dry of optimum. It
should be noted that for cell pressures of 30, 45 and 60 pounds per
square inch, the decrease in the maximum Oi/OE ratio remains relatively
constant at between 5 and 10 pércent. |

Figure_2hA represents frozen and unfrozen samples compacted to
standard Proctor compactive effort. Figure 2LA shqws the same trend as
does Figure 23A, namely the maximum Oi/Ug ratio for.frozen samples is
generally less than for unfroien samples. Also the maximum'Oi/Og‘fhfio”
increases with decreasing moulding moisture content at a given cell
Pressure and increases with decreasing cell pressure at a particular
moulding moisture content. Furthermore, the maximum 0‘/0‘ ratio appears
to be affected little by changes in the moulding moisture content and
cell pressure ‘for cell pressures exceeding U5 pounds per square inch.

Figure 24B shows that the percent change in the maximum Oi/Oé
ratio is usually a 10 to 20 percent decrease. It ‘is.of interest to note
that generally, regardless of moulding moisture content, the greatest
decrease in the maximum 01/03 ratio occurs at a cell pressure of 30
pounds per square inch.

If Figures 23B and 24B are jJointly examined, it appears that
the maximum 01/03 ratio for unfrozen samples is gffected to a greatei

extent, due to one freeze-thaw cycle, in specimens compacted to standard
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Proctor compactive effort than for sﬁecimens compacted to modified
Proctor compactive effort.
The peréent decrease, due to freezing of the maximum Oi/O'

3
ratio was based on the unfrozen maximum Oi/OP ratio.

3

Figure 25A shows a family of curves representing the relation-
ship between the maximum deviator stress and the cell pressure for
frozen and unfrozen samples at different moulding moisture contents
compacted to modified Proctor compactive effort. This figufe generally
indicates that the maximum deviator stress is less for frozen samples
than for unfrozen samples. The exception, again, is the set of points
provided by samples compacted at 4 percent dry of optimum. For a moi-
Jsture content of I percent wet of optimum, the maximum deviator stress
for frozen and unfrozen samples appears to be relatively independent
of cell pressure. For the remaining moulding moisture contents, the
maximum deviator stress appears to increase with increasing cell iiés-“
sure. Furthermore Figure 25A indicates that for a given celi pressure,
the maximum deviator stress increases with decréasing moulding moisture
content. | |

Figure 25B shows the percent change due to oﬁe freeze—fhaw cycle
in the maximum deviator stress versus cell pressure for samples at vary-
ing moulding moisture contents compacted'.to modified Proctor coxﬁpéctive
effort} The percent decrease is between 5 and 18 pércent for the cell
pressures and correspoﬁding moulding moisture contenté that were exanmined.

Figure 26A shows the same relationship as 25A except the datg
in Figure 26A was provided from samples comp;cted to‘standard Proctor
compactive effort. Figure 26A implies that the maximum deviator stress
is less for frozen samples than for unfrozenlsampleS'at corresponding

moulding moisture‘contents and cell pressures. The maximum deviator stress ‘
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increases with increasing cell pressure at a givep moulding moisture
content, and increases with decreasing moulding moisture content at
a particular cell pressure. |

Figure 26B implies that the percent decrease in the maximum
deviator stress, due to one freeze-thaw cycle for samples compacted
to standard Proctor compactive effort at varying moulding moisture
contents is between 10 and 20 percent. !

It would appear that after studying Figures 25B and 26B, that
the percent decrease in the maximum deviator stress due to one freeze~-
thaw cycle'is slightly higher for samples compacted to standard Proctor
compactive effort than for the modified Proctor effort.

The percent decrease in the maximum deviator stress due to one
freeze-thaw cycle as shown in Figures 25B and 26B was based on the
maximum deviator stress for the unfrozen samples.

. Figure 2TA presents a family of curves representing cofré&f
lation between the major total principal stress and the céil pressure
for frozen and unfrozen sampies at var&ing moulding moisturebcontents
compacted to modified Proctor compactive effort. The graph indicates
that the major total principal stredéﬂis less for frozen samples fhan
for unfrozen samples. It is noted that generaliy,vwith decreasing
moulding moisture content, at a particular cell pressure, the value
of the major total principal stress increases, and also increases with
increasing confining préssure at a constant moulding moisture content.
As noted on several previous occasions, the samples compacted at U4
percent dry ofvoptimum do not conform to the above ndted pattern.

