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A reliable frost heave susceptibility criterion based upon index

property test results is necessary to identify soils that may heave

under freezing conditions. The fundamental soil properties that are

important to the frost heave phenomena must be determined to identify

index property tests that can aid in evaluating the frost suscepti-

bility of a soil. Based upon an analysis of three frost heave

theories the specific surface area of a soil is identified as being

fundamentally related to the frost heave mechanism. Specific surface

area may be related to index property tests.

Laboratory frost heave tests were performed to develop relation-

ships between index property tests and frost heave susceptibility.

Using the concept of segregation potential, the frost susceptibility

of a soil is found to increase with increasing percentages of fines,

decreasing liquid limit activity of the fine fraction and, for a

specific fine fraction mineralogy, increasing liquid limit of the fine

fraction. These relationships were summarized by introducing a term

referred to as the fines factor, Rf, defined as follows:



(% fines)(% clay sizes in fine fraction)
R
f

=
(liquid limit of fine fraction)

The fines factor allows index property test results to be related

directly to the frost susceptibility of a soil. A good correlation is

found between segregation potential and Rf.

Through the analysis of Rf, it is found that the permeability of

the frozen fringe and hence, a soil's tendency to heave, is a

function of not only specific surface area, but also the mineralogy of

the fine fraction. It is hypothesized that clay minerals with less

mobile fine fractions indicate less mobile unfrozen water films in the

frozen fringe resulting in a reduced frozen fringe permeability.

Due to the number of field variables that must be removed in the

laboratory, such that meaningful results may be obtained, it is

concluded that index test based criteria may serve only as preliminary

indicators of a soil's frost susceptibility. Once identified as

potentially susceptible in the field, laboratory frost heave tests

conducted under site specific conditions are necessary to reliably

determine the frost susceptibility of a soil.
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THE ROLE OF SPECIFIC SURFACE AREA AND RELATED INDEX

PROPERTIES IN THE FROST SUSCEPTIBILITY OF SOILS

CHAPTER ONE

INTRODUCTION

1.1 Background

The development of resources in Alaska and Northern Canada

requires consideration of the special problems that are presented by

cold region engineering. One of the most common problems is

segregational freezing in soil. Segregational freezing results in

discreet ice lenses forming in the soil as water migrates from the

unfrozen ground to the forming ice lens. The subsequent vertical

displacement of the soil, generally referred to as frost heave, can

cause significant damage to foundations and roads. Also important is

the thaw instability due to excess water when the soil mass and ice

lenses thaw.

Three conditions must be satisfied for frost heave to occur.

Temperatures must be sufficiently cold and prolonged such that the

soil freezes. The water table must be close to the freezing soil such

that water can migrate to the ice lens. Finally, the soil must be

conducive to the frost heave mechanism. The basic approach to control

frost heave is to eliminate one or more of the three requisite

conditions.

Due to the difficulty of regulating the temperature and available

water, identifying and removing frost susceptible soil is the most

common approach used to control frost heave. The ability to identify
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frost susceptible soil is of paramount importance in cold regions

engineering. Severe damage to structures results from not identifying

a frost susceptible material and unnecessary costs are incurred if

non-susceptible material is incorrectly identified and replaced.

After many years of intensive study, a universal, reliable, and

simple frost susceptibility criterion has continued to elude research-

ers. Engineers have created numerous criteria upon which to judge a

soil's susceptibility to frost heave by attempting to identify basic

soil characteristics that are important in the frost heave mechanism

and relating these characteristics to common index property tests.

The lack of success in these attempts appears to be due primarily to a

lack of proper understanding of the frost heave mechanism and the soil

characteristics which influence the mechanism. Further, laboratory

frost heave tests have been used extensively to create and evaluate

criteria. The lack of a suitable correlation between laboratory and

field behavior is another factor contributing to the inadequacy of

present frost susceptibility criteria.

The desire for criteria based upon index property tests is great

owing to the simplicity in performing index property tests. There-

fore, any attempt to improve upon the present frost susceptibility

criteria requires continued attempts to relate those soil properties

found important in the frost heave mechanism to index property tests.

Also, adequate techniques for comparing relative susceptibilities

between soils in the laboratory is required.
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1.2 Purpose and Scope

In recognition of the need for a mcre reliable frost suscepti-

bility criterion based upon index property test results, a research

program was conducted to identify and develop the fundamental rela-

tionships between specific surface area, index property tests, and

frost heave susceptibility. A frost susceptibility criterion based

upon index property test results may be developed from an under-

standing of the fundamental relationships between specific surface

area, index property tests, and frost heave susceptibility. The scope

of activities associated with the research program includes a review

of pertinent prior research and the identification of the specific

surface area, index property, and frost heave relationships in Chapter

2. The laboratory testing program undertaken to determine the nature

of the relationships is presented in Chapter 3. Results from the

laboratory testing program are presented in Chapter 4. The results

are analyzed and discussed in Chapter 5. Conclusions and

recommendations resulting from the research program are presented in

Chapter 6.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Historical Development

One of the earliest recorded references to what is now referred

to as frost heave is Urban Hiarne's description of "earth heaving" or

"earth shooting"in 1694 (Beskow, 1935). The first scientific study to

investigate frost heave was apparently conducted by Taber (1930). He

demonstrated that the simple expansion of porewater upon freezing

could not fully account for the volumetric increase in heaving soil.

This led to the concept of segregational freezing of ground water into

discreet ice lenses within the soil resulting in the heaving of the

ground surface. Taber identified the chief factors governing frost

heave as:

1. Size and shape of soil particle

2. Amount of water available

3. Size and percentage of voids

4. Rate of freezing

5. Surface load

He also suggested that the adsorbed water layer on the soil grain

plays an important role in the mechanism of frost heave.

Beskow (1935) presented the first comprehensive discussion of

frost heave. Through his many experiments and field observations

Beskow further developed Taber's concept of water being sucked up from

the unfrozen ground to the frost front. Beskow considered the

unfrozen adsorbed layer of water on a grain's surface to be an
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important factor in frost heave. He postulated that it was the

existence of this unfrozen water in the otnerwise frozen soil which

created the suction to the frost front. In contrast to the free water

in the soil pores which freezes at 0° C (32° F), the adsorbed layer,

due to the adsorption forces acting upon it, does not freeze. Since

fine-grained soils have a substantially greater surface area to mass

ratios (specific surface area) than coarse-grained soils, fine-grained

soils have relatively more adsorbed unfrozen water. Using the

relationships between grain size, adsorbed water, and frost heave,

Beskow began to develop one of the first criteria to evaluate the

tendency for heave to occur in a particular soil.

2.2 Frost Susceptibility Criteria

Since the contributions of Beskow, researchers have continued to

attempt to develop criteria to evaluate the frost heave susceptibility

of soils. By attempting to relate basic soil properties important in

the frost heave mechanism to simple index property tests, engineers

have identified a vast number of criteria. Chamberlain (1980), in his

thorough collection and summarization of criteria, identified over 70

criteria based on index property tests. The majority of the index

property tests employed were based on grain size analysis with little

use of Atterburg limits.

Casagrande (1931) developed the first index property based

criterion to receive widespread acceptance. Casagrande stated,

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

Presently one of the most widely used criterion is the U.S. Army Corps

of Engineers Frost Susceptibility Classification (USACE 1965). This

criterion classifies a soil into one of four "Frost Groups." The

"Frost Groups" are given general ratings from low susceptibility, Fl,

to very high susceptibility, F4. The Army Corps criterion, however,

recognizes large variances of frost susceptibility within a particular

"Frost Group," by subdividing each group into subgroups. Table 2.1

presents the U.S. Army Corps criteria in detail.

The advantages of using soil index property tests to estimate

frost susceptibility are that the tests are simple, inexpensive, and

common to most engineering projects. There is no need for special

equipment, procedures, or personnel to perform the tests. The corre-

lation between index property test results and observed frost heave,

however, has been less than satisfactory for many engineering

projects. This unreliability is due largely to the lack of a complete

understanding of the important soil parameters in the frost heave

mechanism. Most criteria, including Casagrande's and the U.S. Army

Corps of Engineers' acknowledge their approximate nature by noting the

range of index property test values over which no definite evaluations

can be made. It is soils whose index properties fall in these border-

line regions that are of interest in this investigation.



Frost Susceptibility Frost

Classification Group. Kind of Soil

Very low to high

Medium to high

Negligible to high

Medium to high

Low to high

Very low to very high

Low to very high

Very low to high

Low to very high

Very low to very high

Fl Gravelly soils

F2 (a) Gravelly soils

(b) Sands

F3 (a) Gravelly soils

(b) Sands, except
very fine silty
sands

(c) Clays, PI > 12

F4 (a) All silts

(b) Very fine
silty sands

(c) Clays, PI < 12

(d) Varved clays and --

other fine-grained,
banded sediments

Percentage
Finer than
0.02 mm
by weight

3 to 10

10 to 20

3 to 15

over 20

over 15

over 15

Typical Soil
Types Under Unified
Soil Classification
System

GW, GP, GW-GM, GP-GM

GM, GM-GC, GW-GM,
GP-GM

SW, SP, SM, SW-SM,
SP-SW

GM, GC

SM, SC

CL, CH

ML, MH

SM

CL, CL-ML

CL and ML;
CL, ML, and SM;
CL, CH, and ML;
CL, CH, ML and SM

TABLE 2.1 - U.S. ARMY CORPS OF ENGINEERS FROST SUSCEPTIBILITY
CLASSIFICATION ( After Chamberlain 1980)
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2.3 Basic Frost Heave Theories

There is no universally accepted theory to explain the mechanism

of frost heaving. However, three basic models of the frost heave

mechanism have emerged as follows:

1. Capillary model

2. Adsorption model

3. Secondary heave model

2.3.1 Capillary Model

The capillary model, as presented by Penner (1959), emphasizes

the geometry of the porous structure in the soil. As a frost front

propagates through the soil, its progress is controlled by the di-

mensions of the pores in the soil. Small pores temporarily halt the

passage of the ice front even though the temperature of the water in

the pores is below 0°C (32° F). Penner suggested that this super-

cooling can be explained by considering the equation for a stable

spherical crystal in its own melt, specifically:

2Ta
iW

AT
rp

i

Q
f

in which,

AT = freezing point depression

(2.1)

r - radius of the crystal

pi = density of ice

aiw = interfacial energy

= latent heat of fusion

T = temperature of melting at interface with zero curvature



This freezing point depression is related to the suction developed by

a form of the Clausius-Clapeyron relation.

dP
T = Qf

dT (Vw-Vi )Ta

in which,

dPT = total change in pressure

Qf = latent heat of fusion

V
w

, V. = specific volume of water, ice

T
a
= absolute temperature at which the phase

change occurs

dT = the change in the freezing temperature
(freezing point depression)

9

(2.2)

As the ice front pauses due to the constricting pores as governed

by equation 2.1, a suction gradient develops through the soil as

represented by equation 2.2. Water flows under the influence of the

pressure up to the base of the ice lens where it freezes, increasing

the thickness of the lens and causing the soil above the lens to

heave. When the temperature at the base of the lens becomes

sufficiently cold to allow the continued progress of the ice front

through the pores, in situ freezing of porewater becomes the dominant

factor and lensing stops. Thus classic heaving occurs only when the

ice front is stationary. Another lens will be created when the ice

front again becomes stationary and a pressure gradient develops.

The controlling soil properties in the capillary model are the

hydraulic conductivity of the unfrozen soil and, most importantly, the
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pore size in the soil structure. Difficulties arise when attempts are

made to predict frost heave using the capillary model due to the lack

of understanding regarding the effects of specific pore size distrib-

utions and the boundary conditions on the freezing soil.

2.3.2 Adsorption Model

The adsorption model originated from the concepts Taber (1930)

presented. Takagi (1980), developed Taber's initial thoughts into

what is now known as the adsorption force theory. The basic tenet in

this model is that the heaving pressures originate from solid-like

stresses created in the adsorbed water layers between the soil grains

and frozen porewater. As water in the adsorbed films freezes, water

is drawn up from the free porewater in the unfrozen ground to replen-

ish the adsorbed layer. The porewater pressure in the adsorption

model is considered separate from the heaving pressure.

Takagi suggested that there exists a zone between the unfrozen

soil and the forming ice lens which he referred to as the zone of

diffused freezing. In this region the free porewater freezes but

there exists relatively thick, unfrozen layers of adsorbed water

surrounding the soil grains. Also introduced was the segregation

freezing temperature. This is the temperature below which the adsorb-

ed water on the grains freeze, halting the formation of a lens at that

level. The specific surface area was noted as an important factor in

determining the segregation freezing temperature and, thus, the frost

heaving pressures. The adsorption model also emphasizes the impor-

tance of the hydraulic conductivity of the unfrozen soil and the film

water as well as the boundary conditions of the freezing process.
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2.3.3 Secondary Heave Model

Miller (1972, 1978) has advocated the secondary heave model.

Miller acknowledges the Soviets as being the first to develop this

model. In the previous two models (especially the capillary model)

heave occurs as the frost front penetrates through the soil. This is

known as primary heave. Since the measured heaving pressures result-

ing from frost heaving greatly exceeded those predicted by primary

heaving models, Miller introduced the concept of secondary heaving

which occurs when the frost front is nearly stationary. Under the

near steady-state conditions, the secondary heave better predicts

maximum heaving pressures.

The secondary heave model recognizes the existence of a zone

between the frost front where free porewater freezes and the base of

the forming ice lens. This zone is referred to as the "frozen

fringe." A suction is created due to the existence of unfrozen

adsorbed water behind the frost front. This suction can be

represented by the Clausius-Clapeyron relation given in equation 2.2.

Water is drawn through the frozen fringe to the base of the forming

ice lens where it freezes. Thus a critical factor is the impedance to

flow in the frozen fringe. The temperature gradient is also critical

as it governs the thickness of the frozen fringe and, hence, the

resistance against the flow of water to the lens. Also important is

the unfrozen permeability and temperature at the base of the lens.

2.3.4 Summary of Basic Theories

The discussion of the three basic models presented here is

incomplete as there are many subtle points to the theories that have
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been excluded. However, general similarities and differences between

the models can be noted. The capillary model differs significantly

from the other two models presented in that it does not allow for the

existence of a region between the frost front and the ice lens. It

assumes that the ice lens develops at the frost front with no pore ice

below. This is contradictory to research results presented by Loch

and Kay (1978). Using gamma ray scanning devices they verified the

existence of frozen porewater beneath the forming ice lens. They also

demonstrated that the frost front does not pause in incremental steps

as assumed in the capillary model but continuously progresses through

the soil.

All of the models, especially the adsorption force model and the

secondary heave model, note the prominent role of the unfrozen adsorb-

ed water layers in the frozen region. Although the exact mechanisms

differ, it is the existence of this unfrozen water that creates the

suction causing water to flow to the forming ice lens. The water

films are also assumed directly or indirectly to be responsible for

transporting the water to the ice lens. The similarities between the

theories may be noted by examining the factors that are identified as

being critical to the respective models. The temperature gradient,

unfrozen permeability, and the specific surface area (directly or

indirectly) are common to the three models.

Since the creation or improvement of frost susceptibility criter-

ia is usually based upon relating the soil properties important in the

frost heave mechanism to common index properties, the importance of

which model is accepted depends on the soil properties that model

considers critical. As the models considered identify the same soil
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parameters as being fundamental, the actual decision to accept one

model over another is not important. in analyzing the results from

laboratory frost heave tests, however, the differences between models

becomes important. It is in this context that the secondary heave

model with a few modifications becomes advantageous.

2.4 Secondary Heaving and Segregation Potential

Following the secondary heave model, Konrad and Morgenstern

(1980) have suggested that the frost heave process can be considered

as a system in which the flow to an ice-water interface (ice lens) is

impeded by the unfrozen soil and a thin zone of low permeability

frozen soil (frozen fringe) that lies between the ice-water interface

and the zero degree isotherm (frost front). Through the development

of a mechanistic model based upon the secondary heave model, they

concluded that a freezing soil can be characterized by two parameters;

the segregation freezing temperature and the permeability of the

frozen fringe. Through these two parameters they presented the

concept of segregation potential which can be used to compare the

relative frost heave susceptibility of different soils. The segrega-

tion potential was found to be independent of the temperature gradient

at steady state conditions which greatly simplifies the interpretation

of laboratory frost heave tests. A definition sketch showing the

various parameters used by Konrad and Morgenstern in the development

of their model is given in Figure 2.1.

The relationship between temperature gradient and flow to an

ice-water interface has been investigated by various researchers.

Vignes and Dykema (1974) connected an ice lens through a capillary
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T
c
<0 T50 0°C

T
w
>0

FROST
FRONT

FIGURE 2.1 - DEFINITION SKETCH OF FROST HEAVE SYSTEM
(After Konrad and Morgenstern 1980)
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tube to a free water reservoir. They noted that water flowed from the

reservoir to the base of the ice lens. Furthermore, they observed

that the flow rate of the water is independent of the temperature

gradient along the tube but depends only on the temperature at the

base of the ice lens. Biermans, et al. (1978) measured the suction

that had to be applied to stop the migration of water to the lens in

an apparatus similar to that used by Vignes and Dykema. Their

measurement substantiated the fact that the Clausius-Clapeyron

relation (equation 2.2) can be used to accurately describe the suction

created at the ice-water interface at the bottom of an ice lens. Loch

(1978) concurred with Biermans et al. Beginning with the thermody-

namic differential expression of Gibbs free energy, he showed that the

Clausius-Clapeyron relation represents the suction in the unfrozen

water films in frozen soil. Williams (1964) also found that the

suction created in unfrozen water in frozen soil is dependent on the

temperature of the unfrozen water and is independent of the type of

soil.

As a step freezing temperature is imposed on the surface of an

unfrozen soil mass a freezing front begins to propagate through the

soil. In the initial stages, the suction created by the unfrozen

water does not have time to draw sufficient water to a given level to

form a lens owing to the rapid progression of the frost front and the

freezing of in situ porewater.

As the freezing front begins to slow down, more water is sucked

up to a zone of accumulation the location of which is governed by the

local permeability of the frozen fringe. Since the unfrozen water

content of a frozen soil is rarely equal to zero, there is suction
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created throughout the length of the frozen soil. This suction can be

shown to be related approximately linearly to the temperature.

Consider the Clausius-Clapeyron relation,

in which,

T
u

P
w

= In
T
o

P
w
= suction in the unfrozen film water

L = latent heat of fusion

T
u
= temperature of the unfrozen film water

V
w
= specific volume of water

T
o

= freezing point of reference water (usually
free water at the frost front)

for T
u
close to T

o
equation 2.3 can be expressed as:

P ( ) T
w V T u

w o

(2.3)

(2.4)

By noting that the bracketed term is a constant for a given pore

fluid, equation 2.4 may be further reduced to

in which,

P = CT
w u

C = pore fluid constant

(2.5a)

The migration of moisture under the pressure gradient, however, is

governed by the permeability of the frozen fringe. As the temperature

decreases, the unfrozen water content decreases and the permeability

decreases. At some critical temperature referred to as the maximum

segregation temperature, Tsm, the permeability is sufficiently low to

preclude the migration of moisture to the growing ice lens. At this
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time another ice lens is initiated closer to the frost front where the

temperature is more conducive to moisture flow. This temperature at

which a new lens is started is referred to as the formation segrega-

tion temperature, Tsf.

Konrad and Morgenstern considered the above concepts with equa-

tion 2.5 and Darcy's Law and demonstrated that upon the onset of

steady state conditions and the formation of the final ice lens, the

average of Tsf and Tsm, referred to as the segregation temperature,

T
so

, is constant and a unique property of a soil. The suction

developed at the forming ice lens can be represented by equation 2.5a

as,

P = CT
w so (2.5b)

Furthermore, with Ts0 unique, they derived an expression for the

velocity of the water towards the frost front assuming no accumulation

in the frozen fringe.

