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Abstract

This paper focuses on mechanisms that limit the sea ice loads on offshore structures. It introduces a
probabilistic limit load model, which can be used to analyze peak ice load events and to estimate the
maximum peak ice load values on a wide, inclined, offshore structure. The model is based on simple
mechanical principles, and it accounts for a mixed-mode ice failure process that includes buckling and
local crushing of ice. The model development is based on observations on two-dimensional combined
finite-discrete element method simulations on the ice-structure interaction process. The paper also
presents a numerical limit load algorithm, which is an extension of the probabilistic limit load model
and capable of yielding a large number of stochastic peak ice load values. The algorithm is compared
to simulation-based and full-scale observations. Analyzing peak ice load events is challenging as
sea ice goes through a complex mixed-mode failure process during such events. The algorithm is
an effective tool for this analysis, and it shows that distinguishing between the buckling and local
crushing failure is virtually impossible if the only data available from a peak load event is the value of
the peak ice load. The algorithm shows potential in improving estimates of maximum peak ice load
values on offshore structures.

Keywords: ice loads, offshore structures, Arctic engineering, ice-structure interaction, finite-discrete

element method, discrete element method, ice mechanics

1. Introduction

Insight on sea ice behaviour and ice loads is important as it leads to safer and more sustainable
Arctic operations, such as marine transportation, offshore wind energy, and offshore drilling. The ice
loads arise from a complex and stochastic ice-structure interaction process, occurring as ice, moved
by winds and currents, fails against an offshore structure [1-3] (Figure 1). It has become popular
to develop rather complicated numerical tools to model ice actions, while the design of offshore
structures still often relies on simplified ice load models and empirical load estimates. We believe

the true value of the numerical models resides in careful analysis: It is the analysis that yields the
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insight on ice mechanics and ice loads. This insight makes it possible to conceive reliable, but simple

enough, ice load models having the potential to improve the design of offshore structures.

This paper introduces a novel, but rather simple, approach for the analysis of maximum peak ice load
events on a wide, inclined, offshore structure. The model development is based on hundreds of FEM-
DEM-simulations [4, 5] and the introduced model extends our buckling model for peak ice loads [6].
Figure 1 shows snapshots from a simulation, in which an ice sheet moves against an inclined structure
and fails into individual ice blocks and floes. These form an ice rubble pile in front of the structure.
Figure 2 shows a maximum peak ice load event, in which the ice load is transmitted to the structure
through a force chain [7, 8]. Here, the force chain is a series of ice blocks and floes under a high

compressive load [9].

Our buckling model for ice loads assumed that the load on the structure is limited by the buckling of
the force chain. This model accounted for the individual ice floes broken of the ice sheet and, as such,
bears resemblance to some earlier models [10-12]. The model yielded the maximum peak ice load

value (here and in the further text, superscript p refers to peak ice load) [6]
FP = a VKEI, o))

where a = a(y) is a buckling-mode-dependent dimensionless multiplier (Appendix A), k = p,, g is the
specific weight of water (here, p,, is the mass density of water and g the gravitational acceleration),
E is the elastic modulus of ice, and I = h*/12 is the second moment of area of a beam having a
rectangular cross-section and thickness 4 (and unit width). The buckling model was used to analyze
the strong effect of ice thickness 4 on the simulated peak ice load values [13]. This was done by first

solving Equation 1 for a,
FP

VKET

and then by showing that the hundreds of F” values from the simulations led to a values, which did

2

a =

not show dependency on /. The buckling model was successful in quantifying the effect of 4 on the

FP? values.

Though being successful in quantifying the effect of force chain buckling on F?, the buckling model
does not account for the compressive failure of ice: The model could theoretically allow F? to increase
above the compressive (or crushing) capacity of ice, which is physically not possible and calls for
model improvement. The crushing strength of ice is often accounted for in studies on the relation
between buckling and ice loads on vertical structures [1, 16—18], but its role in ice-inclined structure
interaction is usually not accounted for or simply overlooked. The buckling model also does not
fully account for the stochasticity of ice loads or the mixed-mode ice-structure interaction processes
involving ice failure due to buckling and crushing [2, 3, 19]. Hendrikse and Metrikine [20] introduced
a model for a mixed-mode ice failure process for vertical structures, but there is no comparable model
for inclined structures. Earlier ice load models for inclined structures account in an approximate way
for bending failure of ice, sliding and rotational motion of ice blocks, and the effect of ice rubble
[21-24].
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Figure 1: Snapshots of a 2D FEM-DEM-simulated ice-structure interaction process at six stages, each described by the
length L of the ice pushed against an inclined structure. The ice sheet, moving at a constant velocity v, breaks into ice
blocks, or floes, in the vicinity of the structure. Broken ice forms an ice rubble pile in front of the structure and transmits
the load from the still-intact ice sheet to the structure. The first figure shows the initial vertical velocity perturbation vy,
which was used to vary initial conditions as decribed in Ranta [13]. Here the ice sheet thickness & was 1.25 m. The figure
is reproduced from Ranta et al. [6].

