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Abstract. Characteristics such as brine and gas porosity and crystallographic features can have a 
profound impact on the mechanical properties of first-year sea ice. These characteristics vary spatially 
and temporally, and it is important in the development of constitutive models to address their variability 
in physically meaningful terms. A program of laboratory experiments on field cores of first-year sea ice 
has been conducted to aid in the development of such models. A thorough assessment of the bulk physical 
properties and microstructural characteristics of the ice has been carried out in conjunction with a detailed 
set of cyclic loading and creep experiments. Methodology was developed to calculate an orientation 
factor that determines the average shear stress resolved on the basal planes, given the background normal 
stress. Examination of the constitutive behavior using laboratory cyclic loading and constant load creep 
experiments revealed that the elastic, anelastic (time-dependent recoverable), and viscous strains varied 
systematically with the orientation factor. The observations also indicate significant brine porosity effects 
on the elastic, anelastic, and viscous components of strain. A recently developed constitutive model was 
expanded to include a frequency- and orientation-dependent viscous straining term, and the model 
predictions agreed well with the experimental observation. 

1. Introduction 

This work stems from a joint program of field and laboratory 
experiments that was conducted under the Office of Naval Research's 
Sea Ice Mechanics Initiative (SIMI). One component of the SIMI 
program involved a field investigation of the fracture, creep, creep 
recovery, and cyclic loading response of aligned first-year sea ice, 
with emphasis on examining scale effects, developing and verifying 
constitutive models, and linking laboratory- and field-scale mechani- 
cal behavior [Cole et al., 1995]. One aspect of that study focused on 
examining and modeling the behavior of sea ice under reversed 
direct-stress and creep loading conditions in the laboratory. To sup- 
port the constitutive model development and the analysis of in-situ 
experiments performed in the Alaskan Arctic, field cores were har- 
vested from a test site near Barrow, Alaska, and shipped to the 
Cold Regions Research and Engineering Laboratory (CRREL) 
for detailed mechanical properties experiments. 

The objective of the experimental work on the field cores was 
to thoroughly characterize both their physical and mechanical prop- 
erties and thereby provide the information necessary for the verifi- 
cation of the physically based model. The first-year sea ice exam- 
ined in the field was highly aligned. To quantify the alignment, a 
grain-specific fabric analysis was conducted that coupled standard 
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petrographic techniques with a computer-based image analysis. This 
analysis allowed the calculation of an orientation factor that con- 
verts the background normal stress in a particular loading direction 
to the average shear stress resolved on the basal planes. The mechan- 
ical properties of the specimens were determined using zero-mean- 
stress cyclic loading and creep experiments. The laboratory results 
showed a good correlation between loading direction relative to the 
preferred c axis direction and the cyclic loading and creep responses, 
and the orientation factor adequately accounted for the alignment 
effects on the anelastic and viscous behavior. 

Related work on the larger-scale in situ constitutive and frac- 
ture experiments and scale effects on fracture appears elsewhere 
[Adamson and Dempsey, 1996; Dempsey, 1996; Mulmule and 
Dempsey, 1996; Adamson et al., 1997; LeClair et al., 1997]. 

2. Background 

Arctic sea ice commonly develops a preferred c axis direction 
[Weeks and Gow, 1978]. Because of the strong preference for shear 
deformation and fracture to occur along the basal planes, anisotropy 
develops in the deformation and fracture of sea ice in proportion to 
the degree of c axis alignment. As a consequence, the quantification 
of fabric and texture, and the modeling of alignment effects on the 
mechanical behavior of sea ice have been of interest for some time 

[Stander and Michel, 1989; Eicken and Lange, 1991; Zhan et al., 
1994; Cole et al., 1996]. 

