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ABSTRACT

An experimental and theoretical study of sea ice behaviour is the subject of the
research described in this thesis. The thesis has three parts. The first part presents
the experimental results. Both laboratory and field tests were carried out. The
laboratory tests were conducted at NRCC laboratory in Ottawa. In the laboratory,
constant load experiments were performed on columnar-grained natural first year
sea ice sampled in 1991 from Resolute Passage N.W.T. off Barrow strait/Lancastoer
Sound. Axial and lateral strains were measured, and acoustic emission data were
recorded. Creep tests were carried out at —10°C, -20°C, and =-30°C. These
creep tests are considered to be the first of its kind. Field tests were conducted
at Resolute Bay in 1992. Two types of investigations were carried out in the fleld:
(1) microstructural study of first year columnar grained sea ice as a function of
depth, (2) borehole indentation tests on first year columnar grained sea ice with
various boundary conditions.

Sea ice is composed of grains with substructures consisting of subgrains, brine,
air bubbles and solid salts depending upon temperature. Microstructural informa-
tion provided the basis for developing a relationship between growth rate, salinity,
and brine layer spacing. The borehole indentation tests were used to determine
the effect of confinement and anisotropy on the rate dependence of strength and
deformation of columnar grained sea ice.

The microstructure of columnar-grained sea ice is rather complex because of
the presence of the second (brine) and third (solid salt crystals) phases. [ was,
therefore, decided to examine first the rheological response of fresh water columnar
grained ice.

A three dimensional constitutive model for the ductile behaviour of fresh water
columnar grained ice was developed. The constitutive model is capable of describ-
ing the inherent anisotropy caused by the fabric, the grain size effect, the crack
evolution, the effect of crack on viscous strain, and the deformadtion of the cracks.
The model is used to predict the dependence of strength on the angle between
the mean c-axis (axis of symmetry) and loading direction for oriented columnar-
grained ice (classified as S3) and the anisotropic response of transversely isotropic

columnar-grained (S2) ice. Comparisons of model predictions with experimental
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results for S2 ice on rate dependence of strength, grain size effect on time depen-
dence of strains are provided.

The model for fresh water ice was subsequently extended to sea ice to account
for the effect of brine pockets v ite inechanical behaviour. This constitutive model
for sea ice is based on an assumed geometric pattern for the distribution of brine
pockets in a single grain of sea ice. An initial defect tensor for a single grain of sea,
ice is defined based on the geometric pattern neglecting, for simplicity, the subgrain
structures. Subsequently, the initial defect tensor for polycrystalline ice is obtained
from the initial defect tensor for a single grain of sea ice and the probability
distribution of c-axis. The effect of the initial defect on the response of sea ice to
different types of loading is expressed by introducing two additional tensors. One
of these tensor is called the influence tensor for deviatoric stresses, and the other
one is the influence tensor for hydrostatic stresses. The constitutive equations for
columnar grained sea ice are the same as those for fresh water columnar grained ice,
except that an effective stress tensor is used in the sea ice constitutive equations
to replace the stress tensor in the model for fresh water ice. Comparisons between
imodel predictions and laboratory test results under both uniaxial and multiaxial
loading conditions are provided.

In the last part, Sinha's creep model, because of its simplicity, was generalized
into 3-D and implemented into a finite element program. Comparisons between
the fnite element results and the analytical solutions of various cases were made, in
order to verify the correctness of the model implementation into the finite element
program. The finite element program was used to analyse the borehole indentation
test results from the field study at Resolute. Some of the observation in the field
tests were explained by the finite element analyses.
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Chapter 1

Introduction

1.1 Statement of problem

In cold regions, the increasing industrial activities have increased the demand for
the solutions of ice engineering problems. One of the problems is the use of ice
structures to serve mankind. Another problem is that ice can be the cause of
external load to structures. Whether to ensure the safety of ice structures or to
determine the magnitude of ice forces on structures, it is necessary to understand
the mechanical behaviour of ice and to formulate mathematically its behaviour.
Subsequently, the ice model should be implemented into a computer program to
solve engineering problems.

One of the difficulties in modelling the ice behaviour is the inherent and in-
duced anisotropy. Most of the ice encountered on the lakes, rivers, and oceans
are columnar-grained. Fresh water columnar grained ice often exhibits transverse
isotropy with c-axis (optic axis) of the grain randomly orientated in the horizon-
tal plane (or the plane normal to the length of the columns). Sea ice, especially
landfast ice, shows c-axis orientated parallel to the water current (Weeks and
Gow, 1978; and Nakawa and Sinha, 1984). Columnar grained ice exhibits high
anisotropy. A columnar-grained ice sample loaded uniaxially normal to the length
of the columns of grains shows negligible strain in the direction of the columns
compared to the axial strain and the other lateral strain (Wang, 1981; Sinha,
1989a; Sinha, et. al, 1992). Also, a sample lcaded uniaxially in the direction

parallel to the eolumns exhibits much higher strength than a sample loaded in the
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direction normal to the columns (Peyton, 1966; Michel, 1978a; Wang, 1981; Sinha,
1983b, 1984a; Timco and Frederking, 1982, 1086; Frederking and Timeo, 1984).
It is therefore essential to bring the anisotropic behaviour of the columnar grained
ice into the constitutive model.

Many constitutive equations have been developed. However, very few constitu-
tive equations can be used to model the anisotropic behaviour of columnar grained
ice. The conventional equivalent stress method was used to model the anisotropy
(Ting and Sunder, 1985; Sunder and W, 1989; and Pulkkinen, 1989). The prob-
lem with this method is that with different fabric, different material parameters are
needed. In the case of a polycrystalline anisotropic material without any symine-
try axis or plane, the equivalent stress method as it was defined is not applicable.
Sjolind (1987) employed a fourth order tensor to represent the anisotropy, which
requires up to 81 material constants. The fourth order tensor is different for each
type of ice with different fabric.

Up to now, there is no constitutive model which can predict both the strength
as a function of the angle between the c-axis and loading direction and the magni-
tude of anisotropic deformation for orientated columnar grained ice. In addition,
there is no ice model which can be used to predict the difference betwecen the
vertical and horizontal strength of columnar grained ice.

One important difference between fresh water ice and sea ice is that sca ice has
a cellular substructure consisting of almost evenly spaced subgrains or ice platelets.
Along the subgrain boundaries, brine inclusions are present in the form of liquid
and solid depending on temperature. It is the brine layer spacing or the size of
the subgrains and the shape of the brine pockets that are used to characterize the

_substructures of sea ice. The substructures of sea ice significantly influence its
mechanical behaviour. It is therefore essential to account for the substructures of
sea ice in the constitutive model.

A geometric model was proposed by Assur (1958) for brine ice relationship.
Based on the geometric model, a relationship was established hetween strength and
brine volume. However, this relationship can oniy be used for columnar grained
ice subjected to uniaxial load in the horizontal plane.

Compared to fresh water ice, very few constitutive models were developed for
sea ice due to its complexity. Ting and Sunder (1985) developed a constitutive
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model for sea ice. However, no consideration was given to the substructures of sea
ice.

Both laboratory and field tests along with detailed information on the test
conditions and the material are the basic means to understand the mechanical
behaviour of & material, Constant stress laboratory tests with measurement of
all strains and combined with microstructural study are essential to understand
the rheological behaviour of sea ice. Although there are many experimental in-
vestigations on the strength of sea ice, no useful constant load creep test data are
available on sea ice. Field tests usually involve large samples with nonuniform
stress state and temperature distribution. Therefore, a field test with measure-
ments of load and displacement combined with microstructure study can be used
to make a comprehensive validation of the constitutive model.

Te solve a complicated engineering problem, the constitutive model must be
implemented into a finite element or boundary element program. The implemen-
tation must be verified with analytical solutions, if they are available, under both

uniform and nonuniform stress states.

1.2 Research objectives

The main objectives of this research are:

—

. to perform creep tests on natural sea ice,

]

. to develop a constitutive model for sea ice,

©

to develop a 3-D finite element program which includes a constitutive model

for ice,

4. to determine the in-situ creep/fracture characteristics of sea ice.

The sea ice model is able to take into account the anisotropy due to fabric, the
effects of microcracks on deformation, and the opening and sliding of microcracks.
The effects of brine inclusions, temperature, and grain size on sea ice behaviour
are considered, The model is used to predict both the strength dependence on

the angle between the mean c-axis and loading direction and the magnitude of



the anisotropic deformation of orientated columnar grained ice. In addition, the
anisotropic behaviour of columnar-grained $2 ice is predicted.

Sinha’s model is generalized into 3-D and implemented into a 3-D finite element
program. The numerical implementation is verified with a number of analytical
solutions. The 3-D finite element program is used to analyse field borchole inden-

tation test results.

1.3 Scope of research
To achieve the research objectives, the following work is proposed for the thesis:

1. Carry out constant load tests on first year natural columnar grained sea ice
at different temperatures and stress levels with the measurements of strains
and acoustic emissions.

9, Study material damage using acoustic emission technclogy and the double
microtoming technique.
3. Carry out field borehole indentation tests at different loading rate and bound-

ary conditions.
4. Study the microstructure of the sea ice usiisg double microtoming technique.

5. Develop a constitutive model for fresh water columnar grained ice to take into
account the inherent anisotropy due to fabric, the effects of microcracks on
deformation, and the sliding and opening of microcracks, and validate the
constitutive model by comparing model predictions with available experi-
mental data.

6. Extend the constitutive model for fresh water columnar grained ice to sea ice
by introducing the influence tensors for deviatoric and hydrostatic stresses
based on the microstructures of sea ice, and validate the sea ice model by

comparing the model predictions with the test results.

7 Ceneralize Sinha's creep model with cracking to three dimensional, and imple-

ment the generalized model to a three dimenstonal finite element program.
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8. Verify the model implementation into the finite element program by comparing
the finite element results with analytical solutions for different cases under

both uniform and nonuniform stress states.

9. Analyze the borehole indentation test data with the three dimensional finite

clement program.
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Chapter 2

Laboratory constant load test on

first year sea ice

2.1 Introduction

The majority of mechanical tests on sea ice were performed to determine the
flexural strength or strength under uniaxial compression or tension. A number of
studies were also carried out under multiaxial compression. A rather exhaustive
list of publication up to 1983 and a compilation of available data can be found in
Lainey and Tinawi (1984). Creep studies on sea ice, however, were limited to the
bending of beams or plates. Tabata (1958), for example, came to the conclusion
that sea ice was a linear viscoelastic material. Vaudrey and Katona (1975) also
came to the same conclusion and used linear viscoelasticity in developing their
finite element program (VISICE) for analyzing the bearing capacity problem of
sen ice covers. For a certain class of short term engineering problems, ice can
be treated as a linear viscoelastic material (Sinha, 1978a; Gold and Sinha, 1081)
which provides justification for the assumption used by Tabata (1958), Vaudrey
and Katona (1975), Vinogradov and Masterson (1989).

Plate bending information is essential to the bearing capacity of ice covers.
Beam and plate bending experiments are simple to perform but the results are
difficult to analyse for nonlinear rate sensitive material like sea ice. The non-

linearity of sea ice has been well demonstrated in a large number of compressive



strength tests (Wang 1979; Frederking and Timco, 1983; Sinha, 1984a, 1936; Chen
and Lee, 1986; Richter-Menge, 1991). Surprisingly, there is very few experimental
data on uniaxial or multiaxial creep of sea ice. Li et al. (1991) conducted uni-
axial creep test on columnar grained sea ice at temperature between —1.5°C to
_59C. However, due to the extremely high temperature, they used, brine drained
out and material changed its properties during the creep test. No useful uniax-
inl creep data on sea ice, vital for understanding the rheological behaviour of a

material, are available in the open literature.

2.2 Present experimental study

Experiments were carried out on natural first year oriented columnar grained sea
ice from Resolute Passage off Barrow Strait. Uniaxial constant load experiments
were performed at three temperatures in conjunction with the measurements of
lateral strains and acoustic emissions. The load was applied normal to the length
of the columns of grains, i.e. horizontal loading. The details are given below. As

a sign convention, compressive stresses are assumed positive in the thesis.

2.2.1 Ice characteristics

A uniform flat sheet of first year sea ice covered Resolute passage in May, 1991
during SIMS-1991 (Sea Ice Monitoring Sites) experiments. Microstructures of this
ice were studied in the field (Shokr and Sinha, 1992}. Except for the top 10
c¢m, ice was predominantly columnar grained with an average salinity of 5 parts
per thousand. Large blocks were obtained from one of the stations where in situ
borehole indentation tests were conducted. The blocks were recovered from 2 depth
0.5 to 1 meter (avoiding the top layer) using a chain saw when the air temperature
were about 263 K (—10°C). The blocks were brought to the base camp within
an hour of excavation and stored in a cold room maintained at 253 K (—20°C).
A few days later they were shipped to Ottawa in heavily insulated boxes with air
spaces inside the boxes filled with cold snow. Air transportation took about 8
hours. In Ottawa, the blocks were stored in a deep freezer at a temperature about
248 K for three months. The tests were carried out in September, 1991. A few
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days before the tests, the large blocks were taken out from the deep freczer. They
were marked and cut into smaller blocks in the cold room at 253 K. The smaller
blocks were then stored in the individual plastic bags inside the freezer. These
small blocks were taken out of the freezer , one at a time, as required. They were
taken to the cold room and allowed to reach the cold room temperature before

they were machined using milling machine and a lathe.

2.2.2 Sample preparation and test method

Constant load tests were carried out at 263 K, 253 K and 243 K on prismatic
samples with final dimensions of about 50 mm x 100 mm x 250 nun, their long
dimension parallel to the surface of the ice cover and therefore normal to the length
of the columnar grains. A milling machine was used to prepare the major surfaces.
The end surfaces were prepared with a lathe. The specimen end surface were given
a final polish by hand with a fine grade sand paper, placed on a flat granite block.
All cutter markers were removed, making certain that the surfaces were flat and
at right angles to the long axis of the prisms. The specimens were prepared one or
two days before the test at the experimental temperature. However, the sample
tested at 243 K were made at 253 K because of the technical problem with the
milling machine at that low temperature. The samples were then stored in the
individual plastic bags until they were tested.

Small pieces of ice were used to make thin sections by double microtoming
technique (Sinha, 1977). Examples of horizontal and vertical thin sections are
shown in Fig. 2.1. Broken piece of ice were taken outside the cold room in sealed
glass jars for melting and determining the salinity of the stored ice. The data were
used for the comparison purposes with those determined from the freshly sampled
ice. Similar results were obtained.

A commercial, closed-loop, servo-hydraulic system ( 1.0 MN frame and 250 KN
actuator capacity, MTS) was used. The machine is situated inside the cold room
near an observation window; the controls, pump, and the recording system were
kept outside. Compressive load was applied to the 50 mm x 100 mm faces of the
specimen. The loading train consisted of two-152 mm diameter, polished stainless

steel compression platens (one at the top and one at the bottom of the specimen),



a spherical scat, and a load cell. The lower platen was attached to the actuator
and the upper platen reacted against the load frame through the spherical seat and
the load cell. To avoid any heat from the hydraulic fluid in the actuator system
reaching the specimen, the lower platen was specially designed with a circulation
system connected to a constant temperature bath kept inside the cold room.

The lond was applied to the specimen within a fraction of second and then
maintained constant until it was removed rapidly at the desired time. Axial and
lateral strains were measured using MTS extensometers attached directly to the
specimen surfaces (Fig. 2.2) using special seats and following a technique described
by Sinha (1986). The strains were continuously measured during the entire load-
ing/unloading period. The recovery of strains after unloading were recorded for a
sufficiently long time until no changes could be detected within the error of mea-
surements. The relative displacement between the top and the bottom platens was
also recorded using the built-in actuator displacement gauge. Load cell output and
the displacement output from all gauges were recorded separately, as a function of
time, on strip chart recorders and a digital data logging system outside the cold
room. The strip chart recordings provided a convenient method of monitoring the
progress of a test. The relative displacement provided a measure of the average
axial strain along the entire length of the test specimen during the loading phase,
however, the built-in gauge could not provide any strain recovery curve after un-
loading. Fig. 2.3 shows a comparison of axial strains measured at the sample sides
and the strain at the sample ends. For all the tests performed, the differences be-
tween the two sets of measurements were small. The differences between the two
measurements indicated that the sample deformations were uniform, and bending
in the sample, if any, were negligible.

An acoustic emission sensor was attached to the specimen and the microcrack-
ing activities were recorded using an AET-5000 system kept outside the cold room.

Ice temperature was measured using a thermistor probe before and after each test.

2.3 Test results

Seventeen constant load tests were carried out. The details of the test results are

presented below.



2.3.1 Time dependence of strains

A typical example of the time dependence of the axial strain, lateral strains and
volumetric strain at 263 K is given in Fig. 24. Very similar to fresh water
polycrystalline ice, sea ice also shows the three creep stage; primary, transitory
and tertiary. The creep rate decreases with time until reaching a minimum value,
and then increases with further deformation.

The deformation is highly anisotropic, which is primarily two dimensional. The
strain along the columns, €, was very small. However, the lateral strain e, was
significantly larger than the axial strain € during the tertiary stage. This observa-
tion is in agreement with previous constant displacement rate tests of Wang (1981)
and constant stress/strain rate tests of Sinha (1989¢) on sea ice, and constant load
creep tests of Sinha (1989a) on fresh water ice. These observations ave the indi-
cations of the fact that the microcracks formed during the deformation and that
the geometry of the cracks were essentially two dimensional. Visual observations
indicated the formation of the long and narrow cracks tending to be parallel to
the long grain boundaries of the columnar grains.

The recovery curve after unloading shows small but measurable amount of
delayed elastic strain. The delayed volumetric strain, associated with delayed
elastic strain, is almost zero. The magnitude of the axial recovery strain at the
time of unloading in the tertiary creep range (1.0 to 2.5% strain) is between 10 to
95 times higher than the axial elastic strain. The delayed elastic strain aiso shows
significant anisotropy, the delayed elastic strain along the length of the columns of
grains is much smaller than that in the other two directions. This anisotropy in
terms of delayed elasticity, for non-cracking and negligible permanent strain was
reported by Sinha (1989¢). Similar observation was also made by Duval and Kalifa
(1991) for oriented glacial ice.

The measurement of the lateral strains allows estimation of the volumetric
strain as long as the deformation is not far from uniform; that is, for small strains.
The volumetric strain is calculated as the sum of the three strains. A measurcment
of the volumetric strain provides the indications of the failure mechanism such as
volume dilation.

Figure 2.5 to Fig. 2.12 show the time dependence of axial, lateral, and volu-
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metric strains at different temperatures and stresses.

2.3.2 Stress dependence of strain and strain rate

The time dependence of axial strain at different stress levels at 263 K is given in
Fig. 2.13. The results show that with the increase of the stress level, the time
required to reach a given strain decreases. Fig. 2,14 shows the time dependence of
axial strain rate at different stress levels at 263 K. The increase in stress increases
the strain rate at a given time. The black square marker represents the time to
the minimum strain rate for each stress. A straight line can be used to represent
the time dependence of the minimum strain rate as illustrated by the broken line
in Fig. 2.14. Similar test results for laboratory-made fresh water granular ice were
presented by Mellor and Cole (1983).

Figures 2.15 and 2.16 show the time dependence of axial strain and axial strain
rate at different stress levels respectively at 253 K. Figs. 2.17 and 2.18 show similar
results at 243 K.

2.3.3 'Temperature dependence of strain and strain rate

The time dependence of axial strain, volumetric strain, and axial strain rate at
different temperatures for tests under a constant stress of 1.5 MPa are shown in
Figs. 2.19, 2.20 and 2.21. It can be seen that in Figs. 2.19 and 2.20 that the
time required to reach a given strain decreases significantly with the increase in
temperature. The strain rate increases with the increase of temperature at a given
time (Fig. 2.21). The black square marker represents the time to minimum strain
rate for each temperature. The straight dash line in the Fig. 2.21 is a good
representation of the time dependence of the minimum sirain rate. Similar results
are shown in Figs. 2.22, 2.23 and 2.24 at a stress level of 2.5 MPa.

