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ABSTRACT

For ice crushing against a vertical structure the application of the new ISO 19906 ice load design
code is limited to structures having their width larger than twice the ice thickness (larger than 2
aspect ratio). However, in sub-arctic environment many offshore structures fall well below this
aspect ratio limit. To cover this handicap an adjustment to the ISO crushing requirement is pro-
posed. Over 35 year long ice load design practice and subsequent in-field experience of Finnish
aids-to-navigation is compared to ISO crushing load design. With decreasing aspect ratio the ISO
approach would have resulted in unsafe design. The reason can be attributed to the too weak as-
pect ratio effect in the ISO database derived from measurements on wide structures. With a sim-
ple aspect ratio effect correction the ISO method can be extended also to narrow structures.

INTRODUCTION

ISO 19906 Arctic Offshore Structures ice load code was sent in December 2010 to the ISO
member countries for final vote: accept or not to accept. The code development started in 2002,
originally only for petroleum and gas structures in the Arctic, but soon the application area was
expanded to cover sub-arctic waters and other than oil and gas related offshore structures as well.
The initial starting point brought with it a comprehensive ice actions database for thick ice and
wide structures. Due to the relatively sparse measurement database of well documented ice loads
against offshore structures in sub-arctic regions, a lot of effort was given to utilize quite recent
good quality data measured in the EU LOLEIF and STRICE projects from the Norstromsgrund
lighthouse located in the Northern Baltic. These data were combined with the North American
arctic data in order to have a unified crushing load design method.

While more temperate application areas were included the size of application structures dimin-
ished, especially the aspect ratio: the width of the structure at waterline divided by ice thickness.
As the available good quality database did not include narrow structures, the ISO crushing load
application area was limited to aspect ratios above 2. However, the data from Norstroms-grund
never reached close to this limit. The waterline diameter was 7.6 m including the load panels and
during the measurement years the level ice thickness was less than 0.6 m - with thicker but
weaker rafted ice being omitted. If narrow panel data from Norstromsgrund is used, the ice ac-
tion geometry at panel width is close to 2-dimensional state giving less constraint compared to
the three dimensional state of stress at low aspect ratios. Hence the real aspect ratio in the data
for ISO crushing load is above 10.

The database on ice load measurements in offshore structures with low aspect ratio is sparse.
Masterson et al. (2000), presented an overview on aspect ratio effects, including measurement
data from Cook Inlet at aspect ratios below five, Blenkarn (1970), and a theoretical reasoning



based on Prandtl’s plastic limit analysis model. As the largest ice loads are expected at the ice
failure transition zone from ductile the brittle, a plastic limit analysis is a questionable starting
point. Field data on bridge piers, e.g. Neill (1976), on the other hand, is mostly related to ice dis-
charge with rivers at high strain rates. The largest ice loads measured by telemetry system, e.g.
4.4 MN, Maittanen (1987), with an estimated aspect ratio close to one, but without the data of
actual ice conditions, are not directly applicable for design database.

In Finland the first steel lighthouses collapsed in the early 1970’s when the aspect ratio effect
was not observed correctly. With this in mind the new ISO 19906 crushing ice load is now com-
pared to the present in field proven successful practice in designing lighthouses and channel edge
markers that have typical waterline diameter close to 1 m while the ice can be thicker. Hence as-
pect ratios below 1 are common. The comparison indicated that at low aspect ratios the ISO ap-
proach ends up into unsafe design. This paper presents the results of comparisons and a proposal
to add a stronger aspect ratio effect to the ISO crushing load determination.

FINNISH DESIGN PRACTICE

The design practice in Finland for caisson type lighthouses at the beginning of the 1970’s was
based on an in field proven requirement of 1 MN/m horizontal ice load. This was doubled to 2
MN/m for much narrower steel lighthouses at waterline. However, this was not enough. The first
steel lighthouses failed due to ice action in severe ice conditions in the Gulf of Bothnia, the first
one, Kemi-1 during the first winter, and the sister lighthouse Nukkujan matala, after withstand-
ing four winters. In addition four simpler steel channel edge markers failed as well.

In 1975 more stringent deterministic design requirements for narrow steel aids-to-navigation
were set. The structures with a circular cross section had to withstand horizontal ice loads based
on an average level ice pressure p = 2.25 MPa, and multiplied by the aspect ratio effect, which is
based on measurements by Korzhavin (1962), and expressed by the equation of Afanasiev

(1972):
F=pwh1/1+5£ (D)
w

where w is waterline diameter and /4 level ice thickness. Compared to the original design, Eq. 1
with aspect ratio D/h=1 would have increased the design ice load 2.45 times.

The last Finnish caisson lighthouse, with waterline diameter of 5.8 m, was constructed in 1975 to
replace the steel lighthouse Kemi-1 that failed in spring 1974. Thereafter only narrow offshore
steel lighthouses (and other aids-to-navigation structures) with waterline diameter around 1 m —
about the same as the expected maximum level ice thickness — have been built at the cost of less
than one third compared to a caisson type foundation. A total of more than 100 of these struc-
tures have already experienced cumulatively more than 2000 winters without any failure due to
static ice load while designed according to Eq. 1. Some first generation fixed bottom founded
channel edge markers experienced also fatigue failures due to ice-induced vibrations, but this
was cured at the beginning of 1980’s as the requirement to design for dynamic ice loads was
adopted. The ISO 19906 dynamic ice load design criteria in crushing are based on these design
principles.



