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Abstract

The National Rescarch Council of Canada conds d a medi le ice-ind;
tation test program on Hobson’s Choice Ice Island in May, 1990. This test series
was performed as an extension to a similar program of the previous year. A de-
scription of the 1990 test program along with an extensive characterization study

of the observed failure sutface is presented. More specifically, this study included

of the pulverized layer thickness, comparative density analysis of ice
taken from the pulverized layer to undamaged ice, sieve analysis of cjected particles
and microstructural studies of damage and pressure melting.

Ice samples, both undamaged multi-year sea ice and ice from the pulverized

layer, were collected and transported to the Ice-§ Lab 'y of M ial

University of Newfoundland. Uniaxial ion tests, including constant strain
rate tests and creep tests, were conducted. Estimates of peak stress, elastic strain,
delayed elastic strain and permanent viscous creep were determined and compar-
isons were made between undamaged, predamaged and pulverized ice. Substantial
creep enhancement was observed, that is total creep strain appeared to be heavily
influenced by the damage state.

Utilizing measured parameters of the uniaxial compression test program, field
observations and a damaging viscoelastic material model, finite element simulations
were conducted. This finite element analysis focused on the behaviour of an inter-
mediate layer of highly damaged ice at the ice-structure interface. Indentation test

NRC-06 of the 1989 test program was chosen as the verification test.
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Chapter 1

Introduction

Energy self-sufficiency is considered by many western countries to be essential for

taini ic devel and maintaining wealth, Canada, with a vast

supply of natural resources, has great potential for the development of both its hy-

droclectric power as well as its hydrocarbon reserves. Much of Canada’s hydrocar-

bon reserves are located under arctic and sub-arctic oceans, hi

and develop; efforts. The desig of exploration and producti tructures,
as well as tankers and pipelines must consider environmental loads from high winds,
waves and ice. This is especially true for those projects in the Beaufort Sea, the
Labrador Sea and the North Atlantic Ocean off the East Coast of Newfoundland.
Compounding the difficulty of developing these resources is the inherent volatility
of the oil industry. Economically designed structures are essential for the successfu!
development of Canada’s offshore oil reserves.

The design process requires proper selection of ice loads. Over design will lead to
excessive construction costs, reducing a project’s feasibility, while underestimating
design loads could result in catastrophic failure of the structure and extensive loss of

life. Selection of design loads is a complex procedure; the forces which are generated



during the collision of an ice feature and a structure (ice-structure interaction) vary
with the behaviour of both the structure and the ice feature. Structural compliance
and geometry play a significant role. For example, the peak forces exerted on a
structure are highly dependent on the structural design characteristics and their
effects on ice failure mode. Artificial islands, with gently sloping beaches force
bending failure of approaching ice sheets. Caisson retained structures are designed
with rigid vertical walls and ice will typically fail by crushing or buckling. Arctic
vessels such as ice breakers often ram ice features to force crushing and flexural
failures. Additionally, the conceptual design of the Hibernia gravity based structure
(GBS) incorporates a wedged ice belt which is intended to dissipate the kinctic
energy of an colliding iceberg through ice crushing. Properties of the ice feature
also affects the applied loads. The compressive strength of ice has heen shown
to be dependent on indentation rate, crystal structure, salinity, and temperature.
The collision geometry must also be considered; total contact area and aspecl, ratio
significantly contribute to the peak forces (Sanderson, 1988).

The focus of recent research efforts, at Memorial University of Newfoundland,

has been directed towards three primary areas of interest, thesc are: pressure arca

Tationshins ice-induced vik

and localized pressure gradients. Ice loads for

early arctic ‘were predicted from lation of small scale laboratory

test data to full scale designs. Contact areas for the actual structures were, in
many cases, hundreds of times greater than that of the laboratory samples and the
resulting ice loads were grossly overestimated. This pressure arca relationship is
often termed “scale effect”. In cases where ice is failing by continuous crushing,

fluctuations in load are frequently observed. These icc-induced vibrations can have



detrimental effects, even when peak forces do not exceed design specifications. An

extreme ple of the effects of ice-induced was seen with Gulf Canada

Resources’ Molikpaq on the Amauligak I-65 site in March 1986. Liquefaction, a
form of fatigue of the structures sand berm foundation, resulted when dynamic
loads persisted for approximately 30 minutes. It was estimated that the structure
was within minutes of loosing lateral stability. Localized pressure gradients also
raise concerns. During ice-structure interaction events, localized peak pressures,
at the contact interface, have been determined to exceed five times the uniaxial
compressive strength of ice. This observation appears to hold true even in cases
where average global loads are surprisingly low.

An interesting characteristic of the Molikpaq incident was the existence of a 8
m high pile of crushed ice adjacent to the structure (Jefferies and Wright, 1988).
This crushed ice appeared to be extruded from the ice-structure interface. The
formation and extrusion of a pulverized layer of ice appears to accompany ice-

structure interaction events, in which the ice is failing by continuous crushing and

ice-induced vibrations are, in part, ibuted to this activity. Kheisin et al. (1976),
one of the first researchers to report the existence of this layer, postulated that the
crushed material could behave as a highly viscous fluid and the crushed ice would
be analogous to oil in a hydrostatic bearing. It is conceivable that a single crushing
cycle may proceed as follows: the intermediate layer is squeezed causing the load
to increase; if the stresses reach some critical level, damage processes spark the
formation of microcracks which coalesce and create a new layer; this thicker layer
can no longer support these high stresses and the load is reduced.

If ice-induced vibrations are to be understood, a fund I knowledge of the




f ion and behaviour of the i diate crushed layer is essential. Presented

herein is a comprehensive study of this crushed layer. This study encompasses ficld

¢ g

y testing, and mathematical modelling. More specifi-
cally, a characterization study of the ice failure zone was conducted on lobson's
Choice Ice Tsland, May 1990, Samples of intact and highly damaged ice were
collected and brought to the Ice Structures laboratory of Memorial University of
Newfoundland for uniaxial compression testing, and finally, finite clement mod-
elling was performed to investigate Kheisin’s viscous fluid assumption. This thesis

contains:

@ Areview of the literature pertaining to ice-structure interaction, including ice-

induced vibrations, mechanical properties of ice and constitutive modelling.

® TField test data obtained on Hobson'’s Choice Ice Island including characteri-

zation of the ice failure zone.
© Details of the uniaxial compression test program with data analysis.
o Finite element analysis simulating the extrusion of a crushed layer.

o Discussions and concluding remarks.



Chapter 2

Literature Review

2.1 Ice-Induced Vibrations

The practical significance of ice-induced vibrations was brought to light on April

12, 1986 at 0800 hrs (Jefferies and Wright, 1988). Gulf's caisson retained structure
"Molikpaq", while deployed at the Amauligak I-65 site, was subjected to an inter-
action with a multi-year ice floe. This floe, moving at 0.06 m/s, was continuously
crushed against the vertical wall of the structure and dramatic vibrations resulted.
Although the peak Inads marginally exceeded the design load of 500 MN, prolonged
vibrations (approximately 30 min. duration) led to partial fatigue (liquefaction) of

the sand core foundation. The fi of these vibrations was of the order of

1 Hz with a normalized dynamic amplitude of 45 % (Jefferies and Wright, 1988).
Interestingly after a period of time the dynamic loads on the Molikpaq becaine
phase-locked, that is the loads acting on various locations of the structure were in
phase even though the amplitudes were not necessarily equal. Following the event,
a uniform 8 m high pile of crushed ice had formed at the ice structure interface and
this material consisted of blocks of reformed (sintered) ice powder. Jefferies and

Wright (1988) highlighted two models which attempt to explain the physical pro-
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cesses iated with ice-induced vibrations, these include the models of; Jordaan

(1986) and Hallam and Pickering (1988).

The model proposed by Hallam and Pickering (1988) would sec a typical load
cycle proceed as follows: the ice floc approaches the structure and the structure
begins to deflect; when the brittle ice strength is reached the ice crushes; the load is
released and the structure springs back (and the ice floe springs forward) extruding
the pulverized ice. It should be noted that the extrusion occurs as the load is
reduced, i.c. on the down cycle. In this model, the ice is represented as a spring
in series with a nonlinear dashpot and the dashpol is given a weak fracture link.
Additionally the crushed layer is modeled as cither a Molr-Coulomb material or
a Newtonian viscous fluid. Although this model produces rcasonable results there
are conceptual difficulties. If, for example, the crushed layer is to behave as a
Newtonian fluid, the total load should be inversely proportional to I?, where b is
the crushed layer thickness. This model suggests that the load drops as the crushed
layer is being extruded, thus contradicting the viscous fluid theory.

In the work of Jordaan (1986), ice is shown to be a crecping solid which is
extremely brittle. Ice does not display a unique yield stress. Excluding hydrostatic
states of stress, ice will creep under any loading condition. Furthermore, as ice fails
by crushing, microcracks initiate, grow and coalesce to create discrele particles,
thus degrading the mechanical properties of the ice. Plasticity theory requires a
unique yield stress and as well, does not allow for degradation of the malerial
behaviour, Plasticity theory simply does not apply to ice. Jordaan (1986) also
highlights the formation and extrusion of a layer of crushed icc at the ice-structure

interface and introduces the work of the Russian researcher Kheisin. Kheisin et



al. (1976), modelled this layer as a Newtonian fluid. The importance of numerical

t is also introduced. Sophisticated coupled with

modelling

complex material behaviour makes some closed form solutions impractical.
Following a scries of laboratory indentation tests, Jordaan and Timco (1988)

proposed that stored elastic energy and instability of the crushing process would

prevent crushing from being continuous. Each crushing event would correspond to

the pulverization of a finite vol f ice. The fl ions in load were
with periodic crushing followed by clearing of the pulverized ice. It was also noted
that the clearing processes could continue throughout the crushing cycle. In an
energy analysis, Jordaan and "Timco (1988) showed that the pulverization process
required very little energy relative to the total energy input. Similarly energy

dissipation through elastic fluctuations were small. The greatest source of energy

was iated with th ing process, which in this work was assumed

to be viscous extrusion of the crushed layer.

Full scale i with ice-induced vibrations are not restricted to the Mo-

likpaq incident. Blenkarn (1970) presented data collected during the winter of
1963-64 from a Cook Inlet structure. This data clearly revealed a classic saw tooth
load-time history. As well, crushing frequencies were recorded on the order of 0.5
102 Hz. MéAttanen (1975a and 1975b) presented a study of the Kemi I and Kemi
11 single-pile tubular-steel lighthouses. These structures were extremely sensitive
to ice-induced vibrations. The Kemi I collapsed in the winter of 1974, less than
one year after its deployment. Maittanen suggested that ice crushing excited the
natural frequency of the structure. Typical oscillating frequencies of the Kemi II

were measured to be between 0.8 and 3.85 Hz. Engelbrektson (1977) instrumented



the Norstromsgrund lighthouse situated in the Gulf of Bothnia of the Baltic Sea.
This concrete caisson structure experienced extreme vibrations in the winter of
1972-73. Again load fluctuations were measured to be at the natural frequency of
the structure ( approximately 2.3 Hz).

Bjork (1981) summarized the response of several baltic lighthouses Lo ice load-
ings. The Nygran was built in 1958 and collapsed in the winter of 1968-69; the cause
of the collapse was not specified. The Vallinsgrund which was constructed in 1972
experienced equipment failures duc Lo excessive vibrations and finally collapsed in
April of 1979. Following their deployment in 1969, the lighthouses Bjornklacken
and Borussiagrund suffered horizontal displacements under heavy ice loads. Dur-
ing the winter of 1967 the Tainio lighthouse was displaced 14 m. The Kemi |
concrete lighthouse was constructed in 1975, This structure was heavily instru-
mented with pressure cells and accelerometers.  Load fluctuations were typically
random although steady oscillations of approximately 2.9 to 3.1 Iz (the natural

frequency of the strvcture) and 0.5 o 1.0 Hz were recorded.

2.2 Crushed Layer

D. E. Kheisin must be given credit for his pioneering work in the characterization
of the ice failure zone. With an extensive drop-ball test program, Kheisin and his
colleagues analyzed variations of the ice crystal structure in the vicinity of impact
and presented mathematical models which describe the behaviour of the damaged
material. These experiments were conducted in the winter and carly spring of 1967
and included 200 individual tests. Hemispherical castings weighing 300 kg and 156

kg were dropped from various heights onto lake ice. Accelerations of the cesting



and final impressions in the ice were recorded for each test.

Kheisin and Cherepanov (1973) reported that subjecting an ice cover to impact
resulted in the formation of three characteristic layers within the ice column (see
Figure 2.1). The first layer, with a thickness of 0 - 2 cm and opaque white appear-
ance was shaped as a distorted lens and was considered to be a zone of total fracture
and compression. As a result of partial melting the first 1- 1.5 mm were smooth
and more transparent. A clearly demarcated boundary indicated the beginning of
layer I1. Numerous radial macrocracks and fine microcracks along grain boundaries
and basal planes typified this layer. At the centre of the impression, where the
damage was greatest, small isometric crystals formed along intercrystaline bound-
arics. Crystal delamination could also be observed in this layer. Finally, layer ITT
contained large radial cracks transecting crystals irrespective of their shape, size

or orientation. Kheisin and Ch lated that the fc ion of the in-

termediate crushed layer resulted from basal plane shear and that the presence of
submicroscopic ice particles and a small volume of liquid phase gave the crushed

layer a viscous behaviour. Upon completion of a test, pressure reduction permitted

freczing. Furt} , given the very short interaction time and the

low thermal conductivity of ice this process was considered adiabatic and thus the

heat liberated during the test would produce a local temperature rise. It was finally

proposed that the crushed layer could be modelled as a very viscous Newtonian liq-
uid.

