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Abstract 

Concrete dams in cold regions are subjected to static ice loads that can govern both design and 
long-term safety assessment. Current engineering practice in Sweden relies on the 
empirical guidelines established by RIDAS, which base the magnitude of the ice load solely on 
the geographic location. The current approach fails to account for the stochastic nature and 
spatial distribution of the ice load. This study has therefore conducted analyses of the 
statistical distribution using ice load measurements from northern Sweden, as well as analyses 
of the spatial distribution using ice load measurements from the Taraldsvikfossen dam in 
Norway. These distributions were utilized to perform sliding failure analyses on five generic 
dams with varying heights.   

The weekly and monthly peak ice load measurements were extracted from the data from 
the dam in northern Sweden. This data was curve-fitted and was deemed to best fit a lognormal 
distribution, resulting in two statistical distributions, with mean values of 50 kN/m and 63 
kN/m and standard deviation of 64 kN/m and 73 kN/m for the weekly and monthly peak 
distributions, respectively. Compared to previously proposed distributions, these exhibit a 
lower probability of high ice loads, suggesting that the existing models may be too conservative. 
Monte Carlo simulations were used to conduct probabilistic sliding stability analysis on 
five generic dam models, incorporating both the distributions from this study as well 
as existing distributions, and comparing these distributions while being untruncated and 
truncated. The results show that the probability of sliding failure decreases as the dam gets 
bigger, and when truncation is incorporated.    

The spatial distribution was investigated using data from the Taraldsvikfossen dam. The results 
from the analysis suggest that ice loads below 40 kN/m can be assumed to act uniformly along 
the dam's length, whereas ice loads above 40 kN/m can be assumed to act randomly along the 
dam’s length. This thesis’s findings suggest that the current RIDAS design scenario for dams 
in the north of Sweden, of a 200 kN/m ice load acting across the entire dam wall, might be too 
conservative. When the results from the spatial variation analysis were incorporated into 
the probabilistic sliding stability analysis, the probabilities of sliding failure dropped 
significantly compared to the first sliding stability assessment. This might help to explain why 
certain dams remain standing, despite theoretical stability evaluations claiming they will fail. 

It is recommended that more research is done on different dams, both geographically and 
geometrically. More research campaigns measuring ice loads at multiple positions along the 
dam wall are also recommended to further study the spatial distribution. Another suggestion for 
future research is to further analyse the maximal ice loads to assess whether truncation is 
reasonable. 

Keywords: Ice load, statistical distribution, spatial distribution, concrete buttress dam, 
lognormal distribution, Monte Carlo Simulations, probability of sliding failure.  
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Sammanfattning 

Betongdammar i kalla regioner utsätts för statiska islaster som kan vara avgörande för både 
dimensionering och långsiktig säkerhetsbedömning. Den nuvarande tekniska praxisen i Sverige 
bygger på de empiriska riktlinjer som fastställts av RIDAS, där islastens storlek uteslutande 
baseras på det geografiska läget. Den nuvarande metoden tar inte hänsyn till islastens 
stokastiska natur och rumsliga fördelning. I denna studie har därför analyser av den statistiska 
fördelningen genomförts med hjälp av islastmätningar från norra Sverige, samt analyser av den 
rumsliga fördelningen med hjälp av islastmätningar från Taraldsvikfossen-dammen i Norge. 
Dessa fördelningar användes för att utföra glidbrottanalyser på fem generiska dammar med 
varierande höjd.   

Mätningarna av de veckovisa och månatliga toppvärdena för islasten hämtades från data från 
dammen i norra Sverige. Dessa data kurvanpassades och bedömdes bäst passa en 
lognormalfördelning, vilket resulterade i två statistiska fördelningar med medelvärden på 50 
kN/m och 63 kN/m samt standardavvikelser på 64 kN/m och 73 kN/m för de veckovisa 
respektive månatliga toppfördelningarna. Jämfört med tidigare föreslagna fördelningar 
uppvisar dessa en lägre sannolikhet för höga islaster, vilket tyder på att de befintliga modellerna 
kan vara för konservativa. Monte Carlo-simuleringar användes för att genomföra en 
probabilistisk glidstabilitetsanalys på fem generiska damm modeller, där både fördelningarna 
från denna studie och befintliga fördelningar införlivades, och dessa fördelningar jämfördes 
både i otrunkerad och trunkerad form. Resultaten visar att sannolikheten för glidbrott minskar 
ju större dammen blir, och när trunkering utnyttjas.  

Den rumsliga fördelningen undersöktes med hjälp av data från Taraldsvikfossen-dammen. 
Resultaten från analysen tyder på att islaster under 40 kN/m kan antas verka jämnt längs 
dammens längd, medan islaster över 40 kN/m kan antas verka slumpmässigt längs dammens 
längd. Resultaten i detta examensarbete tyder på att det nuvarande RIDAS-
konstruktionsscenariot för dammar i norra Sverige, där en islast på 200 kN/m verkar över hela 
dammväggen, kan vara för konservativt. När resultaten från analysen av den rumsliga 
variationen införlivades i den probabilistiska glidstabilitetsanalysen minskade sannolikheten 
för glidbrott avsevärt jämfört med den första glidstabilitetsbedömningen. Detta kan bidra till att 
förklara varför vissa dammar förblir stående, trots att teoretiska stabilitetsbedömningar hävdar 
att de kommer att gå till brott. 

Det rekommenderas att ytterligare forskning bedrivs på olika dammar, både geografiskt och 
geometriskt. Det rekommenderas även att fler mätningar av islasten på flera olika ställen längs 
dammväggen genomförs, i syfte att ytterligare undersöka den rumsliga fördelningen. Ett annat 
förslag för framtida forskning är att ytterligare analysera den maximala islasten för att bedöma 
om det är rimligt att använda trunkering. 

Nyckelord: Islast, statistisk fördelning, rumslig fördelning, betonglamelldamm, 
lognormal fördelning, Monte Carlo-simuleringar, sannolikhet för glidbrott 
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1 Introduction 

Concrete dams in cold regions are exposed to ice loads that may govern design, safety 
evaluation and the long-term performance of the dam. The design of any structure in a cold 
environment must address the challenges of the structural loads imposed by the cold climate 
and withstand the forces generated by the ice load against it (U.S. Army Corps of Engineers, 
2002). At the current state, no universally accepted design load for ice load exists for dams 
during planning; instead, current engineering practice relies on empirical guidelines that 
recommend the ice load magnitude. For instance, according to RIDAS (2025), the accepted ice 
load in Sweden ranges between 50-200 kN/m. Meanwhile, the neighbouring country, Norway, 
with a similar climate, sets a standard of 100 –150 kN/m (NVE, 2003).  

1.1 Background  

Occasionally, when existing dams are reassessed against contemporary design guidelines, a 
noncompliance issue can emerge, as the modern standard has evolved significantly since some 
of the structures were built. For instance, ice loads were not a formal design parameter during 
the construction of many older dams (Seger et al., 2020). Consequently, the calculated stability 
can sometimes be found to be deficient compared to the current regulatory requirement, leading 
to costly repairs and upgrades to such dams. Therefore, improving the knowledge of the static 
ice load on dams and its magnitude is necessary to extend the longevity of the dams, ensuring 
economic and environmental sustainability.  

While stability failure from ice loads is rare, the shortfall of not upholding the standard can 
introduce a potential risk of dam failure that may result in severe consequences with large 
economic and environmental losses. Furthermore, the current recommended ice load range is 
not suitable for all different sizes of concrete dams. For instance, it can become a challenge for 
small dams as the recommended magnitude of ice load is sometimes greater than the self-weight 
of the dam (Seger et al., 2020). 

Efforts to determine and understand the magnitude of ice loads on concrete dams have 
employed diverse methodologies, yet findings have varied and have not converged toward a 
consensus. Previous research primarily attributed ice loading to purely thermal influences and 
water level fluctuations (Hellgren et al., 2022a). Additional factors influencing load 
characteristics include reservoir geometry, particularly whether the impoundment resembles a 
narrow, river-like channel or a broad, lake-shaped basin. Studies have proven that a narrower 
reservoir produces a higher magnitude of ice load than a broader one by a factor of up to 2 
(Comfort et al., 2000). 

In contemporary analysis, measured ice loads are categorized in ice load events, typically 
lasting from several hours to several days. These events are characterized by rapid variability, 
wherein the load increases to a distinct peak before abruptly dissipating. Capturing this 
behaviour is essential for establishing a realistic and appropriate statistical representation of ice 
loads (Hellgren, 2022).  
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Ice loads are typically measured using a load panel, which usually captures conditions on only 
a small part of the dam. Malm et al. (2017) point out that it would be beneficial to install 
multiple load panels along the dam to capture variations in the loads, but this is often not done 
due to high costs. As a result, the spatial distribution of ice loads along a dam has been 
investigated to a lesser extent. However, Petrich et al. (2015) studied ice load variations across 
the reservoir and found that ice load at times increased toward the centre of the reservoir.  

A deterministic assessment based on a single prescribed value fails to capture the stochastic 
nature of ice load events, providing no information regarding their frequency or temporal 
distribution. A further layer of complexity arises from the spatial distribution of the load. The 
pressure exerted by the ice sheet is not uniform along the dam's length, it’s magnitude and 
variation can be linked to the geometry and structural form of the dam itself (Hellgren, 2022). 
Therefore, a comprehensive understanding requires an integration of both the probabilistic 
nature of the events and how the load is distributed along the dam's length to accurately model 
the structural response and assess safety. 

1.2 Aim 

This study aims to identify a suitable statistical distribution for ice loads and conduct 
probabilistic stability analysis on a few generic dam geometries using the proposed distribution. 
Here, “suitable” denotes a distribution capable of characterizing the highly stochastic variation 
of static ice loads. Furthermore, this study also aims to investigate the spatial distribution of the 
ice load acting on a concrete dam with the goal of being able to conduct a more detailed 
probabilistic stability analysis that accounts for the spatial variation.  

The research questions to be answered by this thesis are presented below. 

RQ1 – What is the probabilistic distribution of static ice loads acting on concrete dams? 

RQ2 – Using the proposed probabilistic distribution, how does the probability of sliding failure 
vary across a few generic dam geometries? 

RQ3 – How is the ice load distributed spatially along a concrete dam?  

RQ4 – Accounting for the findings regarding the ice loads spatial distribution, how does the 
probability of sliding failure vary across a few generic dam geometries? 
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1.3 Limitations 

This thesis is subject to several limitations that should be considered when interpreting the 
results. The analysis is restricted to only looking at compression due to the physical nature of 
ice load pressure on the dam. Consequently, tensile force will not be considered. This thesis is 
only intended to examine the effect of loading that subsequently arises from ice acting on a 
dam. No analysis of why the ice load is of a certain size will be carried out. Furthermore, 
measurements on freshwater ice have been studied, and not saline ice. 

Sliding failure was the only failure mode analysed. No analysis was conducted on overturning 
failure. During the probabilistic sliding stability analysis, the studied dams were of the same 
type, namely buttress dams. Subsequently, no consideration has been taken for other dam 
geometries. 

1.4 Thesis structure 

This thesis is organized into six chapters, detailed here.  

Chapter 2 presents a literature review that aims to give some background on the theory that will 
be analysed and discussed in this thesis. It includes a description of different types of dams and 
the hydro in Sweden, the formation of ice, and its mechanical properties. Furthermore, it 
outlines the fundamentals of the sliding criteria and the principles of Monte Carlo simulation. 
This chapter also includes information on existing ice load models.  

In Chapter 3, the methodology behind the study conducted in relation to this thesis is presented. 
The origins of the data utilized for the study are described. The choice of probabilistic 
distribution is presented. Furthermore, the procedure of the stability analysis utilizing Monte 
Carlo simulations carried out in this study is explained. The analysis of the spatial distribution 
is also outlined. 

The results of the study carried out in this thesis are presented in Chapter 4. 

Chapter 5 presents a discussion and analysis with critical evaluation and interpretation of the 
results presented in Chapter 4. 

Chapter 6 concludes this thesis with conclusions and recommendations for future research. 
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2 Ice load on concrete dams 

This chapter is structured to provide foundational knowledge about concrete dams, formation 
of ice and ice load events, as well as more comprehensive knowledge of ice load mechanisms, 
stability requirements and the Monte Carlo simulation method. Finally, existing ice load models 
are presented. 

2.1 Concrete dams 

 

 

 
Figure 2.1:  Schematic drawings of a gravity dam, arch dam, and buttress dam. 

A concrete dam serves as a barrier to impound water, creating a reservoir that regulates 
downstream flow. The dam's body is its primary structural element, designed to withstand 
hydrostatic pressure and ensure long-term stability. The specific form of a concrete dam is 
determined by the site's topography and geological conditions, with the most common types 
being gravity, arch, and buttress dams (Belyakov, 2019). 