The time dependence of axial strain and axial strain rate for stress 0.7 MPa
at different temperatures are presented in Figs. 2.25 and 2.26, respectively. The
increase in temperature decreases the time to a given strain (Fig. 2.25) and in-
creases the strain rate at a given time (Fig. 2.26). Similar test results at other
stress levels are presented in Figs. 2.27 and 2.28 for 1.0 MPa, and Figs. 2.29 and
2.30 for 2.0 MPa.

11



2.4 Analysis of test data

The basic information for the seventeen constant load creep tests

9.1 for stress, temperature, minimum strain rate, €, time

trms

and strain at minimum strain rate, €m.

Table 2.1 Information for constant load tests

are listed in Table

to minimun strain rate,

Test no. Stress Temp. €m tm €1
MPa °C 105t s
Test 1 0.67 -10.0 0.053 20430.0 | 0.0153
Test 2 0.82 -10.0 0.17 2320.0 0.0054
Test 3 0.99 9.8 0.73 902.0 0.00844
Test 4 1.23 -10.0 1.50 172.0 0.00328
Test 5 1.48 -10.0 2.30 133.3 0.00376
Test 6 1.97 -10.1 7.25 16.0 0.00140
Test 7 2.47 -10.0 9.20 7.5 0.00054
Test 8 0.66 -19.5 0.018 95420.0 | 0.00665
Test 9 0.98 -19.6 0.275 1250.0 0.00428
Test 10 | 1.47 -19.7 0.8 303.0 0.0031
Test 11 | 2.02 -19.8 2.70 22.0 0.0009
Test 12 | 2.48 -20.0 3.47 12.33 0.00071
Test 13 | 0.71 -29.8 0.0019 121800.0 | 0.00364
Test 14 | 1.01 -29.6 0.0147 2335.0 0.00487
Test 15 | 1.47 -29.5 0.30 739.3 0.00263
Test 16 | 1.99 -29.6 1.0 35.0 0.00073
i Test 17 | 247 -30.0 1.2 25.0 0.00062

2.4.1 Stress dependence of minimum strain rate

Minimum st

1989a). Fig. 2.31 shows that there is a one to one correspondence as pointed out

by Sinha et al. (1992) between the dependence of minimum strain rate on stress,

12

rain rate indicates the onset of failure because its occurrence significs

the onset of accelerating creep induced by the significant structural damage (Sinha,




observed during the present creep tests at 263 K, and the dependence of maximum
stress on strain rate in constant strain rate tests reported by Sinha (1984a) and
Chen and Lee (1986) for similar first year columnar-grained sea ice. The same
conclusion for columnar grained fresh water ice was drawn by Sinha (1981b), and
for isotropic fresh water granular ice was reached by (Mellor and Cole, 1982, 1983,
and Cole, 1983). The solid line in Fig. 2.31 represents the relationship, between
maximum stress and the imposed strain rate, proposed by Sinha (1984a).

op = 458" (2.1)

where o, is the maximum stress in MPa; ¢ is the average strain rate up to the
maximum stress. |

It must be mentioned that Sinha’s (1984a) tests were carried out in the field
(Mould Bay, Prince Patrick Island, Canada) on freshly sampled sea ice, and the
specimens were similar in size to the sample used in the present creep tests. The
strain rate in Eq. 2.1 represents the average value up to the peak stress and
was obtained using the gauges mounted on the specimens. Chen and Lee {1936),
however, conducted their tests on in situ, full thickness ice blocks with dimensions
of about 2.0m x 3.05m x 6.1m under closed loop controlled tests. These large scale
tests were carried out in the landfast ice, north of Alaska.

Figure 2.32 shows the stress dependence of minimum strain rate at 253 K.
With the increase of stress, the minimum strain rate increases. Similar result is

presented in Fig. 2.33 for a temperature 243 K.

2.4.2 Stress dependence of time to minimum strain rate

The stress dependence of time t,, is shown in Fig. 2.34 for temperature 263 Ix.
With the increase of stress, the time to minimum strain rate decreases. The stress
dependence of t,, can be represented by the following equation.

tn = 1014(5:)-5-EN (2.2)
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where o; = 1.0M Pa is a reference stress; the time i, is in seconds.
Figures 2.35 and 2.36 present the stress dependence of ¢, at temperatures 253
and 243 K, respectively. Similarly, the relationships between 2, and stress can be

given by the following equations at temperature 253 and 243 K, respectively.

t, = 1834(—)~"
T

£, = 13000(—)""" (2.3)
T

The powers in Eqs. 2.2 and 2.3 are much higher than the power about 2.43
obtained by Sinha (1984a) for columnar grained sen ice in constant displacement
rate tests.

The stress and temperature dependence of t,, is presented in Fig. 2.37. The

decrease in temperature tends to increase the time to minimum strain rate or
failure.

2.4.3 Stress dependence of strain at minimum strain rate

The stress dependence of strain at minimum strain rate is shown in Fig. 2.38
at a temperature 263 K. This figure shows that strains at minimum strain rate
decrease with increase in stress. Similar results are also obtained at temperature
253 K and 243 K, respectively, and shown in Figs. 2.39 and 2.40. This decreasing
ductility with the increase of stress or rate of loading was noticed by Sinha (1983b)
for first year columnar grained sea ice loaded normal to the length of the columns
of grains under constant strain rate tests. However, this observation is in contrary
to the stress dependence of strain zt failure in constant displacement rate test
reported by Sinha (1984a) for first year columnar grained sea ice loaded normal to
the long axis of grains. The constant load test on granular ice by Mellor and Cole
(1082, 1983) shows negligible stress dependence of the strain at minimum strain
rate, although the strain is scattered between 0.6 to 1.2 %. Fig. 2.41 presents
the comparison of the rate dependence of strain at failure between present creep
study for columnar grained sea ice and the constant displacement rate test results

of Sinha (1982) on fresh water columnar-grained ice. The figure shows that the
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columnar-grained sea ice is more ductile than the fresh water columnar-grained
e,

Although the stress dependence of strain at minimum strain rate is significant,
the strain at minimum strain rate has little dependence on temperature as can be

seen in Fig. 2.42.

2.4.4 Recovery strain

The recovery strain is defined as the axial strain recovered after unloading, which
includes elastic and delayed elastic strains. Fig. 2.43 presents the time depen-
dence of the recovery strains at 263 K at different stress levels. In general, all of
these curves show that the recovery strain increases with the increase of time and
approaches a constant value at infinite time. The difference among these curves is
that the magnitude of the recovery strain is higher for higher stress.

If the delayed elastic strain has the same time dependence under different stress
levels and is linearly dependent on stress, it would be expected that the normalized
recovery strain, defined as the recovery strain multiplied by a stress ratio 2+, will
be the same at different stress levels. Fig. 2.44 presents the time dependence of
the normalized recovery strain at temperature 263 K. Although the results are
scattered in this figure, the stress dependence of the normalized recovery strain is
very small, if any.

Similar results on the time dependence of recovery strain and the normalized
recovery strain are presented in Figs. 2.45 and 2.46 respectively at temperature
253 K, and in Figs. 2.47 and 2.48 respectively at temperature 243 K.

The time dependence of recovery strain for stress 0.7 MPa at different temper-
atures is shown in Fig. 2.49. This figure shows that the recovery strain increases
with the increase of time and approaches a constant value. In general, the rate
to reach the constant value increases with the increase of temperature. Similar
results are obtained at stress level 1.0, 1.5, 2.0 and 2.5 MPa as shown in Figs.
2.50, 2.51, 2.52 and 2.53, accordingly.

The total recovery strain was obtained, when the change in strain is almost
zero after unloading for a long time. The stress dependence of the total recovery
~strain is plotted in Fig. 2.54. With the increase of stress, the total recovery strain
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increases. While, the temperature has a negligible effect on the stress dependence
of the total recovery strain.

If the Young’s modulus for sea ice is assumed as 9.0 GPa (Sinha, 1989b), the
ratio between the total recovery strain €, the elastic strain €. can be obtained. Fig.
2.55 presents the stress dependence of the ratio &= at different temperatures, This
figure shows that the total recovery strain is about 10 to 25 times higher than the
elastic strain depending upon the stress level.

The total recovery strains developed during the creep tests are related to the
loading histories. If the recovery time after unloading is long enough, when no
change in delayed elasticity can be detected, the measured total recovery strain
gives a measure of the delayed elastic strain déveloped during loading. Since
the loading times were not the same, consideration should be given not ouly to
the stress but also to the loading history. The loading time dependence of = is
presented in Fig. 2.56. It is clearly shown that the ratio & increases with the
loading time. The three solid lines represent the theoretical prediction of the time
dependence of & with Sinha’s model (1979a) (see Eq. 6.1 in Chapter 6) for a grain
size 0.4 mm and at temperatures 263, 253, and 243 K. In general, Sinha's model
gives a better prediction at longer time (lower stress) than that at a shorter time
(higher stress). This larger difference between model prediction and the test data

at higher stress could be due to enhancement of delayed elastic strain by crack
activities.

2.4.5 Determination of apparent activaticn energy

The stress and temperature dependence of minimum creep rate for polycrystalline
materials at elevated temperature, in general, can be given by

in o ez~ N (2.4)

where o, is a reference stress; n is the stress exponent; Q is the apparent creep
activation energy; R is the universal gas constant; T is temperature.
If the minimum strain rates at two different temperature T, and T, for a given

stress are known, the apparent activation energy can be ohtained from Eq. 2.3 as
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RTT:,  ém .
-1 n{ ém2) (25)

Q@ =

where é,; and én,2 are minimum strain rate at temperature T; and T3, respectively.

The apparent activation energy for minimum creep rate determined from the
present test results in the temperature range 263 K and 253 K, and 253 K and
243 K are presented in Fig. 2.57 in terms of the applied stress; the lines are
drawn to show o general trend in the two data sets. For temperatures between
263 K and 253 K, the apparent activation energy has a negligible dependence on
stress in the range studied (0.7 to 2.5 MPa). At low temperatures between 253
K and 243 K, however, the apparent activation energy decreases rapidly with the
increase of stress level at low stresses and approaches a constant value at stress
levels higher than about 1.5 MPa. Note that the two lines crosses each other;
the apparent activation energy at higher temperature is higher than that at lower
temperature with stress level higher than about 1.5 MPa. A theoretical prediction
of the apparent activation energy for the first crack given by Sinha (1984b) shows
similar stress and temperature dependence of apparent activation energy.

It should be mentioned that the apparent activation energy obtained here are
similar to the values reported for fresh water columnar-grained ice reported by
Ramseier (1972} and Gold (1972b). This similarity of the apparent activation
energy between the columnar grained fresh water ice and columnar-grained sea
ice shows that the presence of brine in sea ice does not significantly affect the

apparent activation energy.

24.6 Effective modulus and strain ratio

In viscoelastic analysis, the time dependence of the effective modulus and Poisson’s
ratio are the very basic material properties. The effective modulus for a uniaxial
constant stress test is defined as the ratio between stress and the axial strain. The
strain ratio is defined as the ratio between lateral strains and axial strain.

The time dependence of the effective modulus at 263 K at different stress levels

is presented in Fig. 2.58. Overall, the effective modulus decreases with the increase
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of time. However, the time dependence of the effective modulus becomes more
pronounced at higher stress level. This clearly shows that sen ice as a material
can not be treated as a linear viscoelastic material. Similar results at temperature
953 and 243 K are presented in Figs. 2.59 and 2.60, respectively.

The time dependence of strain ratios is presented in Fig. 2.61 for stress 2.0
MPa and temperature 253 K. The upper line represents the strain ratio #. The
lower curve represents £, It shows that the strain ratio 2 increases with time,
while the strain ratio 2 decreases with time. Columnar-grained sea ice, therefore,
is highly anisotropic; the deformation is essentially two dimensional as discussed
earlier in Section 2.3.1. Similar result for stress 2.0 MPa and at temperature 203
K and 243 K are presented in Figs. 2.62 and 2.63, respectively.

2.4.7 Cracking activities

The acoustic emission data were recorded using AET-5000. The time dependence
of the event number for stress 1.0 MPa at temperature 263 K is presented in Fig.
9.64. The rate of event number is shown in Fig. 2.65. In general, the acoustic
ermission rate decreases with the increase of time. Similar results are shown in
Figs. 2.66 and 2.67 for stress 0.7 MPa and temperature 263 K. Figs. 2.68 and 2.69
show the time dependence of event number and rate of the events for stress 2.0
MPa and temperature 263 K. These figures show that an increase in stress level
increases the cracking activity.

The microstructure studies of ice after the creep tests were carried out by
making thin sections. The orientation of the cracks is shown in Fig. 2.70 for a
tested ice sample at a stress 2.5 MPa and temperature 253 K. This figure shows
that the majority of cracks are parallel to the loading axis. Similar conclusion was
made by Gold (1972) and Sinha (1982) on fresh water columnar grained 52 ice.
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Figure 2.1 Horizontal and vertical thin sections for FY columnar

grained sea ice
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Figure 2.2 Locations of MTS strain guages and acoustic
emission detector
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at temperature 263 K
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Figure 2.70 Crack orientation of tested ice sample at stress 2.5MPa
temperature 253 K
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Chapter 3

Field test on first year sea ice

3.1 Introduction

Field tests were carried out in Resolute (74°42'N ,94°50'W), N.W.T., Canada in
May, 1992 during SIMS-1992 (Sea Ice Monitoring Sites) experiments. Two studies
were carried out. One was the microstructure studies of first year sea ice. The
other one was borehole indentation test.

Microstructural study was carried out to determine the relationship between
growth rate, salinity, and brine layer spacing of first year sea ice as a function of
depth. The borehole indentation test was carrie] out with the NRCC borehole
indentor for two loading configurations. One was the conventional test in which
a circular hole was made, and the pressure was applied to the wall of the hole
at a given depth by two curved plates to match the curvature of the wall (Sinha,
1090b, and 1991b). The pressure and displacement were measured as a function
of time. The other one was called H test in which ice was cut as an H in the
horizontal plane to reduce the confinement, and a hole was made in the center of
the H. The main objectives of doing the H test were to investigate the effects of
confinement and anisotropy on the rate dependence of strength, and deformation
of the oriented columnar grained sea ice. The initial plan was to do H test with
different dimensions for H and loading rates. Due to the difficulty in cutting ice
in the field, only the loading rate effect was investigated.
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3.9 Growth history of the ice sheet

Canada has four weather stations in the High Arctic: Alert, Eureka, Resolute, and
Mould Bay. The weather stations are operated by the Atmospheric Environment
Services of Canada. The growth histories of sea ice in Resolute Bay, adjacent to the
Inuit village, are recorded by the Resolute weather station as part of their routine.
The growth of the ice and snow thicknesses at the test site was measured every
week by the staff from the weather station. Based on the information obtained
from the weather station in Resolute, a field test site 300 meters off the shore in
Resolute Bay was chosen.

The mean daily air temperature for 1991-1992 season in Resolute is shown in
Fig. 3.1. The freeze up data for the bay was September 28, 1991. The measured
ice and snow thicknesses in the bay during the winter of 1991-1992 are plotted in
Fig. 3.2. The solid straight line is a good representation of the increase in snow
_ thickness with time. Snow densities and snow thickness were also measured at
a land site in Resolute by the weather station. The measured snow density and
snow thickness at the land site is shown in Fig. 3.3.

The ice cover in the bay was found to be very flat except near the shore line.
Microstructure studies, to be discussed in Section 3.3 in details, showed that the
jce in the bay was oriented columnar grained sea ice except for the top 2 cm.

A simple model for estimating the growth of first year sea ice in the High Arctic
was proposed by Sinha and Nakawo (1981). Based on the model, the growth of

ice, dh, at any time is given by

kK, Tm—T
d = T 3 m a
h =T Th + Ehi

dt (3.1)

where k; and k, are the thermal conductivity of ice and snow; L is the latent heat
of fusion; p is the density of sea ice; h; and h, are the thickness of ice and snow,
respectively; T, is the freezing point of sea ice; T, is the ambient air temperature;
and t is the time.

If the mean air temperature in Eq. 3.1 is given in terms of days, the growth
rate, dhy, between (N-1)th day and Nth day is given by
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kiky, Twm—T.

(” {\I — s m a
" Lp kil + kit
W =AY+ odhY (3.2)
B = kYt gdnY

where § is a parameter between zero and one, in the calculation # is given as 0.5
hY-1 and hN¥~! are snow and ice thickness at the end of the (N-1)th day after
freezing up, respectively; dhY and dhY are the increase of snow and ice thickness
during the Nth day.

Rearrangement of Eq. 3.2 gives

ik,
Lp
Based on Eq. 3.3, the ice thickness was ;a.lculated daily using the daily mean

k,0(dRN Y + (kikS + kN dRY = —(Tw — Tu) (3.3)

air temperature and the physical properties of snow and ice shown in Table 3.1.
The ice thickness at the freeze up point (September 28, 1991) was assumed to
be zero. A linear increase of snow thickness on the surface of ice with time was
assumed (Fig. 3.2). The average snow density on the land measured during the
same period (Fig. 3.3) was used for the calculation.

Table 3.1 Physical properties of snow and ice

Tm 1.8 9C for sea water with salinity 32 parts per thousand
p 0.91 g/cm® Field measurement
L 70 cal g~! (Anderson 1960; Schwerdtfeger 1963)

k; 5 % 10~3 cal cm~1s~! 9C~! for sea ice of about 4 parts

per thousand salinity (Schwerdtfeger 1963)

k, 4.8 x 10~ cal em~13~1 °C~! for snow density 286 kg/m® at
290 °C to -30 °C (Pitman and Zuckerman 1967; Mellor 1977)

Figure 3.4 shows the comparison between the actual measurement of the ice
thickness and the prediction from Sinha and Nakawo’s model. It is shown that

this simple model provides an acceptable estimation of the growth of sea ice.
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A comparison of the daily growth rate calculated from the theory and the daily
growth rate estimated from the field measurement is made in Fig. 3.5 in terms of
ice thickness (top) and time (bottom), respectively.

Since the ice thicknesses were measured once a week and the locations were
randomly selected in a general area, the estimated growth rate showed a large
scatter. Therefore, a running mean of three points (two weeks) were calculated
for the entire period. There are shown in Fig. 3.6. To take into account of the
thermal inertia of the ice cover, it was also decided to apply an average method
to the theoretical calculations. The solid lines in Fig. 3.6 represent the running

menn, over two week period, of the theoretical results.

3.3 Salinity and brine layer spacing

3.3.1 Method of measurement

Two full ice cores about 2 meters were recovered from Resolute Bay with a fiber
glass core auger with an inside diameter of about 10 cm, when the air tempera-
ture was about —15°C. The top of each core was marked, before sampling, with
respect to a fixed land mark on the shore. Subsequent pieces of the ice cores were
matched carefully and marked. They were then transported to the base camp,
Polar Continental Shelf Project, in half an hour. The ice cores were stored at -20
OC for about 10 hours. Sections for salinity measurement were collected, using
a band saw inside a cold room at temperature —15°C, every 2.5 cm all the way
down to about 4 cm above the bottom of the core. Salinity samples were stored
in individual sealed containers. They were then taken to a warm room and were
melted at room temperature overnight. A salinometer was used to measure the
salinity at temperature about 22°C.