Utilizing the drop-ball test data, Kheisin and Likhomanov (1973) determined

the specific energy of crushing for ice. This parameter was defined as a ratio of

the irreversible spent energy of the impact to the mass of ice in the volume of the
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Figure 2.1: Distribution of damage from Kheisin and Cherepanov (1973)
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indentation. The mean value of the specific energy of mechanical crushing was
computed for spring ice and winter ice, 3 J/g and 14 J /g respectively, and these
values were shown (o be very stable.

Once again, Kheisin ct al. (1976), expanded che analysis of the drop ball tests to
include the presence of a uniform, viscous, intermediate layer. Recovery coefficients
of not greater than 0.2 - 0.3 for fresh water winter ice and 0.1 for sea ice, indicated
a nonelastic rasponse and added support to such a viscous model. Using cylindri-
cal caordinates to describe the particle motion within the layer and a simplified
Reynolds equation, Kheisin et al. (1976) estimated the pressure distribution under
the spherical indenter. This investigation also showed that peak contact pressures

under the indenter could reach five times the standard compressive strength of ice.

2.3 Creep of Ice

As with metals at high temperatures, ice will creep under compressive or tensile
loadings and it is usually considered to be a viscoelastic material. Calcote (1968)
used a simple creep test to describe viscoelastic behaviour. The creep test had a
constant load applied instantly at time £o. In practice this is very difficult to achieve
but where necessary dynamic test data is used to supplement the creep test data
and a complete creep curve can thus be obtained.

Initially the material responds elastically, this instantaneous elastic strain €. is
followed by time dependant creep. A typical creep curve, as shown in Figure 2.2, is
comprised of three distinct sections: primary, secondary and tertiary creep. Exam-
ination of the curve reveals that for early stages of creep, the slope decreases with

time indicating a declining strain rate, this is known as primary creep. Secondary

1
i
:

H
i
i
i
i

g
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Figure 22 Typical creep curve far ice.

creep appears as the intermediate linear portion. Here the slope of the curve s
minimum and the strain rate is constant. Tertiary creep is characterized by an

increasing strain rate and this accelerating strain rate continues wntil fracture.

Most, ituti lationships for vi ic creep describe primary and scc-
ondary creep only (Calcote, 1968), this is also true in the casc of ice. Furthermore
these two stages of creep can be better represented if they arc subdivided into de-
layed elastic strain and permanent viscous creep. Various techniques for modeling

this behaviour will be introduced.



2.3.1 Power Law Creep

J.W. Glen pioncered the development of creep laws for ice. With his primary
interest being the flow of glaciers, Glen (1955) conducted a series of compressive
crecp tests on polycrystalline equiaxed ice. Glen'’s law described the secondary

creep of ice and showed that the minimum creep rate follows a power law of the

form;

é= ko™ (1)
The exponent n was shown to be independent of and was determined to
be 3.17. Conversely, the value of k was influenced by Glen postulated

that the value of k would take the form;
k = Beap(~Q/RT) (22)

where B is a constant, Q is activation energy, R is the universal gas constant and

T is temperature on the absolute scale.
2.3.2 Sinha’s Creep Equation

Sinha (1978) expanded the work of Glen to include primary creep or more specifi-
cally, delayed clastic strain. Sinha conducted compressive creep tests on columnar
grained 52 type ice (columnar-grained ice with C-axis randomly oriented in the
horizontal plans) with the loading direction perpendicular to the long axis of the
grains. From this work, the total strain could be expressed as the sum of the elastic

strain e., the delayed clastic strain ¢z and the permanent viscous flow e;

€(0,T) = €(0) + €a(0,1,T) + €(0, 2, T) (2.3)
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where o is stress, ¢ is time and T is temperature. From these tests Young's modulus
was measured to be 9.3 GPa, giving good agreement with dynamic techniques. With
a stress of 0.49 MPa and temperature of -20 °C, permanent viscous flow conld not
be measured before 800 s. The delayed elastic strain ¢ , was shown to behave as a
decaying exponential;

c=c(F)'l - ezp{~(art}}] (24)

where b, ¢ and s are constants and ar is given by;

% %)+ m (2.5)

~ln(ar) =
m is a constant.

Sinha (1981 and 1984) described ice as a high-temperature material, with its
working temperature typically greater than 0.85 T, where Ty is the melting tem-
perature on the absolute scale. He also hypothesized that permanent viscous crecp
is associated with the mobility of defects, such as vacancies and dislocations, while
delayed elasticity is governed by grain boundary sliding. Throughout this work,
Sinha (1951) showed that delayed elasticity is strongly dependent upon grain size

and modified his expression for delayed elastic strain to read;
R AT ——— (26)
a=aly )(E ezp{—(art) .

dy and d are the reference and actual grain sizes respectively. Permanent viscous
creep was shown to be insensitive to grain size. Sinha's rclationship for the be-

haviour of ice in uniaxial compression was then expressed as;

= T4 a@) 2yl - emnl-lert)) + a5 @
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The clastic strain followed Hookes law while the permanent viscous creep is mod-
cled after Glen’s law. Note, ¢; and ¢, are constants while o represents unit stress.

This creep law accurately describes the mechanical behaviour of ice under con-
stant compressive loading. In practice, such a law must be capable of predicting the
strain path for a variable stress history. Using the principal of superposition, Sinha
(1981 and 1983) demonstrated the ability of his creep law to make such predictions.
By applying the load in a series of incremental steps, a variable load history can be

approximated, in doing so, Sinha’s relationship became;

1 ntl o dl n+l
@ = =3 Ao+ =[] > Adifl - ezp{~(arfn + 1 - i]A1)*)]
E i=1 E'd =l

Ac. (2.8)

=t

Although Sinha has shown that this technique yields favorable results, it required

the storage of the complete material response history.
2.3.3 Viscoelastic Model

As with Sinha's creep equation, viscoelastic models subdivide total strain into elas-

tic strain, delayed elastic strain and permanent viscous creep. Additionally, the

elastic and permanent viscous creep are equivalent to those

in Sinha’s relationship but diff arise in the ion of delayed elastic

strain. While the predicted strain-time curves of viscoelastic models are similar to
those of Sinha’s relationship, they lend themselves more easily to the time-stepping
routines utilized by present day digital computers.

Figure 2.3 can be used to conceptualize the viscoelastic model. This Burgers

body (Calcote, 1968) consists of a Maxwell unit and Kelvin (or Voigt) unit. The



Figure 2.3: Viscoelastic model for ice (Burgers body).

Maxwell unit, which comprises a spring and dashpot in series, represents the clastic
and permanent viscous crecp components, while the Kelvin unit, utilizing a spring
and dashpot in parallel, can model the delayed elastic strain. Applying a con-

stant, compressive load o results in an instantaneous compression of the Maxwell

d bl

spring and a time d of the Maxwell dashpot.
Additionally, the Kelvin unit produces a recoverable, time dependent, response.
Development of the constitutive relation of a viscoelastic model for ice must
begin with a description of a linear spring and dashpot. A linear spring obeys
Hooke’s law, that is:
o= Ee, (2.9)
while a linear dashpot behaves as a newtonian fluid:

o= i (210

Stress in each component of the Maxwell unit (a Hookean spring and Newtonian
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dashpot connected in series) is equivalent, while the total strain of this model is
the sum of the elastic and viscous strain:
€=¢€ + €. (2.11)
Substitution of equations 2.9 and 2.10 gives:
a {4
==+ —L 2.12,
=gt (212)

In contrast to the Maxwell model, the strain of each component of the Kelvin

unit (a Hookean spring and N jan dashpot d in parallel) is equi
while the total stress in the body is the sum of the stress in each component,
therefore:

0 =0,+04 (213)
Once again, substituting equations 2.9 and 2.10 yields:
o = Bye+ ué. (2.14)
Solving this differential equation for € produces:

=
Lo

= Eiku — e, (2.15)

Combining equations 2.12 and 2.15 thus gives the constitutive relationship for

a linear viscoelastic model:
=T Ty T R
=g +I‘m'+Ek[l e m), (2.16)

Refer to Calcote (1968) and Fung (1969).



2.3.4 Damaging Viscoelastic Model

A simple Burgers body comprised of linear springs and dashpots cannot accuralely

reproduce the creep in ice. It is widely accepted that a power law relationship

produces results for secondary creep but difficulties arise when describing
delayed elastic strain. Jordaan and McKenna (1988) suggested that delayed clastic
strain could be represented by a chain of linsar Kelvin units or by a single Kelvin
unit with a nonlinear dashpot. It is also conceivable that a chain of nonlincar
Kelvin units could be used to model delayed elastic strain in ice.

McKenna et al. (1990a and 1990b) presented a damaging viscoclastic model for
ice. In this work isotropic behaviour was assumed. Once again, the total strain was
expressed as a sum of three components: elastic, delayed eclastic and permanent.

creep strain. When expressed in the general form this expression became:
=t e (2.17)
The elastic behaviour followed Hooke’s law and was expressed as:
;= Cijuon, (2.18)

where Cjju is the elastic stiffness tensor. Permanent creep was expresses as a power

law of the form:
P €) e .
&= 53((—0)0)75,-,-, (2.19)
where €5 is a creep constant, oo is a normalized stress, n is a positive exponent and
S is the applied load.
The delayed elastic strain was modelled as a Kelvin unit with a nonlincar dash-

pot and a linear spring. McKenna et al. (1990a and 1990b) expressed the delayed



clastic strain for this nonlinear Kelvin unit as:

5d

a_ 5
d= (2.20)

where the dashpot viscosity s is a function of the internal stress §% and is expressed
as:

§4=5-2G,¢, (2.21)
with 2G being defined as the spring stiffness of the Kelvin unit, while €, the

accumulated delayed elastic strain was given by:
:
d_ i
= /) éd. (2.22)

Additionally, the effective viscosity of the Kelvin unit was written as follows:

(o0)"

WS = Ee=y (2.23)

The above expressions apply to undamaged ice only. The formation of cracks
within the solid i.e. damage, can alter the properties of each component of the
Burgers body. Crack formation was derived from rate theory and the rate of crack-

ing was determined from the expression:

= Mol (2.24)

where No and m are constants, o, is the equivalent von Mises stress and o is the
critical stress for crack initiation.
An isotropic damage parameter was taken from the work of Budiansky and

0’Connell (1976) which assumed the form:

A=dN, (2.25)
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where N is the total number of cracks and a is the average crack radius. Each crack

is assumed to be penny shaped and the crack size is equivalent to the grain size:

A Ny = ()™, (2.26)

L
" 8N,
where d, is the average grain diameter and N, represents a density of one crack per
grain.

Following the work of Horii and Nemat-Nasser (1983), McKenna et al. (1990a

and 1990b) expressed the shear and bulk moduli of the damaged ice as:

G Tm
= =9(\—,Cy) (2.27)
G e

and
K o .,
&=k > ) (2.28)

respectively, where C; is the coefficient of friction across the crack faces. Also, gm is
the mean pressure and g, is the von Mises equivalent stress and these are expressed

as:
O = 0iif3 (2.29)

and
oy = (1.55:;85)'"%, (2.30)

where S; is the deviatoric stress,

Finally, McKenna et al. (1990 and 1990b) expressed damage enhancement of

permanent creep and delayed elastic strain rates as:

&' = geap(AN/N,) (@31)

and

&' = eexp(BN/N,) (2.32)
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respectively, where § is a constant enhancement parameter. Note that for the

expressions, the primes denote the influence of damage.

2.4 Mechanical Properties
2.4.1 Sealce

Before a di ion of the hanical properties of sea ice can commence, it is es-
sential that a summary of the factors which influence its behaviour be presented.
Typically Lest programs on sea ice show significant scatter. The mechanical prop-
erties of ice have been shown to vary with temperature, salinity, strain rate, crystal
structure and orientation as well as a host of other factors. Sea ice is a naturally
occurring material and its crystal structure is influenced by the method of forma-
tion, age, salt content and the influence of surrounding ice fields. An individual ice
crystal is anisotropic although for special cases, such as polycrystalline equiaxed
ice, isotropic behaviour can be assumed. Ice behaves as a viscoelastic material, i.e.
it exhibits properties of both elasticity and creep. Furthermore it should be noted

that ice, as it is found in nature, must be idered to be a high

material. That is a ratio of its ambient to its melting on

the absolute scale, normally exceeds 0.85 (T/T > 0.85).

An extensive data set for of multi ¢ d-year or
older) sea ice is reported in Richter-Menge and Cox (1986) and Cox et al. (1984).
This was a two-phase program. Phase I consisted of 282 uniaxial compression,
tension and confined compression tests on samples collected from the Southern
Beaufort Sea and Phase II was comprised of 188 tests on samples collected from

the Alaskan Beaufort Sea. The ice crystal structure was considered to be highly
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variable consisting of granular ice, columnar ice and mixed granular and columnar
ice. As a result of ridge formation and consolidation, not all columnar grains were

vertical. Salinities ranged between 0.40 and 2.40 %o while densities varied from

835 to 890 kg/m®. The uniaxial tests covered strain rates of 10~ s=! to 1072 5
and temperatures of -5 °C and -20 °C. These test results showed the ductile to
brittle transition to be between the strain rates of 1072 s~ and 1072 s™'. It should
be noted that values of elastic modulus were estimated from the initial tangent
modulus and are therefor subject to criticism.

