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Abstract

Frost heave is typically associated with the formation of segregation ice in fine-grained
soil. Coarse-grained soil is generally considered to be non-frost susceptible. Field observa-
tions and laboratory experiments show that coarse-grained soil can be extremely ice-rich
in specific conditions. Previous studies have shown that oscillation of the frozen-unfrozen
boundary can lead to the formation of ice by a mechanism different from the segregation
ice mechanism. Conditions related to the formation of ice in coarse-grained soil were in-
vestigated using modern laboratory techniques. Fourteen tests were conducted on five soil
types. The thickness of soil subjected to freeze-thaw cycles was varied and controlled by
the magnitude and duration of applied soil temperatures. The thickness of the ice formed
increased when the sample drainage was limited or prevented during cooling. Under spe-
cific conditions, the formation of a discrete ice layer was observed in coarse-grained soils.
Seven samples were scanned with the uCT scanner at the completion of the warming and
cooling tests. The sub-samples scanned were analyzed in 2D cross-sections, and charac-
terized as 3D reconstructions. Frost heave induced by the formation of ice was observed
in both fine- and coarse-grained soils, including soils that were found to be traditionally

non-frost susceptible.
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Chapter 1

Introduction

1.1 General introduction

This thesis describes the formation of thick layers of ice in soils, created by a frost
heaving mechanism that has generally not been discussed in the mainstream scientific
literature. These ice bodies do not form under the conditions that are usually associated
with segregated ice, instead, they are created due to cyclic temperature variations (freeze-

thaw cycles) applied to soil.

1.2 Historical background

Frost action is defined as the processes related to soil freezing and thawing, including
frost heave and thaw subsidence (Andersland and Ladanyi, 2004). Frost heave may gen-
erally be viewed as the process of soil expansion, typically in the upward direction, when
certain soils experience freezing temperatures, and the formation of segregated ice lenses
in the soil. Thaw subsidence, on the other hand, is the loss of volume and bearing capacity
upon thawing of frozen soils. For as long as humans have built structures in cold regions,
freezing and thawing have inflicted varying degrees of damage to these creations.

The first modern study of segregated ice formation and frost heave was done by Taber
(1929, 1930) as a follow-up to his observations of changes in soils left overnight outside
during the winter of 1914-1915. He noted that frost heave in the soils he froze often ex-
ceeded the 9% volume expansion of pore water during freezing. This larger-than-expected
volumetric expansion requires accumulation of ice upon freezing in the actively freezing
portion of a soil sample. He called this process, “ice segregation.” Segregated ice forms
as ice lenses perpendicular to the direction of heat removal. It is “segregated” because the
water is drawn out of the soil matrix and aggraded in discrete bodies of ice. Taber ex-
plained water movement as a result of a gradient in the soil moisture tension (pore water
pressure). This phenomenon is commonly referred to as cryosuction. Taber demonstrated
that the formation of segregated ice leads to uplifting the soil above it due to the pressure
created by the formation of the ice crystals.

Taber conducted parametric studies to characterize soil properties influential to pro-
ducing excessive frost heave. He found that the size of the soil particles are critical for
segregated ice to form. Tested clean sands produced no segregated ice, while clay resulted

in excessive frost heave. Taber attempted to discern a maximum grain size for a soil to



produce excessive frost heave. By utilizing barium sulphate crystals (precipitated to create
crystals of a near uniform size) with an average grain size of 2 microns, Taber noted that
the crystals “gave well-defined segregation under favorable conditions of cooling, [...] but
no segregation under unfavorable conditions.” There is little elaboration as to what qual-
ifies as “favorable conditions.” He also noted that in other soils with an average particle
size of 1 micron “segregation took place without difficulty.” (Taber, 1929, pgs. 12, 14)
Beskow (1935) studied the mechanics of frost heave in a manner similar to Taber. Us-
ing field observations and laboratory experiments, Beskow came to similar conclusions as

Taber. Beskow found that a freezing soil can be compared to a drying one:

In both cases water changes phase and the amount of liquid water in the soil
decreases. Thus, water flow from above the water table to the zone where
water is changing into ice is analogous to [the] flow of water to a zone where it
is evaporating.