Gravity dams are usually massive structures with little reinforcement and rely on their massive 
self-weight to withstand the reservoir. The shape of the dam reflects the increasing force of the 
reservoir pressure, which is illustrated in Figure 2.1 (Breeze, 2014). An arch dam is a thin, 
curved structure designed to transfer the reservoir's hydrostatic pressure horizontally to its 
abutments. Its curved axis and relatively thin walls make it highly efficient, requiring 
significantly less material than gravity or buttress dams. Arch dams are ideally suited for narrow 
canyons or gorges where the surrounding rock can provide the necessary support (Belyakov, 
2019). Therefore, this design necessitates construction on strong and stable rock foundations, 
as well as high compressive strength in the concrete walls and the lateral abutments to ensure 
its ability to resist horizontal forces. The thin walls are also sensitive to thermal expansion and 
contraction, requiring durable walls to withstand these stresses. The characteristic shape and 
load-transfer mechanism of an arch dam are illustrated in Figure 2.1. A buttress dam has a 
profile similar to a gravity dam. However, instead of being a solid, massive structure, it uses 
less material by employing a series of triangular-shaped supports, buttresses, that transfer the 
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reservoir’s hydrostatic pressure from the upstream face to the foundation. This design is often 
recommended for wide valleys with foundations of lower rock quality (Belyakov, 2019). Enzell 
(2023) states that buttress dams have less mass and stiffness compared to gravity dams, which 
consequently should result in them experiencing higher boundary effects at the connections to 
stiff structures. These stiff structures may include massive intake structures or steep abutments. 

2.1.1 Hydropower in Sweden  

Hydropower is essential for Sweden, as it accounts for approximately 40% of electricity 
production (Vattenfall, 2026). As of today, there are approximately 2.000 hydropower plants 
in Sweden, out of the total 10.000 existing dams. The demand for hydropower increased in the 
late 20th century, which is why many of the plants were constructed during that time, as shown 
in Figure 2.2. Sweden was an early adopter of concrete as the new building material for the 
hydropower facility (Svenska Kraftnät, 2019). It provided a combination of high structural 
strength and durability, complemented by easy formability and low permeability. Now the 
Swedish hydropower industry is pursuing a goal to decrease the climate footprint of concrete 
facilities by developing climate-smart concrete containing less cement, which can reduce 
carbon dioxide emissions by about a quarter. Embankment dams constitute roughly 40 % of the 
Swedish dam population, followed by combined embankment and concrete structures at 25%, 
concrete dams at 25%, and masonry dams at 4%, with the rest consisting of dams made of other 
materials (Svenska Kraftnät, 2019).  

 
Figure 2.2: Dam constructions over the years of completion (Svenska Kraftnät, 2023). 

To ensure safety and stability, Svenska Kraftnät has held a central governing role in the field 
of dam safety since 1998, promoting safety standards across the country in the following areas:  

- Establish clear requirements, regulations, and guidelines to ensure consistent 
follow-up and compliance to reduce dam failure.  

- Assessing the impact of climate change on dam safety and developing design 
guidelines for flood management in collaboration with the hydropower industry, the 
mining industry, and the Swedish Meteorological and Hydrological Institute 
(SMHI). 
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- Providing assistance, advice, and supervision regarding dam safety. 
- Prepare safety and emergency plans for dam failures in major regulated rivers. 
- Promote dam safety information both nationally and internationally, while 

supporting development projects within Energiforsk’s dam safety programs in 
coordination with stakeholders. (Svenska Kraftnät, 2023) 

Every dam in Sweden is categorized based on the potential consequences of a failure. These 
are divided into dam safety classes A, B, and C, as well as class U for dams that do not 
require a specific safety classification (Svenska Kraftnät, 2019). See Table 2.1 for a more 
detailed description of these classes.  
 
Table 2.1: Dam safety classification (based on Svenska Kraftnät, 2019). 
Dam safety 

class 
Severity of 

Consequences 
Consequences of a Dam Failure 

A Very high social 
importance  

A dam failure that leads to national crises affecting 
both humans and large parts of society, as well as 
affecting fundamental values and functions.  

B High social 
importance 

A dam failure that leads to major regional and local 
consequences or disturbing but not large enough to 
be a national crisis. In this case, its primely concurs 
losses of human life, or consequences and 
disruptions that are extensive, have a regional extent, 
and take a long time and are expensive to rectify. 

C Moderate social 
importance 

A dam failure can lead to significant local 
consequences or disruptions. This primarily 
concerns damage to local infrastructure, damage to 
property or environmental damage, or temporary 
disruptions. The risk of loss of life is negligible. 

U – Dams 
without a 

safety class 

Low social importance A dam failure cannot lead to significant 
consequences or disruptions. 
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2.2 Sliding criteria 

It is stated in the design code SS-EN ISO 19906:2019 (2019) that sliding failure for gravity-
based structures can be caused by the rotating actions that can result from eccentric ice loading. 
Adolfi and Eriksson (2013) concluded that the ice load has a big impact on both the sliding and 
overturn failure probability, especially for dams lower than 15 meters. This project will focus 
on analysing the sliding criteria. The criteria are going to be based on the guidelines that are 
highlighted in RIDAS (2025). 

When evaluating the risk of sliding failure for concrete dams, three main forces act: the self-
weight of the concrete dam, the hydrostatic pressure, the uplift force, and, in cold climates, the 
contribution of ice load is also considered, as illustrated in Figure 2.3.  

 

 
 Figure 2.3: Schematic illustration of the forces acting on the dam. 

 

 Self-weight: The Self-weight or dead load is the weight of the concrete dam, which is 
based on the shape of the concrete dam, and the concrete should have a weight factor  
of 23 𝑘𝑁 𝑚ଷ⁄  if an alternative value is not recommended.  

 The hydrostatic pressure: The hydrostatic pressure is the water pressure acting against 
the concrete dam, increasing linearly from the top to the bottom surface.  

 The uplift force:  The uplift is a force generated by the pore pressure and is dependent 
on the geometric configuration of the dam as well as the height of the hydrostatic 
pressure.  
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Figure 2.4: Geographic distribution of the ice load in Sweden (RIDAS, 2025). 

 

 Ice load: According to the guidelines of RIDAS (2025), the magnitude of the ice load 
should range between 50 and 200 kN/m depending on the geographic location of the 
dam, as illustrated in Figure 2.4. For instance, in the southern part of Sweden, in counties 
like Skåne, Blekinge, and Västra Götaland, see the red zone in Figure 2.4, the estimated 
ice load is 50 kN/m. For the middle part of Sweden, see the green zone in Figure 2.4, 
the ice load is assumed to be 100 kN/m with an ice thickness of 0.6 meter. For every 
county north of this, the yellow zone in Figure 2.4, the ice load is assumed to be 200 
kN/m with an ice thickness of 1 meter.  

As outlined in Ansell et al. (2025), the sliding stability in RIDAS (2025) can be expressed as 
such: 

𝜇  =  
𝑅ு

𝑅௏
  ≤  𝜇௔௖௖  =

tan(𝛿௦)

𝑠௦
 

(2.1) 

 

Where 𝜇  is the gradient of the resulting force, 𝑅ு  and 𝑅௏ are the resulting force parallel and 
perpendicular to the sliding surface. Furthermore, 𝜇௔௖௖ is the accepted sliding factor, 𝑠௦  is the 
sliding factor which is based on the foundation material and the safety level, and lastly tan(𝛿௦) 
is the friction coefficient at the sliding surface. Table 2.2 presents values for the friction 
coefficient and safety factor according to guidelines outlined in RIDAS (2025).  
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Table 2.2: Friction coefficients and safety factors used for sliding (RIDAS, 2025).  

  Safety factor 

Foundation material tan(𝛿௦) Normal Exceptional Accidental 

Rock 1.00 1.35 1.10 1.05 

Gravel, Sand 0.75 1.50 1.35 1.25 

Coarse silt  0.60 1.50 1.35 1.25 

 

2.3 Ice  

In nature, ice can be found in the form of ice on lakes and various bodies of water, in glaciers, 
as ground frost, and as snow or frost. Ice is formed on top of bodies of water, which results in 
it acting as a protective shield for the marine life. Moreover, the water temperature and layering 
are also affected by the formation of ice (SMHI, 2026). The properties of ice and how it forms 
are presented in the following section of this thesis. 

2.3.1 Mechanical properties of ice  

The mechanical properties of ice are highly dependent on its crystal structure, temperature, and 
load duration. Ice can exhibit anisotropic behaviour due to the size and orientation of its 
crystals. There are two main types of ice: polycrystalline ice, which is the most common form 
found in nature and consists of multiple crystals, and monocrystalline ice, which consists of a 
single crystal and is typically produced under laboratory conditions. This, in combination with 
impurities and defects at grain boundaries, leads to significant variations in mechanical 
properties, even between samples taken from the same location (Ekström, 2002). 

When stress is first applied to ice, the material responds with elastic deformation. However, 
this elastic behaviour is only temporary. Over time, the ice begins to behave differently. Rather 
than simply stretching elastically, it undergoes creep deformation. The creep process becomes 
increasingly important as time passes and becomes the dominant deformation mechanism for 
ice under sustained load (Ekström, 2002). 

During any loading situation, creep will occur. The type of failure that happens, whether the ice 
breaks suddenly or deforms gradually first, depends on how much stress is applied. When 
stresses are low, the ice displays ductile failure, meaning it deforms noticeably before breaking. 
When stresses are high, the ice exhibits brittle failure, fracturing suddenly with little warning 
(Ekström, 2002). The creep deformation of ice under constant pressure follows a consistent 
pattern with three distinct phases, as illustrated in Figure 2.5. In the first phase, called primary 
creep, the ice deforms relatively quickly initially, but this rate of deformation slows down over 
time. In the second phase, called secondary creep, the deformation rate reaches a steady value 
and stays approximately constant. In the final phase, called tertiary creep, the deformation rate 
begins to accelerate rapidly. Tertiary creep represents a period of increasingly rapid 
deformation (Ekström, 2002). 
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Figure 2.5: The creep deformation stages under constant pressure (Ekström,2002). 

The mechanical properties of ice, such as the elastic modulus and viscosity, are not collected 
by the microparticles in ice but rather through experiments. Ekström (2002) pointed out that to 
capture the elastic modulus, the test must be executed very fast before the creep deformation 
starts to occur; one suggestion is to perform an experiment using ultrasound measurement.  

The compressive strength of ice varies significantly between laboratory specimens and natural 
ice blocks. In laboratory experiments, the strength is higher compared to the field test. Ekström 
(2002) demonstrated a compressive strength range from 5 to 10 MPa from a laboratory 
experiment, whereas field tests on natural ice blocks show much lower values, between 0.5 and 
2.0 MPa.  

Table 2.3 presents values for the mechanical properties of ice from various experimental 
studies. Petrovic (2003) conducted measurements on freshwater ice, where the ice was 
subjected to biaxial bending to measure the elastic modulus, and uniaxial loading to measure 
tensile and compressive strength. The results implied that tensile strength decreases as ice grain 
size and volume increase, illustrated in Figure 2.6. 
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(a) 

  
(b) 

Figure 2.6: Graph of the tensile strength against (a) the grain size, (b) the volume (m3) of the test 
specimen. (Petrovic, 2003). 

Another study on polycrystalline ice by Hawkes (1972) was conducted using the following 
criteria: the ice had to be reproducible, homogeneous, and isotropic, and the grain size could 
not exceed 1 mm. This experiment was performed using uniaxial tests on two shapes: a cylinder 
and a dumbbell. A similar study was done by Haynes (1978), performing uniaxial tests on 
polycrystalline ice made from freshwater. Haynes (1978) points out that the result in their study 
was higher compared to the previous study due to the stiffness of the machine, which resulted 
in all energy being stored once the specimen started to crack.  
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Table 2.3: Values for the elastic modulus, compressive and tensile strength, derived from various 
experimental studies.  

 Temperature    

[°C] 

Elastic modulus 

[GPa] 

Compressive 
strength     
[MPa] 

Tensile 
strength    
[MPa] 

Petrovic 
(2002) 

(-10) 9.7 - 11,2   

Petrovic 
(2002) 

(-10) - (-20)  5 - 25 0.7 – 3.1 

Hawkes 
(1972) 

(-5) - (-10) 8 - 9   

Hawkes 
(1972) 

(-7)  8.5 - 9 1.68 – 2.62 

Hayes 
(1978) 

(-0.1) – (-50)  4.9 – 40.12 1.7 – 3.1 

 

2.3.2 Formation of ice 

The surface water in a body of water is cooled down during fall, and due to circulation, this 
results in a decreased temperature in the whole water mass. Eventually, the water temperature 
reaches +4°C, where it is at its densest. Because of this, further cooling leads to the surface 
water ending up above the deeper water. Finally, ice begins to form on the surface of the lake 
or reservoir when there is calm weather, and the surface water temperature is 0°C. Most 
commonly, ice is first formed at shallow parts of a body of water, such as along the beaches 
(Eklund, 1998). 

