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ABSTRACT

Equipment was designed and fabricated, and instrumen-
tation provided, to determine the engineering properties (stress-
strain-time relation and relaxation) of Lake Agassiz clays which
had not been subjected to natural, annual freezing and thawing cycles
because of their depth below the ground surface. During this in-
vestigation, the soil specimens were frozen to predetermined con-
stant temperatures, either uniaxially or from all directions, and
then tested. External water (over and above natural soil moisture)
was provided for some test conditions., The reduction in strength
caused by one freezing and thawing cycle of remolded=and undis-~
turbed clay samples was also investigated. Of special interest
was the study of heaviﬁg phenomena caused by the supply of external

water during the freezing process.
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CHAPTER I

INTRODUCTION, PURPOSE, AND SCOPE

1.1 The investigation was carried out in the laboratory of the Depart-
ment of Civil Engineering of the University of Manitoba. It is a
development of qualitative tests begun in the Geological Engineering

laboratories of the University of Manitoba.

1.2 One of the original objectives was to determine what happens to
typical Glacial Lake Agassiz clays when frozen for the first time.
Sealed Shelby tube samples were available. These samples had been
stored at room temperature. The samples were obtained at a depth of

40 feet. The samples were trimmed and were frozen in rubber membranes
surrounded by ethyl alcohol. Prior to freezing, the clay was extremely
firm. Manual squeezing produced very little impression. When thawing
had taken place, the previously frozen samples were soft, with the

approximate consistency of butter when compressed between the fingers.

1.3 1In conversations with the Materials and Research Division,
Manitoba Department of Highways, this change in the physical properties
of the clay was mentioned. The remark precipitated discussion of some
subgrade fill failures that had taken place. The Highways Department
had been considering whether excavated materials or cuts for subgrade
should be "left for a winter". One subgrade had functioned well during

the winter but with the spring thaw, had failed completely. The



following conjecture was suggested for discussion. Had the freezing
and subsequent thawing altered the properties of the clay, and in what
manner? Did freezing alter the structure of the clay? Did moisture

in the clay become re-distributed?

1.4 1t was decided that a quantitative engineering analysis was re-
quired. With the assistance of funds available from the National Re=
search Council for study of the urban geology of Metropolitan Winnipeg,
work was started to design and manufacture instruments to test and in-
vestigate the properties of freezing, frozen, and thawed soils in the

laboratory in undisturbed or remolded conditions.
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CHAPTER IT

DESIGN AND FABRICATION
OF EQUIPMENT AND INSTRUMENTATION

2.1 Design of equipment:

Equipment was designed and manufactured in the laboratory that
would permit controlled freezing of soils, with or without water supplied

to the sample. 1In addition, allowance had to be made for application

and measurement of either constant or varied axial stress or strain.

2.2 The function of the equipment:

a) to provide uniaxial'freezing or thawing of samples under
controlled temperature,

b) to supply water under controlled head, when and where
required, according to the type of test performed.

c) to permit control of the rate of freezing or thawing
of the sample.

d) to apply constant or variable axial pressure to samples

and measure sample deformation.

e) to apply a controlled rate of axial deformation and to

measure the corresponding pressure. (A special case is the
measurement of stress release when axial deformation is not
allowed.)

f) to measure heaving

g) to measure adfreezing of soil to other materials in-

serted in the soil before or after freezing.



h) to permit repeated cycles of freezing and thawing under
the above conditions.

i) to permit automatic or manual recording of temperatures
at any desired location in the sample.

2.3 Features of the Equipment

A. Special features of the Freezing Cell (Fig. 2.1)

a) controlled uniaxial freezing from the bottom.

This reduced vertical loads on sample and eliminated need for
counterbalance. (initially designed to reduce the vertical load

ofi samples) Counterbalancing could have been used to permit top
freezing by direct contact of the samples with the heat exchange
plates. Alternatively, the eliminating of difect contact with

the heat exchange plates, but permitting atmospheric heat transfer,
‘aé inlnature, inside the freezing cell could be used. (See Fig. 2.3)

B) the provision of cooling coils around bushing
and upper plate to minimize possible heat flow to the sample for
external sources.

c) ability to freeze individual samples (rather than
using cold room). This also allows quick changes in temperature
if so desired.

d) ability to handle samples up to 2.78 inches in
diameter by 6.0 inches in length.

e) control of amounts of water to be supplied to the

sample.
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B. Special features of heat exchange chamber (Fig. 22)

a) electric motor (% HP) used to drive a refrigeration
compressor

b) refrigeration compressor reversible to cool or heat

¢) this compressor was used to cool or heat a thermo-
statically controlled alcohol bath.

d) submersible pump of 18.75 gal./hr. capacity used
to circulate either cooled or heated alcohol to freezing cell.

e) an agitator provided to keep bath at uniform
temperature.

£) heat exchange chamber designed to permit up to 5

samples to be frozen in the bath itself.

2.4 Detailed description of test equipment

A. Freezing Cell

The freezing cell consists of the following compo~-

nents: (Fig. 2.1)

1) Base plate (see Photograph 2.1)

2) Heat exchange pedestal (see Photograph 3.1)

3) Upper plate (see Photograph 2.1)

4) Cooling coils (see Photograph 2.1)

5) Loading cap (see Photograph 2.2)

6) Water reservoir (see Figures 2.1 and 2.2)

7) Loading piston (see Photograph 2.3)

8) 1Insulation hood (see Photograph 2.4)

9) Vapor barrier (see Photograph 2.3, 2.5 and 2.15)




1) The base plate was cast together with the heat exchange
pedestal. The base plate material used was perforated epoxy
resin. The purpose of the perforation was to further reduce the
low heat conductivity of the plate, while providing a rigid base.

2) The heat exchange pedestal was made of % inch thick by
7% inch diameter steel plate containing a 1% inch diameter copper
cylinder  (see Photograph 2.6). This cylinder was machined flush
with the bottom face of the plate and projected % inch above the
upper face to form the base on which the cooling plate of the
sample rested. A % inch I.D. copper coil was placed under the heat
exchange plate. To provide a larger contact surface, a zinc plate
was cast flush with the heat exchange coil which, in turn, was
fastened to the plate (see Fig. 2.1).

3) The upper plate was fabricated of steel and contains a
bronze bushing to guide the loading piston. Copper coils were
placéd around the bushing and horizontally over the upper plate.
Three coils were placed vertically between the upper plate and the
pedestal (see Photograph 2.1). This minimized possible heat flow
to the sample from external sources. The upper plate was supported
"in its position by three 5/8 inch diameter studs which were welded
to the pedestal.

4) All cooling coils were comnected to the circulating pump
of the heat exchange chamber with 3/8 inch I.D. nylon tubing which
was placed within 2% inch 0.D. by 1 inch wall thickness Armstrong

foam rubber insulation hose (see Photograph 2.7) .
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5) The loading cap was made of low conductivity acrylic
material containing a vitrified bauxilite filter. The filter
faced the soil sample and connected with 1/8 inch diameter
polyethelene tubing to the water supply reservoir. The
upper surface of the cap was machined to hold a 1/2 inch diameter
stainless-steel ball. The ball acted to transmit load from the
piston which was similarly machined. This ensured that the load
was applied axially to the sample during testing. A 1/16 inch
spiral groove was machined on the face of the loading cap in
contact with bauxilite filter to provide uniform moisture dis-
tribution to the filter and consequently to the soil sample.

6) Two kinds of water reservoir were used to supply water
to the samples during freezing tests.

a) Water was supplied to the sample while the sample
was in the heat exchange chamber, (see Figure 2.2) or,

b) Water was supplied to the samplé while the sample
was placed for freezing in the freezing cell (see Figure 2.1).

In the first instance,an external graduated burette was
connected to the top cap of the sample through the upper insulation
using 1/8 inch I.D. nylon tubing. A valve wag provided to cut off
the water supply to the sample. The water level in the burette
could be adjusted to produce any desired head.

In the second instance a reservoir containing a pre-
determined quantity of water was directly connected to the top cap

and was heavily insulated. The hydraulic head for experimentation
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was produced by a manometer after the sample was placed in the
freezing cell. A thermocouple sensing-junction waé placed in
the reservoir to determine the temperature of the liquid.

7) A 1 inch diameter acrylic rod was fabricated into a
loading piston to apply pressure to the sample. This material
was selected because of its low heat conductivity and high
compressive strength (See Photograph 2.1 and 2.3).

8) The insulation hood was made of styrofoam 1 1/2 inch in
thickness. This hood was placed above the rigid lateral insulation
of the base plate to cover the freezing cell completely (see
Photographs 2.4, 2.6 and 2.12). Two holes at the top allowed
passage of the acrylic piston and of the pin connecting the upper
plate for strain measurement (see Figure 2.1). A semi-circular
hole was provided for exit of the insulatéd hose containing the
alcohol circulating tubes (See Photographs 2.6 and 2.7).

9) Finally, a 2 mil plastic sheet was used to cover the
cell to prevent atmospheric moisture from condensing and freezing
around the cell components during cooling operations (see Photo-
graphs 2.5 and 2.8)

B. Heat-exchange Box

The heat exchange box consisted of the following compo-
nents (see Fig. 2.2):
1) 1Insulation box
2). Cooling liquid (ethyl alcohol) reservoir

3) Heat transfer unit
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4) Thermostats
5) Circulating pump

6) Agitator

1) The insulation box was made of 5 inch thick walls con-
sisting of rigid styrofoam, to contain a 12 x 12 x 4 inch alcohol
reservoir and circulating pump. The cover of the box was made of
8 inch thick styrofoam insulation with 3 1/2 inch diameter holes to
permit concurrent freezing of five samples. These holes can be
plugged with flexible insulation materials when not used (see
Fig. 2.2 and Photograph 2.9).

2) The cooling liquid reservoir was made of plexiglass
containing a spiral copper coil connected to the heat transfer
unit refrigeration compressor. Five circular holes were provided
in the cover of the reservoir. These permit dipping of the bottom
face of the cooling plates of samples to be frozen in the heat ex~
change box. Other holes were cut to permit installation of the
agitator shaft, thermocouple wires, inlet and outlet of the cir-
culating pump, thermostats, and inlet and outlet of the heat ex—
change coil. A 1/2 inch diameter, flexible, transparent tube was
connected from the outside of the box to the alcohol reservoir,
allowing observation of the alcohol level. The tube also provided
an auxiliary supply of alcohol to the reservoir without necessitating

removal of the cover.



3) The heat transfer unit consisted of a 1/4 HP refrigeration
compressor. A solenoid valve was used to reverse the compressor
from cool to heat or heat to cool, keeping the thermostatically
controlled alcohol reservoir within a temperature range of -55°F
to +50°F (within tO.SOF accuracy) .

4) Two thermostats were installed in the alcohol reservoir
and were connected to the circuit of the compressor motor. Only
the first thermostat was engaged during freezing, to control the
predetermined low temperature. The second thermostat was required
simultaneously when the compressor was reversed to heat the alcohol
reservoir. This thermostat was in control until the temperature of
the alcohol returned to thelevel at which the first thermostat
was re—engaged.

