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Abstract- The mechanical behaviour of atmospheric ice, as an
important aspect in the understanding of ice shedding
phenomenon, has attracted much attention in recent years.
Attempts have been made in this research to shed light on the
most significant mechanical properties of atmospheric ice, such as
compressive strength, bending strength, effective modulus, and
fracture toughness. Atmospheric ice in these tests was
accumulated in a closed-loop wind tunnel at -6, -10, and -20° C,
with a liquid water content of 2.5 g.m™. Ice samples accumulated
at each temperature level were tested at the accumulation
temperature, but the ice accumulated at -10° C was also tested at -
3 and -20° C. The compressive strength of atmospheric ice
increases when test temperature decreases. At low strain rates,
this property of atmospheric ice increases as accumulation
temperature decreases. The bending strength of atmospheric ice
at low strain rates depends on test temperature. The spread in
bending strength for different temperatures diminishes as strain
rate increases. When compared to the bending strength results for
atmospheric ice under static load, the ice shows less resistance
against fracture under cyclic load. The bending strength of
atmospheric ice under cyclic load decreases with the test
temperature. The effective modulus of atmospheric ice usually
increases with increasing strain rate. The bending strength of
atmospheric ice accumulated at -10° C has been found to be
greater than that of ice accumulated at -6 and -20° C. The
fracture toughness of atmospheric ice decreases with decreasing
accumulation temperature. The value for the ice accumulated at -
10° C and tested at the same temperature is 111.17 KPa+/m . The

fracture toughness of atmospheric ice accumulated at -10° C and
tested at -20° C increases, owing to higher strength at very cold
temperatures.

I. INTRODUCTION

Atmospheric icing of power transmission lines may cause
considerable damage to power networks in cold climate
regions. Nowadays, many attempts are being made to find
efficient methods for removing the atmospheric ice from
network equipment, particularly cables and conductors.
Consequently, many studies on ice adhesion on substrates, ice
shedding and its effects on power network elements have been
carried out.

Unlike the other types of ice (lake, river, sea ice, etc.), very
few studies on the mechanical properties of atmospheric ice
have been reported. Perhaps the most important research on
the mechanical properties of atmospheric ice appears in Druez
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et al. (1986) where ice was accumulated at various air
temperatures and air speeds, and was tested at the same
temperature it had been accumulated. The liquid water content
of air (LWC) was set at 0.4 and 0.8 g/m’. The droplet diameter
for these two values of LWC was set at 20 and 40 yn,

respectively. Also, two strain rates were used for strength tests
and several wind velocities for ice accumulation.

Understanding ice behaviour under loading conditions is
indispensable for many de-icing studies (e.g. Kalman et al.,
2007) and numerical models, including ice shedding models
(e.g. Kermani, 2007). This paper describes attempts to shed
light on the behaviour of atmospheric ice under different
loading conditions and presents a general overview of some
mechanical properties (the compressive strength, bending
strength, effective modulus and fracture toughness) of
atmospheric ice accumulated at three temperatures and tested
under various temperatures. A great many studies on the
behaviour of other types of ice (particularly freshwater ice)
have been published and their results were used for
comparison with the results presented herein. Due to space
limitations in this paper the descriptions of equipment
and apparatus are very brief and the
discussions are summarized.

II. SPECIMEN PREPARATION

The ice accumulation conditions for this study were created
in the CIGELE? atmospheric icing research wind tunnel, which
is a closed-loop (air-recirculated) low-speed icing wind tunnel.
Icing conditions, as those encountered during various icing
processes in nature, can be simulated in this tunnel. The
characteristics of ice accumulation equipment have been
discussed in Kermani et al. (2007). Air speeds typically
leading to natural glaze ice formation ranges from ultra low to
medium. In order to make the experimental work more
manageable and obtain a more uniform ice layer, air velocity
was set at 10 ms™.

Three ambient temperature values, -6, -10 and -20° C, were
selected for the accumulation of atmospheric ice as
representative of warm, medium and cold icing conditions.

