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Abstract

The durability of concrete is of major concern in all types of concrete structures
where the combined effect of exposure conditions and the type and quality of the
concrete material usually determines the rate of degradation. Furthermore, there
are synergy effects between different deterioration mechanisms, which means that
the combined rate of degradation is higher than the sum of the individual rates
of each mechanism. Therefore, to accurately predict the residual service life of
existing structures or when designing new structures, it is essential to consider all
these aspects. This means that various chemical and physical processes, as well as
how these interact, must be taken into account in models aiming to be used for
service life predictions.

This thesis presents the first part of a research project with the aim to investigate
common deterioration mechanisms of concrete in hydraulic structures, and to im-
prove the knowledge how these and other related phenomena can be described
using mathematical models. The objective is also to study how different mecha-
nisms interact and to find suitable approaches to account for these interactions
in the models. To this end, a literature survey on commonly detected damage in
hydraulic structures is presented. In addition, it also addresses in what types of and
where in hydraulic structures the various damage types are usually observed. The
mathematical models presented in this part of the project are focused on long-term
water absorption in air-entrained concrete as well as on freezing of partially satu-
rated air-entrained concrete. Both models are based on a multiphase description
of concrete and poromechanics to describe the coupled hygro-thermo-mechanical
behaviour. The thesis also presents some of the basic concepts of multiphase mod-
elling of porous media, including discretization of the models using the finite
element method (FEM). Furthermore, it covers the simplifications that are usually
introduced in the general macroscopic balance equations for mass, energy and
linear momentum when modelling cement-based materials.

To verify the developed models and to show their capabilities, simulation results
are compared with experimental data, in situ measurements and other simulations
from the literature. The results indicate that both models perform well and can be
used to predict long-term moisture conditions in hydraulic structures as well as
freezing-induced strains in partially saturated air-entrained concrete, respectively.
Even though no interactions with other deterioration mechanisms are included
in the models, the development and use of these have given insights to which
parameters that are important to consider in such extensions. Furthermore, based
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on the insights gained, the complexity of describing the full interactions between
several mechanisms in mathematical models is also discussed. It is concluded that
models aiming to be used for service life predictions of hydraulic structures in
day-to-day engineering work need to be simplified. However, the type of advanced
models presented in this thesis can serve as a basis to study which aspects and
parameters that are essential to consider in simplified prediction models.
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Sammanfattning

Beständigheten hos betong är av avgörande betydelse i alla typer av betongkon-
struktioner där den kombinerade effekten av exponeringsförhållanden samt typ
och kvalitet på betongmaterialet vanligtvis avgör nedbrytningshastigheten. Dess-
utom finns synergieffekter mellan olika nedbrytningsmekanismer som innebär att
den kombinerade nedbrytningshastigheten är större än summan av de enskilda
nedbrytningshastigheterna. För att noggrant kunna prediktera den återstående li-
vislängden hos befintliga konstruktioner eller vid design av nya konstruktioner är
det därför viktigt att ta hänsyn till samtliga av dessa aspekter. Detta innebär att
olika kemiska och fysikaliska processer, samt hur dessa interagerar med varandra,
måste tas i beaktande i modeller som avses användas för livslängdsbedömningar.

Den här licentiatuppsatsen presenterar den första delen av ett forskningsprojekt
där målet är att studera vanligt förekommande nedbrytningsmekanismer i vatten-
byggnadskonstruktioner och att öka kunskapen om hur dessa och andra relaterade
fenomen kan beskrivas med matematiska modeller. Målet är också att studera hur
olika nedbrytningsmekanismer samverkar och att hitta lämpliga tillvägagångssätt
att ta hänsyn till dessa interaktioner i modellerna. För detta ändamål presenteras
en litteraturstudie avseende vanligt förekommande skador i vattenbyggnadskon-
struktioner. Dessutom behandlar denna i vilka typer av vattenbyggnadskonstruk-
tioner och var i dessa som de olika typerna av skador vanligtvis observeras. De
matematiska modeller som presenteras i denna del av projektet är inriktade på
långtidsabsorption av vatten i lufttillsatt betong samt på frysning i delvis vatten-
mättad lufttillsatt betong. Båda modellerna är baserade på en multifasbeskrivning
av betong samt poromekanik för att beskriva det kopplade hydro-termo-mekaniska
beteendet. Uppsatsen presenterar också några av de grundläggande koncepten
gällande multifasmodellering av porösa material, inklusive diskretisering av model-
lerna genom användning av finita elementmetoden (FEM). Dessutom beskrivs de
förenklingar som vanligtvis införs i de generella makroskopiska balansekvationerna
för massa, energi och rörelsemängd då cementbaserade material modelleras.

Simuleringsresultat från de utvecklade modellerna jämförs med försöksdata, fält-
mätningar samt andra simuleringsresultat från litteraturen för att verifiera model-
lerna samt visa hur de beter sig. Resultaten visar att båda modellerna ger tillfredstäl-
lande resultat och kan användas för att uppskatta de långsiktiga fuktförhållandena i
vattenbyggnadskonstruktioner samt frysinducerade töjningar i delvis vattenmättad
lufttillsatt betong. Även om inga interaktioner mellan andra nedbrytningsmekanis-
mer inkluderades i modellerna, så har utvecklingen samt användandet av dessa
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gett insikter gällande vilka parametrar som är viktiga att beakta i sådana vidareut-
vecklingar. Baserat på dessa insikter diskuteras också komplexiteten i att beskriva
interaktionen mellan flertalet mekanismer i matematiska modeller. Det konstateras
också att modeller som avses användas i dagligt ingenjörsarbete för livstidsbedöm-
ningar av vattenbyggnadskonstruktioner behöver förenklas. Däremot kan den typ
av avancerade modeller som presenteras i denna uppsats användas som en grund
för att studera vilka aspekter och parametrar som är viktiga att beakta i förenklade
modeller.
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Chapter 1

Introduction

The durability of concrete is of major concern in all types of concrete structures.
During their service life, they are exposed to different mechanical loads, varying
ambient climate conditions as well as other physical and chemical phenomena that
can have a deleterious effect on the material. Normally, it is the combined effect of
these various exposure conditions and the quality of the concrete that determines
the rate of deterioration for a specific structure. Hence, it is important to take all
of these aspects into account both when designing new structures to achieve the
required service life but also when performing assessments of the residual service
life of existing structures. Thereby, to do an adequate estimation, the analysis
tools should take the coupled hygro-thermo-chemo-mechanical behaviour of the
material into account. During the recent decades, major advancements have been
made within this field of modelling porous materials and can, thus, serve as one
way forward towards a better understanding of how to account for the different
interactions in models used for such assessments. Nevertheless, the end product
must be possible to use in practical engineering work. However, the knowledge
gained by studying the phenomena using more advanced models might serve as a
basis for the development of such analysis tools.

1.1 Background

Hydraulic structures are built to control or change the natural flow of water in
for example a river or a sea. A hydropower plant consists of several hydraulic
structures, including dams and constructed waterways, which are used to control
and redirect the flow of water to power turbines to produce electrical energy. In
Sweden, there are approximately 2000 hydropower plants with an installed power
ranging from about 10 MW to almost 900 MW in the largest power plant. The
majority of the larger power plants were erected during the early and mid-20th
century and, hence, many of these concrete structures nowadays show significant
deterioration.

Degradation of concrete structures that are fully or partially submerged into water
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CHAPTER 1. INTRODUCTION

is a consequence of various factors. Due to the contact with free water, the degree
of moisture saturation in the structures is often high, which increases the risk of
frost damage in the structures if exposed to the ambient air. Contact with soft
water also leads to leaching of the concrete, which results in a weakening of the
material and make the structures more sensitive to other deterioration mechanisms.
Furthermore, the flowing water normally contains sediments and driftwood that
can erode the concrete surfaces. In addition, substantial cracking can occur due
to for example extreme loads, seasonal temperature variations and by chemical
reactions between the aggregates and the cement.

It is well known that observed damage in hydraulic structures is often a conse-
quence of synergy effects between several different interacting deterioration mech-
anisms acting on the structure [61, 107]. In this context, synergy means that the
total degradation of the material due to interacting mechanisms is larger than the
sum of degradation caused by each single mechanism alone. The combinations of
deterioration may of course vary between the various structures in a hydropower
plant, where for example open canals or dams in Sweden normally are exposed to
seasonal temperature variations, frost actions, leaching and erosion. However, in an
underground waterway, such as a headrace tunnel, the combination might instead
consist of high water pressure, leaching and erosion. The interactions between the
different mechanisms are a consequence of both chemical and physical phenomena,
which are hard to fully understand and complex to describe mathematically.

In order to ensure the dam safety and a continuing safe operation of damaged
hydropower plants, it is important to be able to assess the remaining service life
of the structures and thereby when a repair campaign is necessary to extend the
service life. Most of the methods and manuals used today for these assessments
require that a dominating deterioration mechanism can be identified, see for ex-
ample the manuals developed in the European innovation project CONTECVET
[35, 37, 103, 121]. However, to do an accurate assessment of the residual service
life, it is, as indicated earlier, often deemed necessary to also take into account the
synergy between the different deterioration mechanisms.

The interactions between different mechanisms are seldom one-way couplings,
which in a case of two active deterioration mechanisms means that the rate of
degradation of one mechanism is accelerated by the other one and vice versa.
An example could be a structure subjected to both frost actions and leaching. In
this case, the leaching process leads to a weakened material and an increased
porosity in the concrete, which makes it more susceptible to frost damage. In turn,
the frost actions further weaken the material and lead to increased permeability
and porosity, which accelerates the leaching process. Hence, both mechanisms
accelerate each others rate of deterioration. Being able to mathematically describe
the various degradation processes as well as how they interact with each other is
essential to establish new more accurate models. By achieving this, these models
might also serve as an important aid to improve assessments of the residual service
life of hydraulic structures. Furthermore, such models can help to get a better
understanding of the long-term performance of concrete in hydraulic structures
exposed to various loads and environmental conditions.
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1.2. AIM OF THESIS

1.2 Aim of thesis

The overall aim of this thesis is to establish a better understanding of how vari-
ous deterioration mechanisms and other related phenomena, e.g. mass transport,
can be mathematically described in a framework that allows for future modelling
of interactions between different deterioration mechanisms as well as other phe-
nomena. To this end, the thesis also aims at compiling and describing some of
the deterioration mechanisms that cause commonly observed concrete damage in
Swedish hydropower plants. This also includes how they interact with each other
to cause synergy effects. The research questions addressed in this thesis are:

1. What mathematical framework is suitable to use for modelling of deteriora-
tion mechanisms and other related phenomena?

2. What types of damage and deterioration mechanisms are commonly observed
in Swedish hydraulic structures?

3. In what types of hydraulic structures and where are these different types of
damage observed?

4. How do different deterioration mechanisms interact?

5. What important factors influence different deterioration mechanisms?

1.3 Limitations

The described deterioration mechanisms of concrete in this thesis are focused on
those mechanisms that cause commonly observed damage in Swedish hydropower
plants. Furthermore, the descriptions of these and their interactions are based on
the exposure conditions that are normally found in Sweden. Even though most of
them are applicable to other countries with similar climates, the reader should be
aware that local conditions, such as water chemistry, may have a significant impact
on which mechanisms that are important to consider.

The mathematical models presented herein are limited to long-term water absorp-
tion in air-entrained concrete as well as freezing of partially saturated air-entrained
concrete. Modelling of interactions between different deterioration mechanisms
is out-of-scope of this thesis. However, to reach this goal, it is essential to be able
to accurately describe the single deterioration mechanisms in a framework that
allows for future extensions of such type. It is certainly possible to derive such mod-
els using various approaches, but herein the proposed models have been derived
based on a multiphase description of the porous medium and poromechanics. Fur-
thermore, the description of the mechanical behaviour has been limited to linear
elastic material models.
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CHAPTER 1. INTRODUCTION

1.4 Outline of thesis

This thesis consists of three scientific papers preceded by an introductory part that
presents some additional background, relevant theory and discusses the results of
the performed work. In Paper I, a mathematical model which describes the long-
term water absorption into air-entrained concrete is proposed and applied in two
numerical examples. Modelling of freezing-induced strains in partially saturated
concrete is addressed in Paper II, where also two numerical examples are solved
using the proposed model. Paper III further investigates the model derived in Paper
I by applying the model in an academic example aiming at resembling a concrete
wall situated in a waterway of open canal type.

Chapter 2 of this thesis describes and discusses some of the common deteriora-
tion mechanisms that cause concrete damage in Swedish hydropower plants. In
addition, synergy effects and interactions between the different mechanisms are
addressed. In Chapter 3, the basics of moisture fixation in concrete is described
including the long-term absorption of water into air pores as well as the funda-
mentals of the model used in Paper I to include this water filling process. In the
following Chapter 4, freezing of porous media is described with emphasis on con-
siderations important for modelling of partially saturated air-entrained concrete.
Furthermore, three commonly referred frost deterioration theories are briefly de-
scribed. Chapter 5 presents general governing equations that can be used to derive
multiphase models describing various phenomena in porous media. The chapter
also addresses and describes which terms that are usually neglected in these gen-
eral balance equations when modelling concrete and present examples of some
common constitutive relationships. In addition, it is also discussed how the system
of equations can be discretized and solved numerically using the finite element
method (FEM). The main results and findings in the three appended papers are
summarized in Chapter 6 whereas the results of this thesis are discussed in Chapter
7. Chapter 8 presents the conclusions of the performed work as well as suggestions
for future research.
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Chapter 2

Deterioration of concrete in
hydraulic structures

Degradation of concrete in hydraulic structures is caused by several different dete-
rioration mechanisms. The rate of these degrading processes depends on various
aspects such as the material quality and the exposure conditions in terms of am-
bient temperatures, the chemical composition of the water, amount and type of
sediments as well as other debris in the water and the water flow velocity. In ad-
dition, it has been shown that synergy effects between two or more mechanisms
may significantly increase the rate of degradation compared to the sum of rates of
the individual deterioration mechanisms [107]. This chapter introduces and briefly
describes some of the common deterioration mechanisms of concrete in hydraulic
structures, with emphasis on Swedish conditions. It should be noted that there are
other important deterioration mechanisms, but it would be outside the scope of the
work to cover them all in this thesis. The interested reader is instead referred to
the more comprehensive summary reported by Hassanzadeh and Westberg Wilde
[62]. Nevertheless, the chapter begins with a short section covering the tempera-
ture conditions in Sweden since these are of significant importance to some of the
deterioration mechanisms.

2.1 Temperature conditions in Sweden

The climate in Sweden during summer and winter is significantly different, and
there are also major differences between the northern and southern parts of the
country. In the north the average temperature is approximately -14 ◦C during the
winter months and roughly 13 ◦C during summer. The corresponding temperatures
in the southern parts are approximately -1 ◦C and 16 ◦C, respectively [119]. The
monthly averaged temperatures for a normal day in Sweden during the months
January and July are shown in the two contour plots in Fig. 2.1. However, the
difference between summer and winter becomes even more pronounced if the
daily maximum and minimum temperatures are compared. During summer in the
northern parts, it is not uncommon with temperatures well above 20 ◦C, whereas
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CHAPTER 2. DETERIORATION OF CONCRETE IN HYDRAULIC STRUCTURES

(a) (b)

Figure 2.1: Monthly averaged temperatures for a normal day in Sweden during the
months (a) January and (b) July. The contour plots are from the climate
database provided by the Swedish Meteorological and Hydrological Institute
SMHI [119].

temperatures lower than -30 ◦C can prevail for a significant period of time during
winter. Furthermore, it is also common that the temperature oscillates around 0 ◦C
during spring and autumn in both the north and south parts. The air temperature,
of course, directly affects the temperature in the concrete structures, but another
important aspect is radiation of heat. Depending on the orientation of the concrete
surfaces, these can be significantly heated by solar radiation during the days and
reach temperatures well above the air temperature. During clear and cold nights,
heat might instead radiate to the atmosphere and cool the concrete to temperatures
well below the air temperature. These significant temperature variations have been
proven to be important for observed damage in hydraulic structures in Sweden,
partly because of the movements that are induced due to thermal expansion of the
material but of course also due to freezing and thawing. These two deterioration
mechanisms will be further addressed below in Sections 2.2.1 and 2.2.2.

2.2 Deterioration mechanisms

This section briefly describes some of the most commonly observed deterioration
mechanisms of concrete in Swedish hydraulic structures. However, the dominating
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2.2. DETERIORATION MECHANISMS

C
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Highest water level

Average water level
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Figure 2.2: Schematic illustration of different structures (1-3) in a hydropower dam as
well as four different areas (A-D) with different exposure conditions. Based
on [110].

mechanisms vary depending on the exposure conditions that the structure is sub-
jected to and, consequently, also between different parts of the same structure. A
schematic illustration of different structural parts in a hydropower dam is shown
in Fig. 2.2 together with four different areas (A-D) subjected to varying exposure
conditions. The illustration as well as the classification of the different structures
and areas were inspired by the work performed by Sandström et al. [110]. The
three different structures indicated in the figure, denoted with the numbers 1 to 3,
correspond to:

1. A water retaining structure where some parts always are in contact with air
or water as well as a part that is intermittently subjected to air and water.

