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1 Aim of the Project 
The general objective of this project, as specified by the project owner, is to investigate how an 
inland motor barge based on European standards, Inland waterway (IWW) class Zone 3, can be 
modified for navigation in Lake Mälaren in ice conditions. The study and development of ice 
navigation for inland barges is an important step to establish inland navigation in Sweden and the 
BSR Region. 

Within the scope of the target, one specific barge is studied to demonstrate both the potential and 
problem if it must be adapted to the Swedish IWW environment. 

2 Problems and Aspects of Interests 
In this chapter, the Inland Waterway transportation associated with winter navigation is presented; 
the state of the art, pros and cons and the utilization potential for Sweden. The ice-induced 
problems are identified and issues like the ice load, the ship structural strength performance, 
potential propulsion problems and vessel operating scenarios are discussed. These are the main 
topics addressed in this work. In addition, the general information of the barge Amice, which will 
serve as a benchmark, is given herein. 

2.1 Inland Waterway Transportation (IWT) 
IWT is, on many European transport corridors, a competitive alternative to road and rail transport, 
offering a sustainable and environment-friendly mode of transport [1]. IWT is still under-utilized 
(Figure 1) and faces a number of traditional and new challenges from infrastructure, institutional, 
legal and technical barriers, which call for pro-active policies by Governments and international 
bodies [2]. 

For Sweden, a country characterized by its long coastline and its geographical situation, the Short-
Sea Shipping constitutes a significant part of the infrastructure, connecting land based 
transportation modes to neighbouring countries, as shown in Figure 2. Due to its potential towards 
reducing road traffic congestion, air pollution, noise emissions and accidents, there is an increasing 
demand for development of IWW. Following some debates over the last years, the Swedish 
Authorities have implemented the EU Directives (TSFS 2014:96) into the Swedish legislation in 
year 2014, thus providing new conditions for an increased utilization of Swedish inland waterways. 
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Figure 1 Three modes of transportation and their shares estimations (source: Eurostat) 

 
Figure 2 Swedish IWW and class zones 

Ice bound shipping poses more safety issues compared to shipping under non-ice conditions. Over 
45% of the Baltic sea can be covered in ice during winter time [3]. For Nordic countries like 
Sweden, lakes and rivers are covered with ice during winter time which can last for four or five 
months depending on the latitude. For ships operating in inland waterways, winter conditions 
impose a great potential hazard as ship structures designed for IWW are relatively weaker than for 
sea going vessels based on the classification societies as the wave and wake are insignificant 
compared to sea conditions. Since ice loads are not accounted for by classification design rules for 
IWW vessels, the transit in IWW is put on hold during periods with ice covered waters for 
countries like Germany, Sweden etc. One of the key issues associated with winter condition is ice 
(e.g. level ice, brash ice) generated on the water surface. The impact load from floating ice blocks 
can be dangerous to ship structures and can induce additional cost due to extra reinforcement and 
maintenance, which makes the ship non-profitable for long term operation. In order to make sure 
the structural strength is sufficient enough to withstand impacts from collisions, potential impacts 
between ice and ship structure should be resolved in the early design stage.  
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However, due to the lack of research and experience on effect of ice on ships in IWWs, it is not an 
easy task to determine the ice load acting on the ship structure. In addition, the known existing 
studies are more related to hull-ice interaction behaviour in sea ice that cannot be applied directly 
since the ice type and thickness vary broadly. 

2.2 Problems Caused by Ice 
The presence of ice on the water surface exerts huge issues on ships running through the water 
area. Demonstration of the ice-covered waterway can be seen in Figure 3.  

 

 
Figure 3 Ice -covered inland waterways 

The main research aspects focus on the following four aspects with regards to the ice-induced 
problems: 

 Ice Load: including finding out the ice properties and predicting the load impact load 
based on ice condition in Lake Mälaren; 

 Structural Strength Performance: evaluating structural strength problems both from 
global and local aspects; 

 Potential Propulsion Problems: find out relationship between ship speed and ice thickness 
(h-v curve). 

 Vessel Operating Scenarios: decide how many days the barge can operate under certain 
ice conditions. 
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2.3 The Barge Under Study: Amice Barge 
As a case study the Amice barge is chosen. This already existing barge is designed based on DNV 
GL IWW notation where ice loads are not considered, i.e., the ship is not designed to operate under 
ice conditions. Thus, to study the influence of ice is important in order to bring the barge into Lake 
Mälaren. The figure and main particulars of the barge can be seen in Figure 4. 

 

Figure 4 The Amice barge and main particulars 

 
  

Amice
L 135,00
B 11,45
D 4,25

Vmax 13,70
draft 3,40

W(kW) 1588,00
Tonnage(tons) 3938,00
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3 Lake Mälaren - Ice Information 
The first thing is to identify the specific ice conditions for Lake Mälaren, including ice thickness, 
salinity, type etc. Those factors will influence the ice mechanical properties. This chapter 
summaries the available ice information on Lake Mälaren and associated ice properties. Four 
datasets of ice thickness are collected from SHMI. The statistical analysis is used to achieve the 
significant ice thickness using these four datasets. Estimated ice properties are calculated on basis 
of an empirical formulae together with reference data.  

3.1 Ice Data From SMHI 
Ice data (include form and thickness) for Lake Mälaren is extracted and summarized from Swedish 
Meteorological and Hydrological Institute (SMHI,2018) website [4], as shown in Figure 5 - Figure 
8.  

Daily data are only available since year 2007. A detailed ice research study is performed for one 
mild winter in 2017, one normal winter in 2013 and one severe winter in 2011. All the days with 
ice on the lake are analysed, as shown in Figure 5 - Figure 7. The yearly maximum ice thicknesses 
from 1980 are summarized; as shown in Figure 8. It can be observed clearly that fast ice, new ice 
and level ice are the dominant ice types and the thickest ice occurs in early Spring. In Lake Mälaren, 
ice usually appears in December and vanishes in April. During harsh winter, the thickness can be 
up to 0.45 𝑚 which is twice during the mild winter. In general, the ice thickness recorded by the 
SMHI shows a maximum value of 0.5 𝑚. According to Tõns [5] and based on measurement on 
Northern Sea Route (NSR), first-year ice can be divided into three sub-groups: thin first-year ice 
(0.3 − 0.7 𝑚), medium first-year ice (0.7 − 1.2 𝑚) and thick first-year ice (1.20 − 2.0 𝑚). By 
using analogous classification, the recorded data indicates that thin first-year ice is the concern for 
this study. 

 
Figure 5 2017 Mild Winter Ice Thickness Distribution (unit:cm) 
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Figure 6 2013 Normal Winter Ice Thickness Distribution (unit:cm) 

 
Figure 7 2017 Mild Winter Ice Thickness Distribution (unit:cm) 
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Figure 8 Maximum ice thickness per year recorded from SMHI for Lake Mälaren 

3.2 Ice Thickness (h) 
Ice thickness is the most important factor for estimating ice impact loads on a ship hull. Even 
though the maximum thickness can be depicted from the histogram, as shown in Figure 8. An 
average\mean value per year or over the past decades is needed to describe the significant 
characteristic of ice thickness. Due to the stochastic nature of ice thickness, a statistical study can 
be applied. Several methods are available and could be used to fit the ice thickness data. 

Here we choose four sets of data to be analysed, single year data from 2011, 2013, 2017, and 20-
years data. The Weibull distribution fits well for all datasets, results are given in Figure 9 and 
Figure 10. The Probability Distribution Function f(x) PDF, Cumulative Distribution Function F(x) 
CDF and mean value E(x) can be expressed as follows, 

 
𝑓(𝑥) =

𝑘

𝜆
(
𝑥

𝜆
) 𝑒 ( ⁄ )   𝑥 ≥ 0

 0                              𝑥 < 0
 

 

(1) 

 
𝐹(𝑥) = 1 − 𝑒 ( ⁄ )   𝑥 ≥ 0

 0                       𝑥 < 0
 

 

(2) 

 𝐸(𝑥) = 𝜆Γ(1 + 1 𝑘⁄ ) (3) 

where 𝑘 is the shape parameter and 𝜆 is the scale parameter. The estimated parameters for four 
datasets of Weibull distribution using Maximum Likelihood Estimation method are given as in 
Table 1. 
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Table 1 Estimated parameters for Weibull distribution fit 

dataset 𝒌 𝝀 
20 years 35.7 3.5 
year 2010-11 38.4 3.3 
year 2012-13 30.6 3.8 
year 2016-2017 15.4 3.9 

 

 
Figure 9 Weibull distribution PDF of ice thickness 

Figure 9 shows the Cumulative Distribution Function for four datasets. It shows the thickness 
distributions vary for different years. In reality, ice thickness data is continuous, while the recorded 
ice thickness is a discrete random variable. However, Figure 9 is useful to read the possibilities of 
different ice thicknesses. 

Figure 10 gives the Cumulative Distribution Function plots for four datasets with regards to ice 
thicknesses. Three statistical distributions are selected to fit the datasets: Weibull distribution, 
Gumball distribution and Exponential distribution. Wafo toolbox is installed in Matlab. The ice 
thickness data is imported and Maximum likelihood estimation method is used to derive the 
parameters for the three distributions. The CDF plots are generated based on estimated parameters. 
Those plots are shown in Figure 10 and compared with the empirical CDF from recorded data. It 
can be seen that Weibull distribution fits well for all datasets. 
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Figure 10 CDF plot using different statistical methods (a) Data for 20 years ice thicknesses. (b) 
Data for year 2011 ice thicknesses. (C) Data for year 2013 ice thicknesses. (d) Data for year 
2017 ice thicknesses 

Figure 11 illustrates the empirical CDF, Weibull CDF, histogram of ice thickness for 20-year 
dataset. In addition, the 4th subplot is the Weibull line plot which is used to verify whether Weibull 
distribution is ideal for predicting the ice thickness distribution. The processes can be seen below. 

1. Assume ice thickness is of Weibull distribution 

 𝐹(𝑥) = 1 − 𝑒 ( ⁄ )  (4) 

2. Assume F (𝑥) is the empirical distribution, 

 𝐹 (𝑥) = 1 − 𝑒 ( ⁄ )  (5) 

3. Take the logarithm of both sides, 

 ln − ln 1 − 𝐹 (𝑥) ≈ 𝑘𝑙𝑛(𝑥) + 𝑎 (6) 

4. Plot 𝑋 = ln − ln 1 − 𝐹 (𝑥)  in x-axis, 𝑌 = 𝑙𝑛(𝑥) in y-axis. 
 

If the data points are approximately lying along a straight line (see Fig.11, the 4th subplot), it 
means that the data is Weibull distributed. From Figure 12, it shows that all data can be regarded 
as Weibull distributed. 

(a) (b) 

(c) (d) 
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Figure 11 Plots for 20-years data 
 
Base on SMHI records, the statistical analysis and FSICR, the ice thicknesses are summarized in 
Table 2. These data have different meanings and can be used for different estimation purposes. In 
this report, 𝐻 = 0.32𝑚  from statistical analysis is used to determine the ice floe size for 
probabilistic approach, while 𝐻 = 0.22𝑚 according to requirement from FSICR IC is used when 
deciding the design load height using rules.  