V = M grad T (2.6)

in which,

M = constant
grad T = the temperature gradient across

frozen fringe
V = velocity of water intake

Konrad and Morgenstern defined segregation potential (which in

this investigation is noted as SegPot) as

V
SegPot

w grad T
(2.7)



From equation 2.6
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SegPotw = M = constant (2.8)

The validity of equations 2.7 and 2.8 have been demonstrated in

frost heave tests performed by Konrad and Morgenstern.

Since there is no accumulation within the frozen fringe, the

velocity of the water can be related to the heave rate as follows:

dtdH

V(1.09)

in which,

dH
= heave rate

dt

V = intake velocity of water

Substituting 2.6 into 2.9,

dH
= 1.09 M grad T

dt

and SegPoth can now be defined as,

SegPot
dH/dt=
rad T

from equation 2.10,

(2.9)

(2.10)

(2.11)

SegPoth = 1.09 M = constant (2.12)

The segregation potential is simply the ratio of the water intake

rate or heave rate to the temperature gradient across the unfrozen

soil for a particular soil. Different soils would be expected to have

differing ratios and, hence, different segregation potentials.

The relationship between segregation potentials and relative

frost heave susceptibilities can be established by considering Konrad



and Morgenstern's expression for M in equations 2.6, 2.8, 2.10, and

2.12.

in which,

H - h

M
U

K
f

so
o

H
w

= suction created at base of lens as
determined by Clausius-Clapeyron relation

h
u
= suction at frost front

T
so

= segregation temperature

K
fo

= average permeability of frozen fringe
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(2.13)

Considering the free water surface at the same elevation of the

frost front and a small unfrozen length in the specimen, hu 0, then

H

M w Kfo
so

(2.14)

By considering a form of equation 2.5, Konrad and Morgenstern

showed that,

in which,

and,

Hw = B T
SO

B
V T
w o w

L, Vw, to, as defined in equation 2.3

S
w

= unit weight of water

It can be observed that B is a true constant for any soil.

Substituting 2.15 into 2.14

(2.15)

(2.16)
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M
so

T fo
so

M = B Kfo

The ratio of the water intake rate or heave rate to the temper-

ature gradient as expressed by M is, therefore, determined by the

permeability of the frozen fringe.

For a given temperature gradient, the average permeability of the

frozen fringe determines how far the moisture can migrate through the

frozen fringe before the flow is precluded by low permeability result-

ing in the formation of a lens. The higher the average permeability

the lower the temperature at which the flow is precluded and, hence,

the lower the temperature at the base of the lens. By equation 2.5, a

lower temperature at the base of the lens implies a greater suction

and, hence, greater flow to the lens. Greater flow results in greater

heave. The result is that a soil with a higher frozen fringe perme-

ability will experience greater heave than a soil with a lower frozen

fringe permeability at a given temperature gradient.

From equations 2.11, 2.12, and 2.18 and the above discussion, it

may be seen that as the average frozen fringe permeability increases,

M increases and, hence, the segregation potential increases. There-

fore, the segregation potential, SegPot, may be used to relate the

frost heave response of different soils under different temperature

gradients at steady state conditions. A higher segregation potential

implies a greater relative heave in response to freezing conditions.

In summary, through Konrad and Morgenstern's mechanistic inter-

pretation of the secondary heave model, a relative comparison of the

frost heave susceptibility between soils can be made. Mageau, et al.,
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(1981) made preliminary comparisons of susceptibilities. Their

results were consistent with the model based on Konrad and

Morgenstern's work. It is important to note that the segregation

potential does not account for differing field conditions. The

segregation potential serves as a parameter to allow a comparison to

be made in the laboratory of the relative frost susceptibility of

soils.

2.5 Permeability of the Frozen Fringe

In the previous section the interrelationships between frost

heave responses of a soil, segregation potential, and the permeability

of the frozen fringe were discussed. By considering the frozen fringe

permeability, it was demonstrated how the segregation potential of a

soil can determine its relative frost heave susceptibility. In this

section the permeability of the frozen fringe will be analyzed more

closely and the factors which control it investigated.

There are two basic models for the migration of moisture through

frozen soil; flow through unfrozen films and regulation. The two

models are not exclusive and the factors which are important in them

are quite similar.

Hoekstra and Miller (1967) investigated the mobility of water

molecules in frozen soil. They concluded that water migrates through

the adsorbed water layer on the soil grain surface. Furthermore, they

noted that the mobility was highly dependent upon the temperature of

the frozen soil. They resolved the dramatic drop in mobility at lower

temperatures by hypothesizing that thin adsorbed layers at cold

temperatures restrict movement of water. Hoekstra (1969) considered
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the movement of water through frozen soil with regard to frost heave.

He concluded that clays which have thicker and more continuous

unfrozen films are more conducive to the mioration of moisture through

frozen soil. Williams and Burt (1974) attempted to develop an

apparatus to measure the hydraulic conductivity of frozen soil.

Although their apparatus had some boundary condition problems, the

conclusions they reached were consistent with prior studies. They

found that the hydraulic conductivity depends on the temperature and

the soil type.

Miller, et al. (1975) introduced the concept of regulation to

account for moisture migration through frozen soil. Regulation is the

transitional movement of pore ice, due to a temperature gradient, by

phase changes in reverse directions on opposite sides of the ice

within the soil pores. Mageau (1978) concluded that regulation occurs

very slowly relative to flow through films.

A consistent conclusion reached in prior investigations is that

the permeability of frozen soil, or more specifically, the frozen

fringe, depends to a great extent on the thickness and continuity of

the unfrozen water layers on the soil grain surfaces. A measure of

the amount of unfrozen films available for moisture migration in soils

is the unfrozen water content. Hoekstra (1969) stated that the

unfrozen water content is directly related to the permeability of

frozen soil. It is therefore of interest to consider the soil

properties that control the unfrozen water content in frozen soils.

As early as 1917, a relationship between the specific surface

area of a soil and its unfrozen water content began to emerge.

Bouyoucas in 1917 (Beskow, 1935) showed that soils with large specific
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surface areas, such as clays, have higher unfrozen water content at a

given temperature below freezing than soils with low specific surface

areas such as sands. Zunker in 1928 (Beskow, 1935) showed that the

freezing point depression of adsorbed water layers and, hence,

unfrozen water content, is for all practical purposes proportional to

the specific surface area of soil particles. Contemporary researchers

have continued to relate unfrozen water content to specific surface

area. Dillon and Andersland (1966) presented an equation for the

unfrozen water content of a soil as a function of specific surface

area. Other variables included were temperature, activity, and a term

representing the soil's tendancy to expand when brought in contact

with water. Anderson and Tice (1972) presented an equation for

unfrozen water contents. This equation, like Dillon and Andersland's,

was a function of specific surface area. Anderson and Tice, however,

concluded that the activity and expandability of a soil can be incor-

porated into the specific surface area term, hence, their equation

does not consider these terms explicitly. By comparing results from

laboratory tests, Anderson and Tice noted that their equation

predicted unfrozen water contents more accurately than the equation

developed by Dillon and Andersland.

In summary it may be concluded that the permeability of frozen

soil and, hence, the permeability of the frozen fringe depends upon

the thickness and continuity of the unfrozen films of adsorbed water

on the soil grain surfaces. Further, the unfrozen water content can

be used as an accurate measure of the unfrozen film water. Since a

direct relationship between specific surface area of the soil

particles and unfrozen water content has been identified, it may be
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concluded that the specific surface area can be used as a measure of

the permeability of the frozen fringe. Thus the specific surface area

can be identified as a critical soil property in the frost heave

mechanism.

2.6 Specific Surface Area and Index Properties

There are two basic types of specific surface area measurements

for soils. The apparent specific surface area includes the interlayer

of expanding clays as well as the external area of the grain. In

montmorillonite, the apparent specific surface would include the

surfaces between the expanding plates. The effective specific surface

area includes only the external grain surfaces. The difference

between the two values for a particular soil obviously depends upon

the ability of the soil to swell or experience separation of plates.

Thus the effective and apparent specific surface areas of montmor-

illonite are quite different while the two values are almost identical

for a non-plastic silt. The frozen fringe permeability is controlled

by the films on the external surfaces and, hence, it is the external

specific surface area that is of greatest importance to the frost

heave mechanism.

There are two index property tests which are commonly used to

characterize soils, namely, grain size analysis (ASTM D4422-63) and

Atterburg limits (ASTM 423-66 and D424-59). The specific surface area

can be related to these index property tests. The relationship

between the grain size distribution of a soil and its specific surface

can be understood by subdividing a cube and noting the changes in

surface area. For a given mass of soil, the smaller the grains the

greater the specific surface area. Problems arise, however, when
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considering the grain size distribution. Most analyses do not

determine the distribution of sizes smaller than a No. 200 sieve (.074

mm). Since it is these sizes that control the specific surface area

of a soil, the value for specific surface area obtained from grain

size distributions can be considered as an estimate only.

The correlation between Atterburg Limits and specific surface

area is strong. Platen and Winkler in 1958 (Grim, 1962) concluded

that the plasticity index is proportional to the specific surface area

of a soil. Grabowska-Olszewska (1970) performed extensive tests in an

attempt to relate the Atterburg Limits of various soils to their

specific surface areas. He concluded that the liquid limit of a soil

is intimately related to its specific surface area. White in 1949

(Grim, 1962) determined that the liquid limit increased as the

particle size decreased. Since the particle size is directly related

to the specific surface area, it may be concluded that the liquid

limit is directly influenced by the specific surface area.

In geotechnical engineering practice liquid limits are almost

exclusively performed on the material passing the No. 40 sieve (.42

mm). The soil particles that control the liquid limit values,

however, are typically those sizes smaller than about .02 mm. This is

also true of specific surface area. Clays have specific surface area

values that are orders of magnitudes larger than those of sands and

silts. As an example, the effective specific surface area of

montmorillonite is approximately 100 times larger than that for a

typical silt. In an attempt to better correlate the liquid limit of

soils that have a broad range of grain sizes to their specific surface
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area values, it would be more realistic to consider the liquid limit

of the fraction of soil which passes the No. 200 sieve (.074 mm).

2.7 Conclusions

Several conclusions may be reached from the background material

presented.

1. There exists a region in most present day frost heave

susceptibility criteria, where firm decisions regarding a

soil's susceptibility cannot be made.

2. The best way to develop index property test based

susceptibility criteria is to identify the soil properties

that are important in the frost heave mechanism and relate

these properties to common index property tests.

3. The specific surface area is identified as a critical

property in the frost heave mechanism, directly or

indirectly, in the three basic models for frost heave.

4. The specific surface area can be related to common index

property tests.

5. The segregation potential, as presented by Konrad and

Morgenstern, can be used to relate the frost susceptibilities

of soils from laboratory tests.

6. The liquid limit of the minus No. 200 sieve (.074 mml

fraction may better relate to specific surface area than the

liquid limit on the minus No. 40 (.42 mm) fraction.

A frost heave model presented in terms of impeded flow to an ice

lens suggests that frost heave does not occur in soils which preclude

the flow of water in either the unfrozen soil or the frozen fringe.



27

This is consistent with the well accepted fact that soils with a very

high clay content and clean, coarse-grained soils are not frost

susceptible. The flow to a lens in a clay soil is impeded owing to

the extremely low permeability of the unfrozen portion of the system.

The flow of water to the ice lens in a clean coarse-grained soil is

impeded owing to the extreme lack of unfrozen films on the soil

particles and the resulting impermeability of the frozen fringe. This

investigation, however, is concerned with borderline susceptibility

soils which are typically sands with small amounts of fines. It seems

reasonable to assume that the unfrozen permeability of these materials

is sufficiently high so as not to affect the availability of moisture

at the ice lens.
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CHAPTER THREE

LABORATORY TESTING PROCEDURES AND EQUIPMENT

3.1 Testing Program

A laboratory testing program was undertaken to explore the

relationships between frost heave susceptibility, specific surface

area, and Atterburg Limits. Specifically, the frost heave response of

several soil mixtures, representing a range of specific surface areas,

was determined in a frost heave test cell. The frost heave test

consisted of freezing a soil specimen and noting the intake of water

into the sample as well as the change in vertical height.

No attempt was made to duplicate field conditions in the labora-

tory test program. Although it is desirable to apply the results of

this and other laboratory investigations to actual field situations,

only relative frost heave susceptibilities, as measured in the labora-

tory, were determined. The frost heave tests were performed under

"worst case" conditions to minimize the influence of variables other

than specific surface area. To achieve conditions that are most

conducive to frost heaving the sample was saturated and the free water

surface was maintained at approximately the same level as the frost

front. Void filling and impurities in the porewater were not con-

sidered.

The soils of interest in the laboratory testing program were soil

mixtures consisting of uniform sand, with 5%, 10% and 20% fines (i.e.

material less than .074 mm). These percentages were of interest

because they bracket (approximately) the values dividing susceptible

and non-susceptible soils in many presently used frost susceptibility

criteria. The 5% level is below most criteria for uniform soils, the
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20% is above, and the 10% value is near the borderline between

susceptible and non-susceptible soils. The fine material in each test

consisted of different combinations of silt and well crystallized

kaolinite, poorly crystallized kaolinite, or calcium montmorillonite.

By controlling the type of fine material, and noting that the sand's

contribution to the soils' specific surface area was very small, it

was possible to obtain a range of specific surface area values for

each percentage of fines. Liquid limit tests (ASTM D423-66) were

performed on both the minus No. 40 sieve (.42 mm) material and the

fine material (minus No. 200 sieve [.074 mml) of each sample.

3.2 Materials

The soils used in this investigation were an extremely uniform

fine sand, referred to as Astoria Sand, Hanover Silt with the plus No.

200 sieve (0.74 mm) sizes removed, and relatively pure kaolinite and

montmorillonite. A summary of the index properties of the different

soils is given in Table 3.1. The grain size distribution of the sand

and silt is shown in Figure 3.1.

To maintain control of the specific surface area of the soil

mixtures in the study, it was necessary to know the specific surface

areas of the constituent soils. Further, as discussed in Chapter 2,

the external specific surface area of a soil is undoubtedly a control-

ling factor in frost heave. Thus it was necessary to obtain soils

(most importantly clay soils) whose external specific surface areas

had been accurately determined. Also, since it was desirable to

control the effect of different clay minerals, clays with greater than

90% purity were desired. Clays available from the Clay Minerals



Soil Clay Minerals Liquid Plasticity Specific External Specific
Society Symbol Limit Index Gravity Surface Area m2/g

(1) (2) (3) (4) (5) (6)

Astoria Sand - NP NP 2.75 0

Hanover Silt NP NP 2.69 5

Well Crystallized
Kaolinite KGa-1 43 17 2.6 10.0

Poorly Crystallized
Kaolinite KGa-2 75 39 2.6 23.4

Calcium
Montmorillonite SAz-1 135 79 2.4 97.4

TABLE 3.1 - INDEX PROPERTIES OF SOIL MIXTURE COMPONENTS



U.S. Standard Sieves #40 #70 #100 #200

Grain Size Diameter (mm)

FIGURE 3.1 - GRAIN SIZE DISTRIBUTION OF ASTORIA SAND AND HANOVER SILT
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Society of America (Columbia, Missouri) were found to meet the above

criteria. The well crystalized kaolinite, poorly crystallized

kaolinite, and the calcium montmorillonite used in the study were

obtained from the Society. The materials obtained were powdered,

homogenized and packaged such that they were extremely convenient to

use. The specific surface area of Hanover Silt was determined by

considering its grain size distribution and employing specific surface

area calculation procedures suggested by the Asphalt Institute (1979).

3.3 Equipment

The equipment used in the laboratory test program consisted of

the following items:

1. Frost heave cell
2. Two constant temperature baths
3. Refrigerator (used as a constant temperature

environmental chamber)
4. Load frame
5. Data acquisition equipment

Figure 3.2 provides a schematic diagram of the equipment config-

uration.

The frost heave cell used in this investigation is an adaptation

of the cell described by Mageau (1978). A cutaway schematic of the

frost heave cell is shown in Figure 3.3. A photograph of the cell is

given in Figure 3.4. The frost heave cell consists of a 30.5 cm (12.0

in.) long by 10.2 cm (4.0 in.) I.D., by 15.2 cm (6.0 in.) 0.D. nylon

barrel. The sample is placed inside the cell and an aluminum top cap

and bottom plate serve as constant temperature boundaries. The barrel

is split lengthwise into two halves to facilitate specimen extraction

following the test. Foam insulation encased in a 15.2 cm (6.0 in.)

thick aluminum shell is placed around the barrel to ensure no radial
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A - Loading Rod
B - Tie Rods
C - Load Guide Bar

- Water Supply Port

E - Antifreeze Ports
F - Top Cap
G - Top 0-rings

A

G

H - Rubber Membrane
I - Nylon Barrel
J - Test Speciman
K - Foam insulation
L - Bottom Plate
M - Bottom 0-ring
N - PVC Base

FIGURE 3.3 - FROST HEAVE CELL (After Mageau 1978)



FIGURE 3.4 PHOTOGRAPH OF FROST HEAVE CELL
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heat flow occurs. The top cap, barrel, insulation, and base plate are

supported on four 1.3 cm (0.5 in.) diameter by 2.5 cm (1.0 in.) long

pedestals attached to the top of a 1.0 cm (0.38 in.) stainless steel

plate. A 1.5 cm (0.59 in.) diameter solid stainless steel loading rod

attaches to the top cap. The loading arm is guided through a teflon

lined sleeve in the load guide bar. The barrel halves are attached

firmly to the base with two tie rods that extend through the load

guide bar, the length of the barrel walls and into the base assembly.

The rubber membrane is sealed with a single 0-ring at the base

and a double 0-ring seal at the top. Porous sintered stainless steel

plates are flush mounted in the top cap and bottom plate to provide

unimpeded drainage to the specimen.

The temperature of the top cap and bottom plate is maintained at

a constant value by circulating a constant temperature fluid through

heat exchange mazes within the cap and plate. The channels through

which the fluid flows are isolated from the drainage channels such

that no contamination of the porewater occurs.

To monitor the temperature in the specimen, 18 thermistors (YSI

Model No. 44004) were placed through 0.5 cm (0.20 in.) holes along the

length of the barrel. The thermistors are flush mounted on the inside

wall of the barrel. Before placing the thermistors in the cell wall

they were sealed with a thin coat of epoxy. The large number of

thermistors enable the temperature gradient in the specimen to be

closely monitored as they are separated by only 0.7 cm (0.27 in.)

along the barrel length. Thermistors were also placed in the top cap

and bottom plate to monitor the boundary temperatures.
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As previously mentioned, the temperatures of the top cap and

bottom plate were controlled by circulating temperature controlled

antifreeze solutions through them. Two constant temperature baths

(Hotpack Refrigerated Bath/Circulator 603340) were used to control the

temperature of the antifreeze and to serve as pumping units to provide

the circulation. One of the baths (referred to as the warm

temperature bath) was maintained slightly above 0°C (32°F). The other

bath (referred to as the cold temperature bath) was held constant

below 0°C (32°F). To aid in obtaining a finer control over the

temperature of the fluid, the stock single turn control potentiometers

on the temperature baths were were replaced by ten-turn control

potentiometers. With this modification, the resulting control of the

fluid temperature within the baths approached the accuracy of the

thermistors. The tubes through which the antifreeze flowed were

insulated and connected to a valve system near the cell. The valve

system allowed the flows from the two baths to be directed through

either the top cap or bottom plate. Also, the flow from the warm bath

could be channeled through both the top cap and the bottom plate to

achieve a uniform temperature throughout the specimen.