Timco and Frederking (1982) have also presented data for multi-year ridge ice,
coliected from the polar pack in October, 1979. These tests were constant stress
rate tests, although the authors suggested a nominal strain rate of ¢ = 2.5 x 10~*
s71. The range of stress rates (¢) for the test series was 0.13 MPa.s™' to 0.24
MPa.s™! and the compressive strength varied between 4.4 MPa and 12 MPa.

Small scale test data on the compressive strength of first year sea ice is readily
available in the literature and for comparative purposes the work of Schwarz (1970),
Frederking and Timco (1983) and Frederking and Timco (1984) have been presented
in Figure 4.8 of Chapter 4. Furthermore, authors such as Butkovich (1959), Dykins
(1971) and Lainey and Tinawi (1984) have compiled a wide range of data for various
ice types and loading configurations.

Elastic modulus data is typically determined through cither static or dynamic
techniques. Static measurement of elastic modulus have been determined by esti-
mating the slope of stress-strain curves of uniaxial compression tests or by measur-
ing deflections of beams (Weeks and Anderson, 1958; Dykins, 1971; Schwarz, 1975;
Lainey and Tinawi, 1981). Typical values are found to be between 0.5 GPa and 10
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GPa. These tests typically require relatively large loads and finite time intervals.
Given the viscoclastic behaviour of ice, the inelastic components of strain cannot be
neglected and these measurements have therefore been subject to criticism. These
test techniques do have the benefit of simplicity and can be performed in almost any
ice structures laboratory, therefore making estimates of elastic modulus available
in cases where they would not otherwise be performed.

Dynamic measurements of elastic modulus have been determined through seis-

mic techni that is the of ion of vibrations through an

ice sheet. The velocity of elastic waves within the ice can be used as a measure of

Young's Modulus. The relative of the ice molecules is extremely small
thus allowing inelastic properties to be neglected. Dynamic show
characteristically less scatter than static however gra-

dients within the ice sheet produce variations in the measured values. Elastic mod-
ulus values have been reported to range between 5.5 GPa and 10 GPa (Anderson,

1962; Langleben, 1962; Abele and Frankenstein, 1967).
2.4.2 Crushed Ice

The existence of an intermediate layer of crushed or pulverized ice has been iden-
tified, at the ice-structure interface, during interaction events in which the ice is
failing by crushing. When modelling such events a knowledge of the mechani-

cal properties of this intermediate layer is essential. Although this information is

scarce, several hers have i igated the behaviour of crushed or broken ice.
With an objective to study the interaction processes of ice rubble fields with

offshore drilling structures, Gale et al. (1986) conducted a series of large scale
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direct shear box tests. These tests were conducted at -2 °C with various particle
size gradations. Furthermore, for comparative purposes tests were conducted on
silica sand. Shear stress-displacement curves of the broken ice displayed a strong

dependence on normal stress, and interestingly the broken ice showed a continuously

shear resi C ly, the silica sand reached a maximum shear

stress after relatively small displacements. The measured angle of internal friction

of the broken ice ranged between 36° and 45° and it was proposed that this material
exhibited a linear Mohr-Coulomb failure envelope.

Wong et al. (1987) expanded the previous work to include the presence of

brine and to investigate the effect of increasing shear rate. Although immersion

of the crushed ice, in a brine solution, effectively reduced the shear strength, the

force-displ curves of the i d broken ice displayed the same character-

istic behaviour as the non immersed broken ice. That was a continuously increasing
shear stress with displacement. Deformation rates of 2.8 mm/min and 5.9 mm/min,
were included in the test program. However no significant differences were noted
between these strain rates. Conceding that the shear box tests do not give accu-
rate measurements of volume change, Wong et al. (1987), suggest that volumetric
deformation is predominantly dilatant. Furthermore a cautionary note is directed
towards the use of a Mohr-Coulomb failure criteria, in the analysis of crushed ice,
since a maximum failure stress could not be identified.

As a supplement to the shear box tests, Gale et al. (1987) conducted a series of
triaxial compression tests on broken ice. These tests were conducted on right circu-
lar cylinders (cylinder dimensions measured 150 mm high with a 70 mm diameler)

at -2.5 °C with a displacement rate of 0.5 mm/min. The authors concluded that
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Table 2.1: Friction coefficients between sea ice and selected of materials from various

authors. Note ’s” and 'r’ denote smooth and rough respectively.

Author Material Static Dynamic
Enkvist (1972) Stainless Steel - 0.025
Painted Steel & 0.041
Sandblasted Steel 0.340 0.045
Scrap Steel - 0.109
Grothues-Spork (1974) | Smooth Stecl 0.01-0.05 =
Rough Steel 0.30-0.50 | 0.10-0.20
Airaksinen (1974) Smooth Steel 0.45 0.07-0.18
Rough Steel 0.60 0.18-0.23
Tusima & Tabata (1979) | Stainless Steel, s - 0.013-0.07
Stainless Steel, r = 0.134-0.28
Aluminum - 0.015-0.14
Carbon Steel = 0.051-0.14
Tabata & Tusima (1981) | Stainless Steel, s - 0.017-0.025
Stainless Steel, r = 0.081-0.14
Teflon - 0.019-0.031
Epomarine = 0.017-0.019
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a bi-lincar deviatoric st train curve d the broken ice t iour,

and that the breakover stress (i.e. stress at which the slope changed) appeared to
suggest a possible failure envelope. Furthermore, as with the shear box tests, the

triaxial tests displayed a continuously increasing shear stress with displacement.

2.5 Friction

Like many other physical properties of ice, friction coefficients, both static and dy-
namic, exhibit significant scatter. Temperature, normal stress and velocity directly
affect the coefficients of friction, as does salinity and surface topography. While an
explanation for this behaviour will not be explored at this time, typical values are
presented in Table 2.1. These values were used to establish a reasonable working
range of friction coefficients, between a rigid indenter and the ice surface, in the
finite element analysis.

More recently, Molgaard (1989a and 1989b), measured dynamic coefficients of
friction between freshwater ice and steel. With his unique apparatus, Molgaard
determined coefficients of friction over a range of temperatures and velocities. Gen-
erally, increasing velocity gave a decrease in friction as did increasing temperature.
At -10 °C coefficients of dynamic friction varied between 0.030 to 0.080 for sliding
speeds of 5.95 cm /s to 82.35 cm/s.




Chapter 3

The Field Test Program on
Canada’s Ice Island (1990)

Small-scale laboratory testing, of ice samples, provides invaluabie information for
the development of damage models and constitutive relationships. These tests
also provide insight to the mechanisms which govern fracture and damage of ice.
Although such experiments can be performed in highly controlled surroundings, dif-
ficulties arisc when extrapolating this data to full scale structural designs. Previous
field experience has shown that laboratory test data grossly overestimates design
loads for structures, which typically have contact areas hundreds of times greater
than the laboratory samples. Economical structural designs require reliable and re-
alistic ice load predictions. Medium to full scale test programs allow the collection
of data pertaining to the scale effect, failure processes and structural behaviour,
which cannot otherwise be reproduced.

Tollowing successful field test programs at Pond Inlet, 1984, and on Hobson's

Choice Ice Island, 1989, an ambiti di le ice ind jon test program
was planned for the spring of 1990. This program was designed to collect data which

would lead o the determination of more realistic design ice loads for arctic struc-

27
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tures and vessels. The comprehensive test matrix in conjunction with sophisticated

and data isiti i would allow the program participants
to better understand ice failure processes. More specifically, this test series was
designed to address: scale effect, vibrations attributed to ice crushing (icc-induced
vibrations), variations in local and global loads, and the influence of structural
compliance and geometry.

The test apparatus was heavily instrumented. Load cells in the hydraulic actu-
ators and pressure transducers on the face of an indenter gave force-time histories
and identified localized crushing events. Temperature variations at the ice-indenter
interface were monitored and a view-port in one indenter allowed several events

to be captured on video cassette. Acoustic emissions were recorded for various in-

dentation tests and physical were taken to ch, ize the final ice
failure surface.

As with many other test programs of this nature, the primary characteristics
of the load-time curves are proprietary and will remain so for a two-year period.
Therefore data pertaining to peak forces, pressure distributions, or force-time his-
tories cannot be presented at this time. Supplementary information, such as mi-

crostructural analysis and characterization of the failure surface may be presented.
3.1 Test Site

Canada’s Ice Island is a massive feature. With an areal extent of cight by four
kilometers, and a thickness of forty meters, this billion tonne iceberg behaves as a
very stable floating platform. After calving from the Ward Hunt Ice Shelf on the

northern coast of Ellesmere Island in 1982, the ice island began drifting Southwest
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along the continental margin of the Queen Elizabeth Islands. By the spring of 1990,
it had reached Ellef Ringnes Island and moved into the Perry Channel.

Hobson’s Choice Ice Island provides an ideal platform from which scientists
can study Canada’s arctic and as well provides an opportunity for the Canadian
government, through science, to exercise sovereignty over the region. Movement of
the island has been monitored since 1983 and scientific studies have been performed
on the island from 1985 onwards. A camp situated on the island is operated and
maintained by Energy, Mines and Resources Canada, and is occupied primarily by
scientists from the Atlantic Geoscience Centre of the Geological Survey of Canada.
The infrasiructure resulting from these previous expeditions made the ice island
an attractive site for ice indentation testing. The first ice indentation test program
was conducted on the island in 1989 and it laid the foundation for the 1990 field
test program.

The ice features which pose the most significant threat to structures in the
Beaufort Sea are multi-year pressure ridges. Access to multi-year sea iceis therefore
an essential component to any field test program. As can be seen from Figure 3.1,
the ice island consists of a large central portion of shelf ice (granular fresh water
ice) with multi-year sea ice consolidated to its sides. It is within this sea ice, which
has consolidated since the island calved in 1982, that the indentation tests were
performed. Crystallographic studies revealed that the ice could be classified as
transitional, that is it contained both columnar and frazil ice. In addition, the axis
of the columnar grains were not necessarily vertical, a result of the rafting and
consolidation process. Furthermore, salinity varied from 0 % to 4 %o (Gagnon and

Sinha, 1991). These characteristics are typical of multi-year pressure ridges.
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Base Camp ~N

Shelf Ice

(Kilometers)

Figure 3.1: Plan view of Hobson’s Choice Ice Island, from Kennedy (1991).
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3.2 Test Plan

The peak forces exerted on a structure are highly dependent on the structural design
characteristics and ice failure mode. Artificial islands, with gently sloping beaches
force bending failure of approaching ice sheets. Caisson retained structures are
designed with rigid vertical walls and ice will typically fail by crushing or buckling.
Arctic vessels such as ice breakers often ram ice features to force crushing and
flexural failure. Conceptual design of the Hibernia gravity based structure (GBS)
incorporates a wedged ice belt which is intended to dissipate the kinetic energy of
an imposing iceberg through ice crushing.

To i the signi of | geometry, the test plan embodied

g
three general classes of indenter; flat rigid, flat flexible, and wedge; with the dom-
inant failure mode for each class being predicted as crushing. The flat flexible
indenter was designed and constructed to simulate the structural behaviour of an
icebreaker, while the wedge indenters modelled the conceptual design of the Hiber-

nia GBS. There were five indenters in total:
o TFF - Flat flexible indenter, triple actuator configuration,
o TRF - Flat rigid indenter, triple actuator configuration,
o TW1 - Wedge indenter # 1, triple actuator configuration,
o TW2 - Wedge indenter # 2, triple actuator configuration,
o SFF - Flat flexible indenter, single actuator configuration.

The triple actuator configuration had a nominal indentation rate of 100 mm/s

while the nominal speed of the single actuator system was 400 mm/s. Various test
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face geometries were also investigated, these included horizontal and vertical wedges

along with truncated pyramids. In total 18 indentation tests were conducted.
3.3 Test Apparatus

The mechanical and hydraulic system for the 1990 field test program was initially

designed and fabricated by Geotechnical R Limited (Geotech) of Calgary,

under contract from Mobil Oil, for the 1984 Pond Inlet test series. Following
this program the equipment was donated to Memorial University of Newfoundland
and subsequently utilized in the 1989 and 1990 ficld test programs on Hobson's
Choice Ice Island. Although minor modifications have been performed, the system
is essentially unchanged.

At the heart of the indentation system was a series of hydraulic actuators; the
configuration of which could be altered to suite the requirements of cach test. A
bank of accumulators which provided the hydraulic supply to the actuators were
charged with compressed air prior to testing. With this system, the only required
electrical power at the time of testing, was thal power necessary for operation of
the data acquisition and feedback control system. A schematic illustration of this
system and test set-up can be found in Figure 3.2.

