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PRELIMINARY MODELING OF ICE FAILURE ON CONES
DUE TO EDGE SHEAR

Michael Lau
Institute for Ocean Technology, National Research Council of Canada,
St. John’s, Newfoundland, Canada

ABSTRACT

Recent model tests at the Institute for Ocean Technology (IOT) showed that the
influence of shear stresses on determining failure modes during ice-cone interactions
becomes more important with increase of ice velocity and is finally predominant for
large cone angles and thick ice with the ice edge failing predominately in shear mode.
The same shear failure mode has been observed as the dominant failure mode of
freshwater ice during the ice/cone interaction experiments conducted in C-CORE’s
centrifuge. This paper identifies the salient features associated with the shear failure
process. A simple conceptual model was proposed for future model developments.
This model incorporated the concepts of non-simultaneous ice/cone contact and
failure process, rotation of the ice edge and the size of the failure zone. Predictions
from the model compare well with measurements from the model tests.

INTRODUCTION

Observations from early experiments show that bending failure is dominant under
interaction conditions such as low inclination angle (10° to 60°), low ice-cone friction
coefficient, small ice thickness, and low ice velocities. However, failure modes other
than bending can be dominant under certain conditions. With increasing inclination
and surface roughness of the cone, ice speed or ice thickness, the failure mode
changes gradually from bending to shear or crushing (Lau et al., 1999a; Wessels,
1984; Sodhi, 1987; and Haynes et al., 1983). The influence of shear stresses on
determining failure modes becomes more important with increasing ice thickness and
is finally predominant for thick ice fields (Lau et al., 1999a; Maattanen, 1986).
Observation of actual fracture patterns in thin ice reveals that pure bending occurs
when circumferential cracks form at distances slightly higher than the characteristic
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length. With increase in ice thickness and speed, the average length of broken pieces
decreases to approximately the ice thickness, which may indicate a large influence of
shear deformation to ice failure (Lau et al., 1999a). Recent model test data (Lau et al,
2000) obtained in the Institute of Ocean Technology’s (IOT, formerly the Institute for
Marine Dynamics) ice tank showed that with further increase of ice velocity, the size
of broken ice fragments decreases abruptly to approximately a tenth of the ice
thickness with the ice edge failing in shear. The same shear failure mode has been
observed as the dominant failure mode of freshwater ice during the ice/cone
interaction experiments conducted in C-CORE’s centrifuge (Barrette et al, 1999a and
2000; and Lau et al, 2002).

This paper documents a preliminary analysis of the shear failure mechanism as
observed in the recent model tests conducted at C-CORE (Lau et al, 2002) and IOT
(Lau et al, 2000). The evidence of shear failure is cited and the salient features
associated with the shear failure process are identified in the following section. In the
section entitled Model Development a simple conceptual model is formulated to
encompass the salient features of the interaction and failure processes. This model
may form the framework for future model developments and calibration. It
incorporates the concepts of non-simultaneous ice/cone contact and failure processes,
rotation of the ice edge and the size of the failure zone. The validity of the model is
also verified.

EXPERIMENTAL EVIDENCE OF SHEAR FAILURE
The following interaction process associated with edge shear failure was identified:
IOT’s Test Series

A detailed description of the test series was reported by Lau et al (2000, 2002). For
ice thickness equal to 110 mm, the failure mode changed abruptly to shear at velocity
greater than a transitional value of about 0.15 m/s for a 60° cone. (See Figure 1.)
Shearing of the ice edge along the grain boundaries of the columnar model ice
occurred before any circumferential (flexural) crack could form away from the edge,
resulting in small cusp-shaped ice chips having length and width typically less than 15
and 10 mm, respectively (Figure 1: right plate). Immediately before the change of
failure mode, the observed distance between circumferential cracks was about 130
mm. (See Figure 1: left plate with arrows showing the circumferential cracks.)