To aid in the boundary temperature control and prevent radial

heat flow, the cell was placed in a refrigerator whose temperature was

maintained at approximately 2°C (36°F). The circulating antifreeze

tubes and data acquisition lines were inserted through 2.5 cm (1.0

in.) diameter access ports in the side of the refrigerator.

A load frame with a 1.11 Kn (250 lb) Bellofram pneumatic load

actuator was placed inside the refrigerator to allow the specimen to

be consolidated in the refrigerator. In addition, although not within



38

the scope of this investigation, the loading system allows surcharge

loads to be placed on the specimen during the frost heave tests.

A 50 ml (7.75 in.3) buret was connected to the water intake line

and the flow of water into or out of the specimen during a test was

noted by the change in the water level in the buret. The change in

the height of the specimen during the test was measured by a Linear

Variable Differential Transformer (Scheavitz GCA-121-250 ± in.). The

temperature along the length of the specimen was monitored with the

thermistors along the inside wall of the frost heave cell barrel. The

resistance values of the thermistors were measured with a Digital

Multimeter (Fluke 8050A) and converted to temperature.

3.4 Test Procedure

The different components of air dry sand, silt, and clay used in

the soil sample mixtures were weighed to ± 0.5 g (0.001 lb). Since a

2000 g (4.4 lbs) sample was typically used, the resulting accuracy of

the component percentages was ± 0.025%. After thorough blending, the

soil sample was mixed with distilled water to create a slurry. The

slurry was placed in a high humidity room for at least 12 hours.

Before placing the slurry into the cell, a thin rubber membrane

was sealed around the bottom base plate and a filter paper was placed

on top of the bottom porous stone. The barrel halves were fastened

together and the membrane was pulled over the top lip of the barrel.

The soil slurry was placed in the cell and visible air voids were

removed. The top cap was placed in the cell on the slurry and the

loading rod was inserted through the guide bar. The guide bar and
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barrel were attached to the base by inserting and tightening the tie

rods.

The sample was placed in the refrigerator and was consolidated

under a 50 kPa (7.3 psi) pressure. Due to the lack of a seal at the

top cap during consolidation, care was required when applying the load

to ensure the near-liquid slurry would not flow up the side of the top

cap and clog the 0-ring grooves. A degree of consolidation of 100%

was reached in less than 8 hours for the samples with the lowest

permeability. Therefore, all of the samples were loaded for at least

8 hours to ensure complete consolidation. During the consolidation

period, the warm bath fluid was circulated through both the top cap

and bottom plate to aid in equilibrating the sample to approximately

2° C (36°F).

After the specimen had consolidated, the load was removed from

the specimen and the top 0-rings were placed around the top cap to

seal the membrane. Considerable care was exercised in this operation

as the barrel had to be disassembled, the 0-ring placed in the groove

around the cap, and the barrel reassembled without allowing the

free-standing specimen to deform excessively.

Once the specimen had been sealed and temperature equilibrium was

re-established the test was initiated by circulating coolant from the

cold temperature bath through the base plate. In this manner the

specimen was frozen from the bottom to the top. Freezing from the

bottom minimizes side friction between the specimen and the cell wall.

By freezing from the bottom, unfrozen soil moves against the wall

during the heaving process rather than frozen soil.
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A minimum of readings were taken during the first ten hours of

the test as steady state conditions did not exist during this period.

From ten hours to the end of the test, usually 24 hours, readings were

taken noting the temperature in the refrigerator, the temperature in

the specimen, the water intake into the specimen, and the change in

the height of the specimen.

The tests were typically terminated after 24 hours. The cell was

removed from the refrigerator, disassembled and, the specimen was

visually inspected. A photograph of the specimen was taken and the

unfrozen and frozen heights were measured. Finally, water contents of

the frozen and unfrozen zones of the specimen were determined.
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CHAPTER FOUR

TEST RESULTS

4.1 Introduction

In the laboratory test program, frost heave and liquid limit

tests were performed on sand/silt/clay mixtures.

4.1.1 Frost Heave Tests

Thirty-one frost heave tests were performed on various

combinations of sand, silt, and different types of clay. In each

test, material retained on the No. 200 sieve (.074 mm) consisted of

Astoria Sand while the fine fraction consisted of various combinations

of silt, montmorillonite, poorly crystallized kaolinite, and well

crystallized kaolinite. Mixtures containing 5, 10, and 20% fine

material were considered. In mixtures with a specific percentage of

fines, the composition of the fine fraction was varied by considering

different combinations of silt, montmorillonite, and the two types of

kaolinite. A summary of the soil mixtures tested and the number of

tests performed on each mixture is shown in Table 4.1.

The segregation potential was calculated for each frost heave

test using the measured intake of water and the heave of the specimen,

as well as the temperature along the length of the specimen as noted

by the thermistors. The segregation potential resulting from the

water intake values (SegPotw) is used in the analysis of the test

results. The segregation potential determined from the heave rate

(SegPoth) is used for comparison purposes only. The relationship

between the two segregation potentials is discussed in Chapter 5.



42

Soil Mixture
Percent
of Fines

No. of
Tests

(1) (2) (3)

Sand, Silt and 5 4

Montmorillonite 10 4

20 4

Sand, Silt, and Poorly 5 4

Crystalized Kaolinite 10 4

20 4

Sand, Silt, and Well 5 2

Crystalized Kaolinite 20 2

Sand and Silt 5 1

10 1

20 1

TABLE 4.1 - NUMBER OF TESTS PERFORMED ON
SOIL MIXTURES
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As discussed in Chapter 2, to calculate the segregation potential

the temperature gradient in the specimen and the water intake rate at

steady state conditions must be determined. The temperature gradient

in the sample was determined by noting the slope of a least squares

best fit line on a plot of height above base plate versus temperature.

This value was determined when the frost front propagation rate

reached a minimum and the temperature gradient along the specimen

became linear. This typically occurred at 15-16 hrs after the test

was initiated. The temperature gradient was determined again at the

end of the test and the average of the two values was used in the

segregation potential calculations.

The water intake rate and heave rate were determined by applying

least squares best fit lines and noting the slopes on plots of water

intake and heave versus time. The values correspond to steady state

conditions in that only the readings taken after 15-16 hrs were used.

The resulting correlation coefficients were never below 0.99 and,

typically were equal to 1.00.

The specific surface area of the individual samples was

determined by weighting the specific surface areas of the components

of the fines in proportion to their percentages in the mix.

4.1.2 Liquid Limit Tests

Liquid limit tests (ASTM D423-66) were performed on the minus No.

40 sieve (.42 mm) material and minus No. 200 sieve (.074 mm) material

of each sample. Since all of the components in the samples passed the

No. 40 sieve (.42 mm), no sieving was required to test the minus No.

40 material. A sufficiently large sample of material from each test
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was saved prior to the consolidation of the specimen as described in

Chapter 3. Liquid limit tests were performed on these samples.

To minimize the number of liquid limit tests performed on the

minus No. 200 sieve (.074 mm) material and eliminate the need for

sieving, the liquid limit tests were performed on mixtures that were

prepared separate from the mixtures used in the frost heave tests. By

considering specific compositions of fine material and noting that the

properties of the fine fraction are independent of the percentage of

fines in the total mixture, each liquid limit test on the fine

material was related to several frost heave test mixtures.

4.2 Typical Frost Heave Test Results

To minimize the number of variables involved in the present study

it was necessary to perform the frost heave tests under similar

conditions. Although slight variations in cold and warm side

temperatures, refrigerator temperatures, and sample height occurred,

it is reasonable to assume that due to the large number of tests

performed and the low level of variance, the effect of the

experimental variabilities on the calculated segregation potentials

was small. The results from Test 21 were chosen to illustrate the

data generated in a frost heave test. Test conditions and results for

the 31 tests performed in this investigation are given in Appendix A.

4.2.1 Frost Penetration Versus Time

Frost penetration in the specimen versus elapsed time for Test 21

is shown in Figure 4.1. The temperature at the frost front was assum-

ed to be 0°C (32°F). The frost front was located by interpolating
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between the thermistor readings. Since the readings critical to the

calculation of the segregation potential occurred between approxi-

mately 15 hours and the end of the test, the tests were begun in the

early evening with only one reading taken before the next morning.

This procedure was followed for nearly all of the tests.

From Figure 4.1 it may be noted that the frost front did not

become stationary during the test. This was consistent with all the

tests including Test 5 which was allowed to continue for 33.5 hrs.

The reason for the continued penetration of the frost front was due to

the fact that although the temperatures at the two ends of the sample

were constant, the heat supplied by the warm top cap was less than the

heat removed by the cold bottom cap. Partial clogging of the top cap

antifreeze channels may have been partly responsible for this uneven

heat flow. Because the residual penetration rates observed were

reasonably consistent and quite small, it is felt that the existence

of the residual penetration rate did not greatly influence the results

of the tests. It can also be noted from Figure 4.1 that slight

irregularities occurred in the penetration rate. These irregulari-

ties, which occurred in most of the tests, were due to changes in the

air temperature inside the refrigerator. Since no corresponding

irregularities appeared in the heave of the specimen or the water

intake, the effects on the test results are assumed to be small.

4.2.2 Water Intake and Heave Versus Time

Figure 4.2 shows the water intake into the specimen and the heave

of the specimen versus the elapsed time for Test 21. The curves are

smooth and can be approximated quite well, as discussed later, by
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straight lines. Although the slope of the curves appear to decrease

slightly with time, the influence on the heave rate and water intake

rates used in the determination of the segregation potential is small.

This was verified by allowing Test 5 to run for 33.5 hours. As

indicated previously, the curves in Figure 4.2 do not show any of the

irregularities present in the frost front penetration plot (Figure

4.1). It is also important to note that the slopes of the curves can

be related by a constant multiplier. The implications of this

observation were introduced in Chapter 2 and are further discussed in

Chapter 5.

4.2.3 Temperature Profile

Temperature profiles in the specimen during Test 21 at two

different times are presented in Figure 4.3. The four hour profile

displays a definite curvature indicating that the frost front is

propagating through the specimen under non-equilibrium conditions.

This period corresponds to the non-linear portions on the heave, water

intake and frost penetration curves. The 24 hour profile can be

represented extremely well by a straight line. This profile

corresponds to near steady-state conditions and constant rates of

water intake and heave. The curvatures near the ends of the specimen

are due to imperfect boundary conditions resulting in radial heat flow

near the top cap and bottom plate. In the interior of the specimen,

and most importantly near the frost front, the temperature profile is

a straight line. This indicates that radial heat flow was indeed

minimized as desired.
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4.2.4 Calculation of Segregation Potential

To calculate the segregation potential from the test results it

was necessary to obtain the temperature gradient in the specimen

during near steady-state conditions and the corresponding water intake

rate. The temperature gradient was determined by applying a least

squares fit of a straight line on the plot shown in Figure 4.3. The

slope of the line at the beginning of near steady-state conditions

(15-16 hours) was typically averaged with the slope at the end of the

test. As an example, the temperature gradient in Test 21, 17 hrs.

after the initiation of the test, was 0.0371° C/mm (2.12° F/in.) while

at the end of the test it was 0.0365° C/mm (2.09° F/in.). Thus a

temperature gradient of 0.0368° C/mm (2.10° F/in.) was used to

calculate the segregation potential.

The water intake rate was obtained by noting the slope of the

least squares best fit line on the water intake versus elapsed time

curves similar to Figure 4.2. Only those readings corresponding to

near steady state conditions were considered resulting in correlation

coefficients that were typically 1.00 and never below 0.99. For Test

21 the calculated water intake rate was found to be 35.0 ml/day (5.43

in.3/day) with a regression coefficient of 1.00. As discussed

previously, the segregation potential was also calculated using the

heave rate. The heave rate was determined similarly to the water

intake rate. The resulting heave rate for Test 21 was 4.53 mm/day

(0.18 in./day) with a correlation coefficient of 1.00.

In Chapter 2 the segregation potential was defined as follows:



SegPot
Water Intake Rate

w Temperature Gradient
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(2.7)

The segregation potential as determined by the heave rate was defined

as:

SegPot =
Heave Rate

.

n Temperature Gradient
(2.11)

The segregation potentials associated with equations 2.7 and 2.11 were

determined for each test. For Test 21 the results were as follows:

and,

35.0 ml/day
SegPot

w .0368°C/mm

ml-mm
SegPotw = q51

°C-day

4.53 mm/dav
SegPoth =

0368°C/mm

SegPoth = 123 -day
C-day

(3.1)

(3.2)

As mentioned before, the data were analyzed using the segregation

.potential as determined by the water intake. It was believed that by

doing this the effect of the non-stationary frost front was further

minimized as the porewater freezing would not enter into the

segregation potential values. The relationship between the two

segregation potentials is further discussed in Chapter 5.
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4.3 Frost Heave Test Results

4.3.1 Sand, Silt, and Montmorillonite Mixtures

The results of the 12 frost heave tests performed on mixtures of

sand, silt and calcium montmorillonite with sand are given in Table

4.2. Also included in the table are the results of sand-silt tests.

These results are included with the silt-montmorillonite mixtures as

they serve to extrapolate silt-montmorillonite conditions to a mixture

with 0% montmorillonite .

Figure 4.4 shows the segregation potential determined from the

water intake (SegPotw) versus the logarithm of specific surface areas

(SSA). The relationships between segregation potential and specific

surface area are well defined for the three percentages of fines.

4.3.2 Sand, Silt, and Poorly Crystallized Kaolinite Mixtures

The results of the 12 frost heave tests considering different

mixtures of sand, silt, and poorly crystallized kaolinite are

presented in Table 4.3. The results of the sand-silt tests are

included to allow extrapolation of the relationships. Figure 4.5

shows the segregation potential, as determined by frost heave tests,

versus the logarithm of the specific surface area of the

silt-kaolinite mixtures. As was the case for the sand, silt, and

montmorillonite mixtures, there appears to be a definite relationship

between segregation potential and specific surface area. Unlike the

sand, silt, and montmorillonite mixtures, however, only one

relationship which is independent of the percentage of fines is

evident.



Test No.

Percent

Sand

Percent

Silt

Percent

Montmorillonite

Effective Specific
Surface Area

m2/g

SegPoth

mm2/°C-day

SegPotw

mm-m1/°C-day

(1) (2) (3) (4) (5) (6) (7)

1 80 0 20 19.5 262 1790

28 80 6 14 13.9 213 1509

27 80 12 8 8.39 200 1507

7 80 14 6 6.54 197 1290

6 80 20 0 1.0 95.9 743

4 90 0 10 9.74 169 1094

11 90 3 7 6.97 135 935

10 90 6 4 4.20 112 777

9 90 7 3 3.27 81.8 588

5 90 10 0 0.50 43.8 205

3 95 0 5 4.87 26.7 159

13 95 1.5 3.5 3.48 45.4 211

14 95 3 2 2.10 44.3 148

15 95 3.5 1.5 1.64 42.3 206

2 95 5 0 0.25 0 0

TABLE 4.2-RESULTS OF FROST HEAVE TESTS PERFORMED ON MIXTURES
OF SAND, SILT, AND MONTMORILLONITE
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Test No.

Percent

Sand

Percent

Silt

Percent Poorly
Crystallized

Kaolonite

Effective Specific
Surface Area

m2/g

SegPoth

mm2/°C-day

SegPotw

mm -ml / °C -day

(1) (2) (3) (4) (5) (6) (7)

34 80 0 20 4.70 447 3311

17 80 4 16 3.96 396 2956

18 80 10 10 2.85 299 2212

19 80 15 5 1.93 227 1674

6 80 20 0 1.00 95.9 743

33 90 0 10 2.35 299 2344

20 90 2 8 1.98 201 1554

29 90 5 5 1.43 194 1530

21 90 7.5 2.5 0.96 123 951

5 90 10 0 0.50 43.8 205

31 95 0 5 1.18 205 1621

16 95 1 4 0.99 155 1119

30 95 2.5 2.5 0.71 92.9 724

22 95 3.75 1.25 0.48 58.1 378

2 95 5 0 0.25 0 0

TABLE 4.3 - RESULTS OF FROST HEAVE TESTS PERFORMED ON MIXTURES OF
SAND, SILT, AND POORLY CRYSTALLIZED KAOLINITE
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4.3.3 Sand, Silt, and Well Crystallized Kaolinite Mixtures

Table 4.4 presents the results of the four frost heave tests

performed on mixtures of sand, silt, and well crystallized kaolinite.

Again the silt-sand results are included. These results are presented

on a plot of segregation potential versus logarithm of specific

surface area in Figure 4.6. Due to the lack of sufficient data

points, no strong relationships can be noted, It would appear,

however, that the general trends displayed in the other tests are

present in the well crystallized kaolinite-silt mixture test results.

4.4 Liquid Limit Test Results

As previously discussed, ratios of silt to clay were held

constant regardless of the percentage of fines in the total mix. Thus

it is convenient to present the results of the liquid limit tests in

Table 4.5 with the corresponding silt and clay percentages in the

minus No. 200 sieve (.074 mm) material. The specific surface area of

the fine material mixtures was determined in the same manner as the

specific surface area of the entire samples.

Liquid limit versus specific surface area relationships for the

three types of clay-silt combinations are shown in Figure 4.7. A

strong and consistent correlation is seen between the limit values and

specific surface areas. Discontinuities appear between the types of

fine mixtures, however.

4.5 Preliminary Tests on Natural Material

Contract testing performed for ERTEC Northwest, Inc., Long Beach,

CA, provided an opportunity to perform frost heave and index property



Test No.

Percent

Sand

Percent

Silt

Percent Well
Crystallized

Kaolonite

Effective Specific
Surface Area

m2/g
SegPoth

mm2/°C-day

SegPotw

mm-m1/°C-day
(1) (2) (3) (4) (5) (6) (7)

25 80 4 16 1.80 355 2705

24 80 15 5 1.25 189 1339

6 80 20 0 1.00 95.9 743

26 95 1 4 0.45 105 822

23 95 3.75 1.25 0.31 45.5 334

2 95 5 0 0.25 0 0

TABLE 4.4-RESULTS OF FROST HEAVE TESTS PERFORMED ON MIXTURES
OF SAND, SILT, AND WELL CRYSTALLIZED KAOLINITE
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Percent
Silt

Percent Well
Crystallized

Kaolinite

Percent Poorly
Crystallized
Kaolinite

Percent
Montmorillonite

Specific Surface
Area mm2/°C-day

Liquid Limit
of Mixture

(1) (2) (3) (4) (5) (6)

70 0 0 30 32.7 56

60 0 0 40 42.0 66

30 0 0 70 69.7 99

0 0 0 100 97.4 135

75 0 25 0 9.63 29

50 0 50 0 14.3 40

20 0 80 0 19.8 58

0 0 100 0 23.5 75

75 25 0 0 6.25 26

20 80 0 0 9.00 37

0 100 0 0 10.0 43

TABLE 4.5 - LIQUID LIMITS OF MIXTURES OF SILT AND WELL CRYSTALLIZED
KAOLINITE, POORLY CRYSTALLIZED KAOLINITE OR MONTMORILLONITE
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tests on actual field materials. The sample was a silty sand (SM)

from a site on the north slope of Alaska and thus was ideal as a

preliminary comparison between the artificially prepared laboratory

materials used in this investigation and natural soils. The results

of the frost heave and index tests are as follows:

mm-ml
SegPotw = 1875 77:EY

LL of fine fraction = 49.2%

% minus #200 sieve = 27%

% minus .002 mm in fine fraction = 30%

The complete frost heave test data for the natural sample are

given in Appendix A.
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CHAPTER FIVE

ANALYSIS OF TEST RESULTS

5.1 Introduction

In Chapter 2, the specific surface area was identified as a

fundamental parameter in the frost heave phenomena. The specific

surface area was also shown to be related to the liquid limit of a

soil. Thus it may be postulated that a relationship should exist

between liquid limit values and frost heave susceptibility. In

presenting this hypothesis, it is assumed that the frost suscep-

tibility of a soil can be expressed in terms of segregation potential.

