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ABSTRACT

The objective of this study was to compare the accuracy and
ease of use of published frost heave models. The six models
investigated were those developed by: Konrad and Morgenst-
ern; Sheriff,Ishibashi and Ding; Arakawa; Knutson; Penner
and Walton; and Takashi, Yamamoto, Ohrail and Masuda. The
report first examines the basic mechanisms of frost heaving
and outlines the factors that influence its magnitude. Pub-
lished theories are then explained in terms of these influ-
encing factors. The study goes into detail on how the soil
parameters or relationships required for each of the various
theories were obtained and the statistical accuracy cf these
parameters. The models were used to predict the frost heav-
ing during freezing tests carried out at the University of
Manitoba between 1974 and 1983. No one theory provided con-
sistently accurate results but the models outlined by Ronrad
and Morgenstern, Penner and Walton, and Takashi et al. were

recommended for use under specific conditions.

- iii -
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Chapter 1I

INTRODUCTION

Frost action and its destructive nature are of concern to
engineers in northern climates throughout the world. The
destructive aspect may be heaving of roadways and buried
pipelines, frost jacking of piles, forces against buried
structures and thaw-weakening of the soil. Extensive re-
search facilities exist in such countries as Canada, U.S.A.,
Norway, Sweden, Japan, Russia, and Great Britain and are
presently being used to study the soil freezing phenomenon.
Researchers have developed several theories and models for
the prediction of frost penetration and frost heaving since
early in the century, but it has not been until recent years
that models for the prediction of 1ice lensing have gained a
good deal of acceptance. These models may range in complex-—
ity from a simple freezing index solution to a sophisticated
computer simulation which involves coupled heat and moisture
flow relationships. Many of these solutions are discussed

in the body of this thesis.

When a frost susceptible soil freezes the downward pro-
gression of the freezing front is normally accompanied by an
upward heaving of the surface of the soil. This heaving is

the result of the combined effects of the expansion of water
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at phase change and the segregation of freezing moisture
into discreet bands of massive ice known as ice lenses.. In
order for ice lenses to form there must be sub-zero tempera-
tures, available moisture and a frost susceptible soil. The
degree to which a soil will heave under given conditions de-
pends upon its frost susceptibility. The frost susceptibil-
ity of a particular soil type has until now only been de-

fined in very general terms.

The purpose of this study was to examine some of the ac-
cepted theories and to compare methods of predicting the de-
gree of frost heaving with the results of frost heave exper-
iments carried out in the laboratory. It is hoped that from
these comparisons an acceptable method of predicting the

frost heave of a given soil can be recommended.



Chapter 1I1I

THE MECHANICS OF FROST HEAVING

The three conditions that must be met before frost heaving

will occur are:

1. subfreezing temperatures;
2. available moisture;

3. a frost susceptible soil.

These conditions alone are not enough to ensure that heaving
will indeed happen. The degree to which heaving will occur
and, in fact, if it will occur at all, depends on many fac-

tors. The important factors are: the rate of frost penetra-

tion, the rate of heat removal, subsurface temperature gra-
dients, frozen and unfrozen hydraulic conductivities, the
depth to the water table, overburden stresses, the pore

structure of the soil and degree of saturation. Most of the
conditions affecting the degree of frost heave are intere-

lated, that is if one is changed others are affected.



2.1 CAPILLARY THEORY

When the temperature of the surface 1is lowered below the
freezing point an unsteady heat flow situation 1is created.
The heat imbalance will result in the progression of the
freezing front into the unfrozen soil. The rate of this
frost penetration is largely dependant upon the rate of heat
removal and hence the thermal conductivity of the soil. 1Ice
crystals will begin to form in the pores of the soil matrix.
Once this occurs a suction potential is established which
may be sufficient to draw moisture towards the freezing
front. This suction is the driving mechanism behind the

phenomenon of frost heaving.

The cause of the suction potential which exists in a
freezing soil has been under investigation for many decades.
Taber (1929) felt that the water migration was due to "molec-
ular cohesion” and was related to void ratio, particle sizes
and rate of cooling. Beskow(1935) stated that the suction
was due to capillary rise and therefore related to grain
size and depth to the water table. Penner(1957) concluded
that the magnitude of suction depended on the pore geometry,
smaller pore sizes resulting in higher suctions. The works
of researchers such as Miller, Gold, Penner, Everett and
Haynes, during the early 1960's, established that the suc-
tion is related to the 1ice/water interfacial energy and the
radii of the pores in the soil matrix. Everett(1961) de-
scribed the relationship using the following equation:

Pi - Pw = 20iw / Riw (1)



in which:

Pi = the pore pressure in the ice

Pw = the pore water pressure (or suction)
ociw = the ice/water interfacial energy
Riw = the ice/water interfacial radius.

The value of Riw (the radius of the ice/water interface) be-

comes the radius of the pore necks, as shown in Figure 1.

The relationship between pore size and capillary suction
is the basis of what 1is now known as the capillary frost
heave model. This process is similar to capillary rise due
to surface tension at an air/water interface. Heaving, for
this model, 1is related not only to the pore geometry but to
several other factors. The permeability of the unfrozen
soil will affect the flow of moisture through the so0il to
the ice lens. The rate of heat extraction will influence
the rate at which the segregated moisture can freeze, and
the stress above the growing ice lens will have the effect
of reducing the suction immediately below it. All these
variables together, however, are not enough to explain the

thickness to which an ice lens will grow in a freezing soil.
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Figure 1: Source of capillary suction potential (after
Penner 1972, above, and Holden, Jones and Dudek

1981, below)



2.2 SECONDARY HEAVE THEQORY

Experimental results appeared to show some discrepancies be-
tween the laboratory heaving pressures and those calculated
using Equation 1. This discrepancy was explained by Pen-
ner(1973) who stated that an ice lens would begin to form
immediately above the smallest pores producing the large
suctions that were being experienced. Miller(1972) ex-—
plained that the capillary theory alone would only produce
needle ice and was not sufficient to generate thick ice
lenses. Miller's solution to this problem, which is termed
the theory of secondary heaving, has now gained general ac-

ceptance.

An integral part of the theory of secondary heaving is

the existence of a partially frozen zone just above the

freezing front and below the ice lens. In this region,
termed the "frozen fringe", both ice and 1liquid water are
being transported. Researchers have since noted the exis-

tence of the frozen fringe which has been stated to be any-
where from a millimeter to several centimetres in thickness
(Loch 1979,Horiguchi 1978). The rate at which water travels
through the frozen fringe towards the ice lens is the limit-

ing factor to its rate of growth.

Ronrad and Morgenstern(1980) describe the freezing pro-
cess of a soil based on a continuously advancing frost front
and unsteady heat flow within the frozen fringe itself. Ca-

pillary suction will 1initiate the movement of moisture up-
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wards through the frozen fringe. After a sufficient amount
of moisture 1s accumulated a discreet ice lens may form.
Since the frost front is still advancing, the temperature
within the frozen fringe will continue to decrease with time
and the thickness of the zone of partially frozen moisture
will increase. Figures 2 and 3 show the temperature gradi-
ent profile, the suction potential profile, and the perme-
ability profile within the frozen fringe and the changes of
each of these characteristics with the advance of the frost
front. As the temperature of the frozen fringe decreases
ice will begin to form in the pores of the so0il matrix and
the formation of ice will reduce the permeability of the
partially frozen soil. As the flow of moisture becomes re-
stricted due to the decreased permeability, the suction po-
tential will be increased. This suction is therefore relat-
ed to the ice content of the soil pores and hence to the
soil temperature. This pressure to temperature relationship
can be closely modelled by the Clausius Clapeyron equation:

Pw Pi L
— = — = (—) T (2)
pPW Pl K

in which:

Pw = the water pressure (or suction)

Pi = the ice pressure

pw and pi = the densities of water and ice
respectively

L = the latent heat of fusion

K and T = the temperatures in °K and °C

respectively.



Suction Prolite
Across The Sample

 Unfrozen
Water Film Soil Particles
Temperature Accummuiation
U {F] 1
\/ Prolile ocC Pore ice Zone From o j >
X Lo>TTEY Ctausws - Clapeyron % Q:
)); QD i‘uj é:' p_ Equation Pure
: - N b e e i} @ ice Lens
|No & 00 5’
N
.. % Frpzen N\
B 5;? Q Fringe N 3 y C(:
xn,,; Q% Untrozen Soil ,..—v"""’} @

Figure 2: Temperature gradient and suction potential in a
freezing soil (from Konrad and Morgenstern 1980)

Temperature Profile Suction Profile Permeability Profile

sm

Figure 3: Variation of temperature, suction and
permeability with time (from Konrad and
Morgenstern 1980)
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Since a temperature gradient exists across the frozen
fringe, so does a hydraulic gradient. The hydraulic gradi-
ent will draw moisture up from the unfrozen soil to the ice

lens.

As the frost front advances, the temperature of the fro-
zen fringe will drop and the permeability below the ice lens
will decrease. At a temperature which is sufficiently low,
the soil will become impermeable and the flow 1is stopped.
An ice lens will begin to form at a greater depth, its posi-
tion depending on local permeability and the temperature at
which ice will begin to form in the pores of the so0il ma-
trix. This process will be repeated as the freezing front
advances and successive 1ice lenses are formed 1in a process

known as rythmic banding.

2.3 ADSORPTION FORCE THEORY

The theory as put forward by Takagi in 1977, varies signifi-
cantly from the capillary and secondary heave theories. The
driving force for the flow of water towards a growing ice
lens is the tension that exists in the unfrozen film of wa-
ter between the ice and the soil particles. This theory is
illustrated in Figure 4. As the film of water 1is being
turned into ice just below the ice lens, loss of thickness
of this film water generates a tension that draws moisture
up from the unfrozen soil. The suction created is related

to the tension gradient in the film water. Similar to the
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Overburden

AL LELLE L

A

x .

Ice Lens Fe

Flow of
Pore water

Figure 4: Adsorption force frost heave theory (from Takagi)

secondary heave theory, Takagi suggests that there is a zone
of partially frozen soil, which he terms the =zone of dif-
fused freezing, whére the flow of water will be affected by
the temperature gradient. This theory 1is related to the
amount of wunfrozen water and hence will be related to the
specific surface area of the soil particles. The rate of
heat removal will govern the freezing of the soil moisture.
The temperature gradient within the zone of diffused freez-
ing and the thickness of this zone will affect the flow of
water to the ice lens. The theory as yet has no simple so-

lution and will not be discussed in the following chapters.
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2.4 FACTORS AFFECTING FROST HEAVE

The various factors that influence the degree to which heav-
ing will occur have already been mentioned. These factors

and their significance are summarized below.

2.4.1 The Rate of Frost Penetration

The rate of frost penetration 1is the rate at which the
freezing front (or the 0° isotherm) moves into the unfrozen
soil. When the freezing front moves quickly through the
soil mass there 1s little time for the moisture to flow to
the ice lens before the pores of the soil become frozen and
the frozen fringe is rendered impermeable. For a slow mov-
ing frost front the rate of cooling of the frozen fringe is
much less and as a result, more time is available for mois-

ture to flow to the ice lens.

The rate of cooling is a term which can be related to the
rate of frost penetration. The rate of cooling is defined
as the temperature drop of the soil per unit time. The rate
of frost penetration multiplied by the temperature gradient
in the frozen fringe will yield the rate of cooling of the

frozen fringe.

Researchers (Carlson et al. 1983, Kaplar 1970, Takashi et
al. 1978) have investigated the effect of the rate of frost
penetration on the amount of frost heave. Konrad and Mor-
genstern refer to the rate of cooling, rather than the rate
of frost penetration, as a factor influencing the potential

for frost heave.
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2.4.2 The Rate of Heat Removal

Penner(13872) stated that the rate of heat extraction is the
basic variable in the frost heave process. This value can
be defined as the rate of heat transfer in the frozen soil
less the rate of heat transfer in the unfrozen soil. The
difference between these two values 1is the latent heat of
fusion given off as the moisture in the soil freezes. Ana-
lytically this can be represented by:
Q0 = L = kf dTf/dx - ku dTu/dx (3)
in which:
Q = the rate of heat flow
L = the total latent heat of fusion
kf and ku = the frozen and unfrozen thermal
conductivities respectively
dTf/dx and dTu/dx = the temperature gradients at
the frost front of the frozen and unfrozen

soils respectively.

The rate of heat extraction is related to the rate of cool-

ing by the following equation :

dr/dt x ¢ = dQ/dx (4)
where:

dT/dt = the rate of cooling

C = the volumetric heat capacity of the soil

do/dx = the derivative of the heat flow rate

with respect to depth.
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Increasing the frost penetration rate, and hence the rate of
cooling, will lead to a greater amount of latent heat being
extracted. Researchers have tried to relate the rate of
heat removal to the rate of frost heaving. Beskow(1935) and
Loch(1977) felt that the rate of heave was independent of
the rate of heat removal, but their tests were conducted
over only a narrow range of heat extractions (Charleson
1981). Kaplar(1970) and Freden(1965) felt that the rate of
heaving was directly proportional to the rate of heat ex-
traction. Horiguchi(1978) and Loch(1979) said that there
was a non-linear relation between frost heave and heat ex-
traction, and that for small values of heat flow rates the
rate of frost heaving is related to the rate of heat extrac-
tion. The theories presented above are expanded upon in the

section dealing with heat flow prediction models.

2.4.3 Temperature Gradients

The temperature gradient of a freezing soil 1is an integral
parameter in most of the mechanisms contributing to the
frost heave process. The temperature gradient directly con-
trols the thickness of the frozen fringe (Konrad and Mor-
genstern 1980). The rate of cooling of the partially frozen
zone is dependent upon both the temperature gradient and the
rate of frost penetration. The rate of heat flow is analyt-
ically described as the temperature gradient times the ther-
mal conductivity. This will again indicate an interrela-
tionship between the various parameters involved in the

frost heave process.
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As mentioned in the section on secondary heaving, the
soil suction potential and the hydraulic conductivities are
temperature dependent. This will establish a hydraulic gra-
dient from warm to cool within the frozen fringe, which will
increase or decrease as the temperature gradient changes.
This will in turn increase or decrease the flow of moisture
to the ice lens. Freden(1965) and the segregation potential
theory of Konrad and Morgenstern(1980,1981,1982a,1982b) de-
scribe the effect of temperature gradient on the suctions
induced. These researchers propose that the moisture flux

is directly proportional to this temperature gradient.