The core contribution of this paper is in extending the buckling load model proposed by Ranta et al.
[6] into a probabilistic limit load model, and further, into a numerical limit load algorithm. The model
yields the probability for a peak ice load value in an ice-structure interaction process being limited
by the buckling or local crushing failure of ice. It can also be used to study how these probabilities
change with ice parameters and the geometry of the force chains. The ice parameters studied in
this paper are the ice thickness and the crushing strength of ice. The numerical limit load algorithm
extends the model into a tool for producing virtual ice load observations and estimates of ice loads.
In addition to the mixed-mode failure, readily accounted for by the limit load model, the numerical
algorithm accounts for the inherent stochasticity of the ice loads in an ice-structure interaction process.
The algorithm attributes the stochasticity to the geometry of the force chains. We compare the results
yielded by the algorithm against our simulations and validate them against full-scale data as presented
by Timco and Johnston [25]. The algorithm demonstrates the challenges related to the thorough
analysis of an ice-structure interaction process: We show that distinguishing between the buckling
and local crushing failure in an ice load event is virtually impossible if the only data available from
the peak load events are the values of the ice loads. As the data in this work is based on 2D simulations
where grounding is not accounted for, the results of the model should apply to wide structures in deep

waters.

Our paper first describes the FEM-DEM simulations and the probabilistic limit load model. Then the

results related to the buckling model are reviewed and combined with the limit load model. After
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Figure 2: Snapshot from a FEM-DEM simulation showing a force chain — a sequence of ice blocks in contact due to high
compressive stress — transmitting the load from the intact ice sheet, moving from the left towards an inclined structure.
Colors indicate the average normalized compressive stress on the ice blocks. The stress measure is the so-called particle
stress, describing the average compression of an ice block [7, 14, 15]. Here the ice sheet thickness & was 1.25 m.

this, the paper focuses on extending the limit load model into a numerical limit load algorithm and on
the use of this algorithm in the analysis of the ice-structure interaction process. The algorithm is also
verified against the limit load model, compared to the FEM-DEM simulations, and validated against
full-scale observations. Before concluding the paper, we make some remarks on the applicability of

the limit load model and algorithm.

2. Methods

2.1. Simulations of ice-structure process

The study is based on the combined finite-discrete element method (FEM-DEM) simulations [4, 26].
The simulations were performed with the 2D FEM-DEM code of the Aalto University Ice Mechanics
Group [9, 27-29]. Paavilainen et al. [27, 28] found the model results to be in fair agreement with
the laboratory and full-scale measurements by Saarinen [30] and the data reported in Timco and
Johnston [25], respectively. The strength of FEM-DEM in ice mechanics resides in its ability to
account for numerous individual ice floes and blocks and for the granular behavior of ice rubble.

Models accounting for these features have been used in several studies on ice mechanics [31-49].

Figures 1a-f describe simulations that had an ice sheet of thickness / pushed against an inclined rigid
structure. Approximately 100 m from the structure, a viscous damping boundary condition and a
constant horizontal velocity v = 0.05 m/s were applied to the ice sheet. About 100 meters away from
the structure, a viscous damping boundary condition was applied on the ice sheet to mimic a semi-
infinite ice sheet being pushed against the structure [28]. This boundary condition may not be ideal
for a case of a structure interacting with, for example, a floe field. Paavilainen et al. [27, 28] describe
the model in detail. The sheet consists of rectangular discrete elements connected by viscous-elastic

Timoshenko beams, which failed at locations where the beams met a pre-defined failure criterion
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proposed by Schreyer et al. [5S0]. The beams went through a cohesive softening process upon failure
[51], with the energy dissipated due to this process matching that of the fracture energy of ice [52].

Table 1 gives the main parameters of the simulations.

Contact forces were solved using an elastic-viscous-plastic normal contact force model, together with
an incremental tangential contact force model with Coulomb friction [27, 33]. The model describes
local crushing at ice-block-to-ice-block and ice-structure contacts. The amount of local crushing was
governed by the plastic limit parameter, o, which relates the maximum contact load to the contact
geometry. Plastic limit parameter o, accounts for the compressive strength of ice, or in other words,
the local crushing between the contacting ice blocks. The maximum compressive force transmitted
in a contact is the product of o, and the length of the contact (in 3D this would be the contact area).
Hopkins [33] discusses the role of o, in detail. No new ice features were created, nor did the block
geometries change during the local crushing (the model cannot be used to describe the continuous
crushing of an intact ice sheet). Water was accounted for by applying a buoyant force and simplified
drag model. The model is 2D and does not allow for clearing of the ice around the structure; thus, its

results do not apply for slender structures.

The study is based on seven sets of simulations, S1...S7, summarized in Table 2. Each set contained
50 simulations, where all parameters, except the initial vertical velocity perturbation v, were constant.
The initial velocity vy was of the order of 107'2 m/s at the free edge of the ice sheet (Figure 1a)
and had a unique value for each simulation in a set. While the simulated processes themselves are
deterministic, they are sensitive to initial conditions [54]: A small perturbation in the initial conditions
of two simulations with the same parameterization is enough to lead to two different ice loading
processes. Figure 3a demonstrates this by showing the ice load F measured on the structure as a
function of the length L of the pushed ice sheet. The F-records are from two simulations of set S35,
and they show very similar features. However, they diverge after L = 10... 15 m, and thus produce
ice load data from two different ice loading processes. As shown in Table 2, the simulation sets
S1...S6 differed from each other by the values of 4 and o,. Simulation set S7 had thick ice, 4 = 1.25
m, and a high value of 8 MPa for o-,. The simulation sets allowed stochastic peak ice load events to
be studied with full control of the parameters [6, 13, 54-56]. Often, studies on the statistics of ice
loads are made based on full-scale data, on ice loads on ships and on fixed structures [3, 25, 57-65],

in which case, such control is not possible.