Each actuator was rated for 4.6 MN of static thrust giving the triple actuator
system a total of 13.8 MN. All tests with the triple actuator configuration were
performed with an indentation rate of 100 mm/s, while the single actuator configu-
ration had an indentation rate of 400 mm/s. Actuator stroke for cither arrangement

was limited to 300 mm.
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3.4 Characterization of the Failure Zone

Crushing with subsequent ejection of ice particles was identified as the dominant

mode of failure for all tests and in the case of test TFF-01 spalling or flaking,

A with the f ion of ks, was observed. Common to all failure

surfaces were several characteristic features. These attributes were noticeable even
with varying indenter compliance or ice face geometry. From Figure 3.3 it can be
seen that there are essentially three regions associated with the failure zone, first,
spall areas on the periphery of the contact surface, second, zones of crushed or
pulverized ice generally associated with lower pressures and third, regions where a
distinct crushed layer does not exist. Macroscopically the ice in this region of no
distinct crushed layer appeared to be undamaged but this was not nccessarily true
(Kenny et al., 1991).

Preliminary analysis of the load histories indicated a dynamic fluctuation in
local peak pressures with a highly varied spatial distribution and steep pressure
gradients across load cells. Although the features of the failure surface tend to
suggest that peak pressures should correlate with the zones of no distinct crushed
layer, superimposing the final recorded pressures on the interface failed to reveal

such a phenomena (Frederking, 1990).
3.5 Density Measurements

As part of the characterization process of the failure surface, a comparison of density
of the crushed layer to that of the parent ice was performed. Values of density were

determined by cutting samples into right lar prisms, ing di




Figure 3.3: Typical front view of test face following indentation. The failure Tegion
is divided into three general zones; (i) spall areas Zi, (ii) zones of pulverized ice Z
and (iii) zones of no distinct pulverized layer Zs.
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to find volume and weighing the samples on an electronicscale. To minimize random
errors at least four measurements of each dimension were recorded. The location of
each sample within the test face was essentially arbitrary, with the only constraint
being crushed ice layer thickness. To enable a sufficiently large sample to be cut, a
minimum layer thickness of 20 mm was required.

Density measurements of the parent ice were conducted in the same manner.
The location of these samples was chosen to be as close as possible Lo the crushed
ice samples, generally immediately behind the crushed layer. Due to the presence
of microcracks within the parent ice, these density measurements cannot always
be considered to be the density of the virgin material. Gagnon and Sinha (1991)
have reported that the density of the parent structure varied from 875 kg/m? Lo
886 kg/m>.

From Table 3.1 it can be seen that the crushed ice layer density varied between
749 kg/m?® and 864 kg/m>. The parent ice density was found to be greater than
that of the crushed material and varied between 858 kg/m?® and 890 kg/m?. The

maximum error of observation for all densily measurements is estimated as £13

kg/m® and is iated with difficulti hining and measuring each sample.
During the test program it was observed that the crushed material at the pe-
riphery of the contact face appeared to be less consolidaled than the material at the
center. To quantify this observation a series of density measurements were taken
along a horizontal section of test face TFR-03. Across the width of the test face
ten samples, each with a length of approximately 100 mm, were removed. Several
samples, selected from the central portion of the failure surface, consisted of ice

obtained from the region of no distinct crushed layer. For example, although the
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Table 3.1: Density measurements of crushed layer and parent ice.

Test Face | Indentor Type | Crushed Layer | Parent Ice

Pe Pi
(kg/m®) (kg/m?)

TFF-01 | Flat, Flexible 864 879
TFF-02 | Flat, Flexible 807 884
TW1-01 | 90° Wedge 776 858
TFR-01 | Flat, Rigid 749 890
TFR-01 | Flat, Rigid 784 882
TFR-02 | Flat, Rigid 842 874

ice near the center of the horizontal thick section through TFR-01, shown in Figure
3.7, is in a damaged state, a discrete crushed layer does not exist. For the purposes
of this investigation all samples were treated as being part of the pulverized layer.
The density of the crushed layer along the horizontal section of TFR-03 ranged from
813 kg/m® to 874 kg/m?, and as expected, the density tended to increase toward
the center. Figure 3.4 shows this trend. It is suspected that substantially greater

confining pressures at the center of the indenter contributed to this observation.

3.6 Crushed Layer Thickness

Following tests TFF-01 and TFR-01, crushed layer thicknesses were measured in
detail. The initial test face geometries of each test were similar but the indentor
compliance varied. The indentation surface was a truncated vertical wedge with a
300 mm wide flat face with the sides sloping at 1:3. Test TFF-01 incorporated a

flat flexible indenter while test TFR-01 was performed with a flat rigid indenter.
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Figure 3.4: Density variation of crushed layer: Test TFR-03.
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Crushed ice layer thicknesses were determined in the following manner: a 50
mm grid was superimposed on the test face. The first 50 mm thick horizontal
section was cut from the test face and at each 50 mrn increment along this section,
the crushed-ice layer was measured. Once complete, the next horizontal section
was cut and the process continued until the entire face was sectioned. It should be
noted that the crushed ice layer thickness was measured to the nearest millimetre.

As with the density measurements, there were several instances where no dis-
tinct boundary between the crushed layer and the parent structure could be found.
Consequently, it was decided that for a particle to be considered as part of the
crushed layer it would have to be isolated from the parent ice by a crack or network
of cracks.

Figures 3.5 and 3.6 give three dimensional representations of the crushed layer
profiles of test faces TFF-01 and TFR-01. It should be noted that these surfaces
show the test faces with the crushed layer removed. Furthermore, the high points
represent arcas where the crushed layer thickness goes to ze—~.

The crushed layer of test face TFF-01 had a mean thickness of 41 mm with the
maximum thickness reaching 173 mm. The flat flexible indenter was constructed
with a steel plate on horizontal ribs and was designed to simulate a ship’s hull. The
added stiffness associated with the presence of the ribs can be seen in the crushed
layer profile as the crushed layer appears thinner in the presence of the stiffening
ribs,

Test face TFR-01 had a much more uniform appearance than TFF-01. TFR-
01 showed a thin line of no distinct crushed layer along a vertical axis through

the center of the face, see Figure 3.6, with the crushed layer thickness increasing




Figure 3.5: Crushed layer profile: Test TFF-01. Note that V. represents the vertical
axis, H represents the horizontal axis and N is normal to the test face with the arrow
pointing out of the trench wall

Figure 3.6: Crushed layer profile - Test TFR-01. Note that V represents the vertical
axis, H represents the horizontal axis and N is normal to the test face with the arrow
pointing out of the trench wall.
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toward the perimeter. The average thickness of the crushed layer was 57 mm with
the maximum thickness reaching 155 mm. This region of no discernible crushed
layer was observed for all indentation tests and its presence provides additional
support to the hot spot or contact line phenomenon as postulated by Lindholm et
al. (1990), Riska (1989) and Jordaan et al. (1990).

The crushed layer typically contained large (> 25 mm) relatively undamaged
particles surrounded by a matrix of finely pulverized ice, suggesting a grinding
action as the larger particles slide and rotate during extrusion. This effect was
exaggerated with the wedge indenters, the geometry of which gave rise to a greater
degree of spalling. The appearance of the crushed layer formed in the wedge inden-

Lation tests also d substantially less confi

3.7 Contact Area

The final nominal contact areas (NCA) for selected tests are presented in Table
3.2. Additionally, an estimate of the areas of no apparent crushed layer (NACL)
are presented as a ratio of the final nominal contact area. The nominal contact area
is the area estimated from the indenter penetration and the test face geometry, while
the area of no apparent crushed layer is the portion of the test face which appeared
to be blue in colour following each indentation test.

The data in Table 3.2 would suggest that the a: “1 of contact is approximately
35 % of the nominal contact area. It has been proposed that the bulk of the load

is carried by ice in zones where the crushed layer is thinnest and that ice in this

zone is behaving elastically. An i igation of this hypothesis will be d

in Chapter 5.
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Table 3.2: Estimates of contact area.

Test | NCA | NACL
(m?) | NCA

TFF-01 | 1.35 | 0.25
TFR-01 | 1.35 | 0.22
TFR-02 | 0.49 | 0.47
TFR-03 | 1.21 | 0.24
TFR-04 | 0.49 | 0.40
TFR-05 | 1.21 | 0.32
SFF-01 | 0.70 | 0.41
SFF-02 | 0.70 | 0.56

3.8 Particle Examination: Sieve Analysis, Sin-
tering and Pressure Melting

In an attempt to understand better the dynamic activity associated with ice-

several

have turned their attention to the physical

processes iated with the fc jon and extrusion of the crushed

layer. Previous researchers have shown that the majority of the energy dissipation
occurs during viscous extrusion of the pulverized layer (Timco and Jordaan, 1987;
Jordaan and Timco, 1988). Past experience has also shown that very high local
peak pressures and large pressure gradients exist across the indentor interface. Fur-
thermore, the actual contact area between ice particles in the crushed layer would
be far less than the apparent contact area and therefore inter-particle pressure

would tend to exceed these high local pressures. When these loads are coupled



with rapid extrusion and particle movement within the crushed layer friction and

pressure melting become very real possibilities. In addition, rapid pressure drops
may allow refreezing and sintering to occur which can give risc Lo a stick-slip type
phenomenon.

Following several indentation tests, ejected particles were collected and ex-
amined. Particle size distributions of the extruded crushed ice were determined
through sieve analysis using nine sieves with mesh sizes ranging from 50.8 mm to
0.841 mm. The surface appearance of discrete particles was also examined, under
a microscope, for signs of pressure melting and sintering.

For the initial test TFF-01, the sample size totalled 37.44 kg, representing
greater than 30% of the total crushed material. An estimate of the crushed vol-
ume was calculated by knowing the initial face gecometry and the distance which

the indenter penetrates the surface. For the remaining tests, smaller representative

samples were taken. All tests show similar distributions as can be seen in Figure
3.8; however the mean particle size varied slightly. Test TFF-03 showed the smallest.
mean particle size, 15 mm, while TW1-01 gave the greatest mean particle size, 34
mm. Tests TFF-01, TFF-02, and TFR-01 had mean particle sizes varying hetween
21 mm and 28 mm. If the particle size distribution curve of TW1-01 is examined,
it can be seen that only 57.7 % of the sample passed the 50.8 mm sicve and that
the curve is offset, to the right. This can be attributed, in part to the greater degree
of spalling associated with the wedge indenter.

Extruded particles were collected following several of the indentation tests and
examined under a microscope. In all cases the surfaces appeared o be wetted and

neither particle displayed rough edges nor sharp corners, thus suggesting melting
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of the ice particles and the presence of liquid. Figure 3.9 is a photomicrograph of

a typical extruded ice particle which appearcd as a conglomerate of small particles

sintered into a larger mass. Other particles appeared as one large particle with
smaller particles sintered to its surface. This microscopic examination, when cou-
pled with the observations of Gagnon and Sinha (1991), provided further support

to pressure melting, friction melting and sintering as active phenomena during the

; dynamic crushing and extrusion process.
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Figure 3.9: Photomicrograph of an extruded particle; x35 magnification factor.



Chapter 4

Laboratory Test Program

Devel and tefi of itutive relationships for ice requires a thorough

I fad ot Tt

of the of the material. Mechanical propertics, such
as Young’s modulus and compressive strength can be determined through uniaxial
compression tests. These lests also allow the influence of strain rate and other

variables such as grain size and temperature to be investigated. Furthermore, crecp

and damage can be d ined through uniaxial compression

testing. This chapter contains a description of the test set-up and procedures as

well as presents the test data and subsequent analysis.

4.1 Test Plan

During the field test program of 1990, ice samples were collected and brought to

ial University of Newfoundland for analysis. These icc samples included
intact relatively undamaged multi-year sea ice and highly damaged crushed icc
from the intermediate layer. This uniaxial compression test series was designed to
determine and compare the mechanical properties of both the undamaged and the

crushed ice.
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Table 4.1: Uniaxial test plan.

Test.
Number

Test.
Date

Sample

Planned
Load Sequence

m

12

13

114

cn

C12

ci3

Sept 5

Sept 6

Sept 10

Sept 13

Sept 19

Sept 20

Sept 24

SFR-01 H

SFR-01 H

SFR-01 V

SFR-01 V

TFF-01

TFF-01

TFF-01

Strain Control
Lé=5%x10"%s"102%
2.é=5x10"°5"1104 %

Strain Control

1.é=25x10"s""t01%
€=25x10"s102%
25x107 s 03 %

2;
3.
4. 25x%x1074 s 104 %

é
é
1. Load Control

Pz = 0.75 MPa.
2. Strain Control

é=25x10""s" 102 %

3. Load Control
Prnaz = 1.0 MPa

1. Strain Control
¢=5x10"s 101 %
2. Strain Control
E=5x10" 51102 %
3. Load Control
Prnaz = 1.0 MPa

Strain Control

Lé=5x10""s""t01%
2.é=5x10"s"1t01%
3.é=1x10"05"1101%
4.é=1%x1072s"101%

Load Control
Praz = 1.0 MPa.

Strain Control
E=25x10s" 01 %
25%1074 s~ t0 1%
o 1x107%s5 ' to1 %
4.é=1x103s1101%

11 - Intact ice

CI - Crushed ice
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The number of samples were limited by the ability to transport this ice safely

from the field to the Thermal Lab y of M ial University of Newfoundland
It is for this reason that the tests were conducted in a manner which allowed the
collection of as much information as possible. Each test was conducted as cither a
creep test or a constant strain rate test, with several tests incorporating both. The
test plan is presented in Table 4.1. Due to brittle failure or extreme deformation
of several samples, some tests could not be run to completion, these included tests

CIl and CI2.