5) A submersible circulating pump of 18.75 gal. per hr.
capacity was placed inside the insulation box. It provided cir-
culation of cooled or heated alcohol to the freezing cell through
3/8 inch I.D. polyethylene tubing. At each intake and outlet of
the circulating hose, a thermocouple was installed to measure the
temperature differential of alcohol being circulated. This enabled
calculation of the heat loss in the insulated box and freezing cell,
and through the freezing process of the soil sample.

6) To provide a uniform temperature in the alcohol bath, a
1 1/2 inch diameter propeller, consisting of two vanes, was installed
inside the alcohol reservoir. It was driven by an electric motor

which was placed over the cover of the insulation box and connected

15.
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by a 1/8 inch diameter stainless steel shaft. Prior to installa-
tion of the agitator recorded temperature differentials were noted

of tBOF at different points within the alcohol reservoir., These
differentials were negligible after installation of the agitator.

C. Loading System

Two loading systems were used as follows:
1) controlled stress (see Photograph 2.7)

2) controlled strain (see Photograph 2.8, 2.10 and 2.11)

1) For controlled stress load ,an axial loading frame supplied
with a balancing lever was used. After the freezing cell had been
placed under the loading frame, the bracket of the frame was lowered
until the groove in the middle of the bar touched the stainless steel
ball on the loading piston. A dial micrometer was positioned over
the bracket to obtain deformation readings. Predetermined loads were
then hung on the weight hanger to load the sample (see Figure 2.4
and Photograph 2.12)

This frame was also used to obtain the magnitude of heave
of the soil samples during freezing, without adding weight to the
hanger but keeping the balanced bracket in touch with the acrylic
piston which was resting on the sample being cooled.

2) Controlled strain - a Farnell electrically driven adjust-
able variable speed triaxial compression frame was used giving strains
ranging between 0. 000013 inch per second to 0.0013 inch per second

(see Photographs 2.8, 2,10 and 2.11).
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A proving ring (see Photograph 2.10) or transducer was used
(see Photograph 2.8 and 2.13), to measure stress applied to the

load.

D. Temperature Measurement

The temperatures of the soil sample, alcohol reservoir,
and specific locations in the cooling cell were obtained by means
of copper-constantan thermocouple temperature sensing points
(see Fig., 2.1, 2,2 and 2.3 and Photograph 2.2, 2.14 and 2.15) and
potentiometer, or Yellow Springs thermistor probes and telether-
mometer, The temperature of the thermistor could also be recorded

on a temperature recorder if required.

19.
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CHAPTER IIT

GEQTECHNICAL PROPERTIES
AND "TYPE "OF ‘MATERTIALS "USED

3.1 The materials to be tested were taken in blocks approximately

18 x 18 x 9 inches in dimension. These were obtained in an undis-

. turbed condition from a 24 foot depth during construction of an

overpasss structure of the Winnipeg floodway near St. Vital during
September of 1966 (see Fig. 3-1). At this depth the clay could be
assumed to have remained unfrozen since deposited in Glacial Lake

Agassiz.

3.2 Seven blocks were wrapped with a layer of "Saranwrap", a
layer of aluminum foil, and a layer of cheese cloth. They were
then covered with molten microwax and placed in the humidity

room of the Soil Mechanics Laboratories of the University of Manitoba.

3.3 The area from which the material was taken is referred to as
the Red River Plain and represents only a small portion of the ex—
tent of the Lake Agassiz clay.

As a result of Pleistocene glaciation, a large area was
covered by glacial drift or till. As the ice began to melt, the
glacial till was modified by geological agents other than ice. The

original till, which consisted of cobbles, gravel, sand, silt and
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clay, mingled indiscriminately in an unstratified mass, was severely
modified by the water of the glacial lake. In addition, detritus from
the higher lying Cretaceous shales (which included some bentonite and
gypsum) was carried into the lowlands as & result of wave erosion,
stream transportation and demsity underflows. (2)

Along the shoreline and shallows, the waves of this gigantic
lake, 600 feet in maximum depth, eroded the ice-deposited drift and
shale bedrock. The erosive force of the waves removed the finer par-
ticles and a density underflow transported them to deeper sections of
the lake bottom. The accumulation of these sediments resulted in
conspicuous stratification of the lacustrine deposits in many sections
of the basin. Varves of colloidal clay were interspersed with thin
layers of coarser clay and silt or very fine sand.

As the lake receded, and its depth decreased, wave action
diminished. Consequently, materials eroded and transported during
this later period were the finer fractions, consisting predominatly of
fine sand, silt and clay. When the lake had receded to the central
lowlands, very fine materials were brought in by stream action, and were
deposited in the quiet water of the Lake Agassiz basin.

As the lake reached its last stage, the lower part of the basin
received alluvial sediments. The thickness of water-laid sediments
varies widely. The superficial deltaic and lacustrine materials in

the central lowlands range up to 60 or more feet in thickness.
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3.4 OQOriginally, horizontally varved clays at the bottom of the lake
were foliated occasionally by back and forward oscillation of the
glacial sheets formed along the western and southern shorelines of
Lake Agassiz and due to differential compaction caused by pressure of

the overburden in variable height. (3)

3.5 With increasing depth, the clay color changes from brown to olive
gray. The depth of the layers varies considerably. The soil making
up these different colored layers varies from silt or silty clay to

clay, with the silt fraction decreasing with increasing depth. (1)

3.6 The varves themselves vary in thickness from % inch to as little
as 1/64 inch. The varves consisted of clay layers with intermediate
silt or silty layers. Considerable variation of moisture content is

possible within small differentials of depth.

3.7 The dry density of this varved clay varies from 53 1b. per cu.
ft. to 102 1b. per cu. ft. The wet density varies from 95 1b. per cu.
ft. to 125 1b. per cu. ft. Moisture content of the soil varies from
207% to 63%, based on dry weight. The degree of saturation of most
Lake Agassiz varved clay ranges from 867 to 100%. However, soils below
depths of 6 to 12 feet show complete saturation, indicating a sub-
stantial zone of capillary rise. Free water is also found at times

in the thin silt layer overlying the varved clays. The amount of this
free water is usually small. It percolates through fissures in the

upper layers of soil. However, prolonged dry weather results in its



disappearance. Based upon consolidation test data, these clays have

9

permeabilities in the order of 107 cm per second to ].O-ll cm per
second.

The soil below the completely saturated level is said to be
normally consolidated. The unsaturated soil is generally considered
to have been preconsolidated. This is due to desiccation resulting
from lowering of the water table as Lake Agassiz receded. Winnipeg
varved clays show unconfined strengths varying from 865 1lb. per sq.
ft. up to 4570 1b. per sq. ft.

The liquid limit of these clays generally varies from 37 to 117;

plastic limit varies between 14 and 40, The plasticity index ranges

from 20 to 88. (&)

3.8 The samples which were taken from St. Vital showed the following

properties obtained according to Procedures for Testing Soils ASTM (5)

Natural water content 48.3% to 49.3%
Degree of saturation 100%

Void ratio 1.25 to 1.32
Specific gravity 2.74

Natural dry density 74.9 1b. per cu. ft.

Grain size See fig. 3.3



M.IL.T. Classification

gravel

sand

silt

clay

See Figure 3

liquid limit
plastic limit
plastic index
shrinkage limit
water soluble sulfate

average unconfined compressive strength

0%
17
28%

71%

81.2

27.1

54.1

12.52

0.17%

3,200 1b. per sq.

ft.

27.



28.

T- 1018

PERCENT RETAINED

00!

« 06

08

¢73

0}:]

0s

oy

014

o2

ryeq A€ O3IS3L w0=e7Z_| % aNy € “ON 40013 g any_ T
AO.QV AOWQ v Hid30 QN 30 H ‘ON JT4dWVS VEOLINVIN ABYVO 1404
T TR - 0o . 103008d |i VEOLINY I 40 A LISYZAINA
¢ JUNLYAEND 30 ANIIDI44300 : . - ONIEAINIONT NAID 4O INdWNidVdda
HdVH9 NOILNBIYLSIA 3ZIS NIvY9 A0 LIVHOEVT SOINVADIW 1108
te - £ ¢ THNOLS
: 680 = "o
CALIWEDAING 90 LN3iDI4430D SYILIWITTIW NI 3701L8Vd 40 M3ILIWVIC
23 1'8¢ el 2g'e 9L'b 8¢2 02 611 66" 2 462 5348 vi0 GO’ 20’ 10 SO0’ 200° 1007
T 1 T T T1°
| | ! A .
N _ _
% DL €L AVTD _ I o
% %3 98 = A _ “ |
% T 7T = GONvS _ f ; o2
% 3 g = 13AvHS _ !
> Y SEIIWS ! _
T t I oe
] | i
_ m | ov T
| | I m
| | _ o
} { 1 os 3
! | | g
| | i 2
u _ | 2
I | _
| } "
I
m | :
w M I Z|°ON 3T
|
| @ _
| I
m I | B
! ! | B e o
£ 2 8 ¥ 8.0l 9. OF. Ob_ 0S. OOl . 002 ool
FH Me B8k # uQle 94 OB,O, 054 4 %% 91LSY1d~NON OL 911SVd
ISHVOD 1 ANIL 3SHVO0D | WNIQ3W H INIS
TIAVHD anNvs NI 1AVID
SISATUNY 3A3IS SISATYNY HILIWOHOAH




CHAPTER IV

SAMPLE PREPARATION
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CHAPTER IV

SAMPLE PREPARATION

4.1  Cylindrical samples 2.8 inches in length and 1.4 inches in dia-
meter were used in tests for determination of heave, deformation under
constant load (creep), stress under constant strain rate, and stress

release,

4.2 As pointed out in Chapter ILI, block samples from the field were
stored in the humidity room, Soil Mechanics Laboratories of the Uni~
versity of Manitoba. Square pieces of soil were cut from the block
samples and given a rough cylindrical shape with trimming equipment.
To ensure square ends and constant diameters and length, a 2.8 inch
long by 1.4 inch internal diameter polished brass cutting tube with
sharpened edge was pushed over the roughly cut samples. At least %
inch of soil was left projecting beyond both ends of this tube. A
wire saw was used to trim this soil flush with the ends. The samples
were then pushed out with a loose fitting brass piston (see Photo-

graph 4.1)

4.3  For water content determination, only the side trimmings cor-
responding to the anticipated final length of the sample were used.
Top and bottom trimmings gave fZ to 3% differences in water contents,
due to the varved nature of the clay and were not used in water con-

tent determination.
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4.4  Three circumferential measurements (top, middle and bottom)
and three length measurements were taken to determine sample dimen-
sions. Two or three 1/32 inch diameter by % inch deep holes were
drilled at various elevations along the centre line and at right
angles to the heat flow direction. Copper-constantan thermocouple
sensors of 30 gauge wires were positioned in the holes after the

initial weight of the samples had been determined.