Figures 3a and b illustrate the maximum peak load F? events for two simulations. Since the F-
records were different for all simulations, the F? events in them occurred at a different time and
yielded a different F” value. As the close-ups in Figure 3b illustrate, the ice sheet typically advanced
a few meters (up to tens of meters) during an F” event; the events were not due to sudden impact
loads. We recorded the maximum peak load F? value from each simulation, as the F” events and the
resulting peak load values are usually of primary interest in Arctic engineering and in studies of ice

loads. Often, they are the only result reported in the experiments.



Table 1: Summary of the main simulation parameters. Only the ice thickness & and the plastic limit o-, were varied
between simulation sets S1...S8 (Table 2 describes the simulations sets). The parameter values were mostly chosen
following Timco and Weeks [53]. Fracture energy was chosen after Dempsey et al. [52].

Description and symbol Unit Value
General  Gravitational acceleration g m/s* 9.81
Ice sheet velocity v m/s 0.05
Drag coefficient 2.0
Duration of the simulation S 5000
Total length of pushed ice m 250
Ice Thickness h m 0.5, 0.875, 1.25
Elastic modulus E  GPa 4
Poisson’s ratio 0.3
Density kg/m? 900
Tensile strength MPa 0.6
Shear strength MPa 0.6
Fracture energy J/m? 12
Contact Plastic limit o, MPa 1.0, 2.0, 8.0
Ice-ice friction coeflicient 0.1
Ice-structure friction coeflicient 0.1
Water Density ow  kg/m? 1010
Structure  Slope angle deg 70

Table 2: Simulation sets S1...S7 of this study. The table also shows the number N and the indices (ID) of the simulations
in each set. Detailed list of simulation parameters is given in Table 1.

St ID N h o,

[m]  [MPa]

S1 I-50 50 0.5 1
S2  51-100 50 0.5 2
S3  101-150 50 0.875 1
S4  151-200 50 0.875 2
S5 201-250 50 1.25 1
S6 251-300 50 1.25 2

S7 301-350 50 1.25 8
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Figure 3: Examples of ice load F records yielded by our simulations: (a) shows two F-records plotted against length L of
pushed ice and (b) close-ups of the maximum peak ice load F? events from the same two simulations. On a general level,
the F-records consist of consecutive peak load events, of which one corresponds to the maximum peak load F”. Here the
ice thickness & = 1.25 m and the plastic limit o, = 1 MPa in both simulations, which only differed by the value of the
initial velocity perturbation v, (Figure 1).

2.2. Probabilistic limit load model

The probabilistic limit load model assumes that the peak ice loads are related to the force chains,
which transmit the load from the intact ice sheet to the structure (Figure 2). The model uses the
above-described buckling model [6], which is extended into the probabilistic limit load model by (1)
supplementing it with a local crushing model and (2) by accounting for the stochasticity in the contact
geometries of the blocks belonging to the force chains. The model estimates maximum peak ice load
during an ice-structure interaction process. These usually occur after the initial stages of the process
and the model does not consider parameters, such as the inclination angle of the structure, which may
strongly affect the loads in the beginning of the process, but only weakly later into it [1, 13, 56].

An elementary unit of the model, shown in Figure 4, is a contact interface between a pair of ice blocks
belonging to a force chain. The blocks are in partial face-to-face contact due to a compressive load
P, which the force chain transmits. The crushing model assumes that local crushing occurs at the
interface of the two blocks if P > ﬁap, where 7 is the length of the contact interface and o, is the
limit for compressive stress (also the blocks are assumed to have a unit width). For simplicity, the line

of action for P in Figure 4 is assumed to remain on a straight line, and the model remains unchanged
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for curved force chains (Figure 2), for which P can be assumed to be approximately constant along
the length of the chain.

By using Equation 1 and the criterion P > ho, for local crushing, it is simple to determine the critical
contact length ., for which the local crushing event occurs with the same compressive load as the
buckling. The critical contact length is the limit where the cause of failure for a pair of blocks changes

from buckling to local crushing, and it is obtained via the following

. — a [p oER
o b =aVkEI = h, = L VKEl = — /282 3)
P o) o), 12

When the contact length i < h, for a given pair of contacting blocks, then the local crushing event
limits the P transmitted by them. In contrast, when & > h,, buckling limits P. We would like to
emphasize that the model accounts for the root cause of failure only, and it assumes that the load P is
limited by failure due to either buckling or local crushing. The two failure modes are assumed to not
occur simultaneously, but, for example, the blocks of the force chain could buckle immediately after

the initial failure by local crushing.

When including stochasticity in the model, the contact length 4 and ice thickness / are used to intro-

duce a non-dimensional contact offset (Figure 4)

e=1-

S Ss

; “)
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where, by definition, 0 < e < 1. The critical contact offset e., at which the load-limiting mechanism

changes from buckling to local crushing, is achieved by substituting &, into the previous equation:

h, VKEI a |p.gEh
eo=1—2e_1_¢ N -l (5)
h 0'ph o) 12

The above equations, together with Equation 1 and an assumption of a being independent of e, can be

used to write the maximum load P”, which a system with one contact interface is able to transmit as

" a VkEI ife <e, (limiting mechanism: buckling) ©)
o,h(1—-e) ife>e. (limiting mechanism: local crushing).