When the ice has settled, it can continue to form in multiple ways. Two examples of such ways 
are snow ice and black ice. Black ice is usually the first type of ice to form on a body of water 
(Fremling, 1951). It is hard and transparent and grows downwards. Black ice is typically the 
ice that has the highest bearing capacity. Snow ice, on the other hand, is formed by snow falling 
on the ice and weighing it down, which ultimately results in the water below seeping up through 
cracks in the ice. The water is mixed with the snow and creates snow slush. This slush freezes 
when it gets cold and creates snow ice (Eklund, 1998). Water level fluctuations causing 
cracking of the ice also lead to water seepage, which subsequently results in snow ice forming 
(Carter et al., 1998). This type of ice also grows in a downward direction and can eventually 
merge with the underlying ice layer. Newly formed snow ice typically has a lower bearing 
capacity and is less ductile than black ice. However, when the ice grows thicker and the snow 
ice conjoins with the black ice, that difference in bearing capacity usually disappears (Eklund, 
1998). 

In Sweden, there is a big variation in the ice thickness in lakes in the south compared to the 
north. The maximum ice thickness in lakes in the most southern part of Sweden is usually 
around 20 cm, whereas the corresponding value in the most northern part is around 80 cm 
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(Eklund, 1998). However, the maximum ice thickness does exceed 1 m quite frequently, as seen 
at the Rätan hydropower station during the 2018-19 and 2019-20 seasons (Hellgren et al., 
2022b). It is worth noting that this tends to be at measurement positions close to the dam face. 
At other measurement positions further away from the dam, the ice thickness tends to be 
drastically smaller. 

2.4 Ice load mechanisms on dams  

The formation of ice on a body of water containing built structures will influence the structures 
in various ways. Ice load mechanisms on concrete dams refer to the forces exerted by the ice 
cover on the dam structure, a critical factor for structural design and safety assessment in cold 
regions. As highlighted by Hellgren (2022), the maximum ice load is primarily governed by a 
few key mechanisms, which are the following: temperature variations, ice thickness, and water 
level fluctuation. These will be presented in this chapter. 

2.4.1 Temperature variation  

Temperature is one of the dominant factors influencing the magnitude of ice loads on structures. 
One significant load event that can occur is heating of the ice, causing restrained thermal 
expansion. As the ice is heated, its temperature rises, causing it to expand. At the ice-dam 
interface, the dam obstructs this expansion, leading to pressure. Snowfall or flooding water can 
also trigger heating of the ice sheet (Hellgren, 2022).  Specific thermal variation can induce 
distinct loading events. A defined thermal load event occurs when the average ice temperature 
is below -2°C and increases by more than 5°C over a period of two days (Petrich et al., 2015).  
Furthermore, Ekström (2002) states that if the average temperature decreases by 10°C, the 
length of the ice sheet will shorten by 5 cm for every 100-meter length. Temperature critically 
governs the mechanical properties of ice, including its density, Poisson’s ratio, and elastic 
modulus. As the temperature decreases, the ice sheet contracts, and its strength increases in 
both compression and tension. However, this strengthening effect is significantly more 
pronounced for compressive strength than for tensile strength (Hellgren, 2022).  

Snow cover on ice is a significant factor influencing thermal ice loads. Its primary function is 
to act as an insulating layer, which reduces ice growth and moderates temperature variations 
within the ice, thereby lowering the potential for thermal stress (Eklund, 1998). Studies indicate 
that even a relatively shallow snow cover of approximately 5 cm can substantially reduce 
thermal pressures (Stander, 2006).  

Moreover, the snow cover on ice is not a simple reflection of snowfall, as mechanisms like 
wind redistribution, eventual ploughing if the dam acts as a bridge, and flooding decouple the 
two (Hellgren et al., 2022b). Flooding leads to the mix of the snow and water, which, with 
subsequent freezing from above, creates an additional ice layer of snow-ice that becomes an 
additional loading factor (Fransson 2009). Despite its recognized influence on both thermal 
load and ice growth, contemporary guidelines for determining ice load do not explicitly account 
for variations in snow cover. 
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2.4.2 Ice thickness 

Ice thickness is an important factor for determining the ice load. Thicker ice generally generates 
higher loads and becomes more resilient to rapid temperature changes. The ice tends to be 
thickest near the face of the dam and gradually gets thinner further away from the dam 
(Hellgren, 2022).    

The ice thickness serves as a key variable in many ice load approximation methods, and in some 
cases, it is the only variable that shows a correlation between ice loads during different winter 
periods at a given dam (Hellgren and Malm, 2024). Ice thickness depends on other factors such 
as temperature, snow cover, and salinity. Incorporating it as a factor provides an opportunity to 
create more realistic ice load designs for certain parts of dams (Hellgren, 2022) 

2.4.3 Water level fluctuation   

The fluctuations in water level create ice loads through the process of wedging. This is caused 
by the ice close to the dam being forced to bend and sink as it adapts to the vertical 
displacements (Comfort et al., 2003). The water level variation usually cracks the ice at the face 
of the dam and 5-10 m from it, resulting in the creation of an ice block, which tilts up and down 
in response to the water level changes (Comfort et al., 2016). Moreover, Carter et al. (1998) 
closely associate ice thrusting events with water level fluctuations. With a decrease in water 
level and subsequent wedging, cracks in the ice open, enabling water to seep through, which 
results in new ice forming. When an increase in water level ensues, it forces the ice sheet into 
compression, which causes thrusting against the dam wall. 

Stander (2006) gives further support for ice thrusts caused by water level fluctuations. 
Moreover, Stander (2006) suggests five conditions that must be satisfied for water level 
fluctuations to affect a dam:  

1. The fluctuations must be in such magnitude that an active shoreline fissure is produced, 
while not decoupling the ice sheet from the dam wall.  

2. The fluctuations should concentrate around a mean value. With continual drops in water 
level, the ice won’t be able to bond to the dam wall. 

3. The ice movement must be limited, as too small compressive stresses will be active if 
the ice is free to move.   

4. The temperature of the ice must be low enough for ice to form within the fissure. If the 
ice sheet is covered by snow or water, there is a lower possibility for this to happen. 

5. The stresses close to shore become larger when the ice rests on the reservoir floor. 

Furthermore, Stander (2006) proposes that ice thrusts due to water level fluctuations can be 
damped through processes that force the ice cover to disconnect from the dam wall during the 
early ice season. More specifically, this is suggested to be accomplished by decreasing and 
increasing the water level of the reservoir by 0.3-0.4 m during the first weeks when the ice sheet 
has formed. Subsequent water level changes will disable rebounding to the dam interface 
(Stander, 2006) 
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2.5 The spatial variation  

The spatial variation of ice loads on dams refers to both the variation across the ice thickness 
as well as along the dam length. According to Hellgren (2022), the stress distribution varies 
non-uniformly across the ice thickness. It is furthermore stated that most of the load is typically 
registered at the top two stress sensors when measuring with Carter panels. However, different 
load concentrations have been observed (Hellgren, 2022). The variation of ice load along the 
dam length results in different parts of a dam experiencing peak magnitude loads at different 
times. This difference usually varies between 50 and 100 kN/m, but has historically been 
recorded as large as 600 kN/m. If the ice load is considered from a dam safety perspective, it is 
the average pressure ice load, called the global load, that is relevant (Hellgren, 2022). 

Taras et al. (2011) observed spatial variation of the ice load in the form of a reduction in 
maximum average line load as the distance along the dam wall increased. From this observation, 
Taras et al. (2011) conclude that this shows support for the idea that the ice loads design value 
should be coupled with a design width. Instead of basing the stability analysis of the dam on 
the values from one single dam panel, the authors suggest basing the analysis on the average 
values over the block width of a vertical concrete section between construction joints. This is 
consistent with the offshore structures design concepts where the ice load pressure is directly 
proportional to the surface area being analysed (Taras et al., 2011). 

In Côté et al. (2016), results from ice load measurements at Barrett Chute dam in Canada are 
presented and analysed. During the winters of 2008 to 2011, extensive ice load measurements 
were carried out at four different dams in Canada. 11 carter panels, each holding up 4 pressure 
plates with 20 cm spacing, were installed at the dam face at Barrett Chute with a 2.5 meter 
interval along the dam length, with the top sensor just below the water level. Another three-
carrier panel was installed in the ice at 27 meters from the dam wall to measure the ice load at 
the far field. Côté et al. (2016) found that the ice load varied both along the dam length and the 
ice thickness and time. As the line load does not act uniformly in most cases, it can be stated 
that the average load that the dam is exposed to is smaller than the peak load. Similarly to Taras 
et al. (2011), the authors also concluded that there is an indentation effect, which states that the 
ice load decreases as the considered width increases. 

2.6 Existing ice load models 

Multiple models have been developed before to describe the static ice load behaviour. Both 
analytical and probabilistic models have been proposed. In this chapter, a brief overview is 
given of such existing ice load models. 

2.6.1 Analytical models 
There are multiple existing ice load models that have been proposed by researchers to describe 
the behaviour and size of the ice load. These models tend to be categorized into either annual 
or transient models. Annual models aim to estimate the maximum ice load for one or multiple 
winters through calculations based on ice thickness, temperature, or other external parameters. 
Transient models, on the other hand, are utilized to predict the change in ice load during one 
winter. The current ice thickness must be known or approximated to effectively be able to 
estimate the ice load variation for a winter. This is because there is a substantial variation in 
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position and thickness of the ice when conducting simulations of the transient behaviour of an 
ice-dam system (Hellgren, 2022). 

According to Hellgren (2022), ice thickness and ice temperature are used as input in all ice load 
models. Moreover, this data can be produced through various methods. Subsequently, Hellgren 
(2022) states that determining the ice load can contain up to three modelling procedures, which 
depend on the input data available. External variables such as snowfall, water level, and 
temperature constitute the basis of the most general approach. This approach consists of three 
steps of calculations, which are:  

- Calculations of the ice thickness and snow cover on the ice 
- Calculations of the ice temperature  
- Calculations of the stresses and resulting ice loads 

As the input data is highly accessible, this approach is practical to use for many dams, even 
though it necessitates model uncertainties in some of the steps. To bypass this issue of 
uncertainty in the first two steps, it is possible to directly insert measurements of ice thickness 
and temperatures as input in the last step. This allows for studying the thermal ice stresses in a 
detailed way. This method is, however, generally less applicable in practice as ice temperature 
measurements are necessary (Hellgren, 2022). 

Sjölander et al. (2026) conducted a comparison between analytical models and regression 
models. The analytical models were driven by ice thickness because temperature data were not 
collected. The approach is based on established models, such as the ice load model (Eq. (2.2)) 
from Carter et al. (1998), alternatively, the ice load model (Eq. (2.3)) suggested by Korzhavin 
(1971), supplemented with ice pressure (Eq. (2.4)) from the ISO 19906 standard (CEN, 2019). 
 

𝐻ଵ = 253 ⋅ ℎଵ.ହ (2.2) 

𝐻ଵ  =  𝑤 ⋅ 𝑘 ⋅ 𝜎௖ ⋅ ℎ (2.3) 

𝑝 =  𝐶ோ ቈ൬
ℎ

ℎଵ
൰

௡

⋅ ቀ
𝑤

ℎ
ቁ

௠

቉ 
(2.4)  

The horizontal load is denoted as H, while h and w represent the ice thickness and width, 
respectively. The contact factor is represented by k, and 𝜎௖ denotes the compressive strength. 
Ice pressure is represented by p, and 𝐶௥  signifies the ice strength. The empirical parameters m 
and n are dependent on the ice thickness; their relationships, along with the values for the other 
parameters, are presented in Table 2.4. 
 
 
Table 2.4: Parameter values used in Sjölander et al. (2026). 

𝜎௖ 𝑘  𝐶௥ ℎଵ 𝑚  𝑛  

1 MPa 0.55 1 MPa 1.0 m  −0.16  −0.5 𝑜𝑟  − 0.3  

 
These models were compared with measured ice loads and showed sufficient agreement, 
particularly Eq. (2.3), which served as an effective upper limit for ice loads at low thicknesses. 
However, for larger thickness, the models produced an overestimation. Due to this 
overestimation, Sjölander et al. (2026) concluded that these analytical models fail to accurately 
predict ice loads under such conditions.  
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2.6.2 Probabilistic models 

Zvyagin (2015) suggests that ice loads should fit a lognormal distribution. This is because 
empirical formulas for ice pressure can be described by the relation presented in Eq. (2.5):  

𝑝 =  𝜆ℎఈ𝑑ఉ (2.5) 

Where p is the ice pressure, h is the ice thickness, and d represents the contact width. In this 
formula λ, α and β are positive real constants. Since physical parameters such as ice thickness 
and contact area cannot be negative, the resulting ice pressure must also be positive. This aligns 
with the properties of the lognormal distribution, which only takes positive real values. 
Furthermore, Zvyagin (2015) emphasizes that when using a lognormal distribution, it is crucial 
to satisfy two key assumptions: 

 The data samples must be generated by a single population under the same conditions, 
in this case, using the same measurement device, the load panel, or the load cell.  