2.4.4 Overburden Pressure

Taber(1229) was probably the first to realize that increas-
ing the pressure on a freezing so0il had the effect of de-
creasing the amount of heave. It wasn't until researchers
(such as Penner and Ueda, 1978) began to investigate models
that related pressure to the total amount and rate of frost
heave that this idea was developed. Konrad and Morgenst-
ern(1982) and Carlson et al.(1982) suggested that by in-
creasing the overburden pressure the pressure in the ice is
increased as well. From Equation 1, 1increasing the ice
pressure will reduce the capillary suction in the freezing
soil. The relationship between applied pressure and frost

heave is important when considering a frost heave model.
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There is some debate as to the existence of a theoretical
"shut-off" pressure. This 1is the pressure exerted on the
ice lens at which moisture flow towards the ice lens is
stopped or perhaps reversed. McRoberts and Morgenst-
ern(1975) stated that this pressure exists and is a function
of soil type. The applied pressure neccessary to stop the
flow of moisture to the ice lens would be close to zero for
granular soils. It was proposed that the effective stress
below an 1ice lens is a constant for any given soil type.
Higher applied pressures would result in higher pore pres-—
sures in order to keep the effective stress at a constant
value. This pore pressure increase would be accompanied by
an expulsion of water away from the frost front. In opposi-
tion to this theory, Penner and Ueda(1978) found that no
shut-off pressure existed below 465 KPa for clays,silts or
sands. They demonstrated that the expulsion of water is
followed by intake if a sufficient amount of time 1is al-
lowed. Konrad and Morgenstern(1982) stated that if the rate
of cooling is kept low (0.01 °C/hr) the shut-off pressure,
should it exist, would be beyond the engineering range of

applied pressures.

The expulsion of water away from the frost front has been
observed when both the overburden pressure and the rate of
frost penetration were increased (Takashi et al. 1978, Pen-
ner and Ueda 1978, McRoberts and Morgenstern 1975). This is

a consideration that may become important when modelling the
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amount of frost heave of a granular material or when the

rate of cooling is expected to be large.

2.4.5 Soil Moisture Conditions

The potential for frost heave will increase with an increase
in the availability of soil moisture. As the degree of sat-
uration increases and the height above the water table de-
creases, the possibility of generating thick ice lenses will
become greater. Flow of water to the freezing front will be
reduced if the suction potential has to overcome interparti-
cle and gravitational forces. Theories are available which
relate the depth to the water table to the magnitude of
frost heave (see for example Chalmers and Jackson 1970).
The degree of saturation, moisture content, and the density
of the so0il not only affect the magnitude of the suction
which draws water to the 1ice lens but also the amount of
heave that will occur due to expansion of the 'in-situ' wa-

ter as the soill is frozen.

The physical and thermal factors mentioned in this chap-
ter are all very much interrelated. There is no one solu-
tion that rigorously models all the processes involved.
Other factors, such as freeze-thaw cycling, have been said
to be of significance but are not well understood. Many of
these processes are difficult to model accurately and in-

volve relationships that are not easily determined, such as
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the variation of unfrozen water content or the permeability
of the frozen fringe with changes in temperature. Some re-
searchers have attempted to more rigorously model the soil
freezing problem with the use of computer simulations, while
others have aimed towards making a simpler solution based on

easily determined soil characteristics.



Chapter III

FROST HEAVE PREDICTION MODELS

The extent that a freezing soil would heave was originally
indicated by classifying the soil as having a high or low
degree of frost susceptibility. The classification of frost
susceptible soils was first carried out by Casagrande(1931).
Improvements to this classification have been attempted by
too many workers to mention, but Casagrande's grain size
definition is still wused with considerable success by many
highway construction authorities as the basis for determin-
ing a frost susceptible socil. Until the 1960's, researchers
had not attempted to make actual predictions based on one or
more aspects of the soil freezing mechanism (such as pore
sizes, surface temperature, or rate of heat transfer). The
prediction models examined 1in this section range from com-
pletely empirical to rigorous computer simulations based on

coupled heat and moisture flow.

3.1 EMPIRICAL MODELS

The empirical models for 1ice lensing generally relate an
easily determined soil characteristic to the total amount of
frost heaving or to the heaving rate. These soil character-
istics may include pore size or grain size distribution, or

perhaps liquid limit (Rieke et al. 1983), or a combination
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of these. Although these models show a good experimental
fit with the published data, they may or may not be applica-
ble to all soil types or tests carried out under dissimilar

conditions.

3.1.1 Sheriff, Ishibashi and Ding (1976)

A guantitative relationship between values of freezing temp-
erature, freezing time, percent fines and the total heave
was established. This involved the freezing of five blends
of silty Ottawa sands at three constant freezing tempera-
tures. The samples were prepared at their optimum moisture
content and frozen in a 300 mm freezing cell for roughly 72
hours. The test results were used to empirically determine
a frost heave equation relating total heave to percent
fines, time and a constant subzero temperature. This rela-
tionship was:

0.61 0.83-0.063 ¢
H=F t J (5)

in which:

H = amount of heave (mm)

F = percent finer than 0.02 mm by weight

t = freezing time (days)

¢ = absolute value of surface freezing
temperature (°C below zero)

J = a factor depending upon 6

( refer to Figure 5 ).
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3.1.2 Reed, Lovell, Altschaeffle and Wood (1979)

In the theory put forward by Reed et al., the total heaving
rate of silty soils was related to the pore size distribu-
tion. Three clays and three clayey silts were tested under
rapid freeze, constant temperature heaving tests. A con-
stant rate of frost heave was experienced to the end of the
48 hour tests. This justified the use of relating the pore
size distribution to the frost heave rates. Pore sizes were
felt to control the migration of water in the soil and would
also provide a description of the soil fabric. A regression
analysis was carried out between the heave rates and cumula-
tive porosities, and pore size distribution indicators.
This method of analysis provided a reasonably good fit with

the experimental data.

Y = -0.3805 + 1.6940( D40/Dso ) (6)
or
Y = -5.46 - 29.46(X3 . 0)/(X0-%Xo0.4) + 581.1(X3 o) (7)
where:

Y= frost heave rate (mm/day)

pore diameter where 40% of the pores are larger

Dso

Dso pore diameter where 80% of the pores are larger
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X3.0 = cumulative porosity for pores > 3.0 um
but < 300 um

Xo.4 = cumulative porosity for pores > 0.4 um
but < 300 um

Xo = total cumulative porosity.

3.1.3 Knutson (1973)

In this model frost heave data was collected from field ob-
servations and then related to the freezing index, moisture
content, and the degree c¢f frost susceptibility. This was
achieved by the use of a soil factor 'B' which could be cho-
sen from a table which uses frost suceptibility and freezing

index as input (from Saetersdaal 1980). The values of B are

summarized in Table 1. The relation (Equation 8) 1is very
simple:
AH = B8 - WE - AX (8)
where:
AH = increase in heave

AX = increase in frost penetration

WE frozen moisture content

B = soil factor relating to freezing index.
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TABLE 1

Values of B to be used in equation 8

(from Saetersdaal 1980)

Freezing Index (°C hrs)

10,000 20,000 30,000
Very Frost
Susceptible 0.4 - 0.7 0.3 - 0.4 0.2 - 0.3
Medium Frost
Susceptible 0.2 - 0.4 0.2 - 0.3 0.15 - 0.2
Low Frost
Susceptible 0.1 - 0.2 0.1 - 0.2 0.1 - 0.15
Water 0.08
Sand 0 - 0.2

3.2 ICE SEGREGATION RATIO

The rate of increase of total heaving has, in many cases,
been related directly to the rate of frost penetration.
Knutson's work (Equation 8) could be rewritten so that the
ratio of AH to AX can be determined. The ratio of AH to AX
is termed the Ice Segregation Ratio (or ISR). In other
words it is the ratio of the total heave to the depth of
frost penetration. This parameter will not be constant
throughout any single experiment but may be easilly related
to other parameters such as frost penetration rate and over-
burden pressure;

Heave = Z (AISR(X,P) AX) (9)
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in which:

AISR = Ice Segregation Ratio for a specific time
increment
X = frost penetration rate
P = pressure above the growing ice lens
AX = increase in depth of frost penetration.

This relationship should be consistent for a soil type and
independent of testing procedure. Once the relationship be-
tween Ice Segregation Ratio and the parameters which affect
it 1s known, then the heave can be determined, but first the

amount of frost penetration must be known or predicted.

3,2.1 Carlson, Ellwood, Nixon and Slusarchuk (1982)

A frost heave test facility in Calgary has generated consid-
erable frost heave data. The total heave was plotted from
these results against the frost penetration and the plot was
divided into straight line sections (see Figure 6). The
slope of these lines appear to be directly related to the
rate of frost penetration. The ice segregation ratio can be
defined as a function of two parameters: the rate of frost
penetration and the overburden pressure at the frost front
(as indicated in equation 9). The amount of heave i1s then
egqual to the ISR multiplied by the increase in frost depth.
The authors of this paper provide no relationship but state
that such a solution would be empirical and could be derived

from both field and laboratory tests.
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3.2,2 Takashi, Yamamoto, Ohrai and Masuda (1978)

These researchers carried out several experiments at con-
stant frost penetration rates wunder different overburden
pressures. The two soil types used in this experiment were
both undisturbed, overconsolidated blends of silt and clay
cut into 100 mm diameter samples. The observed total frost
heave was found to be inversely proportional to both the
sguare root of the rate of frost penetration and to the ov-
erburden stress. These basic relationships were used to de-
rive a formula, using empirically determined soil constants,
for the rate of moisture flowing to or from the freezing
front. Figure 7 compares the Takashi's experimental results
to the values obtained from the following relationship:
Aw 1 Po Uo 0.09

— (1 +V—) - nf — (10)
AX 1.09 P X 1.09

The ratio of the total heave to the depth of frost penetra-
tion (ISR) are:

ISR =Po/ P (1 + "Ug/ X ) (11)

in which:

Aw/AX = moisture flux to the frost front

nf = porosity of the frozen soil

ISR = Ice Segregation Ratio

Py , Up are soil constants

P

overburden pressure

B
il

frost penetration rate.
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3.2.3 Penner and Walton (1979)

The influence of overburden pressure and cold side freezing
temperature was recognized by Penner and Ueda (1978). They
conducted extensive laboratory frost heave experiments on
eight various soil types ranging from clay to silty sand.
All the tests were carried out under constant freezing temp-
eratures between -0.3 and -3.95 °C and under applied verti-
cal pressures between 10 and 400 KPa. Penner and Ueda con-

cluded that:

1. heaving occurred at a constant rate for the initial
stages of freezing and

2. the rate of heaving was related to the pressure to
temperature ratic (P/T) in accordance with Equation

11:

AH/At = a exp{ -b P/T } = Ro (12)
where:

Ro = the initial heaving rate

AH/At = the rate of frost heaving

a , b = soil parameters

P = external pressure

T = cold side freezing temperature ( °C ).

Penner and Walton carried out three long term experiments
and found that the heave rate decreased from this initial
value with an 1increase in time and depth of frost penetra-
tion. This was said to be due to an accumulating percentage

of ice in the frozen soil. The ice segregation ratio was
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'related to time, the initial heave rate (Rg calculated from
Penner and Ueda), and the depth of frost penetration.

| ISR =1 - exp { -Ro t/X 1} (13)

in which:

t = time
X = frost penetration
Ro = the initial heave rate.

3.3 HEAT FLOW MODELS

Beskow (1935) wrote that the rate of frost heaving was inde-
pendent of the rate of heat exchange. Siﬁce Beskow's arti-
cle the effect of heat flow on the rate of frost heaving has
been investigated with many different results. Important
research relating heat flow to frost heave was carried out
by Horiguchi (1978) and Loch (1979). The conclusion was
that as the rate of heat removal from the freezing front in-
creased, the rate of heaving would increase, reach a maxi-
mum, and then decrease. The maximum heave rate was found to
be dependent upon soil particle size and soil chemistry (see
Figure 8). It is important to look at a wide range of heat
flow rates when studying its relationship to frost heaving.
The conclusion drawn from a set of tests carried out at low
rates of heat extraction <could be that the heave rate is
proportional to heat flux, but at high rates it may be that
heat <flux and heave rate are independent of each other.
This may explain some of the discrepancies between the works

of different researchers. Still, the relationship between
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heat flux and rate of heaving 1is an important one and the
prediction models which wuse this theory should be investi-

gated.

3.3.1 Segregation Efficiency {(Arakawa 1965)

The segregation efficiency is the ratio of the heat flow re-
guired to freeze segregational ice (which is the ice that
makes up the ice lenses) to the total heat flow at the frost
front. When the rate of frost penetration has diminished
and only heaving is occurring, the efficiency ('E') 1is said
to be perfect and its value is equal to one. When a non
frost susceptible soil is being frozen without ice segrega-
tion, 'E' is equal to zero. In most instances the efficien-
cy lies between zero and one. It is neccessary to under-
stand how the 1ice segregation efficiency is related to the
frost heave process before a prediction model can be estab-

lished.

Penner(1972) used Arakawa's efficiency theory to create a
simple prediction model. He found that the value of 'E' was
related to the frost penetration rate and that this relation
was a characteristic of the soil. Penner went on to state
that the segregation efficiency would decrease with increas-
ing frost penetration rate. Using Penner's theory and Equa-
tion 2, the segregational frost heave can be determined by
the following relation:

E(X) aTf dTu

AHs = ( kf — - ku —) At (14)
L ax dx
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in which:

AHs segregational heave

L latent heat of fusion

E(X)= the segregation efficiency as a function of
the frost penetration rate (X)
kf,ku = the frozen and unfrozen thermal
conductivities
dTf/dx,dTu/dx = the frozen and unfrozen

temperature gradient at the freezing front.

3.3.2 Temperature Gradients (Freden 1965)

Freden proposed that the moisture migration towards an ice
lens was proportional to the temperature gradient between
the ice lens and the unfrozen soil. This =zone, which 1is
similar in definition to the frozen fringe, has a tempera-
ture dependent suction potential. A temperature gradient
creates a corresponding pressure (or suction) gradient which
induces moisture to flow to the ice lens. The rate of flow
(or the rate of heaving) is linearly proportional to the
temperature gradient in this "boundary layer" or frozen
fringe. This is shown experimentally with tests on three
soils: a silty fine sand; a clayey silt; and a heavy clay.
Freden's results are presented in Figure 9. Since the temp-
erature gradient is proportional to heat flow then it can be
stated that the rate of heaving 1is linearly related to both
the heat flow and temperature gradient. Freden's relation-
ship can be simply expressed in the equation:

AH = C x dTf/dx At (15)
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where:
AH = incremental increase in total frost heave

dTf/dx = the temperature gradient in the frozen

fringe
C = a constant of proportionality that is
characteristic of soil type
At = time increment.

3.4 SEGREGATION POTENTIAL THEQRY

The segregation potential theory was presented by Konrad and
Morgenstern in a series of four articles between 1980 and
1982. The basic theory is similar to that of Freden(1965)
where the moisture flux is directly related to the tempera-
ture gradient in the frozen fringe. Large suctions are cre-—
ated by large temperature gradients causing a greater flow
of moisture to the ice lens. Konrad and Morgenstern go on
to define the effect of applying an external 1locad to a
freezing fine-grained soil. An external pressure will have
the effect of reducing the suction immediately below the
warmest ice lens as well as increasing the unfrozen water
content. The segregation potential theory defines the rela-
tionship between pressure and moisture flux and states that

this relationship is a property of a certain type of soil.

