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Abstract

Dams in many countries are approaching their expected service life. Proper
assessment of the aging dams structural health increase the knowledge of
the current safety, and allow for better planning of renovation and rebuilding
investments. The behavior of concrete dams is, to a great extent, governed
by the ambient variation in temperature and water level. In cold regions, the
ice sheet formed in the reservoir may subject a pressure load on the dams.
Theoretically, this load has a signi�cant impact on the structural behavior
of dams. Despite this, the maximum magnitude, as well as the seasonal
variation of the ice load, constitute the most considerable uncertainty in the
safety assessment of dams.

This thesis presents research that examines how to model the expected be-
havior of dams in cold climate. The underlying problem is to predict the
response of dams due to variation in the external conditions. Since the ice
load is such a vital part of the external conditions in cold climate, the under-
standing and modeling of ice loads have been given extra attention. Models
suitable to predict the long-term behavior of dams can be divided between
theoretical, data-based, and hybrid. Prediction accuracy is essential to set
alert thresholds, and in that regard, the data-based models are generally
superior.

The major contribution of this thesis is the design and installation of a pro-
totype ice load panel with direct measurement of the ice pressure acting on
a dam. The panel is attached on the upstream face of the dam and is large
enough so that the whole thickness of the ice sheet is in contact with the
panel. The predicted ice load from the best available model that includes
loads from both thermal events and water level changes did not correspond
to the measured ice loads. As there are no validated models or measure-
ment methods for ice load on the dam, continued research is necessary, both
through further measurements to increase knowledge and development of
models.
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Sammanfattning

I många länder närmar sig vattenkraftsdammarna deras förväntade tekniska
livslängd. Korrekt utvärdering av dammens strukturella status ökar kunska-
pen om det nuvarande säkerhetsläget och möjliggör för bättre planering
av renoveringar och ombyggnadsinvesteringar. Betongdammarnas beteende
styrs till stor del av variationen i omgivande temperaturer och vattennivå. I
kalla regioner kan is som bildas i magasinet utsätta dammen för en tryckan-
de last. Teoretiskt har denna belastning en betydande inverkan på dammars
strukturella beteende. Trots detta är den maximala storleken såväl som sä-
songsvariationen för islastenen av de mest betydande osäkerheterna vid
säkerhetsbedömningen av dammar.

Denna uppsats presenterar forskning som undersöker hur förväntat beteende
hos dammar i kallt klimat kan modelleras. Den underliggande frågeställning-
en är att förutsäga en damms respons orsakad av variation i de yttre förhål-
landena. Extra fokus har lagts på förståelsen och modelleringen av islasten
då den är en viktig del av de yttre förhållandena för dammar i kalla klimat.
Modeller som är lämpliga för att förutsäga dammars beteende kan delas upp
i teoretiska, data-baserad, och hybridmodeller. Förutsägbarhetsnoggrann-
het är avgörande för att ställa in varningsnivåer, och i det avseendet är de
databaserade modellerna i allmänhet överlägsna.

Det huvudsakliga bidraget från detta projekt är utvecklandet och installa-
tionen av en prototyp av en islastpanel, fäst på en damms uppströmssida.
Panelen mäter istrycket direkt mot dammen och är tillräckligt stor så att hela
isens tjocklek förblir i kontakt med panelen. Panelen bidrar till ökad kun-
skap om säsongsvariationen i istryck och mekanismen för islaster orsakad av
variation i vattennivån. Den predikterade islaten från den bästa tillgängliga
islastmodellen som inkluderar termiska islaster och islaster från vattenni-
våförändringar överensstämmer inte med de uppmätta islastpanelen som
uppmätts med panelen. Då det saknas validerade modeller eller mätmeto-
der för islast är det viktigt med fortsatt forskning, dels genom ytterligare
mätningar för att öka kunskapen men även fortsatt modellutveckling.
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Chapter 1

Introduction

In the strive to maintain the earth as a habitable planet, hydropower is a
vital energy source. In a mix of renewable energy sources, hydropower’s
ability to start and stop quickly make it a spinning reserve supply that can
respond to peak loads and rapid changes. Also, reservoirs for hydropower are
today the best large-scale means for storing electrical energy. A fundamental
prerequisite for hydropower is safe dams. Dams are massive structures for
which a failure, in many cases, would result in catastrophic consequences,
and their construction results in signi�cant environmental impact.

Dams are still built in all over the world, but in Europe and North America,
the main development took place during the middle of the 20th century. For
example, in Sweden, most of the existing 10 000 dams were built before
1970. Their age means that they are approaching their expected service life
and a wave of renovation and upgrade measures has started. Both from a
monetary and ecological perspective, it is better if the operation of a dam
can be continued without measures. To operate an aging dam and main-
taining a high level of dam safety requires a good understanding of the
dam’s behavior. Proper assessment of the dams structural health increase
the knowledge of current dam safety but also allow for better planning of ren-
ovation and rebuilding investments. Therefore, issues concerning structural
health, remaining capacity, and degradation are of great interest. Increased
knowledge about the dams’ behavior and the loads that act on dams pro-
vides the possibility to maintain the same high level of safety through better
analyses.
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CHAPTER 1. INTRODUCTION

1.1. Background

The reduced cost and advances in sensor technology have meant that an
increasing number of dams are monitored with an increased number of
sensors installed on a typical individual dam. However, it is essential that
the collected data are analyzed and evaluated from a dam safety perspective.
There are examples of dams with automatic monitoring whos failure not
preceded with an alarm (Mata et al., 2014).

Luckily, dam failures are rare, and the statistics of dam failure indicate that
this is a decreasing problem (Nordström et al., 2015). Of the concrete and
masonry dams that have failed, 79% were built before 1930. The risk is
most signi�cant for newly built dams, 25% of the dams failed after/at the
�rst impoundment and another 25% failed within �ve years (Nordström
et al., 2015). Due to the rare occurrence, the exact failure-progression for
a concrete dam is not well-documented. The early-age failures likely differ
from the failure caused by wear-out, expected for technical components ap-
proaching its technical life span. There are indications that wear-out failure
occurs progressively due to successive deterioration and damage.

The purpose of dam monitoring is to detect anomalies and damage at an
early stage so that that appropriate measures can be undertaken. The de-
tection of damage requires knowledge of the failure mechanism and the
corresponding behavior of the dam, and is thus, limited to the engineer’s
ability to identify potential damage scenarios. An alternative approach is
based on a hypothesis that the behavior of an undamaged dam will follow
an expected pattern, and a deviation from this pattern is an indication of
damage. With this approach, each new measurement point is categorized as
harmless or dangerous, and after that, as expected or unexpected. It is there-
fore essential to accurately predict the expected, "normal" behavior of a dam.
This prediction requires models that link the current external conditions to
the structural behavior of a dam.

The behavior of dams is, to a great extent, governed by the ambient variation
in temperature and water level. Dams located in cold climate are exposed
to a particular type of external factors, mainly related to severe temperature
variations between summer and winter, and problems with ice and frost. In
cold regions, the water surface of a river or lake is expected to freeze during
the winter. The ice sheet formed in the reservoir may subject a pressure
load on the dams. This load may constitute a large portion of the total
horizontal load acting on a small dam. Theoretically, it also has a signi�cant
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1.2. AIMS AND GOALS

impact on the structural behavior of larger dams. Despite this, the maximum
magnitude, as well as the seasonal variation of the ice load, is associated with
great uncertainty. The current understanding of ice loads is limited (Comfort
et al., 2003; Gebre et al., 2013), and the size of the ice load is today one of
the most considerable uncertainties during the safety assessment of dams
(Westberg Wilde and Johansson, 2016).

For this reason, this project was initiated to examine how to model the
expected behavior of dams in cold climate. The underlying problem is to
predict the response of dams due to variation in the external conditions.
Since the ice load is such a vital part of the external conditions in cold
climate, the understanding and modeling of ice loads have been given extra
attention.

1.2. Aims and goals

The overall aim of this doctoral project is to study how engineers can utilize
the combination of measurements and models for quantitative and contin-
uous assessments of concrete dams. Of particular interest is to predict the
expected behavior of a dam so that warnings can be issued when the behav-
ior deviates from the expected. The methods presented in this thesis can,
in general, be applied to dams of different types located all over the world.
However, a particular emphasis is placed on concrete dams located in cold
climates where lakes and reservoirs freeze. For such dams, the pressure load
from ice is a major uncertainty that may have a signi�cant effect on the dam
safety. A more long-time aim with this doctoral project is to pave the way
for an update of design guidelines for ice loads, to a recommendation based
on the local conditions for each dam. From these broad, general issues, four
more speci�c research questions are addressed in this licentiate thesis:

1. Which prediction models are suitable for setting variable seasonal
alert limits, based on current conditions at the dam?

2. What is the accuracy of commonly used prediction models to detect
damage in dams?

3. How can the direct ice load acting on concrete dams be measured?

4. How well do models based on the external conditions at the dam,
describe the variation in ice load during one season from ice formation
to ice-free reservoir?

3



CHAPTER 1. INTRODUCTION

1.3. Limitations

The concept of condition assessment also includes continuous safety work,
visual inspection, monitoring, etc. However, these parts are not considered in
this thesis. The parts of this thesis that deal with models for dam monitoring
assume that the data is correct and accurate. In reality, this may not be
the case, and a vital part of dam monitoring is maintenance and function
control of sensors and logging equipment. However, such issues are outside
the scope of this thesis. A similar approach is used for the ice load panel
presented in paper II , where the development of the panel was performed
at Luleå University of Technology. The focus of this thesis is on the use of
the panel and how well the panel measures ice loads.

The models used and discussed in this thesis are all on the structural scale.
Both for concrete and ice, the material behavior, and the constitutive models
used to simulate that is almost entirely omitted. The focus is instead on
the dam behavior and the dam-ice interaction. Particularly for the ice, the
emphasis is on how the measured and modeled ice load effects the dam,
rather than the behavior of the ice.

Dam safety is discussed from a technical perspective with the de�nition to
prevent the uncontrolled release of water. In a broader sense, dam safety
could or perhaps should involve the safety for people that live or appears in
areas affected by dams.

1.4. Outline of the thesis

This thesis is written as a compilation thesis where the conducted research
is presented in two journal papers (I and II) and a peer-reviewed conference
paper (III). In the extended background for the thesis (Chapter 2-5), the re-
search presented in the appended papers is put into a broader context. Some
additional background to the methods used in the papers is also presented.
Chapter 2 gives a general introduction to concrete dams. Here, the different
types of concrete dams, potential failure modes, and the behavior of these
dams under normal conditions are described. Static ice load on dams is in-
troduced, and the mechanism that causes this load and the factors that affect
it are presented. Monitoring of concrete dams are described in Chapter 3,
with a short introduction to different sensors and the key concepts of alarm
and alert limits. After that follows Chapter 4, presenting how the behavior

4



1.4. OUTLINE OF THE THESIS

of concrete dams can be predicted, and how these predictions are used to
set the alarm and alert thresholds. In Chapter 5, different methods to deter-
mine the ice load on concrete dams are discussed. This includes models and
measurements of the ice load. The thesis ends with three chapters focused
on the research carried out within the project, presented in the thesis and
the papers. In Chapter 6, the three appended papers are summarized, and
those results together with the results of this thesis are discussed in Chapter
7. Finally, the conclusions and suggestions for future research are presented
in Chapter 8.
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Chapter 2

Concrete dams

This chapter provides a short description of different types of concrete dams,
how those dams fail, and a description of the parameters that affect their
behavior. Static ice load on dams is introduced, and the mechanism that
causes this load and the factors that affect it are presented.

2.1. Concrete dams

Concrete dams are built in four basic shapes: gravity dams, buttress dams,
spillway dams, and arch dams. The four types of dams are illustrated in
Figure 2.1, where also some conceptual terms used for dams are shown.

A gravity dam is a dam constructed to resist the horizontal pressure of
water by its weight. Gravity dams consist of several monoliths, where each
monolith is designed to be stable independent of any other dam section.
(USSD, 2019)

Buttress dams consist of a front plate and a buttress where all or part of the
front plate is inclined. Just as gravity dams, the buttress dam carries the hor-
izontal pressure by its weight. The front plate is the upstream water barrier
which transfers the hydrostatic pressure to the buttress and the foundation.
The inclined front plate utilizes the vertical component of the hydrostatic
pressure, which in this case provides extra stabilizing load. For that reason,
buttress dams are more slender and require less volume of concrete com-
pared to gravity dams. Buttress dams are also built-in monoliths designed
to be stable independently. (Bergh, 2014)

Spillway dams are monoliths designed for the discharge of water. The typical
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spillway monolith consists of a two-three meter wide pier and two half
spillway sections, one on each side of the monolith. Between two adjacent
piers are the gates that control the discharge. Spillway dams are, as the
previous dam types designed to carry the hydrostatic pressure by its dead
weight. Since the spillway section typically is slender with a relatively low
dead weight, the monolith part of the spillway is often larger than the typical
gravity dam to ensure suf�cient weight.(Bergh, 2014)

An arch dam is a (relatively) thin curved dam that transfers most of the hor-
izontal hydrostatic pressure to the abutments by arch action. Single curved
arch dams are curved in the horizontal direction while double-curved arch
dams are curved both in the horizontal and vertical direction. Arch dams
are constructed as a system of monolithic blocks separated by vertical joints.
The joints are later grouted under high pressure to form a completely mono-
lithic structure in compression. As the design of the arch dam utilizes arch
action to carry the load to the abutments, all concrete is in compression.
This enables a much thinner design, but since all loads are transferred to

Figure 2.1: gravity dam (a), butress dam (b), spillway dam (c), and arch dam
(d).
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the abutments, arch dams require rock foundation of good quality. (USSD,
2019)

2.2. Failure of concrete dams

A dam failure is de�ned as a:

"Collapse or movement of a part of a dam or its foundation, so
that the dam cannot retain water. In general, a failure results
in the release of large quantities of water, imposing risks on the
people or property downstream" (ICOLD, 1995)

The three failure types for concrete dams are

Stability - such as sliding, overturning, and limit overturning.

Internal failure - such as internal sliding and material failure

Foundation - such as sliding in the dam-rock interface, sliding in rock frac-
tures or other weaknesses in the rock, material failure of the rock,
internal erosion and piping. (Gustafsson et al., 2008)

Failure of appurtenant works such as spillway gates are not a direct failure
mechanism but is often the root cause of failure. When the dam can not
discharge the �ow, concrete dams may be subjected to load conditions for
which they are not designed. For example, the overtopping of a dam is a
common precursor of a dam failure.

The failure progress of a dam is of interest for several reasons. To accurately
asses the safety of the dam, realistic failure modes must be determined and
evaluated. This is also important for dam monitoring, where the monitoring
system should be designed to distinguish between failure modes and normal
behavior. Luckily, failure of concrete dams are not common, and data and
knowledge of the failure progress are therefore limited. The available data
suggest that after the initial �ve years, a dam failure is progressive where the
dam degrades in several steps before the ultimate failure (Hariri-Ardebili
and Saouma, 2015; Oliveira and Faria, 2006).

The statistics of dam failure indicate that dam failure is a decreasing prob-
lem, of the concrete and masonry dams that have failed, 26 out of 33 (79%)

9



CHAPTER 2. CONCRETE DAMS

are built before 1930. Of those dams, 25% of failed after/at the �rst im-
poundment and another 25% within �ve years. Most failures are related to
problems with the foundation, where either internal erosion or shear failure
(sliding) are the two most frequent problems. After the �rst �ve years, grav-
ity dam has an almost constant risk of failure regardless of age (Nordström
et al., 2015). For the generic �fty-year-old concrete dam, only approximately
one-third of the expected severe damages have occurred. This differs from
earth-�ll dams, where the corresponding proportion is two-thirds. (Nord-
ström et al., 2015; ICOLD, 1995; ICOLD’s Committee on Dam Surveillance,
2019)

In reliability engineering, a widely used function to describe the failure risk
of technical components is the bathtub curve. It is named after its shape
of a bathtub and consist of three parts, early failures, constant failure rate,
and wear-out failures . The early failures are due to defective products and
occur during the �rst period of use. The early failure rate is therefore high
but rapidly decreasing and forms the left side of the bathtub. The wear-out
failure follows the opposite relation and forms the right side of the bathtub,
where the rate of wear-out failure increases as the component approach its
technical life span. In many countries with an aging dam portfolio, where
most of the dams were built before 1970, a period where failures from wear
out can be expected is approaching. It is possible that those failure modes
differ from the early failures of dams.

