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FORI'JARD

This report presents the results from a research project entitled
"Shear Moduli and Damping Factors in Frozen Soils" sponsored by the

National Science Foundation under Grant ENG74-13506. The Principal
Investigator for the research project was Dr. Ted S. Vinson, Associate
Professor of Civil Engineering, Michigan State University. Mr. Thira
Chaichanavong, Mr. Ronald L. Czajkowski, and Mr. John C. Li, Graduate
Research Assistants in the Division of Engineering Research, conducted
the laboratory tests associated with the study. Ms. Charlene Burns,
Ms. Sheila Eddington, and Ms. Geraldine Wright, Undergraduate Research
Aides in the Division of Engineering Research, assisted in the data
reduction and presentation. Mr. Dave Aditays and Mr. Elbert Mills,
Undergraduate Research Aides in the Division of Engineering Research,
assisted in the development and fabrication of the electronic instru
mentation associated with the test system. Mr. Don Childs, Shop Super
visor in the Division of Engineering Research, assisted in the design
and construction of the mechanical and hydraulic components associated
with the test system. Ms. Charlene Burns typed the final draft of the
report. Finally, Dr. O.B. Andersland offered many helpful suggestions
during the course of the study. His contribution is sincerely appre
ciated.

The results of the research project are presented in two volumes
entitled: "Dynamic Properties of Ice and Frozen Clay Under Cyclic
Triaxial Loading Conditions" and "Dynamic Properties of Frozen Cohe
sionless Soils Under Cyclic Triaxial Loading Conditions. II The work
presented in this volume is associated with the development of the
cyclic triaxial test system and experimental techniques employed to
evaluate dynamic properties of ice and frozen clay, a discussion of the
experimental results, and a comparison of the experimental results of
the present study to those of previous studies.
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ABSTRACT

As part of a long-term study to evaluate dynamic properties of

frozen soils under simulated earthquake and low frequency loading con
ditions, cyclic triaxial tests were performed on laboratory prepared
samples of ice and frozen clay. The cyclic triaxial test setup consists
of four basic components: (1) an MTS electrohydraulic closed loop test
system which applies a cyclic deviator stress to the sample, (2) a tri
axial cell which contains the sample and noncirculating coolant, (3) a
refrigeration unit and cold bath which circulates the coolant around the
triaxial cell, (4) output recording devices to monitor the load (stress)
and displacement (strain) of the sample during the test.

The cylindrical polycrystalline ice samples used in the research
program were prepared using natural snow and aistilled water for high
density samples (about 0.904 glee) or natural snow and carbonated water
for low density samples (about 0.77 glee). The samples were tested at
strain amplitudes from 3 x 10-3 to 2 x 10-2%, temperatures from -1 to
-10°C, frequencies from 0.05 to 5 cps and confining pressures from a to
200 psi. The values of dynamic Young's modulus over the range of mate
rial and test conditions were from 260 x 103 to 900 x 103 psi; the val
ues of damping ratio were from 0.001 to 0.14. The test results indicate
that the dynamic Young's modulus of ice increases, in general, with
increasing confining pressure, density, and frequency. The dynamic
Young's modulus of ice decreases with ascending temperature and increas
ing strain amplitude. The test results indicate that, in general, damp
ing ratio of ice decreases as frequency increases from 0.05 to 1.0 cps
and increases as frequency increases from 1.0 to 5.0 cps. The damping
ratio tends to decrease with descending temperature and increases with
increasing strain amplitude for high density ice. It is apparently not
affected by strain amplitude for low density ice. There appears to be
no well-defined relationship between damping ratio of ice and confininq
pressure or density.

Two types of frozen clay samples were used in the research program:
(1) Ontonagon clay, termed "O-clay," and (2) a mixture of Ontonagon and
sodium montmorillonite clay (fifty percent each by weight), termed "M +

O-clay." The O-clay was prepared at different water contents to assess
the influence of water (ice) content on dynamic properties. The M+ 0-
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clay was used to investigate the influence of specific surface area
(related to unfrozen water content). The samples were tested at strain

-3 -1amplitudes from 3 x 10 to 1 x 10 %, temperatures from -1 to -10 0 e,
frequencies from 0.05 to 5 cps, and confining pressures from 0 to 200

psi. The values of dynamic Young1s modulus over the range of test con
ditions were from 90 x 103 to 880 x 103 psi; the values of damping ratio
were from 0.02 to 0.3. The test results indicate that the dynamic
Young1s modulus of frozen clay decreases with increasing strain amplitude
and specific surface area: The dynamic Young1s modulus of frozen clay
increases with descending temperature and increasing water content and
frequency. It is apparently not affected by confining pressure. The
test results indicate that the damping ratio of frozen clay increases
with increasing strain amplitude and ascending temperature. The damping
ratio, in general, decreases for an increase in frequency from 0.05 to
5 cps; for frequencies greater than 5 cps, damping ratio increases as
frequency increases. There appears to be no well-defined relationship
between the damping ratio and water content or specific surface area.
The damping ratio is apparently not affected by confining pressure.

The dynamic properties of ice and frozen clay obtained in the pres
ent study at the lowest strain amplitude were compared to those obtained
in previous studies. The values of longitudinal and compressional wave
velocities of ice determined in the present study are lower than compa
rable wave velocities determined in previous laboratory &field studies.
This may be a consequence of the fact that the strain amplitude of te~t

ing in the present study is greater than those associated with previous
studies and the test frequencies in the present study are much lower than
those associated with previous studies. The values of damping ratio of
ice determined in the present are close to the values obtained in pre
vious studies. The values of longitudinal wave velocities of frozen
clay obtained in the present study compare favorably with the results
from previous studies. It appears any differences in longitudinal wave
velocities can be explained by differences in the test techniques and
material types employed between the present and previous studies. The
values of damping ratio of frozen clay obtained in the present study are
close to values obtained in one previous laboratory study.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem
In the past decade considerable attention has been focused on

Alaska owing to its abundance of natural resources, particularly those
related to our increasing demand for energy. The Alaskan pipeline,
presently under construction, represents a monumental engineering
undertaking to recover an estimated 25 to 30 billion barrels of petro
leum beneath Alaska1s North Slope; plans have recently been announced
by El Paso Natural Gas Company to develop and bring into production
the gas fields beneath Prudhoe Bay, which contain an estimated 25
trillion cubic feet of natural gas; undoubtedly, many other projects
wi 11 fo 11 ow.

With the recovery of natural resources, significant development
of transporting facilities, transportation systems, utility networks,
and general civil and industrial works must occur. Engineers con
cerned with this development will be faced with many challenging prob
lems associated with the fact that 85 percent of Alaska lies within
a permafrost region, i.e., a region of perenially or permanently
frozen ground (Brown and Pewe, 1973). Clearly, knowledge of the
behavior of frozen soils is essential to the solution of permafrost
related problems.

Further, Alaska is located in one of the world1s most active
seismic zones. This was exemplified by the 1964 "Good Friday" earth
quake and more than sixty other earthquakes that have equaled or
exceeded a Richter magnitude of 7 since the 1800 l s (Davis and Echols,
1962) .

It is now generally accepted that the ground surface motions which
occur during an earthquake are influenced to a large extent by the char
acteristics of the underlying soil deposit under dynamic loading condi
tions (Idriss and Seed, 1968; Seed and Idriss, 1969). The importance
of soil conditions and ground motions to the response of structures has
been recognized for over half a century (Wood, 1908) and demonstrated
conclusively in several recent earthquakes (Seed and Idriss, 1971; Seed,
et al, 1972). Several analytic techniques are presently available to
predict ground surface motions during earthquakes (Idriss and Seed, 1968;
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Lysmer, et al, 1974; Schnabel, Lysmer, and Seed, 1972; Streeter, Wylie,
and Richart, 1974). To employ these techniques two soil properties are
required: (1) the dynamic shear modulus, and (2) the damping ratio.
(These properties are also required to determine the response of found
ations subjected to vibratory loads.) For unfrozen soils these proper
ties have been determined by several investigators, usinq field and lab
oratory techniques, and design equations and curves to establish the
properties for representative soil types have been developed (Hardin and
Drnevich, 1972; Seed and Idriss, 1970). For frozen soils these proper
ties (or equivalent properties) have been evaluated from seismic field
studies and from ultrasonic, forced vibration, and resonant column tests
in the laboratory. In general, however, it appears that the majority of
these studies may be associated with test ranges that would not be useful
in earthquake response analyses. Thus, an engineer confronted with a
seismic design problem involving frozen soils cannot use existing analyt
ic techniques to predict ground surface motions because the necessary
properties of frozen soils have not been determined.

1.2 Purpose and Scope of Studies
As part of a long-term study to evaluate dynamic properties of fro

zen soils under simulated earthquake and low frequency loading conditions,
dynamic Young's moduli and damping ratios of several types of artificially
frozen soils and ice at two densities have been evaluated using cyclic
triaxial test equipment. The scope of studies associated with the re
search program includes the development of the cyclic triaxial test sys
tem and experimental techniques employed to evaluate dynamic properties
of frozen soils and ice, a discussion of the experimental results, and a
comparison of the experimental results obtained in the present study to
those obtained by previous investigators.

The results of the research work are presented in two volumes enti
tled: "Dynamic Properties of Ice and Frozen Clay Under Cyclic Triaxial
Loading Conditions" and "Dynamic Properties of Frozen Cohesionless Soils
Under Cyclic Triaxial Loading Conditions. II The work presented in this
volume is associated with the development of the cyclic triaxial test
system and experimental techniques employed to evaluate dynamic prop
erties of ice and frozen clay, a discussion of the experimental results,
and a comparison of the experimental results of the present study to
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those obtained by previous investigators. Specifically~ in Chapter 2 a
thorough review of previous studies to evaluate dynamic properties of ice
and frozen clay is presented. All of the information given in Chapter 2
is associated with field or laboratory experimental methods which are
significantly different from the method employed in the research program.
Chapter 3 provides information on the laboratory preparation of samples
of ice and frozen clay~ installation of the samples in a triaxial cell~

and the procedure used to test the samples. (Appendix A gives a detailed
description of the components of the cyclic triaxial test system.) Chap
ter 4 presents the experimental results on the dynamic properties of ice.
The influence on dynamic properties caused by variations in density~ tem
perature~ confining pressure, frequency, strain amplitude, and number of
cycles of loading is included. In Chapter 5 the experimental results on
the dynamic properties of frozen clay are presented. The influence on
dynamic properties caused by variations in water content, specific surface
area of the clay mineral, temperature, confining pressure, frequency,
strain amplitude, and number of cycles of loading is included. Chapter 6
presents a comparison of the dynamic properties of ice and frozen clay
obtained in the research program to those obtained by previous investi
gators. Chapter 7 summarizes the results of the research program and
presents conclusions that can be reached.

1.3 Background
An understanding of the research work is enhanced by a knowledge of

the mechanical properties of frozen soils and thermal characteristics of
frozen soil deposits, the dynamic properties of unfrozen soils~ and fun
damentals of cyclic triaxial testing. This is presented in the next two
sections of this chapter.

1.3.1 Mechanical Properties of Frozen Soils, Thermal Characteristics
of Frozen Soil Deposits, and Dynamic Properties of Unfrozen
Soils

In a previous research report (Vinson, 1975) a background knowledge
of (1) the mechanical properties of frozen soils and the thermal charac
teristics of frozen soil deposits, and (2) the dynamic properties of un
frozen soils has been presented. This material may be summarized as fol
lows:

(1) Frozen soils are a multiphase system of soil mineral particles~
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pOlycrystalline ice, unfrozen pore water, and entrapped air.
The relative proportions of these components influence their
behavior.

(2) The behavior of frozen soils are strongly dependent on time,
strain rate, and temperature.

(3) The unfrozen water content of frozen soils at a given sub
freezing temperature is a function of the specific surface area.
Nearly all available water in sands is frozen at temperatures
slightly below freezing, whereas unfrozen water can exist in
clays at temperatures below -30°C.

(4) The temperature in permafrost increases from close to the mean
annual ground surface temperature to O°C at some depth below the
surface, at an average thermal gradient of 0.033 (OC)m- l . The

ground temperatures over a significant portion of Alaska are in
the range 0° to -6°C.

(5) The dynamic properties of unfrozen soils are strain dependent.
For cohesionless soils, dynamic properties are also dependent
on confining pressure and relative density. The dynamic prop
erties of cohesive soils are related to the shear strength.

1.3.2 Fundamentals of Cyclic Triaxial Testing
The stress states that a sample is subjected to during a cyclic

triaxial test are shown in Figure 1.1. A cylindrical sample is placed
in a cell and confined to an initial isotropic stress state. The axial
load on the sample is then cycled causing a reversal of shear stresses
in the sample which are a maximum on 45 degree planes. The principal
stress directions rotate through 90 degrees every half cycle of loading.

During the test the cyclic axial load and sample deformation are
recorded. The axial stress and strain in the sample are determined with
a knowledge of the cross-sectional area and length of the sample. The
axial stress when the sample is confined is the deviator stress, (i.e.,
the major principal stress minus minor principal stress, al - a3). Typ
ical test results expressed in these terms for one cycle of loading are
shown in Figure 1.2. From this record dynamic Young's modulus, Ed' and
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damping ratio, D, are determined as follows

E = cr max. dev~ator
d s max. aXla1

(1.1)

(1. 2)
AL

D = 41TA
T

with the terms as defined in Figure 1.2. AL represents the total dis
sipated energy per cycle and AT represents the work capacity per cycle.

The shear modulus may be calculated from the dynamic Young's mod-

and

u1us by employing:

Ed
G= 2(1 + ].l}

(1. 3)

in which,
].l = Poisson's ratio

Poisson's ratio may be determined experimentally by observing the lat
eral strain of the sample durin~ cyclic loading and employing:

].l = -=-'=- (1.4)
sA

in whi ch ,
SL = lateral strain
sA = axial strain



CHAPTER 2

DYNAMIC PROPERTIES OF ICE AND FROZEN CLAY

2.1 General
The dynamic properties of ice and frozen clay have been determined

by many investigators. Both field and laboratory research programs have

been conducted and several parameters influencing the dynamic properties

have been identified. As a consequence of the different test methods
employed, dynamic properties have been expressed using many different
terms. These fall into two major groups. The first group, IIdynamic

stress-strain ll properties, includes terms such as compression, dilata
tional, longitudinal, irrotational, primary, bulk, or IIp ll and shear,
transverse, secondary, rotational, or IISII wave velocity, sound veloc

ity, complex Young1s and shear (rigidity) moduli, and dynamic Young's

and shear (rigidity) moduli. The second group, lIenergy absorbing ll prop
erties, includes terms such as angle of phase lag, attenuation coeffi

cient, damping coefficient, loss factor, quality factor, log decrement,

and damping ratio. Several of these terms are identified in Table 2.1
and conversion equations between them are given.

In this research program, dynamic Young's modulus was obtained from

the cyclic triaxial tests performed. The shear modulus can be eval
uated from dynamic Young's modulus for an isotropic material using the
relationship:

(1. 3)

technique to

Speci fi cally,

in which,

Ed = dynamic Young's modulus

~ = Poisson's ratio
To allow this conversion to be made, Poisson ratio values for ice and
frozen clay obtained from other investigator1s work are also presented
in this chapter. Poisson's ratio was not determined for the ice and clay
samples tested in this research program.

2.2 Previous Methods to Evaluate Dynamic Properties of Ice and Frozen
Soils
Seismic methods have been the most widely used field

determine the dynamic properties of ice and frozen soils.
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Table 2.1 CONVERSION EQUATIONS BETWEEN TERMS TO CHARACTERIZE
DYNAMIC PROPERTIES

,
(3) Dynamic Stress Strain Properties

Dynamic or Dynamic or Poisson's
Complex Young's Complex Shear Ratio

To Modulus Modulus

~
*1 1<1 *1E or E G or G ~ or ~

Given

E,p,1l E E
2(1+~) ~

G,Il,P 2(1+~)G G ~

E,G E G -L -1·2G

p,IJ,Vp
V2p (1-2~)( 1+~) (l-2jJ) PV2

P P ~

(l-~) 2(1-~)

p,IJ,Vs
2p (1+~)V2 Pv; ~s·

P,Vp,Vs V2(3v2_4V2) P .
v2 1 V2_2V2

. s 2P 2 s
2" {2-:-#'V -v p s

p s p s

Compression Wave
Velocity

V
p

Shear Wave Longitudinal
Velocity Wave

Velocity

V VLs

(!)~
p

(Q)Y,
p

~ ~
(Q) (~)p

V (1-211 )It V «(l+H) 0-2j.!»
p 20-1.1) p (l-lJ)

VS' V (2(1+1J»~s

VS

1Comp1ex moduli are not significantly different from elastic moduli for materials with low
damping, such as frozen ground.

(b) Energy Absorbing Properties

To Damping Ratio Loss Factor Quality Factor

~ D tano Q
Given

Phase Lag sin ~ 1
0 2 tan 0 tan 0

Attenuation Coefficient, -1 ~
Wavelength . (tan 21r) A ...L3~n 2 a~

a, A 211 aA

Damping Coefficient, -1 1§. 26. (tan w wAngular Frequency s~n 2 2i313, w w

Log Decrement
'h.

. 2 2 ~ -1 2 2 ~
-2n±(41f +4A) tan 2 sin r-2n±(4T1 +4~) ) 11

U ) U . ~
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the compression and shear wave velocities can be determined. In the
seismic method, elastic waves are produced by a source at a known loca
tion and the waves are detected at various distances from the source by
vibration sensitive detectors called seismographs or geophones. (The
source of the waves is usually an explosive charge for measurements over
great distances, but for a short distance the impact of a hammer can be
used.) The waves are produced at a known instant of time so that the
travel time of propagation can be observed. Knowledge of the travel time
and distance from the source allows the wave velocity to be computed. If
the seismic wave velocities for given materials are known, then informa
tion on the geometry of the substrata of the earth's surface at a loca
tion can be determined by an interpretation technique from the travel
time observations. A complete treatment of seismic methods is given by
Dobrin (1960) and Roethlisberger (1972).

In 1969, Kaplar determined dynamic properties of ice and frozen soil
samples in the laboratory by vibrating beams of frozen specimens with
electromagnets. A schematic diagram of the test apparatus is shown in
Figure 2.1. The beams were approximately 3.81 x 3.81 x 27.94 cm. Perma
nent bar magnets, 0.476 x 0.476 x 5.08 cm, were frozen at each end of the
specimens. The specimens were vibrated by the electromagnet mounted at
one end. The waves that propagated through the specimens were detected
by the electromagnet which was mounted at the other end of the specimens.
The orientation of the two electromagnets was the same. The specimens
were vibrated in the longitudinal, flexural and torsional modes and the
dynamic properties could be evaluated at the resonant frequency of the
specimens. [The equations used for the calculation of the dynamic prop
erties are given by Kap1ar (1969).J The dynamic Young's modulus from
flexural vibration (Ef ), the dynamic Young's modulus from longitudinal
vibration (EL), the dynamic modulus of rigidity (G), and Poisson's ratio
(~) were obtained from the experiments.

In 1969, Smith performed forced vibration tests in the laboratory
and measured the dynamic properties of ice core samples. A schematic of
his test equipment is shown in Figure 2.2. The samples were 7.5 cm in
diameter and had a minimum length to diameter ratio of 4:1. One end of
the sample was fixed to the drive assembly vibration table by freezing.
A thin aluminum plate was frozen to the other end of the sample (free
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end). Two accelerometers were attached to the bottom of the sample to
monitor longitudinal and torsional excitation (one for each mode) and
two were attached to the aluminum top plate to monitor the sample re
sponse to the excitation. As the excitation frequency was varied the
accelerometer signals were displayed on an oscilloscope to determine when
the sample was at resonance. At resonance the dynamic properties could
be calculated (Lee, 1963). The range of test frequencies was 600 to 2200
cps. The complex dynamic Young's modulus (E*), complex dynamic shear
modulus (G*), loss factor (tan 0/2), and complex Poisson's ratio (~*)

were determined from the tests.
In 1972, Bennett measured the compression and shear wave velocities

of ice cores from Greenland and Antarctica by an ultrasonic pulsing method.
A schematic diagram of the time measurement system is shown in Figure 2.3a.
This method requires ,the simultaneous production of mechanical waves at
one end of a frozen specimen and at one end of a mercury delay line. The
mechanical waves received at the opposite end of the samples and the mer
cury delay line were transformed to electrical signals by transducers.
The signals were amplified and displayed on an oscilloscope. The signal
from the mercury delay line was adjusted to match the signal from the
sample as shown in Figure 2.3b. Knowledge of the travel time and sample
length allowed the wave velocity to be calculated. The compression and
shear wave velocities were obtained from the test program.

Nakano and his co-workers (Nakano and Arnold, 1973; Nakano and
Froula, 1973; Nakano, Martin, and Smith, 1972) used an ultrasonic pulse
transmission method similar to that used by Bennett (1972) and the crit
ical angle method to evaluate dynamic properties of frozen soils. The
critical angle method is based upon the variation in intensity of trans
mitted wave energy with the angle of incidence, a, between a wave train
and sample face. In a typical test system, as shown in Figure 2.4a, the
oscillator excites the piezoelectric crystal which produces a mechanical
wave in the fluid at one end of the liquid filled bath. The wave impinges
on one side of the disc sample. The sample is in a holder which is free
to rotate about an axis perpendicular to the wave train. As shown in Fig
ure 2.4b, when the incident wave is not normal to the sample both longi
tudinal and shear waves are induced in the sample. Since the wave veloc
ity in the solid is greater than in the liquid, the waves in the solid
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are refracted away from the normal. From Snell's law the following rela

tions hold:

sinCi.
sinsd

sinCi.
sinss

in which,

(2.1)

(2.2)

sd = angle of refraction for longitudinal wave

Ss = angle of refraction for shear wave

Vlq = velocity of incident wave in the bath liquid

It is apparent from these relationships that the two types of waves are
refracted at different angles in the sample because of the difference in
their velocities. As the sample is rotated away from the normal there

will be two critical angles of incidence, Cl. l critical and Cl.2 critical' at
which sd and ss' respectively, equal 90°. At these critical angles the
longitudinal or shear waves will be totally reflected and only the shear
waves or longitudinal waves, respectively, will be transmitted. The
determination of wave velocities in the sample involves monitoring the
wave transmitted through the sample with the receiving piezoelectric crys
tal and noting when it is at a minimum amplitude. The first minimum
allows Vd to be calculated from equation (2.1) upon substitution of 90°

for sd and Cl.l critical for CI.. The second minimum allows Vs to be calcu
lated from equation (2.2) upon substitution of 90° for Ss and Cl.2 critical
for CI..

In 1973, with forced vibration equipment similar to Smith (1969),
Stevens tested ice and frozen soil samples by applying steady-state sinu
soidal vibrations to the samples. A schematic diagram of the test equip
ment is shown in Figure 2.5. The specimens were 7.6 cm in diameter and
the lengths were equal to or greater than 15.2 cm. The bottom of the
sample was frozen to the base plate of the drive assembly and a light

steel plate was frozen to the top. Three accelerometers were attached
to the top plate, one on the longitudinal axis to measure the longitudi
nal response and two on the circumference to measure the torsional re
sponse. At the base plate two accelerometers were attached for measuring
the longitudinal or torsional sinusoidal driving motion. The driving
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motion frequency was varied until the sample was at resonance. Alter
natively, an II off-resonance II technique can also be employed (Stevens,

1975). The complex dynamic Young's modulus (E*), complex dynamic shear
modulus (G*), damping expressed as (tan 8), and complex Poisson's ratio

(~*) were obtained from the test program.

2.3 Dynamic Elastic Properties of Ice
Considerable progress has been made in recent years to determine the

dynamic elastic properties of ice and a substantial effort has been made
to compare the dynamic elastic properties from field and laboratory tests.
Most of the field work has been done on the Greenland ice sheets. The
laboratory work has been conducted on artificially frozen samples and ice
cores from Greenland. Several parameters influencing the dynamic elastic
properties have been identified and investigated. The most important
appear to be temperature, density and frequency. The influence of strain
amplitude and confining pressure apparently has not been investigated.

