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ABSTRACT
THERMAL CONTRACTION AND CRACK FORMATION IN FROZEN SOIL
By

Hassan M. AL-Moussawi

On cooling, frozen soil will contract if it is not constrained. If
elastic soil behavior is assumed, a temperature drop of only 2 or 3 deg.
C will produce significant tensile stresses with no observable strains.
In tension, the so0il will creep along with some stress relaxation. The
creep deformation includes elastic, delayed elastic, and viscous flow
(permanent deformation). The same soil on warming will expand, but the
permanent deformation will remain. Subsequent cycles of cooling and
wvarming allow the permanent deformation to accumulate followed by
eventual rupture in tension at about one percent strain. During periods
of decreasing winter temperatures, thermal contraction will increase
tensile stresses creating the potential for crack formationm,
particularly in partially saturated, weaker frozen surface soils.

Duplication in the laboratory of field conditions responsible for
crack formation requires facilities and equipment not available to most
researchers. To simplify experimental work, a series of constant
strain/stress relaxation tensile tests were conducted at a constant
temperature. In addition, limited data were obtained on stress increase

as a function of soil cooling rates for the same saturated frozen sand.



Linear thermal contraction/expansion coefficients were determined on
duplicate samples so as to permit a more accurate analysis. Preliminary
tests on fiber-reinforced sand suggests a technique by which crack
formation may be controlled in frozen surface soils.

Crack formation in frozen surface soils may occur under two
conditions: rapid cooling (severe winter storm) and contraction giving
tensile stresses greater than the frozen soil strength, and the
accumulation of permanent strain.for a number of thermally induced load
cycles leading to rupture at a relatively low total strain, less than
one percent. Crack susceptibility will be greatest for partially
saturated surface soils with lower tensile strengths, including landfill
covers and highway subgrade materials. A numerical example illustrates
that cracks propagating unstably through the frozen surface soils may
extend deeper than the tensile stresses to which they owe their growth.
The study shows that crack prevention will require soil enhancement
(reinforcement) which will increase the tensile strength, increase the

strain at failure, and reduce post-peak loss of strength.
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CHAPTER 1

INTRODUCTION

During periods of decreasing winter temperatures, a reduction in
ground surface temperatures will cause thermal contraction with an
increase in tensile stresses in frozen soil surface layers. These
temperature conditions occur annually in the northern tier of states in
the continental U.S., Alaska, Canada, and large areas in Northern Europe
and Asia. If elastic soil behavior is assumed, a drop of only 2 or 3
deg. C will generate significant tensile stresses. Soils above the
ground water table, with only partial saturation, have lower tensile
strengths creating the potential for severe crack formation. These
frozen soil conditions are similar to those common for landfill covers,
exposed so0oil liners, and highway subgrade soils in the cold regions of
the world. The cracks would be distributed over the ground surface in a
pattern such that tensile stresses are reduced below the frozen-soil
tensile strength. On landfills, these cracks normally would not be
observed because they occur during winter cold periods, may be quickly
covered with drifting snow, and may partially close with warmer ground
temperatures. Thus, the potential for and actual thermal cracking of
landfill covers, exposed clay liners, and highway soil subgrades create
expensive maintenance problems and show the need for design techniques

which would mitigate the thermal cracking problem.
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Ground surface temperatures are determined by air temperatures,
heat flow from the interior of the earth, and soil thermal properties.
Surface temperatures undergo periodic fluctuations on both a daily and
an amnual cycle. Thermal contraction and development of tensile
stresses in frozen surface soils will be most critical during a period
of relatively rapid decrease in temperature, a winter storm. With each
cycle of temperature decrease and tensile stress increase, the frozen
soil will experience elastic strain, delayed elastic strain, and viscous
flow (permanent deformation). Rupture will occur if tensile stresses
exceed the frozen soil tensile strength as shown in Chapter 3. The same
sample on warming will expand, but the permanent deformation will
remain. Subsequent winter storms with cycles of cooling and warming
will allow the permanent deformation to accumulate. When the total
deformation approaches about one percent strain, close to rupture in
tension, a thermal crack is likely to form.

Thermal contraction behavior and tensile strength of frozen soils
are dependent on several variables including soil type, ice and mineral
volume fractions, temperature, and degree of ice saturation. Cohesion
within a given material and adhesion at the interface between two
materials provides the forces resisting separation during contraction.
The ice matrix formed within the soil pores provides the cohesion. For
soils above the water table with partial saturation, the continuity of
this ice matrix can be reduced, which in turn reduces the tensile
strength. These soils are the most vulnerable to rupture. The presence
of clay particles with unfrozen films of water will also reduce the ice
content and in turn tensile strength. Tensile tests on saturated frozen

sand (Eckardt, 1982) and on saturated frozen silt (Yuanlin and Carbee,
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1987) show failure strains ranging from 0.24 to 2.6 percent. At

temperatures below about -2 deg. C, the failure strains for frozen silt
averaged about 1.l percent. Tensile strengths were dependent on loading
rate with lower strengths reported for lower strain rates, closer to
those which might occur in the field during a winter stomm.

The mechanics of thermal contraction and cracking responsible for
formation of ice wedge-polygons in Arctic areas has been studied in some
detail by Lachenbruch (1962, 1963). The theory proposed for explaining
the formation of the initial cracks and subsequent cracks leading to
growth of an ice wedge has application to the current study. In
analyzing the ltt;OB prior to fracture, the ground is taken as a
homogeneous semi-infinite medium. The crack is generally initiated at
the surface or near the ground surface where the greatest tensile stress
generally occurs. The crack is propagated toward the interior of the
medium where the tensile stress diminishes and ultimately passes into
compression. The initial stress components vary only in the direction
of crack depth. The crack will be considered as lying in the y = 0
plane in a strip, 0 < x < b, for x > 0. The maximum principle stress
will be represented by T(x), which is directed parallel to the y axis
and varies only with x.

Mathematical formulation, to study the stress around the crack tip,
was based on the Airy function with utilization of complex variables to
solve the differential equation (Muskhelishvili, 1963). This study can
be visualized by taking the crack as two parallel lines in an infinite
medium, then by pulling the centerline to the outside the shape of the
crack will change to an ellipse. Working with the ellipse is difficult

mathematically. Hence Muskhelishvili (1963) mapped the ellipse to a
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more convenient function, a circle. By solving the problem for circular
cracks, mapping them back to an ellipse, and taking the limit of the
minor axis of the ellipse, the problem is returned to the square one
wvhich is two parallel lines of cracks.

To obtain an approximate solution for a semi-infinite medium, the
superposition concept was applied to the exact solution of an infinite
medium. A complete solution for crack depth, spacing, and horizontal
distance for stress relief is dependent on shape of the thermal stress
distribution with respect to depth. Both a step function and a linear
function for stress distribution are represented, which can be used to
solve the complex problem. In the numerical example (Chapter V) a step
function appears to describe the cracking phenomena in a frozen
cohesionless soil.

The numerical example (Chapter V) shows that after a relatively
short period of time and for temperatures typical of mid-winter for
Fargo, ND, thermal stresses in the saturated frozen sand are higher than
tensile strengths of the same sand to a depth of 30 cm. This indicates
that a crack would form and would proceed down into the frozen sand.
With the water table at some depth below the surface, in many cases
below the frost depth, the granular surface soils will be only partially
saturated. Soil tensile strengths are dependent on the degree of ice
saturation. A lower soil strength will allow the thermal crack to
penetrate to a greater depth. For the numerical example, initial soil
temperatures were in the 0 to -15 °C range, hence residual temsile
stresses would remain from cooling prior to the winter storm. The

addition of these tensile stresses along with lower tensile strengths
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due to partial ice saturation suggests that the crack would continue
down through the frozen sand to the frost line at a depth of 205 cm.

With formation of a crack, tensile stresses would be reduced to a
horizontal distance about equal to the crack depth. Fracture theory
provides estimates on the magnitude of this stress reduction over the
zone of stress relief. Crack spacing will be dependent on this stress
reduction and any variation in strength of surficial materials from
place to place. All cracks can be visualized as initiating at zones of
weakness or "flaws".

Duplication in the laboratory of field conditions responsible for
thermally induced loading requires facilities and equipment not
available to most researchers. To simplify experimental work, a series
of constant strain/stress relation tensile tests were conducted at a
constant temperature. 1In addition, limited data were obtained on stress
increase as a function of s0il cooling rates for the same saturated
frozen sand. Linear thermal contraction/expansion coefficients were
determined on duplicate samples so as to permit a more accurate analy-
sis. Preliminary tests on fiber-reinforced sand suggests a technique by
wvhich crack formation may be controlled in frozen surface soils.