 Each data sample must be generated independently. 

In Petrich and Sæther (2025), simulated ice load measurements were fitted to multiple 
probabilistic distributions. The lognormal and normal distributions, along with extreme value 
distributions like the Gumbel, Weibull, and Generalized Extreme Value (GEV) distributions, 
were tested. Unlike the Lognormal distribution, which characterizes the entire range of positive 
data, the Gumbel distribution is specifically designed to model the maximum values recorded 
over a specific period. The Weibull distribution is highly adaptable and is particularly suited 
for fitting peak loads used in fatigue analysis or local pressure calculations. Finally, the GEV 
distribution acts as a unified framework, combining the characteristics of other extreme value 
models to adapt to the specific tail behaviour and trends of the recorded data. However, the 
study found that the ice load data did not fit the GEV distribution. Generally, none of the tried 
distributions gave an accurate fit to the ice load. The study concluded that the normal 
distribution gave at least as good a prediction as the others during years with ice and 
outperformed the other distributions during ice-free years (Petrich and Sæther, 2025). 
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(a) 

 
(b) 

Figure 2.7: (a) Histogram showing the collected measurements of seasonal maximal loads in 
Adolfi and Eriksson (2013). (b) The distribution of the ice load suggested by Adolfi and Eriksson 
(2013). 

Adolfi and Eriksson (2013) studied the static ice load on dams and proposed the first 
probabilistic ice load distribution. The authors gathered seasonal maximum ice load data 
through an extensive literature review of 27 measurement records from 16 dams in USA and 
Canada, with loads ranging from 7 kN/m to 374 kN/m. This includes single-season maximums 
for 20 records, a two-year maximum for one dam, a three-year maximum for another, and a 
four-year maximum for one more. This data was then compiled into a histogram, see Figure 
2.7a, that could be used for curve-fitting, resulting in the distribution of the ice load. The 
probabilistic density function presented was a lognormal distribution with the mean value µ = 
81 kN/m and a standard deviation of σ = 86 kN/m, see Figure 2.7b.  
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When studying this distribution, Adolfi and Eriksson (2013) found that it gave an unreasonably 
high risk of extremely high loads occurring, which is why it was decided to truncate the 
distribution. The equation proposed by Carter et al. (1998) describing the ice’s maximum 
strength related to buckling was used as a guideline for the truncation, see Eq (2.2). Both the 
truncated and untruncated distributions were presented in the report, see Figure 2.7b, where the 
dotted line shows the truncated distribution and the solid line shows the untruncated 
distribution. 

Westberg Wilde and Johansson (2016) developed a probabilistic distribution for the ice load 
based on the one proposed in Adolfi and Eriksson (2013). It was stated that this distribution 
was used as a rough assumption, as it was the only available probabilistic density function at 
the time. Since these two reports were published, there have not been any new suggestions for 
the ice load probabilistic distribution. As it was believed that the ice load measurements that 
Adolfi and Eriksson (2013) based their distribution on were mainly taken from regions with 
great ice thickness, it was suggested by Westberg Wilde and Johansson (2016) that the 
distribution was most relevant to locations with thick ice covers, such as northern Sweden. 
Similarly to Adolfi and Eriksson (2013), Eq. (2.2) proposed by Carter et al. (1998) was used to 
decide the maximum ice load and subsequently the truncation value. For values of the ice 
thickness in Sweden, the results from Eklund (1998) were used. This resulted in probabilistic 
ice load distributions for the three geographical zones in Sweden, Götaland, Svealand, and 
Norrland, presented in Table 2.5. 

Table 2.5: Properties of ice and the ice load in different parts of Sweden (Based on Westberg Wilde 
and Johansson, 2016). 

  Ice load, I Maximum ice load (truncation), 𝐼௠ 

Position Max ice 
thickness [m] 

𝜇ଵ        
[kN/m] 

𝜎ଵ 
[kN/m] 

𝜇ூ௠            
[kN/m] 

𝜎ூ௠           
[kN/m] 

Götaland 0.60 48 48 120 12 

Svealand 0.80 64 64 180 18 

Norrland 1.00 80 80 250 25 
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2.7 Monte Carlo simulation  

Monte Carlo simulation is a computational approach used to model complex stochastic systems, 
making it possible to analyse probabilistic and statistical outcomes through random sampling 
(Li, 2025). The method derives its name from the Casino de Monte Carlo, reflecting the inherent 
randomness found in games of chance. Its primary objective is to simulate real-world systems 
that cannot be solved using traditional deterministic solutions. The Monte Carlo approach 
typically involves the following steps: 

The first step is to draw repeated, independent random samples from a probability distribution 
that represents the possible range of inputs. Using these sample statistics, a Monte Carlo 
simulation provides a numerical estimate of the random variable of interest, which can then be 
used to interpret the most relevant information about the system being modelled. 

One common application involves the use of independent and identically distributed random 
variables (Li, 2025). This means each random value is drawn from the same probability 
distribution and is independent of previous values. This property simplifies the construction 
and computation of the model.  

Another application is the Law of Large Numbers. This law states that for a sequence of 
independent and identically distributed random variables, increasing the number of trials 
improves the accuracy of the sample mean. Specifically, as the sample size grows, the sample 
mean converges to the true expected value (Li, 2025). This can be expressed in two forms: 

Theorem 1. Weak Law of Large Numbers: 
As the number of trials increases, the probability that the sample mean deviates from the true 
expected value by more than a small margin approaches zero. In other words, with enough 
samples, the sample mean is very likely to be close to the true value. 

Theorem 2. Strong Law of Large Numbers: 
As the number of trials approaches infinity, the sample mean almost surely converges exactly 
to the true expected value. This means that with enough samples, the sample mean will 
eventually settle at the true value and stay there.  
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2.7.1 Monte Carlo applied to structures 

Nowak and Collins (2013) provide a comprehensive foundation of the Monte Carlo simulation 
method and the principles of structural reliability and their application in design. Their 
guidelines for the Monte Carlo simulation method applied to structures are detailed below. 

1. Assume there is a limit state function that is expressed as such:  
𝐺  =  𝑅  −  𝑆    (2.6) 

 
Where G is the performance of the structure, R is the resistance force of the structure, and S is 
the acting force on the structure. Failure occurs when 𝐺  ≤  0  

2. Secondly, calculate the mean μ and variance σ for the resistance force and acting force, 
which are randomly generated using N numbers of tests.  

𝑅  =  𝑟𝑎𝑛𝑑(𝜇௥ , 𝜎௥ , 𝑁, 1) (2.7) 

𝑆  =  𝑟𝑎𝑛𝑑(𝜇௦, 𝜎௦ , 𝑁, 1) (2.8) 

 

3. For a linear case of the limit state function, where R and S are normally distributed and 
independent values, then the mean μ୑ and variance σ୑ can be determined as such:  
 

𝜇ெ  =  𝜇ோ −  𝜇ௌ (2.9) 

𝜎ெ   =  ට𝜎ோ
ଶ + 𝜎ௌ

ଶ 
(2.10) 

 
Where the β value is determined as such  
 

𝛽  =
𝑢ெ

𝜎ெ
 (2.11) 

 
 

4. The probability of failure of the limit function G can therefore be expressed as such: 
 

𝑝௙   = 𝑃(𝐺  ≤ 0)  =  𝑃 (𝑅 − 𝑆  ≤ 0)  =  Φ(−𝛽) 
 

(2.12) 

𝑃  =  
𝑛

𝑁
 

 

(2.13) 

 
Where n is the number of tests G goes to failure, and N is the total number of tests that are 
simulated.  
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2.7.2 Probabilistic approach to dams 

Westberg Wilde and Johansson (2016) compiled a guideline with regulations and explanations 
from a probabilistic point of view for the dimension set for concrete dams. The document is 
based on JCSS (2001), Eurocode 1990 (2001), and ISO 2394 (2015) and consists of the 
information on how a probabilistic verification is performed on concrete dams.    

 
Figure 2.8: Schematic picture of the limit state (Westberg Wilde and Johannson, 2016). 

The limit state function mentioned in Eq. (2.6) is illustrated in Figure 2.8. There are two primary 
types of limit states: the Ultimate Limit State (ULS) and the Serviceability Limit State (SLS). 
The ULS classification ensures that the structure does not collapse under extreme loads, thereby 
guaranteeing structural integrity and safety. In contrast, the SLS ensures that the structure 
remains functional and maintains its intended performance during normal use, including 
periods of maintenance, construction, and regular operation.  

Following the recommendations by Westberg Wilde and Johansson (2016), the minimum 
reliability index values for the ULS, categorized by the dam safety classes defined in 2.1, are 
presented in Table 2.6. These values of 𝛽, referred to as target index, are defined relative to a 
reference period of one year 

 
Table 2.6:  Values for  𝛽 in ultimate states. 
Dam safety class Minimum 𝛽  

A 5.2 

B 4.7 

C 4.2 

U 3.8 

 
As observed in Eq. (2.12), the probability of failure 𝑝௙ is directly related to the target reliability 
index 𝛽. The mathematical relationship between these two values is defined by the cumulative 
distribution function of the standard normal distribution, expressed as: 𝑝௙   =  Φ(−𝛽) , the 
relationship is summarized in Table 2.7 and is illustrated in Figure 2.9. 
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Table 2.7: The relationship between 𝛽 and 𝑝௙. 

 
Figure 2.9: Geometrical description of the target reliability index (Westberg, 2010). 

Reformed rules and regulations have been proposed as the second generation of Eurocodes is 
about to be implemented. In relation to the implementation of the second generation of 
Eurocode, dams are explicitly mentioned as structures that possibly should be classified in the 
new consequence class for structures CC4 (Nordström et al., 2026). Consequence classes are 
categorized based on two main criteria: firstly, the risk of human loss or injury, and secondly, 
the potential social, economic, and environmental impacts, as shown in Table 2.8. The proposed 
highest consequence class, CC4, corresponds to situations where both human losses and socio-
economic or environmental impacts are extreme. In comparison with current regulations in 
RIDAS, Nordström et al. (2026) propose that dams in the dam safety class A, would be designed 
according to consequence class CC4. While the dam safety class relates to the consequences of 
an overall dam failure, the consequence class relates to a structural failure, such as a failure of 
a concrete member, which must be evaluated separately. A structural failure does not always 
lead to a total dam failure. See Table 2.9 for the consequence classes respective β-values. 
 
Table 2.8: Classification of the consequence classes (SS-EN 1990-1:2023, 2023).   

 Classification of the consequence classes 
Consequence 

class 
Human 

loses/injures 
Economic, social  or environmental 

consequences 
CC4 Extreme Very high impact 
CC3 High High impact 
CC2 Moderate Moderate impact 
CC1 Low Low impact 
CC0 Very low Neglectable 

Table 2.9: Suggestion of new RIDAS guidelines considering the newly proposed consequence 
class CC4, based on (Nordström et al., 2026). 

Consequence 
class  

Minimum 𝜷  

CC4 5.2 
CC3 4.7 
CC2 4.2 
CC1 3.8 
CC0 3.8 

𝑝௙ 0.1 0.01 0.001 0.0001 0.00001 0.000001 

𝛽  1.28 2.32 3.09 3.72 4.27 4.75 
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3 Methodology   

This section details the analysis methodology. The first objective is to utilize a programmatic 
data analysis framework to transform measured ice load data into a statistical distribution. This 
approach enables probabilistic modelling and analysis of ice loads, which is used to establish 
the probability of stability failure. The second objective is to analyse the spatial distribution 
using various methods and then apply the findings to a new updated stability analysis to 
compare the result with the first one.  

3.1 Ice load measurements 

Ice load measurements are essential for the progression of this study. Since the primary 
objective is to develop a probabilistic distribution, this thesis will utilize measured data of the 
static ice load acting at the dam. By employing empirical measurements rather than simulated 
loads derived from equations, the study captures more realistic probabilities and reflects actual 
field conditions. To achieve this objective, long-term measurements of continuous ice load data 
spanning several winter periods were necessary to capture temporal variability. 

 
Figure 3.1: Schematic illustration of the load panels installed at the studied dam (Sjölander et al., 2024). 

The measurement data utilized to analyse the probabilistic distribution of the ice load were 
gathered from one reservoir in northern Sweden. Hellgren (2022b) conducted the installation 
of the measurement devices, which were custom-made load panels based on the design by 
Fransson et al. (2006). The load panels have dimensions of 1 x 3 m², consisting of a steel base 
plate and a homogeneous steel lid. Three load cells were positioned on each panel according to 
the configuration shown in Figure 3.1. This setup was installed at the first dam in 2016. The 
total dataset spans a period of nine years.   
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3.1.1 Processing the data  

Ice load measurements were collected at 5-minute intervals over eight winter periods at the 
studied dam in Sweden. The 5-minute data was also converted into hourly and daily averages 
and stored in the dataset. Due to the large dataset, Python was utilized. This software proved 
efficient in processing the data, generating various types of graphs, and plotting the distribution 
of the ice loads.  