The ice edge rotates significantly before the on-set of ultimate ice failure. Preliminary
analysis of the video records suggested a rotation angle of approximately 30° to the
horizontal. This large rotation angle may be due to the presence of partial or fully
formed radial and circumferential cracks. The contact surface after failure was very
rugged, resulting in non-simultaneous contact and ice failure along the cone/ice
interface. The channel formed by the model’s passage appeared very regular and was
approximately as wide as the cone’s waterline diameter. The ice chips cleared around
the cone with only a small amount of ride-up. (See Figure 1: right plate.)
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Figure 1. Photographs showing 110 mm thick ice interacting with a 60° cone at velocity 0.1m/s in the
left picture (below the transitional speed) and at 0.25m/s in the right picture (above the transitional
speed).

C-CORE’s Centrifuge Series

A detailed description of the C-
CORE’s centrifuge series with 45°
cones was reported by Lau et al (2002),
and a detailed analysis of the
interaction process was given by Pfister
et al (2002). The same shear failure
mechanism was identified in C-
CORE’s  centrifuge  tests  with
freshwater ice. It is believed that the
steeper cone angle (60°) coupled with
high velocity favored the occurrence of
edge shear in IOT’s tests, whereas the
low ratio of shear strength G, to

1 .
flexural strength o contributed to a Figure 2: A typical cross-section of a sample collected
large extent to the shear failure in Test ICESTR34: 12-mm thick freshwater ice (side

observed in C-CORE’s tests. It should €™

be noted that the slightly downward curvature of the ice surface (Lau et al, 2002)
typical of centripetal ice growth might also favor edge shear because such arching
increases the moment capacity of the ice sheet.

During spin-down, the rubble pile, ride-up, and intact ice were frozen together to give
a record of the interaction process that occurred at the end of each test. For each test,
a piece of ice near the model was carefully cut out and stored for future analysis.

! For IMD’s series, G4/ss was averaged at 1.33. For freshwater ice, G/s; is estimated from 0.23 to 0.57
with commonly quoted values of 1.76 MPa for &, (Timco and O’Brien, 1994) and 0.4 to 1 MPa for o,
(Michel, 1978).
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Figure 2 is a photo of the typical cross-section of the samples collected. From this the
following observations can be made:

e The crack pattern that was observed at the intact ice tip shows a few partially
formed cracks. These cracks originated mid-level in the ice sheet where shear
stresses are expected to be large, i.e., shear stresses are at a maximum at the
neutral axis with a beam loading orientation. Cracking due to diagonal tension
was also evident at the lower portion of the ice sheet. These are primary cracks
with a width of a few grain diameters. (The diameter of the columnar grains was
barely visible from the intact ice.)

e The size of ice fragments riding up the cone surface suggested that further failure
of ice produced ice fragments with size in the order of 2 to 3 grain diameters.

MODEL DEVELOPMENT

The existing theories of ice forces on cones assume that the ice fails in a flexural
mode. A preliminary comparison with a number of leading ice force predictors
revealed a substantial over-estimation. This may be due to the fact that shear failure
may occur before the moment capacity of the ice is fully developed. In order to arrive
at a better prediction, the major features of the interaction and failure processes
associated with the particular shear failure were identified and a conceptual model
was developed accordingly. As experimental data associated with this type of failure
were scanty and many aspects of the interaction were not fully understood, gross
assumptions had to be made, particularly concerning ice strength, contact geometry
and the non-simultaneous nature of the interaction. This model may form the
framework for further model developments and fine-tunings. The following three
characteristics of the failure process are considered:

e Size of the failure zone;
e Geometry of the contact; and
¢ Non-simultaneous ice/cone contact and the failure process.