This equation is applicable for a pair of blocks in all force chain-induced peak load events in an ice-

structure interaction process (Figure 3). In other words, it is not restricted to modeling the maximum

peak ice load event only.

In a peak load event that occurs during an ice-structure interaction process, the e values for the pairs
of contacting blocks in force chains vary randomly. To use the model for predicting the limiting
mechanism in the maximum peak ice load event only, the model requires e to have a reasonable
maximum contact offset length, ¢,,. Clearly, as Equation 4 and Figure 4 demonstrate, e could vary
between values of 0 and 1. When e = 0, the contact length / is equal to the ice thickness 4. When
e = 1, the contact length becomes zero and the force chain does not exist. Thus, for a given pair of
adjacent blocks in a force chain, e can have a random value varying at an interval of 0. .. ¢e,, where
0 < e, < 1. The distribution for e values is not known; thus, a simple triangular distribution that
has its maximum at e,, was chosen here. This distribution (Figure 5a) has a cumulative distribution
function (CDF)

0 ,e <0
T(e) = (Zem—e)e/e,zn ,0<e<e,, where O0<e,<1 (7)
1 ,e>ep.

Figures 5a-d illustrate the shape of T'(e), and the corresponding probability density function, Tgs(e),
if one of the values, 0.6, 0.8 or 1.0, is chosen for ¢,. The figures also show the cumulative and
probability density functions for a more complicated normal distribution. The difference between the
distributions is small and the simple triangular one is used here. It is important to notice that relating
the randomness of the process to parameter e causes the stochasticity of the loads to be related to the
geometrical configuration of the rubble pile. The configuration, on the other hand, can be justifiably
considered to be a random physical property of the studied system consisting of still intact ice, ice
rubble, and an inclined structure. Here the triangular distribution for e was chosen due to its simplicity,

but as will be discussed below, other distributions for it should be tested in the future.

The choice of a triangular cumulative distribution function 7'(e) leads to fairly simple formulas for the

probabilities of buckling and local crushing events. In a system with one pair of contacting blocks and
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one contact interface, the buckling event limits the load when e < e.. The probability of a buckling
event is given by

1 w2Eh
plbuckles) = T(e) = 1 - — [em _pg L 8
e o) 12

2

, 0<e.<e, & 0<e,<1. (8

m

If the buckling event does not limit the load, then the local crushing event will limit it. The prob-
ability that the local crushing event in one contact interface limits the load is, thus, given by the

complementary probability of the previous equation:
p(crushes) = 1 — p(buckles). 9)

The final step in developing the model is to extend it so that it considers a force chain having n contact
interfaces. For this step, it is assumed that the limit for the load is reached when the system buckles
or when any of the contact interfaces locally crushes. If the conditions in all n contact interfaces are
independent of each other, and such that the system will not undergo local crushing, the probability

for buckling is

pn(buckles) = n p(buckles) = p(buckles)”. (10)

i=1

1.0 r em=06

\. ~ Triangular
e = 1.0 3.0 \ Normal ---------
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Q0.5 r A 20
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Figure 5: Functions describing the random non-dimensional offset ¢ defined in Figure 4: (a) the cumulative distribution
function T'(e) defined by Equation 7 and (b)-(d) the probability density functions (PDF) of a triangular distribution with
en = 0.6, 0.8, and 1.0, respectively. For comparison, the figures also show corresponding functions derived using a
standard normal distribution.
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Again, the probability that a crushing event will limit the load is given by a complementary probability

of the previous equation:
pn(crushes) = 1 — p,(buckles). (11)

A simple way to demonstrate how the model works, and the parameter effects it yields, is to consider
a hypothetical peak load event that a pair of blocks would cause if a triangular distribution with e, = 1
were used (we emphasize that e,, = 1 would allow the model to predict a zero maximum peak ice load
value for an ice-structure interaction process). In this hypothetical case, the probability of a buckling

event is

(12)

20.8ER]"
pa(buckles) = [1 - %].

120‘%7
This example shows the following expected outcome. Force chains formed by ice blocks, that orig-
inate from an ice sheet with low E and/or h, are more prone to buckle than chains with blocks orig-
inating from a sheet with high E and/or h. This shows that the model yields plausible results: The
buckling events are more likely to occur in the ice-structure interaction process when the ice is thin
[1]. It is also justified to expect that an increase in the plastic limit o, makes a buckling event more
likely to occur than a local crushing event. The previous equation shows that this, as well, is a result

shown by the model.

3. Results

This section first reviews some of the results from Ranta et al. [6] and then uses them as input for
the limit load model, which sheds light on the roles of buckling and local crushing in limiting the

maximum peak ice load values.

3.1. Peak ice loads and buckling

Figure 6a shows the maximum peak ice load F? values (Figure 3a and b) from our FEM-DEM simu-
lations. Additionally, it shows the mean F? values with their standard deviations for the simulations
of each set, S1...S7 (Table 2). While the F” values from the simulations in a given set show scatter,
the mean F? values of the sets S1...S7 differed considerably, by up to about 500 %, mainly due to a
difference in ice thickness i between the sets[13]. The simulations with high o, in S7 yielded larger
values than sets S5 and S6 with the same ice thickness, 4 = 1.25 m, but smaller o-,. The variation
between the F? values yielded by the simulations in each set was largely due to the stochasticity of

the ice loading process [13, 54, 55].