4.2 Creep Test

In the classical crecp test, for example those used in the testing of concrete or
rock, a constant load is applied to the sample for long periods of time, months
or even years. In contrast, the creep tests of this test series require relatively
short loading times. For structural design purposes, long term crecp data, for
materials such as concrete, is essential. The service life of offshore structures can
often exceed 10 or even 20 years and designers of such structures must understand

how the i ials will perform gl their lifetime. Similarly

when determining ice loadings, the engincer must acquire the knowledge necessary
to predict the behaviour of the ice feature for the duration of the ice-structure
interaction. An extreme crushing event, for example the Molikpaq in 1986, would
last 30 minutes and estimates of iceberg collision times for the Hibernia project
range between 0.7 and 15 5. Moreover, in full scale crushing events where the load
may fluctuate at 15 Hz, the ice is subjected to a series of 0.07 5 load pulses. It is

for these reasons that this test series is aimed at determining the short term creep



behaviour of ice.

bjected to a constant iveload, it is readily seen that

If an ice sample s

strain can be divided into several components. Initially the sample will compress

clastically. This elastic strain €., should be ti and is
to be instantaneous. If the load is maintained for an extended period of time
the sample will continue to compress. This time-dependent strain can be further
divided into permanent plastic deformation (creep strain ¢) and a time-dependent
recoverable response (delayed elastic strain ¢z). The creep test which is described
in the following section is one method for measuring these instantaneous and time-
dependent components of strain.

Typically, each creep test was comprised of a 20 s load pulse followed by a 10
min relaxation. Each sample was subjected to a series of loadings starting with 0.25
MPa and increasing in increments of 0.25 MPa. Following each subsequent increase
in stress a 0.25 MPa load was reapplied, thus providing a history of increasing
damage.

The elastic strain is seen as a sudden step at the instant of loading or unloading.
Provided the sample does not suffer any damage during the test, the instantaneous
clastic strain e, for both the load and unload should be equal. As the test proceeds

the strain will grow with time. As previously mentioned, this time dependant strain

is comprised of delayed elastic strain and permanent creep. If the sample is then

d to relax letely, the ining strain is the permanent creep. It

should be noted that given the stress levels and loading time of these tests, the

permanent creep component is very small and not easily measured.
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4.3 Test Apparatus

The uniaxial compression tests were conducted using an MTS load frame and feed-
back control system. The load frame (MTS model 312.21) has a capacity of 111 kN
(12.5/25 kip) and is powered by a single hydraulic actuator. Movenent of the actua-
tor was controlled by the master control panel (MTS model 413) via the servo-valve
and servo-controller and the desired load or displacement path was sclected with
an MTS model 410 digital function generator. Lincar-variable differential trans-
formers (LVDTs) provided actual values of strain and stroke while a load collin the
test frame produced a real-time load history. The load cell and LVDT signals were
conditioned via Schaevitz model SCM 025 signal conditioners. These data were
displayed on a Hewlett Packard 7046A X-Y recorder or an MTS digital indicator
and as well a permanent record of the test data was stored on a personal computer.

A schematic of the test system can be found in Figure 4.1,

4.4 Experimental Procedure

The samples for uniaxial compression testing were selected from ice collected on
Hobson’s Choice Ice Island during the 1990 field test program. This ice was cul
from several test faces and included both intact, relatively undamaged, ice as well as
ice from the highly damaged crushed layer. From the intact ice two samples were
taken from vertical sections, while two were cut from horizontal sections. Thin
sections of the vertical and horizontal planes were produced and the ice crystal
structure characterized. The three crushed layer samples were taken horizontally.

The ice in the crushed layer consisted of a conglomeratc of finely pulverised ice,




&1

surrounding larger ice particles (typically < 25 mm diameter), with no apparent
preferred crystal orientation. This material can be considered to be isotropic and
sample selection was performed to optimize material availability.

The samples were precision machined to a diameter of 54 mm = 0.05 mm and
the ends were finished flat and squarc with the overall length set at 135 mm + 0.1
mm. To prevent the presence of cracks or formation of other such stress risers, the
samples were finished with a polished surface. This was accomplished by removing
the final layers of material with a chuck speed of 600 rpm or greater. Prior to
testing, a latex membrane was placed over each sample. The sample was mounted
on the lower platen of the MTS, with the upper platen then being fixed in place.
The latex membrane also helped to secure the sample between the upper and lower
platens. The LVDT collars were set on the sample and adjusted so that the LVDT’s
would be aligned vertically with the sample. The nominal gage length was set Lo
85 mm. Two thermistors, one at the top of the sample, and one at the bottom,
were secured under the latex membrane. Finally the LVDT stroke was adjusted
to zero with a slight positive offset. Figure 4.2 shows a fully instrumented sample
ready for testing. All tests were performed at —10 °C + 0.5 °C.

The MTS was either set in load control or strain control depending on the desired
load sequence. For strain control tests, the signal generator was programmed to

produce an inverted ramp with the strain rate given by:

; - 0998,
=T (4.1)

where H, is the desired stroke (mm), I, is the actual gage length (mm) and 7 is the

period (s). In load control, the signal generator was set to produce a square wave
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Figure 4.2: Ice sample before testing.

55



H
¢
|
i

with a frequency of:

! B
I =55 (4:2)

where 0.57 is the desired pulse time.

4.5 Data Collection

Data was recorded by means of a personal computer using an iu-house data logging
program. Upon completion of data recording, the binary data files were converted to
a series of ASCII (American National Standard Code for Information Interchange)
files containing the real time voltage data, which was once again converted to give
real values of load, stress, strain, etc. Strain data was subscquently filtered using the
low pass Butterworth digital filtering routine of The Math Works, PRO-MATLAB
software package, with the cutoff frequency set at 10 Hz. The sampling rate was
variable. The load control tests typically had a sampling ratc of 286 Hz while the
strain control tests were performed at approximately 190 Hz.

Axial strain data was measured by means of two 6.35 mm LVDT’s (total stroke
= 12.7 mum). The LVDT’s were mounted in collars and aligned with the sample.
The voltage output of each LVDT was fed into a voltage averager which gave one
voltage reading to be input to both the MTS and the data recorder. The change
in length of the sample was thus assumed to be equal to the average of the two
LVDT’s.

Values of axial load were acquired by means of a 90 kN load cell situated within
the MTS load frame. To increase the resolution of the load cell, the load range
could be adjusted from the MTS control panel. Experience showed that the strain

control tests could be performed with a load range of 20 kN while the load control



tests were conducted with a load range of 10 kN.

Stroke of the hydraulic ram was also recorded. This was accomplished by means
of a LVDT situated in the hydraulic actuator. Due to the elastic response of the
load frame, this data was not used to calculate strain. However it did serve as a

rough check of strain data.

4.6 Crystallographic Analysis

As discussed earlier, the field test program of 1990 on Hobson’s Choice Ice Island
was conducted in multi-year rafted sea ice. Analysis of cores taken at the test site
revealed that the ice consisted of layers of snow ice, frazil ice, and columnar ice,
with the salinity varying between 0 %, and 4 %, (Gagnon and Sinha, 1991).

The four intact ice samples were selected from indenter face SFR-01. The thin
section of Figure 4.3, showed this ice to be in transition, containing both frazil
and columnar ice. Furthermore, it should be noted that due to the rafting and
consolidation processes the longitudinal axis of the columnar grains are no longer
vertical and are now offset by approximately 37° from the vertical axis. The grain
size can be classified as fine to extra large (Cammaert and Muggeridge, 1988) with
some grains reaching 50 mm in length.

Following each compression test it was noted that the samples demonstrated
preferential failure (i.e. the failure was concentrated at one end of the sample and
was not uniform throughout), Figure 4.4 shows this behaviour. For test II1, failure
occurred along a plane with an angle of 40° from the vertical axis, corresponding
closely to the longitudinal axis of the columnar grains. The large grain size relative

to the sample diameter, along with easy glide planes (basal planes) parallel to the
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Figure 4.3: Ice crystal structure from test face SFR-01.



Figure 4.4: Preferential failure of ice sample from test II1.
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Figure 4.5: Thin sections of ice sample from test II1; 25 mm and 100 mm from top
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columnar grains, contributed to this preferential failure.

Thin sections, taken al various clevations through the sample reveal the varying
degrees of damage. Figure 4.5 shows thin sections at 25 mm and 100 mm from the
top of sample SFR-01 following test I11. The damage in the top portion is slight
with several intra-granular cracks (cracks within the grains) and isolated pockets
of damage. The damnage at the bottom of the sample hovever, is more extreme.
Through the center of the thin section taken at 100 mm from the top of sample
SFR-01, a band of fincly crushed material is visible. This material resembles the
fine pulverized ice found in the crushed layer, and appears to be the result of a

grinding action as sliding occurs along the failure plane.
4.7 Constant Strain Rate Test Results

The intact ice samples were tested at threestrain rates, 5x107° s71, 2.5 x 107 s~

and 5 x 10~* s7'. Neither strain rate was sufficiently large o cause brittle failure

and thus the ductile to brittle transition could not be established. The stress strain
curves for tests [11, I12, and I14, are shown in Figure 4.6, it can be seen from these
curves that an increase in strain rate resultsin an increase in strength. Additionally,
Figure 4.8 presents typical compressive strength data of multi-year sea ice, from
various researchers.

The reload curves of the constant strain rate tests display some interesting char-
acteristics. If at some point during a test, the load is removed and then reapplied,
provided the strain rate is unchanged, the stress consistently returns to the pre-
vious path. When the stress strain curveis then constructed, it appears as if no

interruptions occurred in the load history. It is therefore reasonable to suggest that
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the mechanical properties of the ice and its state of damage are a function of the
stress or strain history. This behaviour can be seen in Figures 4.6 and 4.7.

Il we compare the behaviour of the intact ice to the ice found in the crushed
layer, Figure 4.7, we see that the ice in the crushed layer is much softer. At a strain
rate of 5 x 1074 5™, the ice from the crushed layer gave a peak stress of 3.49 MPa,
only 53 % of the intact ice strength. This peak occurred at ¢ = 0.0015, and the
platcau was seen as approximately 2 MPa. Following two loadings of é = 5 x 10~*
57! and ¢ = 0.01, the strain rate was increased to é = 1 x 107 s~ (see Table 4.1
for a detailed loading scheme) and the second peak was found to be 2.54 MPa.

Test CI3 did not produce a characteristic load trace. With a strain rate of é =
2.5x 107" 57! an initial peak of 1.1 MPa was reached, this occurred at € = 0.0007.
The load dropped lo approximately 0.9 MPa and once again began to increase.
This gradual increase in stress continued until the load was removed at ¢ = 0.01.
Upon reloading the stress increased to approximately 1.43 MPa and remained fairly

constant,

4.8 Creep Test Results

The creep tests, as discussed in Section 4.2, were performed on: intact ice, predam-
aged ice (damaged to € = 0.02), and crushed ice (ice taken from the highly damaged
crushed layer). These tests were conducted with the applied loads varying between
0.25 MPa and 1.0 MPa. These tests can be used to determine the individual com-
ponents of strain, i.c. elastic strain, delayed elastic strain, and permanent viscous
flow. This scction summarizes the mechanical response of the ice samples under

the previously described load diti
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Values of elastic modulus, measured from both the loading and unloading por-
tion of the load cycle, did not always correspond precisely, and in one case the
difference reached 21 %. This was an extreme case but typically the values were in

very good When considering the complete data sel, these values were

found to be within 0.5 % of one another.

Table 4.2: Elastic modulus data.

Ice Emas | Ermin E
Type | (GPa) | (GPa) | (GPa)

Intact 7.10 5.31 6.61
Predamaged | 6.93 | 5.34 | 5.92

Crushed 5.47 3.56 4.35

As expected, the intacl ice samples gave the highest value of clastic modulus,
with the average being E = 6.61 GPa. The average value of clastic modulus for
the predamaged samples was E = 5.92 GPa, while the crushed ice gave the lowest
average value of elastic modulus, E= 4.35 GPa. Table 4.2 contains a brief summary
of this elastic modulus data. These values of elastic modulus, particularly those
of the intact ice, are lower than expected. Ideally, the elastic modulus should be
approximately 9.5 GPa. Increased porosity of the natural sca ice would tend to
lower this value. Additionally, the test apparatus can influence these results. The
MTS cannot produce a perfect step load; a finite time is required to apply the load

and slight overshoots in load are typical.
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With a simple damage model, damage of the elastic modulus can be expressed
as E= (1 — D)E,, where E, is the reference elastic modulus and D is the damage
parameter. If the intact ice is assumed undamaged, then the predamaged samples
have been damaged by 10.5 % (D=0.105) and the crushed ice ssmples have been
damaged by 344 % (D=0.344).

Time dependant strain (creep) includes both permanent viscous flow and de-

Experi m

layed clastic these of strain are difficult
to distinguish, however the following assumptions have been used. With a low
level of stress and a short loading time, the permanent viscous creep strain, €, of
an undamaged sample will be very small and the delayed elastic strain, es will
dominate. The strain-time curve of test 113 can be used to demonstrate this point

(refer to Appendix A). The undamaged strain-time trace of test 113 shows that any

bl bl

It is therefore

permancnt deformation of the sample is
to assume that the time dependant strain is primarily delayed clastic. A slight

downward slope of these strain time traces is noticeable however this is d

to signal conditioner drift.
Plotting total creep strain against stress for each time interval reveals a slight

i and an estimate of the exponent of stress was determined from the slope

of log-log plots of stress and strain, see Figure 49. The value of the exponents for
undamaged, predamaged and intact ice are presented in Table 4.3 and the average
valuc is found to be 1.33. It should be noted that increasing damage appears to
have very littleinfluence on the exponent. These values are in agreement with those
presented by C-Core (1990).