Before beginning with the probabilistic analyses, it’s essential to select the right input data. To 
eliminate measurement noise and minor fluctuations, a threshold of 10 kN/m was applied to the 
raw data. The selection was based on these two main goals:  

The accuracy of the frequency: Which data frequency will most accurately capture the peaks 
of each ice load event?  

The efficiency of the frequency: Which data frequency would be more efficient to use when 
handling this large dataset?  

 
Figure 3.2: Graph over the different data collection: 5min, hour, and day, for the winter season 2019 

and 2020. 
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Reviewing Figure 3.2 shows that the 5-minute data provide significantly higher precision. 
Although hourly data yields comparable results, daily data differs substantially and consistently 
shows lower load pressures. This underestimation can be problematic when evaluating design 
values for the ice load. Therefore, selecting the 5-minute data is more suitable for ensuring 
structural safety.  

To produce a probabilistic distribution that is quite conservative and hence favourable for 
engineering situations, it was decided that, similarly to Adolfi and Eriksson (2013), the maximal 
loads were to be analysed. As the measurement period at the studied dam was nine years, it did 
not seem sufficient to analyse only the seasonal peak loads, as was done in Adolfi and Eriksson 
(2013), to get a reliable distribution function. Subsequently, the monthly and weekly peak loads 
during the measurement period were studied. Both the monthly and weekly peak loads gave 
sufficient data points to yield good results, which is why both their respective density functions 
were chosen to be presented. 

3.2   Probabilistic approach   

The probabilistic approach used in this study follows the principles outlined by Nowak and 
Collins (2013) regarding the different distribution methods, along with the extreme value theory 
and Monte Carlo simulation.  

3.2.1 Choosing the probabilistic distribution  

Ice loads are often described as stochastic and highly unpredictable. As highlighted by Hellgren 
(2022), measurements exhibit significant temporal and spatial variability, which poses a major 
challenge when selecting an appropriate statistical distribution. Petrich and Sæther (2025) 
suggest an iterative approach to distribution fitting: beginning with a normal distribution and 
then moving to a lognormal distribution if the histogram exhibits a long tail or significant 
skewness. If the data is even more heavily skewed, the Gumbel and Weibull distributions should 
be tested. Consequently, this study compared several distribution methods, including 
lognormal, Gumbel, Weibull and Generalized Extreme Value (GEV) to determine the best fit 
for the measured ice data.  
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(a) 

 
(b) 

Figure 3.3: Comparison of the distribution methods, such as lognormal, Weibull, Gumbel, and GEV 
for (a) weekly peak load data and (b) monthly peak load data. 

A comparison was conducted using a statistical approach to estimate which model was most 
likely to fit the observed data, as illustrated in Figure 3.3a and 3.3b. The results indicated that 
among the tested distributions, the lognormal distribution was the most consistently accurate 
model and closely approximated the observed data. As shown in the figure, the GEV 
distribution also approximates the data well, but as the statistical comparison method used ruled 
that the lognormal distribution was the best fit, that distribution was ultimately used.   



METHODOLOGY  

 29 

The probability density function presented in Adolfi and Eriksson (2013) is truncated at 253 
kN/m. The one presented in Westberg Wilde and Johansson (2016) is also truncated with a 
truncation value assumed to be normally distributed, see 2.6.2. The reasoning behind this is that 
the assumed distribution allowed for too large a possibility of extremely high loads, which did 
not seem reasonable according to the authors. Both Adolfi and Eriksson (2013) and Westberg 
Wilde and Johansson (2016) reference the equation proposed by Carter et al. (1998), see Eq. 
(2.2), describing the capacity of the ice related to buckling as a guideline for the truncation and 
further evidence to their claim. 

Similarly, the probability of our proposed probability density function yielding extremely high 
loads was examined. The results showed that there is a 2.6% probability based on the monthly 
peak load data and a 1.7% probability based on the weekly peak load data that the load exceeds 
250 kN/m. These probabilities recalculated into recurrence intervals would imply that such high 
loads would happen once every 38 years or 58 years, respectively. Considering that during the 
measurement period of 10 years at the two studied dams, a measurement of similar magnitude, 
203 kN/m specifically, was measured, consequently giving such a load a theoretical recurrence 
period of 10 years, these probabilities seem quite reasonable. However, to neglect truncation 
altogether would imply that there is no maximum ice load, which does not seem reasonable. 
Ultimately, it was decided to present both the untruncated and truncated probability density 
functions. The truncation value was assumed from Westberg Wilde and Johansson (2016) to 
N(250,25).  

3.2.2 Probabilistic modelling with Monte Carlo  

 

Figure 3.4: Sketch over the forces acting on the dam.  

The Monte Carlo simulation method is initiated by first deriving a limit function. The primary 
objective of this study is to evaluate the probability of sliding. Therefore, the sliding criteria 
described in RIDAS (2025) were used as an outline for the limit function and employed onto 
the guidelines of Monte Carlo simulation described in 2.7. The limit function was described in 
2.7 as such: 

𝐺  =  𝑅  −  𝑆 (3.1) 
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The resistance of the dam can be described as: 

𝑅  = (𝐷 − 𝑈 )  ⋅ tan(Φ) (3.2) 

Where D is the deadweight of the concrete dam, U is the uplift force and tan(Φ) is the 
friction between the dam and the foundation as illustrated in Figure 3.4.   

The force acting on the dam is the hydrostatic pressure and the ice load, which can be 
described as such: 

𝑆 = W  + 𝐼୧ୡୣ (3.3) 

 
Where W is the hydrostatic pressure and 𝐼୧ୡୣ is the ice load. 

Dead weight 

The deadweight of a concrete dam is dependent on its geometric configuration. This study 
investigates five generic buttress dam geometries, Dam A, B, C, D, and E, to evaluate the impact 
of ice loads on structural stability. The dimensions of the dams were obtained through 
conducting a deterministic stability analysis according to RIDAS (2025), as outlined in Eq. 
(2.1). As static ice loads are usually said to be more problematic for lower dams (e.g., Adolfi 
and Eriksson, 2013), these were mainly analysed. The developed geometries are presented in 
Table 3.1 and illustrated in Figure 3.5. 

Table 3.1: The geometric dimensions of the five dams. The parameters are illustrated in Figure 3.5. 
 H1      

[m] 
H2       
[m] 

W1 
[m] 

W2    
[m] 

W3 
[m] 

W4 
[m] 

D1 
[m] 

D2 
[m] 

Dam A 4 3 4 0.5 0.5 5 7 1.5 

Dam B 5 4 6 0.5 0.5 6 8 1.5 

Dam C 8 6 6 0.8 0.8 7.4 8 2 

Dam D 11 7 4.5 1 1 10 8 3 

Dam E 18 12.5 7 1 1 17 9 4 
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Figure 3.5: A schematic illustration of the generic buttress dam geometry. 

The safety factor was set to 1.35 as a normal load case was assumed. The foundation material 
was assumed to be rock. The results from the deterministic stability analysis are presented in 
Table 3.2. 𝜇  is the gradient of the resulting force and 𝜇௔௖௖ is the accepted sliding factor. 

Table 3.2: The results from the deterministic stability analysis. 
 𝜇 𝜇௔௖௖  

Dam A 1.67 0.74 

Dam B 1.34 0.74 

Dam C 0.93 0.74 

Dam D 0.85 0.74 

Dam E 0.73 0.74 

The underlying idea with this configuration of dam geometries was to compare the differences 
between a deterministic and probabilistic approach, as well as the differences between 
probability density functions proposed for the ice load. The intentions behind the geometries 
are outlined in Table 3.3. 

Table 3.3: The intentions behind the generic dam geometries. 
 Intention 

Dam A A dam that severely fails the deterministic safety criteria 

Dam B A dam that severely fails the deterministic safety criteria, but less so 
than Dam A 

Dam C A dam that fails the deterministic safety criteria less than Dam B but 
more than Dam D 

Dam D A dam that is quite close to meeting the deterministic safety criteria 

Dam E A dam that meets the deterministic safety criteria, but by a small 
margin 
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Assuming a constant unit weight for concrete of 23 kN/m3 as suggested in RIDAS (2025), the 
deadweight for each buttress dam is determined by the volume and the specific gravity of the 
material.  

Hydrostatic pressure 

For the hydrostatic pressure in these generic cases, the water level was assumed to be at 1.5 
meters below the top of the dam.  
 
The height of water can therefore be expressed as such: 

 
ℎ୵ =  𝐻1  −  1.5 (3.4) 

 
And hydrostatic pressure is therefore determined as: 

𝑊  =  𝛾୵ ⋅ ℎ୵ ⋅
ℎ୵

2
⋅ 𝐷1 

(3.5) 

Where the unit weight of water is  γ୵ = 9.81 kN/m3 

Uplift  

The uplift is a force generated by the pore pressure and is dependent on the geometric 
configuration of the dam as well as the height of the hydrostatic pressure.  

 
Figure 3.6: Design assumption for a buttress dam (RIDAS, 2025). 

For a buttress dam, the uplift pressure is assumed to decrease linearly from the magnitude of 
the hydrostatic pressure at the upstream side to the hydrostatic pressure at the downstream side 
over the width of the front plate, see Figure 3.6 (RIDAS, 2025). As mentioned before, it was 
assumed that there is no hydrostatic pressure at the downstream side; subsequently, the pressure 
decreases to zero. RIDAS (2025) also states that if the thickness of the buttress is above 2 
meters, the effect of the upstream hydrostatic pressure on the buttress should be accounted for. 
This is done by assuming that the uplift pressure decreases linearly over a distance of the 
buttress thickness.  
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(a)     (b)  
Figure 3.7: The Hydrostatic pressure and the uplift force acting on the dam, (a) for a dam with a 
thickness of below 2 meters, (b) the additional hydrostatic pressure on a dam where the thickness is 
above 2 meters.  

  
The uplift acting on a buttress dam with a buttress thickness less than 2 meters is determined as 
illustrated in Figure 3.7a and is calculated as such:  
 

𝑈ଵ  =   𝛾୵ ⋅ ℎ୵ ⋅ 𝐷1 ⋅ ൬
𝑊ଶ + 𝑊ଷ

2
൰ 

(3.6) 

 
And for cases where the thickness is above 2 meters, as illustrated in Figure 3.7b, 𝑈ଶ will also 
be considered: 

𝑈ଶ  =   𝛾୵ ⋅ ℎ୵ ⋅ 𝐷ଶ ⋅ ൬
𝐷ଶ

2
൰ 

(3.7) 

 
Therefore, the total uplift of a dam with a buttress that is thicker than 2 meters is determined 
as: 

𝑈ୢ  =  𝑈ଵ  + 𝑈ଶ (3.8) 
 
Westberg Wilde and Johansson (2016) state that for structures without drainage, the uplift is 
usually consistent and that the spread is relatively small. Therefore, the random variable C is 
assumed to be normally distributed with a mean value of 1 and a standard deviation of 0.05, 
see Eq. (3.9). C is multiplied by the uplift, as shown in Eq. (3.10) below:  
 

 𝐶 ~ 𝑁(1.0 ;  0.05)   (3.9) 
𝑈  =  𝑈ୢ ⋅ 𝐶  (3.10) 
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Friction angle  

Westberg Wilde and Johansson (2016) state that the friction angle for a concrete-rock 
interaction can be described as such:  

Φ୲୭୲  =  Φୠ,ୡ  +  𝑖ୡ (3.11) 

Where the friction angle Φ୲୭୲ can be described by Φୠ,ୡ, which is the basic friction angle for a 
macroscopic smooth surface, and the rough surface contribution of the large-scale asperities in 
the interface 𝑖௖. Furthermore, Westberg Wilde and Johansson (2016) suggest that the tangent of 
the basic friction angle is to be assumed to be described by a normal distribution  
tan൫Φୠ,ୡ൯   = 𝑁(0.7;  0.031) if there has not been any test performed on the tangent friction 
angle.  

The dilation angle 𝑖ୡ  is recommended to be lognormally (LN) distributed with parameters 
depending on the surface conditions as such:  

 Blasted rough surface: tan(iୡ)   = 𝐿𝑁(0.268;  0.0524) 
 Smooth surface: tan(iୡ)   = 𝐿𝑁(0.087;  0.0175) 

As it was assumed that the surface at the concrete-rock interface was best described as a blasted 
rough surface, a lognormal distribution was chosen for the calculations. The parameter values 
were converted to values on the lognormal plane using Eq. (3.12) and (3.13). 