The values of a (Equation 2), solved using the F? data in Figure 6a, are shown in Figure 6b and
indicate that the peak load events were related to buckling. All of the mean a values are in the same
range. There is no dependency between a and s. The mean a value is clearly larger in set S7, which
had a high value for the plastic limit o-,. However, the F” values are well normalized by factor VKEI

(Equation 2), suggesting that buckling has an important role in limiting the peak ice load values. In

11
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other words, multiplying F? by 1/ Vi3 yields normalized a data. Nonetheless, the data still shows

scatter not explained by the buckling model.

Below, we will use the a values for the probabilistic limit load model, in which they only relate to the
ice failure due to buckling (Equation 6). For finding a suitable a value for the limit load model, it is
thus natural to look for a distribution for a using the simulation results, whereby local ice crushing
would least likely affect the results. Figure 7a shows a histogram for the peak load F” observations
for set S7, which had a very high value of 8 MPa for o, — the simulations in S7 can be assumed to
give F? values governed by buckling and, thus, being virtually independent of local crushing. The
figure also shows, and specifies, a two-parameter Gumbel (type I) extreme value distribution fitted to
the a data (our previous study showed a values are likely Gumbel distributed [55]). Figure 7b shows
the data quantiles from the same data plotted against Gumbel theoretical quantiles, with the linearity

of the data points showing that the Gumbel distribution describes the data well.

3.2. Load limits due to buckling and crushing events

Figures 8a-d demonstrate the use of the probabilistic limit load model by showing the probabilities
pn(buckles) and p,(crushes) of buckling or local crushing failure (Equations 10 and 11), respectively,
limiting the peak ice load F?” value. While Figures 8a and b show p,(buckles) and p,(crushes) as a
function of &, with o, fixed to 1 MPa, Figures 8c and d show them plotted against o, with 4 fixed to
1.25 m. All figures show the results for the number 7 of ice floe contact interfaces 4 and 8. Figures 8a
and b (and similarly ¢ and d) differ by the value of ¢,,, which was 0.6 and 0.8, respectively. Parameter
a was fixed to 0.39 corresponding with the mean a value for simulation set S7 (Figure 8b), while the

other parameters were from Table 1.

Figures 8a-d show that the probabilistic limit load model yields some fairly intuitive, but also more
surprising, results. The probability p,(buckles) increases with o, and decreases with an increasing
h. The first result is due to a high o, inhibiting the local crushing, while the latter can be understood
by accounting for the buckling load being dependent on /4 (Equation 1 shows that the buckling load
is proportional to VA3). In addition, the figures show that the p,(buckles) for fixed / or o, decreases
when the number of contact interfaces, n, within the force chains increases. This underlines the
importance of understanding local phenomena at the contact interfaces; the effect of local crushing
may override the larger scale phenomena of force chain buckling, which is easier to detect. Figures 8a
and b also show that for a fixed o, n has no effect on the limit for £, at which peak loads become
solely governed by buckling. This is shown by the p,(crushing) being zero with 2 £ 0.4 m, when
o, =2MPa (h £ 0.1 m, when o, = 1 MPa), for both values of n shown in the figure.

Figures 8c and d show an important outcome of the model. For a fixed A, soft ice (low o) will never
fail by buckling. For example, in the case of the figures where 2 = 1.25 m, the p,(buckles) = O for
0, £ 1 MPa. This means that soft ice will never exhibit any failure mode other than local crushing
and that, consequently, (1) the mechanical phenomena limiting F” values in ice-structure interaction
differ drastically for soft and strong ice and (2) the analysis of ice loading processes should account

for this fact. With respect to our discussion on this phenomenon in Section 4.4, we already note
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Figure 6: The values of (a) maximum peak ice loads F” from all simulations in sets S1 ... S7 (Table 2) and (b) dimen-
sionless a factors derived using the F? data points (Equation 2). The graphs also give the mean values (Avg, solid lines)
and standard deviations (SD, dashed lines) for the F7 and a data of each set. The mean a value 0.39 of set S7 was used in
plotting Figure 8

that the values chosen for the maximum contact offset and number of contact interfaces, ¢,, and n,

respectively, have only a very small effect on this observation.

4. Analysis and Discussion

This section first discusses how to extend the above-described limit load model into a numerical limit
load algorithm. The algorithm enables detailed analysis of peak ice load events and shows potential
in estimating the maximum peak ice load values and their distribution. The section also validates the

model and the algorithm and discusses their applicability.
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Figure 8: Probabilities for buckling and local crushing events, p,(buckles) and p,(crushes), respectively (Equations 10
and 11): (a) and (b) plotted against ice thickness h for crushing o-, = 1 MPa and maximum contact offsets ¢,, = 0.6 and
0.8, respectively, and (c) and (d) as a function of o, for & = 1.25 m and e,, = 0.6 and 0.8, respectively. Parameter a had a
fixed value of 0.39, which is the mean value of simulation set S7 (Figure 6b). Curves for two different number of contact
interfaces, n, are shown in the figures.

a2 4.1. Numerical limit load algorithm

as  The limit load model (Section 2.2) can be extended into a numerical limit load algorithm, which can
s« be used to generate large amounts of virtual maximum peak ice load observations and related load
14
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observations. Table 1 describes the symbols shown in the flowchart. Equation 7 defines the triangular distribution required
for e. Figure 7 gives the parameters of the Gumbel distribution for a factor.

distributions. The flowchart in Figure 9 describes the algorithm. As with the limit load model, it is
based on the a-factor distribution and on the random non-dimensional contact offset e. (Examples of
suitable distributions for e and a are, respectively, given by Figures 5 and 7.) In addition, the required
input parameters are those needed to define the critical contact offset e, (Equation 5), namely the water
density p,,, ice thickness £, ice crushing strength o, elastic modulus E, and gravitational acceleration

g.