(Henry, 2000)

In the last 70 years there have been numerous attempts to formulate a unified, all-
encompassing theory of ice segregation. The history of these attempts prior to the 1990s
are presented by Black and Hardenberg (1991). They report, “As the 1990s arrive, we find
that we have no satisfactory explanation for the mechanics of frost heaving. There are
many models that purport to explain it, but they all suffer from the common fault of little
or no experimental verification.”

In general, the first frost heave studies were focused on coarse-grained soils. Beskow
postulated that regarding coarse soils, a discontinuity due to inclusions of fine-grained
soil in an otherwise homogeneous, non-frost susceptible soil, can lead to appreciable ice

formation. He gives an example of a non-heaving sand, with a very thin strata of silt:

In sands, if an ever so thin layer of fine material, a silt, fine silt or clay seam
exists, an appreciable ice layer can form under favorable circumstances. This
gives the impression that the coarse sand has become ice-stratified. This oc-
currence may be of considerable practical importance, for while the sand may
appear at the surface to be non-frost-heaving, the existence of thin layers of fine
silt underneath may make the ground strongly frost-heaving.

(Beskow, 1935, p. 11)



In 1931, Casagrande proposed the following rule-of-thumb identification for poten-

tially frost susceptible soils:

Under natural freezing conditions and with sufficient water supply one should
expect considerable ice segregation in non-uniform soils containing more than
3% of grains smaller than 0.02 mm, and in very uniform soils containing more
than 10% smaller than 0.02 mm. No ice segregation was observed in soils con-
taining less than 1% of grains smaller than 0.02 mm, even if the groundwater
level is as high as the frost line.

(Casagrande, 1931, p. 169)

Application of the Casagrande criteria requires a hydrometer test of the soil to deter-
mine the distribution of particles passing the 0.075 mm sieve, and to compute the percent-
age of particles finer than 0.02 mm (Casagrande, 1931). Frost susceptibility classification
(Table 1.1) was inspired by Casagrande and based on tests which reflect some, but not all
applicable soil conditions.

In practice, the simple explanation of conditions leading to frost heave susceptibility
is the three “W”s approach. These are: winter, water, and wicking (Rice, 1975). “Winter”
refers to the typically prolonged occurrence of subfreezing air temperatures, inducing soil
freezing. “Water” refers to the presence of soil moisture. Frost heave is a non-issue if there
is no moisture present to undergo a phase change. “Wicking” is a reference to a soil that
promotes moisture migration, typically through capillary action and/or cryosuction.

In general, gravel and sand without fines are considered as non-frost susceptible, and
existing segregated ice hypotheses do not explain ice formation in these types of materi-
als. Taber’s style of frost heave tests only consider continuous freezing scenarios. It has
been found, however, that extensive frost heave can occur during repetitive freezing and

thawing.

1.2.1 “A new theory of frost heaving”

Shortly after the publication of Taber’s experiments, an alternative mechanism of for-
mation of segregated ice inclusions in soils was developed. Benkelman, Burton, and Olm-
stead worked for the Michigan State Highway Department as a research engineer, a Deputy
Commissioner, and a research assistant, respectively. Their research of frost heave and ice

formation in soils was primarily based on field analysis of frost heave occurring in and



Table 1.1. Frost-Susceptible Soils (After U.S. Army Corps. of Engineers, 1984)

Group Soil Description

F1 Gravelly soils with between 3 and 20 percent finer than 0.02
mm by weight

F2 Sand with between 3 and 15 percent finer than 0.02 mm by
weight

a) Gravelly soils with more than 20 percent finer than 0.02
mm by weight

F3 b) Sands, except very fine silty sands, with more than 15

percent finer than 0.002 mm by weight
¢) Clays with plasticity indexes of more than 12

d) Varied clay existing with uniform subgrade conditions

a) All silts including sandy silts

b) Very fine silty sands with more than 15 percent finer than
F4 0.02 mm

¢) Clays with plasticity indexes less than 12

d) Varied clays existing with non-uniform subgrade condi-
tions



along Michigan roads (Burton and Benkelman, 1931a,b). Expanding upon the field results,
the Michigan team embarked upon a series of lab tests and formulated a new theory of ice
formation in soil (Benkelman and Olmstead, 1931).