While collecting salinity samples, it was found that this full core was solid ice
free from any brme channels, It was then decided to do microstructure studies
also on the same core, even though the top 70 cm of the core was already sectioned
for selinity measurement. Horizontal thick sections, for microstructural analyses,
were made for about 10 cm apart starting 80 cm below the top surface. Thick

sections for the top 80 cm were collected from another core which was located
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less than 2 meters away from the first full core in the test site. Thin sections were
made from thick sections using the double microtoming technique (Sinha, 1977) at
a temperature of about -15 0¢. All together 19 horizontal and three vertical thin
sections were made. Thin sections were photographed with known magnification,
using cross polarized light, scattered light, and combined cross polarized light and
scattered light.

The brine layer spacing measurements in the field were done with a microscope
soon after the thin sections were made. Later on in Ottawa, a slide projector was
used to measure the brine layer spacing from the slides taken with combined cross
polarized light and scattered light.

3.3.2 Test results and analyses

One horizontal thin section at a depth of 80 cm and one vertical thin section at
depth between 14 cm and 28 cm are presented in Fig. 3.7. This figure shows that
the ice is oriented columnar grained. The mean c-axis of the grain was oriented
parallel to the shore line, identified from the markings on the core.

The vertical salinity distribution exhibits a "C" type of curve with higher
salinity near the top and the bottom surfaces as shown in Fig. 3.8. In the bulk of
the ice, the salinity decreases with an increase in ice thickness. This decrease in
salinity with depth is related to the decrease in the growth rate of ice. This is in
agreement with irnumerable previous observations on first year sea ice.

The relationship between the average brine layer spacing and the ice thickness
is shown in Fig. 3.9. The two dotted lines represent the brine layer spacing
measured in the field and in the laboratory. The figure shows that over all with
the increase of ice thickness, the brine layer spacing increases. The average brine
layer spacing is about 0.75 mm through the whole ice thickness.

Looking at Figs. 3.8 and 3.9 more closely, the sharp decrease of salinity at
depth between 50 and 100 cm (see Fig. 3.8) is accompanied by the sharp increase
of brine layer spacing around the same ice depth.

The theoretical growth rate obtained from Sinha and Nakawa’s model was used
for plotting the average hrine layer spacing and salinity versus growth rate. Three

reasons are given for the use of the theoretical growth rate. First, the ice thickness
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measured in the field represented ice thickness at different locations in a small
aren, which does not represent growth of ice in one specific position. Therefore,
the growth rate from field measurement may give some errors. Secondly, the
growth of ice from 0 to 0.6 meters is not available from the field measurement,
due to the safety considerations. And thirdly, the growth of ice predicted from
Sinha and Nakawo’s model gives a very good representation of the growth of ice
as shown in Fig. 3.4.

Figure 3.10 shows the dependence of brine layer spacing on the theoretical
growth rate. This figure clearly shows that with the increase of the growth rate,
the brine layer spacing decreases, which is consistent with previous laboratory
investigations by Weeks and Hamilton (1962), and Arctic sea ice studies of Nakawo
and Sinha (1984).

The relationship between salinity and growth rate was formulated by Weeks
and Lofgren (1967) based on the theoretical consideration of Burton et al. (1953).
The proposed relation is given by

Jo
q= >
g0 + (1 ~ go)ezp(—%)

(3.4)

where q is the effective solute distribution coefficient defined as solute concen-
tration in the solid divided by the solute concentration in the solution; gp is the
effective value of q at very low growth rate; D is diffusion coefficient of the solute in
the solution; § is the thickness of diffusion limited boundary layer; v is the growth

rate,

Table 3.2 List of -1'55 and qo used by different authors

Authors £, s.em™ | g Type of ice
Weeks and Lofgren, 1967 5090 0.26 N,Cl ice
Cox and Weeks, 1975 7243 0.26 N,Cl ice
Nakawo and Sinha, 1981 42000 0.12 FY sea ice
Present study, 1992 42000 0.0594 FY sea ice

Figure 3.11 shows the dependence of salinity at the time when the sample is
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taken on the growth rate. The solid line is obtained with Eq. 3.4 using parameters
shown in Table 3.2. In the calculation, go = 0.0594 is chosen based on the lowest
salinity measured. This figure shows that with the increase of the growth rate, the
salinity increases.

The dependence of the brine layer spacing on the salinity is shown in Fig, 3.12.

With the increase of salinity, the brine layer spacing decreases.

3 4 Borehole indentation tests

3.4.1 Test method

In-situ borehole indentation tests were carried out in Resolute Bay adjacent to the
location where microstructural studies, reported in Section 3.3, were conducted.
The borehole indentation test system was loaded on a Komatik and taken to
the test site by a snowmobile. All tests were carried out in three consecutive
days. The fluctuation of air temperature was small during the test period. Air
temperature was measured each day during test. It was around —13°C to —15°C.
The temperature at snow ice interface was around —11°C. The ice temperaturc at

-

about 80 cm below surface was about —8. “0¢r The test was carried out at a depth
of about 34 cm below the sucface of ice sheet. Therefore, the ice temperature
can be estimated as —10°C. Ice temperature remained constant during the test
period.

The test arrangement is shown in Fig. 3.13. After drilling a hole of 15 cm in
diameter to about 60 cm with a fiber-glass core auger, the ice sheet was marked
for the cutting. The ice sheet was cut with a chain saw to a depth of about 53-60
cm to an H shape in the horizontal plane as shown in Fig. 3.14. The size of the
H in the horizontal plane was about 2 m x 0.92 m. The test was carried out to a
depth of about 34 cm with different loading rate. The pressure was applied to the
ice hydraulically by pushing plates on the opposite ends of two circular indentors
(see Fig. 3.15) with a diameter of 9 cm. The loading rate was controlled by a flow
control valve. A pressure transducer in the hydraulical system was calibrated to
give the average applied pressure on the plates, and two LVDT type displacement
gauges provided data on the relative displacement of the plates into ice. The
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pressure and the relative displacement were recorded in both a chart recorder and
a digital data logger. Details of the test system was described by Sinha (19900,
1901b). It takes about half an hour to finish an H test. For a conventional test,

only 5 minutes is needed.

3.4.2 Test results and analysis for H test

Ten H tests were carried out with different ACL (angle between the mean c-axis
and loading direction) under different loading rate. Details of the test results are
given below.

Figure 3.16 shows one of the borehole indentation test result with the mean
c-axis parallel to the loading direction. Similar to a uniaxial constant displace-
ment rate test with a soft machine (Sinha, 1981a), the indentation rate increases
with time to approaches a constant valve (Fig. 3.i6a). The stress increases to
a maximum value with the increase of the indentation rate. Later on, the stress
decreases with the onset of the constant indentation rate. The displacement rate is
not constant due to the stiffness of the test system, the displacement rate and the
stress rate up to the meximum stress or failure are then calculated as an average
value up to the maximum stress (Sinha, 1987).

Figures 3.17 and 3.18 show similar test results as Fig. 3.16 with the mean
c-axis 45 degrees and normal to the loading direction, respectively.

The rate dependence of the stress and displacement diagram is shown in Fig.
3.19 with an ACL angle zero degree. All of the curves show that the stress increases
to & maximum at about the same displacement, and then decreases. However, the
maximum stresses are different for different loading rates. A higher loading rate
results in a higher maximum stress.

Similar rate dependence of stress and displacement diagrams are shown in Figs.
3.90 and 3.21 for ACL angle 45 and 90 degrees, respectively.

A comparison of stress and displacement diagram for ACL angle 0 and 90
degrees is shown in Fig. 3.22 with about the same displacement rate. Basically,
not much difference can be detected considering the uncertainty of ice properties
from place to place.

Figure 3.23 presents the comparison of stress and displacement diagram for
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ACL angle 45 and 90 degrees at about the same displacement rate. Similar to Fig,
3.22. not much difference can be detected.

The maximum stresses are of interest from the engineering point of view. Table
3.3 lists some information about the displacement, time, and stress when maximum

stress occurred.

Table 3.3 Results of H tests

Test no. ACL D oy Dy ty
mm/s MPa mm §
Test 1 0.0 0.0312 14.35 3.24 103.7
Test 2 0.0 0.1909 23.27 3.34 17.5
Test 3 0.0 0.1382 24.55 4.70 34.0
Test 4 90.0 0.0054 9.69 2.71 499.2
Test 5 90.0 0.1163 24.29 3.81 32.7
Test 6 90.0 0.1816 25.40 3.63 20.0
Test 7 90.0 0.1016 23.36 3.05 30.0
Test 8 90.0 0.0391 18.23 3.12 30.0
Test 9 45.0 0.0768 20.28 3.49 45.5
Test 10 45.0 0.0604 18.70 3.02 65.0

In the Teble 3.3, D is the displacement on the surface of ice and borehole
indentor; ¢ is the average stress applied on the surface of the borehole, which is
calculated as the load applied divided by the area of the borehole indentor; oy is
the maximum stress reached in each test; D is the average displacement rate to
the maximum stress; D; and t; are the displacement and time to the maximum
stress.

Figure 3.24 shows the rate dependence of the maximum stress for H test with
different angles between the mean c-axis and the loading direction. Two correla-

tions (solid lines in Fig. 3.24) are obtained based on the test data, which are given
as

5y = 412007

o; = 24.56%% , (3.5)
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In general, Fig. 3.24 shows that the maximum stress increases with the increase
of the loading rate. However, the angle between the mean c-axis and the loading
direction has a negligible effect on the maximum stress. Similar conclusion has
been drawn for conventional borehole indentation test by Sinha (1987). Two
rensons could be used to explain that. First, the test was conducted at a depth
of 34 cm, therefore, the order of the c-oxis orientation, in terms of the scatter
angle of the c-axis, at that point is still high. Based on the model prediction in
Chapter 5, when the scatter angle is higher than 45 degrees, the ACL angle has no
offect on the maximum stress of the ice. Secondly, the orientations of the principal
stress around the borehole indentor, as the FE analyses showed in Chapter 6, are
different at different locations. Therefore, an ACL angle of 45 degrees does not
mean that the major principal stress is 45 degrees to the mean c-axis. Therefore,
a small effect would be expected.

Large scale radial cracks were observed in the H tests. The orientation of the
large crack depends on the angle between the mean c-axis and loading direction
as shown in Fig. 3.25. In general, all the large cracks are formed in the vertical
plane. However, the crack orientation in the horizontal plane is quite different
with the different loading directions. When the loading direction is parallel to the
mean c-axis, the crack radiates from the center of the indentor and is parallel to
the mean c-axis. When the loading direction is 45 degrees to the mean c-axis, the
crack tends to orientate again to the mean c-axis direction. However, when the
loading direction is normal to the mean c-axis, the cracks formed at the two sides
of the borehole indentor, the orientation of the cracks is about 45 degrees to the
loading direction. This strong dependence of the crack orientation on the ACL
angle is explained in Chapter 6 based on the principal stress distribution around
the borchole indentor.

The indentation rate dependence of the time and deformation at failure is
presented in Fig. 3.26 for H tests. As shown in Fig. 3.26, a straight line can be
used to represent the indentation rate dependence of time at failure. The following
relationship between the indentation rate and time at failure is obtained using the

least square method.

t = 4.44D0%08 (3.6)
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A power of -0.908 is very close to -1.0, which implies that the failure time is
almost inversely proportional to the indentation rate. This is further confirmed

by the negligible rate dependence of the deformation at failure as shown in Fig,
3.26(b).

3.4.3 Test results and analysis for conventional test

Eighteen conventional tests were carried out with ditferent ACL angle. Details of
the test results are presented below.

Figure 3.27 shows the conventional borehole indentation test results with the
mean c-axis 45 degrees to the loading direction. It shows that initially the increase
of stress is fast while the indentation rate is low. Later on, the indentation rate is
high, while the increase of stress is small.

In most of the conventional tests, stress continues to increase after yielding at
a constant displacement rate. Yield stress is defined as the stress at the onset of
the constant indentation rate as shown in Fig. 3.27. This definition for yicld stress
corresponds to the failure stress in the case of H test. The stress and displacement
rate are then defined as the average values up to the yield point {Sinha, 1987).

Similar test results are obtained for ACL angle 45 and 90 degrees as shown in
Figs. 3.28 and 3.29, respectively.

The rate dependence of the stress and displacement diagram is shown in Fig.
3.30 with an ACL angle zero degree. Overall, it shows that the increase of loading
rate results in a higher maximum stress.

Similar results are obtained for ACL angle 45 and 0 degrees as shown in Figs.
3.31 and 3.32, respectively.

A comparison of stress and displacement diagram for ACL angle 0 and 90
degrees is shown in Fig. 3.33 with about the same displacement rate. Basically,
no difference can be detected considering the variation of other factors.

Figure 3.34 presents the comparison of stress and displacement diagram for
ACL angle 45 and 90 degrees at about the same displacement rate. Similar to Fig.
3.33, no difference can be detected.

The yield stresses are of interest from the engincering point of view. Table 3.4

lists the information about the displacement, time, and stress at the point when
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the yield stress occurred.

Table 3.4 Results for conventional tests

Test no. ACL D oy D, ty
mm/s MPa mm s

Test 1 0.0 0.1324 22.18 9.27 70.0
Test 2 0.0 0.1267 24,86 7.35 58.0
Test 3 0.0 0.0377 16.95 4.15 110.0
Test 4 0.0 0.1509 26.34 5.58 37.0
Test & 0.0 0.0151 11.23 2.64 175.0
Test 6 0.0 0.0323 16.05 5.43 168.0
Test 7 45.0 0.0841 20.23 6.06 72.0
Test 8 45.0 0.1040 21.83 5.41 52.0
Test 9 45.0 0.0989 22.47 5.24 53.0
Test 10 45.0 0.0875 22.69 5.86 67.0
Test 11 45.0 0.0223 13.22 4,01 180.0
Test 12 45.0 0.0078 10.08 2.03 260.0
Test 13 90.0 0.2337 29.33 5.84 25.0
Test 14 90.0 0.0803 21.79 4,17 52.0
Test 15 90.0 0.1258 24.71 5.78 46.0
Test 16 90.0 0.0949 23.76 4.84 51.0
Test 17 90.0 0.1320 27.41 3.96 30.0
Test 18 90.0 0.0041 8.60 1.58 390.0

In the Table 3.4, o, is defined as yield stress as shown in Fig. 3.27; D, and i,
are displacement and time to yield stress; D is the average displacement rate up
to the yield point.

Both the stress and displacement rate dependence of the yield stress for con-
ventional tests is presented in Fig. 3.35. The solid lines are correlation obtained
from the test data, which are given by

gy =47.50%%
o, =30.0¢°%° (3.7)

100



The above correlation between stress at yvield and the indentation rate is almost
the same as the relationship between the maximum stress and strain rate proposed
by Sinha (1984a) under uniaxial loading condition for first year columnar grained

sea ice.

oy = 45.08% (3.8)

Figure 3.35 shows that the yield stress increases with the increase of loading
rate. However, the angle between the mean c-axis and loading direction has neg-
ligible effects on the dependence of the yield stress on the loading rate. Similar
conclusion has been drawn by Sinha (1987) with FENCO borehole jack test results.

The stress rate dependence of the yield stress given in Eq. 3.7 agrees quite well
with the FENCQ borehole jack test results on similar first year oriented columnar
grained sea ice (Sinha, 1987).

The indentation rate dependence of the time and deformation to yield or failure
is presented in Fig. 3.36 for conventional tests. As shown in Fig. 3.36, a straight
line can be used to represent the indentation rate dependence of time at failure.
The following relationship between the rate and time at failure is obtained using
the least square method.

¢t = 12.04D~0% (3.9)

The time to yield decreases with the increase of loading rate. The displacement
at yield has a small dependence on the loading rate as shown in Fig. 3.30.

3.4.4 Comparisons between conventional and H test

Figure 3.37 presents a comparison of stress and displacement diagram between
the conventional and H tests at about the same displacement rate for an ACL
angle 0 degree. Before reaching the maximum stress for H test, the two results are
consistent. However, after the maximum stress, the stress starts to decrease for H
test, while the stress for conventional test still increases at a very low rate. H test

gives a point where the failure occurs, while the conventional test does not.
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Similar results are presented in Figs. 3.38 and 3.39 for ACL angle 45 and 90
degrees, respectively.

The comparison of the rate dependence of stress at yield or at failure for both
conventional and H tests is presented in Fig. 3.40. In general, result for conven-
tional test gives a higher stress at yield. However, the difference is considered
insignificant.

The comparison of the rate dependence of time to failure is presented in Fig.
3.41. The time to yield is higher for conventional test than that for H test.

The comparison of the rate dependence of displacement to yield is presented
in Fig. 3.42. Overall, the displacement at yield is higher for conventional test,
which implies that the behaviour of sea ice is more ductile under conventional test
condition than that under the H test condition.

The rate dependence of the maximum stress or yield stress is related mainly
to the viscous strain. In the case of Sinha’s creep model without cracking (Sinha,

1978a), the rate dependence of the maximum stress can be given as

o _ & Ey
01-(. ) —(évl) (3.10)

€ul

where ¢ is the maximum stress; 01=1.0 MPa is a reference stress; n is the stress
power; p is the strain rate power.

Without cracking, the maximum stress is dependent on the strain rate with
a power of 0.333. When crack happens, the strain rate will have a stronger de-
pendence on stress as reported as power law break down (Sinha, 1989a). There-
fore, with the crack activities, the rate dependence of the maximum stress will be
smaller. A strain rate power of less than 0.333 will be expected with the crack
activities. '

As reported earlier, an indentation rate power of 0.28 is obtained for the rate
dependence of the maximum stress in H test. While, a power of 0.32 is obtained for
conventional test. This difference in the rate dependence of the maximum stress
between conventional and H test may signify that the crack activities in the H test
is more pronounced than that in conventional H test.

The similarity of the strain rate power p for fresh water ice under uniaxial con-
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stant cdisplacement rate test was investigated by Sinha (1981b). A list of the strain

rate power is given in Table 3.5 under different loading conditions for ditferent fresh

water ice.

Table 3.5 Strain rate power obtained by different authors

Authors Power | Test ice type | Temp.
Michel, 1978a 0.34 CD 52 -10.0
Frederking, 1977 0.299 CD 52 -10.0
Gold and Krausz, 1971 0.25 CD S2 -10.0
Sinha, 1981a 0.33 CD 52 -10.0
Sinha, 1982 0.345 CD 52 -10.0
Timco & Frederking, 1982 0.29 CD 52 -10.0
Mellor & Cole, 1983 0.292 CD T1 -5.0
Mellor & Cole, 1982 0.332 CS T1 -5.0

In the above table, CD represents the constant displacement rate test; and
CS represents the constant load test. As listed in th- Table 3.5, all of the strain
rate power p are close to 0.33 except the value obtained by Gold and Krausz. As
pointed out by Sinha (1981b), the strain rate power obtained by Gold and Krausz
was based on test results on various type of ice.

Similar to fresh water ice, a similarity of strain/indentation rate power is ex-
isted among sea ice as shown in Table 3.6.

Table 3.6 Strain/indentation rate power for sea ice

Authors Power Test Ice type | Temp.
Sinha, 1984a 0.27 CD Frazil -10.0
Sinha, 1984a 0.32 CD S3h-0 -10.0
Sinha, 1986 0.28 CD Frazil -18.0
Sinha, 1986 0.335 CD Frazil -10.0
Timco & Frederking, 1986 0.26 CD S2b -2.0
Present study 1992 0.321 BITC S3b -10.0
Present study 1992 0.287 BITH S3b -10.0
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In the above table, the number after the ice type represents the ACL angle;
BITC stands for conventional borehole indentation test; BITH is for H type bore-
hole indentation test.

This similarity of the strain/indentation rate power between CD laboratory
tests and field conventional tests provides an easy way to convert, the field strength
data to laboratory strength data. To make the conversion, only a calibration is
needed by performing field borehole indentation tests and laboratory constant
strain rate tests on the same ice at different rate of loading at the same tempera-
ture.

As reported earlier, the following rate dependence for conventional borehole
indentation test is obtained for first year columnar grained sea ice at an average

temperature 263 K.