C axis alignment effects on the mechanical properties of sea 
ice have been observed experimentally [Peyton, 1966]. Subsequent 
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efforts [Borodkin et al., 1992; Richter-Menge, 1991; Dempsey, 1996] 
have demonstrated that c axis alignment produces anisotropy in vir- 
tually any measure of mechanical strength and deformation and that 
the effects can be significant. The compressive strength of first-year 
sea ice, for example, can vary by a factor of two to three depending 
on the orientation of the loading axis to the preferred c axis direc- 
tion [Wang, 1979; Richter-Menge, 1991]. 

Since interest in sea ice has frequently focused on short-term 
strength, there have been relatively few creep studies. Although creep 
has been examined in bending and in uniaxial tension and compres- 
sion using both in situ field and laboratory specimens of first-year 
sea ice [Tabata, 1958; Vaudrey, 1977; Sinha et al., 1992; Richter- 
Menge and Cox, 1995], it is not thoroughly understood. Addition- 
ally, since many previous efforts were too extensive for detailed 
microstructural characterization of individual specimens, there is a 
paucity of experimental data for verifying physically based consti- 
rutire models that incorporate the effects of alignment. 

Theoretical analyses of the elastic properties of ice polycrys- 
tals have been carried out [Sinha, 1989; Derradji-Aouat et al., 1994] 
that present useful analyses linking the degree of alignment and the 
pure elastic modulus. It has been demonstrated [Cole, 1998] that the 
polycrystalline moduli calculated by a simple theoretical method 
[Sinha, 1989] agree well with the moduli calculated from ultrasonic 
velocity measurements of cores of glacier ice when the fabric is 
known [Kohnen and Gow, 1979]. Expressions to account for brine 
and gas porosity on the elastic modulus of first-year sea ice have 
been developed and validated [Cole, 1996, 1997]. Recent efforts 
which form the basis of work described here, link detailed micro- 

structural information to the cyclic loading response of first-year 
sea ice [Cole and Durell, 1995a; Cole et al., 1996]. Those results 
verify that the anelastic relaxation scales with the average shear stress 
resolved on the basal planes. 

3. Experimental Methods 

Core specimens of aligned first-year sea ice were harvested in 
Elson Lagoon, near Barrow, Alaska, at several times during the winter 
of 1993-1994. The fabric variations with depth in the sheet [Cole et 
al., 1995] show the development of a strong preferred c axis orien- 
tation. The cores were transported to the U.S. Army Cold Regions 
Research and Engineering Laboratory (CRREL) and subjected to a 
series of creep and cyclic loading experiments [Cole, 1993; Cole 
and Durell, 1995a]. Figure 1 shows the orientation of the specimens 
relative to the preferred c axis direction. The cores came from vari- 
ous depths in the ice sheet and represent various stages of refine- 
ment in the c axis alignment. The specimens as tested were --100 
mm in diameter, and lengths varied from 250 to 300 mm. 

The experimental program called for zero-mean-stress cyclic 
loading on all specimens, and some were also subjected to mono- 
tonic creep and recovery experiments. Cyclic loading frequencies 
ranged from 10 -3 to 10 Hz, and peak stress amplitudes ranged from 
+ 0.1 to + 0.5 MPa. Typically, three loading cycles of a given fre- 
quency and stress level were applied. All specimens were tested at a 
benchmark temperature of-10øC, and some were subsequently tested 
at higher temperatures (-7.5,-5, -3øC), but only the -10øC obser- 
vations are presented and discussed at this time. The creep experi- 
ments involved the application of a constant initial stress, generally 
for a specified period of time, followed by unloading and recovery. 
Specimens were subjected to compressive and tensile creep stresses 
of 0.3 MPa in sequence to explore the matter of tension/compres- 
sion asymmetry. Sets of _+0.2 MPa cycles covering the frequency 
range noted above were applied before each pair of tension and com- 
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Fibre 1. Specimen orientations relative to preferred c axis direc- 
tion. The first letter in the specimen names correspond to Peyton's 
(1966) designations as shown. 

pression creep loadings and after the final stage. These cyclic load- 
ing results provided a means to track the compliance changes 
resulting from the creep deformation. The applied stresses were kept 
low in these experiments because of the low tensile strength of the 
field cores. 