Liquid water content (LWC) of the CIGELE wind tunnel
depends on the difference between air and water line
pressures, air speed and the flow rate of water in the supply
line. It was calibrated as a function of the aforementioned
parameters by Kolldr and Farzaneh (2009). LWC for icing
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conditions in nature varies between 0.5 and 10 g.m’3, which is
within the range of the wind tunnel. During calibration, LWC
at the test section of the wind tunnel was measured using the
accepted standard technique known as the rotating icing
cylinder method (Stallabrass, 1978). Hence, LWC was set at
2.5 g.m” in order to obtain solid and uniform atmospheric ice.
Atmospheric ice was accumulated on an aluminium cylinder
(diameter 78 mm and length 590 mm) placed in the middle of
the test section of the wind tunnel and rotated at a constant 2
rpm’. Before ice accumulation, the cylinder was cleaned with
alcohol and set in place for two hours while the system was
cooling down. Once accumulation was completed, the cylinder
was removed from the test section and the accumulated ice
was cut with a warm aluminium blade to avoid any mechanical
stress that might cause cracks. The resulting ice slices were
then carefully prepared using a microtome. Figure 1 shows the
position of the specimens extracted from the accumulated ice
on the cylinder, and the load direction in the mechanical tests.

Load direction in
bending tests /.

7 o

-

Aluminum
cylinder

Atmospheric

Fig. 1. Specimen position in accumulated atmospheric ice and load
direction during test.

Specimen dimensions, as mentioned in ASTM E111-97,
were determined by averaging three measurements along the
three axes of the samples. In preparing the specimens, the
guidelines recommended by the IAHR (International
Association of Hydraulic Engineering and Research) working
group on test methods (Schwarz et al., 1981) were used.

III. TEST CONDITIONS

The specimens were accumulated at different temperatures
and tested at their accumulation temperatures. However, the
atmospheric ice accumulated at the typical wintertime
temperature (-10° C) was tested at three temperatures -3, -
10 and -20° C. The specimens were kept at the testing
temperature for two hours before each test.

Table 1 shows the specimen dimensions and test
configuration in the different test categories of this study.

A commercial closed-loop, servo-hydraulic material test
system (MTS) was used to conduct the tests. During testing,
the recording system provides an instantaneous graph which
shows the history of both the applied load—or displacement—
and measured displacement—or load—, so that an exact
record of the experiment history is known at the time of
testing.

IV. GRAIN STRUCTURE OF ATMOSPHERIC ICE

Thin sections of atmospheric ice accumulated at -6° C
(parallel to the cylinder’s axis) reveal that the grain size of this

type of ice varies from 0.5 mm to 3 mm, with an average of
approximately 1.5 mm. The grain size of atmospheric ice
accumulated at -10° C is observed to be considerably smaller
than that accumulated at -6° C (approximately 0.5 mm). A
significant number of cavities, and possibly cracks, are visible
in the ice accumulated at -20° C. The presence of these cavities
is attributed to the high freezing rate of the droplets, which
prevents them from filling the cavities. Grain size in this type
of ice averages less than 0.4 mm, the grain boundaries are
more angular than that of the ice accumulated at -10° C, and the
cavities are distinctive. The readers are referred to Kermani et
al. (2007) for more information about the characteristics of ice
accumulation equipment and grain structure of these three

types of atmospheric ice.
Table 1. Specimen dimensions in different tests.

Specimen
dimensions (mm)

Test category

Number of
tests

= Test configuration
15| % :
Bz | 3
Compressive strength| 181 | 20 | 40 45 |Uniaxial compression

Bending strength

with static loads 2l el ab w

Three-point-beam

Bending strength
with cyclic loads

Fracture toughness | 25 20 | 40

71 20 | 40 100 Cantilever beam

128

Three-point-beam

V. COMPRESSION TEST RESULTS

Figure 2 shows the results of uniaxial compression tests of
the atmospheric ice that was accumulated at -10° C and tested
at -3, -10 and -20° C. In all compressive strength tests, each
sample was uniaxially loaded and the axial strain was
measured by an extensometer. In general, the results of these
tests are in good agreement with the results of other
investigators in many aspects.

T, =-20C —A— T, =-3C —aT =-100C

Compressive strength (MPa)

2 T T T
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Strain rate (1/s)

1.E-01

Fig. 2. Compressive strength of atmospheric ice accumulated at -10°C and
tested at various temperatures. T,= Test temperature (Kermani et al., 2007).

As reported by many researchers (e.g. Schulson,1990) and
made clear in Fig. 2, the compressive strength of atmospheric
ice increases with decreasing test temperatures.

As is the case for polycrystalline ice grown in the
laboratory, the strength of this ice also increases and then
decreases with increasing strain rate.