0P = 47.5D°% (3.11)

‘Laboratory uniaxial constant displacement rate test on similar first year colum-
nar grained sea ice gave a relationship between the strain rate and the stress at
failure as follow (Sinha, 1984) at temperature 263 K.

ok = 45.08%% (3.12)

A comparison of the above two equations gave

B .
a D a2
;’% = 1.05(—é-)° (3.13)
f

In the Eq. 3.13, superscripts B and L are used to represent the conventional
borehole indentation test and laboratory constant displacement rate test. The
above equation implies that the strength obtained in a field borehole indentation
test at a indentation rate of x mm.s~! is about the strength obtained a uniaxial

constant displacement rate tests at a strain rate of x s~! at the same temperature.
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Figure 3.7 Horizontal and vertical thin sections for FY sea ice
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Figure 3.13 Field test arrangement with NRCC Borehole indentation
test system

117



Figure 3.14 Geometry of H test in horizontal plane
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Chapter 4

3-D anisotropic model for

columnar-grained fresh water ice

4.1 Introduction

Most of the ice encountered on the lakes, rivers, and oceans are columnar grained
ice. Fresh water columnar-grained ice often exhibits transverse isotropy with c-axis
(optic axis) of the grain randomly oriented in the horizontal plane (or the plane
normal to the length of the columns). Sea ice, especially land-fast ice, shows c¢-
axis oriented parallel to the water current (Weeks and Gow, 1978; and Nakawa and
Sinha, 1984). Columnar grained ice exhibits high anisotropy. Anice sample loadead
uniaxially normal to the columns of grains shows negligible strain in the direction
of the columns (Wang, 1981; Sinha, 1989a; Sinha, et. al, 1992). Also, a sample
loaded uniaxially in the direction parallel to the columns exhibits much higher
strength than a sample loaded in the direction normal to the columns (Peyton,
1966; Michel, 1978; Sinha, 1983, 1984a; Frederking and Timco, 1984; Timco and
Frederking, 1986). It is, therefore, essential to bring the anisotropic hehaviour of
the columnar grained ice into the constitutive model.

Many constitutive equations have been developed ( Sinha, 1978a; Michel and
Testa, 1978; Spring and Morland, 1983; Karr, 1985; Ashby and Duval, 1985;
Brown et. al, 1986; Sinha, 1988a, 1890a; Choi and Karr 1989, McKenna et al 1989,

Santaoja, 1988, 1989). However, none of the above equations can he nsed to model

147



the anisotropic behaviour of columnar grained ice. The equivalent stress concept
was used by Ting and Sunder (1985), Sunder and Wu (1989), and Pulkkinen (1989)
to model the anisotropy. The problem with this method is that with different
fabric, diffcrent material parameters are needed. In the case of an anisotropic
manterial without any symmetry, the equivalent stress concept as it was defined
is not applicable. Sjolind (1987) employed a fourth order tensor to represent the
anisotropy, which requires up to 81 material parameters. The elements of the
fourth order tensor have different values for ice with different fabric.

The effects of fabric on the viscous strain rate was formulated by Lile (1978}
by introducing an enhancement factor to the viscous strain rate. However, a linear
relationship is assumed betwcen the viscous strain rate and the stress, which is
not realistic.

In the present model, the anisotropy due to the fabric is formulated in conjunc-
tion with the kinetics of microcracking and their effect on the deformation process
of columnar grained ice. This model is capable of accounting for the effect of fabric
on the deformation as well as the difference between the strength in the vertical
and horizontal directions for columnar grained ice. The model is applicable only

in the ductile range of material behaviour. Brittle fracture is not considered.

4.2 Present model for columnar grained ice

Five deformation mechanisms were summarized by Sanderson (1988} for polycrys-
talline ice as follows.

1. elastic deformation due to the atomic bonds lengthening or shortening;

2

delayed clasticity caused by the grain boundary sliding;
3. viscous deformation due to the movement of dislocation within grains;
4. erack deformation;

5. dynamic recrystallization.

148



In the present model, the total strain tensor increment, de;,, is divided into four
parts based on the deformation mechanisms summarized by Sandersou without

considering the dynamic recrystallization.
de;; = de§; + ded + dej; + dej) (+.1)

where de; is the elastic strain tensor increment; de" is the delayed elastic strain
tensor mcrernent de is the viscous strain tensor increment and de i5 the erack
strain tensor mcrement.

4.2.1 Elastic strain

The elastic strain is calculated from the generalized Hooke’s law.
def; = Cijudoy (+.2)

where oy, is the stress tensor and Cjju is the stiffness tensor.
For a polycrystalline ice, the stiffness tensor is obtained from the probability

distribution of c-axis and the stiffness tensor for a single crystal ice (Sinha, 1989b).

4.2.2 Delayed elastic strain

For a single crystal ice, the delayed elasticity is negligible (Brill and Camp, 19G1).
In the case of polycrystalline ice, the delayed elasticity can not be neglected (Sinha,
1988a). The importance of delayed elasticity or primary creep for ice engincering
problems was discussed in detail by Gold and Sinha (1981).

The delayed elasticity developed under a uniaxial constant stress in a polyerys-
talline material was attributed to the grain boundary sliding induced stress in the
matrix and formulated by Sinha (1979a). |

d o

ea = Ci— ( {1 — ezp(—(art)’)} (4.3)
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where € is the delayed elasticity; o is the stress; E is the elastic modulus; Cy, b,
and s are constants; t is the time; di is the reference grain size; d is the grain size
of the ice; ar is a parameter dependent on temperature.

Sinha's equation for delayed elasticity seems to represent the grain size effect
(Sinha, 1978b, 197%). However, Eq. 4.3 consumes 2 large amount of computer
" time, due to the history dependence. Based on Eq. 4.3 for s=1 and b = 1 (Sinha,
1979a), the following rate formulation for delayed elasticity under any stress state
is proposed for columnar grained ice in a coordinate system (x,y,z) with z axis in

the direction of long columns

)n-l _1_ 365 d

Cidh o G4 08 _ 4
2E 0oy; Y

—-_al n £
gt n { d )-(Ee} (4:4)

where n is a constant; &g, &, and ar are given in the following equations.

_ 1
Ty = m bl(a',_. - 0'9)2 + bg(o‘y - 0'=)2 4 52(0'_-_ - 03)2 + 6b31'12.y

b
3 bt by /3¢ el (4.5)

&g = .
\/(gbl + b))% + (20 + b )2 4+ (b — ba)?

a, 1 1
ar = amesp{ (g - 7))

where o, = o1, Oy = 022, 0z = 033, and 7, = 0y are stresses defined in the
coordinate system shown in Fig. 4.1; Q, is the activation energy; R is the universal
gas constant; a, is the value for ar at a temperature To; To is the reference
temperé.ture; by, b2 and b3 are model parameters used to represent the anisotropy
in delayed elasticity as observed in the present laboratory experiments of Chapter
2, The delayed elasticity €. and €. are neglected due to the large length of the
grains in the z direction {Sinha, 1979a).
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4.2.3 Viscous strain
Effective stress for single crystal

The mechanical behaviour of a single crystal ice is quite anisotropic (Glen and
Perutz, 1954; Steinmann, 1954; Nakaya, 1958; Butkovich and Landauer, 1958
and Higashi, 1968). Shearing on the basal plane is much easier than the shearing
on non-basal planes. The tests done by Higashi {1968) showed that at —19°C and a
strain rate 3 x 107%s~1, the peak uninxial stress for non-basal slip in a monocerystal
ice was between 10 to 20 times higher than the peak stress for basal slip. However,
slip in the basal plane does not seem to dependent on any direction (Glen and
Perutz, 1954; Steinmann, 1954; and Physics of Ice, page 277, Hobbs, 1974). Single
crystal ice can therefore be treated as a transversely isotropic material.

Polycrystalline ice consists of crystals or grains of ice. Suppose (x'yy' 5" de-
scribes the local coordinate system of a crystal with its c-axis parallel to =’ axis as
shown in Fig. 4.1, the effective stress for a single crystal ice can then be defined
as

% =a (o, — a;)2 + az(o, — o' ) + axol — a' )

+6(a41',':, + asTit + as7l) {4.6)

where 7 is the effective stress for single crystal ice; Tl Ty Tl Toys !, and 7, are
stresses in the local coordinate system; @), d2; @4 and as are model parameters.

In order to ensure that the dislocation movement in the basal plane is the
dominant mode of deformation, the coefficient a; in Eq. 4.6 must be large in
comparison to other coefficients.

The material property of a single crystal ice is transversely isotropic, which
implies that the definition of the effective stress in Eq. 4.6 has to be invariant
when the coordinate system rotates around c-axis. A relationship among model
parameters a,, dz, and a4 will be derived below based on this invariant requirement.

From the invariant requirement, a stress state (a2, 7y, Ol Thyy Ther Ty )= (7, =7,
0,0,0,0) will give the same effective stress as a stress state (0,0,0,,0,0). From

Eq. 4.6, the following relationship can be obtained.
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Ja, = 2a; + a2 (4?)

Statement 1: Eq. 4.7 means that among the four parameters in Eq. 4.6, only
three of them could be independent.

The following three independent stress invariants as a function of (o% — o,)%
(o, —al), (ol —0p)?, 2, 712, and 77} can be obtained when the coordinate system

rotates around c-axis.

L =(o.—c )+ (o, —ol) +(ot—aL) + 6(r2 + T2 + Tie

L =(o —0al) +415 (4.8)
L =1i+7y
I.| = e

To satisfy the requirement of invariant for the effective stress when the coor-
dinate system rotates around the c-axis, the effective stress in Eq. 4.6 must be a

function of the stress invariants in Eq. 4.8.
7'2 = k]_Il + kzIz <+ ksIs + ... (49)

where ky, k2, and k3 are independent constants.

Statement 2: Eq. 4.9 means that among the four parameters in Eq. 4.6, at
least three of them are independent.

Considering statement 1 and 2 at the same time, it can be concluded that
three parameters among the four parameters ai, a4z, 4, and as in Eq. 4.6 are
independent. Therefore, one relationship exists among parameters a, 42, G4, and
ag, which is given in Eq. 4.7. This relationship can also be derived from the

following equation.

= iy + kala + kals (4.10)
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For any single crystal of ice in a polycrystalline aggregates with its c-axis de-
fined by direction cosines (cos@cosd, cosgsing, sino) in a global coordinate system
(x,¥,z) as shown in Fig. 4.1, the effective stress in terms of stresses in the global
coordinate system can be obtained by the following equations.

Let 04y Oy, Oz Teys Tosy Tys Tepresent the stresses in the global coordinate
system. The relationship between the stresses in the two coordinate systens are

given by

oi; = TaouTy (-£11)

where Tj; is the coordinate transformation matrix between the global coordinate

system (x,y,z) and the local coordinate system (z’, y', 2").

L L I3 sind —cosé 0
T;=| my my ma [ = singcosf singsind —cosd (4.12)
ny, N2 N3 cosdcosh cosgsing  sing

The effective stress in Eq. 4.6 can be expressed in terms of stresses in the global

coordinate using Eq. 4.11

2 = Aoz — 0y)* + Azoy — o: ) + As(o; - o) + Ay(og ~ ay)la, —o3)
+4s(0z — 0y M(0: = 02) + Agloy, — ) o: —02) + Atk + AsTl,
+Ag72 + Aro(0x — 0y)Tey + Aulz — 7y)Te: + Aoy — o)) Tys (4.13)
+Ays(oy — 0)Tey + Aoy — 0)Te: + Ais(oy — 02)7y: + A Ts — )Ty

+AIT(G: - o'::)‘rr: + Als(az - ‘7::)7.12 + AIQTryTz: + A'JOTxyTax + A').IT:J.‘Ty:

where A4,, 4a,....., Az; are functions of 8 and ¢, which are given in the Appendix
A.

Effective stress for polycrystalline ice

Assuming that the stresses are the same in all grains, the effective stress for poly-

crystalline ice can be obtained by averaging of the effective stresses for all single
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. 2 .
erystal ice in a representative volume. The average was performed over 7% 1n

Eq. 4.13 for all grains in the polycrystalline ice.

T2 = DBi{o: - ay)? + Ba(oy — o:)* + Ba(os — 02) + By(0x — ay)loy — 0%)
+Bs(o, — o,)(o: — 0z) + Beloy — o:)(o: — 02) + Brri, + Byr2,
+Bgr,f: + Bulos — o)y + Buloz — Oy )Tr: + Br2loz — Oy)Ty= (4.14)

"f"Bl:J(Uy - a:)'rz-y + Bl-l(o'y - U:)Tx.: + Bls(ay - d.)'ryz + Blﬁ(a: - Ux)Try

+BIT(G: - Ur)Trz + BIS(G}. - O'::)Ty: + BIST.ryTz: + B20Txy7y: + B217:xry:

where T, is the effective stress for polycrystalline ice. The values of B; are calcu-

lated from

B; = jo j_ 2¥p(¢,9).=1.-cos¢dqbd9 (4.15)

where i=1,2,....., 21; p(#, 8) is the probability distribution of c-axis for the poly-
crystalline ice.

Effective stress for columnar grained ice

In the case of transversely isotropic columnar grained 52 ice (Michel and Ramseier,
1971) with random c-axis orientation in the plane normal t» the length of columns,
the probability of the c-axis distributicn can be expressed as below using the
coordinate system shown in Fig. 4.1 with z axis parallel to the long axis of the

column.

p6,0)= =5(9) (4.16)

where §(¢) is equal to infinite, when ¢ is equal to zero, otherwise §(¢) is zero.
Eq. 4.15 combining with Eq. 4.16 gives nine non-zero values for B;, Ba, ......
By as follows,
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3 15 (11

Bi= =a+ sar+ 7
'Tostt s 3

B,= ata

B3 = 2(12

By= a;+2a

B5 = 3(1'3 (-Ll?)
Bﬁ = 2(13
a) + 9a a
B, = _1_+__°zi_5
_ G4+ as
Bg = 5
ay + asg
By= 22

-

By substituting B; values into Eq. 4.14, the effective stress for columnar grained
ice can be written as

Ts = ¢1(oz — O'y)2 + ¢a(ay — 02)2 + 20 — 0'1‘)2

teaTd, +esTh + 5T (4.18)

where ¢;, ¢2, ¢, and ¢5 can be expressed as

ad 7 14 + 3&2 + ag

cy = g

o =812 (4.19)
15} + 5(12 + as

a =%
14 +'ds

G =T

-

The same as a single crystal ice, 52 ice is transversely isotropic. Thercfore, the
effective stress derived for S2 ice must be similar in formulation to the effective
stress for a single crystal ice, when the coordinate systems are similar. The simi-

larity for the effective stress between single crystal ice and S2 ice can he seen in
Eq. 4.6 and Eq. 4.18.



Effective stress for granular ice

In the case of granular ice with random c-axis orientation, the probability distri-

bution of ¢-axis becomes

(4.20)

3]

p(¢,0) =

Eq. 4.15 combining with Eq. 4.20 gives nine non-zero values for By, Bs, ... ,

By as follows.

B = la +§-a -i-(—]i-l-i
1= N TR T T
By= ay+a
By = El--i-a -l-—2-a
3= % 2+ 5%
4 5
B, = §ﬂ1+§az
Bo= Sai4la+—= (4.21)
5T En T3 .
2 4
Bs = §a1+§a2
14 ) ay 2
Br= — - = 4=
15a1+3az+ 6+5a5
4 4 ay 2
By= — = —+=
8 1501+ 302+ 3 + 505
4 4 ay 2
- Be= eyt gart+ T+ oG

15 3 3 5

Similarly, by substituting these B; values into Eq. 4.14, the effective stress for
granular ice can be written as

T: = C{(O’z - o'y)z + (ay - a,:)2 + (‘7: - 03)2

+6(72, + 7o + 72)} (4.22)

e — ;". l 1
where ¢ = Jzay + 302 + 5as.
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Calculation of viscous strain for polycrystalline ice

With the effective stress defined by Eq. 4.14 for polycrystailine ice. the viscous

strain rate can be expressed as follows.

df?.‘ SQ
ot 1.2
dt Cao'.'_,‘ (1.23)
where C is a proportionality constant; Q is the plastic potential, which can be
caleulated using Eq. 4.24, similar to the plastic potential used by Leckie and
Hayhurst (1977), Betten (1981, 1986}, Rees (1983), Leckie (1986), and Sunder
and Wu (1989)

0 = exp(~22) S (4.24)
p— ex Il oF, L
PURT (n + 1By + By — Bs) &

where n is the stress power for viscous strain as defined before.

4.2.4 Crack evolution

For polycrystalline ice, crack can be intergranular or intragranular. Crack devel-
opment has been associated with the pile-up of dislocations by Gold (1972a), grain
boundary sliding by Sinha (1984b), and elastic anisotropy by Cole (1988).

In the present model, the material behaviour is in the ductile range, and the
elastic anisotropy is not considered as an important mechanism for crack devel-
opment. In the formulation, the crack development is associated with the grain
boundary sliding as well as the viscous flow. The contribution of viscous flow to

the crack development is assumed to be related to a partial energy dissipation,

W,, which is defined as

=G

Wp = /Ug,‘de?j —j%—a;jde}‘j (4.25)

where & = 1/%5,-,-5;_,', and S;; is deviatoric stress tensor; &, is the minimmum stress

for crack to form, which is assumed to be 0.5 MPa.
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The foliowing equation is proposed for the crack density, N:

ON 1 {2
af  167+833a &

- N} (4.26)

where a is a confinement parameter; d is the average grain size in meters; fisa
variable that accounts for the combined effects of delayed elastic strain and the

partial energy dissipation due to viscous flow:

poss Wy ad- X,
TR utwiess 190 %10-8

p = 5.4 — 0.6exp(~3.08 x 107°|7 — 1300("*)
-5
, o 5:46 :; 10 (273 — T)028 (4.27)

X, =267%107%-9.0 x 107°T

where T is the temperature in Kelvin; X, is the critical grain boundary displace-
ment (Sinha, 1984b); and & is in kPa. The parameters in these equations are
obtained from the experimental results (Gold, 1972) on crack density.

Crack density for columnar grained fresh water ice is calculated using Eq. 4.26.
The comparisons between the results obtained from Eq. 4.26 and Gold’s exper-
imental results are shown in Figs. 4.2, 4.3, 4.4 and 4.5 at different stress levels
and temperatures. Eq. 4.26 seems to fit Gold’s experimental results quite well,

however, the crack evolution equation must be verified under multiaxial loading

conditions.

4.2.5 FEffects of microcracks on deformation

The existence of microcracks will influence the mechanical behaviour of ice mainly
by (1) reducing clastic modulus, (2) enhancing viscous strain, and (3) producing

crack deformation. In this study, the first factor is not considered significant
(Sinha, 1988a).
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Effect of microcrack on viscous strain

With increasing microcrack activity, the viscous strain rate will increase. The effect
of the crack enhancement on the viscous strain rate was first formulated for ice by
Sinha (1988a) using Weertman equation for dilute cracks. Jordaan and McIienna
(1990) modified the crack enhancement factor in their ice model to include the
crack interaction by using an exponential function.

The following crack erhancement factor is proposed in the present study.

F(N) = e2:|'f\|l'a2 n (4 n)S)

o

where a is the half width of a crack, which is related to grain size; N is the crack
densit.y.'

The crack enhancement factor in Eq. 4.28 is the same as that used by Sinha
(1988a) for dilute cracks when N a? < 1. With the increase in crack interactions,
the higher order of Na? becomes important. As discussed by Weertman (1969),
for tensile stress normal to crack surface, the enhancement factor to the viscous
strain rate is in the order of (Na?)*"*? at high crack density. While, for shear
stresses on the crack surface, the enhancement factor is in the order of (N a?)rt!
at high crack density. Eq. 4.28 is able to cover higher order of Na*. With the

enhancement factor given by Eq. 4.28, the viscous strain rate becomes

dE:JJ _ aQ_ 19
i = O F() (4.29)

Crack strain

Under the influence of boundary conditions, a crack undergoes sliding along the
crack surface and dilating normal to crack surface to cause an opening. The
amount of crack deformation is characterized by two parameters. One is the
sliding displacement of the crack D,. The other one is the opening of the crack
D,.