Table 2 Ice thickness summary (unit: cm) 

Source  Type 20 years 2011 2013 2017 

Statistics Mean  32.10 34.46 23.53 13.91 

SMHI Maximum 50 

FSICR Ice class IC 22                                                                   [Section 4.1] 
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Figure 12 Statistical fit for (a)Data for 20 years ice thicknesses. (b) Data for year 2011 ice 
thicknesses. (C) Data for year 2013 ice thicknesses. (b) Data for year 2017 ice thicknesses 

3.3 General Ice Properties 
Ice is a geophysical material. It is  

 non-homogeneous (varying grain size and distribution of impurities); 
 non-isotropic (since the temperature gradient affects mechanical properties);  
 orthotropic (because its strength depends on crystal structure orientation) [6]. 

Ice properties will affect the hull-ice interaction and the ice load acting on the structure. Ice is in 
nature a complex material and it is difficult to determine its mechanical properties, which makes 
the flexural strength difficult to measure.  

Researchers have performed a lot of research investigating and formulating the ice properties. As 
Lake Mälaren has fresh water, brine volume is zero, the corresponding properties can be 
summarized using the formulae below [7][8], 

 𝜌 = 920 [
𝑘𝑔

𝑚
] (7) 

(a) (b) 

(c) (d) 
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 𝐸 = 10  [𝑃𝑎] (8) 

 𝜐 = 0.3 (9) 

 𝜎 = 4.278𝜈
.  

 
(10) 

 𝜎 = 1.76𝑒 .  (11) 

 𝜎 = 37(𝜀̇) . 1 −
𝑣

270
 (12) 

 𝜎 =
0.065

√𝐴
[MPa] (13) 

   

where 𝜌 is density, 𝐸 is Young’s modulus, 𝜐 is Poisson ratio, 𝜎  is tensile strength, 𝜎  is flexural 
strength, 𝜎  is compressive strength,  𝜎  is crushing strength, 𝑉  is brine volume, 𝑉  is the total 
porosity. 

The flexural strength of ice on Lake Mälaren is 1.76 MPa according to the Eq.11 for fresh water 
as brine volume 𝑉 = 0. 

 𝜎 = 1.76 MPa 
 

(14) 

However, from Figure 13, it can be seen clearly that flexural strength for water with root brine 
volume under 0.1 doesn’t have sufficient data and research.  𝜎 = 1.76 𝑀𝑃𝑎 is not reliable. When 
calculating the ice-induced resistance from Riska method, the fresh water-ice flexural strength is 
usually taken as 500kPa [9]. 

 
Figure 13 Flexural strength versus the square root of the brine volume for first-year sea ice [7] 

The ice flexural strength, 𝜎 , is important when trying to calculate the ice impact load. Based on 
the past research, some data is gathered and summarized in terms of 𝜎 , ice thickness, and ice types, 
as shown in Table 3, Figure 14 and Figure 15. 
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Figure 14 Ice data plots include info on thickness, flexural strength, salinity, (a) 3D plot consists 
of info on ice thickness, flexural strength, and salinity, (b) 2D plot. 

 
Table 3 Reference data in terms of 𝜎 , h, salinity [5][17]. 

Ship Date 
(Yeat/month) 

Location and water Ice Flexural 

Index 𝝈𝒇 

(KPa) 

Ice Thk. 
(m) 

T 
(C) 

FRANKIN 80-01 Lake Melville(B) L,C,M 511 0.62-0.70 -5 

80-03 Lake Melville(B) L,M 260 0.74-0.88 0 

Pierre Radisson 78-07,08 Baffin Bay(S) L,M <150 0.80-1.22 0 

79-02 ST. Lawrence 
(S/B) 

L,M 407-524 0.16-0.88 -12 

Arctic 86-05,06 Baffin Bay(S) L,C <150 0.85-1.13 -4 

86-06 Strathcona Sound(S) L,C <387 1.02-I.55 -4 

80-10 LANCASTER SOUND(S) L, M 304 0.33-0.44 -12 

81-02,03 Lake Melville(B) L, M 267 0.58-I.07 0 

(a) 

(b) 
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PolarStern 84-05,06 Hebron Fjord(S) L,C,M <150 0.90-1.22 -5 

PolarSea 
/Star 
 

84-01 McMurdo Sound(S) L 172 0.94-I .74 -10 

82-04 BERING SEA SOUTH(S) L <150 0.18-0.49 1 

 BERING SEA NORTH(S) L 261 0.30-0.40 -16 

85-04 McMurdo Sound(S) M 200 1.12-I .49  

L S ST. Laurent 79-07 Strathcona Sound(S) M <150 0.74-I .36  

OTSO 86-03 Baltic Sea(B) L, C 330-482 0.6S-0.8  

Katmai Bay 79-01,02 Great Lakes(F) L,C,M 648 0.32-0.52 -20 

Oden 89-03 Baltic Sea(B) L,C,M 406 0.50-0.70 1 

Mudyug 87-04 SPITSBERGEN (S) L M 370-54 0.49-1.32  

Mobile Bay 86-02 Lake Michigan (F) L 453 0.27-0.52 -7 

ANN Harvey 89-03 North Coast(S) L,C,M 153 0.40-0.66 -7 

Kigoriak 79-10,80-03 BEAUFORT SEA(S) L,C,R,M,T,P 436-550 0.65-1.71 -30 

80-06 BEAUFORT SEA(S) L,M 150 1.39-1.69 0 

81-05 BEAUFORT SEA(S) L R M NA 1.27-1.37 0 

82-11,12 BEAUFORT SEA(S) L 444-468 0.66-0.80 -24 

Rgbert Lemeur 82-11,12 BEAUFORT SEA(S) L,C,R,M, 444-469 0.66-0.81 -24 

Terry Fox 84-01 BEAUFORT SEA(S) L,C,M,T 487"655 0.14-1.55 -28 

Kalvik 86-08.09 Viscount Melville 
Sound(S) 

L,C,R,M 1.50-400 1.00-2.30 -4 

Ikaluk 84-01 BEAUFORT SEA L,C,M 487-655 0.44-1.30 -22 

Max Waldeck 81-03 Baltic Sea L,C,R,M 450-500 0.30-0.90  

82-03 Baltic Sea L,C,R,M 300-340 0.59-'0.78  

 Notes: S - ICE FORGED FROM SALINE WATER;        
            F - ICE FORMED FROM FRESH WATER;        
 
           L - LEVEL ICE                                                     
           C – CHANNEL 
           R - RIDGES 
  
  

B - ICE FORMED FROM BRACISH WATER; 
S/B - DEPENDS ON THE LOCATION IN THE ST. 
LAWRENCE 
 
M – MANOEUVERING 
T – TRANSIT 
P – PROPULSION/ICE INTERACTION 
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Figure 15 Ice data plot includes info on thickness, flexural strength, salinity, and forms (FS: 
First Year ice) 

The first thing that can be observed is that 𝜎  for sea water has a large scatter in Figure 14 as ice 
types and thicknesses have large scatter. The dataset consists of a narrow range of brackish water 
ice where 𝜎  changes from 280𝐾𝑃𝑎 up to 540𝐾𝑃𝑎. Only two datasets with respect to fresh water 
ice are available from literature. Both datasets have a thickness of 50𝑐𝑚, which is same as the 
maximum ice thickness in Lake Mälaren. However, 𝜎  values have large variations. One possible 
reason can be revealed from Figure 15, which shows the ice type plays an important role in 
influencing the 𝜎  value. In Figure 15, the colour contour only indicates the existing ice types 
under the measurement. The height of the bar gives ice flexural strength in terms of ice thickness. 
The study in section 3.1 shows fast ice, new ice and level ice are the dominant ice types in Lake 
Mälaren. By only investigating level ice instead of all forms will provide a conservative result. 
Nevertheless, the data from Great Lakes can be utilized for Lake Mälaren since similar ice 
conditions can be found in literature, both with level ice and 50cm of thickness.  

To conclude from Table 3: for ice thickness of 0.5m, the flexural strength of pure level ice can be 
taken as: 𝜎 = 453𝐾𝑃𝑎. For a conservative assessment, 𝜎 = 648𝐾𝑃𝑎 can be used as equivalent 
strength which considers a complicated composition of ice forms. 

Table 4 Ice Properties 

Factor value 
𝐻 0.32𝑚 
𝜎  167𝐾𝑃𝑎 
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𝜎  1.76𝑃𝑎 
𝜎  738𝐾𝑃𝑎 
𝜎  196𝐾𝑃𝑎 
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4 Issue I: Ice Load 
Two approaches are used to predict the impact load: the deterministic approach and the 
probabilistic approach. The deterministic approach is suitable when all variables are known and it 
refers to traditional rule-based design. As for first year thin ice condition, FSICR (Finnish Swedish 
Ice Class Rules) is the most practicable one identified. The probabilistic approach may be used 
when some crucial variables are unknown, e.g. ship geometry and ice-ship interaction process. In 
this approach, these parameters can be interpreted as random variables. 

This part focus on the probabilistic design method. Firstly, the design contact area and high-
pressure area are calculated. Then, a direct calculation is preformed based on inputs from previous 
research and references. A more thorough calculation is made where two reference methods are 
used, Taylor [10] and Rahman [11]. The two methods differ in the way they account for different 
exposure conditions. In addition, these two different operation scenarios are considered, one single 
trip and one full year operation. And finally, the design curve presenting the relationship between 
design pressure and design contact area valid for Lake Mälaren is proposed.  This can be expressed 
as α = 0.265a .  where α is the design pressure and a is the design ice-ship contact area. 

4.1 Deterministic Design - Classification Rules 
4.1.1 Requirements based on FSICR 
The current version of Finnish Swedish Ice Class Rules(FSICR) [12] includes requirements for 
hull, machinery and minimum propulsion power. The strength level of four available ice classes 
(IA Super, IA, IB, IC) corresponds roughly to loading from a certain level of ice thickness. The 
design scenario is a collision on ice channel edge having a minimum speed of 5 knots, with yield 
design state. 

For Lake Mälaren, the ice class IC is used and the design requirement for this ice class correspond 
to operation in brash ice channels with a thickness of 0.6𝑚 (𝐻 = 0.6𝑚).  The ship is assumed to 
operate in open sea conditions corresponding to a level ice thickness not exceeding 0.4 𝑚 (ℎ ). 
The design ice load height (ℎ) of the area actually under of ice pressure is assumed to be 0.22 𝑚. 

The definition of ice pressure and ice load is an integral part of the hull factors. The design pressure 
is defined by, 

 𝑝 = 𝑐𝑑 ⋅ 𝑐𝑝 ⋅ 𝑐𝑎 ⋅  𝑝0 (15) 

where 𝑝  is nominal ice pressure 5.6 𝑀𝑃𝑎. It is constant for all ice classes, as the ice properties 
throughout the Baltic Sea do not change significantly during an average winter; 𝑐  is a factor that 
takes into account the influence of displacement, 𝛥, and engine power of the ship, 𝑃. It is given as, 

 
𝑐  =  

𝑎 ∙ 𝑘 + 𝑏 

1000
 

 

(16) 

 

𝑘 =
𝛥 ∙ 𝑝

1000
 

 

(17) 

The value of 𝑎 and 𝑏 are defined according to value of 𝑘 and the designed hull. Factor 𝑐  adjusts 
the design pressure in accordance to hull region where it occurs. Ship is divided into bow, mid-
body and stern regions and 𝑐  values range from 1.0 (bow region for all ice classes) to 0.25 (stern 
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region for IC ice class). The last factor 𝑐  is dependent on the load length that influences response 
in each structural member. It is calculated as, 

 

𝑐𝑎 =
𝑙0

𝑙𝑎
 

 

(18) 

with maximum 1.0, minimum 0.35, 𝑙 = 0.6 𝑚. 