In this chapter, the laboratory results presented in Chapter 4 are

analyzed resulting in the development of a strong correlation between

liquid limit values and segregation potential. By considering the

nature of the relationship, as well as other variables suggested by

the analysis, a general correlation between index property test values

and frost susceptibility is presented.

5.2 Development of Fines Factor, Rf

5.2.1 Segregation Potential and Liquid Limits Considering Percent
Fines

Figures 4.4, 4.5, and 4.6 show a strong correlation between

segregation potential and specific surface area for soil mixtures with

fine fractions consisting of montmorillonite-silt, poorly crystallized

kaolinite-silt, and well crystallized kaolinite-silt. A strong corre-

lation between liquid limit of the fine fraction and the specific

surface area of the fines is shown in Figure 4.7. From these rela-
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tionships and the fact that the specific surface area of the sample is

strongly dependent upon the specific surface area of the fine

fraction, it may be inferred that a relationship exists between the

segregation potential and the liquid limit of the fine fraction for

all of the soil mixtures considered.

Figure 5.1 shows the segregation potential versus the liquid

limit of the fine fraction for montmorillonite-silt fines. Figures

5.2 and 5.3 present the same relationships for poorly crystallized

kaolinite-silt and well crystallized kaolinite-silt fines,

respectively. It may be observed that the segregation potential is

not only a function of the liquid limit of the fine fraction but it is

also highly dependent upon the percent of fines in the total mixture.

In fact, it is believed that the influence of the percent fines is

greater that that of the liquid limit.

5.2.2 Segregation Potential and Liquid Limits Considering Clay
Mineralogy

Segregation potential versus specific surface area as a function

of the clay mineral in the fine fraction is presented in Figure 5.4.

The figure shows the relationship considering 20% fines in the

mixtures. Plots considering other percent fines can also be

considered. It would appear that mixtures with well crystallized

kaolinite tend to exhibit greater frost susceptibility than the

montmorillonite mixtures. The mixtures with poorly crystallized

kaolinite were intermediate to the other clay mineral mixtures.
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These observations suggest that the frost susceptibility is

dependent upon the clay mineralogy of the soil. A convenient index

property to identify the predominant clay mineral in a soil mass is

the activity. The activity is classically defined as follows:

Plasticity Index
Activity (A) = Percent Clay Sizes (.002 mm)

69

(5.1)

The definition of activity used in this investigation is different

from that given in equation 5.1 in that the liquid limit is used

instead of the plasticity index. Also, the activity is associated

with the fine fraction only rather than the entire sample. Thus,

Liquid Limit
LL of fine fraction

(5.2)Activity of the = % clay sizes (.002 mm) in fine fraction
fine fraction, ALL

In applying this definition, it is noted that unlike the other

clay minerals, it is not reasonable to assume that all of the well

crystallized kaolinite particles are smaller than .002 mm. Results

from a hydrometer analysis indicated that approximately 40% of the

well crystallized kaolinite grains are larger than .002 mm. This was

considered in calculating the activity of the well crystallized

kaolinite.

Using the definition of A
LL

(equation 5.2) the activities of the

fine fractions were determined. These values along with the liquid

limits and plasticity indices are presented in Table 5.1. The values

of A
LL

are reasonably consistent for each clay mineral. An exception



Clay
Mineral

Percent
Silt

Percent
Clay

Liquid
Limit

Liquid Limit
Activity of Fine i

Fraction, A
ALL

(1) (2) (3) (4)

70 30 56 1.87
Montmorillonite 60 40 66 1.65

30 70 99 1.41
0 100 135 1.35

Poorly 75 25 29 1.16
Crystallized 50 50 40 .80
Kaolinite 20 80 58 .73

0 100 75 .75

Well 75 25 26 1.73
Crystallized 20 80 37 .77
Kaolinite 0 100 43 .72

1
A

LL of fine fraction
LL % clay sizes (.002 mm) in fine fraction

TABLE 5.1 - ACTIVITIES OF FINE FRACTION MIXTURES
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to this trend is 75% silt-25% well crystallized kaolinite mixture.

The calculated value of 1.73 differs by more than 130% from the other

values calculated for the silt-well crystallized kaolinite mixtures.

This may be due to the low percentage of clay in this specific

mixture. Taking into consideration the deviation of the value

mentioned above, values of ALL for the clay minerals can be assumed as

follows:

Mineral A
LL

Calcium Montmorillonite 1.6

Poorly Crystallized Kaolinite .86

Well Crystallized Kaolinite .75

These values, when considered with Figure 5.4, suggest that as

the activity of the clay mineral in the soil decreases, the

segregation potential and, hence, frost susceptibility increases.

This conclusion is consistent with observations made by Lambe et al.

(1969). Through their investigation they found that clays with high

activities, specifically Na-Montmorillonite, decreased the frost heave

when added to frost susceptible materials.

5.2.3 Fines Factor, Rf

The analysis of the test results indicates that the segregation

potential is strongly influenced by the percentage of fines in the

soil and the liquid limit activity of the clay minerals in the fine

fraction (equation 5.2). By noting the influence of these two

parameters, it is possible to develop a general parameter that relates

index test results to segregation potential values.



It was noted that the segregation potential increased as the

percentage of fines increased, that is:

SegPotw a % fines

It was also noted that as the liquid limit activity of the fine

fraction increased, the segregation potential decreased, that is:

SegPot a
w A

LL

1

Combining equations 5.3 and 5.4

SegPot a
w A

LL

%fines
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(5.3)

(5.4)

(5.5a)

%fines
SegPotw a (5.5h)

LL
ff
/% clay sizes in fine fraction

( %fines)(% clay sizes in fine fraction)
SegPot

w
a (5.5c)

LL
ff

Let us define the right side of equation 5.5c as the fines factor, Rf,

that is:

R
f

Wines) (% clay sizes in fine fraction)
(5.6)

(liquid limit of fine fraction)

The fines factor was calculated for each test and the results are

presented in Table 5.2. Figure 5.5 shows a strong correlation between

R
f
and segregation potential as evidenced by an R2 value of .88. Also

included in Figure 5.5 are the results of a frost heave test and index

property tests performed upon the field sample discussed in Chapter 4.

It is encouraging to find a good correlation between the segregation

potential and R
f
for the natural soil also. Thus, for the soils con-

sidered in this investigation, the results from index property tests

(sieve analysis, liquid limits, and hydrometer analysis) may be relat-

ed to the segregation potential with a reasonable level of confidence.
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Test
Percent
fines

Percent minus
.002 mm in

fine fraction
LL

f

Fines
Factor,

R
f

SegPotw

(1) (2) (3) (4) (5) (6)

1 20 100 135 14.8 1790

3 5 100 135 3.70 159

4 10 100 135 7.41 1094

7 20 30 56 10.7 1290

9 10 30 56 5.36 588

10 10 40 66 6.06 777

11 10 70 99 7.07 935

13 5 70 99 3.54 211

14 5 40 66 3.03 148

15 5 30 56 2.68 206

16 5 80 58 6.90 1119

17 20 80 58 27.6 2956

18 20 50 40 25.0 2212

19 20 25 29 17.1 1674

20 10 80 58 13.8 1554

21 10 25 29 8.53 951

22 5 25 29 4.27 378

23 5 15 26 2.88 334

24 20 15 26 11.5 1339

25 20 48 37 25.9 2705

26 5 48 37 6.5 822

27 20 40 66 12.1 1507

28 20 70 99 14.1 1509

29 10 50 40 12.5 1530

30 5 5.0 40 6.25 724

31 5 100 75 6.67 1621

33 10 100 75 13.3 2344

34 20 100 75 26.7 3311

TABLE 5.2 - FINES FACTORS AND SEGREGATION POTENTIALS
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5.3 Theoretical Discussion

5.3.1 Purpose of Fines Factor, Rf

As it is presently defined, Rf is the result of observations of

test data and the attempt to relate the results of the observations to

a common parameter. Thus Rf is an empirical parameter. Empirical

relations are useful in that they can serve to give an estimate of a

desired parameter. In this regard Rf may aid in the more complicated

problem of identifying frost susceptible soils under field conditions.

This function of R
f

is discussed later in this chapter. Another role

that empirical parameters can fulfill is in contributing to the

development of a more fundamental understanding of the phenomena with

which they are associated. This role is possible only if one is

familiar with the basic development of the empirical parameter.

Folowing this philosophy the fundamental soil properties which affect

R
f
may be analyzed with respect to improving our understanding of the

frost heave model presented in Chapter 2.

5.3.2 Liquid Limit Activity of the Fine Fraction, ALL

In the model presented in Chapter 2, the amount of the unfrozen

film water existing between the surface of a clay particle and the

frozen porewater is directly related to the ease with which water

flows through the frozen fringe. Since the permeability of the frozen

fringe was identified as the critical factor in the segregation

potential of the soil, the abundance of unfrozen film water has a

direct bearing on the frost heave susceptibility of the soil. The
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test results indicate, however, that although montmorillonite has a

higher unfrozen water content than kaolinite under freezing condi-

tions, kaolinite has consistently higher segregation potentials. This

fact suggests that the permeability of the frozen fringe is not solely

a function of the abundance of unfrozen film water.

Throughout the discussion of unfrozen film water it has been

assumed that the adsorbed water layer on the surface of a clay mineral

is intimately related to the unfrozen water films that exists on the

grain surface under freezing conditions. Furthermore it has been

assumed that the mobility of the adsorbed layer and, hence, the

unfrozen film water, is independent of the soil mineralogy. It is

generally accepted, however, that although the actual thickness of the

adsorbed water layers on montmorillonite and kaolinite are approxi-

mately the same, the rigidity with which the water is held is not.

Grim (1968) presented values for adsorbed water thicknesses that,

within the range of the uncertainty with which they were determined,

are approximately independent of the clay mineralogy. Grim (1962)

concluded that the ratio of free water to fixed water is smaller in

montmorillonite than in kaolinite. Assuming that the rigidity of the

adsorbed water layers is related to the ease with which water will

migrate through them, the permeability of the frozen fringe per unit

flow path would be less for soils with montmorillonite than for soils

containing kaolinite.

R
f

considers the effect of the unfrozen film water rigidity upon

the segregation potential by noting that clays with low activities,

such as kaolinite, have less rigid unfrozen water films and, hence,

higher frozen fringe permeabilities and segregation potentials. Highly
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active clays, such as montmorillonite, have rigid unfrozen water films

corresponding to low frozen fringe permeabiiities and low segregation

potentials. Thus, assuming that the liquid limit activity of the fine

fraction as defined in this investigation is an acceptable parameter

to distinguish the rigidity of the unfrozen films, it can be seen that:

SegPot a Al

LL

(5.7)

This is identical to equation 5.2 that was initially used to develop

Rf.

5.3.3 Percent of Fines

Through the development of a preliminary frost heave model in

Chapter 2, the permeability of the frozen fringe was identified as a

critical property in determining the frost susceptibility of a soil.

In attempting to identify fundamental soil properties that could be

related to the frozen fringe permeability, it was noted that the

specific surface area of a soil is directly related to the unfrozen

water content of a frozen soil. Assuming the unfrozen water content

can be related to the permeability of the frozen fringe, it is

suggested that the specific surface area is a relative measure of the

frozen fringe permeability. Figures 4.4, 4.5, and 4.6 support this

hypothesis.

The fundamental consideration in developing the argument for the

relation between specific surface area and the frozen fringe perme-

ability was the importance of the continuity of the unfrozen water

films. The more continuous the unfrozen water films on the surface of
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the soil grains, the greater the ease of migration of water through

the frozen fringe to the growing ice lens. Following this discussion,

it was concluded that the specific surface area serves as a measure of

the continuity of the unfrozen water films and, hence, the perme-

ability of the frozen fringe.

The specific surface area of a soil may be considered to be a

function of the amount and nature of the fines (minus No. 200 sieve

[.074 mm]) in the soil. This is reasonable since the fine fraction,

owing to the small grain sizes, controls the specific surface area of

the soil. More specifically the extreme values of specific surface

area for clay greatly influence the specific surface area of a soil

mass. Therefore, it is reasonable to expect a relation between the

amount of fines in the soil and the continuity of the unfrozen water

films and, hence, the permeability of the frozen fringe. Noting the

influence of the frozen fringe permeability on the segregation

potential, the relationship between the amount of fines in a soil and

the segregation potential of the soil may be expressed

approximately as:

or:

SegPotw a % of grain sizes smaller than (5.8a)

No. 200 sieve (.074mm)

SegPotw a % fines. (5.8b)

This relation is identical to that presented as equation 5.1 in the

development of Rf.

The influence of the type of fines upon the specific surface area

and the continuity cf the unfrozen water films is due to the differ-
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ences in grain sizes between the clays and silts which compose the

fine fraction. In the discussion presented in Chapter 2, the liquid

limit was identified as a relative measure of the influence that the

composition of the fine fraction had upon the specific surface area.

It is suggested that for a given percentage of fines, as the liquid

limit increases, the continuity of the unfrozen films increases and

the permeability of the frozen fringe also increases. Thus as the

liquid limit increases the segregation potential increases. The

results of the test data provide some evidence for this conclusion.

Figures 5.1, 5.2, and 5.3 show that for a particular clay mineral and

a particular percentage of fines, the segregation potential does

indeed increase as the liquid limit of the fine fraction increases.

Although a relationship between the liquid limit of the fine

fraction and the segregation potential is apparent, attempts to

include the relationship in the development of Rf weaken the corre-

lation of R
f
to segregation potential. The development and evaluation

of an alternative fines factor which includes directly the liquid

limit of the fine fraction is presented in Appendix B. This suggests

that the relationship between the liquid limit values and segre-

gation potential may not be expressed with a simple proportional

equation. In fact, referring to Figures 5.1, 5.2, and 5.3, it is

noted that the slope of the lines are well below that corresponding to

a directly proportional relationship. Since it is felt that the use

of functions other than direct proportionalities would be of little

benefit in applying the results of this investigation to actual field

conditions, the definition of Rf does not include the effects of the

liquid limit of the fine fraction. It is important, however, to
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realize the significance of the liquid limits of the fine fraction in

evaluating the frost susceptibility of soil. This possibly could be

achieved by a two stage criterion in which critical values of liquid

limits of the fine fraction are given for various ranges of Rf.

Without correlating the laboratory results obtained in this

investigation to actual field conditions, which is beyond the scope of

this investigation, no specific critical liquid limit values can be

presented at this time.

5.4 General Discussion of Results

5.4.1 Characteristics of Sand, Silt, and Montmorillonite Mixtures

In the comparison of Figures 4.4, 4.5, and 4.6, it is interesting

to note that unlike the kaolinite samples, the relationship between

segregation potential and specific surface area in the sand, silt, and

montmorillonite mixtures is a function of the percent fines in the

soil. Although this characteristic of the montmorillonite-silt soils

is of interest, it does not influence the development of Rf or the

conclusions resulting from the discussion of the test results. The

significance of the percent fines is further reduced by noting that

without the 100% silt sample for extrapolation, it is questionable

whether or not the segregation potential - specific surface area

relationship is, in fact, a function of percent fines. The low

segregation potentials corresponding to the 5% fines samples may be

the result of a critical condition in which, owing to the lack of

continuity and the immobility of the unfrozen film water, the frost

heave mechanism may not be able to develop.
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5.4.2 Definition of Clay Sizes

In the definition of the liquid limit activity of the fine

fraction (equation 5.2), the division between silt and clay sizes is

.002 mm. This is consistent with the more classic definition of

activity as it is recognized that there is no sharp line separating

the silt and clay particles sizes. It is imperative to define the

division in terms of a given grain size so that Rf can be calculated

from index property test values. It is recognized that by considering

only 60% of the well crystallized kaolinite to be "clay sizes," the

intent of the qualitative definition of activity is somewhat weakened.

It is important to note, however, that the theoretical development of

R
f

remains qualitatively unchanged regardless of the definition of

clay sizes.

5.4.3 Residual Penetration Rates

In the development of the basic frost heave model used in this

investigation a critical assumption is that segregation potential

values may be used to compare the frost susceptibilities of soils only

at steady state conditions. Steady state conditions (i.e. near sta-

tionary frost front) were also assumed in developing a relationship

between the segregation potential determined from the heave rate of

the specimen and the segregation potential as determined by the rate

of water intake into the specimen. Actual steady state conditions,

however, were not obtained during the laboratory tests. The effect of

the residual frost penetration rate on the results of the tests were

discussed in Chapter 4. Noting the small magnitude and consistency of
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the residual penetration rates it is reasonable to assume that the

conclusions resulting from the investigation are unaffected.

In Chapter 2, a basic relationship between the heave rate of the

specimen and the water intake rate into the specimen at steady state

conditions was developed. The heave rate was found to be the water

intake rate per unit cross sectional area of the specimen with the

assumption that all of the water entering the specimen froze. This is

expressed as follows,

(SegPotw)(1.09)
SegPoth =

Area of Specimen
(5.9)

Given a cross-sectional area of the specimen of approximately 80.9 cm2

(12.5 in2) and considering the units used in determining the two

segregation potentials equation, 5.9 may be expressed as:

SegPoth = SegPo
(1.09)

th (80.9 cm2)

(2) (mm-ml)
SegPoth

mm
.135 SegPotw

(°C-day)-day)

Equation 5.10b is derived assuming that the only water freezing

and, therefore, causing heave, is the water sucked into the specimen

from the external water supply. The relation is not valid if in situ

freezing of porewater is occurring. Since at steady state conditions

the frost front is stationary and there is no freezing of porewater,

the relationship expressed in equation 5.10b serves as a check of the

assumption of a steady state condition. Figure 5.6 presents the

comparisons between the measured heave segregation potentials and the
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heave segregation potentials as determined by the water intake rates

and equation 5.10b. It can be seen that although the calculated

values are in close agreement with the measured values, there is a

tendency for the measured heave segregation potential values to be

larger than the calculated values. This is the result of the residual

penetration rates and the subsequent freezing of in situ porewater.

The freezing porewater, along with the water sucked into the specimen,

causes the measured heave segregation potentials to be larger than

those calculated from the water intake. It is important to note from

Figure 5.6, however, that the relative error introduced by the

residual frost penetration rates is small. Therefore, it is

reasonable to assume the effects of the non-steady state conditions

upon the results of this investigation are small.

5.4.4 Frost Heave Susceptibility Criteria

Researchers have pursued a universal index test based frost heave

criterion for many years. Although over 70 criteria have been

presented (Chamberlain, 1980) no universally acceptable criterion has

emerged. The reasons for this lack of success are many. One of the

most significant problems in the development of frost susceptibility

criteria is the lack of a common definition of frost susceptibility.

McRoberts (1981) presented three basic definitions of frost

susceptibilities.

1. Yes-No Criteria
2. Rating Criteria
3. Cause-Effect Criteria

Although the Yes-No criteria are the most popular, they are

probably the least applicable to the actual field conditions. They
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assume that frost heave is an "on-off" phenomena which when "on"

operates with unchanging intensity. Since frost heave varies widely

in intensity and is present in some form in almost all soils, the lack

of success in developing criteria using this definition of frost

susceptibility is not surprising.

The Rating definition of criteria accounts for the varying

intensity with which soils heave. By rating the soil by its degree of

frost susceptibility this criterion is of much more use to the field

engineer in determining if a problem with heave is to be expected.

The Cause-Effect frost susceptibility criteria are much like

Rating criteria except that these criteria attempt not only to give a

frost susceptibility rating but also account for the level of damage

occurring if frost heave occurs. In this manner, Cause-Effect

criteria are usually project specific.