2.3.1 Effect of Temperature
The influence of temperature on dynamic elastic moduli has been

reported by several investigators and summarized by Roethlisberger (1972),
as shown in Figures 2.6, 2.7, 2.8, and 2.9. The figures illustrate that
as the temperature approaches the freezing point shear and compression
wave velocities decrease. In Figure 2.6, compression wave velocities
from many investigations are plotted as a function of temperature. At a
temperature of -50°C the velocity is about 3.88 km/sec, but it decreases
to about 3.85 km/sec at a temperature of -20°C. The velocity drops rap
idly from 3.85 km/sec at -20°C to about 3.68 km/sec at the melting point.
For the lower temperature range -20 to -50°C, the compression wave veloc
ity appears to decrease linearly with temperature and the rate of decrease
is smaller than for the temperature range -20 to O°C. Figure 2.7 shows
the influence of temperature on the shear wave velocity. The shear wave
velocity is about 1.94 km/sec at -20°C and about 1.68 km/sec at the melt
ing point (for samples taken from various Mountain Glaciers). As the
melting point is approached, the velocity drops sharply as shown in Fig
ure 2.8. As shown in Figure 2.9, the sound velocity in synthetic ice
cores is almost constant at about 3.5 km/sec in the range of temperature
-20 to -4°C.
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The influence of temperature on wave velocity may be expressed by
a "temperature coefficient" with units (meters/second);oC. Robin (1958)
reports a temperature coefficient of -2.3 (meters/second)/oC for compres
sion wave velocity. Roethlisberger (1972) indicates that the temperature
coefficient of the compression wave velocity decreases in its absolute
value with decreasing temperature and he also suggests that a temperature
coefficient of -1.1 (meters/second)/oC is appropriate for the shear wave
velocity. Kaplar (1969) determined the dynamic elastic moduli of arti
ficial samples of frozen ice and natural ice cores. Kaplar summarized
the influence of temperature using his tests and those of others as shown
in Figure 2.10. The data presented indicates that the field velocities
of ice sheets and ground ice are higher than the velocities determined
in the laboratories by about 20%. Kaplar states "This is due to the fact
that velocities of longitudinal waves in thin bars or rods, in thin plates,
and in infinitely extended solids are all different. Available formulas
(Ewing, et al, 1934) show that longitudinal velocities in a thin ice
plate may be 5 to 10% higher than in thin ice rods, and in extended ice
masses the velocities may be 20-25% higher depending upon the value of
Poisson's ratio ~ used in the formulas. This is borne out by the exper
imental data presented in Figure 2.10." Kaplar concluded that the dy
namic elastic properties of ice, whether laboratory frozen or natural,
appear little affected by temperature.

2.3.2 Effect of Density
Considerable work has been reported on the influence of ice density

on dynamic elastic properties. Roethlisberger (1972) compiled field and
laboratory data from many investigators and corrected these data to -16°C
based on a temperature coefficient of -2.3 (meters/second)/oC. The results
are shown in Figure 2.11. The results fall within a relatively narrow
band. The compression wave velocity of the band varies linearly with the
density of ice. The velocity decreases from about 3.83 km/sec at 0.92
g/cm3 to about 3.38 km/sec at 0.76 g/cm3. This band indicates that the
compression wave velocity of ice is significantly influence by the ice
density.

In a study conducted by Bennett (1972), the velocity of ice cores
from Greenland and Antarctica were determined by ultrasonic methods and,
in addition, refraction seismic surveys were conducted at the locations
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in the field where the cores were taken. The results employing these
two test methods are presented in Figure 2.12 and 2.13. The figures show
the variation of compression and shear wave velocities with density. The
compression wave velocity varies from about 3800 mlsec at 0.90 glee to
about 1100 mlsec at 0.40 g/cc. The shear wave velocity varies from about
1800 mlsec at 0.90 glcc to about 520 mlsec at 0.40 g/cc. The compression
and shear wave velocities decrease almost linearly from 0.90 to 0.6 glee.
At densities lower than 0.6 glee, the velocities drop rapidly. The rate
of decrease is greater for densities lower than 0.6 glcc than for densi
ties above this value.

Robin (1958) obtained an empirical relationship between compression
wave velocity, temperature, and density of ice as follows:

v = p- 0.059 (1 - 0.00061 T) 104
(2.3)

P 2.21

in which,
V = compression wave velocity in mlsecp

p = ice density in glee
T = temperature in °C

Clarke (1966) studied the velocity of ice by seismic methods and com
pared his results with Robin's empirical formula as shown in Figure 2.14.

The compression wave velocity was plotted against depth from the ground
surface. The velocity increases with depth from 600 mlsec at the surface
to about 3800 mlsec at a depth of 100 m. The rate of increase in veloc
ity decreases with depth and when the depth is greater than 100 mthe
rate of increase is almost negligible. Clarke commented that Robin's
formula gives good results up to a density of 0.892 g/cc. For ice above
this density Robin's formula apparently overestimates the compression
wave velocity.

2.3.3 Effect of Frequency
Only limited work has been reported on the influence of frequency

on the dynamic elastic properties of ice. Smith (1969) states that dy
namic moduli increase slightly with increasing frequency as shown in Fig
ure 2.15. The complex dynamic Young's and shear moduli were plotted
against frequency over a range 800 to 2800 cps. The rate of increase of
the complex Young's modulus and complex shear modulus are nearly identical.
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2.3.4 Effect of Confining Pressure
Information on the effect of confining pressure on dynamic elastic

properties is very limited. Bennett (1972) conducted ultrasonic tests
on unconfined ice cores and seismic surveys were performed in the field
at locations where the cores were taken. As shown in Figures 2.12 and
2.13, the results from the ultrasonic tests on the unconfined core sam
ples are not significantly different from the seismic survey results
where the ice was subjected to the in situ confining pressure. Roeth
lisberger (1972) reports that the effect of pressure is to reduce poros
ity and, hence, increase the density of bubbly ice. With increasing den
sity the shear and compression wave velocities should increase. He states
that a slight increase in velocity should be expected with increasing pres
sure, but provides no justification for this statement.

2.4 Damping of Ice
Smith (1969) studied the parameters influencing the damping proper

ties of snow and ice core samples and presented the test results in terms
of a loss factor (tan 812). His work indicates:

(1) The loss factor appears to decrease with an increase in frequency
but the trend is not well established because considerable scat
ter exists in the data as shown in Figure 2.16. The density of
the ice sample was 0.72 g/cm3 . The loss factor varied between
0.01 and 0.07 when the frequency increased from 800 to 2400 cps.

(2) With increasing driving force, the loss factor tends to increase,
but again the trend is not well established owing to the scatter
of the data as shown in Figure 2.17. The density of the ice
sample was 0.72 g/cc. The driving force was expressed in accel
eration voltage output (RMS) at the sample base. When the ac
celeration voltage was increased from 0.01 RMS to 0.05 RMS the
loss factor varied between 0.01 and 0.07.

(3) The most significant influence on the loss factor is density.
As shown in Figure 2.18, the loss factor is 0.04 at 0.4 glcc

but drops to 0.005 at a density of 0.9 g/cc.

Stevens (1973) studied the influence of temperature on damping of
ice. His work indicates that as the temperature increases the damping
(tan 8) increases as shown in Figure 2.19. Tan 8 is 0.045 at OaF and
increases to 0.06 at 25°F for longitudinal vibration whereas tan 8
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is 0.013 at OaF and increases to 0.06 at 25°F for torsional vibration.

2.5 Dynamic Elastic Properties of Frozen Clay
Most of the work to evaluate the dynamic elastic properties of fro

zen clays has been in the laboratory. Apparently, the only in situ meas
urements were reported by Barnes (1963); the shear wave velocity of allu
vial clay at Northway, Alaska, at -2°C was 7.8 kilo ft/sec.

2.5.1 Effect of Void Ratio
The effect of void ratio has been studied by Stevens (1975). He

indicates that as the void ratio of frozen clay increases beyond 1.0
(i.e., the volume of ice becomes significantly greater than the volume
of frozen clay) the dynamic elastic modulus tends to approach that of
ice. Similar results were obtained by MUller (1961) as shown in Figure
2.20. At a temperature of -10°C, the sound wave velocity of frozen clay
cores increases about 20% for an increase in porosity from 67% to 96%.

2.5.2 Effect of Ice Saturation
It is generally believed that the dynamic elastic properties of fro

zen clay at a constant void ratio should be dependent on the volume of
ice in the voids available to cement the soil grains together. This can
be expressed in terms of the degree of ice saturation which is the ratio
of the volume of the ice to the volume of the voids in a soil mass. As
shown in Figure 2.21, Stevens (1973) found that the increase in modulus
with increasing ice saturation for Suffield clay is nearly constant on
a semi-logarithmic plot. The ice saturation is plotted against the log
of dynamic complex shear modulus of Suffield clay. The modulus increases
from about 0.075 GN/m2 at 0% ice saturation to 1.14 GN/m2 at 100% ice
saturation.

2.5.3 Effect of Temperature
The dynamic elastic properties of frozen clay tend to decrease with

ascending temperature. At temperatures near O°C, the decrease with in
creasing temperature is fairly rapid. Nakano and Froula (1973) deter
mined the shear wave velocity of Goodrich clay as a function of temper
ature using ultrasonic techniques. The results are presented in Figure
2.22. The shear wave velocity is 2.0 km/sec at -16°C but drops to 1.7
km/sec at -1°C.
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Kaplar (1969), using resonant frequency techniques, tested beams of
frozen Boston blue clay and frozen Fargo clay. The results are presented
in Figure 2.23. The longitudinal wave velocity of frozen Fargo clay
drops from 6.5 x 103 ft/sec at -10°F to 3.2 x 103 ft/sec at 30°F whereas
the longitudinal wave velocity of frozen Boston blue clay drops from
10.3 x 103 ft/sec at -10°F to 6.4 x 103 ft/sec at 30°F.

Stevens (1975), using forced vibration resonant column tests, studied
the influence of temperature on Goodrich and Suffield clay. The results
are shown in Figure 2.24. The dynamic complex Young's modulus of Goodrich
clay drops from 1.7 x 107 psi at O°F to 5.5 x 106 psi at 30°F. The dynam
ic complex shear modulus dropsfrpm 6 x 106 psi at O°F to 1.8 x 106 psi

\ . .
at 30°F. Similar results are noted for Suffield clay. Stevens indicates
that temperature has a greater effect on fine-grained soil (clay) than on
coarse-grained soil (sand).

MUller (1961) determined the sound velocity of frozen clay cores as
a function of temperature as shown in Figure 2.20. At a porosity of 67%,
the velocity drops from about 2.7 km/sec at -20°C to about 2.6 km/sec at
-10°C. For the temperature range -10 to -1°C, the velocity drops signif
icantly from 2.6 km/sec at -10°C to 1.75 km/sec at -1°C. At a porosity
of 96%, the velocity decreases only slightly in the temperature range -4

to -20°C.

2.5.4 Effect of Frequency
Information on the influence of frequency on the dynamic elastic

properties of frozen clay is given by Stevens (1975). His results indi
cate that the dynamic elastic properties of Goodrich and Suffield clay
increase slightly with an increase in frequency from 1 to 10 kHz.

2.5.5 Effect of Unfrozen Water Content
Nakano and Froula (1973) suggest that a strong correlation exists

between the dilatational wave velocity and the unfrozen water content.
Figure 2.25 presents the results of an experiment in which the dilata
tional wave velocity and unfrozen water content of a Kaolinite clay were
measured simultaneously. As the unfrozen water content decreases the
dilatational wave velocity increases. The observed hysteresis in the
velocity during a freeze-thaw (cooling-heating) cycle is believed to be
caused by the hysteresis of unfrozen water content. Based on the results
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of this experiment, Nakano and Froula state, "there is very little doubt
that the unfrozen water content is a major factor contributing to a var
iation of the dilatational wave velocity with temperature. II

2.5.6 Effect of Dynamic Stress (or Strain)
The effect of dynamic stress (or strain) on the dynamic elastic

properties of frozen clay has been investigated by Stevens (1975). His
results indicate that dynamic elastic properties of Goodrich and Suf
field clay do not change, for all practical purposes, with a dynamic
(loading) stress increase from 0.1 to 5.0 psi.

2.6 Damping of Frozen Clay
Damping of frozen clay in terms of tan 0 has been reported by Stevens

(1975). Stevens' work, as shown in Figure 2.26, indicates the effect of
temperature on tan O. At 1 kHz and a dynamic stress of 0.1 psi, tan 0

of Goodrich clay increases from 0.07 at OaF to 0.10 at 25°F for longitu
dinal vibrations. Tan 0 of the same frozen clay increases from 0.06 at
OaF to 0.11 at 25°F for torsional vibrations. Similar results are shown
for the Suffield clay. Tan 0 appears to be approximately the same for the
frozen state and the unfrozen state.

The influence of frequency on damping of frozen clay has been inves
tigated by Stevens (1975). His results indicate damping of frozen Good
rich clay decreases with an increase in frequency from 1 to 10 kHz. Damp
ing of frozen Suffield clay does not change appreciably for an increase
in frequency from 1 to 10 kHz.

Stevens (1975) investigated the effect of dynamic stress (or strain)
on damping of frozen clay. His results indicate that damping properties
of frozen Goodrich and Suffield clay do not change, for all practical
purposes, with a dynamic (loading) stress increase from 0.1 to 5.0 psi.

Stevens (1973) found that tan 0 is not significantly affected by
void ratio. There is only a slight decrease in tan 0 as void ratio
increases. Generally, damping of frozen clay is greater than that of ice.

2.7 Poisson's Ratio of Ice and Frozen Clay
Poisson's ratio is defined as the ratio of unit lateral strain to

unit longitudinal strain, under the condition of uniform and uniaxial
longitudinal stress within the proportional limit.
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2.7.1 Poisson's Ratio of Ice
Kaplar (1969) computed Poisson's ratio of ice from the relation:

Ed
~ =~ - 1 (2.4)

in which,
Ed = dynamic Young's modulus

G = dynamic shear modulus.

His results indicate Poisson's ratio for artificially frozen ice varies
with temperature from about 0.33 to about 0.41 whereas Poisson's ratio
for Portage Lake (natural) ice varies with temperature from about 0.28
to about 0.36 as shown in Figure 2.27. Roethlisberger (1972) suggests
that Poisson's ratio of bubbly ice and snow is approximately 0.33. The
influence of density on Poisson's ratio, deduced from seismic, in situ
measurements and ultrasonic laboratory studies, were summarized by Mellor
(1964) and were presented by Roethlisberger, as shown in Figure 2.28.
The summary of results indicates that Poisson's ratio is between 0.25
and 0.30 and is apparently not influenced by density. In contrast to
this, Smith (1969) reports the results from forced vibration tests which
indicated a dependency of Poisson's ratio on density. This is shown in
Figure 2.29. Smith comments, however, that the values appear to be un
reasonable. Gold (1976) gives a range of Poisson's ratio of 0.31 to 0.55
for ice depending on ice structure and temperature.

2.7.2 Poisson's Ratio of Frozen Clay
Based on longitudinal and flexural vibration tests, Poisson's ratio

for frozen Boston blue clay and frozen Fargo clay has been reported as a
function of temperature by Kaplar (1969). The results are shown in Fig
ure 2.30. Poisson's ratio for both clays is about 0.4 for longitudinal
vibration and 0.2 for flexural vibration and is apparently not influenced
by temperature. Kaplar comments that the values computed using longitu
dinal vibrations are believed to be more reliable. In another study con
ducted by Stevens (1975), Poisson's ratio of Goodrich clay was generally
found to be between 0.32 and 0.59. (One value of 0.72 was reported for
Goodrich clay; Poisson's ratio for Suffield clay appeared to be unreal
istically high.) Stevens indicated the values of Poisson's ratio cannot
be considered as accurate because their determination is wholly dependent
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on the accuracy of the modulus values, and small errors in either complex
Young's or shear modulus results in a very sizeable error in Poisson's
ratio. For Goodrich clay, Poisson's ratio decreases with decreasing
temperature, increasing dynamic stress, and increasing frequency. Stevens
states that, however, that it is not certain that these trends are relia
ble.



CHAPTER 3

SAMPLE PREPARATION, SAMPLE INSTALLATION,

TRIAXIAL CELL ASSEMBLY, AND
TEST PROCEDURE

3.1 General
This chapter provides information on the laboratory preparation of

samples of ice and frozen clay, installation of the samples in a triaxial
cell, assembly of the triaxial cell and the procedure used to test the
samples. A basic understanding of the cyclic triaxial test system used
in the research program to evaluate the dynamic properties of ice and
frozen clay is assumed. A detailed description of the components of the

test system, specifically the MTS electrohydraulic closed loop test sys
tem, a triaxial cell, a cooling system and output recording and monitor
ing devices, is given in Appendix A.

3.2 Preparation of Ice Sample
The cylindrical polycrystalline ice samples used in the research

program were prepared using natural snow and distilled water for high
density samples (about 0.904 g/cc) or natural snow and carbonated water
for low density samples (about 0.77 g/cc). Hollow cylindrical teflon
molds, 7.1 cm inside diameter, 30.5 cm high and 1.3 cm thick were used
to form the ice samples (see Figure 3.1). The frozen ice samples were
prepared as follows:

(1) The mold, with the bottom cap inserted at one end, and the top
cap, were placed in a large freezer box maintained at a temper
ature of -20 ± 1°C.

(2) The mold and caps were chilled for approximately one hour and
the mold was filled with loose, dry clean snow (passing the no.
4 sieve) up to about two inches from the top.

(3) Precooled water (close to O°C) or carbonated water was poured
into the snow from the top and the top cap was inserted. A
hole, 0.3 cm, drilled at the side of the mold (5.0 cm from one
end), was used to release air which was trapped in the mold
during the insertion of the top cap.

(4) The sample was placed in the freezer box and left for approxi
mately 24 hours. The samples were then extruded outside the

43
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Figure 3.1 HOLLOW CYLINDRICAL TEFLON MOLD AND
SAMPLE CAPS WITH COUPLINGS

Figure 3.2 TYPICAL CYLINDRICAL ICE SAMPLE
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freezer with a hydraulic jack as fast as possible. (It was
found that if a sample was left in the mold outside the freezer
for approximately 5 minutes or longer tension cracks occurred,
presumably due to shrinkage of the samples caused by a temper
ature increase.)

The resulting polycrystalline ice samples were cloudy and bubbly in
appearance. A typical ice sample is shown in Figure 3.2. The grains
were usually a regular shape and ranged in size from 1 to 2 mm. They had
a random crystallographic orientation. Measured densities ranged from
0.900 to 0.908 glcc for the high density samples and 0.767 to 0.782 glcc
for the low density samples. Approximately one out of three samples con
tained excessive bubbles, cracks, or voids, or appeared to have large
variations in density and were rejected. The samples used in the test
were, therefore, quite homogenous for the two ranges of ice density.
There was a slight radial pattern of ice crystals visible in some samples
when they were broken apart and examined in cross-section.

3.3 Preparation of Frozen Clay Sample
Two types of frozen clay samples were used in the research program:

(1) Ontonagon clay, termed "O-cl ay ," and (2) a mixture of Ontonagon and
sodium montmorillonite clay (50 percent each by weight), termed "M + 0
clay." The O-clay was prepared at different water contents to assess the
influence of water (ice) content on dynamic properties. The M+ O-clay
was used to investigate the influence of specific surface area (related
to unfrozen water content) on dynamic properties. The physical proper
ties of both clays are given in Table 3.1. The air-dried clays, pre
viously crushed and screened through the no. 40 sieve, were thoroughly
mixed with distilled water to a water content slightly greater than their
liquid limit. The resultant slurry was stored in a humidity room for
about one month prior to sample preparation. The frozen clay samples
were prepared as follows:

(1) The clay slurry was taken from the humidity room and isotropi
cally consolidated in a triaxial cell in a cylindrical shape
approximately 10 cm in diameter and 20 cm high. To facilitate
drainage, porous stones were placed on the top and bottom of the
sample and four vertical paper drainage strips were placed around
the sample. Differences in water content of the clay samples
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Table 3.1 INDEX AND MINERALOGICAL PROPERTIES OF O-CLAY AND M+ O-CLAY

a. a-clay (after Warder and Andersland, 1971)

Plastic limit
Liquid limit
Plasticity index
Gradation (% finer by wt.)

2 rom
0.06 rom
0.002 rom

Clay mineral content of clay fraction
Illite
Vermiculite
Kaolinite
Chlorite
Montmorillonite, quartz, feldspar, and

amorphous material
Surface area

b. M+a-clay

Plastic limit
Liquid limit
Plasticity index
Clay mineral content of clay fraction

Illite
Vermiculite
Kaolinite
Chlorite
Montmorillonite, quartz, feldspar, and

amorphous material + Sodium Montmor
illonite

Surface area

24%
61%
37%

100
90
70

45%
20%
15%
10%

10% 2
215 m jg

37%
98%
61%

22%
10%

7%
5%

56% 2
475 m jg
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obtained by consolidating the clay slurry in the triaxial cell
to different confining pressures.

(2) The consolidated sample was taken from the cell and trimmed to
a diameter which was slightly smaller than the diameter of the
teflon mold. The void space between the caps and the coupling

assembly was filled with residual soil from the trimming.
(3) The sample was put in a mold and the two caps were forced into

the two ends of the molds with a hydraulic jack. The mold was
placed in a freezer maintained at a temperature of -30 ± laC
for approximately 24 hours. The sample was then extruded out
side the freezer box with a hydraulic jack. The sample was not
subjected to a surcharge load during freezing.

The degree of saturation of a few samples was determined after iso
tropic consolidation by measuring the pore pressure parameter B. The
values of B of the consolidated samples were greater than 0.98, indicat
ing that the samples were, for all practical purposes, fully saturated.

Four of the highest moisture content O-clay samples were prepared
by pouring the unconsolidated clay slurry directly into the teflon molds.
The molds were then vibrated to insure that no air was trapped in the
samples before they were put in the freezer box.

The frozen clay samples prepared had a random orientation of ice
lenses whose thicknesses varied from 0.8 mm for the lowest water content
samples to 2.0 mm for the highest. The frozen clay samples were classi
fied as CH, Vr (Linell and Kaplar, 1966). Photographs of typical frozen
clay samples are shown in Figure 3.3. There was a thin film of ice sur
rounding the specimens caused by water being expelled from the samples
during the freezing process. Thus, the water content of the frozen sam
ples was slightly lower than that of the material placed in the molds.
This is exemplified by the data given in Table 3.2. (The film was removed
before the water content of the frozen samples was determined.) The fro
zen samples were weighed, their lengths measured, and their densities
obtained, as given in Table 3.2.

Three samples were frozen at a temperature of -5 ± laC and it was
found that they were not different from the samples frozen at -30°C in
terms of the orientation of ice lenses, water content, and their dynamic
properties. A vertical load equivalent to 15 psi was applied to several
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Figure 3.3 TYPICAL CYLINDRICAL FROZEN CLAY SAMPLE
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Table 3.2 WATER CONTENT AND DENSITY OF CLAY SAMPLES

Water Average Water Average
Sample content water con- content water con- Density
Number before tent before after tent after of frozen

freezing freezing freezing freezing samples
(% ) (% ) (%) (%) (glee)

CL-1 29.8 28.5 1. 96
CL-2 29.9 29.8 29.6 29.2 1. 92
CL-3 30.3 29.8 1. 98
CL-4 29.1 29.0 2.00

C-30-1 39.5 36.8 1. 78
C-30-2 38.7 35.5 1. 80
C-30-3 38.4 36.1 1. 82
C-30-4 37.9 35.3 1. 82
C-30-5 38.3 38.6 36.4 36.0 1. 82
C-30-6 37.6 34.9 1. 81
C-5-1 37.5 34.5 1.86
C-5-2 38.7 36.1 1. 84
C-5-3 41.0 38.3 1.82

C-30-7 50.5 50.5 46.3 46.3 1. 73

CH-1 61. 0 55.2 1. 60
CH-2 61. 0

61. 0 55.4
55.1 1. 61

CH-3 61. 0 54.7 1. 64
CH-4 61. 0 54.9 1.60

NC-30-1 58.5 56.4 1. 65
MC-30-2 57.9

58.8 56.9
57.2 1. 68

MC-30-3 61.1 59.0 1. 59
MC-30-4 57.8 56.6 1. 70
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samples during the freezing process and it was found that these samples
were not different (considering the parameters mentioned above) from the
others. These results apparently indicate there was significant con
straint between the mold and the sample during the freezing process. The
constraint was sufficient to counteract the frost heave force and the
associated development of ice lenses. In an attempt to produce thicker
ice lenses, many samples were frozen at -5 ± 1°C without horizontal or
vertical constraint. It was possible to produce ice lenses up to 5 mm,
however, the samples could not be used in the test program because the
sample and the caps were not in alignment. A high degree of alignment
is necessary to perform the cyclic triaxial tests on the frozen samples.

3.4 Sample Installation and Triaxial Cell Assembly
The frozen ice and clay samples were stored in a freezer at -20 ±

loe after they were jacketed with two rubber membranes, each with a wall
thickness of 0.05 cm. Prior to testing, the base clamp of the anti-tilt
device (see Appendix A, Section A.2) was connected to the sample base.
The sample was immersed in the cold bath and the base was connected to the
load cell (see Figure A.7). The anti-tilt device was assembled as follows:

(1) The LVOT body was attached to the standard of the anti-tilt
device fixed to the base clamp.

(2) The anti-tilt ring with the core of the LVOT attached was clamped
to the top cap.

(3) The anti-tilt ring (opposite to the core of the LVOT) was con
nected to the spring steel extending from the base clamp in a
position such that the voltage output from the LVOT was close
to zero.

(4) The position of the LVOT body was adjusted so that the core of
the LVOT was at the center (horizontal plane) of the LVOT housing.
This insured that the core would not come into contact with the
housing when conducting a test. This adjustment is very impor
tant. If any contact between the core and the LVOT occurs, the
damping ratio obtained at low strain amplitudes is significantly
larger than the correct value. Core contact with the housing
could be observed from the hysteresis loops as shown in Figure
3.4. If the line of the loops squared off at the end points it
indicated that the load was changing with no change in displace-
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ment. However, since the load was changing there must be a cor
responding displacement. Therefore, the core must be "sticking"
to the housing of the LVOT. The significance of this error obvi
ously decreases with increasing strain amplitude.