Figure 3 shows the results of compression tests of the
atmospheric ice accumulated at -6, -10 and -20° C and tested at
their accumulation temperature. As was mentioned by Wu and
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Niu (1994) and demonstrated by Schulson (1990), the
compressive strength of ice increases with decreasing grain
size. In these tests, as previously mentioned and shown by
Laforte and Phan (1983), grain size decreases as accumulation
temperature decreases. In Fig. 3, it is observed that the
compressive strength of ice increases as the accumulation
temperature decreases at strain rates lower than 107 s’l,
because grain size decreases with decreasing temperature. At
higher strain rates, however, the compressive strength of ice
accumulated at -20° C is less than that for ice accumulated at -
10° C. We conclude from this finding that the strength of the
ice is more sensitive to the presence of cavities and cracks at
higher strain rates than at lower rates, where grain size is the
dominating factor.
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Fig. 3. Compressive strength of atmospheric ice accumulated at various
temperatures and tested at their accumulation temperature.
Ta= Accumulation temperature (Kermani et al., 2007).
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differences between the results of this study and those of other
researchers for fresh water ice.

In spite of the differences between the data shown by other
researchers and the data presented here, the trend of increasing
strength with strain rates up to 10”%s™ is evident in all the data.

VI. BENDING STRENGTH TEST RESULTS

A. Bending strength tests under static loading

Figure 5 shows the comparative results of bending strength
and effective modulus of atmospheric ice accumulated at -6, -
10 and -20°C. The results of bending tests on atmospheric ice
accumulated at -10° C in Fig. 5 show a clear dependency of
bending strength on test temperature for the three lower strain
rates.

From the trends observed in Fig. 5, bearing in mind the
inherent scatter in the data, the implication is that strain rate
and temperature affect the flexural strength of the ice in a
small but measurable way. Depending on the temperature,
increasing strain rate can either increase or decrease the
flexural strength.

As shown in Fig. 5, the bending strength of the ice
accumulated at -10° C is higher than that of the two other ice
types. The smaller grain size of this ice, as compared to that of
ice accumulated at -6° C, as well as the colder test temperature
(-10° C) explain its higher bending strength. The similar values
obtained for bending strength of ice accumulated at -10° C and
tested at -3° C and that of ice accumulated at -6° C and tested
at -6° C, despite the warmer test temperature of the former,
further demonstrates that the bending strength of atmospheric
ice accumulated at -10° C is higher than that accumulated at -
6° C.
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Fig. 4. Comparison of strength data from the present study with results from
other studies (Kermani et al., 2007).

Figure 4 shows the comparison between the present values
of compressive strength of atmospheric ice and those of other
investigators for fresh water ice. For all fresh water ice tests,
the average grain size has been reported to be approximately 1
mm, and test temperature was -10° C. These conditions
approximately correspond to the ice accumulated at -10° C and
tested at -10° C, as describe herein. The results of the only
published report on the compressive strength of atmospheric
ice, Druez et al. (1986), are included in this figure.

It was shown that air bubbles or voids weaken materials in
general. In atmospheric ice, these bubbles can reduce the
compressive strength of ice. This is one reason for the

Fig.5. Bending strength of atmospheric ice accumulated and tested at various
temperatures (Kermani et al., 2008).

The lack of cavities and pre-existing cracks in the ice
accumulated at -10° C, compared to -20° C, results in a
stronger structure and higher bending strength for the former,
despite the warmer test temperature,. The significant number
of cavities, many that have irregular shapes, contribute to the
lower strength observed for ice accumulated at -20° C because
these cavities are susceptible to stress concentration. It can be
seen in Fig. 5 that the average bending strengths of ice
accumulated at -10°C and tested at -20° C are greater than the
corresponding values for the ice accumulated at -20° C and
tested at the same temperature.

Figure 6 shows the comparison between the present values
of flexural strength of atmospheric ice (at strain rate of 2 x 10~
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s!) and those of other investigators for freshwater ice and
glacier ice. The higher flexural strength of atmospheric ice can
be attributed to the lower average grain size in comparison
with the ice of other studies.
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Fig.6. Comparison of bending strength of atmospheric ice with values of
other researchers for fresh water ice and glacier ice (T.I.T= Top In Tension;
B.L.T= Bottom In Tension) (Kermani et al., 2008).

B. Bending strength tests under cyclic loading

In order to measure the bending strength of different types
of atmospheric ice during a cyclic load with increasing stress
amplitude, a load frequency of 0.3 Hz was set for these tests.
The direction of bending force was changed twice during each
cycle and its amplitude was gradually increased from a value
of zero up to that of beam failure with an increasing rate of 2
N/cycle.