2.3. Loads and external factors

Four main factors in�uence the behavior of concrete dams in cold climate;

� Variation in water level

� Variation in concrete temperatures

� Irreversible changes that occur over time

� Ice pressure

A dams purpose is to impound water, which gives rise to several loads on
the dam. The most apparent load is the hydrostatic water pressure that acts
on the parts of the dam that is in direct contact with water. The difference
in water surface upstream and downstream of the dam also causes pressure
under the dam when water �ows in spaces between the concrete and rock

10



2.3. LOADS AND EXTERNAL FACTORS

or crush zones and fractures in the rock. The porosity and permeability of
concrete allow water to �ow in the concrete, which results in internal stresses
in the concrete. As the water level in the reservoir varies, the magnitude of
these loads varies, and as a result, loads originated from the water may
increase or decrease the displacement of the dam.

The second driving force is the seasonal variations in the ambient tempera-
ture of air and water. As air and water temperatures vary with the seasons,
the difference between the temperatures causes an uneven temperature
distribution in the concrete. As different parts of the concrete expand and
contract during different seasons, the dam crest moves back and forth. Dur-
ing the summer, the air is warmer than the water, and the concrete located
at the downstream part of the dam expands more than the cooler upstream
parts. As a result, the dam crest moves toward the reservoir. In the winter,
the relation is opposite, and the concrete as the water is warmer than the
air, and the dam crest moves away from the reservoir.

The relation between temperature and dam behavior is not linear and de-
pends both on the actual temperature and the temperature gradient. As
dams are massive concrete structures, there is a lag in the relation between
the displacements of the dam and the temperature as it takes time for the
temperature �ow to penetrate the dam. It has been shown that to capture
the behavior caused by temperature variation accurately; it is important to
include the transient behavior (Malm et al., 2017b).

Concrete that is allowed to expand and contract without restraint stays stress-
free. However, when movements are restrained, stresses will arise in the
material, and if these stresses exceed the tensile capacity of concrete, the
concrete cracks. Temperature-induced cracks constitute a signi�cant prob-
lem for dams in cold regions (Tarbox and Charlwood, 2014; Malm, 2009),
where temperature cracks have caused substantial cracking in both buttress
dams (LØger and Seydou, 2009; Malm and Ansell, 2011; Hellgren et al.,
2019a), and arch dams (Malm et al., 2017b; Jin et al., 2010). These cracks
affect both the structural behavior of the dam as well as its safety.

The third factor is the irreversible changes that occur over time. As the dam
ages, its structural properties are affected by both long-term changes in ma-
terial properties, but also by degradation and damage. This category also
includes things that affect the dam on individual occasions, such as mainte-
nance measures that affect the dam or individual events such as earthquakes
or other accidents.
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2.4. Static ice load on dams

The fourth and �nal factor is the ice load. In cold climates, ice forms in
lakes and rivers. The formation, expansion, and movement of the ice sheet
may cause a horizontal pressure load on the dam. The current knowledge
of the maximum magnitude as well as the seasonal variation of the ice load
is limited.

2.4.1. Ice load in design codes

The design ice line-load varies between 50 kN/m and 250 kN/m (Sæther,
2012). The Swedish guidelines divide the country into three zones, from
south to north (RIDAS, 2017). For each zone, a line load and corresponding
ice thickness are given. The line loads are 50 kN/m, 100 kN/m and 200
kN/m whit ice thickness 0.3, 0.6 and 1.0 m for the tree zones, respectively.
In dam stability calculations, the resultant force to the ice pressure is located
one-third of the design ice thickness below the retention water level.

The Federal Energy Regulatory Commission FERC (2016) recommends the
use of a design ice pressure of 5000 pounds per square foot (239 kPa) for
dams in the USA. The total load is based on the expected ice thickness. Ac-
cording to the Norwegian guidelines (NVE, 2003), thermal ice loads are a
line loads between 100 and 150 kN/m near the top of the dam. For dams
with frequent water level variation, the line load, LL can instead be calcu-
lated as

LL = 250h1:5
i ; (2.1)

where hi is the ice thickness in meters.

These values are in line with previous measurements, that show ice loads
in the range 100 kN/m to 460 kN/m (Adol� and Eriksson, 2013; Sæther,
2012),
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2.4.2. The ice loads e�ect on the dam

The magnitude of ice loads used in the design constitutes a signi�cant por-
tion of the total horizontal load, especially for smaller dams. Figure 2.2a
shows the ratio between the total horizontal hydrostatic pressure and an
ice load of 200 kN/m. Also, for larger dams, this magnitude of load affects
the seasonal behavior as an ice load of 200 kN/m may displace a dam crest
several millimeters. Figure 2.2b shows the simulated crest displacement as a
function of increased ice load for the dam in Paper II, data from Malm et al.
(2017a). The crest displacement shows a linear variation with the ice load
where an ice load of 100 kN/m displaces the dam crest 0.61 mm. Similar
results from Malm et al. (2015) shows that an ice load equal to 260 kN/m
is required to increase the displacement of a buttress dam with 3 mm in the
downstream direction.

Figure 2.2c shows result from a simulation of a dams crest displacement
during winter, with and without the ice load. In one simulation, only effects
from variations in ambient temperature variation are included. In the second
simulation, temperature variation and measured ice loads are both included.
The crest displacement in the model with ice pressure is higher during the
whole winter. In mid-February, the difference between the two models is ap-
proximately 1 mm. This is a signi�cant difference, compared to the expected
total annual variations of the dam, 2-3 mm. Such extra displacement may
trigger an alarm or an alert if not accounted for in the prediction models.
Also, the daily behavior differs between the models, where the model with
ice pressure shows daily variations up to 0.4 mm. This daily variations in ice
load would be visible in the measured crest displacements.

The ice load on dams is an interaction between the dam and the ice, and the
force from the ice will subject on a structure is determined by four factors:
the characteristics of the ice cover and properties of the ice; the relative
motion between the ice and the structure; the response of ice to stress; and
the response of the structure to an imposed load.
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Figure 2.2: The ice loads affect on the dam.
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Figure 2.3: The undeformed structure and ice are both stress-free (a), as ei-
ther the ice moves towards the structure (b) or the structure moves
towards the ice (c), an new equilibrium position is reached. To
maintain this equilibrium requires a reaction-force for the struc-
ture and stresses in the structure and ice.

The relative motion between the ice and the dam causes the ice load. The
ice load is not a force in the pure sense but rather a restraint load. Figure 2.3
shows the dam illustrated as a cantilever beam. In the initial position (Figure
2.3), the beam is stress-free, and the reaction force is zero. When the ice
moves in the downstream direction, a new equilibrium position occurs. In
this state, the column (dam) is deformed and no longer stress-free. For the
column to stay in this deformed position, a reaction force which corresponds
to the ice load is required. Just as the dam hinders the movement of the
ice, the ice may also restrain the dams displacements. As mentioned earlier,
the uneven temperature distribution in the dam causes the crest of the
dam to move towards the reservoir during the winter. A �xed ice cover
can theoretically hinder this movement. Bouaanani et al. (2002) showed via
�eld tests and numerical simulations that the presence of an ice cover affects
the dynamic properties of a dam. The size of the ice load is thus determined
by an interaction, where the movement of the ice and the displacement of
the dam reaches an equilibrium.
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The reasons that may cause the dam to displace are discussed in Section
2.3. The motion of the ice is caused by two main factors, expansion of the
ice sheet due to thermal expansion or freezing or movement of the whole
or parts of the ice sheets. The movement of the ice sheet occurs either from
shear forces from water and wind currents, from �oe or variations in the
reservoir water level. The ice pressure often is caused by an interaction of
the phenomenon described above. Based on the available literature, the
following is often used as categorization of ice loads:

� Thermal ice load

� Ice load from water level changes

� Ice load from wind and �owing water

2.4.3. Thermal ice load

The early models for ice loads were based on thermal stresses due to the
restrained thermal expansion of the ice sheet(Bergdahl, 1978; Starosolszky,
1970; Fransson, 1988; Comfort et al., 2003; Petrich et al., 2015; Kharik
et al., 2018). These occur when the temperature in the ice changes. Figure
2.4 shows an illustration of the temperature in the ice during a thermal ice
load even. Initially, the ice has the initial temperature pro�le to the left in
the �gure. At the bottom of the ice sheet, the temperature is zero degrees,
and at the top, the temperature is close to the air temperature. When the air
temperature rises, the temperature in the ice increases. As the temperature
in the ice sheet increase, it expands, and if this deformation is restrained
and pressure occurs at the dam-ice interface.

2.4.4. Ice load from variation in water level

Variations in water levels have a signi�cant impact on the maximum ice
loads, see for example (Carter et al., 1998; Comfort et al., 2003; Stander,
2006; Morse et al., 2011; Taras et al., 2011; Foss, 2017). When the water
surface is at a mean level, the ice has a certain length and is free of crack or
with cracks closed, see Figure 2.5. When the water level thereafter is raised
or lowered enough for the ice to crack, but not so much that the ice detaches
from the dam, the length of the ice is extended. If the formation of new
ice closes these cracks, the elongation becomes permanent. When the water
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Figure 2.4: Illustration of temperature distribution in the ice before and dur-
ing a thermal ice load event, reproduction from Kharik et al.
(2018).

surface then returns to its average level, the ice must be compressed to �t
its previous length. This compression results in a pressure load on the dam.

2.4.5. Ice load from wind and �owing water

Flowing water and strong wind give rise to traction forces acting on the
ice. The shear stress from these mechanisms amounts, for example, to about
0.5 N/m 2 at a wind speed of 15 m/s. For �owing water with a speed of 1
m/s, the shear stress amounts to about 4 N/m2. The total area to be able to
calculate total ice force against one structure is, in many cases, dif�cult to
estimate. USACE (2006)
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(a)

New Ice

(b)

(c)

Figure 2.5: Illustration of the mechanism that cause ice load from water level
variation,with the water surface at a mean level the ice has a
certain length. When the water level after that is raised (2.5a)
or lowered (bottom) so that the ice cracks, the length of the ice
is extended. If the formation of new ice closes these cracks, the
elongation becomes permanent (2.5b). When the water surface
then returns to its average level, the ice must be compressed to �t
its previous length(2.5c).
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2.4.6. Factors that may a�ect static ice load on dams

The two main factors that have been used to predict and explain ice loads are
ice thickness and air temperature. The two elements are of course correlated
as negative air temperatures is a prerequisite for ice growth. A thicker ice
sheet has a larger capacity to transfer stresses and can, therefore, generate
larger total forces. For thermal ice loads, an increased ice thickness leads to a
slower temperature change in the ice, as it takes a longer time for the outside
temperature to propagate in the ice. For this reason, thinner ice sheets may
be more sensitive to rapid temperature changes while the thicker ice requires
an extended period where the temperature drops. Several available models
determine the maximum or design ice load based on only the ice thickness
(Bergdahl, 1978; Bomeng, 1986; Carter et al., 1998).

The air temperature is the main contributor that determines the ice thickness
and, the thermal-induced stresses. While the ice thickness depends on the
amount of cumulative freezing air temperature days during the winter, the
thermal ice stresses are a function of both the minimum temperature and
the rate of temperature change. For the highest magnitude of ice load, the
ice starts at low temperature and is rapidly heated. As temperature data are
more available than ice thickness data, a common approach is to determine
the max or design ice load as a function of the temperature (Fransson, 1988;
Ko et al., 1994; Carter et al., 1998).

The snow cover on the ice affects both the temperature in the ice and the
ice growth. The snow acts as an insulating layer and thereby decreases the
ice growth and the rate of temperature changes. Already at 5 cm snow, the
thermal ice pressures considerably and the thermal ice pressures are small
most of the winter when the ice is snow-covered (Stander, 2006).

During eight-years of measurements of ice loads at four dams, it was ob-
served that not all types of water level variations give rise to high pressure
on the dam Comfort et al. (2003). A larger individual lowering or raising
of the water level greater than the ice thickness detached the ice from the
dam and reduced the ice load during the rest of the season (Comfort et al.,
2000). Based on this, Comfort et al. (2003) propose that the pro�le of the
variation of water level can be divided into three categories, small and slow,
large and frequent, and intermediate, see Figure 2.6. The highest ice loads
were generated by intermediate water level �uctuations.

From the same data, Stander (2006) summarize that the following condi-
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Figure 2.6: Classi�cation of the magnitude of the ice load as a function of the
frequency and amplitude of the water level changes in a reservoir,
from (Comfort et al., 2003).

tions must be met for the ice load to be affected by water level variations:

1. Variations in water levels must be large enough to produce an active
crack along the edge of the reservoir. However, they must not be so
large that the ice cover is detached from the dam.

2. The water level must vary around an average value, with one to two
cycles per day.

3. The ice sheet must have a limited ability to move.

4. The temperature must be low enough to allow the formation of ice in
the fractures. This effect is reduced if the ice surface is covered with
water or snow.

Flowing water reduces the ice growth rate. The limit for static ice growth
is 0.3 m (USACE, 2006). At higher speeds, frazil ice is formed, where the
water transports smaller pieces of ice which then freeze together to form
a mass. The dynamic ice growth occurs in the upstream direction through

20



2.4. STATIC ICE LOAD ON DAMS

a combination of phenomena. The speed of the �owing water or the wind
also affect the size of potential ice load caused by shear forces. Higher water
speed also increases the impact speed of eventual ice �oe.

The ice load may be greater than the capacity of the ice sheet, and thereby
cause a breakage of the ice via crushing, bending, buckling or splitting. These
failure modes depend on the mechanical properties of the ice. The two
mechanical factors of most considerable importance for the ice load is the
formation of crack and the relaxation of stresses due to creep of the ice.

Cracks form in the ice when the tensile capacity is reached, and ice has
a brittle behavior that is similar to that of ceramics (Petrovic, 2003). The
average tensile strength of ice from laboratory tests are 1.43 MPa in the
temperature range -10 to -20 oC (Petrovic, 2003). Crack in the ice will
redistribute stresses and allows the ice to expand. Figure 2.7 shows cracks
in the ice sheet. As discussed earlier, the occurrence of cracks is the main
model for explaining ice loads caused by water level variations. In addition,
the tensile capacity determines the bending capacity and hence, limits the
possible thermal ice loads. Studies by Carter et al. (1998) indicate that
buckling of the ice is a limiting factor. It was observed that the distance
between cracks parallel to the dam occurs at a distance of about 6 to 7 m.
This distance corresponds with the theoretical distance for the maximum
bending capacity for an ice sheet.

Creep means that the stresses in a material are reduced at constant deforma-
tion or the deformations are increased at constant stress. Ice is a material
with a rather high creep, and this may play a signi�cant role in reducing
the ice load. Consider the equilibrium reached between the displacement
of the dam and a recent movement of the ice, as shown in Figure 2.3. At
this point, the creep of ice will cause the ice to relax and thereby decrease
the deformation of the dam and corresponding ice load. Stresses are also
redistributed within an ice sheet due to creep of the ice.

Ice properties depend on the variables of temperature, strain rate, tested vol-
ume, and ice grain size (Petrovic, 2003). The factor with the most signi�cant
impact on these variables is the type of ice and to model ice loads on dams,
it is necessary to know ice type in an ice cover and their physical properties
(Kharik, 2018). The ice in a reservoir consists of two types: congelation ice
or black ice, that forms on the bottom of an established ice cover, and snow
ice or slush ice is formed when snow slush on the ice freezes. USACE (2006)

In theory, the geometry and stiffness of the dam should be an important fac-
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(a) Ice assembling and cracking at the
shore.

(b) An orthogonal crack formed in the
reservoir.

(c) Tensile crack in the reservoir

Figure 2.7: Photographs from Björkvattnet upstream of Ajaure hydroelectric
power station.

tor that determines the ice load. As the ice-dam interaction is an equilibrium
where the expansion or movement of the ice interacts with the deformation
of the dam, a stiff dam should result in greater ice loads compared to a more
�exible structure. As the other factors that control ice loads are not well
known, this hypothesis is dif�cult to test. The opposite relation was found
when the ice pressure against stop logs of steel and timber was measured
simultaneously (Comfort et al., 1997). The registered ice load against the
stiffer stop logs of steel was lower than those against the stop logs made of
the less stiff timber (Comfort et al., 1997). One reason for this unexpected
�nding may be that the ice sheet detached from the steel stop logs during
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the winter. In addition, the geometry of the upstream face in�uences the ice
load. For instance, an inclined upstream face reduced the ice loads compared
to a vertical face Huang et al. (2017).