𝜎୧ୡ = ඨlog(1 + ቆ
𝜎୲ୟ୬୧ୡ

ଶ

µ୲ୟ୬୧ୡ
ଶ ቇ) 

(3.12) 

Where σ୧ୡ is the value for the standard deviation for the dilation angle iୡ in the lognormal plane, 
and σ୲ୟ୬୧ୡ and µ୲ୟ୬୧ୡ is the parameter values for the standard deviation and the mean value for 
the dilation angle iୡ in the normal plane. 

µ୧ୡ = log(µ୲ୟ୬୧ୡ) −
𝜎୧ୡ

ଶ

2
 

(3.13) 

Where µ୧ୡ is the value for the mean value for the dilation angle iୡ in the lognormal plane. 

The summation of the angles was done, as suggested by Westberg Wilde and Johansson (2016), 
according to:  

tan൫𝛷ୠ,ୡ + 𝑖ୡ൯ =
tan൫Φୠ,ୡ൯ + tan(iୡ)

1 − tan൫Φୠ,ୡ൯ ⋅ tan(iୡ)
 

(3.14) 
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Ice load  

The probabilistic distribution gives the size of the ice load in stability analyses. Chapter 3.2.1 
details how the probabilistic distribution was determined. The study of the probabilistic 
distribution resulted in two lognormally distributed probability density functions based on the 
weekly and monthly peak load data. These were used for the stability analysis. In addition to 
these, previously suggested probabilistic distributions, more specifically those developed by 
Adolfi and Eriksson (2013) and Westberg Wilde and Johansson (2016), were also studied 
during the probabilistic stability analysis. The parameters for each distribution are presented in 
Table 3.4. 

 
Table 3.4: Parameters of the ice load distributions analysed in this thesis. 
 µ 

[kN/m] 
σ 

[kN/m] 
Truncation 

[kN/m] 

Weekly peak 50 64 N(250, 25) 

Monthly peak 65 73 N(250, 25) 

Westberg Wilde and Johansson 
(2016) 

 

80 80 N(250, 25) 

Adolfi and Eriksson (2013) 81 86 253 

 

As presented in Table 3.4, the truncation for the Weekly peak distribution, Monthly peak 
distribution and the Westberg Wilde and Johansson (2016) distribution are all described by a 
normal distribution with a mean value µ = 250 and standard deviation σ = 25. This means that 
for each iteration of the Monte Carlo simulation, a maximum value is randomized from the 
normal distribution and compared with the randomized value from the ice load distribution. If 
the ice load value is higher than the randomized maximum value, it is removed. The actual 
largest maximum value that the truncation distribution can give is around 325 kN/m, as stated 
by the empirical rule (or 68-95-99.7 rule). This rule expresses that nearly all values of a normal 
distribution lie within three standard deviations; the actual maximum value that the truncation 
distribution suggests should approximately be 250 kN/m plus three standard deviations. The 
truncation for the Adolfi and Eriksson (2013) distribution behaves differently. For each 
iteration, it simply removes all values from the ice load distribution exceeding 253 kN/m. Eq. 
(3.12) and (3.13) were used to convert the distribution parameters to the lognormal plane. 

The ice load given from the distributions was then multiplied by the monolith width to get the 
total ice load acting on the studied dam part, see Eq. (3.15). 

𝐼௜௖௘ = 𝐷ଵ ∙ 𝐼 (3.15) 

Where 𝐼௜௖௘ is the total ice load acting on the monolith, and I is the ice load given from the ice 
load distributions. 
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Cumulative distribution function  

One approach that was applied to analyse and compare the different distributions presented in 
Table 3.4 was the cumulative distribution function (CDF). The CDF describes the probability 
of a random value X being equal to, or less, than to x, expressed as 𝐹(𝑥) = 𝑃(𝑋 ≤ 𝑥). This 
was useful for comparing the differences in the probability of the analysed distributions yielding 
ice load values of a certain size.  

Probabilistic stability criteria 

In this study, the Ultimate Limit State (ULS) was considered. As the yearly probability for 
failure was analysed, a reference period of one year was used. A comparison was then 
conducted between the calculated probability of failure and the acceptable probability of failure 
from RIDAS (2025). Dam safety class B was assumed as the safety class for all dams, which 
gives a target reliability value of β = 4.7, see 2.7.2. Dams classified as dam safety class B in 
RIDAS (2025) is proposed to be designed according to CC3 in the second-generation Eurocode 
(Nordström et al., 2026). 

Ice load capacity 

The ice load capacity was derived to analyse the differences between the maximum ice load 
that the different dams were capable of withstanding, according to a deterministic and 
probabilistic method. The general procedure to find this capacity was to rearrange the equations 
used to determine the risk of sliding failure so that they instead determined the maximum ice 
load causing a sliding failure. 

For the deterministic calculations, Eq. (2.1) was rearranged, see Eq. (3.16). 

𝐼 ୣ୲  =
(
tan(𝛿ୱ) ∙ (𝑅 − 𝑈ௗ)

𝑠ୱ
− 𝑊)

𝐷ଵ
 

(3.16) 

 

Where 𝐼 ୣ୲ is the ice load capacity calculated with a deterministic method. 

For the probabilistic calculations, Eq. (3.1) was rearranged, see Eq. (3.17). 

Where 𝐼୮୰୭ୠ is the ice load capacity calculated with a probabilistic method. 

𝐼୮୰୭ୠ  =  
((𝑅  −  𝑈) ∙  tan൫𝛷ୠ,ୡ + 𝑖ୡ൯ − 𝑊)

𝐷ଵ
 

(3.17) 

When utilizing a probabilistic method, the ice load capacity is returned as a vector of the size 
of the number of simulations conducted. To get a single value comparable to the deterministic 
ice load capacity, the minimum value in the vector was extracted and used. As there are many 
different statistical distributions used during the probabilistic calculation, this value may vary 
when running the calculations multiple times. The signs in front of the value of the capacity in 
Table 4.1 are supposed to symbolise that this is roughly the minimum value derived. 
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3.3 Determining the spatial distribution 

This section describes the methodology of the analysis on the spatial distribution of the static 
ice load. The approach is similar to the statistical approach described above: collecting the 
necessary data, applying programmatic analysis and methods to identify distribution patterns, 
and evaluating the results. 

3.3.1 Taraldsvikfossen reservoir 

To analyse the spatial variation along the dam’s axis, distributed measurements from multiple 
locations along the dam’s length are essential. Taraldsvikfossen is a relatively small reservoir 
in Norway with a water depth of 6 meters at the dam and a span of approximately 32 meters. 
Petrich et al. (2015) initially collected ice load measurements along its length between the 
winter periods from 2012 to 2015. However, in a later study, Petrich et al. (2024) implemented 
an ice load reduction method using frames covered with a foam layer during the winter period 
from 2016 to 2019, which was shown to decrease the ice pressure against the dam. 
Consequently, this study will focus exclusively on the raw data collected during the winter 
periods from 2012 to 2015, before the introduction of these reduction techniques. During the 
period of 2012 to 2015, the number of measurement instruments varied along with the 
placement. 

 

Figure 3.8: Setup for the installation of the load cell.  

To record ice stresses, Petrich et al. (2015) utilized load cells consisting of two rectangular steel 
plates (100 mm x 200 mm) welded together around their periphery. The space between the 
plates was filled with a de-aired fluid, specifically oil, and was connected via a tube to a 
vibrating wire pressure transducer. When ice pressure is applied to the plates, the internal 
hydraulic pressure alters the tension of the wire within the transducer. By measuring the 
resonant frequency of the wire, the ice pressure acting on that specific load cell can be 
determined. The setup is illustrated in Figure 3.8.  
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Winter period 2012-13 

During the initial phase of the monitoring program, the instrumentation consisted of nine load 
cells: six were positioned across the dam face, approximately 1 meter from the structure along 
its longitudinal axis, while the remaining three were installed at a distance of approximately 8 
meters from the dam, as shown in the sketch in Figure 3.9a (Petrich et al., 2015). 

 
(a) 

 
(b) 

Figure 3.9: (a) Location of the load cells during the winter period 2012-13. Each mark (1-6 and N, W 
and S) presents a station. (b) The layout of each station. The depth for each vertical cell was measured 
in millimetres from the ice surface to its geometric centre during initial deployment (Petrich et al., 
2015). 

Due to the varying vertical placement of the load cells, as shown in Figure 3.9b, the dataset has 
been categorized into three distinct elevation groups based on their installation depth relative 
to the ice surface:  

- Elevation Group 1 (200 mm depth): This dataset comprises force measurements 
captured from the uppermost load cells across six independent measurement stations 

- Elevation Group 2 (350 mm depth): Consists of the secondary load cells installed at a 
mid-level depth, specifically located at Stations 3 and 5. 

- Elevation Group 3 (500 mm depth): Includes data exclusive to Stations 3 and 5. 
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Winter period 2013-14 

The number of load cells across the dam’s length increased to 14 stations, the first seven 
stations, station A to G where installed approximately 0.1 meter from the dam. Whereas the 
other seven stations, station A´ to G´ where placed 1.9 meters from the dam, see Figure 3.10 
(Petrich et al., 2014). 

 

Figure 3.10: The placement of the load cell stations during the winter period 2013-14. (Petrich et al., 
2014).   

The load cells for this period were, due to the variation of load cells in depth of the ice, see 
Figure 3.9b, also categorised as the previous winter period, see Table 3.5.  
 
Table 3.5: The layout of the load cells closest to the dam wall during the 2013-14 winter season. 

Distance from 
the dam [m]  

Top-elevation load cell  Mid-elevation 
load cell 

Bottom-elevation load 
cell 

0.1 A, B, C, D, E, F, G B, D, F  B, D, F  

1.9 A’, B’, C’, D’, E’, F’, G’  B’, D’, F’ B’, D’, F’ 
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Winter period 2014-15 

During this winter period, the layout of load cells was again updated. Five frames with sensors 
were installed 6 meters apart along the same eastern wall as the previous season, see Figure 
3.11. This season, the stations were named after the letters A to E. At B, C, and D, five cells 
positioned with a vertical centre-to-centre distance of 0.15 meters were installed. There was a 
total of 17 load cells installed at the dam face during this period (O’Sadnick et al., 2016). 

  

Figure 3.11: Schematic image of the positions of the load cell stations during the winter period 2014-
15 (O’Sadnick et al., 2016). 
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3.3.2 Processing the Taraldsvikfossen data  

The number and positions of the load cells varied during the winter periods. As the ice load 
acting on the dam was studied, all stations located at positions other than at the dam face were 
neglected. Additionally, during the winter period 2012-2013, stations 1 and 6 were also 
neglected to make the data comparable to the other seasons. Table 3.6 presents the stations used 
each year and their respective positions measured from the centre of the 32-meter dam wall. To 
provide a visual overview, Figure 3.13 shows a schematic overview of the stations for each year 
and the positions of their respective load cells throughout the depth, as well as the dimensions 
of the load cells. 

Table 3.6: The stations used for each winter period, along with their position measured from the centre 
of the west dam wall. 
Winter period  2012-2013      

Station 2 3 4 5    

Lateral (m) -10 -5.9 -0.3 9.4    

Winter period   2013-2014      

Station A B C D E F G 

Lateral (m) -12  -7.5 -3.5 0 3.5 7.5 11.5 

Winter period   2014-2015      

Station A B C D E   

Lateral (m) -12  -6 0 6 12   
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(a) 

  
(b) 

 
(c) 

 
(d) 

Figure 3.12: Schematic overview of the stations with their respective load cells at depth for the 
winters of (a) 2012–13, (b) 2013–14, and (c) 2014–15. (d) illustrates the specific dimensions of the 

load cells, measured in mm. 
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The measurement data were gathered at 5-minute intervals for each season, which resulted in 
huge datasets. To make the data less computationally heavy, the possibility to down sample it 
to hourly mean data was analysed. In some cases, the 5-minute data exhibited seemingly erratic 
behaviour or very high temporality, which caused bad equivalency, see Figure 3.13, but most 
times the hourly mean was a good fit, see Figure 3.14, which is why it was decided to use it for 
the spatial distribution analysis. 

  

Figure 3.13: Excerpt from the comparative analysis between the 5-minute data and the hourly average 
showing erratic behaviour or high temporality. 
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Figure 3.14: Excerpt from the comparative analysis between the 5-minute data and the hourly average 
showing a good fit. 

These load cells were custom-built for a design pressure range of up to 1 MPa. During the 
measurement period, the devices occasionally recorded negative pressure (tension), indicating 
certain operational difficulties. This could be attributed to the ice stuck to the cell surface and 
inducing tension during thermal movements, or potentially the release of gas bubbles within 
the oil. The load cells were designed to be able to measure tensile stresses with good reliability 
up to 100 kPa. However, negative values exceeding this limit were recorded multiple times. 
These measurements are therefore very unreliable. A 0 kN/m threshold was applied to neglect 
negative tension values, thereby removing their associated uncertainty. This ensures that only 
the significant ice load events were included in the analysis and that the statistical model would 
work well with the spatial variation.  