Figure 7 shows the comparative results of bending strength
of ice accumulated at -10° C and tested at different
temperatures under both static and cyclic loads. The difference
between the flexural behaviour of atmospheric ice under these
two loading modes is distinguishable in that figure. As
mentioned above, at higher strain rates under static loads, little
or no temperature effect on the bending strength of
atmospheric ice is observed. The bending strength of ice under
cyclic loads, however, decreases with decreasing test
temperatures.

As seen in Fig. 7, at two out of three test temperatures, the
bending strength of atmospheric ice under cyclic loads is less
than its value under static loads. This reduction has been
reported by many other researchers (e.g. Haskell et al., 1996;
Haynes et al., 1993; Kerr, 1976). In his research on columnar-
grain ice, Gold (1972) stated that, at very low temperatures
and high strain rates, elastic anisotropy leads to stress
concentrations and becomes an important mechanism for crack
nucleation. Crack nucleation mechanisms, flaws, microcracks
and other defects are more effective in cyclic loads because the
reversing bending stress provides identical opportunities for
the cracks and cavities at both the top and bottom of the
neutral axis of the ice beam to propagate and cause beam
fracture. This is not the case for static loading, where the
cavities and cracks at the top of the beam are always under
compression and in fact don’t have any effect on ice fracture.

The difference between the bending strengths of ice
accumulated at -10° C and tested at -3° C under cyclic and
static loads can be attributed to three possible causes: the
inherent scatter in the results of bending strength of ice under
both cyclic and static loads; the ductility of atmospheric ice at
temperatures close to the melting point, causing finer and

fewer microcracks in each loading cycle than at colder
temperatures; and finally, the healing of microcracks at
warmer temperatures.
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Fig. 7. Bending stress at failure for atmospheric ice accumulated at -10°
C and tested at various temperatures under cyclic and static loads in the
first scenario (Kermani and Farzaneh, 2009).
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Fig. 8. Flexural strength of atmospheric ice accumulated and tested at
various temperatures under cyclic and static loads in the first scenario
(Kermani and Farzaneh. 2009).

Figure 8 compares the flexural strength of three types of

atmospheric ice under cyclic and static loads. The cavities play
the same role in weakening the ice accumulated at -20° C
under cyclic loads. However, as mentioned previously, they
are more effective in cyclic loads because of the reversing
bending stress.

VII. EFFECTIVE MODULUS TEST RESULTS

Figure 9 shows the comparative results of effective
modulus of atmospheric ice accumulated at -6, -10 and -20°C.
As seen in this figure, the effective modulus of all three types
of atmospheric ice increases as strain rate increases. This
implies that the ratio of “load at failure” to “beam deflection at
failure” (F/d) increases with higher strain rates. This is logical
because, at a given failure load, beam deflection at low strain
rates is higher than at high strain rates. As expected, the
effective modulus of ice accumulated at -20°C at higher strain
rates is less than that of the two other types, owing to the
presence of cavities and cracks in this ice. The effective
modulus of ice accumulated at -6°C is higher than that at -20°
C because the larger grain size and lack of cavities in the ice
accumulated at -6° C make it less deformable (Schulson,
2001).

Furthermore, in spite of the considerable scatter in the data,
the effective modulus of the ice accumulated at -6° C is
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probably higher than that of the ice accumulated at -10° C.
This is so because the values for the ice accumulated at -6°
C were greater than or equal to those for the ice accumulated
at -10° C throughout the range of strain rates, including the
additional data point at 1x10° s for the ice grown at -10°
C. This is due to the larger grain size of the ice accumulated at
-6° C, relative to that of the ice accumulated at -10° C.
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Fig. 9. Effective modulus of atmospheric ice accumulated and tested at
various temperatures (Kermani et al., 2008).
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Fig.10. Comparison of effective modulus of atmospheric ice with values of
other researchers for fresh water ice (T.L.T= Top In Tension; B.L.T= Bottom In
Tension) (Kermani et al., 2008).

Figure 10 shows the comparison between the values of
effective modulus of atmospheric ice herein (again
accumulated at -10°C and tested at a strain rate of 2 x107 s'l)
and those of other freshwater ice research. The differences in
the effective modulus issue from dissimilarities between these
two types of ice.