The segregation potential ('SP') 1is defined as the ratio
of moisture flow to the temperature gradient in the frozen

fringe. The segregation potential can be derived from a
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small number of freezing tests conducted under different
pressures. The following relationship can be developed be-
tween SP and external pressure (Pe):

SP = SPy x expi-a Pe } (16)

where SPo is the segregation potential at
zero applied load and 'a' is a soil constant.
The amount of heave can be computed by using:

AH = (SP x dTff/dx) x 1.09 At + 0.09 e n AX (17)

in which:
AH = the change in total heave
At = the time increment
AX = the increase in frost penetration

dTff/dx = the temperature gradient in the frozen
fringe

factor accounting for unfrozen water

<)
]

porosity.

ju}
I

3.5 COMPUTER SIMULATIONS

There have been several computer simulations developed to
model the frost heave process. They are generally solutions
to the coupled heat and moisture £flux problem. Miller
(1977) explains the processes involved by modelling the
Clausius Clapeyron pressure temperature relation (Equation
2), the Laplace surface tension equation (Egquation 1), the
Terzaghi effective stress principle, Darcy's law for fluid

flow and the Fourier equation for sensible heat flow. Ap-
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plication of the model cannot be carried out before séveral
assumptions regarding the hydraulic and thermal properties
are made(Guymon et al. 1981). These properties include the
pore pressure to hydraulic conductivity relation, tempera-
ture effects on unfrozen water content, thermal conductivi-
ties, heat capacities, freezing point depression tempera-
tures, unfrozen water content to pressure relation and the
hydraulic conductivity in partially frozen soils as a func-
tion of temperature. Researchers who have provided finite
difference and finite element solutions to this problem in-
clude Gilpin, Outcalt, O'Neal, Guymon, Hromodka, Berg and

Johnson to name a few.

The present report will concentrate on simpler and more
usable solutions. The prediction models investigated in
this thesis will allow the heaving characteristics of any
soil type to be determined by conducting a small number of
frost heave experiments, and will involve only a few parame-

ters or relationships.



Chapter IV

ANALYSIS OF FROST HEAVE EXPERIMENTS

The present report attempts to determine whether or not the
amount of frost heave measured at the ground surface can be
predicted using selected frost heave models. In this chap-
ter the experimental procedure and the data are reviewed and
the procedure for determining the soil parameters and rela-
tionships used in the various frost heave theories are out-

lined.

4.1 MEASURED FROST HEAVE DATA

Over thirty frost heave tests were carried out at the Uni-
versity of Manitoba between 1974 and 1983 and the results of
these tests were summarized in two papers prepared by Domas-
chuk (1982,1984). The primary purpose of these tests was to
measure frost heave forces on piles and buried structural
elements. Surface heaving and the air and subsurface temp-
eratures were measured in addition to the measurement of

heaving pressures.

4,.1.1 Test Apparatus and Procedures
A total of four different freezing chambers were used in the
experiments. Their size ranged from a large scale pit to a

small freezing cell. Their dimensions were as follows:

- 35 -
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1. a 100 mm diameter by 125 mm segmented ringed cell;
2. an 800 mm deep by 600 mm square tank;
3. a 1.76 m by 2.40 m diameter circular tank: and

4. a 1.83 m by 2.40 m square pit.

The instrumentation is shown in Figures 10 to 13. The tests
were carried out at either constant surface temperatures or
constant rates of frost penetration. Since these tests were
concerned with measuring frost heave pressures, information
important for the purpose of evaluating the amount of sur-
face heave was either not recorded or not adeguately meas-
ured. No more than two dial gauges were used to measure
surface heave for any one test. Frost penetration was as-
summed to be horizontal and soil temperature gradients were
estimated from thermocouples spaced vertically at 25 or 50
mm. Soil densities and moisture contents were evaluated
generally only before and not after the tests. Measurements
of heat or moisture flow were not taken. These deficiencies
are not serious but they could account for some scatter and

low statistical confidence in the results.
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4,.1.,2 Soil Types

Three types of soil were used in the experiments: a plastic
silt (Agassiz silt); a non plastic silt (Piney silt); and a
well-graded sand. Agassiz silt is a so0il common to the Win-
nipeg area and is known to be frost susceptible. Piney silt
is found in south eastern Manitoba and is highly frost sus-
ceptible. The sand which contains a small amount of silt
was of low frost susceptibility. The soil properties and
the grain size distributions are included 1in Appendix A.
The densities and moisture contents of the soils varied from
test to test. The majority of the experiments involved
light compaction of the soil. In one of the small scale
tests the soil was compacted to maximum dry density at the

optimum water content.

4,1.3 Summary of Frost Heave Experiments

For the purpose of the writer's analysis, the laboratory

frost heave tests were divided into two groups:

1. preliminary tests to be used for the determination of
the soil parameters necessary for the frost heave
equations; and

2. frost heave tests wused to check the accuracy of the

predictive models.

Four tests for each so0il type were chosen arbitrarily to
serve as the preliminary tests. Table 2 summarizes both the
preliminary and predictive frost heave experiments analyzed

in this study.
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TABLE 2

Summary of Frost Heave Experiments

Test
NOO

Soil Type

Apparatus

Freezing Conditions

Test

Length
(hrs)

Preliminary Tests for Determining Model Parameters

Al

A2

A3

Ad

P1

P2

P3

P4

S1

S2

Agassiz
silt
Agassiz
silt
Agassiz
silt
Agassiz
silt
Piney
silt
Piney
silt
Piney
silt
Piney
silt
silty
sand
silty

sand

1.83m x
sqguare
1.83m x
square

1.76m x

2.40m
pit
2.40m
pit

2.40m

round tank

1.76m x

2.40m

round tank

800mm x
square
800mm x
square
800mm x
square
800mm x
sgaure
800mm x
square
800mm x

square

600mm
tank
600mm
tank
600mm
tank
600mm
tank
600mm
tank
600mm

tank

Constant surface temp
-7 °C
Constant freezing rate
4 mm/day
Constant freezing rate
28 mm/day
Two stage freezing rate
68 mm/day and 14 mm/day
Two stage surface temp
-5°C and -10°C
Two stage surface temp
-9.5°C and -13°C
Constant surface temp
-15°C
Constant freezing rate
6 mm/day
Two stage freezing rate
75 mm/day and 8 mm/day

Two stage freezing rate

70 mm/day and 30 mm/day

3600

2400

S00

650

191

287

120

2390

192

192
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S3 silty 800mm x 600mm |[Constant freezing rate 398
sand square tank 20 mm/day

S4 silty 800mm x 600mm |Constant freezing rate 398
sand sguare tank 20 mm/day

Prediction Tests

1974-1|Agassiz |1.76m x 2.40m |Constant freezing rate 500
silt round tank 40 mm/day

1974-2|Agassiz |1.76m x 2.40m |Constant freezing rate 860
silt round tank 43 mm/day

1975-1|Agassiz |800mm x 600mm |Constant freezing rate 500
silt square tank 25 mm/day

1975-2|Agassiz |800mm x 600mm |Constant surface temp 690
silt square tank -4°C

1975-3 |Agassiz |800mm x 600mm |Constant freezing rate 600
silt square tank 20 mm/day

1978-1|silty 800mm x 600mm |Constant freezing rate 200
sand square tank 40 mm/day

1978-2|silty 800mm x 600mm |[Constant freezing rate 405
sand square tank 18 mm/day

1978-3|silty 800mm x 600mm |Average freezing rate 1200
sand square tank of 7 mm/day

1980-1|Piney 800mm x 600mm |Constant surface temp 890
silt square tank -5°C

1981~1|Piney 125mm x 100mm |Constant surface temp 250

511t

diameter cell

-12°C
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1883-1|Piney 800mm x 600mm |Constant freezing rate 864
silt square tank 9 mm/day

1983-2|Piney 800mm x 600mm |Constant freezing rate 768
silt square tank 9 mm/day

4.2 PREDICTION MODELS USED

All frost heave prediction models require input information
such as soil properties, freezing conditions, temperature
gradients, heat flow, etc. Many of the models reguire one
or two additional parameters which are constant for one par-
ticular soil type. In the laboratory frost heave studies,
only very 1limited information was measured and collected.
Consequently many of the available predictive models could
not be used. The models used and the input information are

described in the subsequent sections.

4,2,1 Sheriff Ishibashi and Ding (1976)

Sheriff et al. (Section 3.1.1) derived the following empiri-
cal formula for frost heave using the percent fines (F), the
freezing time (t), the freezing temperature (6), and a temp-
erature dependent factor (J) as input:

0.61 0.83 - 0.063 ¢
H=F t J (5)

The percent fines (less than 0.02 mm particle size by
weight) for each of the three soils was:
Agassiz silt 50 %;

Piney silt 12 %;
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Silty sand 3 %

Hence only time and temperature are variables in this model.
Refer to Figure 5 for the relation between J and tempera-

ture.

4,2,2 Knutson (1973)

The model presented by Knutson (Section 3.1.3) related the
increase in frost heave (AH) to a soil parameter (8), the
frozen moisture content (Wf) and the increase in frost pene-
tration (AX) using the following relationship:
AH = B3 - WE - AX (8)
The value of B8 is dependent upon the soil type and the
freezing index. In this analysis B was determined using the
total depth of frost penetration (X) and the total frost
heave (H):
H

B = (18)
X-WE

The relationship between 8 and the freezing index must be
determined for each soil type. The parameter £ can be cal-
culated at any time during the freezing test using equation
18. This can be plotted against the freezing index. If
this is done for 4 or 5 points during a test the results can
be plotted on a log-log grid and a regression analysis can
be used to obtain an empirical eqguation relating 8 to the

freezing index for a particular soil type.
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There were two difficulties involved in this method of
correlation. Most of the tests were of limited total depth
(less than 450 mm in depth) and were conducted over a short
period of time (less than three weeks). In such tests the
freezing index is not sufficient to predict the rate of
freezing of the soil. For the tests of short duration the
total freezing index was very small and there were not
enough points generated to establish a good relationship be-
tween B and the freezing index. For these reasons, the pre-
liminary analysis used only input from long term pit tests

on Agassiz silt.

Two tests were used as preliminary freezing tests to de-
termine the necessary parameters. The variation of B8 with
freezing index is illustrated for both tests 1in Figure 14,
For test number 2, 8 fell within Saeterdal's range for a me-
dium frost susceptible soil (refer to Table 1), while for
test number one, 3 was greater than the upper 1limit for a
highly frost susceptible soil. This variation of results is
excessive, but for the purpose of obtaining a relationship
between B and the freezing index the average of the two
tests was used. The error that occurs in this analysis sug-
gests that more than two preliminary freezing tests are re-
guired to define the B8 to freezing index relation or to
judge whether such a relationship exists. Figure 15 is a
plot of the natural log of the average B values versus the

natural log of the inverse of the corresponding values of
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freezing index. The equation of the regression line is of

the form:

b
B8 = a (1/F1) (19)
where:
FI = freezing index

a and b are constants determined from regression

analysis.
For Agassiz silt the values of a and b were found to be
1.350 and 0.174 respectively when the freezing index was
measured in °C days. When compared with the two preliminary
tests, the model provides a value of B which is 50 and 70
percent in error. However it does compare favourably with
Saetersdaal's B values for a highly frost susceptible soil
(refer to Table 1). The model also predicts the high 8 val-
ues experienced in both preliminary tests at a freezing in-

dex of less than 100 °C-days.

The total amount of frost heave at any point in time was
determined for Agassiz silt using:
H=w/100 x 1.35 ( 1/FI )°.174 ¥ (20)

in which:

H = total frost heave

X = total frost depth

w = initial moisture content %
FI = total freezing index

The freezing index is the only variable reguired as input

into this model. This relation was used to predict the
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amount of frost heave for two large scale tests and three

smaller tests in which Agassiz silt was used.

4.,2.3 Ice Segregation Ratio Theories

According to Carlson et al. (1982) the ISR is a function of
pressure at the frost front and the rate of frost penetra-
tion. Such models, as outlined by Penner and Walton, Taka-
shi et al. and a comparison model, are discussed in the fol-
lowing sections. There are two possible methods of
describing the amount of frost penetration into a soil. The
frost dépth can be taken as either the depth of frozen soil
below a stationary datum or the depth below the upward heav-
ing soil surface. 1In both cases the amount of frost heaving
is taken as the height above the original ground surface.
When either definition of frost depth is used in the ISR
models, the results are essentially equal. The only differ-
ence occurs when heat flow approaches steady state and the
rate of frost penetration approaches zero. In laboratory
tests it has been seen that although the frost line is sta-
tionary, ice lensing continues to occur. If the first defi-
nition is used in the equation:
AISR = AH / AX

then AISR will approach infinity as AX approaches zero. The
second definition allows for continued heaving to be mod-
elled under steady state conditions. This second method
(which is defined as the "alternate" method) becomes diffi-
cult to wuse without the aid of a computer. Predictions

based on both definitions were made.
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4.2.3.1 Comparison Model for Frost Heave

Before developing any relation for the 1Ice Segregation
Ratio it should be understood that by increasing either the
frost penetration rate or the overburden pressure the rate
of heaving will decrease. If the product of frost penetra-
tion ratio and overburden pressure 1is plotted against the
ISR on a log-log grid, the resulting regression line will
provide a relationship in the form:

-b
ISR = a x ( XP ) (21)

in which:

P

overburden pressure

X

frost penetration rate
a and b are soil constants derived from regression
analysis.

This can be used as a comparison with published models.

The model was developed from tests on each of the three
soil types. The a and b values in Equation 21 were deter-
mined from a log-log plot of ISR versus overburden pressure
multiplied by the frost penetration rate. The results are
shown in Figures 16 and 17. The values plotted in Figure 17
use the "alternate" method of determining the frost penetra-
tion, as was described previously. The results from the re-
gression analysis, are summarized in Table 3 They are based
on a frost penetration rate expressed in mm/day and on over-

burden pressure in KPa. The remaining variables in this
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TABLE 3
a and b values for ISR Equation 21
ISR Theory Alternate
ISR Theory
Soil a b a b

Agassiz Silt 22,20 1.381 22.48 1.378
Piney Silt 2.80 0.774 2.06 0.712
Silty Sand 0.296 0.870 0.287 0.862

model are the rate of frost penetration and the overburden
pressure, Since there was no surcharge at the ground sur-
face in the laboratory studies, the pressure applied on the
ice lens can be calculated on the basis of the depth of

frost penetration.