After mechanical testing, appropriately oriented thin sections 
were obtained and photographed. The constituent grains were num- 
bered on large-format photographs, and the c axis orientations were 
determined with a universal stage. Depending on the grain size of 
the specimen, from 23 to 50 grains were measured on each thin 
section. Considering all but one of the specimens, the average area 
of the grains that were measured amounted to 76 _+ 10% of the total 
area of each thin section. The exception was a fine-grained speci- 
men (4BUB 1) for which 49% was measured. The grain numbers 
and orientations were entered in a computer file that was subse- 
quently read into the analysis program. 

Once the orientations for the numbered crystals were obtained, 
the task was to determine the area of each grain and calculate Schmid 
factors for the individual grains. The area-weighted average of these 
factors is the orientation factor f2 required by the model employed 
in a subsequent section. For a polycrystal of m grains, each with 
area a i, total grain area a, with the direction of applied stress mak- 
ing an angle q0 i with the basal plane normal and an angle •,i with the 
slip direction, the orientation factor is determined by 

• = • ai½os(,•i)½OS(•i) 
i=1 a 

where 
m 

a= •a i . 
i=1 

The slip direction lies on the basal plane and is assumed to be 
coplanar with the loading direction and the c axis. Random orienta- 
tion of the grains gives f2 = 0.32. f2 increases to 0.5 for the case of 
perfectly aligned c axes with the axis of loading at 45 ø to the c axis 
direction, and decreases to zero for the cases of perfectly aligned ice 
stressed at 0 ø or 90 ø to the c axis direction. The procedure next called 
for digitizing the thin-section photographs and determining the area 
of the grains of interest using a quantitative image processor (Image 
Pro Plus). A graphical interface application was developed that in- 
voked functions of the image processor to automatically outline the 
grains of interest and determine their area as a fraction of the total 

measured area. Figure 2 shows a typical image after the program 
has outlined and numbered the grains. The direction of applied stress 
runs vertically in the figure. The routine requires user input to identify 
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Figure 2. Digitized image of thin section showing numbered grains. 

specific grains and occasionally requires user input to establish the 
location of low-contrast grain boundaries, but otherwise traces them 
automatically. The program accesses the orientation file mentioned 
above and calculates area-weighted and unweighted values of •. 

4. Results 

4.1. Orientation Factor 

Table I gives the results of •he orientation factor calculations 
along with other measurement statistics and specimen properties. 
Data from Cole et al. [ 1996] are included for completeness. Figure 
3 plots the area-weighted values versus the unweighted values of 
along with a line of equality. The area-weighted and unweigh•ed 
orientation factors agreed to within 10% for 11 of the 16 specimens 
However, the area-weighted values were up to 45% higher than the 
unweighted values in the other specimens. The discrepancies in ex- 
cess of 10% appeared to be uncorrelated with the depth to the center 
of the cores or average grain size. The most significant differences 
occurred in the specimens with <90:45> orientations (see Table 1 
notes for explanation of notation). Physical reasoning would indi- 
cate that the large discrepancies would occur for specimens having 
a preponderance of larger grains with a preferred c axis direction. 
This is apparently the case for about one-third of the specimens. 
However, visual inspection of the thin sections revealed no obvious 
characteristics common to the specimens exhibiting the large dis- 
crepancies. 

4.2. Alignment Effects on the Elastic and Anelastic Straining 

Figure 4 illustrates typical stress/strain responses of specimens 
with weighted •2 values of 0.27 and 0.45 for the frequencies indi- 

cated. The inelastic straining, as evidenced by the loop widths and 
areas, increases with •2. Because the underlying basal slip process is 
relatively slow, the difference between the two specimens becomes 
more pronounced as the frequency decreases. The cyclic loading 
response of the field cores is quantitatively very similar to the be- 
havior observed in laboratory-prepared specimens [Cole and Durell, 
1995b]. Figure 5 shows the relationship between the effective steady- 
state modulus and the calculated orientation factors for the applied 
frequencies. 