The flowchart in Figure 9 describes how to use the numerical limit load algorithm. For a floe-to-
floe contact (number of contact interfaces n = 1), the algorithm yields one peak load observation by
picking a random e and checking it against the critical contact offset e., solved by picking a random
a value and substituting it into Equation 5. If e > e, the failure mode is local crushing and the
algorithm yields a peak load value F? = o,h(1 — e) (Equation 6). On the other hand, if e < e, the
failure mode is buckling and F” = a VKEI. To achieve one peak load observation for a case having

n contact interfaces, the algorithm picks n random values for e, and chooses the largest as it yields
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the lowest F'?. Multiple F, observations can be made by repeating the procedure. We verified this

approach by numerically reproducing the data described in Figure 8.

4.2. Simulated peak ice load events

We used the numerical limit load algorithm from the previous section to produce seven sets, Al... A7,
of virtual F” observations with the corresponding a values. Sets Al... A7 contained 100 observations
each and they were parameterized, respectively, following the parameterization of the simulation sets
of S1...S7. Tables 1 and 2 give the parameterization for sets S1...S7, while Figure 6 shows the
F? and a values from the FEM-DEM simulations. We created sets Al...A7 to verify the algorithm
by comparing its results to those yielded by the FEM-DEM simulations. Here the values for the
maximum contact offset and for the number of contact interfaces were fixed to ¢,, = 0.8 and n = 4,

respectively, even if they varied throughout the FEM-DEM-simulated interaction process.

Figure 10 shows the a values calculated using the F” observations originating from the numerical
limit load algorithm. The algorithm yields virtual F? data that fit well with the data from the FEM-
DEM simulations. The mean values of a for sets Al... A7 are close, but slightly larger, to those of sets
S1...S7, and the data show a similar dependency on o, than the data from the FEM-DEM simulations
(see Figure 6b for comparison). We note that a one-to-one fit between the data sets would not be
expected due to the stochasticity of the algorithm and the simulated ice-structure interaction process.
We did not carry out any optimization for the parameters to obtain the best possible fit between data
sets Al...A7 and S1...S7, which at least partially explains the tendency of the algorithm-produced

values to be larger than the simulation-based ones.

The performance of the numerical limit load algorithm is further demonstrated in Figures 11a and
b, which compare F? data from selected FEM-DEM simulation sets to corresponding algorithm-
produced F” data sets. Figure 11a shows how the ice thickness A affects the results by showing the
data related to sets A2, A4, and A6 (and corresponding sets S2, S4, and S6), which all had o, fixed
to 2 MPa. Further, Figure 11b demonstrates the effect of o, by showing the data related to sets A5,
A6, and A8 (and corresponding sets S5, S6, and S8), which had 4 fixed to 1.25 m. The figures show
a similar non-linear trend for both the data from the simulations and the algorithm. The F” values

increase with 4 and o, but the effect of o-, becomes weaker with an increase in its value.

Figure 10 also shows the root cause of failure for all F” observations generated by the algorithm.
Triangular and square markers, respectively, indicate whether F” was limited by a local crushing or
buckling event. It is important to notice that there are more triangular markers for the data from sets
Al, A3, and A5, which had relatively soft ice (o7, = 1 MPa), than for the data from sets A2, A4,
and A6, which had stronger ice (o7, = 2 MPa). In the case of A7 (0, = 8 MPa), all F” values
were limited by buckling. Clearly, and as already suggested by Figure 8, stronger ice tends to buckle,
and the maximum peak loads eventually become independent of the value of o,. This explains the
increasing, but concave downward, trend in the F?” data in Figure 11b and, again, highlights the
importance of describing the local phenomena; in other words, local crushing at the ice-ice contact

interfaces when modeling ice-structure interaction.
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Figure 10: Dimensionless a factors (Equation 2) for the algorithm-produced maximum peak ice load F?” data sets
Al...A7. Triangular () and square markers (O), respectively, indicate the local crushing and buckling events. The
number of buckling events for sets Al... A7 were 30, 49, 17, 41, 6, 42, and 50, respectively (each set contained 50 ob-
servations). The graph also shows the mean values (solid lines) and standard deviations (dashed lines) for a data sets.
Figure 6b shows similar figure for the FEM-DEM simulation data.