The area of ice-structure interaction probably has a large impact on the to-
tal ice pressure against a dam. In other ice load applications such as arctic
structures, piers, and ships, there is a strong perception that during ice-
structure interaction, the ice pressure always decreases as the area of con-
tact increases. This relationship is called the Sanderson pressure-area curve
Sanderson (1988). This relationship for dams was only studied by (Morse
et al., 2011; Taras et al., 2011), where sensors were placed three meters
apart along the dam line. The measurements showed that the stress in the
ice and the resulting load acting on the structure has high spatial variation
and can vary signi�cantly over only a few meters along the dam at the same
time where this variation is described as chaotic. Also, when individual high
loads were measured at one sensor, the average measured stress over two
or more sensors were always considerably lower.

One property that often is mentioned as an important factor is the beaches
of the reservoir ability to create a restraint for the ice. Here, it is believed
that stepper beaches mean a greater restraint and hence larger ice load.
Although this is a well-spread knowledge, there are little data that support
such a claim. The only reference found that studied this is Ko et al. (1994),
who bases on previous work by Monfore (1954). In Ko et al. (1994), the
thermal ice loads are divided into three categories with respect to the slope
of the beaches. The design ice load is increased with the factor 1.5 for a
steep beach (< 45� ) compared to a �at beach ( > 20� ).

Beyond the slopes of the beaches, the reservoir’s geometry is a factor that
affects the size of the ice load. Here, both the width to length ratio and the
length standalone are believed to in�uence the ice load. Also, for this factor,
the available literature to support any claim is limited. Results from nu-
merical calculations indicate that reservoirs with a more "sea-like" (square)
design can generate higher ice loads compared to reservoirs with "river-like"
(rectangular) design (Comfort et al., 2000). The shape of the reservoir will
also affect the wind speed and thus possible shear forces.
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Many of the metrological factors mentioned above interact and in�uence
how the ice settles an individual year, due to snowfall and where and how
the ice burst varies from season to season. There is, therefore, a large amount
of randomness is involved for an individual ice season for an individual part
of the dam. During the measurements of Morse et al. (2011) mentioned
above, the ice pressure measured from sensors on the same dam at the same
time, varied in what Morse et al. described as a chaotic pattern.
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Chapter 3

Monitoring of concrete
dams

Continuous monitoring of the condition of structures is an essential part of
condition assessment in a wide verity of engineering applications such as
mechanics aerospace, mechanical and civil engineering. The use of sensors
to detect damage is called Structural health monitoring (SHM). It is used to
detect changes in structures at an early stage so that measures can be taken
before an undesirable reduction of safety occurs. For concrete structures,
the application of SHM is most commonly used for large structures such as
bridges (Elfgren et al., 2007), tall buildings (˙elebi, 2019), nuclear power
plants (Coble et al., 2015), and dams.

The focus of this chapter is on how a concrete dam can be monitored from
a dam safety perspective using measurements. Dam monitoring sensors are
divided into the categories detectors and support instrumentation, as local
or global, depending on whether they capture the overall (global) or local
behavior of the dams.(ICOLD’s Committee on Dam Surveillance, 2016)

3.1. Detectors and supplementary instruments

To clarify the purpose with different sensors used for dam safety, the fol-
lowing categorization is used; detectors and support instruments (ICOLD’s
Committee on Dam Surveillance, 2016). The description of these terms is;

Detectors has the purpose of detecting an ongoing initiation of a potential
failure mode. Different types of sensors can be detectors for different
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potential modes of failure. This usually consists of sensors that mea-
sure parameters such as pore pressure, leakage, displacements in rock
or concrete (pendulums, extensometers, crack meters), etc. Typical
of sensors de�ned as detectors as they are connected to a real-time
alarm so that an action can be taken if these sensors measure values
higher than allowed.

Support instrumentation monitor long-term changes or surrounding fac-
tors that are an important input for the evaluation of the dam. Ex-
amples of such parameters are temperature, relative humidity, defor-
mations, and movements (e.g., elongation, crack opening, or displace-
ment) in low-risk parts of the dam. Typically these sensors are not
linked to a real-time alarm.

The same type of sensor can be either a detector or support instrument,
depending on the type of dam and their location. The idea of the above
division is that only the most important parameters should be de�ned with
a real-time alarm.

3.2. Global and local sensors

Depending on the type of sensor, the behavior of the dam is measured at one
point, along a line, or in an area. This measurement either quanti�es the
local behavior of the dam at the location of the sensor or the global behavior
of the dam. (ICOLD’s Committee on Dam Surveillance, 2016)

Local sensors measure locally and quantify the behavior of the dam at one
point or more accurately, the relative behavior between two adjacent
points. Example of local sensors are strain gauges and crack meters.

Global sensors measure the integrated behavior across all or part of the
dam. An example of such sensors is a hanging pendulum that mea-
sures the movement of the dam crest.

One major dif�culty in using measurement data from a local sensor in the
decision-making is to interpret the results from local points as a global
failure mode. It can also be dif�cult to detect deviations in individual local
instruments since variations in local behavior such as stresses, strains, and
local deformations are smaller and can vary more discrete due for example
adjacent cracks than the global response of the structure. It can, therefore,
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be challenging to achieve good enough resolution of the measurements and
to be able to distinguish deviations in dam behavior from "noise" in the
measurement signal. As a consequence, it becomes dif�cult to choose the
appropriate alarm and alert thresholds.

To overcome this, it is common to use global sensors. As the global sensors
measure the behavior for a larger part of the structure, the scale becomes
larger, and it is, therefore, easier to detect deviations in the response of the
dam. The disadvantage is that once you detect any deviations, the damage
has already propagated further. It can also be dif�cult to assess the cause
and location of the damage based on these instruments.

3.3. Some examples

Example of different types of sensors that are used to monitor concrete dams
continuously are:

� Global sensors

� Hanging pendulum

� Inverted pendulum

� Tilt Sensor

� Total Station

� Radar

� Local sensors

� Strain gauges

� Fiber optic sensors

� Relative movements

� Crackmeters

Figure 3.1 shows an illustration of the sensors and a more thorough descrip-
tion of these can be found in (ICOLD’s Committee on Dam Surveillance,
2016; Hellgren et al., 2019f; Malm et al., 2019).
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Figure 3.1: Example of sensors that are used to monitor concrete dams be-
haviour, (a) Hanging pendulum,(b) Inverted pendulum, (c) Tilt
Sensor, (d) Total Station, (e) Radar, (f) Strain gauges, (g) Relative
movements, (h) Crackmeters.
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3.4. Alarms and alerts

In ICOLD’s bulletin on dam monitoring, the terms alarm and alert are used,
where alarms are linked to a detected dangerous behavior and alerts to un-
expected behavior (ICOLD’s Committee on Dam Surveillance, 2016). There-
fore, an alarm implies an immediate risk of a dam breach and should be
followed by direct action. An alert instead indicates damage and can usu-
ally be managed on a longer-term. It is, of course, up to the individual dam
owner or regulatory body to determine the exact response to each warning
level.

To distinguish between alarm and alert is a classi�cation problem, where
each new measurement is classi�ed as safe or dangerous, and after that, as
expected or unexpected. If the measured behavior is classi�ed as dangerous
or unexpected, an alarm or alert is issued, see the �ow chart in Figure 3.2.
Dangerous behavior means that dam safety is acutely threatened. Alarm
threshold can either be determined from calculated dangerous values or set
to historical levels where the dam was previously safe.

An unexpected value arises when the dam does not behave as expected,
based on the external conditions. Such deviation does not automatically
threaten the dam’s safety. However, a reasonable assumption is that an un-
damaged dam will behave according to an expected pattern and that a devi-
ation from the predicted behavior indicates damage. An alert thus indicates
insuf�cient knowledge of the behavior of the dam to predict the current
behavior, and that further analyzes based on the new data may be necessary.

Figure 3.2: Flow chart for dam monitoring.
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3.4.1. Alarms

An alarm should be triggered when a measured value reaches a level that is
considered to jeopardize the dams’ safety. An alarm value is therefore set at
a level which means that observation reached a level dangerous for the dam.
As an alarm warns for an acute danger to the dam, immediate action must
follow. The time between an alarm and the potential dam failure should
be long enough to allow for the required action to be taken. Alarm values
are usually linked to large changes in global measuring instruments, such
as sudden and substantial changes detected by sensors that measure the
movement in the dam-rock interface or the pore pressure.

A mentioned in Chapter 2, there is a lack of data about the exact mechanism
of failure. However, analytically, during normal operation, a dam is far from
a failure. This is illustrated in Figure 3.3, where results from simulations
of the displacements of a concrete dam during an extremely cold and an
extremely hot year are presented, (Svensen, 2016). During the summer of
the hot year, the hydrostatic load on the dam was ampli�ed until failure. As
can be seen in the �gure, the crest displacement at failure was several times
greater than the normal seasonal variation.

An alternative approach to set alarm values to warn when the risk of a
dam failure exceeds a prede�ned probability (Spross, 2016). In such an ap-
proach, the limits of acceptable behavior are set so if the threshold limit is
exceeded, so is the target probability of failure. Such an alarm must be fol-
lowed by a measure, where the safety of the dam is restored to a satisfactory
level. However, it is unclear on what time horizon such a measure should
be implemented, and this depends on the type of behavior (Spross, 2016).
In ICOLD’s framework with alarm and alerts, this approach can hence be
adopted for both types of warnings. If it is used for alert, it is required that
the owner of the dam, the governing body, and the society accepts that the
dams probability of failure exceed the permitted or desired during a period.
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(a) Deformations at alarm. (b) Deformations at failure.

(c) Crest displacements.

Figure 3.3: Crest displacements of a concrete dam during an extremely cold
and an extremely hot year, and the displacement for an alarm (a)
and at failure (b), from Svensen (2016).
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3.4.2. Alerts

According to ICOLD’s Committee on Dam Surveillance (2016), an alert
should be issued when:

"The measured data is out of the expected range, taking into
account the common changes due to cyclic or stationary loads."

Alerts aim to indicate errors early by comparing the measured behavior of
a structure with an expected value and thus verifying that the structure be-
haves as expected. Early warnings enable early action, before any danger
can occur. Figure 3.4 shows the principle of how alert limits should work.
The black line is a dam behavior, and the gray �eld around the dam repre-
sents the prediction band. When the dam behavior is outside the gray area
(see the year 2017 in the �gure), an alert is issued. In this case, it provides
two years of prior notice before the dam passes the dangerous alarm level.
To create the gray area where the dam is expected to vary, a forecast of the
normal behavior of the dam is required.

Figure 3.4: The principle of alert limits, where the �rst alert is issued several
years before the failure.
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Chapter 4

Application of models for
monitoring

The term "model" is used in many contexts and has several different mean-
ings. Within civil engineering, the most common models are different types
of CAD and building information models ( BIM) models or numerical �nite
element method (FEM) models. In this project, the term "model" is used
to describe a tool that, based on in data, predicts current or future value
according to the principle in Figure 4.1.

The circle in the middle represents a model that can be multifaceted and
consist of a wide variety of tools, ranging from human experts to advanced
mathematical models. The use of models can have multiple purposes, such
as increasing the understanding of the structure or making forecasts for a
speci�c scenario. There are two types of forecast models, qualitative and
quantitative (Bowerman et al., 2005). In qualitative models, the focus lies
on understanding and explanation, and the models do not always provide
forecasts in absolute values, but in more diffuse terms. Dam safety work
in Sweden is mostly qualitative, with great importance attached to human
values and interpretations through status assessments in in-depth dam in-

Figure 4.1: Conceptual �gure of a prediction model.
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vestigations and inspections (RIDAS, 2017). Even dam surveillance is often
based on qualitative models where the alarm values are determined based
on engineering judgments. If a quantitative model is used instead, the model
gives absolute values.

4.1. Prediction models

A variable measured with regularity in time form a time-series, to analyze
monitoring data from a dam is hence about analyzing time series data. A
general time series consists of four parts (Bowerman et al., 2005).

Trend - continuous increase or decrease.

Seasonal - recurring regular changes that follow the seasons.

Cycle - longer change over at least two seasons.

Irregular �uctuations - �uctuations that not follow any recognizable pat-
tern.

In order to analyze a time series, it is important to be able to distinguish
these effects in the observations. In dam monitoring, when an automatic
monitoring system is used; a forecast model is needed, which predicts the
value of observations at the dam based on the external conditions at that
time. In the Swiss guidelines for dam behavior analysis (SwissCOLD, 2003),
the qualitative mathematical models are divided into deterministic and sta-
tistical. In deterministic models, the behavior of the dam is calculated with
mathematical relations with a physical connection to underlying factors such
as water level, concrete temperature, and time-dependent effects SwissCOLD
(2003). In a typical deterministic model, the dam geometry is discretized
with the FEM; then physical laws are applied to the model. Statistical or
data-based models are instead based on existing data with methods from
machine learning. The choice of forecast model, consideration should be
given to, the time frame, data type, data availability, accuracy requirements,
and interpretability Bowerman et al. (2005).
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4.2. Deterministic models

Deterministic models mean, from the perspective of a dam behavior anal-
ysis, numerical models. Although it is possible to calculate and predict the
behavior of a dam with simpler analytical methods by hand, a simulation
model is required to do so with accuracy. In structural mechanics, the most
common type of numerical model is the �nite element method. It is beyond
the scope of this report to present the application of FEM to concrete dams,
so only a brief description of the methodology follows. In recent years, much
work has been done in Sweden regarding FE-simulations of dams, including
a guideline for numerical simulation of concrete dams (Malm, 2016), re-
search projects regarding the simulations of aging of dams (Eriksson, 2018;
Gasch, 2019), and a guideline on how to review these numerical simulations
(Ekström et al., 2016).

As mentioned in Chapter 2, several physical phenomena, and their connec-
tion in�uence the concrete dams. These can be divided into mechanical;
which include stresses, deformations, the strength of the material, fractures
and cracking or transport mechanisms consisting of moisture, mass, and
heat �ow in the concrete (Ekström et al., 2016). Examples of transport
mechanisms are moisture processes that describe the �ow of liquids and
gas or temperature processes that describe how heat is transported in the
dam. Both the moisture transport and the heat transport affect the structural
behavior of the dam, but there is also a connection between moisture trans-
port and heat transport, where, e.g., heat moves at different speeds in dry
compared to water-saturated materials. This makes the complete physical
explanation very complicated and that a model that takes into account the
interaction between several physical �elds quickly becomes complex and
computationally demanding. It is also only for a few physical processes in
which knowledge is suf�cient to describe the exact physics. For this reason,
physical models are often based on empirical knowledge rather than exact
mechanisms and always use some degree of simpli�cation (Eriksson, 2018).

As previously mentioned, the principle used is to link variation in external
conditions through a model to the dam behavior. This means that a model
is used to simulate how the variation in water level and ambient tempera-
tures, and other climate-related phenomena affects the dam. This can either
be done by including all physical phenomena and the connection between
them in a model, or by performing stepwise calculations where each physi-
cal process is calculated sequentially and then used as boundary conditions
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Figure 4.2: Potential Couplings in FEM, from Gasch (2019).

or load when next physical process is analyzed. Concrete dams are mas-
sive structures where the convective heat transfer is the cause of the most
dominant seasonal variation in the structural response. For dams with sig-
ni�cant variations in water level, the variation in water pressure can also
give a certain seasonal effect on the dam. Moisture transport in concrete
a negligible impact on a seasonal basis. The heat from solar radiation may
have a signi�cant impact on the temperatures in the dam in warm climate
(Castilho et al., 2018; �vanut et al., 2016). In cold climates, the duration of
solar radiation is limited, and this effect is in many cases neglected (Malm,
2016).

It is, therefore, common to perform long-term simulation of dams via an FE-
model in two steps. In the �rst step, the temperature variation in the dam is
simulated (Malm, 2016). This analysis is either performed as a steady-state
simulation, where the temperature distribution in the dam is assumed to
reach an equilibrium or as a transient simulation where the temperature
distribution in the dam is continually changing and is dependent on the pre-
vious temperature distribution. The advantage of a steady-state calculation
is that it is fast and it is usually enough with only a few calculation steps, for
example, an extreme case for winter and summer. Steady-state calculations,
however, give inferior agreement with the structure’s actual behavior since
they do not consider the mass inertia present in the concrete and the delay
in temperature response it causes (Malm et al., 2017b). In reality, the dam
does not achieve a steady-state temperature distribution with a constant
equilibrium position. Thus, to obtain simulation results that describe the
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actual behavior of the dam, transient (time-dependent) simulations should
be used. The calculated temperatures distribution is applied in the next step
as input to a mechanical model together with other loads such as water load,
ice load, and self-weight.