4.5 Different methods in the preparation of the soil samples were
used for the following cases of freezing and testing.

Case 1 - preparation of samples for uniaxial freezing and
testing with no water supply to the sample; testing included;

a) Heave measurement ,

b) Creep test,

c) Stress under constant strain rate,

d) Stress release,

In this case, the sample was placed between the freezing plate
and loading cap. The bauxilite filter in this case was sealed with
aluminum foil to prevent moisture migration to or from both the sample
and the filter element. 1In addition, the sample was covered with an
elastic membrane and sealed against the freezing plate and loading cap
using vinyl O-rings. The points of exit of the thermocouple wires
between the membrane and cooling plates and the O-ring were coated with
molten microwax. The elastic membrane was then covered with silicone

grease (see Photograph 4.2).
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4.6 Case 2 ~-preparation of samples for uniaxial freezing and
testing with water supply to the samples; testing included:

a) Heave measurement

b) Creep test-

The sample was placed over the moistened freezing plate
after the installation of thermocouple points as described in Case 1.
Moistened filter paper strips, % inch wide, were then placed ver-
tically on % inch centres, partially overlapping the sample top. The
parts of the vertical filter paper strip surfaces facing the soil
sample were blocked off with Scotch tape to supply water to any pre-
determined zone. (See Fig. 4-1 and Photograph 6.7)

The top of the sample was then covered with moistened filter
paper. The de-aired filter was placed in the loading cap and
sufficient de-aired distilled water was drawn through the filter to
the burette. To avoid air trapped between the soil sample and filter,
the loading cap was inverted under sufficient head to allow the forming
of a meniscus. Then the loading cap was righted and carefully moved
over the top of the sample. The membrane was placed over the freezing
plate in rolled form and unrolled up over the sample after the addi-
tion of several drops of water between the rolled end of the membrane
and the soil sample to form a ring of water between the rolled mem-
brane and the soil sample. This would eliminate any air that might

have been trapped between the membrane and soil sample.
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The membrane was sealed against the freezing plate and loading
cap using an O-ring and was coated with silicone grease as described
in Case 1.

The sample was surrounded loosely by 1 1/2 inch to 1 3/4 inch
thick fiberglass insulation. The water reservoir was insulated
together with the soil sample for external water supply. The in-
sulation was covered with a vapor barrier made of Saranwrap. The
vapor barrier and insulation Wefe fastened with plastic tape to the
side of the cooling plate and acrylic piston. The loosely placed
fiberglass insulation allowed the sample to expand or contract with-
out difficulty when the sample was frozen or subjected to any stress.
Then the sample was placed over the pedestal and aligned with the
bushing of the freezing cell (see Photograph 2.1). The insulation
hood was then placed over the cell and covered with an external
vapor barrier to prevent icing of the freezing cell by condensation

(See Photograph 2.4, 2.5 and 2.8).

4.7 In addition, the sample could be placed in the heat exchange
box for freezing and heave measurement for slow freezing after
temporary removal of the acrylic piston (See Photograph 2.9). The

sample was then transferred to the freezing cell for rapid freezing,

which was kept at the same temperature (see Fig. 2.2 and Photograph 4.3)

The acrylic piston was placed back in its former position for

further testing.
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4,8 Case 3 - preparation of samples to be frozen from all around
with no water supply to the sample; testing included:

a) Observation of ice crystallization,

b) Unconfined strength of undisturbed soilsamples which
were thawed out after one cycle of freezing to compare their
residual strength with undisturbed or remolded non-frozen soil
samples.

In this case, the samples to be frozen were placed between the
freezing plate and an aluminum loading cap, and were covered with double
elastic membranes and sealed against the freezing plate and loading
cap using vinyl O-rings as described in Case 1.

The samples then were placed in_the cooling liquid reservoir

for rapid freezing at a predetermined temperature.
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CHAPTER V

LITERATURE REVIEW

The following material is transcribed from the references
listed in the bibliography.

PART I - FROST ACTION

A. Heaving of frozen soils due to redistri-
bution of moisture and ice segregation
in frozen soils

5.1 Water, upon freezing, increases its volume by approximately
10 percent. Soil layers which contain moisture will therefore show
an increase in volume unless the volume of voids is so great that it
can hold the moisture content in the frozen state.

in most cases, the increase in volume of the soil layers is

sufficient to cause heaving of the ground. (6)

5.2 As the first ice crystals form, they attract moisture and draw
it into the crystal lattice by means of the crystallizing force. 1I£
the capillary force in the soil is great enough, the moisture drawn
into the crystal lattice will be replaced by moisture from a low lying
water reservoir (if available). The movement of the water is possible
because moisture in narrow capillary tubes will only freeze at
temperatures below 32O F. TIf there are no obstructions, the water

will flow steadily to the face of the crystal, thus increasing its

thickness. As the crystal is enlarged, so called ice lenses, which
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vary from a fraction of an inch to a few feet in thickness and
several feet in diameter are formed. The volume increase occurs in
the direction of the heat flow and in the direction of the least re-

sistance - upwards. (6, 7)

5.3 Because capillary rise is almost negligible in coarse soils
(sand and fine sand) crystallization rapidly comes to a standstill

due to a lack of water supply.

5.4 In medium-fine soil types (coarse silt and medium-coarse silt)
the capillary rise is so great that moisture can be absorbed from

depths of as much as 3 to 6 feet or more. The permeability of these
soils is also high enough to maintain adequate flows to the freezing

zone.,

5.5 Fine soil types (fine silt and clay) exhibit large capillary
rise but the size of the openings is so small that crystal growth is

slight. Freezing advances deeper into the soil.

5.6 It can be seen, fherefore, that frost heaving is of the

greatest importance for soil layers consisting of coarse silt and
medium coarse silt. Severe frost heaving may be expected if the
water used in crystallization can be replenished from some source, for

example, the water table.(8)



B. Shrinkage of clays caused by ice segregation

5.7 It may be shown experimentally that in cases where addi-
tional water is not allowed to enter the system, the withdrawal
of water from the lower regions causes shrinkage; and usually,
tension cracks. The decrease in volume is an indication of the
force which draws the water to the growing ice crystal (8). Ter-

zaghi has shown that the force involved in the shrinkage of clay on

evaporation is equal to the external pressure required to produce the

same change in volume, and that this force may be very great. (9)

5.8 In very impermeable soils, with high colloid content, tension
is set up due to the formation of segregated ice. This stress is
uniformly distributed and leads to the development of vertical ten-
sion cracks which form a polygonal pattern in:the cross section.
Clear ice gradually fills and enlarges these cracks. As freezing
progresses, these ice filled cracks descend forming a colummnar
structure or combination with the usual horizontal ice layers; this

results in a cellular structure. (8)

C. Penetration of the freezing plane

5.9 If the supply of water to the freezing plane is adequate and

37.

the soil is of the proper type, ice lenses may grow almost indefinitely.

However, further penetration of the freezing plane into the unfrozen
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soil is prevented because of the heat given off by the water as it
freezes.

In practice, however, the freezing plane seldom remains
stationary for any prolonged period. A decrease in the supply of
water or an increase in the rate of heat loss may occur due to a
change in conditions. The balance between the heat given off from
the freezing water, and the heat loss to the surface is then disturbed.
The freezing plane advances until conditions for the growth of a new
ice lens are restored. Consequently, a series of ice lenses separated
by layers of frozen soil are formed. This commonly occurs under

natural conditions. (10)

5.10 Stephen Taber stated (11) that when water is under tension due
to the growth of ice layers in clay, the stress is ordinarily greatest
at the point where the water molecules are being pulled into the film
which separates thegrowing ice crystals from the lower clay layers.
Therefore, breaks would occur at this plane. The breaking of a water
filament being drawn toward the ice layer indicates that the mole-
cules are separated beyond their range of attractions; or, in other
words, that a gas phase has formed between the water and the ice.
However, the gas force could not extend far below the ice layer
because the tensile stress in the water just below the ice is due to
frictional resistance to the passage of water through the small soil

voids. As soon as the upward movement is checked, this passage stops.
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The energy required to separate the molecules when converted to gas
(the ultimate tensile strength of water ) has been estimated at over
1300 atmospheres. A water column of larger cross-section is placed
under tension, only with difficulty. When under negative pressure,
the water is superheated (even at temperatures below 32°F), and the
formation of a gas phase immediately breaks the column. Extremely
slender columns of water are more easily held in tension than the
larger ones. Water is present in this form in clays. Ice forming
gradually in the soil voids below a growing ice layer is a probable
explanation for the rhythmic banding due to the development of

successive ice layers as freezing extends downward in clays.

D, Thickness of ice lenses

5.11 Taber stated (11) that the layers of segregated ice in un-
disturbed or artificially consolidated clays are clear and very
sharply separated from the frozen clays. Ice layers are not so
sharply defined in unconsolidated clay and it is usually impossible

to estimate (with any accuracy) the thickness of the segregated ice.

E. Frost susceptibility

5.12 The size of the particles in a soil has a marked influence

on its properties. This characteristic is often used to assess the
heaving potential of a soil. Although the amount of ice lensing may
be predicted quite readily when based on the particle size of the soil,

there have been many cases where frost heaving has occurred in soils
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considered safe after an examination of particle size. Attempts have
been made to use other properties of the soil, such as the height of
capillary rise, to predict more accurately the frost heaving potential
of a soil. The results from a test of this type provide a more realis-
tic indication of frost heaving characteristics and give an indirect
measure of size and distribution of soil pores (10). However, this
type of test has the disadvantage of being more difficult to perform

than those based solely on particle size.

5.13 By far the most commonly used criterion for frost-susceptibility
is that of Casagrande, who worked from field and laboratory studies.

It is employed in its present form, by the U.S. Army Corps. of Engineers
and other large agencies. His criterion is that well graded soils

will be frost susceptible if they contain more than 3 percent by weight
of particles finer than 0.02 mm. For uniform soils, the amount of
material finer than 0.02 mm. can be as great as 10 percent before the

soil is considered frost susceptible. (10)

5.14 Penner, 1946 (12) pointed out that although the two factors
are obviously related, theory suggests that pore size is more impor-
tant in establishing frost susceptibility than grain size. In uni-
formly graded soils, pore sizes are larger and, it is interesting to
note, that the Casagrande criterion allows for a large amount of
material smaller than 0.02 mm. in uniform soils. This obviously

recognizes the influence of pore size.
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5.15 The most reliable method of identifying a frost heaving soil
at present is to carry out a laboratory freezing test. The test ig
on the safe side since soils that show frost heaving in the labora-

tory do not always behave similarly in the field. (10)

5.16 Nielsen and Rauschenberger (7) suggested that the frost sus-
ceptibility of soils may be determined by means of curves and notes

as shown in figure 5.1.