In addition to the stations listed in Table 3.6, certain stations consisted of multiple load cells 
installed at varying depths, as illustrated in Figure 3.12. These cells have a vertical centre-to-
centre distance of 0.15 meters. Our goal was to study the spatial variation of the ice load; it 
therefore seemed better to be able to use as many measurement positions as possible to 
capture the variability. As there were many positions with only one load cell, these would 
have to be comparable with positions with multiple load cells to make a credible analysis. 
Therefore, the representative value for each station with multiple load cells is determined by 
calculating the arithmetic mean of all load cells within that vertical profile. As the original 
measurements were of the ice stress in kPa, the height of the load cell, 0.1 meter, was 
multiplied by the measured stress at each sensor to convert it to ice load in kN/m. See Eq. 
(3.18) and (3.19). 
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𝐼୫୳୪୲୧  ≈
 (𝑠ଵ +  𝑠ଶ + ⋯ + 𝑠୬) ⋅ 0.10

𝑛
 

(3.18) 

𝐼୧ ≈  𝑠୧ ⋅ 0.10 (3.19) 

In these equations,  𝐼୫୳୪୲୧ represents the ice load at positions with multiple load cells, and 𝐼௜ 
denotes the ice load at positions with only one individual load cell. The variable s is the 
measured stress at a sensor, where the index 1 through n is for positions with multiple, n, sensors 
and i is for positions with only one sensor. 

3.3.3 Analysing the spatial distribution 

The 5-minute data for each season were analysed spatially using Eq. (3.18). As illustrated in 
Figure 3.15, the resulting spatial distributions are hard to interpret. The average values and 
seasonal peaks, denoted by the blue and red lines, differ significantly, whereas the actual raw 
data, represented by the black-grey lines, exhibit no clear or consistent patterns. This suggests 
that the relationship between ice loads along the dam's length is highly complex and non-linear. 
Consequently, violin plots were employed, see Figure 3.16, to visualize the magnitude and 
frequency of the ice loads, making the data easier to interpret. Violin plots are effective for 
displaying the probability density of data at different values, providing a richer visualization of 
the distribution than a standard box plot 
 
The violin plots in Figure 3.16 illustrate the ice distribution of the winter periods of 2013, 2014, 
and 2015, where the widths of the shapes represent the density of measurements at each 
magnitude. As shown, the measurement density for most stations is heavily concentrated at 
lower magnitudes. This reveals a clear trend: stations frequently record a large volume of small 
values, whereas data variation increases significantly at higher magnitudes. 
 
To analyse the correlation between the ice load measured at different sensors along the dam, a 
series of scatter plots was produced. The purpose was to evaluate if the dam experienced high 
loads at different positions at the same time. Therefore, the top 5% peak loads were selected for 
each season. Figure 3.17 illustrates how Sensor 2's load correlates with its neighbouring sensors 
(Sensors 3, 4, and 5). If the loads are close to the red line, it indicates a positive correlation 
between the sensors. 
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 Figure 3.15: Spatial distribution of the Taraldsviks dam data for the winter periods of 2012-13, 2013-
14, and 2014-15. Here, the black-grey lines show the actual data, while the blue and red lines highlight 
the average values and seasonal peaks. The load cell station positions are indicated by the blue boxes 
along the x-axis.      
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(a) 

  
(b) 

 
(c) 

Figure 3.16: Violin plots of the station across the different winter periods, (a) 2012-2013, (b) 2013-
2014, (c) 2014-15.  
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Figure 3.17: Histogram for the top 5% peak loads for station 2 during the 2012-13 winter season and 
scatter plots showing the correlation to the other measurement station’s corresponding values during 
station 2s peaks. 

The scatter plots for each season did not, for most load values, show any clear correlation. 
However, for lower loads, there were generally more indications of some form of positive 
correlation than for higher loads, see Figure 3.17. To further analyse the indications of 
correlation for lower loads and noncorrelation for higher loads, a multitude of histogram plots 
illustrating the load distribution for certain timestamps were created. Both situations with low 
loads and high loads were plotted and studied. 
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(a) 

 
(b) 

Figure 3.18: (a) Shows an excerpt from the 2014 winter season regarded as representative for the 
distribution of lower loads. (b) Shows an excerpt from the 2014 winter season regarded as 
representative of the distribution of higher loads. 
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Figure 3.18a and 3.18b shows an excerpt from the 2014 season data displaying the load 
distribution active at two specific timestamps. This load distribution was deemed representative 
for lower loads after analysing each season’s data. The general trend seems to show that for 
lower loads, there is quite a uniform load distribution. For occasions when higher loads occur, 
however, the load distribution seldom resembles a uniform distribution. Figure 3.19b was 
decided to represent the load distribution for higher loads. This distribution doesn’t seem to 
have any clear pattern and could best be described as random. It is quite difficult to find a 
recurring pattern for the higher loads, and subsequently, it was decided that assuming a random 
distribution was the best fit. 

To find at what load level this seemingly uniform load distribution transitions into a random 
distribution, a new diagram was created. The data was categorized based on the measured load 
at each timestamp into intervals of 5 kN/m. Each specific interval for the load is represented as 
a line in the diagram. The line shows the original load distribution recorded corresponding to a 
measurement of a load of the size specified in the interval. This diagram is presented in Figure 
4.4 and shows that the load distribution transitions at around 40 kN/m. All seasons were 
analysed and showed similar results. During the 2015 season, only low loads were measured 
with the peak load at around 30 kN/m. Nonetheless, the distribution this season was generally 
uniform. During the 2013 and 2014 seasons, loads of similar magnitude were measured, and 
the behavioural patterns resembled each other. Therefore, Figure 4.4 only presents the data from 
the 2014 winter season as it was regarded as representative for all seasons. 

While the correlation graph in Figure 3.17 indicates stronger positive correlations at lower loads 
than at higher loads, this does not necessarily mean that the spatial distribution trends of higher 
loads are completely uncorrelated. Because standard correlation metrics evaluate simultaneous 
time series data, they can fail to capture relationships between sporadic high-load events. To 
address this, the top 50 peaks for each sensor were isolated and plotted. The objective was to 
evaluate whether a correlation exists in the underlying spatial trends when the individual 
sensors reach their maximum capacities. The result is presented in Figure 4.5.  
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3.4 Stability analysis using probabilistic and spatial 
distribution 

Another stability analysis was conducted as outlined in 3.2.2, but with consideration of the 
findings regarding the spatial variation. For each iteration of the Monte Carlo simulation, the 
randomized value given by the ice load distribution was compared with the threshold value of 
40 kN/m, beyond which it was assumed that the spatial distribution was random. If the value 
was lower than 40 kN/m then the analysis was done exactly as outlined in 3.2.2, calculating the 
total ice load acting on the dam part according to Eq. (3.15), assuming a uniform distribution 
over the monolith. For the cases where the randomized value was higher than 40 kN/m, n new 
values, where n is the number of meters in the monolith width, were randomized from the 
statistical ice load distribution. Each new value was assumed to represent one meter of the 
monolith width, which enables the use of Eq. (3.20) for the calculation of the total load on the 
studied dam part. 

𝐼୧ୡୣ,ଶ = 𝐼ଵ + 𝐼ଶ + ⋯ + 𝐼௡ (3.20) 

Where 𝐼୧ୡୣ,ଶ is the total ice load for the cases when the original randomized value was larger 
than 40 kN/m, I is the new randomized value for the ice load, and n is the number of meters in 
the monolith width. The truncation for each distribution was applied as described in 3.2.2. 
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4 Results 

The results are presented in this chapter. The probabilistic distribution derived from the weekly 
and monthly peak loads is shown along with their respective mean value, standard deviation, 
and truncation value. Moreover, the results from the probabilistic stability analysis are 
presented. The results regarding the spatial distribution are displayed. Finally, the results from 
the stability analysis accounting for the findings regarding the spatial distribution are presented. 

4.1 Probabilistic distribution 
From the analysis shown in Figure 3.3, the probability density function was derived for both 
the weekly and monthly peak load data. The original weekly and monthly peak load data are 
presented as histogram plots along with the resulting probability density functions in Figure 4.1 
and 4.2. The results indicate that the probabilistic ice load distribution can be assumed to take 
the shape of a lognormal distribution with a mean value µ = 50 kN/m and a standard deviation 
σ = 64 kN/m, based on the weekly peak load data, or with a mean value µ = 65 kN/m and a 
standard deviation σ = 73 kN/m, based on the monthly peak load data. Both the truncated and 
untruncated distributions are presented. The truncation value was assumed to be N(250,25) as 
described in 3.2.1. 

The cumulative distribution functions displayed in Figure 4.3 visualizes the differences 
between the analysed probability density functions, as well as their respective truncations. As 
the Westberg Wilde and Johansson (2016) and Adolfi and Eriksson (2013) distributions are 
very similar, their corresponding lines intersect for a large part of the graph. The truncated 
distribution lines end at different values for most of the distributions, as the truncation value 
was assumed to follow a normal distribution. For the Adolfi and Eriksson (2013) distribution, 
the truncation value was 253 kN/m, hence that line ends there. Comparing the untruncated lines 
with the truncated lines, there is a separation well before the truncation value. When employing 
truncation on a probabilistic density function, the probability is changed to ensure that the total 
probability under the graph is 1.0. These changes might not be very noticeable for lower values 
when comparing the probability density functions with and without truncation, see Figure 4.2, 
but the cumulative distribution functions visualize them better. 

 

 

 

 

 



RESULTS 

 54 

 
(a) 

 
(b) 

 
(c) 

Figure 4.1:  The probability density functions based on the weekly peak load data; (a) the overall load 
distribution, (b) the untruncated distribution, and (c) the truncated ice load distribution.   



RESULTS  

 55 

 
(a) 

 
(b) 

 
(c) 

Figure 4.2: The probability density functions based on the monthly peak load data; (a) the overall load 
distribution, (b) the untruncated distribution, and (c) the truncated ice load distribution.   
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Figure 4.3: A comparison of the cumulative distribution functions for both the ice load distributions 
proposed in this thesis, as well as previously proposed ice load distributions, more specifically the ones 
developed by Adolfi and Eriksson (2013) and Westberg Wilde and Johansson (2016). Both the 
untruncated and truncated distributions are presented; see the legend. 

 

4.2 Probabilistic stability analysis 
The ice load capacity using the deterministic method presented in RIDAS (2025) and the 
probabilistic method presented in Westberg Wilde and Johansson (2016) was analysed, and the 
results are presented in Table 4.1. The reasons for the signs in front of the value of the ice load 
capacity according to the probabilistic method are explained in detail in 3.2.2. The capacity is 
exclusively higher when calculated with a probabilistic method. 
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Table 4.1: Comparison of the ice load capacity according to a deterministic method and a probabilistic 
method. H1 is the height of the dam.  

 H1   
[m] 

Ice load capacity according to the 
deterministic method [kN/m] 

Ice load capacity according to the 
probabilistic method [kN/m]     

Dam A 4 69 > ~75 

Dam B 5 80 > ~85 

Dam C 8 116 > ~126 

Dam D 11 120 > ~130 

Dam E 18 232 > ~283 

 
The results from the probabilistic stability analysis considering sliding failure of the dams are 
presented in Table 4.2. All dams are tested against both of the two ice load distributions 
proposed in this thesis, as well as the distributions developed by Westberg Wilde and Johansson 
(2016) and Adolfi and Eriksson (2013), as described in 3.2.2. Both untruncated and truncated 
distributions were included in the analyses. The truncation value for each distribution is 
described in 3.2.2. The probability of failure is converted to target reliability indexes, β-values, 
and compared against dam safety class B’s minimum target reliability index to see which dams 
meet the criteria. Those results are presented in Table 4.3. 
 
Table 4.2: Results of probabilistic stability analysis. 

 Probability of sliding failure (𝟏𝟎ି𝟑) 

 Weekly peak Monthly peak  Westberg Wilde and 
Johansson (2016) 

Adolfi and Eriksson 
(2013) 

 Un-
truncated 

Truncated Un-
truncated 

Truncated Un-
truncated 

Truncated Un-
truncated 

Truncated 

Dam A 70 54 110 84 150 120 160 120 

Dam B 43 26 66 41 96 59 100 63 

Dam C 11 0.59 16 0. 93 23 1.4 26 1.2 

Dam D 3.7 0.012 5.5 0.018 7.5 0.027 9.2 0.016 

Dam E 0.16 0.00 0.20 0.00 0.23 0.00 0.35 0.00 
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Table 4.3: The target reliability index β corresponding to the probability of failure in Table 4.2. A 
comparison between dam safety class B’s minimum required β-value was conducted. If the β-value meets 
the criteria, the text is bold. Values that show >5.2 meets the criteria of dam safety class A. 