4.3. Data-based models

Unlike the deterministic models, data-based models are based entirely on
data from previous measurements without consideration of the exact physics.
This makes these types of models �exible, and they can be used without any
knowledge of the dam or its structural properties. It is, therefore, possible
to use data-based models to analyze most types of sensors on all types of
dams. As the data-based models are based on previous measurements, these
models cannot be used until suf�ciently reliable measurement data is avail-
able. This excludes the use of these models during construction and the �rst
impoundment, which is the most critical phase for a dam, or during the �rst
years after reconstruction or installation of monitoring sensors. Furthermore,
the data-based models can only be used for alert limits since they are only
valid for data within the range used for training.

There are many types of data-based models. Based on data from a review by
Salazar et al. (2017a), Figure 4.3 shows the occurrence of different types of
data-based models applied to dam behavior analysis. After that publication,
a number of contributions have been added using HTT (Bühlmann et al.,
2015; Tatin et al., 2018; Zou et al., 2018; Li et al., 2019) and NN Zou et al.
(2018). Also, the use of support vector machine (Salazar et al., 2015) and
boosted regression threes (Salazar et al., 2017b) has shown great success in
predicting dam behavior.

However, from the assembly, it is clear that different types of multiple linear
regression (MLR) models, including HST and HTT, and neural networks,
are the most frequently used model types. For this reason, these have been
selected and used in PaperI. Below follows a short introduction to these
models.

4.3.1. Linear regression models

MLR is a statistical technique that predict the outcome of a response variable,
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Figure 4.3: Frequency of data-based models apllied on dams from 1985 to
2015, data from Salazar et al. (2017a). The types of models are
Adaptive neuro-fuzzy system(ANFIS); Hydrostatic seasonal time
(HST); Hydrostatic thermal time (HTT); Impulse response func-
tion (IRF); Multiple linear regression (MLR); Non-linear autore-
gressive exogenous (NARX); Neural network (NN).
Other includes one each of the following models; auto-associative
neural network; robust regression; multivariate adaptive regres-
sion splines; random forest; boosted regression trees; wavelet neu-
ral networks; wavelet neural networks, hybrid, principal compo-
nent analysis; moving PCA; support vector machine; error correc-
tion model; hydrostatic seasonal thermal time; non-linear autore-
gressive exogenous neural network error correction method.

y as the linear combination of several explanatory variables (x1; : : : ; xM ),

y = w0 + w1x1 + ::: + wj x j + ::: + wM xM (4.1)

where w is coef�cients.

If y is a column vector with N observation (y = [ y1; : : : ; yN ]T ), x is a
N � M + 1 matrix where each row contains the observations of each of the
M independent variables and the constant; andw is a column vector with
M + 1 coef�cients. A prediction of the response variables is

by = xw (4.2)

Regression models are based on the following assumptions; There is a linear
relationship between the explanatory variables and the response variables;
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the explanatory variables are not too highly correlated with each other; the
observations iny are independent of each other, and the errors are normally
distributed with a mean of 0.

From the predictions, the prediction errors e are

e = y � by : (4.3)

In regression, the coef�cients in w are determined so that an error function
E are minimized. Often used error functions are the mean squared error
(MSE) or as shown below, the sum of square errors (SSE)

E(w) =
NX

t =0

e2
n (w): (4.4)

As the relationship between the coef�cient matrix and the error function is
quadratic, the derivative is linear and therefore, a closed-form solution can
be found to minimizing problem Bowerman et al. (2005). The coef�cients
are calculated as,

w =
�
xT x

� � 1
xT y (4.5)

Hydrostatic Seasonal Time model

One MLR model used for dam behaviour analysis is the Hydrostatic Sea-
sonal Time (HST) model, �rst introduced by Willm and Beaujoint (1967)
and thereafter commonly applied, see for example (Chouinard et al., 1995;
Dai et al., 2018; Fabre and Hueber, 2009; Li et al., 2015; Nedushan, 2002;
Tatin et al., 2015, 2018; Zou et al., 2018). HST is an example of an Data-
based mechanist model, where the variables in the model are interpretable
in a physical meaningful way (Young, 2012). The HST model uses the as-
sumption that the behavior of the dam is a function of three parts according
to:

yHST = f (H ) + f (S) + f (t) (4.6)

where H is the in�uence of hydrostatic pressure, S is a variable for seasonal
variation, and t is the irreversible changes over time. The model thus in-
cludes a function per phenomenon that is considered to affect the global
behavior of the dam based on the hypothesis that these three variables are
suf�cient to explain the variation in the response of a dam. Furthermore, as
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(a) (b)

Figure 4.4: Comparison between simulated and �tted polynomials of �rst, sec-
ond, third and fourth-order for a) the total dam height and b) the
operating level (MaWL-MiWL).

one of the assumptions for the MLR model is that the explanatory variables
are independent, HST uses the assumption that three variablesH , S and t
are independent of each other. This assumption is many times incorrect, and
for example, the water level often follows a seasonal pattern.

The dam displacement caused by water level variations,� H can be divided
into three parts. The structural displacements of the dam� H 1, deformation of
the foundation from variation in hydrostatic pressure � H 1 and deformation
caused by the rotation of the dam foundation, � H 3.

� H = � H 1 + � H 2 + � H 3 (4.7)

For buttress and gravity dams, the analytical derivation of � H yields a third-
degree polynomial (Shao et al., 2018). For arch dams where the displace-
ments are a combination of cantilever action in the vertical direction and
arch bending in the horizontal direction, the relation between the water
level and the crest displacement is instead a fourth-degree polynomial;
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F (H ) = w0 + w1h + w2h2 + w3h3 + w4h4 (4.8)

where h is the Relative water level related to the total dam height Hdam and
the reservoir level, WL , according to:

h =
WL � BL

Hdam
(4.9)

where BL is the bottom level.

Figure 4.4a shows the simulated crest displacement of a Buttress dam to-
gether with each of the four parameters h-h4 as a function of the dam height.
For run-off river dams, that have a relatively small difference between the
maximum and minimum water level, all parameters vary linearly within
the range of the water level �uctuations as can be seen in Figure 4.4b. It
is, therefore, unnecessary to include all variables in the model. This can be
solved by including only the linear relationship to the reservoir level (i.e.,
only H ) or buy relating H to the level difference between the minimum and
maximum water level.

In HST, the temperature effect is modeled as a seasonal variation with the
�rst terms in a periodic Fourier series according to

f (S) = w5 sin
�

2�t
L

�
+ w6 cos

�
2�t
L

�
+_w7 sin

�
4�t
L

�
+ w8 cos

�
4�t
L

�

(4.10)
where L = 52.18 if the time variable t is described in the unit weeks, this
type of function neglects the actual temperature and predicts that it follows
a seasonal pattern consisting of a full-year period and a half-year period.
Figure 4.5 shows frequency spectra for the crest displacement of the dam
used in the case studies in PaperI. There are two peaks in the signal at a
period of full-year period and a half-year period. It shows how powerful it is
to model the crest displacement as a function of these two periods. Seasonal
behavior depends not only on variation in the outdoor temperature but
also on other seasonal factors such as water temperature, heat from rock
and soils, solar radiation, and in cold climate the presence of ice and ice
pressure.

The last effect is they are the irreversible changes over time. In their sim-
plest form, they are assumed to be completely linear according to Equation
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Figure 4.5: The pendulum time series in the frequency domain.

(4.11a) . However, it is common to involve some creep behavior with loga-
rithmical decreasing effect over time, as in Equation (4.11b) or (4.11c).

f (t) = w9t (4.11a)

f (t) = w9t + w10e( � t ) (4.11b)

f (t) = w9ln (t) + w10e( � t ) (4.11c)

The three Equations, (4.11a) - (4.11c) are shown in Figure 4.6

Hydrostatic Thermal Time model

An alternative MLR model is the Hydrostatic Thermal Time (HTT) model
that differs from HST by replacing the seasonal variableS with a variable
for the temperature, T , as shown below

yHT T = f 1(H ) + f 3(t) + f 4(T) (4.12)

How to include the temperature in the model is not given as several temper-
atures affect the concrete. The temperature in the air and the water differs
not only in value on an individual day but also to how they vary during
the season. In addition to water and air, some dams are also isolated and
heated, which gives an additional temperature �eld that affects the dam.
As mentioned earlier, the temperature change of the concrete also occurs
with a delay compared with the ambient temperature. To consider this delay,
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Figure 4.6: Illustration of the three ways to include the irreversible change
with time presented in Equation(4.11a) - (4.11c) .

one method is to use the phase-shifted temperature where the movement is
correlated to, the temperatures from several weeks earlier.

Other models include a more detailed treatment of the temperature. Such
a model is HST-Grad (Tatin et al., 2015), that uses both the average of the
concrete and the temperature gradient through the concrete. Tatin et al.
(2018) developed HST-Grad further by constraining the statistical problem
by imposing a polynomial approximation of the in�uence functions that are
based on numerical simulations of the temperature.

Furthermore, a mix of HST and HTT is known as HSTT Penot et al. (2005),
where the seasonal variable is corrected based on actual measured tem-
perature. For dams with large water level variations, the SLICE model is
developed, which is a further development of HTSS Tatin et al. (2013). In
the Slice model, the dam is divided into a part that is below the surface of
the water and some that is over. The temperature behavior of these parts is
assumed to differ.

4.3.2. Neural Networks

Neural network ( NN) are a group of algorithms that are based on the mathe-
matical representation of biological networks (Bishop, 2006). A NN consists
of elements or nodes structured in several layers with connections between
them. NN consists of three parts; input, core (hidden), and output. The
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Figure 4.7: Illustration of a Neural network

most common networks consist of three layers, with one layer of hidden
nodes. More advanced networks can have several layers of hidden nodes.
The hidden core interconnects the inputs where each node represents an in-
put data with the outputs representing the prediction variables. Between the
nodes, in the different layers, there are connections with different strengths
(weight).

The nodes consist of two parts, a summing part, and an activation or transfer
function. The summation part is the input to the node, where the weighted
input from the signals to the nodes are summed. From there, the sum is sent
to the transformation function and then out from the node. Mathematically,
the operation performed at each node is,

zi = f 1(ai ) (4.13)

where the weighted input ai of node i is a linear combination of the input
variables x1; : : : ; xM ,

ai =
MX

i =1

w(1)
ij xn + w(1)

i 0 (4.14)

and f 1 is the non-linear activation function. The weight between input node
j and hidden node i is denoted wij and wi 0 is the weight for a bias applied
on directly on the second layer, by de�ning x0 = 1 , the bias can be included
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in the weight matrix. The superscript notates that those parameters are in
the �rst layer of the network. Typical transformation functions are threshold
function, linear function, a logistic sigmoid function, tangent hyperbolic, etc.
(Bishop, 2006). The logistic sigmoid function is calculated as

� (a) =
1

1 + exp(� a)
(4.15)

The operations at the output nodes are calculated in the same way, so that
the complete structure of the network is,

yn (x ; w) = f 2

0

@
DX

i =0

w2
ki f 1

0

@
MX

j =0

w1
ij x j

1

A

1

A (4.16)

Unlike the linear regression, the neural network input is not linearly re-
lated to the output, and no closed-form solution exists that minimize the
error function. Instead, the weights are updated using iterative optimization
algorithm that searches for the minimum of the function. In Paper I, the
Levenberg-Marquardt backpropagation algorithm was used for this purpose
(Marquardt, 1963). Backpropagation is a mechanism used to update the
weights using gradient descent. It calculates the gradient of the error func-
tion with respect to the neural network’s weights. The calculation proceeds
backward through the network. To �nd a local minimum of a function using
gradient descent, one takes steps proportional to the gradient of the error
function at the current point. Using the Levenberg-Marquardt algorithm, the
gradient is approximated as

g = JT e (4.17)

where e is the prediction errors, see Equation 4.4. J is the Jacobian ma-
trix that contains �rst derivatives of the network errors with respect to the
weights and biases,

J =

2

6
4

@e1
@w1

: : : @e1
@wW

...
. . .

...
@eN
@w1

: : : @eN
@wW

3

7
5 (4.18)

where W is the total numbers of weights. The weights are updated from
iteration k to iteration k + 1

w k+1 = w k � [JT J � � I ]� 1JT e (4.19)
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The combination coef�cient of � is decreased at each successful iteration.
The training is continued until a prede�ned condition is reached, such con-
dition can be; the maximum number of iterations is reached; the maximum
amount of time is exceeded; performance is minimized to a goal; the per-
formance gradient falls below minimum allowed gradient. Regularization
is a method used to avoid over�tting that penalizes overly complex models.
This is done by adding a penalty term to the error function. In Matlab, the
regularizer is quadratic so that that the error has the form

E r (w) = E(w) + � w T w; (4.20)

where � is the regularization coef�cient and is a model. This type of reg-
ularization is also called weight decay, as its design implies that weights
will decay toward zero. The coef�cient � is a model parameter that must be
chosen.

4.4. Evaluation of models

In order to discuss the evaluation of models, the difference between the
following concepts is �rst needed

� Model type

� Choice of model

� Choice of model parameters.

The choice of model type determines, e.g., whether a FE-model or a data-
based model is used. However, in that model type, there are several different
models that can be used. When �nally, a speci�c model is chosen, it is nec-
essary to determine the parameters of that model. The choice of model type
depends on the question to be answered. Compliance with reality is not
always the goal of a model. In design, a conservative model (that is on the
safe side) is typically preferred over a model gives better agreement with
reality but that sometimes may underestimate the safety. Assume a total
black-box model that gives a 100 % correct prediction from the input data
every time, but where the contents of the black box are unknown. Such a
model could be useful for a monitoring purpose when an alarm could be
triggered at the minimum deviation between prediction and measurement
data. However, the model has no interpretability and is therefore not useful
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Figure 4.8: A conceptual illustration of the general trade-off between data-
based models and theory-based models.

for interpreting and understanding the behavior of the dam. It is dif�cult
to know the model’s limitations since we cannot understand what affects
the model. On many occasions, a model we understand and can interpret
is more useful than a black box that provides very good predictions. It is
therefore important to start from the purpose when selecting a model for
analysis. When it comes to the task of predicting a measured value at time
t, given the external conditions, there is a trade-off between a model’s pre-
dictability and its interpretation. This is shown schematically in Figure 4.8
for the three model types. The theory-based models have a high physical
base, which makes it possible to interpret the results and use the models for
increased understanding. Furthermore, a physics-based model can be used
to extrapolate data. It is possible, for example, that before the �rst impound-
ment anticipate how the load from the water will affect the dam or to model
future scenarios. At the same time, a physics-based model of the physical
connections is limited and how well they can be described. It can, therefore,
be dif�cult to adapt the model exactly to the measurement data. At the same
time, a theory-based model is less sensitive to which measurement period
that is used for evaluation and therefore becomes more general. The most
data-based models have little or no interpretability and do not contribute
to increased understanding or knowledge about the dam. However, these
models have a high prediction accuracy and a high degree of adaptation
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to measurement data. Since the models are not based on physics, not all
physical connections need to be known by the person who builds and uses
the model. This makes the models quick and �exible and enables them to
be applied to many types of instruments on different types of dams.