The thermal contraction and crack formation problem to which this
study has been directed, has application to covers and liners for
hazardous waste landfills, to highway subgrade soils, and to frozen
surface soils for dams, dikes, and other hydraulic structures exposed to
severe winter temperature changes. Conclusions from this study, given
in chapter VI, involve thermal cracking, crack depth, thermal
contraction coefficients, and soil property enhancement. Several

recommendations for future research are provided.



CHAPTER 11

LITERATURE REVIEW

2.1 Deformation Behavior of Frozen Soils

Mechanical ptopthies determine the behavior of frozen soils under
applied tensile forces and loads. Three basic types of deformation are
involved: Slffffc’ plastic and vigcoug'flqy (creep). A temperature
decrease will cause éﬂZ‘;;i1 to contract; a subsequent temperature
increase will cause the so0il mass to expand in volume. The response of
the frozen soil will depend on soil type, ice content, degree of ice
saturat ion, dry density of soil solids, and temperature. Rate of
loading and time dependent effects will alter the frozen soil response.
All these factors, which are reviewed in this section, are relevant to

themal contraction behavior and possible rupture in frozen surface

soils.

2.1.1 Thermal Contraction/Expansion Properties

The linear thermal coefficient of expansion is expressed by the

relative increase in length with increasing temperature. Thus,

Q= Av (2-1)

AT Lo

where ¢ is the linear thermal coefficient of expansion, L0 is length at

some reference temperature, and AL is the change in length due to a
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temperature change AT from some reference temperature. If the material
is isotropic, i.e., exhibits the same thermal expansion in every

direction, then
a = B/3 ' (2-2)

wvhere B is the volumetric coefficient of thermal expansion.

The volumetric themmal coefficient of expansion is related to the
volume of a substance, which in turn is at its minimum value at absolute
zero -460 °F (-273.33 °C). This volume is increased as the temperature
becomes warmer. The relative increase in volume with increasing
temperature is expressed by the volumetric coefficient of thermal
expansion. The average volumetric thermal expansion over a temperature

interval AT is expressed by:
B = AV/(AT V) (2-3)

wvhere B is the volumetric coefficient of thermal expansion, vo is the
volume at some reference temperature, AV is change in volume due to a
temperature change AT from the same reference temperature.

There are many different soil types, each with its own mineral and
organic composition. Other factors include crystal orientation within
the minerals and texture, which are responsible for a different thermal
coefficient of expansion in different directions, Jones, et al. (1968).

| Based on convenience, several methods have been used to measure the
themal coefficient, including the dilatometer, optical interferometer,
strain gage, and fulcrum-type extensometer. Hooks and Goetz (1964) used
the Whittemore strain gage on bituminous concrete for temperatures from

+30°C to -30°C. This gage has advantages over the dilatometer in that



it is easy to operate and requires little operator experience in order
to obtain reproducible results. The Whittemore strain gage was used in
this study to determine the coefficient of linear contraction and

expansion for frozen Ottawa sand.

2.1.2 Tensile and Compressive Strengths
Frozen soil tensile and compressive strengths depend on several
variables including dry density, degree of ice saturation, unfrozen

water content, tenperature, unple size, rate of loadmg, and strain

r’at/e. The study by Baynes and Karalius (1977) on frozen ult, showed
that both compression and tensile strengths depend on temperature,
machine speeds (rate of loading), and unfrozen water content. They used
two machine speeds, 4.23 cm/sec and 0.423 cm/sec, along with
temperatures from 0 °C to -56.7 °C to show that compressive strength
increased by about one order of magnitude and the tensile strength
increased by one-half an order of magnitude from the warmest to the
coldest temperature. For a higher rate of loading they observed a
smaller time to failure for both compression and tension tests. Kaplar
(1971) showed that strength for soils of normal umt we:.ght w:.th less

than 1001 aatutnt:.on malways mcreued with loadmg rate.

P

The effect of total moisture content on the unconfined compressive

strength of a fine sand at =12 °C and an axial strain rate of 2.2 x lO-6

S"l is shown in Figure (2-1). At low water contents, less than 5%, the
sand behavior and strength are similar to those for dry unfrozen sand.
Strength increased rapidly with an increase in the ice matrix,

approaching a maximum strength value at full ice saturation and maximum

dry density. With higher water contents, a decrease in dry density is
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responsible for a decrease in the unconfined compressive strength. At a
moisture content close to 582 the soil particles become suspended in the
ice matrix with little or no particle-to-particle contact. The
compressive strength is now dependent on the behavior of the ice matrix.
A small decrease in strength is noted as the soil particle volume
decreases from about 42X at a moisture content of 581 to zero at a
moisture content of 100Z (Andersland, 1987).

Haynes, et al. (1975) showed that at a temperature of -10°C, the
compressive strength for frozen silt is very sensitive to strain rate,

increasing ten times over a strain rate range of 1.2 x 10-‘ sec:-l to 2.9

sec . The tensile strength was relatively insensitive with little
change indicated.

Bragg and Andersland (1981) found that at strain rates above about
10-5 sec-l the compressive strength for frozen sand was essentially
independent of strain rate as shown in Figure (2-2). However, at strain
rates below 10.5 uc-l the compressive strength increased linearly with

strain rate according to a power law of the form

1/n

Olax = A¢ (2-4)

where n is the creep parameter, A is a temperature-dependent proof
stress evaluated at a strain rate of | sec_l, ¢ is the strain rate
(sec-l), and oﬁax is the maximum uniaxial compressive strength. Values
of A and 1/n reported by several investigators for their data are

summarized in Table (2-1).
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Table 2-1: Parameter A and 1/n for Equation 2-4 for Silica Sand with
Similar Gradation and Density (Bragg and Andersland, 1981).
Temperature
(°c) A 1/n ¢ (sec™h Source
-2 341.61 0.303 5x 10 to8x 107>  Bragg (1980)
-3 _ 0.105 1.7 x IO-A to 2 x lO_2 Sayles and Epanchin
(1966)
-3.85 __ 0.10 1.7x 10 to 1.7 x 102 Sayles (1974)
-5.5  28.76 0.09 2x107 to2x 1073 Baker (1978)
-6 47.37 0.115 Sx10%¢to8 x 107>  Bragg (1980)
-6 _ 0.073 1x107 to1x 102 Parameswaran (1980)
-6.5 ___ 0.092 1.7 x 10-4 to 2 x lO-2 Sayles and Epanchin
(1966)
-10 62.31 0.119 5x10%¢to8x 107>  Bragg (1980)
-10 0071 1x107 to1x10%  Parsmeswaran (1980)
-10 0.0% 1.7x10%¢t02x10%2  Sayles and Epanchin
(1966)
-15 44.31 0.079 5x10%¢to8x 107  Bragg (1980)
-15 0.079 x 107 to1x 1072 Parameswaran (1980)
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Bragg and Andersland (1981) gave three equations for the effect of

sample size on compressive strength, failure strain and initial tangent

modulus for frozen sand. They include the following:

o= 12.06 -0.24 ¢ : (2-5)

€ = 3.07 + 0.014 &, for T = -6 °C and (2-6)

¢
ké =1.2x 10.4 zlec-l

r

Ei = ]1.703 + 0.231 9, for T = -6 °C and (2-7)
{
-1

{é =1.2x 10-4 sec

where 0 is compressive strength (HN/nz), €, is failure strain (Z), ¢ is
sample diameter in (cm), and Ei is initial tangent modulus (GN/mz).
Parameters for the above equations were based on the least squares

method. It is clear from the above equations that o, €_ and E vary

t
linearly with sample diameter while the compressive strength decreased

with increasing diameter for both €_ and Bi. The initial tangent

t
modulus increased with increasing sample diameter.

Peak tensile strength of frozen silt, 0'“, reported by Yuanlin and
Carbee (1987), was found to be a function of strain rate, temperature,

and density. A simple power-law equation gives o, as

o =k (e/e1)® (2-8)

where él is a reference strain rate taken as | sec-l, ¢ is strain rate,
n is a dimensionless parameter, and k has dimensions of stress. Both k
and n varied with temperature, density, and strain rate. A summary of

their values are listed in Table (2-2).
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Table 2-2: Values of k and n in Equation 2-8 (Yuanlin and Carbee 1987).

—————
——————————

Temperature Density Strain Rate k n
(°c) (g/cm’) ¢ s™hH (kg/cm?)
1.08-1.12 Sx10%-5x 10" 148.6  0.142
-5 1.2 - 1.26 1x102-1x107 143.4  0.151
1x107° -6x10° 48.6  0.068
1.36 - 1.41 1x103-7x 10" 105.4  0.134
-2 1.20 - 1.26 1x102-1x 10 103.2  0.185

2.1.3 Elastic Properties, E and v
Linear relations between the components of stress and strain are
described by Hooke's law. The modulus of elasticity E is a linear

relation between stress and strain, thus

E =2 (2-9)

where E is modulus of elasticity (F/Lz), O is stress (F/Lz), and € is
strain (L/L). Strain extension of frozen soils in the X-direction is
accompanied by lateral strain (contraction) in both the y, and z
directions. This is known as Poisson's effect, which leads to Poisson's

ratio V. For isotropic materials

ve- X .. X (2-10)
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where ex is the strain component in the X-directiom, ey is the strain
component in the y-direction, and €, is the strain component is the z-
direction.