It is reasonable to relate the crack deformation to the strain of the material

around the crack. To simplify the problem, it is assumed that the opening of a
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erack depends on the strain normal to the crack surface. If the strain is compres-
sive, the size of the opening is zero. If the strain is tensile, the size of the opening

can be expressed as follows,

de, d
Ey

D, = (4.30)

where de, is the strain increment normal to the crack plane, Ey is a model pa-
raeter.

Further, it is assumed that the sliding displacement is proportional to the shear
strain increment dv, along the plane of crack. The sliding displacement can be
expressed as follows.

_ (L +p)dyd
En

Strain caused by crack opening or shear displacement is given by Nemat-Nasser
and Obata (1988).

D, (4.31)

1
efj = ;—.‘; /{ﬁ,‘ﬂ-j + ﬁju.-}ds (4.32)

where V is the representative volume, 71 is the normal vector of the crack plane, u
is the displacement vector.

For a crack with a unit normal vector (cosgcosf, cosgsind,sing) and crack
opening D,, the strain increment due to the crack opening in the local coordinate

system (z', ', z') with 2’ in the normal direction of the crack surface is given by

w _ Do
del = 7 (4.33)

where ¢ is the length of the crack in the case of columnar grained ice.
The increment of the rest of the strain tensor components are zero. In the

global coordinate system, the strain tensor increment can be expressed as follows.
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dE‘I?J- = Thid€o Tim; (+.34)

Using the coordinate transformation matrix, T;;, given in Eq. 4.12, the strain

tensor increment due to the crack opening can be expressed as

%cos?peostd cosPsinf  sin2¢cosd
¢ . . . .
def(4,6) = 7)% cosipsin28 2cosisin’t sin2psind (1.35)

sin2pcosd  sin2¢psind 23in’¢

Similarly, for a crack with a unit normal vector (cosgcosf, cospsing, sing), the
strain tensor increment due to the sliding displacement D, in the z' direction or

y' direction can be expressed as follows, respectively.

D cosgsin20 —cospcos2  singsind
del;(¢,0) = o;fc —cospcos28 —cospsin20 —singcostd (4.36)
B singsind  —singcosf 0
D sin2¢cos®8  1sin24sin20 —cos2¢cosb
dei(6,6) = -ﬁc- Lsin2¢sin20 sin2psin® —cos2¢sing (4.37)

—cos2¢cosd —cosZésind —stn2¢

In the case of lots of cracks with the probability distribution P(4,8) and crack
density N, the crack strain tensor increment due to the crack opening and sliding
displacement can be expressed as

% 2 o
de; =NV [* [T (6, 6)deij(8,6)cospdpds
dey; =NV j‘; i j:" P($,8)del;( 6, )cospdipds (4.38)

The probability distribution of cracks varies with ice type, time, temperature,
and strain (Sinha, 1088a). For the present model, the probability distribution of
cracks is assumed to take the following form based on the Gold’s experimental
data for columnar grained ice {Gold, 1972). '
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M

P(¢,0) = m{afsin"(ﬂ — 0)) + 2|oy04|sin?(0 — 8, )cos*(6 — 63)
+alcos*(6 — 6;)}6(4) (4.39)
= G(8)4(¢)

where o, and o, are the maximum and minimum stresses acting on two planes
parallel to the long axis of grains; M can be determined by the requirement for the
probability function to be equal to one; ¢ and 6} are related to ¢ and 62, which

are the orientations of stress oy and o5.

90° + 6, Tension

6, Compression
90° 4+ 8;  Tension

g _ { & Compression
=

!

g, = (4.40)
Under uniaxial compression, the crack orientation distribution was measured
by Gold (1972) for columnar grained ice. The comparison of crack orientation for
both measured as well as calculated from Eq. 4.39 is shown in Fig. 4.6.
Using the probability distribution calculated by Eq. 4.39, the crack strain ten-
sor increment for columnar grained ice due to crack opening and slidiny, displace-

ment can be expressed as

i 9¢c0s%8 sn20 0
det. = cN fo D.G(6) | sin28 2sin28 0 |df

1

0 0 0
., sin20 —cos28 0
+cN jo D,G(8) | —cos20 —sin20 0 | df (4.41)
0 6 0

The sliding displacement of cracks in the direction of long columns is given as
zero based on the experimental results (Sinha, 1989a; Sinha et al., 1992).
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In the case of uniaxial « ipression, oy is in the x direction. Eqs, .39, 130,
1

and 4.31 can be simplified as

P(0.¢) = osin'68(9)

D, = -fi—(de:cos"'ﬂ + deysin'"f)) {(-1.-12)
En
@ + p)d .
D, = ———————-2EN (de, — de,)sin26

Substituting Eq. 4.42 to Eq. 4.41, the crack strain tensor increment in Eq. 4.1

becomes

n 0 0
des 8cdN 0 0 +4(1+,u)ch
i m T a-n.
7 3rE 3nE
Lo oo "
-ps 0 0
(dey, —dez)| 0 pa O (4.43)
0 0 0
where py, p2, and p3 are given by
" = odﬁrﬂl(el) -+ 2deyH2(31)
P2 = 2d63H2(81) + 2dEyH3(91)
I
H\(8,) = | cos'zsin'd
1(61) fa, cos"csin dz
]
Hq(6)) =/ cos*zsintzrdz (4.44)
0
n
Hy(8)) = fa ? sinfrdz
1
I
ps = [2 sin*2zsin'zdz
0

in which 8, = atan( \/E)
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At this point, the formulations of the constitutive equation of fresh water
columnar grained ice are completed. In summary, Eq. 4.2 gives the elastic strain
tensor; the delayed elastic strain tensor is given by Eq. 4.4; the viscous strain
can be obtained from Eq. 4.29; and the increment of the crack strain tensor is
formulated in Eq. 4.41.

4.3 Model .alidation

Various predictions are made using the model and they are compared with the

experimental data to validate the model.

4.3.1 Material constants and model parameters

The elastic strain tensor is formulated for anisotropic material. However, for
the following predictions, the ice is treated as an isotropic material for elastic
deformations. This is an acceptable approximation for §2 ice (Sinha, 1989b). The
material constants for elastic strain are then given by elastic modulus and Poisson’s
ratio.

For S2 ice, under uniaxial horizontal loading condition, Eq. 4.4 for delayed

elasticity in the loading direction can be written as

3ed Cldla',,.

ar{(—%

In the case of instantaneous loading condition, o, = ¢H(t), by integrating

' —eq} (4.45)

Eq. 4.45, the delayed elasticity can be obtained as

Cdyo
& = —”—{1 - exp(—art)}* (4.46)
When the art < 1, the above equation for delayed elasticity becomes identical
to Eq. 4.3 for delayed elasticity. Therefore, the material constants in Eq. 4.46 is
the same as those in Sinha’s equation for delayed elasticity Eq. 4.3.
The other model parameters by, ba, and by (see Eq. 4.5) are used to represent

the anisotropy of delayed elastic deformation, Without loss of any generality, i
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is taken as 1. Similar to Eq. 4.7, for the requirement of symmetry for 52 ice, the

following relationsaip exists among by, by, and bs.

3by = 2b + by (4.47)

Therefore, only one model parameter needs to be determined from a creep test
for delayed elasticity in the present model.

For viscous strain, n is the stress power, which is about 3 O polyerystalline
ice. C is the proportionality constant which is determined from & uniaxial coustant
load test result.

The model parameters aj, a2, a4, and as are used to represent the anisotropy
of viscous strain of single ice crystals. Without loss of any generality, a; can be
taken as 1. From Eq. 4.7, only two parameters need to be determined from creep
tests on single crystal ice.

There is only one model parameter for crack strain tensor, which can be cs-
timated based on the crack size given by Sinha (1990a). The model parameters
related to crack density are obtained from Gold’s experimental results (1972).

In summary, the following material constants and model parameters shown in
Table 4.1 are used in the predictions for temperature 263 K.

Table 4.1: Material properties for fresh water columnar grained ice

Elastic modulus E 9.5 GPa
Poisson’s ratio u 0.33

For delayed elasticity, C; and ar at 263 K 9.0, 0.00025 s~
For delayed elasticity, b, 0.2

For viscous strain C, n 1.43 x 107, 3
For viscous strain aj, as 0.3, 50.0

For crack strain En 1.0

In the Takie 4.1, E, (4, ar, n are the same material constants used by Sinha
(1978a, 1979a) for columnar grained ice. The model parameter b, represents the
anisotropy in delayed elasticity, which is given a value of 0.2 based on the constant

load test resulis on first year columnar grained sea ice (Sinha et al., 1992). The
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model parameters for viscous strain, @2 and as, are assumed to be 0.3 and 50.0
based ot the test results on single ice crystals (Butkovich and Laudauer, 1958).
In Chapter 6, the present constitutive model is extended to sea ice. The same
model parmneters az, as and b are used for sea ice model. Good agreement
between test results and model predictions is achieved. Ey is given as 1.0 based
on the width of crack estimated by Sinha (1990a). It must be mentioned that
the model parameters by, @ and as will not affect the predicted strain and stress
in the loading direction under uniaxial loading condition for 52 ice loaded in the

horizontal plane.

4.3.2 Prediction of constant load test

The stress and time dependence of axial and volumetric strains predicted from the
present model are presented in Fig. 4.7 for 263 K. The ice is tronsversely isotropic
S2 ice with grain size 2 mm. It was loaded uniaxially normal to the long axis of
grains. The test results from Sinha (1990a) is also presented in the figure. Good
agreement between the model predictions and test results is achieved, although
the model predictions are a little bit smaller than the experimental results.

Strain along the long columns of grains is insignificant compared to the strains
in other two directions as predicted from the model and obtained from experiments
(Sinha, 1989%a; Sinha et al., 1992). It can, therefore, be concluded that good
agreements between model predictions and test results in Fig. 4.7 for both axial
and volumetric strains suggest that the present model can predict the anisotropic
deformation of columnar grained ice.

As an example, the time dependence of axial, lateral and volumetric strains
calculated from the model is presented in Fig. 4.8 for columnar grained S2 ice
with a grain size 1.0 mm. It was loaded normal to the long axis of the grains with
a stress 2.0 MPa at 263 K. The results show that the behaviour of the columnar
grained ice is highly anisotropic. The deformation is primarily two dimensional.
This prediction agrees with previous experimental investigation by (Wang, 1981;
Sinha, 1989a; Sinha, et. al, 1992). Strain along the column e; is very small
compared to the other two. Strain ¢, is significantly higher than the axial strain

¢, during the tertiary creep. Due to this, a large amount of volumetric strain is

166



produced. By looking at the axial strain. it can be coneluded that the model 1s
capable of describing the primary, secondary, and tertiary creep of ice.

The stress and time dependence of axial strain rate predicted from the present
model is presented in Fig. 4.9 at 263 K. The ice is §2 ice with a grain size 4.5
mm. It was loaded uniaxially normal to the long axis of grains. The dash line
is a connection of points for the minimum strain rate at 8 different stress levels,
This line means that the minimum strain rate increases with the increase of stresas,

which has been reported in a number of experimental studies.

4.3.3 Prediction of constant displacement rate test

Sinha (1982) carried out a series constant strain rate tests on fresh water columnar
grained S2 ice with a closed-loop MTS machine. The load was applied normal to
the long columns. The average grain size is 4.5 mm. The tests were conducted at
a temperature of 263 K (—10°C).

Figure 4.10 shows the strain rate dependence of stress and strain diagram at
263 K predicted from the present model. The experimental results {Sinha, 1982)
are also shown as the square maker in the figure. In general, the two results agree
quite well, especially, at low strain rate. However, the model prediction is higher

at lower strain but lower at higher strain.

4.3.4 Prediction of grain size effect

The grain size and time dependence of the axial strains are calculated using the
present model and the results are presented in Fig. 4.11. It is for S2 ice loaded
normal to the long axis of grains at 263 K. The test results by Sinha (1989%a)
under the same condition are also shown in the figure as the square markers. Both
the test results and the model predictions show that strain rate for smaller grain
size is higher than that for larger grain size initially, but, the reverse is true after
primary creep. Although the strain predicted from the present model is smaller
than the experimental results, the agreement between the model predictions and
test results is fair,

Figure 4.12 shows the grain size dependence of stress strain diagram for 52 ice

loaded uniaxially normal to the long axis of the grains at 263 . The strain rate is
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5% 10~3s~!. With the decrease of grain size, the material becotnes more ductile. In
addition, the grain size dependence of the maximum stress is negligible. This 1s in
agreement with the test result reported by Jones and Chew (1983} for man-made
fresh water granular ice. However, the experimental result on frosh water man-
made granular ice by Cole (1987) suggest that there is a grain size dependence
of the maximum stress. This contradiction could be due to the existence of aiv
bubbles generated during the process of making ice samples.

4.3.5 Prediction of strength anisotropy

Figure 4.13 shows the strength dependence on the angle between the niean c-axis
and the loading direction. The ice is oriented columnar grained S3 ice with a grain
size 4.5 mm. The simulation is carried out at three different strain rates. It is
known that for oriented columnar grained ice, the strength is highly dependent
on the angle between the mean c-axis and the loading direction (Peyton, 1966;
Wang, 1979a; Sinha, 1985). Due to the lack of test data on S3 ice, no direct
comparison is given. However, the shape of the curves are quite similar to the test
results obtained by Wang (1979b). The present model was extended to sca ice in
Chapter 5, where direct comparison between the sea ice model prediction and the
test results by Richter-Menge (1991) for S3b ice shows good agreement.

For S2 ice, it was known that under uniaxial compression, the maximum stress
is about 2 to 4 times higher when the ice is loaded parallel to the long axis of the
grains than that when it is loaded normal to the long axis of the grains (Peyton,
1966; Michel, 1978; Sinha, 1983, 1984a; Frederking and Timco, 1984; Timco and
Frederking, 1986). Fig. 4.14 shows the theoretical prediction from the present
model. It shows that the vertical strength is about 3 times higher than the hori-
zontal strength at strain rate 5 x 10~% for grain size 4.5 mm. Two reasons can be
given to this high vertical strength from the constitutive model. One is that the
loading in the vertical direction is in a position to cause hard glide. The otlier one
is that cracking is happened in planes parallel to the loading direction. Thercfore,

there is no contribution of the crack strain to the strain in the loading direction.
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4.3.6 Correspondence between CS and CD test

The strain rate dependence of the maximum stress and stress dependence of min-
imum strain rate are presented in Fig. 4.15 for two different stress paths. One is
a stress path for constant stress test (CS). The other is a stress path for constant
displacement rate test (CD). It shows that there is no difference for the maxi-
mum stress when the strain rate is lower than 4 x 10~%s~1. While, the CS results
shows a higher rate dependence after that strain rate. Similar conclusions have
been reached, based on the experimental investigations, for fresh water columnar
grained ice (Sinha, 1981b), for fresh water granular ice (Mellor and Cole, 1982,
1983), and for first year columnar grained ice (Chapter 2).

The dependence of strain at failure for the two stress paths is presented in
Fig. 4.16. In general, the strain at failure for CS test is lower than that for CD
test. However, the difference is small. This is in agreement with the experimental
investigation by Mellor and Cole (1983).

The dependence of time at failure for the two stress paths is presented in Fig,
4.17. In general, the time at failure for CS test is lower than that for CD test.
The experimental investigation by Mellor and Cole (1983) shows similar trend.

3.7 Prediction of strength under multiaxial loading

‘he effect of confinement on the deformation of ice has been investigated by a
number of researchers experimentally (Frederking, 1977; Hausler, 1982; Jones,
1982: Nawwar et al., 1983; Blanchet and Hamza, 1983; Tirnco and Frederking 1983;
Sinha, 1985; and Richter-Menge, 1991). Sinha (1991a) used his constitutive model
to predict the stress-strain curve under biaxial proportional loading. However, no
direct comparison for the rate dependence of strength between model prediction
and test data was given. The rate dependence of strength is presented in Fig.
4.18. The ice is S2 ice with grain size 1 mm. It is loaded in the plane paralilel to
the long axis of grains, and confined in another plane which is also parallel to the
long axis of grains. The third plane which is normal to the long axis of grains is
free. Two solid lines are for two different confinements. The upper line is for 85
percent of confinement £ = 0.85. The lower line is for 57 percent of confinement.

The two different confinements are chosen based on the measurements by Sinha
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(1985). The experimental results from Frederking (1977) and Sinha (1983) are
also presented in the figure. Fre Jerking’s results are for fresh water S2 ice, Sinha's
results are for second year columnar grained sea ice with zero salinity. So, the ice
can be treated as fresh water ice. For strain rate above 10~357", the test vesults
are well within the model predictions. However, for strain rate lower than 107%s7",
the strength value predicted from the model is lower than the experimental value.
One reason could be the effectiveness of the confinement. It would be expected
that at lower strain rate, the confinement would be more effective than that at
higher stra'n rate for the plane strain tests performed. Another reason could be
due to the effect of the first invariant of stress on viscous strain rate, which is not
considered in the model.

Figure 4.19 shows the effect of confinement at different direction for S2 ice
on the stress strain diagram. The strain rate is 10~5. The ice is loaded in the
horizontal plane in the x direction. It shows that the strength for the confincment
in both y direction and z direction (long column direction) is the highest. The
strength for no confinement and confinement normal to the long axis of grains is
about the same which are the lowest. The strength under confinement pzimllel to
the long axis of grains are in between. The small difference between no confinement
and the confinement in the direction normal to the long axis of the grains was
reported by Timco and Frederking (1986).

4.3.8 Prediction of temperature effect

The temperature dependence of stress strain diagram predicted from present model
is presented in Fig. 4.20 at strain rate 5x107°s™". Theiceis S2 ice with grain size
4.5 mm loaded uniaxially normal to the long axis of grains. In general, it shows
that with the decrease of temperature, the maximum stress, time and strain to
failure increase.

Figures 4.21 and 4.22 show the temperature and time dependence of axial
strain, volumetric strain and axial strain rate for a constant stress of 3.0 MPa. It

show that the rate of deformation is much smaller at low temperature at a given
time.
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Chapter 5

3-D anisotropic model for

columnar grained sea ice

5.1 Introduction

The effect of brine pockets on the strength of sea ice was investigated by Assur
(1958), Anderson and Weeks (1958), and Anderson (1958, 1960). A geometric
model of ice and brine pockets was used in the theoretical development. The
following relationship was obtained for the strength of sea ice based on the effective
area concept. The effective area was calculated by subtracting the total area of

brine pockets from the total cross sectional area.

gy Vs 1
L1~ (Z2) 5.1
TJo ('Un ( )

where g is the strength of sea ice with zero brine volume; o is the strength of
sea ice; v and n are parameters, which are obtained from experimental data.

It was found that n=2 gives best results for the strength of columnar grained
sea ice (Weeks and Ackley, 1982). Eq. 5.1 with n=2 has been used by many
researchers listed in Table 5.1. The values of oy and v are obtained by linear
regression analysis of test data for a certain range of salinity. Table 5.1 shows the
values for ¢ and vg determined by different authors.
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Table 5.1 0p and v for columnar grained sea ice

Authors go (MPa} | v Conunents
Weeks and Assur, 1967 1.67 0.275 Compressive
Timco and Frederking, 1986 | 393 0.32 Compressive
Dykins, 1971 1.03 0.209 Flexural
Nadreau and Michel, 1934 0.75 0.202 Flexural
Dykins, 1970 0.82 0.142 Tensile
Michel, 1978 0.079d%° | 0.25 Tensile

In general, the values for oo and vo are different for different types of tests.
For example, the vy value for compressive strength is higher than that for Hexural
strength, which is higher than that for tensile strength. The ditference of vy value
under different stress states signifies that the brine pockets have a bigger cffect on
the tensile strength than that on compressive strength. The rate effect to Eq. 5.1
was introduced by Timco and Frederking (1986). However, no consideration wis
given to the effect of fabric and texture of sea ice on the strength.

