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ABSTRACT
MATERIAL PROPERTIES FOR
SAND-ICE STRUCTURAL SYSTEMS
By

Richard Alan Bragg

Controlled ground freezing has been profitably used as a construc-
tion aid to provide temporary support for excavations, tunnels, mine
shafts, buildings experiencing severe settlement distortions, and to
provide an impermeable barrier to seepage into excavations. More
widespread application of frozen soil as a structurally effective
material has been limited by difficulty in predicting the mechanical
behavior of the soil-ice material and the influence of temperature on
this behavior.

Experimental data has been obtained in an effort to define the
material properties of frozen sand required for design of frozen soil
structures subject to flexure. The effects of strain rate, temperature,
and sample size on the compressive and tensile properties of frozen
silica sand have been determined from uniaxial compression and split
cylinder tests. Data are presented which describes the temperature
and strain rate effects on the elastic modulus, strength, failure strain,
and failure mode. Observations are presented relating the influence
of machine stiffness and test system errors on the observed frozen soil
behavior. Test methods used are reviewed with respect to possible
standardization of test procedures for frozen soils.

To eliminate the influence of mineral composition, ice content, and

soil density on the observed mechanical properties, all tests were
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conducted on frozen saturated Wedron (silica) sand. Samples were

prepared with a sand volume fraction of 64 percent in split aluminum
molds. Uniaxial compression test samples ranging from 1.13 to 2.40
inches in diameter (length:diameter ratio of 2.0) ;,Jere tested at
strain rates ranging from 5 x 10_7sec-1 to 8 x q.O_A'sec_1 (at tempera-
tures from -2°C to -15°C). Several uniaxial coni:pression creep tests
were conducted on 1.13 inch diameter samples. vSp]‘.iAt cylinder samples
ranging from 1.94 to 4.00 inches in diameter (ler_ltgth: diameter ratios
of 0.5), were tested at vertical deformation rates varying from 0.002
to 0.28 in/min, and temperatures ranging from -2°C to -15°C.
Results of constant strain rate compression césts indicated that
the frozen sand stress-strain behavior was dependent on the applied
strain rate. There was an observed transition from plastic to brittle
failure as the applied strain rate increased. The stress-strain curves,
at low to moderate strain rates, exhibited an initial yield corresponding |

to yield in the ice matrix. At highrstrain rates this yield coincides

with the peak stress. The initial tangent modulus, initial yield
stress, and the peak stress were observed to increase with increasing

strain rate and temperature. The initial yield strain and the failure

strain were independent of temperature, but the failure strain was
observed to increase with decreasing strain rate.
Uniaxial constant stress creep tests were conducted for comparison

with constant strain rate tests. Comparison of creep parameters obtained

from the two tests suggests that constant strain rate tests may be used
to define the creep strength of frozen sand and the time dependent strain

during secondary creep. Volume change measurements for constant stress

Creep tests show that dilatancy influences the creep deformation







process. The observed increase in volumetric strain during secondary
creep also increased Poisson's ratio. This contradicts the usual
, assumption of volume constancy during the creep process.

Results for the split cylinder tests show that the temnsile
strength and tensile failure strain of frozen sand was significantly
less than the corresponding values in compression. The tensile
strength and elastic modulus were also observed to increase with
temperature and strain rate in a fashion similar to the compression
properties. Application of the split cylinder test to frozen sand
was limited by the material behavior and difficulties in interpreting
results.

Machine stiffness altered the observed strain rate in constant
strain rate compression tests. Material parameters did not appear
to be significantly effected, but the phenomenon would suggest a
source of test system error and differences in results reported by
difference investigators.

The Mohr-Coulomb failure theory was examined with respect to
data obtained in the current investigation. A parabolic failure
envelope helps describe the time dependent strength of frozen sand
in terms of the compression:tension strength ratio.