Damaging the ice sample not only reduces the elastic modulus, but also acts
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Figure 4.9: Log-log plot of stress vs. strain at 20 s.
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Table 4.3: Slopes of Log(ar) vs. Log(c).

Iee 25s|10s|15s|20s
Type

Undamaged | 1.11 | 1.3211.36 } 1.35
Predamaged | 1.18 | 1.35 | 1.47 | 1.35

Crushed 1.22 | 1.34 { 1.37 | L.A0O

to enhance creep and delayed elastic strain. From the damaged creep tests of 13
and 114, (again refer to Appendix A), permanent deformation can be measured
with all loads of 0.5 MPa or greater. In these tests, creep strain is estimated as the
unrecovered portion of strain. Likewise, ice samples taken from the highly damaged
crushed layer show similar behaviour.

Table 4.4 presents a summary of the strain component data for each nominal
loading and ice type. Additionally, to roughly quattify crcep enhancement, a ratio
of (¢4 + cc) to ¢ is presented. Furthermore, the effect of damage on the elastic
modulus and the enhancement of delayed elastic and creep strain is graphically
represented in Figure 4.10. Plots of strain vs. time for each ice type; undamaged,
predamaged and crushed, are superimposed upon one another for loadings of 0.25
MPa and 0.75 MPa. It is clearly shown that increasing damage not only affects the
elastic component of strain but also greatly enhances creep and the delayed elastic

strain.
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Table 4.4: Strain component data at 20 s.

Iee Tnom 3 Gte |@te
Type &

(MPa) | (mm/mm) | (mm/mm)
(x107) | (x107)

Undamaged | 0.25 0.361 0.260 0.720
0.50 0.815 0.690 0.847

0.75 1.04 119 114

Predamaged | 0.25 0.410 1.27 3.10
0.50 0.855 3.91 4.57

0.75 1.25 5.79 4.63

1.00 1.59 8.52 5.36

Crushed 0.25 0.530 1.06 2.00
0.50 1.06 2.92 2.75

0.75 170 5.35 3.15

1.00 2.55 8.29 3.25




Chapter 5

Finite Element Analysis of
Ice-structure Interaction

Complex ice feature geometries, sophisticated constitutive models and a wide vari-
cly of structural geometries dictate the use of numerical modelling Lechniques for
the solution of many ice-structure interaction problems. Even with state-of-the-art

delli hni 1

the realistic t

of many natural ph cannot be

duced ri ly. In all modelling routines, the engineer is required to make

simplifying assumptions and to idealize natural processes. Such is the case for the

following analysis.

The ultimate goal of the present work is to model the load fluctuations or dy-
namic response experienced during ice-structure interactions. Such a model would
require a detailed knowledge of the structure, the ice feature and the fracture pro-
cesses. This model must be capable of simulating the clearing and extrusion of the
pulverized ice must also be addressed. Additionally, hydrodynamic effects could
influence this model. At this time such a task would be overwhelming. However it
is possible to simulate many individual aspects of the process.

In the proceeding chapters, the readers attention has been focused on the ex-
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istence of an intermediate layer of highly damaged or crushed ice. Additionally, it

has been shown that ice-induced vibrations often ice-structure interac-
y

tions. At this time, the influence of the intermediate layer on the global load will
be investigated. Tt should be noted that this analysis is intended to reproduce the
load upswing of one typical crushing cycle.

This analysis has been performed for several material models. These included:

purely elastic, d: ing viscoelastic and d: ing viscoelastic with a viscous inter-

mediate layer. Additionally, si ions were conducted to account for a reduction

in cffective contact area. The results of each simulation were compared to actual
medium scale test data. Test NRC-06 of the 1989 Ice Island experimental program
was chosen as the verification test. Unfortunately, the load-time traces of the 1990
Ice Island test serics arc not yet released to the public domain and hence could not
be presented at this time.

“ABAQUS" was utilized to perform the finite element analysis. This software

package provided the facilities to generate the mesh, specify the boundary condi-

tions and describe the indenter ch istics. A d. ing viscoelastic mode! was

not available in ABAQUS and so a user-defined subroutine was used to describe

the material properties of ice. This defined subroutine, “DILAT” was written

and implemented by McKenna et al. (1990a and 1990b). Difficulties also arose in

pecifying the material properties for the i diate crushed layer. It was postu-

lated that varying the input of the defined ine DILAT could
provide an acceptable approximation of a highly viscous layer but this hypothesis

required verification.



5.1 Verification of Viscous Behaviour

5.1.1 Verification Model

Kheisin et al. (1976) proposed that the intermediate layer could be conceptualized
as a Newtonian fluid between two rigid plates. Closed-form solutions describing this
behaviour can be found in the literature but difficulties arise when converting these
closed-form equations to the finite element model. ABAQUS does not contain the
facilities necessary to model a purely viscous layer and therefore material models
must be modified to approximate this behaviour. If the idealized viscoelastic model
for ice (see Figure 2.3) is examined, it can be seen that viscous strain will dominate
if the elastic moduli are very stiff relative to the viscous flow component. The

following model was developed to verify wether or not ABAQUS, with modified

ve equations, could approximate a very viscous fluid.

Assuming the intermediate layer behaves as a fluid implies that this layer will
flow under any applied shear stress. Additionally, this assumption suggests that the
volume change due to an applied load must be very small or negligible. Further-
more, the Newtonian fluid assumption infers a lincar relationship between applied
shear stress and shear rate. Typically, for ice, the viscous flow component of strain
follows a power law relationship with an exponent n = 3, Water is considered to
be a Newtonian fluid, that is n = 1. It is reasonable to expect that the viscous
component of crushed ice would follow a power law with an exponent in the range of
n=1ton =3 but unfortunately, an acceptable value of this exponent is yet. to be
established. In this analysis, the intermediate layer is treated as a non-Newtonian
fluid i.e., the effective viscosity 4 is a function of stress with n = 3.

Using the case of a fluid between two rigid plates, the following analysis was
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performed. McKenna et al. (1990a and 1990b) developed a damaging viscoelastic
model for ice and produced a user defined subroutine DILAT, for use with the
finite clement analysis program ABAQUS. By varying input parameters, DILAT
could produce a highly viscous material response. A 50 mm thick layer of viscous
material, as described by DILAT, was placed between two 1 m wide plates. The
plates were assumed to be infinitely long in the vertical direction. This allowed
extrusion in the horizontal plane only (plane strain state of stress). Corresponding
to test NRC-06 of the 1989 test series, the plates were brought together at a rate
of 20 mm/s.

Duc to symmetry it was only necessary to model one quarter of the system, refer
to Figure 5.1. This segment was discretized into 125 equally sized elements (5 rows
of 25 clements) using 4 noded plane strain elements (ABAQUS type CPE4R). A
rigid surface described the indenter and interface elements (ABAQUS type IRS21)
were utilized to provide the stress distribution across the contact face.

For a viscous fluid, particle velocity at contacting surfaces must be zero. To meet
this criteria, boundary conditions were set to restrict relative movement between
the rigid surface and all nodes contacting the rigid surface. Additionally, since only
one quarter of the system was required, boundary conditions were set so that the
model would be symmetrical about the X and Y axis. The layer was squeezed from
50 mm to 45 mm at a rate of 20 mm/s. This corresponded to a total time of 0.25
s. Again, since the model was symmetrical about the X axis the rigid surface need

only translate a total of 2.5 mm.

With lubrication theory and the ion shown in Figure 5.1, a Newtonian
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Figure 5.1: Idealized viscous layer.

fluid will produce a parabolic pressure distribution where;

bl )

and u is the indentation velocity while  is the viscosity. A complete derivation of
this expression can be found in Jordaan and Timco, (1988).

5.1.2 Verification Results:

It has been postulated that an intermediate viscous layer could he produced by

ic model. Using

modifying the ituti i of the d ing viscocl

the previously described finite element model and three sets of material propertics

hy d. Esti of cach of the viscoelastic

this hyp was i
model, for crushed ice, were acquired from the uniaxial compression test program

(Test CI2). These values were considered to be a reasonable starting point for the



Table 5.1: Material properties of crushed layer.

Parameter Value

Trial 1 Trial 2 Trial 3
Elastic Modulus 5900 MPa 5900 MPa 5900 MPa
(Maxwell unit)
Elastic Modulus 2360 MPa 2360 MPa 2360 MPa
(Kelvin unit)
Poisson’s Ratio 03 0.3 0.3
Grain Size 4 mm 4 mm 4 mm
Temperature -10°C -10°C —-10°C

Permanent Viscous Creep | 2.64 x 1075 57! | 2.64 x 10™* s™1 | 2.64 x 10~3 s~}
Parameter
at IMPa and —10 °C

Delayed Elastic Strain 7.92x107% 571 | 7.92 x 10~ 57! | 7.92 x 1073 57!
Parameter
at 1 MPa and -10 °C

analysis. The spring constants of the Maxwell and Kelvin units were held constant
for all trials, but to soften the dashpots, the creep constants were increased by
factors of 10 and 100 for trials 2 and 3 respectively. A summary of the material
constants for cach of the three trial runs are presented in Table 5.1. It should
be noted that although a damaging viscoclastic model was used, the damage pa-
rameters were set such that the material properties do not change throughout the

simulations.



The resulting pressure distribution of cach simulation is shown in Figure 5.2, 1t
is clearly shown that increasing the creep paramcters of the Kelvin and Maxwell
units produces two dominant effects. These arc, the peak stress is reduced and
the pressure distribution appears more parabolic i.c., the material portrays a more
viscous behaviour. From trial 1, the pressure remains uniform for the first 0.25 m,
suggesting an elastic response, beyond which a more viscous hehaviour is evident.
The pressure distributions of trials 2 and 3 are characteristic of a viscous fluid.
Although the shape of the pressure distributions are reasonable, peak stresses
are higher than anticipated. Field measurements suggest that peak stresses should

be of the order of 50 to 100 MPa while the simulations predicted peak stresses of 189

to 481 MPa. For this simulation the crushed layer is being squeezed between two

rigid plates. With full scale ice indentations the crushed laye tuated between an

indenter (or structure) and the ice feature and peak stresses are partially dictated
by the deformation response of the ice.

The influence of element size is also a concern. It is expected that extrusion of
the crushed layer will be hindered if the element size approaches the crushed layer
thickness. A slight modification to the model has been used to demonstrate the
influence of element size. Initially, the model was discretized such that 10 elements
(5 elements for 1/2 the layer) comprised the crushed layer thickness. The number
of clements across the layer were reduced to 2 and the total decreased from 125 to
5. Figure 5.3 demonstrates that an insufficient number of elements enhances the
modal stiffness and impedes the mobility of the crushed layer. It should be noted

that this simulation was performed with the creep parameters of trial 3.
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5.2 Description of Test NRC-06 (1989)

Test NRC-06 was performed with the single actuator configuration of the indenta-
tion system described in Chapter 3. The indentor was flat and circular with a 1 m
diameter. The test face, as shown in Figure 5.4, consisted of a truncated vertical
wedge with an initial contact width of 120 mm and sides sloping at 3:1. The system
was sel Lo penetrate the ice face 30 mm at a rate of 20 mm/s.

Figure 5.5 displays the resulting load-time trace with the peak load reaching
1.8 MN. It is interesting to note that the amplitude and period of each crushing
cycle appears Lo increase with time. The power spectrum of Figure 5.6 shows

the domi crushing fr to be i ly 15 Hz. From the load-time

trace, it can be noted that the characteristic saw-tooth pattern is superimposed on
a long period wave of approximately 2 Hz. The total energy input for test NRC-06
was determined to be 18 kJ and the energy increased in a series of steps which
correspond with each load fluctuation, refer to Figure 5.7.

5.3 NRC-06 Simulation

5.3.1 Finite Element Model of NRC-06

As previously stated, this finite element analysis model was intended to simulate
the load upswing of one crushing cycle. Additionally, several material response

models werc investigated, these include:
o purcly clastic material response;

o damaging viscoelastic material response;
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o damaging viscoelastic response with a intermediate crushed layer (th |

layer viscosities were utilized).

The test face configuration of NRC-06 is shown in Figure 5.4. A thin horizontal
section through the center of the test face can be assumed to be under a plane-
strain state of stress. If end effects at the indenter top and bottom are neglected,
this horizontal section can represent the full test face. For this model, 2 100 mm
thick horizontal section was chosen, representing an area 1/10* of the nominal
contact area. Additionally, it can be seen that the model is symmetrical about
the vertical centerline. Due to this symmetry it is only necessary to reproduce 1/2
of the test face. The model area has now become 1/20* of the nominal contact
area (sec Figure 5.4). The pressure distribution at the ice-indenter interface will be
cquivalent to that of the model but the predicted total load must be increased by
a factor of 20.