Another aspect of frost susceptibility criteria that retards the

development of reliable criteria lies in the method with which

criteria are developed. The most rational method of developing frost

heave susceptibility criteria is to identify fundamental soil

properties that directly relate to the frost heave mechanism. Once

soil properties are identified, their relationship to the frost heave

mechanism is usually defined by performing laboratory frost heave

tests. Herein lies the problem with most present day frost

susceptibility criteria. In determining the frost susceptibility of

soils in the laboratory, researchers have yet to agree upon either a

standard test or a standard parameter with which to compare the

response of various soils. The lack of agreement regarding the

comparison of frost susceptibilities of soils in the laboratory has
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resulted in criteria that vary widely. The development of the concept

of segregation potential by Konrad and Morgenstern (1980) and its

further refinement by Konrad and Morgenstern (1981) presents a

rational parameter that can be used to compare the frost

susceptibilities of soils. By using the concept of segregation

potential researchers can approach the development of frost heave

susceptibility criteria on a common basis with, hopefully, more

successful results.

In determining the segregation potential in the lab, test con-

ditions are held to a minimum such that a better comparison between

the soils may be obtained. The densities, level of saturation, water

availability and other conditions held constant during the tests may

not, however, approximate the densities, level of saturation, water

availability and other conditions that exist in the field. In that

the criteria are developed for a given set of conditions in the

laboratory, questions arise regarding the applicability of the

laboratory based criteria to the field where conditions may vary

dramatically from those of the laboratory. This is a fundamental

problem with the development of frost heave susceptibility criteria as

it suggests that it is actually impossible to develop a universally

applicable and reliable criterion. Following this discussion one may

conclude that rather than relying solely upon index property test

based frost susceptibility criteria to define the frost susceptibility

of a soil, the criteria are best used to identify potentially

troublesome soils. When frost susceptible soils are identified, the

soils are analyzed in the laboratory under conditions simulating those

expected in the field. The segregation potentials determined in the

laboratory must still, however, be related to field response.
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Finally, it is extremely important to note that for any criterion

to be of any value, it must be supported with adequate evidence by way

of field observations. This is a fundamental concept in all of geo-

technical engineering and is frequently ignored in the development and

presentation of frost susceptibility criteria. Since the presentation

of R
f

is the result of laboratory tests performed on artificially

prepared samples, it can only be considered a preliminary hypothesis

lacking adequate evidence. The next step would be to perform labora-

tory frost heave tests and index property tests upon actual field

samples and compare the results to actual field observations.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The purpose of this investigation was to identify and develop a

fundamental relationship between the specific surface area of a soil

and its frost heave characteristics. A corresponding objective was to

relate specific surface area to index property tests such that a

relationship between the frost susceptibility of a soil and index

property tests could be defined. In pursuing these objectives through

laboratory tests, and the analyses of the test results, the following

conclusions may be drawn.

1. Specific surface area is a fundamental parameter in

the three basic frost heave models. This is especially

true of the model presented by Konrad and Morgenstern (1980)

as they determined the frost heave characteristics of

soil are related to the permeability of the frozen fringe

which is in turn related to the specific surface area.

2. A strong relationship exists between specific surface area

and liquid limit of the fine fraction.

3. The segregation potential (as introduced by Konrad and

Morgenstern) is a useful parameter in evaluating the frost

susceptibility of a soil with laboratory frost heave tests.

4. The frost susceptibility of a soil is directly related to the

following index property tests:

a. Percent of fines - as the percent of fines increases,

the greater the frost susceptibility of the soil.
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b. Liquid limit activity of the fine fraction - as the

activity of the fine fraction increases, the frost

susceptibility becomes less.

c. The liquid limit of the fine fraction - as the liquid

limit of the fine fraction increases, the frost

susceptibility of the soil decreases.

5. A parameter referred to as the fines factor can be defined as

follows,
(% fines ?(% clay sizes in fine fraction)

R
f Liquid limit of fine fraction

6. The fines factor provides a good correlation between index

property test values and the frost susceptibility of the

soils considered in this investigation. A test performed on

natural material indicates that the correlation may possibly

be extrapolated to natural soils.

7. Through the theoretical anaysis of Rf, it was found that the

frozen fringe permeability and, hence, the frost heave

susceptibility, is a function of the activity of the fine

fraction as well as the specific surface area. It is

suggested that highly active fine fractions indicate rigid

unfrozen film water in the frozen fringe resulting in low

frozen fringe permeability.

8. Index property test based frost susceptibility criteria can

act only as preliminary and approximate checks of heaving

characteristics of soils. Criteria serve only to identify

soils in the field that require more reliable evaluations

such as laboratory frost heave tests performed under site

conditions.
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6.2 Recommendations

It is important to remember that the soils used in this study

were prepared in the laboratory by mixing pre-processed components of

sand, silt, and specially prepared clays. The resulting samples were

thus not completely representative of those soils found in the field.

For the correlations developed in this investigation to be of any

significant value in developing a frost heave criterion, the correla-

tions must be extended to include natural materials. Although a

preliminary test has indicated that this extrapolation appears to be

possible, many more tests performed on natural materials are required

to make this extrapolation with a high degree of confidence.

The frost susceptibilties of the soils considered were determined

by noting the segregation potentials of the soils as determined in

laboratory frost heave tests. The segregation potentials, however,

provided only relative values of frost susceptibility, as no relation-

ship between values of segregation potential and actual field behavior

was presented. To enable the development of an effective frost heave

susceptibility criterion, values of segregation potential, as deter-

mined in the lab, must be related to actual frost heave characteris-

tics in the field. To accomplish this, observations of field behavior

must be combined with laboratory tests to relate absolute values of

segregation potential to actual magnitudes of frost heave.

Once the correlations developed in this investigation are extend-

ed to natural soils and values of segregation potentials are related

to actual degrees of frost heave, an effective frost susceptibility

criterion may be developed. Before the criterion can be incorp-

erated into practice, however, evidence supporting the criterion
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resulting from laboratory tests and field observations must be

provided.

Beyond the development of frost heave criteria, there are many

variables which may be investigated regarding their effect upon the

frost heave-index property test correlations presented. Among these

are the depth to the water table, surcharge on the specimen, and

impure porewater.
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TEST DATA
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Test 1

Date 1/12/82

SSA 19.5 92

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

B-1

2

3

4

5

6

7

Temp. Refrig. ("C)

Heave (no0

Water Intake (ml)

0

Sand
Montmorillunite

3 7

80% Initial Specimen Ht. 102 um
20%

Initial Specimen Density 1851 tig

Elapsed Time (hours)

9 10 17 16 24

1.15 -1.68 -2.48 -2.70 -2.77 -2.82 -2.90

1.10 -.52 -1.48 -1.82 -1.96 -2.09 -2.23

1.10 -.18 -.83 -.124 -1.47 -1.60 -1.78

1.09 .04 -.34 -.69 -.88 -1.11 -1.33

1.07 .27 -.07 -.29 -.41 -.64 -.89

1.09 .47 .01 0.0 -.10 -.24 -.48

1.09 .68 .47 .29 .22 .11 -.09

1.19 1.16 1.14 1.12 1.12 1.07 1.01

.96 -3.16 -3.45 -3.52 -3.52 -3.49 -3.55

1.12 -.79 -1.82 -2.23 -2.73 -2.36 -2.47

1.09 -.33 -1.16 -1.54 -1.54 -1.85 -2.01

1.09 -.07 -.59 -.98 -.98 -1.37 -1.56

1.09 .14 -.29 -.58 -.58 -.93 -1.15

1.08 .33 -.03 -.24 -.24 -.50 -.74

1.08 .54 .23 .04 .04 -.14 -.32

1.08 .68 .43 - .27 .27 .16 .01

Temperature ("C)

2.8 1.2 1.5 - 1.6 - 2.2 1.7

0.0 1.18 2.69 3.35 3.69 4.31 5.67 8.44

0.0 1.0 8.2 12.0 14.2 18.5 28.0 47.2

Final Specimen Ht. 110 mm
Frozen Ht. 92 mm
w/c Frozen 31.0%
w/c Unfrozen 28.5%

Heave Rate = 8.30 74

Water Intake Rate = 56.9
day

TABLE A . 1 - TEST DATA FOR TEST 1

Seg Poth - 262

Seg Potw = 1794

mm2

1T-day
mm ml
1C-day



Test 2

Date 1/18/82

SSA 0.2
9

5 T2-

ThermIstor

A-i

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. ("C)

Heave (i110)

Water Intake (m1)

Final Specimen Ht. 102 mm

Frozen Ht. 75 mm

w/c Frozen 23.4%
w/c Unfrozen 24.6%

Sand
Silt

95%
5%

Initial Specimen Ht. 100 am

Initial Specimen Density 1936 t#

Elapsed Time (hours)

0 3 6 7.5 9 12

-

-

-

- -

- - -

1.11 1.08 1.07 1.06 1.02

-3.22 -3.37 -3.39 -3.41 -3.48

1.24 -.84 -1.61 -1.82 -1.95 -2.15

1.22 -.26 -.91 -1.17 -1.35 -1.60

1.22 -.06 -.33 -.59 -.79 -1.08

1.22 .10 -.10 -.19 -.31 -.61

1.20 .25 .08 .02 -.05 -.20

1.19 .42 .28 .24 .21 .11

- -

Temperature ('C)

1.7 1.4 1.5 1.3 1.4

0 .12 .15 .16 .16 .19

0 -5.1 -6.1 -6.7 -6.8 -6.8

WM MM2
Heave Rate = 0 Seg Pot. = 0

n -at-day

mm ml
Water Intake Rate = 0 Say Seg Pot = 0 C-day----

y

TABLE A.2 - TEST DATA FOR TEST 2



Test 3

Date 1/21/82

SSA 4.90
9.!

9

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

E1-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (00)

Water Intake (ml)

0 2

Sand 95%
Muntmorillonite 5%

Elapsed Time (hours)

7 9 13

Initial Specimen Ht. 105 mm

Initial Specimen Density 1966 tiq

21 23 25 26

-1.95 -1.19 -2.24 -2.45 -2.68 -2.79 -2.75 -2.67

1.98 -.20 -1.40 -1.69 -1.99 -2.23 -2.20 -2.16

2.06 .07 -.77 -1.11 -1.47 -1.81 -1.78 -1.75

2.02 .22 -.31 -.60 -1.02 -1.42 -1.42 -1.40

1.97 .40 -.08 .22 -.54 -.99 -1.00 -.99

1.96 .56 .14 .02 -.18 -.58 -.60 -.60

1.86 .74 .37 .27 .12 -.15 -.16 -.16

1.23 .76 .72 .70 .62 .52 .52 .54

1.57 -3.03 -3.39 -3.48 -3.59 -3.57 -3.47 - -3.35

1.88 -.37 -1.69 -1.95 -2.22 -2.45 -2.39 -2.35

1.95 -.05 -1.05 -1.36 -1.71 -2.00 -1.98 -1.94

1.98 .17 -.47 -.80 -1.21 -1.58 -1.57 -1.55

2.00 .36 -.15 -.33 -.74 -1.18 -1.19 -1.17

1.97 .53 .07 -.07 -.31 -.76 -.78 -.78

1.90 .70 .30 .19 .01 -.32 -.34 -.35

1.83 .86 .53 .44 .29 .07 .06 .07

Temperature (°C)

2.8 1.8 1.6 1.5 1.2 1.0 .8

0.0 .46 .91 1.08 1.32 1.76 1.83 1.91 1.92

0.0 -3.2 -4.0 -4.0 -3.5 -2.4 -1.9 -1.5 -1.3

Final Specimen Ht. 107 nu
Frozen Ht. 95 mm
w/c Frozen 24.4%
w/c Unfrozen 24.5%

Heave Rate = .88 TiL
uay

Water Intake Rate - 5.25 day

TABLE A.3 - TEST DATA FOR TEST 3

mmz
Seg Pot

h
26.7 .

C-day

Seg Pot
w

= 159
a1-Cay



Test 4 Sand 90%

Date 1/23/82 Montmorillonite 10%

SSA 10.0 111

Initial Specimen Ht. 102 mm

Initial Specimen Density 2061 1.7

Thermistor 0 2 6

Elapsed Time (hours)

8 10 12 14 22

A-1 2.16 -.81 -1.91 -2.07 -2.13 -2.13 -2.20 -2.31

2 2.28 -.01 -.97 -1.22 -1.37 -1.44 -1.53 -1.72

3 2.38 .29 -.35 -.62 -.81 -.92 -1.03 -1.27

4 2.37 .52 -.08 -.2) -.35 -.47 -.59 -.88

5 2.30 .70 .15 .04 -.04 -.11 -.19 -.49

6 2.27 .89 .39 .31 .24 .19 .11 -.13

1 2.16 1.05 .64 .57 .54 .50 .44 .24

Top 1.86 1.34 1.21 1.19 1.22 1.19 1.19 1.10

Bottom 1.83 -2.48 -2.94 -2.97 -2.91 -2.92 -2.89 -2.93

11-1 2.27 -.14 -1.27 -1.50 -1.61 -1.67 -1.75 -1.91

2 2.33 .16 -.65 -.92 -1.08 -1.17 -1.27 -1.49

3 2.36 .41 -.20 -.39 -.58 -.70 -.81 -1.08

4 2.37 .62 .03 -.09 -.18 -.28 -.39 -.70

5 2.34 .81 .25 .16 .09 .03 -.05 -.31

6 2.28 .98 .50 .43 .39 .34 .28 .06

7 2.27 1.14 .70 .65 .64 .62 .58 .40

Temperature ("0

Temp. Refrig. ("C) 1.7 1.9 1.0 .7 2.3 2.3 2.2 1.5

Heave (nun) 0.0 .79 2.25 2.84 3.37 3.88 4.36 6.12

Water Intake (m1) 0.0 2.0 10.7 14.8 18.6 22.8 27.1 38.6

Final Specimen Ht. 112 mm

Frozen Ht. 85 mm
w/c Frozen 32.3%

w/c Unfrozen 23.8%

24

-2.30

-1.73

-1.30

-.92

-.52

-.17

.21

1.08

-2.91

-1.91

-1.50

-1.11

-.73

-.35

.03

.37

1.5

6.56

-

169
mm2

Heave Rate = 5.34 day Seg Poth =
°C:day

Water Intake Rate = 34.56 14- Seg Pot = 1094 a-mm ml

uay

TABLE A.4 TEST DATA FOR TEST 4



Test 5

Date 1/24/82

SSA 0.50 r-

Thermistor

A-)

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (mn)

Water Intake (0)

Sand
Silt

90% Initial Specimen Ht. 101 mm

10%
Initial Specimen Density 2072 tig,

Elapsed Time (hours)

0 9 12 14 16 18 20.5 22 24.5

1.97 -1.82 -1.88 -1.9) -1.84 1.83 -1.88 -1.88 -1.88

2.04 -1.06 -1.22 -1.28 -1.25 -1.29 -1.33 -1.34 -1.37

2.08 -.54 -.75 -.84 -.87 -.90 -.96 -.97 -1.01

2.09 -1.15 -.32 -.43 -.49 -.54 -.60 -.62 -.66

2.05 .09 -.01 -.08 -.14 -.18 -.27 -.27 -.32

2.04 .32 .24 .19 .16 .10 .07 .04 -.01

1.98 .55 .50 .47 .47 .45 .38 .37 .33

1.78 1.19 1.20 1.18 1.23 1.22 1.15 1.15 1.13

1.87 -2.63 -2.56 -2.56 -2.41 -2.36 -2.42 -2.43 -2.43

2.03 -1.27 -1.40 -1.46 -1.44 -1.44 -1.48 -1.49 -1.51

2.06 -.76 -.95 -1.03 -1.04 -1.06 -1.11 -1.12 -1.15

2.07 -.29 -.51 -.61 -.66 -.70 -.75 -.77 -.81

2.08 -.01 .14 -.23 -.30 -.35 -.41 -.44 -.49

2.06 .21 .12 .06 .02 -.02 -.08 -.11 -.16

2.02 .45 .39 .35 .33 .30 .25 .22 .18

-

Temperature (°C)

2.6 1.0 1.3 1.5 1.9 1.8 1.8 1.5

0.0 .73 .88 .98 1.08 1.19 1.31 1.38 1.51

0.0 -6.5 -6.8 -6.9 -6.9 -6.5 -6.0 -5.5 -5.0

Final Specimen Ht. 104 mm

Frozen Ht. 84 mm
w/c Frozen 21.8/

w/c Unfrozen 21.9%

Heave Rate - 1.16

Water Intake Rate = 56.9 T1
uay

PIN

TABLE A.5 - TEST DATA FOR TEST 5

Seg Pot11 = 43.8 -aw7.mmo--Lay
Seg Pot

w
= 205 VA-q

t.-my



Test 6

Date 1/26/82

SSA 1.00
se_

9

Thermistor

A-1

2

3

4

5

6

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (mm)

Water Intake (ml)

Sand
Silt

80.,t Initial Specimen lit. 93 mm

20%
Initial Specimen Density 2157

Elapsed Time (hours)

0 9.5 12 14 16 18.5 21 23 25.3

2.30 -1.52 -1.52 -1.58 -1.61 -1.65 -1.67 -1.73 -1.74

2.48 -.87 -.96 -1.03 -1.09 -1.13 -1.11 -1.22 -1.26

2.55 -.41 -.55 -.63 -.70 -.77 -.82 -.86 -.91

2.59 -.06 -.17 -.25 -.34 -.40 -.47 -.51 -.57

2.52 .20 .14 .07 0.0 -.06 -.13 -.17 -.22

2.46 .47 .42 .38 .32 .26 .20 .16 .11

1.95 1.16 1.21 1.18 1.17 1.16 1.11 1.08 1.04

1.92 -2.26 -2.10 -2.20 -2.21 -2.18 -2.19 -2.25 -2.25

2.44 -1.11 -1.17 -1.23 -1.28 -1.32 -1.36 -1.41 -1.44

2.53 -.65 -.76 -.84 -.90 -.95 -1.00 -1.05 -1.09

2.57 -.23 -.37 -.45 -.54 -.60 -.66 -.71 -.75

2.59 .03 -.05 -.12 -.20 -.27 -.33 -.38 -.43

2.56 .26 .21 .15 .08 .02 -.04 -.08 -.13

2.50 .49 .47 .43 .36 .31 .26 .22 .17

- - -

Temperature (DC)

2.1 1.2 2,2 1.3 1.7 1.9 1.7 1.26 -

0.0 1.08 1.32 1.51 1.70 2.00 2.29 2.49 2.75

0.0 3.0 4.5 5.7 1.0 9.3 11.4 12.8 14.8

Final Specimen Ht. 100 nm

Frozen Ht. 74 mm

w/c Frozen 18.9%

w/c Unfrozen 18.5%

Heave Rate = 2.57 icri

Water Intake Rate = 19.9
day

TABLE A.6 - TEST DATA FOR TEST 6

Seg Path - 96.0 -att4

non MI

S" Pl)tw 743 °C-day



Test 7 Sand 80%

Date 1/28/82 Silt 14%

SSA 6.54 9
tiontmorillonite 6%

2-

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

11-1

2

3

4

5

6

7

Temp. Refriy. (DC)

Heave (ny0

Water Intake (m1)

Elapsed Time (hours)