The moduli are determined from (3o / 3e)cr= o. The values are 
averages of the moduli calculated for each stress level applied at the 
indicated frequency for the steady state response (average of the 
second and subsequent cycles). The curves in this figure are dis- 
cussed in the section on modeling. 

The four data points with the lowest f2 value in Figure 5 are 
from a laboratory-prepared saline ice specimen (DY 1V 1, from Cole 
and Durell, 1995b). Since the values of f2 for the field cores did not 
drop below 0.15, these points are included to help establish the cur- 
vature in Figure 5 at lower values of f2. This specimen is useful 
because its long axis (and hence the axis of applied stress) runs in 
the growth direction. Its orientation factor was estimated to be 0.087, 
assuming a scatter of the c axis about the horizontal direction of 
+10 ̧ (A. Gow, personal communication, 1996). 

4.3. Alignment Effects on Viscous Straining 

The creep experiments provided information on the effects of 
alignment on the viscous strain rate-and addressed the question of 
tension/compression asymmetry at small strains. The latter issue was 
a concern because previous work [Cole and Durell, 1995b] noted 
asymmetry (favoring tensile strain) in the viscous strain accumu- 
lated during 10 -3 Hz loading of laboratory-prepared saline ice. Since 

. 
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Table 1. Petrographic Analysis Results and Physical Properties of the Test Specimens 

Orientation Factor Depth at 
Number of Area Average Coefficient Area Center of 

Specimen Measurements Measurement, % Area, mm 2 of Variation Unweighted Weighted Salinity, %0 Porosity, %0 Density, Mg m -3 Core, m 

Orientations <90:00>* 

A1MB2* 50 71 167 0.78 0.28 0.27 NA NA 0.922 0.6 
2ALB 1' 23 77 120 0.79 0.23 0.20 4.2 29.4 0.912 0.2 
4ALBI* 27 77 109 0.66 0.18 0.15 4.0 25.1 0.915 0.2 
4AUBI* 38 77 85 NA 0.28 0.28 4.0 20.9 0.919 0.1 
A1TB2 35 83 213 0.75 0.27 0.29 3.4 14.5 0.922 0.1 
A15B3 47 85 175 0.69 0.24 0.26 3.2 57.6 0.881 0.15 

Orientations <90: 90> 

4BLBI* 30 81 111 0.81 0.22 0.20 4.6 40.9 0.903 0.2 
4BUBI* 30 49 45 0.68 0.32 0.32 2.9 32.4 0.903 0.1 
2BLBI* 30 62 131 0.87 0.26 0.25 4.8 23.8 0.920 0.2 
5BLBI* 27 83 103 0.81 0.24 0.23 4.4 53.5 0.890 0.2 
5BUBI* 44 74 79 0.66 0.32 0.30 4.8 48.1 0.897 0.1 

Orientations <90:45> 

5CLBI* 27 70 159 0.90 0.31 0.39 3.8 19.8 0.919 0.2 
4CUBI* 63 77 121 0.77 0.39 0.41 NA NA 0.817 0.1 
C1BB2* 30 85 276 0.76 0.43 0.43 NA NA 0.911 1.36 
C1MB2 23 92 359 0.75 0.31 0.45 3.4 16.6 0.920 0.74 
C133AB3 44 NA 232 0.11 0.34 0.41 2.8 66.1 0.871 1.33 

DY1VI* NA NA NA NA 0.087 õ NA 4.1 49.0 0.893 NA 

NA denotes not available. 

* Values are from Cole et al. [1996]. 
* In this notation, the numbers in brackets indicate the angle, in degrees, between the axis of loading and the growth of the ice and the 

preferred c axis direction, respectively. 
* Specimen had a vertical orientation [Cole and Durell, 1995b]. 
õ Value is estimated. 

0.2 
there is no generally accepted mechanistic model for the viscous 
straining of sea ice, the results are presented in a phenomenological 
context. 