The degree of confidence in each of the frost heave pa-
rameters was evaluated before the prediction models were ei-
ther supported or criticized. The statistical confidence
with which each of the frost heave parameters were derived
is presented for each model. Also the frost heave constants
for Agassiz silt, Piney silt and the silty sand are compared
with published parameters and comments are made on any simi-

larities or discrepancies.

" "

The regression coefficient r" and the coefficient of

variation "CV" are considered to be indicative of the close-
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ness of the fit, or the scatter of the observations about
the regression line. The coefficient of variation 1is the
standard error of the regression divided by the average val-
ue of the independent variable. The closer r is to 1.0 and
CV is to 0.0 the better is the fit of points to the regres-
sion line. The regression coefficient "r" is most commonly
used, but the coefficient of variation is a good indication
for comparing the various models since it is less influenced
by sample size. The 90 percent confidence limits for all of

the frost heave parameters were also derived.

A definition of reasonable values of r and CV is re-
qguired. An acceptable range of 90 percent confidence limits
must also be defined. The value of r can be used to deter-
mine the probability that a relationship exists, and that
the relationship is closely defined by the resulting regres-
sion line. The probability depends upon the sample size,
and in this analysis the number of observations used for any
one model ranged from 6 to 22. Table 4 shows the r values
that correspond to 99 % and 99.9 % probability that a rela-
tionship exists (or that the slope of the regression line is
not equal to zero) for various sample sizes. A value of r
corresponding to a probability of less than 99 percent can

be used as an indication of a poor regression.

The value of CV is useful since it is less dependent upon
the number of observations. Therefore this parameter can be

used as a comparison from one model to the next. When CV is
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TABLE 4

r values corresponding to regression probabilities

Sample 9% % 99.9 %
size
5 0.936 0.980
10 0.754 0.865
15 0.637 0.754
20 0.559 0.675

less than 25 in this analysis, the regression appears rea-
sonable. Values of CV greater than 100 are excessive. The
90 percent confidence range can be compared with the mean
value. A range greater than #20 % was arbitrarily consid-

ered excessive for this analysis.

Table 5 provides statistical information for the ISR
model. The r and CV values indicate that the relationships
are reasonable based on the previous discussion. There 1is
little statistical difference between the two methods of
calculating the depth of frost penetration. The 90 % confi-
dence limits for the 'b' parameter indicate that only a %6
to 11 % error exists while the 90 % confidence 1limits for
the 'a' parameter are *24 to 62 % away from the mean value.
This error is excessive for all soil types and the inability
to obtain a good 'a' value would make this a poor model for

use.
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TABLE 5

Statistical information for ISR Equation 21

Soil r cv S0 confidence limits Sample

b size

0 o°

Agassiz 0.834 29.7 12.92 - 38.15 1.266 - 1.496 15
(alt.) 0.816 29.3 12.49 - 40.46 1.255 - 1,501 15

Piney 0.773 22.4 2,21 - 3.55 0.722 - 0.826 22
(alt.) 0.726 21.0 1.59 - 2,66 0.657 - 0.767 22

Sand 0.744 20,7 0.195 - 0.447 0.791 - 0.988 15

(alt.) 0.739 20.6 0.189 - 0.436 0.763 - 0.961 15

4,2.3.2 Takashi, Yamamoto, Ohrai and Masuda (1978)

Takashi et al. (Section 3.2.1) provided a means of deter-
mining the ISR as a function of frost penetration rate and
overburden pressure. The relationship presented by Takashi
et al. could be rewritten to relate the Ice Segregation Ra-
tio (ISR) to the applied pressure (P) and the frost penetra-
tion rate (X) wusing parameters Py, and Uy which remain con-
stant for a particualar soil type:

Uo
ISR = Po/P (1 +7V — ) (11)
X
If the product of ISR and overburden pressure 1is plotted

against the inverse of the square root of frost penetration
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rate the régression line will produce an egquation of the
form:

ISRxP = b //X - a (22)
This can be rearranged into the form represented by Equation
11 where Po = a (the intercept of the regression line) and
Uo = b%2/aZ?, The results from the four preliminary freezing
tests for each of the three soil types, are shown in Figures
18 and 19. The frost penetration was determined using the
alternate approach for data presented in Figure 19. The Py

and Ug values for each of the three soils are listed in Ta-

ble 6.
TABLE 6
Uo and Po values for Equation 11

ISR Theory Alternate

ISR Theory

Soil Po Uo Po Uo

(KPa) (mm/day) (KPa) (mm/day)

Agassiz Silt 0.230 113.7 0.118 138.8
Piney Silt 0.485 83.7 0.293 114.6
Silty Sand 0.0554 61.5 0.0527 63.8

The variables required to calculate the frost heave using
EQuation 11 are the depth and rate of frost penetration and

the applied pressure.
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ALTERNATE ICE SEGREGATICN RATIO THEORY (TAKASHI ET AL)
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The r values presented in Table 7 indicate that the fit
again appears to be reasonable. The CV values illustrate a
lesser statistical variation for this model than for the
previous ice segregation ratio model. The 90 % confidence
limits for Up and Po show an excessive error ( greater than
220 % ) in the Py values for Agassiz silt and in the Ug val-
ues for Piney silt and the silty sand. There is little sta-
tistical difference between the two methods of calculating

frost penetration.

TABLE 7

Statistical information for the Takashi et al. model

Soil r cv 90 % confidence limits Sample
Uo Po size

Agassiz 0.710 79.0 102.6 - 124.8 0.138-0.322 15

(alt.) 0.704 78.1 126.7 - 150.9 0.107-0.270 15
Piney 0.844 70.2 66.7 - 100.7 0.429-0.541 22
(alt.) 0.873 53.6 97.8 - 131.4 0.258-0.328 22
Sand 0.845 64.8 44.4 - 78,6 0.047-0.064 15
(alt.) 0.838 64.6 46.2 - 81.4 0.045-0.061 15

Uo and Po values were supplied by Takashi et al. for two

samples of silty soils. Ug was found to be 70.6 and 41.0
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mm/day and Po was stated to be -2.5 and -6.53 KPa. The mag-
nitude of Up for the soils presented by Takashi et al. were
slightly lower than the values obtained for the University
of Manitoba soils. The two published P, parameters were of
the opposite sign and were roughly ten times larger than the
values presented in Table 6. The soil used by Takashi et
al. would experience much greater frost heave under similar
pressures and frost penetration rates. The negative Py val-
ue indicates that ice lensing will occur even at extremely

rapid rates of frost penetration.

4,2.3.3 Penner and Walton (1979)

Penner and Walton (Section 3.2.3) determined the Ice Seg-
regation Ratio as a function of the time (t) and frost depth
(X):

ISR = 1 - exp{ -Ro t/X 1} (13)
The initial rate of frost penetration (Rg) 1is a function of
the pressure to temperature ratio (P/T) and 1is dependent
upon soil type.

Ro = a expi{ -b P/T } (12)
The P/T ratio is =zero for all our cases since there was no
initial overburden pressure (P=0). Equation 12 indicates
that Ro is the same for all tests on the same soil type. Ro
can be derived from a plot of the 1ln of (1 - ISR) against
the value of t/X where the regression line must go through
the origin. The equation of this regression line is:

In ( 1 - ISR ) = Ro t/X (23)
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where:
t = time
X = total frost depth.

This equation can easilly be transformed into the form of
Equation 12, Figure 20 illustrates the plot of the above
relation for each of the three soil types. The results can

be summarized as follows:

Agassiz Silt Ro = 0.997
Piney Silt Ro = 3.078
Silty Sand Ro = 0.379

The r, CV, and 90 % confidence limits for the Ry values are
presented in Table 8. The values of r and CV indicate that
the fit of observations to Agassiz silt regression line is
not reasonable. The Piney silt and silty sand relationships
are reasonable and the ranges of values between the 90 %

confidence limits are small.

Ro values corresponding to a pressure to temperature ra-
tio of zero «can be taken from a figure published by Penner
and Ueda (1978) for Leda clay and a silty test soil. The
values are 8.3 and 6.3 mm/day respectively which are slight-
ly higher than the Ro values for Agassiz and Piney silt.
For the silty sand the lower value of Ry represents the ma-

terial's low degree of frost susceptibility.
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ICE SEGREGATION RATIO THEDRY (PENNER AND WALTDN)
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Figure 20: Plot of the 1ln of (1 - ISR) versus t/X for the
Penner and Walton theory
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TABLE 8

Statistical information of Penner and Walton's model

Soil r CV 90 % confidence limits Sample
for Ro size
Agassiz 0.597 105.5 0.877 - 1.117 16
Piney 0.888 49.8 2.98 - 3.18 22
Sand 0.940 46.8 0.366 - 0.392 15

4.2.4 Heat Flow Models

This procedure is difficult to accurately consider since no
measurement of heat flow was taken. The heat flow at the
frost front can be estimated if the frozen and unfrozen
temperature gradients and the thermal conductivities are
known. Time and the depth of frost penetration are the
variables used as input into Equation 3.
Heat Flow (Q) = Kf (dTf/dx) - Ku (dTu/dx) (3)

The temperature gradients (both frozen and unfrozen) were
calculated from temperatures measured in two of the tests on
Agassiz silt. The thermal conductivities can be estimated
from the Kersten diagrams. Arakawa's ice segregation effi-
ciency 'E' (Section 3.3.1) was calculated and plotted on a
graph of efficiency versus the rate of frost penetration (as
suggested by Penner,1972). This did not provide any rela-
tionship whatsoever. After analyzing six different rela-

tions it was discovered that a plot of E versus the square
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root of penetration rate (X) multiplied by overburden pres-
sure (P) produced a more acceptable correlation. The re-
gression line from this relation provided an equation of the
form:

E = a + b VY Xp (24)
The plot of this relation for Agassiz silt is shown in Fig-
ure 21 and the a and b values were 0.227 and 0.018 respec-
tively. The amount of segregational frost heave can be cal-

culated from:

AH = ( 0.227 + 0.018 /%P ) x Q/L. x At (25)
in which:
AH = the increase in frost heave
At = the time increment
Q = the heat flow
L = the latent heat of fusion per unit volume
of soil.

The frozen and unfrozen thermal conductivities and the la-
tent heat of fusion of the soil mass must be either measured
or estimated using accepted methods. The variables used as
input are the temperature gradients immediately above and
below the 0° C isotherm, the rate and depth of frost pene-

tration , the applied pressure and time.

For Agassiz silt the statistical information (derived
from eight observations) 1s as follows:

0.775

r

cv 144.,5

80 % confidence interval for 'a‘ 0.184 - 0.270
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ARAKAWA SEGREGATION EFFICIENCY FOR AGASSIZ SILT
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90 % confidence interval for 'b' 0.014 - 0.022

The coefficient of variation for the Arakawa efficiency
model is the highest for any theory presented 1in this the-
sis. The confidence in obtaining representative values of
both the 'a' and 'b' parameters 1is poor (roughly *20 % of

the mean).

4,2.5 Konrad and Morgenstern (1982)

Konrad and Morgenstern outlined a basic procedure for ob-
taining the segregation potential as a function of external
pressure (Section 3.4). The segregation potential is de-
fined as the flux of moisture moving towards the frost front
divided by the temperature gradient in the partially frozen
soil zone or "frozen fringe". A small number of laboratory
controlled tests are all that is required to provide a de-
finitive solution. A primary caution is that these tests
must not be conducted wunder rapid rates of cooling. By
failing to do this, erroneous results may be produced. Fig-
ure 22 illustrates how Konrad and Morgenstern's experimental
results vary with the rate of cooling and the suction at the

frost front.

Throughout the University of Manitoba tests there were a
number of periods, particularily at the beginning of the ex-
periments where the rate of cooling was greater than 0.01
°c/hr. Towards the later stages of the tests the rate of

frost penetration was often rapid (greater than 50 mm/day)
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and the overburden pressure increased with increased frost
depth, while the rate of cooling remained low. In these in-
stances negative calculated values of SP were frequently ob-
tained. This suggests that an expulsion of moisture away
from the freezing front was occurring. McRoberts and Mor-
genstern (1975) stated that this phenomenon occurs under
conditions of increased pressure and the degree to which
moisture is éxpelled depends upon the frost penetration

rate.

The University of Manitoba tests were not all carried out
on a small scale. The pressure exerted on the growing ice
lens due to the weight of the frozen soil would become sig-
nificant in a large scale test. The pressure exerted by the
overlying material (Pe) was calculated and plotted against
the evaluated segregation potential on a log-linear scale as
described by Konrad and Morgenstern and is shown in Figure
23. Negative values of SP were ignored. The SP was deter-
mined by subtracting the theoretical heave due to expansion
of insitu moisture from the total heave. This value would
yield the moisture flow towards the freezing front which
could in turn be divided by the measured temperature gradi-
ent at the zero degree isotherm. Only few values of SP were
positive for the tests conducted on silty sand. The results
for this soil type were nevertheless used in the analysis.
Table 9 summarizes the values of SPo and 'a' required for
use in the segregation potential equation:

SP = SPp x exp{ -a Pe } (16)
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TABLE 9

Values of SPy and 'a' for Equation 16

Soil SPo a
(mm2/°C day) (Rpa~™1)
Agassiz Silt 168.1 0.151
Piney Silt 103.8 0.321
Silty Sand 18.3 0.412

The total frost heave can be calculated using:

AH = (SP x 4Tff/dx) x 1.09 At + 0.09 ¢ n AX (17)
.where the variables required as input are the applied pres-
sure (Pe), the temperature gradient 1in the frozen fringe

(dT££/dx), the depth of frost penetration (X) and time (t).

The statistical information for the segregation potential
model is shown in Table 10. The r values indicate that the
fit was reasonable for all three soils. The 90 % confidence
limits for Agassiz and Piney silts were within 15 % of the
SPo and ‘'a' values. The confidence limits for the silty
sand were not reasonable since they were greater than #25 %
of both the SPy and 'a' values. The CV indicates that the
regression line is the best fit for any of the models stud-

ied in this analysis.
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TABLE 10

Statistical results for the segregation potential theory

Soil r cv 90 % confidence limits Sample
SPy a size

Agassiz 0.858 12.4 148.8 - 190.0 0.137 - 0.165 13
Piney 0.788 16.5 89.6 - 120.4 0.287 - 0.355 14
Sand 0.831 23.2 12.7 - 26.5 0.299 - 0.525 6

SPo and 'a' were obtained using only positive values of
segregation potential. When the segregation potential is
negative the total heave is less than the heave resulting
from the freezing of in situ moisture. The negative values
of segregation potential may indicate either that moisture
is flowing away from the frost front or that the in situ
moisture below the ice lens has reduced due to ice segrega-
tion. For tests on the silty sand the moisture was expelled
away from the frost front during freezing since the total
heave was often less than the calculated heave due to the
freezing of in situ moisture. Negative values of segrega-
tion potential were calculated in each of the preliminary
freezing tests for each soil type but the mechanism that
causes this to occur is not clear. It is generally associ-
ated with rapid rates of frost penetration and high calcu-
lated values of overburden pressure. The process that caus-

es a decrease in the calculated amount of segregated ice can
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not be predicted using this model since the value of SP from

the equation : SP = exp(-a Pe), will never be negative.