The final section presents a simplified analysis of a frozen soil
beam to consider the time dependent strength and deflection of the
beam. The analysis serves to demonstrate how tensile strengths can
be utilized to resist bending stresses (at least for short periods of
time) and how other mechanical properties obtained from the investi-

gation may be used in design of frozenm sand structural elements.
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CHAPTER I

INTRODUCTION

Controlled ground freezing is a viable and competitive alternative
for providing temporary ground support. and groundwater control for
large open excavations. Geometry of the structure and available space
help determine the structural system for the frozen earth wall.
Relatively high compressive and low temsile strengths of frozen soil
generally limit the structural system to curved or circular arch walls.
Gravity and/or anchored walls are used when restrictions prevent the
use of curved structural elements. Use of reinforcement in the frozen
so0il structural elements and design methods which account for available
tensile strengths would greatly increase potential applications.

The major limitation to greater use of frozen soil as a structural
or static effective material has been the difficulty in predicting its
mechanieal behavior and the influence of temperature on its behavior.
In particular, little information has been available concerning the
flexural behavior of soil-ice materials and the influence of time and
temperature on the tensile strength of frozen soils has not been well
defined. Since frozen soils have a distinct time-dependent strength,
the temporal development of stress and strain in soil-ice structural
systems is of interest.

The mechanical properties of frozen soils are gradually being
defined through the independent efforts of various researchers. Inter—
Pretation of data concerning the influence which strain rate, temper-
ature, sample size or shape, and test conditions have on the stress-
strain behavior, time dependent strength in compression or tension,

3
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failure strain, and failure mode has been limited by differences in
| sample preparation and test procedures. Standardization of test
procedures would permit a more accurate comparison of data for the
material properties obtained by different researchers. Selection
of sample preparation techniques and test procedures must insure
consistency in test results, ease in interpretation, and define the
properties of interest without significant experimental error. Of
common concern are test procedures to determine the long term compres-
sive and tensile strength of frozen soils from laboratory tests on a
limited number of soil samples.

The primary objective of this research was to investigate those
mechanical properties of frozen soils required for design of frozen
soil barriers or structures subject to flexural stresses. A number of
variables which have been observed to influence the mechanical
behavior of frozen soils include miner‘al composition, percent ice
saturation, and the dry density of the soil. To eliminate these
variables all tests were conducted on frozen saturated Wedron silica
sand samples at a sand volume content of approximately 64 percent.

The initial phase of the research was directed at defining the
mechanical properties of the sand-ice material in compression and
observing the physical mechanisms responsible for the material behavior.
The effects of temperature and strain rate on the compressive strength,
initial tangent modulus, failure strain, and failure mode were determined

experimentally over a range of strain rates from 5 x 10_7sec_1 to

ol :
8 x 10 'sec B and temperatures from -2°C to -15°C. Volumetric strain
measurements were obtained for several samples to observe the influence

of strain on the value of Poisson's ratio and to provide insight into







the deformation mechanisms during strain.

Several authors (Andersland, et al, 1978; Baker, 1980; Sayles, 1972;
Parameswaran, 1980) have suggested that constant strain rate tests
may be used to determine the creep behavior of frozen sand. To inves-—

tigate the relationship between constant strain rate tests and the

creep behavior of frozen sand, several constant stress uniaxial compres-
sion (creep) tests were conducted. Volume measurements were taken to
observe the volumetric strain during creep and to compute a time (or
strain) dependent Poisson's ratio. Comparison of results obtained from
the two test methods indicates that the constant strain rate compression

tests may be related to secondary creep of the frozen sand, but may

in essence neglect deformations during initial phases of the creep process.
The second part of the study was directed at determining mechanical

properties of the frozen sand in tension. The Brazilian or split

cylinder test was used in this capacity. Tests were conducted at

various loading rates and temperatures, and the vertical and horizontal

deflections monitored. The theory of elasticity was used to compute

Poisson's ratio, Young's modulus, the tensile strength, tensile strain

rate, and the tensile strain at failure from test results. The data

was analyzed with respect to the influence of tensile strain rate

(range from 1.4 x 10_Ss;e<:-l to 2 x IO—Asec_l) and temperature (range

from -2°C to -6°C) on the sample response and on the various material

properties. Since the split cylinder test had not previously been

conducted on frozen sand, an evaluation is presented by comparison of

test results with those obtained for various test methods reported by

other investigators on similar sand materials.