Figure 27TB graphs the percent change in the major total stress
due to one freeze-thaw cycle versus cell pressure for samples at

varying moulding moisture contents compacted to modified Proctor com-
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péctive effort.  On the basis of Figure 27B it may be stated that the
change in the unfrozen major total pfincipal stress is generally a decrease
ranging from 2 to 10 percent. Samples comﬁacted 4 percent dry-of optimum
did not adhere to thé previously noted trena.

Figure 28A illustrates the same relationship as Figure 27A, except
the data presented in Figure 28A was supplied by samples compacted to
standard Proctor compactive effort. Similar to Figure 27A, Figure 28A
indicates the major total principal stress is less for frozen samples than
for unfrozen samples at similar moulding moisture contents and cell
pressures, Also the major total principal stress increases with the de-
creasing moulding moisture content at a particular confining pressure,
and increases with increasing cell pressure at a given moulding moisture
content, |

Figure 28B shows the percent decrease in the major total prin-
cipal stress due to one freeze-thaw cycle versus cell pressure for
samplés at varying moulding moisture contents., Figure 288 shows'tﬁ;ti
this change is a decrease generally ranging from 5 to 20 percent. A
comparison of Figures 27B and 28B reveals that the change in the major
total principal stress, due to one freeze-thaw cycle, is greater for
unfrozen samples compacted to standard Proctor compactive effort than
for the unfrbzen samples compacted to modified Proc¢tor compactive effort.
The percent change in the major total priﬁcipal stress was based on the
decrease of the major total principal stress divided by the unfrozen value
of the major total prinéipal.

From the foregoing discussions it appears that certain strength
properties and other characteristics of a compacted ciay are affected by
one freeze~thaw cycle for the range of mqisture contents and compactive

efforts examined. Changing the compactive effort applied to
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the sampies does not affect the nature of the above noted quantities,
but rather the degree of change induced by one freeze-thaw cycle.

C. ONE DIMENSIONAL CONSOLIDATION TESTS

The resuits of the one dimensional consolidation tests, and
comments regarding the effect of one freeze-~thaw cycle on certain soil
properties related to one dimensional consolidation tests, are pre-
sented inlthe following discussioﬁ. |

Plotslshowing the percent change in the 1nitial sample height
due to swelling versus moulding moisture content for frozen and unfro-
zen samples compacted to standard and modified Proctor efforts are
shown in Figures 29A and 30A. Swelling was permitted under the condi-
" tions of partial submergence and an applied vertical load of 1.1
kilograms per square centimeter., The percent change in the amount of
swell between frozen and dnfrozen‘samples versus moulding moisture
content for standard and modified éompactive efforts is shown in'Figﬁresn
29B and 30B.

Figuré 29A indicates that the percent swell for frozen and
unfrozen samples, compacted to standard Procfor compactive effort,
decreases with increasing moulding moisture content. For samples
compacted to modified Proctor compactive effort, the percent swell reaches
a maxiﬁum value at optimum moulding moisture content and then decreases
on either side of optimum as shown in Figure 30A. Figure 30A also
indicates that the percent swell decreases more rapidly for samples
compacted wet of optimum than for samples compacted dry of optimum.
Figures 29A and 30A show.that frozen and unfrozen samples compacted to
modified Proctor compactive effort displayed a gréater percent éwell
than samples compacted to standard Proctor compactive effort.

The percent swéll.as detalled in Figures 29A and 30A was cal-

culated as éhowﬁ below.v
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PERCENT SWELL = H x 100% -

H
o

WHEREt H change in initial Height due to swelling,
Ho initial height of consolidation sample.

The difference in the amount of swellfdisplayed by frozen and
unfrozen §amp1es versus moulding moisture content for standard.and modi~
fied compactive efforts is shown in Figures 29B and 30B. .Figure 2938
indicates that the samples compacted to standard Proctor compactive |
effort and subjected to one freeze-thaw cycle displayed approximately 20
percent reduction in swell when compared to similar unfrozen samples. The
reduction in the amount of swell is indicated to be relatively constant
at 20 pefcent for all samples except those compacted 4 percent wet of
optimum. Sémples compacted at 4 percent wet of optimum showed.a 40
percent reduction in sweil height. Figure 30B shows the reduction in
swell between frozen'and unfrozen samples compacted to standard Proctor
compactive effort. Figure 30A shows that frozen samples swell lesr -
than similar unfrozen samples., From Figure 30B it appears that the
percent reduction in swell is fairly constant for all samples except
those compacted at 4 percent wet of optimum. Samples compacted 4 per-

cent wet of optimum showed that unfrozen samples exhibited 40 percent

. . %
less swell than did similar frozen samples,
The reduction in swell between frozen and unfrozen samples as

used in Figures 29B and 30B was calculated as shown below.