5.17  After 20 years of thorough observation in central Europe,
Lothar Schaible, 1955 (13) came to the conclusion that the grain
composition of a soil must play a decisive role in any assessment of
the frost danger. Only the fine soil or soil matrix and the grain
size components below 2 mm. are considered and a classification of
dangerous grain size was suggested. A classification of this type
affords the possibility of determining the frost susceptibility of
soils on the basis of their percent grain size composition below
2 mm. in the following series:

a) for the clay and silt series.

b) for the clay, silt and very fine sand series
(See table 5.1),
With this new frost criterion (see fig. 5.2) Lothar Schaible suggested
that decisions regarding the degree of frost susceptibility can be

made on the basis of grain size analysis.
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5.18 Water attains its maximum density at a temperature of 4°C,
On further cooling, it begins to expand until it crystallizes.
With further decrease of temperature, the ice contracts.
fore, when moist porous soil freezes, its volume first increases,
until most of the water freezes, and then upon further coocling the
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5.19 Calculation of frost heave: Frost heaving of soil is the

g %,

external result of the increase in its volume. The exrenr

heaving depends on the amount of wateyr drvawn to the freezing front
fad

during migration.

the average increase in volume of water on from
solid state is 9%, is-
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Where:

il

frost heave ,cm.,

"

w = water comtent, percent,

w = weight of dry soil, gm.,

S (=)
Y, © unit weight of water, gm. / c. om.,
“
A = cm,
,; -
o
w o=
u
@
i =(i-—Y)100 - L )
o Uj) k3 ol o Dy

5,20 According to the definition

o

1

closed system, with regard to wate:
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TABLE 5.1 Theoretical and Practical Classification of
Frost Susceptibility According to "SCHAIBLE"

Fraction in %
of fine soil

composed of

grain size <2 mm Theoretical Practical
For (a) For (b) Classification Classification
0 to 5 0 to 10 No frost damage = Fo
Safe
5 to 10 10 to 20 Light frost damage = F1
10 to 15 20 to 30 Med. frost damage = Fm Sensitive to frost
15 to 20 30 to 40 Med. to strong = Fm/Fs Near upper limit;
frost damage use caution and
carry out compre-
hensive investiga-—
tion
over 20 over 40  Strong frost = Fs Dangerous

damage
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PART I1 - STRESS~STRAIN-TIME RELATION AND STRESS RELEASE OF
FROZEN SOILS

The problem of establishing the parameters involved in the
strength of unfrozen soils is complex and depends on the following

factors (19):

a) Types of soil mineral and soil mass compositiomn,
including stratification,

b) Prestress history,

c) Scil structure (particle orientation and arrangement),

d) Nature of pore water and degree of saturation,

e) Method of test evaluation .
In the case of frozen soils the situation is more complex because
of the following additional factors:

a) Influeﬁce of temperature in regard to ice,

b) Ice content and unfrozen water content in frozen

soils,

c) Type of ice frozen in soil,

d) History and age of freezing and thawing,

e) Size and number of ice crystals found in frozen
soils ,

f) Orientation of ice crystals,

g) Rate of freezing,

h) Rate of application and duration of applied load,
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i) Transformation of ice to other form of ice or phase
transformation of ice during application or duration of load,

j) Quantity of air content in soil mixture or in ice
crystals., and

k) Content of soluble salt in soil composition, etc. There=
fore, frozen soils in different states may have a different
resistance to applied load causing compression, tension, or shear

stress,

5.21 The transformation of water to ice alters the internal bonds

in the soils, leading to a redistribution of moisture and fine mineral
particles. The behavior of ice inclusions, especially if ice forms

in thin films, differs from water films, giving rise to frozen soils
whose strengths differ substantially from unfrozen soils. The
strength of internal bonding (cohesive strength of frozen soil) depends
on several factors which, in turn, depend upon interactions between
the soil components. Experiment shows that the cohesion of frozen
soil decreases gradually with rising temperatures, and falls sharply
at the stage of thawing. (16) Also, experienpe has shown that

frozen soils under applied load do not behave as Hookian solids.

They have irrecoverable deformation (creep) after initial elastic
strains. A stress which is produced under a given strain or deforma-
tion decreases as a function of time, if the strain is fixed or locked

(stress relaxation or stress release).



The internal bonding of unfrozen soil consists of the
following:

a - The natural molecular bond, which depends upon the
molecular attraction between the solid particles of soil
separated by a film of connecting water. This attraction depends
on the surface area of particles and the distance between them.
The strengthening of soil is achieved when compression causes a
reduction of distance between particles thereby increasing mole-
~cular attraction.

b - The structural bond is caused by a variety of physical,
physico-chemical, mechanical and other processes, which develop
a molding during geological formation.. This bond is removed when
distortion of the natural structure of soil occurs by thawing or
remolding.

¢ - The cementing bond of ice between the ice crystals and the
mineral particles.. This bond is produced by a liquid layer, which
envelopes the soil particles and the ice crystals. It is dependent on
the temperature of frozen soil, the volume of ice and the area of
interface of ice and the mineral particles,

Although the above classification is somewhat arbitrary, it
is useful in separating the roles of various factors which affect

the strength of frozen soil.
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5.22 The cementing bond of ice is the least stable and changes with
changes in the temperature of the frozen mass. Upon thawing, this
bond disappears completely and the strength of the thawed soil,
accompanied by textural and structural changes, is reduced in an
irregular fashion. These textural and structural changes lead to

deformation under relatively low stresses.

5.23 When a load is applied to frozen soil, it produces a stress
concentration at the contact between the mineral particles and the
ice crystals. Even with a comparatively small applied load, the
stress at the contact can reach very high values. A further in-
crease in stress causes plastic deformation of the ice forcing the
ice from a high stress region to a region of lower stress. It also
gives rise to plastic flow of ice with no phase transition because of
the pressure difference at and around the contact area. At the same
time, the increase in stress at the contact leads to a disturbance
of the equilibrium state between the film of water and the ice in
contact with it. This finally leads to a melting of ice. Under

the influence of the pressure gradient, moisture, which has changed
phase from ice into water film, is moved from a region of high
pressure into a region of lower pressure. The water squeezed into
this region freezes again and reaches an equilibrium state at same

temperature.
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5.24 Some of the ice-melt may be squeezed out onto a free surface
and freeze there. This ice melting and displacement of water has
been confirmed by experiments by Vyalow, 1954. (16) Besides

the process already described, a process of squeezing-out of the air

contained in the frozen soil also takes place.

5.25 Redistribution of the ice in frozen soil under the action

of an external load leads to denser packing of the mineral particles.
The displacement of ice, water, and air results in a volume

decrease or comsolidation of the soil. This gives rise to increased
molecular cohesion. The process of ice flow, its melting and the
squeezing out in form of supercooled water is accompanied by a
structural distortion of the frozen soil which causes the structural
and cementing bond to be decreased. Two mutually opposed phenomena
occur in frozen ground under pressure. On the one hand is a weakening
of structural cohesion and cohesion by cementation, and on the

other an increase of molecular cohesion.

5.26 With time, rearrangement of solid particles takes place,
resulting in irreversible structural deformation known as creep or
visco-elastic flow. If disturbance of the structural bond and a
weakening of cementation bond is compensated for by a strengthening
of molecular cohesion, a state of equilibrium will be re-established
and the rate of deformation will stabilize.

However, if the applied load is larger than a certain magnitude,
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the destruction of the internal bonds will no longer be compensated
for by strengthening of the molecular bond. Flow would continue
and lead to total destruction of internal bonds, commonly called

failure.

5.27 The deformation of frozen soils under constant applied stress
has been classified by Denisov (1951), Noyabov (1959), and Tsytowich
(1954), (16) Throughout the text and with reference to Figure 5.3
all deformations are designated by the symbol 'e'. The subscripts
0, 1, 2 and 3,designate the stages of deformation of Elastic,

Structurally Reversible, Irreversible and Plastic Viscous respectively.

The deformations are classified as follows:

1.1

a) Elastic deformation €5 associated with elastic changes

in the crystalline lattice of the ice and or minerals, elastic
compression of water and any entrapped air contained in the frozen
soil - These deformations are instantaneous, occurring immediately
upon removal of the applied load. The magnitude of the instan-
taneous elastic deformation of the frozen soil is comparatively small

but may be increased by cycling the load.

|

1 which result

b) Structurally reversible deformatioﬁs ‘e
from changes in the thickness of the water film at the interfaces
of the soilid particles under the action of external pressure, and
also as a result of the reversible phase transitions in the ice -
This reversible deformation is time—-dependent. It can be considered
to be a delayed elastic deformation =t a decelerating rate of strainm.

7

¢) Irreversible deformation sé due to phase transition of

ice to water and accompanying consolidation under stress — The
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squeezing-out of water or any alr is accompanied by a decrease in
the volume of soil. This is a time dependent deformation and is
irreversible.

d) Plastic viscous deformation 'eé

that depends on the
irreversible displacement of solid particles and flow of ice - This
deformation develops with time and may be characterized as visco-
plastic. An accelerating rate of deformation terminates in failure
(Fig. 5.3). The increase in plastic deformation leads to an irre-
versible and distorted structure and may lead to a state of progressive

flow resulting in complete failure of the soil under load (tertiary

stage, "accelerating rate of strain').

5.28  Another manifestation of the rheological properties of a

body is stress relaxation under constant strain. The cohesion of
frozen soil is not constant and varies with the moisture phase and
time. The relaxation (stress release) depends upon ice melting in
contact with the mineral particles, dislocations in the mineral aggre-
gates, and upon yield and change of ice structure contained in the
soil. 1In frozen soil subject to relaxation under constant applied
strain,most of the high stress produced by the compression is relieved
in a short period of time. Further decrease in stress occurs over a

longer period of time.

5.29 The above classification of deformations is arbitrary since

the occurrence of one or another type depends upon the duration of
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the load and, most of all, on the soil temperature.
Mechanical models are often used to express the rheological

properties (20), but these are not herewith presented.

5:30 The instantaneous elastic strain shown in figure 5.3 can
be compared to a simple mechanical spring (21) (See figure 5.4a

and b). The strain for any constant stress can be expressed as:

%
g ==
o E
o}
where:
€, = Instantaneous strain,
9, = Applied constant stress, and
EO = Young's modulus of instantaneous

deformation.

5.31 The retarded deformation can be illustrated by a mechanical
model called a Kelvin-body. It is composed of a spring in parallel
with a dashpot (See figure 5.5 a, b and c). The presence of the
dashpot, representing an ideal viscous fluid, in a Kelvin-body causes
the deceleration of strain rate when a constant stress is applied to
the model. The decelerated strain which was caused by the constant
stress will recover with time upon removal of the applied stress due

to the energy stored in the parallel engaged spring.
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The relationship between stress, strain and time for such a

model under creep may be expressed as:

ey = %9-( 1-e _Elt/w1>. e (5.8)
1

Where:

€ = Reversible strain at decelerating rate of strain,

Oo = Constant applied stress,

B, = Young's modulus at declerating strain rate,

t = time,

Wl = coefficient of compressive viscosity,

The coefficient of compressivérviscosity ¥ and con-
sequently Nys the coefficient of shearing viscosity is found to be

temperature and stress dependent.

5.32 The irreversible deformation under creep can be illustrated by
a mechanical model consisting of a single dashpot (see figure 5.6a, b
and c).

The stress-strain-time relationship may be expressed as:

£, = —— cess (5.523)



Where:

€y = irreversible creep strain at constant rate of strain,
00 = constant applied stress,

t = time, and

Wz = coefficient of compressive viscosity at constant

rate of strain.

This type of deformation is not recoverable upon removal of

the applied stress.

5.33 A combination of these three models illustrated in para-
graph 5.30, 5.31 and 5.32 appears to exhibit the ideal behavior of
frozen soils. Figure 5.7 a, b and ¢ illustrate the combination of
the above mentioned elements in series which, in rheology, is called

a Burger's body (21).