Emphasis was also placed on a discussion of standardization of test







procedures. Comparisons were made between the mechanical properties of

frozen sand in tension and compression to determine if the creep
parameters and long term strength in tension may be determined from
the uniaxial compression tests (preferably the constant strain rate
compression test). The influence of sample diameter on the mechanical
properties obtained from both the constant strain rate uniaxial compres-
sion tests and split cylinder tests was investigated over a size range
suitable for field investigations. This data aids in selection of
sample geometry for the tests considered. Observations are also
presented with respect to the influence which machine stiffness has
on the stress-strain behavior and the mechanical properties of the
frozen soil.

Selection of material properties for design of frozen soil
structures is discussed with respect to this investigation and data
reported in the literature. A failure criterion suitable for biaxial
(or multiaxial) stress states, based on the Mohr-Coulomb theory, is
presented in terms of the compression:temsile strength ratio and the time
dependent behavior of the material. Computations are included to
demonstrate the ability of frozen sand to resist flexural deformation
and to illustrate in a simplified manner how flexural design may

account for the time dependent strength of the frozen sand.







CHAPTER 1T

LITERATURE REVIEW

Frozen soils consist of a multi-phase system composed of poly-
crystalline ice, crystal hydrates, unfrozen pore water, solids con-
sisting of mineral and/or organic matter, and entrapped air. The ice
component of frozen soil forms when the temperature of the free water
in the mineral pores is lowered below the normal freezing point of
water. It is now generally accepted that an unfrozen water phase
exists between the ice and the mineral grains. The quantity of un-
frozen water is related to the physio-chemical properties of the soil
mineral and in particular the specific surface area of the soil parti-

cles. This unfrozen water content may be determined calorimetrically

(Lovell, 1957; Leonards and Andersland, .1960; William, 1963) or may
"be estimated on the basis of certain measurable soil properties (Dillom |
and Andersland, 1966; Anderson and Tice, 1972; Anderson, et al, 1978).
Various investigators (Tsytovich, 1960; Anderson, 1967; and Anderson
and Tice, 1972) have shown that clays have unfrozen quantities of pore
water at temperatures as low as -30°C. However, for clean sands,
because of their low specific surface area, nearly all available water
in the sand pores is frozen at temperatures slightly below 0°C.
Frozen sand, as a result of the ice component, is clearly charac-
terized by rheological properties. The effect of creep deformations
in frozen sand subject to stresses is significant and may greatly exceed
the elastic deformations developed immediately after application of a
load. Engineering design of structures placed on frozen sand or con-
structed of sand-ice materials must consider this time dependent
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behavior of the material.

This chapter examines available information and theories which account
for the creep deformation of frozen soils with respect to engineering
applications. It is also necessary to evaluate and discuss test
procedures for the measurement of the tensile properties of frozen sand.

A review of flexure theory, with respect to elastic and creep deforma-

tion, is presented prior to discussion of flexural design.

2.1 Creep Behavior of Sand-Ice Materials

The mechanical properties of frozen sand are significantly in-
fluenced by the ice content. The strength of sand-ice mixtures is
derived from cohesion, interparticle friction, and particle interlocking.
The interparticle friction and particle interlocking contribute to the
shear strength of frozen sand in the same fashion as they influence
unfrozen soils. The cohesion component of the shear strength is derived
from the ice matrix. The behavior of ice-rich soil at low solids con-
centrations may nearly approximate that of ice. As the sand particle
concentration increases the interaction of the sand grains begins to
contribute to the strength and deformation characteristics of the mixture.

When a constant load is applied to a frozen sand, the deformation
curve is characterized by an instantaneous elastic-plastic deformation
followed by a time dependent creep deformation. Deformations which
develop with time may be hundreds of times greater than the initial ones,
while the continuous strength is from 5 to 15 times less than the instan-
taneous value (Vyalov, 1963). Engineering design of frozen soil struc-~
tures should, therefore, be based on an analysis of the time dependent
or creep deformations which occur over the service life of the structure.