The creep experiments generally produced viscous strains 0.1 
between 10 -'4 and 10 -3 under the -0.3 MPa applied stress and T = 
-10øC. The viscous strain rate/•visc for each period of loading was > 
determined by dividing the permanent strain, observed after unload- 7 0 
ing and recovery, by the elapsed time to unloading. Although the • 
viscous strain rate in ice is frequently considered to be constant in 
the absence of deformational recrystallization, experiments on saline -o. 1 
ice (see Figure 6) indicate that kvisc can change noticeably with 
strain in the early stages of primary creep. Experiments on laboratory- 
prepared saline ice to be published elsewhere indicate that •visc may -0.2 
increase or decrease during primary creep depending on stress level 
and temperature. 

0.5 

0.4 

0 Present Study 
ß Cole et al. (1996) 

0 0.1 

-o 0.3 

._ 

•) 0.2 

0.1 

0 

Figure 3. Area-weighted orientation factor versus unweighted fac- 
tor, with line of equality indicated. 
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Figure 5. Modulus versus orientation factor for the test specimens 
(points), and model predictions as discussed in the text (lines). Cyclic 
loading frequencies are indicated and the vertical line denotes random 
orientation. Circles denote 1 Hz, diamonds denote 10 -• Hz, triangles 
denote 10 -2 Hz, and squares denote 10 -3 Hz. Open symbols corres- 
pond to data from Cole et al. [1996]. 

Figure 7a shows •visc as a function of the orientation factor 
for the initial creep loading stage applied to eight of the specimens, 
with the salinities of each specimen indicated. Although somewhat 
sparse, the data do give an indication of the manner in which the 
creep rate increases with orientation factor and meltwater salinity. 
Figure 7b groups three specimens having a salinity of 3.4 ppt but 
varying orientation factors. Figure 7c shows two specimens, har- 
vested at the same time, having very similar orientation factors but 
differing salinities. These observations clearly show the tendency 
for the viscous strain rate to increase with f• and salinity. 

The creep experiments provided no clear indication of tension/ 
compression asymmetry. A strain history effect emerged upon vary- 
ing the loading sequence (tensile followed by compressive creep 
loading, and vice versa): the creep rate observed during the second 
loading was typically higher than during the first loading by ap- 
proximately 40% regardless of whether the initial loading was ten- 
sile or compressive. Specimens subjected to a subsequent set of ten- 
sile and compressive creep loadings exhibited a similar trend, but 
with an increase of approximately 30%. Interestingly, the same speci- 
mens exhibited tension/compression asymmetry in the viscous strain 
when tested under cyclic conditions. 
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Figure 6. Anelastic and viscous strains versus elapsed time in a creep 
experiment 0Jcree p - 0.73 MPa and T =-10øC). 
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Figure 7. The dependence of viscous strain rate on f• and salinity 
for selected specimens. (a) versus f• with specimen salinities labeled. 
(b) versus f• from tests on three specimens having identical salini- 
ties (points) and model prediction (line). (c) versus salinity for two 
specimens with similar f• values. 

5. Modeling 

With the inclusion of a viscous straining term, the model of the 
cyclic loading response of saline ice presented by Cole [ 1995] can 
be used to quantify the observed orientation effects. The anelastic 
component of the model incorporates two relaxation processes (basal 
dislocation glide and grain boundary sliding) to describe the time- 
dependent recoverable strain of saline ice subjected to cyclic load- 
ing. The storage (D][to]) and loss (D2[to]) compliances as a func- 
tion of frequency (to) are 
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DlCl(w)=DL•+6D•lI1-2tan-lexp(a•lsicl)l 
D•(ro) = a•SD• / 1 

exp (a d s/• ) + exp (-a d s/• ) 

D•6(o) = Di• • +6Dg6 [l_•tan -1 exp(•g6s?)• (2) 
D? (0) = a gb • D gb 1 

exp(ag6 s? )+expCag6 s?)' 