The above model is simple and easy to use. However, it is only applicable to
columnar grained ice with load applied in the horizontal direction. The effect of
brine pockets on strength in other directions was not considered. In addition, the
anisotropy due to the specific distribution of brine pockets in each single grain of
sea ice was not accounted for either.

In the present investigation, a new relationship is developed for the mechanical
behaviour of sea ice to account for the effect of brine pockets. This constitutive
model is based on an assumed geometric pattern for the distribution of hrine
pockets in a single grain of sea ice. An initial defect tensor for a single grain
of sea ice is defined based on the geometric pattern. Subsequently, the initial
defect tensor for polycrystalline ice is obtained from the initial defect tensor for a
single grain of sea ice and the probability distribution of c-axis. The effect, of the
initial defect on the response of sea ice to different type of loading is expressed by
introducing two additional tensors. One is called the influence tensor for deviatoric

stresses, and the other one is the influence tensor for hydrostatic stresses.
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5.2 Experimental observations on sea ice sub-

structure

Sen ice can easily be distinguished from fresh water ice by the presence of the
cellular substructures, which consist of evenly spaced ice platelets or subgrains
separated by small angle boundaries (Weeks and Ackley, 1982). These small angle
boundaries are more or less in the basal plane. A bunch of the subgrains separated
from each other at the small angle boundaries constitute a single grain of sea ice.
Brine pockets are present in a form of gas, liquid or solid along the boundaries
of the subgrains in both basal planes as well as planes parallel to the c-axis as
reported by Sinha (1979b). A horizontal thin section of first year sea ice is shown
in Fig. 5.1. It clearly shows the substructure of sea ice.

Brine layer spacing ag is an important parameter which characterizes the sub-
structures of sea ice. Brine layer spacing was measured by Weeks and Hamilton
(1962), and Nakawo and Sinha (1984). Bolling and Tiller (1960) developed a theo-
retical relationship between ag and the growth rate. According to this relationship,
The higher the growth rate is, the lower the brine layer spacing is. A typical value
for ag is about 0.4 mm near the top of an ice sheet and it is about 1.0 mm near
the bottom of a first year ice sheet. As reported by Weeks and Hamilton (1962},
the distribution of @ is approximately normal at a given level in an ice sheet.
Further, Nakawo and Sinha (1984) reported that at a given depth, the brine layer
spacing becomes greatest when the optical axes of the crystals are in the favorable
direction for ice growth.

Compared to the brine layer spacing, very few data are available about the
shape of brine pockets. This is mainly due to the technique used in making thin
sections. The shape of the original brine pocket is destroyed due the hot plate
used in making thin sections. A new technique was developed by Sinha (1977) to
avoid this problem. It was found that the majority of brine pockets are irregular.
Fig. 5.2 shows the shape of a brine pocket in the vertical plane (Sinha,1979b).
This specific brine pecket has an elliptical shape in the vertical plane.

For the development of the constitutive relation in the present investigation,
the shape of brine pockets is assumed to be an ellipsoid. Therefore, the geometric

pattern is formed in a single grain of sea ice by spheroidal cavities aligning them-
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selves along the subgrain boundaries. The projections of the brine pockets on three
orthogonal plane are shown in Fig. 5.3. In this figure and Fig. 5.4, a single grain
of sea ice consists of four subgrains, with its e-axis in z direction and long columns
.0 x direction. The shape of each subgrain is assumed to be rectangular. The size

of each subgrain is assumed to be (ag, 4ay,Sap} in the subsequent caleulations.

5.3 Constitutive model for columnar grained sea
ice

The constitutive equations for columnar grained sea ice are the same as those

for fresh water columnar grained ice, except that an effective stress tensor, whicl

will be defined later in this section is used in the sea ice constitutive cquations to

replace the stress tensor in the model for fresh water ice. In addition, the brine

layer spacing is used to replace the grain size in the constitutive equations (Sinha,

1981).

5.3.1 Definition of initial defect tensor
Initial defect tensor for single crystal sea ice

An initial defect tensor is introduced to represent the material defect in a single
grain of sea ice due to the existence of brine pockets. For a single grain of sca 1ce
with c-axis in the z direction, and the long axis of grain or the growth direction
in x direction as shown in Fig. 3.4, the material defect due to the brine inclusions
is defined below following Krajcinovic {1985).

w; = A, f(8ag, A=) N} + A, f(2a0, Ay )NT + A: f(ao, AN}

N} =(1,0,0) (
N?=(0,1,0)

N} =(0,0,1)

[wsd |
2
St

where w; is a vector used to represent material defect; Az is the area ratio in (y, %)
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plane; A, is the area ratio in (x, z) plane; A; is the area ratio in the basal plane
or (x, y) plane; N}, N? and N? are unit vectors in X, y, and z directions; f(x,y) is
a function which is introduced to account for the effect of brine layer spacing on
the material defect.

If there is no influence between the neighboring brine layers, f(x,y) is equal to

one. The function f{x,y) is chosen as
1 I
flz,y) =1+ (5 - 1)ezp(—kz3 — ""—) (5.3)

where &, and k, are parameters. k, is given as 0.6. The term related to kg in
Eq. 5.3 is introduced to reduce the effect of brine layer spacing on the material
defect, when the area ratio is small.

Based on the geometric pattern of brine pockets distribution shown in Fig. 5.3,
the area ratios 4z, 4, and A. can be determined. The total volume of a subgrain

with dimensions (n,aq, n28p, @) can be obtained by the following equation.

V = nlngag ' (5.4)

As shown in Fig. 5.3, in average, two brine pockets are present at the boundary
of each subgrain. One is in the basal plane. The other one is in the plane normal to
the basal plane. The size of each brine pocket is defined by the dimensions of the
ellipsoid along the three symmetry axes. For the brine pocket lying on the basal
plane, the dimensions are assumed to be (rniag,rnaag,Miag). The dimensions
for the other one is (rniag, m1a0,ra0). The total brine volume for the two brine
pockets is

_ Wszl(l +‘ﬂ2) a -

Vi 6ms ninaay (5.3)

where r and m, are the rations between the dimensions of brine pocket ellipsoid

and the dimensions of subgrain.

The total porosity due to the brine inclusions can be written as
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Vi gremg(l + ns) .
= = SRV
o Vv Gna © )

The area ratios 4, -, and A, are determined by the following equations.

4 _ m'ml(l + n-_\.)
e 4112
4, = %(r +my) (5.7)
T
A, =-r
: 47'

In order to obtain the area ratios in Eq. 5.7, it is nccessary to know r, my, and
na. ng is one of the dimensions of a subgrain, which can be measured. There i
one relationship existed between r and m, as shown in Eq. 5.6. Therefore, the

following relationship is assumed between r and the porosity.
ro=(2)" (5.8)
Uo

where v is the reference porosity; m is a parameter related to the shape of the
brine pockets, which is assumed to be 0.19.
If vo is defined as the porosity when ice loses all of its shear strength on the

basal plane, the area ratios Az, A, and A, are then defined as

b o
T
T 619 -
Ay = Q{T + r3(l + Tlg)} (5.9)

4. =2
Vo
Following Krajcinovic (1985) and Murakami (1988), the initial defect tensor

D* for a single grain of sea ice due to the existence of brine pockets is defined s
follows:
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D* = A,(8ap, A:)N! @ N} + Ay f(2a0, AN © NP + A:f(ao, AN O N}

"1!-‘f(8a03 -43:) 0 0
= 0 A, f(2a0, 4y) 0 (5.10)
0 A:f(a(h A:)

The initial defect tensor given in Eq. 5.10 is obtained for a single grain of sea
ice in a specific coordinate with c-axis in z direction and the long axis of grain in
« direction. If the c-axis is in an arbitrary direction as defined by the direction
cosines (cosdacosﬂ,cosq&sin&,simﬁ) with the long axis of grain still lying in the x-y
plane, the initial defect tensor D! can be obtained using the tensor transformation.

D}; = Tu DT (5.11)
where T;; is given by
siné —cosf 0
T = singcosl singsind —cos¢ (5.12)

cosgcosd cospsind sing

By substituting the Tj; in Eq. 5.12 into Eq. 5.11, the initial defect temsor

hecomes

cos?pcos?d  22cos?d 129 056

D' = A.f(ag,4:) | cos’d cos?psin?d *22sind
’—‘-’;—2%038 2in2é sind sintd

sin®pcos?d  EEsin’d — 2122 0556

+4,f(2a0,4,) | E52sin’¢  sin®$sin’f — 2829 5ing
— 212 034 —i'%g-‘ésinﬁ cos®d

sin —422 0
+A:f(8ag, Az) | —422  cos*d O (5.13)
0 0 0
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Initial defect tensor for polycrystalline sea ice

In the case of polycrystalline sea ice, the initial defect tensor can be obtained by
averaging the initial defect tensors for all grains in a representative volume. Given
the probability distribution of c-axis orientation p(¢,8), the initial defect tensor
for polycrystalline sea ice can be obtained by the following integration, assuming
that the area ratio 4., 4, 4., and the brine layer spacing «g are independent of

the c-axis orientation.

D; = j j p(6,8) D cospdpdd

\ cos*pcos®o "";"“’cos“(ﬁ ’—f""" cosf

.

= A. f(ao, 4: )_/ j 120 cos cos*psintf E'—E@mn(’) cospdpde
Mcoa@ %ﬁbmf) sin®¢

- sin¢cos?d L2sin¢ "““'bcosﬂ
+4,f(2a0, 4,) j; _/; 1 ’"zwatn% §m2¢am -L“:iamﬂ cosddpdd
Pl —einepsp —22ging  cos’d
- sin?g -2 0
+4.f(8a0, 4) [ [ | =52 eos®d 0 | cospdpds (5.14)
: 0 0 0

In the case of S2b columnar grained sea ice, the probability distribution of
c-axis orientation is p(¢,8) = #6(:#). Therefore, the initial defect tensor can be

expressed as follows.

0.5 0.0 0.0
= {A: f(ag, A:) + Az(8ao, A-)} | 0.0 0.5 0.0
0.0 0.0 0.0
0.0 0.0 0.0
+A,f(2a9,4,)| 0.0 0.0 0.0 (5.15)
0.0 00 1.0



5.3.2 Definition of effective stresses

The effect of the initial defect or damage on stress state is represented by using an
effective stress concept. The constitutive equations for sea ice are derived from the
constitutive equations for fresh water ice by replacing the stress components in the
equations for fresh water ice with the corresponding effective stress components.
This procedure is based on the hypothesis of strain equivalence (Lemaitre and
Chaboche, 1978, 1985). Following Murakami (1J83), the relation between the

effective stress tensor and the Cauchy stress tensor is given as

c"=(1-D)'o (5.16)

The cffective stress tensor defined above is asymmetric. Due to the difficulty
involved in using an asymmetric stress tensor in both constitutive and numerical
modelling, it is necessary to symmetrize the effective stress tensor. The effective
stress tensor is defined below following Murakami (1988).

g =

LI

{1-D)'c+o(1-D)"} (5.17)

5.3.3 Influence tensors for deviatoric and hydrostatic stresses

It is known from Table 5.1 that the effect of brine pockets on different stress
states is different. This implies that a different damage tensor must be defined
for different stress states. The effective stress definition is modified in the present
study to take into account the effect of the type of loading on the effective stress
tensor. Eq. 5.17 can be rewritten as

- =(1—D)"p+%{(1—D)‘15+S(1-—D)“} (5.18)

where p is the hydrostatic stress; S is the deviatoric stress tensor.
In the above equation, the effect of the initial defect on the deviatoric stresses

and hydrostatic stresses is represented by the same tensor D. It is known that the
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initial defect has different effects under different types of loading. To account this

effect, the effective stress definition Eq. 5.18 is modified as
1
o =(1-Dp+ {1 -DY'S+S(1 - DY) (5.19)

where D" and D° are the influence tensors for hydrostatic and deviatoric siresses,
respectively.

The influence tensor for deviatoric stresses is defined in the principal stress
space with the coordinate transformation tensor B;;. In the principal stress space,

the deviatoric stress tensor can be divided into three pure shear stress states.

20, — 02 — 03 0 0 o — T2 0 0
0 209 — 0y — O3 0 = 0 gy —oy 0
0 0 204 — 0, =02 0 0 0
0 0 0 oy—0a3 0 0
+| 0 opg—o03 0 + 0 0 0 (5.20)
0 0 03— 02 0 0 g3—0

The three pure shear stress operate in three different sets of coordinate systems,

which can be expressed in terms of the coordinate transformation tensors.

0.7072 0.7072 0.0
BL=| -0.7072 0.7072 0.0 (5.21)
0.0 0.0 1.0

1.0 00 0.0
B%L=| 0.0 07072 0.7072 (5.22)
0.0 —0.7072 0.7072

—0.7072 0.0 0.7072
B} = 00 1.0 00 (:
0.7072 0.0 0.7072

1]
[+
o)
o

3]
o
(3]



The influence tensor for deviatoric stresses is then defined as an average of the
imitial defect tensor in the above three coordinate systems weighted by using the

magnitude of the shear stresses in each coordinate system.

1
= (o1 = 02) + (02 — 03)% + (03 — 01)*
409 — 03)*BEDYBS; + (03— o) B3. DYy B} (5.24)

Dy; {(a1 = 02)23.}szth1;'

where D is the initial defect tensor in the principal stress space coordinate, which

is related to Dy in the global coordinate system as below.

DY, = BuDuBi (5.25)

When an ice sample is subjected to a uniaxial compressive load, the strains in
other two directions.are in extension. It is expected that brine pockets with normal
vectors in the loading direction will close, while brine pockets with normal vectors
normal to the loading direction will open. The influence tensor for compressive
hydrostatic stresses is, therefore, assumed to be

D%, + D5}
Ditl =I\. 222 33
P P

ph, = p2itln (5.26)
Db, + DY
Dga =I\——£—;,——u'

The rest of Df;- are zero. In Eq. 5.26, K is a parameter between 0 and 1. For
the subsequent calculations, K is given as 0.25. For negative hydrostatic stress,

D is given as:

D = Dfa

11

D =0i#}j (5.27)



5.4 Model validation

The material constants and model parameters for the sen ice model are the same
as those for fresh water ice. However, two more model parameters are necded to
define the initial defect tensor. All material constants and model parameters are
given in Table 5.1 for temperature 263 .

Table 5.2 Material properties for columnar grained sea ice

Elastic modulus E 9.5 GPa
Possion’s ratio g 0.33

For delayed elasticity,C) and ar at 263 K 9.0, 0.00025 s~!

For delayed elasticity, b2 0.2

For viscous strain C, n 1.43 x 10857, 3
For viscous strain az, as 0.3, 50.0

For crack strain En 1.0

For initial defect tensor vg, &1 0.16, 0.02

The value of vg is given as 0.16, which represents that the sea ice with a porosity
of 16% loses all of its strength. The value of k, is determined by fitting the test
data of the minimum strain rate at —10° for a stress level 2.5 MPa.

Columnar grained sea ice is usually found to be oriented due to the action
of current during the growth. Therefore, the available test data are mainly for
oriented columnar grained sea ice or S3b sea ice as classified by Nadrean and
Michel (1984). The strength and deformation for oriented columnar grained sca
ice is quite anisotropic {Wang, 1981; Sinha, 1983b, 1984a; Richter-Menge, 1991;
Sinha et. al, 1992) depending on the fabric, texture, and the loading direction.
In general, for a test data to be meaningful, information on temperature, rate of
loading, fabric, texture, ard brine volume is needed. There are lots of test data
available on strength of sea ice. However, none of the test data provided all the
necessary information, especially the fabric of the ice. For the model prediction
given below, the fabric of $3h ice is described by two angles. One of them is the

mean c-axis angle, and the other one is called the scatter angle (Sinha, 1989D). In



this case, the probability distribution of ~-axis can be expressed by the following

equation.

o |6 — 64} > 62
»(¢,0) = {__‘1__5(@‘,) |8 — th| < 62

2827

(5.28)

where 8, and #; are the mean c-axis angle and scatter angle, respectively.

5.4.1 Predictions of constant displacement rate test result

A comparison is given in Fig. 5.5 between the model predictions and the test data
from Sinha (1984a) for an average strain rate 5.2 x 10~3s~!. The temperature is
_10°C. The ice is S3b columnar grained sea ice with the scatter angle about 25°
as measured by Sinha. Considering that the majority of the c-axis for different
grains are lying not on the horizontal plane but close to, a scatter angle of 30° is
used in the model prediction. The load is applied in the horizontal plane parallel
to the mean c-axis direction. The brine layer spacing dg is assumed to be 1 mm.
The salinity is 6 parts per thousand. In general, the model prediction is good
considering the uncertainty about the brine layer spacing, the exact angle between
c-axis and loading direction, and the existence of brine channels in the ice sample.

The strain rate dependence of the maximum stress is predicted with the sea
ice model for S3b columnar grained sea ice as shown in Fig. 5.6. The scatter
angle, salinity, and brine layer spacing ag of the ice are given as 30°, 6.0 parts
per thousand, and 1.0 mm, respectively. The load is applied in the horizontal
plane parallel to the mean c-axis. The temperature is -10°C. The data points
in the figure are test results from Sinha (1984a); Wang (1983); and Chen and Lee
(1086) on first year columnar grained sea ice. It shows that the model gives a good
prediction for the rate dependence of the maximum stress.

Figure 5.7 presents the rate dependence of stress-strain curves predicted by
the present sea ice model. It shows that the maximum stress increases with the
increase of strain rate.



5.4.2 Predictions of constant load test results

The results of the constant load tests carried out as part of the present study
are presented in Chapter 2. Predictions were made for the constant lond tests
at —10°C. The predictions were for the 53b colummar grained sea ice with the
salinity 5 parts per thousand, brine layer spacing 0.6 mm, and the scatter angle
30°. The load was applied in the horizontal plane parallel to the mean ¢-nxis.

Figure 5.8 shows the test results and model predictions for the time and stress
dependence of axial strain. The agreement between the test results and model
predictions is good. However, the rate of deformation predicted from the consti-
tutive model is higher than that of the experiment, especially in the later stage of
the predictions.

The comparison of model prediction and test result for the dependence of the
rminimum strain rate on stress is shown in Fig, 5.9. The agreement is good between
the model prediction and test result.

Comparisons between the model predictions and test results for axial, lateral,
and volumetric strains are shown in Fig..5.10 for an axial stress of 2.5 MPa. The
correspondence between the model predictions and test results is close for axial
strain less than 1.0%.

5.4.3 Prediction of strength anisotropy under multiaxial
loading

The sea ice model is developed for three dimensional problem. A set of comparisons
between the model predictions and test data are necessary under three dimensional
loading. Recently, Richter-Menge (1991) published some triaxial test data for the
oriented columnar grained sea ice with information on the brine volume. The tests
were carried out at —10°C under two different strain rates. The maximum stress
7, was applied in the horizontal plane with the angle between the mean c-axis and
loading direction ranging from 0 to 90 degrees. Other principal stresses, 72 and
o3 are equal.

The predictions were made in this study for the same oriented columnar grained
sea ice. The brine volume is chosen as 0.0327, which was about an average value
given in Table 2 (Richter-Menge, 1991). The scatter angle and hrine layer spacing
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were assumed to be 10° and 1 mm, respectively.

Figure 5.11 shows the comparisons between the model predictions and test
results at strain rate 10-%s~! under four different stress ratios, ;—’:—, i.e., 0.0, 0.23,
0.5, 0.75. As shown in the figure, the model provides very good predictions for the
dependence of strength on the angle between the mean c-axis and loading direction
under the three dimensional stress state.