After the anti-tilt device was attached to the sample the triaxial
cell cylinder was placed on the base plate of the cell and the thermistor
collar was placed around the sample. Finally, the top plate was tightened
down on the cell cylinder and the piston loading rod was connected to the
top cap by inserting it through a ball bushing loading collar. Care must
be taken when attaching the piston rod. If the torque applied in tight
ening the piston rod is too great the sample will fail.

Since the LVOT attached to the anti-tilt device was used for the
feedback signal to the MTS controller, any deformations associated with
loose connections or elastic deformations of the piston rod were elimi
nated. After the piston rod was attached, the center positioning of the
LVOT core could be checked by applying a cyclic vertical force manually
to the connecting rod and observing the hysteresis loop. If the loop
exhibited the shape shown in Figure 3.4 the LVOT body had to be reset
until a satisfactory loop was obtained. This required removing the top
plate and piston loading rod.

When a satisfactory loop was obtained the cold bath was covered
with styrofoam and an auxiliary coolant line was placed on the top plate
of the triaxial cell. A small increase in temperature was usually expe
rienced during the installation of the sample. Therefore, the samples
were left in the cell for at least two hours to insure temperature equi
librium in the triaxial cell and sample before a dynamic test was con
ducted. The temperature of the sample was controlled by the mercury
thermometer thermostat in the refrigeration unit. The two thermistors
attached to the side of the sample were monitored to obtain the temper
ature to within ± D.loC. If the temperature was not correct, the thermo
stat was readjusted and the test was delayed two hours to insure that a
temperature equilibrium condition was reached.

3.5 Test Procedure
An electrohydraulic closed loop system was used to apply a cyclic

deviator stress to the samples for cyclic triaxial testing. The test
procedure used in the research is as follows:
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(1) The LVDT in the actuator was used as the feedback signal to
move the actuator ram in contact with the triaxial cell piston
loading rod. (The sample was subjected to a slight load during
this operation.) The hydraulic power supply was turned off and
a valve at the supply port of the hydraulic manifold of the ac
tuator was closed to prevent fluid movement.

(2) The feedback connection was changed from the LVOT in the actu
ator to the LVOT on the anti-tilt device. The actuator and the
piston loading rod were connected, and a confining pressure of
approximately 50 psi was applied to the sample to prevent dis
turbance caused by the movement of the actuator during the ap
plication of hydraulic pressure to the actuator. Gain and Rate
adjustments were strongly dependent on the strength of the sam
ples and "snugness" of the connection. For practical purposes,
they were readjusted whenever the movement of the actuator,
observed on the strip-chart recorder, deviated from a sine wave.

(3) The Cal Factor and the Zero control of the LVOT were readjusted
to correspond to the LVOT on the anti-tilt device. Set Point
was adjusted to eliminate any difference between the feedback
and the command signal. The hydraulic pressure was then applied
and the valve at the supply port of the hydraulic manifold was
opened. The actuator was now controlled by the LVOT on the anti
tilt device.

(4) In general, it was not possible to set the LVDT exactly at its
null point. Therefore, there was an initial voltage from the
LVDT that would cause the strip-chart and x-y recorder to go
"off scale" when they were set at high sensitivity. To achieve
a voltage output close to zero the Set Point and the Zero con
trol of XCORl were gradually adjusted one after the other.
During this adjustment the load on the sample was monitored to
insure that an excessive load was not applied.

(5) The sensitivities of the recording devices were set for the
range of frequencies and voltage outputs anticipated during
testing. The setting for the load cell could be made from expe
rience after testing a number of samples. When the frequency of
testing was less than or equal to 0.3 cps, the hysteresis loops
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were recorded directly on the x-y recorder. For higher frequen
cies, the hysteresis loops were recorded by playing back the
signal stored in the transient recorder. The results from these
two techniques were compared and they were found to give, for
all practical purposes, equal values of damping ratio. The
strip-chart recorder monitored peak-to-peak displacement and
load signals. From this record the dynamic elastic modulus
could be determined.

(6) A confining pressure was applied to the cell and the Zero con
trol of XCDRl (feedback) was adjusted to obtain zero load on the
sample (with this procedure there was no change in voltage out
put from the LVDT). The Span control was set to achieve the
desired strain and the frequency of the sinusoidal command wave
form was selected. The test was then conducted by engaging the
Run control.



CHAPTER 4

DYNAMIC PROPERTIES OF ICE UNDER CYCLIC
TRIAXIAL LOADING CONDITIONS

4.1 General
Cyclic triaxial tests were carried out on two groups of laboratory

prepared samples of ice. In the first group the density ranged from
0.900 to 0.908 glee; in the second group the density ranged from 0.767
to 0.782 glee. It was felt that several parameters might influence the
dynamic properties of ice. Hence, in addition to density the effects on
dynamic properties caused by variations in temperature, confining pres
sure, strain amplitude, frequency, and number of cycles of loading were
investigated.

4.2 Test History Effects on Dynamic Properties
At the onset of the research program it was felt that the IItest

historyll a sample experienced might influence the dynamic properties
measured. By test history is meant (1) the sequence in which the var
ious physical parameters considered in the test pro9ram (temperature,
confining pressure, frequency, strain amplitude, and number of cycles)
were applied to the sample, and (2) the magnitude of the parameters con
sidered following a given sequence. The results of the many tests con
ducted to establish an acceptable test history for a sample may be sum
marized as follows:

(1) Temperature - individual samples were tested through a range of
temperatures. It was found that the dynamic properties were
comparable to those of samples tested at a single temperature
if the samples were tested from high (-1°C) to low (-10°C) tem
perature. It was observed that if the sample temperature was
decreased and it was allowed to readjust to the new temperature
for a 24-hour period it would lIerasell any disturbance effects
that might have occurred at the higher temperature. When the
tests were performed from low (-10°C) to high (-1°C) tempera
ture, the samples were disturbed, apparently at the coupling,
even if they were left in the cell at a new test temperature
for 24 hours prior to testing. The disturbance could be ob
served from the hysteresis loop. Melting between the samples
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and the caps was found when the samples were taken out of the
cell.

(2) Strain amplitude - the laboratory tests were conducted from low
to high strain amplitude at a given confining pressure. If the
sample was retested at the lowest strain amplitude it was ob
served that the damping ratio of the later test was greater than
the damping ratio of the former by about 50 percent. The dynam
ic Young's modulus appeared to be equal in magnitude.

(3) Confining pressure - when the samples were subjected to a high
confining pressure (greater than 100 psi) they deformed rapidly.
The rate of deformation decreased with time and the volume of
the samples appeared to decrease which would cause the density
to increase. This effect was demonstrated by testing a sample
at a low confining pressure, subjecting it to a high confining
pressure, then retesting at the low confining pressure. The
dynamic Young's modulus of the sample after it was subjected to
a high confining pressure was slightly greater than the dynamic
Young's modulus of the sample before experiencing the high con
fining pressure. To avoid this problem the samples were sub
jected to the highest confining pressure (200 psi) used in the
test sequence for approximately 20 minutes before a test was
performed. The rate of deformation of the samples was very
small for subsequent applications of confining pressure after
employing this procedure.

(4) Frequency - variations in the frequencies of testing (0.3, 1.0,
and 5.0 cps) did not appear to cause sample disturbance.

(5) Number of cycles - the dynamic properties of the ice samples
did not appear to be influenced by the number of cycles a sample
was subjected to provided the number of cycles of loading did
not exceed approximately 20 per one test. One sample was found
to be disturbed when it was subjected to more than 100 cycles
per one test. A sample subjected to about 150 cycles per one
test melted at the couplings and the dynamic Young's modulus was
found to be very low.

An acceptable test history and the one used in the research program
is shown in Figure 4.1. The range of test conditions was chosen to in
clude the field conditions and loadings anticipated for frozen soil de-
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Constant temperature

(sample subjected to an initial confining pressure of 200 psi
prior to testing)

Approxima.te axial strain 3
-3

x 10 %

__cp=200 ps~f=0.3 cps~f =1.0 cps~ f =5.0 cps

p=lOO ps:b,..-....e....f =0.3 cps.....-..-f=l.O cps~ f =5.0 cps

p= 50 ps:k-----.- f == 0 . 3 cps --+- f =1. 0 cps~f =5.0 cps

cp= 25 ps:b--+- f=O. 3 cps ----f;- f =1. 0 cps----.....f =5.0 cps

~cp= () psi--+-f=0.3 cps--... f =1.0 cps---....f =5.0 cps

')

A roximate axial strain = 9 x lO-~%

cp=200 psi---'-f=0.3 cps---...f=1.0 cps---+-f =5.0 cps

cp=lOO psi .. f=O. 3 cps -~~~f =1. () cps-...,. f =5.0 cps

t-......~p= 50 psi--....f=O. 3 cps~f =1. 0 Cp&s-.....~f =5.0 cps

cp= 25 psi---...... f =0.3 cps--......f =1. 0 cps::;..-.....jIbf =5.0 cps

Approximate axial strain = 2 x 10- 2%

t--....cp=200 psi---.... f =O.3 cps'---'iIl>of =1. 0 cps--"'f =5.0 cps

---'-"'Cp=lGO psi---+of=O. 3 Cps-"""l-....f =1. 0 Cpsl----4...... f =5.0 cps

Figure 4. 1 DIAGRAM OF ACCEPTABLE TEST HISTORY FOR ICE
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posits subjected to strong motion earthquakes (Vinson, 1975). The range
of specific test parameters are as follows:

(1) Temperature - the high density samples were tested at five tem
peratures (-1, -2, -4, -6 and -10°C); the low density samples
were tested at three temperatures (-1, -4, and -10°C). A given
sample was tested at one temperature only.

(2) Strain amplitude - the range of strain amplitude was approxi
mately 3 x 10-3 to 2 x 10-2%axial strain. The maximum strain
amplitude of testing at cp = 0 was limited to about 5 x 10-3%;
at cp = 25 and 50 psi it was limited to about 9 x 10-3%; at
cp = 100 and 200 psi it was limited to about 2 x 10-2%. The
maximum strain amplitudes were associated (approximately) with
a tensile failure of the sample. (It was found that ice sam
ples with the coupling described in Appendix B could be sub
jected to a tensile stress of about 80 psi.)

(3) Confining pressure - the high density samples were tested at
five confining pressures (0, 25, 50, 100 and 200 psi). At a
confining pressure of 0 psi, only a limited number of tests were
performed at low strain amplitudes (2 x 10- 3 to 5 x 10- 3%). The
low density samples were tested at four confining pressures (0,
25, 50 and 100 psi). The low density samples were not tested at
cp = 200 psi because the deformations associated with the appli
cation of this confining pressure were quite large. (The defor
mation of the low density samples under 200 psi confining pres
sure was greater than the range of the LVDT, ± 0.254 em.) At a
temperature equal to -l~C, the maximum confining pressure was
limited to 50 psi, because of excessive deformations at 100 psi.
A limited number of tests were performed at cp = 0 psi at low
strain amplitudes, 3 x 10-3 and 5 x 10-3%.

(4) Frequency - in general only three frequencies of loading were
used in the test program: 0.3, 1.0 and 5.0 cps. A limited num
ber of samples were tested at a very low frequency, 0.05 cps.

(5) Number of cycles - for each test condition a sample was subjected
to 20 cycles of loading.

Before a sample was subjected to the acceptable test history the
cell pressure was increased to 200 psi for approximately 20 minutes. The
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dynamic Young's modulus was evaluated at a strain amplitude of 9 x 10-3%

and a frequency of 0.3 cps. The value obtained from this test was com
pared to that obtained durinq the course of the test history as another

check on the disturbance of the sample. If they were found to be in good

agreement, the test was presumed to be acceptable. (For all the test
results reported herein the comparison was quite good.)

4.3 Influence of Number of Cycles on Evaluation of Dynamic Properties
It is generally felt by researchers conducting cyclic triaxial tests

on unfrozen soils that the dynamic properties associated with the 5th or

lOth cycle are the most appropriate for predicting ground response during

earthquakes. To assess the influence of the choice of the cycle number

on dynamic properties the variation of the ratio (E at Nth cycle/E at

lOth cycle) and (\ at Nth cycle/\ at lOth cycle) with number of cycles
at different frequencies, confining pressures, strain amplitudes, and

temperature was determined. These ratios are shown for high density ice
at 1,5,10 and 20 cycles in Tables 4.1 and 4.2, respectively. There

appears to be no significant variation in dynamic Young's modulus with
number of cycles for different frequencies, confining pressures, strain
amplitudes, and temperatures. At the greatest, the dynamic Young's mod
ulus at the Nth cycle is approximately 3.0% different from the modulus
at the lOth cycle. Further, the damping ratio does not appear to vary
with the number of cycles for different frequencies, confining pressures,

strain amplitudes, and temperatures. The damping ratio at the Nth cycle
is at most about 10% different from the damping ratio at the 10th cycle.

The dynamic Young's modulus was evaluated from the load and dis

placement channels of the strip-chart recorder at the lOth cycle by meas
uring the peak-to-peak amplitude of the recorded waveform. The damping

ratio was evaluated from the hysteresis loop for the 10th cycle obtained
from the x-y recorder. Typical strip-chart and x-y recorder records are
shown in Figure 4.2. The area of the hysteresis loop was determined with
a planimeter. The error associated with this determination was estimated
to be approximately 5%.

4.4 Dynamic Young's Modulus of Ice
The dynamic Young's modulus from the laboratory test program was

plotted against the log of axial strain amplitude expressed as a percent.



Table 4.1 VARIATION OF DYNAMIC YOUNG1S MODULUS OF HIGH DENSITY ICE WITH NUMBER OF CYCLES

E at Nth cycle

Temperature Axial strain Confining Frequency E at 10th cycle

( °C) amplitude pressure (cps)(%) (psi) Number of cycle
1 5 10 20

-4 0.00287 50 0.05 0.988 1.003 1 0.995
-4 0.00287 50 0.3 1. 035 1.014 1 1.020
-4 0.00287 50 1.0 0.981 1.012 1 1. 024
-4 0.00287 50 5.0 1.002 1.008 1 0.989

-4 0.00287 200 0.3 0.992 1.014 1 1.015 O'l
0

-4 0.00287 50 0.3 1.035 1.014 1 1. 020
-4 0.00287 0 0.3 1. 033 1.001 1 0.987

-4 0.00127 200 0.3 1.015 1. 038 1 1.063
-4 0.00287 200 0.3 0.992 1. 015 1 1.014
-4 0.0093 200 0.3 1. 005 1. 003 1 1. 005
-4 0.0192 200 0.3 0.996 0.995 1 0.984

-1 0.00287 50 0.3 1. 000 1.008 1 1. 013
-4 0.00287 50 0.3 0.992 1.015 1 1. 014

-10 0.00287 50 0.3 1.034 1. 011 1 1.019



Table 4.2 VARIATION OF DAMPING RATIO OF HIGH DENSITY ICE WITH NUMBER OF CYCLES

Aat Nth cycle

Temperature Axial strain Confining Frequency A at 10th cycle

(0 C) amplitude pressure (cps)
(% ) (psi) Number of cycle

1 5 10 20

-4 0.00287 50 0.05 0.909 0.860 1 0.871
-4 0.00287 50 0.3 1. 029 1. 035 1 0.994 m

-4 0.00287 200 0.3 0.944 0.958 1 1. 007
-4 0.00287 50 0.3 1. 029 1. 035 1 0.994
-4 0.00287 0 0.3 0.970 0.965 1 0.970

-4 0.00127 200 0.3 0.990 0.962 1 0.942
-4 0.00287 200 0.3 0.944 0.958 1 1.007
-4 0.0093 200 0.3 0.973 0.965 1 1.013
-4 0.0192 200 0.3 0.996 1.021 1 1

-1 0.00287 50 0.3 0.955 0.977 1 1. 008
-4 0.00287 50 0.3 1. 029 1. 035 1 0.994

-10 0.00287 50 0.3 1.103 1. 000 1 1.046
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The plots are shown in Appendix C, Figures C.l to C.93 for the high den
sity samples and Figures C.94 to C.126 for the low density samples. Each
plot represents a test condition associated with a specific frequency,
temperature, and confining pressure. In general, the data from three (or
more) tests are available for each test condition.

For any given test condition there is "scatter" in the data points.
It is believed that this was caused by:

(1) Slight variations of density of the samples which ranged from
0.900 to 0.908 glcc for the high density samples and 0.767 to
0.782 glcc for the low density samples.

(2) Slight differences in the structural composition of the samples,
particularly near the coupling.

(3) Slight temperature differences between tests.
(4) Loosening of the coupling between the samples and the cap and

base.
(5) At the lower strain amplitudes of testing the test system ap

proached its limit of capability both electronically and mechan
ically. Some variations in test results at this extreme of
testing are to be expected.

Overall, however, it is felt that the data is reliable and provides a
good basis for the interpretation of material properties.

4.4.1 Effect of Strain Amplitude
The data presented in Figures C.l to C.126 in Appendix C suggests

that the dynamic Young's modulus of ice varies linearly with the log of
percent axial strain amplitude, as least over the range of strain ampli
tude associated with the experimental program. The dashed lines in the
figures represent the least squares best fit line of the data. The
slopes of the least squares best fit lines vary slightly from one another
but do not appear to be influenced by frequency, confining pressure, or
temperature. The slopes of a few of the lines vary significantly from
the majority of the lines because they are associated with only a lim
ited number of data points. This is exemplified by Figures C.l, C.16,
C.21, C.4l, C.61, C.66 and C.?? at a confining pressure of 0 psi and at
a frequency of 0.05 cps.

Since the relationship between dynamic Young's modulus and the log
of percent axial strain is not significantly influenced by other test
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parameters it was assumed to be independent of the parameters. To estab
lish the average least squares best fit line the dynamic Young's modulus
for all the experimental data ~was plotted against log of percent axial
strain amplitude, as shown in Figure 4.3 for the high density samples,
and Figure 4.4 for the low density samples. The average slope is -0.0934
(psi/log %) for the high density samples and 0.0067 (psi/log %) for the
low density samples. The average slopes indicate that the influence of
strain amplitude for the high density samples is greater than for the
low density samples.

To assess the influence of frequency, temperature, and confining
pressure on the dynamic Young's modulus the average best fit least
squares line was plotted through the data points for a given test con
dition. These are shown as solid lines in Figures C.1 to C.126. These
1ines were drawn inte'rsecting the dashed 1ines at the "center" of the
data set for a given test condition. Obviously, personal judgment was
involved in this construction. The best fit least squares line through
the center of the data set for given test conditions are summarized in
Figures 4.5 to 4.23 for the high density samples and Figures 4.24 to 4.32
for the low density samples. The figures shown the influence of confin
ing pressure on dynamic Young's modulus at a specified temperature and
frequency. Dynamic Young's modulus varies from 340 x 103 to 900 x 103

psi for the high density samples and 260 x 103 to 600 x 103 psi for the
low density samples.

The relationship between dynamic Young's modulus and confining pres
sure, frequency, and temperature can be established by interpolation of
the results presented in Figures 4.5 to 4.32 at a specified strain ampli
tude. In this chapter a strain amplitude of 4.4 x 10-3% (10g10 = -2.36)
was selected for this purpose. Another strain amplitude could be selected
without changing the conclusions reached in Sections 4.4.2, 4.4.3, and
4.4.4 owing to the fact that the variation between dynamic Young's modu
lus and log percent axial strain was assumed to be linear and independ
ent of confining pressure, frequency, and temperature.

4.4.2 Effect of Confining Pressure
The relationship between dynamic Young's modulus and confining pres

sure at an axial strain of 4.4 x 10-3%is shown in Figures 4.33 to 4.37
for the high density ice and Figures 4.3~ to 4.40 for the low density ice.
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Figure 4.24 DYNAHIC YOUNG'S HODULUS VERSUS AXIAL STRAIN FOR LOW

DENSITY ICE AT _1°C AND 0.3 CPS
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Axial Strain (log percent)

Figure 4.28 OYNAfllC YOUNG'S I·IOOULUS VERSUS AXIAL STRAIN FOR LOW

DENSITY ICE AT -4"C AND 1.0 CPS

Sample density.::. 0.77 glee

740. 740.
Samp Ie dens ity , 0.77 g/cc

bbl1. 660.

~) :{O .
580.

0.
(l

M
0

1),10.
cp 100 psi 500.

"
0 cp 50 ps i ~u cp 25 psi 00

u:-;:
0

410. '" 420.~

c
~0
c0 cp 0 psi 0

~u

u
2 340.

.~
340.

;;;
;;;

260. 260.

IBO. 180.

100. 100.

-3.40 -3.08 -2.76 -2.44 -2.12 -3.40 -3.08
Axial Strain (log percent)

Figure 4.27 DYNAMIC YOUNG'S I~OOULUS VERSUS AXIAL STRAIN FOR LOW

DENSITY ICE AT _4°C AND 0.3 CPS

-2.76

cp 100 ps i
cp 50 ps 1

cp " 25 ps i

cp 0 psi

-2.44 -2.12

cp " I DO psi

cp - 50 psi
cp " 25 psi

cp " 0 psi

Sample dens ity :< 0.77 glee

-3.08 -2.76 -2.44 -2.12

Axial Strain (log percent)

Figure 4.29 DYNAMIC YOONG'S MODULUS VERSUS AXIAL STRAIN FOR LOW

DENSITY ICE AT -4°C AND 5.0 CPS

740.

660.

580.
~

0.

M
0

~
500.

0

0
u
0

'"
-~. 420.
~

c
~

0
>
u

.~ 340.

;;;

260.

180.

100.

-3.40



73

Axial Strain (log percent)

Sample density", O. 77 ~l/cc

Axial Strain (log percent)

-2.12-2.44

cp 0 100 psi
cp 0 50 ps i

cp '=' 25 ps i

cp 0 0 psi

-2.76-3.08

740.

660.

580.

~

a
M

0

:::: 500.
~
~

'0

:it
420.

~

c
~
0
r
u

.~ 340 .

6'

260.

180.

100.

-3.40-2.12-2.44

cp 0 100 psi
cp 0 50 psi

cp 0 25 psi

cp - 0 psi

-2.76

7411.

660.

580.

~

a
M

0

500.
~
~

'0
0;;.-::

-~
420.

~.

c
~

0

u

.~ 340 .

i~'

,611.

IBO.

100.

-3.40 -3.08

Figure 4.30 DYNAfIIC YOUNG'S i100ULUS VERSUS AXIAL STRAIN FOR LOW

DENSITY ICE AT _10°C AND 0.3 CPS
Figure 4.31 DYNAMIC YOUNG'S NODULUS VERSUS AXIAL STRAIN FOR LOW

DENSITY ICE AT _10°C AND 1.0 CPS

740.

660.

580.

~

a
M

0

:::: 500.
~
~

u
0

" 420.
~

c

§
u

.~ 340 .

6'

260.

180.

100.

-3.40

Sample density 0.77 glee

cp 0 100 psi
cp - 50 psi

cp 0 25 ps i
cp 0 0 psi

-3.08 -2.76 -2.44 -2.12

Axial Strain (log percent)

Figure 4.32 DYNAMIC YOUNG'S ,mOULUS VERSUS AXIAL STRAIN FOR LOW

DENSITY ICE AT -lOoC AND 5.0 CPS



Fi gure 4,34 DYNAMIC YOUNG'S MODULUS VERSUS CONF IN ING PRESSURE

FOR HIGH DENSITY ICE AT -2"C

Frequency

l::. 0,05 cps

A 0,3 cps

.A. 1,0 cps

.. 5,0 cps

Sample density;; 0.904 glee

Axial strain = 4.4xlO-3%

75 iOO 125 150 175 200

Confining Pressure (psi)

5025

74

F,'equency Sample density;; 0.904 glee

l::. J.05 cps Axia 1 strain = 4.4xl0- 3%

A 0.3 cps
-!,1(I. gOO.

A. I. ° cps

A -J.O cps

<120, 820,

140, 740,
~

n
0.

M
0

0 =---:. 660.
~

660,
~

0
~

."
~

0 ~

52,0, -~ 580,
~

~
~

~
~

0 0
0 >-
>- u

500. .~ 500,
~

~ B
B

420, 420,

340. 340,

260, 260,

25 50 75 100 125 150 175 200

Confining Pressure (psi)

Figure 4,33 OYNAI4IC YOUNG'S I-IODULUS VERSUS CONFINING PRESSURE

FOR HIGH DENSITY ICE AT -1 "C

gOO,

820,

740.

0.

0

660,

~

0
~
0

'"
-~

580,
~

~

0
>-
u

500,
.~

B

420,

340,

260.

Frequency

A 0,05 cps

A 0.3 cps

A. 1.0 cps

A 5.0 cps

Samp 1e dens ity '" 0.904 g/cc

Axial strain = 4.4xlO-3%

gOO,

820,

740,

660,

_~ 580,

SOD,

420,

340.