The elastic response of the plating can be express as, 

 
𝑃 =

9

4
(

𝑡

𝑠
)

𝜎

1.3 −
4.2

(ℎ 𝑠 + 1.8⁄ )

 

 

(19) 

while the plastic response is calculated as, 

 
𝑃 =

16 ∙ 𝑡 ∙ 𝜎

𝑠 ( 3 + (𝑠 𝐿⁄ ) − 𝑠 𝐿⁄ )
∙

1

0.6701 ∙ (ℎ 𝑠⁄ ∙ (𝑠 𝑡⁄ ) ) − 0.133 ∙ (ℎ 𝑠⁄ ∙ (𝑠 𝑡⁄ ) )
 

 

 

  (20) 

The thickness of the plate can be calculated based on, 

 
𝑡 = 667 ∙ 𝑠 ∙

𝑓 ∙ 𝑃

𝜎
+ 𝑡  [𝑚𝑚] 

 

(21) 

where 𝑃  is equivalent plate pressure at 0.75𝑃. 

The frame scantlings can be determined as, 

 
𝑍 =

𝑞 ∙ 𝑠 ∙ 𝑙

𝑚 ∙ 𝜎
            𝐴 =

1

2
∙

1.2 ∙ 𝑞 ∙ 𝑙

𝜏
 

 

(22) 

The rule-based design pressure can be seen in Table 5. 

Table 5 Rule-based design ice pressure for different parts of the barge 

Design ice pressure (MPa) Forward Midship Aft 

Transverse shell member  1.708 0.655 0.327 

Longitudinal shell member 1.611 0.617 0.308 

 

4.2 Probabilistic Design Method 
The interaction between the ship and ice is a complex process and depends on the ice properties, 
the hull geometry and the relative velocity [13]. The local ice pressure is more significant 
compared to global forces [14]. In other words, emphasis should be on the local pressure during 
the design of the ship structure. From Figure 16, the nominal contact area is developed during the 
whole interaction process, while the area with a higher pressure is smaller than the nominal area 
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[14]. This local area with extremely high pressure has been termed as critical area or High-Pressure 
Zone (HPZ) [15].  

 
Figure 16 Illustrations of ice interacting with a structure (a) the global and (b) local areas [15] 

The ice load affecting area governs the local design of steel plate thickness and spacing as well as 
the size of bracing[16]. The most important thing to consider when designing the ship structure for 
ice conditions is the ice load pressure, which allows the assessment of stiffness and strength of the 
structure under given circumstance.  

4.2.1 Description of the Probabilistic Approach 
Ice loads acting on the ship structure can be analyzed statistically and extensive research on this 
topic exists. A detailed survey and analysis on local ice pressures has been conducted and proposed 
by Masterson and Frederking [16] and developed by Jordaan [14], Taylor [10], Rahman [11] later, 
which is known as the probabilistic method. By using the data from real ship impacts, field tests 
and large-scale platforms, the design criteria covering the contact area from 1 m2 up to 100 m2 can 
be developed for large displacement ships and impacts with large ice masses. The pressure data 
were compiled and ranked, and curves were fitted through the tail of the plots using event-
maximum concept. 

When analyzing data, extra attention should be paid to the exposure conditions, 

(i) the number of panels or areas;  
(ii) the length of interaction for individual events;  
(iii) the location on the ship or structure;  
(iv) the number of events (hits or misses), N. 

For longer durations (short duration is not covered herein), the distribution may be expressed as a 
double-exponential (Gumbel) form, i.e., 

 𝐹 (𝑥) = exp {−exp [−(𝑥 − 𝑥 )/𝛼 ]} (23) 

where 𝛼  and 𝑥  are constants. 

The maximum pressure Z per unit time based on one-year measurement can be expressed as, 

 𝑍 = max (𝑋 , 𝑋 , … , 𝑋 ) (24) 

where there are 𝑁 events 𝑋  in the time interval. 

(a) (b) 
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The effective event, m (hits), is considered by the proportion factor, r, 

 
𝑚 = 𝑟𝑛 (25) 

If M and N are random, 

 𝜇 = 𝑟𝜈 (26) 

where n and v are the expected number of events with hits (M) and events (N), respectively, per 
unit time. Thus, the distribution of maximum Z is given by a close approximation (which follows 
from the distribution of extreme values based on the cumulative distribution with n events) if, 

(1) N=n, a fixed number, 

 
𝐹 (𝑧) = exp {−exp [−(𝑧 − 𝑥 − 𝑥 )/𝛼]} (27) 

where 𝑥 = 𝛼(ln 𝑛 + ln 𝑟). 

(2) N is binomial or Poisson-distributed 

 
𝐹 (𝑧) = {1 − 𝑝[1 − 𝐹 (𝑧)]}  (28) 

where p is the probability of an event per trail. 

Based on the analysis, the relationship between the local design (nominal contact) area, 𝑎 in m2 
and pressure 𝛼 in MPa, can be formulated as, 

 
𝛼 = 1.25𝑎 .  (29) 

The equation is applied to a range of local contact areas 0.6 −  6 𝑚 . It serves as an appropriate 
upper bound for the local design and is applicable widely during the primary design stage when 
ice loads are required. 

Given the exceedance probability 𝑃 , the design load value 𝑍  can be estimated as, 

 𝑃 = 1 − 𝐹 (𝑍 ) (30) 

 𝑍 = 𝑥 + 𝛼{− ln[− ln 𝐹 (𝑍 )] + ln 𝜈 + ln 𝑟} (31) 

The general form of equation (29) can be rewritten as, 

 
𝛼 = 𝐶𝑎  (32) 

Equation (31) and (32) together establish the foundation of the probabilistic method. The 
parameters in the formula should be decided according to the real target situation. A series of best-
fit curves of equation (32) can be seen in Figure 17. It can also be concluded that the pressure is 
dependent on the physical characteristic of the interaction, such as ice type, thickness, or 
temperature. Higher C values tend to give rise to data under heavier ice conditions while lower 
values indicate lighter ice conditions [10]. 
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Figure 17 Plots of ice pressure versus area for ship-ice interaction based on different sets of 
data [10] 

As ice conditions vary dramatically between sea and lake with regards to ice type, thickness, 
salinity etc, the Design Curve cannot be utilized directly to derive the ice loading for light inland 
waterway ice conditions and will result in an extremely conservative prediction. Thus, the target 
ice conditions and properties must be studied in order to use probabilistic method. The general 
approach is given in Figure 18. This study is only concerned with first-year thin level ice.  

 
Figure 18 A general review for prediction of extreme loads using parent dataset 
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As written in Section 3.2, different ice thicknesses can be used, which gives us the corresponding 
design area A, as shown in Table 6. 

 𝐴 = 𝑠 ∙ ℎ (33) 
where s is the frame spacing, equals to 1.8 m. 

Table 6 Design contact areas on the panel 

 FSICR Statistics SMHI 
h (m) 0.22 0.32 0.5 
A (m2) 0.396 0.576 0.9 

 
4.2.2 Determination of local High-Pressure Zone (HPZ) 
The extreme loads can be found on a small local area, which has to be distinguished from the 
nominal area, see Figure 16. As the probabilistic method predicts the extreme load pressure, the 
HPZ needed to be identified in order to get the extreme loading force. 

The analysis of ice edge failure is idealized by using a 2D model (Figure 19) to define the contact 
height, ℎ  and contact length 𝑙  [8]. Then, High Pressure Zone 𝐴 , under consideration, can be 
formulated as, 

 𝐴 = ℎ ∙ 𝑙 . 
 

(34) 

 
Figure 19 Definition of high-pressure contact area 

Noting the maximum open water speed as 𝑣  and the maximum level ice breaking capability as 
ℎ , the ship speed, 𝑣  in level ice, with ice thickness, ℎ , can be described as, 

 
𝑣 = 𝑣 1 −

ℎ

ℎ
, ℎ ≤ ℎ  

𝑣 = 0,                            ℎ ≥ ℎ  

(35) 

 
where 𝑣 = 11.3 𝑘𝑛𝑜𝑡𝑠 for loaded condition, ℎ  is assumed to be the ice thickness ℎ  under 
consideration, here taken as 0.32m based on FSICR (Table 6). 

According to Kujala et al. [13], the contact height required to produce a bending failure is related 
to the variables: ice thickness ℎ , ice flexural strength 𝜎 , and compressive crushing strength 𝜎 , 
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 ℎ =
𝑎 (1 + 1.5(𝑣 𝑠𝑖𝑛𝛼 ) . )ℎ𝑖 . 𝜎

(𝛽 − 8.7 )𝜎
, 𝛽 > 8.7  (36) 

where 𝑎 = 7.02 when SI-unites are used for the variables; 𝛽  is the normal frame angle, such that 
𝛽 = 55°; 𝛼  is waterline angle, 𝛼 = 45°; ℎ  is ice thickness, here takes as 0.32m.  

By using the global contact area (frame spacing× mean ice thickness), nominal contact area and 
HPZ are obtained as, 

 
𝐵𝑎𝑠𝑒 𝑜𝑛 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑠, ℎ = 0.32𝑚 , ℎ = 0.192𝑚,  𝐴 = 0.096𝑚 , 
𝐵𝑎𝑠𝑒𝑑 𝑜𝑛 𝐹𝑆𝐼𝐶𝑅, ℎ = 0.22𝑚 , ℎ = 0.119𝑚,  𝐴 = 0.060𝑚 . 

(37) 

   
As mentioned in the beginning of this chapter, the design pressure curve is related to nominal 
contact area. Then extreme pressure can be gained by utilizing the parent curve. To obtain the 
extreme load, the predicted high pressure and local High Pressure Zone should be combined 
together. 

4.2.3 Direct calculation without modification for ram number 
A scenario based on the example routes are provided to show implementation of the method. 
Regarding the routes, three alternatives are given in Table 7. 

Table 7 Planned Routes for Amice barge 

Route map Approx. 
distance(km) 

1. Södertälje to 
Köping 

 

110 

2. Södertälje to 
Västerås 

 

85 
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3. Stockholm city 
to Bålsta. 

 

50 

 
The longest route chosen is from Södertälje to Köping, i.e. the western end of Mälaren to the 
eastern. Thus, the ice condition taken into consideration is from the western part as it suffers the 
worst winter condition. The speed of Amice when empty is 13.7 knots and when loaded with 3500 
tons of cargo and a draft of 3.40 is 11.3 knots. It has a duration of 5.2 hours per trip in loaded 
condition.  

Let’s assume that the ship operates daily doing a return trip during one year. The ice-covered 
period for the lake is 4 months. Assumptions of stationary ice conditions and ice concertation of 
0.5 are made. The mean frequency of loading events is assumed to be 1.07 𝑠  [19]. Using the 
event duration of 0.934𝑠, calculated from Kujala (2009) with a poisson process, the expected 
number of events is 1.11 million. 