The Konrad and Morgenstern model has been tested with
considerable success by other authors (Nixon 1982, Rieke et
al. 1983). The values of SPp and 'a' obtained for Piney
silt, Agassiz silt, and silty sand can be compared with pub-
lished values for other soils. Figures 24 and 25 (from
Knutsson et al.,1985) illustrate how the values for the
soils tested at the University of Manitoba compare with val-
ues for other soils. The value of SP, compares favourably
while 'a' is roughly ten times higher than any other pub-

¥

lished value of 'a'.

Figure 24 illustrates that Rf is a good indicator for
SPo. Rf is determined from the grain size distribution and

the liguid limit:

% < 2 um - % < 74 um
Rf = x 100 (26)
% < 425 u - Wl
Wl = Ligquid limit of the fines fraction (%).

Silty sand has no Rf value since the liquid limit of the
fines fraction was not or could not be measured. However

this is not of concern to engineers since ice lensing rarely

occurs in coarse grained soils. The magnitude of 'a' may be
influenced not only by the grain size distribution but also
by such factors as void ratio, initial moisture content and

density.
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Table 11 contains a complete summary of the frost heave

prediction models used in the analysis.
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Chapter V

FROST PENETRATION PREDICTIONS

The depth of frost penetration is a necessary component of
most of the previously mentioned frost heave models. The
frost depth can be either inputted directly or the depth of
frost penetration and the soil temperature profile can be
used to determine other input parameters (soil temperature
gradients, frost penetration rates, overburden pressure on
the ice lens). Empirical solutions and computer simulations
for predicting the frost depth and soil temperature profile
are guite common. The following three methods of calculat-
ing frost penetration were examined for wuse in the frost
heave models. They were: the modified Berggren method; a
finite difference solution outlined by Goodrich (1978); and

a finite element method described by Wilson (1974).

1. The modified Berggren method is an extension of the
Stefan equation which 1is based on the difference in
interfacial energy at the phase change front ignoring
heat flow below this front. This was modified by the
introduction of a correction factor A (Aldrich and
Paynter 1953) which takes heat flow into account.
The equation for frost depth is given by:

X = N YRF /L (27)

in which:

- 76 -
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X = depth of frost penetration

K = average frozen and unfrozen thermal
conductivity

F = freezing index

L = latent heat of fusion.

A = correction factor taking heat

flow into account

2. Wilson et al. (1974) provided a finite element model
that utilized constant temperature gradient triangles
and was based on the classical Neuman phase change
problem. A finite element program based on this so-
lution was developed by Shushkewich (1980).

3. Goodrich (1978) outlined a method of determining the
temperature profile in a freezing (or thawing) soil
by a one dimensional finite difference technique.
This was accomplished by using a floating frozen to
unfrozen interfacial boundary. The amount of frost
penetration was calculated by equating the amount of
latent heat given off during freezing to the heat

flow at the interfacial boundary.

A comparison was made between the predicted values of
frost penetration and the measured frost penetration in
eight laboratory experiments. The eight experiments includ-
ed five conducted on Agassiz silt, one on Piney silt, and
two tests on silty sand. All Dbut two tests were completed

in the 800 mm by 600 mm square freezing tank. The remaining
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two tests were carried out in the 1.76 m by 2.40 m diameter
tank using Agassiz silt. All eight tests were used as pre-

diction tests in the frost heave énalysis (see Table 2).

The measured surface and water temperatures and the ther-
mal properties as derived from the measured moisture con-
tents were used as input into the three previously mentioned
methods. All three methods provided very poor correlations.
A comparison of the predicted and measured heave in those
models that required frost penetration predictions, would
have no value if the frost depth prediction was poor. For
this reason the initial soil temperatures, water tempera-
tures and moisture contents were adjusted to yield pre-
dictions that were close to the measured frost depths. The
surface temperatures used in the computer program were kept
close to the measured values, but the initial soil tempera-
tures and moisture contents were changed significantly in
some instances. The amount that these values were changed
is documented in Appendix A. Altering the initial soil
temperature, the soil moisture content and the lower bound-
ary or water temperature has a limited effect on the frost
heave predictions. Knutson's B value and the frost heave
due to the freezing of in situ moisture 1in the segregation
efficiency and segregation potential models, will be affect-

ed to a small degree by changes in moisture content.

The frost penetration predictions using adjusted soil and

temperature input are shown in figures 26 to 33. The modi-
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fied Berggren method produced predictions that were as high
as double the measured frost depths. Since the freezing in-

dex was not changed from the initial attempt the frost pene-

tration predictions remained the same. The finite element
model generated inconsistent results. The prediction of
frost depth fluctuated excessively during each test. A

steady increase in frost depth with time is required for the
calculation of the rate of frost penetration. The inconsis-
tency in the results may have been due to the rapid freezing
rate or to a poor choice of the finite element grid. The
finite difference model produced consistent results that
closely modelled the actual frost penetration depth. The
soil temperature profile was checked as well and was found
to be predicted with acceptable accuracy. This method was
therefore chosen for wuse 1in the frost heave prediction

models that require frost penetration predictions.

The programs used to calculate the frost penetration and

the frost heave are found in Appendix B.
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Chapter VI

FROST HEAVE PREDICTIONS

6.1 INTRODUCTION

Nine frost heave models were used to predict the results of
the twelve laboratory tests mentioned in section 4.1.3. Aall

of the frost heave models have been summarized in Table 11.

Two approaches were used 1in the prediction of frost
heave. The first approach used a calculated frost penetra-
tion depth as input into the frost heave models. The second
approach used the measured depth of frost penetration to de-
termine the amount of heaving. The input parameters affect-
ed by the depth of frost penetration are the frost penetra-
tion rate, the soil temperature gradients and the overburden
pressure. Only the model by Sheriff et al. is unaffected by
the approach chosen since it requires only surface tempera-
ture as input. The use of measured frost depth eliminates
any error introduced by the frost depth calculation but the
soil temperature gradients during most of the tests were un-
known. They were estimated by assuming a linear distribu-
tion between the air temperature at the surface, zero de-
grees Celsius at the depth of frost penetration, and the
water temperature at the base of the testing apparatus. The

computer program which was used to predict the frost depth

- 88 -
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also estimated the temperature gradients in the vicinity of
the frost front in both the frozen and unfrozen soils. This
approach also offers the advantage of using time steps

smaller than one day for each of the tests analyzed.

Both approaches were carried out using all nine frost
heave models and, for the most part, on the same tests. Ex-

ceptions to this are noted in the following sections.

6.2 FROST HEAVE PREDICTIONS USING CALCULATED FROST DEPTH

The first approach to predicting the amount of frost heave
used the frost penetration, frost penetration rate and temp-
erature gradients as calculated by the finite difference

method outlined by Goodrich (1978).

Nine frost heave tests were analyzed for the prediction
comparison using this first approach. These nine tests were
comprised of five tests on Agassiz silt, two tests on Piney
silt and two tests on the silty sand. Two of the Agassiz
silt tests were <conducted in the 1.76 m by 2.40 m diameter
apparatus and one test on Piney silt was conducted 1in the
100 mm by 125 mm diameter freezing cell. The remaining
tests were carried out in the 800 mm by 600 mm square tank.
A comparison of the measured frost heave and the predictions

are plotted in Figures 34 to 42.

The calculation of the average percent error between the
predicted and the measured frost heave was used to compare

the various predictive models:
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Frost heave predictions for test 1975-3 (using



SILTY SAND 1878—1 B800MM BY 600MM TANK
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Figure 39: Frost heave predictions for test 1978-1 (using
calculated frost depth)
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SILTY SAND 1978-2 B800MM BY 600MM TANK
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calculated frost depth)
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Figure 41: Frost heave predictions for test 1980-1 (using
calculated frost depth)



PINEY SILT 1981-1 125MM BY 100MM CELL

0 fon}
Ul o
I

o
[e9]

e o b b g

45-]

w
i

W
(=]

A EN I AR SR aN

N
T

20

HEAVE (MM)

SOUDEHHHH X —He KK He H MoK X =M= U ey g e a X

Sl i o S SR O e e A —$£=*¥”15t==:f7~‘

T WL T I T T " T

0 25 50 75 100 125 150 175 200 225 250 275
TIME [HOURS)

SOLID LINE REPRESENTS THE RCTURL HERSURED HEAVE
THE LETTERS CORRESPOND TO THE FOLLOWING HOOELS

KONRRD RND HORGENSTERN .« K SHERIFF ET AL. . . S
ARAKAWAR . . . . . . A KNUTSON . . . . . . . . . . F
PENNER RAND HQLTON . . . . P TRAKASH! ET AL. . . T
TAKASHI (ALTERNRTE! . U FROST PEN RATE X PRESSURE X

RATE X PRESSURE (RLTERNATE) . . . . Y

Figure 42: Frost heave predictions for test 1981-1 (using

calculated frost depth)
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1 | Actual - Predicted |
- (z At ) x 100 (28)
T Actual

% Error =

in which:
T = total time

At = time interval

Table 12 gives the percent error for each test while Ta-
ble 13 shows the average percent error for all tests and for
tests on a particular soil type. The results show that
there 1s no one model which consistently predicts the frost
heave accurately for every test. The Penner and Walton
model provided the best overall average percent error (132
%) while the frost penetration rate times overburden pres-
sure model provided the poorest correlation (8391 %). The
model given by Konrad and Morgenstern gave a very good pre-
diction for tests 1974-1 and 1974-2 (11.1 % and 7.3 % re-
spectively). This is significant since these were the only
two large scale pit tests analyzed. The Konrad and Mor-
genstern model also gave the best prediction for test 1980-1
on Piney silt (19.5 %). For the Piney silt test using the
100 mm deep apparatus (1981-1) all of the nine models pre-
dicted less than 10 % of the total frost heave. The model
by Takashi et al. provided the best results for tests on

silty sand (64 % error).
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TABLE 13
Average % error (calculated frost depth approach)
Model Piney Agassiz Sand Total
1 75.0 1311.3 653.9 890.5
2 62.8 596.8 640.2 487.8
3 80.3 672.8 66.1 406.3
4 64.4 329.5 63.5 211.5
5 81.4 70.3 337.1 132.1
6 77.0 258.0 900.4 360.5
7 59.0 202.0 1002.6 348.1
8 - 249.0 - 24S8.0
9 - 250.3 - 250.3

Legend: 1. Pen. rate x pressure 2. Rate x pressure (alt.)
3. Takashi et al. 4. Takashi (alternate)
5. Penner and Walton 6. Sheriff et al.
7. Ronrad and Morgenstern 8. Arakawa
9. Rnutson

6.3 FROST HEAVE PREDICTIONS USING MEASURED FROST DEPTH

Eleven of the frost heave prediction experiments used ther-
mocouples placed at 25 or 50 mm intervals to measure the
depth of frost penetration. The rate of frost penetration
and the overburden pressure were calculated from the meas-

ured depths of frost penetration.
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In addition to the nine tests analyzed using caclulated
frost depths two laboratory tests on Piney silt and one ad-
ditional test on the silty sand were analyzed using models 5
to 9 from Table 6. Only the depth of frost penetration was
known for these tests and no temperature information was
available and hence only Ice Segreation Ratio models could
be used. The 125 mm by 100 mm diameter experiment on Piney
silt was not used in this second approach since the depth of
frost penetration was not measured, bringing the total num-
ber of tests analyzed using this approach to eleven. The
frost heave predictions for the eleven tests using measured

frost depth as input are plotted in Figures 43 to 53.

Table 14 gives the percent error calculated for each of
the eleven tests while Table 15 shows the average percent
error for ail the tests and for tests on the same soil type.
The percent error varied from a low of 8 % to a high of 4000
% . The average of the percent erors for all the tests were
generally between 100 and 300 percent. The results are sim-
ilar to the results from the first approach but the percent
errors are generally smaller. There is a poorer correlation
for the model by Konrad and Morgenstern which might be due
to the assumptions regarding the temperature gradient in the
frozen fringe. The model by Penner and Walton provided the
lowest percent error for Agassiz silt (50 % error). The
model by Sheriff et al. provided the lowest percent error

for Piney silt (47 % error). The best results for the tests



AGASSIZ SILT  TEST 1874-1  1.76M BY 2.40M TANK
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Figure 43: Frost heave predictions for test 1974-1

measured frost depth)
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AGASSIZ SILT  TEST 1974-2  1.76M BY 2.40M TANK

10D
90 o
] K /\..,_n——(
1 /‘/‘——(
b, L
804 —
] ’
704 sl

: / A e
] / /(r .
K /r
- ~
—_ 1 //"“A’ /N
7 P
% 404 / e ——‘t""// -
= 9 e
e
L 1 -
Z ] e
!:r] ] /;_,P
x ] Pakaid
] -
] )/)ﬂ}/
] e
204 P
p /P*/
E - r.._y.—l'—&—r—t—.:—-?—\'T
3 A -
] - g ¥ Y
10': ;—T'*; 3 -.«'r—g"‘—ru—u..o--u—uU
] I :ﬁ%ﬁzﬁﬁ%ﬁ%‘#:§5x~*~% -3 X~ *&ﬁ6ﬂ+ﬁ64$ﬂ(x
1 P g
] ‘ = >—~§’\_s" .
] S 2 "9"1—-!-—!~~5—-‘$--‘--S-—$.:_-,__5__‘__',._.5_-5-—;-.5__‘__‘_
=S
0
i T N T T T T T

TIME [(DRYS)

SOLID LINE REPRESENTS THE ACTUAL HMERSURED HERVE
THE LETTERS CORRESPOND TO THE FOLLOWING HODELS

KONRRD RND HDRGENSTERN . . K SHERIFF ET RL. . . 8

ARAKAWA . . - -« « R KNUTSON . . . . . . . . . .F

PENNER RAND NQLTDN e e P TAKARSH] ET AL. . . T

TAKASHI (ALTERNRTE) . . FROST PEN RRTE X PRESSURE X
RATE X PRESSURE IRLTERNGTE) . .