260,

Frequency

A 0,3 cps

.A. I,D cps

A 5,0 cps

Sample density ~ 0.904 glee

Axial strain := 4.4xlO-3%

75 100 125 150 175 200

Confining Pressure (psi)

5025

Figure 4.36 DYNAI-lIC YOUNG'S MOOULUS VERSUS CONFINING PRESSURE

FOR HIGH OENSITY ICE AT -6"C

5025 75 100 125 150 175 200

Confining Pressure (psi)

Figure 4.35 OYNAlHC YOUNG'S MODULUS VERSUS CONFINING PRESSURE

FOR HIGH OENSITY ICE AT -4"C



900.

260.

Frequency

LI. 0.05 cps

A 0.3 cps

A 1.0 cps

• 5.0 cps

Sample density" 0.904 9/cc

Axial strain = 4.4x10- 3%

75

740.

660.

580.

0.

M
0

500.
~

~

~

'C
0

"
-~ 420.

§
~

u
.~ 340.

~

260.

180.

100.

Frequency

A 0.3 cps

A 1.0 cps

• 5.0 cps

Sample density::: 0.77 g/ee

Axial strain'" 4.4xl0- 3t

25 50 75 100 125 150 175 200

Confining Pressure (psi)

25 50 75 100 125 150 175 200

Gonf; ni ng Pressure (ps i)

Fi9ure 4.37 DYNAMIC YOUNG' S I~ODUlUS VERSUS CONFINING PRESSURE

FOR HIGH DENSITY ICE AT -lDoC

Figure 4.38 DYNAMIC YOUNG'S f.lODUlUS VERSUS CONFINING PRESSURE

FOR lOW DENSITY ICE AT -1°C

740.

660.

580.

0.

M
a

500.

~
~

'C
0

" 420.
-~

'"c
~

0
>
u 34D.
.~
;;,

260.

Frequency

A 0.3 cps

A 1.0 cps
• 5.0 cps

Sample density" 0.77 glcc

Axial strain'" 4.4xlO- 3%

740 .

660.

580.
~

0.

M
a

~

500.

"
"'C
~

-~ 420.

'"c
"~
u
's 340 .

~

260.

Frequency

A 0.3 cps

A 1.0 cps

• 5.0 cps

Sample density", 0.77 glee

Axial strain = 4.4xlO- 3%

Confining Pressure (psi)

Figure 4.39 DYNAMIC YOUNG'S I<tODUlUS VERSUS CONFINING PRESSURE

FOR lOW DENSITY ICE AT -4'C

Figure 4.40 DYNAMIC YOUNG'S MODULUS VERSUS CONFINING PRESSURE

FOR lOW DENSITY leE AT _lDoe

180.

100.

25 50 75 100 125 150 175 200

180.

100.

25 50 75 100 125 150 175 200

Confining Pressure (psl)



76

The relationship is, in general, plotted at four frequencies for a given

temperature. The data at five temperatures (-1, -2, -4, -6 and -10°C)
was available for the high density ice, and at three temperatures (-1,
-4 and -10°C) for the low density ice.

The results shown in Figures 4.33 to 4.37 indicate the dynamic
Young's modulus of high density ice increases with increasing confining
pressure (1) gradually from a to 25 psi (approximately 8%), (2) steeply
from 25 psi to 50 psi (approximately 20%), (3) gradually from 50 psi to
100 psi (approximately 8%), and only slightly from 100 psi to 200 psi.
Temperature and frequency do not appear to have a significant influence
on the relationship between dynamic Young's modulus and confining pres
sure.

The dynamic Young's modulus of low density ice at temperatures of
-1 and -4°C increases rapidly with increasing confining pressure from 0
to 25 psi (approximately 14%). At a temperature of -10°C, the rate of
increase in this range of confining pressure is gradual and comparable to
high density ice. The dynamic Young's modulus increases gradually for
all test temperatures with increasing confining pressure from 25 psi to
50 psi; it is almost constant with increasing confining pressure from 50
psi to 100 psi. Frequency does not appear to have an influence on the
relationship between dynamic Young's modulus and confining pressure.

The relationship between dynamic Young's modulus of ice and confin
inf pressure might be caused by changes in the microstructure of the ice
under various confining pressures. Microfissures might close when a sam
ple is subjected to a high confining pressure. This would lead to a sam
ple with a higher dynamic modulus. Conversely, they might open when a
sample is subjected to a lower confining pressure which would lead to a
lower dynamic modulus. This tendency was exemplified by the fact that
when the confining pressure was released from the triaxial cell and the
sample was not allowed to deform there was a gradual increase of load on
the sample. This load might be associated with the elastic rebound char
acteristics of the microfissures.

4.4.3 Effect of Frequency
The relationship between dynamic Young's modulus and frequency at

an axial strain of 4.4 x 10-3%is shown in Figures 4.41 to 4.45 for high
density ice and Figures 4.46 to 4.48 for low density ice. The re1ation-
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ship is, in general, plotted at five confining pressures for a given
temperature.

The dynamic Young's modulus of high density ice increases rapidly
(approximately 20%) for an increase in frequency from 0.05 to 0.3 cps.
Between 0.3 and 5.0 cps the rate of increase is, in general, not as rapid.
The increase of dynamic Young's modulus with frequency appears to be
greater for higher temperatures (-1°C) than for lower temperatures (-10°C).
Confining pressure does not appear to have an influence on the relation~

ship between dynamic Young's modulus and frequency.
No tests were performed at a frequency of 0.05 cps on the low den~

sity ice samples. The dynamic Young's modulus of low density ice increases
approximately 4% for an increase in frequency from 0.3 to 5 cps. For sam
ples at a temperature of -1 and -4°C the rate of increase is greater in
the frequency range 0.3 to 1.0 cps than in the range 1.0 to 5.0 cps. For
samples at a temperature of -10°C, the relationship between dynamic Young's
modulus and frequency is almost linear in the range 0.3 to 5.0 cps. Con
fining pressure does not appear to have an influence on the relationship
between dynamic Young's modulus and frequency.

4.4.4 Effect of Temperature
The relationship between dynamic Young's modulus and temperature is

shown in Figures 4.49 to 4.52 for high density ice and Figures 4.53 to
4.56 for low density ice. The relationship is, in general, plotted at
four frequencies for a given confining pressure.

The dynamic Young's modulus of the high density ice increases with
decreasing temperatures. At a confining pressure of 25 psi the modulus
increases approximately 20% for a temperature decrease from -1 to -4°C.
It also increases approximately 20% for a temperature decrease from -4
to -10°C. The modulus increases more rapidly in the temperature range
-1 to -4°C than in the temperature range -4 to -10°C. For the tempera
ture range -4 to -10°C, the rate of increase is almost constant. At low
confining pressures, the rate of increase is slightly greater than at
high confining pressures. The frequency of testing appears to have no
significant influence on the relationship between dynamic Young's modu
lus and temperature.

The dynamic Young's modulus of low density ice increases approxi
mately 35% for an increase in temperature from -1 to -4°C and approxi-
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mate1y 20% for an increase in temperature from -4 to -lOoe. The modulus
increases almost linearly in the temperature range -4 to -lOoe. The rate
of increase is smaller than for the temperature range -1 to -4°e. Fre
quency and confining pressure appear to have no significant influence on
the relationship between dynamic Young's modulus and temperature.

4.4.5 Effect of Density
The results presented by Roethlisberger (1972) and Bennett (1972)

indicate that the dynamic elastic properties of ice vary linearly with
density in the range 0.7 to 0.919 glcc (refer to Figures 2.11,2.12, and
2.13, Section 2.3.2). In the research program the dynamic Young's modu
lus was evaluated at two densities: 0.77 and 0.904 g/cc. The relation
ship between dynamic Young's modulus and density was assumed to be linear.
The relationship is shown in Figures 4.57 to 4.59 for three frequencies
at a confining pressure of 50 psi, axial strain of 4.4 x 10-3%, and a
given temperature. In Figures 4.60 to 4.62 the relationship between dy
namic Young's modulus and density is shown for three confining pressures
at a frequency of 1.0 cps, axial strain of 4.4 x 10-3%, and a given tem

perature.
The dynamic Young's modulus increases approximately 60% as density

increases from 0.77 to 0.904 g/cc. Temperature, frequency, and confining
pressure do not appear to have a significant influence on the relation
ship.

4.5 Damping Ratio of Ice
Damping ratio was plotted against the log of axial strain expressed

as a percent as shown in Appendix D, Figures 0.1 to 0.19, for the high
density ice samples and Figures 0.20 to 0.28 for the low density ice.
The range of damping ratio is from 0.001 to 0.14 for the high density
ice and from 0.001 to 0.10 for the low density ice.

For a given test condition considerable "scatter ll exists in the
data. Several reasons for this scatter are given in Section 4.4. In
addition to these reasons it is also felt that II scatter" occurred in
measurements of damping ratio owing to personal error in the measurement
of the area of the hysteresis loop.

As a consequence of the II scatter ll in the data there appears to be
no identifiable relationship between damping ratio and confining pressure
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for the majority of the samples. Therefore, the data presented reflect
only the influence of two variables: frequency and temperature. At a
given frequency and temperature the damping ratios for all confining
pressures are presented on the same figure.

4.5.1 Effect of Strain Amplitude
Referring to Figures D.1 to D.28, it can be seen that there is no

pronounced relationship between damping ratio and log percent axial strain.
Consequently, it was assumed that the relationship between these quanti
ties was linear. An assumption of a functional relationship is necessary
to assess the influence of frequency and temperature on damping ratio.
The slope of the "average" straight line of all the data points was estab
lished by obtaining the least squares best fit line through the data set
associated with all test conditions. This is shown in Figure 4.63 for
the high density ice samples and Figure 4.64 for the low density ice sam
ples. The slope of the line is 0.1134 for the high density ice and 0.00
for the low density ice. The average slopes indicate that the damping
ratio of high density ice is affected slightly by the strain amplitude
whereas the damping ratio of low density ice is apparently not affected
by the strain amplitude. The dashed lines in Figures D.l to D.28 repre
sent the least squares best fit line for the data set shown. The solid
lines in the figures were drawn at the average slope through the center
of the data set for a qiven test condition. The least squares best fit
line through the center of the data sets for given test conditions are
summarized in Figures 4.65 to 4.68 for the high density samples and Fig
ures 4.69 to 4.71 for the low density samples. The relationships are
plotted at four test temperatures for a given frequency. The variation
of damping ratio ranges from 0.02 to 0.15 for high density ice and from
0.016 to 0.08 for low density ice.

4.5.2 Effect of Frequency
The relationship between frequency and damping ratio is shown in

Figure 4.72 for high density ice and Figure 4.73 for low density ice at
an axial strain amplitude of 6.35 x 10-3%(10g10 = -2.2). The relation
ship is shown at five temperatures (-1, -2, -4, -6 and -lOOC) for high
density ice and three temperatures (-1, -4 and -lOOe) for low density
ice.
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In general, for the high density ice, damping ratio decreases as
frequency increases from 0.05 to 1.0 cps and increases as frequency in
creases from 1.0 to 5.0 cps. The degree to which the damping ratio fol
lows these trends, however, appears to be dependent on temperature. The
greatest decrease in damping ratio in the frequency range 0.05 to 1.0 cps
occurs at high test temperatures (-l, -2°C); the greatest increase in the
frequency range 1.0 to 5.0 cps occurs at low test temperatures (-6, -10°C).

For the low density ice the damping ratio decreases as frequency
increases from 0.3 to 5.0 cps at a test temperature of -1°C. Damping
ratio decreases as frequency increases from 0.3 to 1.0 cps and increases
as frequency increases from 1.0 to 5.0 cps for test temperatures of -4
and -10°C.

4.5.3 Effect of Temperature
The relationship between temperature and damping ratio is shown in

Figure 4.74 for high density ice and Figure 4.75 for low density ice.
The relationship is shown at four frequencies (0.05, 0.3, 1.0 and 5.0
cps) for high density ice and three frequencies (0.3, 1.0 and 5.0 cps)
for low density ice.

The damping ratio of high density ice tends to decrease with
decreasing temperature. At a frequency of 0.05 cps, the rate of increase
is most pronounced; the damping ratio decreases from 0.11 to 0.06 as tem
perature decreases from -1 to -10°C. The influence of temperature is
small for the frequency range 0.3 to 5.0 cps. The difference between
damping ratios for temperatures in the range -1 to -4°C is greater than
for temperatures in the range -4 to -10°C. At a frequency of 5.0 cps,
the damping ratio appears to increase as the temperature decreases.

As shown in Figure 4.75, the influence of temperature on the
damping ratio of low density ice is more pronounced than for the high
density ice for the frequency range 0.3 to 5.0 cps. For a frequency of
1.0 cps, the damping ratio decreases from 0.058 to 0.018 as temperature
decreases from -1 to -10°C. The effect of temperature tends to decrease
with increasing frequency. The influence of temperature is most signif
icant in the range -1 to -5°C. At a frequency of 5.0 cps and temperature
in the range of -5 to -10°C, the damping ratio appears to increase as
temperature decreases.



91

4.5.4 Effect of Density
A comparison of the damping ratio for the high density ice samples

and the low density ice samples is shown in Fi9ures 4.76 and 4.77. The
damping ratio of the high and low density samples is presented as a func
tion of frequency in Figure 4.76 and as a function of temperature in
Figure 4.77. There appears to be no well-defined relationship between
density and damping ratio. The damping ratio of low density ice at -1°C
is greater than that of high density ice 9 but at -4 and -10°C, the damp
ing ratio of high density ice is, in general, greater than low density
ice. At higher temperatures (-1 to -3°C), the damping ratio of low den
sity ice is greater than high density ice whereas for lower temperatures
(-7 to -10°C) it is less than high density ice.

4.5.5 Effect of Confining Pressure
For the majority of the samples tested, there was not a well-defined

relationship between confining pressure and damping ratio. However, the
test results for a few samples were exceptions to this statement. Figure
4.78 shows the relationship between confining pressure and damping ratio
for sample 1-46 at a strain amplitude of 9.0 x 10-3%. There appears to
be a decrease in damping ratio of approximately 25% for an increase in
confining pressure from 25 to 200 psi. This relationship does not appear
to be influenced by frequency over the range 0.05 to 5.0 cps.
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CHAPTER 5

DYNAMIC PROPERTIES OF FROZEN CLAY UNDER
CYCLIC TRIAXIAL LOADING CONDITIONS

5.1 General
Cyclic triaxial tests were performed on laboratory prepared samples

of frozen Ontonagon clay (O-clay) and a mixture of Ontonagon and sodium
montmorillonite clay (M + O-clay), 50 percent each by weight. (Details
of the preparation technique are given in Section 3.3.) The influence
of water (ice) content on dynamic properties was investigated using the
frozen Ontonagon clay. Comparing the dynamic properties of the Ontonagon
clay to the mixture of Ontonagon and sodium montmorillonite clay allowed
an evaluation of the influence of specific surface area (unfrozen water
content) to be made. In addition to these parameters, the effects on
dynamic properties caused by variations in temperature, confining pres
sure, strain amplitude, frequency, and number of cycles of loading were
considered.

5.2 Test History
The test history used in the research program to evaluate the dynamic

properties of clay is shown in Figure 5.1. This test history is, for all
practical purposes, equivalent to that for ice. Tests to evaluate various
test history effects on the dynamic properties of clay were not performed.
The ranges of the various test parameters are as follows:

(1) Temperature - the samples were tested at three temperatures (-1,
-4 and -lODC). The majority of the samples were tested at one
temperature only. Seven samples, however, were tested at all
three temperatures.

(2) Strain amplitude - the range of strain amplitude was approxi
mately 3.2 x 10-3 to 1 x 10-1%axial strain. The higher strain
amplitudes were dependent on the confining pressure. The maxi
mum strain amplitudes of testing were limited to 1 x 10-2%for
cp = 0 psi and 25 psi, 5.6 x 10-2%for cp = 50 psi, and 1 x 10-1%
for cp = 100 psi and 200 psi. The maximum strain amplitudes are
associated (approximately) with a tensile failure of the sample
or significant sample disturbance.

(3) Confining pressure - the samples were tested at five confining
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Figure 5.1 DIAGRA~1 OF ACCEPTABLE TEST HISTORY FOR FROZEN CLAY
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pressures (O, 25, 50, 100 and 200 psi).
(4) Frequency - in general, only three frequencies of loading were

used in the test program (0.3, 1.0 and 5.0 cps). The a-clay
samples at a water content of 36 percent were tested at a very
low frequency, 0.05 cps. To investigate the effect of frequen
cies greater than 5 cps, an a-clay sample at a water content of
29.2%, temperature of -4°C, confining pressures of 25, 50 and
100 psi, and strain amplitude of 1 x 10-2%was tested at 0.3,
1.0,5.0,10.0,20.0 and 50.0 cps.

(5) Number of cycles - for each test condition a sample was sub
jected to 20 cycles of loading.

(6) Water content - O-clay samples were prepared at four water con
tents (29.2, 36.0,46.3 and 55.1%). The M+ O-clay was prepared
at one water content (57.2%).

5.3 Influence of Number of Cycles on Evaluation of Dynamic Properties
To assess the influence of the choice of the cycle number used to

evaluate dynamic properties, the variation of the ratio (E at Nth cycle/
E at lOth cycle) and (A at Nth cycle/A at lOth cycle) with number of
cycles at different frequencies, confining pressures, strain amplitudes,
and temperatures was determined for the O-clay samples. These ratios
are shown at 1,5, 10 and 20 cycles in Tables 5.1 and 5.2. There appears
to be no significant variation in the dynamic Young's modulus with num
ber of cycles for different frequencies, confininq pressures, strain
amplitudes and temperature. At the greatest, the dynamic Young's modu
lus at the Nth cycle is approximately 3.0% different from the modulus
at the lOth cycle. Further, the damping ratio does not appear to vary
with the number of cycles for different frequencies, confining pres
sures, strain amplitudes, and temperatures. The damping ratio at the
Nth cycle is at most 12% different from the damping ratio at the lOth
cycle.

The dynamic Young's modulus was evaluated from the load and dis
placement channels of the strip-chart recorder at the lOth cycle by
measuring the peak-to-peak amplitude of the recorded waveform. A typ
ical record for frozen clay is shown in Figure 5.2. Hysteresis loops
obtained from the x-y recorder at the 10th cycle of loading were used to
evaluate the damping ratio. Typical hysteresis loops are shown in Fig
ure 5.3.



Table 5.1 VARIATION OF DYNAMIC YOUNG'S MODULUS OF FROZEN CLAY WITH NUMBER OF CYCLES

E at Nth cycle

Temperature Axial strain Confining Frequency Eat lOth cycle

( °C) amplitude pressure (cps)(%) (psi) Number of cycle
1 5 10 20

-4 0.01 50 0.05 0.987 1.0 1.0 0.996
-4 0.01 50 0.3 1. 004 1. 019 1.0 0.989
-4 0.01 50 1.0 1. 009 1. 005 1.0 1.019
-4 0.01 50 5.0 0.987 0.996 1.0 1.0

~

-4 0.01 0 0.3 1. 009 1. 005 1.0 1. 001 en

-4 0.01 25 0.3 1. 004 0.995 1.0 0.995
-4 0.01 50 0.3 1. 004 1.019 1.0 0.989
-4 0.01 100 0.3 1. 019 0.995 1.0 0.987
-4 0.01 200 0.3 1. 012 1.0 1.0 1.0

-4 0.00316 50 0.3 0.993 0.993 1.0 0.980
-4 0.01 50 0.3 1. 004 1. 019 1.0 0.989
-4 0.056 50 0.3 1. 025 LO 1.0 0.994

-1 0.01 50 0.3 1. 018 1. 009 1.0 0.999
-4 0.01 50 0.3 1.004 1. 019 1.0 0.989

-10 0.01 50 0.3 1. 010 1. 012 1.0 0.995



Table 5.2 VARIATION OF DAMPING RATIO OF FROZEN CLAY WITH NUMBER OF CYCLES

hat Nth cyc 1e

Temperature Axial strain Confining Frequency A at 10th cycle

(0 C) amplitude pressure (cps)(% ) (psi) Number of cycle
1 5 10 20

-4 0.01 50 0.05 1. 075 0.987 1.0 0.965
-4 0.01 50 0.3 0.953 0.985 1.0 1. 031

-4 0.01 25 0.3 0.992 0.969 1.0 1.016
-4 0.01 50 0.3 0.953 0.985 1.0 1.031
-4 0.01 100 0.3 1.022 1.0 1.0 1. 029 l..O

'J

-4 0.01 200 0.3 1.028 0.986 1.0 0.979

-4 0.00316 100 0.3 1. 022 1.022 1.0 1.055
-4 0.01 100 0.3 1. 022 1.0 LO 1.029
-4 0.056 100 0.3 1.0 LO LO 1.0
-4 0.10 100 0.3 1.122 LO LO 0.977

-1 0.01 50 0.3 00957 LO 1.0 1.0
-4 0.01 50 0.3 0.953 0.985 100 1. 031

-10 0.01 50 0.3 1.114 1.0 LO 1. 029
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5.4 Dynamic Young1s Modulus of Frozen Clay
The dynamic Young's modulus of frozen clay was plotted against the

log of axial strain amplitude expressed as a percent. The plots are
shown in Appendix E. Upon close examination of the test data it was
determined that there is no pronounced relationship between YoungBs
modulus and confining pressure. A typical test result which exempli
fies this is shown in Figure 5.4. The dynamic Young1s modulus of an
O-clay sample at a water content of 36.0% was plotted against confining
pressure at frequencies of 0.05,0.3,1.0 and 5.0 cps, and at a temper
ature of -4°C. It can be seen in the figure that the influence of con
fining pressure is almost negligible. Therefore, the data presented in
Appendix E represent test results at all confining pressures for a spe
cific frequency and temperature. In general, the data from two or more
samples are available for each test condition.

For any given test condition, the data appears to be very consistent.
The data is felt to be very reliable and provides a good basis for the
interpretation of material properties.

5.4.1 Effect of Strain Amplitude
To assess the effect of strain amplitude, frequency, temperature,

and water (ice) content on dynamic Young1s modulus, an average "best fit"
line was drawn through the data set for a given test condition. These
lines are shown in Figures E.l to E.48. Obviously, personal judgment
was involved in this construction. The average "best fit" lines for
given test conditions are summarized in Figures 5.5 to 5.20. The rela
tionships between dynamic Young's modulus and log percent axial strain
are shown at a given frequency (0.05, 0.3, 1.0 or 5.0 cps) and sample
water content (29.2, 36.0,46.3, 55.1 or 57.2%) at three temperatures
(-1, -4 and -10°C). The dynamic Young's modulus varies from 9 x 103 to
880 x 103 psi.

Dynamic Young1s modulus decreases with increasing strain amplitude.
The influence of strain amplitude at the lowest temperature (-10°C) is
greater than at the highest temperature (-1°C). At the lowest tempera
ture (-10°C) the modulus decreases sharply (approximately 55%) for an
increase in strain amplitude from 2 x 10-2 to 6 x 10-2%. For strain
amplitudes in the range of 3.16 x 10-3 to 2 x 10-2%and 6 x 10-2 to
1.0 x 10-1%the rate of decrease is, in general, small. For higher tem-
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Figure 5.4 DYNAMIC YOUNG'S MODULUS VERSUS CONFINING PRESSURE
FOR O-CLAY AT AN AXIAL STRAIN OF 1.lxlO-2%
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gradual decrease in modulus over the entire
The relationship for -4°C is intermediate
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peratures (-1°C) there is a
range of strain amplitudes.
between -10 and -1°C.

The relationship between dynamic Young's modulus and frequency or
temperature at a specific water content can be established by interpo
lating the results presented in Figures 5.5 to 5.20. Owing to the fact
that the relationship between dynamic Young's modulus and log percent
axial strain is not linear, the relationship between Young's modulus and
frequency or temperature will be strain dependent. Therefore, axial
strain amplitudes of 3.16 x 10-3% (10910 = -2.5) and 1.0 x 10-1% (10910 =
-1.00) were selected for the purpose of establishing the relationship
between dynamic Young's modulus and frequency or temperature. Referring
to Figures 5.5 to 5.20 it would appear that the relationship would be
affected only slightly by differences in water content for the a-clay
samples. (The dynamic properties of M+ a-clay were evaluated at only
one water content.) Hence, the relationship between dynamic Young's mod
ulus and frequency or temperature was evaluated at one water content for
a-clay, 36%.

5.4.2 Effect of Frequency
The relationship between dynamic Young's modulus and the log of

frequency of a-clay at a water content of 36.0% is shown in Figures 5.21
and 5.22. The relationship is plotted at three temperatures (-1, -4 and
-10°C) at a strain amplitude of 3.16 x 10-3% in Figure 5.21 and 1 x 10-1%

in Figure 5.22. The dynamic Young's modulus, in general, increases
slightly for an increase in frequency from 0.05 to 5.0 cps. The rate of
increase is almost constant over the range of frequency. Temperature
and strain amplitude do not appear to have an influence on the relation
ship.