Design load patch height for FSICR is determined based on the loading height (class factor) and 
structural arrangement. For IC, the loading height is 0.22 m. Along with, for example, webframe 
spacing of 1.8 m, it gives the design pressure patch area of 0.396 𝑚 . The ship is designed for an 
exceedance level (𝑃 ) of 10 , which corresponds to the design recommendation in FSICR, i.e., 
reaching the yield limit once every winter. The proportion of true hits is taken as 𝑟 = 0.5. Exposure 
constant, x0, dependent on the design area is calculated according to Taylor et al. (2009) for N. 
Bering 1983 dataset. With 1.11 million events along the route and using Equation 38, the number 
of ram is, 

 
𝜇 = 𝜈 ∙ 𝑟 ∙

𝑡

𝑡
= 1.11 × 10 × 0.5 ×

0.9037

0.7
= 7.378 × 10  

 

(38) 

The corresponding design pressure for a 10-2 target exceedance probability, α, μ and x0, is given 
as, 

 

 𝑍 = 𝑥 + 𝛼{− ln[− ln 𝐹 (𝑍 )] + ln 𝜈 + ln 𝑟}

= 0.27 +  𝛼(4.6 + ln(7.378 ∙ 10 ))
= 0.27 + 5.07 ∙ 𝐴 .  

(39) 

 

Using(a) 𝛼 = 0.28𝐴 .  for North Bering Sea 1983 dataset and (b) 𝛼 = 0.12𝐴 .  for Bering 
Sea 1986 dataset, with corresponding values of x0 and design area A, the design curve is obtained, 
and the design pressures can be calculated.  
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For design area of 0.396 m2( Table 6, the smallest one gives the highest pressure), x0 is equal to 
0.27 and the design pressure ranges from 9.27 MPa to 4.62 MPa for the bow area, see Figure 20. 

 
Figure 20 Local design pressure estimation for Amice barge based on two reference datasets 

4.2.4 Calculation with modification for rams 
One single trip (Section 4.2.3.1 and 4.2.3.2) and one-year (Section 4.2.3.3) design scenarios are 
used in this part utilizing two design methods (Taylor, 2010 and Rahman, 2005). Different design 
strategies are considered as well, which are useful to identify the effects from different parameters. 

4.2.4.1 Taylor et al., 2010  
In consideration of the physical weather and ice conditions, North Bering Sea 1983 dataset is 
selected to predict the extreme ice load [10]. The information with regards to the test is given in 
Table 8.  

Table 8 Information of reference dataset [10] 

factors value ice concentration Range value 

X0 0,27 CL 0,4-0,5 0,5 

C 0,28 CM 0,6-0,7 0,65 

D -0,62 CH 0,8-0,9 0,85 

 
Exposure conditions (includes rams per time, ice concentration) are essential to estimate the 
number of rams when using probabilistic method for ice loads as local circumstances are 
considered and adjusted. Number of ram events on the panel are represent by,  
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𝜇 = 𝜈 ∙ 𝑟 ∙

𝑡

𝑡
 

(40) 

where 𝜈 is the expected number of events for a time period, 𝑟 is the hit proportion (the actual event), 
𝑡 is the event duration, 𝑡  is the reference event duration in terms of design curve from Jordaan et 
al. (1993). The average impact duration based on average penetration, is 𝑡 ~3𝑠 [18]. For North 
Bering 83 dataset, average impact frequency [events/hour] =8.2, while for 1st year ice average 
impact duration is, t, is assumed to be 2s [5]. 

For simplification, the proportion for the number of hits on a specific plate section is taken as,  

 
𝑟 =

1

𝐵
∙ 𝐶  

(41) 

where B is vessel width, 𝐶  is ice concentration. 
The estimated number of events per trip is, 

 𝜈 = 𝑟 ∙ 𝑆 (42) 
where S is the distance travelled per trip, is equal to 110km (59,4 nm).  
The design pressure can be computed when probability of exceedance is given, 

 𝑍 = 𝑥 + 𝛼{− ln[− ln 𝐹 (𝑍 )] + ln 𝜈 + ln 𝑟} (43) 
 
Two design strategies are chosen and compared in order to give a reasonable prediction.  
Firstly, the emphasis is to generate the ice loads most likely to happen. Thus, the Probability of 
exceedance, 𝑃  is taken as the mean value, 50%, 

 𝑃 = 1 − 𝐹 (𝑍 ) = 0.5 (44) 
 
Table 9 Results summary when 𝑃 = 0.5 based on Taylor et al., 2010 

Ci 𝑷(𝑴𝑷𝒂) Load (𝑭 = 𝑷 ∙ 𝑨𝒄 [𝑲𝑵]) with different 𝒉 
0.32 𝑚 0.22𝑚 

CL 2.522 242.1 150.0 
CM 2.134 204.9 127.0 
CH 3.638 349.3 216.5 

 
Secondly, the extreme design ice load is predicted with a probability of exceedance of, 

 𝑃 = 1 − 𝐹 (𝑍 ) = 10−2 (45) 
 

Table 10 Results summary when 𝑃 = 10  based on Taylor et al., 2010 

Ci 𝑷(𝑴𝑷𝒂) Load (𝑭 = 𝑷 ∙ 𝑨𝒄 [𝑲𝑵]) with different 𝒉 
0.32 𝑚 0.22𝑚 

CL 4.191 402.3 249.3 
CM 3.400 326.4 202.3 
CH 5.744 551.4 341.7 

 
The results of extreme design pressure and force can be seen in Table 9, Table 10 and Figure 21. 
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Figure 21 Local load prediction for one trip in terms of different design strategies and 
probabilities of exceedance (a) 𝑃 = 0.5; (b) 𝑃 = 0.01 

4.2.4.2 Rahman et al., 2015 
Another reference dataset is selected for comparison using method by Rahman [11]. The 
corresponding factors are given in Table 11. The field test in 2014 is used as a reference to 
investigate the influence of ice concentration factor 𝐶 . However, the average ice floe mass for the 
field test was approximately 1.25 times the mass of the ship. 

The estimated events per trip with regard to the 2014 field test is given as, 

 𝜈 = 𝜈 ∙ 𝑆 (46) 
 

𝑟 =
1

𝐵
∙ 𝐶  

(47) 

 

(a) 

(b) 
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Table 11 Parameter summary for 2014 field test [11] 

Ice concentration 
Ci 

Factor  𝜶 (𝑴𝑷𝒂) 𝒙𝟎(𝑴𝑷𝒂) No. of event per 
km 𝝂𝟎  

CH 8-9 0.095 0.020 1550 
CM 6-7  0.087 -0.014 1150 
CL 5 0.076 -0.008 750 

 
The design pressure can be calculated using the parameters in Table 11, when the probability of 
exceedance is given, 

 𝑍 = 𝑥 + 𝛼{− ln[− ln 𝐹 (𝑍 )] + ln 𝜈 + ln 𝑟} (43) 

The two design scenarios used are the same as given in section 4.2.3.1: 𝑃 = 0.5 and 𝑃 = 10 . 
The results are given in Table 12 and Table 13. Compared to Taylor [10], the results of Rahman 
(2015) are lower but close to rule-based results, which seem to be non-conservative. One important 
reason is that when considering 𝛼 in Equation (43), Rahman [11] method uses the recorded data 
from field test directly (As shown in Table 10). The 𝛼 values don’t take account the effect of 
loading area. No matter what contact area will be, it keeps constant. However, Taylor [10] uses 
𝛼 = 𝐶𝑎  which considers the small loading area effect.  

Table 12 Results summary when 𝑃 = 0.5 based on Rahman et al., 2015 

Ci 𝑷(𝑴𝑷𝒂) Load (𝑭 = 𝑷 ∙ 𝑨𝒄 [𝑲𝑵]) with different 𝒉 
0.32 𝑚 0.22𝑚 

CL 0.642 61.6 38.2 
CM 0.790 75.8 47.0 
CH 0.952 91.4 56.6 

 
Table 13 Results summary when 𝑃 = 10  based on Rahman et al., 2015 

Ci 𝑷(𝑴𝑷𝒂) Load (𝑭 = 𝑷 ∙ 𝑨𝒄 [𝑲𝑵]) with different 𝒉 
0.32 𝑚 0.22𝑚 

CL 0.964 92.5 57.4 
CM 1.159 111.2 68.9 
CH 1.354 130.0 80.6 

 
4.2.4.3 One-year design scenario 
When evaluating the design pressure, the design period is usually taken as one year. The previous 
calculations are based on one trip. In 4.2.3, the ice-covered period for the lake is 4 months with a 
duration of 5.2 hours per trip. The total journeys per year can thus be regarded as, 

 2 × 30 × 4 = 240 (48) 

The total number of events should be multiplied by this factor, which affects the number of ram 
for calculation. The predicted pressure curves based on one-year period are plotted in Figure 22. 
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Figure 22 Local load prediction for one-year operation in terms of different design strategies and 
probabilities of exceedance (a) 𝑃 = 0.5 (b) 𝑃 = 0.01 

4.2.5 Discussion 
The emphasis will be put on these aspects: ice concentration and design area, as the highest ice 
concentration gives the highest design pressure, the smallest area gives highest values. Plots with 
regards to different simulation cases are summarized in Figure 23. The case defination can be read 
in the legend in Figure 23. It shows that larger event number results in higher pressure and lower 
𝑃  gives higher pressure. 

(a) 

(b) 
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Figure 23 Comparison of four design strategies 

 
Figure 24 Extreme local pressure prediction 

Based on the calculations, different factors will influence the extreme pressures. Furthermore all 
these factors are related to the ram number. An extreme calculation is performed based on two 
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extreme ram conditions: (1) 𝑛 = 1 (lower bound); (2) 𝑛 = 10  (upper bound). From Figure 24, it 
can be seen that the extreme design pressure varies from 2.5 to 12 𝑀𝑃𝑎 for Amice barge. 

The effects from key influencing factors are summarized in Table 14. ‘+’ indicates the positive 
relationship between the factor and extreme design pressure, while ‘-’ stands for negative 
relationship. 

Table 14 Effects of different factors 

Factor Effect 
Ice concentration 𝑪𝒊 + 
Design area 𝒂 - 
Probability of exceedance 𝒑𝒆 - 
No of rams + 

 

4.3 Design Curve for Amice barge 
The predicted extreme pressure curve of case 3 (the most critical one) in Figure 23 from Section 
4.2.4 are taken as the extreme predicated pressure for Amice barge. Now it would be interesting 
to derive the design curve for Amice based on the this predicted pressure. The Eq. 31 and 32 can 
be reformulated as,  

 
𝛼 = 𝐶𝑎 =

𝑍 − 𝑥

4.6 + ln 𝜇
 

(49) 

Different values of ram number and x0 are introduced to investigate their effects on influencing 
the C and D parameters. Two most relevant results are given in Table 15. One distinct trend is that 
the design pressure will go higher with the increase of ram numbers. Moreover, x0 has a significant 
influence. When computing the pressure in previous section 4.2.3.3, the ram number is of 
magnitude of 106. Keep consistency with the ram number, two design curves (1 and 2) are shown 
in Figure 25.  
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Figure 25 Design curves for Amice 

 

Figure 26 Comparison the design curve with reference datasets 
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Table 15 Parameters for design cases 

Case 𝜇 x0 C  D  
Design 1 106 0.15 0.256 -0.6 
Design 2 106 0 0.265 -0.57 

N. Bering83 - 0.27 0.28 -0.62 
 
The two design curves are plotted together with the selected dataset and the Design Curve in Figure 
25. Design 2 is closer to the reference one, N. Bering 83. However, literature [10] shows x0 for 
some cases are larger than 0, as shown in Figure 27. Even for the N. Bering 83 expression, x0 is 
0.27. Generally,  𝑥 = 0 is conservative for smaller design area and the current study, as shown in 
Figure 26 and Figure 27. Thus, the design equation for Lake Mälaren of Amice barge can be 
formulated as below which refers to the Design curve 2 in the study. 