To compare the design ice loads provided in ISO 19906 (Eqgs. A.8-20. A.8-21) to the present
Finnish aids-to-navigation structures design practice, over 80 design cases are plotted as a func-
tion of aspect ratio in Fig 1. The structures are located along the Finnish fairways at water depths
from 4 to 16.5 m. The included structures are either at moving ice zone or at the land-fast ice
zone where, however, occasional level ice movements can occur. As the level ice at the land-fast
zone is thicker the aspect ratio will be smaller. The ice data is based on long-term statistics, Palo-
suo et al. 1982 covering years 1920-1980, and Seind, 2010, for extension up to year 2010. The
data points in Fig. 1 are based on ice thicknesses varying from 0.40 to 0.80 m for moving ice and
from 0.65 to 1.20 m for land-fast ice.
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Figure 1. The ratio of ISO crushing load to Finnish practice

The ISO ice load predictions falls in average to less than one third from those according to the
in-field proven successful design practice. Even though the ISO limits the aspect ratio above 2,
there are still many data points that suggest too low design loads. The resulting ISO ice crushing
load being less than 1:3 from the Finnish design practice is too small to be explained by the fact
that none of the design cases in Fig. 1 have suffered damage due to excessive ice action, an indi-
cation of too conservative design.

Practically all the data points in this paper derived from the Finnish aids-to-navigation structures
present compliant structures. No additional ice load increase due to compliance effect, as pro-
posed by Kamesaki et al. (1996), is taken into account in utilizing ISO crushing load design, or
Finnish practice. Hence the comparisons are at even basis.

FAILED OFFSHORE STRUCTURES IN THE NORTHERN BALTIC

In order to judge from the practical experience whether ice load design requirements are cor-
rectly set one needs to know both the loads and the true structural capacity. The loads have a
large statistical variation from year to year. In most cases the properties of structure and founda-
tion have less statistical variation. A successfully designed structure with a typical structural fac-
tor of safety 1.5 will not indicate how close to its deterministic design load it has been. E.g. the
infield experience of using Eq. 1 in Finnish aids-to-navigation structures gives only an indication
of a too stringent design. But a detailed failed structure “post mortem” analysis including both



the loads and structural performance gives a more solid fix at which side of the design envelope
the structure in question has been.

Only nine reasonably documented failure cases could be found for comparison, six from Finland
and three from Sweden, Table 1. In most cases after the failure the true ice thicknesses were
measured. Exceptions are Kemi-1 and Nukkujan matala where the ice thicknesses are based on
the general ice thickness in the area. In the first Finnish steel aids-to-navigation structures the
failure mode was plastic buckling of the foundation pile close to the sea bottom. The reason for
under-dimensioning was mainly due to the non-sufficient aspect ratio effect. In channel edge
markers AR1, R3 and L64 an additional factor was the unexpected movement of thick land-fast
ice. Even if the applied structural safety of 1.5 is fully utilized, the ISO ice load design would not
have been adequate to prevent failures. With Bjornlack and Borussiagrundet the rafted ice thick-
ness exceeded even the long term statistics of level ice thicknesses.

Table 1. Structures failed under ice action in the Northern Baltic
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Kemi-1 1974|12,0| 1,00/0,80| 0,93| 1,18| 4,40| 4,45| 1,22|0,89| 0,44| 1,3|Plastic buckling
Nukkujan matala | 1974| 11,0| 1,00|0,80| 0,90| 1,18| 4,40| 4,45| 1,22|0,89| 0,43| 1,3|Plastic buckling
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Figure 2. The ratio of ISO crushing load to the structural failure load

EARLIER DATA ON THE ASPECT RATIO EFFECT

Early studies on the loads due to ice crushing were made in the 1970s on narrow structures.
Comparisons were made between the loads using a coefficient k that describes the effect of the
aspect ratio. Afanasiev et al. (1972, 1973) used data that yielded this coefficient as given earlier
in Eq. 1.

Further data published by Schwarz et al. (1974), Saeki et al. (1979) and Mirzoev (1992) is pre-
sented in Figs. 3 and 4. In Saeki’s data both the ice thickness and the width of the structure var-



ied. The ice thickness influences the global pressure independently from the aspect ratio. There-
fore, Saeki’s data will be represented by his model, which states that the global pressure varies
with the aspect ratio w/h as

ks =c\/% )

where C is a constant. All data on the aspect ratio parameter £ were normalized to give for the
aspect ratio value of w/h = 1, a value of k = 2.45 as in Afanasiev’s model. Regardless of possible
scale effects due to thin ice in scale model test measurements in Fig. 3, also these data sets verify
the similar aspect ratio dependence that has been learned in full-scale data.
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Figure 3. Schwarz’s scale model data, ice thickness #=10 and 15 mm,
correlation to Afanasiev and Saeki models.
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Figure 4. Mirzoyev’s sea ice full-scale data, /=350 — 500 mm, correlation
to Afanasiev and Saeki models.