Another prominent feature of Figure 10 has to do with the markers indicating different failure modes,
or load-limiting mechanisms, which are completely mixed for data sets Al... A6. This suggests that
it is virtually impossible to distinguish between the different failure modes if the only data available
from a peak ice load event is the load value. Interestingly, this notion would even apply for a hy-
pothetical case in which all of the ice parameters were known. Instead of the load measurements,
the detection of the failure mechanisms requires high-quality visual observations or other means to
achieve detailed data on ice behavior. Unfortunately, ice failure can occur inside a mass of broken
ice or under the snow cover in many real-world applications, which makes it extremely challenging
to make direct observations related to the failure mechanisms. However, through careful analysis, ice

load records may work as a source for detecting traces of them.

4.3. Validation of the numerical limit load algorithm

The previous section showed that the numerical limit load algorithm reproduces the peak ice load
values, and the related parameter effects, in FEM-DEM simulations with good accuracy. Additionally,
it is interesting to compare the algorithm-predicted peak ice load values to those measured in full-
scale. Perhaps the best available data set for full-scale ice loads on a wide offshore structure, the
Molikpaq caisson drilling platform, was that reported in Timco and Johnston [25]. According to
them, the data originates from the observations made by Gulf Canada Resources, Esso Resources
Canada, and Dome Petroleum (Canmar). Timco and Johnston [25] present distribution values for
average ice pressure acting on the structure in cases of different ice failure modes based on the data.

Furthermore, by using the means from the measured peak ice load distributions, they derived two
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Figure 11: Maximum peak ice load F? values from the FEM-DEM simulations (data sets S1...S7) and from the proba-
bilistic limit load algorithm (Al... A7): F? values plotted as a function of (a) the ice thickness / and (b) the plastic limit
o p. Each parameter level has two adjacent sets of observations. Observations from the simulations and observations from
the algorithm have a small offset for clarity. Error bars describe the mean value+one standard deviation of each underlying
data set, with dashed lines connecting the mean values of the FEM-DEM data.

failure mode-dependent equations for the ice loads. They thus concluded that the highest ice loads
were related to mixed-mode failure (in their case, a combination of local crushing, flexural failure and

splitting), and to continuous ice crushing. The lowest loads came from the bending failure of ice.

Figures 12a and b compare the full-scale data from Timco and Johnston [25] with the data produced
using the numerical limit load algorithm. Figure 12a shows 1000 algorithm-based peak ice load
observations, produced by varying the ice thickness /& and the plastic limit o, with & ranging from
0.25 m to 1.5 m and o, from 1 MPa to 2 MPa (the physical maximum, or the ultimate line load in a
hypothetical case of ice crushing through its whole thickness, would have been F), = 2h [MN/m],
where h is in meters). For each observation, we randomly picked unique 4 and o, values from a
continuous uniform distribution. Figures 12b shows the normal cumulative probability distributions
of the peak load observations produced by our algorithm and compares them to the full-scale peak
load values. The parameters for plotting the three distributions for the full-scale data are given in

Timco and Johnston [25].

The comparison presented in Figures 12a and b is clearly successful. Figure 12a shows that the
algorithm-produced F? observations, with only a few exceptions, fall between the continuous lines
describing the load limits related to full-scale bending and crushing events and are, thus, within the
expected range. All individual observations from the algorithm are considerably smaller than the
physical limit F}, shown by the dashed line. Further, the cumulative probability distributions for
our data and for the data for mixed-mode failure presented in Timco and Johnston [25] are strikingly
similar, as Figure 12b shows. We note that the algorithm-produced data in the figures here was
generated using n = 4 contact interfaces and a thorough study on the effect of » is needed in the

future.
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Figure 12: Comparison of numerical limit load algorithm and full-scale data: (a) 1000 algorithm-produced peak load
observations (blue and red markers) and graphs for the loads from predictive equations for bending and crushing forces in
full-scale [25] and (b) cumulative probabilities for the average pressure F7”/h. The physical limit F* ﬁm for the loads (dashed
line) is additionally shown in (a). The graph in (b) also shows cumulative probabilities for full-scale average pressures
from bending, mixed-mode (in [25] local crushing, flexural failure, and splitting), and crushing events. Constants for the
algorithm were e,, = 0.8 and n = 4.

4.4. Remarks on the limit load model and algorithm

The probabilistic limit load model and the related numerical limit load algorithm give new insights
into the mechanics of ice loads. They can be applied to cases where the ice-structure interaction
process exhibits a mixed-mode failure process, including force chain buckling and local ice crushing.
This is not true for scenarios where ice does not transmit loads through force chains. Such scenarios
could involve interaction processes with very warm ice or with soft model-scale ice in laboratory-scale
experiments (given that the buckling occurs in a full-scale interaction process, this type of experiment
would not then exhibit all significant features of a full-scale process). The assumption of 2D ice
loading scenario limits the applicability of the model, and future work is required to extend it to a 3D
scenario. The ice in a 2D scenario does not clear around the structure, but keeps on piling up (and
down) in front of the structure. The results should anyhow, with fair accuracy, apply to wide structures
in deep waters. We acknowledge, that even for this case, more measurements on the effect of non-
simultaneous failure on global and local ice loads would be useful to fully justify the applicability of

our model.