 
𝛼 = 0.265𝑎 .  (50) 

 

 

Figure 27 Plot of x0 versus [10] 

For the further application on Lake Mälaren, an exposure factor 𝑞  can be introduced to account 
for the probability of impacts of a targeted ship compared with a ram event number of 106. 

 𝜇 = 𝜈 ∙ 𝑟 ∙ 𝑞  (51) 
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4.4 Concluding Remarks 
4.4.1 Result summary 
The results come from the two methods (rule-based method and probabilistic method) can be seen 
in Table 5 and Table 9 - Table 13. For the second method, by comparing section 4.2.4.2 and 4.2.4.3, 
it can be concluded that the two approaches (Taylor 2010 [10], Rahman, 2005 [11]) produce 
similar results. However, the pressure and force differ a lot. But Rahman gives similar results 
compare to FSICR. This is most likely due to the difference in the data used. Data in Taylor are 
based on large vessels in heavy ice conditions, while data in Rahman is based on smaller vessel 
(𝑚 = 3665𝑘𝑔,) in lighter ice conditions. Based on the literature with the consideration of the load 
magnitude, the Table 10 and Table 13 can be used for structural strength evaluation with an 
extreme load contact area of 0.096𝑚 . Two load cases will be considered in next Chapter for 
structural analysis. 

Table 16 Load case definition 

Load case 1 𝑃 = 1.354𝑀𝑃𝑎, 𝐹 = 130𝐾𝑁; 

Load case 2 𝑃 = 5.744𝑀𝑃𝑎, 𝐹 = 550𝐾𝑁 

 
4.4.2 Comparison of two methods 
In Table 17, the pros and cons of two approaches are summarized. And the design ice load patch 
can be read in Figure 28. From (b), it can be seen the design pressure is assumed to be constant. 
While (c)(d) show the spatial variations for real ice loading cases. 

Table 17 Comparison of two approaches 

Ice class rules Probabilistic approach 

 Ice class rules do not directly account 
for spatial and temporal variations 
found in ice load measurements; 

 General safety margins for different 
structural elements; 

 No exposure to ice loads & no route-
specific ice conditions; 

 Rule-based load can yield non-
conservative designs. 

 
 

 Probabilistic approach derives the 
design load in a straightforward and 
physical way; 

 Selection of the target ice loads can 
consider seasonal and regional 
variability and the number of loading 
events; 

 Probabilistic design load causes local 
plastic deformations on plates, frames 
and web frames, requiring an increase 
in scantlings to remain within the 
design limit; 

 Probabilistic approach allows us to 
establish link between actual 
operational area and design loads. 
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Figure 28 Plots of (a)Design pressure patch for FSICR and real pressure distribution(histogram); 
(b) Design pressure patch for FSICR; (c) ice pressure distribution; (d) ice pressure distribution 
[20] 

One important thing to bear in mind is the speed limitation. FSICR by default is applicable for 
speed below 5 knots, where probabilistic methods are generated from field tests where low speed 
were settled. The influence of the speed is not investigated in the report. 

  

(a) (b) 

(c) 

(d) 

(d) 
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5 Issue II: Structural Strength Performance 
The bow part of Amice barge is considered for a local strength evaluation necessary for winter 
navigation. Both the ice impact pressure/load from the FSICR and the Probabilistic method are 
used as input.  

For FSICR, the calculations are made based on equations from the rules. Our findings are that the 
bow structure of Amice barge does not meet the scantling requirements. Recommendations for 
new structure dimensions are proposed based on the requirements. FE simulation is performed 
using the predicted pressure/load from the Probabilistic method. It is found that the bow structure 
will not meet the requirement. Even when the suggested structures based on FSICR are used, the 
bow will still fail.  

Based on the calculation in this part, the bow structural reinforcements are necessary in order to 
make sure that the barge can operate in Lake Malaren under winter conditions.  

For the global structural problem, the possible issue is the buckling since the ice impact load comes 
from the bow part will transferred to the mid-body. Amice barge has big openings for cargo tank 
and no transverse bulkheads existed. In the beginning of the study, buckling is evaluated under ice 
load of F=1000KN and no significant buckling problem will happen. The two load cases are 
smaller than 1000KN thus no extra buckling problem will be occured. Therefore, this work won’t 
be covered in the report. 

5.1 Structural Strength Calculation Based on FSICR 
Based on the FSICR, the required plate thickness in the ice belt area should be evaluated and the 
computing results are given in Table 18. 

Table 18 Required plate thickness 

Plate thickness in the ice belt(mm) Forward Midship Aft 

Shell member 20.0745    13.1943     9.9156 

 
While the shell plate of the Amice barge is 10mm, it cannot meet the requirement according to the 
IC rules. The typical stiffened panel in the bow area is given in Figure 29 and the scantlings can 
be found in Table 19. The computing results show neither web frames nor stringers can meet the 
criterion, and the recommended scantlings are given as well, as shown in Table 20.  
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Figure 29 Example of stiffened panel of the bow area: (a) illustration scantling, (b) Amice barge. 

Table 19 Bow structural Dimensions for Amice barge 

Structural member Dimensions 

Plate thickness 10(mm) 

Stiffener HP160x8(mm) W=34 (cm3)     A=13 (cm2) 

Web frames/ (Ice)stringer  T 300x8/100x10(mm) W=179 (cm3)   A=34 (cm2) 

 

Table 20 Required Structure dimension for IC 

Structural 
member 

Requirement Recommendation: one example 

(a) 

(b) 
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Transverse 
frame 

W=315 (cm3)  Same as ice stringer 
 

Longitudinal 
frame 

W=202 (cm3)  
A=22 (cm2) 

T300 x 10/100 x 10 
W=215 (cm3)  
A=40 (cm2) 

Ice stringer 
W=327 (cm3)  
A=21 (cm2) 

T350 x 12/120 x 10 
W=340 (cm3)  
A=54 (cm2) 

Note: the transverse frame is considered as ice stringer. 
 

5.2 FE Static Analysis 
The simulation is performed to check if the bow structure will survive under ice load. Two load 
cases are considered from Table 16. The stiffened panel is made of steel. The material properties 
of all structural parts in the model are given in Table 21. The material model is simplified to an 
elastic model and the yield stress determines whether we are in the elastic regime or not. 
Furthermore, residual stresses in the welded structures are not considered in the simulation models. 

Table 21 Material properties 

Poisson’s ratio Young’s modulus 
(GPa) 

Density (kg/m3) Yield strength 
(MPa) 

0.3 200 7850 235 
 
5.2.1 Load case 1 
The simulation is performed for ice loading 𝐹 = 130𝐾𝑁. The geometry and mesh are given in 
Figure 30. The four edges are considered as simply supported. Load is applied on the High Pressure 
Zone along the ship longitudinal direction, as shown in Figure 31. The Von Mises stress results 
are given in Figure 32. It can be clearly seen that the plate can withstand the design pressure in 
this case. 

 

 
Figure 30 Geometry and mesh of stiffened bow panel 

(a) (b) 
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Figure 31 Boundary conditions and applied pressure 

  
Figure 32 Von Mises stress distribution of the panel 

5.2.2 Load case 2 
For load case 2 where 𝐹 = 550𝐾𝑁, the von Mises stress distribution of the panel is given in Figure 
33. It shows the panel will fail under this loading condition. 

(a) (b) 

(a) (b) 
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Figure 33 Von Mises stress distribution of the panel 

5.3 Reinforcement 
Load case 2 is applied and reinforcements are made based on the requirements form FSICR rules. 
The structural analysis is performed to check if the reinforced plate can meet the requirement. 

5.3.1 Increase plate thickness based on FSICR 
Based on FSICR, the panel thickness should be 20mm. A simulation is run to see if the structure 
will survive if the plate thickness is increased. Other controlling aspects are kept constant. 

  
Figure 34 Von Mises stress distribution of the panel 

The overall structural performance has been improved, as shown in Figure 34. However, the panel 
and the webframes still yield in this case. 

5.3.2 Further reinforcement based on FSICR requirement 
Now, the model is adjusted based on requirements from FSICR, the structural dimension can be 
seen in Table 22. The same failure of the webframe is observed in Figure 35. It is recommended 
to increase the dimension of webframe furthermore to avoid structural yield phenomenon. 

(a) (b) 
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Table 22 Comparison between original structure dimension and one example based on FSICR 
(unit:mm) 

Structural member Recommendation from FSICR Original dimension 
plate thickness 20 10 
Stiffener I 160x8 I 160x8 
Transverse frame T350x12/120x10 T300x8/100x10 
Longitudinal frame T300x10/100x10 T300x8/100x10 
Ice stringer T350x12/120x10 T300x8/100x10 

 

 
Figure 35 Von Mises stress distribution of the panel using required scantlings based on FSICR 
IC 

 
Figure 36 Ice load distribution on a ship's side from FSICR 

The simulation shows that if the structure scantlings follow the requirements from FSICR, the 
bow structure still fails. Two aspects will result in this phenomenon. The first thing is that 
extreme loads (Table 16) are added which are higher than the calculated pressures (Table 5) from 
FSICR. Second reason is the extreme loads applied in the middle of plate (between two adjacent 
frames). However, from Figure 36, it can be seen the highest ice pressure is required to applied 
on the frame instead based on FSICR. 
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5.4 Conclusion 
Both rule-based calculation and FE simulation show that the bow panel for Amice barge cannot 
bear the extreme design pressure. The original structural design is too weak under ice loading 
conditions. The reinforcement measurements should be implemented to make the panel survive. 
One useful design is adding more webframes, increasing plate thickness and dimensions of 
stiffeners/frames. 
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6 Issue III: Potential Propulsion Problems 
The performance for ships running on the ice-covered waters is usually described by the speed and 
the corresponding maximum operational ice thickness, which is known as h-v curve. The concept 
behind the h-v curve is basically that the traditional ship resistance, e.g. friction, wave resistance 
etc. plus new ice-induced resistance should be equivalent to the net thrust provided by the propeller. 
Thus, in order to obtain the h-v curve, ship resistance on icy waterways are computed based on 
three methods, the Lindqvist [21] method, the Riska [22] method and the Brash channel ice 
resistance prediction method [23]. The principles of these three methods are described herein. The 
h-v curves are plotted both for fully loaded and empty loading conditions. Generally, the Riska 
method is more realistic when the ship comes across the level thin ice. The brash ice-method is 
more relevant when the ship passes a channel full of ice floes. 

6.1 h-v Curves with Different Methods 
The ice-induced resistance can be estimated with various methods, three of these methods will be 
analyzed in this report. Lindqvist [21] developed a formula based on trial tests in the Bay of 
Bothnia. Different resistance components and impact mechanics were considered within this 
method. Riska et al. [22] formulated the equations with empirical parameters focusing on the level 
ice circumstance. Juva and Riska [23] proposed a way to predict the channel (brash ice) resistance 
which is used in FSICR from the design point of view. This report will consider two loaded cases 
for each method. The corresponding parameters can be seen in Table 23. 
Table 23 Data for two load cases 

No Condition Design speed(kn) Economic speed(kn) draft 

1 Fully loaded 11.6 8.3 3.4 

2 Empty loading 13.6 10 1.2 

 
Based on FSICR ships that operate on icy water will have a minimum forward draft of at least, 

 
0(2 0.00025 ) (2 0.00025 3938) 0.4 1.19h m         

 

(52) 

The draft for the empty case hereby fulfills the criteria. 