4.4.1. Data requirements

Both the required length of data and the sampling frequency varies between
different types of models, and it is dif�cult to establish any general guidelines.
A more �exible model will require more data. The theory-based models, such
as FE models are limited by the use of physical laws in the gowning equa-
tions. This limitation makes the model less �exible and thereby less prone to
over�tting. Thus, the theory-based models require a shorter period of data
for evaluation than a data-based model. For data-based models, the period
should be long enough to create a reliable statistical model. For dam behav-
ior analysis, this length has not been established. In the literature, the used
data length varies from 1.5 to 25.5 years (Salazar et al., 2017a). Two recom-
mendations are to use at least three (ICOLD’s Committee on Dam Surveil-
lance, 2016), or �ve annual cycles (SwissCOLD, 2003). However, there are
examples of when a data length of 10 years was required before the models
were stable (De Sortis and Paoliani, 2007; Lombardi et al., 2008). Generally,
the validity of statistical models is limited to the range of the data they are
trained on, and no major changes can be made to the structural behavior
of the dam in order for the data to remain valid. Automatic measurements
are often sampled at a �xed interval, for example, hourly. It is not advisable
to create models with such a short interval, so some type of discretization
of the time-step is necessary. For FE models, a shorter time step leads to
an increased computational cost. For that reason, the time step should be
maximized without losing important information. For the regression models,
one of the assumptions for the models is that the observations are indepen-
dent of each other. The time step should, therefore, be short enough so that
information is not lost and long enough to allow the structural response
to change. Bühlmann et al. (2015) compared a time-step of 7, 14, and 28
days using a HST model. The model with the 28-day interval was the one
that best ful�lled the condition of uncorrelated observations. However, its
performance was signi�cantly worse than the other models. Svensen (2016)
performed a similar comparison when the long-term behavior of a buttress
dam was simulated with an FE model. The recommendation for both types
of models is to use a time step of one to two weeks (Bühlmann et al., 2015;
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Svensen, 2016).

4.4.2. Training, validation and testdata

For evaluation of a models performance, a data set where the model pre-
diction is compared with observations must be chosen. If no measurement
data is used to calibrate or train the model, then all observations can be
used to evaluate the model. Such an approach provides a maximum of data
for comparison and evaluation, see Figure 4.9a. For models �tted to data,
the risk of over�tting is always present. It is therefore essential to assess
the performance of a model on data not used in the �tting process. For a
dam monitoring model that is �tted to or trained on measurement data,
the data should be divided into a training and a test set as in Figure 4.9b.
The training set is used to train the model and update its properties while
the performance of the model is assessed on the test set. Hence, the test
set serves as independent data, that doesn’t affect the models’ properties.
For a model used for dam monitoring with the purpose of providing early
warnings, the use of a test set also allows for evaluation of the models’ accu-
racy for future observations. If a selection should be made between several
models or several properties of one model, the data should be divided even
further. For these three sets should be used, the training set, the test set,
and the validation set. The validation set is, as the test set, a set of data not
used directly in training but for selection of models or to determine when to
stop the training. For example as in Figure 4.9c where a selection is made
between two models, the training data set is used to train the models, the
choices are based on the models’ performance on the validation set and, the
test set is used to obtain the �nal performance on future observations.
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(a)

(b)

(c)

Figure 4.9: The concept of data division into training, validation and test sets.

The length of the different sets depends on several factors. In a purely de-
terministic model where no calibration is made, the model is unaffected of
the data and, the whole available data set can be used for assessment of the
performance. In practice, however, the engineer can alter properties in an FE-
model such as boundary conditions, material data, etc., within the physical
boundaries and in that way, signi�cantly change the model’s performance. If
such updating is performed, or if the properties of the FE-model are updated
using automatic optimization strategies, the data should also, in this case, be
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divided into a training and test set. The need for a test set is often neglected
for models for dam monitoring published in the literature. Of the models
presented in the review by Salazar et al. (2017a), 49 % (29 out 57) used no
test set. Furthermore, three models used a test set containing only 1 % of
the total data; seven of the models were part of the Benchmark workshop
where the participants were forced to use a test set containing 22% of the
data.

4.4.3. Cross-validation

One method for dealing with a lack of data is to use cross-validation, where
the data is divided into a number of equal parts, and the analysis is by
sequentially using the different parts as test or validation data. The �nal
model is determined by the weighting of the models from the different
sequences, see Figure 4.10a. An alternative for time series is to use rolling
cross-validation where one year at a time is added to the analysis. The
principle for this is shown in Figure 4.10. If there are seven years of data
available, then the analysis begins with training the model on year one to
three, then the model is evaluated on year four. In the next step, year four
is added to training data, and the model is trained on year one to four
and evaluated on year �ve. This continues until all measurement data is
evaluated. The �nal model is then determined from the weighted result
from all evaluations.
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(a) Block cross-validation.

(b) Rolling cross-validation.

Figure 4.10: Cross-validation.

4.4.4. Model comparison

A comparison between different models requires an evaluation criterion.
As stated in the introduction, the primary purpose of a model can be inter-
pretability. However, in this section, the performance of a model is assessed
by how well a model can predict a measured behavior. For this type of evalu-
ation, there are several measures available. For dam behavior analyses, there
is no standard method for this evaluation. The evaluation criterion used in
the literature are (Salazar et al., 2017a):

� MSE

� Root mean squared error (MSE)

� Mean absolute error (MAE)

� Correlation coef�cient, r

� Coef�cient of determination, R2

� Standard error of estimate, � e
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� Adjusted R2, R2
adj

� Maximum absolute error (MaxAE)

� SSE

� Mean error (ME)

Several of the evaluation measures of predictive accuracy are based on the
residuals. Residual is the difference between measured and predicted value
according to:

e = y � by (4.21)

where � are the residuals,y is the measured value, andby are the predicted
values. Some authors use the term residuals for the training data, while
the errors of unseen data are called prediction errors. However, this use
is not consistent, and the term residual is often used to describe all errors.
If the model is correct, the residuals are normally distributed around zero.
Further, the residuals should not show any particular structure as a function
of time. This means that the residuals should have a similar variation in the
beginning and end of the period and should, for example, not have more
considerable variation in the beginning than in the end. If the residuals
deviate from this, the model has missed some crucial underlying factor.

The Euclidean norm is a function that assigns a length to a vector, for the
residuals the norm is calculated as;

jj xjj =

vu
u
t

NX

t =1

(yt � byt )
2 (4.22)

were N is the number of observations.

This approach gives a value of the total error as a function of the number
of observations. An increased number of observations will lead to a greater
error, which makes it a measure that can only be compared with an equally
long series of measurements. A similar comparison number is a mean-square
error and root-mean-square error RMSE which is calculated as the sum of
the squares of the residuals.
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RMSE=
p

MSE=
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u
t 1

nobs

n obsX

t =1

(yt � by)2 (4.23)

A lower RMSE value means a better model. The advantage of RMSE is that
it takes the number of observations into account and that RMSE has the
same unit as the measurement which enhances the interpretability of the
error. It also means that the scale of the measurements affects the result and
that RMSE between different sensor types or measurements from various
dams cannot be compared. As the relevance of the residual depends on its
relationship to the range of data. Some authors argue that if RMSE is used,
it should be normalized with regard to the range of the independent variable
(Salazar and Toledo, 2018). Such an approach would facilitate model com-
parison between the results from different dams. In Paper I, the normalized
mean absolute error is used to compare accuracy between different models.
The errors are normalized with regards to the total amplitude of each series,
max(y) � min(y),

NMAE =
P N

n =1 jyn � byn j
max(y) � min(y)

(4.24)

Two measures that can be compared between different sensors and dams
are the correlation coef�cient of r and the determination coef�cient R2.
They are both independent of the number of measurements and the size
of the measured value. The correlation coef�cient describes how linear the
relationship between two variables is, and R2 is interpreted as the fraction
of the variance in the dependent variable explained by the model.

R2 = 1 �
P N

n =1 (yt � byn )2

P N
t =1 (yt � y)2 (4.25)

where y is the mean of y.
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4.5. Setting alert limits

The purpose of this type of models is to detect anomalies and damage already
at an early stage. However, this feature of the model is seldom studied. The
most common approach is to create alert limits using a prediction interval
for future measurement values. In words, such an interval has the bound-
aries prediction � factor x standard error. This approach is recommended
by SwissCOLD (2003) and ICOLD’s Committee on Dam Surveillance (2016),
and used by for example by (Loh et al., 2011; Li et al., 2013; Cheng and
Zheng, 2013; Gamse and Oberguggenberger, 2016; Kao and Loh, 2013;
Salazar et al., 2017b; Li et al., 2019). With this approach, each new obser-
vation is evaluated individually, and if the value is outside the prediction
interval, an alert is issued.

If the prediction model describes the behavior of the dam correctly and
the number of observations is large enough. The residuals will be normally
distributed around zero according to the central limit theorem. From the
standard deviation of the residual, an interval can then be calculated so that
a certain percentage of future measurement values is expected to be within
the range. If byt is a prediction of the measured valueyt at time t and s is an
estimate of the residual standard deviation, the upper and lower limits of
the prediction interval are calculated as

[ byt + Ks; byt � Ks ] (4.26)

were K = 1 :64; 1:96 and 2:58 for 10, 5 and 1 % probability of exceeding the
threshold, respectively. If a measured value falls outside these limits, the
behavior of the dam is categorized as unexpected, and an alert is issued.
In addition to the standard approach, a method where three consecutive
observations are outside the prediction interval before an alert is issued was
tested.

4.6. Evaluating alert limits

Dam monitoring is a classi�cation problem, where each new observations is
classi�ed as either normal or unnormal. There are four possible outcomes
for the classi�cation, true-positive ( TP), false-positive (FP), true-negative
(NP), and false-negative (FN). A positive here means that models indicate
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damage and a TP means that the model issues an alert and that damage
has occurred on the dam. The sensitivity is the proportion of true positives
among all positive, also called the true positive rate (TPR).

TPR=
TP

TP+ FN
(4.27)

The speci�city is the portion of true negative among all negative.

Speci�city =
TN

TN + FP
; (4.28)

and the false positive rate (FPR) is calculated as

FPR= 1 � Speci�city =
FP

TN + FP
: (4.29)

The sensibility and speci�city depend on the threshold, i.e., it de�nes how
much the prediction is allowed to differ from the observation. A decreased
threshold increases the number of positive tests and thereby increase the
sensitivity, decrease the speci�city, and increases theFPR. This trade-off
is illustrated in the receiver operating characteristic (ROC) curve shown in
Figure 4.11, where the TPR is plotted against the FPR for different thresholds.
ROCcurves are used as a performance evaluation for classi�cation problem
at various thresholds settings.

An evaluation measure for a classi�er is area under the curve (AUC), also
called C-Statistic, which is a measure of the area under the ROC curve
(Hastie et al., 2009). A higher AUC means a model better at classifying.
The dotted straight line in Figure 4.11 is the chance line and represents
a model with a 50% prediction error. The AUC for the chance line is 0.5,
whereas a perfect classi�er has an AUC of 1.0. One way to determine an
optimal threshold from the ROC-curve is the Youden IndexJ , also called
J-statistics. The index is de�ned for all points of a ROC curve, and the maxi-
mum value of the index may be used as a criterion for selecting the optimum
cut-off point. The index is represented graphically as the height above the
chance line, and it is equivalent to the area under the curve at a single point.
The Youden IndexJ is calculated as

J = TPR� FPR (4.30)
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Figure 4.11: Example of twoROCcurves and the the position of the maximum
Youden Index.

It is not only the trade-off between sensitivity and speci�city that must be
considered when setting the threshold value. TheAUCand the Youden Index
value FN and FP equally. However, the cost of FN and FP and the probabil-
ity of occurrence of damage could also be considered. The cost of a dam
failure greatly exceeds the cost associated with an FP, and it may, therefore,
be willing to tolerate some false alerts to ensure the detection of true dam-
age. However, if the appearance of positive events is rare, the model will
mainly classify negative events. Hence, the prevalence of false-positive will
be magnitudes greater than the prevalence of positive events.
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Chapter 5

Methods to determine the
ice load

As mentioned in Chapter 2, the restrained movement of ice in the reservoir
causes ice pressure. This pressure load may constitute a large portion of the
total horizontal load acting on a small dam. From a dam safety perspective,
it is important to determine the design value of the ice load. To de�ne a
suitable design value for this load, knowledge about both possible maximum
ice pressure and the variation and distribution in the yearly maximum values
are required. It is estimated that data from 20-40 seasons are needed; to
create a distribution of annual max (Malm et al., 2017a).

5.1. Methods for estimation of ice load

Three methodologies can be used to determine the ice load;

� From design codes

� From measurements

� From theoretical models (Numerical and Analytical)
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Figure 5.1: Example on how a model can be used to obtain a statistical distri-
bution of yearly max ice loads, the results are only examples.

The �rst method, to use a design code is somewhat of a moment 22. For the
use of a design code, a reliable code must exist. However, to create a design
code requires knowledge of the underlying process. Nevertheless, if one code
implements guidelines that are deemed satisfactory, those guidelines can be
adopted by other codes. The most common method for estimating the ice
load on a structure is by starting from reference measurements from similar
conditions (Timco and Sudom, 2013). In a benchmark-workshop, where in-
vited ice experts predicted the ice load against several arctic structures. Most
of the experts used previous measurements or design codes as the basis for
their estimation. The availability of prior measurements from similar struc-
tures signi�cantly reduced the standard deviation of the estimate compared
to previously completed workshops (Timco and Sudom, 2013).

An alternative approach to measurements is to use models. Here, a distinc-
tion can be made between models that calculate the physical limits of ice
load and models that describe the transient time history of ice load. The �rst
type of models can be used to set a maximum limit of the possible ice load.
However, modern design philosophy does not originate from the worst pos-
sible outcomes, but from a statistical distribution. For that, there is a need
transient model where the ice load during several seasons can be calculated.

One advantage of a model-based approach is that historical values can be
calculated. An example of that is shown in Figure 5.1, where the model
presented in PaperIII have been used to calculate the ice load from 1970 to
today. Such calculation requires a reliable model that accurately predicts the
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ice load at a dam from the external conditions. For this purpose, models and
measurements can be combined. There is currently no general model for
estimating ice loads that are thoroughly veri�ed and accepted. Gebre et al.
(2013) points to a need to develop and validate numerical ice load models
(thermal as well as dynamic) that can estimate design values more reliably.

5.2. Measurements of ice load on concrete dams

5.2.1. Conventional methods

Four categories of methods and procedures exist for measurement and esti-
mation of ice-structure interaction for �xed structures 1 (Bjerkås, 2007).

Internal ice stresses are measured by installing sensors that record the stress
or strain in the ice sheet. Compared to the other methods, this is a local
method, and measurements at several depths are required to estimate the
resultant force over the cross-section of the ice sheet. This is the most com-
monly used method to measure the ice load on dams. This is performed
either by strain gauges or by �at-jacks. The �at-jack consists of an oil-�lled
sheet-pad with two rectangular plates, where the oil pressure between the
sheets is measured continuously. The ice pressure perpendicular to the sur-
face of the �at-jack is assumed to correspond to the oil pressure after the
pad is embedded in the ice sheet.

One disadvantage of this type of measurement is that they must be installed
in the ice after the ice is formed. It is therefore inevitable that the ice sheet is
disturbed during installation. Several other aspects in�uence the accuracy of
the in-situ pressure measurements. The fact that pressure only is measured
in discrete localized points means that the results must be extrapolated to
the entire cross-section. As the in-situ pressure sensors are only measuring
the compressive stresses, they may overestimate the load when the ice sheet
is subjected to bending, where part of the ice sheet cross-section is subjected
to tensile forces. Factors such as stress distributions around the cast-in pres-
sure sensor and thermal expansion of the sensor may in�uence the results.
In addition to in-situ stress gauges, Morse et al. (2011) calculated the ice
stresses from ice deformations rates measured with a total station and image
analyses to determine the in ice stresses.

1 Fixed to the ground as opposed to movable structures such as oil platforms,
ships, etc.
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Figure 5.2: Internal stress sensors before installation in the ice, photo from
(Petrich et al., 2015).

The interracial method generally consists of a load panel attached to the
structure. The load panel usually consists of two rigid steel plates placed on
each side of a material with a known stiffness. The ice pressure applied at
the load panel is then determined from the displacement of the material.
A subgroup of the interfacial methods is the hinged beams where the load
panel consists of a load cell in the top and hinge in the bottom. For measure-
ments of ice pressure on concrete dams, the interfacial method has mainly
been applied using Carter Panels. The Carter panel consists of four �at jack
stress sensor, mounted on a 0.4 m wide, 1 m high and 1 cm thick stainless
steel plate to form a load panel (Carter et al., 1998; Morse et al., 2011). The
three different types of stress sensors (Carter panels, BP gauges, and Biaxial
gauges) yields similar time history of ice load when used at the same dam
(Taras et al., 2011)
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Figure 5.3: Carter panels, attached on a dam in Norway, photo from (Petrich
et al., 2015).