The creep process in frozen sand may be explained as presented by







Tsytovich (1955). Frozen soils are in a state of dynamic equilibrium
between the liquid and solid phases of water. Application of a constant
load to the soil mass causes concentrations of stress at points of
contact between the soil particles and the ice. These stress concen-
trations induce pressure-melting of the ice. As a result the dynamic
equilibrium is disturbed and the amount of pore water increases.
Differences in water surface tensions are produced and the unfrozen
water migrates to regions of lower stress where it refreezes. This
process of ice melting and water migration is accompanied by a break-
down of the ice and the structural bonds between the ice and the soil
grains. Simultaneously, there is a readjustment in particle orientation.
These processes take time and are also accompanied by reorientation of
the ice crystals, which tend to orient their basal planes parallel to
the slide direction. This structural deformation leads to a denser
packing of the soil particles, which in turn causes a strengthening

of the material due to the increased interlocking and interparticle
contact with a consequent increase in interparticle friction. During
the creep process there is also a weakening associated with reduced
structural cohesion caused by pressure melting of the ice and possibly
an increase in the unfrozen water content (especially for fine-grained
soils, i.e. clays). If the strengthening process exceeds the weakening,
the creep behavior is damped or the rate of deformation decreases with
time. This implies that for low stress levels, the creep deformation
approaches a limiting value with time. However, if applied load exceeds
the long-term strength of the frozen soil or if the ice content is high,
the breakdown of internal bonds is not fully compensated by the
strengthening process and the rate of deformation increases with time.

The net result is undamped creep which develops into plastic flow and







and terminates in collapse of the frozen soil structure.

Experimental data (Vyalov, 1962; Sayles, 1968, 1972; and
Goughnour, 1968) show that the creep characteristics of frozen sand
are similar to those depicted by the classical creep curve. Figure
2-la shows typical creep curve variations for frozen soils as a
function of stress level or ice content under an applied step load
and at constant temperature. Figure 2-1b shows the basic undamped
creep curve common for frozen soils and metals at high temperatures.
The corresponding creep rate (de/dt) versus time is shown in Figure 2-lc.
The classical creep curve is generally considered to consist of four
parts: (1) instantaneous elastic-plastic strain resulting from applica-
tion of the uniaxial stress (step loading); (2) Period I in which the
creep rate is decreasing; (3) Period II in which the creep rate is nearly
constant; and (4) Period III in which the creep rate is increasing with
time resulting in brittle, or viscous failure. These periods are
normally referred to as primary, secondary, and tertiary creep, respec-
tively.

Vyalov (1962) describes the four parts of the creep curve in terms
of deformation processes. Part (1) is termed elasto-plastic since a
portion of the strain, depending on the stress level, may not be recover-
able upon load removal. The primary creep region includes both a time
delayed plastic and elastic deformation. The secondary creep region
is described as a plastic-viscous strain, since the deformation is
completely residual and the constant strain rate with time is analogous
to viscous flow. The third period of the classical creep curve (tertiary
creep) is considered a region of progressive flow leading to instability.

In general the total strain, €, (Figure 2-1) may be expressed as







an instantaneous strain, €;, and a time dependent creep strain e(t);

£=e0+s(t)

(S c c -
=so+el+52+€3
t c t c t c
=€0+jl%1dt + Izg—iza + jfg—int
0 t t.
] where €0» e;, e;, and £§ are defined in Figure 2-1. Normally, tertiary

creep (e;) is not considered in design since it leads to instability.

| Engineering design requires that a constitutive equation describing the
stress-strain-time relationship for the remaining terms be developed and
related to the creep strength of the frozen sand. Two common theories
used to describe stress-strain-time behavior include the power law
relationships (Ladanyi, 1972) and the hereditary creep law proposed

by Vyalov (1962).

2.1.1 Power Law Relationships

The purpose of a constitutive creep equation is to provide the
engineer with suitable means for calculating stresses and strains in a
structure subject to creep. The proposed service life of the structure
is of importance in determining the form of the constitutive relationship.
If the service life is close to the duration of primary creep period
of the material then the constitutive equation must describe the decrease
in creep rate (Figure 2-1b). If the service life extends into the
secondary creep period, then the straight-line approximation of Figure
2-1b may be appropriate.