Young's Modulus, E, for frozen soils is many times greater than for
unfrozen soils. In frozen soils E depends on soil composition, void
ratio, ice content, temperature, and external pressures (Andersland and
Anderson, 1978). Tsytovich (1975), introduced an equation for the

modulus of elasticity as follows:
E=a+ B0+ y0%2+ 60° (2-11)

where a, B, Y, and § are experimentally determined parameters. The
absolute value of the negative temperature © of frozen soil is in degree
Celsius. Tsytovich approximated equation 2-1] with a power law equation

of the form
E =a + Be° (2-12)

vhere n is a non linear parameter, and B is a function of normal stress
0. For temperatures down to -10°C, n can be assumed equal to unity,

hence
E=a+ B0 for © < - 10°C (2-13)

Values for E decreased with increasing external pressures and increased
with decreasing temperatures.

Haynes and Karalius (1977) showed that frozen soils gave their
highest modulus for higher machine speeds and consequently lower
strains. The modulus values at 50 X strength were slightly lower than

the initial tangent modulus. Also, tension tests consistently gave
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higher modulus values as compared to compression tests, and higher

machine speeds produced higher E values for both tension and compression
tests.

Yuanlin and Carbee (1987) in their investigation on tensile
strength of frozen silt reported on the effects of temperature, strain
rate, and density. They showed that the initial tangent modulus Ei is a
function of strain rate and temperature. For medium-dense samples, they
observed a relation between Ei and the modulus El at 50% strength which
can be expressed as

B, = 6.05 B +3.26 x 10° (2-14)

vhere B, and E, are in kgf/cmz.

Poisson's ratio for three soils are summarized in Table (2-3).

These values vere checked by equation

V=

-1 (2-15)
26

using Young's moduli measured from compression tests, and shear moduli
from tension tests on cylinderical frozen specimens (Tsytovich, 1975).
It is clear from Table (2-3) that temperature has a significant
influence on Poisson's ratio, and that it will decrease with a decrease
in temperature (Tsytovich, 1975).

Other methods of finding the modulus of Elasticity and Poisson's
ratio involves the use of compressional and shear waves in the frozen
soil. Using equation 2-16 values for v, E, and G may be computed

(Roethlisberger, 1972),
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Table 2-3: Poisson's Ratio for Frozen Soil (Tsytovich, 1975).

Water T (o) \Y
content Temperature Stress Poisson's
Soil type 4 °c kN/m2 ratio
Sand (7% pass 0.25mm, 19.0 -0.2 196 0.41
1.4% pass 0.05mm) 19.0 -0.8 588 0.13
silt (64.4% pass 0.05mm, 28.0 -0.3 147 0.35
9.22 pass 0.005mm) 28.0 -0.8 196 0.18
25.3 -1.5 196 0.14
28.7 -4.0 588 0.13
Clay (50 + Zpass 0.005mm) 50.1 -0.5 196 0.45
53.4 -1.7 392 0.35
54.8 -5.0 1176 0.26
I vf,-zvi
V= (2~-16)
2 v - v?
P s

where

v-/_E 1-v ’ V-F
P p (1+v) (1-2v) s o

V is Poisson's ratio, p is density, E is modulus of elasticity, G is
shear modulus, vp is compressional wave velocity, and Vs is shear wave

velocity.
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2.1.4 Time Dependent Effects (Creep)

A material under constant load will deform with time. This
phenomenon is called creep. A test carried out at constant load is
therefore called a creep test, and the measured strains are called creep
strains. The slope of the creep curve (strain versus time) at any point
determines the creep rate.

Vyalov (1986), Andersland and Anderson (1978), and Ladanyi (1972),
defined creep deformation as the sum of a hypothetically instantaneous
deformation, Yo? which occurs immediately after load application and a

deformation which develops with time y(t), thus,
Y =Yt y(t) (2-17)

The deformation y(t) associated with the process of creep, is
illustrated in Figure (2-3). In addition to instantaneous deformationm,
creep displays three stages: (I) non-steady state creep (segnenf; AB),
(II) steady state flow (segment BC), and (III) progressive flow. During
stage I, deformation develops at a decreasing rate and reaches a minimum
value. During stage II the deformation rate remains more or less
constant, ¥ = const; and is sometimes called the stage of viscoplastic
flow. At stage III, deformation develops at an increasing rate until
failure occurs (brittle or viscous). This final process is referred to
as the failure stage.

The duration and effect of any particular stage of creep varies
with the soil type and load. Higher loads correspond to a shorter stage
ITI and a more rapid development of failure, stage III. Referring to

Figure (2-3) the transition time from stage to stage will be different:
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the beginning of steady-state viscoplastic flow is denoted by tee’ the

transition to the stage of progressive flow by tpr; and the time of

failure by t Soil deformation with time can be represented by the

fail®
sum

tBB

+Y
0 II

Cpr tea1l
. Yinx
88

Y - YO + YI (2"18)

tpr

wvhere Yo is hypothetically the instantaneous deformation which occurs
immediately on load application, t = 0, YI is the deformation developing

over the period 0 < t £ tg is the deformation developing over the

s’ Y11

period t” <t<t is the progressive deformation developing

pr’ and Yrx
over the period tpr <t< teatl®

In most cases, it 18 undesirable to allow soil to operate under the
conditions of stage III. Therefore YIII is commonly excluded from the
analysis, and creep deformation is considered as the sum of the

instantaneous and viscoplastic deformations, thus
Y= Yo * Yp *Yg (2-19)

Sayles (1973), reporting on triaxial creep tests on frozen Ottawa
sand, found that at low stresses the rate of strain decreased
continuously with time such that logarithmic plots of strain versus time

data lead to the expression:

1/n 1/n
¢ = [én/(tn) 1 (¢) (2-20)

[ ]
vhere € is the rate of strain at time t greater than zero, ER is a

corresponding strain rate, tk is a reference time greater than zero, and

n is the slope of the straight line on the plot.
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Eckardt (1982) studied the creep behavior of frozen soil in

uniaxial compression. The lower and upper boundary conditions for his

tests on sand and clayey, sandy silt included:

Temperature T: -40°C < T < -5°C

Time under load tB: lh < ty £ 10,000 h
Uniaxial stress olz =300 kPa < ol < 10,000 kPa
Failure deformation €t -2z < €¢ <72

De formation rate &: 1x10%m<e<sx103m

He found that creep curves for both compression and tension tests can be

given in the form of axial deformation, thus

€

- O‘l/k('l‘, tB) (2-21)

wvhere 0‘l is the axial creep stress, m is a material constant, and K is a

is the loading time.

parameter dependent on temperature T, and tB

2.1.4.1 Recoverable and Residual Deformation

When a s0il specimen is unloaded, as shown in Figure (2-4), some of
the deformation will be of the recoverable kind. This recovery, from an
initial hypothetically instantaneous deformation Yo° is initiated as
soon as the load is removed and proceeds until the deformation is either
totally or partially gone. Total recovery is the case when the initial
deformation is of the purely elastic type, Yo " Ye, so that segment 0-2
of the loading curve in Figure (2-4) is the same as segment 3-4 of the
unloading curve.

Partial recovery takes place when the initial deformation consists
of an elastic deformation (segment 0-1), and a plastic deformation

(segment 1-2),
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Yo = yﬁ + Yg (2-22)
Consequently, the body recovers only from the elastic deformation Yg-

The recovery from deformation Yr in Figure (2-4) takes place only
partially with time (segment 4-5), the deformation consisting of an
elastic segment Y; (segment 5-6), and a plastic after effect Y?

(segment 5-7), thus
- e p -
Y=Y+t Y (2-23)

The deformation at stage II and III, the steady-state and
progressive flow, respectively, are plastic and totally irrecoverable,

thus

- yP - yP -
Y1 * Y11 and Yriz * Y111 (2-24)

In general, soil creep deformation at any time t consists of a

recoverable deformation and a residual deformation Vaylov (1986).
Yo Ye+ YP _ (2-25)

2.1.4.2 Fatigue Damage Accumulation

In a body subjected to cyclic loading, the process of fracture
starts with microcracks nucleating and growing at the initial stage of
the process. Then, macrocracks begin to form and propagate, which ends
in fracture of the body. For a body with considerable initial defects
(such as notches, cracks, and/or inclusions) the early ("latent") stage

of fracture may be very short or even non-existent. The relation



24

between time for the latent stage and time for macrocrack propagation
depends on the geometry of the body and on the nature of defects. The
time for crack growth may include 10 to 80 percent of the service life
of the specimen. If the body is sufficiently homogeneous, and there is
no stress concentration, the latent period may be quite long. It is
difficult to estimate damage accumulation in the latent stage. It is
also difficult, as a rule, to determine the initial time for macrocrack
formation.