2. A structure that is always subjected to non-freezable water.

3. A structure that seldom is in contact with air on one side whereas the opposite
side is exposed to air and/or soil, e.g. a concrete wall in a waterway.

The four areas A to D, located on the surface of each structure, correspond to areas
with the following exposure conditions:

A. Areas located above the highest water level and, thus, only subjected to air.

B. Areas located between the highest and lowest water level in a dam, also
called the splash zone. These parts will intermittently be subjected to air or
water.

C. Areas located below the lowest water level.

D. Areas located on or near the bottom and, thus, always in contact with non-
freezable water.

This illustration will be used in the following to indicate where one can expect to
find damage caused by the various mechanisms.
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CHAPTER 2. DETERIORATION OF CONCRETE IN HYDRAULIC STRUCTURES

2.2.1 Temperature cracks

Contraction and expansion of materials due to temperature variations is a well-
known phenomenon. Concrete is, of course, no exception and the material expands
as it is heated and contracts during cooling. As long as there are no restraints to
these movements, no stresses will arise in the material. However, most concrete
structures are usually subjected to some kind of restraint either from the foundation
on which it is cast or from other connecting structures. When the movements are
restrained, stresses will arise in the material and the concrete cracks when these
reach the tensile strength of the material.

A common reason for observed temperature cracks in concrete structures is due
to the heat development during hardening. As the cold fresh concrete is cast into
the formwork and the cement hydration starts, the material heats up, expands and
hardens while it is still hot. The subsequent cooling of the material results in a
contraction, but at this state, the movements might be restrained by the foundation
or other connecting structures to such extent that cracks are initiated and start
to propagate through the structure. This type of temperature cracks is usually
detected a rather short time after casting. Furthermore, this is of special concern in
thick concrete structures since it takes time for the generated heat in the interior
parts to dissipate. Many of the hydraulic structures are thick, and there are various
measures that can be taken to overcome these issues, e.g. by using a cooling system
to lower the temperature during hardening.

However, temperature cracks can also arise in an initially crack free structure due
to varying ambient temperatures. For example, Malm and Ansell [87] showed that
the seasonal temperature variations in Sweden can be enough to cause substantial
cracking in a 40 m high concrete buttress dam. The general crack pattern that
had been observed in the dam is shown in Fig. 2.3 together with a picture of one
of the major cracks. The study concluded that the temperature variation induced
movements in the dam in the upstream-downstream direction, which together
with the restraints of the structure caused the observed crack pattern. Similar
conclusions have also been reported as an explanation for substantial cracking
observed in a Swedish concrete arch dam [88].

Referring back to the schematic illustration of the hydropower dam in Fig. 2.2,
temperature cracks due to seasonal temperature variation are most likely to be
observed in structures 1 and 3 since these are exposed to the ambient air. However,
cracking caused by hydration heat can possibly occur in all three structures. A more
comprehensive explanation of temperature induced cracking in general, as well as
more examples of observed temperature cracks in Swedish hydraulic structures,
can for example be found in the report by Hassanzadeh and Westberg Wilde [62].
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2.2. DETERIORATION MECHANISMS

Figure 2.3: Typical temperature cracks in a concrete buttress dam and photo of an
in-situ temperature crack. Photo provided by Richard Malm.

2.2.2 Frost damage

As mentioned in the introduction to this thesis, one of the main focuses of this first
part of the research project has been on modelling frost actions in concrete. Hence,
the complete Chapter 4 in this thesis has been devoted to freezing of concrete. The
brief introduction given below is meant to just provide a conceptual understanding
of the governing processes to understand why and where in a hydraulic structure
that one can expect to observe frost damage.

Frost damage in concrete is commonly observed in Swedish hydraulic structures
and are caused by freezing of the pore water inside the material. It is well known
that water expands by approximately 9 % upon freezing. If there is no room for
this excess water inside the material, large pressures can arise, and the material is
damaged when these reach the tensile strength of the concrete. The magnitude of
the pressures can be reduced by the use of air-entrainment agents, which create
an artificial network of evenly distributed large air-filled pores in which the excess
water can enter upon freezing. However, the distance from the freezing sites inside
the material to these air-filled voids is essential for the magnitude of the pres-
sure, where an increasing distance means a higher pressure. The average distance
depends on the quality of the air pore system as well as on the degree of water sat-
uration in the material. As will be further described in Section 3.3, these large air
pores are slowly filled with water when the concrete is in contact with an outside
reservoir of free water. This gradual long-term water filling of the air pores means
that the average distance from the freezing sites increases with time and, hence,
also higher freezing pressures can be expected to arise in the material as time
goes on. Furthermore, studies have also shown that extra water is absorbed into
the material due to the freezing process itself, i.e. a material subjected to repeated
freeze-thaw cycles absorbs more water than a material under isothermal conditions
[104, 109]. This will, of course, affect the degree of saturation in the material and,
thus, also the average distance and freezing-induced pressure. In fact, Fagerlund
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[32] showed that a certain critical degree of saturation must be reached before
any frost damage occurs in the material. This critical degree of saturation depends
on the pore structure of the material as well as the actual freezing temperature.
The latter is important since not all water in the porous network freezes as soon as
the material reaches sub-zero temperatures. Instead, the freezing temperature of a
certain pore depends on its size, where larger pores freeze at higher temperatures
than smaller pores. This means that each sub-zero temperature corresponds to a
certain amount of freezable water in the material and consequently also affects the
magnitude of the freezing pressure. Furthermore, the rate of freezing also has a
significant effect on the magnitude. It should be mentioned that there are several
theories in the literature that explain frost deterioration of concrete, and that the
explanation above basically corresponds to Powers’ hydraulic pressure theory [97].
This theory, as well as two additional theories, are more thoroughly described in
Section 4.2.

Frost damage can arise both on the surface of a concrete structure as well as in
its internal parts. In the case of surface damage, the deteriorated area must have
been in contact with water for such long time that the critical degree of saturation
has been reached and of course also been subjected to sub-zero temperatures. In
Fig. 2.2, this type of damage is most likely to be observed at the points denoted B
and C since these have access to water and are subjected to the ambient climate.
However, studies have shown that it is usually not solely frost actions that cause
such surface damage, but rather a combination of several mechanisms, see e.g.
[104]. These interactions and synergy effects are further discussed in Section 2.3.
A typical surface damage, at least partly caused by freezing, is shown in Fig. 2.4a.
In addition, Rosenqvist et al. [105] showed that significant spalling of concrete
surfaces might appear in areas represented by point D in thin water retaining
structures because of exposure to sub-zero temperatures on the side not in contact
with water, see Fig. 2.4b.

(a) (b)

Figure 2.4: (a) Surface damage caused by freezing at the waterline in a hydraulic struc-
ture, photo provided by Manouchehr Hassanzadeh. (b) Spalling of concrete
on the upstream side of a dam caused by frost action, photo provided by
Uniper.
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Figure 2.5: Internal frost damage in hydraulic structures, photos provided by
Manouchehr Hassanzadeh.

Internal frost damage also requires that the critical degree of saturation has been
reached in the material, which may take a long time because of the low permeability
of concrete. This type of damage is typically observed as irregular crack patterns
on the surface of the structure with several cracks oriented in different directions,
see Fig. 2.5. Internal frost damage is most likely to appear in structures of type
1 and 3 in Fig. 2.2, as these are exposed to the ambient climate. Furthermore, it
should be noted that internal damage might also appear under the water surface
since freezing temperatures can penetrate into the structure from the opposite side.

2.2.3 Erosion

Erosion can be defined as the progressive loss of material from a solid surface
caused by mechanical interactions between the surface and solid particles, another
solid surface or a fluid [96]. In hydraulic structures, the flowing water normally
carries sediments which at impact with a concrete surface may exert a force that
exceeds the tensile strength of the material. It is primarily the cement matrix that
is affected by these impacting particles, but as the matrix continuously deteriorates,
the embedded aggregates eventually also come loose. Auel [3] called this type
of erosion for hydro-abrasion and also mentioned that the particles can roll or
slide along the surface. However, it has been shown that the impacting effect, or
saltation of the particles, is the dominating cause to observed wear of surfaces
due to hydro-abrasion, see e.g. [117, 118]. The rate of hydro-abrasion is mainly
affected by the particle velocity, the hardness and shape of the particles as well as
the strength of the surface material. An area damaged by hydro-abrasion is shown
in Fig. 2.6.

Abrasive wear of concrete surfaces at the waterline is also caused by drifting ice
in the water, from now on referred to as ice abrasion. According to findings by
Jacobsen et al. [67], the wear caused by ice abrasion can be attributed to at least
three different mechanisms: (i) asperities of the sliding ice cause tensile stresses
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Figure 2.6: A concrete surface in a spillway that has been subjected to hydro-abrasion,
photo provided by Manouchehr Hassanzadeh.

that are high enough to fracture the material, (ii) particles released from the dam-
aged surface are dragged with the ice along the surface and increases the wear or
(iii) water is forced into defects in the surface which can result in a pressure that
propagates cracks. All of these mechanisms act simultaneously during ice abrasion
and contribute to the total wear of the surface. Furthermore, in a study performed
by Huovinen [65], it could be concluded that the strength of the concrete is the
most important parameter for the resistance to ice abrasion. In addition, abrasive
wear of concrete surfaces at the waterline can also be caused by driftwood and
other debris that flows with the water.

Another cause to erosion of concrete surfaces in hydraulic structures is a phe-
nomenon called cavitation, which can appear in sections where the flow velocity
of water is high. The destructive mechanism is caused by imploding air bubbles
in the water. These bubbles are created in sections where the absolute pressure in
the water drops below the water vapour pressure. As these are transported further
downstream and enter a section where the pressure is significantly higher, they
might implode causing a high local pressure that exceeds the strength of the surface
material.

Ice abrasion and wear caused by driftwood and other debris in the water are limited
to areas near the waterline and, thus, this type of abrasive wear can primarily be
expected in areas A-C in Fig. 2.2. Cavitation and hydro-abrasion can appear in all
areas where there might be flowing water but is usually more severe in bottom
areas [110]. Therefore, one can expect to find damage caused by these mechanisms
in the areas denoted B-D. Regardless of which process that is causing erosion of a
concrete surface, the amount of removed material is closely linked to the strength
of the material. Hence, other active deterioration mechanisms that weaken the
material will have an effect on the amount of removed material. These synergy
effects are further addressed in Section 2.3.
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2.2.4 Leaching

Deterioration of concrete by leaching is the process when different solid com-
pounds, primarily in the cement matrix, are dissolved into the pore water and are
transported out of the material. The dissolved ions are either transported through
diffusion, driven by the concentration gradient of ions, or through advection where
the dissolved ions follow the flow of the water which is driven by a pressure gra-
dient in the material [30]. Because of the latter transport type, the permeability
of the material has a significant effect on the leaching-rate. The solubility of the
different hydration products in concrete vary, where calcium hydroxide (Ca(OH)2)
is the most soluble product followed by calcium silicate hydrate (CSH) and calcium
carbonate (CaCO3) [35]. It should be noted that leaching of concrete sometimes is
called lime leaching, where the word lime refers to the calcium-based compounds
in the material that are dissolved. According to Halvorsen [58], the leaching pro-
cess in concrete can be divided into three types:

1. Leaching through a very porous concrete

2. Leaching through cracks in the concrete

3. Leaching from a concrete surface

Regardless of the type of leaching, the chemical process weakens the material by
lowering the strength and also increasing the porosity. In terms of porosity change,
Carde and François [18] showed that the macroporosity (pore radius & 10 nm) is
changed due to the dissolution of Ca(OH)2 whereas the microporosity (pore radius
. 10 nm) is affected by leaching of CSH. Concerning the decrease in strength of
the material, the same study showed that the strength loss mainly is caused by
leaching of Ca(OH)2. The chemical composition of the water that is in contact with
a surface or penetrating the concrete has a significant effect on the rate of leaching.
Soft water contains low concentrations of calcium and magnesium, and, hence,
exposure to soft water can lead to significant leaching of the material. Rosenqvist
[104] compiled a table of the chemical composition of the water in some Swedish
rivers and concluded that many of these contain soft water. Furthermore, he also
mentioned that soft water is especially common in the central and northern parts
of Sweden since the bedrock primarily consists of gneiss and granite. Fagerlund
[35] also mentioned that mountainous areas usually have pure water because of
the snowmelt and can, thus, cause significant leaching in concrete. In addition, the
pH-value of the water affects the rate of leaching where a lower value, i.e. acid
water, increases the rate, see e.g. [107].

Leaching of concrete through cracks in water retaining structures can usually be
observed as curtains of precipitated calcium carbonates on the downstream side of
the structures, see Fig. 2.7. Damage caused by pure leaching in internal parts and
at surfaces is more difficult to observe since the process itself primarily weakens
the material and increases the porosity. However, because of this, the effect of other
deterioration mechanisms is accelerated and can enable the removal of material by
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Figure 2.7: Leaching of concrete through cracks in water retaining structures with
curtains of precipitated calcium carbonates on the downstream surface,
photos provided by Manouchehr Hassanzadeh.

for example frost actions or ice abrasion. Hence, the damage usually comes visible
first when other deterioration mechanisms have been active. A common type of
damage where leaching has a significant role is surface scaling at the waterline in
hydraulic structures, see Fig. 2.4a [107]. The access to water is obviously essential
for leaching and, thus, the areas denoted B-D in Fig. 2.2 are those susceptible to
surface leaching. In addition, all structures might be subjected to leaching through
cracks or internal leaching if the concrete material is very porous and has high
permeability.

2.2.5 Alkali-aggregate reactions

The alkali aggregate reactions (AAR) is the group of reactions between alkalis in
the pore solution, originating from the cement paste of the concrete, and certain
reactive forms of minerals in the aggregates that can cause an expansion inside the
material if a sufficient amount of moisture is present. In fact, these reactions were
discovered already in the early 1940s by Stanton [122]. The two alkali metals
that are present in cement are sodium (Na) and potassium (K), which take the
form of hydroxides (NaOH and KOH), known as alkalis, in the pore solution when
the oxides of these two metals react with water. The AAR are usually divided
into two different reactions, the most common reaction in concrete is the alkali-
silica reaction (ASR) whereas the alkali-carbonate reaction (ACR) rarely have any
degrading effect on the material [46]. In the former reaction, the alkalis in the
pore water react with alkali-sensitive silicon dioxide (SiO2), also called silica, in
the aggregates and form an alkali-silica gel. This gel has a tendency to absorb water
which results in an expansion and means that an internal pressure is built up in the
material. Eventually, the pressure can reach the strength of the concrete and, thus,
cause significant damage and lead to cracking. The presence of ASR in concrete
does not directly mean that the material will be damaged. To damage the concrete,
it must be a certain critical amount of reactive constituents in the aggregates, a
sufficient amount of alkalis in the pore water as well as enough moisture in the
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Figure 2.8: Concrete damaged by ASR showing the typical map-cracking pattern, pho-
tos provided by Manouchehr Hassanzadeh.

concrete and its surroundings so that the gel can expand [46]. Damage caused by
ASR can normally be observed within 10 years, but for many Swedish aggregates
the reactivity is low and, hence, it can take 15-20 years before any damage is
observed [77]. As mentioned by Hassanzadeh and Westberg Wilde [62], damage
caused by ASR due to low reactivity aggregates have been observed in several cases
in Sweden during the recent years. In most of these cases, it had taken up to 20
years before the damage could be observed in the structures.

The damage that appears due to AAR is often in the form of extensive cracking in
the structures. In cases where the concrete is unrestrained by either adjacent struc-
tures or the reinforcement, a "map-cracking" pattern often appear which consists
of many cracks oriented in different directions, see Fig. 2.8. For restrained struc-
tures, the cracks tend to form perpendicular to the dominating restraint direction.
Another common damage is so called "pop-outs", which means a local spalling of
the concrete surface and is caused by AAR of coarse aggregates close to the surface
[46].

All structures and locations defined in Fig. 2.2 can be expected to show damage
caused by ASR if the earlier mentioned conditions are met. However, the area
above point A and the other sides exposed to the ambient air in structures 1 and
3 are probably less sensitive since the access to water is more limited. However, a
relative humidity around 80-85 % in the material has been shown to be sufficient
for the alkali-silica gel to expand substantially [46]. Therefore, damage caused by
ASR also in these areas is definitely not impossible.