PERCENT REDUCTION IN SWELL = Hsu-- Hsf

x 100%
su

- WHERE: Hau is the change in initial height due to swell for
| unfrozen samples.

‘Hge 18 the change in height due to swell for frozen

samples.



Void ratio versus logarithm pressure curves for all samples
investigated were consfructed. The preéonsolidation pressures for the
various frozen and unfrozen samples were calculated using Casagrande's
method as outlined in Foundation Engineering by Leonards 1?

The void ratio, logarithm pressure curves and the corresponding
preconsolidation pressures for frozen and unfrozen samples compacted to
standard and modified Proctor efforts are shown in Figures 31 to 40.
Figures 31 to 35 apply to samples thatbwere compacted to standard Proétor
compactive effort., Figures 36 to 40 were based on samples compacted to
modified Ptoctor compactive effort.

The preconsolidation pressures for the various frozen and unfro-
zen samplés were plotted against moulding moisture content, and the
resulting cﬁrves are shown in Figures 41 and 42. Figure 41 shows the
relationship between the preconsolidation pressure aﬁd the moulding mois=-
ture content for frozen and unfrozen samples compacted to standard
Proctor compactive effort. Figure 42 details the above nokeé relation=- -
'ship for frozen and unfrozen‘samples compacted to modified Proctor com-

. pactive éffort. kFigures 41 and 42 indicate that, for the samples studied,
the frozen samples displayed less preconsolidation pressure than did
similar unfrozen samples. Although there is some scatter of data, Figure
41 indicates that the preconsolidation pressure for frozen and unfrozen
samples compacted to standard Proctor compactive effort increases with
increasing motlding moisture content to a maximum value at the optimum
moisture content, and thereafter.remains relatively congtant. The pre~
consolidation pressure for unfrozen and frozen samples compacted to
modified Proctor compactive effort increases wich ipcreasing moulding
moisture conteﬂt to a maximum value for samples compacﬁed at 2 percent

wet of optimum; it then decreases.

67
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The difference in preconsolidation pressure between frozen and
unfrozen samples for specimens compacted to standard Prcctor compactive
effort is greatest dry of optimum and decreases with increasing mould-
ing moisture content. This difference is generelly constant for frozen
and unfrozen samples compacted to moQified Proctor.compactive effort.

In the following discussion,(three soil characteristics pertain-
ing to one dimensional consolidation tests are examined for standard
and modified compactive efforts. The three characteristics are coeffi-
cient of consolidation, coefficient of‘compfessibility and coefficient
of permeability. These coefficients wefe studied because they are im-
portant practical soll parameters and are easily obtained from fhe one
dimensional consolidation teat.l It should be noted that tﬁe various
parameters were plotted against moulding moisture content for only
certain load increments. The reason for this is that the amount of
scatter of data for those load incrementsvnot shown was so great that
no general trend could be developed in the plots. The load incremeﬁte
that produced the scatter were the load increments of least magnitude.

The coefficient of consolidation is the first parameter that
was examined. The coefficient of consolidation is a value obtained
from one dimehsicnal consolidation theory and is a function of the
permeability, compressibility, void ratio and unit weight of water.

The coefficient of consolidation versus moulding moisture con-
tent for various load increments for frozen and unfrozen samples com-
pacted to staﬁdard and modified compactive efforts is shown in Figures
43 and 44, Figure 43 pertains to those samples compacted to standard
Proctor ccmpactive effort, and Figure 44 to those samples compacted to

modified Proctor compactive effort.
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Figure 43 and 44 both indicate that after one freeze~thaw |
cycle the coefficient of consolidation :decreased'with increasing
load increments and decreased with a reduction in the applied load.
The coefficient of consolidation generally decreases or remains the
same with increasing moulding moisture content for frozen and unfro-‘
zen specimens compacted to standard and modified Proctor efforts and
subjected to various load increments. ‘At a given moulding moisture S -
content the coefficient of consolidation appears to generally decrease
for frozen and unfrozen samples with increasing load increments. The
coefficient of consolidation is usually greater for frozen samples than
for unfrozen samples. Figures 43 and 44 indicate that for the same load

increment and relative moulding moisture content, the coefficient of

-

consolidation is greater for those samples compacted to the lower of
the two compactive efforts,

| The coefficient of compreesibility is defined as the avefage .
slope of the pressure-void ratio curve over the range of the load in-
crement being‘considered. The relationship between the coefficient of
compressibility and the moulding moisture content for frozen and un-
frozen samples compacted to standard and modified compactive efforta
is shown in Figures 45 and 46, The data presented in Figu:e 4$ was
provided by samples compacted to standard Proctor compactive effort.
Figure 46 was based on data from samples compacted to modified Procter
compactive effort. .