6.1.1 Lindqvist method 
 The Lindqvist method is a rather simple way of estimating the ice resistance. In this model, the 
resistance is divided into three components with regards to crushing, bending-induced breaking 
and submergence. The formulae give resistance as a function of main dimensions, hull form, ice 
thickness, ice friction and strength. The formulae are expressed as, 

 

 

(53) 

 

 
 

(54) 
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(55) 

 

 

(56) 

 

 

(57) 

 

 

(58) 

 
where Rice, Rc, Rb and Rs represent total ice resistance, crushing resistance, bending resistance and 
resistance due to submersion; 𝜎  and hi are respectively ice strength in bending and ice thickness; 
µ, 𝜙, 𝛼 and 𝜓 are respectively the friction coefficient, stem angle, waterline entrance angle and 
flow angle; 𝑔 is the gravity acceleration; rw and ri are water and ice density. 

The computing results based on Lindqvist are presented in Figure 37. Results show that when the 
ship is operating at empty loading condition,  the barge can withstand harsher ice environment and 
can navigate for longer period per year. Generally, the differences between two loading scenarios 
are small. But when it comes to the operating time window, the navigable time for different years 
differs a lot, which will be addressed in Section 7. 

 
Figure 37 h-v curves based on Lindqvist method 

6.1.2 Riska method 
Riska et al. (1997) proposed a level ice resistance formula by modifying the formulations of 
Lindqvist (1989). The formulation is based on a set of empirical coefficients, derived from full-
scale tests of a number of ships in ice conditions in the Baltic Sea. The main resistance formula is 
given below, while constants can be found in Table 24. 
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(59) 

 

 

(60) 

 

 

(61) 

 

where V, B, T and L are vessel speed, breadth, draught and length, hi is ice thickness, 𝜙 is the stem 
angle in degrees, and Lbow and Lpar are the length of bow and parallel sides section, respectively. 

Table 24 Constants in Riska formulation for ice resistance in level ice. 

Symbol Value Unit 

f1 0.23 kN/m3 

f2 4.58 kN/m3 

f3 1.47 kN/m3 

f4 0.29 kN/m3 

g1 18.9 kN/(m/sxm1.5) 

g2 0.67 kN/(m/sxm2) 

g3 1.55 kN/(m/sxm2.5) 

 
The results for Riska method are plotted in Figure 38. It is quite interesting that the two h-v curves 
intersect around 5.5 knots. For speed lower than 5.5 knots, the fully loaded case can withstand 
worse ice condition. When the ship goes with a speed larger than 5.5 knot, the empty loading can 
stand worse ice condition.  
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Figure 38 h-v curve based on Riska method 

6.1.3 Brash ice 
The channel resistance for different ice classes should be taken into account when coms to the 
design point. According to Juva and Riska (2002), the rule resistance equations are expressed in 
the following forms, 

 

where the term [LT/B2]3 is taken as 20 if it is above 20 and 5 if it is below 5; all other coefficients 
are shown in Table 25. 

 

 

(62) 

 
 

(63) 

 

 

(64) 

 
 

(65) 

 

 

(66) 

 

 

(67) 

 

 

(68) 
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Table 25 Coefficients for channel resistance formulas. 

Symbol Value Unit 

f1 23 N/m2 

f2 4.58 N/m 

f3 14.7 N/m 

f4 29 N/m2 

g1 1537.3 N 

g2 172.3 N/m 

g3 398.7 N/m1.5 

C3 845.576 kg/(m2s2) 

C4 41.74 kg/(m2s2) 

C5 825.6 kg/s 

For brash ice or channel ice, the computing results are given in Figure 39. From Figure 39, it 
indicates that the ship couldn’t run below 2 knots. One explanation could be that speed is one key 
factor when computing the propeller thrust. This is due to the fact that the thrust component is 
smaller than the resistance, meaning that the ship cannot move forward. Once exceeding the 
threshold, the empty loading case shows its advantages.  

 
Figure 39 h-v for Brash ice 

6.2 Summary 
The h-v plots are summarized in Figure 40, which gives a clear view of the result discrepancies 
for each method. It can be seen that the results differ a lot. Moreover, it can be interpreted that 
Lindqvist predicts the highest ice resistance, while brash ice method gives lowest value and Riska 
is in between.   
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Figure 40 Comparison among different h-v curves 

6.3 Discussion 
The three methods provide us with different results. Since different parameters are considered 
within the concepts, attentions should be paid on the real circumstance. The current research shows 
that for speed lower than 3 knots, the resistance dramatically increases. However, the three 
prediction methods couldn’t coincide with this case and will underestimate the resistance. Thus, 
for low speed, the accuracy of results in the report is doubtful. However, low speed is not the key 
concern from the economic point of view. Since the ice thickness varies from 15mm to 50mm, the 
corresponding speed areas are marked blue in Figure 8. By combining the economic speed (8.3 kn 
and 10 kn), speed ranges from 2 to 7 knots will be reasonable for loaded condition and 2 to 9 knots 
for empty loading. 

Generally speaking, the Riska method is more realistic when the ship comes across the level thin 
ice, Figure 41 (a). The brash ice-method can be used when the ship passes the channel full of ice 
floes, as shown in Figure 41 (b). 

 
Figure 41 (a)level ice; (b)channel ice  

(a) (b) 

(a) (b) 
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7 Issue IV: Vessel Operating Scenarios 
Based on the resistance calculation, the Operating Time Windows (OTWs) are presented here for 
the user to identify the number of navigable days in relation to speed and ice thickness. The ice 
thickness probability distribution tables, based on a Weibull distribution, are given as well. This 
provide understanding of the possibility of a certain operating condition. Two barges, Amice and 
Veedam, are compared with each other in order to study the influence of different ship-parameters 
of OTW for same operating water area. It turns out the main engine power is the most important 
influencing factor. A further study in terms of the different ice conditions is conducted. Lake 
Vänern and Lake Mälaren are chosen for this comparison. It turns out that Lake Mälaren has more 
available operating days. 

7.1 OTW of Amice Barge 
7.1.1 Time Windows 
The Operating Time Windows Table 27 - Table 29 give an overview about the operational days of 
Amice barge in terms of ship speed, ice thickness and probability of the ice for selected years. 

In Table 26, hc shows the ice thickness calculated from h-v curves shown to two decimal figures 
and only has theoretical meaning; hi means the ice thickness from the records, which is real data 
and on a multiple of 5. Even though ice thicknesses are regarded as random variables, they are 
discrete random variables. When saying the probability of one specific value, only real data is 
applicable. In Table 26, the calculated ice thicknesses is rounded to real values. For example, when 
looking at the first ℎ  data point, which is 59.01cm, this means when ship runs at a speed of 1 knot, 
the maximum ice thickness it can go through is 59.01cm. Whenever ice thickness is larger than 
59.01cm, the ship will be stuck in ice. However, only 55cm and 60cm will be recorded since 
59.01cm doesn’t exist in recorded data. According to the cumulative distribution function (CDF), 
it gives, 

 𝐹(𝑥 ≤ 59.01) = 𝐹(𝑥 ≤ 55) (69) 
 
in this case, thus 55cm will be used instead of 59.01cm.  

Table 26 Transform calculated ice thickness into recorded data 

 Lindqvist Riska Brash ice 

V 
(kn) 

hc hi hc hi hc hi hc hi hc hi hc hi 

1 59.01 55 \  \ \ \ 78.66 75 \ \ \ \ 

2 50.49 50 52.43 50 81.17 80 72 70 \ \ \ \ 

3 43.21 40 45.48 45 72.1 70 65.57 65 95.79 95 \ \ 

4 36.83 35 39.51 35 63.32 60 59.32 55 87.63 85 94.78 90 

5 31.09 30 34.25 30 54.73 50 53.21 50 78.01 75 87.82 85 

6 25.82 25 29.53 25 46.28 45 47.19 45 66.83 65 79.86 79 

7 20.86 20 25.22 25 37.87 35 41.24 40 53.96 50 70.84 70 

8 16.12 15 21.20 20 29.44 25 35.32 35 39.22 35 60.71 60 

9 11.46 10 17.41 15 20.91 20 29.39 25 22.42 20 49.37 45 
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10 6.76 5 13.76 10 12.16 10 23.43 20 3.67 0 36.71 35 

11 \ \ 10.19 10 2.96 0 17.38 15 \ \ 22.61 20 

12 \ \ 6.62 5 \ \ 11.2 10 \ \ 7.09 5 

13 \ \ 2.9 0 \ \ 4.77 0 \ \ \ \ 

Table 27 Operating Time window (available days) for yearly round operation based on Lindqvist 
method 

Lindqvist ice thickness(mm) 2017 mild ice 
winter 

2013normal ice 
winter 

2011 severe ice 
winter 

Speed 
(kn) 

Full 
 

Empty Full Empty Full Empty Full Empty 

1 55 \ 365 \ 365 \ 365 \ 
2 50 50 365 365 365 365 365 365 
3 40 45 365 365 355 365 317 365 
4 35 35 365 365 355 355 271 271 
5 30 30 365 365 337 337 271 271 
6 25 25 365 365 284 284 265 265 
7 20 25 365 365 284 284 265 265 
8 15 20 350 365 248 284 244 265 
9 10 15 328 350 236 248 243 244 
10 5 10 298 328 236 236 243 243 
11 \ 10 \ 328 \ 236 \ 243 
12 \ 5 \ 298 \ 236 \ 243 
13 \ 0 \ 298 \ 236 \ 243 

 
 
Table 28 Operating Time window (available days) for yearly round operation based on Riska 
method 

Riska ice thickness(mm) 2017 mild ice 
winter 

2013normal ice 
winter 

2011 severe ice 
winter 

Speed 
(kn) 

Full Empty Full Empty Full Empty Full Empty 

1 \ 75 \ 365 \ 365 \ 365 
2 80 70 365 365 365 365 365 365 
3 70 65 365 365 365 365 365 365 
4 60 55 365 365 365 365 365 365 
5 50 50 365 365 365 365 365 365 
6 45 45 365 365 365 365 365 365 
7 35 40 365 365 355 355 271 317 
8 25 35 365 365 284 355 265 271 
9 20 25 365 365 284 284 265 265 
10 10 20 328 365 236 284 243 265 
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11 0 15 298 350 236 248 243 244 
12 \ 10 \ 328 \ 236 \ 243 
13 \ 0 \ 298 \ 236 \ 243 

 
 
 
Table 29 Operating Time window (available days) for yearly round operation based on Brash 
ice 

Brash ice 
 

ice thickness(mm) 2017 mild ice 
winter 

2013normal ice 
winter 

2011 severe ice 
winter 

Speed 
(kn) 

Full Empty Full Empty Full Empty Full Empty 

1 \ \ \ \ \ \ \ \ 
2 \ \ \ \ \ \ \ \ 
3 95 \ 365 \ 365 \ 365 \ 
4 85 90 365 365 365 365 365 365 
5 75 85 365 365 365 365 365 365 
6 65 79 365 365 365 365 365 365 
7 50 70 365 365 365 365 365 365 
8 35 60 365 365 355 365 271 365 
9 20 45 365 365 284 365 265 365 
10 0 35 298 365 236 355 243 271 
11 \ 20 \ 365 \ 284 \ 265 
12 \ 5 \ 298 \ 236 \ 243 
13 \ \ \ \ \ \ \ \ 

 
By comparing Table 27 with Table 28, it can be seen that the time window with Riska method is 
larger than the one obtained from Lindqvist and the time window with brash ice concern is broader 
than others. 