2.3 Synergy effects

Concrete of normal quality often has sufficient resistance against single deteriora-
tion mechanisms based on the service life used in the design calculations. However,
in reality, most concrete structures are exposed to a number of different deteriora-
tion mechanisms, either simultaneously or sequentially as the exposure conditions

15



CHAPTER 2. DETERIORATION OF CONCRETE IN HYDRAULIC STRUCTURES

change between the seasons. It is widely known that there exist synergy effects
between the different mechanisms, which means that the resistance to one deteri-
oration mechanism might be reduced as a result of another. In other words, this
means that the total deleterious effect of interacting mechanisms is larger than the
sum of the effect of the individual mechanisms. In the following of this section,
some possible combinations of interacting deterioration mechanisms are briefly
described and discussed. This is a complex subject, and it is difficult, if not impossi-
ble, to compile a completely general list of all possible combinations. However, the
examples given below aim to give the reader some insights into the complexities
of the subject.

2.3.1 Surface damage

At the waterline in many Swedish hydraulic structures, there is a progressive de-
terioration of the concrete surface, see e.g. Fig. 2.4a. Hassanzadeh [61] applied
the manuals developed in the project CONTECVET [35, 37, 103, 121] to perform
an assessment of the residual service life of a Swedish hydropower dam with this
type of damage. However, these manuals require that a dominating degradation
mechanism can be identified to perform the extrapolation of the service life, but
in the report Hassanzadeh concluded that no such mechanism could be identified.
Instead, he proposed that the progressive damage is a consequence of interactions
between leaching, frost actions and ice abrasion. The interactions between these
three mechanisms were later studied experimentally by Rosenqvist et al. [107] in
a systematic way to determine their combined effect on the surface deterioration.
The results of the study clearly showed that the rate of deterioration caused by the
combination of the three mechanisms exceeded the sum of the individual mecha-
nisms. Furthermore, they concluded that the leaching process accelerated both the
ice abrasion and especially the deterioration caused by frost actions. Hence, it was
further concluded that leaching in combination with frost actions most likely is the
primary cause to the observed surface scaling. Rosenqvist et al. [106] suggested
a possible scenario for the surface degradation that begins during late spring and
summer with leaching of the surface by the soft water in the reservoir. Conse-
quently, the concrete is weakened because the part of the pore system containing
water is coarsened, which also means increased porosity and that the concrete can
contain more freezable water than before. Therefore, the surface becomes more
susceptible to frost actions and during the colder winter months the surface is
further damaged. The deteriorated material on the surface is later removed by ice
abrasion. The next year, the cycle begins again, and the surface continues to dete-
riorate year after year. It should also be noted that the decreased concrete cover
of the reinforcement with time also can lead to corrosion, which would further
increase the rate of deterioration. Hence, it is important to perform repair work on
the surface before this happens.
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2.3.2 Internal damage

Interactions between the different mechanisms can also accelerate the rate of dete-
rioration in the internal parts of hydraulic structures. A possible scenario could be
initiation and propagation of cracks through the structure by seasonal temperature
variations. As a consequence, water can penetrate into the cracks and leach the
concrete which weakens the material and enables for further propagation of the
cracks during following seasons. A similar scenario could also arise in the case
of cracking induced either by internal frost actions or ASR as well. When water
penetrates into the cracks, the leaching process leads to a weakened material as
well as an increasing average pore size. During subsequent freeze cycles, the mate-
rial becomes further damaged and can also possibly result in further propagation
and increased crack widths due to freezing of water in the cracks. In addition, the
average pore size in the material has been shown to increase as a result of the
frost actions, which further accelerates the deterioration [74]. Furthermore, the
cracking also results in an increased risk of corrosion of the reinforcement in the
structure. There are a lot of possible scenarios, and the specific interactions be-
tween the different mechanisms are hard to establish and fully understand. More
experimental and theoretical research is needed to get a better understanding of
the interacting effects between different mechanisms. This also includes the devel-
opment of new mathematical models that can be used to predict the extent and
further propagation of damage caused by interacting mechanisms.
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Chapter 3

Moisture in concrete

As indicated in Chapter 2, several of the different deterioration mechanisms are
closely linked to the moisture state in the material. In the case of freezing, the
concrete is even not expected to be damaged until a certain critical degree of
saturation is reached [32]. Furthermore, the rate of deterioration also depends on
the moisture state, and a higher moisture content or transport of moisture through
the material generally leads to an increased rate of degradation. This chapter
describes the various forms of water that can be found in concrete and how it is
fixated in the pore system of the material. Special attention is given to the long-
term absorption of water into air-entrained concrete since this mechanism has a
significant impact on the risk of frost damage. Moreover, the transport mechanisms
of water in concrete are briefly addressed.

3.1 Absorption and desorption

3.1.1 Types of pores

The microstructure of concrete highly influences the absorption and desorption
processes of water in the material, and especially the pore structure. There is a wide
spectrum of pore sizes in concrete ranging from a few nanometers up to the scale
of millimetres. The smaller pores are commonly divided into the two categories
gel and capillary pores following the definition of Powers and Brownyard [99].
The limit between the two categories is not definitive and several definitions can
be found in the literature. Herein, the definition proposed by Jennings et al. [70]
is used, where gel pores are categorized as pores with a radius between 2 and 8
nm and capillary pores as all pores having a radius between 8 nm and 10 µm. In
addition to the gel and capillary pores, a third category of pores, denoted air pores,
is normally also defined. These are larger than the two other types and herein
defined as pores having a radius ≥10 µm. There are always some unintended air
pores present in concrete since air gets entrapped during mixing and compaction.
However, air entrainment agents are often used to create an intentional artificial
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network of air pores in order to for example improve the frost resistance of the
hardened concrete. On the other hand, the gel and capillary pores are generally a
result of the chemical reactions between cement and water in hardening concrete
[69].

3.1.2 Moisture fixation

There are various forms of water in concrete, and it is generally bounded either
chemically or physically in the pore structure. Nilsson [92] divided the water in
concrete into the following four categories:

1. Chemically bound water

2. Physically bound water

3. Adsorbed water

4. Capillary condensed water

The first category of water is bound into the cement gel due to the chemical reac-
tions between cement and water during hardening. The physically bound water
is fixated in several different ways, for example as interlayer water in the crystals
that form when a cement grain reacts with water, but it is not chemically bound in
the crystal structure. The two last categories are a result of the driving force of the
material to reach equilibrium with the ambient air and also physically bound in the
material. At low humidities, water molecules are bound to the surface of the pores
by van der Waals forces, i.e. as adsorbed layers of water molecules. The thickness
of these layers increases as the humidity in the material increases, and at a certain
point a meniscus starts to form in small pores. As a consequence, additional water
can condense on these curved surfaces and more water is fixated in the material.
As the humidity increases even further, the capillary condensation continues to
occur in successively larger pores. The adsorbed and capillary condensed water
is often also referred to as the evaporable water, which may also include some of
the less firmly fixated water belonging to the physically bound category. From this
description of how water is fixated in concrete, it is clear that the evaporable water
first fills the smaller pores and as the humidity increases, larger and larger pores
are successively filled. Since the work herein mainly is focused on high moisture
contents, the gel and capillary pore categories defined in the previous section are
lumped together and from now on referred to as capillary pores, if nothing else is
implied.

The content of evaporable water in a concrete material can be expressed using sev-
eral different measures, e.g. water content or moisture ratio. However, the measure
used throughout this thesis is instead the degree of saturation Sw, which is defined
as

Sw =
εw

ε
(3.1)
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Figure 3.1: Schematic absorption isotherm for a concrete material containing a signifi-
cant volume of air pores, reproduction from [36].

where εw is the volume fraction of evaporable water and ε is the total porosity
of the concrete. The relationship between the relative humidity (RH) ϕ in the
concrete and the evaporable water content in the material is normally described
by a sorption isotherm. Following from the discussion above about fixation of
evaporable water in concrete, it can be concluded that the sorption isotherm also
must reflect the pore size distribution in the material. Consequently, it is possible to
transform a measured sorption isotherm into a pore size distribution using various
different models, see e.g. [8, 47, 95]. A schematic absorption isotherm is shown in
Fig. 3.1 for a concrete material with a significant volume of air pores.

There are three different regions indicated in the figure, and these correspond to
different mechanisms of water uptake in the material. In the hygroscopic region,
the evaporable water is bound by the two mechanisms described above, i.e. by
adsorption and capillary condensation. The absorption of water above the hygro-
scopic region is normally caused by capillary suction from an external source of free
water and, hence, this region has been denoted the capillary region. As described
by Fagerlund [36], it is hard to measure the absorption isotherm in the capillary
region since it is practically difficult to resolve the relative humidity in the range
between 98 % and 100 % in the measurements. Instead, the degree of saturation
at equilibrium in this region can be related to the capillary pressure pc or suction
potential in the material. The pressure pc can be calculated by the Young-Laplace
equation as

pc =
κγwg

r
(3.2)

where γwg is the surface tension between water and air, r is the pore radius and
κ is a factor that depends on the pore shape and is 1 for cylindrical pores and 2
for spherical pores. These equilibrium curves, denoted capillary equilibrium curves,
can for example be obtained by the pressure plate method as done by Janz [68].
Furthermore, Kelvin’s equation relates the capillary pressure to the corresponding
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relative humidity according to

pc = −ρwRT

Mw

ln(ϕ) (3.3)

where ρw is the density of water, R is the universal gas constant, T is the temper-
ature and Mw is the molar mass of water. Therefore, it is possible to transform
the capillary equilibrium curves into sorption isotherms and vice-versa. Moreover,
the limit between the hygroscopic and capillary region in a real concrete material
is not distinct and capillary condensation and suction can happen in both of the
defined moisture ranges [36]. In the over-capillary region, the figure shows a ver-
tical increase of the degree of saturation at 100 % RH. During capillary suction of
water, air might become trapped inside the coarser air pores if they are surrounded
by a web of finer capillary pores. The reason is that as soon as the penetrating
water reaches the coarser air pores, the capillary suction potential decreases and
becomes almost zero, which follows from Eq. (3.2). At this state, denoted capillary
saturation in the figure, the relative humidity is 100 %, and the capillary pores
are filled with water whereas the air pores still are air-filled. However, despite that
the suction potential is zero, the air pores will slowly be filled with water until full
saturation is reached, but due to dissolution of the trapped air into the pore water.
This water filling mechanism is more thoroughly described in Section 3.3, which
covers the long-term absorption of water in concrete.

3.1.3 Absorption of free water

The shape of a typical curve obtained in an absorption test where a thin air-
entrained concrete specimen is immersed into water is shown in Fig. 3.2. The
volume of absorbed water is usually normalized against the surface area in contact
with water and plotted as a function of the square root of time [1]. The reason for
choosing this time-scale instead of the actual time is that the amount of absorbed
water has been shown to vary proportionally with this quantity [54]. The figure
also schematically illustrates how a pore system is filled with water during the
different states of the absorption process. As described in Section 3.1.2, a concrete
surface that comes into contact with an external source of free water starts to ab-
sorb water because of capillary suction. This corresponds to the first steep slope
in the figure and the state denoted A. The capillary suction of water continues
until all capillary pores are saturated and the specimen has reached the state of
capillary saturation. At this state, denoted B or the nick point, the air pores are still
filled with air while the capillary suction potential in the concrete approaches a
value of zero, which follows from Eq. (3.2). However, and as seen in the figure, the
absorption of water in the specimen continues beyond state B but at a significantly
lower rate than before. This part of the curve (state C) corresponds to the earlier
mentioned slower absorption process where the trapped air inside the air pores
dissolves and diffuses towards the boundary of the specimen. A more thorough
explanation of this process is given in Section 3.3.

The two distinct slopes in the figure are commonly quantified in terms of sorptivity
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Figure 3.2: The curve shows typical results obtained in absorption tests of thin air-
entrained concrete specimens. In addition, a schematic illustration is shown
of how a fictitious pore system is filled with water during the duration of
the test.

S, which is a material property first introduced by Hall [54] for porous building
materials. This property is calculated as

S =
I√
t

(3.4)

where I is the volume of absorbed water per surface area in contact with free
water and t is the time. The sorptivity of the first steep slope is often denoted
the initial sorptivity whereas the slope after the nick point is normally referred
to as the secondary sorptivity. Several researchers have reported that the initial
sorptivity decreases as the initial moisture content of the concrete increases, see e.g.
[20, 55, 81]. The reason for this observation can be attributed to the initial capillary
suction potential in the material. For low initial moisture contents, the smallest
unfilled pores are smaller compared to a case with a higher initial moisture content.
Consequently, the capillary suction potential is according to Eq. (3.2) higher in the
former case, and, therefore, also the rate of water absorption into the concrete. The
significance of the initial sorptivity for modelling mass transport in concrete has
for example been shown by Janz [68]. Through a series of absorption tests with
different initial moisture contents and measuring the initial sorptivity, it was shown
that it is possible to evaluate the moisture transport coefficient used in diffusion
type models for mass transport. The benefit of measuring sorptivities instead of the
transport coefficient directly is that the former is easier to measure.

3.1.4 Hysteresis

Another important property of concrete and other porous materials in general is
the hysteresis effect between wetting and drying. In short, this effect means that
the absorption and desorption isotherms follow different paths. Generally, more
water can be stored in the material at a specific relative humidity during desorption
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Figure 3.3: Schematic illustration of the hysteresis effect between absorption and des-
orption of water in concrete.

than during absorption of moisture, as illustrated in Fig. 3.3. Several mathematical
models with the aim to describe the hysteresis can be found in the literature, and
one of the more recent models is the one proposed by Pinson et al. [95]. Figure 3.3
also indicates that the pathways depend on where the transition between drying
and wetting occurs on the isotherms. The equilibrium states will follow a scanning
curve between the two isotherms and, thus, an equilibrium state between them
can be reached. Several studies have shown the importance of including this effect
when modelling wetting-drying cycles in porous materials, see e.g. [72, 73, 134].

A
B

C

A
B

C

Figure 3.4: Schematic illustration of the ink-bottle effect for a system of three pores of
different sizes, based on [95].

The reason for this behaviour is usually explained by the so called ink-bottle ef-
fect (also known as pore blocking), at least for RH ≥ 25 % [70, 95]. The basic
mechanism is that coarser interior pores are connected to the ambient environ-
ment through narrow necks that require a lower relative humidity to empty. This
mechanism is schematically illustrated in Fig. 3.4 for a system of three pores of
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different sizes. At a certain relative humidity, pore A is emptied because this is the
most favourable thermodynamic state for this pore. Since pore C is larger than pore
A, this state is also the most favourable for pore C, but it will remain filled since
pore B is blocking pore C from exposure to the water-air interface. As the relative
humidity is decreasing further, pore B is eventually emptied and, hence, pore C
can also be emptied. This also explains why concrete can store more moisture at a
certain relative humidity during desorption than during absorption.

3.2 Transport of water

Moisture inside concrete will be transported from regions with large amounts of
moisture to regions with smaller amounts. In a fully saturated material, the main
driving force of the transport is the water pressure gradient inside the material.
This advective flux of liquid water Jw is usually described by Darcy’s law which
can be written as

Jw = − k
ηw
∇pw (3.5)

where pw is the water pressure, k is the permeability and ηw denotes the dynamic
viscosity. For partially saturated conditions, moisture exists both in the form of
vapour and liquid water inside the porous network. At such state, the transport
of liquid water is still governed by a pressure gradient, but the magnitude of this
pressure is primarily a result of the capillary forces in the water-filled pores. The
flux of vapour is mainly governed by diffusion and convection, where the diffusive
flux JWg usually is described by Fick’s first law of diffusion

JWg = −DWg
d ∇cWg (3.6)

where DWg
d is the diffusivity and cWg is the vapour content. The convective flux of

vapour is governed by the pressure gradient in the vapour phase and can also be
described by Darcy’s law. However, in an unsaturated material, all these transport
mechanisms act simultaneously, and the different phases interact with each other.
Earlier, it has been common to lump all of these transport mechanisms together
and using a single mass transport coefficient that is a function of the moisture
state in the material, see e.g. [92]. By instead using a multiphase description of
the porous medium, it is possible to separate the different transport phenomena
and mathematically describe each mechanism. However, this requires that the
interacting effects between the fluid phases are taken into account, which can
be done by for example using a generalized form of Darcy’s and Fick’s law. This
modelling approach is further described in Chapter 5.
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3.3 Long-term water absorption

It is well known that the susceptibility to frost damage in concrete structures can
be reduced by using air-entrained concrete. However, for each concrete mixture,
there exists a certain critical degree of saturation above which frost damage in the
material is inevitable [32]. For air-entrained concrete, this value is approximately
in the range of 0.75-0.90, which normally means that the air pores are at least
partially saturated with water. As shown in Fig. 3.2, the air pores are gradually
filled with water if the material is in contact with an external source of free water,
but at a much lower rate than during the initial capillary suction of water. In the
following, this water filling mechanism is described as well as different models that
can be used to estimate the rate of this process.