Structural response monitoring and hindcast calculations are two methods
where the size of the ice load is back-calculated from the response of the
structure. In the �rst method, the structural behavior is monitored, and a
change in that behavior is correlated to the size of the ice load. For instance,
this method can be applied on measurements of the variation in crest dis-
placement of a dam, which is related to the ice pressure required to displace
the crest with the same amount. A hindcast calculation is performed after
structural damage has been observed, where the required ice pressure to
cause such damage is calculated. Even though monitoring of dam behavior
is a relatively common dam safety measure, there are few presented cases
where the ice load has been estimated from such measurements. (Hellgren
et al., 2017) tried to estimate the ice load from the seasonal movement of an
arch dam, measured with a reverse pendulum. They found that ice thickness
is an explanatory variable for the dams’ seasonal movement, but were not
able to quantify the size of the ice load. (Zhang et al., 2018, 2019) reverse
calculated the ice load on a steel gate from strain and deformations mea-
surements attached on the gate. Except for these cases, no other attempts to
estimate the ice load on dams based on back-calculations have been found.

The fourth and �nal method is based on Newton’s second law to determine
the forces required to deaccelerate a drifting ice sheet. This method is more
applicable for structures where the whole ice sheet can move substantially
in one direction.
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Several aspects in�uence the accuracy of the pressure measurements. The
fact that pressure only is measured in discrete localized points means that the
results must be extrapolated to the entire cross-section. As the sensors are
only measuring the compressive stresses, they may overestimate the load for
an ice sheet subjected to bending, where part of the ice sheet cross-section
is in tension. Other factors, such as stress distributions around the cast-in
pressure sensor and thermal expansion of the sensor may also in�uence the
results. For the above-stated reasons, it is unclear if measured ice loads using
the above-described techniques are representative for the ice load acting on
the dam. It is, therefore, necessary to further develop methods to measure
the ice loads on dams and to continue to evaluate the ice load acting on
dams through measurements.

5.2.2. The prototype load panel

In Paper II , the issues mentioned above are addressed by presenting a proto-
type ice load panel and the subsequent measurements of ice load from 2016
to 2018 at a dam located in Sweden. The ice load panel is attached at the
upstream face of the dam and is large enough so that the whole thickness
of the ice remains in contact with the panel as the water level varies. The
total pressure from the ice is hence measured without interpolation. The
panel can also measure eventual tensile forces, and the position of the re-
sultant force of the ice pressure can be derived. The design, development,
and installation of the prototype ice load panel and measurements of ice
load from February 2016 to February 2018 at the Rätan hydropower dam
in Sweden are presented in PaperII . In this Section, some clari�cation and
extra information are provided.

The load panel consists of a rigid steel plate and a lid. The lid is made
of homogeneous steel with a thickness of 16 cm and is placed on three
compression-only load cells of type HBM (50t, C2). Two load cells are placed
close to the top, and one is placed near the bottom of the panel. The use of
three load cells, instead of four prevents the panel from warping and ensures
that the location of the resultant force is captured correctly. Figure 5.4 shows
the dimensions of the 1x3 m2 panel and the location of the load cells.

Three screw connections in line with the load cells; formed with a spherical
contact surface against the lid was used to attach the lid to the steel plate.
The screws were pre-stressed so that all three load cells showed 100 kN
when the load panel was placed horizontally without external loads. The
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Figure 5.4: Drawing of the ice load panel with dimension, location of the load
cells and levels for installation.
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pre-stressing enables tensile and compressive forces from the ice to be mea-
sured. The high stiffness of the solid lid aims to limit elastic deformation and
causes the lid to behave as a solid body which can be considered as a simply
supported beam. The total weight of the panel is 6.5 tones. The lid is sealed
by an O-ring placed around the bottom plate and a vulcanized rubber cover
around the sides of the panel which together with the pre-stressing ensures
water-tightness between the plate and the lid.

Calibration and load calculation

The measured load by each load cell is calculated as,

LC n = LC n:M � LC n:R (5.1)

where LC n is the measured external load,LC n:M is the measured total force,
LC n:R is the reference load andn denotes the three loads cells 1,2 and 3,
respectively.

The load cells were calibrated and validated in the laboratory before the
installation of the panel. An external load was applied via a hydraulic jack.
Four calibrations were performed with the load placed either at the center
of the panel and over each load cell. The external load was increased to a
maximum value of 800 kN and 700 kN for the centric and eccentric loads,
respectively. Figure 5.5a shows the applied external load compared to the
measured load. The results show that the seal between the backplate and
lid carries some of the applied force but that there is a linear relationship
between the applied load and the measured load with a small hysteresis
effect.

A correction factor of 1.25 was used to account for the part of the load that
is carried by the seal; the total load of the load panel is calculated as

LL = 1 :25
�

LC 1 + LC 2 + LC 3

wp

�
; (5.2)

where LL is the line load in kN/m and wp is the width of the load panel (1
m).

From the three load cells, the horizontal distance from the centreline of the
panel to the center of the load panel, dy , and the vertical distance between
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(a) Four tests of the the applied load versus measured load from the calibra-
tion of the load panel in the laboratory in a horizontal position whit the
external load placed a) centric, b) top, c) middle, d) bottom.

(b) Vertical position of the force resul-
tant for the calibration with the
load placed centric on the panel.

(c) Horizontal position of the force re-
sultant for the calibration with the
load placed centric on the panel.

Figure 5.5: Results from the calibration of the load panel.
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the top and bottom load cells, dy , the position of the resultant of the ice load
is

yLL =
dy LC 3

LL
(5.3a)

yLL =
dx LC 1 � dx LC 2

LL
(5.3b)

where yLL and yLL is the vertical and horizontal position of the force resul-
tant, respectively. In Equation (5.3a) , the vertical position is related to the
level of the two top-load cells. Figure 5.5b and 5.5 show the horizontal and
vertical position of the resultant force for the calibration with the external
load placed centric at the load panel.

The dam

The panel is installed at Rätan dam in Sweden. Rätan is a 28 m high buttress
dam constructed in 1968. The dam is located in the northern region of
Sweden, where the design ice load is 200 kN/m. The dam crest is located
at an altitude of +352.5 meter above sea level (m.a.s.l). The water level
in the reservoir varies 0.5 m between the maximum water level (MaWL),
+350.44 m.a.s.l, and the minimum operating water level ( MiWL), +349.94
m.a.s.l. This amplitude is small enough so that the whole thickness of the
ice can remain in contact with the panel. The limited reservoir variations
also reduce the risk that the ice sheet breaks from the dam face.

The load panel is attached centric on monolith 24, with numbering from left
to right relative to the �ow direction, see Figure 5.6. The total dam length
is approximately 600 m, and consists of, from left to right: earth-�ll dam 1;
the powerhouse; earth-�ll dam 2; monolith 1-11; three spillway monoliths;
monolith 12-27; and earth-�ll dam 3. The reservoir has a river-like shape
with a length orthogonal to the dam of 4.3 km, which gives the height-width
ratio 7.2.

As an ice management strategy for the �ood gates, de-icing by air circulator
is used to remove the ice around the �ood gates. The distance from the load
panel to the nearest spillway gate is 31.5 m, which is believed to suf�cient
that the removed ice does not in�uence the ice load measured by the panel.

The dam at Rätan has an insulation wall installed on the downstream side
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of the dam. This insulation keeps the temperature in the concrete at a stable
level and limits the displacements caused by seasonal variation of the am-
bient temperatures. Thereby, the water level variations are small, and the
effect of the seasonal temperature variation is limited by the insulation wall.
In theory, the dominating cause of displacement during the winter should
be pressure from the ice.

The instrumentation for dam-safety monitoring at the monolith where the
panel is installed consists of pendulum measurement of crest displacements,
strain gauges on the front plates and buttress and extensometers between
the rock and concrete. Data for several external factors such as the temper-
ature in the air outdoors and in the enclosed volume of the dam due to
the insulation wall, the water temperature at three levels and water level,
and discharge through turbines and �oodgates. These data are obtained
from measurements at the dam, related to dam safety and water manage-
ment. Other meteorological data is obtained from the open database of the
Swedish Meteorological and Hydrological Institute (SMHI, 2018).

69



CHAPTER 5. METHODS TO DETERMINE THE ICE LOAD

(a) Shape of the reservoir, the load panel is placed at the marker,
�gure from (Google, 2019).

(b) Section of the monolith where the panel is attached.

Figure 5.6: Location and geometry of Rätan dam.
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(a) (b)

(c) (d)

Figure 5.7: Photographs taken during the installation of the panel. First, a
hole was cut in the ice for the panel (a), after that, the panel was
lifted in place with a crane (b) and attached to the dam (c). The
panel after the installation was complete (d).

Installation

At the morning of 24 February 2016, the work with the installation of the
load panel began. The �rst task was to cut a hole in the ice to make a place
for the panel. During that day, ice was removed using a chainsaw, an ice
drill, a crowbar, and a spade, so that a 120x30 cm2 hole was formed, see
Figure 5.7a.

At the next morning, after the ice in the hole had been removed, the ice
attached to the upstream concrete surface of the dam was removed me-
chanically. At the time of installation, occasional spots with 3-4 cm thick ice
remained frozen to the concrete.
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The panel was installed at the dam on 25 February 2016, and it was lifted
into the correct place with a crane, see Figure 5.7b. The panel was secured
vertically by two chains, and after that attached to the dam with four M20
bolt fasteners, see Figure 5.7c. The sampling was started at 17:02 on the 25
February. At his time, an ice thickness of 80 cm was measured at a distance
of approximately 10 m from the dam.

The next day, the function of the data collection was checked, and the hole
between the panel and the ice sheet was �lled with the removed ice debris
to enhance the refreezing, see Figure 5.7d. The sampling was restarted at
11:16, 26 February 2016, with a sampling interval of �ve minutes.

Calibration and load calculation

As the load cells are pre-stressed, the measurement data are adjusted ac-
cording to Equation (5.1) . As a relaxation of the pre-stress load with time
can be expected, different reference values were used for each season. The
reference values were chosen for measurement so that the total load was
adjusted so that the measured load was zero when the reservoir was ice-free.
As the variation in water level causes the hydrostatic pressure on the panel
to vary, the mean of the MAWL and the MIWL, +350.19 m.a.s.l, was chosen
as the baseline water level. The adjustment was made with data from each
load cell from a time when the reservoir was ice-free, and the water surface
was as close to the baseline level as possible. Table 5.1 presents the dates
used for reference values, the water level at the time, the load measured by
each load cell, and the total load.

Table 5.1: The reference valuesLC n:R , for three load cells for the three seasons.

Season Date WL LC 1:R LC 1:R LC 1:R LCT:R

[m.a.s.l] [kN] [kN] [kN] [kN]

Calibration 2016-02-11 NA 101.7 102.1 122.2 326.0
/2016 2016-05-18 350.19 87.25 103.9 117.0 308.5
2016/2017* 2016-05-18 350.19 87.25 103.9 117.0 308.5
2016/2017 y 2016-11-09 350.23 93.96 110.9 126.8 331.7
2017/2018 2017-10-26 350.19 89.65 106.0 123.6 319.3

* Used in Paper II
y Used in Paper III
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For the �rst season, the reference values were taken after the season, on 18-
May 2016 01:00. For the second season, the sampling was started after the
ice formation and was stopped before the reservoir was ice-free. Therefore,
no data from an ice-free reservoir exists. The reference loads for this season
was determined using two different approaches in PaperII and PaperIII . In
PaperII , the reference value from the spring from the previous season was
used. This approach gives a total reference load of 308, 308, and 319 kN/m
for the three-season, respectively. In PaperIII , the ice load was assumed
to be zero when the measurements were started in November 2017. The
difference between the two approaches is 23.2 kN/m. This deference has
no effect on the conclusions of this thesis but may have a signi�cant impact
on the distribution of annual maximum ice loads derived from an extreme
value distribution.

From the calibration test in the laboratory in February, until ice-free reservoir
in May, the difference in load was 14.2, -1.8 and 5.2 kN for the three load
cells, respectively. For the three seasons, the difference in load for individual
load cells was in the range of 2.1-6.6 kN, and the difference in total load
was 11.1 kN/m.

No adjustment has been made to take into account the variations in water
level. This means that the theoretical difference in hydrostatic pressure is
from +5.7 kN/m to -5.1 kN/m for maximum and minimum water levels,
respectively. For an ice-free reservoir, the mean error between the theoret-
ical hydrostatic pressure and the measured load was 0.49 kN/m, and the
standard deviation was 1.95 kN/m, see Paper II.

Sampling interval

The initial sampling rate during the measurements was every 5 minutes.
However, it was later shown that the variations in ice load occur at a sig-
ni�cantly slower rate. The other measured parameters such as temperature,
variation in water-level, etc. are sampled with an hourly interval. For the ice
load data to be consistent with the other data, the measured ice load was
downsampled to hourly data using the data for the point closest to every full
hour from the ice load data. In Figure 5.8, the data with 5 minutes interval,
and the down-sampled data are shown. This is the same data, as shown in
Figure 9 in Paper II.
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Figure 5.8: Ice load data with 5 minutes interval and the down-sampled data.

Observation

Photographs taken of the ice load panel 2017-02-17 are presented in Paper
II , Figure 5.9 shows several other photographs taken during the winter of
2016/2017. Figure 5.9c show when the photographs were taken in relation
to the time history of the ice load. In Figure 5.9a and 5.9b, photographs
taken from the side of the panel shows two cracks in the ice sheet. One crack
close to the dam along the upstream surface, and the other crack located
a few meters out from the dam where the slope of the ice surface changes.
The position of these two cracks is consistent with previous observations
(Carter et al., 1998; Stander, 2006; Comfort et al., 2003). These cracks are
believed to be the primary mechanism that causes ice loads due to variations
in water level where the two cracks act as hinges as the ice sheet between
them rotates as the water level varies, see Figure 2.5.

Figure 5.9d-5.9g shows photographs taken of the ice load panel from above
at four times during the winter. In these photographs, it is possible to observe
how the ice and snow around the panel varies during the winter. In early
February, Figure 5.9d, the ice is snow-free. That photo is taken after a period
of ice load peaks around 100 kN/m. A week later, the ice is covered with
snow, Figure 5.9e.

The photograph shown in Figure 5.9f is taken during an ongoing ice load
event. At 29 March an ice load peak occurs after a period without daily peaks.
In the photo, it is possible to see several cracks around the panel which are
�lled with freshly frozen ice. The snow that previously covered the ice has
melted and formed pours white ice at the top of the ice sheet. This process
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has progressed further on 14 April when the photograph that is shown in
Figure 5.9g was taken. Here the cracks are barely visible, and the ice has a
very porous appearance.

It can be seen in the photographs that the crack in the ice sheet has a curved
shape around the panel and that there is a collection of ice and snow in
the direct proximity of the panel. These observations make it clear that the
panel is disturbing the ice and that the ice sheet at the panel differs from
the other ice along the dam. It is not possible from the measurements made
to determine the implications of these observations.

(a) (b)

(c)
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(d) (e)

(f) (g)

Figure 5.9: Photographs of the panel taken 2017-02-17 (a) and (e), 2017-02-
24 (b), 2017-03-29 (c) and (f), 2017-04-13 (d), and the timing
of the photographs in relation to the time history of the measured
ice load (g). Photographs taken by Glenn Jönsson.
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5.3. Models for prediction of ice load

As described in Chapter 4, models can be divided into theoretical, data-based,
and hybrid. This deviation can also be used for models that predict the ice
pressure based on input data in the form of external factors, such as outdoor
temperature, snowfall, ice thickness, and water level. These models range
from estimating only the design ice pressure (i.e., the maximum ice pressure
that occurs during a predetermined return time) to models that in detail
describe the stress variation in the ice at minute intervals.

Models that only predict the design ice pressure are dif�cult to evaluate as
they require access to the maximum measurement value during the return
time. This means that the ice pressure must be measured for several decades
before a comparison of the model’s prediction and reality can be made.
These models thus become dif�cult to evaluate and are, therefore, unreliable.

In this thesis, the selection of models has instead been made with the crite-
rion that they should be applicable for dam owners, and they should be able
to evaluate against the ice pressure measurements that were carried out in
Sweden. This means that the chosen models use input data that is available
or relatively easy to accommodate for a dam owner. Such models contain
two or three modeling steps, depending on whether information about the
ice thickness in the reservoir is available, see Figure 5.10. Type 1 models
use the amount of precipitation, air temperature, and water level as input
data. From this information, the ice load is calculated using three steps; (1),
the ice thickness and the snow cover, (2) the temperature in the ice, and
(3) the ice pressure. If information about the ice thickness and snow cover
are available from measurements, Type 2 models can be used where the
temperatures in the ice can be calculated directly.
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(a) (b)

Figure 5.10: Two types of ice load models based on information available to
dam owners.