Size of Failure Zone

The failure was localized at the ice edge located around the front half of the cone’s
waterline. The failure is along vertical columnar grain boundaries. If shear failure
were to occur simultaneously along the cone’s waterline, the area of the failure plane
may be estimated by the following equation:

B 7Dt

) 5

Where D is the cone’s waterline diameter and t is the ice thickness.
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Non-Simultaneous Failure

To-date, our understanding of the nature of this
non-simultaneous shear failure is limited, however
research into non-simultaneous failure of ice with
wide indenters may shed some light into the
process, as both phenomena are qualitatively
similar.

Shearing of the ice edge results in small cusp-
shaped ice chips. These cuspings produce a rugged
ice edge with many small contact points distributed  Figure 3: Stress concentrators and
along the ice edge that serve as stress concentrators ~ Subsequent cusp formation

for subsequent cusp formation as depicted in

Figure 3. A large number of small zones of failure contribute statistically to a global
average force. In the absence of data to quantify the effect of this incomplete contact
on ice load, a contact coefficient k is employed to characterize this effect in the same
manner as other indentation equations for ice crushing, i.e., Korzhavin Equation
(American Petroleum Institute, 1988). A value of 0.3 for k may be assumed based on
suggestions from Michel (1978) for cases of brittle ice crushing.

Rotation of Ice Edge

Edge rotation due to flexural ice deformation affected the boundary loading condition
of the intact ice. (See Figure 4.) With increasing edge rotation, the magnitude of the
force component required for ice shearing (F) along the columnar grain boundary
increases.

Radial cracking of the intact ice sheet divided it into wedges. For simplicity, the tip
rotation angle B (Figure 4) of such wedges is estimated using the theory of elastic
beams on elastic foundation with each wedge idealized as a constant width semi-
infinite floating beam tip with a transverse load” (Hetenyi, 1946):

P

2 =——1°

@ B 2EI ©
bt?

3 I=——-

(3) 1

b 1= Ef

( “ " \3np,g

* It is felt that this level of analysis is sufficient for the present purpose. A more sophisticated treatment
of the problem would include 3-D loading and deformation behavior.
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Where P is the transverse load; E, the elastic modulus; I, the area moment of inertia;
L, the characteristic length of the beam; b, the beam width; t, the ice thickness; n, the
acceleration scale fact0r3; Pw, the density of water, and g is the gravitational constant.

Combining Equations 2 to 4 gives:

(5) _F /31—2
b\ Etnp,g

The vertical breaking load per unit beam width P/b can be estimated from experiments
or analytical models, i.e., Lau et al (1999b).

Shear Breaking Load Formula

Figure 4 shows a 2-D geometry of the ice-
cone interaction at the tip of a wedge beam.
F;, and F, are the horizontal and vertical ice F,
breaking forces acting on the cone at ice F,
failure and F; is the reaction force required
to shear the beam along the columnar grain
boundaries. F, is related to F, and F, F,
through [:

(6) F s = F y COSﬁ +F h Sinﬂ Figure 4: Geometry of interaction at tip of wedge
beam

Fy is related to F, through a resolution
factor €p:

sina + ycosa
(7) 0 = cosa i
- usina

8) F,=F,g,,

The equation to compute shear failure load according to the this model is given as the
following:

©  F=koA

Combining Equations 5, 6, 8 and 9 gives:

3 The acceleration scale factor is a scaling factor used in the centrifuge modeling. The scaling principle
was given in Lau et al (2002). For conventional tank experiments, this factor is equal to one and the
centrifugal acceleration is equal to ng in a typical centrifuge test.
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1
ko L)
o\ 5™

(10) =
i (cos B+ &,,, sin )

v

F, is the vertical load needed to break the ice edge. This equation may replace the
flexural breaking equation in most existing ice force models as these models calculate
F, and relate it to F;, via a resolution factor € (Lau et al, 1999b).