Figures 45 and 46 indicate that irrespective of load increment’);

or moulding moisture content, one freeze-thaw cycle generally induceeﬁ-
an increase or no change in the coefficient of compressibility. The

coefficient of compressibility decreases or remains the gsame with in-

creasing moulding moisture content at various 1oad increments for frozen
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and unfrozen samples compacted to both modified and standard compactive
efforts.

| Based on the graphs presented in Figures 45 and 46, and con-
sistant with consolidation theory, it appears that with increasing
load increment at a given moulding moisture content, the coefficient
of compressibility generally decreases.

The above noted trend appears to be most prominent for those
samples éompacted to standard Proctor compactive effort, The coef-
ficient‘of compressibility for frozen and unfrozen samples at a
particular load increment and moulding moiéture content is generally
greater for thosé.samples compacted utilizing the lesser effort.

The coefficient of permeability, 1like the coefficient of con-
solidation, is ainumerical value yielded by the theory of consolidation.
The coefficient of permeability is a function of the coefficient of com-
pressibility,.height of the consolidation sample, unit weight of water,
time and the void ratio of the sample. Toeno

‘Figuresv47 and 48 detail the relationship between the coefficient
of permeability and moulding moisture content at varying load incre-
ments for frozen and unfrozen samples compacted to bothAProctor efforts.
Figure 47 pertains to samples combacted.to standard Proctor compactive
effort and Figure 48 to those samples'compaq;ed to modified Proctor
compactive effort. The above noted’figures indicate that with incre#s—
ing load increment, one freeze-thaw cycle.generally produces an increase
in the coefficient of permeability. For decreasing load increments, the
coefficient of permeability decreases.

The coefficient of permeability for frozen and unfrozen samples
generally decreases with increasing moulding moisturg content for standard

and modified compactive efforts regardless of load increment. Unfrozen
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and frozen samples compacted to standard Proctor qompactive effort
generally displayed a greater coefficient of permeability than did

samples compacted to modified Proctor compactive effort.
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Chapter \Y

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

This thesis has shown that the strength and com-
pressibility characteristics of a compacted clay are changed
by the effects of a single freeze-thaw cycle in a closed
system. As a conclusion, comparisons are made of these char-
acteristics for samples subjectéd to one freeze-~thaw cycle,
and samples not frozen before testing.

1. The strength parameter C obtained in undrained triaxial
tests is reduced. The loss of- such strength is detri-
mental. In the case of the standard Proctor compactive
effort, the reduétion in C ranged from approximately 17
percént for samples compacted at 4 percent dry of optimum.
to approximately 58 percent for samples cdmpactedlat 4 |
percent of wet optimum. In the‘case of thé modified Proc¥
tor compactive effort the decrease 'in the strength para->
meter C fanged from approximately 5 percent to iO perceht
for four of the moulding moisture contents that were ex-
amined, that is from 2 pércent dry of optimum to 4 percent
wet of optimum. Samples compacted at 4 percent dry of
optimum éhowed no change in the strength parameter C.

With the modified compaction iess reduction in

cohesion was obtained.

2. The change of the parameter @, obtained from undrained

- triaxial tests, was small, amounting to no more than 1
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degree. Samples compacted dry of optimum for both standard
and modified Proctor compactive efforts appear to be the.
least affected. With small observed changes, it is not
considered possible to establish what changes are due £o the
freeze-thaw cycle, and what reflect experimental.déviation
in sample uniformity.

A general decrease in unconfined compression strengths was

noted, except for those samples compacted to modified

. Proctor compactive effort at 4 percent dry of optimum.

These samples remained unchanged after one freeze-thaw cycle.
The percent decrease in the unconfined compressive strengths
for samples compacted to standard Proctor compactivé effort
varies from approximately 17 percent for samples compacted'
at 4 percent wet 6f optimum to about 35 percent for those
samples compacted to optimum and 2 percent dry of optimum.
The percent reduction in the unconfined compressive strength
for samples compacted to modified Proctor compactive effort,
excluding those samples compacted at 4 percent dry of
optimum, rénged from approximately 16 percent for samples at 2
percent dry of optimum to about 30 percent for samples at 2
percent wet of optimum.