3.3.1 Long-term water filling mechanism

This mechanism has been described by several authors in the literature, but the
following description is based on the work presented by Fagerlund [33] and Hall
and Hoff [57]. During the initial capillary suction of water, air gets trapped inside
the air pores that are surrounded by a web of finer capillary pores, as schematically
illustrated in Fig. 3.2. However, this trapped air is subjected to an overpressure
∆Pap caused by the meniscus that forms at the air-water interface due to the surface
tension between the two phases. The magnitude of this pressure can be calculated
by the Young-Laplace equation and reads as follows if it is assumed that the air
pores are spherical

∆Pap =
2γwg

r
. (3.7)

The trapped air inside the air pores will dissolve into the pore water, and the
concentration of this dissolved air depends on the overpressure. This relationship
can be described by Henry’s law, which states that the concentration is proportional
to the absolute gas pressure at the interface, and can here be written as

ca = (P0 +∆Pap) kH = PapkH (3.8)

where ca is the air concentration, P0 is a reference pressure normally set to 1 atm,
Pap is the absolute gas pressure in the air pores and kH is the solubility of air in
water. Since Eq. (3.7) implies that the overpressure is inversely proportional to the
pore radius, the concentration of dissolved air around smaller pores will be higher
than around larger pores. Therefore, a concentration gradient exists in the material
and the dissolved air will diffuse through the pore water from smaller to larger
pores and eventually to the boundary of the material. As this process proceeds, the
earlier trapped air is replaced by water through suction from the external source,
and the air pores get filled with water. For a fully immersed concrete specimen, this
implies that an equilibrium state can only be reached when all air pores are filled
with water because the largest pore of the system is the external source itself [68].
Furthermore, it should be noted that this water filling process is slow and that it
might take several decades before the air pore system is fully saturated with water.
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3.3. LONG-TERM WATER ABSORPTION

The air pores can also be filled with water by other processes. As reported by for
example Sandström [109] and Rosenqvist [104], concrete in contact with free
water and subjected to freeze-thaw cycles has been observed to absorb more water
than under isothermal conditions. A possible explanation for this observation is
the process that Coussy [24] called cryo-suction. In short, this process implies
that water is sucked towards the air pores due to depressurization of supercooled
water that is in contact with ice crystals inside the air pores; a more thorough
explanation is given in Chapter 4. The rate of this process is higher than the long-
term absorption mechanism described above. However, this process is important to
take into account in a long-term perspective as well, since for example a concrete
structure will be subjected to a vast number of freeze-thaw cycles in the long-run.

3.3.2 Models for long-term water absorption

Local diffusion model

Fagerlund [33] presented two different models that can be used to establish a
time-dependent relationship for the long-term water absorption into air pores. The
primary input of the models is the pore size distribution of the air pore system.
Both models are based on the local diffusion of dissolved air between neighbouring
air pores of different sizes in the material. However, the models differ in one
fundamental assumption regarding in which order pores of different size are filled
with water. In the first model, called Model 1 by Fagerlund, all pores are assumed
to be filled at the same time and with the same rate. At a certain time point, this
means that smaller air pores in the material are fully saturated with water whereas
larger pores only are partially saturated. In Model 2, Fagerlund instead assumed
that a larger pore does not start to fill until the next smaller pore is fully saturated
with water. A schematic illustration of these two assumptions for a system of four
spherical pores is shown in Fig. 3.5. It is also mentioned that the second model

Model 1

Model 2

Figure 3.5: Schematic illustration of the two assumptions used in the two models pro-
posed by Fagerlund [33]. The two cases correspond to the same total degree
of water saturation in the pore system.
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is more reasonable in a thermodynamic perspective since it represents a state of
lower free energy. By comparing results from the two models with measurements,
it could also be concluded that the second model gave better compliance with the
measurement data [33].

Global diffusion model

In Paper I, a global diffusion model was instead used for the description of the long-
term water absorption into air pores. In fact, Fagerlund [33] described the basis
for such a model in his work, but no relationships were proposed on how to obtain
the concentration gradient of dissolved air in the material. In addition, Hall and
Hoff [57] have presented a sharp front model in which the concentration gradient
between the interior and boundary is assumed to vary linearly over a fully saturated
front. This saturation front continuously propagates inwards from the boundary
as the dissolved air in the interior parts diffuses to the outside. The concentration
gradient in the material was, in Paper I, proposed to be obtained by averaging the
overpressure in the air pores that are not fully saturated with water. The proposed
averaging procedure uses Fagerlund’s Model 2 as a starting point by assuming that
the air pores are consecutively filled with water during the absorption process. As
mentioned in Section 3.3.1, the Young-Laplace equation can be used to calculate
the overpressure, whereas a cumulative pore size distribution of the air pore system
can be utilized as a weighting function. Using these assumptions and relationships,
the average overpressure in the material can be obtained as

∆P ap(rus) =

∫∞
rus

dvap
dr

2σ
r

dr∫∞
rus

dvap
dr dr

(3.9)

where ∆P ap is the average overpressure in the air pores, rus denotes the radius of
the smallest unsaturated pores and vap is the cumulative pore size distribution. In
order to link ∆P ap to the current degree of air (or gas) saturation in the air pores,
the relationship between this quantity and the radius rus must also be established.
Using the cumulative pore size distribution, this relationship can be written as

Ŝg
a(rus) =

∫∞
rus

dvap
dr dr∫∞

rmin

dvap
dr dr

(3.10)

where rmin is the minimum considered air pore radius and Ŝg
a is the degree of

gas saturation in the air pores and varies between a value of zeros and one. The
relationship between ∆P ap and Ŝg

a can now be obtained by combining Eqs. (3.9)
and (3.10). The diffusion of dissolved air through the concrete from the interior
parts to the boundary can be described by Fick’s second law of diffusion. Recalling
that Henry’s law in Eq. (3.8) can be used to calculate the concentration of dissolved
air in the pore water based on the value of ∆P ap, Fick’s second law of diffusion
takes the following form in this case

∂
(
Ŝg

aεaρ
g
)

∂t
+∇ · (−τDaw∇ca) = 0 (3.11)
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where εa denotes the air pore porosity, ρg is the gas density, Daw is the diffusivity
tensor of air in water and τ is a tortuosity factor.

The main reason for proposing this model in Paper I was to implement this mass
transport phenomenon in a multiphase model and couple it with the other mass
transport mechanisms that are commonly considered in concrete. By doing this, it
was possible to better capture observed moisture distributions in water retaining
structures built using air-entrained concrete. A more detailed description of the
implementation and derivation of the complete multiphase model is given in Paper
I. In addition, a general description of multiphase modelling is given in Chapter 5.
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Chapter 4

Freezing of concrete

The freezing process of mature concrete is highly influenced by the microstructure,
and especially the pore structure of the material. This concerns both the kinetics
of the ice formation in the porous network as well as the pressure that arises in
the material during freezing. This chapter introduces the basic concepts of ice
formation in porous materials that was used as a basis for the development of the
proposed model in Paper II. Furthermore, some of the existing theories of frost
deterioration in concrete are briefly described and used to explain the beneficial
effects of air pores during freezing. These concepts were also considered in the
derivation of the model presented in Paper II.

4.1 Ice formation

4.1.1 Equilibrium between ice and water in pores

The formation of ice in the porous network of concrete and other porous materials
largely depends on the pore structure. As discussed by for example Sellevold and
Bager [115] and shown in several other low-temperature calorimetry studies, ice
tends to form progressively in the porous network [6, 138]. The ice formation
starts in the larger pores and continues to penetrate into smaller pores as the tem-
perature decreases through successive seeding from the ice in the larger pores. It
can also be shown theoretically, by using the principles of thermodynamics, that
the temperature at which ice can propagate into a pore depends on its size, or more
specifically on the size of its entry. The complete derivation is not given herein, but
some of the major steps are briefly described in the following. A thorough descrip-
tion of the different steps involved are for example given by Lindmark [82], see
also e.g. [38, 93, 111, 112]. The derivation starts by recalling that thermodynamic
equilibrium between the ice crystals and the liquid water requires that the chemical
potentials of both phases must be equal. The change in chemical potential of the
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two phases can be expressed by the Gibbs-Duhem equation according to

dµw =
dpw

ρw
− swdT (4.1a)

dµi =
dpi

ρi
− sidT (4.1b)

where µπ, sπ and ρπ denotes the chemical potential, specific entropy and density
of phase π (w = water, i = ice), respectively. By setting dµw = dµi and integrate
this expression by considering a reference state where pw = pi = patm and T = Tm

as well as neglecting some second order terms, one can arrive at the following
expression [26, 27, 75](

1− ρi

ρw

)(
pw − patm

)
+ pi − pw = Sf (Tm − T ) (4.2)

where patm is the atmospheric pressure, Tm is the melting temperature and Sf de-
notes the entropy of fusion of the ice crystals. Moreover, this expression can be
further simplified by assuming that ρi

0/ρ
w
0 ≈ 1, which is valid if pw is not substan-

tially larger than the atmospheric pressure. Introducing this simplification yields

pi − pw = Sf (Tm − T ) . (4.3)

However, in the extreme case of an undrained material, the pressure pw will be
high and, thus, has a significant influence on the equilibrium and consequently
also on the ice formation. In most real cases, undrained conditions are unusual,
and the effect of this term is, therefore, less significant. In fact, Fen-Chong et al.
[38] mention that for most civil engineering applications it is reasonable to use
Eq. (4.3) instead of Eq. (4.2). The effect of this term on the ice formation has also
been studied by Koniorczyk [74], who derived an expression describing the volume
of formed ice as a function of both the temperature and the pressure pw. The ice-
water interface has a curvature inside the pores, and the mechanical equilibrium
between the two phases can be described by the Young-Laplace equation. If a
spherical interface is assumed the expression can be written as

pi − pw =
2γwi

r
(4.4)

where γwi is the surface energy between the ice and liquid water. Through sub-
stitution of Eq. (4.4) into the simplified relationship in Eq. (4.3), an expression
is obtained that describes the equilibrium radius Req of the ice-water interface as
a function of the cooling temperature. In fact, this expression corresponds to the
Gibbs-Thomson equation and is here written as

Req =
2γwi

Sf (Tm − T )
. (4.5)

On the pore walls, layers of adsorbed non-freezable water exist that must be ac-
counted for to determine the radius of the pores in which ice at equilibrium can
form. This can simply be done by adding the thickness of these layers to the value of
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Req. According to Fagerlund [31], the thickness δ of these layers can be calculated
as

δ = 19.7 · 10−10 (1/ |θ|)1/3 (4.6)

where θ is the temperature in degree Celsius. The expression for the critical pore
radius Rp in which ice can form at a certain temperature can then be written as

Rp = Req + δ. (4.7)

It should be remembered that the simplified expression for Req in Eq. (4.3) requires
that the pressure pw is not significantly larger than the atmospheric pressure. In
situations where this is not the case, the equilibrium radius should be evaluated
using (4.2), which results in a more complicated expression that depends on both
the cooling temperature and the pressure.

4.1.2 Freeze-thaw hysteresis

In low-temperature calorimetry tests, a quite large hysteresis effect is almost al-
ways observed between freezing and melting, where the ice content at a certain
temperature is higher during melting than during freezing of the material, see e.g.
[5, 6, 39]. A schematic depiction of this hysteresis behaviour is shown in Fig. 4.1.
There are various explanations for this observed hysteresis in the literature. Setzer
[116] explained this by suggesting that the freezing temperature at equilibrium
for a certain pore size is governed by a spherical shape of the ice crystal, whereas
the temperature during melting is governed by a cylindrical shape. In terms of the
expressions derived in Section 4.1.1, this would mean that the number 2 in the
numerator of Eq. (4.5) would be replaced by 1 in the case of thawing. However,
as shown by Fridh [39] using a simple example, this theory cannot alone explain
the large hysteresis that is observed in low-temperature calorimetry tests. Further-
more, Matala [89] proposed two different equations for the value of Rp during
freezing and thawing of concrete to account for the hysteresis. The basis for these
two expressions is the assumption that the equilibrium pore radius during freezing
is governed by the size of the pore entry whereas the characteristic radius of the
pore is governing during melting. The two expressions read

Rp =


0.584 + 0.0052θ − 63.46

θ
if dT

dt < 0

0.757 + 0.0074θ − 33.45

θ
if dT

dt > 0
(4.8)

where Rp is obtained in nm. Another explanation for the hysteresis is similar to
the ink-bottle effect that is used to describe the hysteresis between absorption and
desorption in porous materials, see Section 3.1.4. In this explanation, it is suggested
that there is local supercooled water in coarser pores that are isolated from the ice
between finer pores in which ice formation does not occur until considerable lower
temperatures are reached, see e.g. [5, 6]. As soon as the temperature reaches the
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Figure 4.1: Schematic illustration of the hysteresis between freezing and thawing of
concrete.

freezing temperature of these finer pores, the ice front can propagate through them
and, therefore, also into the isolated coarser pores. However, during melting, this
does not happen, and the ice melts in all pores at a temperature corresponding to
the actual melting temperature. Due to this, there might be less ice at a certain
temperature in the porous network during freezing than during thawing. Both
Lindmark [82] and Fridh [39] argued that this is a more reasonable explanation
to the hysteresis than the difference in crystal shape.

4.1.3 Volume of formed ice

The volume of formed ice at a certain temperature can be predicted on the basis
of the earlier defined pore radius Rp and a cumulative pore size distribution of
the concrete material, see e.g. [26, 38, 75, 136, 138]. The cumulative pore size
distribution here describes the volume fraction v (r) of pores in the concrete with
a radius greater than r and can be written as

v (r) =

∫ r

∞

dv
dr

dr. (4.9)

By further assuming that the freezing rate is sufficiently low, so that the formed
ice is in equilibrium, and accounting for the adsorbed layer of non-freezable water,
the volume fraction of formed ice vw→i can be obtained as

vw→i =

∫ Rp

rsat

(1− vads (r))
dv

dr
dr (4.10)

where rsat is the radius of the largest pores saturated with liquid water before the
freezing starts. The term denoted vads accounts for the layer of non-freezable water
and can according to Zuber and Marchand [136] be calculated as

vads = 1−
(
1− δ

r

)s
(4.11)
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where s is a pore shape parameter which has a value of 2 for cylindrical pores
and 3 for spherical pores. The relationship obtained from Eq. (4.10) will only be a
function of the temperature if the simplified expression for Req in Eq. (4.5) is used,
whereas it will depend on both the temperature and pressure pw if the expression
in Eq. (4.2) is considered. The shape of the obtained function can generally be
well captured by a modified version of the expression proposed by van Genuchten
[126] for water retention curves, which in this case can be written on the form
[24, 90, 131]

Sw = Sr + (1− Sr)

[
1 +

(
pi − pw

n

) 1
1−m

]−m
(4.12)

where Sr, m and n are model parameters which basically are related to the pore
structure and are fitted to the obtained relationship. More specifically, the param-
eter Sr has been introduced to account for the layers of water on the pore walls
that remain unfrozen during freezing. The value of pi − pw can be obtained from
Eq. (4.2) or (4.3).

The method presented above for obtaining a relationship describing the volume of
formed ice as a function of the freezing temperature was utilized in Paper II to get
adequate input data to the freezing model that was derived in that paper. However,
the same input data can of course also be obtained through testing of the material,
by for example using low-temperature calorimetry. But as it will be outlined in
Section 4.1.4, it is still necessary to know the pore size distribution of the material,
which actually also can be evaluated from the low-temperature calorimetry results,
see e.g. [31]. Another common method to measure the pore size distribution of
concrete is Mercury Intrusion Porosimetry even though studies have indicated that
it is an unsuitable method to use for cement-based materials [29].

4.1.4 Pressure exerted on pore walls

The pressure exerted on the pore walls during freezing is a result of the pressure in
the liquid water phase as well as the pressure exerted by the growing ice crystals.
The magnitude of the former pressure is governed by various factors such as the
permeability of the concrete, the rate of ice formation, distances to a boundary
surface and between air pores, etc. The latter pressure is controlled by the mechan-
ical equilibrium at the ice-water interface, but also by the equilibrium between the
crystal and the layer of adsorbed non-freezable water on the pore walls. The total
pressure pi

wall exerted on the pore walls in a pore of radius r, in which there is
a growing ice crystal, can be expressed by the relationship proposed by Scherer
[112]

pi
wall = pw + γwi

(
2

Req

− 1

r − δ

)
. (4.13)

It should also be noted, that the corresponding total pressure in a pore where there
is no growing ice crystal is equal to the pressure in the liquid water phase. In a
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mathematical model aiming at describing the macroscopic freezing behaviour of
concrete, as the derived model in Paper II, it is necessary to average these pressures
over a representative volume of the material. In this case, the cumulative pore size
distribution is suitable to use as a weighting function in the averaging procedure.
Applying the volume averaging procedure proposed by Zuber and Marchand [136,
137], the average pressure ps exerted on the solid phase of the concrete can be
written as

ps =
1

ε

[∫ 0

Rp

pw dv
dr

dr +
∫ Rp

rasat

pi
wall

dv
dr

dr

]
. (4.14)

It is, of course, possible to apply other averaging procedures to calculate the pres-
sure ps, for example by considering the surface area of the pores instead of the
volume [74].