In fatigue theory, damage accumulation is usually considered with
respect to the entire fracture process without distinguishing the stage
of fatigue (Kachanov, 1986). In tests with uniform load cycles the
cumulat ive effect eventually produces fatigue failure, unless the load
is below the prevailing fatigue limit. When loading and unloading
doesn't occur in unifpt- cycles but in an irregular manner, the
cumulat ive effect of these events may also produce fatigue failure. The
term "cumulative damage” refers to the fatigue effects of loading events
other than uniform cycles (Fuchs and Stephens, 1980).

Fatigue damage is defined as

w =8N (2-26)
vhere N is the current number of cycles, and N* is the number of cycles
to fracture. Under conditions of cyclic loading, the analysis can
generally be based on the principle of a linear summation of damage.
This principle, as applied to fatigue fracture, was formulated by
Palmgren in 1924 and by Miner in 1945. The percent damage already done
to the sample or fraction of life used at a certain stress level can be

formulated by
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ZNi Reversals applied at 0.1
Cycle Ratio = = (2-27)

2N_, Reversals to failure at o .
fi ai

which equals the fraction of life used at oai'
Failure (Kachanov,1986; Fuchs and Stephens, 1980) occurs when

2N,
z I e (2-28)

i Mgy

2.2 Frozen Soil Thermal Properties

Thermal properties of frozen soil play an important role in their
mechanical behavior. Thermal conductivity, latent heat, apparent heat
capacity, and thermal diffusivity are essential in heat flow
calculations involving frozen soils. Thermal properties of a frozen
soil are not constant, but are a function of temperature, dry density or
porosity, water content, mineral composition, additives, organic

factors, and direction of heat flow.

2.2.] Unfrozen Water Content

The amount of frozen and unfrozen water in soil has a significant
effect on thermal conductivity and the specific heat of frozen soil.
Unfrozen water will reduce the tensile strength of frozen soil by
reducing the ice content and by creating weak zones adjacent to the soil

particles.
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Anderson and Tice (1972) predicted the unfrozen water content v,

such that
v, " £(s, 6) (2-29)

vhere S is specific surface area (mzlg) and © is the temperature in
degrees below zero degrees Celsius (32°F). Anderson et al. (1973)

proposed an equation for prediction of unfrozen water contents as

B
.- ad (2-30)

wvhere v, is the unfrozen water content, & and B are parameters
characteristic of each soil type (Table 2-4), and © is the temperature
in degrees Celsius below zero.

The values of @ and B obtained by Anderson et al. (1973) was a

function of specific surface areas for each soil. They found that
lna = 0.5519 In S + 0.2618 (2-31)
with a correlation coefficient of 0.90 and,
In (-B) = -0.2640 1n S + 0.3711 (2-32)

with a correlation coefficient of 0.86. This gives the expression

for w as
u

-0.264

ln v, " 0.2618 + 0.5519 1nS - 1.449S ln 6 (2-33)

or

0.264

v, = Bxp [0.2618 + 0.5519 1nS - 1.449s8~ 1n 0] (2-34)

Equations 2-30, 2-31, and 2-32 are utilized in Chapter V to compute the

unfrozen wvater content in frozem soil.



27

Table 2-4: Experimental Values for a, B, Specific Surface Areas S
and Correlation Coefficients r (Anderson et al., 1973).

Surface ‘
Soil Area 2 a B r
S =m“/g
Basalt 6 3.45 -1.13 0.96
Rust 10 11.05 -0.80 0.96
West Lebanon gravel
<100 4 18 3.82 -0.64 0.94
Limonite 26 8.82 -0.83 0.99
Fair banks silt 40 4.81 -0.33 0.96
Dow field silty clay 50 10.35 -0.61 0.94
Kaolinite 84 23.80 -0.36 0.90
Suf field silty clay 140 13.92 -0.31 0.98
Hawaiian clay 382 32.42 -0.24 0.93
Wyoming bentonite 800 55.99 -0.29 0.72
Umi at bentonite 800 67.55 -0.34 0.83
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2.2.2 Thermal Conductivity

Thermal conductivity is the amount of heat passing per unit time
through a unit cross—-sectional area of the soil under a unit temperature
gradient applied in the direction of heat flow (Farouki 1981, 1982).

Thus

k= 1 (2-35)
A ('r2 - '1:1)/1.0

where k is thermal conductivity (W/m °C), A is cross-sectional area
(12), AT = (Tz - Tl) is drop in temperature (°C), Ly is length of the
element (m), and q is the amount of heat in (W).

In general, thermal conductivity of soil depends on its density,
water content, mineralogical composition, temperature, solid, liquid,
vapor constituents, and the state of the pore water. Kersten (1949) has
determined the thermal conductivity for a wide range of both frozen and
unfrozen soils at different water contents. Thus for unfrozen-sandy

soils

0.6243y,

ku = 0.1442 [0.7 log w + 0.4] 10 (2-36)

and for frozen-sand soils

k, = 0.0109% (10)0-8116Y4 4 0.00661 (10)°°211 Y v (2-37)

where k is thermal conductivity (W/m °K), Y4 is soil density (g/cm3),

and w is water content.

Average values given by equation 2-36 and 2-37 will be used in Chapter

V, to compute frost depth penetration, and ground temperatures.
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2.2.3 Latent Heat

Heat energy that is released or absorbed when a material undergoes
a change of phase is called latent heat. It is expressed by the number
of calories of heat required to effect a complete change of one gram of

the material from one phase to another. Thus, for frozen soil
L=p,wl' (2-38)
and for partially frozen soil
L=p,4 w( l-wu)l.' (2-39)

vhere Wu = wu/w is the ratio of unfrozen to total water content of the
soil, L is latent heat of fusion (J/lla), L° is latent heat of water
(333.7 kJ/xg), Pq 18 dry density of the soil (kg/l3), w 18 the soil
water content (percent by weight of solids), and v, is the unfrozen

water content (percent by weight of solids).

2.2.4 Apparent Heat Capacity

The unfrozen water content decreases exponentially with
temperature, gradually releasing latent heat and continuously changing
the heat capacity (Johansen and Privik, 1980). To account for this
change the heat capacity of frozen soil can be expressed as the sum of
the heat capacities of the main constituents. In frozen soils the
liquid-solid phase change is gradual and continual with change in
temperature, therefore the term specific heat capacity 1is not
appropriate. Use of apparent heat capacity is more appropriate.
Therefore, the apparent heat capacity can be expressed as the sum of an

appropriate term for each of these factors plus a term to account for
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the latent heat of phase change that is continually being given off or

absorbed. Thus

Iy
1 ow
(:a = (:s + Ci (Hu) + Cu LA + L u dT (2-40)
AT oT
T,

wvhere Ca is the apparent heat capacity of frozen soil, C' is the heat
capacity of the dry soil matrix, Ci is the heat capacity of ice, Cu is
the heat capacity of the unfrozen water, w is the total water content,
v, is the unfrozen water content, T is temperature, and L is latent heat
of the liquid-solid phase change (Hoekstra, 1969).

Volumetric heat capacity is the energy required to raise the

temperature of a unit volume of soil by 1°C. For unfrozen soil

Cou ™ Yq [Cm. +C w/100] (2-41)
for frozen soil

Cvf = Y4 [Cm’ + cmi w/100] (2-42)
and for partially frozen soil

Coe ™ Yq [cm +C. ('*“h) w/100] (2-43)

where Wh - wu/w is the ratio of unfrozen to total water content, Cm‘ is
the mass heat capacity of soil solids (0.71 J/g °C), cm' is the mass
heat capacity of water (4.1868 J/g °C), cmi is the mass heat capacity of

ice (2.1 J/g ‘c), and v, is dry density of the solids (g/cn3).
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Kay and Goit (1975) found that the mass heat capacity varies

linearly with temperature from -73°C to +27°C (200 to 300°K). Their

measurement s showed that
Cos ™ cp = T (2-44)

where C_ = Cp is the mass heat in cal/°Kg, m is a proportionally
constant, and T is absolute temperature in °K. They found that specific
heat decreased with decreasing temperature over their range of

temperature measurement. Table (2-5) shows some typical values for Cp.

Table 2-5: Correlation between Mass Heat and Temperature for
Representat ive Soil Materials (Kay and Goit, 1975).