To allow extrusion of the crushed layer a very fine mesh was placed alongside
the indentor. In this location each element was approximately 3 mm x 3 mm. The
overall model measured 1500 mm x 1500 mm and to reduce the total number of
clements multi point constraints (MPC) ! were utilized. The indentor is represented
by a rigid surface and interface elements are used to provide pressure distributions
along the indentor. All elements were four nodded plane strain elements (ABAQUS
type CPE4R), with reduced integration and hourglass control. A rigid surface
represented the indentor and interface elements (ABAQUS type IRS21) provided
the pressure distribution at the contact surface. The model is shown in Figure 5.8.
" TA very fine mesh is required in the vicinity of the indentor butif this clement size is maintained

over the entire model, the required CPU time would be extraordinary. The MPC is one technique
available in ABAQUS which allows the user to place large elements adjacent to smaller elements.




o
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The ice was modelled as a damaging viscoelastic material, after McKenna et al.
(1990a and 1990b), using the user defined subroutine DILAT. In this model, the
ice was treated as a continuum and unfortunately discrete events such as spalling
or flaking were not considered. The input parameters which describe the material
properties are found in Table 5.2, these were taken from Xiao (1991). Tn cases where
a crushed layer was present, an element set was defined adjacent to the indentor.
This element set was provided with independent material properties. The crushed
layer properties have been chosen from the uniaxial compression test data and
additional simulations were performed with the creep parameters increased by a
factors of 10 and 100. These parameters can be found in Table 5.1. ABAQUS
contains facilities to model the purely elastic case and the clastic modulus for this
run was set at 8000 MPa.,

Ideally the model is conceptualized as a semi-infinite plate, although in reality,
it must have some finite size. If the model is large relative to the contact arca
and the penetration a semi-infinite state can be approximated. For this model,
the ratio of the maximum contact length to the length of the front edge was 1/10.
Additionally, with increasing distance from the indentor, strain in the ice would
approach zero. Therefore, the boundary conditions were set such that the back and

right edges are fully restrained. The model was also symmetrical and the central

axis was iatel ined (je. of the left cdge is restricted in
direction 1, see Figure 5.8). The front edge was treated as a free surface except
where it came in contact, with the indentor. The friction coefficient between the ice

and the indentor was assumed to be 0.15. Finally, the indentor was only permitted



Figure 5.8: Finite clement model of NRC-06.



Table 5.2: Material properties of sea ice (Xiao 1991).

Parameter Value
Elastic Modulus (Maxwell unit) 8000 MPa
Poisson’s Ratio 0.3
Grain Size 4 mm
Temperature —10°C
Permanent Viscous Creep Parameter | 3.52 x 10~7 s~
@1 MPa and —10 °C

Be 18
Elastic Modulus (Kelvin unit) 3550 MPa
Delayed Elastic Strain Parameter 8.80 x 1070 5=!
@1 MPa and —10 °C

Ba 8
Critical Stress for Cracking 3 MPa
Reference Crack Number 20,000
Dilat 1 0.25
Dilat 2 1.5
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to translate directly into the ice face (all degrees of freedom except direction 2, were

restrained).
5.3.2 NRC-06 Simulation Results

As previously discussed, the purpose of this analysis is to model one load upswing
of a typical crushing cycle. Also of interest is the pressure distribution at the ice-
indenter interface. Test NRC-06 of the 1989 field test program was chosen as the
verification test. Additionally, various material response models were investigated.
Observations from the 1990 field test program showed that within each test face
there were zones where the crushed layer diminishes to zero. It has been suggested
that these zones carry the majority of the load. To investigate this hypothesis, the
effect of reducing the contact area has been included with this analysis.

The purely elastic case showsd very poor agreement with the test results. This
elastic analysis suggested that the peak load should approach 120 MN contrasting
sharply with the measured value of 1.8 MN (see Figure 5.9). The rate of increase
of load does not compare well either. Average rates of increese in load, on the
load upswing of the crushing cycle, were approximately 8.5 MN/s while that of the
purely elastic model reached 78 MN/s. Additionally, peak pressures measured at
the ice indenter interface, were on the order of 75 MPa while predicted pressures
of the elastic model, ranged from 600 MPa to 1600 MPa.

Predicticn of total load from the damaging viscoelastic model can be seen in
Figure 5.10. This model also over estimated the global load. From this simulation
the maximum load was estimated to be 8.5 MN. The initial rate of increase in load

was also relatively high, 75 MN/s, and approached that of the purely elastic case.

i
H
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Figure 5.9: Purely elastic simulation of NRC-06 (1-Finite clement prediction, 2
NRC-06 load history.)
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After approximately 0.15 s, the ice began to creep. AL this point, the predicted
load remained fairly constant except for continuous, small fluctuations. It should
be noted that these load fluctuations were associated with the model discretization
and cannot be considered to be crushing cycles. Unfortunately this model did not
consider discrete events such as spalling or flaking. In the work of Tan Jordaan

and Associates (1991), it was shown that such events not only contributed to load

fl b v infl

but also jally  the global lvad.

The d i iscoelastic model predicted peak pressures to be between 80

MPa and 90 MPa. These pressures occurred at about the 0.1 s time interval. The
initial pressure distribution was very similar to that of the purely elastic model, with
maximum pressures occurring at the outer edge of the contact face. As creep began
to dominate, the pressure distribution became more parabolic with the maximum
pressures occurring at the center (see Figure 5.11).

Three sets of creep parameters were utilized for those simulations which included
a crushed layer (see Figures 5.12, 5.13 and 5.14). For each, the crushed layer
thickness was assumed to be 60 mm. The best estimate of global load was achieved
from the simulation with the lowest crushed layer viscosity. For this run, the creep
parameters determined from the uniaxial compression tests were increased by a
factor of 100 (Table 5.1, Trial 3) and the peak load in this case was determined to
be 1.95 MN. When the measured creep parameters were utilized (Table 5.1, Trial
1), the peak load was found to be 8.5 MN and increasing these parameters by a

factor of 10 (Table 5.3, Trial 2) gave a maximum force of 4.2 MN. The magnitude of

contact for each simulation which i d a crushed layer, appeared

to be reasonable. These values ranged from 13 MPa to 70 MPa. A summary of
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Figure 5.10: Damaging viscoclastic simulation of NRC-06 (1- Finite element. pre-
diction, 2-NRC-06 load history).
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these results can be found in Table 5.3.

Although the order of magnitude of the contact pressures is acceptable, the

pressure distribution was not as expected. For cach the maximum pressure occurs
at about 60 mm from the centerline, corresponding to the initial edge of the contact
face. This effect is believed to be influenced by the deformation of ice behind the
crushed layer. Maximum levels of stress and damage are found at this location and
as well the confining pressures ate minimmm. Additionally, on the sloping ice face,

the indenter is i 1 ing new, und; d ice. This finite element

analysis treats the ice as a continuum, and it is not yet capable of clearing the

highly damaged material. As a result, the ice which would normally be cjecu

from the interface remains and contributes to the load.

Thus far, this analysis assumed that the load is distributed over the nominal
contact area. The appearance of the test face coupled with medium-scale mea-
surements of contact pressures suggested that the load is concentrated at discrete
segments of the contact face. From Chapter 2, estimates of effective contact arca
implied that the load is carried by a zone which is appioximately 35 % of the
nominal contact area. With slight modifications to the finite element model, the
influence of effective contact area was investigated. It was assumed that the con-
tact zone would be situated at the geometric center of the test face. By using the
“*MODEL CHANGE" facility of ABAQUS, several rows of elements were removed

and the effective contact area reduced. C ding with field

this area was reduced to 35 % of the nominal and the analysis was repeated for the
purely elastic and damaging viscoelastic models.

Once again the purely elastic model overestimated the global loaa. The overall
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Figure 5.12: Viscous layer simulation of NRC-06: Creep parameters x1 (1-Finite
element prediction, 2-NRC-06 load history).
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Figure 5.13: Viscous layer simulation of NRC-06: Creep parameters % 10 (1-Finite
element prediction, 2-NRC-06 load history).
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Figure 5.14: Viscous layer simulation of NRC-06: Creep parameters x100 (1-Finite
clement prediction, 2-NRC-06 load history).
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load approached 65 MN with a loading rate of 59 MN/s. Peak pressures were also
much higher that expected: 500 to 1800 MPa.

The damaging viscoelastic model with reduced effective contact arca gave a
reasonable prediction of peak load, 3.2 MN but the initial loading rate of 57 MN/s
was excessive. The order of magnitude of the contact pressures was also acceptable
and ranged from 20 to 90 MPa. One particularly interesting characteristic of this
load-time trace was a substantial drop in load (see Figure 5.15). Damage processes
initiated at the outer edge of the contact zone and proceeded inward. This strain-
softening resulted in a reduction of the global load. Crystallographic analysis from
the medium-scale test program showed that icc taken from the arcas of no apparcut
crushed layer displayed a substantial degree of damage. Applying some initial
damage state to the ice in the effective contact zone would most probably produce
a reduction in loading rate.

The results of the previous analysis are summarized in Figure 5.16. The initial
loading rates for the various material models are compared to a typical crushing
cycle of test NRC-06. It is clearly evident that an elastic material response overes-
timates the measured load. This holds true even when the effective contact arca is
reduced.

One other aspect must be addressed before the purely elastic model can be

dismissed. Nominally, the indentation rate was specified as 20 mm/s. However
the displacement-time record revealed a variable indentation rate. As a result of

the indentation system compliance, the indentation rate was shown to vary with

the load fi i Closer ination of the displ. time record revealed

that variations in the ind ion rate ponded to the load fi i As the
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Figure 5.15: Predicted load-time trace f:om the damaging viscoelastic model with
a reduced cffective contact area.
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Table 5.3: Summary of analysis results.

‘7 Area Compensation |

Model Peak Load | Rate of | Peak | Peak Load | Rate of

(@08's) | Loading | Pressure | (@08 5) | Loading
MN) | (MNgs) | (vpa) | Ny | (MINJs)

Purely [ 78 1600 16 59
Elastic

Viscoelastic 82 75 85 320 57
Creep 85 57 0 = -

Parameter x1

Creep 4.2 32 36 - =
Parameter x10

Creep 1.95 33 17 = -
Parameter x100 X

NRC-06 113 8.5 60 7 = J

* Peak load predicted fo occur at 0.08 s.
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total load increased, the indentation rate was typically less than the nominal rate.
However, as the load dropped, the indenter surged forward. Displacement rates,

cor ing to load increa were esti d to be i ly 12 mm/s.

Analysis of the most extreme case (i.e. reduced contact area and reduced inden-
lation rale), gave a loading rate of approximately 35 MN/s. Even under these
conditions, the elastic model exceeds the measured value of 8.5 MN/s. Repeating

these calculations for the damaging viscoelastic model gave a very similar result,

i.e. the initial loading rate was determined to be 34.7 MN/s.
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Figure 5.16: Estimates of loading rates for various malerial models.



Chapter 6

Discussion of Results and
Conclusions

In may 1990 a medium-scale ice indentation tests progism was conducted on Hob-

son’s Choice Ice Island. The pred failure mode exhibited during these in-

dentation tests wass crushing, although some spalling events were observed. Macro-
scopically, all failure surfaces portrayed some common attributes, these are: 1)
spall areas, 2) zones of highly crushed or pulverized ice and 3) regions of no ar

ent crushed layer. The physical characteristics of the failure surface suggests that
high pressure zones should correlate with those areas where the pulverized layer is
thinnest; superimposing the final measured peak pressures on the failure surface
did not to reveal such a phenomena. Comparative density analysis of the crushed
layer and the intact ice showed that substantial dilatation had occurred during
the damage process. Additionally, the density of the crushed layer appeared to
be heavily influenced by the confining pressure. That is the density of the pulver-
ized ice was highest al the centre of the crushed face, where the confining pressure
was highest, and gradually decreased towards the periphery. Measurements of the

crushed layer showed that its average thickness was on the order of 50 mm while the

104
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d i hec, 173 mm. Additionally, microscopic examinations

of the extruded particles revealed that pressure or friction melting and sintering
processes were active during the crushing event; in-situ temperature measurements

supported this hypothesis (Gagnon and Sinha 1991).

If observations of the fail faces are d to typical load-time historics,
several anomalics arise. Examination of test NRC-06 of the 1989 field test program
showed the average crushing frequency to be approximately 15 lz. With the nom-
inal indentation rate being 20 mm/s, a theoretical crushed layer thickness of 1.3

mm was estimated. This value is much lower than typical measurements of crushed

layer thickness. Furthermore, the peak pressure location does not necessarily corre-
spond to zones where the crushed layer is apparently nonexistent. Observations of
the physical characteristics of the test face suggests that the major portion of the
load is carried by regions with no crushed layer but superimposing final measure-
ments of peak pressure, on the test face, shows that the pulverized ice must possess
substantial load carrying ability. Density measurements of the crushed layer also
support this claim.

The uniaxial compression tests showed that increasing the damage state con-

tributed to creep of the ice behind the

zone of no apparent crushed layer revealed a very high level of damage (Kenny et al
1991). It is therefore reasonable to expect this material to be dominated by creep
but triaxial compression tests are required to verify this assumption. The finite
element analysis also showed that a uniform viscous layer is a rcasonable assump-
tion. This layer produces an averaging effect which allows an acceptable prediction

of the global load but it cannot address the problems of large pressurc gradicnts or



localized zones of high pressure.

Finally, it can be expected that the crushing and extrusion process follows a
mixed mode. Recall from Chapter 5 that the load time trace of test NRC-06
consisted of a 15 Hz load cycle superimposed upon a longer period wave of 2 Ha.
It is postulated that the long period cycle is associated with the formation and
extrusion of the pulverized layer, while random, localized zones of high pressure

contribute o the higher frequency crushing cycle.