MODEL VERIFICATION

Comparison of Model Predictions to IOT’s Data

In IOT’s test series (Lau et al, 2000),
. . 6000
shear model of failure dominated tests T Filre 3
with a 60° cone in 110-mm ice at ice 5000 1 | o Fh
.. —_ fe

velocities greater or equal to 0.15 m/s. |Z o Fv

<=4000 -
Data from these tests were used for | g
comparison with model predictions. 53000 +

o 11

o 2000 - o

Shear strength and moduli of ice were |&
measured in IOT’s tests. A value of 0.3 1000
was assumed for the contact factor with 0 ‘ ‘
the reason cited in the previous section. 0 2000 4000 6000
The values of [ were estimated Measurement (N)

between 2.6° to 3.5° from the

measured E-modulus. These values Figure 5: Comparison of model predictions with

. . . b 3
are too small in comparison with force m.easuremoents for 10T s'tests df)mlnateq by
. g i shear failure: 60° cone, 110 mm ice and ice velocity >
observation from video recordings. or=0.15m/s.

This discrepancy may be partially

attributed to the partially formed multiple radial and circumferential cracks. A value
of 30° was estimated from visual data to compute the model predictions. Figure 5
shows the comparison of the model predictions to the measurements. The
experimental data were in agreement with the model predictions, especially with F,.
The predictions for F,, were up to 60% greater than measurements. This apparent
discrepancy was due to the 2-D treatment of the problem used in this analysis. A
more sophisticated treatment of the problem, would reduced the predictions for F; by
as much as 60% using a 3-D resolution factor (Lau et al, 1999b), i.e., €3p = (2/7) &p.

In this comparison, the value of B was a rough estimate and the force computation did
not take into account the influence of ice velocity. Better estimation of 3 at ice failure
and the inclusion of velocity effect in the problem treatment may improve the
comparison.
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Comparison of Model Predictions to C-CORE’s Centrifuge Data

Predictions from the ice force model were compared with the freshwater data obtained
from centrifuge tests (Lau et al, 2002). In the absence of experimental measurements,
the contact factor was again assumed to be 0.3, the shear strength 65 was assumed to
be 850 kPa and [ was estimated between 8.5° to 16.5° from the E-modulus estimated
from Barrette et al (1999b). It should be noted that these estimates ranged from
350MPa to 760 MPa (with an E/c ratio ranging from 130 to 270), which gives a large
range of values for 3.

Arriving at an appropriate value of shear strength for freshwater ice requires some
explanation. Frederking et al (1988) reported an average shear strength of 600 kPa for
freshwater ice at —10°C that increased to 1100 kPa if special measures were taken to
reduce stress concentration at the load application points. The value chosen for this
comparison was the averaged shear strength obtained from the two methods, assuming
the effect of stress concentration at the loading points during tests was approximately
in between these two cases. This value

is within the range of values obtained 1000
from other studies for ice temperature 900 | 77 Eitline
around —5°C and with the shear plane 800 ] | © Fh
parallel to the growth direction |_ 700 - i °g
(Kozitskii, 1978; and Michel, 1978). | 600 | LY
'% 500 - &9
Figure 6 shows a good agreement |@ 400
between model predictions and force |° 300
measurements. It should be cautioned 2001
that the validity of the selected k and 102 |
(O from which the model pI‘CdiCtiOl’lS 0 260 460 660 860 1000
were computed are yet to be verified. Measurement (N)

Nevertheless’ the selected values were Figure 6: Comparison of model predictions with

reasonable, and the gOOd agreement  force measurements from C-CORE’s centrifuge tests
was encouraging. with freshwater ice

CONCLUSIONS

Shear failure may become the dominant ice failure mode under conditions where there
may be a thick ice sheet, a high angle of cone inclination or high velocities. In this
case, ice fragments into cusp-sized pieces that decrease in size with increasing
velocity to the point where they can be as small as one tenth of the ice sheet thickness.
This creates an irregular contact surface between the cone and ice sheet that is
difficult to approximate. The model developed to attempt to determine the behavior
of ice under these conditions was proven to be reasonably accurate through
experimentation, however improved accuracy may be achieved through further
research.
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