Material Equat ion Correlation
coefficient
Clay-Na bentonite C, = 8.4 x 1004 T - 0.342 0.984
Sand-Sauble Beach c, =5.2x 10°% T + 0.0247 0.970
Sile-Conestogasilt loam  C, = 4.9 x 1004 T + 0.0369 0.995
Peat-Sphagnum 4 1% fiber %-IJwaqr-omus 0.986
Ice C_=1.76x 107> T + 0.0228 0.999
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2.2.5 Thermal Diffusivity

Thermal diffusivity is the ratio of thermal conductivity k to

volumetric heat capacity pc. Thus.
a=k/pc = k/cv (2-45)

where @ is thermal diffusivity (mZ/a), p is density (kg/m3), k is
thermal conductivity (W/m °C), C is mass heat capacity (J/kg °C). For

unfrozen soil

a, - ku/Cvu (2-46a)

and for frozen soil
af - kf/Cvf (2-46b)

vhere the subscript u, and f refer to unfrozen and frozen soil,

respectively.

Knowledge of the thermal diffusivity of frozen soils is necessary
for transient heat transfer analysis. Haynes et al. (1980), reported a
thermal diffusivity for a number of soils, over a range of temperatures,

and water contents as summarized in Table (2-6).

2.3 Thermal Contraction Cracks in Frozen Surface Soils

Temperatures at the earth's surface fluctuate on the order of 25°C
about the mean through the combined effects of changing seasons, and
shorter period random and diurnal chanées. More than 90 percent of this
fluctuation is confined to the surficial 10 m. PFor Alaska, all of
Canada, and the Northern tier of states of the U.S., daily mean air

Cemperatures will drop below freezing for periods of weeks during the
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Table 2-6: Thermal Diffusivity for three soil types
(Haynes et al., 1980).

Sample Water Temperature (°C)
content
z -50 -35 -20 -5 20
Thermal diffusivity, cm?/s x 10_3
* + *
20-30 Ottawa 0.0l 3.02 2.85  2.88% 2.713 2.8l
sand 8.8 13.07° 1177 12,45 L
® *
3.0 3.37 3.19  3.30  3.10 3.03
Fair banks 17.0 9.49" 8.22 7.78  6.79°
sile 25.0 _ 10.05  10.02  8.04"
1.8 3.14 2.91  2.76  2.66 2.33"
CRREL varved  18.9 8.26°  8.21 7.4  6.22° -
clay 25.5 12.19  11.24  10.33  8.76 -

* Extrapolated

+ For example 2.88 x 10
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winter season. The surface soil strata will freeze to depths of 2 m or
more. When temperatures fall in the winter, these surface layers "try"
to contract but they are constrained by the tensile strength of the
frozen soil. The surface layers are stretched in a sense, although no
observable displacements occur. Because frozen soil is relatively weak
in tension, initial fracturing commences at the ground surface and
penetrates the ground to the depth needed to relieve the tensile
stresses. The cracks will be distributed over the ground surface in a
pattern such that tensile stresse§ are reduced below the frozen soil

tensile strength.

2.3.1 Origin of the Cracks

When the ground surface is cooled it would contract if it were not
constrained. As it cannot contract, horizontal tensions are generated
with small horizontal strains. The horizontal thermal strain is
calculated as the product of the contraction coefficient and the change
in temperature from its initial value. It is the stress produced by
this stretching and not the strain that determines whether cracking will
occur. Frozen soil materials behave elastically in response to rapid
deformation. If elastic behavior is assumed in response to slower
natural thermal deformations, the stress would be proportional to the
drop in temperature from some reference value. Then using elastic soil
constants, stresses on the order of the soil tensile strength would
develop in ice-saturated soil when the temperature drops only 2 or 3°C,
and open cracks would occur with a horizontal spacing no greater than

the crack depth (Lachenbruch, 1962). Since this does not generally
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happen, it is apparent that frozen soil behavior is more complex and
involves time dependent effects as outlined in section 2.3.2.

From the above comments on thermal stress, it is clear that both

e sia..

vﬂ}g:ﬂggmperatures and rapld cooling rates favor large tensile stresses.

e e

\ i AT TR A L A o

Since both of these quant1t1es w111 attain greater extremes at the
ground surface, the greatest thermal tensions will normally develop at
the ground surface. It follows that repeated contraction cracks would
be initiated at the ground surface. This behavior is reported by
Lachenbruch (1962) for thermal cracks in permafrost. The original
cracks (Figure 2-5a) that start ice-wedges and determine their location
are initiated at the ground surface. With the approach of warmer
seasonal temperatures, water seepage fills the cracks and freezes. Any
remains of the crack in the surface thawed layer will disappear during
the summer. The process will repeat itself the following fall with the
crack forming in the weaker ice formed in the crack from the previous
season. For this case, crack initiation occurs below the surface in the
ice. For each subsequent season the lateral dimensions of the ice wedge
will grow as more and more ice accumulates in the permafrost (Figure 2-
Sc and 2-5d). In temperate regions with warmer mean annual

temperatures, the ice wedge will not form.

2.3.2 Stresses Before And After Fracture

In analyzing the stress prior to fracture, the ground is assumed to
be a homogeneous semi-infinite medium. The ground temperature, with
reference to the mean annual temperature as zero, is used to provide a
relation between horizontal stress and temperature. Information

required includes: (a) ground temperature as a function of air

L4
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Figure 2-5: Schematic Representation of the Formation of an Ice Wedge
According to the Contraction - Crack Theory. Width of

Crack Exaggerated for Illustrative Purposes (Lachenbruch,
1963).
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temperatures, time, and depth; (b) the thermal contraction coefficient
as a function of temperature; and (c) mechanical properties of the
frozen soil as a function of temperature. Assuming the simplest model

of deformation, the elastic solution for stress gives

a AT (2-47)

1-v

where 0 is the tensile stress at a given depth, E is Young's modulus,
VvV is Poisson's ratio, a is the coefficient of thermal contraction, and AT
is the change in temperature.

Prior to fracture the stresses will be the same from place to place
at a given depth and time. After crack formation there will be a
reduction in tensile stress in its vicinity. These cracks must be so
distributed that the stress over the entire surface is reduced below the
tensile strength of the frozen ground. Consider a single isolated
crack. At the surface of the crack the horizontal tension normal to the
strike is zero, as this is a free surface. With increasing distance
from the crack at any depth, the horizontal stress will change and
asymptotically approach the initial or prefracture value at large
distances. Each crack has associated with it a zone of influence or
stress relief. Throughout this zone the stresses are reduced well below
the tensile strength and no further cracking would occur. Beyond the
zone of stress relief the stresses near the ground surface will still
exceed the frozen soil tensile strength and other cracks would be
expected to occur. The spacing of the cracks are related to the width
of the stress relief zone for a single fracture. This question will be

examined in greater detail in section 5.2.3.
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2.3.3 Crack Depth and Spacing

Up to this point it has been assumed that cracks will initiate if
and when the tensile stress exceeds some critical value - the tensile
strength. Lachenbruch (1961) has used fracture mechanics theory to
provide a more complete picture of crack formation in frozen soils.
Energy is required to lengthen a crack, first to overcome the forces of
cohesion to produce new surfaces, and second, in a brittle-plastic
medium, to do work of plastic deformation in the region of elevated
stress near the crack tip. At the same time, when a tension crack
lengthens, it relieves some of the tension that produced it, hence
strain energy is released from the medium. A crack will lengthen if,
and only if, by so doing it releases at least as much (strain) energy as
it consumes near the crack tip.

In a frozen soil under uniform tension, the amount of strain energy
(G) released with the creation of one square centimeter of crack surface
increases with the length of the crack and the tensile stress. As the
tensile stress is increased in a brittle-plastic medium, a value of (G)
is reached at which small flaws in the frozen soil start to grow and
coalesce to form minute cracks. The growing cracks release more strain
energy with increase in length, but at the same time, the size of the
plastic zone near the tip grows, and so does the energy consumption.
When the rate of energy consumption overtakes the rate of energy
release, crack growth stops. This process is called "stable cracking"
because it is self arresting.

As cracks continue to lengthen stably in a brittle-plastic
material, the increase in plastic-zone size becomes less important, and

a crack length is reached at which the rate of energy release is growing
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faster than the rate of energy consumption with increasing crack length.
At this point the crack will extend with no further increase in tensile
stress, and "unstable" fast fracture begins. The stress at which small
cracks attain this critical length in uniformly stressed frozen soil is
called the "tensile strength". This condition is identified with a
critical value of the rate of strain energy release (or consumption) per
square cent imeter and is denoted by Gc’ 1f the rate of energy release
(G) for a given crack is less than Gc, propagation, if it occurs, will
be slow and stable; if it is greater, excess energy is available to
accelerate crack extension to cause fast fracture.