Initial Specimen lit. 100 no

Initial Specimen Density 2066 14

0 9.5 12 14 15 17 19 21

1.93 -1.37 -1.21 -1.18 -1.20 -1.15 -1.17 -1.16

2.03 -.69 -.68 -.68 -.70 -.69 -.71 -.72

2.08 -.27 -.33 -.34 -.35 -.37 -.39 -.41

2.10 -.05 -.03 -.04 -.05 -.06 -.09 -.11

2.06 .14 .19 .20 .20 .19 .17 .16

2.05 .34 .43 .45 .45 .45 .44 .43

1.99 .56 .67 .71 .71 .72 .71 .71

1.82 1.13 1.18 1.22 1.25 1.23 1.23 1.23

1.72 -2.02 -1.78 -1.69 -1.76 -1.65 -1.66 -1.64

2.02 -.90 -.84 -.84 -.85 -.84 -.85 -.86

2.06 -.44 -.48 -.49 -.51 -.52 -.53 -.55

2.08 -.14 -.15 -.16 -.18 -.20 -.23 -.25

2.09 .06 .09 .09 .09 .07 .05 .03

2.07 .26 .33 .34 .34 .34 .32 .30

2.03 .51 .60 .63 .63 .63 .61 .60

-

Temperature (°C)

1.5 1.7 2.2 1.2 1.7 2.0 1.7

0.0 3.03 3.76 4.20 4.43 4.82 5.16 5.48

0.0 14.2 18.7 21.2 22.6 25.0 26.9 30.2

Final Specimen lit. 103 mm
Frozen lit. 62 mm
w/c Frozen 23.5%

w/c Unfrozen 20.5%

Heave Rate = 4.50 1Ty

Water Intake Rate = 29.5
ml

day

TABLE A.7 - TEST DATA FOR TEST 7

Sey Poth = 197

Sey Potw = 129

nin2

mm ml

-6-C-day



Test 9 Sand 90%

Date 2/7/82 Silt 7%

SSA 3.27 El!
Montmorillonite 3%

9

Thennistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (*C)

Heave (mm)

Water Intake (nil)

Elapsed Time (hours)

Initial Specimen Ht. 97 mm

Initial Specimen Density 2049 ty

0 9 12 14 11 19 21 23 24

2.08 -2.87 -2.87 -2.81 -2.83 -2.73 -2.73 -2.76 -2.80

2.16 -1.93 -2.03 -2.03 -2.08 -2.01 -2.02 -2.05 -2.09

2.20 -1.27 -1.45 -1.49 -1.56 -1.52 -1.54 -1.57 -1.60

2.22 -.63 -.87 -.94 -1.03 -1.02 -1.04 -1.07 -1.10

2.17 -.12 -.32 -.41 -.52 -.53 -.56 -.59 -.61

2.17 .31 .15 .08 -.02 -.04 -.07 -.11 -.13

2.11 .76 .67 .63 .57 .56 .53 .50 .47

2.04 1.49 1.45 1.45 1.42 1.43 1.41 1.38 1.37

1.93 -3.86 -3.78 -3.63 -3.65 -3.45 -3.45 -3.51 -3.52

2.15 -2.22 2.29 -2.27 -2.31 -2.24 -2.24 -2.27 -2.31

2.18 -1.56 -1.70 -1.72 -1.78 -1.74 -1.75 -1.78 -1.81

2.19 -.93 -1.14 -1.20 -1.27 -1.25 -1.27 -1.31 -1.33

2.21 -.36 -.60 -.69 -.79 -.79 -.82 -.85 -.88

2.19 .06 -.11 -.20 -.30 -.32 -.35 -.39 -.41

2.15 .49 .37 .30 .22 .2) .17 .14 .11

- - - -

Temperature ("C)

.8 1.9 1.4 1.5 1.3 1.9 1.6 1.3 1.7

0.0 2.10 2.57 2.85 3.24 3.50 3.76 4.01 4.28

0.0 4.3 6.4 8.4 11.4 13.5 15.3 17.3 18.2

Final Specimen Ht. 101 mm

Frozen Ht. 85 nm

w/c Frozen 22.4%
w/c Unfrozen 22.2%

dayHeave Rate = 3.27 Seg Pot. = 8
n .°Cdayday 81.

mm ml
Water Intake Rate = 23.5 It Seg Pot = 588 Iyud-iy,

TABLE A.8 - TEST DATA FOR TEST 9



Test 10
Date 2/9/82

SSA 4.20 1-e-

9

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (nee)

Water Intake (ml)

and 90% Initial Specimen Ht. 96 min

Silt 6%

Montmorillonite 4% Initial Specimen Density 2056 tq

Elapsed Time (hours)

0 9 12 14 16.25 18 20.5 22.5 24

2.08 -2.25 -2.30 -2.28 -2.37 -2.39 -2.44 -2.47 -2.50

2.12 -1.36 -1.52 -1.61 -1.65 -1.68 -1.74 -1.78 -1.81

2.14 -.74 -.97 -1.08 -1.15 -1.19 -1.25 -1.30 -1.33

2.16 -.21 -.44 -.56 -.65 -.70 -.77 -.82 -.86

2.12 .15 0.0 -.10 -.18 -.23 -.30 -.36 -.39

2.13 .50 .40 .32 .26 .22 .15 .10 .06

2.09 .87 .83 .77 .74 .71 .66 .61 .58

2.08 1.48 1.52 1.49 1.50 1.49 1.46 1.42 1.41

2.03 -3.19 -3.08 -3.16 -3.09 -3.12 -3.12 -3.19 -3.19

2.12 -1.64 -1.77 -1.86 -1.88 -1.90 -1.96 -2.00 -2.03

2.13 -1.02 -1.22 -1.32 -1.38 -1.41 -1.47 -1.51 -1.54

2.14 -.44 -.69 -.81 -.89 -.93 -.99 -1.04 -1.08

2.15 -.03 -.21 -.33 -.4? -.48 -.54 -.60 -.63

2.13 .32 .19 .11 .03 -.01 -.08 -.14 -.17

2.10 .69 .63 .56 .52 .48 .42 .37 .34

- - -

Temperature 1°C)

1.9 1.1 - 1.4 1.4 1.5 1.8 1.3 1.7

0.0 2.53 3.19 3.62 4.03 4.37 4.80 5.14 5.40

0.0 9.2 13.2 15.7 18.3 20.8 23.6 25.9 27.9

Final Specimen Ht. 101 mm

Frozen Ht. 78 ties

w/c Frozen 26.6%
w/c Unfrozen 24.4%

Heave Rate = 4.19 777 ,caiiSeg Poth -

mm ml
Water Intake Rate = 29.0

ml wSeg Pot = 112 caii

TABLE A.9 - TEST DATA FOR TEST 10



Test 11

Date 2/11/82
m2

SSA 6.97 7-

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. ( °C)

Heave (lad)

Water Intake (ml)

Sand 90% Initial Specimen Ht. 99 mm
Silt 3%

Montmorillonite 7% Initial Specimen Density 1979 ti

Elapsed Time (hours)

0 9.1 12 14 16 18 20.5 22.5 24

2.24 -1.64 -1.72 -1.71 -1.73 -1.76 -1.76 -1.79 -1.79

2.28 -.84 -1.01 -1.04 -1.09 -1.13 -1.16 -1.19 -1.20

2.30 -.29 -.50 -.56 -.63 -.68 -.72 -.76 -.78

2.33 .07 -.07 -.12 -.19 -.25 -.30 -.34 -.36

2.28 .38 .27 .23 .18 .14 .09 .05 .06

2.29 .70 .62 .60 .56 .53 .49 .46 .43

2.26 1.03 .99 .98 .96 .94 .91 .89 .87

2.20 1.61 1.62 1.62 1.62 1.61 1.62 1.60 1.60

2.17 -2.44 -2.41 -2.40 -2.37 -2.40 -2.35 -2.37 -2.37

2.27 -1.08 -1.22 -1.23 -1.28 -1.31 -1.33 -1.36 -1.38

2.29 -.53 -.73 -.77 -.83 -.87 -.91 -.94 -.96

2.30 -.08 -.26 .32 -.39 -.45 -.50 -.53 -.55

2.32 .23 .1) .06 -.01 -.05 -.10 -.14 -.17

2.30 .54 .44 .41 .37 .33 .29 .25 .23

2.27 .88 .82 .80 .77 .74 .71 .68 .66

- -

Temperature (T)

2.1 2.3 2.3 1.8 2.4 2.1 2.3 2.5 2.4

0.0 2.49 3.13 3.53 3.91 4.28 4.74 5.10 5.31

0.0 10.8 14.9 17.3 19.9 22.3 25.5 28.1 30.0

Final Specimen Ht. 104 mm
Frozen Ht. 67 mm
w/c Frozen 26.6%
w/c Unfrozen 24.5%

Heave Rate = 4.39 Seg Poth =Ai

Water Intake Rate = 30.3 ml
i Seg Pot

w
= 935 V11II-9--

da

TABLE A.10 - TEST DATA FOR TEST 11



Test 13

Date 2/17/82

SSA 3.48
9

m2

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (mu)

Water Intake (ml)

Final Specimen Ht.
Frozen Ht.
w/c Frozen
w/c Unfrozen

0

2.67

2.75

2.79

2.82

2.77

2.76

2.69

2.52

2.55

2.74

2.77

2.78

2.80

2.77

2.72

2,68

9

-1.54

-.69

-.17

.15

.42

.71

1.01

1.67

-2.38

-.96

-.38

.01

.29

.56

.87

1.17

Sand
Silt

Montmorillonite

11.6

-1.57

-.77

-.25

.10

.38

.68

.99

1.68

-2.38

-1.02

-.47

-.05

.25

.53

.85

1.16

95

1.5%
3.51

Elapsed

13.5

% Initial Specimen Ht. 103 mm

Initial Specimen Density 2053 ly

Time (hours)

15 16.5 18 20.6 23.5

-1.72 -1.73 -1.73 -1.78 -1.82

-1.04 -1.08 -1.10 -1.17 -1.22

-.57 -.63 -.67 -.75 -.81

-.13 -.19 -.24 -.32 -.40

.21 .17 .13 .06 -.01

.56 .53 .50 .44 .38

.92 .91 .89 .84 .80

1.69 1.71 1.72 1.69 1.66

-2.39 -2.36 -2.32 -2.35 -2.42

-1.24 -1.28 -1.29 -1.36 -1.40

-.77 -.82 -.85 -.93 -.98

-.33 -.39 -.43 -.52 -.58

.04 0.0 -.05 -.13 -.20

.39 .35 .32 .25 .18

.76 .74 .72 .66 .61

1.11 1.11 1.10 1.06 1.02

("C)

-1.68

-.98

-.50

-.07

.26

.59

.94

1.69

-2.40

-1.20

-.71

-.25

.10

.42

.78

1.12
Temperature

0.0

0.0

105 mm
67 nm

25.7%
25.4%

-

1.10 1.37 1.56

-0.3 0.3 0.8

mm
Heave Rate - 1.44

day
ml

Water Intake Rate - 6.68

-

1.68

1.3

1.80

1.7

-

1.92

2.2

Seg Pot.

Seg Potw

-

2.10 2.28

2.9 3.7

m2
54-' 4n °C-day

mm ml
= 12

-1 YCIday

TABLE A.11 - TEST DATA FOR TEST 13



Test 14

Date 2/19/82
mz

9
SSA 2.10

Thennistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (mm)

Water Intake (ml)

Sand
Silt
Montmorillonite

95%
3%
2%

Initial Specimen Ht. 10) lun

Initial Specimen Density 1980 1-3

Elapsed Time (hours)

0 10.1 12.5 15 17 18 20 23 24.5

2.24 -1.24 -1.54 -1.64 -1.74 -1.77 -1.84 -1.97 -1.98

2.29 -.30 -.65 -.86 -.99 -1.04 -1.13 -1.27 -1.30

2.32 .04 -.14 -.33 -.48 -.55 -.65 -.81 -.85

2.35 .32 .18 .06 -.04 -.10 -.20 -.35 -.41

2.31 .56 .44 .36 .28 .24 .16 .03 -.03

2.33 .78 .70 .64 .58 .55 .48 .36 .32

2.29 .93 .87 .85 .81 .71 .72 .62 .58

2.31 1.80 1.80 1.81 1.78 1.77 1.69 1.61 1.59

2.10 -2.26 -2.43 -2.43 -2.52 -2.51 -2.58 -2.67 -2.70

2.28 -.53 -.89 -1.07 -1.19 -1.23 -1.31 -1.45 -1.47

2.29 -.05 -.31 -.53 -.67 -.72 -.82 -.97 -1.01

2.30 .25 .08 -.06 -.18 -.25 -.35 -.50 -.56

2.32 .52 .39 .29 .19 .15 .06 -.08 -.14

2.30 .80 .10 .64 .57 .53 .45 .33 .28

2.29 1.11 1.05 1.02 .97 .95 .87 .76 .73

Temperature (°C)

-

0.0 .39 .57 .14 .8/ .93 1.05 1.22 1.31

0.0 -3.4 -4.0 -4.1 -4.0 -3.9 -3.6 -3.1 -2.7

Final Specimen Ht. 102 mm

Frozen Ht. 67 mm

w/c Frozen 24.5%

w/c Unfrozen 24.8%

nm12
Heave Rate = 1.44 1T,i- Seg Puth = 44.3 rca-si

ml
Water Intake Rate - 4.80 day Seg Potw = 148

mm

TABLE A.12 - TEST DATA FOR TEST 14



Test 15

Date 2/21/82

SSA 1.64 11
9

Thermistur

A-1

2

3

4

5

6

7

Top

Bottom

B-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (mm)

Water Intake (ml)

Sand 95% Initial Specimen Ht. 107 mm

Silt 3.5%
Montmorillonite 1.5% Initial Specimen Density 1916 13

Elapsed Tine (hours)

0 12.1 17 20 23 26.5 28.5 31.1 38.1

2.51 -1.88 -1.93 -1.97 -2.01 -2.07 -2.10 -2.15 -2.13

2.67 -1.11 -1.26 -1.33 -1.39 -1.48 -1.52 -1.59 -1.58

2.74 -.58 -.80 -.89 -.96 -1.06 -1.10 -1.20 -1.19

2.19 -.11 -.34 -.45 -.53 -.63 -.68 -.80 -.80

2.73 .21 .05 -.05 -.13 -.24 -.29 -.42 -.42

2.71 .53 .43 .35 .28 .17 .12 -.03 -.03

2.61 .88 .83 .78 .72 .64 .59 .47 .49

2.33 1.55 1.56 1.55 1.50 1.46 1.43 1.39 1.42

2.27 -2.66 -2.65 -2.61 -2.68 -2.68 -2.71 -2.72 -2.67

2.65 -1.37 -1.48 -1.55 -1.60 -1.68 -1.71 -1.78 -1.76

2.72 -.84 -1.02 -1.11 -1.17 -1.26 -1.30 -1.39 -1.37

2.15 -.33 -.58 -.68 -.75 -.85 -.89 -1.00 -.99

2.18 .03 -.16 -.27 -.35 -.46 -.51 -.63 -.63

2.75 .35 .22 .13 .05 -.06 -.11 -.25 -.25

2.68 .69 .61 .55 .49 .49 .34 .21 .21

2.66 .96 .94 .90 .85 .77 .73 .64 .65

Temperature ( °C)

- - - -

0.0 .87 1.18 1.37 1.56 1.77 1.88 2.33 2.38

0.0 -6.2 -6.0 -5.5 -4.7 -3.9 -3.4 -0.9 -0.6

Final Specimen Ht. 109 am

Frozen Ht. 85 inn

w/c Frozen 25.1%
w/c Unfrozen 25.9%

him2
Heave Rate - 1.37 day Seg Poth = 42.3

bC-day

Water Intake Rate = 6.66 ink, Seg Potw - 206 Tti

TABLE A.13 TEST DATA FOR TEST 15



Test 16

Date 2/23/82

SSA 0.9 e
9

Thennistor

A-1

2

3

4

5

6

1

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (mm)

Water Intake (ml)

Sand 95% Initial Specimen Ht. 103 mm

Silt it

PC Kaolinite 4% Initial Specimen Density 1967 tg

Elapsed Time (hours)

0 6.5 15 18 20 21 22 23 24

2.19 -1.48 -1.97 -2.00 -1.99 -1.97 -1.95

2.26 -.47 -1.24 -1.32 -1.34 - -1.35 -1.35

2.28 -.04 -.74 -.85 -.90 - -.92 -.94

2.30 .25 -.26 -.39 -.45 -.49 -.52

2.24 .50 .08 -.01 -.06 -.10 -.13

2.24 .78 .41 .34 .31 .28 .26

2.18 1.0/ .77 .72 .71 - .69 .69

2.13 1.56 1.49 1.49 1.51 - 1.53 1.55

2.09 -2.57 -2.12 -2.70 -2.63 - -2.59 -2.56

2.26 -.77 -1.50 -1.56 -1.57 -1.57 -1.56

2.27 -.19 -.99 -1.09 -1.12 -1.14 -1.15

2.27 .11 -.50 -.63 -.68 -.72 -.74

2.28 .38 -.09 -.22 -.28 - -.32 -.35

2.26 .63 .22 .14 .10 .06 .03

2.23 .92 .58 .52 .49 - .47 .46

2.20 1.16 .90 .87 .81 - .86 .86

Temperature (°C)

- - - -

0.0 2.69 5.43 6.18 6.64 6.85 7.07 7.26 7.45

0.0 13.8 33.0 38.4 41.8 43.4 45.1 46.6 48.0

Final Specimen Ht. 111 mm

Frozen Ht. 77 mm

w/c Frozen 31.4%
w/c Unfrozen 24.1%

rrim

Heave Rate = 4.96
day

Water Intake Rate - 35.8 day

TABLE A.14 - TEST DATA FOR TEST 16

Seg Path = 155
day

Seg Potw 1119 Sti



Test 17

Date 2/26/82

SSA 3.96 91

Thenaistor

-1

2

3

4

5

6

7

Top

Bottom

11-1

2

3

4

5

6

7

Temp. Refrig. ( °C)

Heave (0m)

Water Intake (m1)

Sand 80%

Silt 4%

PC Kaolinite 16%

_ - - -

0.0 9.37 10.60 11.72 12.19

0.0 50.0 56.3 64.1 68.0

12.68

71.8

Initial Specimen Ht. 96 mm

Initial Specimen Density 2078 I/

Elapsed Time (hours)

0 12 14 16 17 18 19 22 24

A 2.24 -1.99 -1.92 -2.01 -2.01 -2.03 -2.04 -2.06 -2.08

2.30 -1.10 -1.17 -1.26 -1.29 -1.32 -1.34 -1.39 -1.43

2.33 -.60 -.68 -.78 -.81 -.85 -.88 -.94 -.98

2.36 -.22 -.26 -.35 -.38 -.41 -.44 -.51 -.55

2.31 .08 .07 -.01 -.04 -.07 -.09 -.14 -.18

2.30 .37 .39 .31 .29 .26 .25 .20 .17

2.29 .68 .78 .66 .64 .62 .61 .58 .55

2.18 1.37 1.52 1.53 1.53 1.55 1.57 1.56 1.56

2.17 -2.87 -2.78 -2.86 -2.84 -2.79 -2.78 -2.82 -2.82

2.30 -1.35 -1.41 -1.51 -1.53 -1.56 -1.58 -1.62 -1.66

2.33 -.79 -.89 -1.00 -1.04 -1.07 -1.10 -1.16 -1.21

2.33 -.31 -.39 -.50 -.54 -.58 -.62 -.70 -.75

2.35 0.0 -.04 -.13 -.16 -.19 -.22 -.29 -.34

2.33 .29 .28 .20 .17 .15 .13 .06 .02

2.32 .60 .62 .55 .53 .51 .50 .45 .41

2.38 .86 .92 .86 .86 .84 .84 .80 .76

Temperature (°C)

13.15

75.6

14.44

85.4

15.23

91.9

Final Specimen Ht. 111 mm

Frozen Ht. 70 mw
w/c Frozen 36.0%

w/c Unfrozen 20.0%

dayHeave Rate - 12.5

eegg

=

::5: :clay

C-day

ml
Water Intake Rate - 93.4 day

fflfil

TABLE A.15 - TEST DATA FOR TEST 17



Test 18

Date 2/28/82

SSA 2.85 e.