Similor to Fig. 5.11, Fig. 5.12 shows the comparisons at strain rate 10-3s~L
A fair agreement is achieved between model predictions and test results. The
strength values predicted by the model were less than experimental values.

5.4.4 Prediction of strength dependence on fabric

The effect of the scatter angle on the prediction of the stress-strain diagrams is
shown in Fig. 5.13 ut temperature —10°C. The load is applied in the horizontal
plane parallel to the mean c-axis. The brine volume is given as 0.0327. The figure
shows that peak stress is higher when the scatter angle is smaller.

The effect of fabric on strength of S3b columnar grained sea ice is presented
in Fig. 5.14 for temperature —10°C, strain rate 10~°s~'. The angle between the
mean c-axis and loading direction, ACL, is zero for one of the curve and 45 degrees
for the other curve. As shown in the figure, the difference between the two lines
becomes smaller when the scatter angle approaches 45 degrees. When the scatter
angle is 45 degrees, there is no difference between the two results. For the scatter
angle between 45 and 90 degrees, the difference between the two lines is small.
However, the strength for ACL=45 degrees is higher than that for ACL=0 degree.
Again, the two lines cross each other at 90 degrees.



Figure 5.1 Horizontal thin section shown substructure of sea ice
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Figure 5.4 Single grain of sea ice
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Chapter 6

Analyses of borehole indentation

test results

6.1 Introduction

A three dimensional finite element program is developed with the generalized
Sinha’s model implemented. The program is used to analyze the borchole in-
dentation test data.

Finite element method is a powerful numerical method. It is designed mainly
for the analysis of continuum mechanics problems. Some studies have been carried
out on ice related problems based on various constitutive models such as eclastic-
ity (Sodhi and Hamza, 1977; Svec and Frederking, 1985; Frederking and Evgin,
1990), plasticity (Ralston 1978; Prodavic 1979; Kormann and Brown 1992), vis-
coelasticity (Katona and Vaudrey, 1975; Emery and Mirza, 1980; Sjolind, 1985;
Brown et. al 1986; Jordaan, 1986; Vinogradov and Masterson, 1989; Evgin et. al,
1991; Mahreholtz et. al, 1991), viscoelasticity with damage (Tomin et. al 1980;
Pulkkinen 1989; Xiao et. al, 1991).

The output of a finite element analysis is highly dependent on the constitu-
tive model. In order to get a meaningful result, a constitutive model which can
represent the material behaviour has to be used. Sinha's model is one of the best
constitutive models for ice. Therefore, the model is chosen to be generalized and

implemented into the finite element program.
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The aim of the present numerical study is to implement the generalized Sinha's
creep model with cracking into a three dimensional finite element program and to

use it to analyse the borehole indentation test results.

6.2 Generalization of Sinha’s model to 3-D

Sinha's creep model with cracking is a one dimensional model. In order to use
the model in the analyzing two or three dimensional problems, a generalization to
three dimension is necessary. The generalization was done for isop;:gp_i.c’ ice. The

dilation caused by the crack opening is not considered.

6.2.1 Sinha’s model

A phenomenological ice creep model was developed by Sinha (19782). The total
strain was divided into three parts: elastic, delayed elastic, and viscous strain.
The delayed elasticity in the model is related to grain boundary sliding (Sinha,
1979a). In 1958 and 1989, Sinha extended the 1978 creep model by adding (1)
a crack enhancement factor to the viscous strain and (2) a volumetric strain due
to the crack opening. The one dimensional creep model with cracking is given as

bhelow.

g dyo . O \n ¢
€= E + ClEITE'{l - CWP(—(GTt)b)} + 601(;'1’) /0 p(N)dt

et = Lo 4 () (6.1)
d
N = Ne{eap{(57 —ze)} =1}

For granular ice, p(N) and v(N) can be expressed as follows.

p(N) =1+0.083Ndn?
(N} =na*wN (6.2)

For columnar grained ice, p(N) and v(N) are expressed as
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p(N) =1+0.5Nd™n}
v(N) =2awN (6.3}

where o and € are stress and strain; oq is delayed elastic strain; B is clastic modulus;
C, and b are constants; dy is roference grain diameter; d is the average grain
diameter; t is time; o, is the unit stress; €y, is the viscous strain rate for unit
stress; N is crack density; w is the opening of the cracks; a is half length of the
crack, which is equal to 0.275d for a hexagonal crystal; n is the stress power; N,

 and I are constants; ar and ¢, are dependent on the temperature us follows.

T
ar(Ty) = 2522
tnlTh) = 5713(%) (6.4)

S12 = C-"TP{%(%‘ - %2')}

where Q is activation energy, R is the universal gas constant, Ty and T are absolute
temperature.

Sinha's model has been successfully used to predict (1) the rate and grain size
dependence of the effective modulus (Sinha, 1978b, 1989c); (2) the rate dependence
of the strain ratios {Sinha, 1989¢); (3) the rate dependence of the maximum stress
(Sinha, 1988a); (4) the power law breakdown (Sinha, 1989a); (3) the grain size
effect on time dependence of creep strain (Sinha, 1089d). However, the model is
only applicable to one dimensional problems. It is therefore necessary to generalize

the model to three dimension, in order to use it for engincering problems.

6.2.2 Generalization of Sinha’s model to 3-D

To generalize Sinha’s modgel to 3-D, the extension of the damage evolution equation
to 3-D becomes necessary. In Sinha’s model, the crack density is related to the

grain boundary sliding. In the case of a three dimensional problem, the second
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invariant of the delayed elasticity strain tensor is a good measure of the overall
shear strain at the grain boundary. For three dimensional problems, the following

equation for crack density is used.
€d
N = N.{ezp{$( = —z)} -1} (6.5)

where &, is the second invariant of delayed elasticity strain tensor, which can be

obtained by the following equation.

gy = ekl (6.6)

9 ij =37
Two assumptions are made to generalize Sinha's model to 3-D.
1. The relation between hydrostatic stress and volumetric strain is linear.

9 The elements of deviatoric stress tensor are functions of the corresponding
elements of deviatoric strain tensor, the second invariant of the deviatoric
stress tensor, temperature, crack density, and time. In addition, the function

is the same for each deviatoric stress element.

The above assumptions can be written mathematically as follows.

o= 1- ‘.Zp.o_“
tt = E 11
&; = F('St'.‘h 4T, N,t) (67)

where J is the second invariant of the deviatoric stress tensor, si; and e;; are the
deviatoric stress and strain tensors, respectively.

Eq. 6.7 is the generalization of Sinha’s one dimensional creep model to three
dimension. In the case of one dimensional problems, Eq. 6.7 must be consistent
with Sinha’s model. The following equation can be obtained by simplifying Eq. 6.7

to one dimension.
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1-2 20 . .-
€ = 3E“ar+F(—3—x,J.T,N,H (6.8)
A comparison of Eq. 6.8 with Sinha's model provides the unknown function

F(s,J,T,N,t).

F(s,J,T,N,t) = 1—%“-3 + Cl%‘%{l — exp(—{art)®)}

+hI*s [ F p(V)dt ‘ (6.9)
[1]

in which, k = $3"F & ()™
In the case of complicated stress histories, other than a constant stress history,
Egs. 6.5 and 6.7 become '

1—2u
E

1 dy 3 t  ne
e;j=—-£—‘L-l-3;j+Ct-El§Ef(s;j,T,t)+ /0 BT s p(N)dE (6.10)

N = I\/IA.Y{Nc{exp(t,b(-%d- —x.))— 1}

€ii =

Oii

where f(sij, T)t) can be written as

f(si5, T, t) = si;(0{1 — e-TP("(aTt)b)} + fut{l —exp(—(ar(t — r))")}ggj_—jdr

6.2.3 Prediction in 3-D

The generalized Sinha's model is used to predict the material behaviour under
three dimensional loading. The material properties listed in Table 6.1 on page 234
are used in the predictions. Comparisons are given between the generalized Sinha's
model and the present model for fresh water columnar grained ice developed in
Chapter 4. The same material properties as listed in Table 6.1 are used for the

present fresh water ice model.



The comparisons of the predictions between the generalized Sinha’s model and
the present model are given. The ice is columnar grained ice with random c-
axis dlistribution in the horizontal plane. The grain size is 1 mm. The ice is
loaded normal to the long columns and confined in the other two planes. The
confining pressure o3 is proportional to the loading stress o with 2 = 0.5. The
ice temperature is 263 K.

Figure 6.1 presents the comparison of the predicted stress strain diagram be-
tween the present model and the generalized Sinha's model. This figure shows
that before the failure, there is no difference between the two models, however,
after failure, the stress decreases a little bit faster for the generalized model.

Figure 6.2 presents the comparison of the rate dependence of strength between
the present model and the generalized Sinha's model. This figure shows that there
is almost no difference between the two models for the predicted rate dependence

of strength.

6.3 Three dimensional finite element program

A nonlinear problem can generally be expressed as a set of algebraic equations as
follows (Zienkerwicz, 1977). '

P(a) = k(a)a+ f=0 (6.11)

where @ is an unknown vector; £ is a given vector; k is a function of vector a.

Various methods, such as direct iteration method, Newton-Raphson method,
tangential stiffness method, modified Newton-Raphson method, have been used to
solve nonlinear algebraic equations. In this study, the modified Newton-Raphson
method is utilized. The advantage of using the modified Newton-Raphson method
is that it can be employed in situations where the materials exhibit negative tan-
gential stiffness.

™
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6.3.1 Modified Newton-Raphson method

Assuming that a® is the nth approximate solution to Eq. 6.11, the (n-+1)th ap-

proximate solution can be obtained by using Taylor's series expansion as below,

'P(a"“) = ¢'(a“) + (%%)ndﬂ" =0 (0'12)

Eq. 6.12 can be rewritten to obtain da™.

da™ = —(K™)"'¥(a") (6.13)

where i'® = k(a") + (%";)na“.
To overcome the difficulty of solving the new equation each time, approximation
is made by writing

K =K (6.14)

By using this approximation, the equation for the modified Newton Raphson
method can be expressed as

da™ = —(K°)~Y(a”) (6.15)

6.3.2 Formulation of creep in FE analysis

If the initial stresses and strains are neglected, the equilibrium equation of i hody

can be expressed as

vaTadv+f=o (6.16)

where B is strain displacement matrix; f is the force vector; o is the stress tensor.
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Consider that the solution to Eq. 6.16 has already been obtained at time t=t,,.
The noulinear problem is characterized by a set of nodal displacements @p,, stresses
¢, and nodal forces fm. The equilibrium equation for time tm4r = tm + dtm can

be written as follows.

Pl = ./BTO'm-}-ldV + fing1 =0 (6.17)

where .4, 1s the unbalanced load. Although above equation is set to be zero,
due to the approximation in calculating dom.1, it is not equal to zero. If Eq. 6.17

s written in incremental form, the following equation can be obtained.
bosr = WL+ f BTdo,,41dV + dfmss =0 (6.18)

where ¥Z is the final unbalanced load at the end of the mth time interval.
The stress increment domyq in Eq. 6.18 for a creep problem can be expressed

as follows.

doms1 = D(€ms1 — €5) = Dlecmsr = €6m)
= DBdﬂm+l — D(ec.m-{-l - E:.m.) (6.19)

where superscript e means the exact solution from the mth time increment; a is

the node displacement vector; € is the total strain; €. is the creep strain; D is the

elastic matrx.

Similar to Eq. 6.11, Eq. 6.19 can be rewritten as

Pl = Omyl — g:rg - .D.B(Gm+1 - a:n) + D(ecgm'i'l - E:.m) =0 (6‘20)

The incremental form of the above equation is as follows.

bmgr = ‘?5 + Omp1 — 0’ — DB(ams1 — @ )+ D{econs1 — c,m) (6.21)
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where ok, ak and 8, are the stress, nodal displacement and the unbalanced load
at the end of mth time step.

Implementation of generalized Sinha’s model

For the generalized 3-D Sinha's model, the components of creep strain tensor, in
general, can be expressed as follows.

€. = e4(a,t) + Bla, Nt (6.22)

If the stress o& and displacement ak are obtained at time tu, the stress in-

crement from time step m to time step m+1 can be obtained by the following
equations.

Let ¢%,, = 0% and a2, = ak, Eq. 6.21 con be expressed as below using
m+1 m+1
Eq. 6.22

= oL + D(ea oy Tt +dt) = ea(7ms Tht))
+Ddfﬂ(dg1+hN2x+l) (623)

For the first iteration, Eq. 6.21 becomes

Sl = Ot do® ., — DBdaj, ., + D(o~ ?;")L do? ., + Ddt( % )’* 0da?d,
Ddt(gﬁr Logan?,, (6.24)

where 8 is a parameter with a value between 0 and 1.
Because the value for dNS,, is unknown, zero initial value is assumed for the

calculation. By rearranging Eq. 6.24, the stress increment can be expressed as

dol,, = D~'{DBdd®, ., — ¥} (6.25)
) Oed N
B =I+D(52)k+ Dbl )k
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where [ is a unit tensor.
The displacement increment da?,,, can be obtained by substituting Eq. 6.25
into Eq. 6.18. The stress and displacement at the end of the first iteration can be

written as

1 -0 0
a.m-{-l - am+1 + dam+l

“,ln-n = a?n+1 + da?n-l-l (6.26)

With the stresses and displacements, the crack density increment dNJ, ., can
be obtained. For the (n+1)th iteration, the unbalanced load at the end of nth

iteration can be expressed as follows.

Oe
il = D{ed(a:wh T,t+ dt) — Ed(a;—-i-llvT t+ dt)} D( - :"r:i-l ::H
+DdH == ag, ):::*}!Bdl m+1 (6.27)

The nonlinear Eq. 6.21 for the (n+1)th iteration becomes

n 66 n
¢m-‘-;-ll = ¢'m+1 + d"m+1 - DBdam_H + D( ad m+14Tma1

+D(0 ma10do g+ D(OV m+10dNn (6.28)

Since the value for dN7 ., is unknown, zero initial value is assumed for the

caleulation. The stress increment in Eq. 6.28 can be obtained as

da:‘rﬂ-l = D{DBdanmq-l 1!):;_*_1} (6.29)
A aéd _
The displacement increment daj, ., can be calculated by substituting Eq. 6.29

into Eq. 6.18. The stress and displacement at the end of (n+1)th iteration are

give as



n4+l _ _n n
Crm-{-l - Gm-{-l + dUm-H

n+l _ on n v
am-H - "m+l + dam.H (()Jln

In the program, for the simplicity, only one time step is used. In addition, ¢
is given as zero. Therefore, for the (m-+1)th time step, similar to the discussion
from Eq. 6.23 to Eq. 6.26, the following equations are used.

Let 0%,, = o& and a),y, = ak, Eq. 6.21 can be expressed s below using
Eq. 6.22.

0 oy = ¢k + D(ea(00sy, Tot + dt) — ea( s, T, 1))

+Ddt 3o 1 Nt (G.31)

The nonlinear Eq. 6.21 can be expressed as below for the first iteration.

1

de o5
ral =P dop ) — DBda) ., + D('af)gz(lagx+l + Ddt(a—f;)" fda,

L mtl

+Ddt(%),ﬁedlvg 1 (6.32)

In the approximation, only the following value is required to be zero in the
program.

Blpr = Bt + 0y — DBday,,, =0 (6.33)

By rearranging Eq. 6.33, the stress increment can be obtained.

de®,, =DBdal, — by (6.34)

The displacement increment da®_, can be obtained by substituting Ee. .34
and Eq. 6.18. The stress and displacement at the end of the first iteration can be
obtained from

o
[ ]
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1 _ .0 0
Oyt = Opng + dam+l

1 0 0 -
am+1 = am+1 + da'“+l (6.30)

The unbalanced load at the end of the {irst iteration becomes

¢11n+l = D(Ed(a:n+1s T&t + dt) - Ed(d',ﬁ, Tat))
+Ddt(g§-)3sdag+l + Ddt(g%)#edlvgﬂ (6.36)

This unbalanced load is applied in the next time step.

6.4 Verification of FE program

The development of the finite element code is based on a three dimensional linear
elastic finite element program. First, the correctness of the linear elastic program
was tested. Then, spring elements to be used at the boundaries were added to
the program. This addition was considered necessary for simulating the buoyancy
cffects. Finally, the generalized creep model of Sinha was implemented into the
program.

The verification of the FE program is given in this section. According to
the development of the program, three types of verifications are performed: (1)
verification of the elastic part of the program; (2) verification of the implementation
of the spring elements; (3) verification of the implementation of the generalized
Sinha's model.

All problems used for the verification purpose are for columnar grained ice at
temperature —10°C. The material properties for the ice are listed in Table 6.1.
In the linear viscoelastic analysis, the stress power n and constant b are assumed
equal to one.

Two different finite element meshes used in the verification are shown in Fig.
6.3. The first mesh is used to simulate the load displacement response of a cubical
ice sample subjected to a uniaxial loading. The second one is used for the analysis
of a thick eylinder.



Table 6.1 Material properties of fresh water columnar graed ice

Elastic modulus E 9.5 GPa

Possion’s ratio u 0.33

For delayed elasticity, ¢y and ar 9.0, 0.00025 s~ (263 K)
For delayed elasticity, b 0.333

For viscous strain €, 1.76 x 1077

For crack density, N, ¥, K 550.0, 1.33 x 107, 1.0
For crack density X, 47x 107" m

Stress power n 3.0

6.4.1 Elastic analysis

The elastic analysis was carried out to verify the correctness of the clastic part
of the finite element program. This analysis is not intended to verify the correct
implementation of the generalized Sinha’s model into the finite element code.
Figure 6.4 shows the comparisons of stress and displacement along the radial
direction between the analytical solution and the FE results for a thick cylinder

subjected to an internal pressure. The results agree quite well.

6.4.2 Spring elements

For the purpose of simulating the buoyancy effects in the analysis of ice engincering
problems, a spring elements was added to the program. The implementation of
the spring elements is explained below.

In general, the following equation is solved in a finite element analysis.

Mé=f (6.37)

where M is the stiffness matrix; & is the nodal displacements vector; f is the force
vector.



By separating the nodal displacements &, at the spring boundary from the rest

8, and rearranging the stiffness matrix, Eq. 6.37 can be rewritten as

(2 5)()-(7)

The above equation can be rearranged as follows.

e e
c D]\ f

Eq. 6.39 shows that the spring boundary can be treated as a free boundary
by modifying the elements, of the stiffness matrix, which are corresponding to the
spring boundary.

The following example is designed to verify the implementation of the spring
boundary. A thick cylinder subjected to an external pressure with elastic springs
at the internal boundary is analyzed. The comparisons of the results of FE analysis
and an analytical solution for stresses and displacement along the radial direction
are presented in Fig. 6.5. The FE results agree with the analytical results, which

shows that the implementation of the spring elements is correct.

6.4.3 Verification of ice model implementation

Three different types of problems were analyzed to verify the numerical imple-
mentation of the generalized Sinha model. The first one is a linear viscoelastic
problem. The second one is a nonlinear viscoelastic problem. And the last one is

nonlinear viscoelastic problems with cracking.

Linear viscoelastic analysis

In this analysis, stresses and displacements are calculated for a thick cylinder
subjected to internal pressure. The material is represented by a linear viscoelastic
model. If the value of n and b in Sinha's equation are one, the mathematical
expression for Sinha’s creep equation becomes similar to a four-parameter linear

viscoelastic fluid material, which can be expressed as below.

235



€= :% + —;;{1 — erp(—art)} + dot (G.-10)

The comparisons between the analytical solution and FE results for the stresses
and displacement are shown in Fig. 6.6. An unloading analysis was performed to
show that the program can follow any loading path. The agrecment between the
FE results and the analytical solution is very good.