At what depth does the crack stop? The crack will stop at that
depth at which the rate of energy release ceases to exceed the rate of
energy consumpt ion near the crack tip; or about the depth where G falls
to Gc‘ Crack depth is a function of stress on the crack surfaces, and

stress intensity factors, thus
b=f (&I, g) (2-48)

wvhere b is crack depth, KI is stress intensity factor, and O is stress
on the crack surfaces. Due to non linearity of stress distribution on
the crack surface, a combination of methods (Sih 1973; Koiter, 1965;
Lachenbruch, 1962) are used in evaluating the stress intemsity factor KI
as will be shown in Chapter 1V.

Crack spacing depends primarily on how the tensile stresses are
reduced along the horizontal surface and away from the crack. Crack
spacing is a function of horizontal distance from the crack, crack
depth, and stress magnitude and distribution along the crack surface.

Calculations for crack spacing will be shown in Chapter V along with a

numerical example.



CHAPTER III

PRELIMINARY EXPERIMENTAL WORK

3.1 Thermal Contraction/Expansion Behavior

3.1.]1 Materials and Preparation of Beam Specimens

A commercially available Silica Sand (produced by UNIMIN
Corporation, Oregon, Illinois 61061, U.S.A) used for the experimental
study was evaluated relative to its themal contraction/expansion
behavior in the frozen state. The sand consisted of sub-angular quartz
particles with a specific gravity of 2.65. The samples were prepared so
that the sand gradation was uniform in size with all material passing
the number 30 U.S. standard sieve (0.590 mm) and retained on the number
200 sieve (0.074 mm). The coefficient of unifommity (Cu - d60/d10) was
approximately 1.51.

A wooden mold, 12 inches (304.8 mm) long by 2.5 inches (63.5 mm)
wide by 2 inches (50.8 mm) high, Figure (3-1), was used to prepare the
samples. The mold was first sealed by placement of high vacuum grease
along the edges, then water was poured into the mold. Sand was placed
into the water to first remove all air bubbles, then the sides were
tapped to give the desired sand density.

After preparat ion .of the unfrozen sample, the next step involved
drilling partial holes at each end for placement of steel gage plugs.

The holes were carefully located on the top of the compacted beam, using

40
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Figure 3-1: Beam Mold and Template for Preparation of
Contraction/Expansion Specimens.
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the template shown in Figure (3-1), to give two 10 inch (254 mm) gage

lines centered | inch (25.4 mm) from each end, and 0.75 inch (19.05 mm)
from the edge of the beam. Holding the template firmly in place on the
beam, the gage plugs were inserted into the hole and tapped lightly into
the surface of the sand. The template was then removed.

The mold, sand, and steel plugs were then placed into the freezer
and frozen at a temperature close to -5°C (23°F). After 24 hours the
sample was removed from the mold, placed on the wooden rollers shown in
Figure (3-2), and returned to the freezer. Gage length and temperature
readings were taken immediately and at appropriate intervals as the
frozen beam was allowed to slowly cool down to =30 °C (-22 °F). The 9
mm diameter wood rollers provided a very low friction support during
contraction and expansion. Gage and temperature readings were cont inued
as the sample was permitted to slowly return to =5 °C (23 °F). Onme

cycle of readings was completed in about 2.5 days.

3.1.2 Equipment and Test Procedures

Dimensional changes of the frozen sample caused by a change in
temperature were measured using a Whittemore strain gage. This gage is
a mechanical device employing a dial gage with no internal
multiplicat ion of the measured deformation. For this investigation, a
10 inch (254 mm) gage length and a least gage reading of 0.000! inch

(2.5 x 1073

104

mm) gave a strain sensitivity of 0.00001 inch/inch (2.54 x
ma).
The gage and accessories are shown in Figure (3-3). The frame and

bar on which the gage is mounted serves as a reference between readings.
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A standard separate frame is used for establishing the correct gage
length on the specimens.

The testing technique involved placement of the standard bar and
gage in the cold box adjacent to the frozen samples so that a uniform
temperature was maintained throughout the investigation. Before taking
a measurement, the gage was checked against the appropriate standard bar
followed by a series of three readings obtained for the left and right
sample gage plugs. The gage points were then gently inserted into a set
of the steel gage plugs and the reading taken. This procedure was
repeated three times for each gage line, removing and replacing the gage
for each consecutive reading. It was important that the gage be held
vertical and that a gentle tap be given the dial gage to ensure that
consistent readings were obtained.

Temperatures vere monitored using two thermistors (type 100 OHM
Platinum RTD .00385 T.C. produced by Pyromation Inc.) embedded, prior to
freezing, in the sample near its mid-section. The thermistors where
monitored using a Minitrend 205 data logger produced by Doric
Scientific, San Diego, Califormnia.

Measurement of dimensional changes was repeated at selected
temperatures with the length change' of the specimen given by the
dif ference between initial and consecutive readings. These results were

then plotted as shown in Figure (3-4).

3.1.3 Thermal Contract ion Coefficients
Thermal contraction/expansion tests on (1) saturated sand, (2)
partially saturated sand, (3) drained partially saturated sand, and (4)

snow, showed that an increasing percentage of ice saturation increased
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the coefficient of thermal contraction as shown in Figures (3-4) and (3-
5). In all samples tested and the data reported by Butkovich (1957),
the effect of changing the temperature from -5 °C (23 °F) to -25 °C (-13

=6 ocml, comparison of

°F), changed the coefficient by at most +4 x 10
these coefficients of thermal contraction for the frozen soil with the
coefficient for quartz and for ice (y = 0.97 g/cm3), shows that a is
almost constant with temperature between -5 °C (23 °F) and -25 °C (-13
°F). The presence of ice and an increase in frozen sand density serves
to increase the coefficient of thermal contraction. This change is
shown in Figures (3-5) and (3-6). In general, the density of the

material has more effect on the coefficient of thermal contraction, than

the change in temperature.

3.2 Fiber Reinforcement

3.2.1 Materials and Preparation of Compression Specimens

A commercially available silica sand (produced by UNIMIN
corporation, Oregon, Illinois 61061, U.S.A.) was selected for the fiber
reinforced compression samples. This sand consisted of sub-angular
quartz particles with a specific gravity of 2.65. The sand gradation
was uniform with all material passing the number 20 (0.840 mm) U.S.
standard sieve and retained on the number 200 (0.074 mm) sieve. The
coefficient of uniformity (Cu = d60/d10) was approximately 1.49.

Commercially available steel wire (gage sizes of 28, 24, and 17)
was used in volume fractions of 3%, 6%, and 92. The wire was cut to the
required length of 0.50 inch or 0.25 inch as needed for samples. A sand
and steel fiber volume fraction of 64 percent was selected to give a

dense fiber reinforced soil mass. This volume fraction was convenient
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for ease of compaction and is comparable to a compacted sand volume
fraction typically encountered in the field.

All samples were prepared in split aluminum molds. A removable
extension, 0.375 inches high, was attached to the open end of each mold
to aid in sample preparation. The mold was disassembled and cleaned
prior to each sample preparation. Next, a thin coat of silicone grease
was applied to the inner mold surface to reduce ice adhesion at the
sample/mold interface and to aid in sample removal after freezing.

The amount of oven dried sand, and steel fibers required for a
given volume fraction, was predetermined based on the mold volume,
weight of the aun(i, and steel fiber. To insure a high degree of
saturat ion, molds' were first partially filled with distilled water.
Next, a mixture of sand and steel fibers was slowly poured into the mold
allowing air bubbles to readily escape to the surface. The degree of
ice saturation, for samples prepared in this manner, ranged from 96.1 to
99.9 percent based on an ice density at -14 °C of 0.9148 mg/m3 (Pounder,
1967). Sample compaction was achieved by tapping the mold sides and
bottom sufficiently to allow the fiber reinforced sand to settle within
the mold. The mold and samples were then placed in a cold box at -14 °C
and allowed to freeze for at least 12 hours.

Next, mold extensions were removed and the exposed sample ends were
trimmed with a sharpened scraper until a uniform seating area was formed
for the loading platens. Samples were then removed from the mold,
weighed, and enclosed in rubber membranes to prevent sublimation during
storage. Sample volume was assumed equal to the mold volume for density

computations.
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3.2.2 Uniaxial Compression Test

Uniaxial constant strain rate compression tests were conducted on
1.13 inch (28.70 mm) diameter cylindrical samples with a 2:1 height to
diameter ratio, at a temperature of -6 °C (21.2 °F) and strain rate of
approximately 1.l x 10-4 sec-l. Sample diameters were selected so as to
stay within the capacity of the test equipment. Prior to mounting
samples in the triaxial cell, a stainless steel (disk) loading platen
was placed at each end of the sample.

Loading platen surfaces in contact with the sample were coated with
a thin layer of Teflon to reduce end effects. Two protective membranes
were placed over the samples and fastened securely to the loading
platens with rubber bands. The 1.13 inch diameter samples were then
mounted on the base pedestal of the triaxial cell (inside a cold box).
The triaxial cell (Figure 3-7) was placed over the sample, attached to
the cell base, and the loading ram was brought into contact with the top
loading platen. The entire triaxial cell was then transferred to the
low temperature bath and a mixture of ethylene glycol and water was
allowed to fill the bath and circulate around the sample. A period of
at least 6 hours was allowed for sample temperatures to adjust to the
cold bath temperature prior to testing.