Figure 44: Frost heave predictions for test 1974-2 (using
measured frost depth)
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AGASSIZ SILT  TEST 1975-1  B0ODMM BY 500MM TANK
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AGASSIZ SILT  TEST 1975-2  BOOMM BY 600MM TANK
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Frost heave predictions for test 1975-2 (using
measured frost depth)
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AGASSIZ SILT  TEST 1975-3 BOOMM BY BODMM TANK
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Figure 47: Frost heave pred1ct1ons for test 1975-3 (using
measured frost depth)
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SILTY SAND TEST 1978-1 800MM BY 600MU TANK
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Figure 48: Frost heave predictions for test 1978-1 (using
measured frost depth)
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Frost heave predictions for test 1978-2 (using

measured frost depth)
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SILTY SAND TEST 1978-3 BOOMM BY 600MM TANK
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Figure 50: Frost heave predictions for test 1978-3 (using
measured frost depth)
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Frost heave predictions for test 1980-1

measured frost depth)
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PINEY SILT TEST 1983-1 800MM BY 600MU TANK
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Figure 52:

Frost heave predictions for test 1983-1 (using
measured frost depth)



PINEY StLT TEST 18832 800MM BY 600MM TANK
]50-—: — -
140 L= T
] ac
- /r
N =4
]301 ;,'
4 *
] 27
120 A7
4 v
p a7
1103 A
5 )/V 9 TRl
3 7 v
100 P Pt
- -
; A -
3 v
90 p -
] // e X x
- ’*‘
BD— ’ -
3 ) »/ el Y
E t & S oY
- -
70 '( e Xt -
] > X Lore -
h [ I'd )(‘x oY e
503 ¢ 4 < e -
] t 7 x/x ,x“v’ . P
rz\ ] t /( x~ ‘/X e
= S0 ! ' X -
= E ‘ 4 ’ > e
;' - t / x” ),-'Y/ //
4 ¢ 1 X v +”
5 B )( / /
T 1 ¥ .
;X > A
{’(

T T T T L

0 S 10 15 20
TINE 1DRYS)

SOLID LINE REPRESENTS THE RCTURL MERSURED HEAVE
THE LETTERS CORRESPOND TO THE FOLLOWING HODELS

. K SHERIFF ET AL.
. R HKNUTSON . .
TAKASH] ET QL

KONRRAD RND MORGENSTERN
ARAKAWAR . . R
PENNER RND NRLTON T 4

TAKRASHI (ALTERNRTE) . U
RRTE X PRESSURE [ALTERNATE) . . .

Figure 53:
measured frost depth)

FROST PEN RATE X P?ESSURE:

X 4w

113

Frost heave predictions for test 1983-2 (using
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TABLE 15
Average % error (measured frost depth approach)
Model Piney Agassiz Sand Total
1 290.8 251.1 96.1 219.7
2 227.3 194.8 85.9 196.7
3 717.4 199.2 83.2 308.9
4 414.3 121.9 78.9 189.9
5 101.3 50.0 158.9 83.7
6 47.0 198.8 262.8 195.8
7 154.3 205.6 1408.9 500.0
8 - 183.6 - 183.6
5 - 174.4 - 174.4

Legend: 1. Pen. rate x pressure 2. Rate x pressure (alt.)
3. Takashi et al. 4. Takashi (alternate)
5. Penner and Walton 6. Sheriff et al.
7. Ronrad and Morgenstern 8. Arakawa
8. Rnutson

on silty sand were obtained by the Takashi et al. model (79

% error).



116

6.4 DISCUSSION OF THE COMPARISON

Although the Penner and Walton model produced the lowest av-
erage percent error, the predictions did not closely model
the actual frost heave. When the 1Ice Segregation Ratio
(AH/AX) is close to zero (it is usually less than 0.1) the
‘Penner and Walton model implies that the frost heave will
increase linearly with time. It also suggests that if the
external pressure 1is zero then the rate of frost heave is
independent of temperature. As can be seen from Figures 34
to 42 the actual frost heave rate was not constant but de-
creases with time. The measured frost heave however, is
roughly approximated by Penner and Walton's linear relation.
This suggests that although the theory will not provide a
close fitting prediction it may provide an adeqguate short

term approximation.

The accuracy of each model appears to be influenced by
experimental procedure , apparatus and soil type. For in-
stance, the frost heave in the large scale tests on Agassiz
silt were very accurately predicted by Konrad and Morgenst-
ern's model using calculated temperature gradients (Figures
34 and 35). For the smaller scale tests however, only the
Penner and Walton prediction model was close (Figures 36 to
38). The freezing index model of Knutson and the Arakawa
segregation efficiency model both predicted the heave of the
large scale test on Agassiz silt with reasonable success but

were inaccurate on the smaller scale experiments.
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The Piney silt in the 100 mm freezing cell was compacted

to optimum dry density whereas the material in the 800 mm
freezing tahk was loosely compacted. The actual heave in
the smaller compacted sample was far higher than any of the

seven predictions.

The type of material plays a role in the accuracy of each
model. The Konrad and Morgenstern model provided the best
predictions for the two large scale tests on Agassiz silt
and for one of two tests on Piney silt but incurred no suc-
cess with the predictions for the silty sands. The Penner
and Walton model predictions were also better for the silts
than for the sandy soil. The Takashi et al. model achieved
only moderately successful results for Piney and Agassiz
silt but supplied the best prediction model for the silty

sand.

The model by Sheriff et al. produced its best predictions
for Piney silt, which should be expected since Piney silt is
similar to the type of material on which the model was based
(material with a percent finer than 0.02 mm by weight be-
tween 6 and 21 %). The best prediction by this model on any
soil type using measured surface temperature data was 47 %
error. However this model has the advantage that frost
heave prediction calculations can be carried out guickly by

hand.
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The solution from the penetration rate times pressure
method generally had a slightly higher percent error than
that of Takashi et al. and produced its best predictions

for tests on the silty sand.

The frost heave predictions of the Ice Segregation Ratio
models were more accurate when the alternate method of de-
termining the frost penetration was used. This alternate
method was defined as the depth of frozen soil below the up-
wardly heaving soil surface rather than below a fixed datum.
As the frost depth approaches a constant elevation and the
heat flow approaches steady state the predicted Ice Segrega-
tion Ratio will not approach infinity if the alternate meth-
od is applied. Continued heaving under near steady state
conditions can be successfully calculated and the resulting

accuracy are increased.

The Computer programs used to determine the frost heave
for the approaches using both measured and predicted fost

depth have been included in Appendix B.



Chapter VII

SUMMARY

No one prediction model provided a consistently accurate es-

timation of the frost heave for all the tests studied. How-

ever,

the value of each model can be assessed from the dis-

cussion in chapter five by analyzing three points:

1.

2.

The ease of use of the prediction model;

The ability to confidently determine the frost heave
parameters;

The accuracy of the predictions under varied experi-

mental procedures or differing soil types.

Summarizing each model individually:

1.

Konrad and Morgenstern (1982b). The segregation po-
tential theory provided the best prediction for two
large scale tests on Agassiz silt and for one of two
tests on Piney silt. No success was experienced with
the tests on the silty sand. The parameters for the
two silts were determined with the greatest statisti-
cal confidence of any theory. The parameter SPo can
be approximated wusing the Rf value and Figure 24.
The 'a' parameter should be determined from freezing

tests. The model does not apply to tests under rapid

- 119 -
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rates of cooling and will not predict the expulsion
of water away from the freezing front associated with
coarse grained soils. The model does not work well
if the temperature gradients are assumed to be lin-
ear. The model is recommended for the prediction of
frost heave 1in silts and fine grained soils if the
temperature gradient can be predicted.

Sheriff, 1Ishibashi and Ding (1977). This model did
not produce good results. However calculations can
be done quickly by hand and an acceptable rough value
ofbpredicted frost heave may be provided for silty
sands.

Arakawa (1965). The segregation efficiency theory
did net provide a good prediction for each of the
tests in which it was used. There are three basic
difficulties with the use of this model. Firstly, it
is difficult to determine a function that will effec-
tively describe the segregation efficiency. Araka-

wa's 'E' is not related only to the frost penetration
ratio as suggested by Penner. Secondly, a good esti-
mation of the unfrozen temperature gradient is diffi-
cult under experimental conditions and would be im-
practical under field conditions. Finally, it is
difficult to accurately estimate the required thermal
characteristics of the soil.

Knutson (1974). The determination of 8 as a function

of the freezing index is the basic problem in the use
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of this model. Although there was considerable error
in determining this relationship for Agassiz silt,
reasonably accurate predictions were still obtained
in the large scale tests. This suggests that the
model can be used with the B8 values provided in Table
1 to produce a rough estimation of frost heaving un-
der large scale or field conditions.

Penner and Walton (1979). This model predicted the
frost heaving with the 1lowest overall percent error.
However, it 1incorrectly predicted that the rate of
frost heaving would be roughly constant for every
test. Although the theory allows for any range of
pressure to temperature ratio the model was only
evaluated under a condition of zero external pres-
sure. The initial frost heave rate 'Ry' was not de-
termined with good statistical confidence for all of
the three soils, but if this value were known then a
good estimation of the short term frost heave should
result.

Takashi, Yamamoto, Ohrai and Masuda (1978). The Ice
Segregation Ratio adaption to Takashi et al.'s theory
allows for the expulsion of water away from the frost
front if the frost ©penetration rate and overburden
pressure are sufficient. As a result it provides the
best solution to the frost heaving in a sandy soil.
This model is recommended for the prediction of frost

heaving in a more coarse grained soil should such a
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prediction be of engineering interest. A comparison
fo the Takashi et al. model was made with one that
related frost heave to the product of overburden
pressure and frost penetration rate. The determina-
tion of the frost heave parameters for the Takashi et
al. model were derived with greater statistical con-
fidence than for the comparison model but with less
confidence than for Konrad and Morgenstern's segrega-
tion potential theory. Also, the percent error of
the prediction was generally less for the model pre-
sented by Takashi et al. than for the comparison

model.
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Appendix A

SOILS INFORMATION

ze distributions for each of the three soil

wn below:

100
~ 80 AGASSIZ SILT PINEY SILT 1
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GRAIN SIZE (mm)
[ ciar T Fwe | suT [ coarsE] FinE [ sano Jcoarse ]
Soil % Clay - % Silt % Sand Liquid Plastic
Type Limit Limit
Agassiz
Silt 17 73 10 28 22
Piney
Silt 6 64 30 18.5 -
Silty
Sand 1 7 92 - -
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More complete information of the soil properties and testing

procedure for each test can be found in the following under-

graduate and graduate reports:

i)

ii)

Preliminary Tests

a) Agassiz silt
- Phelane D. "Frost Heave Model Study" 1879
- Piamsalee N., Lemke E. (data only) 1978

b) Piney silt

- Wachowich J.N. "Frost Heave of Short Piles”
1878

- Erickson D.J. "Frost Heave on Short Piles"
1980

c) Silty sand
- Hubbard B., Agar S. "Model Studies of Frost
Heave Forces oh Inclined Members" 1978
Prediction Tests
a) Agassiz silt
- 1974-1, 1974-2 Larkin W.L.S. "Frost Heave Ef-
fects on a Tangent Tower Mast Footing" 1974
- 1975-1, 1975-2, 1975-3 Lau P-K "Frost Heave of
Foundations and Pile Extraction Tests" 1975
b) Piney silt
- 1980-1 Erickson D.J. "Frost Heave on Short
Piles" 1980
- 1981-1 Charleson D. "Evaluation of Frost Sus-

ceptibility Criteria"” 1981
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- 1983~-1, 1983-2 Fong W. and Lai S.Y. "Frost
Heave Resistance of Different Pile Bases" 1983
c) Silty sand
- 1978-1, 1978-2 Gerlach G.F. "Frost Heave of
Short Piles" 1978
- 1978-3 reported by Wachowich J.N. "Frost Heave

of Short Piles" 1979



SOIL INPUT INFORMATION FOR FROST DEPTH DETERMINATION

Water Surface
Temp Temp
Hrs Meas Prgm Meas Prgm
Test 1974-1
100 * 15,0 -23 -5
200 * 15,0 -32 -15
400 * 15,0 -33 -24
600 * 15,0 -28 =32

% Water Content Meas-16.5
Prgm-16.5
Initial Soil Temperature:

Meas-(11-13) Prgm-15.0
Test 1975-1
0 14 3.5 14 1
100 2 3.0 -2 -2
200 2 2.3 -3 -4
400(0.5 1.0 -4 -7
7% Water Content Meas-20
Prgm-26
Initial Soil Temperature:
Meas- * Prgm-15.0
Test 1975-3
0 21 23.0 23 20
100 5 5.0 -2 -1
300 3 2.3 -3 -4
500 1 0.6 -4 -5

% Water Content Meas-22

Prgm-26
Initial So0il Temperature:
Meas—- * Prgm-20

Surface
Temp

Water
Temp

Hrs Meas Prgm Meas

Test 1974-2
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Prgm

100 * 15.5] =20 -15
200 * 15.5| -20 -18
400 * 15.5| -22 =20
600 * 15.5 -6 -7
800 * 15.5( -27 =27

% Water Content Meas-17.2
Prgm-21.5
Initial Soil Temperature:

Meas-(11-17) Prgm-15.5
Test 1975-2
0 18 7.0 20 2
100 2 3.0 -2 -3
3007 4 1.0 -4 -5.5
1500 4 1.0 -5 -5.5
% Water Content Meas-22
Prgm-21.5
Initial Soil Temperature:
Meas- * Prgm-18.0
Test 1978-1
0 * 18 -13 -1
50 * 14 -13 -13
100 * 12 -13 -13
150 * 7.5 -13 -13

% Water Content:
Meas-(18-21) Prgm-19
Initial Soil Temperature:
Meas~ * Prgm-18
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Water Surface Water Surface
Temp Temp Temp Temp
Hrs Meas Prgm Meas Prgm Hrs Meas Prgm Meas Prgm
Test 1978-2 Test 1980-1
0 * 20.0 -2 -2 0 * 16 -5 10
100 * 16,2 * -5 200 * 14 -5 -5
300 * 8.7 * -7 500 * 3 -5 -5
450 * 3.0 -14 -14 700 * 1 -7 -7
% Water Content: % Water Content Meas-24
Meas-(18-21) Prgm-19 Prgm-22
Initial Soil Temperature: Initial Soil Temperature:
Meas- * Prgm-10.0 Meas- * Prgm-16.0
Notes:

* indicates unavailable information

"Meas" indicates measured values

"Prgm" indicates values input into the computer program
Temperature information is in °C

Water Content is indicated in % by weight



Appendix B

COMPUTER PROGRAMS FOR CALCULATING FROST HEAVE
AND FROST PENETRATION
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FORTRAN PROGRAM FOR FROST PENETRATION AND METHOD 1 PREDICITONS

Khkkkkdkhdhhhddhhhhhrhhhhhkkkhhhhhkhkkdkkdhhdrhkhdkdsk
*

*

THIS PROGRAM CALCULATES ONE DIMENSIONAL FROST
* PENETRATION BASED ON HEAT FLOW EQUILIBRIUM, AS
EXPLAINED BY GOODRICH (1978), AND IS MODIFIED
TO INCLUDE NINE FROST HEAVE MODELS ;

PRESSURE X PENTRATION RATE

PRESSURE X PENETRATION RATE (ALT.)
. TAKASHI ICE SEGREGATION RATIO

. TAKASHI ET. AL. 1978 (ALTERNATE ISR)
PENNER AND WALTON 1978 (ISR)
SHERRIF ET AL. 1976

KONRAD AND MORGENSTERN 1982

. ARAKAWA SEGREGATION EFFICIENCY
KNUTSON FREEZING INDEX

FROST PENETRATION ONLY

OW OO IO ULE WM —
. . . .« .