5.34 The ratio of relative magnitude of viscous to elastic

oo oo . .
response = is in general, referred to as transition time T If the

E T’

=1 in which n and G are

model is subjected to shearing stresses, TT G

the coefficient of shearing viscosity and shear modulus respectively.
This ratio, however, is the retardation time, the time interval in
which the decelerating strain accrues when the applied stress o = oo.
On the other hand, this ratio is called relaxation time, the time
interval in which the stress release accrue, when the applied stress o

is reduced to zero (See figure 5.5 b & ¢). The transition time has a

dimension of time (23).
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When a Kelvin model is stressed, part of the deformation
energy will be stored in the spring while the remainder will be
dissipated in the dashpot (See fig. 5.5a and b). If at time t = o,
0 = o, the stress~strain-time relationship for a Kelvin model under

a constant stress 9 is given by

Oo —Elt
= (5 cee. (5.5)
1 E “l-ev)

Y
Hence, €4 increases exponentially with time. When-Ei = t,
c 1

€, approaches Eg-, the amount that the spring would have extended in
1
the absence of the dashpot. On release of stress Tgs Ei decreases

1

exponentially and approaches zero (See figure 5.5b and c) at time

5.35 The combination of a spring connected to a dashpot in series

is called a Maxwell element. The ratio of 2 or in the Maxwell

E

(] =}

model is termed the relaxation time as mentioned in paragraph 5.34.
For a Maxwell element under a given constant stress increment,
) o t

o .
£ = — 4 —————— coee
Eo WZ

(5.6)
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Placing
Yy
T =_..2_.
T E °
0
o}
__o ot
€, = F + TE ceee (5.7)
0 T o

When a Maxwell element is suddenly extended by €0 the force required

to maintain this extension as a function of time is given by

E t
-_5
o = Eo eoe WZ or
-t
o = EO €e TT . ceo. (5.8)

The boundary conditions used to obtain equation (5.8) were:

at t c =E ¢ and

i
e}

at

ct
Il
ct
Q
it
Q

When t = TT the stress relaxes from its initial wvalue of EO eo

to

o= —2 ceee (5.9)
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For € = 2¢ ,

In which O = 2¢ is the stress produced by an initial compression
0

of e = 2¢ at t =T
o} T

For € = ne
o)

Where n is an integer,

In which o = ne is the stress produced by an initial compression

of ¢ = ne at t =T eeos (5.10)

T*

Y
. 2 .
Consequently, at time t = i T any stress ¢ relaxes from its
o

TS

nE ¢
o)

= (See Fig. 5.9).

initial value of nEoeo or nco to
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5.36 Raymond N. Yong (17) states "From previous investigation
and observation of specimen behaviour, it is apparent that ice
content and unfrozen water coatent should also be considered in
the evaluation of the strength of the frozen soil-water system....
It would seem that the greater the quantity of water remaining
unfrozen, the lower would be the strength of partially frozen
soil.... Unexplained is the development of unfrozen water in

partially frozen soil, such as double layer water".

5.37 A. A. Nerseovo and N. A. Tsytovich (17) state that "Besides
external influencés (temperature and pressure), thé main factors
determining the unfrozen water content in frozen soil are:

a) Specific surface area of the mineral solid phase of soil

system, b) Chemical and mineralogical composition of soil,

c) Physico~-chemical characteristics, especially the nature of
exchangeable cations, and d) Content and composition of water soluble
compounds'.

According to N. A. Tsytovich and Z. A. Nerseovo the
absorbed water in most soils freezes completely, when the soil
temperature is lowered to -70°C. No unfrozen water, including
absorbed watér, can be detected in highly dispersed montmoril-

lonitic clay when il is cooled to a temperature of -193.8°C.
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5.38 P. J. Williams (18) has performed a comprehensive calori-
metric investigation to determine the unfrozen water content of
various frozen soils and, among them, frozen Lake Agassiz clay.
The results of the investigation of Lake Agassiz clay, for un-
frozen water content during the first freeze and following a pre-
vious freeze and.thaw, are shown in Figure5.10. Williams stated
that the greatest depression of the freezing point below 0%
presumably occurs in water that is most firmly held and is

closest to the soil particles.

5.39 "The phenomenon of loss of strength by remolding has been
given by Terzaghi (22) as follows: Each particle may be
visualized as coated with a film of water in solid state (ad-
sorbed water), (See fig.5.lla). The state of this water is such
that its viscosity is exceedingly high. If the soil sample is
subjected to a pressure over a period of centuries, this water
with high viscosity is slowly squeezed from between points of
nearest contact of adjacent particles, giving the condition
shown in (b). The closer contact which results between particles
leads to a higher degree of true cohesional attraction. If the
direct pressure is removed, the highly viscous water will flow
back, but so slowly in some soils that years may elapse before

the loss of strength is appreciable. However, remolding moves the

66.



particles as shown in {(c), and as a result the particles are more

widely separated and strength is iost., ™

(a) (®) )

Figure 5.11 Water film explanation of stxuctural bond
s i




CHAPTER VI

OBSERVATION -OF TESTS, EXPERIMENTAL
TEST RESULTS AND DISCUSSION

6.1 The experimental test data on Glacial Lake Agassiz clays
are presented in two parts. Part 1 deals with the study and
observation of the freezing process. Part 2 deals with the
study of the stress-strain behaviours under uniaxial loading and
stress release (relaxation) of frozen soils. The strength
behaviour of several thawed soil samples following one cycle of
freezing was also studied. In both cases, undisturbed and re-
molded soil specimens were used and were frozen uniaxially or
from all directions. The test results and findings of each set of
tests have been summarized at the end of each part. The design,
fabrication of equipment and instrumentation employed and their

operation have been presented in Chapter II.

A. Part 1 - Data and Results of Freezing Process:

Artotal of 28 specimens was frozen in the following groups:

Group No. 1: Three completely saturated samples were
frozen without external water being supplied to the samples. The
bottom parts of the samples were kept at 27°F in the heat exchange
box for a minimum of 80 hours. The temperature of the top of the

samples was kept above the freezing point at approximately 36°F.
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The samples were then removed from the heat exchange box in an
insulated condition and placed in the freezing cell. The whole

sample was allowed to freeze to a uniform temperature of 27 +0,5F.

Group No. 2: Thirteen completely saturated samples with no
supply of external water were placed directly in the freezing cell
for uniform freezing as follows:

1 sample at 31.50F,

a
b 4 samples at 27OF,
¢ 5 samples at 17OF, and

d 3 samples at 7°F.
. e o}
The samples under c were cooled initially to 27 F. When heave or
contraction had ceased for a minimum of 3 hr., the temperature was
0

reduced to 17°F.

Also, three samples were initially frozen at 27OF, and kept
at this temperature until deformation ceased. Then the temperature
was reduced to 17°F and maintained at this lower temperature until

no deformation occurred for a minimum of three hours. The tempera-

ture of these samples was then further reduced to 7°F.

Group No. 3: Six completely saturated samples were frozen
in the heat exchange box for a minimum of 300 hr. with a predetermined
quantity of external water being supplied laterally to the samples.
Filter strips were placed at various heights along each sample (See

paragraph 4.6). During the first step of freezing the bottom parts of
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the samples were kept at 27°F for 320 to 390 hr., while the tops
of the samples were kept at 34°F to 39°F until heaving completely
stopped. Then the samples were transferred to the freezing cell

for complete freezing at 274+0.5F.

6.2 In order to limit the length of presentation of the obser-

vations of Part 1, only five typical test results are discussed.

6.3 The grain size distribution curves for a typical Glacial Lake
Agassiz clay indicate that the clay is frost-heave susceptible due

to a high percentage of fine materials, according to criteria by
Casagrande, Nielsen, and Rauschenberger and Lothar Schaible (see
paragraphs 5.15, 5.16, 5.17 and fig. 3.3, 5.1 and 5.2). Consequently
a high capillary rise is anticipated. However, because of low per-
meability in the range of 10—9 cm. per sec. (see paragraph 3.7), the
heaving potential is minimiized. This is due to the crystallization
of the pore water caused by freezing and consequent blocking of the

fine capillaries of the soil (see paragraph 5.5).

6.4 Photograph (6.1) shows ice segregation in sample OC-N-27-116
of Group No. 1. This sample was put in the heat exchange box for

141 hrs., keeping the temperature of the bottom part of the sample at
27j0.50F, and the top of the sample at 36t0,50F. This allowed enough
time for migration of the pore water from the unfrozen portion of the

sample down to the freezing front where ice erystals could form. In the
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second stage, the sample was transferred to the freezing cell for
uniform cooling to 27 + 0.5°F. After the transfer, the sample
started to contract. Moisture contents, based on the entire sample
before commencing freezing and on three portions of the samples
as shown in fig. 6.1 after complete freezing, indicated the fol=
lowing:

Before freezing, the moisture content of the entire sample
was 49.37%.

After freezing, the moisture content of Portion 1 was 49.9%.

The moisture content of Portion 2 where ice crystallization
had taken place was increased to 59.1%.

The moisture content of Portion 3 was reduced to 37% causing

a strength reduction as discussed subsequently.

6.5 When the soil samples were frozen as outlined in Group No.2,
uniform ice ségregation took place throughout the length of the

sample. Photograph 6.2 shows the uniform ice segregation of sample
OI-N-17-132. Horizontal and vertical cracks were filled with ice

from the water removed from clay. This action is attributed to suction
set up during the crystallization process (see Paragraph 5.7 and 5.8).
Photograph 6.3 and 6.4 show in cross-sectional view, the ice filled
cracks forming a polygonal pattern. The moisture content of the
samples of Group 2 (when frozen) underwent a redistribution in the

horizontal direction only. The moisture content determination of
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different slices at different heights of each sample showed a
deviation of moisture content of +3% from its original uniform
moisture content. This deviation was apparently due to the accu~
mulation of ice in the vertical cracks which were filled with

different thicknesses of ice.

6.6 The purpose of the tests on the third group of samples was
to find out if the frost behaviour of Lake Agassiz clay would
change when water was supplied parallel to the varves. In nature
this would be comparable to a situation close to the river banks,
lake shores, drainage ditches and grounds close to heated areas,
or in areas of sporadic permafrost .

Predetermined quantities of water varying between 12 and
21 grams per sample were supplied to the samples laterally during
the freezing process (see Table 6.6). The quantity of water
supplied was totally absorbed by the samples in 50 to 70 hours
after the samples were placed in the heat-exchange box. Photo-
graph 6.5 shows a typical sample 0C=R-27-122 for which the water
was supplied laterally. The predetermined quantity of 13 grams
of water was absorbed by the sample in 60 hrs. The heaving of the
soil sample ceased in 450 hrs. of elapsed time. Then the sample
was transferred to the freezing cell for complete freezing at
27°F fSOF. After 80 hrs. in the freezing cell the heave of the

sample, following the transfer of the sample had decreased by 5%,




Tal

indicating completion of ice crystallization (See Fig. 6.2).

As noted previously (Paragraph 4.6), the filter strips
used to supply moisture were blocked off with nonpermeable
tape so that only specified zones of the sample had access to the
external water supply. In the tests, this arrangement worked
very well because ice crystallization started immedidately at the
lowest point of the predetermined zone that had access to water,
First, 1/32 inch thick ice crystals accumulated at the upper
limit of the predetermined zone. Photograph 6.7 illustrates the
tearing of the filter strips due to heaving.