7.1.2 Probability distribution chart 
The ice probability distributions of four dataset are elaborated in this section. First, three years are 
selected to give the ice-covered day and their probability distributions, as shown in Table 30 and 
Table 31. 

Table 30 Ice covered days 

Dataset record period ice-covered period probability per year f1(xi) non-ice days 
2011 2010.8.1-2011.8.1 135 0,3699 230 
2013 2012.8.1-2013.8.1 129 0,3534 236 
2017 2016.8.1-2017.8.1 67 0,1836 298 
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Table 31  Cumulative distribution F(xi) and probability density f(xi) of ice thickness of different 
datasets for ice-covered days 

 2011 2013 2017 20years 

hi(cm) F(x) (%) f(x) (%) F(x) (%) f(x) (%) F(x) (%) f(x) (%) F(x) (%) f(x) (%) 

5 0.12 0.12 5.84 5.84 1.31 1.31 0.11 0.11 

10 1.15 3.19 17.65 11.81 17.37 16.06 1.18 1.08 

15 4.35 6.53 31.99 14.34 59.71 42.34 4.77 3.58 

20 10.88 10.55 46.58 14.59 93.62 33.91 12.46 7.69 

25 21.43 14.24 59.93 13.35 99.85 6.23 25.14 12.68 

30 35.67 16.38 71.20 11.27 100 0.15 42.10 16.96 

35 52.05 16.09 80.12 8.92 100 0 60.74 18.64 

40 68.13 13.40 86.80 6.68 100 0 77.43 16.70 

45 81.53 9.34 91.55 4.75 100 0 89.40 11.96 

50 90.88 5.37 94.78 3.23 100 0 96.08 6.68 

55 96.25 2.50 96.89 2.10 100 0 98.91 2.82 

60 98.75 1.25 98.20 1.32 100 0 99.78 0.87 

65 100 0 100 0 100 0 100 0 

>65 100 0 100 0 100 0 100 0 
 
It is more interesting to know the probability for a single event, i.e., the ice with a specific thickness. 
The chance of this specific ice thickness occurring in a one year period is given as, 

 
𝑓 (𝑥 ) = 𝑓(𝑥 ) ∙ 𝑓 (𝑥) (70) 

where 𝑓(𝑥 ) is the probability of the ice with this specific thickness occurring on one of the ice-
covered days, and 𝑓 (𝑥) is the probability of ice-covered days occurring in a year. The PDF info 
can be seen in Table 32. 

Table 32 PDF over the whole year 

 2011 2013 2017 

hi(cm) f0(x) (%) f0(x) (%) f0(x) (%) 

ice-covered 
period 

whole year ice-covered 
period 

whole year ice-covered 
period 

whole year 

5 0.12 0.04 5.84 2.06 1.31 0.24 

10 3.19 1.18 11.81 4.17 16.06 2.95 

15 6.53 2.42 14.34 5.07 42.34 7.77 

20 10.55 3.90 14.59 5.16 33.91 6.23 

25 14.24 5.27 13.35 4.72 6.23 1.14 

30 16.38 6.06 11.27 3.98 0.15 0.03 
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35 16.09 5.95 8.92 3.15 0 0 

40 13.40 4.96 6.68 2.36 0 0 

45 45 9.34 3.46 4.75 1.68 0 

50 50 5.37 1.99 3.23 1.14 0 

55 55 2.50 0.92 2.10 0.74 0 

60 60 1.25 0.46 1.32 0.47 0 

65 100 0 100 0 100 0 

>65 100 0 100 0 100 0 
 
7.1.3 Interpret Operating Time Window with probability distribution 
One example will be introduced here to explain how to use the OTW as a lot of data and 
information are contained in OTWs, as shown in Figure 42. The data is highlighted by red circles. 
Starting from the value of 284 and following the arrows, we can see that if the ship speed is 7 
knots, the maximum ice thickness it can move forward is 20mm from resistance perspective. From 
Table 32, the PDF for year 2013 with h=20cm is 5.16%, which gives the possibility for this ice 
thickness to occur. 

 
Figure 42 One example to explain TW 

7.2 Comparison between Amice and Veedam 
Two barges are compared with each other to study the ship-parameters influence of OTW for same 
operating water area. It can be seen from the green box in Table 34 that Veedam can travel through 
thicker ice. It also has wider range for the navigable days. The main particulars of two ships are 
listed in Table 33. It turns out that engine power factor (engine power/ship displacement) is an 
important parameter to affect OTW.  
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Table 33 Main particulars for two barges 
 

Amice Veedam 

L 135.00 86.00 

B 11.45 11.45 

D 4.25 4.80 

Vmax 13.70 10.00 

draft 3.40 3.25 

W(kW) 1588.00 1088.00 

Tonnage(tons) 3938.00 1917.00 

W/T 0.403 0.568 

 
Table 34 Time window for two barges for Lake Mälaren 

 
7.3 Comparison between Lake Vänern and Lake Mälaren 
A further study in terms of the different ice conditions is conducted. Results from Lake Vänern 
and Lake Mälaren are compared, with the ice information being downloaded from the SMHI 
website. The location of the two lakes can be seen in Figure 43 and the ice thickness distribution 
across the year is plotted in Figure 44 for Lake Vänern. Figure 8 gives the maximum ice thickness 
distribution for Lake Mälaren, which can be used as a comparison. 

(cm) 
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Figure 43 Location of two lakes 

 
Figure 44 Maximum ice thickness per year recorded from SMHI for Lake Vänern 

Veedam barge is studied to evaluate the differences of two lakes. From Table 35, it can be observed 
that the ice thickness to speed is the same for both ships, which means the relationship between h-
v is an inherent property of the ship (main dimensions and engine power control). By looking at 
the OTW for year 2013, it shows Lake Mälaren has more available operating days. The differences 
for year 2011 and 2013 show that the colder the winter is, the larger the differences between two 
ships will be. 

Vänern

Mälaren
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Table 35 Time window for two lakes with regards to VEEDAM barge 

 
 
 
 
 
  

Lindqvist ice thickness(cm) 2013 normal ice winter 2011 severe ice winter

Speed (kn) Mälaren and Vänern Vänern Mälaren Difference Vänern Mälaren Difference

1 18,18 274 248 -0,105 246 244 -0,008
2 14,44 229 236 0,030 235 243 0,033
3 11,67 229 236 0,030 235 243 0,033
4 9,51 225 236 0,047 231 243 0,049
5 7,74 225 236 0,047 231 243 0,049
6 6,24 225 236 0,047 231 243 0,049
7 4,92 221 236 0,064 226 243 0,070
8 3,73 221 236 0,064 226 243 0,070
9 2,61 221 236 0,064 226 243 0,070
10 \ \ \ 0 \ \ 0

Note: Fully loaded condition for VEEDAM barge
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8 Conclusions  
The main conclusions are drawn in this chapter with regards to the four aspects. 

 Ice Load 

This study has used the different methods to evaluate the impact load from ice for Lake Mälaren. 
The study gives us the design curve as 𝛼 = 0.265𝑎 . . In consideration of extreme loading case, 
the FSICR under predicted the structural scantling compared to the probabilistic method. It was 
also found that the ice condition in the specific region plays an important role in determining the 
impact load. For the methods in this work, the ice thickness is of utmost importance.  

According to the two different concepts of loading area, the HPZ is more critical. It is 
recommended to adjust the ice load height instead of using data from FSICR directly. For instance, 
FSICR IC considers a scenario with 0.4m level ice and a 0.22m of ice load height. However, the 
study finds 0.32m can be more supportive based on a statistical analysis, and 0.192m is suitable 
for high-pressure load height. 

Figure 26 indicates that the design curve for Amice is slightly higher than N. Bering 83. It is 
believed that the pressure-area behavior corresponds to ice properties and ice-structure interaction. 
Since, for fresh water thin ice, the bending failure dominates which is indicated by flexural strength. 
A higher design expression for this study makes sense. As ram number affects the extreme pressure, 
manoeuvring should be taken. Furthermore, 𝑥 = 0 gives a conservative prediction and makes the 
predicted curve for fresh water ice more reliable. Based on reference [24], the interests in design 
contact area is approximately 0.6𝑚 , Figure 27 also verifies this assumption for the first-year 
condition. 

Generally, the proposed design curve for Amice is applicable for all ships operating on Lake 
Mälaren. Since in the process of achieving the expression, only the ice situation is considered. The 
same approach can be used to attain design curve for other inland waterway ice conditions. 

FSICR and Probabilistic approach result in different results. The results vary a lot with different 
design scenarios within the probabilistic approach. The final two load cases can be seen in Table 
16. 

 Structural strength performance 

Based on the direction calculation from FSICR and FE simulation: the bow structural panel will 
yield. In order to ensure the structural safety, it is recommended to increase plate thickness, and 
increase the dimensions and number of frames. 

Another reinforcement can be adding ice strengthened bow attachments, shown in Figure 45. It 
can broaden the ice channel and change the pressure distribution along the ship hull. 
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Figure 45 Illustration of bow attachment in the Tank basin 

 Potential Propulsion Problems 

It is recommended to use Riska method to predict resistance when the ship is operating on level 
ice and to use Brash ice method when ship runs at brash ice channel. In addition, the engine power 
factor (engine power/ship displacement) has a significant influence on the ship performance in 
terms of resistance. 

Generally speaking, the ice thickness varies from 15cm to 50cm with an expected value of 32cm 
when assuming Weibull distribution. FSICR IC uses 22cm as ice load height.  

By combining the economic speed (8.3 kn and 10 kn), speed ranges from 2 to 7 knots will be 
reasonable for loaded condition and 2 to 9 knots for empty loading. 

 Vessel Operating scenarios 

Time windows are given in Section 7.1. The probability distribution table can be used to analyze 
the operating event possibility. In general, the faster the ship goes, the lighter ice condition it can 
go through, and more navigable days will be. However, the structural problem should be bear in 
mind for making decisions. 

 

Discussion and limitation 

Due to the time limit and work load, there are some aspects not included in the paper. For example, 
the influencing from the ship itself are not considered is the study as interaction is not the main 
task. In addition, as the temperature for Lake Mälaren during winter time can go to −5°, the 
structural steel can behave brittle which can make the situation more dangerous. The structural 
strength simulation is based on static analysis while the ship structure performance can be different 
when the loading rate is included. What’s more, the bow structure should be reinforced until it can 
meet the requirement from the yield perspective. 
  



62 
 

References 
[1] Wiegmans, B., Witte, P. and Spit, T. (2015). Characteristics of European inland ports: A 

statistical analysis of inland waterway port development in Dutch municipalities. 
Transportation Research Part A: Policy and Practice, 78, pp.566-577. 

[2] Sihn, W., Pascher, H., Ott, K., Stein, S., Schumacher, A. and Mascolo, G. (2015). A Green and 
Economic Future of Inland Waterway Shipping. Procedia CIRP, 29, pp.317-322. 

[3] Kujala, P., and Arughadhoss, S., 2012, "Statistical analysis of ice crushing pressures on a ship's 
hull during hull–ice interaction", Cold Regions Science and Technology, 70, pp. 1-11. 

[4] 2018, "Start | SMHI", Smhi.se [Online]. Available: https://www.smhi.se/en. [Accessed: 04- 
Jan- 2018]. 