The Michigan team summarized the work of Taber in the following: “[soil] heaving
is due to the movement of water to the point of freezing resulting in the formation of ice
layers and, furthermore, that the old theory of which attributed excessive heaving to the
change in volume of water present in a soil on freezing was incorrect.” Benkelman and
Olmstead openly disagreed with Taber’s findings and observed that freezing soil samples
at a constant rate is not a realistic simulation of natural phenomena. The Michigan team
concluded that to accurately simulate natural thermal conditions, temperatures reflecting
diurnal (longer) fluctuations should be applied to the samples. It is important to note
that the field of frost heave research was pioneered by Taber (and Beskow), and that the
studies produced by these researchers are viewed as seminal works on frost heave and the
formation of segregated ice in soil. The statements made by the Michigan team appear to

have directly challenged Taber’s views.

1.2.1.1 Field sampling

Field samples were collected at locations of known frost heave along several Michigan
roadways. The cores were collected by split cylinder sampling (3 ft. length, 1 ft. diameter),
and depending on the tests performed, were either placed in a split cylinder wooden tube,

or a glass tube.

1.2.1.2 Laboratory studies

Tested samples were placed in a metal pan above a layer of gravel that was resting in a
circulating water bath. The water supply could be shut off by isolating the gravel pan from
the water source. The published record of the Michigan team’s tests, especially regarding
freezing conditions, is quite limited. They note that for “standard freezing tests” (where
they are aiming to recreate the conditions presented by Taber), they applied -2°C to the
top of the sample, and 2°C to the bottom. The only other reference to freezing/thawing
conditions were that freezing was “gradual” and that it was initiated from the top, with
the freezing front moving downwards.

Large samples were prepared in pairs, one sample of fine soil left undisturbed and one

sample had a horizontal layer of gravel inserted approximately in the center of the core.



No information is given regarding the type of gravel, nor the thickness of this layer which
was inserted to study moisture migration as vapor through the coarse soil.

Results were presented for one pair of samples, consisting of a uniform silt with 16%
initial moisture content. The samples were initially frozen without access to the water
supply. No heaving of soil was observed. The cores were then thawed, and allowed to re-
freeze with access to the water supply. After the second freezing, the undisturbed core and
the sample with the gravel layer had displacement of 0.74 and 0.46 inches (approximately
2.1% and 1.3% of initial length), respectively. Post-test examination of the cores revealed
little visible ice had formed. The total moisture contents of the samples after the second
freezing were 32%, with the exception of above the gravel layer, where the silt had 25%
moisture.

Samples were prepared for tests in glass tubes (for visual inspection) via two methods.
The first method involved filling the glass cylinder with water and then dispersing silt into
it. The gradual settling of the silt produced graded samples. The second method involved
trimming and tamping the large split cylinder cores to fit inside the glass cylinders, and
then setting the sample upright in water to allow for the sample to become saturated.

The glass-tube samples were frozen in what is assumed to be a “slow” manner from
the top down. In the samples created by dispersed silt, the formation of ice lenses was
noted in the portion of the sample consisting of soil with an average grain size less than
0.005 mm diameter. It was also noted that the samples collected from the field produced
no visible segregated ice.

For an unstated reason, the samples collected from the field were thawed from the bot-
tom up (assumedly due to an accidental increase in the circulating water temperature).
The authors noticed that a void in the soil began to form adjacent to the “thawing line.”
As the frozen-thawed interface moved upward, the void in the soil became larger. Benkel-
man and Olmstead stated that the void was filled with water, and when the freezing front
moved downwards, this water was “converted into a pure ice layer.” This is illustrated
in the first five panels of Figure 1.1. The last three panels represent a subsequent upward
movement of the freezing front to some location below the first ice layer, and then move-
ment of the freezing front back down, to create a second ice layer.