Sand 80% Initial Specimen Ht. 100 mm

Silt 10%

PC Kaolinite 10% Initial Specimen Density 2086 IV

Elapsed Time (hours)

Thermistor 0 4 12.5 14.5 11.5 21.5 22.5 23.5 24.5

A-1 2.26 -1.30 -2.04 -2.07 -2.07 -2.15 -2.19 -2.21

2 2.29 -.23 -1.26 -1.32 -1.38 -1.47 -1.52 -1.54

3 2.33 .10 -.72 -.80 -.90 -1.01 -1.06 -1.08

4 2.36 .40 -.23 -.30 -.42 -.54 -.60 -.62

5 2.31 .63 .08 .04 -.03 -.14 -.18 -.20

6 2.32 .89 .40 .37 .31 .21 .14 .15

7 2.29 1.12 .73 .72 .68 .59 .55 .53

lop 2.23 1.68 1.67 1.68 1.71 1.65 1.64 1.64

Bottom 2.20 -2.69 -2.82 -2.82 -2.72 -2.88 -2.89 -2.90

8-1 2.30 -.50 -1.52 -1.57 -1.61 -1.70 -1.74 -1.76

2 2.31 -.06 -.98 -1.05 -1.13 -1.23 - -1.28 -1.30

3 2.32 .24 .46 -.54 -.65 -.78 -.83 -.85

4 2.34 .50 -.07 -.12 -.22 -.35 -.40 -.43

5 2.32 .76 .25 .21 .14 .03 -.01 -.03

6 2.30 1.03 .59 .57 .51 .41 .37 .35

7 2.32 1.23 .91 .89 .85 .76 - .72 .70

Temperature ("C)

Temp. Reidy. ( °C) - - -

Heave (am) 0.0 3.59 9.66 10.76 12.22 13.94 14.34 14.72 15.10

Water Intake (m1) 0.0 9.6 54.6 63.0 73.7 86.4 89.4 92.2 95.0

Final Specimen Ht. 115 am

Frozen Ht. 73 mm

w/c Frozen 30.3%

w/c Unfrozen 19.4%

Heave Rate = 9.8(5
day

Water Intake Kate = 73.0 914-
day

TABLE A.16 - TEST DATA FOR TEST 18

Sey Poth = 299
-6C-day

mm ml
Sey Pot = 2212 -a-cai



Test 19

Date 3/2/82

SSA 1.93 e.

Thermistor

-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (mm)

Water Intake (ml)

0.0 3.77

0.0 24.2

Sand 80% Initial Specimen Ht. 93 mm

Silt 15%

PC Kaolinite 5% Initial Specimen Density 2158 D

Elapsed Time (hours)

0 4 7.5 16 18 19 21 22 24

A 2.51 -1.50 -1.94 -2.32 -2.34 -2.34 -2.37

2.57 -.34 -.98 -1.57 -1.62 -1.65 -1.69

2.61 .06 -.36 -1.06 -1.13 -1.17 -1.22

2.64 .39 .04 -.54 -.63 -.70 -.75

2.59 .66 .34 -.13 -.19 -.28 -.31

2.59 .93 .64 .23 .17 .12 .07

2.60 1.19 .94 .60 - .57 .55 .48

2.43 1.75 1.69 1.57 1.63 1.57 1.55

2.44 -2.88 -2.87 -3.11 - -3.07 -3.05 -3.07

2.58 -.66 -1.28 -1.81 -1.85 -1.87 -1.91

2.59 -.10 -.66 -1.30 -1.36 -1.40 -1.45

2.60 .24 -.13 -.79 -.87 -.93 -.98

2.62 .52 .19 -.32 -.41 -.48 -.54

2.60 .82 .51 .07 - .01 -.05 -.10

2.56 1.13 .86 .49 - .45 .40 .35

_

Temperature (°C)

5.97

40.1

10.03

/0.4

10.79 11.15

76.8 79.6

11.86

84.8

12.19

87.3

12.81

91.9

Final Specimen Ht. 105 mm

Frozen Ht. 75 non

w/c Frozen 30.4%

w/c Unfrozen 18.0%

NMI
Heave Rate 8.01

Water Intake Rate = 59.1 day

TABLE A.17 - TEST DATA FOR TEST 19

Seg Pot
h

= 227 -.,1/142--
1-aay

ml
Seg Potw - 1674 a--

C-day



Test 20

Date 3/4/82

SSA 1.98 T1
9

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. ("C)

Heave (mm)

Water Intake (m1)

Sand 90% Initial Specimen Ht. 104 mm

Silt 2%

PC Kaolinite 8% Initial Specimen Density 1954 ti

Elapsed Time (hours)

0 3.5 12 16 18.5 20 21 22 24

2.51 -1.19 -2.23 -2.28 -2.28 -2.29 -2.32

2.67 -.12 -1.39 -1.53 -1.58 -1.60 -1.66

2.73 .21 -.81 -1.01 -1.09 1.13 -1.21

2.77 .51 -.29 -.51 -.61 - -.66 -.75

2.12 .75 .05 -.10 -.18 - -.23 -.32

2.71 1.01 .38 .25 .19 - .15 - .07

2.70 1.23 .10 .63 .59 .57 .49

2.35 1.73 1.58 1.64 1.67 1.63 - 1.61

2.27 -2.70 -3.07 -3.05 -2.97 -3.04 -3.01

2.65 -.32 -1.65 -1.76 -1.80 - -1.81 -1.87

2.70 .07 -1.07 -1.24 -1.31 -1.34 -1.41

2.73 .36 -.53 -.76 -.84 -.88 - -.97

2.75 .62 -.12 -.31 -.40 -.46 -.55

2.72 .86 .19 .05 -.02 -.06 - -.14

2.66 1.12 .52 .43 .37 .34 .26

2.67 1.33 .82 .76 .74 .72 .64

Temperature (°C)

0.0 2.92 7.40 8.75 9.49 9.93 10.21 10.51 11.08

0.0 15.3 46.6 56.5 62.1 65.5 61.6 70.0 74.3

Final Specimen Ht. 115 mm

Frozen Ht. 79 mm

w/c Frozen 31.5%

w/c Unfrozen 22.5%

Heave Rate = 6.95
-day

Water Intake Rate - 53.6 ml
Y

TABLE A.18 - TEST DATA FOR TEST 20

Seg Poth = 201
um12

Seg Potw = 1554 TTAly



Test 21

Date 3/6/82

SSA 0.96 T-2-

Thermistor 0 4

Sand 90% Initial Specimen Ht. 102 mm
Silt 7.5t
PC Kaolinite Initial Specimen Density 2044 my

Elapsed Time (hours)

12.5 15 17 19 21 22 24

A-1 - -1.63 -2.42 c -2.46 -2.47 -2.45 -2.49 -2.54

2 2.17 -.46 -1.61 -1.69 -1.74 -1.75 -1.79 -1.85

3 2.21 -.03 -1.04 ' -1.16 -1.22 -1.26 -1.30 -1.37

4 2.23 .29 -.49 -.63 -.71 -.76 -.82 -.89

5 2.19 .57 -.08 -.18 -.25 -.30 -.36 -.43

6 2.19 .86 .31 .23 .17 .13 .07 0.0

7 2.19 1.02 .63 .58 .56 .55 .50 .45

Top 2.12 1.58 1.40 1.38 1.40 1.40 1.35 1.34

Bottom 1.99 -2.97 -3.32 -3.32 -3.28 -3.22 -3.30 - -3.31

8-1 2.17 -.80 -1.85 0.' -1.92 -1.96 -1.96 -2.00 -2.06

2 2.19 -.18 -1.28 ) ' -1.39 -1.45 -1.47 -1.52 1.58

3 2.20 .15 -.73 !.= -.87 -.95 -.99 -1.04 -1.11

4 2.23 .43 -.26 q '' -.39 -.48 -.54 -.59 - -.67

5 2.20 .71 .12 ,,, .02 -.05 -.10 -.16 - -.23

6 2.17 .99 .52 .44 .40 .37 .31 .25

7 - - -

Temperature ( "C )

Temp. Refriy. ("C) 1.6 1.5 2.1 1.8 1.0 1.2 1.8 2.1

Heave (mu) 0.0 1.96 4.54 5.29 5.80 6.24 6.64 6.82 7.16

Water Intake (nil) 0.0 9.6 26.3 31.9 35.6 39.1 42.1 43.5 46.1

Final Specimen Ht.
Frozen lit.

w/c Frozen
w/c Unfrozen

102 mm
80 mm

26.6%
20.2%

Heave Rate = 4.53
day

Water Intake Rate = 35.0
da
-1111-

y

TABLE A.19 - TEST DATA FOR TEST 21

mi2
Sey Poth 123 c-iairi6i

ml
Se!) Potw = 951

6C -day



Test 22 Sand 95%

Date 3/8/82 Silt 3.75%

SSA 0.4 8--
ma PC Kaolinite 1.25%

9

Initial Specimen Ht. 98 mm

Initial Specimen Density 2019 11

Elapsed Time (hours)

Thermistor 0 3 11.5 15.5 18 19 21 22

A-1 2.28 -1.23 -2.17 -2.22 -2.23 -2.25

2 2.39 -.20 -1.38 -1.50 - -1.55 -1.58

3 2.45 .18 -.83 -1.01 -1.09 -1.13

4 2.49 .49 -.31 -.52 -.63 -.67

5 2.43 .74 .07 -.10 - -.20 -.25

6 2.42 1.01 .44 .34 .26 .22

7 2.39 1.22 .17 .73 .71 .68

Top 2.25 1.68 1.52 1.54 1.55 1.54

Bottom 2.12 -2.72 -3.08 -3.01 -3.00 -3.00

8-1 2.36 -.36 -1.62 -1.72 -1.76 -1.78

2 2.40 .04 -1.07 -1.23 -1.30 -1.33

3 2.42 .34 -.55 -.76 -.84 -.88

4 2.44 .61 -.10 -.30 -.41 -.46

5 2.42 .88 .26 .13 .03 -.01

6 2.36 1.15 .66 .59 .54 -.50

7 - - -

Temperature ("C)

Temp. Refrig. (°C) - - _

Heave (nm) 0.0 .43 1.24 1.58 1.80 1.89 2.07 2.15

Water Intake (ml) 0.0 -2.5 -2.6 -1.0 .2 .8 1.9 2.5

Final Specimen Ht. 100 mm
Frozen Ht. 75 mm

w/c Frozen 25.5%

w/c Unfrozen 23.7%

mm
Heave Rate - 2.08

Water Intake Rate = 13.5
day

24

-2.27

-1.63

-1.19

-.73

-.31

.16

.64

1.52

-3.00

-1.83

-1.38

-.94

-.52

-.08

.45

2.32

3.6

nin2
Seg Poth = 58.1

'Te-day

mm ml
Sey Potw = 378

aC as

TABLE A.20 TEST DATA FOR TEST 22



Test 23 Sand 95%

Date 3/8/82 Silt 3.75%

SSA 0.31
WC Kaolinite 1.25%El!

9

Thermistor

A-1

2

3

4

5

6

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. ( °C)

Heave (ma)

Water Intake (nil)

Initial Specimen Ht. 77 mm

Initial Specimen Density 2273 0

Elapsed Time (hours)

0 2.5 11.6 15 18 20 21.1 22 24

2.37 -.91 -2.21 -2.25 -2.32 -2.31 -2.35

2.46 .01 -1.41 -1.54 -1.62 -1.65 -1.68

2.50 .35 -.87 -1.04 -1.14 -1.19 -1.23

2.55 .65 -.35 -.55 -.67 -.73 -.77

2.51 .87 -.01 -.16 -.26 - -.32 -.36

2.56 1.06 .21 .12 .04 0.0 -.03

2.32 1.77 1.52 1.50 1.43 1.44 1.41

2.23 -2.55 -3.09 -3.06 -3.13 -3,06 - -3.12

2.42 -.14 -1.65 -1.75 -1.83 -1.84 -1.88

2.46 .20 -1.11 -1.25 -1.34 -1.38 -1.42

2.49 .48 -.60 -.78 -.89 -.94 -.98

2.53 .72 -.24 -.38 -.49 -.55 -.59

2.55 .93 .01 -.09 -.16 -.21 -.24

Temperature (°C)

- - - -

0.0 .30 1.14 1.37 1.57 1.69 1.76 1.82 1.94

0.0 -1.4 -0.7 0.5 1.7 2.6 3.1 3.6 4.4

Final Specimen Ht. 92 mu

Frozen Ht. 79 mm

w/c Frozen 24.4%

w/c Unfrozen 24.2%

Heave Rate = 1.51 day

Water Intake Rate = 11.1 -110--
day

TABLE A.21 - TEST DATA FOR TEST 23

m2
Seg Poth - 45.5

°C-mday

nm ml
Seg Pot = 334 Truaii



Test 24

Date 3/12/82

SSA 1.25 9412-

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. ( °C)

Heave (mu)

Water Intake (ml)

Sand 80% Initial Specimen Ht. 103 mm

Silt 15%

WC Kaolinite 5% Initial Specimen Density 2160 tiV

Flapsed Time (hours)

0 3.5 13 16 18 20 2) 22 24

2.23 -1.23 -2.09 -2.16 -2.20 -2.21 -2.22 -2.25

2.28 -.20 -1.36 -1.47 -1.52 -1.56 -1.60 -1.63

2.31 .11 -.84 -.99 -1.06 -1.11 -1.16 -1.21

2.34 .39 -.35 -.51 -.59 -.66 -.72 -.77

2.30 .62 0.0 -.11 -.19 -.25 -.31 -.36

2.31 .87 .32 .23 .17 .11 .06 .02

2.28 1.13 .65 .58 .53 .50 .46 .42

2.25 1.66 1.52 1.52 1.49 1.48 1.48 1.48

2.19 -2.53 -2.85 -2.89 -2.92 -2.93 -2.90 -2.89

2.28 -.40 -1.55 -1.65 -1.70 -1.73 -1.76 -1.80

2.30 .01 -1.04 -1.11 -1.23 -1.28 -1.32 -1.36

2.31 .29 -.55 -.70 -.78 -.84 -.90 -.95

2.33 .54 -.14 -.27 -.36 -.43 -.49 -.54

2.32 .78 .19 .09 .02 -.04 -.10 -.15

2.30 1.03 .53 .45 .40 .35 .30 .26

2.30 1.26 .86 .80 .76 .72 .69 .65

Temperature (CC)

2.2 1.4 2.0 1.6 1.5 1.0 1.3 2.0

0.0 1.70 5.50 6.57 7.16 7.71 7.96 8.20 8.66

0.0 9.0 34.2 42.0 46.1 50.0 51.7 53.5 56.8

Final Specimen Ht. 112 mm

Frozen Ht. 80 mm

w/c Frozen 24.7%

w/c Unfrozen 17.2%

e
Heave Rate - 6.29 day Seg Poth - 189 'C!day

v

m ml
Water Intake Rate = 44.5

ml m
Seg Pot = 1339 -6-e2ijii

TABLE A.22 TEST DATA FOR TEST 24



Test 25

Date 3/17/82

SSA 1.80
9

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

11-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (mm)

Water Intake (ml)

Sand BO% Initial Specimen Ht. 105 mm

Silt 4%

WC Kaolinite 16% Initial Specimen Density 2082 t4

Elapsed Time (hours)

0 6 15 18 20 21 22 23 24.5

2.12 -1.55 -2.08 -2.02 -2.06 -2.06 -2.11

2.15 -.56 -1.35 -1.38 -1.41 -1.44 -1.48

2.17 -.21 -.86 -.93 -.97 -1.00 -1.05

2.20 .07 -.43 -.50 -.54 -.58 -.63

2.16 .29 -.16 -.19 -.21 -.23 -.28

2.17 .53 .11 .10 .09 .07 .03

2.14 .79 .40 .40 .40 .40 .36

2.13 1.54 1.45 1.54 1.52 1.54 1.53

2.07 -2.63 -2.82 -2.66 -2.76 -2.68 -2.76

2.16 -.84 -1.57 -1.57 -1.61 -1.63 -1.68

2.19 -.25 -1.04 -1.09 -1.12 -1.16 -1.21

2.17 .02 -.57 -.66 -.71 - -.75 -.81

2.20 .27 -.19 .25 -.30 -.35 -.41

2.18 .50 .09 .05 .02 -.01 -.06

2.16 .75 .38 .37 .35 .33 .28

2.16 .99 .66 .67 .65 .64 .59

Temperature (°C)

1.0 1.1 1.5 1.3 - 2.3 1.5

0.0 6.12 12.73 14.34 15.26 15.52 16.13 16.54 17.13

0.0 34.0 74.0 86.8 94.1 97.4 100.5 103.7 108.2

Final Specimen Ht. 122 mm

Frozen Ht. 75 no

w/c Frozen 30.7% Water Intake Rate - 78.5 day

w/c Unfrozen

mm
Heave Rate = 10.31 (76i

TABLE A.23 - TEST DATA FOR TEST 25

mm2
Seg Poth 3" °C-day

mm ml
Seg Pot = 2705 vuaiy



Test 26 Sand 95%

Date 3/29/82 Silt 1%

WC Kaolinite 4%
SSA 0.45 291-

Initial Specimen Ht. 96 nu

Initial Specimen Density 1956 1;,/

Elapsed Time (hours)

Thermistor 0 3 5
.