For the creep curves shown in Figure 2-2 (0; < 0, < 04 < 0,)> Hult
(1966) has. described a convenient method of establishing the constitu-

tive equation for stress-strain-time relationships during secondary
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creep based on the straight-line approximations of the creep curves.
Note that the strain predicted using this approximation will over
estimate the creep strain during primary creep, but the error will
decrease steadily during the creep process and approach the actual creep
strain at the beginning of the secondary (steady state) creep period.
According to Hult (1966), for constant stress and temperature,

the straight-line approximations may be described by:

Eamie €

@, 90 _ @, @
dt
(2-2)

"

F(o, T) + t G(c, T)

where a(l) is the pseudoinstantaneous strain, dependent on stress (o)
and temperature (T), and E(C) is the time dependent creep strain as a

function of stress and temperature. The pseudoinstantaneous strain

(E(l) may be separated into an elastic strain, s(le), and a plastic
y P:
strain, e(lp):
D) e o Gp) (2-3)
The elastic portion can be expressed as:
e o (2-4)

E(T)
where E(T) is a fictitious Young's modulus, smaller than the modulus
corresponding to the instantaneous elastic modulus. The plastic portion
may be written as a pure power expression of the form presented by
Ladanyi (1972):

(2-5)

k(T)
Uk(T):\

(ip) o]
€ €1
where ck is a temperature dependent deformation modulus, the exponent
k> 1 is usually little dependent on temperature, and Y is an

arbitrary small strain introduced for convenience in calculation and
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plotting data. For a given constant temperature, the numerical values
of % and k are determined from a log-log plot of e(ip) vs stress (o)
since Equation 2-5 linearizes on a log-log plot. (Figure 2-3)

Similarly, the time dependent creep strain may be written as a
simple power expression (Hult, 1966; Odqvist, 1966; Landanyi, 1972; and
Andersland, et al, 1978) of the form:

A o)

4 o D
= té I;CT):‘ (2-6)

where OC(T) and n(T) are defined as temperature dependent creep para-
meters (n much less dependent than oc). The quantity éc is an arbitrary
standard strain rate introduced for normalization. The quantity cC(T)
is the uniaxial stress necessary to cause the secondary creep rate of
éc and was described by Hult (1966) as the creep proof stress. The
magnitude of o _(T) is dependent on the value of & (& = 107000l or
1.67 x 10 "sec! 1s normally chosen for frozen soils; Landanyi, 1972).
For a constant temperature, the numerical values of 9% and n are obtained
from a log-log plot of experimental stress vs strain rate data as
shown in Figure 2-4.

The constitutive equation of the frozen soil may now be written in

terms of a step load as:

e = z(i) + s(c>

o o ]* o %
T+ek|:G:| +ec|:0:| t (2-7)
k c

In frozen soils, according to Vyalov (1959), the immediate strains

considered in the first two terms of this equation may be less than 10
percent of the total creep strain for time intervals greater than 24

hours. Thus, for time intervals greater than 1 day the last term may be
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considered sufficient to estimate the creep strain at constant stress
and temperature.

The creep strength of a frozen soil may be defined using Equation
2-7 (Ladanyi, 1972; Andersland, et. al, 1978). Creep strength is
defined as the stress level, at which, after a finite time interval,
instability or rupture of the material occurs. In constant stress
compression creep testing, the beginning of the tertiary creep period
(increasing strain rate) is generally accepted as the first sign of
instability for ductile materials such as frozen soils. In tension
creep testing, the creep strength is usually taken as the stress at
which rupture actually occurs.

According to Ladanyi, experimental data (Sayles and Epanchin, 1966;
Vyalov, 1962) shows that axial strain at the beginning of instability
(tertiary creep) is approximately constant for compression creep testing
at a given temperature. L‘adanyi (1972) adopted the constant permanent
strain at the onset of tertiary creep as the creep-failure criterion.

If the service life of the structure is known, the steady state creep

rate may be estimated as:

(2-8)

where e is the strain at creep failure and te is the service life of

the structure. Substitution of Equation (2-7) into (2-8) gives:
n k
(o) : og a € _ ek(cf/ak) . (Uf/E)
€ = & |— = (2-9)
c|o £
c £

For time intervals greater than approximately 24 hours the immediate
deformation may be neglected and for a constant temperature and a large

time interval or service life Equation (2-9) becomes:
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g 1/n
or g = o, [ = E:I = creep strength (2-10)

When the service life of a structure coincides roughly with the
duration of primary creep, the constitutive equation, based on the
linearized creep curves, will over estimate the strain with time. The
constitutive equation must then describe the decrease in strain rate
with time in order to more accurately estimate the creep strain.
Figure 2-5 shows characteristic creep curves for most materials
(including frozen soils) during the primary creep phase. Immediately
after application of a constant uniaxial stress the strain €
develops, followed by a gradual development of the creep strain, e(c).