The authors did not mention the number of freeze-thaw cycles they put the samples
through, and they do not provide the thickness of the ice layers produced in their tests.
They did note that they created ice layers through temperature cycling in silt, fine sand,
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Figure 1.1. Development of ice layers in silt by alternate thawing and freezing (Burton and
Benkelman, 1931a).

and clay soils. These observations are the basis of their theory of an alternative mechanism
of ice formation in soil. When a soil experiences subfreezing temperatures at the ground
surface for enough time, the soil will begin to freeze from the top down. The rate of freez-
ing will depend on many factors, including soil type, water content, temperature gradient,
hydraulic conductivity, and surcharge. While freezing, the interstitial water is converted
to ice. After a period of time, if the surface temperature (or base temperature) is increased,
the boundary of frozen and thawed soil will move upward, leaving a thawed zone below
it. A water-filled void forms at the top of thawed zone, due to the volumetric reduction
and thaw settlement of the soil water changing phase from ice to liquid. If the soil be-
low the freezing front has a water supply, this water is either pulled into the thawed zone
through vacuum forces, or due to a positive head. Upon subsequent cooling of the surface
(or base) the freezing front moves downward, and freezes the water-filled void.

Their theory was based on tests of approximately 200 soil samples collected from road-
way subgrade soil. The samples were collected in the summer at locations known to have
heaved the prior winter. They discovered that approximately 70% of the sampled locations
had subgrade soils that were comprised of sandy soils with excess moisture. The theory
proposed by the Michigan team explained the formation of excess ice in coarse soils. The
temperature cycle is present in the form of diurnal temperature variations associated with

the rising and setting of the sun.



1.2.1.3 Critical Response to Benkleman, and Olmstead

The works of Burton, Benkelman, and Olmstead (Benkelman and Olmstead, 1931) was

presented to the Highway Research Board, and had both positive and negative responses.

1.2.1.3.1 Willis E.A. Willis (Willis, 1931) provided direct support for the Michigan team.
He found that results of Burton and Benkelman’s experiments and their explanation are
in agreement with his personal field experience. Willis used this response platform as an
opportunity to applaud their efforts in regard to frost heave, and made a presentation of
his own research and theories. This section of the discussion is only tangentially related to

the work conducted by the Michigan team.

1.2.1.3.2 Watkins The discussion response submitted by W.I. Watkins of the U.S. Bureau
of Chemistry and Soils is similar to that of E.A. Willis (Watkins, 1931). Watkins concurred
with the findings of Benkelman and Olmstead, stating that his personal experience with
subgrade cores sampled by the Minnesota Highway Department often included ice layers
that have formed in sands. Watkins, however, believed that the mechanism of ice forma-
tion in sand is not entirely explained by the Michigan team’s theory. Watkins noted that, in
addition to observing thick ice plates in sands, he also observed very thin, evenly spaced
ice layers, which he attempted to explain in his response. Watkins’ response is presented
in Section 4.1.2 in detail.

Responses by Casagrande and Taber read as a direct attack against Benkleman, Burton,

and Olmstead. Only a few vocal researchers supported their work.

1.2.1.3.3 Casagrande Arthur Casagrande (1931) disagreed with the Michigan team:

1. “According to the new theory, alternate freezing and thawing of the bottom of the
frozen layer is necessary in order to produce excessive ice accumulation; according

to the older theory this is accomplished by steady freezing action.” (Casagrande,
1931, p. 168)

2. “According to the new theory, ice layers can form in clean sand and gravel just as
well as in fine grained soils; according to the older theory the presence of a certain
amount of very fine grains is required in order to make the growth of ice layers

possible under natural freezing conditions.” (Casagrande, 1931, p. 168)



3. “In a test cylinder a sample is frozen and then partially thawed from beneath, the
frozen portion will adhere to the wall of the cylinder and cannot follow the subsi-
dence of the thawing portion, whereas in nature the frozen layer must follow every

subsidence due to melting at the bottom.” (Casagrande, 1931, p. 168)

Casagrande presented findings from one of his field studies where several soils were
loaded with asphalt and concrete slabs exposed to the natural air temperatures and mois-
ture present in the area, and their vertical movement was recorded. Casagrande concluded
that the sand in the test did not produce any discernible ice plates, while the silt heaved
up and had a large amount of visible ice. In his experiments, prominent ice layers were
not formed.