According to ISO 19906, the global pressure varies with the aspect ratio as w/™*'°. The data
shown in Figs. 3 and 4 reveal that the real aspect ratio effect is significantly stronger in the range
of wh <2.

ASPECT RATIO EFFECT ENHANCEMENT

Both the successful and failed structures in the Northern Baltic indicate a severe danger of ISO
19906 determined ice crushing load to result into unsafe structural design in the case of low as-
pect ratio applications — even at the range of ISO validity above aspect ratio w/h>2. In sub-arctic
climate many structures are at the aspect ratio range w/h=1. To cover these pitfalls a modification
is proposed to the ISO crushing load equation by adding the classical Afanasiev’s aspect ratio
effect and making it to decay exponentially with increasing aspect ratio, the third term in Eq. 4.

FG=pG]’lW (3)

h
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with the symbols as in ISO 19906:
Pa effective ice pressure, MPa;

w structure width under ice action, m;
h ice thickness, m;

h reference thickness = 1.0 m;

m experimental constant = -0.16;

n experimental constant

=-0.50+Ah/5 while h< 1.0 m
=-0.30 while 2> 1,0 m
Cr ice reference strength, MPa, for subarctic climate.
=1.8 MPa circular cross section
=2.0 MPa straight wall
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Figure 5. Effective pressure vs. aspect ratio w/h.



Fig. 5 presents the effect of enhancement in Eq. 4 as a function of aspect ratio w/k for three ice
thicknesses #=0.5, 1.0 and 2 m. The reduction of effective pressure 2.25 MPa in the Afanasiev
equation to the reference strength Cx=1.80 MPa in the enhanced ISO crushing load equation
results from the fact that the original ISO crushing load already includes some aspect ratio effect.
At aspect ratio w/h=1, depending on ice thickness, almost the full classical aspect ratio effect is
achieved. At aspect ratio w/A=10 the effect of enhancement has no significant effect. At the ISO
application range lower limit w/h=2 the increase in the effective pressure pg is already signifi-
cant.

For arctic structures there is only a minor increase in the design ice load due to the proposed en-
hancement. First, with thick ice the ISO crushing load built in size effect reduces effective crush-
ing pressure, cf. Fig. 5, secondly, in the Arctic the typical aspect ratios are larger than 5, and
thirdly, no thick ice full scale data are available for low aspect ratios. With this in mind the pro-
posed enhancement opens the ISO crushing load application to all structures in arctic and sub-
arctic regions.

With the aspect ratio enhancement the comparison of ISO to the present Finnish design practice
in Fig. 1 changes to that in Fig 6. Now with small aspect ratios the ISO ice crushing load predic-
tion is only slightly reduced from the level that the established infield proven Finnish practice
has utilized. As there has not been any failures in these offshore structures after about accumu-
lated 2000 winters under ice action it can be concluded that a small reduction also in Finnish
practice design ice loads is justified.
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Figure 6. The ISOgnhanced ice load/FinnPractise design ice loads

Table 1 gives also the ratios of enhanced ISO design ice loads to the “post mortem” calculated
structural failure loads both at moving level ice and land-fast ice thicknesses. The predicted en-
hanced land-fast ice load exceeds in all but in Bjornlack and Borussiagrundet cases the estimated
true failure load. The predicted enhanced moving ice loads in all but in the Nygrén case are
smaller than failure load in thinner moving ice. This raises a question whether the structures
should always be designed for land-fast ice thickness regardless of what is the probability of
land-fast ice movement. The analysis of failed structures clearly demonstrates that at low aspect
ratios the original ISO crushing load is not adequate but with the proposed enhancement and
with choosing the land-fast ice thickness the enhanced ISO crushing load is safe.



CONCLUSIONS

The limitation of ISO ice crushing load application only for aspect ratios above two leaves al-
most all sub-arctic offshore structures outside the possibility to utilize ISO 19906 code. Also the
measurement data, which are the base for ISO ice load design below aspect ratio 10, is question-
able due to lack of true three-dimensional geometric similitude.

At aspect ratios close to one, comparison to the established Finnish design practices for aids-to-
navigation structures, the analysis of failed structures in the Gulf of Bothnia, and scale-model
test data indicated that the ISO 19906 does not observe the aspect ratio adequately in its crushing
load equation.

A simple enhancement, adding an exponentially with aspect ratio decaying Afanasiev aspect ra-
tio term into the ISO crushing load equation results in a robust crushing equation that covers the
whole aspect ratio range from below one to infinity. This removes the limitation of aspect ratios
and makes the ISO 19906 ice crushing code applicable to all structures from arctic to sub-arctic
regions.

The unlikely movement of thicker than statistically determined land-fast ice has been the most
common reason for the failed structures. The proposed enhanced ISO crushing load based on
land-fast ice thickness would have been adequate to prevent most of these structures. In any case
more reliable moving ice thickness data at land-fast ice zone is needed.
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