The immediate strain, €92 contains both a plastic and an elastic
deformation. For small stresses,the plastic deformation is small and
if neglected (Hult, 1966; Andersland, et. al, 1978), the immediate

deformation may be approximated by:
= 9 9]
%0 % Bm )

where EO(T) is the temperature, (T), dependent instantaneous Young's

modulus.
The creep strain, e(c), is a function of stress, time, and
temperature:
) -t D (2-12)

Hult (1966) presents a strain hardening creep law corresponding to the

constant stress condition:

e o kPP, bel (2-13)
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The constants K, a, and b are material and temperature dependent.
| Differentiation with respect to time and elimination of t results in
| a creep law of the form presented by Hult (1966) and Andersland,

et al (1978):
. & b yn

(c) c o tb (2-14)
with b, n, and o, temperature and material dependent creep parameters
determined from a set of creep curves obtained at a constant temperature.
The constant éc is an arbitrarily selected strain rate. Note that the
constants n and o, are the same for both steady state and primary creep

(Andersland, et al, 1978).

2.1.2 Vyalov's Hereditary Creep Law

l Vyalov (1962) proposed that the Volterra-Boltzman nonlinear
hereditary creep theory was suitable for describing the time-dependent
deformations in frozen soil. The theory assumes that the strain at
any time depends not only on the applied stress and temperature,but
also on the prior strain history. Vyalov (1962) introduced parameters,
derived from experimentation, into the equations to characterize the
behavior of actual soils.

The total strain may be expressed as a function of the instantaneous
strain, primary creep, and secondary creep,as was presented by Equation
2-1. The initial strain 50 can be completely recoverable or can include
a residual nonrecoverable strain depending on the stress level. The
strain e; includes both recoverable and residual strains and 5(2: and
Eg are completely residual strains (Eg is not normally taken into
considerat;&on) .

As the deformation at any time (ti) consists of an elastic strain,
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linearly related to the stress level, and a plastic strain, which
is nonlinear, the relationship between stress and strain may be

written as (Vyalov, 1962):
o 5 ol (L]”“‘ (2-15)
6 1 E Ai
where Ei and Ai are moduli of linear and nonlinear deformationm,
respectively. To simplify calculations, one common law can be used
for the entire stress range:
€ = £(o) or o = E(Ei) (2-16)
As strain increases with time, every ti is characterized by its
own stress-strain curve or isocurve (figure 2-6). The curve at t = 0
corresponds to the initial deformation, while the curve at t = infinity
represents the strain with unlimited time duration of the stress (o).
The intermediate curves represent the strain at some time ti.
Vyalov (1963) indicates that experimental data shows that all the
curves are similar and may be described by a power law of the form:
= [r(%)] o or o = A(t)e" (2-17)
in which A(T) is the modulus of total deformation. The value of A(t)
is dependent on temperature and test duration (changes with time). The
strengthening factor m < 1 is independent of both time and temperature.
In compliance with the theory of nonlinear hereditary creep, the
small initial strain (ao) can be neglected and the expression rewritten
as (Vyalov, 1963):
ok 1/m (2-18)
m(8+l)k

The parameters w, A, k, and m are constants representative of the

frozen soil and 6° = 273 - T(°K). These constants must be evaluated
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experimentally from a set of creep curves.

The long-term strength of the frozen soil for uniaxial stress
conditions may also be obtained from an expression proposed by
Vyalov (1959):

b e (2-19)
Inf(tg + c*)/to] ln(tflto)

£

in which 00 and to are parameters dependant on soil type and temperature.
The time to failure is given by tf and o¢ is the long-term strength.
The parameter t* = to exp(co/ui), where o is the instantaneous strength,
may be neglected (Vyalov, 1963).

Equation (2-19) results in o, = 0 when te = infinity, which is not
consistent with the idea of continuous strength at some finite stress.
However, Vyalov (1963) indicated that in engineering practice, after

some long period of time the strength reduction is so insignificant

and so slow that it can be neglected in engineering calculations.