One frozen a-clay sample at a water content of 29.2% was tested at
six frequencies (0.3, 1.0, 5.0, 10.0. 20.0 and 50.0 cps). The results
are shown in Figure 5.23. The relationship is plotted from test results
at three confining pressures (25, 50 and 100 psi) for a temperature of
-4°C. It appears from the results shown in Figure 5.23 that the rela
tionships shown in Figures 5.21 and 5.22 would be valid up to at least
50 cps.
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5.4.3 Effect of Temperature
The relationship between dynamic Young's modulus and temperature for

O-clay at a water content of 36.0% is shown in Figures 5.24 and 5.25.
The relationship is plotted at four frequencies (0.05,0.3, 1.0 and 5,0
cps) at a strain amplitude of 3.16 x 10-3%in Figure 5.24 and 1,0 x 10-1%
in Figure 5.25.

The dynamic Young1s modulus increases significantly with decreasing
temperature. The rate of increase is greater for lower strain amplitude
(3.6 x 10-3%) than for higher strain amplitude (1.0 x 10-1%). At a strain
amplitude of 3.6 x 10-3%, the dynamic Young1s modulus increases sharply
from approximately 200 x 103 psi to 700 x 103 psi for a temperature de
crease from -1 to -10°C. At a strain amplitude of 1.0 x 10-'%, the dy
namic Young1s modulus increases gradually from approximately 80 x 103 to
250 x 103 psi for a temperature decrease from -1 to -10°C. The frequency
of testing does not appear to influence the relationship between dynamic
Young1s modulus and temperature.

5.4.4 Effect of Water Content
The relationship between dynamic Young1s modulus and water content

of O-clay samples is shown in Figures 5.26 to 5.31. The relationship
is plotted at three frequencies (0.3, 1.0,5.0 cps) for strain amplitudes
of 3.16 x 10-2 and 1.0 x 10-1%and temperatures of -1, -4 and -lOoe.

The dynamic Young's modulus increases with increasing water content.
The rate of increase is greater for a strain amplitude of 3.16 x 10-3%
than for a strain amplitude of 1.0 x 10-1% at all test temperatures.
Frequency does not appear to influence the relationship between dynamic
Young1s modulus and water content.

At a water content of 46.3% and a temperature of -lOoe, the data
points appear to deviate from the trend. The dynamic Young's modulus
appears to be smaller than the relationship constructed through the data
points for the other three water contents. It is believed that this was
associated with melting at the coupling between the sample and the cap
and base. Melting of the sample associated with these data points at the
cap and base was observed when the sample was taken out of the triaxial
cell. This was presumably caused by a leak in the rubber membranes sur
rounding the sample.
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Figure 5.28 DYNAMIC YOUNG'S MODULUS VERSUS WATER CONTENT FOR O-CLAY
AT _4°C AND AN AXIAL STRAIN OF 3.16xlO- 3%
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5.4.5 Effect of Specific Surface Area
Two types of clay with significantly different specific surface areas

were evaluated in the research program. The O-clay samples had an esti
mated specific surface area of 215 m2/g while the M+ O-clay samples had
an estimated specific surface area of 475 m2/g. The relationship between
dynamic Young's modulus and temperature for the two clays is shown in
Figures 5.32 and 5.33. The relationship is plotted at two strain ampli
tudes, 3.2 x 10-3 and 1.0 x 10-1%, at three frequencies (0.3, 1.0 and
5.0 cps) and a water content of 57.2%. (The results for the O-clay sam
ples at a water content of 57.2% were interpolated from Figures 5.26 to
5.31. )

The results shown in Figures 5.32 and 5.33 indicate a-clay, with the
lower specific surface area, has the higher dynamic modulus. This may be
attributed to the higher ice content in the frozen a-clay at a given test
temperature. The difference between the modulus for the a-clay and M+ D
elay is greater for the high strain amplitude than for the low strain am
plitude.

5.5 Damping Ratio of Frozen Clay
The damping ratio of frozen clay from the laboratory test program

was plotted against the log of axial strain amplitude expressed as a
percent. The plots are shown in Appendix F. An examination of the test
results suggests that no pronounced relationship between damping ratio
and confining pressure exists. This is exemplified by the relationship
between damping ratio and confining pressure for an a-clay sample at a
water content of 36.0% shown in Figure 5.34. The relationship is plotted
at four frequencies (0.05,0.3, 1.0 and 5.0 cps) at a strain amplitude

-2of 1.0 x 10 %and a temperature of -4°C. It can be seen that damping
ratio of frozen clay does not appear to be affected by confining pressure.
Therefore, the data presented represent test results associated with all
confining pressures at a specific frequency and temperature. In general,
the data from two or more samples are available for each test condition.

5.5.1 Effect of Strain Amplitude
Referring to Figures F.l to F.48 in Appendix F, the lines in the

figures represent the "best fit" 1ines of the data set for a given test
condition. The average IIbest fit ll lines for given test conditions are
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summarized in Figures 5.35 to 5.49. The relationships between damping
ratio and log percent axial strain are shown at a given temperature (-1,

-4 and -10°C) and sample water content (29.2, 36.0,46.3, 55.1 and 57.2%)
at three or four test frequencies.

The results shown in Figures 5.35 to 5.49 indicate the damping ratio
of frozen clay increases with increasing strain amplitude. The rate of
increase of the damping ratio increases with increasing strain amplitude.
At a strain amplitude of 3.16 x 10- 3%, the rate of increase is small; at
a strain amplitude of 1.0 x 10-1%, the rate of increase is great. The
damping ratio increases from about 0.02 to 0.3 as strain amplitude in-

-3 -1creases from 3.16 x 10 to 1.0 x 10 %.
The relationship between damping ratio and frequency, temperature,

and water content can be established by interpolating the results pre
sented in Figures 5.35 to 5.49 at a specified strain amplitude. Strain

-3 ) -1 )amplitudes of 3.16 x 10 % (10910 = -2.5 and 1.0 x 10 % (10910 = -1.0
were selected for this purpose. The relationships between damping ratio
and frequency and temperature were interpolated at a water content of
36.0% only owing to the fact that they would be affected only slightly by
differences in water content.

5.5.2 Effect of Frequency
The relationship between damping ratio and frequency is shown in

Figures 5.50 to 5.52. The relationship in Figures 5.50 and 5.51 is plot
ted at three temperatures (-1, -4 and -lODC) and a strain amplitude of
3.16 x 10-3%in Figure 5.50 and 1.0 x 10-1%in Figure 5.51. A frozen
clay sample at a water content of 29.2% was tested at six frequencies
(0.3,1.0, ,5.0,10.0,20.0 and 50.0 cps), as shown in Figure 5.52. The
relationship is plotted at three confining pressures (25, 50 and 100 psi)
at a temperature of -4DC.

Referring to Figure 5.50 and 5.51, the damping ratio of frozen clay,
in general, decreases for an increase in frequency from 0.05 to 5.0 cps;
for frequencies greater than 5.0 cps, damping ratio increases as fre
quency increases, as shown in Figure 5.52. The rate of decrease of damp
ing ratio for an increase in frequency from 0.05 to 0.3 cps appears to be
slightly greater than for an increase infrequenc.y from 0.3 to 5.0 cps.
The damping ratio gradually increases for an increase in frequency from
5.0 to 10.0 cps. In the frequency range 20.0 to 50.0 cps, the rate of
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increase is significant. The influence of frequency on damping ratio of
frozen clay is greater for higher temperatures (-1°C) than for lower tem
peratures (-10°C); and is greater for higher strain amplitudes (1.0 x
10-1%) than for lower (3.16 x 10-3%).

5.5.3 Effect of Temperature
The relationship between damping ratio of frozen clay and tempera

ture is shown in Figures 5.53 and 5.54. The relationship is plotted at
four frequencies for a given strain amplitude.

The damping ratio of frozen clay decreases sharply for an increase
in temperature from -1 to -4°C. Between -4 and -10°C the rate of de
crease is, in general, not as sharp. The decrease of damping ratio is
greater for lower frequencies (0.05 cps) than for higher frequencies
(5.0 cps). At a frequency of 5.0 cps, the influence of temperature on
damping ratio appears to be small.

5.5.4 Effect of Water Content
The relationship between damping ratio and water content of the

frozen clay samples is shown in Figures 5.55 to 5.60. The relationship
is plotted at three frequencies (0.3,1.0,5.0 cps) for a given temper
ature and strain amplitude.

There appears to be no well-defined relationship between damping
ratio and water content of frozen clay. It is believed, however, that
frequency, temperature, and strain amplitude may have an influence. The
relationship between damping ratio and water content may be stated as
follows:

(1)

(2)

-3At a temperature of -1°C and a strain amplitude of 3.16 x 10 %,
damping ratio increases slightly for an increase in water con
tent from 29.2 to 55.1% for frequencies of 0.3 and 1.0 cps; but
for a frequency of 5.0 cps, damping ratio increases for an in
crease in water content from 29.2 to 40% and decreases for an
increase in water content from 40 to 55.1%.
At a temperature of -1°C and a strain amplitude of 1.0 x 10-1%,
damping ratio increases slightly for an increase in water con
tent from 29.2 to 55.1% for frequencies of 0.3 and 1.0 cps,
whereas for a frequency of 5.0 cps damping ratio decreases
slightly over the entire range of water contents.
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(3) At a temperature of -4°e and a strain amplitude of 3.16 x 10-3%,

damping ratio increases slightly for an increase in water con

tent from 29.2 to 55.1% for all test frequencies.
(4) At a temperature of -4°C and a strain amplitude of 1.0 x 10-1%,

damping ratio appears to decrease for an increase in water con
tent from 29.2 to 55.1% for all test frequencies.

(5) At a temperature of -lOoe and a strain amplitude of 3.16 x
10-3%, damping ratio increases slightly for an increase in water
content from 29.2 to 55.1% for frequencies of 0.3 and 1.0; but
for a frequency of 5.0 cps, damping ratio decreases slightly
with increasing water content.

(6) At a temperature of -lOoe and a strain amplitude of 1.0 x
10-1%, damping ratio decreases slightly for an increase in
water content from 29.2 to 55.1% for frequencies of 1.0 and 5.0
cps; but for a frequency of 0.3 cps, dampinq ratio decreases
for an increase in water content from 29.2 to 40% and increases
for an increase in water content from 40 to 55.1%.

At a temperature of -10°C, the data points at a water content of 46.3%
deviate from the others. The sample associated with these results was
disturbed, as described in Section 5.4.4.

5.5.5 Effect of Specific Surface Area
The relationship between damping ratio and temperature for a-clay

and M+ a-clay at a water content of 57.2% is shown in Figure 5.61 for a
strain amplitude of 3.16 x 10-3%and Figure 5.62 for a strain amplitude
of 1.0 x 10-1%. The relationship is plotted at three frequencies (0.3,
1.0 and 5.0 cps).

At a strain amplitude of 3.16 x 10-3%, the damping ratio of M+ 0
clay is greater than that of a-clay by approximately 0.015. The magni
tude of the difference between damping ratio of the two clays does not
appear to be affected by temperature.

At a strain amplitude of 1.0 x 10-1%, and frequencies of 0.3 and 1.0
cps, damping ratio of M+ a-clay is greater than that of a-clay for the
temperature range -1 to -5°C; for the temperature range -5 to -10°C, the
damping ratio of M+ a-clay is smaller than that of a-clay. At a fre
quency of 5.0 cps, the damping ratio of M+ a-clay is smaller than that
of a-clay for all test temperatures.
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CHAPTER 6

COMPARISONS OF DYNAMIC PROPERTIES

OF ICE AND FROZEN CLAY

6.1 General

This chapter presents a comparison of the dynamic properties of ice

and frozen clay obtained in previous studies to those of the present
study. The longitudinal and compression wave velocity and damping ratio

appear to be the most convenient terms to use as a basis for comparison

of the results from previous studies to those of the present study. This

is a consequence of the fact that:

(1) Longitudinal and compression wave velocities have generally been

reported in previous studies.

(2) The physical and geometrical characteristics of the test speci

mens are known in the present study that allow a conversion to
longitudinal wave velocity to be made whereas they are unknown

in several of the previous studies and, hence, would not allow
a conversion of the results to dynamic Young1s modulus. (The

compression wave velocity can be calculated from the longitu
dinal wave velocity after assuming a value of Poisson1s ratio.)

(3) The damping ratio is easily calculated from the results reported

in previous studies. (Conversion equations between damping

terms are given in Table 2.1.)

The longitudinal wave velocity, VL, was calculated from the results of

the present study using:

V = ~ (6.1)
L .J P

in which
Ed = dynamic Young's modulus

p = material density

This equation was employed to calculate the longitudinal wave velocity

in the cylindrical specimens of the present study because the length of

the specimen is much shorter than the wavelength of the compression wave
which propagated from the top cap to the bottom cap during cyclic loading.

Poisson's ratio was not determined for the ice and frozen clay sam

ples tested in the research program. However, based on the values re

ported in Section 2.7.1 and 2.7.2, reasonable values of Poisson's ratio
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for the materials tested in the research program are as follows:

~ice = 0.35

~frozen clay = 0.40

The compression wave velocity, Vp' may be computed from the longitudinal
wave velocity using:

V = V (1 - ~) (6 2)
P L (1 + ~)(l - 2~) .

Then, given the values of Poisson's ratio assumed above, the relationship
between longitudinal and compression wave velocity is

Vice = (1.27) VL ice

Vclay = (1.46) VL frozen clay

6.2 Comparison of Dynamic Properties of Ice

(6.3)

(6.4)

6.2.1 Longitudinal and Compression Wave Velocity
Figure 6.1 presents the results of the present study at two confin

ing pressures and two frequencies as a function of temperature, together
with the results from previous studies. It can be seen in this figure
that the longitudinal wave velocity of the present study is between 2.0
to 2.5 km/sec (depending on confining pressure and frequency); and the
compression wave velocity is between 2.5 to 3.2 km/sec. The longitudinal
wave velocity from previous laboratory studies [see Figure 2.10, after
Kaplar (1969)] is approximately 3.1 km/sec; the compression wave veloc
ity from seismic and ultrasonic methods [see Figure 2.6, after Roeth
lisberger (1972)] is approximately 3.7 km/sec. Overall it appears there
is a favorable comparison. The difference between the results shown may
be attributed to differences in the test techniques used to measure the
dynamic properties. The differences in the test techniques and their
influence on the comparison of wave velocities are as follows:

(1) Strain amplitude - the strain amplitude of the present study
(4.4 x 10-3%) is greater than for the resonant frequency proce
dure (approximately 10-6 to 10- 3%) or the geophysical and ultra
sonic procedures (approximately 10-7 to 10-4%). It was found in

the present study that the elastic modulus of ice decreases slightly
with increasing strain amplitude. Therefore, the wave velocities
of the present study should be lower than the results asso-
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ciated with resonant frequency, geophysical or ultrasonic proce
dures.

(2) Frequency - the test frequencies in the present study (0.05,
0.3,1.0,5.0 Hz) are much lower than for the resonant frequency
procedure (approximately 1 to 10 kHz), seismic procedure (approx
imately 150 Hz), or ultrasonic procedure (approximately 50
to 1000 kHz). The present study indicates that the dynamic
Young's modulus of ice increases with increasing frequency in
the range of frequency from 0.05 to 5 Hz. Smith (1969) reports
that the modulus increases with frequency in a very high range
of frequency, 800 to 2800 Hz (see Figure 2.15). Therefore, the
lower values of wave velocities obtained in the present study
compared to those obtained by previous researchers seem reason
able owing to the lower frequency of testing in the present study.

It can be seen from Figure 6.1 that the influence of temperature on the
longitudinal or compression wave velocity was found to be greater in the
present study than in previous studies particularly near the melting point.
This may be a consequence of the fact that the influence of temperature
decreases with increasing frequency (based on results of the present study)
and all of the previous studies are at much higher frequencies than the
present study.

Figure 6.2 shows the relationship between wave velocity at -10°C and
density obtained in the present study compared to the results obtained by
Bennett (1972; see Figure 2.12) and Roethlisberger (1972; see Figure 2.11)
at -16°C. The results of the present study are lower than those from
previous researchers owing to the reasons given above and, in addition,
to the difference in the test temperature of the relationships shown.
All of the results indicate an increase in compression wave velocity with
density. The rate of increase from the present study is not as steep as
tne rate of increase obtained in previous studies.

6.2.2 Damping Ratio
Figure 6.3 shows the relationship between damping ratio and temper

ature obtained in the present study and the relationship obtained by
Stevens (1975; see Figure 2.19). Ignoring the relationship at 0.05 cps
obtained in the present study, the comparison appears to be extremely
favorable. The damping ratios from the present study, at frequencies of
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0.3, 1.0 and 5.0 cps, are in the range 0.023 to 0.045 (with the exception

of one point at 0.3 cps and -1°C). The damping ratios obtained by Stevens

are approximately 0.033. The average of the damping ratios obtained from

resonant frequency tests by Smith (1969; see Figure 2.17) for ice at tem

peratures from -13 to -15°C is approximately 0.036. The damping ratio
of the present study in the frequency range 0.3 to 5.0 cps is close to
the values obtained from both of the resonant frequency studies. The

close comparison may be explained by a consideration of the strain ampli

tudes and frequencies of the different test procedures as follows:

(1) Strain amplitude - the strain amplitude of the present study
(4.4 x 10- 3%) is greater than that associated with resonant

frequency procedures. It was found in the present study that

the damping ratio of ice decreases slightly with decreasing

strain amplitude. Therefore, the damping ratios obtained in the

resonant frequency studies should be smaller than those for the
present study.

(2) Frequency - the frequencies associated with resonant frequency

tests are much greater than for the present study. The present
study indicates that the damping ratio of ice increases with
increasing frequency in the range 1.0 to 5.0 cps. If the increase

in damping ratio with increasing frequency is valid up to fre
quencies of the resonant frequency tests, the damping ratio ob

tained from the resonant frequency tests should be greater than

those of the present study.
Therefore, the combination of the decrease of damping ratio with decreas

ing strain amplitude and the increase of damping ratio with increasing
frequency has apparently caused the damping ratios from the present study

to be close to those of previous studies, i.e., the effects of strain
amplitude and frequency tend to cancel each other.

6.3 Comparison of Dynamic Properties of Frozen Clay

6.3.1 Longitudinal and Compression Wave Velocity
Figure 6.4 shows the relationship between the longitudinal wave

velocity of frozen 0 and M+ O-clay and temperature obtained in the pre
sent study and the results from previous studies. The differences in the
test techniques and material types and their influence on the comparison
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of wave velocities are as follows:
(1) Strain amplitude - the strain amplitude for the present study

is greater than for the resonant frequency tests. It was found

in the present study that the dynamic elastic modulus of frozen
clay decreases with increasing strain amplitude for strain am
plitudes greater than 3.16 x 10- 3%. For strain amplitudes less

than 3.16 x 10- 3%it is felt that there is no change in dynamic

elastic properties with strain amplitude. Since the results of
the present study presented in Figure 6.4 are for a strain am

plitude of 3.16 x 10-3%the difference in the wave velocity
associated with differences in the strain amplitudes of testing
should be negligible.

(2) Frequency - the frequencies associated with resonant frequency

tests are much greater than for the present study. The results
of the present study indicate that the dynamic elastic modulus
of frozen clay increases with increasing frequency. Therefore,

the wave velocities obtained in the present study should be

lower than those presented in previous studies.
(3) Specific surface area - in the present study it was found that

the dyna~ic elastic propey'ties decreased with increasing specif

ic surface area. Specific surface areas of the clays from the

previous studies are not reported, however, liquid limits of the
clays are available. The liquid limit is associated with spe
cific surface area; the higher the liquid limit the higher the
specific surface area. The liquid limits of the Boston blue
clay (47%), Suffield clay (45%), and Goodrich clay (41%) are
lower than the liquid limits of the a-clay (61%) or M+ a-clay
(98%) of the present study. The liquid limit of the Fargo clay
(68%) is greater than the liquid limit of the O-clay but less
than the liquid limit of the M+ a-clay. Based on the liquid
limits (and inferred specific surface areas) the relative posi
tion of the wave velocity versus temperature relationships from
previous studies to those of the present study appear to be rea
sonable, i.e., at a given temperature the Boston blue clay, Suf

field clay, and Goodrich clay should have hiqher wave velocities
than the a-clay and M+ a-clay owing to their lower (inferred)



specific surface areas; the Fargo clay should be intermediate
to the 0-c1ay and M+ 0-c1ay owing to its intermediate (inferred)
specific surface area.

(4) Water content - the results of the present study indicate the
dynamic elastic properties increase with increasing water con
tent. The water content of the Boston blue clay (59%), 0-c1ay
(55%), and M+ 0-c1ay (57%) are close and, therefore, should not
influence their relative positions. The water content of the
Suffield clay (17%) and the Goodrich clay (26%) are lower than
the water contents of the 0-c1ay (36%, 55%) and M+ O-clay (57%)
tested in the present study. Based on this they should have
lower wave velocities than those associated with the O-clay.
However, as mentioned above, their (inferred) specific surface
areas are also lower and, therefore, their wave velocities should
be greater. Apparently, the specific surface area has the great
est influence.

The compression wave velocity for the alluvial clay at -2°e reported by
Barnes (1963) is higher than the longitudinal wave velocities found in
the present study and the longitudinal wave velocities found by Kap1ar
(1969) and Stevens (1975). As shown in Section 6.1 the compression wave
velocity should be higher than the longitudinal wave velocity. There is
not sufficient information available on the alluvial clay to explain the
difference shown in Figure 6.1 to any greater degree.

Overall, the values of wave velocities obtained in the present study
compared to those obtained in previous studies appear to be very reason
able.

6.3.2 Damping Ratio
Figure 6.5 shows the relationships between damping ratio and temper

ature obtained in the present study and the relationships from resonant
frequency tests conducted by Stevens (1975). The damping ratios obtained
by Stevens at a frequency of 5 kHz in the temperature range -4 to -lOoe
are approximately 0.06 for the Suffield clay and 0.05 for the Goodrich
clay. Those obtained in the present study in the same temperature range
at a frequency of 1.0 cps are approximately 0.025. The difference in the
test techniques and material types and their influence on the comparison
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of damping ratio is as follows:
(1) Strain amplitude - the strain amplitude for the present study

is greater than for the resonant frequency test. It was found
in the present study that the damping ratio of frozen clay in
creases with increasing strain amplitude for strain amplitudes
greater than 3.16 x 10-3%. For strain amplitudes less than
3.16 x 10-3%it is felt that there is no change in damping ratio

with strain amplitude. Since the results of the present study
presented in Figure 6.5 are for a strain amplitude of 3.16 x 10-3%
the difference in damping ratio associated with differences in
the strain amplitudes of testing should be negligible.

(2) Frequency - the frequencies associated with resonant frequency
tests are much greater than for the present study. It was found

in the present study that the dampin9 ratio decreases with in
creasing frequency in the range 0.05 to 5.0 cps and increases
for frequencies greater than 5.0 cps (based on limited test
results). Stevens (1975) has found that the damping ratio of
Goodrich clay decreases slightly with increasing frequency in
the 1 to 10 kHz range whereas the damping ratio of Suffield clay
does not change appreciably. The results from the present study
and Steven's study appear to be somewhat contradictory and do
not clarify the relative position of the relationship shown in

Figure 6.5.
(3) Specific surface area - based on the results from the present

study, at a strain amplitude of 3.16 x 10-3%, the higher the
specific surface area the higher the value of dampin9 ratio.
Suffield and Goodrich clay both have lower liquid limits (and
inferred specific surface areas) than the clays tested in the
present study. Consequently, they should have lower values of
damping ratio than the clays tested in the present study.

(4) Water content - based on the results from the present study there
appears to be no well-defined relationship between damping ratio
and water content of frozen clay.

Overall, it is felt that a complete explanation of the relative position
of the relationships shown in Figure 6.5 is not possible at this time.
It should be noted however, that the values of damping ratio obtained in
the present study appear to be very reasonable when compared to results
from Stevens' work.



CHAPTER 7

SUMMARY AND CONCLUSIONS

Cyclic triaxial tests were performed on laboratory prepared samples
of ice and frozen clay and dynamic Young's moduli and damping ratios
were determined. The test results may be summarized as follows:

1. Values of dynamic Young's modulus of ice for the densities of
ice considered (0.77 and 0.904 g/cc) and range of strain ampli
tude (3 x 10-3 to 2 x 10-2%), temperature (-1 to -10°C), fre

quency (0.05 to 5 cps) and confining pressure (0 to 200 psi)
associated with the test program were from 260 x 103 to 900 x
103 psi; values of damping ratio were from 0.001 to 0.14.