 Target reliability index β compared with dam safety class B (β>4.7) 

 Weekly peak Monthly peak  Westberg Wilde and 
Johansson (2016) 

Adolfi and Eriksson 
(2013) 

 Un-
truncated 

Truncated Un-
truncated 

Truncated Un-
truncated 

Truncated Un-
truncated 

Truncated 

Dam A 1.48 1.61 1.23 1.38 1.04 1.17 0.99 1.17 

Dam B 1.72 1.94 1.51 1.74 1.30 1.56 1.28 1.53 

Dam C 2.29 3.24 2.14 3.11 2.00 2.99 1.94 3.04 

Dam D 2.68 4.22 2.54 4.13 2.43 4.04 2.36 4.16 

Dam E 3.6 >5.2 3.54 >5.2 3.5 >5.2 3.39 >5.2 

 
As seen in Table 4.2, the truncated distribution yields a significantly lower probability of failure 
than the untruncated model. Table 4.3 demonstrates a comparison to dam safety class B’s 
minimum required β-value. If the β-value meets the criteria, the text is bold. Values that show 
>5.2 meets the criteria of dam safety class A.  Thus, Table 4.3 reveals that most dams fall short 
of the safety standards of dam safety class B. Under the untruncated distribution, every dam 
fails to meet the criteria for dam safety Class B. However, when truncation is applied, Dam E 
is the only structure that proves sufficient for dam safety class B, while Dam D fulfil the criteria 
for dam safety class C for the truncated Weekly peak distribution. 
 
 

4.3 Spatial distribution 
The data collection was divided by establishing intervals of 5 kN/m, ultimately creating three 
distinct charts. Figure 4.4 illustrates the spatial distribution during the 2014 winter season across 
those three cases: the bottom plot represents low loads (0 – 35kN/m), the middle plot shows 
moderate loads (35– 70kN/m), and the top plot displays high loads (70+ kN/m). The 2014 
season was chosen as it was deemed representative for the entire studied period. An analysis of 
the plot for low values shows that the spatial distribution is almost uniform, with minimal 
variation between the stations. In contrast, the second plot, illustrating the middle loads, reveals 
increased variation between the stations, while the third plot shows even more pronounced 
variation. After analysing the data presented in Figure 4.3, the authors suggest that the ice load 
could perhaps be assumed to be uniformly distributed when it adopts values less than 40 kN/m 
and randomly distributed when it is more than 40 kN/m. 
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Figure 4.4: The spatial distribution of selected values for the winter season of 2014. 

Figure 4.5 illustrates the top 50 peaks for each sensor station plotted against its neighbouring 
sensor stations, highlighting the winter season of 2014 with stations A to G.  The figure 
indicates that while the sensors do not share the same maximum magnitudes, they do share a 
similar pattern. As demonstrated in the Figure 4.5, sensors A, C, E, and F exhibit a clear, 
shared trend in their spatial distribution, clearly showing that their individual maximum 
magnitude may occur simultaneously, whereas sensors B, D, and G show a pattern of their 
own. But it is worth noting again that, the magnitude of the peak loads differs substantially 
between sensors. This seem to indicate that very high loads are isolated events that doesn’t 
affect a large part of the dam. 
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Figure 4.5a: Top 50 peaks for each sensor against neighbouring sensors during the winter period of 
2014: Sensors A to C.  
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Figure 4.5b: Top 50 peaks for each sensor against neighbouring sensors during the winter period of 
2014. Sensors D to G. 
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4.4 Probabilistic stability analysis accounting for 
spatial variation 

The results from the probabilistic stability analysis accounting for the spatial variation are 
presented in Table 4.4. The untruncated distributions display relatively high probabilities of 
sliding failure for most dams. On the contrary, the truncated distributions show relatively low 
probabilities of sliding failure for most dams. This is evident when studying Table 4.5, where 
the probability of sliding failure has been transformed into a target reliability index and is 
compared to the target reliability index corresponding to dam safety class B. Most dams fail the 
criteria when tested against the untruncated distributions. Only Dam E succeeds as it actually 
meets the criteria for dam safety class A. Dam D is fairly close for some of the untruncated 
distributions. When studying the truncated distributions in Table 4.5, the results show the 
opposite. Most dams succeed in meeting the dam safety class B minimum required target 
reliability index. In fact, most dams meet the criteria for dam safety class A. Dam C meets the 
criteria for dam safety class B when tested against the Westberg Wilde and Johansson (2016) 
and Adolfi and Eriksson (2013) truncated distributions. 

Table 4.4: Result of probabilistic stability analysis accounting for spatial variation. 
 Probability of sliding failure (𝟏𝟎ି𝟑) 

 Weekly peak Monthly peak  Westberg Wilde and 
Johansson (2016) 

Adolfi and Eriksson 
(2013) 

 Un-
truncated 

Truncated Un-
truncated 

Truncated Un-
truncated 

Truncated Un-
truncated 

Truncated 

Dam A 4.7 0. 48 16 3.5 44 16 49 17 

Dam B 1.1 0.0093 3.5 0.13 9.7 0.88 12 1 

Dam C 0.050 0.00 0.1 0.00 0.19 0.0001 0.32 0.0002 

Dam D 0.0070 0.00 0.011 0.00 0.016 0.00 0.032 0.00 

Dam E 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 
 



RESULTS  

 63 

Table 4.5: The target reliability index β corresponding to the probability of failure in Table 4.4. A 
comparison between dam safety class B’s minimum required β-value was conducted. If the β-value meets 
the criteria, the text is bold. Values that show >5.2 meets the criteria of dam safety class A. 

 Target reliability index β compared with dam safety class B (β>4.7) 

 Weekly peak Monthly peak  Westberg Wilde and 
Johansson (2016) 

Adolfi and Eriksson 
(2013) 

 Un-
truncated 

Truncated Un-
truncated 

Truncated Un-
truncated 

Truncated Un-
truncated 

Truncated 

Dam A 2.6 3.3 2.14 2.7 1.71 2.14 1.65 2.12 

Dam B 3.06 4.28 2.7 3.65 2.34 3.13 2.26 3.09 

Dam C 3.89 > 5.2 3.72 > 5.2 3.55 5.20 3.41 5.07 

Dam D 4.34 > 5.2 4.24 > 5.2 4.16 > 5.2 4.00 > 5.2 

Dam E > 5.2 > 5.2 > 5.2 >5.2 > 5.2 > 5.2 > 5.2 > 5.2 
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5 Discussion 

The probabilistic ice load analysis conducted in this study resulted in two lognormal 
distributions derived from one field measurement campaign spanning over nine years in the 
northern part of Sweden. These results align with previous literature suggesting that ice loads 
follow a lognormal distribution, as outlined in studies such as Zvyagin (2015), Adolfi & 
Eriksson (2013), and Westberg Wilde and Johansson (2016). Studying the proposed 
distributions individually, but also their respective CDFs in the comparative graph in Figure 
4.3, it is clear that the distribution based on the weekly peak load data gives a lower probability 
for higher loads than the distribution based on the monthly peak load data. Moreover, 
comparing them to the previously developed distributions, both generate lower probability for 
higher loads, see Figure 4.3. Whether this means that they more accurately portray the 
behaviour of the static ice load acting on dams is unclear as the methodological approaches of 
this thesis and the previous studies differed. Both Adolfi and Eriksson (2013) and Westberg 
Wilde and Johansson (2016) based their results on literature studies wherein measurements of 
seasonal maximal ice loads were gathered from studies conducted at multiple locations. This 
results in a conservative and general distribution. This study, on the other hand, relies on direct 
measurement data collected at one dam over nine years. This might suggest that these findings 
offer a more representative portrayal of the ice load distribution. The argument could, however, 
be made that Adolfi and Eriksson (2013) and Westberg Wilde and Johansson (2016) offer a 
more accurate and general depiction of maximum ice loads as their distributions were based on  
seasonal maximal ice loads from multiple locations. This thesis data was collected over nine 
years, hence it didn’t seem sufficient to base a statistical distribution solely on the seasonal 
maximum load data. Instead, monthly and weekly peak load data were analysed. With a shorter 
time interval, more smaller loads are absorbed in the data, which might cause an 
underestimation of the ice load. Therefore, it might be more favourable to use Adolfi and 
Eriksson (2013) or Westberg Wilde and Johansson (2016) distributions for design situations as 
they offer a more conservative load scenario. On the other hand, they may as well be 
overestimating the ice load, leading to costly and unnecessary strengthening. The distributions 
developed in this thesis suggest that these previously proposed distributions might be too 
conservative. Furthermore, because this study is based solely on measurements from one dam 
in the north of Sweden, these findings may not be representative of all other dams in Sweden 
or in other countries. Variations in dam and reservoir geometry could potentially yield higher 
or lower ice loads than those recorded at this specific location. There is a need for more research 
on the statistical distribution of static ice loads on dams to give a more reliable description of 
their behaviour.  

In comparison, the deterministic design value of 200 kN/m set by RIDAS for the northern 
region of Sweden represents a threshold with a low probability of occurrence. This study 
demonstrates that over nine years, only a few loads from the 5-minute interval data approached 
approximately 200 kN/m. This indicates that while such a deterministic value may occur once 
every eight years, relying solely on the deterministic value overestimates the ice load magnitude 
the vast majority of the time. However, higher magnitudes have been measured internationally; 
for instance, values of 220 kN/m and 374 kN/m have been recorded in the USA and Canada, 
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respectively, as outlined by Adolfi and Eriksson (2013). While the lognormal distribution 
indicates that these higher loads are possible, their probability of occurrence remains minimal. 
Consequently, a probabilistic approach offers a more realistic assessment than a single 
deterministic value. 

The five generic dam geometries were utilized to compute the ice load capacity across different 
dam dimensions using two distinct methods: a deterministic approach and a probabilistic 
approach, allowing for a direct comparison between the two. The results presented in Table 4.1 
indicate that the methods yielded similar values. The probabilistic approach resulted in a 
slightly higher capacity. This outcome is expected, given that several parameters were assigned 
a distribution, either normal or lognormal, meaning there is an inherent probability that these 
parameters may fall below their deterministic values. Dams A to D clearly exhibit insufficient 
capacity against sliding failure compared to the deterministic ice load criteria of 200 kN/m 
prescribed by RIDAS. For these structures, with heights ranging from 4 to 11 meters, the 
calculated capacity falls between 69 and 120 kN/m.  

The results shown in Table 4.2 indicate that the generic dams analysed do generally not meet 
the criteria for dam safety class B. Only the largest structure, Dam E, at a height of 18 meters, 
succeeds in fulfilling the criteria when tested against the truncated distributions. While Dam D 
fails to meet dam safety class B standards, it satisfies the requirements for dam safety class C 
when tested against the truncated weekly peak distribution and dam safety class U for the 
remaining truncated distributions. The untruncated distributions generally yield a significantly 
higher probability of failure. For low dams, such as Dam A and Dam B, the difference is not 
very significant. For example, the probability of failure using the untruncated weekly peak 
distribution for Dam B is 43 ∙ 10ିଷ and 26 ∙ 10ିଷ for the truncated distribution. However, as 
the height of the dam increases, the difference becomes more pronounced. Using the same 
distribution, the value for Dam D is 3.7 ∙ 10ିଷ  for the untruncated distribution and 0.012 ∙ 10ିଷ 
for the truncated distribution, showing a decrease by a factor of 100. This is likely due to the 
fact that, as the truncation value is high, the untruncated and truncated distributions produce 
lower values very similarly, and as the ice load capacity for the lower dams is very low, the 
amount of simulated ice loads resulting in failures doesn’t differ much. For higher dams, the 
ice load capacity increases and so does the difference between the untruncated and truncated 
distributions. There is a much lower probability of an ice load resulting in a failure for Dam D 
being simulated by a truncated distribution than for Dam B. Further studying the untruncated 
distribution, it is evident that it simulates values well exceeding the highest measured ice load 
at the studied dam. As seen in Figure 4.1 and Figure 4.2, the tail of the untruncated lognormal 
distributions exceeds values of 600 kN/m. Although with a low probability of occurrence, these 
extremely high ice load values increase the probability of failure. This should be a strong reason 
to further analyse whether the ice load can reach these extreme values. Considering the ice load 
measurements analysed in this thesis, such high loads seem very unlikely, and it is thus 
recommended to use the truncated distributions. 

Although the maximum ice load recorded in this nine-year study was 206 kN/m, a truncation 
based on the normal distribution N(250, 25) established by Westberg Wilde and Johansson 
(2016) was adopted. This accounts for the probability that higher ice loads may occur over a 
dam’s typical lifespan of 50 to 100 years. Nevertheless, the truncated distribution by Westberg 
Wilde and Johansson (2016) was derived from Carter et al. (2003), where the ice load was 
solely based on ice thickness. While this framework sets a useful limitation, the distribution 
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