After completion of a test the triaxial cell was disassembled and
the sample removed. The membrane and sample were inspected for leaks
and the failure mode was noted and sketched. The sample was thawed and
oven dried to permit determination of oven dry weights. The degree of

ice saturation was then computed based on the mold volume, weight

fractions of sand and fiber, and sample weight.
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With higher compressive strengths due to fiber reinforcement and
test equipment of limited load capacity, it was necessary to use smaller
diameter frozen sand specimens in the test program. The following
paragraphs present a description of the equipment and test procedures
used to determine the mechanical properties of the fiber reinforced

frozen sand material.

Equipment:

A modified triaxial cell was used for the constant strain rate
compression tests conducted on the [.13 inch diameter samples. The
samples rested on a stainless steel platen which was supported by the
triaxial cell load pedestal. A flat load cell, ﬁniversal, Model FLU: 5
SP2 - 0211 (rated capacity of 5,000 pounds), with SCM-700-strain gage
signal conditioner was used to monitor axial loads. Axial deformat ion
vas measured using a displacement transducer (LVDT) type GCA-121-500 S/N
3665 with SCM series, S/N 987 strain gage signal conditioner. A
schemat ic diagram of the triaxial cell assembly is shown in Figure (3-
7).

A constant temperature was maintained during testing by immersion
of the test apparatus (triaxial cell) in a circulating low temperature
bath of ethylene glycol and water (50-50 mixture). The temperature of
the coolant fluid was maintained to + 0.l °C using a micro-regulated
refrigeration unit and circulator. A thermometer with scale divisions
of 0.1 °C was used to monitor the temperature of the bath. The
temperature of the coolant immediately adjacent to the sample was
determined to + 0.05 °C using a thermistor type 100 OHM platinum RTD

.00385 T.C period and a Doric, Minitrend 205 data logger. A schematic
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diagram of the test equipment and coolant circulation system is shown in
Figure (3-8).

The constant strain rate uniaxial compression tests were conducted
using a Wykeham-Farrance (Model T57) variable speed testing machine with
a 10,000 pound load capacity. This test machine had a 30 speed gear box
with the capability for displacement rates ranging from 0.075 to
0.000048 inches per minute. Results indicated that the cross-head
displacement rate increased slightly during testing, reaching the
selected rate only after the peak load had been reached. Output from
the various transducers and thermmistors were recorded on a data logger
strip chart, using four channels. The test set-up is shown in Figure

(3.9) .

Test Procedures:

After the frozen sample was mounted in the triaxial cell, the test
apparatus was placed in the cold bath. When a sufficient period of time
had elapsed for temperature stabilization (6-hours), the following test
sequence was followed:

1. The signal conditioners were connected to the recorder, which was
allowed to warm up for approximately one-half hour prior to testing.
After the warm-up period, the signal conditioners were adjusted to a
zero reading.

2. The loading ram of the test frame was brought into contact with the
test apparatus, but with no applied load. A small seating stress,
approximately 100 psi, was applied to the sample prior to testing.
The manual loading feature of the Wykeham-Farrance test frame was
used to apply the seating load and the magnitude was monitored with

the load transducer. The specimen was not tested until the seating
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stress had decreased to nearly zero by sample relaxation. This
procedure gave a more uniform contact surface between the sample and
loading platens and helped minimize data scatter.

3. Temperatures adjacent to the sample (inside the triaxial cell) were
measured using a themistor and monitored by the data logger.

4. The gear box controls for the loading ram were adjusted to give the
desired loading rate and the loading ram was engaged.

S. Samples were deformed to at least 7 percent strain (failure or peak
stresses normally occurred at greater than 5 percent axial strain).
The drive mechanism for the recorder and test frame were then
stopped.

6. Circuits from the transducers were disconnected from the recorder and
the recorder strips were labeled and filed until the data could be
transcribed to data sheets.

7. The sample was unloaded and the triaxial cell removed from the cold
bath and disassembled. The failure mode was sketched and the sample

was oven dried at 110 °C to detemine the weight of sand.

3.2.3 Compression Test Results

Steel fibers used in reinforcing the frozen sand, provided
information on the influence of gage size, volume fraction, length, and
aspect ration (length to diameter ratio) on the unconfined compressive
strength. A summary of these tests are given in Table (3-1). For

comparison, tests were also run on specimens with no fibers.
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The effect of different volume fractions for a given fiber are
shown in Pigures (3-10), (3-11), and (3-12). In these tests the fiber
length was kept constant, either 0.25 inches (6.35 mm), or 0.50 inches
(12.7 mm). As shown in these figures, increasing the fiber volume
fraction increased the unconfined compressive strength and, in general,
increased the modulus of elasticity for the reinforced frozen sand.

A steel fiber, gage 28, with volume fraction of 92 (sample 33),
increased the compressive strength from 1464 psi (0X fiber) to 2022 psi.
Note that the failure strain increased with an increase in volume
fraction as shown in Figure (3-11). This behavior can be explained in
that frozen soil is a brittle material while steel wire is a£ excel lent
ductile material.

Reducing the frozen soil volume fraction by adding steel fiber will
also improved the energy absorption characteristics of the frozen soil.
An increase from 5.3% strain for 0 X fiber up to 9.6 X (sample No. 27)
wvith 9 % fiber was observed.

The fiber diameter, as well as the length, have an effect on the
unconfined compressive strength of reinforced frozen sand. Figures (3-
13) to (3-15) represent data for a constant fiber volume fraction and
fiber length, but different fiber diameters. In these tests the effect
of fiber surface area appears to influence the behavior. A failure
mechanism for the fiber reinforced frozen sand can be explained as fiber
pull out and debonding, which depends on the fiber surface area.
Increasing the surface area will increase the total bond between steel
fibers and ice, sand or both. This behavior will increase the
resistance of the mix to compressive failure loads. The surface area

for a given fiber depends on fiber diameter. As shown in Figure (3-16),
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for a fiber volume fraction of 3%, the steel wire (gage 28) of diameter
0.016 inches (0.4064 mm) has a higher modulus of elasticity and failed
at a higher compressive strength, as compared to samples reinforced with
fiber gages 24 and 17.

The effects of a combination of fiber lengths and diameters can be
visualized by introducing the aspect ratio effect on the unconfined
compressive strength of frozen sand. Increasing the length will
increase the aspect ratio of a given fiber, with a known diameter.
Influence of volume fraction and aspect ratio of different fibers on the
unconfined compressive strength are shown in Figure (3-17), Al-Moussawi,
and Andersland (1988). For both an increase in aspect ratio and volume
fraction of steel fiber, all tests showed an increase in the unconfined
compressive strength. At a given aspect ratio, the addition of fiber
made it more difficult to obtain the same soil density in areas adjacent
to the fibers. For this reason little or no strength increase was

indicated for 3% fiber volume.

3.3 Thermal Tensile and Stress Relaxation Tests

3.3.1 Materials and preparation of Tensile Specimens

Silica sand with properties the same as that used for the thermal
contraction tests was used in sample preparation. Particle size
distribution for the sand is given in Table (3-2).

An aluminum mold, with dimensions shown in Figure (3-18), was used
to prepare the frozen sand sample. The sample was shaped as shown in
Figure (3-19) to minimize end effects. Screw rods at both ends
transferred the load from the end plates (Figure 3-20), to the frozen

sample. The three piece mold was first coated with vacuum grease at all
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Table 3-2: Weight Size Fractions of Sand Used in Preparation of the
2100 gm Samples for Tensile Stress Relaxation Tests.

U.S. Standard Weight Percent Finer

Sieve Number (gm) by Weight
30 4.20 96.00
40 1092.00 47.98
50 831.60 20.44
70 140.70 10.36
100 24 .78 3.26
140 4 .62 0.56
200 1.26 0.07
pan 0.84 0.00

Total 2100.00

joints and assembled. Next, water was poured in the mold to help 'air
bubbles escape during placement of the sand. Tamping the sand during
placement helped achieve a relatively homogeneous and dense sample.

The mold with the sample inside, was placed in the freezer for
freezing and cooling to =20 °C (-4 °F). Next, the sample was removed
from the mold and supported vertically inside the freezer by comnecting
the end plates to the connector bars attached to the load frame. While
in the freezer, the sample temperature was allowed to adjust to -5 °C
(23 °F). The test was started at -5 °C. Two metal screens placed
around the sample provided support for the dry ice coolant as shown in
Figure (3-21). Partial control of cooling rates was handled by changing
the space between the sample surface and the dry ice. The outer screen

diameter was ad justed so as to provide space for a minimal amount of dry
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ice. An insulation board box placed around the dry ice in the freezer

helped reduce external heat effects and vaporization of the dry ice.