2. In the order of their importance the influences of the various
parameters on the dynamic Young's modulus of ice are:

a. Confining pressure - the dynamic Young's modulus of ice
increases with increasing confining pressure (1) gradually
from 0 to 25 psi (approxi~ate1y 8%) for high density ice
and steeply (approximately 14%) for low density ice, (2)
steeply from 25 to 50 psi (approximately 20%) for high den
sity ice and slightly for low density ice, (3) gradually
from 50 to 100 psi for both ice densities, and (4) only
slightly from 100 to 200 psi for high density ice. (Note:
no test was conducted at 200 psi for low density ice.) Tem
perature, frequency and strain amplitude do not appear to
have a significant influence on the relationship between
dynamic Young's modulus and confining pressure.

b. Density - the dynamic Young's modulus increases approximately
60% as density increases from 0.77 to 0.904 g/cc. Tempera
ture, frequency, strain amplitude and confining pressure do
not appear to have a significant influence on the relation
ship.

c. Frequency - the dynamic Young's modulus of ice increases
steeply for an increase in frequency from 0.05 to 0.3 cps.
Between 0.3 and 5.0 cps the rate of increase is, in general,
not as steep. The increase of dynamic Young's modulus with
frequency appears to be greater for higher temperatures
(-1°C) than for low temperatures (-10°C). Confining pres-
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sure, strain amplitude and density do not appear to have an
influence on the relationship between dynamic Young's modu
lus and frequency.

d. Temperature - the dynamic Young's modulus of high density
ice increases with decreasing temperature. At a confining
pressure of 25 psi the modulus increases approximately 20%
for a temperature decrease from -1 to -4°C. It also increases
approximately 20% for a temperature decrease from -4 to -10°C.
The rate of increase at low confining pressures is slightly
greater than at high confining pressures. The influence of
temperature for low density ice appears to be greater than
for high density ice. The dynamic Young's modulus increases
approximately 35% for an increase in temperature from -1 to
-4°C and approximately 20% for an increase in temperature
from -4 to -10°C. The frequency of testing and strain am
plitude appear to have no significant influence on the rela
tionship between dynamic Young's modulus and temperature.

e. Strain amplitude - the dynamic Young's modulus of ice de
creases only slightly with increasing strain amplitude over
the strain range 3 x 10-3 to 2 x 10-2%. Strain amplitude
apparently has no influence on the dynamic Young's modulus
of low density ice. The relationship is apparently not
influenced by frequency, temperature, or confining pressure.

3. There appears to be no well-defined relationship between damping
ratio of ice and confining pressure or density. The influence
of other parameters on the damping ratio of ice is, in the order
of their importance:
a. Frequency - in general, damping ratio decreases as frequency

increases from 0.05 to 1.0 cps and increases as frequency
increases from 1.0 to 5.0 cps. The degree to which the damp
ing ratio follows these trends, however, appears to be de
pendent on temperature.

b. Temperature - the damping ratio of ice tends to decrease
with decreasing temperature. At a frequency of 0.05 cps,
the rate of decrease is most pronounced; the damping ratio
decreases from 0.11 to 0.06 as temperature decreases from
-1 to -10°C. The influence of temperature is small for
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the frequency range 0.3 to 5.0 cps. The difference

between damping ratios for temperatures in the range -1
to -4°C is greater than for temperatures in the range -4

to -10°C.
c. Strain amplitude - the damping ratio of high density ice

increases approximately 20% over the strain range 3 x 10-3

to 2 x 10-2%. Strain amplitude apparently has no influence

on the damping ratio of low density ice. The relationship
is apparently not influenced by other parameters.

4. Values of dynamic Young's modulus of frozen clay for the two
clays considered (specific surface areas of 215 and 475 m2/g),
and range of water content (29.2 to 57.2%), strain amplitude
(3 x 10- 3 to 1 x 10-1%), temperature (-1 to -10°C), frequency

(0.05 to 5 cps), and confining pressure (0 to 200 psi) asso
ciated with the test program were from 90 x 103 to 880 x 103

psi; values of damping ratio were from 0.02 to 0.30.
5. In the order of their importance the influences of the various

parameters on the dynamic Young's modulus of frozen clay are:
a. Strain amplitude - the dynamic Young's modulus of frozen

clay decreases with increasing strain amplitude. The
influence of strain amplitude at the lowest temperature
(-10°C) is greater than at the highest temperature (-1°C).
At the lowest temperature (-10°C) the modulus decreases
steeply (approximately 55%) for an increase in strain
amplitude from 2 x 10-2 to 6 x 10-2%. For strain ampli-

-3 -2 -2tudes in the range 3.16 x 10 to 2 x 10 %and 6 x 10
to 1.0 x 10-1%the rate of decrease is, in general, small.
At the highest temperature (-1°C) there is a gradual de
crease in modulus over the entire range of strain ampli
tudes. The influence of strain amplitude for O-clay
appears to be greater than for M+ O-clay. The relation
ship is apparently not influenced by frequency and water
content.

b. Temperature - the dynamic Young's modulus increases sig
nificantly with decreasing temperature. The rate of in
crease is greater for a low strain amplitude (3.16 x
10-3%) than for a high strain amplitude (1.0 x 10-1%).
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At a strain amplitude of 3.16 x 10-3%, the dynamic Young1s
modulus increases steeply from approximately 200 x 103 to
700 x 103 psi for a temperature decrease from -1 to -10°C.
At a strain amplitude of 1.0 x 10-1%, the dynamic Young's
modulus increases gradually from approximately 80 x 103

to 250 x 103 psi for a temperature decrease from -1 to
-10°C. At a low strain amplitude (3.16 x 10-3%), the
influence of temperature for clay at a high specific sur
face area (475 m2jg) is smaller than for clay at a low
specific surface area (215 m2jg); at a high strain ampli
tude (1.0 x 10-2%), the relationship is apparently not
influenced by specific surface area. Frequency appears
to have no influence on the relationship. The influence
of water content on the relationship has not been inves
tigated.

c. Water content - the dynamic Young's modulus increases with
increasing water content. The rate of increase is greater
at lower strain amplitudes than at higher strain ampli
tudes. Temperature and frequency do not appear to have
a significant influence on the relationship.

d. Specific surface area - the lower the specific surface
area the higher the dynamic Young's modulus. The differ
ence between the dynamic Young's modulus for O-clay and
M+ O-clay with different specific surface areas is great
er for high strain amplitudes than for low strain ampli
tUdes. At a low strain amplitude (3.16 x 10-3%), the
influence of specific surface area at a low temperature
(-lOOe) is greater than at a high temperature (-lOe); at
a high strain amplitude (1.0 x 10-2%), temperature does
not appear to have a significant influence on the rela
tionship. The relationship is apparently not influenced
by frequency.

e. Frequency - the dynamic Young1s modulus of frozen clay,
in general, increases slightly for an increase in frequency
from 0.05 to 5.0 cps. The rate of increase is almost con
stant over the range of frequency. (The results from one
test indicate the modulus continues to increase only
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slightly up to 50 cps.) Strain amplitude, temperature,
water content and specific surface area do not appear to
have a significant influence on the relationship.

f. Confining pressure - confining pressure does not appear
to affect the dynamic Young's modulus of frozen clay.
This conclusion was reached for all test conditions con
sidered.

6. In the order of their importance the influences of the various
parameters on the damping ratio of frozen clay are:
a. Strain amplitude - the damping ratio of frozen clay in

creases with increasing strain amplitude. At a strain
amplitude of 3.16 x 10-3%, the rate of increase is small;
at a strain amplitude of 1.0 x 10-1%, the rate of increase
is great. The damping ratio varies from about 0.02 to 0.3
as strain amplitude increases from 3.16 x 10-3 to 1.0 x
10-1%. The relationship is apparently not influenced by
frequency, temperature, water content, or specific sur
face area.

b. Temperature - the damping ratio of frozen clay decreases
sharply for an increase in temperature from -1 to -4°C.
Between -4 and -10°C the rate of decrease is, in general,
not as sharp. The decrease of damping ratio is greater
for lower frequencies (0.05 cps) than for higher frequen
cies (5.0 cps). Specific surface area does not appear to
have a significant influence on the relationship. The
influence of water content on the relationship has not
been investigated.

c. Frequency - the damping ratio of frozen clay, in general,
decreases for an increase in frequency from 0.05 to 5.0
cps; for frequencies greater than 5.0 cps, damping ratio
increases as frequency increases. At a low temperature
(-10°C), the influence of frequency on damping ratio is
small; at a high temperature (-lOe), the influence of
frequency is great. The influence of frequency at a low
strain amplitude (3.16 x 10-3%) is smaller than at a high
strain amplitude (1.0 x 10-1%). Water content and spe
cific surface area apparently do not have a significant
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influence on the relationship.
d. Water content - there appears to be no well-defined rela

tionship between damping ratio and water content of fro
zen clay.

e. Specific surface area - at a low strain amplitude (3.16
x 10-3%), the damping ratio is greater for a clay with a
high specific surface area than for a clay with a low
specific surface area. At a high strain amplitude (1.0
x 10-1%), the influence of specific surface area appears
to vary with temperature and frequency.

f. Confining pressure - confining pressure does not appear
to affect the damping ratio of frozen clay. This conclu
sion was reached for all test conditions considered.

A comparison of dynamic properties of ice and frozen clay obtained
in the present study to those obtained in previous studies indicates:

1. The values of longitudinal and compressional wave velocities
of ice determined in the present study are lower than com
parable wave velocities determined in previous laboratory
field studies. This may be a consequence of the fact that
the strain amplitude of testing in the present study is
greater than those associated with previous studies and the
test frequencies in the present study are much lower than
those associated with previous studies. (It was found in the
present study that the wave velocity of ice decreases with
increasing strain amplitude and decreasing frequency.)

2. The values of damping ratio of ice determined in the present
study are close to the values obtained in previous studies.
The combination of a decrease of damping ratio with decreas
ing strain amplitude and an increase of damping ratio with
increasing frequency (as found in the present study) has ap
parently contributed to the close agreement, i.e., the effects
of strain amplitude and frequency tend to cancel each other.

3. The values of longitudinal wave velocities of frozen clay
obtained in the present study compare favorably with the
results from previous studies. It appears any differences in
longitudinal wave velocities can be explained by differences
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in the test techniques and material types employed between

the present and previous studies.

4. The values of damping ratio of frozen clay obtained in the

present study are close to values obtained in one previous

laboratory study.
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APPENDIX A

DESCRIPTION OF CYCLIC TRIAXIAL
TEST EQUIPMENT

Figure A.l shows the cyclic triaxial test equipment developed for
the research program. A schematic is shown in Figure A.2. The test
setup consists of four basic components:

(1) An MTS electrohydraulic closed loop test system consisting
of the actuator, servovalve, hydraulic power supply, servo
controller, and hydraulic controller. (This applies a cyclic
deviator stress to the sample.)

(2) A triaxial cell which contains the sample and non-circulating
coolant.

(3) A refrigeration unit and cold bath which circulates the cool
ant around the triaxial cell.

(4) Output recording devices to monitor the load (stress) and
displacement (strain) of the sample during the test.

A.l The MTS Electrohydraulic Closed Loop Test System
The heart of the test setup is the MTS electrohydraulic closed

loop test system. As shown in Figure A.3, it consists of an MTS
Model 500.10,2.8 gpm (0.010 m3/min)/3000 psi (20,700 kN/m2), hydrau
lic power supply; a Model 436.11 hydraulic control unit with a func
tion generator; a Model 406.11 controller (servovalve controller with
AC and DC feedback signal conditioning); and a Model 204.61 11 kip
(5000 Kg) actuator with a 252.25, 15 gpm (0.057 m2/min) servovalve
and an internal linear variable differential transformer (LVDT). The
system operates as follows:

(1) A command signal (voltage) from the function generator in the
436.11 or other external source is input to the 406.11 where
it is compared to the feedback signal (voltage) from a trans
ducer (e.g., a load cell or LVDT) monitoring the response of
the specimen in the closed loop.

(2) The difference (error) between the two signals is amplified
and applied to,the torque motor in the servovalve coupled to
the actuator.
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Figure A.l CYCLIC TRIAXIAL TEST EQUIPMENT
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(3) The torque motor drives a pilot stage which in turn drives
a power state of the servovalve which directs hydraulic fluid
under pressure to one side or the other of the double-sided
actuator piston to cause the actuator to move.

(4) The movement of the actuator causes the specimen to respond
in such a way that the transducer monitoring the specimen
IIfeeds back ll a signal which is equal to the command signal.

The speed at which these steps are executed causes the sample,
for all practical purposes, to be subjected to a loading equal to the
command signal. A more complete treatment of closed loop testing the
ory is given by Johnson (1964).

A.l.l MTS 406.11 Controller
The front panel of the 406.11 controller is shown in Figure A.4.

The controls indicated by the circled numbers are discussed in order
below.

(1) The panel voltmeter has two functions. First, it can be used
to indicate the error between the command signal and the
feedback transducer. Second, it can be used to indicate the
voltage output of feedback transducer XDCR1, XDCR?, or the
servovalve drive. (The servovalve regulates the flow of hy
draulic pressure between the hydraulic power supply and the
actuator.) For the cyclic triaxial tests a negative error
means compression and positive error means tension to the
specimen. The panel voltmeter was most often used to moni
tor the error between the command signal and the feedback
transducer before applying the hydraulic pressure. To insure
that the actuator does not move when hydraulic pressure was
applied, the error signal must be zero.

(2) The Set Point control provides a static command signal (volt
age). There are 1000 divisions on the Set Point dial. Each
division is equivalent to 20 mv. A positive command signal
(Set Point between 500 and 1000) produces actuator piston
compression; a negative command signal (Set Point between 500
and 000) produces actuator piston extension. When the feed
back signal is from the LVDT in the actuator, Set Point is
used to move the actuator up or down even with no specimen in



VAL VE

•• XDCIl7~. I

• OfF

5 ..
3•• \

,... . .,
II .... ~

.6

0'>

-/
SPAN

,.
,"

20/

8_
,'/

~'

IiHHl

"

• X,[l(R

• XDCR;>

Q
,e

~ "~ f ~•

"0

PHAH

00
VAl"'!:

\
~~

~

, .. '

IX

I ~ I
"'--- .....

X>•)(',0•

Figure A.4 CONTROLS AND INDICATORS ON 406.11 FRONT PANEL



162

the loop. When the feedback is from any other transducer the
Set Point control establishes a static level of response of
the specimen. When feedback was from the LVDT mounted across
the sample, Set Point could be used to obtain zero loading on
the sample.

(3) The Span control establishes the amplitude of a command sig
nal waveform during cyclic loading. The amplitude is about
the Set Point level. There are 1000 divisions on the Span
control dial. Each division is equivalent to an amplitude
of 10 mv. The Span was used to vary the strain amplitude
du~ing cyclic triaxial testing.

(4) The Gain control establishes the rate and accuracy of response
of the actuator ram to the command signal. The Gain control
is therefore used to improve the response of the closed loop
system which includes the specimen. To set the system at
optimum Gain, the sample was subjected to a low frequency,
low amplitude square wave loading. The feedback signal was
monitored with an oscilloscope. The Gain control was turned
clockwise until small oscillations were observed at the peak
of the square wave, as shown in Figure A.5b. At this point
the Gain was reduced until the oscillations stopped, as shown
in Figure A.5c. The Rate (described below) was adjusted to
eliminate "overshoot" at the corner of the peak of the square
wave as shown in Figure A.5c.

(5) The Rate control helps prevent "overshoot" at high Gain set
tings. The Rate was adjusted after the Gain had been set as
described above.

(6) The Feedback Select position determines which feedback signal
will be used in the closed loop test circuit. This may be the
signal from Transducer Conditioner 1 (XDCR1), Transducer Con
ditioner 2 (XDCR2), or from an external transducer conditioner
(EXT) .

(7) The Cal Factor, Zero, and Fine/Coarse controls provide adjust
ment of the signal from the transducer used with XDCR1.

Cal Factor was used to adjust the voltage output from
the LVDT. The Cal Factor was adjusted to obtain ± 10 volts
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a. Over-damped, Gain too low

b. Under-damped, Gain too high

c. Optimum Gain

Figure A.5 GAIN AND STABILITY ADJUSTMENT
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when the core of the LVDT moved 0.254cm.
The Zero control introduces an electrical offset to the

signal from the LVDT. It has 1000 divisions on the dial. A
Zero control setting of 500 corresponds to zero voltage off
set. The Zero control provi des negati ve el:ectri ca1 offset
when it is between 500 and 000 and positive offset when it
is between 500 and 1000.

The Fine/Coarse switch determines the operating range
for the Zero control. When it is selected to Fine, the elec
trical offset from the Zero control per division is lower
than when it is selected to Coarse. In this experiment, high
electrical offset is necessary, therefore, the switch was
selected to Coarse.

(8) The Excitation, Zero, and xl/xlO switch provide adjustment
of the signal from transducer XDCR2. In general a load cell
was the transducer used with XDCR2.

The Excitation was used to adjust the voltage output
from the load cell. It has 1000 divisions on the dial. The
Excitation was adjusted to obtain 25 mv per 10 lbs of loading
using a 5 kip load cell with a sensitivity of 2 mv/volt.

The Zero control introduces an electrical offset to the
signal from the load cell. It has 1000 divisions on the dial.
A zero control setting of 500 corresponds to zero voltage
offset. It provides positive electrical offset when it is
between 500 and 000 and negative offset when it is between
500 and 1000.

The xl/xlO switch determines the operating range for the
signal from the load cell. When in the xlO position the sig
nal from the load cell is amplified 10 times that of the xl
position. The xl position was, in general, used in the re
search program.

(9) The Limit Detector determines which transducer conditioner
(XDCRl or XDCR2) signal will be monitored in the II fail safe II

circuit. If the switch is set on INTLK the failsafe inter
lock circuit will turn off the hydraulic power supply when
the signal voltage is greater or lower than a selected range
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of voltage.
The Reset is used to extinguish the indicator light when

the signal voltage level is within the selected range of volt
age. If the light for the Limit Detector is still lit with
the failsafe interlock circuit in operation, the hydraulic
power supply cannot be engaged. Therefore, before applying
the hydraulic power supply the light has to be extinguished
with the Reset button. If the switch is in the off position
the failsafe circuit is inoperative.

(10) The Upper and Lower limit controls are used to select the
range of acceptable voltage. The Upper limit is set at the
most positive or least negative limit. The Lower limit is
set at the most negative or least positive limit. Each limit
dial has 1000 divisions corresponding to 10 volts.

(11) Program is used to input an external source of command signal.

A.l.2 MTS 436.11 Controller
The front panel of the 436.11 is shown in Figure A.6. The controls

indicated by the circled number are discussed in order below.
(1) The Power control applies AC operating voltage to the control

unit.
(2) The Hyd Pressure Low or High or Hydraulic Off control is used

to turn the hydraulic power supply on and off. (The 500.10
hydraulic power supply has no low pressure option.)

(3) The Program Stop or Run control is used to start or stop
generation of a command signal waveform.

(4) Emergency Stop is used to stop the hydraulic power supply and
generation of the command signal waveform. Emergency Stop
and Hyd Off have the same effect.

(5) The Wave Form control of the Function Generator module is
used to select the type of command waveform to be generated.
Square, triangular, and harmonic waveforms are available.

(6) The Frequency vernier and range selector are used to obtain
the desired frequency characteristic of the command waveform.
Frequencies between 0.01 and 1100 cps are available.
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A.2 Triaxial Cell
A schematic of the triaxial cell inside the cold bath is shown

in Figure A.7. The cell is 18 cm in diameter and 35 cm high. An
aluminum cell was chosen over steel or lucite for three reasons:

(1) It has sufficient strangth to allow testing at high confining
pressure (compared to lucite).

(2) It was lightweight for ease of handling (compared to steel).
(3) It has a higher thermal conductivity (compared to steel and

particularly to lucite) to insure the noncirculating coolant
inside the bath remains at a temperature approximately equal
to the coolant circulating outside the bath.

Two thermistors were attached to the 7.1 cm diameter, and 17.5 cm high
sample to monitor its temperature during the test. An LVOT was at
tached across the sample to the cap and base to monitor displacement.
The output of this LVOT was also the feedback signal in the closed
loop discussed in Section A.l. A load cell attached to the base plate
of the cell monitors the load. Two copper tubes were connected to the
cell at the base plate to apply and monitor pressure in the cell.
Pressure to the cell was supplied by a nitrogen pressure tank. As a
precaution against pressure fluctuations which might be introduced by
movement of the loading rod during cyclic loading, an air reservoir
was connected to the pressure line. When applying pressure, coolant
which was left in the pressure line could be forced into the cell if

air was trapped in the cell. The coolant which would be introduced
into the cell would be at a higher temperature than the cell fluid.
This could cause variations of temperature during pressure application.
To eliminate this problem, a pressure line made of copper (high ther
mal conductivity) was rolled inside the bath to cool the coolant which
was trapped in the line. With this system it was found that there was
no temperature change during application of pressure.

When the LVOT is mounted at the side of the sample, care must be
taken to insure that tilt of the sample cap does not influence the
displacement reading. A device developed in this research program to
eliminate tilt is shown in Figures A.8a and A.8b. It consists of three
basic components:

(1) A base clamp with a fixed standard for the LVOT body and a
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connecting rod to the sample cap assembly.
(2) An anti-tilt ring connected to the base clamp connecting rod

with a piece of spring steel and with a connecting rod for
the movable LVDT core. The anti-tilt ring has a diameter
0.63 cm greater than the sample cap to allow free movement
about the cap.

(3) A top clamp attached to the anti-tilt ring with two spring
steel leaves.

The spring steel leaves between the anti-tilt ring and the top clamp
act as a pivot point. Any (slight) tilt of the sample cap will not
be transmitted to the anti-tilt ring through the spring steel. As
the sample cap moves, the LVDT core is forced to move because the anti
tilt ring is fixed to the base clamp by the connecting rod. The move
ment at the pivot point causes the displacement measured at the LVDT
to be twice that of the sample at the centerline. (This is another
advantage of the anti-tilt assembly since it effectively doubles the
output of the LVDT for a given sample displacement.)

The vertical displacement of the cap with respect to the base at
the two spring steel leaves will cause the anti-tilt ring to rotate
such that the spring steel at the middle of the ring acts as a pivot
point. The movement of the anti-tilt ring about the pivot point causes
the core of the LVDT to move in both the vertical and horizontal di
rections. The horizontal component of movement causes an error in
measuring the strain of the specimen. To determine the magnitude of
the error consider the representation shown in Figure A.9. In the fig
ure, when the two steel leaves move from point C to point D the core
will move from point F to point G. Without restraint the core should
move vertically for a distance Fl. With restraint it moves a vertical
distance FH which is shorter than the true vertical movement by an
amount HI. To determine the error HI note that for small 8,

Since

e = LlL = 2 LlL
A AC AS (A.l )

(A.2)
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Then
HI = GH· eG

Substituting (A.2) into (A.3)

HI = BF.e~

Substituting (A.l) into (A.4)
2

HI = 4 L~L) ·BF
(AB)2

in which

(.n..3)

(A.4)

(A. 5)

HI = the error of the anti-tilt device
L = the displacement of the sample

AB = the diameter of the anti-tilt ring
BF = the distance between the edge of the anti-tilt ring

and the center of the LVDT core
For the anti-tilt ring used in the research program, AB = 12.22 cm and
BF = 3.89 em. Substituting these values into Equation (A.5) the error
associated with the anti-tilt device has been calculated and is shown in
Figure A.10. The maximum strain of testing was about 2 x 10-4 cm/cm for
ice and 1 x 10-3 cm/cm for clay. Thus, the maximum error expressed as a
percentage of displacement was 0.05 and 0.25%, respectively. [Note: when
the displacement was approximately 0.07 cm (0.4 percent strain) the core
would come into contact with the housing of the LVDT.] Since this error
was relatively small no attempt was made to correct for it in the research
program.

The two thermistors used to monitor temperature of the sample were
calibrated witha laboratory thermometer with a scale division of O.loC.
The thermistors were capable of reading to the nearest O.loC. The tem
perature of the samples was obtained by averaging the readings of the two
thermistors.

A.3 Cooling System
The cold bath is approximately 0.35 m x 0.35 m x 0.46 m and contains

0.048 m3 of circulating coolant, excluding the volume of the triaxial
cell. The bath was constructed so that the coolant entered at the bottom
and returned to the refrigeration unit from a line at the top of the bath.
This is shown in Figure A.ll. It is important to insulate the top of the
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cold bath as this represents a potential source of heat loss in the cell
(and sample through the cell top plate). Two 1-inch thick sheets of
styrofoam were used for thi s purpose. In additi on, coolant Itlas "washed II

across the top plate of the cell through an auxiliary circulating line.
With these precautions it was found that the temperature inside the cell
adjacent to the sample did not vary by more than 0.2°C along the length
of the sample.

To insure that thermal equilibrium had been reached in the specimen
and the coolant surrounding it in the cell, temperature measurements were
made at the center of several ice and frozen clay samples and adjacent
to the sample, as shown in Figure A.12. The figure illustrates the var
iation of temperature as a function of time for three test conditions.
In one test (Figure A.12a), an ice sample and aluminum caps were at an
initial temperature of -12.7°C, the coolant inside the ce11 was at a
temperature of -12.2°C. After approximately one hour, the temperature
of the sample (measured with a thermistor frozen in the center of the
sample) and the coolant inside the cell were equal and remained constant.
Similar results were obtained when a stainless steel cap and base was
used with an ice sample (Figure A.12b) and when an aluminum cap and base
was used with a clay sample (Figure A.12c).

The temperature of the coolant in the refrigeration unit was con
trolled by a mercury thermometer thermostat submerged in the coolant.
The temperature difference between the cold bath and refrigeration unit
was approximately 0.5°C. Therefore it was possible to set the thermostat
in the refrigeration unit and obtain any test temperature desired with
reasonable accuracy.