In the sample shown in Photograph 6.6, the water supply
strip was blocked from the base to a point 1 inch above the base.
Then a 1.05 inch zone was left unblocked to provide water to the
sample. The water supply strip was blocked from the top of the zone
to the top of the sample. The predetermined water supply of 20 grams
was completely absorbed by the sample in 76 hrs., after placing
the sample in the heat-exchange box. After 358 hrs. of elapsed
time, the sample was removed from the heat-exchange box and trans-
ferred to the freezing cell at 27°F fSOF, At that time, the total
heave was 26.2%. During the next 25 hrs., an additional 10% of
@eaving occurred. The horizontal and vertical cracks above the
upper limit of the water supply zone indicate further moisture

withdrawal to the freezing front from the upper layer of the soil
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after the sample was removed to the freezing cell. Photographs 6.6
and 6.9 show the ice build-up in the vertical cracks beyond the
water supply zone in sample OC-R-27-119. This also indicates
the suction set up above the upper limit of the water supply zone
to form vertical and horizontal cracks similar to the ice segre-
gation as found in samples of Group No. 2.
In all six samples of Group No. 3, the freezing plane did
not remain stationary. Although the rate of water supply was
constant, the rate of cooling varied somewhat within the operational
limits of the thermostat of the cooling system (See Paragraph 5.9).
The distance of the freezing front of sample 0C-R-27-119
was longer than sample OC-R-27-122 (compare Photographs 6.5 and
6.6). Because of the longer distance of the freezing front of the
latter sample, the heat flow given off from the freezing front and
the heat loss to the surface were in equilibrium. Consequently, no
additional freezing could take place in the heat-exchange box. Further-
more, moisture in the ufrozen state remained unfrozen at the top of
the sample and was frozen after the sample was taken from the heat-—

exchange box and placed in the freezing cell.

6.7 Heaving versus time and temperature graphs of the 5 samples

of Groups 1, 2 and 3 are shown in figures 6.2 and 6.3
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6.8 The frost heave of five samples was calculated using
formulas (5.1) and (5.2) and compared with experimental results
(See Tables 6.1 to 6.6). Computed and observed values of heave
are shown in Table 6.6. For comparison, the computed values have
been expressed as tratios of the observed values. They are also
shown in Table 6.6. In the samples frozen without a water supply,
the ratios were found to be 0.68, 0.47, 0.65 for samples
0C-N-27-116, OC-N-17-124 and OC~-N-17-132, respectively. For the
samples frozen with water supply, the ratios were found to be 0.93
and 1.27 for samples 0C-R-27-119 and 0C~-R-27-122 respectively.

The calorimetric test results of P. J. Williams (18)

(See graph 5.38) were used to determine the relative ice content.

6.9 Clear ice lenses were observed in samples that were frozen
undisturbed and uniaxially, indicating the state of molding of
samples prior to freezing. ©No ice lenses could be seen in soil
samples that were frozen undisturbed or remolded and frozen from
all-around. This agrees with Taber's findings which are summarized

in Paragraph 5.11.
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Temperature

1T

”“”“T SUPPLY O T

AT 27u?
HE SAMPLE

81.

Elapsed of sample Heave of
Time in Hrs, in ¥ sample Heave
Hr. Min., BOT TOP in inches In Percen Remarks
6] GO 38 78 0 0 Semple placed
in hesat ex-—
change box,
thgrmostat 2t
27°F
L Co 32 &3 .C030 0,109
20 C0 26,5 36,5 L0460 1.680
23 55 27.0 36,0 L0520 1.8%0
by 00 26.5 37,0 0725 2,640
58 55 6.5 37.0 .0830 3.050
£5 35 26.5 35.2 L0880 3.200
83 20 26,5 35.2 0940 3450
93 55 26.5 35,2 L1060 3.850
117 L5 26.5 35,2 L1156 L.180
141 00 26.5 35,8 L1220 L 050
141 00 6.5  3L.5 1220 L. 450 Sample trens—
ferred to
freezing cell
for complete
freezing
142 G5 26,0  31.5 1215 LohWhT
142 30 26,0 31.0 .1205 L. 438
164 15 26,0 27,0 0920 3.250
176 40 26.0  27.0 L0925 3.250
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TAELE 6.2
HEAVE (1N _JPCJNT) - TIME RELATICH
FOR SAMPLE “”~N~T7 12/, FROZEI AT 17°F
WITE NC EXTERNAL WATER SUPPLY TO THE SAMPLE
Temperature
Elapsed of sample Heave of
time in Hrs, in ¥ sample heave
Hr, HMin, BOT, TOP in inches in vpercent Remarks
0 - 00 L5 59 0 0 Semple placed
in freezing
cell thermo—
stat set at
27°F
c - 15 3L 57 O 0
0 - 20 27 55.5 .C030 .108
G - 30 25.5 54 .0C&0 288
C -~ L5 25.5  51.0 .0105 362
T - 0C 25.5 7.0 .0130 68
1 - 15 26.0  L5.0 L0135 486
6 - CO 26.0  32.5 0240 B85
25 - 00 25.0 27,0 .0395 1.430
27 - 15 15.0 27.0 .0390 1.405 Thermostat set
down to 17°F
27 - 35 15.5 20.5 0390 1.405
L9 -~ 30 15.5 18.0 .0390 1.405
162 - 0C 15.5  17.0 .0320 1.155
186 - Q0 i5.5 17.C 0320 1.155
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FOR SAMPLE OI-N-1

~L
HEAVE (IN PERCENT
7
WITH NO EXTERNAL WATER

FROZEN AT 17°F
Y TO THE SAMPLEA

Temperature
Elapsed of sanmple Heave of
. . . 0
time in Hrs. in F sample heave
Hr. Min, BOT. TOP in inches in percent Remarks
0 -« (0 39.5 80.0 0 0 Ssmple placed
in freezing cell,
thermostat at
f"OT\
27 F
- 25 35.0  72.0 0 0
3 = 00 26.5 38.5 .0150 0.680
7 - 10 26.5 31.5 .OLLO 1.585
18 = 25 25.5 28.0 .0990 3.565
23 - L5 5.0 27.5 .1105 3.975
31 -~ 25 25.5 27.0 .1105 3.975 Thermostat
seg down to
17°F
31 = 5 25.3 27.0 .1105 3.890
L3 - 3 15.5 5.0 .1082 3.900
L6 -~ 10 15.5 18.0 . 1087 3.916
L8 -~ 10 15.5 17.5 .1088 3.916
50 - 30 15.5 17.5 .1088 3.916
51 = 30 15.5 17.0 .1089 3.91
68 - 00 15.5 17.0 .1083 3.900
72 - 16 15.5 17.0 .1083 3.900
78 - 32 15.5 17.0 .1085 3.915
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TARLE 6.4
EAVE (IN PERCENT) - TIME RELATICN
FCR SAMPLE OC-R-27-119 FROZEN AT 27°F
WITH EXTERNAL WATER SUPPLY

Tempersture
Hlepsed of sample Heave of
time in Hrs. in F sample Heave
Hr, Min, BOT. TOP in inches in percent Remarks
0 - 00 39,5 66,5 0 0 Semple placed
in heat exchange
box, ghermostat
at 27 F with
provision of
external water
supply
17 - 20 27.0 3L.5 2125 7.650
27 = L5 27.0 34.5 .2980 10.790
51 -~ 4O 26,5 34.5 .LLO60 14.630
76 - 00 26.5 3L.5 4880 17.350 End of water
supply
160 - 05 26.2 3L.5 .5L60 19.75C
123 -~ 05 26.2 33.8 .6038 21.780
148 - 25 2€.2 3L.5 L6635 23.900
185 - 35 26.2 3L.5 . 6668 21,100
217 - 35 26.0 34.5 .£6980 25,200
2h2 - 10 26.0 3L.5 . 7150 25.850
268 - 55 26,0 3L.5 . 7190 25,950
290 - 25 26.0 34.5 .7190 25.950
314 - 10 26.5 35.0 L7220 26.050
353 - L5 26.0 3L4.0 . 7250 26.100
358 - L0 25.5 34.2 L7255 26.200 Ssmple trans=—
ferred to the
freezing cell
for complete
freeging
359 -~ 40 25.5 33.0 8055 29.05C
363 - 10 25.2 32.0 8555 30.820
363 = 4O 25.5 31.0 .9885 35,600

27.3 1.0015 36,200

It

384 - 05 25,



WITH EXTERNAL WATER SUPPLY

TABLE €.5
HEAVZ (IN PERCENT) - TIME RELATIONO
FOR SAMPLE OC-R-27-122 FROZEN AT 27°F

85.

Temperature
Elapsed of sample Heave of
s : . o .
time in Hrs in F sample heave
Hy Min. BOT. TOP in inches in percent Remarks
0 - 00 56.5 78,0 0 o Sample placed in
heat exchange
box, ghermostat
et 27 F with
external water
supply
2 = L5 30.5  L45.5 .0790 2.8L5
23 = L5 28.0 38,5 .1990 7.230
59 = 25 28.0  40.5 2940 10.600 -
52 = 15 27.5  138.0 .3765 13,700 Fnd of water supply
97 - 45 28,0 39.5 4030 1L.620
121 - 30 27.5 39.0 L200 15.400
161 - 05 27.5  37.5 LS540 16.550
191 -~ 45 27.8  39.5 4600 16.700
217 - 55 27.5 39.0 LE1O 16.750
261 - 15 27.5 39.0 L650 16.9C0
291 - 15 28.0 39.5 L6L5 16.850
315 - 30 27.5 39.2 1695 16.900
327 - L5 28.0  39.0 4769 17.320
38 - 30 2¢€.5  39.0 4750 17.280
L2 - 30 28.2 39.0 .5120 18.610
L50 -~ 30 26.5 39.0 . 5130 18.650 Sample trans-
ferred to the
freezing cell
for complete
freezing
510 -~ 15 27.5  39.0 .5190 18,650
511 - 35 27.0  33.0 . 5090 18.500
530 -~ 15 25.5 27.C L4960 18.050
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B. Part I1 ~ Data and Test Results of Stress-=Strain-Time

And Strength Behaviours

6.10 In this part of the investigation, the followings were
investigated for frozen Lake Agassiz clay:

1) The effect of normal stress and temperature on the
visco-elastic properties under uniaxial constant load,

2) The effect of stress release over a period of time
on strained frozen soils, and

3) The unconfined strengths of thawed out soil samples
following one cycle of freezing.

Because of the complex difficulties involved in obtaining
direct shear strengths of frozen soils, it was decided to relate
compressive stress and the coefficient of compressive viscosity
to shear stress aqd coefficient of shearing viscosity under the

following assumptions:

a - The specimens were completely saturated,

b =~ The volume of the specimens remains constant at
all times,

¢ =~ Originally plane and parallel surfaces remain

plane and parallel, and
d - The presence of friction between top and bottom

* plates between which the sample is placed can be neglected.