2.2 Constant Strain Rate Tests

The constant strain rate compression test is commonly used to test a
number of materials including unfrozen soils and would seem to be readily
adaptable to frozen soils. The test is conducted by deforming cylindrical
samples along the longitudinal axis at a constant rate. This test
method results in a constant engineering strain rate (& = (d/dt)(AL/LO))
Or a true strain rate (é = (d/dt)[ln(L/Lo)]) which increases linearly
with time.

Andersland, et al (1978) suggest that the stress-strain curves
obtained f;om constant uniaxial strain rate tests may be used to
determine both a time dependent deformation modulus (or initial tangent

modulus) and the time dependent strength of frozen soils The peak
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strength is plotted against either time to failure strain or the applied
axial strain rate on a log-log plot. The latter plot is believed to be
equivalent to the relationship between secondary creep rates and the
corresponding stress levels in constant axial stress creep tests

(Figure 2-4). However, the primary advantages of the constant strain
rate test, with respect to the constant stress creep test, are the
reduction in dynamic effects due to the sudden initial stress condition
required in the uniaxial creep tests and the relatively short test

duration.

2.2.1 Compressive Strength

Experimental data obtained by a number of investigators (Sayles
and Epanchin, 1966; Perkins and Ruedrich, 1972; Sayles, 1974; Baker,
1978; and Parameswaran, 1980) would seem to support the use of the con-
stant uniaxial strain rate . test to obtain the time dependent strength
in compression. The linear relationship between the peak compressive
stress and applied axial strain rate may be expressed as:

¢ = cc(é)m (2-20)

or ¢ (o/uc)“ (2-21)

where m is the slope of a straight-line throughthe data on a log-log
plot, n = 1/m, and ac is a temperature dependent proof stress evaluated
at a strain rate of 1 sec_l. Equation 2-21 is of the same form as the
steady state creep law given by Ladanyi (1972). This observation
suggests that constant uniaxial strain rate tests may be used to deter-
mine the creep parameters needed to predict the secondary creep deforma-
tion of frozen soils subject to constant uniaxial stresses (when using
the linearized approximation to the creep curves shown in Figure 2-2).

The relationship between constant stress creep tests and constant
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strain rate compression tests can be visualized from the data for
polycrystalline ice, obtained by Goughnour (1967) and presented in
Figure 2-7. According to Andersland, et al (1978), a horizontal section
across the plot in Figure 2-7a corresponds to a particular constant
strain rate test. The corresponding stress-strain curve for a given
strain rate may be deduced by reading the stresses as a function of
strain at all intersection points with the curves. These stress-strain
curves are quite different from the isocurves described by Vyalov (1963),
which correspond to the total strains attained at a given time. The
isocurves are obtained from vertical sections through the creep curves
in Figure 2-7b.
2.2.2 Tensile Strength

At present very little data is available from constant strain
(or deformation) rate tensile tests conducted on frozen soils.
Ladanyi (1972) summarizes data from other investigators which indicates
that the compression:tensile strength ratio for Ottawa sand varies from
greater than 5 to less than 8. Vyalov (1962) presented limited data
suggesting that the momentary strength of sandy loam was approximately
1.7 times the corresponding tensile strength and the continuous strength
in compression was about 2.8 times the continuous tensile strength at
-4.5°C. Offensend (1966) conducted direct temsile tests at constant
deformation rates on frozen Manchester fine sand using briquette-shaped
samples. The temsile strength was observed to be temperature dependent,
but independent of the deformation rate for rates between 0.1 and 10
inches per minute. Haynes, Karalius, and Kalifut (1975) conducted
constant sérain rate tensile tests on dumbbell shaped samples of frozen

silt at a temperature of -9.5°C. The tensile strength was observed to be



el

T

Ll

st



19

relatively independent of strain rate, while the compressive strength
was very sensitive to strain rate. The compressive strength increased by

4

10 times over a range of strain rates ( 2.9 x 10 ' to 2.9 sec-l).

The tensile strength was observed to only double over this range. How-
ever, for strain rates below approximately lo_zsec_l the tensile
strength was approximatley equal to the compressive strength. Conse-
quently, there is some evidence to indicate that the strength of
frozen soils may differ in tension and compression at high strain
rates and be approximately the same at lower strain rates. This would

also imply that test rates could influence the creep parameters

(U: and n) determined in the laboratory.