12 17.5 18.5 19.4 20.5 22

A-1 2.53 -1.24 -2.04 -2.13 -2.11 -2.15 -2.12

2 2.56 -.16 -1.27 -1.41 -1.43 -1.46 -1.47

3 2.58 .19 -.13 -.92 -.96 -.98 -1.01

4 2.60 .52 -.21 -.44 -.48 -.50 -.54

5 2.54 .79 .18 .01 -.03 -.05 -.11

6 2.66 1.09 .57 .44 .42 .40 .36

7 2.51 1.27 .85 .81 .80 .79 .18

Top 2.46 1.76 1.60 1.56 1.59 1.57 1.57

Bottom 2.50 -2.49 -2.79 -2.86 -2.15 -2.82 -2.74

13-1 2.57 -.40 -1.50 -1.62 -1.63 -1.66 -1.66

2 2.57 .06 -.96 -1.13 -1.15 -1.18 -1.20

3 2.57 .38 -.44 -.66 -.69 -.72 -.76

4 2.59 .67 -.02 -.22 -.26 -.28 -.33

5 2.56 .95 .36 .21 .18 .16 .11

6 2.53 1.22 .75 .66 .64 .63 .59

7
Temperature (°C)

Temp. Refrig. ( °C) 2.5 2.2 1.1 2.3 1.8 2.1

Heave (mm) 0.0 1.48 3.29 4.39 4.55 4.70 4.85 5.09

Water Intake (ml) 0.0 5.5 17.0 25.5 26.1 27.7 29.0 30.9

Final Specimen Ht. 101 ate

Frozen Ht. 77 non

w/c Frozen 27.6%

w/c Unfrozen 23.0%

Heave Rate - 3.76
day

Water Intake Rate - 29.4
ml

TABLE A.24 - TEST DATA FOR TEST 26

24

-2.20

-1.51

-1.05

-.58

-.15

.32

.74

1.51

-2.89

-1.71

-1.24

-.80

-.37

.07

.55

1.3

5.40

33.3

Seg Pot. = 105
mm2

n °CClay

Seg Potw - 822 TV-day



Test 27

Date 3/31/82

SSA 6.39
9

Sand 80%

Silt 12%

Montmorillonite 8%

Initial Specimen Ht. 97 mm

Initial Specimen Density 2079 3

Elapsed Time (hours)

Thermistor 0 5 14 16 18
-

20

2.55A-1 -1.39 -2.07 -2.12 -2.14

2 2.49 -.39 -1.36 -1.41 -1.49

3 2.50 0.0 -.86 -.92 -1.01

4 2.53 .34 -.36 -.43 -.53

5 2.45 .59 -.03 -.07 -.15

6 2.44 .89 .33 .30 .24

7 2.40 1.19 .74 .72 - .68

Top 2.36 1.73 1.57 1.53 1.56

Bottom 2.66 -2.45 -2.75 -2.87 -2.75

8-1 2.56 -.65 -1.56 -1.61 -1.67

2 2.52 -.10 -1.05 -1.11 -1.20

3 2.50 .23 -.57 -.63 -.74

4 2.51 .53 -.14 -.20 -.31

5 2.48 .82 .24 .19 .10

6 2.50 1.15 .6G .62 .55

7
Temperature (°C)

Temp. Refrig. (°C) 2.6 2.2 1.1 - 2.1

Heave (mm) 0.0 2.28 5.64 6.33 7.07 7.53

Water Intake (m1) 0.0 10.0 32.1 37.3 42.9 46.4

Final Specimen Ht. 105 mm

Frozen Ht. 75 mm

w/c Frozen 28.8%

w/c Unfrozen 21.3%

Heave Rate = 6.82 day

Water Intake Rate = 51.7

21 22 24

- -2.11 -2.10

- -1.49 -1.48

-1.03 -1.04

- -.56 -.58

- -.17 -.19

.22 .21

.67 .66

1.56 1.58

- -2.69 -2.69

-1.66 -1.65

-1.20 -1.21

-.76 -.78

-.34 -.36

.01 .05

- .53 .51

TABLE A.25 - TEST DATA FOR TEST 27

2.5 -

1.80 8.09 8.60

48.5 50.6 54.5

Sey Poth - 200
m2

Sey Potw = 1507 TV:IL



Test 28
Date 4/2/82

SSA 13.9 V

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. ( °C)

Heave (no)

Water Intake (ml)

Sand 80% Initial Specimen Ht. 103 am

Silt 6%

Montmorillonite 14% Initial Specimen Density 2002 t4

Elapsed Time (hours)

0 5.5 15 17 19 20 21 22 24

2.59 -1.38 -2.12 -2.19 -2.23 -2.24 -2.20

2.60 -.48 -1.43 -1.50 -1.56 -1.59 -1.59

2.60 -.06 -.96 -1.04 -1.09 -1.13 -1.15

2.61 .27 -.53 -.61 -.66 -.70 -.74

2.55 .53 -.21 -.27 -.32 - -.35 -.39

2.51 .79 .10 .04 0.0 -.02 -.05

2.54 1.07 .43 .38 .35 - .34 .32

2.55 1.80 1.63 1.60 1.59 1.61 1.64

2.46 -2.35 -2.78 -2.90 -2.89 -2.85 -2.77

2.60 -.76 -1.67 -1.74 -1.80 -1.82 -1.81

2.59 -.25 -1.19 -1.27 -1.33 -1.36 -1.38

2.57 .11 -.72 -.81 -.87 -.91 -.95

2.59 .41 -.33 -.41 -.47 -.52 -.56

2.57 .72 .03 -.03 -.09 - -.12 - -.17

2.55 1.03 .41 .35 .31 .28 .24

2.56 1.26 .76 .72 .68 .66 - .64

Temperature (°C)

2.2 2.0 1.6 1.2 1.5 2.1 1.9

0.0 1.87 4.82 5.41 5.98 6.26 6.55 6.82 7.36

0.0 2.5 14.7 18.9 23.0 24.9 26.9 28.8 32.6

Final Specimen Ht. 110 mm

Frozen lit. 80 mm

w/c Frozen 29.2%

w/c Unfrozen 22.8%

Heave Rate = 6.15 day

Water Intake Rate = 47.7 day

TABLE A.26 - TEST DATA FOR TEST 28

Seg Pot = 213 Ai

Seg Potw = 1509 Itit



Test 29
Date 4/4/82

SSA 1.43

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (nm)

Water Intake (ml)

Sand 90% Initial Specimen Ht. 99 pm

Silt 5%

PC Kaolinite 5% Initial Specimen Density 2020 t4

Elapsed Time (hours)

0 3 11.5 15.5 17.5 18.5 19.5 22 24

2.51 -.74 -1.95 -2.02 -1.99 -1.96 -2.02

2.63 .07 -1.12 -1.29 -1.30 -1.30 -1.38

2.68 .38 -.58 -.78 -.82 - -.85 -.94

2.73 .67 -.08 -.28 -.34 -.38 -.48

2.66 .90 .23 .08 .04 .01 -.09

2.65 1.15 .55 .43 .41 .39 .30

2.60 1.40 .90 .81 .81 .81 .73

2.46 1.78 1.60 1.62 1.67 1.71 1.67

2.30 -2.24 -2.80 -2.75 -2.65 -2.61 -2.65

2.60 -.09 -1.39 -1.53 -1.53 -1.52 -1.60

2.64 .23 -.82 -1.02 -1.05 - -1.01 -1.15

2.67 .51 -.30 -.53 -.59 -.62 -.72

2.70 .76 .05 -.11 -.16 -.21 -.31

2.68 1.01 .37 .23 .20 .18 .09

2.63 1.27 .71 .61 .59 .59 .50

2.71 1.41 .98 .93 .94 - .96 .89

Temperature (°C)

2.1 2.6 1.3 1.8 2.0 - 2.1 2.6

0.0 1.83 6.32 7.97 8.63 8.94 9.24 9.87 10.35

0.0 10.2 40.2 52.5 57.6 59.9 62.2 67.5 71.7

Final Specimen Ht. 109 mm

Frozen Ht. 73 nm

w/c Frozen 33.0%

w/c Unfrozen 22.3%

Heave Rate - 6.51

Water Intake Rate = 51.4 Ili

TABLE A.27 - TEST DATA FOR TEST 29

ami2
Seg Pot - 194 °C--dai

Seg Potw = 1530 Tit:Ili



Test 30

Date 8/6/82

SSA 0.71

Thennistor

A-1

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (`C.)

Heave (mn)

Water Intake (m1)

Final Specimen Ht.
Frozen Ht.
w/c Frozen
w/c Unfrozen

Sand 95% Initial Specimen Ht. 89 mm

Silt 2.5%

PC Kaolinite 2.5% Initial Specimen Density 2028 ti

Elapsed Time (hours)

0 4 12 15 17 19 20.5 22.5 24.5

2.68 -1.04 -1.92 -1.86 -1.91 -1.94 - -1.97 -1.98

2.74 -.03 -1.10 -1.15 -1.21 -1.25 -1.30 -1.32

2.76 .33 -.53 -.63 -.71 -.77 -.83 -.86

2.79 .67 -.03 -.15 -.21 -.27 -.35 -.39

2.72 .95 .36 .28 .23 .17 .09 .05

2.72 1.25 .75 .73 .67 .63 - .57 .53

- - - - - -

2.60 1.81 1.59 1.63 1.61 1.61 1.59 1.57

2.62 -2.24 -2.72 -2.67 -2.66 -2.63 -2.62 -2.61

2.73 -.28 -1.39 -1.42 -1.47 -1.51 -1.55 -1.57

2.74 .14 -.82 -.91 -.97 -1.03 -1.08 -1.10

2.74 .47 -.29 -.41 -.48 -.55 -.62 -.65

2.76 .78 .14 .03 -.03 -.10 -.17 -.21

2.73 1.07 .53 .48 .43 .37 .31 .27

2./2 1.35 .92 .92 .89 .85 .81 .78

- _ -

Temperature (°C)

2.8 2.8 1.3 1.5 1.4 1.9 - 2.2 2.7

0.0 1.17 2.93 3.48 3.80 4.10 4.31 4.58 4.83

0.0 3.0 13.1 17.1 19.4 21.8 23.3 25.6 27.6

94 mm
72 min

mm
Heave Rate = 3.42 -:,

uay
Seg Poth

m2
92.9 'C!day

26.8%
22.9%

Water Intake Rate = 26.6 Pa Seg Potw = 724 Tnli

TABLE A.28 - TEST DATA FOR TEST 30



Test 31

Date 4/8/82
m2

9
SSA 1.18

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

B-1

2

3

4

5

6

7

Temp. Refrig. (*C)

Heave (nm)

Water Intake (ml)

Final Specimen Ht.
Frozen lit.

w/c Frozen
w/c Unfrozen

Sand 95% Initial Specimen Ht. 98 am

PC Kaolinite 5%
Initial Specimen Density 2039 tq

[lapsed Time (hours)

0 3 12 15 17 19.25 21 22 24

2.84 -.77 -1.87 -1.85 -1.93 -1.93 - -1.97 -1.96

2.92 .15 -1.03 -1.14 -1.19 -1.24 - -1.28 -1.31

2.95 .49 -.47 -.62 -.70 -.77 - -.83 -.87

3.00 .82 0.0 -.13 -.21 -.29 - -.35 -.40

2.92 1.05 .31 .22 .16 .10 .04 -.01

2.9) 1.31 .63 .58 .53 .48 .43 .38

2.85 1.54 .95 .94 .90 .86 .84 .85

2.71 1.92 1.64 1.72 1.68 1.71 - 1.70 1.70

2.72 -2.20 -2.81 -2.59 -2.73 -2.64 -2.67 -2.62

2.90 -.14 -1.37 -1.42 -1.50 -1.53 -1.57 -1.59

2.92 .25 -.81 -.92 -1.00 -1.06 - -1.11 -1.15

2.93 .56 -.29 -.44 -.52 -.59 - -.66 -.70

2.95 .85 .08 -.02 -.09 -.16 -.23 -.28

2.92 1.12 .41 .34 .28 .23 .17 .13

2.86 1.39 .76 .72 .67 .63 .59 .55

2.88 1.58 1.06 1.01 1.04 1.01 - .99 .95

Temperature ( °C)

2.0 2.4 1.0 2.5 2.1 2.2 - 1.7 2.4

0.0 2.31 6.37 7.54 8.20 8.89 9.36 9.63 10.12

0.0 13.5 43.5 52.4 57.5 62.9 66.7 68.9 72.8

108 cam

71 mm
34.7%
23.3%

Heave Rote = 6.86
day

Water Intake Rate = 54.3 0--
day

Sey Poth =

Sey Pot -

one
205

lt-day

1621
mm ml
-,,c

TABLE A.29 - TEST DATA FOR TEST 31



Test 33

Date 4/14/82
m2

9
SSA 2.35 -

Thermistor

A-I

2

3

4

5

6

7

Top

Bottom

8-1

2

3

4

5

6

7

Temp. Refrig. (DC)

Heave (m)

Water Intake (m1)

Final Specimen Ht.
frozen Ht.
w/c Frozen
w/c Unfrozen

Sand 90% Initial Specimen Ht. 97 mm

PC Kaolinite 10t
Initial Specimen Density 2042 IV.

Elapsed Time (hours)

0 4 12 16 17.5 20 21 22 24

2.76 -.27 -1.81 -1.87 -1.88 -1.87 -2.01 -2.02

2.83 .03 -.96 -1.11 -1.13 -1.19 -1.29 -1.33

2.87 .28 -.39 -.60 -.64 -.71 -.81 -.86

2.90 .56 .03 -.11 -.15 -.23 -.32 -.38

2.83 .80 .32 .22 .20 .13 .06 .01

2.82 1.09 .63 .56 .55 .49 .41 .36

2.75 1.39 .97 .93 .93 .89 .79 .76

2.63 1.77 1.67 1.71 1.72 1.71 1.65 1.66

2.66 -1.80 -2.12 -2.66 -2.65 . -2.56 -2.77 -2.74

2.82 -.10 -1.29 -1.40 -1.42 -1.45 -1.57 -1.59

2.83 .10 -.71 -.89 -.92 -.99 - -1.09 -1.13

2.84 .36 -.22 -.40 -.44 -.53 -.61 -.67

2.86 .62 .10 -.02 -.05 -.12 - -.19 -.25

2.82 .90 .41 .31 .30 .23 .15 .11

2.76 1.22 .15 .0 .67 .62 - .53 .49

2.79 1.37 1.06 1.03 1.02 .99 .89 .85

Temperature (°C)

2.9 2.1 1.3 1.6 1.2 2.4 - 1.0 1.5

0.0 2.44 7.94 10.12 10.79 11.85 12.25 12.64 13.48

0.0 11.4 52.0 69.3 74.7 83.3 86.5 89.6 95.3

110mm
70 mm

Heave Rate = 10.0 zi
imn2

Seg Poth
299 -°C4W y

38.0%

23.1%

Water Intake Rate - 78.3 day Seg Potw = 2344 `C-day

TABLE A.30 - TEST DATA FOR TEST 33



Test 34

Date 4/19/82

SSA 4.70 92-

Sand 80% Initial Specimen lit. 95 mm

PC Kanlinite 20%
Initial Specimen Density 1992 11

Thermistor 0 4 13

Elapsed Time (hours)

15 17 19 21 24

A-1 2.76 -1.57 -1.58 -1.91 -2.02 -2.01

2 2.92 -.61 -1.12 -1.30 -1.34 -1.3/

3 2.98 -.19 -.70 -.86 -.91 -.97

4 3.02 .17 -.31 - -.45 -.49 -.56

5 2.94 .44 -.02 -.13 -.17 -.22

6 2.92 .72 .28 .18 .14 .10

7 2.95 .99 .59 .51 .47 .44

Top 2.67 1.55 1.60 1.66 1.63 1.68

Bottom 2.54 -2.81 -2.48 -2.64 -2.73 -2.63

8-1 2.89 -.70 -1.31 -1.51 -1.55 -1.59

2 2.93 -.23 -.83 -1.02 -1.08 -1.15

3 2.96 .13 -.36 -.54 -.61 -.70

4 2.98 .42 -.05 -.18 -.23 -.30

5 2.95 .69 .26 .14 .10 .04

6 2.91 .98 .58 .48 .44 .40

7 - 1.17 .88 .80 .77 .74

Temperature (DC)

Temp. Refrig. (°C) 2.3 2.0 1.6 - 2.1 1.1 2.0

Heave (nr) 0.0 6.00 14.68 15.84 16.99 18.12 19.25 20.94

Water Intake (ml) 0.0 17.0 74.0 82.1 89.6 9/.9 108.6 119.2

Final Specimen lit. 115 mn
Frozen Ht. 70 mot

w/c Frozen -

w/c Unfrozen

Heave Rate = 13.6 I"

Water Intake Rate =

TABLE A.31 - TEST DATA FOR TEST 34

Seg Poth = 447 -deli.

Seg Potw = 3311



Test ERTEC (Natural Soil)
Date 3/24/82

SSA -
111!_

9

Thermistor

A-1

2

3

4

5

6

7

Top

Bottom

13-1

2

3

4

5

6

7

Temp. Refrig. (°C)

Heave (nw)

Water Intake (nil)

Initial Specimen Ht. 90 mm

0 2 11

Initial Specimen Density

Elapsed Time (hours)

13 15 16 17 18

2049 tV

19

2.31 -.55 -1.91 -2.11 -2.09 -2.08 -2.16 -2.17 -2.18

2.41 .12 -1.21 -1.38 -1.43 -1.44 -1.51 -1.53 -1.54

2.44 .44 -.72 -.87 -.97 -.99 -1.04 -.64 -1.09

2.47 .74 -.34 -.46 -.56 -.58 -.62 -.29 -.66

2.43 .97 -.02 -.14 -.22 -.24 -.27 -.29 -.30

2.45 1.21 .29 .17 .10 .08 .06 .05 .04

2.44 1.37 .58 .45 .42 .41 .40 .40 .39

2.45 1.77 1.50 1.30 1.41 1.43 1.43 1.43 1.42

2.31 -1.95 -2.55 -2.80 -2.71 -2.65 -2.76 -2.75 -2.76

2.41 -.03 -1.40 -1.58 -1.61 -1.62 -1.69 -1.70 -1.72

2.42 .31 -.90 -1.06 -1.14 -1.17 -1.22 -1.24 -1.26

2.43 .61 -.43 -.56 -.67 -.71 -.15 -.79 -.80

2.45 .89 -.04 -.16 -.26 -.28 -.32 -.35 -.37

2.44 1.15 .34 .20 .14 .11 .09 .06 .04

2.44 1.39 .74 .51 .56 .55 .53 .51 .49

Temperature (`C)

1.9 1.3 1.4 0.9 1.3 1.6 1.3 1.3 1.4

0.0 1.17 7.22 8.13 9.02 9.40 9.75 10.07 10.36

0.0 1.4 40.0 47.5 54.5 57.4 60.1 62.6 64.9

Final Specimen Ht. 100 mm

Frozen Ht. 74 mm

w/c Frozen 29.6%

w/c Unfrozen 19.1%

Heave Rate - 8.81 LIZ

Water Intake Rate = 65.8 -L

Seq Poth - 251
mm2

Seg Potw = 1815 T245

TABLE A.32 - TEST DATA FOR ERTEC (Natural Soil)
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APPENDIX B

DEVELOPMENT AND EVALUATION OF ALTERNATIVE FINES FACTOR

As discussed in Chapter 5, for a given clay mineral, the

segregation potential tends to increase as the liquid limit of the

fine fraction increases. It was also noted in Chapter 5, however,

that the correlation between segregation potential and index

properties was weakened when the liquid limit of the fine fraction for

a particular clay mineral was included in the definition of the fines

factor. It is of interest to consider the nature of the relationship

between segregation potential and an alternative fines factor which

includes the effect of the liquid limit of the fine fraction for a

particular clay mineral.

From inspection of equation 5.6, directly including the effects

of the liquid limit of the fine fraction into the definition of Rf,

which already indirectly includes the liquid limit of the fine

fraction in the liquid limit activity term, results in a definition of

the alternative fines factor, Rf2, which is independent of the clay

mineralogy. Since this is not reasonable, the percent of clay sizes

is used to represent the liquid limit of the fine fraction in the

definition of Rf2. This is reasonable, as the liquid limit activities

presented in Table 5.1 are reasonably constant for each particular

clay mineral. Thus Rf2 can be defined as,

(% fines) (% clay sizes in fine fraction)2

Rf2 (liquid limit of fine fraction)
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This value was determined for each test and is presented in Table

B.1. Figure B.1 shows a plot of segregation potential versus Rf2.

Although the correlation between segregation potential and Rf2 is not

as good as the correlation between segregation potential and Rf, a

general relationship can be seen.
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Test
Percent
Fines

Percent minus .002 mm
In Fine Fraction

Liquid Limit Of
Fine Fraction

D

"f2 Seg Pot_

(1) (2) (3) (4) (5) (6) "

1 20 100 135 1480 1790

3 5 100 135 370 159

4 10 100 135 741 1094

7 20 30 56 321 1290

9 10 30 56 161 588

10 10 40 66 242 777

11 10 70 99 495 935

13 5 70 99 248 211

14 5 40 66 121 148

15 5 30 56 80 206

16 5 80 58 552 1119

17 20 80 58 2208 2956

18 20 50 40 1250 2212

19 20 25 29 428 1674

20 10 80 58 1104 1554

21 10 25 29 213 951

22 5 25 29 107 378

23 5 15 26 43 334

24 20 15 26 173 1339

25 20 48 37 1243 2705

26 5 48 37 312 822

27 20 40 66 484 1507

28 20 70 99 987 1509

29 10 50 40 625 1530

30 5 50 40 313 724

31 5 100 75 667 1621

33 10 100 75 1330 2344

34 20 100 75 2670 3310

TABLE B.1 ALTERNATIVE FINE FACTORS
AND SEGREGATION POTENTIALS
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