The principal stress ratio 01/05, for any given percent
strain in the undrained triaxial test is reduced for both
the standard énd modified compactiﬁe efforts. This reduc-
tion is less with the higher compactive effort and is
generally independent of confining pressure and moulding

moisture content.




The principal stress ratio 01/03 obtainéd at failure
in the undrained triaxial tests for both standar& and mod-
ified Proctor compactive efforts is reduced by the freeze-
thaw cycle. The‘effect was more pronounced for the higher
moisture contents, lower confining pressures and for the
lower compactive effort.

The deviator stress obtained in the undrained triaxial test
for any given percent strain is reduced for both standard
and modified Proctor compactive efforts. This reduction

is genefally independent of confining pressure and moulding}
moisture content. .

The deviator stress at failure for samples compacted
by the standard and the modified compaction‘efforts gen-
erally decreased after exposure to one freeze-thaw cycle.

A clear,cdrrélation between. the percent reduction in the
maximum deviator stress and the cell pressure for a given
moulding.moisture content could.nqt be established for
either of the compactive effofts, although the greater
compactive effort generally produced less reductibn in the‘
deviator stress at failure.

Again with refereﬁce to the undrained triaxial test, the
major total principal stress for any given percent strain

is reduced. This reduction is generally independent of.
confining pressure and moulding moisture content. The above
noted reduction generally decreased with the greater compac-
tive effort.

The major total principal stress at failure»for a

given celllpressure and moulding moisture content generally



92

shows a readily detectible decrease. This decrease was
evident for samples compacted to standard and modified
Proctor ¢ompactive efforts. However, samples compacted
to modified Proctdr compactive effort at 4 percent dry of
optimum generally showed a marked increase in the major
total principal stress at failure after one freeze-thaw
cycle. |
7. Samples which undergo a single freeze-thaw cycle show
lower preconsolidation pressures. This was apparent for
both standard and modified Proctor compactive efforts at ff;ﬁf
all moulding moisture contents that were examined. The
larger compactive effort does not appreciably affect the
decrease of the preconsolidation pressure.
8. The coefficients of consolidation, compressibility and
permeability generally showed a detectable change due.to
one freeze-thaw cycle for both compactive efforts and all
moulaing moisture contents and pressure increments examined.

The changes are apparently related to whether the pressure

on the gample in a consolidometer is being increased or

decreased. The change in the aforenoted coefficients was
usually an increase for those cases where the pressure was
being increased. For those cases where the pressure was

reduced, the samples subjected to the single freeze-thaw

cycle show reduced coefficients. Changes in the coefficients.
-of consolidation, compressibility and permeability due to the
single freeze-thaw cycle appear to be independent of éom—A

pactive effort.
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B. RECOMMENDATIONS

This thesis examined the effect of a single freeze-
thaw cycle on the strength and the compressibility character-
istics of one type of soil. Future research could encompaés
the effect of a similar testing program on different soil t?pes.
The soils to be utilized in future studies would contain varying
proportions of silt and clay. Also, the number of fieeze-thaw
cycles could be increased and the resulting effect on certain
soil properties examined.

Another aspect of the freezing process, as-it pertains
to this study, is the rate 6fkfreezing. Further research on the
strength and compressibility characteristics of a compacted clay
could determiné the effect, ianny, of varying.the freezing rafe.
Similarly, the effect‘of the rate of thawing could also be
investigated. The length of time that the soil samples are.
frozen could be varied in order to determine if this has an
effect on strength and compressibility characteristics.

Various additives or combinations_of additives could
be introduced into the soil in order to enhance or initiate
desirable effects resulting from the freezing process. Additives
could alsoﬁbe utilized in an attempt to reduce or eliminate un-
desirable effects caused by freezing.

The compaction utilized to facilitate sample prepara-
tion could also be investigated. Kneading compaction was utilized
to facilitate sample preparation ih this thesis. Future re-
search could be undertaken to investigate the effect of freezing

on the strength and compressibility characteristics of a clay
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compacted utilizing‘static compaction.

Furthermore, different combinations of the.previously
noted suggestions could also be examined. |

A further extension of this thesis could be into a
study of a system which permits a controlled amount of moisture
migration in open systems of freezing.

It is hoped that, with increasing research into the
effect of ffeezing on a compacted clay soil, there will come a
better appreciation of the use of a compacted soil which will be

subjected to cycles of freezing‘and thawing.
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