87°V’V‘A'Wk”""
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6.11 TUnder the assumptions made in Paragraph 6.10 [23]
(See Fig. 6.4):

For an isotropic elastic body stressed under uniaxial compression,
1

== .17 cee. (6.1
G (6.1a)

For an isotropic viscous body stressed under uniaxial compression

1

e, = % > 0.5 YiZ = ﬁqtlié cess (6.1b)
Where
e, = compressive elastic strain?
o . . .
€, = rate of compressive viscous strain,
Y19 = maximum elastic shearing strain ,
yiz = rate of maximum viscous shearing strain
Oz = compressive principal stress ,
Tip = maximum shearing stress ,
n = coefficient of shearing viscosity,
E = Young's modulus of elasticity7
b4 = coefficient of compressive viscosity,
G = modulus of rigidity,

Considering the volume to remain constant for a cube of sides 20

being elastically or plastically transferred to a parallelepiped
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with sides % A L.,, after application of load we have:

1° 722 73
1 0 h
™ R 1 . ceee (6.2)
0 0 0
Consequently, the sum of natural logarithmic strains is:
2 L %
gyttt 2y =0
0 0 0
- 1, - ) b3
Writing e, = ln( E—-), e, = 2 ( 7 ) and ey = & ( E") 5
0 0 0
the sum of logarithmic strains is:
e + €, + 33 =0 - cee. (6.3)
For uniaxial loading in the 1 direction
€y = €5 =He; ceee (6.4)

Combining (6.3) and (6.4), the Poisson's ratio for a saturated, isotropic,

elastic soil with no volume change is

w=1/2 . ceo. (6.5)
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From equations (6.3), (6.4) and (6.5) one obtains

P ceo. (6.62)
€2 T E3 2E
It follows
-0 -0 -0 _
81 + 82 + 53 = 0 5
And
-0 -0 Gz
52 T &3 7 Ty ees. (6.6D)

o =0 -0 . . L
1° €9 and €, are the rate of logarithmic strain in the 1, 2 and

3 directions respectively.

Where ¢

Reference to Fig. 6.4, for uniaxial compression in the 1 direction

(z direetion), oy = (0, The maximum shearing stress is given by

_ 1
le—‘éﬁ o ce e (6.,7)

According to (6.la), the maximum elastic shearing strain is given by

T
_ € e, . 12 _ "z |
= "z Y= =3¢ oo (6.8a)
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According to (6.1b), the rate of maximum viscous shearing strain

is given by

o o] o T12 Oz
Y12=€Z—gz= n =—2;-‘ 2000 (608b)
According to Hooke's Law:
Oy Oy g,
T ETMNTECMNTE
Oy oy c,
Sy TTHETECYTE
o Oy a,
2T TP EOMTET R
Hence
1 1+ .0 o
€, Ey E[O + Wo_ = o uoy] = ——E——-( Z y)
For uniaxial compression in the z direction Cy = 0
Therefore
_ 1+t
e, sy = 7 o, ceoo (6.9a)
It follows
o o_1+u i
€, Ey 7 g, ceo. (6.9b)
Substituting (6.9a) in (6.8a)
1 _1+u _ E .
3G T or G PRCETED) eees (6.10)
Using (6.5)
vee. (6.112)



Substituting(6.9b) in (6.8b) and using (6.5)

1+ u y _
S A G U TV I

=

1
2n Y

W e

Combining (6.8a) and (6.11a), one obtains

o)

Figure 6.4 Maximum shearing stress in terms of principal
compressive stress for elastic and/or viscous

body.

vos. (6.11b)

(6.122)

cees (6.12Db)




6.12 Tables 6.7, 6.8, and 6.9 show the program undertaken to
establish the strain-time relation under constant nominal axial
stress. The actual axial stress includes a correction, for changes
in cross-sectional area (as the sample deformed) based on the
assumption of constant volume and maintenance of cylindrical form.

The corrected area was obtained from the relationship:

h
0
Ac = AO " cees (6.13)
Where Ac = corrected area at the time of deformation
at any stage,
AO = the original area before application of
load ,
h0 = the height of the specimen before appli-
cation of stress,
h = the height of the specimen after appli-

cation of stress at the time of defor-
mation at any stage .

The strain was then adjusted to constant stress using a triaxial

co—ordinate system or "block diagram".

6.13 The samples shown in Table 6.7 of Program No. I were sub~
jected to a relatively slow uniaxial freeze by controlling the

temperature of top and bottom of the samples as indicated.

6.14 The samples in Table 6.8 of Program II were subjected to

93.
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relatively rapid uniaxial freezing. In both cases mentioned in

Tables 6.7 and 6.8, no external water supply was provided.

6.15 Table 6.9 shows Program III undertaken for specimens tested
when a source of external water was available during initial

uniaxial slow freezing.

6.16 Table 6.10 shows Program IV undertaken for different pur-

poses listed herein. 1In this program samples were subjected to a
relatively rapid uniaxial or extra rapid all around freezing.
Some of them were subjected to relaxation or strength tests in
frozen condition whilst others were subjected to strength tests,
after having been thawed following first cycle of freezing as

described in subsequent paragraphs.

6.17 Figures 6.5 to 6.14 illustrate the stress—strain-time re-
lationships of Test Programs I, IT and III.
The strain-time relations obtained from test Programs I,
11 and III exhibited similar modes of deformation comsisted of .
elastic and plastic strain caused by constant stresses applied.
The deformations investigated in the present work were
found to consist of three segments, as follows:
a) the first segment was an instantanedus deforma-
tion obeying Hooke's law. (see Fig. 5.3)

b) the second segment was a time~dependent deformation at

a decreasing rate of strain. (see Fig, 5.3)
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PROGRAM NO. I FOR TESTING SAMPLE FOR STRAIN-TIME
RELATIONSHIP AT CONSTANT AXTIAL, CCOMPRESSIVE STRESS,
SLOW FRAEEZE CONDITICN, NO EXTERNAL WATER SUPPLY,
UNTAXIAL FREEZE AND UNDISTUREED SAMPLES

Neominal

Tnitisl freeze Final freeze axisl stress
Sample No. condition condition psil
OC=N=27-114 140 Hrs. top of Rapid freezing 25

ssmp%e at 36 of entire

+0.5°F semple %t
OC-N-27=115 Bottom of gample 27 +0.5°F 50

at 27 +0.5°F
OC~-N=-27=116 75
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TABLE 6.8
PROGRAM NO. II FOR TESTING SAMPLES FOR STRAIN-TIME
RELATTONSHIP AT CONSTANT AXTIAL COMPRESSIVE STRESS,
RAPID FREEZE CONDITIONS, NO EXTERNAL WATER SUPPLY,
UNTAXTAL FREEZE AND UNDISTURBED SOIL SAMPLES

Rapid freeze Nominal
conditions in axial stress Set up for
Sample No. temp., of psi freeging
O0-N=-27-1284 27 +0.5 25 Rapid freezing thgrmo—
OC-N=27-128B 27 +0.5 50 stat set up at 27 F
OC-~N-27-128C 7 +0.5 75 Initial step 270 +0.5
] after eguilibrium
VG om N | 77 o f 1 N
OC-N-17-124A 17 £0.5 25 thgrmostat set down to
OC-N-17-12LE 17 +0.5 50 17°F
OC~-N=-17=12LC 17 +0.5 75 Initisl step thermo-—
N stat set up at 27 F°
“Ne 7=1254 7 +C. ' : ST
OG- 7-1254 7105 25 following equilibrium
OC~Nw~ 7-125B 7 +0.5 50 iher@ostat lowered to
~ 17 ¥ following equi-
e [ 0. . *
OC-H— 7-125C 7 tO 5 75 librium thermostat set

down to 7°F



TABLE 4.9 PROGRAM NO. III FOR TESTING SAMPLES FOR
STRATN-TIME RELATIONSHIP AT CCNSTANT CCMPRESSIVE
A¥TAL STRESS, SLOW FREEZE CONDITICNS, EXTERNAL

WATER SUPPLY, UNTAXTAL FREEZE AND UNDISTURBED SAMPLES

97.

Nominal
stress
Sample No., Initisl freeze Final freerze psl
0C=-R=27-118 350 to 450 hgso, tog of Entire sample 25
sample at 34 to 37°F, cooleg rapidly
0C-4~27-123 bottom of the sample = to R7°F 50
. o
27 +0.57F,
0C-R=27-121 11 fo 13, grams water 75

supplied through side
filter
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c) The third segment was a time-~dependent deformation
at a constant rate of strain (See Fig. 5.3).

d) A fourth segment, known as a deformation at accelerating
rate of strain that leads generally to total failure, was not in-

cluded in this study.
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LA

Test results for the different segments of each of the
three groups are shown in Table 6.11.

The total deformation process may be expressed as follows:

e =€ + E(t) =€, + e + £y - ceee (6.14)
Where

¢ = total strain,

€, = instantaneous strain ,

e, = total time dependent strain = €1 + €94
€y = strain a: decelerated strain xate ,
€y = strain at constant strain rate -

6.18 It was verified that the first segment €, is completely
and instantaneously recovered upon removal of thezapplied doad

and may be expressed as follows:

e =2 .
0 E
0
Where
o = applied stress psi,

tH
1

Young's Modulus psi .
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This instantaneous deformation was found to be independent of

temperature, approximately proportional to the applied stress

and ranged (see fig. 6.15):

EO = 165 x 102 to 180 x lO2 psi . eees (6.15)

The deformation in this stage is due to elastic changes in ice
crystal, mineralsyand elastic compression of water and entrapped

air (See Paragraph 5.27) without causing any melting of ice.

6.19 It was not verified in the present work that e, was re-
coverable with time upon removal of the applied load. However,
the duration of deformation at decelerating strain rate was found
to be not constant for varying stress, as the theory states (See
Paragraph 5.34). TFigure 6.17 illustrates the relationship of
duration of deformation at decelerating strain rate versus tem-
perature of samples 0C-N-7-124 A, B and C, OC-N-17-125 A, B and C
‘and 0C-N-27-128 A, B and C. According to Figure 6.17, the duration
of deformation at declerating strain rate decreases linearty with
the lowering of freezing temperature. However, the duration of ¢

1

increases in nonlinear proportion with increasing stress, indicating

a decrease of coefficient of viscosity with increase of the applied

stress.

6.20 Figure 6,18 illustrates the relationship of €

versus temperature at various stress levels. According
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to this figure, the magnitude of €. at lower temperatures

1
approaches zero in a non-linear fashion.

6.21 Figure 6.19 illustrates the relationship of strain rate
versus temperature of the third segment (i.e. time dependent
deformation at constant rate of strain, see Paragraph 5.27) ob-
tained from the series of tests conducted. According to Figure
6.19, the constant rate of strain for each magnitude of stress
applied, decreases sharply in non-linear fashion as the tem-—

perature was lowered.

6.22 The decrease of constant rate of strain with a lowering
of temperature is believed to be caused by a decrease of non-
frozen water in the frozen soil thus increasing the cementing
force of ice crystals. On the other hand, the constant rate of

strain increases rapidly with increasing temperature.

6.23 When the temperature of the frozen soil increased from
27°F to 31050F, the strength of the soil was found to approach
that of unfrozen soils. Figure 6.20 illustrates the behaviour
of sample OM-N-31,5-126, which was subjected to a triaxial
compression test for 1090 minutes. Then, in order to ex~

6

pedite the test, the strain rate was increased to 68 x 10

inches per minute, and this caused the soil to fail at 23.5 psi

115.

at a total strain of € = 9.3% after 2780 minutes from the start of

the test. Failure occurred along a slip plane as shown in Photo-
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graphs No. 6.10, 6.11 and 6.12. The strength weakening of

the soil, frozen at 31.50F, is assumed to be caused by the
presence of approximately 45% of nonfrozen water in the frozen
soil (see Paragraph 5.38 and Figure 5.10) accompanied by partial
or total destruction of the soil fabric and redistribution of
the original moisture content. This destruction is due to the
expansion of microscopic and macroscopic ice crystals which were

formed during the freezing process between the soil particles.