Future parametric studies using the limit load model are required. It is challenging to choose values
for ice loading process-dependent parameters, the maximum contact offset and the number of contact
interfaces, e,, and n, respectively. It is clear that e,, must not have a value very close to one, as then our
model would yield very low peak load predictions (it is not of engineering interest to study ice loading
processes yielding very low peak ice load values). Related to this, choosing the distribution for e
should be also addressed. For example, a uniform distribution would lead to lower peak loads than
the triangular one as the expected value of e would increase. On the other hand, n will attain several
different values during any realistic ice-structure interaction process, whereas it is on the level of the

whole process that the model is intended to work. Picking a unique value for n is thus impossible,
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even if its maximum value must be limited due to the highly compressed force-chains having finite
lengths, which may depend on, for example, the amount of rubble in front of the structure. It is worth
noting, however, that the model yields important findings independent of ¢,, and n, since for example,
the lower limit needed for the crushing strength of ice of a given ice thickness to exhibit a mixed-
mode failure process does not depend on them (Figure 8). We also note that we did not yet do any

parameter optimization, but still obtained reasonable results using our model and algorithm.

The limit load model and the numerical limit load algorithm are both rather simple tools for the
analysis of peak ice load events, and they show the potential for predicting maximum peak ice load
values on wide, inclined structures. We are unaware of any other approaches that have such a solid
basis in the mechanics of ice behavior, while simultaneously accounting for the statistics of the loads.
This is the strength of the algorithm: Its mechanical basis may allow for more reliable analysis and
load predictions than empirical ice load models or simple analytical calculation models [22, 66],
which do not account for the effects of the complex failure process. The predictive power of the
model was demonstrated by our successful comparison of the algorithm-produced and full-scale data.
This comparison gives confidence to the ice load analysis based on the limit load model and to the

predictive power of the algorithm.

5. Conclusions

This paper introduced a probabilistic limit load model for the analysis of peak ice load events on an
inclined offshore structure during an ice-structure interaction process. The model is based on simple
mechanical principles and it accounts for a mixed-mode ice failure process that includes ice buckling
and local crushing. The paper also presented a numerical limit load algorithm, which is an extension
of the probabilistic limit load model and can be used to generate a very large number of stochastic

peak ice load observations. Some of the most important findings presented above are as follows:

e The probabilistic limit load model and algorithm explain the effect of ice thickness and crushing
strength of ice on peak ice loads in FEM-DEM simulations (Section 4.2). They also produce

peak ice load values that compare well with the full-scale data (Section 4.3).

e Local ice crushing at ice-block-to-ice-block contact interfaces is an important factor affecting
the maximum peak ice load events in an ice-structure interaction process (Section 3.2). This

highlights the importance of accounting for local crushing in the modeling.

e Algorithm-produced peak load data sets (Figure 10) are collections of overlapping load obser-
vations related to both buckling and local crushing. It may, thus, be impossible to detect the

root cause of ice failure without observations focusing on this in a real-world experiment.

Analyzing the peak ice load events in an ice-structure interaction process is challenging due to the
complex ice failure process. We believe the probabilistic limit load model and algorithm have the
potential to offer new insights for this type of analysis, which in turn will lead to improved and safer

design of offshore structures.
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Appendix A: Buckling model

Figure 13 shows the buckling model extended in this paper in its unloaded and loaded states. The
model considers a rigid system consisting of an ice floe, or a few ice floes compressed together,
having total length L, resting on an elastic foundation having a modulus of k and discrete springs
having spring constants K; and K,. The modulus k of the elastic foundation was k = p,.g, where p,,
is the mass density of the water and g is the gravitational acceleration. The axial compressive load
P results from an interaction with an adjacent ice floe or from an interaction with an ice rubble pile.

The critical buckling load of the system is [6]
k2L3f + 4k(K1 + Kz)L? + 12K1K2Lf
P, = ‘
¢ 12(ka + K; + Kz)

(13)

Spring constants K; = CikL. — C,P/L. and K, = CskL, — C4P/L., where L. = ~4EI/k is the
characteristic length [67], account for different boundary conditions depending on the choice of values
for positive constants C; ... C4. By plugging these spring constants into Equation 13, and further by
substitutions Ly = yL. and P = P,,, the critical load may be written concisely as

P.. = aVkEI, (14)

where a = a(Cy, C,, C3, Cy, ) is a dimensionless buckling load factor and y is a dimensionless buck-
ling length factor. Equation 14 is valid, irrespective of the choice of values for C, ... Cy4, and Table
3 demonstrates four different buckling modes associated with different combinations of them. These
buckling modes were presented in Ranta et al. [6]. In modes 1 and 2, the system of length L buck-
les alone, whereas in modes 3 and 4 the system of length L is affected on the left-hand side by an
intact semi-infinite ice sheet. Buckling in the ice load models by Coon [10] and McKenna et al. [11]
occurred in mode 1. Mode 2 was used by Carter [12] to describe level ice failure against a vertical
structure. The applicability of different buckling modes in the analysis of peak ice loads on inclined

structures was discussed in detail by Ranta [6].
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Figure 13: The buckling model in its initial (left) and buckled (right) states. The model consists of an ice floe or several
ice floes having total length Ly resting on an elastic foundation with modulus k presenting water. Springs with spring
constants K; and K; modeled the boundary conditions for the buckling modes shown in Table 3. Compressive force P is
due to the other floes or the structure.

Table 3: Four buckling modes considered in our study, together with the corresponding spring constants K; and K,
(Figure 13). The buckling load is P = a VKEI, where a = a(y) is a dimensionless multiplier that has a mode-dependent
expression. Factor y gives the buckling length L as described in the text.
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