2.2.3 Factors Affecting Uniaxial Strength

Several factors influence the compressive behavior of frozen sand.
Goughnour (1967) investigated the effect of sand density on the
compressive strength of saturated frozen Ottawa sand. Figure 2-8 shows
the relationship between sand volume fraction and peak axial stress at
the same temperature and strain rate. A bilinear relationship appeared
to be appropriate. For low volume fractions of sand, the shear strength
increased linearly with increasing sand content. At a critical volume
fraction of approximately 42 percent, a rapid increase in the compressive
strength was observed. Interparticle friction and dilatancy are
believed to significantly influence the shear strength for sand volume
fractions above this critical value (Goughnour and Andersland, 1968).
As the sand volume fraction increases the dry density of the sand
increases proportionally. The net result is an increase in the number
of interparticle contacts and the amount of particle interlocking.

Data presented by Alkire and Andersland (1973) indicates that the
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shear strength of frozen sand decreased with decreasing ice saturation
(ratio of ice volume to sand pore volume). The reduction in peak stress
was proportional to the volume of ice in the sand voids and was
primarily the result of a decrease in cohesion in the ice matrix and
"adhesion between the ice and the sand particles.

Ladanyi and Arteau (1978) investigated experimentally the effect of
speciman shape on the creep response of frozen sand. Uniaxial constant
stress and constant strain rate compression tests were conducted on
cylindrical samples with slenderness ratios (Height/Diameter) varying
from 0.5 to 2.0. When the strength of the frozen sand was expressed
in terms of strain rate (by the power law creep equation), it was
concluded that, for smooth loading platens, the apparent strength of
the frozen sand increased with increasing slenderness ratio for any
given strain rate. The value of the creep parameter n (Equation 2-6)
also increased with increasing slenderness ratio as shown in Figure 2-9.

Baker (1978a) considered the effects of end conditions on the
uniaxial compressive strength of frozen sand. Four different loading
platen configurations were used to determine the uniaxial compressive
strength of Ottawa sand at temperatures from -5°C to -6°C and at a

3nﬁn_l. A compliant platen was designed to

strain rate of 0.7 x 10~
reduce friction between the sample and platen, to distribute the load
uniformly, and to minimize stress gradients produced by eccentric
loading. Experimental results indicated that at large slenderness

ratios (greater than 2.0) aluminum end caps, aluminum disk platens,

and aluminum disk platens with rubber inserts gave about the same average

compressive strength. The compressive strength determined using the

compliant platens was about 25 percent higher than with the other
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platens at slenderness ratios greater than 2.0. He attributed this
higher strength to reductions in stress concentrations resulting from
rough specimen ends in contact with the platens. In addition, the
compressive strength was found to be relatively independent of the
slenderness ratio for ‘the compliant platens (for ratios between

0.75 and 2.6). This would suggest that smaller slenderness ratios
could be used to determine the compressive strength while eliminating
the possibility of buckling or tilting.

In a later publication, Baker (1978b) considered the influence of
end conditions on the creep parameters and compressive strength of
Ottawa sand. Cylindrical specimens with a slenderness ratio of 2.0
were tested at constant axial strain rates between 2 x 10-7 and 2 x 10_3
sec—l at a temperature of -5.5°C. Neither the unconfined compressive
strength nor the axiz;l strain at failure was observed to depend signifi-
cantly on platen type. However, the value of the exponent m (Equation
2-20) obtained from log-log plots of strain rate versus compressive
strength was observed to vary from 0.09 for aluminum disk platens to
-0.06 for Maraset compliant platens.

Similar studies considering the influence of testing conditions
on the tensile behavior of frozen sand have not yet been conducted.
However, Offensend (1966) encountered problems in direct tensile tests
on frozen Manchester fine sand using briquette shaped samples (ASTM
specified shape and gripping clamp). Rather than failing at the neck of
the briquette, the samples broke at the points where the clamps gripped
the samples. Apparently, stress concentrations at contact points
caused the specimens to fail in a complex interaction of shear and

tension. Pads of various materials were inserted between the clamps
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and the samples in an attempt to reduce the stress concentrations.
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