—t

* oo o % % 3k 2k % % * o b F ¥ % %

*
*
*
*
*
*
*
*
*
*
*
*
*

Khkkhkhkkhhkhhhkkdhhdh bk khkhhkkkhhkhkkxkkkkhkdkkdkkdkkkdhdkrs

REAL T(100),NT(100),KF(100),KU(100),K(100),CF(100),
1cu(100),c(100),L(100),%(100),DX(100),HC(100),CN(100),
2RHS(100),E(100),5(100),Ccuu(100),CFF(100),KUU(100),KFF(100)
3,DFP(100),TT(100) ,HEAVE(100),AFH(100,9),BFH(100,9),DEPTH(100)
4 ,WDENS(99) ,WFR(99),GD(99),W(99),UPT(25),LOT(25),TIM(25),AD(25)
5,AH(25),AT(25),GA(3),FN(3),TF(100)

INTEGER HEAD(18) ,MAT(100),START,H

REAL DT,D,GAV,HAV,G,NG,LT,DTA,DTB,DTO,POB,GRT,LHEV, ISR,
1SPO,HEAVES ,HEAVEI ,HEAVSL ,HEVSL ,GAMI ,LATW, SUR,CC,CA,U, 0T,
2GAMW, TFAC,DTC,DELHEV, RATE, RATEH, FF, TAV,F1 ,EFF ,HEAT,JAY,ACTUAL,
3PERC, PERSUM, WPER, PTIME, PTOT, SHB

INTEGER N,P,NM,B,NA,PA,PB,PC,NTI,THY,Q,TQ,NAP,NAPA, THEORY,R, SHA

READ180,HEAD

FORMAT(18a4)

PRINT190,HEAD

FORMAT('1',18a4)

READ (5,200) NM,N,TQ,THEORY,NAPA,DTO,LT,TFAC,LATW,GAMW, SUR

READ (5,210) (DEPTH(I),TF(I),MAT(1),I=1,N)

READ (5,220) (CFF(J),cuu(d),kKFF(J),Kuu(J),GD(J),w(J),J=1,NM)

TQ=TQ+1

READ (5,280) (upT(1),LOT(I),TIM(1),1=2,TQ)
NAP=NAPA+1

THY=0

AT(1)=0.0

AD(1)=0.0

AH(1)=0.0

READ (5,290) {(AT(I),AD(1),AH(I), p

1=2,NAP)
IF (THEORY NE.10) WRITE (4 271) (AT(1),AH(I),THY,I=1,NAP)
WRITE (6,230) (1,DEPTH(I), TF( ), MAT(I),I=1,N)
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GAMI=GAMW/1.09
DO 2 I=1,NM
L(1)=GD(I)*W(I ) /100*LATW
WFR(I)=GD(I)*W(I)/(100%GAMW)
WDENS(1)=(1.0+4W(1)/100)*GD(1)
WRITE(6,235) (1,w(1),GD(I),WDENS(1),WFR(I),
WRITE (6,240) (J,CFF(J),Ccuu(J),KFF(J),KUU(J
NA=N-1
DO 5 I=1,NA
J=MAT(I)
cu(1)=cuu(J)
CF(I)=CFF(J)
(J)
(J)

I1=1,NM)
),L(J),J=1,NM)

KU(I)=KUU

KF(I)=KFF

WDENS (1)=WDENS(J)

W(I)=w(J)

L(I)=L(J)

WFR(I)=WFR(J)

DO 199 THY=1, THEORY

IF (THEORY.EQ.10) WRITE(6,260) (DEPTH(I),I=1,N)
DO 7 J=1,N

X(J)=DEPTH(J)

T(J)=TF(J)

READ(5,301) (AFH(I,THY),BFH(I,THY),I=1,NM)
DO 8 I=1,NA

J=MAT(I)

AFH(I,THY)=AFH(J, THY)
BFH(I,THY)=BFH(J, THY)

TAV=0.0

1
HEVSL=0.0
HEAVSL=0.0
G=0.0
H=1
PERSUM=0.0
PTIME=0.0
S(1)=0.0
S(N)=0.0
START=0
DT=DTO
Q=1
SHA=
TIM(
UPT(
LOT(
DO 1

F(T

AO.—L_—A—-\..A

.0) GOTO 20
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c(1)=cr(1)
10 K(1)=KF(I)
p=N
GO TO 35
20 p=I-1
PC=P+1
DO 30 I=PC,NA
c(1)=cu(1)
30 K(1)=KU(1)
35 START=NTI
IF (P.EQ.0) GOTO 38
DT=DTO
38 TAV=(-1%T(1)*DT+TAV* (TT(NTI)-TT(START)))/(TT(NTI)+DT-TT(START))
IF (T(1).GT.0.0) TAV=0.0
FI=FI-T(1)*DT
1F (7(1).G67.0.0) FI1=0.0
E(1)=T(

DELHEV=0.0
HEAVES=0.0

FROST DEPTH DETERMINATION

DO 40 I=1,NA
DX(I)=X(1+1)-X(1)
40 CN(I)=K(1)/DX(1)
41 DO 50 I=2,NA
HC(1)={(C(1-1)*DX(1-1)+C(1)*DX(1))/D
50 RHS(I)=CN{I-1)*T(1-1)+(HC(I)-CN(I-
1*T(1+1)
55 PA=P-1
PB=P+2
PC=P+1
IF (PA.LT.2) GOTO 65
DO 60 I=2,PA
D=HC(I)+CN(I-1)+CN(I)-CN(I-1)*S(1-1)
E(I)=(RHS(I)+CN(I-1)*E(I-1))/D
60 S(1)=CN(1)/D
65 I=N
70 1=1-1
1.EQ.1) GOTO 90
.LE.P+1) GOTO 80
H I)+CN(I—1)+CN( ) ( )*S(1+1)
I)=(RHS(I)+CN(I)}*E( 1+1 ) /D
I)=CN(1-1)/D

DT
1)-CN(1))*T(I)+CN(I)

7
80 .EQ.1) GOTO 82

0.05*DX(P)
0.95%DX(P)



aOaaon

137

DO 98 J=1,30
DO 97 1=1,3
GAV=GA(1)
HAV=DX (P)-GAV

82 IF (P.LE.1) GOTO 85
E(P)=(CN(P-1)*(T(P-1)+E(P-1))+(C(P-1)
1*GAV/DT-CN(P-1)-KF(P) /GAV)*T(P) ) /(C(P
2%GAV/DT+KF (P) /GAV+CN(P-1)*(1-S(P-1)))
85 IF (P.GE.NA) GOTO 88
E(P+1)=(CN(P+1)x(T(P+2)+E(P+2) )+(C(P+1)*DX(P+1) /DT+CU(P)
1%*HAV/DT-CN(P+1)-KU(P) /HAV)*T(P+1)) /(C(P+1)*DX(P+1) /DT
2+CU(P)*HAV/DT+KU(P) /HAV+CN(P+1)* (1-S(P+2)))
NG=2*GAV-G
RATE=(NG-G) /DT
IF (B.EQ.1) GOTO 100

(p-1)/DT+CF(P)
*DX(P-1) /DT+CF (P)

FALSE POSITION ITERATION

88 FN(I)=KF(P)*(E(P)+T(P))/GAV+KU(P)* (E(P+1)+T(P+1))/HAV
1+4%(GAV-G) /DT*L(P)
IF (1.EQ.1) GOTO 95
IF (I.EQ.3) GOTO 92
IF (FN(2).LT.0.0) GOTO 96
GA(3)=(Ga(1)*FN(2)-GA(2)*FN(1))/(FN(2)-FN(1))
GOTO 97
92 FF=FN(2)*FN(3)
A=1
IF (FF.LT.0.0) GOTO 93
GA(2)=GA(3)
GOTO 94
93 GA(1)=GA(3)
94 CC=ABS(CA-RATE)
IF (CC.LT.0.000001) GOTO 99
CA=RATE
GOTO 98
95 IF (FN(1).LT.0.0) GOTO 97
IF (A.EQ.1) GOTO 11
GA(1)=Ga(1)*,75
GOTO 98
11 GA(1)=GA(1)-0.0001
GOTO 98
96 IF (A.EQ.1) GOTO 102
IF (P.EQ.NA) GA(2)=DX(P)-(DX(P)-Ga(2))/2
IF (P.LT.NA) GA(2)=0.1*DX(P)+GA(2)
GOTO 98
102 GA(2)=GA(2)+0.0001
GOTO 98
97 CONTINUE
99 IF (ABS(FN(3)).LT.1.0) GOTO 101
98 CONTINUE
101 CONTINUE
IF (NG.LE.DX({(P))GOTO 100
B=1
DTA=(DX(P)-G)/(NG-G)*DT
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DTB=DT-DTA
DTC=DT

DT=DTA
GAV=(DX(P)+G) /2
HAV=DX(P)-GAV
GO TO 41

FROST HEAVE PREDICTIONS

100 IF (THEORY.EQ.10) GOTO 90
IF (F.EQ.1.0) U=T(1)/(T(1)-0T)
RATE=(NG-G) /(DT*U)*24000
POB= (X (P)+GAV)*WDENS (P ) +HEVSL* ( GAMI ~WDENS (P) ) +SUR
HEAVEI=WFR(P)*(NG-G)*0.09
GRT=-1*(T(P)+E(P) ) /(2*GAV)
GRTU=(T(P+1)+E(P+1))/(2*HAV)
Goro (12,13,12,13,14,15,16,17,18), THY
12 IF (RATE.LE.0.0) GOTO 90
ISR=0.0
iF (POB.LE.0.0) GOTO 83
IF (THY.EQ.1) ISR=AFH(P,1)*((RATE*POB)**(-1*BFH(P,1)))
IF (RATE.GE.BFH(P,3)) GOTO 83
IF (THY.EQ.3) ISR=AFH(P,3)/POB*(SQRT(BFH(P,3)/(RATE))-1)
83 DELHEV=ISR*(NG-G)
HEAVES=DELHEV-HEAVEI
GOTO 90
13 DO 84 R=1,15
RATEH=(NG-G+DELHEV) /(DT*U)*24000
IF (RATEH.LE.0.0) GOTO 84
I1SR=0.0
IF (POB.LE.0.0) GOTO 84
IF (THY.EQ.2) ISR=AFH(P,2)*((RATEH*POB)**(-1%BFH(P,2)))
IF (RATEH.GE.BFH(P,4)) GOTO 84
IF (THY.EQ.4) ISR=AFH(P,4)/POB*(SQRT(BFH(P,4)/RATEH)-1)
84 DELHEV=ISR*(GAV-G)*2
HEAVES=DELHEV-HEAVEI
GOTO 90
14 §§R=1—E§P(—1*AFH(P,5)*(TT(NTI)+DT*U—TT(START))/(X(P)+NG—HEAVE(NTI)
1)/24000
DELHEV=ISR* (X (P)+NG-HEAVE(NTI ) ) ~HEAVE (NTI )
HEAVES=DELHEV-HEAVEI
GOTO 90
15 IF (TAV.GE.5.0) JAY=0.8
IF (TAV.LT.5.0) JAY=0.4+TAV*0.08
DELHEV=AFH(P,6)**0,61* ( ( (TT(NTI)+DT*U-TT(START))/24)*%(0.83-0.063
1%*TAV) ) *JAY/1000~HEAVE (NTI )
HEAVES=DELHEV-HEAVEI

GOTO 90
16 IF (RATE.LE.0.0) GOTO 90
SPO=AFH(P,7)

IF (POB.LE.0.0) GOTO 86

SPO=GRT#*AFH(P,7)*EXP(-1.0%BFH(P,7)*POB)*0.000001
86 HEAVES=SPO*1.,09*DT*U/24

DELHEV=HEAVES+HEAVI
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GOTO 90

IF (RATE.LT.0.0) GOTO 90

1IF (POB.LE.0.0) POB=0.0
HEAT=KF (P) *GRT-KU(P) *GRTU
EFF=AFH(P,8)-BFH(P,8)*SORT(RATE*POB)
HEAVES=EFF*HEAT/L (P ) *DT*U

IF (HEAVES.LT.0.0) HEAVES=0.0
DELHEV=HEAVES+HEAVEI

GOTO 90
ISR=W(P)/100.0*AFH(P,9)*(1/F1)**BFH(P,9)
DELHEV=ISR* (X (P)+NG-HEAVE(NTI ) ) ~KEAVE (NTI )
HEAVES=DELHEV-HEAVEI

CONTINUE

NODAL TEMPERATURE CALCULATION

NT(P+1)=E(P+1)

IF (PB.GE.N) GOTO 115
DO 110 I=PB,NA
NT(I)=S(I)*NT(I-1)+E(I)
(P.EQ.0) GOTO 158

)=E(P)
1

(p
F(I.LE.1) GOTO 130
(1)=S(I)*NT(1+1)+E(1)
GOTO 120
IF (B.NE.1) GOTO 140
Cc(p)=CF(P)
K(P)=KF(P)
NG=NG-DX(P)
P=P+1
DO 150 I=1,N
T(I)=NT(I)
NTI=NTI+1
DFP(NTI )=X(P)+NG+DELHEV
TT(NTI)=TT(NTI-1)+DT
HEVSL=HEAVES+HEVSL
HEAVE (NTI )=HEAVE (NTI-1)+DELHEV
IF (B.NE.3) GOTO 155
NTI=NTI-1
DFP(NTI )=DFP(NTI+1)
HEAVE (NTI ) =HEAVE(NTI+1)
TT(NTI)=TT(NTI+1)
IF (B.EQ.1) DT=DTB
IF (B.EQ.3) DT=DTC
IF (B.EQ.3) B=0
IF {B.EQ.1) B=3
G=NG+DELHEV
DO 157 1=PC,N
X(1)=X{1)+DELHEV
IF (B.EQ.1) G=G-DELHEV
IF (B.EQ.1) X(P)=X(P)+DELHEV
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160