Casagrande’s first point is not completely fair. First, the Michigan team did not claim
that cyclic temperatures were the only cause of excessive frost heaving — but it was the
only factor that could explain the formation of ice layers in their experiments. As well,
they never explicitly stated the “bottom half” of the sample should be thawed and frozen,
just that the frost line should be moved vertically up and down in the soil.

Casagrande’s second point assumes that these theories are mutually exclusive. In real-
ity, these two theories of frost heave can easily coexist and supplement each other.

Lastly, the work presented in this thesis demonstrates with experimental data that the

tinal point made by Casagrande is not necessarily true.

1.2.1.3.4 Taber Taber’s response to the Michigan team was primarily defensive (Taber,
1931). Benkelman and Olmstead criticized Taber for not testing soils known to heave in
nature (those from states in the “frost area”), to which Taber points out that his lab had
tested such soils, but that the results were yet to be published.

Taber reminds the Michigan team that he studied repeated freeze-thaw, to which he
found that, “prompt refreezing after thawing resulted in greater ice segregation and heav-
ing than occurred on the first freezing.” He attributes the increase in moisture content near
the top of the sample on the first freeze cycle (thus allowing for more free moisture on the
following cycles) to an increase in heave, and, the breaking up of consolidated soil on the
tirst freeze increases the hydraulic conductivity on following cycles and decreases the ten-
sile strength limiting heave resistance. The argument of the sample adhering to the sides
of the test apparatus was repeated by Taber, of which he states that, in his experience, this

friction phenomena is not “an appreciable factor when large areas of ground are frozen



10

under natural conditions.”

According to Taber, the Michigan team’s theory is not required to explain frost heaving.
Taber highlights several of his published experiments as the supporting evidence (Taber,
1929, 1930). It appears that Taber possibly misunderstood the Michigan crew’s experiment
protocol, and was under the impression that the soil samples were allowed to fully freeze,
as opposed to moving the freezing front up and down. It should be noted that there is a
difference between these two criteria. At no point in the (published) Michigan glass tube
tests were the samples fully thawed, they were only partially thawed by altering one side
of the samples’ temperature (however, the large sample tests were frozen, thawed, then
frozen again). This confusion could partially explain Taber’s response.

The negative reactions of Taber and Casagrande, who were (and still are) leading frost

heave authorities, blocked further research in the direction opened by the Michigan team.

1.2.2 G.M. Fel’”dman

Fifty years passed before G.M. Fel’dman explored mechanics of ice formation in soil
in a manner similar to that of the Michigan team. Fel’dman was interested in the possi-
bility of alternative methods of ice formation, specifically in regard to permafrost regions.

Fel’dman:

We are interested, first of all, in potential capabilities of different mechanisms
of segregation ice formation in a sense of providing unlimited growth of ice
streaks leading towards formation of not only ice saturated horizons but also
of sheet ice deposits.

(Fel’dman, 1988a, p. 339)

Fel’dman discussed the widely accepted theory of segregated ice formation, compared
laboratory and field conditions of ice formation in soil, and came to the conclusion tradi-
tional frost heave theory is insufficient for describing this particular type of ice formation.

Fel’dman models two types of permafrost formation scenarios: epigenetic and syn-
genetic. Epigenetic permafrost is the formation of permafrost due to the lowering of the
freezing front in a previously deposited soil. This type of permafrost formation is pri-
marily due to changes in environmental conditions, such that the mean annual surface
temperature is suitable for the formation of permafrost. Syngenetic permafrost is formed

when sediment is deposited on the ground surface, and the base of the permafrost layer













































































































































































































































































































































































































