Two types of models have been identi�ed that ful�lls these requirements,
theoretical models, and a hybrid model.

A number of models for ice pressure are based entirely on physical laws.
It is possible, through a heat �ow consideration, to predict ice growth and
thus the variation in ice thickness during a winter (Comfort et al., 2003).
Based on the calculated ice thickness, it is then possible to approximate the
thermal stresses in the ice and thus the resulting force. One dif�culty with
this type of model is that ice is a creeping material, and the stress in the
ice is not linearly dependent on the temperature change. This complicates
modeling, but the models that take this into account have shown the ability
to predict measured thermal stresses in ice (Petrich et al., 2015; Kharik et al.,
2018; Kharik, 2018). A weakness with this type of models is that they do
not consider the ice load caused by water level variation.

In addition to the theoretical models. A hybrid model developed by Comfort
et al. (2003), based on measurements of the ice pressure at nine Canadian
dams over a nine-year period. Canadian conditions are representative for
cold climate; it is of interest to test the proposed ice load model on the
measurements presented in Paper II.
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5.3.1. Theoretical models

Calculation ice loads on dams start with the calculation of the temperature
variations in the ice. From the temperature, the strain rate and correspond-
ing thermal stresses are calculated. Finally, the stress over the ice thickness
is integrated to calculate the force per meter (USACE, 2006). The theoret-
ical models of ice load on dam structures have a long history (Bergdahl,
1978; Cox, 1984; Fransson, 1988; Azarnejad and Hrudey, 1998; Petrich
et al., 2015; CôtØ et al., 2016; Petrich; and Arntsen, 2018). Here, only a
short overview of the main principles of the two most recent studies are
presented, a more thoughtful review can be found in (Sæther, 2012).

A similar approach is used in the two studies. The total strain " is the sum
of two parts, the mechanical strain "m and the thermal strain " th : (Petrich
et al., 2015; Kharik et al., 2018)

" = "m + " th (5.4)

The thermal strain is linear related to the temperature

" th = �T: (5.5)

As ice is a creeping material, both authors has divided the mechanical strains
in an elastic part "El and a viscous part"V , see Equation(5.6) ,where a and
b are from (Petrich et al., 2015) and (Kharik et al., 2018), respectively. In,
Equation 5.6b, a delayed elastic strain,"d, is also added to the mechanical
strain,

"m =
�
E

+ B1

�
To

T

� m �
�
� 0

� n 1

t (5.6a)

"m =
�
E

+ C
�

d0

d

�
(1 � exp ([aT t]D ))

� �
E

�
+ B2

�
�
� 0

� n 2

t: (5.6b)

Here, T and � , is the temperature and stress in the ice, respectively ,d is
the average grain size of the ice and� 0, T0 and d0 are reference values to
achieve unit correctness.Bx , C, m, and nx , are �tting coef�cients, where
the subscript is used to emphasise that coef�cents may differ between the
models.
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Petrich et al. (2015) used the relation in Equation (5.6a) to calculate the
thermal stresses in a reservoir in Norway. They used the assumption that
the ice was restrained so that the total strain is zero (" = 0 . The stresses in
the ice were measured during a period when the water level in the reservoir
was constant. The authors developed the model to handle tensile stresses by
including a function that takes the sign of the stress into account. The model
equations were solved using explicit time integration with 5 min time step.
ParametersB , and n were �tted to measurements.

Kharik et al. (2018) used FEM to model the measured ice load presented
in Comfort et al. (2003). The constitute law used for the material behavior
of ice was according to Equation (5.6b) . In the simulation, the ice was
assumed to be perfectly lateral con�ned and in complete contact with a
rigid dam wall according to Figure 5.11. With that model, some selected ice
load events were simulated. The simulations were carried out for a period
of one to three days, and the ice thickness was taken from measurements
and was kept constant through the simulation. Several different initial stress
conditions in the ice were used. By adjusting the initial stress conditions in
the ice and adjusting the coef�cients in Equation (5.6b) , good agreement
with measurements was achieved.

Neither of the two models included effects from water level �uctuations or
the formation of cracks in the ice. Since these two factors arguably are the
most important factors, this is two major de�ciencies with these models.

5.3.2. Hybrid models

Comfort et al. (2003) presented two semi-empirical models that are based
on measurements of ice load at dams in Canada during a period of 9 years.
One of the models predicts ice load caused only by thermal events while the
other model considers ice loads caused by a combination of thermal events
and changes in the reservoir water level. Since the measurements presented
in Paper II show that water level variations are a governing factor for the
measured ice loads, only the latter model is used in this Paper. The model
consists of three steps.

1. Calculate the ice thickness and snow thickness on the ice

2. Calculate the ice temperature
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Figure 5.11: Static system used to simulate the ice load on dams in Kharik
et al. (2018); Kharik (2018).

3. Calculate the ice line load

In the ice load model, the total ice load LL consists of four parts.

LL = LL T + LL W L + LL R + LL C (5.7)

where LL T is ice load caused by thermal events,LL W L is ice load caused
by variation in water level, LL R is the residual long-term ice load, and LL C

is an additional safety factor in design to ensure that the predicted ice load
always is higher than the actual ice load. In PaperIII that compares the
prediction model with measurements, LL C is omitted. The model is pre-
sented more in detail in Paper III , where it is used to predict measurements
presented in Paper II.

An essential part of the model is ice load events, which is de�ned as an
increase in load up to a peak value followed by a decrease back to some
residual level. If that peak occurs during one day, it is a one-day event,
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Table 5.2: Model parameters

Variable Description Unit

h Ice thickness cm
A Temperature pro�le area (TPA) � Ccm
�A Change in TPA during an event � Ccm
�A i Change inTPAthat occurred before the

start of a event

� Ccm

A i Ice TPAat the start of the the start of a
event

� Ccm

�A m Maximal TPA , 20h � Ccm
Dur Event duration Days
drop Change in mean water level during

event
cm

a Change in water level cm

and if the increase occurs over several days, it is a multi-day event. The
ice load model requires the input of the ice thickness, water level, and ice
temperature pro�le area ( TPA). The TPA is de�ned as the integral of the
temperature over the ice thickness and has the unit� Ccm. Figure 5.12 shows
an illustration of the TPAbefore an ice load event starts and at the occurrence
of a peak ice load.

Figure 5.12: Illustration of the temperature pro�le area (TPA) , used to model
the ice load in Comfort et al. (2003).

The calculation is based on the assumption that the ice load event begins
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Figure 5.13: Illustration of some parameters from Comfort et al. (2003), re-
production from Comfort et al. (2003)

when the TPA starts to decrease, see Figure 5.13. At this time, two model
parameters are de�ned, the TPAat the start of the event, A i , and the differ-
ences between the maximumTPA in the previous event and the beginning
of the new event, �A i .

Figure 5.13 also shows how the two variables related to the water level are
de�ned. The drop index is the increase or decreased in the daily average of
the water level from the start of the event, and a is the water level change
in the current cycle.

The part of the thermal events are modeled as a function of the ice thickness,
the event duration and the change in TPA during the event,

LL T = f (hi ; Dur; �A ): (5.8)

The relation is de�ned so that increased ice load and TPA leads to higher
thermal ice loads while the magnitude of the load decreases with increased
duration.

Ice loads caused by water level variation are modeled with the interaction
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between temperature, water level change, and ice thickness,

LL W L = f (hi ; Dur; �A 1; drop; Am ; drop; A1)

= f (�A 1)f (drop)f
�

hi

a

� (5.9)

The residual load describes the pressure that is built up in the ice over the
winter and depends on the ice thickness and the ratio between the water
amplitude and the ice thickness,

LL R = f (hi ; a): (5.10)

5.3.3. Data-based models

During the literature review conducted as part of this licentiate thesis, no
pure data/based model for the prediction of ice load on dams where found. A
fundamental prerequisite for a data-based model is reliable data of suf�cient
length. The possibility to use data-based models for prediction of ice loads
are discussed in Chapter 7.
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Chapter 6

Summary of appended
papers

This chapter summarizes the work and conclusions from the three appended
papers in this thesis.

Paper I: Hellgren, R., Malm, R., and Ansell, A. Performance of data-based
models for early detection of damage in concrete dams.Sub-
mitted to: Structure and Infrastructure Engineering, 2019.

Paper II : Hellgren, R., Malm, R., Fransson, L., Johansson, F., Nordström,
E., and Wilde, M. W. Measurement of ice pressure on a con-
crete dam with a prototype ice load panel. Submitted to: Cold
Regions Science and Engineering, 2019.

Paper III : Hellgren, R., Malm, R., and Eriksson, D. Modelling of the ice
load on a Swedish concrete dam using semi-empirical mod-
els based on Canadian ice load measurements. InSustainable
and Safe Dams Around the World, volume 2, pages 3068�3080,
Ottawa, Canada, 2019. International Commission on Large
Dams. URL http://urn.kb.se/resolve?urn=urn:nbn:se:
kth:diva-253821 .
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CHAPTER 6. SUMMARY OF APPENDED PAPERS

6.1. Paper I: Performance of data-based models
for early detection of damage in concrete dams

Hellgren, Malm, and Ansell

Submitted to Structure and Infrastructure Engineering

In Paper I, the performance of three commonly used data-based models on
classifying a dams behavior as damaged or undamaged is evaluated. For nat-
ural reasons, data is missing from real dams, where there is a distinct time
point for damage initiation. Instead, data from simulations have been used
to create arti�cial time series with data from a damaged and undamaged
dam. The method of using simulation data to evaluate prediction models is
common in the literature. Therefore, comparisons between the performance
of the models on the arti�cial data and corresponding data from measure-
ments are made. Furthermore, it is studied how the length of the data affect
the prediction performance. This is a relevant issue for dams that are newly
built, recently reconstructed, or where the automatic monitoring was started
�rst in recent years. Receiver operating characteristic (ROC) curves are used
to evaluate the performance of the classi�er. The models’ ability to detect
damage depends on the magnitude and rate of the damage. Even a small
difference in prediction accuracy has a signi�cant in�uence on the ability to
categorize damaged and undamaged dams.
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6.1. PAPERI: PERFORMANCE OF DATA-BASED MODELS FOR EARLY DETECTION
OF DAMAGE IN CONCRETE DAMS

(a)

(b)

Figure 6.1: Section of the buttress dam used for the case study in PaperI (a)
and the ROC-curves for HST, HTT and NN (b).
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6.2. Paper II: Measurement of ice pressure on a
concrete dam with a prototype ice load panel

Hellgren, Malm, Fransson, Johansson, Nordström, and Wilde

Submitted to Cold Regions Science and Technology

In Paper II , the focus is on methods for measurement of the ice loads on
a concrete dam. This is an important topic as the knowledge on ice loads
is required for the design of the dams and to predict its normal behavior.
Previous measurements of ice loads are typically made with local sensors
that measure the stresses in discrete points in the cross-section of the ice and
then extrapolate these to a load for the whole cross-section. Furthermore,
as the sensors often are placed in the ice sheet, it is inevitable that the ice
sheet is disturbed during installation. Also, the relationship between the ice
stresses in the reservoir and the ice pressure against the dam is not known.
In Paper II , this issue is addressed by presenting a prototype ice load panel
and the subsequent measurements of ice load from 2016 to 2018 at the
Rätan hydropower dam located in Sweden. The dimensions of the panel
are large enough so that the whole ice thickness remains in contact with
the panel as the water level varies, hence the total pressure from the ice is
measured without interpolation. The panel is also designed to be installed
the dam over several seasons and to measure the ice load from ice formation
in the fall to an ice-free reservoir in the spring.

The panel was installed at the Rätan hydropower dam in the northern region
of Sweden in February 2016. The location was chosen to provide high ice
loads. The maximum recorded load was 161 kN/m, 164 kN/m and 61 kN/m
for the winters 2015/2016, 2016/2017 and 2017/2018, respectively. The
results presented in the Paper shows that the variation in water level is
the main mechanism causing the peak ice loads. The peak ice loads were
found to follow a daily pattern related to the operation of the power station.
The function of the ice load panel was deemed successful. However, from
observations of the ice during the winters it was found that the panel disturbs
the naturally formed ice sheet. It cannot be excluded that this disturbance
affects the measured results. For that reason, some suggestions on further
improvements of the method are given in the Paper.
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6.2. PAPERII : MEASUREMENT OF ICE PRESSURE ON A CONCRETE DAM WITH A
PROTOTYPE ICE LOAD PANEL

(a)

(b)

Figure 6.2: (a) The ice load panel installed at the upstream water line (Photo;
Lennart Fransson). (b) Ice load, air temperature, water level and
discharge from February 2017.
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6.3. Paper III: Modelling of the ice load on a Swedish
concrete dam using semi-empirical models
based on Canadian ice load measurements

Hellgren, Malm, and Eriksson

In: Proceedings of the ICOLD 87th Annual Meeting Symposium on Sustainable
and Safe Dams Around the World. Ottawa, Canada, June 9th to June 14th,
2019, pp. 3068-3080

In Paper III , the latest and most developed model to predict the combina-
tion of thermal ice loads and ice loads caused by water level variations are
tested. The models are based on extensive measurements of ice pressure
on Canadian dams. The hypothesis behind the choice of model is that the
Canadian conditions are representative for cold climate at other locations.
Therefore, they should be able to predict the ice pressure measured at Rätan
hydropower dam in Sweden. In Paper III , the models are used to predict
the line ice load from the measurements presented in PaperII . In Model 1,
the ice load was predicted with the above-mentioned model using the time
step of one day, and in Model 2, a time step of one hour was used. In the
third model, a �tting coef�cient was used to adjust the prediction to test
if a better agreement with measurements can be achieved with small ad-
justments of the model. Unfortunately, all models inaccurately predict both
the total and relative magnitude of the measured ice load peaks, and all
underestimate the maximum measured load during the winter. Even when
adjustment coef�cients are used, and the model is �tted to the data, the
prediction accuracy is still low. Although the agreement between the total
and relative size of peak loads between the model and the measurements,
the model showed promising results on predicting when ice loads events
should occur. The calculated ice load caused by variations in water level has
a negligible effect on the total ice load, while it was the main mechanism
that caused the measured ice load peaks.
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6.3. PAPERIII : MODELLING OF THE ICE LOAD ON A SWEDISH CONCRETE DAM
USING SEMI-EMPIRICAL MODELS BASED ON CANADIAN ICE LOAD

MEASUREMENTS

(a)

(b)

Figure 6.3: Calculated ice thickness, snow depth on the ice, ice temperatures,
and area temperature pro�le the winter 2016/2017 using hourly
data(a) in Paper III , and the measured and predicted total ice load
using hourly data and the three calculated parts of the predicted
ice load, the residual long term ice load, the ice load caused by
thermal events and the ice load caused by variation in water level
(b). 91





Chapter 7

Discussion

This chapter presents a discussion of the results in relation to the research
questions presented in Chapter 1.

7.1. Dam monitoring

In Chapter 4, a review of models used to predict the long-term behavior of
dams was presented. The models are divided into theoretical, data-based,
and hybrid models. Each model type has unique features with advantages
and disadvantages. The choice of model type should be based on the purpose
for using the model. An FE model can be used to interpret results and �nd
physical connections but is less likely to predict the exact behavior. The most
advanced data-based models are without physical meaning but can predict
future behaviors with high accuracy. The choice of the type of model to use
means a trade-off between interpretability and prediction accuracy.

Fortunately, the use of one model type does not exclude others. The theory-
based models that increase understanding and interpretation of a dams’
behavior and will therefore always be present in dam safety work. Theoret-
ical models can best be used to study potential dam failure scenarios and,
based on these, determine suitable alarm values. As a supplement, the data-
based models are suitable to give early indications when a dams’ behavior
differs from the expected if the loads were generated by wind and water
currents.

One of the initial aims of the work was to develop methods for dams in
cold climate, where measurement data are continuously evaluated. Since
such models already exist, the work has instead focused on applying these
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models to cold conditions, and assessing their ability to distinguish between
an undamaged and damaged dam. When setting alert thresholds, prediction
accuracy is essential, and in that regard, the data-based models are generally
superior. For this type of model, the division of data into training, validation,
and test sets is an essential requirement. This is shown in PaperI, where
the test error is several factors larger than the training error in all analyses.
This is, in line with previous research and is something that is taught in
every introductory statistic course. Despite this, it is common in the scienti�c
literature to omit this deviation. This leads to models that are over�tted and
with limited use to predict future behavior and warn for potential damage.