Nonlinear viscoelastic analysis

The verifications performed above is for a linear viscoelastic material. In addition,
no stress transformation was occurring between elements in the previous verifica
tion. It is therefore necessary to check the nonlinear part of the program further.

It is difficult to obtain an analytical solution for Sinha's model, When the
parameters n and b are not equal to one. However, a steady state solution for
a thick cylinder subjected to internal pressure under plane strain condition was
obtained using the generalized Sinha’s model (see Appendix B). The steady state
is defined as a state where the stress does not change with time anymore.

Figure 6.7 presents the comparison between finite element results and the an-
alytical solution for the radial stress oy. The finite element result is obtained at a
creep time of about 7 hours. This figure shows that the two results are very close.
The comparisons between finite element results and the analytical solution for the
circumferential stress o5 and the intermediate stress 7. are shown in Figs. 6.8 and

6.9, respectively. Good agreements axre achieved.

Nonlinear viscoelastic analysis with cracking

Two problems are solved using the generalized Sinha’s model with cracking. The
frst one is for a cubical ice sample subjected to a constant uniaxial load. The
second one is a simulation of a constant strain rate test.

Figure 6.10 shows the comparisons between the model prediction and FE results
for the time dependence of strain at three different stress levels. The FE results
are in good accord with the model prediction.



Figure 6.11 shows the comparisons between the model prediction and FE results
for the rate dependence of stress and strain at three different strain rates. These
restlts are also in good agreement.

The analysis of the example problems given in this section indicates that the

model implementation was done correctly.

6.5 Analysis of borehole indentation test data

The three dimensional finite element program developed in this study is used to
analysc the borehole indentation test results. Due to the limitations, however, in
terms of storage and speed of the mainframe computer at the University of Ottawa,
tliree dimensional elastic and two dimensional creep analysis are carried out. The
finite element analyses are performed to find explanations for the following results

observed in the borehole indentation tests.

1. Negligible dependence of the maximum stress, measured during the borehole

indentation test, on the angle between the mean c-axis and loading direction.

2. Strong dependence of the large crack orientation in the horizontal plane on

the angle between the mean c-axis and loading direction.

Two analyses are carried out. One is the three dimensional elastic analysis of
the stress distribution around the borehole indentor. The purpose of this analysis is
to determine the stress distribution and the angle between the mean c-axis and the
principal stress axis at different location around the borehole indentor. The other
one is a plane strain ‘reep analysis as a simplification of the borehole indentation
test. The purpose o1 this analysis is to study the change of the principal stresses
and its orientation with time. The material properties listed in Table 6.1 are used
0 the finite clement analysis. The grain size of the ice is chosen as 1.0 mm, which

is close to the measured values in the field.

6.5.1 3-D elastic analysis

In the three dimensional elastic analysis, a quarter of the ice mass around the

berehole indentor is discretized as shown in Fig. 6.12. The borehole indentor is
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assumed to be rigid. A displacement boundary condition is applied at the surface
between the borehole indentor and the ice mass.

The principal stress distribution in the horizontal plance at the level of the
vorehole indentor is presented in Fig. 6.13. The maxinmn tensile stress oceurs
in the element G in Fig. 6.13. The angle between the mean c-axis and loading
direction (ACL) is 45 degrees. This analysis shows that the angle between the mean
c-axis and the principal stress axis (ACP), which is the primary factor atfecting the
strength of i, is different at different locations. It happens only in a small area
around the borehele indentor where the ACP angel is close to the ACL angle 45
degrees. Further, the principal stresses shown in the figure are in o horizontal plane
passing through the middle of the borehole indentor. The deviation of the ACP
angle from the 45 degrees in other horizontal planes would be larger most likely. In
the case of the mean c-axis parallel to the loading direction, large deviations of ti.n
ACP angle from 0 degree would be expected in most areas in the ice sheet around
the borehole indentor. It can be concluded that the deviation of the ACP angle
from the ACL angle narrows down the effects of the ACL angle on the maxinnun
stress in the borehole indentation test.

With the principal stress distribution in the Fig. 6.13, tb= following explanation
can be given for the dependence of the orientation of large cracks on the ACL angle.

Two mechanisms are operating at the same time to decide which direction
the crack goes. One is that the plane parallel to the c-axis is a cleavage planc.
Therefore, it is easy for a crack to develop in these planes. The other one is that
the maximum tensile stress is in vertical planes almost 45 degrees to the loading
direction as obtained from finite element analysis.

For ACL angle 0 degree, the large crack is parallel to the mean c-axis. In this
case, the first mechanism is the main cause. For ACL angle 45 degrees, the large
crack tends to orientate to the direction of the mean c-axis. This is caused by
the combination of both mechanisms discussed above. For ACL angle 90 degrees,
the large cracks are in a plane about 45 degrees to the loading direction. This is
mainly due to the second mechanism.

The deformed mesh in the horizontal plane at the same level of the borchole

indentor is presented in Fig. 6.14. In the figure, the dashed line is the mesh after
the load is applied.



6.5.2 Plane strain creep analysis

A plane strain creep analysis is conducted to investigate the time dependence of
the principal stresses and their orientations. Half of the ice in the horizontal plane
s discretized as shown in Fig. 6.15. Six elements close to the borehole indentor
were lubeled for the presentation of stresses in these elements later. A displacement
boundary is applied at the surface between the borehole indentor and the ice sheet.
The displacement increases with time at a constant rate. The analysis is done on
fresh water columnar grained ice with a grain size of 1 mm at temperature of 263
K. The indentation rate is given as 0.02 mm/s.

Figure 6.16 presents the principal stresses and their orientations at a creep time
of 100 seconds. Similar to the three dimensional elastic analysis, the orientations
of the principal stresses are different in different locations. The deformation at the
same time is presented in Fig. 6.17. The dashed line is the deformed mesh.

The time dependence of the principal stresses and their orientation are pre-
sented in Fig. 6.18 for the elements labeled in Fig. 6.15. In these figures, o
represents the angle between the first principal stress o, and x direction. It can be
seen from this figure that the time dependence of the principal stress orientation
is negligible. Except the stresses in elements A and B, all major principal stresses
oy increase with time to a maximum and then decrease. This is quite similar to
the increase and decrease of the average stress measured in H test reported in
Chapter 3. In addition, a maximum tensile stress of -4.0 MPa occurs in element C
as shown in Fig. 6.18. This is the place where a large crack occurred in borehole
indentation test for ACL 45 and 90 degrees.

The time and displacement dependence of the maximum shear stresses 5%
for the labeled six elements are shown in Figs. 6.19 and 6.20, respectively. Al-
though the principal stresses are quite different in different elements, the time
dependence of the maximum shear stresses is quite similar. With the increase of
time, the maximum shear stress increases to a maximum and then decreases. It is
very interesting to see that after the maximum shear stress decreases for a while,
it becomes about the same value in all elements as shown in Fig. 6.20. This redis-
tribution of stress among elements to make the maximum shear stress the same

among all elements is due to that the maximum shear stress is the main driving
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force for the time dependent plastic deformation.

The plane strain analysis shows that the time dependence of the principal stress
orientation is negligible. As pointed out in the three dimensional elastic analysis,
the ACP angle in most area is different from ACL angle at time zero, This will be
true at any creep time if the ACP angle does not change with time. Thrt ix what
is found in the plane strain creep analysis.

Similar to the results shown in Figs. 6.19 and 6.20, the time and displacement
dependence of the maximum shear stresses at an indentation rate 0.04 nmun/s are
presented in Figs. 6.21 and 6.22, respectively, for the labelled six elements.

The comparison of the maximum shear stress versus displacement diagrams at
two indentation rates are preseni~d in Fig. 6.23. This figure shows that with the

increase of indentation rate, the maximum shear stress increases.
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Figure 6.14 Deformation of ice in horizontal plane at level of
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Figure 6.15 Finite element mesh for borehole indentation test
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Chapter 7

Conclusions

The conclusions of this research work are presented in this Chapter. Recotmmen-
dations for future work are also provided.

7.1 Laboratory experiments

Unioxial constant compressive stress (CS) tests were carried out at temperature
~10°, —20° and —30°C with the stress ranging from 0.7 to 2.5 MPa. Axial and
lateral strains were measured and acoustic emission data, were recorded. The

conclusions are given below.

1. Very similar to fresh water polycrystalline ice, sea ice also shows the three creep
stage; primary, transitory and tertiary. The creep rate decreases with time

until reaching a minimum value, and then increases with further deformation.

9. The deformation of columnar grained first year sea ice is anisotropic, which is
primarily two dimensional. When an uniaxial load is applied normal to the
length of the columns of grains, the strain along the columns is very small.
However, the lateral strain normal to the columns of grains is significantly
larger than the axial strain during the tertiary creep stage. These obser-
vations are the indications of the fact that the microcracks formed during
the deformation and that the geometry of the cracks were essentinlly two

dimensional.



3. Results from creep tests show that the sea ice behaviours ave highly non-linear.
This non-linearity can be examined by plotting the effective modulus as a
function of time. The effective modulus decreases with the increase in creep
time. The higher the stress, the lower the effective modulus at a given tine,

which further confirms the nonlinearity of the sea ice behaviour.

4. The recovery curve after unloading shows small but measurable amount of de-
layed elastic strain. The delayed volumetric strain, associated with delayed
elastic strain, is almost zero. The magnitude of the axial recovery strain at
the time of unloading in the tertiary creep range (1.0 to 2.5% strain) is be-
tween 10 to 25 times higher than the axial elastic strain. The delayed elastie
strain also shows significant anisotropy, the delayed elastic strain along the
length of the columns of grains is much smaller than that in the other two

directions.

5. The stress dependence of the minimum strain rate can be expressed by a power
law with a stress power close to 4.0.

6. One to one correspondence has been shown between the dependence of min-
imum strain rate on stress observed during the present compressive creep
tests at 263 K and the previous data on the dependence of the maximum
stress or upper yield (compressive strength) on strain rate in constant closed-
loop controlled strain rate (CD) tests. The significance of this conclusion is
that one can simply perform a series of constant stress tests to obtain the
rate dependence of the strength obtained from CD tests. CD tests require
expensive closed-loop machine; CS tests can be performed using inexpensive

simple dead load system.

7. The ductility at failure decreases with an increase in stress; the strain af
minimum creep rate (failure) decreases with an increase in stress. This i3 in

contradiction with the test results on fresh water granular ice.
8. The time at failure decreases with the increase in stress or temperature.

9. The apparent activation energy for minimum creep rate does not depend on

stress from 0.7 to 2.5 MPa and temperature between 263 and 253 K. At
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low temperatures between 253 and 243 K, however, the apparent activation
energy decreases rapidly with the increase of stress level at low stresses and
approaches a constant value at stress levels higher than about 1.5 MPa. The
apparent activation energy at higher temperature is higher than that at lower

temperature with stress level higher than about 1.5 MPa.

10. The apparent activation encrgy obtained here are similar to the values re-
ported for fresh water ice. The presence of brine in sea ice does not signifi-

cantly affect the apparent activation energy.

11. The acoustic emission data showed that with an increase in stress or temper-

ature, the crack activity increases.

19. Microstructure studies after the creep tests in compression showed that the

majority of the cracks were parailel to the loading axis.

7.2 Field tests

Field tests were carried out in Resolute Bay in May, 1992. The ice cover in the
bay was extremely flat and uniform. Two studies were carried out. One is the
microstructure studies of first year sea ice. The other one is borehole indentation

test.

7.2.1 Growth and microstructures of first year sea ice

1. Sinha and Nakawo's model was found to be applicable in estimating the growth

of first year sea ice in Resolute Bay.

[

The ice is highly oriented columnar grained sea ice with the mean c-axis

parallel to the shore line.

3. The brine layer spacing in the first year ice sheet increases with an increase
in ice thickness. This is further related to the growth rate of the ice sheet.
The vertical salinity distribution exhibits a "C” type of curve with higher

salinity near the top and the bottom surfaces. In the bulk of the ice, the
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salinity decreases with an increase in ico thickness. This decrease in salinty

with depth is related to the decreasc in the growth rate of ice.

7.2.2 Borehole indentation tests

1. The maximum or the upper yield stress on the indentation rate can be ex-
pressed by a power law This indentation rate power was found to be about

0.3, which is very similar to the strain rate power in CD or CS tests,

o

The upper yield stress does not depend on the ACL angle (angle between
the mean c-axis and loading divection) in both conventional and H borchole

indentation tests.

3. Stress decreases during the post failure in H tests, however, the stress continues
to increase after the yield in conventional tests. The H tests give a maximum
stress value which can be characterized as failure, while the conventional test
does not.

4. The conventional tests showed a stronger indentation rate dependence of the

upper yield stress than the H tests.

Large cracks form in the H tests, which are not observed in the conventional

E'Jl

tests. The large crack orientation depends strongly on the ACL angle in the
H tests.

6. A link between the conventional borehole indentation tests and the laboratory
uniaxial constant strain rate tests can be established. This link can be used

to relate the field strength test to the laboratory strength test.

7 3 Constitutive model for fresh water ice

A three dimensional constitutive model for the ductile behaviour of fresh water
columnar grained ice is developed. The model can account the inherent anisotropy
due to fabric, the crack evolutions, the deformation of cracks, the effect of cracks

on viscous strain, temperature and the grain size effect.
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1. The model can predict the primary, transitory and tertiary creep of ice.

i

. The proposed formulation for delayed elasticity reduces computer time signif-

icantly compared with Sinha's creep equation.

3. The cffect of fabric on viscous strain rate is formulated. It is demonstrated
that the model can predict the strength dependence on the ACL angle,
anisotropic deformation, and the difference between vertical strength and

horizontal strength.

4. The crack density is related to the grain boundary sliding and the plastic flow.
A rate formulation is established based on the test results. The compsirisons
between the test data and the predictions showed that the crack density is
formulated correctly.

. A simple formulation is given for crack enhancement factor to viscous strain

o

rate for both dilute and interacting cracks. Good agreements, between model
predictions and test data on the rate dependence of strength, stress strain
diagram, and time dependence of strains, imply that the erack enhancement

factor is reasonable.

6. The crack deformation is formulated. Crack opening produces dilation. Volu-

metric strain predictions were in good agreement with the test data.

The model was developed to account for temperature effects. However, the
model validation was done only at —10°C temperature. Further validation at

other temperatures is necessary.

7.4 Constitutive model for sea ice

The constitutive equations developed in this study for fresh water columnar grained
ice is extended to columnar grained sea ice by introducing an initial defect tensor
based on the microstructure of sea ice.

Comparisons between the model predictions and test data were in agreement

for the rate dependence of strength, stress strain diagram, time dependence of
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strains, and strength dependence on the angle between the mean ¢-axis and loading

direction under both uniaxial and multiaxial loading conditions.

7.5 FE analyses of borehole indentation test data

1. Sinha’s model is generalized to 3-D and implemented to a FE program. Com-
parisons between analytical solutions and finite element results showed that

the model implementation was done correctly.

[

. 3-D elastic analysis showed that the maximum tensile stress occurs at vertical
planes almost 45 degrees to the loading axis. This founding explained the
dependence of the large crack orientation on the ACL angle.

3. 3-D elastic analysis shows that for a given ACL angle, the angle between the
principal stress and the mean c-axis is different in different locations around
the borehole indentor. This was used to explain the negligible dependence

of the maximum stress on the ACL angle.

4. Plane strain creep analysis shows that the time dependence of the principal
stress orientations is negligible.

7.6 Recommendations

The following recommendations are offered.

1. The crack density is formulated based on Gold’s experimental results under
uniaxial loading conditions. Further data are required to verify the formu-

lation under multiaxial loading conditions.

2. The proposed constitutive model must be implemented into a finite clement

program, in order to solve engineering problems.

3. Laboratory tests on single crystal ice and S3 ice with measurcments of strains

in all directions are needed to estimate the material constants «y, as and .



4. Laboratory tests on columnar grained sea ice with measurements of strains
combined with microstructure studies are needed to further verify the sea

ice model.

5. In order to investigate the anisotropy of oriented columnar grained sea ice,
further H test should be performed with the width of H similar to the size

of the borehole indentor.

6. Further analysis of the acoustic emission data is required.
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Appendix A

Determination of 4;

Ay = ausin'd(1 + sin’¢)? + azsin'0(2sin’¢ + 5cos”"¢) + %3in2¢sin229
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Appendix B

Steady state solution

To verify the implementation of the generalized Sinha's model into finite element
program, an analytical solution with the model is required. It is difficult to find
an analytical solution with the model. However, a steady state solution is found
with the model without cracking. The steady state is defined as a state where the
stress does not change with time any more.

The analytical solution is obtained for a very long thick cylinder subjected to
internal pressure. The material of the cylinder is assumed to be a viscoelastic
material represented by the generalized Sinha's model without cracking.

A coordinate system (r, 8, z) is established with z in the direction of the length
of the cylinder. It is a plane strain problem. Therefore, € is equal to zero. When
the steady state is reached, the stress rate is zero. From the generalized Sinha’s
model, a zero stress rate means that the volumetric strain is zero. Therefore, the

following equation can be obtained.

é&r+€=0 (B.l)

With the strain displacement relation, the following equation can be obtained.

déy &~ &
= — 9
= - (B.2)

With Eqgs. B.1 and B.2, the rate of strain can be obtained as below.
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é, = —€p =

(B.3)

[

-

where C is a constant.

From the generalized Sinha's model, the following equation for stran rate can
be obtained.

rrr $t " i3

Lo stor oy s SR DE
E ot

. See, Tt

g = %{0‘9 - plo, +0:)} + ?i%'—)' + I J‘ Soo (B.4)
1 Of(S:za, T) 2 » p 2T

é: = E{crz-#(aa+crr)}+-ﬂ“3t—'l+f\‘fz S:s

where J, is the second stress invariant of deviatoric stress tensor; Sprs San, and S,
are deviatoric stresses; K and n are constants.
In Eq. B.4, Q&%,!i"_.:l can be expressed as below.

9f(s, T, t) » 341

L) _ o S ({0 teop(~(art)) ~ [ Gpdean(~{ar(t = 7))

When time t approaches a very large value, it is clearly shows that the first

term in the above equation is going to be zero. The second term will be zero too.
This can be proved as below.
t Os b
The second term = j 5demp(—(aq~ (t—7))°)

= [} Ldeep(~tar(t =) + [ Grdeepl~ar(t =)

< Mexp(~(ar(t - 7)})l§ + Seap(~(ar(t = 7)P)l4 (B.5)
= M{ezp(—(0.5art)") — exp(—(art)®)} + 6{1 - exp(—(05art)’)}

where M is the maximum value of a’ hetween 0 and 0.5t, § is the maximum value
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of 3 ) 3 between 0.5t and t. If a steady state solution can be achieved, it is always
pmalble to find a time t to satisfy |2| < ¢ for any small value of 6. Therefore, it is
always possible to choose a time t value to make the value for Eq. B.5 as smaller
as possible. Therefore, Eq. B.4 can be written as follows when the steady state is

reached.

=k J2 Sr-,-
g = IV Jz Sos (B.6)
E- =K Jz S--

It is known that é. is zero. With Eq. B., the following equation can be

obtained.

. _ar+08
T 9

o

(B.7)

Substituting Eqs. B.6 and B.7 into Eq. B.3, the following equation can be
obtained.

O'r—a‘gn_ C
( 2 )_Kr'*’

-

(B.8)

The equilibrium equation and the boundary condition for the problem is can

he given as

do, + g, — 0y

dr r 0
Orlr=a =P (B.9)
arir:b =0

With Eqs. B.8 and B.9, the stresses can be obtained as below.

o = —1—{(= )"— 1}

& i

-2.b.2
o=t (% 20 -1) (B.10)
o= (R - )
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The solution for rate of radial displacement can be obtained by the following

equation at steady state.

- 1,1
t, = Lb (=3 !_l)“; {B.11)
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