The superscripts d and gb indicate quantities pertaining to 
the dislocation and grain boundary relaxations, respectively; 

s[t = In(, •tw) and s? = ln(r g6w). •e dislocation mechanism domi- 
nates the anelastic strain in sea ice. Each mechanism has a single 
activation energy (0.54 and 1.32 eV, for the dislocation and grain 
boundary relaxations), respectively, and a distribution in relaxation 
time. The temperature dependence enters through the central relax- 
ation times ,i for each mechanism. 

The anelastic strain component of the model is linear and ac- 
counts for orientation effects under uniaxial loading with the orien- 

tation factor • that enters the model through the quantity 6D • given 
by 

6D d = P •b 2 g (3) 
where p is the mobile dislocation density on the basal planes, b is 
the Burgers vector and K is an experimentally determined restoring 
stress constant. The model predictions shown here use the relax- 
ation p•ameters reported in Cole [1995]. The calculations ignore 
potential anisotropy in the grain bounda• sliding since the overall 
contribution of that mechanism is small. 

The purely elastic modulus E of the inclusion-free ice is calcu- 
la{ed from the temperature-dependent single c•stal compli•ces, 
an expression that yields the single c•stal modulus for an arbitra• 
loading direction [Stephens, 1958], and an expression presented by 
Sinha [ 1989] to calculate the unrelaxed modulus of aligned ice. This 
calculation yields a temperature- and fabric-dependent modulus of 
the inclusion-free material, E(T,Z). Cole [1996] demonstrated that 
gas porosity v a effects on the modulus can be expressed with a 
tor of (1-3Va). The brine porosity v6 effects on the elastic behavior 
were addressed with an empirical hctorfl v6) which is based on the 
experimental data of Slesarenko and Frolov [ 1974]. The pure elas- 
tic compli•ce used in the model calculations is the inverse of the 
elastic modulus given by 

E= E(T,E)x(1-3va)x f(v6). (4) 

The curves in Figure 5 are the model predictions obtained 
using the average physical properties of the specimens. To simplify 
Figure 5, the model predictions for • < 0.32 were calculated for the 
<90:00> orientation only. Since there is a slight elastic anisotropy 
between the <90:00> and <90:90> orientations, the moduli for the 
latter orientation, if plotted, would fall increasingly lower than the 
plotted cu•e as • approaches zero. The strains for • > 0.32 were 
calculated for the <90:45> orientation. The predictions based on 
either orientation agree for • = 0.32, as they should, because that 
value co•esponds to the isotropic case. Since the cyclic loading 
response is governed primarily by the elastic and anelastic response 
for the prevailing conditions, the results indicate that the model pre- 
dictions for these components of strain are in good agreement with 
the expedment• observations at the frequencies examined. 

Figure 8a compares the strain-time response from one of the 
field specimens with the model predictions for the loading condi- 
tions indicated •d Figure 8b decomposes the predicted cyclic load- 
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Figure 8. Example model predications of the cyclic loading response 
of aligned first-year sea ice. (a) Comparison of total strain versus 
time for specimen 4BLB 1 and the test conditions indicated. (b) De- 
composition of the model predictions into its elastic, anelastic and 
viscous components. 

ing response into its elastic, anelastic, and viscous components. The 
elastic strain is in-phase with the applied stress, the anelastic strain 
lags by an amount determined by the internal friction, and the vis- 
cous strain is 90 ø out of phase with the applied stress. The initial 
transient in the viscous strain is tentatively handled using the method 
employed by Cole [ 1995] to calculate the transient behavior of the 
anelastic strain. 

The creep data were analyzed with a power law [Glen, 1958] 
formulation: 

•visc=A(• Cr)nexpl_Q I kO O'0 •r•ep (5) 
where n = 3, cr is the background normal stress in megapascals, 
Qcreep = 0.7 eV, k is Boltzmann's constant, and T is the temperature 
in kelvins. The constants k 0 = l s -I and c• 0 = 1 MPa are introduced 
to produce a dimensionless creep parameter A. 