4.2 Frost deterioration theories

4.2.1 Hydraulic pressure theory

The hydraulic pressure theory was proposed by Powers [97] to explain the mecha-
nism of frost damage in concrete. The theory states that a hydraulic pressure arises
in the material as excess water, produced by the 9 % volume increase of water
upon freezing, is expelled into the surrounding cement paste. If this pressure ex-
ceeds the tensile strength of the concrete, the material is damaged. In air-entrained
concrete, the artificially created network of large air-filled pores will act as reser-
voirs in which the expelled water can enter. It can further be assumed that the air
pressure inside the air pores is approximately equal to the atmospheric pressure
and, hence, the expelled water is depressurized and freezes instantaneously as it
enters the pores. If there is enough room for the ice crystal to form inside the
pores, it can also be expected that the crystals are under atmospheric pressure, e.g.
[24, 100, 137]. Due to this extra space, the distance that the expelled water must
be transported through the cement paste is shorter and, thus, the hydraulic pres-
sure that arises lower. The magnitude of the pressure does not only depend on the
distance but primarily also on the permeability and the rate of ice formation. Fur-
thermore, the permeability of the paste is affected by the ice that is formed inside
the capillary pores and decreases as the ice content increases. Using Darcy’s law
to describe the advective flow of expelled water and by considering a small fully
saturated material volume between air pores, Fagerlund [34] derived the following
general expression for the maximum pressure that arises during freezing

pw
max =

0.09ηw

k (Sw) f

dvw→i

dt
. (4.15)

Here f is a function that describes the geometry and distance of the flow path to
an air pore and k (Sw) is the permeability of the paste as a function of the degree
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of water saturation. The function f can be based on various models found in the
literature, for example on the spacing factor L derived by Powers [98], which is
related to the fraction of paste within a distance from an air pore and can be used
to estimate the efficiency of an air pore system. Using this measure to find an
expression for f , it is assumed that a spherical air pore is surrounded by a spherical
porous shell of thickness L which yields

f =

(
La

9
+ 0.5

)
L2 (4.16)

where a is the specific surface area of the air pore system. However, it should be
noted that the capability of Powers’ spacing factor as a measure of the efficiency
of an air pore system has been questioned by several researchers in the literature,
see e.g. [120, 124]. Nevertheless, this spacing factor is widely used in the industry
and is, for example, the adopted model for air pore spacing in ASTM C457 [2].

Regardless of which model is used to describe the distance between the freezing
sites and the air pores, it is clear from the above description that the hydraulic
pressure theory can explain the beneficial effects of air pores during freezing of
concrete. However, it should be recalled from Section 3.3 that concrete which is in
long-term contact with an external reservoir of free water will absorb water into
the air pores. This affects the efficiency of the air pore system since the distance
between air-filled air pores will increase with time. As shown by Fagerlund [32],
the concrete will be subjected to frost damage if the material has reached a cer-
tain critical degree of saturation, which usually requires that the air pore system is
partially saturated with water in normal air-entrained concrete. Furthermore, the
freezing process in itself will cause a gradual filling of the air pores. Even though
the total volume of the air pore system might be large enough to accommodate
all the expelled water, some of the air pores can be filled and as a result the av-
erage distance to an, at least, partially air-filled air pore increases. The concepts
introduced in Eqs. (4.15) and (4.16) were implemented in the model presented
in Paper II to account for the effect of air pores. In addition, the gradual filling of
the air pores with ice during freezing was also taken into account. Thereby, the
air pores can also act as cryo-pumps in the material and, therefore, suck water
from the surrounding porous material. This effect was considered in Paper II and
is further explored in the next section.

4.2.2 Microscopic ice lens growth and cryo-pumps

The hydraulic pressure theory cannot alone explain all observations that have
been made in freezing tests of concrete and cement-pastes. In an early series of
freezing tests of both air-entrained and non-air-entrained cement pastes performed
by Powers and Helmuth [100], it was observed that specimens containing a well-
distributed air pore system contracted more than the pure thermal contraction
during freezing. Some of the results from these tests are shown in Fig. 4.2. Fol-
lowing the hydraulic pressure theory, only an increased dilation compared to the
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Figure 4.2: Freeze test results of cement pastes from Powers and Helmuth [100]. The
different numbers correspond to different spacing factors L [µm] in the
cement pastes and NAP shows the result for a paste with No Air Pores.

pure thermal strains can strictly be expected during freezing. To explain the ob-
served deformations, Powers and Helmuth [100] instead proposed the theory of
microscopic ice lens growth.

As described in Section 4.1.1, the temperature at which ice forms in a certain pore
depend on its size. Therefore, the concrete can, at a certain temperature, contain
unfrozen water in finer capillary pores and gel pores, and ice in the coarser capillary
pores and some of the air pores. At sub-zero temperatures, the unfrozen water has
a higher free energy than the ice. Due to this difference in free energy, unfrozen
water in the finer pores will move to the freezing sites in the coarser pores. As the
water arrives at the freezing sites, the ice crystal grows meaning that the pressure
in these increases due to the confinement of the pore walls. The result is that the
free energy of the crystals increases whereas it decreases in the unfrozen water
due to the drying effect at these sites. The transport of water ceases when the
free energy at the freezing and drying sites are equal, i.e. when equilibrium has
been reached. Due to the drying effect of the pores containing unfrozen water,
the material will shrink both as a result of the thermal contraction and the drying.
However, since the growing ice crystals at the freezing sites exert pressure on the
pore walls, there will also be an expansion of the material. Depending on the effect
that dominates, the material will show either a net contraction or expansion. As
described in the previous section, ice crystals formed inside an air pore will remain
under atmospheric pressure as long as there is room for the crystal to form. Hence,
the free energy of these crystals will be lower than in the ice crystals inside the
coarse capillary pores. Therefore, in a concrete containing a well-distributed air
pore system, the unfrozen water will primarily move toward the air pores resulting
in a net shrinkage of the material. For an increasing spacing factor of the air pore
system, the expansion due to the crystal growth in the capillary pores will start to
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Figure 4.3: Schematic illustration of a fictitious pore system upon freezing. The upper
pressure distribution corresponds to a case where the air pore only acts as
a reservoir for the expelled water whereas the lower distribution shows a
case where it also acts as cryo-pump.

dominate, and a net expansion of the material can instead be observed. Based on
this reasoning, the observations shown in Fig. 4.2 can be explained.

Several researchers have also considered the air pores to have a pumping effect
of water caused by the thermodynamic equilibrium between the unstressed ice
crystals inside the air pores and the unfrozen water that is in contact and in the
vicinity of these crystals, see e.g. [24–26, 38, 131, 137]. Coussy [24] called this
effect cryo-suction and explained that the air pores in excess of acting as reservoirs
for the expelled water also act as cryo-pumps. Since the ice crystals formed inside
the air pores are under atmospheric pressure, the equilibrium described by Eqs.
(4.3) and (4.4) imply that water in contact with an ice crystal under atmospheric
pressure (pi = patm) must depressurize to a level below the atmospheric pressure.
Combining the two equations as well as using the pressure constraint for the ice
pressure inside the air pores yields

pw = −2γwi

Req

+ patm (4.17)

for the water in the vicinity and in contact with the ice crystals. As a consequence
of this depressurization, water will be sucked towards the air pores causing a
contraction of the material. Similarly as for the microscopic ice lens growth, the
contracting effect of the material decreases as the distance between the air pores
increases. As mentioned in Section 3.3.1, concrete subjected to freeze-thaw cycles
and in contact with free water has been observed to absorb more water than
concrete in isothermal conditions [104, 109]. These observations can probably, at
least partly, be attributed to the cryo-pump effect, since the access to an outside
reservoir of free water means that more water can be sucked into the material. The
two described effects of air pores as reservoirs in which the expelled water can
enter and as cryo-pumps are schematically depicted in Fig. 4.3. The figure shows a
fictitious pore system consisting of a single air pore, a fine capillary pore containing
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unfrozen water and a coarse capillary pore filled with ice. The upper pressure
distribution corresponds to a case where the air pore only acts as a reservoir while
the lower correspond to a case where it also acts as cryo-pump. The effect of air
pores acting as cryo-pumps was considered in the model presented in Paper II by
imposing the pressure described by Eq. (4.17) on the boundary of the air pores.

4.2.3 Macroscopic ice lens growth

The macroscopic ice lens growth in concrete can be explained by the same mecha-
nism as Taber [123] proposed to explain frost heave in soils. A schematic illustra-
tion of the mechanism is shown in Fig. 4.4. In order to form a macroscopic ice lens
in the material, the ice front must be stable and remain at the same location for
a relatively long period of time. In addition, this stable ice front must be supplied
with a continuous flow of water from a reservoir on the unfrozen warm side of
the material. The driving potential of this water flow is the difference in chemical
potential, or free energy, between the ice lens and the unfrozen water in the porous
network, which in this case is warmer than the ice lens itself. The ice front remains
stable if the flow of heat from the ice lens is equal to the heat that is transported
to the front by the continuous flow of water and the heat generated by the ice
formation. As the macroscopic ice lens grows, a pressure is built up, and eventu-
ally the concrete can be damaged. If the permeability of the material is too low,
the supply of water and heat to the ice lens will be insufficient, and the ice front
instead propagates towards the warm side. However, if there is a hydrostatic water
pressure on the warm side, such as in a hydropower dam, the supply of water and
heat can still be enough even for lower permeabilities since the pressure gradient
increases the flow.

Ic
e 

le
ns

Unfrozen materialFrozen 
material

W
at

er
 re

se
rv

oi
r

Heat and water flowHeat flow

Air

Temperature 0 oC

+
-

Figure 4.4: Illustration of the macroscopic ice lens growth mechanism, based on [105].

Macroscopic ice lens growth in concrete is not very common, but Collins [22]
showed that the mechanism can be observed in concretes of poor quality. A more
recent experimental study by Rosenqvist et al. [105] also showed that the risk
of macroscopic ice lens growth in concrete is closely related to the quality of
the material or the presence of cavities or imperfections. However, for a normal
good quality concrete, the risk of degradation due to this mechanism should in
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most cases be limited. But as also pointed out by Rosenqvist et al. [105], the
required conditions for macroscopic ice lens growth might be present in some
water retaining structures.
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Chapter 5

Multiphase models of concrete

Poromechanics is nowadays a major branch of continuum mechanics and can be
used to study all types of porous media. A porous medium consists of several
different phases that interact with each other. Therefore, it is necessary to use a
multiphase and multiphysics approach when deriving models that aim to describe
the behaviour of porous materials in detail. This chapter introduces the basics of
multiphase modelling of concrete including general macroscopic governing equa-
tions, choice of primary variables, common boundary conditions as well as some
of the most important constitutive relationships. However, most of the presented
equations are generic and can be applied to other porous materials than concrete.
The presented relationships and considerations in this chapter were used as a basis
when deriving the models in Papers I-III.

5.1 Background and definitions

The complex behaviour of porous media is primarily a consequence of the inter-
actions between the phases that constitute the material. These interactions are of
different types and for example include:

• Physical interactions: For example the effect of temperature on the moisture
state in the material, phase changes between liquid water and water vapour
or liquid water and ice.

• Chemical interactions: Chemical reactions between different phases or be-
tween the constituents of a phase, e.g. the chemical reactions between water
and cement during hardening of concrete.

• Mechanical interactions: For instance deformations caused by pressures
exerted on the solid skeleton from the phases that occupy the porous network.

As described by Pesavento et al. [94], a phenomenological or mechanistic approach
can be adopted to model the complex coupled behaviour of porous media. In the
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former approach, the governing equations for mass and heat transport are usually
formulated on the macroscopic scale using diffusive type differential equations.
The coefficients in these equations are obtained by fitting them to macroscopic
observations from for example experiments. Furthermore, different physical phe-
nomena are often lumped together and described by a single model coefficient. For
example, this was the approach applied by Bažant and Najjar [10] to describe the
mass transport through a partially saturated porous media by a single moisture
transport coefficient, which lumped together the flow of both liquid water and wa-
ter vapour. Consequently, this also means that it is not possible to account for phase
changes between vapour and liquid water in the material. However, as pointed out
by Pesavento et al. [94], this type of models normally give accurate predictions
when used in a case with similar conditions as those in the set of data that was used
to calibrate the model, see e.g. [41]. On the contrary, when applied in a case with
different conditions they might give inaccurate predictions of the behaviour. In a
mechanistic approach, the obtained governing equations are normally more com-
plicated, but the model parameters have a clearer physical meaning. Furthermore,
each phase of the system is usually treated separately and, hence, phase changes
and other couplings can be explicitly and consistently accounted for. Models of this
type can be derived either directly on the macroscopic scale or by first consider the
phenomena on the microscopic scale. In the latter case, the obtained governing
equations are upscaled to the macroscopic level by the use of an averaging proce-
dure. By starting the derivation on the microscopic scale, it can be assured that the
terms related to coupling and exchange between the phases get the proper forms
[94].

As indicated above, there exist various alternative methods to derive a multiphase
model that describes the coupled hygro-thermo-mechanical behaviour of porous
media. One of the most rigorous alternatives is to use the thermodynamically
constrained averaging theory (TCAT), which is a framework developed by Gray
and Miller [51, 52] that can be applied to a generic porous medium. Using this
framework, balance equations are first derived on the microscopic scale, which
then are upscaled to the macroscopic level by the use of averaging theorems. This
theory is rather similar to the earlier developed hybrid mixture theory (HMT)
proposed by Hassanizadeh and Gray [59]. The major difference between the two
theories is that the HMT only accounts for the second law of thermodynamics on
the macroscale, whereas TCAT postulates this law on the microscopic level and
then upscales the equations in a similar fashion as the other balance equations
[114]. Furthermore, this means that the thermodynamic restrictions imposed by
the second law of thermodynamics hold both on the microscopic and macroscopic
level of the material. The averaging procedure is applied over a representative
elementary volume (REV), which must satisfy a number of requirements. First
of all, it must be large enough to include all considered phases in the porous
medium and respect the heterogeneities of the material so that the average values
obtained do not depend on the size of the volume. Secondly, the REV cannot be too
large since the volume must be infinitesimal with regard to the length scale of the
material, which basically means that the derivatives that appear in the governing
equations must make sense on the macroscopic level [4].
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The macroscopic governing equations presented in Section 5.2, have been derived
for a generic porous medium using the TCAT by Gray and Miller [52]. The focus
of this section will not be on the actual derivation of these governing equations,
but instead on the simplifications that are usually introduced when the equations
are applied on cementitious materials and other materials with low permeability.
This gives an understanding of which coupling effects that are usually neglected
for such materials. In addition, this provides a set of suitable general governing
equations that can be used to derive multiphase models describing various phe-
nomena in concrete. But before the equations are presented, some definitions must
be introduced.

Hardened partially saturated concrete is usually assumed to consist of the three
phases (α): solid (s), liquid water (w) and gas (g). However, in Paper II where
freezing of partially saturated concrete was considered, a fourth phase consisting
of ice (i) was also introduced in the model. Furthermore, the gas phase is often
considered as an ideal gas mixture of the species (β): water vapour (W) and dry
air D. Regardless of the choice of phases and species in the model, the following
definitions are general and can be used in the derivation of a multiphase model.
The volume fractions of each phase α in the porous medium is denoted as εα and,
hence, it can be concluded that ∑

α

εα = 1. (5.1)

Following from this definition, the total porosity ε of the concrete can be defined as

ε = 1− εs. (5.2)

Moreover, the degree of saturation of each fluid phase Sf occupying the porous
network of the material can be written as

Sf =
εf

ε
(5.3)

where f denotes one of the considered fluid phases. From the definitions in Eqs.
(5.1) and (5.2), it also follows that∑

f

Sf = 1. (5.4)

Finally, concerning the case of a phase consisting of two or more species, it is also
necessary to define the mass fraction ωβα of species β dispersed in phase α as

ωβα =
ρβα

ρα
(5.5)

where ρα is the density of phase α and ρβα denotes the mass concentration of
species β in phase α.
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5.2 Macroscopic governing equations

The governing equations describing the coupled hygro-thermo-mechanical be-
haviour of concrete and other porous media consist of balance or conservation
equations for mass, momentum and energy in the system. For concrete, small dis-
placements can usually be assumed, which means that no distinction has to be
made between the material and spatial reference frame since the material and
partial derivatives coincide under such conditions, see e.g. [78].