A.4 Output Recording Devices
The following devices were used to monitor the load cell, LVDT, and

thermistors employed in the test program:
(1) Transient Recorder (Physical data Model 512 A).
(2) x-y Recorder (Varian Associates Model F-80).
(3) Strip-Chart Recorder (Sanborn Model 150).
(4) 3-1/2 Digit-Digital Mu1timeter.
(5) Oscilloscope.

In order to minimize the amount of time required for calibration and
monitoring, these devices were connected to a switching panel which, in
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turn, received the output signals from the load cell, LVDT, and thermis
tors. The switching panel is shown schematically in Figure A.13.

The transient recorder is an electronic instrument which accepts and
stores analog electrical signals. The signals can be played back repeti
tively at a selected timebase which may be different from the recording
timebase. This allows storage of a high speed event and playback at a
low speed. Two channels are provided to permit storage of two parallel
events. The storage is in a digital form in a solid-state, microcircuit
memory. The duration of recording time can be varied from 100 to 0.01
seconds. The signals are stored in such a manner that all words of stor
age (2048 words for one event and 1024 words for two parallel events) are
stored totally within a recording time of the selected timebase. The
transient recorder was used to record load and displacement signals taken
during high frequency tests (greater than 0.3 cps) and to play them back
at slower frequencies on the x-y recorder.

It was observed that high frequency, low amplitude sine waves were
superimposed on the output signals of load and displacement from the MTS
406.11 controller. This is shown in Figure A.14a for the output signal
displayed on an oscilloscope. The "noise" was approximately 1 to 2 kHz
with an amplitude of 80 mv for the displacement signal and 5 mv for the
load signal. The noise was produced by the AC Transducer Conditioner in
the 406.11 controller which excited the LVDT and the load cell. The x-y
recorder and strip-chart recorder could not respond to this high frequency
noise, but it was picked up by the transient recorder as shown in Figure
A.14a. When this signal was played back to the x-y recorder it caused a
"shaking," irregular movement of the pen. This movement could also be
seen when the signals were displayed on the oscilloscope as shown in Fig
ure A.14b. The effect was more pronounced when the output voltage sig
nals were small compared to the noise. To eliminate this problem, a low
pass filter was used on the displacement signal at the input to the tran
sient recorder. The noise on the load signal was low enough to be ignored.

The x-y recorder was used to obtain a plot of load versus displace
ment during cyclic testing. The load cell output was displayed on the
y-axis and the LVDT output was displayed on the x-axis. The damping
characteristics of the sample could be determined from this plot as ex
plained in Section 4.3. It was found that the x-y recorder itself created
a hysteresis loop when two duplicate sine wave signals from a function
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generator were monitored on the x-y recorder. This error could be elim
inated by adjusting the tension in the wire cable of the slewing system

of the recorder. The maximum frequency which could be plotted by the x-y
recorder without significant hysteresis was approximately 0.3 cps. For
higher frequencies of testing, the signals were stored in the transient
recorder and played back at frequencies lower than 0.3 cps. Some ampli
fication of the input signals occurred when the transient recorder was
used. The amplification appeared to be dependent on frequency. To avoid
many calibrations, only damping ratio was determined from x-y recordings.
This could be done because damping ratio is a non-dimensional parameter.

The load and deformation at all frequencies of testing were recorded
directly on a strip-chart recorder. The frequency response of the strip
chart recorder was checked and it was determined that there was no varia
tion in the amplitude of the input signal when the frequency was varied
from 0.05 to 50 cps. The dynamic Young's modulus was determined from the
amplitude of load and displacement recorded on the strip-chart.



APPENDIX B

DESCRIPTION OF SAMPLE COUPLING DEVICE

A cohesive unfrozen soil can only be subjected to a very small ten
sile stress and a cohesionless soil cannot be subjected to any tensile
stress. Consequently, no consideration must be made to insure that an
unfrozen sample can be subjected to tension during cyclic triaxial test
ing since this state of stress cannot exist. Cyclic triaxial tests are,

therefore, performed on unfrozen soils with the sample always in a com
pressive state of stress. In contrast to this, ice and frozen soils can
be subjected to tensile stresses.

Two possible devices to couple the sample to the cap and base to
achieve a tensile state of stress were considered in the research program
as shown in Figure B.l. The "screw" coupling shown in Figure B.la consists

of four screws, 0.64 cm in diameter, in the top and bottom caps. The
"screw and metal plate" coupling shown in Figure B.lb is essentially the
same as the "screw" coupling except an aluminum plate, 5.4 cm long, 2.54

cm wide and 0.64 cm thick was attached to two of the screws in the top
and bottom caps. The clearance between the cap and the aluminum plate
was set at 1.27 cm.

Figure B.2 shows a comparison of the hysteresis loops obtained for
an ice sample without a coupl ing and for ice samples with the "screw" and
"screw and metal plate" couplings. The hysteresis loop for the sample
without a coupling is highly non-symmetric. This is reasonable since the
sample can only be subjected to compressive stresses. The minimum devi
ator stress is equal to 12.8 psi; it is not equal to the confining pres
sure, 25 psi. There are two possible explanations for this discrepancy:

(1) The sample did not separate from the caps becuase the sample
elongated owing to the confining pressure acting on the side of
the sample. As a result of the sample elongation there was an
axial stress in the sample which would be measured as the devi
ator stress, 12.8 psi.

(2) The sample separated from the cap but the membrane did not pene
trate into the gap. Consequently, there was an air pressure in
the gap less than the confining pressure. (If the membrane
penetrated through the gap between the sample and the cap the
minimum deviator stress would be zero.) The minimum deviator
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stress, 12.8 psi, would be equal to a reduction of the confining
pressure, 25 psi, by a pressure of 12.2 psi in the gap.

The hysteresis loop for the sample with the "screw" coupling is also
highly non-symmetric. This indicates (1) the sample failed, (2) the dy
namic modulus in compression is much greater than that in tension, or
(3) the coupling was not sufficient to resist the tensile force applied.
Inspection of the samples from the tests with this coupling indicated
they had not failed. There is no reason to believe the modulus in ten
sion for ice is significantly different than the modulus in compression.
Thus, the hysteresis loop could not be explained on this basis. There
fore, it was concluded the coupling did not provide sufficient resistance
to the tensile force. The screw coupling was rejected for this reason.

The hysteresis loop for the sample with the four screws and metal
plate is symmetric and indicates that a resistance to the tensile force
was developed which allowed the sample to be subjected to a tensile stress.
This coupling was selected for use in the research program.

It is obvious that with the "screw and metal plate" coupling the
effective length of the sample used to calculate dynamic properties would
be slightly less than the total length of the sample. The effective
length of the sample is extremely difficult to calculate because it is
dependent on the dynamic elastic moduli of the specimens. Therefore, for
practical purposes, the effective lengths were assumed to be 2.54 cm
shorter than the full length, owing to a reduction of 1.27 cm from the
top cap and 1.27 cm from the bottom cap. Even if the effective length
is slightly in error it would result in only a small error in the eval
uation of the dynamic modulus and axial strain. The lengths of the spe
cimens were approximately 18 cm with corresponding effective lengths of
about 15.5 cm. If the assumed effective length was ± 1 cm in error, the
error in the dynamic modulus would be about 6.5% and the error in the
strain would be about 7%.



APPENDIX C

CYCLIC TRIAXIAL TEST RESULTS: DYNAMIC
YOUNG'S MODULUS OF ICE

Test results of Dynamic Young's modulus for high density ice are
shown in Figures C.1 to C.93, and those for low density ice are shown

in Figures C.94 to C.126. The dashed lines in the figures represent
the least squares best fit line of the data for a given test condition.
The solid lines represent the average least squares best fit line for
all the experimental data drawn through the "center" of the data set
for a given test condition. (Refer to Section 4.4.1 and Figures 4.3
and 4.4 for further explanation.)
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APPENDIX 0

CYCLIC TRIAXIAL TEST RESULTS:
DAMPING RATIO OF ICE

Figures 0.1 to 0.19 show test results of damping ratio for high
density ice, and results for low density ice are shown in Figures
0.20 to 0.28. The dashed lines in the figures represent the least
squares best fit line of the data for a given test condition. The
solid lines represent the average least squares best fit line for all
the experimental data drawn through the "center" of the data set for
a given test condition. (Refer to Section 4.5.1 and Figures 4.63 and
4.64 for further explanation.)

223



«l<J~
224

0"''''
"" "" "" z, , ,- - - CL~

\ IT
n:::: U\ f-

.... .... \ 0 ([) --.J
\

~
<I <I ... x --.JI

\ IT
\ IT

<I ......... \ (I)
~ <I <I~<iJ N

\ 0
Cl 0

"'! OJ\ N S- LLI
:::J
en

\ .....
~l..l-

\
I\

.... ~<I .... <I \<1 <B:::J
<iJ
~ 0

f-
t-<J:<l a; Z

\ N U
I '"\ n::::

w
\ 0- W

.... ........ .... <1 <1\ <I <I <I <iJ
<iJ

U.... \ <iJ <iJ <iJ 0
0 0
~ -.-J f--l

'"I
"6

OIlt::JtJ dWt::JO

<iJ<J .... D-o en '"
"" "" "", , , Z- - - U~, IT, n:::: --.J, f-

.... .... <@ , 0 ([) --.J
~\ <I <J ... x IT\
I

IT, LD
\

............ ....,
~ <iJ<J <J <I <iJ <iJ r- 0

"
CI

00
\ "'! OJ

\ N S- LLI :::J
\ en

\ .....
~

\
l..l-

\ I
........ ..... <J \

~ ~ <J <iJ f-
0 t-\ a; Z, N U
I n:::: '"\

\ W
W0-

0 U
0 0
~ -.-J f--l
(T)

I

• L

OIlt::JtJ dWt::JO



1-40.A

1-45A

1-49&

f:;.

46
~

.&

f:;.

N
N

.&

.&

c.n

£:,
8

.& .&

----~
f:;. ~ •

f:;. 8

i
~

£:,

£:,

£:,

o
• t I I I I I

o
J

W
o
o
o
OJ

N
o
I

W
o
o
o

LD

N
o

I
W
o
o
o

e-

I--l

N
o

I
W
o
o
o

o ,;,

I-
0::: N

o
0::: ~

o
o

0- c;
L: 
0:::
o

1-408

1-45 L.
1-49.&

..

.&

.&

f:;.

1

-~
f:;.

f:;.
M
8
£:,

o
• I I I I

0
I

W
0
0
c;
OJ

C'J
0

I
W
0
0
0

e-

C'J
0
I

W
0
0
c;
lJ)

C'J
0

I
W
0
0

0
c;
(Y)

I--l

I-
0::: C'J

0
0::: J

w
0
0

0- c;
L: ~

0:::
0

-3'.00 -2.60 -2.20 -1.80 -3'.00 -2.60 -2.20 -1.80

ICE 9 T-IFIRLLCP ICE9T-IF5RLLCP
LOG PERCNT Figure 0.3 RX STRRIN LOG PERCNT Figure 0.4 RX STRRIN



226
~<:]<Q..a<l
L!) l..O ...... <:j" r---
M M o;:j" o::::t «::j

ZI • I I ,

.................... - - - 0-I--<

IT
0:: U
I-

<I <I <:] <Q<Q • a (J) ----la;- x ----lI

a:
IT

~ ~
I.D (I).

I ~"'I ~ ~ Cl
a c

I "': OJ

""
s..

LLI ~
0)......

NL1..

I
I

J~~"'I ~
I

"'I ~<I <% ~ a l-
f-<:] ~ • a; Z

"" U
I I 0-0::
I W

W
~ ~

G.-

<I <I <I <I~
~<:8 0 U

I <Q
C) (:)

~
~ ---..J f------I

'"I
o·

OIltltJ dWtlO

<Q ..a <l CL~ <t r-
<t <t <t Z, , ,
~ ~ ~

I--< Ua:
\ 0:: ----l
\ I-

<I <I <Q a (J) ----l
~"'I

\ a;
\ I x IT
\ a:
\ UJ

<1<1 <I \ ~~~ ~ L!') 0
Cl

ca
\ "': OJ

\ "" s.. LLI
~

\
0)......

N\
L1..

\ I"'I ~~"'I "'I I-a f-~ ~ a; z
\

"" U
I

0:: '"\
\ w

W\
G.-

O U
a (:)

~ ---..J f------I

'"I
. s

OIltltJ dWCJO



N
N......

fla

.&

-1.80

i

-2.20

1-368

1-418

1-44&

1-47 b.

8.6.

i

4. ~
~ ~i ft__~
,. M &>
b. ~&> &>
~ it>

21'.
M>.

-2.60

A

-3'.00

a
• I I I I I I

C'J
0

I
W
0
0

~
en

N
0

I
W
0
0

~
['

N
0

I
W
0
0

c:
lD

N
0

I
W
0
a
c:

0 l'"l

I----<

f-
a: N

a
0:::: I

W
0
0

0.- c:
L: -
IT
0

-1.80-2.20-2.60

1-368

1-418

1-44&

1-47 I::>

& I::>

it>

I::>

1::>&
it>

~

~I::>.&

~ 8

il::>
~

I::>~

A _--

~

.-.-, -.-

_A- -- -- --
~

.&

~ W
it>

8

~

~

it>
~t

it>

it>
it>

.&

-3'.00

o
• I I I I I I

0
I

W
0
0

~
en

C\l
0
I

W
0
0

~
['

C\l
0

I
W
0
0

~
lD

C\l
0

I
W
0
0

~
0 C')

I----<

f-
a: C\l

0
0:::: I

W
0
0

0.- ~
L: ~

a:
0

ICE9T-2FIRLLCP ICE9T-2F5RLLCP
LOG PERCNT Figure 0.7 RX STRRIN LOG PERCNT Figure 0.8 RX STRRIN



~«]«I<J<Sl
228

U)\ONl.OCO
M M '<:j" 'd" o::::t ZI I I I I
...........................................

CL.........

I a:
1 0::: U

I-

~ ~ <J <J «]1 ~ 0 (J) ---.--J
1<tJ

<llII ~- ---.--JI X
a:

I IT
~~ <J <J ./~<tJ <llII

a
(I)r-

0

<llII <J 0, 0 0

I
c-; OJ
N S0-

Li-I :J
C)

Or-

~l.J..
I
I I

~ <1J <41 ~~ I
~

I-
~

0

1 <llII<llII U; Z
N U

I I
0::: '"

I w
WI CL

<l<J
~ ~~ <tJ 0 U

I 0 0
c:; -J I--l

""I
o·

OIltJ~ dWtJO

<tJ<J CL
N "'
~ "1 Z

......... U
\ a:

\ 0::: ---.--J
I-

\ 0 (J) ---.--J
<J~

~- X ITI

\
a:

\
Lf)

~ <tJ <l<tJ<tJ 0) 0
0

00

~ c-; OJ
N S0- Li-\ I :J

\
C)

Or-

~l.J..
\

\ I
q:J <J<J <tJ \ <tJ<J «I<tJ 0

I-
~\ U; Z

N U
\ I

0::: '"
\ W

W\ CL

0 U
0 0
c:; -J I--l

""I
° s

OIltJtl dWtJO



1-368

1-42&

1-466

1-48,0,!~
1-368 0

I

1-42 A.
w
0
0

1-466 C?
1-488

0)

N N
0 0
I I

W W
0 0
0 0

C? C?
r-- r--

N N
0 0

I I
W W
0 0
0 12:. 0

~ C?
lJ) to

~~ 12:.

,0, ~ tN 12:. N
0 12:. ItJ 12:.

0
I M I

W 6 w
0 D. 0
0 & 0
0 ------ 0--7'--- - -0 C'l 0 C'l

.......... ) & ..........
f- &8 f-
a: N a: N

0 As. 0
et::: I 8 et::: I

W W
0 0
0 0

(L ~ (L ~
L: .... L: ....
a: a:
0 0

~

~
&

---.8
8

fK
~

---
&~

~

""

~-- -.~--
A A
& B

N
N
l.O

o
• I I ! ! I I

-3'.00 -2.60 -2.20 -1.80

C?
-3'.00 -2.60 -2.20 -1.80

I

LOG PERCNT Figure 0.11 RX STRAIN LOG PERCNT Figure 0.12 RX STRRIN

ICE9T-4FIRLLCP ICE9T-4F5RLLCP



<:1<1 230
'"' OJM M

Z, I

1-----4

I a:
I 0::: 0--.

«:) 1«:)
f-

<1<l C> (J) U
I ~- x .--JI I

a:
1 .--J,

.q- IT<l,~«:) ...--.
I C> Cl

~

I
"': OJIN
I s.. LL::s

CJ)

CO1 .....
LL..

1 I1
<1<1~, ~«:) C>

f-
f---~ z

1 IN U
I

'"I 0:::
W

I (L W
<l:::1 <1<1 I <1 0 UI

C> <'::]
c; -..J I-----l

'"I

OIltJ~ dWtJO

.<:1<1
en '"' co ZM M M

I I I

0--.1-----4

a:
I

0::: U
f-

~«:) 1«:) C> (J) .--J
1 ~ ~

7 x .--JI a:
I IT

~., I (Y) (I)
~«:) ...~ .

C> Cl c

I "': OJ
I IN s.. LLI

::s
I CJ)

CO.....
LL.., I

<]::J <l <l <l ~. ~ C>
f-

f---I ~ ~~ ~ Z
IN U

I I

'"0:::
I W
I (L W

<1<1 <1<l~ 0 U,
C> <'::]
c; -..J I-----l

'"I
O'

OIltJ~ dWlJO



231 CL
~ Utv)

Z.".,
-l>----<

IT
0::: -l\ f---

\ 0 (fJ IT
<lJ~

0::
7 x LD\ IT

\ 0
\

~ a<lJ

0 Cl LL"'!
\ '"

Q)

0\
I ~

:::5

\ 01
'r- ~

\ lL.

\ I

~
0

f---
f---U; z

'" U
\

I Q,.
Q:::

\ W
lLJ(L

Q U
0 0
~ -.J 1-----1

'"I
• 8

OI1CJtJ dWCJO

<iJ
'.<:J
tv) Z,

>----<

/ IT

/ 0::: 0-
<iJ«f

f---
0 (fJ U

/ 0::

/ 7 x -l
/

IT
-l

/
/ <iJ

U') IT.«]
0 Cl LD"'!

/ '"
Q)

I ~ LL/ :::5
01

/ 'r- eolL.
/ I/

/<iJ 0
f---

f---<iJ <iJ/ «] U; Z

'" U
/ I

0:::
Q,.

/ w
lLJ(L

Q U
0 0
c::; -.J 1-----1

'"I
0'

OI1CJtJ dWlJO



1-368

1-3S!:;,.

1-43~

L'::.L'::. L'::. !:;,.

!:;,.L6 ~ i}

__ I!;, - --.----
IC:.J!,.: if,

J!,. ~
J!,. t J!,.

0
I

W
0
0

~
en

'"0I
W
0
0

~
e-

'"0
I

W
0
0

~
ID

'"0
I

w
0
0

~
0 cry

1---4

I-
a:: '"0
0::::: I

W
0
0

(L ~
L: ~

a::
0

L'::. L'::. ~
L'::. L'::. L'::.

L'::. L'::.
L'::. L'::. L'::.L'::. L'::.

8 ~ 88 -
~ _ ' __ ..8- --- - - - ¥- - - . IE

-t--" J!,. 8 AJ!,.
~J!,. &, J!J,;A A

J!,. ~ ~.

J!,.

~
A

1-35.
N
0

I

1-368 w
0

1-3S!:;,.
0

~
1-43~ en

'"0
I

W
0
0

~
e-

'"0
I

W
0
0

~
IJ)

'"0
I

W
0
0

0
~
cry

1---4

I-
a:: '"0:::::

0
I

W
0

(L
0

~
L: ~

a::
0

J!,.
A

-1.80-2.20-2.60-3'.00

o
• I I I I I I

-1.80-2.20-2.60-3'.00

LOG PERCNT Figure 0.17 RX STRRIN LOG PERCNT Figure 0.18 RX STRRIN

ICE9T-IOFo3RLLC ICE9T-IOFIRLLCP



233

<::J~
<D M

M '" Z, ,
I---l CL
IT
0:: U
I--

~ 0 (f) ---l
~

<ll - x ---lI

IT
IT

0) LD
~ <ll r-.

0 Cl LL"!
'"

(l)

I S- O::J
Ol

or-
~

I..L..

I
«J «J 0

I--
f-«J «J <ll u:: Z

'" U
I

""0::
W

W0....

D U
0 <::)

~ -l 1-----1
(T)

I

o·

OIlcH:l dWlJO



~
a...

I-54. Ii:> 1-544.

1-55.6- 1-55.6-

~~ 1-56.6. N 1-56.6.
a

I 1;;.
Ii:>

w Ii:>a

~f-
a

Ii:> c: 1;;.
OJ

1;;.
1;;.

N

il 1;;. 1;;. a
1

w
a
gl 1;;..
r--

1;;.

!~
N £ i• a -- =I

Ii:> __~ w t N
a 1;;. W

--7»\- a -r:>o

- .... - c: ~
A----- LD ..

• £•I •o ~ !1;;. Ii:> 0
N £1;;.a

I A ..-.... I •..-.... w w
f- g I-

a
a

IT c: Il:P a:: c:
n:::: CD £ n:::: M

1

£ ;1;

0- N Ii:> 0- N
L: a L: 0

1 I
IT W IT W

0 0

0 0 0 0

....
-3.40 -3.00 -2.60 -2.20 -31. 40 -3.00 -2.60 -2.20

LOG PERCNT Figure 0.20 RX STRRIN LOG PERCNT Figure 0.21 RX STRRIN

ICE 9T-IF o3RLLCP ICE 9T-IFIRLLCP



a....
~,

I-54.

~I
I-50.

[-55.6. 1-51.6.
A 1-568

a
a

~I 0)
I.....

a
a

~I N
a AI
W
a Aa A

i~
c: A
r--

•
.6. N • A ~a A

I A Aw Aa
.6. a - -

;~
c: A _---UJ - - LS----- .6. AN- - - [:, .6.·w- -- ()1--- A N

- --.--- a
l\'l J-- - w

a
A -- ......

~ :, f!j ~

o ?~ ;. .6.
O--l w

A .6.
I- g .6.

.6.

a: c:
~

IT N

0:::: C'"J
0

0:::: I
W
0
0

il- u 0- c:
:L: 0 :L: ~ I .6.Ja: w IT0o a 0

c5
• I I I I I

-3'.40 -3.00 -2.60 -2.20 I -3.40 -3.00 -2.60 -2.20

LOG PERCNT Figure D.22 AX STRAIN LOG PERCNT Figure D.23 AX STRAIN

ICE 9T-IF5RLLCP ICE 9T-4F o3RLLCP



236
-c<l .. \~o ~

~ ~'" '" -;>", ,
"'-

\ .........

\ IT
~ 0-..\ f-

\ 0 (f) U
<"!
IN X -.-J~
I

~ ~ IT
~

~~ \
-.-J

L!) IT~ \ N

\
.

C) Cl UJ\ ~ <J<J ":
IN OJ

\ I r... LL::l

\ en
~.....

\ l.L.

I
C)

f-
f-~ z

(r) U
I C'-
~

W
Wa....

C) U
0 <:)

": -.I f-----.l
(r)

I

O'

OIltJ~ dWtJO

~<l
~ .. \~o ~

'" '" z, ,
\ .........

\ IT
~ 0-..\ f-

\ C) (f) U
<"!

\ IN X -.-J
~ ~~

I

\ IT
~~ -.-J... \

\
o::::t ITN

C) Cl ~

\ ~ ~ <k) ":
OJIN

LLI r...
\ ::l

en
\ ..... ~.. \~

l.L.

\ I
\ C)

f-
f-~ Z

\~
~<1l '" u

I C'-
~ \ ~.. w

Wa....
\ C) U

~
C) <:)

": -.I f-----.l
(r)

I

o·

OIltJ~ dWtJO



f-
a:: N

o
0::::: J

W
o
o

0..... 0

:L 
a::
o

I-52.A.

1-536

N
W
'-!

A
.A b. ~
... A .& _b. ~

~-- ~ = ~

--, -i~ • b.

0
J

W
0
0
0

en

N
0

J
W
0
0
0

e-

N
0

J
W
0
0
0

lD

N
0

J
W
0
0
0

'" .AI---'

o.& .& .&b. .A

.& D. .it
D. ~

b._ - - I/).

A:'__ _ l>-Z
- £:"b.

.AD. • .&b.

b. .&

1-52.&

1-536

0
J

W
0
0
0

en

N
0

J
W
0
0
0

r0-

N
0

J
W
0
0
0

lD

N
0

J
W
0
0

~
0 (f)

I---'

f-
a: N

0
0::::: J

W
·0
0

0..... ~
:L -
a:
0

o
• I ! [

o
• I I I I I

-3'.40 -3.00 -2.60 -2.20 -3'.40 -3.00 -2.60 -2.20

LOG PERCNT Figure D.26 RX STRR I N LOG PERCNT Figure D.27 RX STRRIN

ICE9T-10FD3RLLCP ICE9T-10F1RLLCP



238

~<l

~ <JN M <llII ZU) U)

I I

~\
I---<

IT
I et::: U
\ I--

0 UJ ~<J<J <J <J "'!
<llII. <llII<llII

N x ~I

IT
\ IT
\ co LD\<J<] N

~ I<J 0 Cl LL\~ u:;
N OJ

0I I s..
::::l

\ en.....
~

I l..L..