6.1 Conclusions

As a result of the investigations presented herein, the following conclusions have

been established:

o When ice is failing by crushing, a layer of highly damaged or pulverized ice
exists adjacent to the structure or indentor and the deformation of this layer

is dominated by creep and viscous flow processes.

Modelling the crushed layer as a purely elastic material is unacceptable, even

for very short loading periods.

¢ Zones in the contact face with an indistinguishable crushed layer, have typi-
cally been associated with high pressures. It may be more realistic to consider
these zones to be centers of extrusion. In this manner, potential high pressure

sites are not restricted to these areas.

-

Incressing the level of damage in ice produces substantial creep enhancement.
Furthermore, damage appears to have a much greater influence on creep rate

than on elastic modulus.
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o The pulv-rized layer possesses substantial load carrying abilities and high
pressures ave not restricted to areas where the pulverized layer thickness di-

‘minishes to zero.

o The uniform viscous layer assumption produces a reasonable estimate of
global load but it cannot address the problems of large pressure gradients

or localized zones of high pressure.

6.2 Recommendations for Future Work

In recent years substantial advances have been made in the arca of ice-structure
interactions and the availability of computing resources has encouraged the appli-
cation of d- rage mechanics to this problem. Additionally, the medium scale field
indentation programs, coupled with the vast supply of laboratory test data has con-
tributed to the knowledge of ice-structure interactions. However, many questions
still remain.

Although, under uniaxial states of stress, the stress-strain behaviour of ice is
very well defined, additional work could be performed to measure damage states
at incremental steps along the stress-strain curve. Full and medium scale test data
have shown that confining pressures can excced 70 MPa. Confined compression

tests with hydrostatic pressures in excess of 50 MPa arc rare but essential.

At the present time, k ledge of the behavi of crushed or pulverized ice is
mainly speculative. Very little such data are available in the public domain and

the range of conditions, under which this material has been tested, is limited. Once

again, confined ion tests, with hyd ic pressures ding 50 M Pa arc

essential. These tests should measure the mechanical response of the pulverized ice
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and as well, attempt o simulate the conditions necessary for pressure melting at
particle interfaces.

The model of ice-structure interaction, described within this work, defines an
intermediate layer of pulverized ice adjacent to the structure. Unfortunately, the
transition of ice from a continuum to a mass of discrete particles is not well under-
stood and the criteria which govern such a process have not been established.

Ficld observations have shown that for full scale ice-structure interactions, aver-
age contact, pressures are substantially lower than the uniaxial compressive strength
of ice. Conversely, zones of very high pressure exist at the interface. Additionally,
estimat~s of an cffective contact area have been included. A more reliable estimate
of the effective contact area, especially in cases where the ice is failing by crushing,
would cnhance the understanding of the ice-structure interaction process. One pos-
sible technique would be to utilize PVUF film (refer to Chapter 3) over an entire
indenter face. This would provide a real-time pressure history for a continuous
contacl area.

With respect to finite element modelling of the ice-structure interaction process,

clearing of highly damaged ice is not easily accomplished. Presently ABAQUS

does not allow automatic removal of such highly damaged elements. Manually

defined

manipulating the finite clement models and ing elements with a p
level of damage may produce a more realistic load-time curve. Furthermore, discrete

events such as spalling or flaking are very difficult to model. These occurrences are

inherent of ice-struct i jons and they have been shown to

ib b ially to the load-time histories.
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= SIMULATION OF TEST NRC-06 FROM THE
i 1989 FIELD TEST SERIES

*x

=

*HEADING

SIMULATION OF TEST: NRC-06
DAMAGING VISCOELASTIC MODEL WITH
CRUSHED LAYER

-

-

*PREPRINT,HISTORY=NO
e

*x
** GENERATING NODES
e

i

*NODE,NSET=N101

101,0,0

*NODE,NSET=NI21

121,0.060,0

*NODE,NSET=N141

141,0.360,0.100

*NODE,NSET=N147

147,1.5,0.100
*NFILL,BIAS=1,NSET=FACE1
N101,N121,20,1
*NFILL,BIAS=0.9NSET=FACE2
NI21,N141,20,1

*NFILL,BIAS=0.8 NSET=FACE3
N141,N1476,1

*NSET,NSET=FACE
FACE1,FACE2,FACE3

*NCOPY SHIFT,CHANGE NUMBER=400,0LD SET=FACE,NEW SET=COP
0,0.012,0

*NFILL,BIAS=1NSET=ALL1
FACE,COP4,100
*NODE,NSET=MID1



1701,0,0.200
*NODE,NSET=MID2

1721,0.060,0.200

*NODE,NSET=MID3

1741,0.360,0.200

*NODE,NSET=MID4

1747,1.5,0.200

*NFILL,BIAS=1,NSET=MID5

MID1,M1D2,20,1

*NFILL,BIAS=0.9,NSET=MID6

MID2,MID3,20,1

*NFILL,BIAS=0.8,NSET=MID7

MID3,MID4,5,1

*NSET,NSET=MID

MID5,MID6MID?

*NFILL,BIAS=.85,NSET=ALL2

COPMID,12,100

*NCOPY SHIFT,CHANGE NUMBER=1200,0LD SET=MIDNEW SET=BACK
0,1.500,0

*NFILL,BIAS=0.85NSET=ALL3
MID,BACK,12,100
*NSET,NSET=ALL
ALLLALL2,ALL3
*NSET,NSET=CENT,GENERATE
101,2901,100
*NSET,NSET=RIGHT,GENE

147,247,100
Aok

*x
e GENERATE ELEMENTS
ox

ok
*ELEMENT,TY PE=CPE4R ELSET=MAINI
1,101,102,202,201

200,701,703,803,801

250,721,722,22,821

300,1101,1105,1205,1201
330,1121,1123,1223,1221

400,133,134,334,333



410,137,138,538,237
420,633,534,634,633
450,537,538,738,737
470,1137,1139,1239,1237
482,141,142,7142,741
483,142,143,1143,1142
484,143,144,1144,1143
485,144,145,1345,1344
486,145,146,1746,1745
487,146,147,1747,1746
488,1344,1345,1745,1744
490,1141,1142,1342,1341
500,741,742,1142,1141
530,1701,1705,1805,1801
550,1901,1909,2009,2001
560,1935,1937,2037,2033
580,2133,2141,2241,2233
600,1741,1742,1842,1841
680,2101,2117,2217,2201
700,2301,2333,24 33,2401
*x

*ELGEN,ELSET=MAIN2
1,32,,1,6,100,32
*ELGEN,ELSET=MAIN3
250,12,1,1,4,100,12
*ELGEN,ELSET=MAIN4
200,10,2,1,4,100,10
*ELGEN,ELSET=MAINS
300,5,4,1,6,100,5
*ELGEN,ELSET=MAIN6
330,8,2,1,6,100,8
*ELGEN,ELSET=MAIN7
400,4,1,1,2,200,4
*ELGEN,ELSET=MAINS
4104,1,1
*ELGEN,ELSET=MAIN9
420,4,1,1,6,100,4
*ELGEN,ELSET=MAIN10
450,4,1,1,3,200,4
*ELGEN,ELSET=MAIN11

130
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4702,2,1,6,100.2
*ELGEN,ELSET=MAIN12
4903,1,1,3,2003
*ELGEN,ELSET=MAIN14
530,10,4,1,2,100,10
*ELGEN,ELSET=MAIN19
5504,8,1,2,100,4
*ELGEN,ELSET=MAIN20
56024,1,2,1002
*ELGEN,ELSET=MAIN15
580,1,,,8,100,1
*ELGEN,ELSET=MAIN16
600,6,1,1,12,100,6
*ELGEN,ELSET=MAIN17
680,2,16,1,2,100,2
*ELGEN,ELSET=MAIN18
700,1,,,6,100,1

-

*ELSET,ELSET =MAIN
MAIN1,MAIN3,MAIN4,MAIN5,M AIN6, MAIN7,MAIN8,MAIN9
MAIN10,MAIN11,MAIN12,MAIN14,MAIN15,MAIN16
MAIN17,MAIN18,MAIN19,MAIN20

ok

*ELSET,ELSET=FACE
MAIN2,MAIN3,MAIN4,M AIN5,M AIN6
MAIN7,MAIN8,MAIN9,MAIN10,MAIN11

*ok

*ELSET, LSET=LAY1
200,201,202,203,204,203,206,207,208,209
i 210,211,212,213,214,215,216,217,218,219
! 250,251,252,253,254,255,256,257,258,259
260,261,262,263,264,265,266,267,268,269
270,211,272,273
*ELSET,ELSET=LAYER.




MAIN2LAY1
>

*MPC
1,233,133,333
133,333,533
1,337,137,637
1,637,537,737
1837,737,937
1,1037,937,1137
1,702,701,703
1,704,703,705
1,706,707,705
1,708,709,707
1,710,711,709
1,712,713,711
1,714,715,713
1,716,715,7117
1,718,719,7117
1,720,719,721
1,1103,1101,1105
1,1107,1105,1109
1,1111,1109,1113
1,1115,1113,1117
1,1119,1117,1121
1,1122,1121,1123
1,1124,1123,1125
1,1126,1125,1127
1,1128,1127,1129
1,1130,1129,1131
1,1132,1131,1133
1,1134,1133,1135
1,1136,1135,1137
1,1138,1137,1139
1,1140,1139,1141
1,541,141,741
1,941,741,1141

SET MPC’S FOR MESH



1,1241,1141,1341
1,1441,1341,1541
1,1641,1541,1741
1,742,142,1142
1,1144,144,1344
1,1544,1344,1744
1,1345,145,1745
1,1723,1721,1725
1,1727,1725,1729
1,1731,1729,1733
1.1735,1733,1737
1,1739,1737,1741
1,1905,1901,1909
1,1913,1909,1917
1,1921,1917,1925
1,1929,1925,1933
1,2109,2101,2117
1,2125,2117,2133
1,2137,2133,2141
1,2317,2301,2333
o

*k

*¥ CREATE RIGID SURFACE AND INTERFACE
*x ELEMENTS FOR INDENTER SIMULATION

-
o

*NODE,NSET=REF
9999,0.0,-0.100

*ELEMENT,TY PE=IRS21
900,101,102,9999
*ELGEN,ELSET=INDENT
900,30,1,1
*INTERFACE,ELSET=INDENT
0.10

*FRICTION

.15,500,2000

-

*RIGID SURFACE,ELSET=INDENT,TYPE=SEGMENT
START,-0.500,-0.100
LINE,-0.500,0.0
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LINE,0.500,0.0
LINE,0.500,-0.100
xx

hal DEFINE BOUNDARY CONDITIONS

*BOUNDARY
BACK,1,2
CENT,1

9999,1

9999,6
RIGHT,1

o

““ DEFINE MATERIAL BEHAVIOUR

*MATERIAL,NAME=A1

*ELASTIC

*+§000,0.3

™

*USER MATERIAL,CONSTANTS=24

*E0 v dg T creepc  betac csc powsc
8000, 0.3, 0.004, -10.0, 2, 18, 3.0, 1.0
™

ey NO dilatl dilat2 creepd  betad  emoduf dam0
3.0, 20000, 0.25, 1.5, 50, 8, 1, 0.0
™

*dum dum dum dum  dum dum dum dum
0.0, 0.9, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0
*

*DEPVAR

19

*x
*MATERIAL,NAME=A2
*x

*USER MATERIAL,CONSTANTS=24 .
“E) v dg T creepc  betac  csc powsc ‘



5900, 0.3, 0.003, -10.0, 15000, 0, 2.0, 0.5
*x

*n NO dilat1 dilat2 creepd betad  cmodul dam0

3.0, 00, 00, 00, 45000, O, 09, 0.0
A

* dum  dum  dum dum  dvm  dum  dum  dum
0.0, 09, 00, 00, 0L, 0.0, 0.0, 0.0
per

*DEPVAR

19

"

-

% SET SECTION THICKNESS

xx

*x

*USER SUBROUTINE,INPUT=17

*SOLID SECTION,ELSET=MAIN,MATERIAL=A1

0.10
*SOLID SECTION,ELSET=LAYER,MATERIAL=A2
0.10

*x

*RESTART,WRITE,FREQUENCY=60
ok

e SET STEP FOR INDENTATION AND PRINT
s, NECESSARY DATA

*x

**DATA CHECK
*STEP,AMPLITUDE=RAMP,INC=500,CY CLE=12,NLGEOM

*x
*x

i DEFINE INDENTATION PARAMETERS

s MOVE NODE 9999 OF RIGID SURFACE 0.030 M
b IN A TIME OF 1.5 SEC.

i INDENTATION RATE: 0.020 M/S

*STATIC,PTOL=1E-3

¢
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0.0001,1.5,1E-8,0.0015
"

*BOUNDARY
9999,2,,0.030
e

*PRINT,RESIDUAL=YES,CONTACT=YES,FREQUENCY=400
-

*EL PRINT,ELSET=MAIN2,SUMMARY=NO,FREQUENCY=20
MISES,S

*EL PRINT,ELSET=INDENT,FREQUENCY=20,SUMMARY=NO
S

*NODE PRINT,NSET=REF,FREQ=20

RF2,U2

*EL FILE,ELSET=MAIN,FREQUENCY=20

SDV

*EL FILE,ELSET=LAYER,FREQUENCY=20
*EL FILE,ELSET=INDENT,FREQUENCY=10
8

*NODE FILE,NSET=REF,FREQUENCY=10
RF,U

™

*END STEP
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