Photograph 6.10 shows sample OC-N-27-126 after failure.
Photograph 6.11 and 6.12 show characteristic freezing in this
sample namely, the horizontal and vertical polygonal cracks which

were filled with ice during the freezing process.

Chapter III of the book Basic Mechanics ovareezing, Frozen

and Thawing Soils, p. 21 by N. A. Tsytowich (16) reports on the

high compressibility of "clay loam" and '"sandy loam'" as follows:

M. compre331b111ty of frozen clay loam and
sandy loam at -.3°% (31.5 F) and especially

at 0.1°¢C (31.8 F) is considerable.

.... At this temperature, the compressibility
of frozen clay soils is close to that of un-
frozen soils showing little plasticity; such
soils may undergo differential settlement with
time.,"

This agrees with the results of the present tests. Figure 6.21
illustrates the results of another series of tests carried out on

"never" frozen soil, i.e. soils which have not been frozen since the

117.



Photograph .10

Sample zfter fazilure of
4

sample CO-N=-27-12¢( at

G
21.57F

Photogravh £.12

Photograph 6.11

Feilure plane and ice crystals Tce buildup in the vertical
of szmple CC-N=R7=126 at : shrinkeage cracks of samnle

5150 CC-N-27-12¢ at 31.5°C.




end of the last glacial period (see Paragraph 3.1). In these
tests, instead of uniaxial freezing, the samples were frozen from
all directions in both undisturbed and remolded condition.
Following one freezing cycle, and thawing, unconfined compression
strengths were determined.

In the case of the undisturbed samples, the thawed strength
at failure was 43.5% of the original undisturbed and non frozen
strength.

In the case of the remolded samples, the thawed.strength
at failure was 76.6% of the original strength of remolded and

non frozen samples.

6.24  TFigure 6.22 shows the stress-—strain-time relations of soil
samples of Group No. I (slow freeze condition - see Paragraph 6.13).
Figures 6.23, 6.24 and 6.25 illustrate the stress-strain-time
relations of soil samples of Group No. II (rapid freeze condition

~ see Paragraph 6.14). Figure 6.26 illustrates the stress-strain
relations of soil samples of Group No. III (slow freeze condition
with external water supply - see Paragraph 6.15) for different time
intervals. These illustrations indicate that the stress and strain
curves obtained are nonlinear at any stress level at any given
time. The slopes of the stress-strain curves obtained from the

samples of groups No. I and No. III are decreasing with increasing

119,
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strain while the slopes of the stress-strain curves in Group No. II
are increasing for the same intervals of time and stress conditiom.
It is believed that the decrease of the slopes of the curves with
increased strain shown in Figure 6.26 of Group No. 1 is due to
withdrawal of pore water from the upper layers of the sample during
the freezing period causing higher porosity and less ice cementing
force with consequent lower strength that leads to higher rate of
strain.

The increase of the slope of the curves with increasing strain
shown in Figure 6.23, 6.24 and 6.25 of Group No. II has been
related to a relatively uniform distribution of ice lenses which
reduces the thickness of the water film between the mineral particles
and ice crystals. This results in an increase of the interparticle
bonding force causing strengthening of the soils of Group No. IT
with a consequent lowering of strain rate. However, introducing
the large amounts of ice in thick layers contributed by the external
water supplied to the samples in Group No. III caused a drop in
strength because of the cohesion of ice being lower than that of

a uniform mixture of fine ice crystals and mineral particles.

6.25 Figure 6.27 illustrates the stress relaxation in Sample
OM-N-27-127 which was frozen at 27°F. The sample was stressed up
to 112.85 psi in the triaxial compression machine and the strain
locked. During the relaxation time of T = 1535 minutes, the stress

was relaxed to 62.8 psi.



Figure 6.28 illustrates the stress relaxation of sample
OM-N-17-131. This time the sample was stressed and subjected
to six cycles of loading and relaxation. The relaxation times
were found to vary, up to the fifth cycle, between 1008 and 1520
minutes while the magnitude of the relaxed stresses varied be-
tween 80.11 psi and 106.6 psi. During the sixth cycle, the
relaxed stress was 105.5 psi while the relaxation time reached a
value of 1994 minutes (see table 6.12). This was an increase of
about 65 percent over the average relaxation time noted in the
previous five cycles and 98 percent over the first relaxation
time cycle . In view of the fact that, theoretically, all re-
laxation times for any stress or cycle of stresses should be
equal (see Paragraphs 5.34 and 5.35), it was interesting to note,
that an examination of the sample after the test revealed an ice
buildup on the surface of the sample (see Photograph 6.12). It
is believed (see also Paragraph 5.23) that this buildup of sur-
face ice was due to a squeezing-out of ice (in liquid form) as a
result of stress concentrations at thé contacts between mineral
particles and ice crystals (see Paragraphs 5.23 and 5.24). Move-

ment of ice away from the regions of stress concentration towards

121,

the surface of the sample (where stress is minimum) produces further

densification resulting in increased viscosity and longer re-

laxation time.
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6.26 Finally for answers to the questions:
1) Had the freezing and subsequent thawing altered the

properties of the clay and in what manner?

2) Did freezing alter the structure of clay?
3) What is the cause of loss of strength?
The conclusions reached will apply to the freezing and

loading conditions and dimensions of soil samples used in this in~

vestigation only. Further research should be carried out to deter-
mine the validity of these results for samples of any other
dimensions and for any other freezing and loading conditions.

The experiments have definitely shown that withdrawal or
redistribution of moisture produces layers of ice which crystal-
lize perpendicular &6 the heat flow direction and columnar ice
sheets parallel &6 the heat flow direction, when the soil samples
are uniaxially frozen. This ice segregation leads to further

densification of soil particles causing cohesional strengthening,

(see paragraphs 5.2, 5.8). When the sample is thawed, the ice
""" lenses and ice layers in horizontal and vertical directions (see
Photograph 6.2), turn to free water between the colony of densified
mineral particles, thus causing total loss of strength. If the
freezing is, however, applied from all directions, the soil is

forced to expand not only in one direction, as was the case with

uniaxial freeze. It will expand in three directions or six fronts,



T T

not restricted durding the iunitial freewxing pericd. The samples
at this stage could expand in the direction of ﬁeat flow (see
paragraph 5.2). However, as the freezing peneﬁrates deeper a
rigid zone of frozen soil is built up, thus restricting the inner

zone from expanding (see Fig. 6.29).

inner zone

rigid zone

Fig. 6.29 Rigid zone buildup by
allaround freezing.

The strength of both undisturbed and remolded thawed soil
specimens, following all around freezing has shown values appfoxim
mately equal to unfrozen remolded soil strengths (see Paragraph 6.23).
The extra rapid freezing caused by application of all arcund
freezing and the buildup of a rigid envelope around the soil
specimen allows the samplevto freeze with vestricted change in

volume and with limited moisture redistribution of ice segregation.
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Consequently there is little if any change in density. The
strength weakening of thawed soil could be explained by

Terzaghi's (22) phenomenon of loss of strength (see paragraph 5.39)
as follows: The pore water has partially frozen and ice crystals
have formed, with their optical axes oriented parallel to the
dircction of the heat flow. The expansion due to the crystalli-
zation was large enough to destroy the binding effect between soil
particles resulting in a wider separation of particles and loss of

strength (see figure5.11b and c¢).
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CHAPTER VII

- - CONCLUSIONS

A. EQUIPMENT AND INSTRUMENTATION

7.1 The heat exchange box and freezing cell fabricated for this
work have performed well. Uniaxial freezing was achieved with or
without external water supply to the sample being frozen.

Use of the heat exchange box and freezing cell allows one to
alter the freezing temperature in a few hours, as compared with a
walk-in cold room which takes at least two days to establish equi-
librium in addition to the following disadvantages:

(a) Expensive to build in comparison with the equipment
designed for this work.

(b) Variation of the thermostatically controlled temperature
of walk-in cold room is -1°F as compared with -0.5°F in the present
work (See 7.2).

(¢) Personal observation of some walk-in cold rooms reveals
a loss of efficiency due to icing conditions not only in the cold
room but in the freezing unit component as well. The efficiency
drops in one week and the entire unit becomes inoperative after
two weeks and requires defrosting. Thus test times are severely
limited to a maximum of two weeks.

By using vapor barriers inside and around the freezing

cell it was possible to operate this system for any length of time.



(d) At small expense one can fabricate several freezing
cells and operate them at a variety of temperature. A variety
of tests under various temperatures can be conducted simultaneously.
(e) TUniaxial freezing and thawing could be obtained without
removing the sample from the freezing cell or changing the posi-
tion of the sample for any number of cycles of freezing and thawing.
Also, temperatures down to -92°F were attained and
soil samples were frozen to -92°F by the writer, using dry ice in

addition to the mechanical freezing unit.

7.2 Installing thermostats with greater sensitivity would mini-
mize temperature fluctuation intervals and provide an opportunity
to study the freezing phenomena when temperatures of frozen soils

are set up very close to 32°F,

B. TFREEZING AND MECHANICAL BEHAVIOR OF FROZEN
LAKE AGASSIZ CLAY o

7.3 Lake Agassiz clay is frost susceptible when water is
supplied parallel to the varves. The varves provide a more per-

meable path for water to reach the freezing front.

7.4 Soil frozen at a slow freezing rate was found to have a
greater rate of deformation under constant load than soil frozen
at a higher rate of freezing where all other conditions such as

moisture content, temperature and stress are equal.

137.
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7.5 In comparing samples frozen with:

(a) external water supplied

(b) no external water supplied,
it was found that (a) gave thicker, non-uniformly distributed ice
lenses, whereas (b) gave more uniformly distributed thinner ice
lenses. Under equal temperature and stress conditions, (a) gave

higher strain rates.

7.6 At 31.5°F the strength of soils tested was found to be

approximately the same as unfrozen soil.

7.7 The strength of "never'" frozen, undisturbed soil when frozen
from all directions was reduced when thawed to approximately 43%
of its original undisturbed strength following one cycle of
freezing. The strength of '"mever' frozen remolded (to its
original density and moisture content) soils when frozen from
all around was reduced to approximately 76 per cent, when thawed

following the first freezing cycle.

The uniaxially frozen soils, however, failed to show any

strength following the thaw-out after the first cycle of freezing.

7.8 Young's modulus for the unfrozen soils tested was approximately
constant. It was independent of temperature and ice content in the
ranges tested. The value of Young's modulus of frozen soil tested

was found to be

E = 165 x 1072 to 180 x 1072 psi.



7.9 The duration of deformation at decelerating rate of strain

(retarded strain) of frozen soil tested increased linearly with

increasing temperature at a given stress level (Fig. 6.17). The
strain rate decreases with lower temperatures, and appears to

become zero in a non~linear fashion. (Fig. 6.19)

7.10 The constant rate of strain of frozen soils decreases

sharply with the lowering of temperature.

7.11 The internal ice content of frozem soil subject to cycled
stress or strain decreased as ice formed on the surface. This
surface ice buildup is due to a squeezing out of ice in liquid
form as a result of stress concentration at the contacts between
mineral particles and ice crystals. The movement of ice away
from the regions of stress concentration toward the surface of
the sample (where stress is minimum) produces further densi-
fication of frozen soils resulting in increased viscosity and

consequently increase of relaxation time.
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