Calculations of the parameter A for the creep experiments (Fig- 
ure 9) showed it to increase markedly with brine porosity. The cal- 
culations for Figure 8b employed a value ofA = 5 x 101ø, which was 
determined from a creep experiment performed on the specimen 
subsequent to the cyclic loading experiment. Under steady-state 
sinusoidal loading at a frequency to and a peak axial stress of or, the 
viscous strain component is given by 

Cr A Qcreep - cos(alt)[sin2(rot)+ 2 (6) evisc(t)=tø-] fl•00 exp- kT 



COLE ET AL.' CYCLIC LOADING AND CREEP RESPONSE OF SEA ICE 21,757 

lO,2 

- 

10' 0 

lO 9 
O.OLO 

i I I I I I I I • I 

0.012 0 014 0.016 0 018 0.020 0 022 

Brine Porosity at -15øC 

Figure 9. Creep constant A versus brine porosity (at-15øC). Each 
group of points reflects the range in A found for a specimen sub- 
jected to the sequence of tensile and compressive creep loadings 
described in the text. 

The model calculations used f• = 0.25, as determined from the 

orientation analysis, and an elastic modulus of 7.9 GPa as deter- 
mined from (3). The anelastic compliance of 5.45 x 10 -1ø Pa -1 was 
determined from the relationship presented by Cole [1998]. Figure 
7b indicates that the limited observations are in reasonable agree- 
ment with the predicted f•3 dependency. 

The relationship between the specimen's physical properties 
(salinity and density) and the anelastic compliance, which is based 
on the results of laboratory-prepared specimens, adequately predicts 
the anelastic strain observed in the typical field core specimen shown 
in Figure 8. The total predicted strain is slightly higher than the 
observed strain during the first quarter cycle and at the start of the 
recovery period (see Figure 8a) but is otherwise in good agreement. 
This indicates that the core specimen is exhibiting a relaxation time 
distribution that is shifted to slightly longer times than found for the 
laboratory-prepared specimens upon which the model is based. 

6. Discussion 

The foregoing observations verify that the anelastic and vis- 
cous straining of aligned sea ice specimens are well correlated with 
an orientation factor that reflects the shear stress resolved on the 

basal planes. In comparing the response of the specimens with the 
highest and lowest alignment factors, typical alignment effects 
account for reductions in modulus observed under cyclic loading of 
26% at 1 Hz and 70% at 10 -3 Hz. The smaller effect at 1 Hz results 

from the reduced contribution of the dislocation relaxation process. 
The effects of elastic anisotropy on the modulus are relatively small 
and virtually disappear at lower frequencies when the dislocation 
contribution becomes large. 

Beyond the time needed for standard fabric work, an addi- 
tional 1 to 2 hours per specimen are required to calculate the area- 
weighted value of f•. It is therefore of practical interest to consider 
when area-weighted values are necessary. Area weighting is clearly 
unimportant for material with uniform grain size. However, the area- 
weighting method would prove useful in the analysis of specimens 
that contain an insufficient number of grains to produce polycrys- 
talline behavior. For cases not requiring an area-weighted 
orientation factor, the model can calculate the appropriate value of 
f• based simply on the half-cone angle (half of the included angle of 
points on a pole plot) and the angle between the preferred c axis 
direction and the direction of applied stress. It is especially impor- 

tant to accurately determine f• for the viscous strain calculation be- 
cause of the third-power dependence (equation (5)) on this quantity. 

The ability of the model to predict the cyclic loading response 
of the field cores, as well as in situ behavior, is still under investiga- 
tion. However, thus far, the predictions of the model, which is based 
on the mechanical behavior of laboratory-prepared saline ice, show 
an encouraging agreement with the experimental observations on 
the field cores. It is noteworthy that the model produces reasonable 
predictions of the elastic and anelastic response of the core speci- 
mens based only on their physical properties. There are no free- 
floating parameters in the model, and no adjustments of other quan- 
tities were made for the calculations. 