VIII. FRACTURE TOUGHNESS TEST RESULTS

Figure 11 shows the results of fracture toughness tests for
various types of atmospheric ice. The results show that the
fracture toughness of atmospheric ice accumulated at -10° C
decreases and then increases with decreasing test temperature.

Figure 11 shows that the average value of fracture
toughness of ice accumulated at -10° C and tested at -20° C is
143.28 KPaym , while the corresponding value of the ice
accumulated at -20° C and tested at the same temperature is
108.04 KPavm . Comparing the average value of fracture
toughness of the ice accumulated at -10°C and tested at -3°C
(128.60 KPavm ) with the corresponding value of the ice
accumulated at -6° C and tested at -6° C (137.75 KPax/m ),

ignoring the small difference in test temperatures and
regardless of overlapping error bars, it seems that the fracture

toughness of atmospheric ice decreases with decreasing
accumulation temperature. It is obvious that at test
temperatures close to the melting point, the ice shows ductile
behaviour and is expected that its resistance to crack
propagation is expected to increase when the temperature
approaches the melting point. The fracture toughness of
atmospheric ice accumulated at -20° C and tested at its
accumulation temperature is less than other types because the
cavities and possibly pre-existing cracks in this ice lower its
crack propagation resistance. The same factor observed in the
compression tests and the bending tests led to the weakness of
this ice.
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Fig. 11. Fracture toughness of various types of atmospheric ice. The
error bars in this figure correspond to the standard error in the results for
the tests conducted with each set of parameters (Kermani & Farzaneh,
2008)
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Fig. 12. Comparison of fracture toughness of ice with the results of other
research on fresh water ice (Kermani & Farzaneh, 2008).

Fischer and Alley (1995) used a modified ring (MR) test to
determine the fracture toughness of granular fresh water ice at
-15° C and obtained results of 145 % 35 KPa+/m . Liu and
Miller (1979) obtained the average value of 139 KPa/m for
fresh water ice at -18° C. Goodman and Tabor (1978) obtained
the value of 116 £ 13 KPa~/m for fresh water ice at -13° C.
Figure 12 compares the fracture toughness values of

atmospheric ice found in this study with those of other
research on fresh water ice.

IX. CONCLUSIONS

The compressive strength, bending strength, effective
modulus and fracture toughness of atmospheric ice was
measured. Using a rotating cylinder in the CIGELE
atmospheric icing wind tunnel, ice was accumulated at an
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LWC of 2.5 gr/m’, wind speed of 10m/s and various
accumulation temperatures. The ice accumulated at -10° C was
tested at -3, -10 and -20° C. The ice samples accumulated at -6
and -20° C were tested at the same respective temperatures.
The results of this research show that the compressive strength
of atmospheric ice increases with decreasing test temperatures.
Also, it was found that ice strength increases with increasing
strain rates up to 107", and then decreases at higher strain
rates. The average bending strength of atmospheric ice under
cyclic loads for the ice accumulated at -10° C and tested at -3, -
10 and -20° C was found to be 2.81, 2.66 and 2.44 MPa,
respectively. Atmospheric ice accumulated at -6 and -20° C and
tested at the same temperatures yielded average bending
strengths of 2.68 and 1.56 MPa, respectively. At colder
temperatures, the flexural strength of the ice under cyclic loads
is lower than under static loads. The bending strength was also
found to decrease with decreasing test temperatures. The
flexural strength of atmospheric ice slightly increases at test
temperatures close to the melting point (-3 and -6° C). This can
be due to the inherent scatter in the bending test results, to the
ductility of the ice at warmer temperatures, and to a possible
crack healing mechanism. The flexural strength of atmospheric
ice accumulated at -20° C is less than that of the ice
accumulated at -6 and -10° C, owing to the presence of cracks
and cavities in that ice. The effective modulus of atmospheric
ice has been found to increase with increasing strain rates. At
higher strain rates, the effective modulus of ice accumulated at
-20° C and tested at the same temperature was found to be
lower than for the two other ice types. The fracture toughness
of atmospheric ice decreases with decreasing accumulation
temperature. At very cold temperatures (around -20° C), the
fracture toughness of atmospheric ice increases owing to
higher strength. However, the fracture toughness of
atmospheric ice accumulated at -20° C and tested at its
accumulation temperature is less than other types because the
cavities and possible cracks in this ice lower its resistance
against crack propagation. Owing to structural differences
between atmospheric and freshwater ice types, and also to
differences in grain size and specimen dimensions in previous
studies, some differences between our results and those of
other researchers on freshwater ice have been observed.
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