5.2.1 Mass balance

The general mass balance equation for an arbitrary species β dispersed in an arbi-
trary phase α can according to Gray and Miller [52] be written as

∂
(
εαραωβα

)
∂t

+∇ ·
(
εαραωβαvα

)
+

∇ ·
(
εαραωβαuβα

)
− εαrβα −

∑ βκ→βα
M = 0 (5.6)

where εα is the velocity of phase α and uβα denotes the diffusive velocity of species

β in phase α. The terms
βκ→βα
M consider mass exchange with other phases over

an interface κ and can, for example, be used to account for phase changes. If the
interface is assumed to be massless, the effect of the interface is negligible, and
the terms describe the direct transfer of mass between the phases. The term rβα

accounts for chemical reactions between species in the phase and can, therefore,
be said to account for intra-phase mass exchange between the species. For a single
species phase, it follows from the definition in Eq. (5.5) that ωβα = 1. Furthermore,
there is obviously no need to account for any intra-phase reactions nor diffusive
flux of the species through the phase and, hence, Eq. (5.6) can be simplified to

∂ (εαρα)

∂t
+∇ · (εαραvα)−

∑ κ→α
M = 0. (5.7)

By the use of these two general mass balances, the governing equations describing
the conservation of mass can be obtained for all considered phases and species in
the porous medium. It is often appropriate to sum all equations related to water
into one single equation describing the conservation of total water content in the
material since the mass exchange terms then cancel out [78]. This was done in
Papers I and III for the liquid water and water vapour and in Paper II for the liquid
water and ice. Furthermore, in porous media theory, the velocities vf of the fluid
phases f are usually expressed relative to the solid phase as [78]

vfs = vf − vs. (5.8)

Introducing this expression into the conservation equations also means that a
coupling between the deformations of the solid skeleton and the mass transport of
the fluid phases is obtained.
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5.2.2 Momentum balance

The general macroscopic linear momentum balance equation derived by Gray and
Miller [52] reads

∂ (εαραvα)

∂t
+∇ · (εαραvαvα)− εαραgα−∑ κ→α

M vα,κ −
∑ κ→α

T −∇ · (εαtα) = 0 (5.9)

where gα is a body force vector, tα is the stress tensor of phase α and
κ→α
T denotes

the exchange of momentum between interface κ and phase α. If a massless in-
terface is assumed, the effect of the interface is negligible and

κ→α
T describes the

exchange of momentum between phases. The term
κ→α
M vα,κ relates to the exchange

of momentum through the mass exchange between a phase and an interface.

In porous materials with low permeability, such as concrete, the velocity of the fluid
phases through the medium can be assumed small. This implies that the inertial
effects from the first two terms in Eq. (5.9) and the momentum exchange term due
to the mass exchange can be neglected. Introducing these simplifications into the
above equation yields

−∇ · (εαtα)− εαραgα −
∑ κ→α

T = 0. (5.10)

Normally, the contributions from each phase are summed to get a single equation
describing the total conservation of momentum in the porous material. By doing
this operation, the terms

κ→α
T cancel out and one obtain an equation which can be

written as

∇ · t− ρg = 0 (5.11)

where t is the total stress tensor of the material, ρ denotes the average density of
all phases and g is the gravitational acceleration vector.

5.2.3 Energy balance

The general macroscopic energy balance equation for an arbitrary phase α can
according to Gray and Miller [52] be expressed as

∂

∂t

(
Eα +

εαραvα · vα

2
+ εαραKα

E

)
− εαραgα · vα+

∇ ·
[
vα
(
Eα +

εαραvα · vα

2
+ εαραKα

E

)]
−∇ · (εαtα · vα − εαqα)−

εαhα −
∑ κ→α

ME −
∑ κ→α

T ·vα,κ −
∑ κ→α

Q = 0 (5.12)
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where Eα is the internal energy of phase α, Kα
E denotes kinetic energy due to

velocity fluctuations, qα is the conductive energy flux vector and hα is a heat source.

The terms
κ→α
ME ,

κ→α
T ·vα,κ and

κ→α
Q are related to transfer of energy from an interface

κ due to phase changes, momentum transfer and heat transfer, respectively.

Several of the terms appearing in Eq. (5.12) can be neglected for porous materi-
als with low permeability. First of all, the velocity of the fluid phases through the
material can be assumed small and, thus, all terms related to kinetic energy can
be omitted. Furthermore, terms related to viscous dissipation, density variations
and mechanical work are usually neglected for such materials [78, 94]. It is also
assumed that all phases are in thermodynamic equilibrium at each point in the

material, which means that Tα=T . Because of this, the term
κ→α
Q can also be omit-

ted in the energy balance. As stated by for example Bear and Bachmat [12], it is
usually more convenient to work with enthalpy instead of internal energy when
dealing with phase changes. Hence, a variable change is usually done in Eq. (5.12)
through the use of the following relationship

H
α
=

Eα

εαρα
+

pα

εαρα
= H

α
(pα, Tα) (5.13)

where H
α

is the specific enthalpy. Using the mentioned assumptions and simplifi-
cations as well as the general mass and momentum balance equations, a general
enthalpy balance equation for phase α can be derived that reads

εαραCα
p

∂T

∂t
+ εαραCα

p v
α · ∇T +∇ · qα − εαhα −

∑ κ→α
ME = 0 (5.14)

where Cα
p is the specific heat capacity of phase α. A complete derivation of this

balance equation is for example given by Lewis and Schrefler [78]. By summation
over all considered phases, a relationship can be obtained that describes the com-
plete conservation of enthalpy in the porous medium and basically is equivalent to
the classical heat equation.

5.2.4 State variables

The set of general balance equations presented in Sections 5.2.1-5.2.3 can be used
to derive a complete set of governing equations describing the coupled hygro-
thermo-mechanical behaviour of concrete. However, in this system of equations
there will be a large number of unknowns and, hence, it must be complemented
with another set of constitutive relationships in order to close the system. These
relationships must be expressed in terms of the chosen state variables of the model.
These are the dependent variables of the model and describe the state of the porous
medium, where each state is uniquely defined for every unique set of values of the
state variables. As pointed out by Gawin et al. [45], the choice of state variables
should also take the numerical performance into account. An example of a situation
where issues can arise is the case of a multi-layer structure consisting of different
materials where the degree of water saturation has been chosen as one of the
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state variables. At the interface between two layers, the degree of saturation can
rapidly change causing a discontinuity in the solution. By instead choosing, for
example, relative humidity as the state variable, the derivative is continuous over
the interface and instability in the solution is thereby avoided. Furthermore, the
number of required state variables can be reduced by assuming thermodynamic
equilibrium between phases at each point in the multiphase system. In fact, such an
assumption has already been made in Section 5.2.3 in the derivation of the general
enthalpy balance equation by assuming that all phases have the same temperature
at each point.

In the general balance equations presented in the three previous sections, the
choice of state variables is rather straightforward in the case of the momentum
and enthalpy balance. In the former, the displacement vector d is the natural
choice whereas temperature T normally is used in the latter. For the mass balances,
the choice is not as straightforward and various options exist, such as degree of
saturation Sf or phase pressure pα. However, in the case of concrete subjected to
varying ambient conditions, capillary pressure pc in combination with gas pressure
pg has often been proven to be a suitable choice. The main reason is that the
capillary pressure can be used to describe the full range of moisture conditions, i.e.
from fully saturated conditions with an outside hydrostatic pressure down to and
including the hygroscopic moisture region, see e.g. [7, 42, 45, 78]. Furthermore,
the capillary pressure can be defined as the pressure difference between the wetting
phase and the non-wetting phase. In the case of a liquid water phase and a gas
phase, the definition reads

pc = pw − pg. (5.15)

Even though not shown herein, this relationship can be derived using the second
law of thermodynamics under the assumption of equilibrium, see e.g. [49, 113].
This definition holds at states where a meniscus can be formed between the liquid
water and the water vapour. It should also be recalled from Section 3.1.2, that
Kelvin’s equation (Eq. (3.3)) relates the capillary pressure to the relative humidity
under such conditions. For lower degrees of water saturation, the water is only
present as adsorbed layers of water molecules on the pore walls, and these two
relationships are formally not applicable. However, as for example shown by Lewis
and Schrefler [78], the capillary pressure can be related to a water potential Ψ ,
which is defined as the difference in chemical potential between the liquid water
and the water vapour and can be written as

Ψ =
RT

Mw

ln(ϕ). (5.16)

Comparing this relationship with Kelvin’s equation, it is apparent that the capillary
pressure also can be expressed as

pc = −ρwΨ = −ρwRT

Mw

ln(ϕ). (5.17)

The water potential Ψ is valid over the entire moisture range and due to the simi-
larity shown by Eq. (5.17), it is evident that Kelvin’s equation and Eq. (5.15) also
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can be used over the entire moisture range. As mentioned above, the choice of
state variables is not always straightforward, and there exist many options that are
equivalently valid. Hence, it is not possible to give a definitive recommendation
other than that the choice must consider the different aspects of the phenomena
aimed to be described by the derived model from case to case.

5.2.5 Boundary conditions

The system of governing partial differential equations (PDEs) derived from the
general balance equations given above are solved as a boundary value problem
and, hence, appropriate boundary conditions must also be defined. In addition, it
is also necessary to specify an initial value for each state variable. These specify
a full field of the state variables in the model domain at t = 0 and can formally
for an arbitrary state variable ψ simply be expressed as ψ = ψini. The boundary
conditions are usually defined as either Dirichlet conditions (also called Type I or
fixed boundary condition), Neumann conditions (also called Type II conditions)
or as Robin conditions (also called Type III or convective type conditions). The
Dirichlet type condition specifies a fixed value of the state variable on the boundary
surface and can for an arbitrary boundary surface Γ1 formally be written as

ψ = ψ0 on Γ1. (5.18)

The Neumann condition imposes a flux normal to the boundary surface and can
formally be expressed as follows on a boundary surface Γ2

∇ψ · n = q on Γ2. (5.19)

where n is the normal vector to the surface Γ2 and q is the imposed flux. The
Robin type condition is basically a combination of the Dirichlet and Neumann type
conditions, where the imposed flux is a function of the state variable on the surface.
For the type of problems considered herein, it is usually convenient to express the
Robin condition for an arbitrary surface Γ3 as

∇ψ · n = βs (ψ − ψamb) on Γ3. (5.20)

where βs is a surface transfer coefficient and ψamb is the value of the state variable
in the ambient environment.

5.3 Constitutive relationships

As mentioned in Section 5.2.4, the system of PDEs needs to be complemented
with another set of constitutive relationships to close the mathematical model. In
a complete derivation based on TCAT, the second law of thermodynamics is used
to derive the principal forms of the closure relationships. By doing this, it can
be assured that the thermodynamic restrictions imposed by this law are satisfied
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on both the microscopic and macroscopic scale [51, 52, 114]. However, for the
type of problems considered in this thesis, it is often not necessary to perform
this step. Instead, it is often sufficient to use relationships that can be found in
the literature and have been proven to comply well with experimental results and
observations. But it should be noted that many of these relationships also have been
derived from the second law of thermodynamics though linearization procedure
by others in the literature. This section presents some of the most common and
important constitutive relationships that normally are used when dealing with
porous materials such as concrete. Nevertheless, depending on which phenomena
the model aims to capture, additional relationships than those given here are
normally necessary for a complete closure of the model.

5.3.1 Equation of state

An equation of state (EOS) generally relates the pressure, volume and temperature
of some matter at thermodynamic equilibrium. Here, the EOS expresses the density
variation, or volumetric behaviour, of phases as a function of temperature and
pressure. However, in many applications it is reasonable to assume that that liquid
and solid phases are incompressible, but for completeness, the pressure dependence
is here included. For a fluid phase π, such as liquid water, the volumetric behaviour
can be expressed on the following linearized form [78]

ρπ = ρπref

[
1− απ (T − T ref) +

1

Kπ
(pπ − pπref)

]
(5.21)

where Kπ is the bulk modulus and απ denotes the thermal volumetric expansion
coefficient. The term ρπref corresponds to a reference density at the reference tem-
perature T ref and reference pressure pπref . In Paper II, this relationship was also used
to describe the volumetric behaviour of the ice phase.

For a solid phase s, it is also necessary to account for external loads on the volu-
metric behaviour. This can be achieved by assuming that this part is described by
the first invariant of the effective stress tensor, which yields the following form of
the EOS [78]

ρs = ρs
ref

[
1− αs (T − T ref) +

1

Ks
ps +

1

3εsKs
Is

1

]
(5.22)

where the first invariant of the effective stress tensor Is
1 is given by

Is
1 = 3 (1− b)Ks

[
∇ · d− tr (eth) +

1

Ks
ps

]
(5.23)

where tr (eth) is the volumetric part of the thermal strains. The parameter b denotes
Biot’s coefficient, which accounts for different compressibilities of the solid skeleton
and the solid bulk material and is defined as

b = 1− KT

Ks
(5.24)
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where KT is the bulk modulus of the solid skeleton.

For a gas phase g considered as an ideal gas mixture of for example water vapour
W and dry air D, the ideal gas law may be used as the EOS

ρβg =
Mβ

RT
pβg (5.25)

where Mβ is the molar mass of species β and pβg is the partial pressure of species β.
Furthermore, since no reactions occur between the species in an ideal gas mixture,
the total pressure and density of the gas phase can be described by Dalton’s law
according to

ρg =
∑
β

ρβg (5.26a)

pg =
∑
β

pβg. (5.26b)

5.3.2 Sorption equilibrium and isotherms

As outlined in Section 5.2.4, the equilibrium state between liquid water and water
vapour can be described by Kelvin’s equation in both fully and partially saturated
porous materials. The moisture storage capacity is usually described by a sorption
isotherm, which relates the moisture content in the material to the relative humidity
or the capillary pressure, see also Chapter 3. Various analytical expressions exist in
the literature that capture the shape of isotherms in cementitious materials well.
Examples of some classical expressions are those proposed by Brooks and Corey
[15], van Genuchten [126] and Kosugi [76], which often also have been used as a
basis for deriving new expressions or been modified to better describe the sorption
isotherms. Comparisons of the performance of different proposed expressions in
the literature have for example been presented by Carlier et al. [19] and Zhang et al.
[133]. However, one of the most commonly used expressions when dealing with
concrete and cement pastes is the original expression proposed by van Genuchten
[126] which can be written as

Sw =

[
1 +

(
pc

l

) m
1−m

]− 1
m

(5.27)

where l and m are two fitting parameters. Furthermore, Poyet [101] recently pro-
posed a simple modification to this model to account for the effect of moderate
temperatures on the isotherms. This is an important factor to consider when for
example dealing with water-retaining structures since there can be quite a large
temperature difference between the upstream and downstream side.
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5.3.3 Mass and heat flux

Advective mass flux

The advective flux of mass through a partially saturated concrete material is com-
monly described with the generalized Darcy’s law. This law can be derived using a
linearized form of the fluid momentum balance equations together with the second
law of thermodynamics. Furthermore, it is usually assumed that the effect of the
temperature gradient on the mass flux is negligible and that the inertial and viscous
effects can be omitted [78]. The derivation is not given herein but has been shown
by several authors in the literature, see e.g. [50, 52, 60, 114]. The generalized
Darcy’s law can be written as

εSfvfs = −k
f
r k

ηf
(
∇pf − ρfg

)
(5.28)

where k is the intrinsic permeability tensor and ηf is the dynamic viscosity of
fluid phase f . The term kfr denotes the relative permeability of fluid phase f ,
which is introduced to account for the unsaturated flow in the material and varies
between a value of zero and one. The intrinsic permeability emerges from the
momentum exchange term in the momentum balance and describes the exchange
of momentum at the fluid-solid interface in a completely saturated porous material.
However, when several fluids are present, momentum exchange also occurs at the
fluid-fluid interface and this exchange of momentum is described by the relative
permeability. There are various expressions available in the literature that describe
the relative permeability as a function of the degree of saturation. Two of the most
frequently used models are the ones proposed by Brooks and Corey [15] and van
Genuchten [126].

Diffusive mass flux

The diffusive flux of species β through the fluid phase f can be described by Fick’s
first law, which as Darcy’s law also can be derived from the fluid momentum balance
equations and the second law of thermodynamics, see e.g. [60]. The relationship
reads

εSfρβfuβα = −ρfDβf
eff∇

ρβf

ρf
(5.29)

where Dβf
eff is the effective diffusivity tensor of species β in phase f . The effective

diffusivity tensor depends on several factors but can typically be expressed on the
form [44]

Dβf
eff = SfετDβf

d

(
T , pf

)
(5.30)

whereDβf
d

(
T , pf

)
is the diffusivity of the species in the phase at a certain tempera-

ture and pressure and τ is a tortuosity factor accounting for a longer diffusion path
inside the porous network.
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Conductive heat flux

The conductive heat flux in the material can be described by Fourier’s law. If
the general enthalpy balance equation given in Eq. (5.14) is summed over all
considered phases, the total conductive heat flux through the porous medium can
be expressed as

q = −λeffI∇T (5.31)

where q denotes the total conductive heat flux vector, I is a unit tensor and λeff is
the average (or effective) thermal conductivity of the complete porous medium.