3.3.2 Experimental Equipment

Temperatures were measured using six thermistors (type 100 OHM
Platinum RTD .00385 T.C.) attached to the sample surface, four on the
ends and two at the mid cylindrical section as shown in Figure (3-22).
A flat load cell (Model FL5U(C)-2SP) with rated capacity of 5000.pounds
was used with a strain gage signal conditioner (Model SCM-700) to
measure axial loads. Axial deformation was measured with an LVDT type
(GCA-121-500 S/N 3665 with SCM series, S/N 987) strain signal |
conditioner as shown in Figure (3-23). Loads, axial deformation, and
temperature were monitored using a Doric Minitrend 205 data logger.
Data output from the va;ious transducers and thermistors were recorded
on the logger strip chart, using eight channels. Figure (3-23) shows

the test set-up for both tensile and stress relaxation tests.

3.3.3 Test Procedures

After mounting the tensile sample as shown in Figure (3-24) and
waiting six hours for temperature stabilization, the test sequence
described below was followed for both tensile and stress relaxation
tests.

1. The signal conditioner was connected to the recorder, and allowed to
warm up for approximately one-half hour prior to testing. After
warm-up the signal conditioners were adjusted to a zero reading.

2. A small seating stress, approximately 100 psi, was applied to the

sample prior to testing by adjusting the nut on top of the load
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Figure 3-24: Frozen Sample with Thermistors in Freezer Box After
Mounting on Load Frame.
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frame. Next the seating stress was allowed to decrease by relaxation
to nearly zero. This procedure provided a more consistent load
transfer between the end plates and the sample through the
connectors, and helped to minimize data scatter.

With the sample in tension, dry ice was placed around the sample.
This caused thermal contraction in the sample and an increase in
tensile stress. With time and sufficient cooling, peak stresses or
tensile failure occurred in the samples.

In the stress relaxation test all samples were tested at =15 °C (5
°F) with no dry ice. Temperatures were controlled by the freezer
with a small fan providing circulation and a more uniform temperature
within the freezer. Initial stresses were introduced to the sample
manually by adjusting the load on the top sample end plate. Tests
were strain controlled, i.e., stress relaxation occurred only as a
result of creep in tension. This creep was allowed to continue to a
level where very little change in the stress occurred with time.
After the desired number of strain cycles, the sample was manually
loaded in tension to failure.

After completion of each test, all transducer circuits were
disconnected from the recorder, and data strips were labelled and
filed until they could be transcribed to data sheets.

The sample with end plates was removed from the freezer. The failure
mode was sketched or photographed, as shown in Figure (3-25), and the
sample was oven dried at 110 °C (230 °F) to determine the weight of

sand, and degree of ice saturation.
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Figure 3-25: Frozen Sand Sample (No. 4) after Tensile Failure.
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3.3.4 Thermal Tensile Test Results

To evaluate the effect of temperature and cooling rate on thermal
contraction and cracking in frozen sand, tensile specimens (Figure 3-
26), were initially loaded with a seating stress (close to 100 psi)
after which the specimen ends were fixed. Some stress relaxation
occurred before placement of dry ice around the sample area. Sample
temperatures were close to -5 °C during mounting and placement of the
seating load. Stress and temperatures were then monitored as a function
of time as the specimens were cooled to temperatures as low as -78 °C
(-108.4 °F). The sublimation temperature for dry ice provided a
reasonable lower temperature for these tests and helped provide a larger
range of cooling rates. The rate of cooling was partially controlled by
the spacing between the dry ice and the specimen. For the most rapid
cooling rate (-4.31 °C/min) the specimen diameter was reduced to | inch
at its mid-section allowing temperature change to occur more quickly.

The change in temperature and tensile stress with time for sample 4
is presented in Figures (3-26) and (3-27). Reasonably constant rates of
temperature decrease were achieved over portions of the curve. Sample
temperatures are average values for the smaller middle portion of the
test specimens (Figure 3-26). With themmistors placed on the specimen
sides, cooling tests on duplicate samples showed that measured
temperatures were close to average values when a small adjustment was
made in the time scale. For the tensile test results, it appeared that
this correction was very minor, and therefore has been omit ted for the
data presentation. Towards the end of a test at higher stresses,
failure in tension was very sensitive to any vibrations in the load

frame caused by adding dry ice or other adjustments in the equipment.
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Data for samples 1, 2, and 3 are summarized in Figures (3-28), (3-
29), and (3-30). As expected, the more rapid cooling rates gave higher
rates of stress increase since creep and stress relaxation are time
dependent. The tensile stress-time curves in Figure (3-28) show an
upward curvature as lower temperatures are achieved. The temperature-
time curves in Figure (3-29) appear to be more linear. A cross-plot of
tensile stress versus temperature in Figure (3-30) for samples 1, 2, and
3, all show an increase in slope with colder temperatures. The greater
stiffness of frozen sand at colder temperatures would explain this
increase in slope. A decrease in the coefficient of thermal contraction
with colder temperatures (Figure 3-5) would lead to a decrease in slope
and partially cancel the effect of greater stiffness. This thermal
contraction behavior implies that a colder soil sample will experience a
larger stress increase per degree drop in temperature when compared to a
warmer frozen soil. Field observations reported by Lachenbruch (1961)
are in agreement with this observation, in that cracks more readily
occur later in the winter season when the ground is colder.

A modified cold storage freezer was used to achieve a cooling rate
close to -0.021 °C/min for sample 5. This tensile stress versus time
data (Figure 3-31) also shows an upward curvature in agreement with data
summarized in Figure (3-28). A stress of 77 psi was reached after 7.75
hr. of slow cooling. A summary of the stress/temperature cooling curves
for saturated frozen sand is given in Figure (3-32). Data for sample 5
was limited to temperatures above -15 °C by the freezer box capacity.
Data for sample 4 (Figure 3-32) is shown by three groups of data

representing different average cooling rates.
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Table 3-3: Summary of Tensile Strength Tests on Frozen Saturated Sand.

—_———

Sample + dT/dt Maximum Time to Max. Sample Cooling
No. (°C/min) Stress Stress or Dia. Source
(psi) Failure (min.) (inch)

1 -.63 258.3 - 2 Dry Ice
2 -3.01 211.0 3.98 1 Dry Ice
3 -4.31 138.5 1.876 1 Dry Ice
4 =2.41 51.83 8.21 2 Dry Ice
4 -.789 247.5 39.78 2 Dry Ice
4 -.200 490.8 152.19 2 Dry Ice
5 -.021 77.05 - 2 Freezer

+ Average values. A uniform cooling rate was achieved only over limited

temperature ranges due to equipment limitations.

3.3.5 Stress Relaxation Behavior

Soil creep involves slow and progressive deformation of the
material with time under a constant tensile stress. When deformation
(or strain) is held constant, the tensile stress will gradually decrease
or relax with time. A combination of these processes occurs during and
after thermal contraction in frozen soil. Thermal contraction test
results (section 3.3.4) showed that increase in tensile stress was
reduced for lower cooling rates due to creep and stress relaxation.

To provide more information on the effect of cumulative strain

(damage) resulting from cyclic thermal contraction on frozen soil
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tensile strength, a series of cyclic constant strain tests were run on
duplicate samples of the type described in section 3.3.1. After
mounting the specimen and allowing the temperature to come to
equilibrium at -15 °C, an axial strain was applied to the specimen after
which the strain was fixed. These strains, including 6.6 x 10.4 in/in
for the fourth cycle, 12.0 x 10-4 in/in for the second cycle, and 10 x
10-4 in/in for the forth cycle, were applied prior to each cycle so as
to simulate a permanent known deformation (plastic strain) representing
past sample strain history. Selection of these strains was arbitrary,
but did recognize that a total tensile strain of about 100 x 10-4 in/in
would likely lead to failure (Eckardt, 1982). The sequence of load
applications with the above strains is illustrated in Figures (3-33),
(3-35), (3-37), and (3-38).

Figure (3-33) illustrates a reference value for stress and strain
for a one load cycle. This strain value was used to estimate the'
permanent cyclic deformation used for the stress relaxation tests. With
strains fixed for a 24-hour period, stresses decreased to the point
where only very slow changes were observed. At this point the next
cycle was initiated.

Fatiguing the sample to a fixed total strain and then breaking it
showed effects of stress and strain at failure. This simulated what
really happens in the field. In these tests, holding the temperature
constant while cyclic strains where imposed in the laboratory simulated
the cyclic cooling in the field.

The cyclic strain showed the following phenomenon: The series of

limited cyclic tensile strains imposed on the frozen sand Qamples showed

that strain controlled fatigue will induce strain hardening and reduce
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