175
199
271
272
198
200
210
220
230

235

240

GOTO 159
NTI=NTI+1
DFP(NTI)=0.0
HEAVE(NTI)=0.0
DO 156 1=1,N
T(I)=NT(1)
TT(NTI)=TT(NTI-1)+DT
€C=0.0
F=1
oT=T(1)
IF (THEORY.EQ.10) WRITE(6,265) TT(NTI),(T(1),I=1,N)
IF (AT(H+1).EQ.0.0) GO TO 166
IF (TT(NTI).GT.AT(H+1)) H=H+1
ACTUAL=AH(H)+(AH(H+1)-AK(H))/(AT(H+1)~AT(H) ) *(TT(NTI)-AT(H))
IF (ACTUAL.LE.0.0) GOTO 163
IF (SHA.EQ.1) SHB=NTI-1
SHA=2 »
PERC=ABS (HEAVE (NTI ) -ACTUAL) /ACTUAL* 100
PERSUM=PERC*DT+PERSUM
WPERC=PERSUM/(TT(NTI )-TT(SHB) )
IF(PERC.LE.20.0) PTIME=PTIME+DT
PTOT=PTIME/(TT(NTI)-TT{SHB))*100.0
IF (TT{(NTI).GT.LT) GOTO 160
IF (B.EQ.0) DT=DT*TFAC
IF (TT(NTI).LT.TIM(Q+1)) GOTO 162

Q=Q+1

GOTO 161

T(1)=UPT(Q)+(UPT(Q+1) UPT(Q ) /( ;IM\Q+1 IM(Q) ) *(TT(NTI)-TIM(Q))
T(N)=LOT(Q)+(LOT(Q+1)-LOT(Q)) /(TIM(Q+1)-TIM(Q) ) * (TT(NTI)-TIM(Q))
IF (P.EQ.0) GOTO 9

GOTO 38

WRITE(6,270) THY,(TT(1),DFP(1),HEAVE(I),I=2,NTI)

IF (THEORY.EQ.10) WRITE(4,272) (TT(I1),DFP(I),HEAVE(I),I=2,NTI)
IF (THEORY.NE.10) WRITE(4,271) (TT(I),HEAVE(I),THY,I=2,NTI)
WRITE(6,302) PTOT,WPERC
IF (THEORY.EQ.10) GOTO 198
FORMAT(10X,F8.1,F12.4,13)
FORMAT(10X,F8.1,2F12.4)
WRITE(6,300) (AT(1),AD(I),AH(I),I=2,NAP)
FORMAT(515/2F10.3,F5.1,3F10.3)
FORMAT(2F10.3,15)
FORMAT(4F10.3/2F10.2)
FORMAT(20H NODAL INFORMATION ;///
32H NODE DEPTH TEMP MATERIAL/
32H —mm e //
(15,F10.3,F6.1,17))

FORMAT(///18H SOIL PROPERTIES ;///
48H MOISTURE DRY BULK WATER/
51H MATERIAL CONTENT % DENSITY DENSITY FRACTIO?/
BIH ——— /

(15,F13.2,F12.1,F10.1,F10.2))
FORMAT(///26H SOIL THERMAL PROPERTIES ;///
46H MATERIAL CF cu KF KU L/

B e e //

140
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3 (15,4X,4F8.2,F10.1))
260 FORMAT(25H1TEMPERATURE DISTRIBUTION///
1 40H TIME DEPTH//
2 (7X,15F8.3/))
265 FORMAT(F7.2/7(7%X,15F8.3/))
270 FORMAT(40H1FROST PENETRATION AND HEAVE -THEORY N0O.13///

1 32H TIME FROST FROST/
2 32K PENETRATION HEAVE/
3 32H = /
4 (F8.1,2F12.4))

280 FORMAT(3F10.3)
290 FORMAT(2F10.3,F10.5)
300 FORMAT(///44H ACTUAL FROST DEPTH AND FROST HEAVE VALUES ;///

1 32H TIME FROST FROST/

2 32H PENETRATION HEAVE/

3 34H o //
4 (F8.0,F12.3,F12.5))

301 FORMAT(2F10.3)

302 FORMAT(//31H % TIME AT LESS THAN 20 % ERROR,F10.2//
1 16H AVERAGE % ERROR,F10.2)
STOP
END

INPUT:
Step 1: Heading (18A4) (HEAD)

Step 2: (5I5)
Number of materials (NM)
Number of nodes (N)
Number of temperature changes (TQ)
Number of prediction theories (THEORY)
Number of measured input data (NAPA)

Step 3: (2F10.3,F5.1,3F10.3)
Initial time increment (TPO)
Time for end of test (LT)
Factor for increasing the size of the time increment (TFAC)
Latent heat of water (LATW)
Density of water (GAMW)
External surface pressure (SUR)

Step 4: (2F10.3,15) N cards
Nodal Depth (DEPTH)
Initial nodal temperature (TF)
Material no. directly below node (MAT)

Step 5: (4F10.3)
Unfrozen and frozen heat capacity (CUU) (CFF)
Unfrozen and frozen thermal conductivity (KUU) (KFF)

Step 6: (2F10.2)
Dry Density (GD)



142

Percent moisture content (W)
(Repeat steps 5 and 6 NM times)

Step 7: (3F10.3) TQ cards
New upper boundary temperature (UPT)
New lower boundary temperature (LOT)
Time of temperature change (TIM)

Step 8: (2F10.3,F10.5) NAPA cards
Time of frost heave and frost depth measurement (AT)
Measured frost depth (AD)
Measured frost heave (AH)

Step 9: (2F10.3) THEORY cards
First frost heave parameter for each theory (AFH)
Second frost heave parameter for each theory (BFH)
(Repeat for each material)

The units used may be English or metric but must be compatable. Suggested
units are: (metres hours °C kJ kN KPa) or (feet hours °F-32° BTU's lbs
lbs/ft?).



oo N Re e Ko XS Ne RS

10

15

FORTRAN PROGRAM FOR METHOD 2 PREDICITONS

I3 X3S L ST RS RS S L EE L ELE LS LS L SR AL S LSS LSS ELEEESE ST

WITH RESPECT TO TIME

ok o o

THIS PROGRAM PREDICTS FROST HEAVE IF THE FROST
PENETRATION AND/OR SURFACE TEMPERATURES ARE KNOWN

* % % ¥ *

hhhkkhkhkhhhhkhhhhdhkhdhdhhhhhhhdhdhdhhhhdhhhkhohhdhdrhhdddids

REAL AFH(9),BFH{9),HEAVE(50),H(50,9),HL
1,POBL(9),PAV(9),PSUM(9),WPERC(9),PTIME(9), PTOT(

INTEGER HEAD(18)

REAL WFR,KU,KF,L,BOTTEM,DEPTH,DELX,DL,WDENS,DDENS,MC,DELH, ISR
1,TOTAL,Q,E,FI ,RATIO,TS,STE,GAMMA ,ETA, TEMP,RAT,DELHS , XL, XR , XM, GAMA

2 ,HEV,HEAV,J,TW, TEMW,WTIME ,HIN, PERC
INTEGER THEORY,TIME,F

FN(GAMMA)=STE/1.7725% (EXP(-1% (GAMMA**2) ) /ERF (GAMMA ) ~BOTTEM/TS*
1EXP(-1%(RAT)* (GAMMA**2) ) /ERFC(SQRT(RAT) *GAMMA ) ) ~-GAMMA

READ105,HEAD
READ110, THEORY ,DDENS ,MC

IF (THEORY.LE.6) GOTO 5
READ120,L,KU,KF, BOTTEM, TOTAL
READ130, (AFH(I),BFH(I),I=1,THEORY)
TEMW=0.0

WTIME=0.0

F=2

HEAV=0.0

HEV=0.0

TIME=0
DL=0.0
T6=0.0
DO 8 I=
POBL(1I)
HS(1)=0.
HL(I)=0.
CONTINUE

WRITE(4,161)TIME,HEV, (HS(I),I=1,THEORY)
WDENS=DDENS* ( 1+MC/100)
WFR=(WDENS-DDENS ) /9.81

TIME=TIME+F
READ140,DEPTH,HEAVE(TIME) , TEMP

IF (DEPTH.EQ.-1) GOTO 100

DELX=DEPTH-DL

RATE=DELX/F

DO 15 I=1,THEORY
POB(1)=(DEPTH*WDENS+HS(1)*9.0)/1000.0
PAV(I)=(POB(I)+POBL(I))/2
POBL(I)=POB(I)

HI=WFR*DEPTH*0.09

DL=DEPTH

1,9
=0.0
0
0

9)

143



OO0

17

20

30

144

PRESSURE * RATE MODEL

IF (DELX.LE.0.0)ISR=0.0

IF (DELX.LE.0.0) GOTO 17
ISR=AFH(1)* ( (RATE*PAV(1))**(-1%xBFH(1)))
DELH=ISR*DELX
H(TIME, 1)=HL(1)
HL(1)=H(TIME, 1)
IF (RATE.LE.0.0
DELH=0. 1

+DELH

) RATE=0.0

ALTERNATE PRESSURE * RATE MODEL

DO 20 1=1,10

1SR=AFH(2)*( ((RATE+DELH)*PAV(2) )**(-1%*BFH(2)))
DELH=ISR* (RATE*F+DELH)

H(TIME,2)=HL(2)+DELH

HL(2)=H(TIME,2)

TAKASHI ET AL. MODEL

IF (DELX.LE.0) ISR=0.0

IF (DELX.LE.0) GOTO 22
ISR=AFH(3)/PAV(3)*(SQRT(BFH(3)/RATE)-1)
H(TIME, 3)=ISR*DELX+HL(3)

IF (H(TIME,3).LT.0.0) H(TIME,3)=0.0
HL(3)=H(TIME, 3)

DELH=0. 1

ALTERNATE TAKASHI ET AL. MODEL

DO 30 I=1,10
ISR=AFH(4)/PAV(4)*(SQRT(BFH(4)/(RATE+DELH) )-1)
DELH=ISR* (RATE*F+DELH)

H(TIME,4)=DELH+HL(4)

IF (H(TIME,4).LT.0.0) H(TIME,4)=0.0
HL(4)=H(TIME,4)

PENNER & WALTON MOCDEL

ISR=1-EXP(-1#AFH(5)*TIME/DEPTH)
H(TIME,5)=ISR*DEPTH
IF (THEORY.EQ.5) GOTO 90

SHERIFF ET AL. MODEL

TEMW=TEMP*TIME+TEMW
WTIME=TIME+WTIME
TW=TEMW/WTIME
TS=(TS*(TIME-1)+TEMP*F) /TIME

IF (TS.GE.5.0) J=0.8

IF (TS.LT.5.0) J=(0.4+TS*0.08)
H(TIME,6)=(AFH(6)**0.61)*(TIME**(0.83-0.063%TS))*J
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90
95

99

105
110
120
130
140
150

IF (THEORY.EQ.6) GOTO 90
KONRAD & MORGENSTERN MODEL

SPO=AFH(7)*EXP(-1%*BFH(7)*PAV(7))
DO 42 1=1,15
DELHS=SPO*TW/(DEPTH+HEV) *F
HEV=DELHS+HS(7)+HI
HS(7)=DELHS+HS(7)
H(TIME,7)=HS(7)+HI

IF (THEORY.EQ.7) GOTO 90

ARAKAWA EFFICIENCY MODEL

IF (DELX.LE.0) DELHS=0.0

IF (DELX.LE.0) GOTO 50
E=AFH(8)-BFH(8)*SQRT(RATE*PAV(8))
DO 45 I1=1,20
Q=KF*TW/(DEPTH+HEAV ) -KU*BOTTEM/ ( TOTAL-DEPTH)
DELHS=E*Q/L*24E6*F

HEAV=DELHS+HS (8)+HI

IF (DELHS.LT.0.0) DELHS=0.0
HS(8)=HS(8)+DELHS

HIN=-1%HI

IF (HS(8).LT.HIN) HS(8)=HIN
H(TIME,8)=HS(8)+HI

IF (THEORY.EQ.8) GOTO 90

KNUTSON FREEZING INDEX MODEL

FI1=TEMP*F*24+F1
ISR=MC/100.0*%AFH(9)*((1/F1)**BFH(9))

H(TIME, 9)=ISR*DEPTH

DO 95 I=1,6

HS(I)=H(TIME,I)-HI

IF (TIME.EQ.2) PRINT150,HEAD

F=1

PRINT160,TIME,HEAVE(TIME), (H(TIME,I1),I=1,THEORY)
DO 99 I=1,THEORY

PERC=ABS (HEAVE (TIME)-H(TIME,I))/HEAVE(TIME)*100.0
PSUM(I)=PERC*F+PSUM(I)

WPERC (I )=PSUM(I)/TIME

IF (PERC.LE.20.0) PTIME(I)=PTIME(I)+F
PTOT(I)=PTIME(I)/TIME*100.0
WRITE(4,161)TIME,HEAVE(TIME), (H(TIME,I),I=1,THEORY)
GOTO 10

FORMAT(18A4)

FORMAT(13,2F5.1)

FORMAT(5F10.2)

FORMAT(2F10.3)

FORMAT(F10.1,F10.2,F10.1)

FORMAT('1',18a4//

144H TOTAL HEAVE (MEASURED AND PREDICTED) (MM) :///
258H DAY ACTUAL ISR ISR TAKASHI

TAKASHI

7
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160
161
100

170
180

Step
Step

Step

Step

Step

Step

3 49H PENNER & SHERIFF KONRAD & ARAKAWA  KNUTSON/

4584 HEAVE ALTERNATE ALTERNATE,

5 26H WALTON MORG. /

658H ,

7 50H /)
FORMAT(' ',/15,10F10.2)

FORMAT(I5,10F10.2)

PRINT170, (PTOT(I),I=1,THEORY)

PRINT180, (WPERC(1),I=1,THEORY)

FORMAT(//14K TIME AT 20 % ,9F10.2)
FORMAT(//14H AVE % ERROR ,9F10.2)
STOP
END

INPUT:
1: Heading (18A4) (HEAD)

2: (13,2F5.1)

Number of prediction theories (THEORY)
Dry density of the soil kN/m® (DDENS)
Soil moisture content % (MC)

3: (5F10.2)

Latent heat of fusion per unit volume of soil kJ/m® (L)
Unfrozen thermal conductivity kJ/hr m °C (KU)

Frozen thermal conductivity kd/hr m °C (KF)

Lower boundary temperature °C (BOTTEM)

Total depth of the sample mm (TOTAL)

4: (2F10.3) Repeat THEORY times
First frost heave prediction parameter (AFH)
Second frost heave prediction parameter (BFH)

5: (F10.1,F10.2,F10.1)

Measured depth of frost penetration mm (DEPTH)

Measured surface heave mm (HEAVE)

Measured surface temperature °C (TEMP)

(Repeat step 5 for values measured every day of the test
beginning day number 2)

6: (F10.1)
Place -1.0 at end of data
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Frost heave parameters for both Method 1 and Method 2 were derived using a
frost penetration rate measured in mm/day; pressure measured in KPa; temp-
re gradient measured in °C/mm; and freezing index measured in °C

eratu
days.