5.3.4 Stress tensors

The total stress tensor t appearing in Eq. (5.11) can be derived by summing the
stress tensors of each phase. It can be shown by using the TCAT that the stress
tensor of each fluid phase f can be written as

tf = pfI (5.32)

where pf is the average pressure in the phase [52]. The solid phase stress tensor
has been shown by Gray et al. [53] to have the form

ts = τ s − psI (5.33)

where ps is the averaged solid pressure following from consideration of microscale
properties in the solid phase and τ s is the effective stress tensor, which accounts
for the change in stresses due to deformations of the solid skeleton. Following the
work by Gray et al. [53], the total stress tensor has been shown to take the form

t = εsτ s − bP sI (5.34)

where P s is a measure of the pressure inside the porous network. Within the
framework of poromechanics, the second term on the right-hand side acts as an
internal load on the solid skeleton and causes volumetric changes due to changes
in the pressure P s. In a case where the porous network is considered to be occupied
by the two fluid phases f 1 and f 2, the measure P s can be defined as

P s = χf1,ss pf1 +
(
1− χf1,ss

)
pf2 (5.35)

where χf1,ss describes the fraction of solid surface in contact with the fluid phase f 1.
It is frequently assumed that this fraction is represented by the degree of saturation
of the fluid phase (Sf1) in the porous medium, see e.g. [42, 43, 78], and was
also assumed in the papers appended to this thesis. Furthermore, it is common
to assume that P s = ps, even though Gray et al. [53] showed by using the TCAT
that additional terms appear in the expression of ps. However, in the applications
studied in the appended papers to this thesis, the effect of these additional terms
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is small and, hence, this latter assumption was also applied when deriving the
governing equations.

Deformations of the solid skeleton are accounted for by the effective stress tensor.
For cementitious materials, the strains can be assumed to remain small and, thus,
the total strain tensor e of the solid skeleton can be defined as

e =
1

2
[∇d+ (∇d)ᵀ] . (5.36)

Based on this definition and also considering the presence of thermal strains, the
stress-strain relationship describing the effective stress of the solid phase can be
written as

τ s = De : (e− eth) (5.37)

where De is a fourth-order stiffness tensor and eth is the thermal strain tensor. The
thermal strains of the solid phase can be determined as

eth =
αs

3
(T − T ref) I (5.38)

where αs is the volumetric thermal expansion coefficient of the solid phase and
T ref denotes a reference temperature at which there are no thermal strains in the
solid phase. However, the relationship given in Eq. (5.37) is just an example, and
other strain contributions can, of course, be added to the expression if wanted, e.g.
creep strains and plastic strains.

5.4 Finite element discretization of PDEs

The systems of governing coupled partial differential equations (PDEs) that can be
derived using the general balance equations given above are seldom possible to
solve analytically. Instead, approximate solutions to the systems must be sought
using some numerical method. The most common method used today is the finite
element method (FEM) in which the solution is approximated by dividing the
geometry or model domain into a finite number of elements connected at common
nodes. The PDEs are discretized by assigning interpolation (or shape) functions on
the elements which can be used to find a piecewise approximation of the solution
at the nodes connecting the elements. The basics of the FEM will not be covered
herein, and the reader is referred to any of the vast number of books covering the
subject, e.g. [13, 28, 135]. However, to show the principles of deriving a system
of finite element (FE) equations that can be solved numerically for the type of
coupled PDEs covered herein, an example is used to show the different steps in
the following of this section. The equations are derived using standard procedures
for FE discretization of PDEs and, thus, more detailed explanations of the different
steps can be found in any of the aforementioned references or other books covering
the FEM.
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The example concerns a fictitious system of two coupled PDEs consisting of a single
mass balance equation (Eq. (5.7)) as well as a single enthalpy balance equation
(Eq. (5.14)) for a fluid phase α. Furthermore, no heat source term is assumed to
be present in the system, the convective heat flux is omitted and since only one
fluid phase is considered it is neither necessary to account for any phase changes.
Following these assumptions and considerations, the system of equations can be
written as

∂ (εαρα)

∂t
+∇ · (εαραvα) = 0 (5.39a)

εαραCα
p

∂T

∂t
+∇ · qα = 0 (5.39b)

where εα and ρα are assumed to depend on the pressure pα and temperature T ,
which also are the chosen state variables of the system. It is further assumed that
the velocity vα and conductive heat flux qα can be expressed as

vα = −c∇pα (5.40a)
qα = −λ∇T (5.40b)

where c and λ are the permeability and thermal conductivity, respectively. Introduc-
ing these relationships into Eq. (5.39) as well as expanding the partial derivatives,
the following expressions can be obtained(

ρα
∂εα

∂pα
+ εα

∂ρα

∂pα

)
︸ ︷︷ ︸

= Mp

∂pα

∂t
+

(
ρα
∂εα

∂T
+ εα

∂ρα

∂T

)
︸ ︷︷ ︸

= MT

∂T

∂t
−∇ · (εαραc︸ ︷︷ ︸

= Mq

∇pα) = 0 (5.41a)

εαραCα
p︸ ︷︷ ︸

= ET

∂T

∂t
−∇ · (λ∇T ) = 0. (5.41b)

The relationships in Eq. (5.41) are given on strong form and imply that the equa-
tions must be satisfied in every point of the model domain. However, this form
is unsuitable to use for FE discretization and the equations are usually instead
expressed in their corresponding weak form, which instead implies that the equa-
tions should be satisfied in an average sense within the model domain. Therefore,
the first step of the discretization process is to convert Eq. (5.41) into weak form,
which requires that the test functions ṽp(x) and ṽT (x) are introduced, where x de-
notes the coordinates within the model domain. The transformation is performed
by integrating the expressions in Eq. (5.41) over the model domain volume Ω and
multiplying with the corresponding test functions, which yields∫

Ω

ṽp
(
Mp

∂pα

∂t
+MT

∂T

∂t

)
dΩ −

∫
Ω

ṽp∇ · (Mq∇pα)dΩ = 0 (5.42a)

∫
Ω

ṽTET
∂T

∂t
dΩ −

∫
Ω

ṽT∇ · (λ∇T )dΩ = 0. (5.42b)
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A solution function that satisfies Eq. (5.42) for a sufficient number of different
test functions is also likely to be an approximate solution to the original strong
form formulation of the PDEs and is called a weak solution. It is this solution that
one aims to find by doing the FE discretization of the original system of equations.
However, the second order derivatives of the state variables appearing in both
integral equations above are not desirable since they may cause numerical issues.
Therefore, integration by parts and the divergence theorem are applied to these
two terms to reduce the order of differentiation and, consequently, they can instead
be written as∫
Ω

ṽp∇ · (Mq∇pα)dΩ = −
∫
Ω

∇ṽp · (Mq∇pα)dΩ +

∫
Γ

ṽp (Mq∇pα) · n︸ ︷︷ ︸
= qp

dΓ (5.43a)

∫
Ω

ṽT∇ · (λ∇T )dΩ = −
∫
Ω

∇ṽT · (λ∇T )dΩ +

∫
Γ

ṽT (λ∇T ) · n︸ ︷︷ ︸
= qT

dΓ (5.43b)

where Γ denotes the boundary surface of the model domain. The surface integrals
appearing in the above equation are in fact the natural boundary conditions of the
system and can be used to specify the boundary fluxes qp and qT . Substituting Eq.
(5.43) into Eq. (5.42) yields∫

Ω

ṽpMp
∂pα

∂t
dΩ +

∫
Ω

ṽpMT
∂T

∂t
dΩ +

∫
Ω

∇ṽp · (Mq∇pα)dΩ −
∫
Γ

ṽpqpdΓ = 0

(5.44a)∫
Ω

ṽTET
∂T

∂t
dΩ +

∫
Ω

∇ṽT · (λ∇T )dΩ −
∫
Γ

ṽT qTdΓ = 0

(5.44b)

which is the weak form of the system of equations that is suitable for FE discretiza-
tion. In order to continue, the element shape functions must be defined for both the
test functions and the state variables. According to the Bubnov-Galerkin approach,
the test functions can be expressed by the same shape functions as those for the
state variables and, hence, one can write

ṽp(x) =
n∑
i=1

Np
i (x)ˆ̃v

p
i =N

pv̂p (5.45a)

ṽT (x) =
n∑
i=1

NT
i (x)ˆ̃v

T
i =NT v̂T (5.45b)

as well as

pα(x, t) =
n∑
i=1

Np
i (x)p̂

α
i (t) =N

pp̂α (5.46a)

T (x, t) =
n∑
i=1

NT
i (x)T̂ i(t) =N

T T̂ (5.46b)
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where the vectors p̂α and T̂ contain the nodal values of the state variables and
describe the time variation whereasN p andNT contain the shape functions which
describe the spatial variation of the solution. Substituting Eqs. (5.45) and (5.46)
into Eq. (5.44) yields

(v̂p)ᵀ
∫
Ω

(N p)ᵀMpN
pdΩ

︸ ︷︷ ︸
= Mp

∂p̂α

∂t
+ (v̂p)ᵀ

∫
Ω

(N p)ᵀMTN
pdΩ

︸ ︷︷ ︸
= MT

∂T̂

∂t
+

(v̂p)ᵀ
∫
Ω

(∇N p)ᵀMq∇N pdΩ

︸ ︷︷ ︸
= Mq

p̂α − (v̂p)ᵀ
∫
Γ

(N p)ᵀqpdΓ︸ ︷︷ ︸
= fp

= 0 (5.47a)

(v̂T )ᵀ
∫
Ω

(NT )ᵀETN
TdΩ

︸ ︷︷ ︸
= ET

∂T̂

∂t
+ (v̂T )ᵀ

∫
Ω

(∇NT )ᵀλ∇NTdΩ

︸ ︷︷ ︸
= Eq

T̂−

(v̂T )ᵀ
∫
Γ

(NT )ᵀqTdΓ

︸ ︷︷ ︸
= fT

= 0. (5.47b)

This system of equations corresponds to the FE discretization of the original strong
form PDEs. The test functions can be omitted since the equations should hold for
an arbitrary set of such functions and, thus, the system can be rewritten in the
following more compact matrix form[

Mp MT

0 ET

]
d

dt

{
p̂α

T̂

}
+

[
Mq 0
0 Eq

]{
p̂α

T̂

}
=

{
fp
fT

}
(5.48)

where the off-diagonal term accounts for the coupling effects between the mass
and temperature field. Solving this system of time-dependent FE equations requires
the use of some time integration algorithm as well as an iterative procedure to
solve the system of non-linear equations that is obtained at each time step. In
the papers appended to this thesis, the commercial FE-code Comsol Multiphysics
[23] was used to discretize all proposed models and solve the presented examples.
The actual FE discretization of the weak expressions shown in the example above
does not have to be performed explicitly in this code. Instead, it is enough to
derive weak expressions of the form given in Eq. (5.44), which then are discretized
by a built-in algorithm in the code. The time integration was performed using
the fully implicit backward differentiation formula (BDF) whereas the non-linear
equations were solved with a damped version of the Newton-Raphson method. All
examples in the appended papers were solved as fully coupled problems meaning
that a single system of equations describes the complete model behaviour, i.e.
exactly as in the example above. However, in cases where the physical fields are
not strongly coupled, it is usually more numerically efficient to solve the different
fields sequentially or in a series [40]. Such considerations are important when
dealing with large FE models since this can reduce the solution time significantly.
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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.

6.1 Paper I: A hygro-thermo-mechanicalmultiphase
model for long-term water absorption into air-
entrained concrete

Daniel Eriksson, Tobias Gasch, Anders Ansell

Submitted to Transport in Porous Media

The paper presents a hygro-thermo-mechanical multiphase model that includes the
long-term water absorption into air pores. Earlier studies have typically treated the
water filling of air pores separately, see e.g. [33, 36, 68, 83], whereas this model in-
corporates this process in a more general transport model. The rate of water filling
of the air pores is described by a diffusion process where the driving potential is the
concentration of dissolved air in the pore water. A volume averaging procedure is
proposed for obtaining a constitutive relationship that describes the concentration
of dissolved air in the pore water as a function of the degree of gas saturation in
the material. The procedure is based on the gas overpressure inside the air pores,
described by the Young-Laplace equation, and utilizes air pore size distributions
as weighting functions. By implementing this diffusion process in the multiphase
model, the complete absorption process of water in air-entrained concrete can be
described. To verify this, an absorption test of air-entrained concrete performed
by Liu and Hansen [83] was simulated, result from this verification example is
shown in Fig. 6.1a. In addition to the measured air pore size distribution, the ef-
fect of introducing more fine or coarse air pores, while maintaining the same total
air pore porosity, on the rate of water absorption was studied. Furthermore, the
model was used in a second example aiming to study moisture distributions in the
front-plate of a concrete buttress dam. The results were qualitatively compared

59



CHAPTER 6. SUMMARY OF APPENDED PAPERS

with measurements performed by Rosenqvist [104], who measured such distribu-
tions at different water depths in a 60-year-old Swedish dam. The results from this
example are shown in Fig. 6.1b. It was concluded that the proposed model seems
capable to adequately describe water absorption in air-entrained concrete as well
as capturing moisture distributions in water retaining structures. At the waterline,
these structures are often subjected to wetting-drying cycles due to a varying wa-
ter level as well as directly exposed to the ambient climate. Hence, it was further
concluded that the model should be extended to also consider the hysteresis effect
and cryo-suction of water to give more accurate predictions of the moisture state
in this area of water retaining structures.
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Figure 6.1: Comparison of simulation results from Paper I with (a) the absorption
test performed by Liu and Hansen [83] (shown with circles in the figure)
and (b) the moisture distributions in a 60-year-old concrete buttress dam
measured by Rosenqvist [104].

6.2 Paper II: Freezing of partially saturated air-
entrained concrete: Amultiphase description of
the hygro-thermo-mechanical behaviour

Daniel Eriksson, Tobias Gasch, Richard Malm, Anders Ansell

Submitted to International Journal of Solids and Structures

This paper proposes a hygro-thermo-mechanical multiphase model which describes
the freezing-induced behaviour of partially saturated air-entrained concrete that
can be used for simulations on the structural scale. The model formulation is lim-
ited to concretes that at least have reached capillary saturation. Earlier studies
have proposed similar models, but these have been limited to the scale of the air
pore system and, hence, not suitable to use for analysis of concrete structures or
whole specimens. The air pores both act as reservoirs for the excess water that is
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expelled from the freezing sites and as cryo-pumps in the proposed model. This
is accounted for through an expression derived from the same geometrical model
as Powers [98] used to derive his spacing factor of air pore systems. Furthermore,
the model also considers the gradual filling of the air pores with ice during freez-
ing. Two numerical examples are presented to verify and show the capabilities of
the model. In the first example, freezing tests of cement pastes with different air
pore contents were simulated. The tests were originally performed by Powers and
Helmuth [100], but the required input data for the model were not presented in
their work. Fortunately, Zuber and Marchand [137] simulated the same tests and
obtained their input data by trying to reproduce the cement pastes and, hence,
their input data were also used in this paper. It should be noted that Zuber and
Marchand [137] only considered a single air pore surrounded by a shell of cement
paste in their model, whereas the performed simulations in this paper consider the
whole specimens. A comparison of the obtained results is shown in Fig. 6.2a for
three different cement pastes. Example 2 aims at exploring the capabilities of the
proposed model to account for non-uniform moisture distributions in the material
during freezing and is purely academic, some results are shown in Fig. 6.2b. The
paper concludes that the proposed model is capable of predicting the freezing be-
haviour of air-entrained concrete on the structural scale. Hence, it is possible to for
example predict the extent of damage in a concrete structure subjected to internal
frost actions using the proposed model.
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Figure 6.2: (a) Comparison of freezing induced strains obtained with the proposed
model in Paper II and results presented by Zuber and Marchand [137]. (b)
Deformations caused by freezing in three prismatic specimens with different
initial moisture distributions from example 2 in Paper II. The contours show
the degree of ice saturation in the specimens.
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6.3 Paper III: Influence of air voids in multiphase
modelling for service life prediction of partially
saturated concrete

Daniel Eriksson, Tobias Gasch

In: Proceedings of EURO-C 2018 Computational Modelling of Concrete and Concrete
Structures. Bad Hofgastein, Austria, February 26th to March 1st 2018, pp. 317-
326.

This paper further investigates the capabilities of the proposed model in Paper I by
applying the model in an academic example aiming at resembling a concrete wall
in a waterway of open canal type. The geometry and applied boundary conditions
in the example are shown in Fig. 6.3a. The paper discusses the slow nature of the
water absorption process into air pores and Fig. 6.3b shows moisture distributions
over the wall thickness at mid-height and 0.5 m above the bottom for increasing
absorption time. Furthermore, the importance of including this water filling mecha-
nism in simulations of water retaining structures exposed to freezing temperatures
was highlighted. The paper concludes that the model may be used to identify which
areas that are susceptible to frost damage in the wall. However, in the area around
the waterline, the hysteresis between absorption and desorption is necessary to
consider to obtain more accurate assessments.
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Figure 6.3: (a) Geometry and boundary conditions used in the waterway example in
Paper III and (b) moisture distributions over the wall thickness at mid-
height and 0.5 m above the bottom for increasing absorption time.