[5] Tõns T., Freeman R., Ehlers S., Jordaan I.J., 2015. Probabilistic design load method for the 
Northen Sea Route. OMAE, June 5, 2015. 

[6] Timco, G.W., O'Brien, S., 1994. Flexural strength equation for sea ice. Cold Regions Science 
and Technology 22, 285–298. 

[7] Timco, G. and Weeks, W. (2010). A review of the engineering properties of sea ice. Cold 
Regions Science and Technology, 60(2), pp.107-129. 

[8] Kujala, P., 1994. On the statistics of ice loads on ship hull in the Baltic. Dissertation. Acta 
Polytechina Scandinavica, Mechanical Engineering Series No. 116. Helsinki. 98 p. 

[9] Riska, K., Wilhelmson, M., Englund, K. and Leiviskä, T., 1997. Performance of merchant 
vessels in the baltic. Research report no 52. Espoo: Helsinki university of technology, ship 
laboratory, Winter Navigation Research Board. 

[10] Taylor, R., Jordaan, I., Li, C., and Sudom, D., 2010. Local Design Pressures for Structures in 
Ice: Analysis of Full-Scale Data. Journal of Offshore Mechanics and Arctic Engineering, 
132(3), p. 031502.  

[11] Rahman, M., Taylor, R., Kennedy, A., Simões Ré, A., and Veitch, B., 2015. Probabilistic 
Analysis of Local Ice Loads on a Lifeboat Measured in Full-Scale Field Trials. Journal of 
Offshore Mechanics and Arctic Engineering, 137(4), p. 041501. 

[12] Trafi, 2010. Ice Class Regulations 2010: Finnish-Swedish Ice Class Rules 2010. Finnish 
Transport Safety Agency, 23.11.2010 TRAFI/31298/03.04.01/2010, 48 p. 

[13] Lubbad, R., and Løset, S., 2011. A numerical model for real-time simulation of ship–ice 
interaction. Cold Regions Science and Technology, 65(2), pp. 111-127. 

[14] Jordaan, I., Maes, M., Brown, P., and Hermans, I., 1993. Probabilistic Analysis of Local Ice 
Pressures.  Journal of Offshore Mechanics and Arctic Engineering, 115(1), p. 83. 

[15] Ralph. F., Jordaan I.J., 2013. Probabilistic Methodology for Design of Arctic Ships. OMAE, 
June 2013. 

[16] Masterson, D., and Frederking, R., 1993, "Local contact pressures in ship/ice and structure/ice 
interactions", Cold Regions Science and Technology, 21(2), pp. 169-185. 

[17] Keinonen, A., Browne, R.P., 1991. Icebreaker performance prediction. SNAME Transactions, 
Vol. 99, 1991, pp. 221-248. 

[18] Ralph. F., Jordaan I.J., 2013. Probabilistic Methodology for Design of Arctic Ships. OMAE, 
June 2013. 

[19] Kujala, P., Suominen, M., Riska, K., 2009. Statistics of Ice Loads Measured on MT Uikku in 
the Baltic. Proceedings of POAC 2009. 

[20] Erceg, B., Taylor, R., Ehlers, S., Leira, B.J., 2015. A response comparison of a stiffened panel 
subjected to rule-based and measured ice loads. Submitted to the 34th International 
Conference on Ocean, Offshore and Arctic Engineering. OMAE 2015. 



63 
 

[21] Lindqvist, G., 1989. A straightforward method for calculation of ice resistance of ships. In: 
Proceedings of 10th International Conference on Port and Ocean Engineering under Arctic 
Conditions (POAC), Lulea, Sweden, 12-16 June 1989, pp. 722-735. 

[22] Riska, K., Wilhelmson, M., Englund, K., Leiviskä, T., 1997. Performance of Merchant Vessels 
in the Baltic. Research report no 52. Helsinki university of technology, ship laboratory, Winter 
Navigation Research Board, Espoo. 

[23] Juva, M., Riska, K., 2002. On the Power Requirement in the Finnish-swedish Ice Class Rules. 
Research report no 53. Helsinki university of technology, ship laboratory, Winter Navigation 
Research Board, Espoo. 

[24] Frederking, R., 2000, “Local Ice Pressures from the Louis S. St Laurent 1994 North Pole 
Transit,” Canadian Hydraulics Centre, National Research Council, Report No. HYD-CR-054. 

 
 
 
 

  



64 
 

Appendix - Veedam barge  
 
This part summaries the calculation results for Veedam barge. The same procedures are 
conduced according to the evaluating processes for Amice barge. The main particulars can be 
read in Table 33.  
 

A.1 Ice conditions in Lake Vänern 

 
Figure 46 Weibull distribution PDF of ice thickness 

Table 36 Estimated parameters for Weibull distribution fit 

dataset 𝒌 𝝀 
20 years 35.7 3.5 
year 2010-11 38.0 3.2 
year 2012-13 25.8 2.7 

 
Note, parameters for 20years data are same compared with Lake Mälaren. This information 
means that for long period, the ice thickness distribution for Lake Vanern and Mälaren is same. 
Thus, 0.32m can be used for Veedam as well. 
 
Table 37 Ice Properties (Same as Mälaren) 

Factor value 
𝐻 0.32𝑚 
𝜎  167𝐾𝑃𝑎 
𝜎  1.76𝑃𝑎 
𝜎  738𝐾𝑃𝑎 
𝜎  196𝐾𝑃𝑎 
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The nominal contact area and contact height can be obtained 
 

 
𝑤ℎ𝑒𝑛 ℎ = 0.32𝑚 , ℎ = 0.173𝑚,  𝐴 = 0.086𝑚  
𝑤ℎ𝑒𝑛 ℎ = 0.22𝑚 , ℎ = 0.129𝑚,  𝐴 = 0.065𝑚  

(37) 

 

A.2 Design load and scantling based on FSICR 

Table 38 Design pressure for Veedam 

Design ice pressure (MPa) Forward Midship Aft 

Transverse shell member  1.5306 0.6315 0.3158 

Longitudinal shell member 1.4611 0.6028 0.3014 

 
Table 39 Plate thickness requirement based on FSICR IC 

Plate thickness in the ice belt(mm) Forward Midship Aft 

Shell member  18       12  9.2 

 
Table 40 Supporting members and dimensions 

Structural 
member 

Dimensions Structural member 

Plate thickness    10 (mm)   

Stiffener HP 160 x 8 (mm) 
W=34 (cm3) 
A=13 (cm2) 

Longitudinal Web 
frames 

I 250 x20 
W=16.67 (cm3) 
A=5 (cm2) 

Transverse Web 
frames 

T 300x10/120x10 
W=221.9 (cm3) 
A=42 (cm2) 

 
Table 41 Requirements from FSICR and example structural scantlings 

Structural 
member 

Requirement Recommendation: one example 

Transverse 
frame 

W=192 (cm3)  keep same  

Longitudinal 
frame 

W=126 (cm3)  
A=16 (cm2) 

T300x8/100x10 W=128 (cm3)  
A=30 (cm2) 

Ice stringer W=208 (cm3)  
A=16 (cm2) 

transverse web is taken 
same as the original one 

 

Note: the transverse frame is considered as ice stringer. 
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A.3 Extreme Design load for Veedam in Lake Vänern 

The route for Veedam barge is from Port of Karlstad to Port of Goteborg (Gothenburg) which 
gives a distance 215 nautical miles. One trip include charge and discharge will take 22hours. One 
trip one day. Assume 4 months with ice condition and 𝑃𝑒 = 0.01, the extreme pressure for 
Veedam barge can be seen in Table 42 - Table 44. 
 
Table 42 Results summary Based on Taylor 

Ci 𝑷(𝑴𝑷𝒂) Load (𝑭 = 𝑷 ∙ 𝑨𝒄 [𝑲𝑵]) with different 𝒉 
0.32 𝑚 0.22𝑚 

CL 5.228 449.61 339.82 
CM 4.205 361.63 273.33 
CH 7.115 611.89 462.48 

 
Table 43 Results summary Based on Rahman 

Ci 𝑷(𝑴𝑷𝒂) Load (𝑭 = 𝑷 ∙ 𝑨𝒄 [𝑲𝑵]) with different 𝒉 
0.32 𝑚 0.22𝑚 

CL 0.964 82.90 62.66 
CM 1.159 99.67 75.34 
CH 1.354 116.44 88.01 

 
Table 44 Load cases for Veedam Barge 

Load case 1 𝑃 = 1.354𝑀𝑃𝑎, 𝐹 = 130𝐾𝑁; 

Load case 2 𝑃 = 7.115𝑀𝑃𝑎, 𝐹 = 612𝐾𝑁 

 

A.4 FE static structural analysis 

The structural analysis shows that the bow will fail under the ice loading conditions. Even the 
recommended scantlings are used based on FSICR, the bow still fails. Further reinforcements 
should be added in order to make the panel survive. 
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Figure 47 Von Mises stress distribution of the panel for load case 1 

 
 

 
Figure 48 Von Mises stress distribution of the panel for load case 2 

 

 
Figure 49 Von Mises stress distribution of the panel using required scantlings based on FSICR 
IC 

 

A.5 h-v curve 
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Figure 50 h-v curves based on Lindqvist method 

 

Figure 51 h-v curves based on Brash ice method 
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Figure 52 h-v curves based on Riska method 
 

 

Figure 53 Comparison among different h-v curves for empty loading 
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Figure 54 Comparison among different h-v curves for fullyi loaded condition 
A.6 Time window 

Table 45 Time window (available days) for yearly round operation based on Riska method 

Riska ice thickness(mm) 2013normal ice winter 2011 severe ice winter 
Speed (kn) Full Empty Full Empty Full Empty 

1 
     

  
2 

 
95,12 

 
365 

 
365 

3 90,94 84,27 365,00 365 365,00 365 
4 79,19 73,75 365,00 365 365,00 365 
5 67,96 63,44 365,00 365 365,00 365 
6 57,12 53,26 365,00 365 365,00 365 
7 46,54 43,11 350,00 337 350,00 337 
8 36,10 32,89 279,00 277 279,00 277 
9 25,66 22,47 262,00 260 262,00 260 

10 15,08 11,67 246,00 235 246,00 235 

 

Table 46 Time window (available days) for yearly round operation based on Lindqvist method 

Lindqvist ice thickness(mm) 2013normal ice winter 2011 severe ice winter 
Speed (kn) Full Empty Full Empty Full Empty 

1 18,18 18,29 274 274 246 246 
2 14,44 14,50 229 229 235 235 
3 11,67 11,69 229 229 235 235 
4 9,51 9,49 225 225 231 231 
5 7,74 7,69 225 225 231 231 
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6 6,24 6,15 225 225 231 231 
7 4,92 4,79 221 221 226 226 
8 3,73 3,56 221 221 226 226 
9 2,61 2,38 221 221 226 226 

10 \ \ \ \ \ \ 

 

Table 47 Time window (available days) for yearly round operation based on Brash ice method 

Brash ice ice thickness(mm) 2013normal ice winter 2011 severe ice winter 
Speed (kn) Full Empty Full Empty Full Empty 

1 \ \ \ \ \ \ 
2 \ \ \ \ \ \ 
3 \ \ \ \ \ \ 
4 \ \ \ \ \ \ 
5 96,56 \ 365 \ 365 \ 
6 79,50 90,23 365 365 365 365 
7 59,44 73,70 365 365 365 365 
8 35,80 54,56 355 365 355 365 
9 7,83 32,31 225 353 225 277 

10 \ 6,43 \ 225   231 
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