The differences in the anelastic relaxation time distributions of 

the model and experimental data are a point of interest. The relax- 
ation time distribution, which controls the width of the anelastic 

relaxation peak, is influenced by microstructural characteristics and 
thus might be expected to exhibit some variability. To account for 
the peak-broadening effect of the relaxation time distribution, the 
model employs the peak width parameter a d = 0.54 for the disloca- 
tion relaxation process. The value of a d was determined from a 
statistical analysis of data from laboratory-prepared specimens [Cole, 
1995]. Similar analyses of the cyclic loading response of both the 
field cores and the in situ specimens [Adamson and Dempsey, 1996] 
are being conducted to determine whether the laboratory-based value 
of od accurately predicts larger-scale behavior. 

Values of the viscous straining parameter A obtained from the 
creep experiments on the field cores are comparable to values ob- 
tained by the authors for laboratory specimens with similar 
salinities and densities. The model accurately predicts the viscous 
strain during cyclic loading using a value of the parameter A deter- 
mined from a subsequent creep experiment on the same specimen. 
This not unexpected result serves as a check on the internal consis- 
tency of the model, but obviously lacks generality. A short-term 
goal of the work in this regard is to develop a simple empirical 
relationship between the creep constant A and the brine porosity 
vt,. The long-term intent is to develop a physical understanding of 
this relationship. 

An important peripheral issue is the observation that the viscous 
strain rate increased during primary creep, following a similar trend 
in the level of anelastic straining. Previous work on laboratory- 
prepared specimens [Cole, 1993] indicated that creep deformation 
can significantly increase the dislocation population as indicated 
by the anelastic compliance. It is important to note that this effect 
occurs in the absence of a significant degree of microcracking. 
Since both the anelastic compliance and the viscous strain rate were 
apparently reaching a plateau value during primary creep in the 
experiment noted above, there is some indication that basal dislo- 
cation density plays a role in both straining processes. The tensile 
and compressive creep experiments on the field cores showed 
essentially the same behavior: the anelastic compliance and the 
viscous strain rate both increased with prior straining. If further 
observations bear this out, it will be necessary to reexamine the 
assumption that the viscous strain rate, and thus the value of A, 
remains constant during the early stages of primary creep in sea ice. 

7. Conclusions 

For the case of field cores of aligned first-year sea ice exam- 
ined at -10øC, the experimental work and analysis presented herein 
lead to the following conclusions: 

1. The method presented to calculate an area-averaged orienta- 
tion factor adequately characterized the effects of c axis alignment 
on the cyclic loading response. 
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2. A simple mean orientation factor agrees with the area- 
weighted orientation factor to within 10% for the majority (approxi- 
mately two thirds) of cases examined, but differences between the 
two can reach 45%. 

3. A limited number of observations indicated that the orienta- 

tion factor discussed in the text properly scales the power law ex- 
pression for the viscous straining. 

4. For the range of physical properties examined, the viscous 
strain rate increased markedly with brine volume in experiments 

with IJcree p = +0.3 MPa. 
5. There was no consistent evidence of tension/compression 

asymmetry in the uniaxial creep behavior of the core specimens. 
6. There was evidence of a strain history effect on the viscous 

creep rate, with the implication that the viscous creep rate may not 
be constant in the early stages of deformation. 

7. An anelastic straining model based on laboratory-prepared 
saline ice specimens adequately predicted the frequency and fabric 
dependence of the cyclic loading response of field cores of aligned, 
first-year sea ice. 

In closing, it is noted that the viscous strain rate/brine porosity 
relationship, strain history effects on both the anelastic and viscous 
straining, and the characteristics of the relaxation time distribution 
for the field cores are subjects of ongoing analyses. As of this writ- 
ing, the verification of the model with larger-scale, in situ cyclic 
and creep loading experiments is in progress. 
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