62



Chapter 7

Discussion

This chapter presents a discussion of some important topics and questions encoun-
tered during the work with this thesis. Some of the topics are treated a bit more in
detail whereas some other are addressed in more general terms.

7.1 Exposure conditions

Regardless where a hydraulic structure is situated in the world, it is in some way
exposed to variable exposure conditions over the year. In order to use a mathemat-
ical model for assessment of the residual service life of a structure, it is essential
to account for the effects that these variable conditions are causing. In Swedish
hydropower plants, the water level in the reservoir is normally raised during the
spring and early summer because of melting snow and lowered during autumn
and winter when there is a larger energy demand. The magnitude of this variation
ranges from a couple of decimeters to several meters between different reservoirs.
In addition, some structures are also subjected to short-term variations where the
water level can vary significantly on a daily basis. The material that is located in this
area of a structure is, thus, regularly exposed to wetting-drying cycles. As described
in Section 3.1.4 of the introductory part, concrete materials normally show a hys-
teresis effect between absorption and desorption, which means that the concrete
contains more water during drying than wetting for the same RH in the material.
The risk of frost damage is closely related to the moisture state in the material and
damage only appears if the moisture content exceeds the critical degree of satura-
tion. As soon as the water level is lowered, the material that becomes exposed to
the ambient air starts to dry. As this normally coincides with the cold part of the
year, it becomes evident that it is essential to account for the hysteresis in these
areas. This was also highlighted in the work presented in Paper I and mentioned
as an essential future extension of the proposed model since the current version
neglects the hysteresis. The amount of formed ice during freezing and melting also
shows a hysteresis effect, where the ice content is higher at a certain temperature
during melting than freezing, see Section 4.1.2. This is also important to consider
in a cyclic analysis aiming at being as accurate as possible. However, from a design
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perspective, it might be sufficient to only consider the maximum ice content since
this would yield a conservative prediction of the rate of deterioration.

The hydrostatic pressure acting on a hydraulic structure does not only cause ad-
vective flow of water through the structure and mechanical deformations, but also
seems to affect the rate of water absorption in the air pores. As mentioned in
Paper I, Rosenqvist [104] observed that the long-term rate of water absorption
into fully immersed air-entrained concrete specimens seemed to increase with an
increased water head. However, Rosenqvist did not mention any possible expla-
nation to this observation. A possible cause could be a lower air concentration in
the surrounding water, but in a dam or a waterway the flow of the water usually
means that the air concentration is evened out. Another explanation could be that
the hydrostatic pressure increases the pressure in the trapped air inside the air
pores. Hence, the concentration of dissolved air in the pore water increases and,
thus, also the diffusive flux of air towards the boundaries. Nevertheless, this must
be further investigated to establish the real cause of the observation. Furthermore,
the advective flow of water caused by the pressure gradient in the structure can
also transport portions of the dissolved air. However, this effect was not accounted
for in the model proposed in Paper I, but could also be a reason for an increased
rate of water absorption in parts exposed to high hydrostatic pressures.

7.2 Modelling of synergy effects

As outlined in Chapter 2, there are various different chemical and physical phe-
nomena that deteriorate concrete in hydraulic structures. The interactions between
them are complex and depend on several factors. Furthermore, the interactions are
seldom one-way couplings, which in a case of two active deterioration mechanisms
mean that the rate of deterioration of one mechanism is affected by the other one
and vice versa.

To fully describe the synergy effects between two or more active deterioration
mechanisms in a mathematical model on the macroscopic or structural scale, con-
stitutive relationships must be established that describes how the different mech-
anisms change the microstructure and, thus, also the properties of the material.
This is a difficult task since the changes that one mechanism causes depend on
the history of the other mechanisms as well as on its own history. Additionally,
the concrete continues to mature during its service life, which also has an effect
on the microstructure. In order to establish such relationships, extensive exper-
imental campaigns are required where different combinations and sequences of
deterioration mechanisms must be investigated. Another way forward is to try to
understand and establish if there is a certain sequence of interacting mechanisms
that causes an acceleration of the deterioration. In such case, the model can be
simplified to only account for a sequence of one-way couplings between the differ-
ent mechanisms. An example is the scenario suggested by Rosenqvist et al. [107]
to explain the commonly observed surface scaling at the waterline in Swedish hy-
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draulic structures, see also Section 2.3.1. In this case, the leaching process first
leads to an increased porosity and a weakened material. The following freeze cy-
cles are then affected by an increased volume of freezable water as well as by the
lower strength of the material. The extent of damage in the structure caused by
the frost actions can then be used to assess the volume of removed material by
ice abrasion. Finding suitable relationships that link this sequence of deterioration
mechanisms should be easier since it can be assumed that they only depend on the
previous active mechanism. An even more simplified approach is to try to single
out a major governing factor for the deterioration and define a limiting value that
corresponds to degradation of the material. This limit value can also be linked
to other conditions that must be met in order to activate the degradation, e.g. a
certain temperature. For freezing, the limit value could for example be represented
by a critical degree of saturation in combination with a specified temperature that
must be reached inside the structure. Furthermore, the limit value can be defined
to depend on some other active deterioration mechanism and, thus, also possibly
account for synergy effects. However, in order to get an adequate assessment of the
extent of damage using this approach, it is still important to accurately describe
all the important phenomena that affect the critical state in the material. Here,
multiphase models as those described in Chapter 5 can be suitable to use since the
important processes can be defined separately in this type of formulation. It is of
course possible to use models based on a more phenomenological approach that
lumps various phenomena together, but the drawback is that it can be harder to
find suitable expressions for the coefficients included in the governing equations.

Regardless which approach is chosen to account for interactions between different
deterioration mechanisms, it is important to understand which conditions and fac-
tors that influence the degradation. This must indeed be studied experimentally,
but mathematical models can also be used to increase the overall understanding
as well as give further indications of which factors that are most important. For
example, a calibrated model from previous experimental results can be used to
perform parametric studies where one or several parameters are systemically mod-
ified within some predefined limits to give an indication of the most deleterious
combination of parameters. The results can then be linked to other deterioration
mechanisms and might give a better idea of which combination of factors and
mechanisms that are causing observed damage. The benefit of using such an anal-
ysis is that the number of experiments that must be performed can be kept to a
minimum. However, in the end, the results must of course be verified through
additional experimental tests.

7.3 Applicability and use of multiphase models

An important topic when using advanced mathematical models is calibration. Ba-
sically all types of models need to be calibrated, but the number of parameters
that must be considered in the calibration process can vary significantly between
different types of models. Consequently, to apply an advanced mathematical model
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in an analysis of a real concrete structure, it is, thus, necessary to retrieve rele-
vant material data of the concrete. This can be done either by using results from
previously performed testing or by taking new samples from the structure, e.g. by
drilling cores. In fact, the latter can be beneficial since it gives data that correspond
to the current state of the material. One of the drawbacks with mechanistic multi-
phase models is that they require a relatively large number of parameters, but the
specific number of course varies depending on which phenomena that are included
in the model. Some of these can be obtained directly from the material testing or
empirical relationships whereas others require calibration. However, it should be
mentioned that many of the parameters that appear in this type of models usually
have a clear physical meaning and correspond to classical material properties [94].
In contrast to this, phenomenological models might have fewer parameters that
must be determined, but since these often represent several phenomena that have
been lumped together they lack a clear physical interpretation. Consequently, these
model coefficients more often need calibration and cannot be determined directly
by measurements. Furthermore, and as also discussed by Pesavento et al. [94],
a calibrated mechanistic model should at least theoretically perform better when
applied in cases where the conditions deviate from the calibration conditions. A
phenomenological model is, though, expected to perform equally well as long as
the conditions are similar to those in the calibration process. In a practical situ-
ation when choosing which type of model to be used, it is a trade-off between
the potential of getting further insights versus getting just enough information for
the specific problem at hand. In addition, a more advanced calibrated mechanistic
model has the potential to be used in future applications with less required efforts
though the initial set-up and calibration might have required more than another
type of model.

In the work presented in this thesis, the focus has been on the use of mechanistic
multiphase models to describe the different processes. However, no comparison of
the performance of such models with phenomenological models has been made.
Therefore, it would be interesting to develop corresponding models using the latter
approach and compare the performance of the models. This would give further
insights whether the extra effort of calibrating a more advanced model is moti-
vated with respect to the accuracy of the results, both in conditions similar to the
calibration case as under deviating conditions.

Using advanced coupled models for analysis of large concrete structures such as
hydropower dams comes with a computational cost. The physical fields often re-
quire quite a high resolution of the mesh at the boundaries of the model domain to
accurately describe the sharp gradients that can appear in these areas and, hence,
be a crucial limitation. In addition, modelling of deterioration of materials can
require small time steps in the analysis since the deleterious effect of some phe-
nomena is closely linked to the rate of change in some of the physical fields, e.g.
the rate of cooling for frost actions. Moreover, if the analysis aims at describing the
long-term behaviour of the structure, this can become even more problematic. As
for the choice of type of model to be used in a specific situation it comes down to
a trade-off, in this case between accuracy and good enough results. It all depends
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on what the purpose is with the analysis, and in many cases, it is certainly enough
if the analysis can give an indication of what has caused an observed damage in a
structure. Such an analysis can still also provide further important insights about
the behaviour and, hence, yield new ideas of which needs to be further investi-
gated through for example experiments, field measurements or observations on
the structure. Lastly, it should be remembered that the computational power still
is increasing, which in the future will improve the level of accuracy that can be
achieved in analyses of large structures.

The use of advanced mathematical models might not always be suitable in practical
engineering work when for example dealing with residual service life assessments
of old concrete structures. However, and as mentioned earlier, the advanced models
can be used to increase the understanding of which factors and conditions that
are important for various deterioration mechanisms as well as for combinations of
them. Hence, insights gained from the use of such models can still provide a basis
for the development of more simple and easy-to-use models that are more suitable
for everyday engineering work.
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Chapter 8

Conclusions and suggestions for
future work

This chapter presents and summarizes the major conclusions of the performed
work in this thesis. Furthermore, suggestions for future research are presented that
concern both experimental work and further model development.

8.1 Conclusions

The major contribution of this thesis is a better understanding of how different
deterioration mechanisms and other relevant phenomena can be modelled using
advanced mathematical models on the structural scale. Previous research, at least
concerning modelling of the freezing-induced behaviour of air-entrained concrete,
has been focused on models for the material scale. Moreover, the long-term water
absorption into air pores is often disregarded in mass and heat transport models
or simply considered as a separate process that does not affect any of the other
transport phenomena in the material. Some of these models are based on a local
diffusion process on the material scale and, hence, not applicable to study the
distribution of moisture in a structure. Furthermore, the mathematical framework
that has been used to derive the models is flexible and allows for future extensions
including the possibility to include interactions, or couplings, between different
deterioration mechanisms and other relevant phenomena (Research question 1).

Chapter 2 of this thesis presents a survey of commonly observed damage and deteri-
oration mechanisms in Swedish hydraulic structures (Research question 2). It also
focuses on where and in which type of structures the different kinds of damage are
usually detected (Research question 3). Based on this survey, it is clear that there
is a lack of knowledge about damage in waterways of tunnel type such as head-
race tunnels, penstocks and draft tubes. The different deterioration mechanisms
covered in the survey can be active in different regions of a hydraulic structure, but
the type of damage that appears depends on the conditions in the specific region.
For example, frost actions at the waterline often result in surface damage whereas
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frost actions in the internal parts of a structure instead cause substantial cracking
(Research question 3). Furthermore, it can be concluded that the interactions be-
tween deterioration mechanisms consist of complex combinations of physical and
chemical phenomena that are hard to fully understand and, thus, also to capture
in a theoretical model (Research question 4).

The proposed model in Paper I showed the significance of including the long-term
water absorption into air pores in models aiming at describing the moisture state
inside water retaining structures built with air-entrained concrete. Previously, this
process has generally been treated separately from the other transport processes in
the material. Nevertheless, the presented results using the proposed model show
that it is capable of capturing moisture distributions that comply with measured
distributions inside water retaining structures built using air-entrained concrete.
This would not have been possible without the long-term water absorption pro-
cess included in the model. Since the moisture state is closely connected to the
risk of frost damage to appear in the material, the model can be used to assess
which areas in a structure that are susceptible to freezing temperatures, which was
further explored in Paper III (Research question 5). To fully account for a varying
water level in the region around the water surface in a hydraulic structure, future
model developments should also include the hysteresis between absorption and
desorption. In addition, the transport of water caused by cryo-suction as well as the
advective flow of dissolved air should be incorporated to achieve a full description
of all mass transport mechanism in a water retaining structure.

The freezing model of air-entrained concrete proposed in Paper II showed good
agreement with results from previous studies in the literature. Hence, it can be con-
cluded that the model is capable of describing freezing-induced strains of partially
saturated air-entrained concrete on the structural scale, which is essential for anal-
ysis of real concrete structures. Furthermore, the development of the model gave
further insights on the factors that are important to consider in a future extension
of the model to also account for interactions with other deterioration mechanisms,
e.g. leaching. Changes of the pore structure are certainly the most important factor
since it affects the volume of freezable water in the material (Research questions
4 and 5). In addition, these changes of course also affect other material proper-
ties that are essential for the stresses that arise during freezing, e.g. the intrinsic
permeability and the stiffness of the material.

Lastly, even though the multiphase models developed during the work with this
thesis definitely allows for implementation of couplings between different dete-
rioration mechanisms, it can be concluded that describing the full interactions is
difficult. Hence, it might be more reasonable to limit the interactions to one-way
couplings since observed damage in many cases seems to be caused by a sequence
of deterioration mechanisms that depend on annually varying exposure conditions
(Research question 4). This might of course not be true for all cases but can at least
serve as a basis for many situations. Moreover, the advanced models can be used to
increases the understanding of which factors and interactions that are important to
consider in a model for residual service life assessments. Therefore, they can also
serve as a theoretical foundation for how to formulate simplified models, which are
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more suitable to use for this type of assessments in day-to-day engineering work.

8.2 Future work

The overall goal of this research project is to establish a better understanding
of how to use advanced mathematical models to describe common deterioration
mechanisms in Swedish hydraulic structures as well as how interactions between
them and synergy effects can be modelled. This first part of the research project
has mainly focused on identifying common deterioration mechanisms as well as on
modelling of single phenomena without consideration of interactions. A model for
heat and mass transport including the long-term water absorption into air pores
as well as a freezing model of partially saturated air-entrained concrete have been
proposed. Based on the results obtained by using these two models, the following
necessary model developments have been identified:

• The proposed model in Paper I should be extended to include the hysteresis
between absorption and desorption, the effect of cryo-suction as well as the
advective flow of dissolved air.

• The freezing model should be extended to also include moisture states below
capillary saturation. It is also necessary to implement a constitutive model
that describes the mechanical degradation of the concrete, e.g. a damage
model.

It is also necessary to further study if it is possible to identify clear one-way cou-
plings and sequences of deterioration that can simplify the modelling of synergy
effects between different mechanisms. Regardless if the interactions between dif-
ferent deterioration mechanisms are implemented using one-way or multi-way
couplings, more models describing other deterioration mechanisms must be de-
rived to be able to include the interactions in an analysis. Based on the survey of
common deterioration mechanisms in Swedish hydraulic structures, development
of new models in the future work is proposed to be primarily focused on leaching
and erosion. It would also be interesting to study the effect of the continuous ma-
turing of concrete on the different processes and determine whether it is necessary
to also account for this in the models. In addition, further work is required on how
to establish simplified models for service life assessments that include the effect of
interactions between two or more mechanisms. Moreover, a survey of performed in-
spections and observed damage in waterways of tunnel type, both pressurized and
with a free water surface, is necessary to increase the knowledge of the common
deterioration mechanisms in this type of structures in Sweden.

During the work with this thesis, some suggestions for experimental studies have
also been identified to improve the understanding of various phenomena as well
as to further validate the mathematical models:
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• An experimental study aiming to identify the cause of the increased rate of
long-term water absorption into air pores due to an increased water depth.

• Long-term measurements of moisture distributions in air-entrained concrete
specimens subjected to conditions resembling a water retaining structure at
different water depths. In addition, the study should include measurements
of all important material properties that are required to verify various types
of heat and mass transport models.

• Experiments exploring how the pore structure of concrete changes due to
cyclic freezing and thawing in combination with leaching. This also includes
measurements of freezing-induced strains in the test specimens, so that a
mathematical model can be validated using the results.
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