Two selected model types, the regression models (HST and the HTT) and
the Neural Network, are described more in detail. The results from when
categorizing the dam as undamaged or damaged, accuracy is essential and
it is worth losing some interpretation ability. For concrete dams in cold
condition, temperature changes between winter and summer are an essential
factor. For those conditions, especially when all relevant temperatures such
as water, indoor, and outdoor temperatures are available, a simpler model
such as the HST and HTT may be suf�cient.

All models perform signi�cantly better on arti�cial data than on the real data
measured at the dam. This is due to measurement errors and that the actual
behavior is affected by more factors than those included in the model used
to create arti�cial data. The results are in some way obvious, but important
to consider since model development usually is based on �ctitious data. The
models’ ability to detect damage depends on the magnitude and rate of the
damage. Even a small difference in prediction accuracy has a signi�cant
in�uence on the ability to categorize damaged and undamaged dams. The
purpose of this type of models is to detect anomalies and damage already
at an early stage. However, this feature of the model is seldom studied. The
method for setting alert thresholds corresponding to a prediction band with
the width of four times the standard error may not be the optimum threshold.
This model is simpli�ed, and more advanced categorization methods should
be developed and applied.

7.2. Measurements of ice pressure

Compared to previous methods used for ice load measurement, the ice load
panel that was developed as a new tool for measurement of ice loads on
concrete dams has three main advantages; it is robust enough so that it can
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be left on the dam, it measures the ice load over the entire cross-section, and
it is attached on the dam. This means that the ice load acting over the dam
can be measured on the full ice thickness, from ice formation in the fall to
the ice-free reservoir in the spring. The measurements con�rm the earlier
observed mechanism that ice loads caused by water level variation are the
main contributor to the ice load peaks. Although this effect was observed
already thirty years ago (Stander, 2006), the measurements with the load
panel and recently completed research in Norway (Foss, 2017) is the �rst to
con�rm this mechanism, others than the original authors. Contrary to pre-
vious research, the variation in air temperature has no detectable effect on
the magnitude of the daily ice load peaks. Previous research shows that the
interaction between thermal load and ice load from water level variation is
greatest after a sudden temperature increase from a cold temperature. The
performed measurement shows, if any, the opposite relation. It is possible
that the temperature has a greater in�uence on the local stresses in the ice
sheet than on the resulting force at the dam-ice interface. Another explana-
tion is that the sensor is affected differently by temperature changes. A �at
jack in metal transports heat better than the ice and will heat up faster. Just
as the ice, metal expands when heated, and the measured stresses obtained
from the �at jacks can be a result of the restrained expansion of the sensor
(Malm et al., 2015). This effect is also acting on the ice load panel and, and
temperature changes may also affect the results from the panel. However,
this is judged to have less in�uence on the panel compared to the �at jacks.

The third ice load mechanism is caused by shear forces from wind and
water currents. The measurements with the panel show a relationship with
the discharge and an almost sudden drop in ice load is observed when
the hydropower turbines are started. This relationship is opposite to the
expected. When the turbines are running, the water in the reservoir �ows
towards the dam and the powerhouse. Theoretically, this �ow could create
a shear force on the bottom of the ice directed in the downstream direction.
This mechanism would cause ice loads when the water �ows, and disappear
when the turbines are stopped. Thus, the measured ice loads are not caused
by this mechanism. There are four types of methods that can be used to
measure the ice load on concrete dams. The most frequently used type is the
internal ice stress sensor that records the stress or strain in the ice sheet. At
present, no method has been validated to measure the ice pressure against
a dam monolith with high reliability. Much of the research on ice load on
dams focus on the ice. It is therefore of interest to in more detail study the
ice’s impact on the behavior and properties of the dam. The ice loads used in
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different guidelines and the ice loads measured on dams are large enough
to affect the dam in a way that should be distinguishable in traditional
dam measurements. By studying the dam response, it is possible to test the
hypothesis that the ice load is lower for the whole dam monolith than the
locally measured stresses.

One of the measurement techniques that can be used for ice load measure-
ments is hindcast calculations or back-calculations. This is a method under-
used for ice loads on dams. To quantify the ice load via the response of the
structure introduces a new source of error since the response of the structure
must be interpreted as an ice load. For this to be successful, the in�uence
of the ice load must be distinguished from other factors that affect the dam.
This requires a model that can separate the effect from the hydrostatic pres-
sure, the temperature effect, the irreversible change with time and the effect
from ice load, in the measurements of a dams behavior.

The great advantage of the load panel over back-calculation is that the panel
is not dependent on external factors. This means that fewer other parameters
must be controlled and thereby, the potential sources of error are decreased.
The absolute best way to measure the ice load on a dam is to measure the
ice load directly on the dam, and if the prototype of the load panel can be
validated, that will be the superior method for measuring the ice load.

However, there are both scienti�c and practical bene�ts for developing the
method of back-calculation. Even if the developed load panel proves to be
successful, it will only be able to measure the ice load from now on and
forward. If a method to determine the ice load from already existing mea-
surements can be developed, the historical values of the ice loads on other
dams can be determined. It would lead to an increased amount of avail-
able data of the size of ice loads. Thereby increased knowledge about the
size of the ice load and its variation can be achieved faster. It is also eas-
ier to justify for a dam owner to pay for instrumentation they can use in
their dam safety program, than for an ice load panel. Measurements of the
dam’s displacements can be used for observations of long and short term
trends and can be connected to an alarm and warning system. An ice load
panel can only be used for measurements of the ice load, and the panel is
therefore mainly useful in research applications. It means that even with a
very ambitious installation of ice load panels, there will exist more measure-
ment devices of dam movements than of ice pressure. The back-calculation
method gives the possibility to increase the number of measurements of the
ice load. Another advantage with an additional method for assessing the
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ice load is the ability to compare the results. By determining the ice load in
two ways, the two methods will hopefully provide similar results. The idea
is that if these measurements converge, even though we use two different
measurement procedures, greater trust can be given to the results. So apart
from other bene�ts, back-calculations can hopefully validate the prototype
ice load panel. Furthermore, a great advantage with the backward calcula-
tion of ice load is that such techniques can be used for better predicting a
dam’s future behavior and from the predictions set alarm values if the dam’s
behavior differs from the predicted. Since the ice is present at dams in cold
climate, a method for prediction of a dam’s behavior must account for the
ice. Of course, values from ice load panel measures can be used as an input,
as done with water level and temperature. However, this will limit the use of
the methods to dams where ice load measurements are available. If the ice
load can be assessed within the dam behavior framework, it will facilitate
the process and make the analysis more applicable. Improved models are
thus a common goal for both models that will be used for monitoring of
dams and models that will be used for back-calculation of the ice load. An
improved model will give both narrower prediction bands and more reliable
alert thresholds, and a better estimation of the ice load.

7.3. Modelling of ice pressure

PaperIII presents the use of the best available ice load model that includes
ice loads from both thermal events and water level changes (Research ques-
tion 4). The predicted ice load from the model did not correspond to the
measured ice loads presented in PaperII . The model is better at predicting
when ice load events occur than the peak load value of an individual ice load
event. The model inaccurately predicts the total and relative magnitude of
individual ice load peaks, and also underestimate the maximum measured
load during the winter. It is from today’s knowledge not possible to decide
whether the measurements are correct and that the prediction from the
model is wrong, vice versa or a combination of both. Especially the part of
the model that predicts the ice loads from water level variations shows low
explanatory value, and today no model exists that can accurately predict ice
loads caused by water level variations.

Two things seem obvious regarding the modeling of ice loads, ice load caused
by water level variations is the mechanism that provides the most signi�cant
contribution to ice load on the dam, and basically, all models for ice load
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on dams only include thermal loads. There is thus a clear gap between the
mechanisms found by measurements and the development of models. One
possible explanation for this gap may be the relative ease of understanding
and modeling thermal ice loads compared to the ice load caused by water
level variation.

The ice load, water level, and the position of the resultant force of the ice
load all follow a daily pattern related to the operation of the power sta-
tion. However, this relationship is not absolute and is therefore dif�cult to
treat from an analytical perspective. The water level varies daily, while ice
load peaks occur only approximately 40 days a year. During these days,
the increase of the ice load correlates with the increasing water level. The
water level change thus comes into play �rst when a certain number of
other criteria are met, and is rather useless as a sole explanatory mechanism.
From previous observations during measurements, different mechanisms
have been proposed that explain when ice loads due to water level variation
occur. They are often more qualitative, such that a crack was water-�lled
and after that frozen. Such a mechanism is almost impossible to incorporate
in a quantitative prediction model.

When summarizing and studying the measurements of ice load on concrete
dams, it is easy to see why it is dif�cult to �nd a relationship between the
measured load and the external factor. To use an analogy from structural
mechanics, the ice sheet can be seen as a concrete slab where one is inter-
ested in studying the reaction force at one support. Instead of measuring the
force at the support, a variety of measurement methods have been used with
local sensors placed at various locations in and on the span of the slab. Just
for a few rare occasions, measurements of parts of the contact pressure at
the support has been performed. Combining this with the fact that both ice
and concrete are materials with non-linear behavior prone to cracking, �nd-
ing the relationship between the local measurements and a global support
reaction is complicated.

The measurements presented by Morse et al. (2011), and the Sanderson
pressure-area curve (Sanderson, 1988), indicate that the ice load is likely
to vary along the dam line. This variation occurs over short distances and
makes it dif�cult to model the measurement results from individual sensors
with a model that takes external factors into account. Say that a model is
created that correctly predicts the results from one ice load sensor during a
winter. The same model would then over or underestimate the ice load at
a similar sensor placed only three meters from the �rst, with up to a factor
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of two. The external factors do not differ signi�cantly over three meters
which means that other factors such as the formation of cracks in the ice,
and randomness in the wind, water, and snow may all affect the ice load.

It is therefore essential in the future to focus on the spatial variation of the ice
load over an entire dam and try to establish how and if the average pressure
decreases over an entire dam compared to local stresses. One possibility
for this is to continue with measurements out in the reservoir, where a
hypothesis is that the ice is less affected by local boundary conditions and
therefore more accurately describes the average stress in the ice. Although
this may be true, the interest from a dam perspective is the in�uence of the
ice on the dam. The effect of a dam as a boundary condition is, therefore,
the main interests. Such an approach would also introduce another source
of error, where a local measurement should be re-classi�ed into a global
measurement, which then should be modeled with external factors.

The best way forward for modeling is to use numerical calculations that also
consider three-dimensional effects. Since ice is a highly non-linear material
regarding creep and cracking, and both of these effects have an important
impact on the ice pressure, it is important that these effects are included in
a model. Ice growth and especially ice growth in cracks is a common expla-
nation for ice load from water level changes and should also be included in
a model. However, to model the ice formation until ice-free reservoir in the
spring, including effects from creep, cracking of the ice, thawing, freezing
of cracks, the effect of snowfall, snow melting, and rain, is a huge challenge.
If also the reservoir’s shape, the impact from beaches, and other effects are
to be included, the task is with today’s standard highly challenging.
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Chapter 8

Conclusions and
suggestions for future work

This chapter presents and summarizes the major conclusions of the work in
this thesis and some suggestions for future research.

8.1. Conclusions

The major contribution of this thesis is the design and installation of a pro-
totype ice load panel with direct measurement of the ice pressure acting on
a dam. The ice load panel is attached at the upstream face of the dam. Its
size is large enough so that the whole thickness of the ice sheet remains
in contact with the panel as the water level varies. The total pressure from
the ice is hence measured without interpolation. The panel contributes to
increased knowledge of the seasonal variation in ice pressure and increased
knowledge regarding the mechanism of ice load caused by variation in water
level.

Chapter 4 presents a review of models suitable to predict the long-term
behavior of dams (Research question 1). Here, a distinction is made between
theoretical, data-based, and hybrid models. Prediction accuracy is essential
to set alarm values, and in that regard, the data-based models are generally
superior. For this type of model, the division of data into training, validation,
and test sets is an essential requirement.

Regression models in the form of the HST and the HTT, and the Neural
networks ability to detect damage varies with the magnitude of the damage
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(Research question 2). Even a small difference in prediction accuracy has a
signi�cant in�uence on the ability to categorize damaged and undamaged
dams. PaperI presents the application of the HST and ANN model on a
Swedish Buttress dam and evaluate categorization accuracy of the model on
classifying the damaged and undamaged dam. There are four types of meth-
ods that can be used to measure the ice load on concrete dams (Research
question 3). The most frequently used type is the internal ice stresses sensor
that records the stress or strain in the ice sheet. Several aspects in�uence the
accuracy of the pressure measurement; the pressure only is measured in dis-
crete localized points and must be extrapolated to cover the entire thickness,
the sensors are only measuring the compressive stresses, stress distributions
around the cast-in pressure sensor and thermal expansion. In PaperII those
issues are addressed with the development of an ice load panel. However,
as shown in the PaperII , some question marks remain about this method,
mainly regarding the local in�uence on the ice and the variation of ice pres-
sure along the dam line. At present, no method is validated to measure the
ice pressure against a dam monolith with high reliability.

PaperIII presents the use of the best available ice load model that includes
ice loads from both thermal events and water level changes (Research ques-
tion 4). The predicted ice load from the model did not correspond to the
measured ice loads presented in PaperII . However, the model is better at
predicting when ice load events occur than predicting the peak load value
of an individual ice load event. The model inaccurately predicts total and
relative magnitude of individual load peaks, and underestimate the maxi-
mum measured load during the winter. Especially the part of the model that
predicts the ice loads from water level variations shows low explanatory
value. Today, no model exists that that accurately predicts ice loads from
water level variations.

The factors that affect the ice load on a dam are not known, and as presented
in Chapter 5, there is little or no support in the literature for the factors often
mentioned as important. However, it is clear, both from the literature and the
research presented in PaperII , that the ice loads from water level variation
are a signi�cant part. This part is often omitted in previous work, including
all current design guidelines.
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8.2. Future work

Machine learning and data-based models are today one of the research top-
ics with the fastest progress. It is therefore important to stay up to date on
the latest developments and how they can be applied to dams. To be able
to test the ability to warn for damage in dams, it is essential to �nd and use
qualitative data. In Paper I, it is shown how data-based can model detects
damage on �ctive data created with simulations. In that Paper, the damage
is introduced as a reduction of the elastic modulus. Several research projects
concerning the simulations of time-dependent degradation mechanics in
dams are ongoing, for example, Eriksson (2018). It would be interesting to
replace the general damage with those time-dependent effects in the simu-
lation. This would allow the testing of data-based models’ ability to detect
time-dependent continuous degradation. Another important factor to study
further is the method for categorization between undamaged and damaged
dam. Now it is done with a simple method where each measurement is eval-
uated one by one. Here, more advanced models from the �eld of change
detection and concept drift should be implemented for dam monitoring.

The ice load is an important factor for dam safety and the behavior of dams
in cold climate. As this thesis shows, the state of knowledge is limited, and
continued research is necessary. There are many knowledge gaps to focus
on, but the recommendation for the immediate future work are as follows;

� Continue the measurements of the ice load.

� Improve and validate the ice load panel.

� Perform back-calculation of the ice load.

� Analyze how different ambient factors such as water level variations,
temperature gradients, distance to beaches and its abutment, water
depth, the slope of the upstream side of the dam, etc. affect the size
of the ice load.

� Perform a meta-analysis of previous measurements.

� Propose a simpli�ed methodology that can be used to predict the size
of the ice load as a function of the most important factors

For the ice load measurements, a solution with dummy panels attached next
to the load panel will be developed so that the ice sheet is undisturbed over
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a longer distance next to the panel. In addition to installing the dummy
panels, traditional measuring methods should also be used for comparison
with the loads measured with the panel. For this purpose, it is intended to
use �at jacks mounted in a Carter panel, which is the type of sensor used
in Canada and Norway. As a complement to the ice load measurements
that are carried out, it is also planned to measure the ice thickness and
snow cover continuously. In addition to continued measurements of the
ice load and validations of the ice load panel, there is also a great need to
investigate how different parameters affect the size of the ice load in order to
develop prediction models for ice loads further. This is intended to be studied
by a combination of a systematic literature review with meta-analysis and
numerical calculation based on the �nite element method. The objective of
these analyses is to quantify the relative effect from various parameters on
the ice load and to assess how the pressure varies along the dam line. These
analyses could form the basis for a draft of new guidelines for ice loads, that
quantify the in�uencing parameters.
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