I I
\ 0

I--
f-

I
C; z
en U

I

'"et:::
W

W0-

0 U
0 <:)

"'; --.J t--l
en
I

O'

OI1[J~ dW[JD



APPENDIX E

CYCLIC TRIAXIAL TEST RESULTS: DYNAMIC
YOUNG'S MODULUS OF FROZEN CLAY

239



0
0
Ol

0
0
CO

0
0
t-

en
:::) 0

-.J 0
CD

:::)

0
<::) 0

0
L: LD

W
0
0....

0

(Y) 0
C'l

0
+

W
0
0
N

I-----l

(j) 0
0

CL

c5

SAMPLES CL-l,CL-2
ALL CONFINING PRESSURES

WATER CONTENT =29.2%
30 POINTS

0
0
Ol

0
0
co

0
0
t-

(j)

:::J 0

--.J 0
CD

:::J
0
c::J 0

0
:L: LD

W
0
0....

0

(Y) 0
C'l

0
+
w 0

a
N

I-----l

(j) 0._
a

CL

c5

SAMPLES CL-l,CL-2
Ali CONFINING PRESSURES
WATER CONTENT=29.2%

30 POINTS

N
~o

LOG PERCNT Figure E.1 RX STRRIN LOG PERCNT Figure E.2 RX STRRIN

O-CLRYT-l~3 O-CLRYT-IFl



SAf1PLES CL-l,CL-2
ALe CONFINING PRESSURES

~r WATER CONTENT=29.2~
0
0
m

30 POINTS

0 0
0 0
OJ OJ

0 0
0 0
r- r-

UJ UJ
=:J 0 =:J 0

-.J 0 -.J 0
ill ill

=:J =:J
0 0
0 0 0 0

0 0

L lJ) L lJ)

W W
0 0
0 0... ...

0 0

CD 0 CD 0
(r) T)

0 0
+ +

W
0

W
0

0 0
N N

>---< >---<

en 0 uJ 0
0 0

CL - CL -

SAMPLES CL-2,CL-4
ALL CONFINING PRESSURES

WATER CONTENT=29.2%

28 POINTS

N
.t:>
..-l

Fi gure E. 4LOG PERCNT

o
. I I I I I I I f--

.0

RX STRRIN

I I
-.500 .01

RX STRRINFi gure E. 3LOG PERCNT

o

O-CLRYT-IF5 O-Cl_RYT 4 Fo3



N
~
N

SAMPLES CL-2,Cl-4
ALL CONFINING PRESSURES

WATER CONTENT=29.2%

28 POINTS

RX STRRIN

a

-1.50

Figure E.6

i~

LOG PERCNT

C?I I I [ I I ! -:at-

0
a
OJ

0
0
co

0
co
<-

en
:::J 0

--.J 0
CD

:::J
0
0 0

co
L: Lf.l

W
0
0....

0

(Y) 0
(Y)

0
+

0w 0
N

I---l

(j) 0
0

CL

SN~PlES Cl-2,CL-4
All CONFINING PRESSURES

WATER CONTENT=29.2%

28 POINTS

RX STRRINFigure E.5LOG PERCNT

0
.:0
C1l

0
0
CO

0
0
<-

en
:::J a

0--.J (D

:::J
0

a0 0
L: Lf.l

W
0
0....

0
co(Y) (Y)

0
+ co

W co
N

I---l

(f) 0
0

(L

0

O-CLRYT-4Fl O--CLRYT -4F5



~ gL
0.- -I

~tl I I I I , I
-3.00 -2.50 -2.00 -1.50 -1.00 -.500 .0

UJ
::J
--.I
::J
o
o
L

W

o
o
OJ

o
o
ro

CJ
CJ
r-

o
o
CD

o
o
LD

o
o..,.

o
(Y) 0

cr>

o
+w g

N

SAMPLES CL-2,CL-3
ALL CONFINING PRESSURES
WATER CONTENT=29.2%

29 POINTS

0
0
OJ

0
0
ro

UJ :[ ~::J
--.I

0
(D

::J
0
0 0

0

L CD

W
0
0..,.

0

(Y) 0
cr>

0
j-

w 0
0
N

~

UJ 0
0

0.- -

-2.00

SAMPLES CL-2,CL-3
AIL CONFINING PRESSURES
WATER CONTENT=29.2'

27 POINTS

N
-::::.
w

LOG PERCNT Figure E.7 RX STRRIN LOG PERCNT Figure E.8 RX 5 TRRI iJ

D-CLRYT'-l O~3 O-CLRYT-IOFI



a
. I I I I I I I

-1.50 -1.00 -.500---~--

a
a
OJ

a ~_

a
ro

a
a
e-

(fJ

:=J a
--l

a
CD

:=J
0
0 0

a
L LJ)

W
C0-
G
V

0

(T) 0
(T)

0
+

W
Co-.
0
(J

>---<

(f) 0

0-
Co-

c

SAMPLES CL-2,CL-J
ALL CONFINING PRESSURES
WATER CONTENT~29.2%

a
a
en

27 POINTS

0
a
ro

a
a
e-

(fJ

:=J 0

--l a
CD

:=J
0
0 0

a
L LJ)

W
0
a
v

a
(T) a

'"0
+ gl--W

£::,

C"

>---<

(J) 0
0

0-

SAMPLES C-30-2,C-30-4
ALL CONFINI,iG PRESSURES
WATER CONTENT=36',

39 POINTS

i"V
-Po
.;.:,.

LOG PERC NT Figure E.9 RX STRRIN LOG PERCNT Figure E.10 RX STRRIN

O-CLRYT-1DF5 O-CLRYT -1 FaD5



N
+>0
CJ1

SN~PLES C-30-2,C-30-4,C-5-2
ALL CONFINING PRESSURES

WATER CONTENT=36%

53 POINTS

o
• I I I I I ! I I

0
0
0)

0
0
co

0
0
('-

(j)

=:) 0
0

---I CD

=:)

0
00 0

L: lJJ

W
0
0...

0

(Y) 0
('1

0
+

0w 0
N

.........
(f) 0

0
CL

SAMPLES C-30-2,C-30-4,C-5-2
ALL CONFINING PRESSURES

WATER CONTENT=36;:

54 POINTS

0
0
0)

0
0
CD

0
0
('-

(j)

=:) 0

---I 0
CD

=:)

0
0 0

0
L: If)

W
0
0...

0

(Y) 0

""0
+
w 0

0

'"
>---<

(f) 0
0

CL -
0

LOG PERCNT Fi gure E. 11 RX STRRIN LOG PERCNT Figure L12 RX STRRIN

O-CLRYT -1 Fc3 O-CLRYT-IFl



0
0

'"
0
0
ex>

0
0
r--

(J)

:::J 0

-l
0
CD

:::J
0
0 0

0

L: lJ:)

W
0
0...

0

(Y) 0
(Y)

0
+
w 0

0
N

f--l

(f) 0
0

0-

0

SAMPLES C-30-2,C-30-4,C-5-2
ALL CONFINING PRESSURES
WATER CONTENT;36%

54 POINTS

0
0

'"
0
0
ex>

0
0
r--

(J)

:::J 0
0

-l CD

:::J
0

00 0

L: lJ:)

W
0
0...

0

(Y) 0
(Y)

0
+

0w 0
N

f--l

(f) 0
0

0-

o

SAMPLES C-30-1,C-30-5,C-5-1

ALL CO"FINING PRESSURES
WATER CONTENT;36%

53 POINTS

N
~
O'l

LOG PERCNT Figure E.13 RX STRRIN LOG PERCNT Figure E.14 RX STRRIN

O-CLRYT-IF5 O-CLRYT -4Fc05



N
,J:::>
'-J

RX STRRIN

SAMPLES C-30-1,C-30-5,C-5-1,C-5-2
ALL CONFINING PRESSURES
WATER CONTENT=36%

68 POINTS

Figure E.16

I I
-2.00

LOG PERCNT

o
• I I

0
0
(J)

0
0
CD

0
0
e--

0
0
CD

0
0
UJ

0
0....

0

(Y) 0
('")

0
+
w 0

0
C'J

f----l

(J) 0
0

CL

w

(J)

:=J
-I
:=J
o
o
L

RX STRRIN

SAMPLES C-30-1,C-30-5,C-5-1,C-5-2
ALL CONFINING PRESSURES
WATER CONTENT~36%

68 POINTS

Figure E.15LOG PERCNT

0
0
(J)

0
0
CD

0
0
e--

(J)

:=J 0

-I 0
CD

:=J
0
0 0

L
0
UJ

w J ~
0....

0

(Y) 0
('")

0
+

W
0
0
C'J

f----l

(J) 0

CL
0

0

O-CLRYT -4Fo3 O-CLRYT-4Fl



SM~PLES C-30-1,C-30-5,C-5-1,C-5-2

ALL CONFIN'NG PRESSURES

~r WATER CONTENT=36~
0
0
0)

68 POINTS

0 0
0 0
a::> a::>

0 0
0 0
r- r-

(J) (J)
=:) 0 =:) 0

-l 0 -l 0
CD CD

=:) =:)

0 0
0 0 0 0

0 0
L: If) L: If)

W W
0 0
0 0.... ....

0 0

(Y") 0 (Y") 0
C"J C"J

0 0
+ +

W
0

W
0

0 0

'" '"
>---I >---I

UJ 0 UJ 0
0 0

0- ~ 0-

0 0
I I I I I

SAMPLES C-30-3,C-30-6
ALL COIjFINI,iG PRESSURES

WATER CONTENT=36~

34 POINTS

N
.;:..
ex>

LOG PERCNT Fi gure E. 17 AX STRAIN LOG PERCNT Figure E.18 AX STRAIN

O-CLRYT-4F5 O-CLRYT-I0~05



N
.J:»
'-0

SAMPLES C-30-3,C-30-6,C-5-2,C-5-3

ALL CONFINING PRESSURES

WATER CONTENT=36%
66 POINTS

SAMPLES C-30-3,C-30-6,C-5-2,C-5-3

ALL CONFINING PRESSURES

~I
0

WATER CONTENT=36% 0
C)

67 POINTS

~r
0
0
lD

~. , ...
0 0
0 0
e- e-

(J) (J)

:::J 0 ::J 0

--.J 0 --.J 0
CD CD

::J ::J
0 0
0 0 0 0

a 0
L: lD L: UJ

W W
0 0
0 0... ....

0 0

(Y) 0 (Y) 0
C"l C'?

0 0
+ +

W
a

W
0

a 0
e-J '"

1--1 1--1

UJ a UJ 0
a 0

CL - CL

a c:5
1 I I I I I

LOG PERCNT Figure E.19 RX STRRIN LOG PERCNT Figure E.20 RX STRRIN

O-CLRYT~lO~3 O-CLRYT-IOFl



SAMPLES C-30-3,C-30-6,C-5-2,C-5-3

ALL CONFINING PRESSURES ·
~r-

0
WATER CONTENT=36% 0

'"66 POINTS

0 0
0 0
(0 (0

0 0
0 t:J
r- r-

(f) (f)

::) 0 ::) b
.....J

0 .....J t:J
CD to

::) ::)

0 0 ·(':) 0 (':) 0
0 t:J

::c If.) ::c LD

W . W
0 0
0 0.... ....

·0 0

(I) 0 (I) t:J
(T) (T)

0 0
+ +

W
0

W
0

0 t:J

'" N

>--I >--I

(j) 0 (j) 6
0 0

(L ..... (L .....

c:: 6

SAMPLE C-30-7
ALL CONFINING PRESSURES
WATER CONTENT=46.3%

16 POINTS

N
(J1

o

LOG PERCNT Figure E,21 RX STRRIN LOG PERCNT Figure E.22 RX STRRIN

O-CLRYT-IOF5 O-CLRYT~1~3



Iill

N
()"J
--'

SAMPLE C-30-7

ALL CONFINING PRESSURES

WATER CONTENT=46. 3';

16 POINTS

----j-
.0

RX STRRIN

~

~

Figure E.24LOG PERCNT

o

0
0
0'>

0
0
CD

0
0
r-

(j)

=::) 0

-l 0
CD

=::)

0
0 0

0
L: LD

W
0
0....

0

(I) b
C')

0
+
w g

N

I---l

(f) 6
b

(L

SAP1PLE C-30-7

ALL CONFINING PRESSURES

WATER CONTENT=46.3

16 POINTS

RX STRRINFigure E.23LOG PERCNT

0
b
0'>

·0
b
CD

0
0
r-

(j)

=::) 0
-l b

ID
=::)

0
0 0

0L: LD

W
0
0....

·0
(I) b

C')

0
+ ·0

W 0
N

I---l

(f) 0
0

(L

b

O-CLRYT-IFI O-CLRYT-IF5



N
U1
N

SAMPLE C-30-7
ALL CONFINING PRESSURES
WATER CONTENT~46.3~

16 POINTS

AX STRAINFigure E.26LOG PERCNT

o
• I I I I I I I I

·0
0
en

b
0
co

>
0
0
r-

CD
0=:) 0
CD-J

=:)

·0
0

0 0
LnL:.

W 0
0....

·0
0CD (')

0
+

0w 0
C\J

>---<

(f) 0
0

0....

SAMPLE C-30-7
ALL CONFINING PRESSURES

WATER CONTENT~46.3%

16 POINTS

AX STRAINFigure E.25LOG PERCNT

0
0
en

0
0
CO

0
0
r-

CD
>

=:) 0

-J 0
CD

=:)

0
0 0

0
L:. Ln

W
0
0....

0

CD 0
(')

0
+
w 0

0
C\J

>---<

(f) 0
0

0....

c:5

O-CLRYT-4~3 O"-CLRYT-4Fl



N
U1
W

SAMPLE C-30-7
ALL CONFINING PRESSURES

WATER CONTENT o 46.3%

15 POINTS

RX STRRINFigure E.28LOG PERCNT

o

0
0
en

0
0
10

0
0
r-

(f)

0::J
0

~ CD

::J
0

00 0
illL

W
0
0....

0
0(T)
'"0

+
0w 0
C'J

I----<

en 0
0

0-

SAMPLE C-30-7
ALL CONFINING PRESSURES
WATER CONTENT o 46.3;;

16 POINTS

RX STRRIN

B

Figure E.27LOG PERCNT

0
0
0)

0
0
10

0
0
r-

(f)

::J 0
0

~ CD

::J
0

00 0
L: LD

W
0
0....

0
0(T)
'"0

+
0

W 0
C'J

I----<

en 0
0

0-

0

O-CLRYT-4F5 O-CLRYT-I0~3



N
<..n
+»

SAMPLE C-30-7
ALL CONFTNING PRESSURES
WATER CONTENT=46.3%

15 POINTS

RX STRRINFigure E.30LOG PERCNT

o

0
0
O'l

.
0
0
(D

0
0
r-

en
~ 0

....J
0
co

~

0
0 0

0

L In

W
0
0....

0'

0

CD 0
C'?

0
+
w 0

0
N

1---4

(f) 0
0

CL

SAMPLE C-30-7
ALL CONFINING PRESSURES

WATER CONTENT=46.3~

15 POINTS

RX STRRINFi gure E. 29LOG PERCNT

0
0
O'l

0
0
CD

0
0
r-

en
~ 0

0....J CO

~

0
00
0

L In

W
0
0....

0
0CD C'?

0
+

0
W 0

N

1---4

(f) 0
0

CL

0

O-CLRYT-10Fl O-CLRYT-10F5



N
U1
(."

SAMPLES CH-3,CH-4
ALL CONFINING PRESSURES

WATER CONTENT=55.1

30 POINTS

J I I I
.0

o
• I I

SAI~PLES CH-3,CH-4
ALL CONFINING PRESSURES

0

WATER CONTENT=55.1% 0
(J)

30 POINTS

0
0
en

0
0
r-

if.)

:::J 0

......J 0
CD

:::J
0
0 0

0
L: lJ)

W
0
0....

0

(Y) 0
C'"l

0
+

W
0
0
N

I---< f':,
Li (f) 0

CL
0

0
0
(J)

0
0
en

0
0
r-

(f)

::::J 0

......J 0
CD

::::J
0
0 0

0
L: lJ)

W
0
0....

0

(Y) 0
O?

0
+
w 0

0
N

I---<

(f) 0
0

CL -
0

LOG PERCNT Figure E.31 RX STRRIN LOG PERCNT Fi gure E. 32 RX S-RRIN

O-CLRYT -1 Fo3 O-CLRYT-IFl



N
01

'"

SAMPLES CH-2,CH-3
ALL CONFINING PRESSURES
WATER CONTENT=55.1%
30 POINTS

b

o
• I I I I I

0
0
m

0
co
<D

0
0
r-

(J)

~ 0

.--J 0
CD

~

0
0 0

'Cl
L lD

W
0
<::l....

0

(Y) 0
(rJ

0
+

w 0
co
C'J

f---<

ef) r:>
0

0- -

SAMPLES CH-3,CH-4
ALL CONFINING PRESSURES
WATER CONTENT=55. L,

30 POINTS

b

b

<::l
0
m

<::l
0
<D

o ~_

0
r-

(J)

~ <::l

.--J 0
CD

=:J
0
C 0

0
L ill

W
0
0....

0

(Y) 0
(rJ

0
+

W
0
0
C'J

f---<

(j) 0
0

CL

c5

LOG PERCNT Figure E.33 RX STRRIN LOG PEPCNT Figure E.34 RX STRRIN

O-CLRYT-1F5 0-- Cl_ RY T- 4Fo3



c:; I I I I I I I I
-3.00 -2.6J -2.00 -1.50 -1.00 -.500 .1

N
c.Jl
--...J

SAMPLES CH-2,CH-3

ALL CONFINING PRESSURES
wATER CONTENT=55.1%

30 POINTS

~

f::,

0
0
0)

0
0
OC)

0
0
r--

([)

::J :::J

--l 0
CD

::J
0
0 n

0
L l1)

W
0
:::J

'"

0

:D 0
C')

0
+
w CJ

0
N

<--<

(J) 0
0

0...-

SAMPLES CH-2,CH-3
ALL CONFINING PRESSURES

WATER CONTENT=55. 1%

30 POINTS

f::,

f::,

.r
0
0
OJ

0
0
OC)

0

"r--
([)

::::> 0

--l 0
'D

::::>
0
0 0

0

L l1)

W
0
CJ...

'"(Y) 0

'"0
+

W
':::)

0
N

f---<

(J) 0

0...-
0-
c:5

LOG PERCNT Figure E.35 RX STRRIN LOG PE.:RCNT Figure E.36 RX STRRIN

O-CLRYT -4F-l O-CLRYT-4F5



SAMPLES CH-1,CH-3
ALL CONFINING PRESSURES

gl 0
WATER CONTENT;55.1% 0

en
28 POINTS

0 ~ 0
0 0
co ill

0 0
0 0
r-- r--

UJ (f)

:=l 0 :=l 0

--.J 0 --.J
co

(IJ (IJ

:=l :=l
0 0
0 0 0 0

0 CJ
L: LD L: LD

W W
0 0
0 -:0
..". ..".

0 0

CD 0 CD 0
(')

f:;
(')

0 0
+ +

W
0

W
0

0 0
N N

1--< <--<

(f) 0 (f) 0
a 0

CL. - CL. -
0 "?

SAMPLES CH-l,CH-3
ALL CONFINING PRESSURES

WATER CONTENT"55.1%
28 POINTS

N
(Jl

(Xl

f:;

£j.

LOG PERCNT Figure E.3? RX STRRIN LOG PERCNT Figure E.38 RX STRRIN

O-CLRYT -1 OFo3 O-CLRYT-10r-1



SAMPLES CH-I,CH-3
ALL CONFINING PRESSURES

~I
0

WATER CONTENT~55. 1 0
OJ

~ 28 POINTS
~

~I ~
0
0
ro

CJ 0
0 0
r- r-

(j) CD
::J 'C) ::J 0

-l 0 -l 0
CD CD

::J ::J
0 0
<:':) 0 0 0

0 0
L LO L LO

W W
0 0
0 0... ...

£::,

0
~

0

(Y) 0 £::, (Y) 0
C'J (r)

::::J 0
+ +

W
0 W

0
CJ 0
;,.'1 N

.......... ..........

'J) 0 (f) 0
0 0

0..... - 0.....

SAMPLES MC-30-1 ,MC-30-2
ALL CONFINING PRESSURES
WATER CONTENT~57. 1

30 POINTS

N
U1
1.0

STR8INRXFigure E.40LOG PERCNT

o

RXFi gure E. 39LOG PERCNT

~I"jtlOO-~I;;;----:71:n;;---:f'~_---l.__-L__- I I
-.500 .0+-
ST~RIN

O-CLRYT-IOF5 OM-CLRYT-l~3



N

'"o

SN~PLES MC-30-1,MC-30-2
ALL CONFINING PRESSURES
wATER CONTENT=57.1
30 POINTS

SAMPLES MC-30-1 ,MC-30-2
ALL CONFINING PRESSURES

0 I'IATER CONTENT=57. ];"
0

0 0
C1> OJ

30 POINTS

0 0
0 0
ro ro

0 0
0 0
r- r-

en en
::J 0 ::J 0

---l 0 ---l 0
co co

::J ::J
0 0
0 0 0 0 ,-

L
0 0
lJ) L 1J)

W W
0 0
0 0.... ....

0 0

CD 0 CD 0
<') '"0 0

+ +
W

0
W

0
0 0
N (J

......... .........
(J) 0 (J) 0

0 0
0- - 0- ~

0
I I I I

0
I I I

LOG fERCNT Figure E.41 RX STRRIN LOG fERCNT Fi gure E.42 RX STRRIN

OM-CLRYT-IFl OM-CLRYT-IF5



SAMPLES MC-30-2,MC-30-3
ALL CONFINING PRESSURES

0
WATER CONTENT=57. 1

0
0 0
m m

30 POINTS

0 0
0 0
co co

0 0
0 0.... ....

(jJ (jJ

:::J 0 :::J 0

--.J 0 --.J 0
CD CD

:::J :::J
0 0
0 0 0 0

0 0
2: l1) 2: If)

W W
0 0
0 0... ...

0 0

(Y) 0 (Y) 0
<'"J '"0 0

+ +
W

0
W

0
0 0
N N

>--l >--l

(f) 0 (f) 0
0 0

CL - CL

SAMPLES MC-30-2,MC-30-3

ALL CONFINING PRESSURES
WATER CONTENT=57.1

30 POINTS

N
O'l
--'

o
• I I I I L__ ~

··l.OO - .500 .0

o

LOG PERCNT Figure E.43 RX STRRIN LOG PERCNT Figure E.44 RX STRRIN

OM-CLRYT -4Fc3 OM-CLRYT-4Fl



a
a
CJ)

a
a
CD

a
a
e--

(f)
:::) a
---l a

CD
:::)

0
0 a

a
L l.D

W
a
a...

a
(Y") a

(T)

0
+

W
a
a
C'J

1---1

CD a
a

(L -
0

~

SAMPLES MC-30-2,MC-30-3
ALL CONFINING PRESSURES
WATER CONTENT=57. 1~
30 POINTS

b.

b.

0
a
CJ)

a
a
CD

a
a
e--

(f)

:::) a
---l a

CD
:=J
0
0 a

aL: If.)

W
a
a....

a
(Y") a

(T)

0
+

W
a
a
C'J

1---1

CD a
a

(L -
o

SAMPLES MC-30-2,MC-30-4
ALL CONFINING PRESSURES
WATER CONTENT=57. 1%
28 PCINTS

N
O'l
N

LOG PERCNT Figure E.45 RX STRRIN LOG PERCNT Figure E.46 RX STRRIN

OM-CLRYT-4F5 OM-CLRYT -1 OFo3



c: I I I I I I I ~_
-3.00 -2.50 -2.00 -1.50 -1.00 -.500 .0

ai

SAMPLES MC-30-2,MC-30-4
ALL CONFINING PRESSURES
WATER CONTENT=57.1%
28 POINTS

N
0)

w~

R

E!

0
0

'"
0
0
ro

0 <-
0
r--

(fJ

=:J 0

---l 0
CD

::J
0
0 0 ,-

0
L: La

W
0
0...

0

(Y) 0
crJ

0
+
w 0

0
N

f---l

(J) 0
0

0..... -

SM~PLES MC-30-2,MC-30-4
ALL CONFINING PRESSURES

WATER CONTENT=57.1
28 POINTS

~

~

~

0
0

'"

0
0
ro

0
0
r--

(fJ

::J 0

---l 0
CD

::J
0
0 0

0
L: La

W
0
0
.".

0

(Y) 0

'"0
+

LLJ
0
0
C'J

f---l

(J) 0
0

(L

0

LOG PERCNT Figure E.47 RX STRRIN LOG PERCNT Figure E.48 RX STRR p~

OM--CLRYT -1 OF 1 OM--CLRYT -1 OF5



APPENDIX F

CYCLIC TRIAXIAL TEST RESULTS: DAMPING
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