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1.

Introduction

1.1 Background and objectives of the Study

In Finland, nuclear energy is used widely, and therefore, ensuring safe long-term disposal of
nuclear waste is of great importance. Radioactive waste should be stored safely, isolated from
the environment, to avoid any hazards.

Reinforced concrete structures are used for various applications. The reliability of reinforced
concrete makes it a preferred choice for many demanding cases. Concrete is tough, dense,
and versatile. With a suitable mix, concrete structures can last for long durations, which adds
to their mentioned qualities. However, with prolonged exposure to specific conditions,
concrete can degrade over time. The study of the degradation pattern of reinforced concrete
is therefore necessary to understand and assess the expected lifetime of the structure,
especially in special structures, such as nuclear waste repositories.

In nuclear waste repositories, the contained nuclear waste is enclosed by multiple engineered
barriers, to eliminate the associated risks. Concrete structures are used in the waste barriers,
both as an enclosure for the waste, and potentially in the final backfilling of the tunnels. The
concrete structure provides suitable qualities, being highly alkaline and dense, which is
important for repository structures.

The use of concrete in waste repository can come with a few challenges, however, due to the
demanding life-span requirements of the structure, which results in the exposure of concrete
to degrading agents for elongated periods of time. This exposure, in the long run, can damage
the reinforced concrete structure. Therefore, it is important to ensure that the barriers can
sustain the exposure conditions sufficiently.

Due to the long exposure requirements in repository barriers, traditional testing approaches
are not always very suitable. Therefore, the use of models and simulations, in addition to
laboratory investigations of reinforced concrete is important when assessing the degradation
properties of concrete in the nuclear waste repositories. Modelling results are not always very
reliable, due to the complexity of concrete degradation, and the interconnected relationships
of the reactive agents. In addition to that, simplifications are done in computational models,
which can be critical in some cases. The use of isolated models specific to a certain case could
also pose some reliability issues. Numerical models can also sometimes be used incorrectly.
These challenges should be accounted for when a model is proposed.



The goal of this research is to focus on the degradation of reinforced concrete structures in
repository conditions. Reinforced concrete is subjected to long exposure to degrading agents
for a long duration, which affects its physical properties. The concrete degradation in the
repositories can occur in both the operation phase, where the structure is surrounded by
atmospheric environment, and post-closure phase where the tunnels are filled with
groundwater, and the structure is in saturation. The concrete can be degraded via different
mechanisms, such as chemicals that exist in the groundwater, the dissolution of cementitious
materials from the concrete matrix, or the corrosion embedded steel reinforcement.

This research is also aimed at studying the use of modelling tools in reinforced concrete
structures for long-term degradation. Modelling of concrete degradation is constantly
evolving. The trend in current models is to consider more complex interactions, to develop a
model that is accurate and reliable, which addresses the issues of some old models, that were
quite simple, and inapplicable for most cases. Understanding kinetics of ionic interactions
between cementitious materials and the exposure agents, and how those interactions
progress with time is rather necessary, to further improve the conceptual model framework.

1.2 The Finnish LILW repositories

Nuclear waste in Finland arises from the two nuclear power plants at Olkiluoto and Loviisa,
together comprising five reactor units. Other radioactive wastes, so called state-owned non-
nuclear waste, arise from a number of facilities using radioisotopes in medical, research and
industrial applications.

Teollisuuden Voima Oyj (TVO) takes care of its operational waste and power plant
decommissioning waste. Their final disposal takes place in the operational waste repository
(VL] repository) at Olkiluoto. In Olkiluoto, the decommissioning waste generated during the
dismantling of the plant units will also be deposited in facilities to be built in the same
underground repository. The repository also accommodates radioactive waste generated in
Finnish healthcare, industries, and research institutions. Waste is packed into concrete
containers and transported to the repository using a radiation-protected vehicle. In the LILW
repository, the concrete containers are placed into silos for low and intermediate level waste
that have been excavated into the bedrock down to the level of 60-100 meters below the
ground surface. Fortum Power and Heat Oy also takes care of its operational waste and power
plant decommissioning waste and disposes them into an onsite repository in Loviisa at the
depth of about 100 m. Figure 1 shows the location of the final disposal LILW waste repositories
in Finland.



Low level waste consists of mixed waste contaminated by radioactive substances, which
includes:

e Fire-protected fabrics
o Plastic wrappings and protective clothing used during maintenance work
e Replaced machinery parts and pipes from the nuclear power plant

The low level waste is packed into 200-liter drums and compressed to half of its volume using
a hydraulic press. The radioactivity of the containers is measured before storage.

Intermediate level waste includes [1]:

¢ lon-exchange resin from the circulating water cleaning system

e Liquids from various washing processes

¢ Sludge that forms when solid matter collects as sediment at the bottom of pumps
and tanks.

Waste created in nuclear power plant operations is governed by either regular (non-
radioactive) or radioactive waste management rules. Examples of regular waste include the
waste created in a typical work environment, in goods transport, office tasks etc. Radioactive
waste is classified as either low level, intermediate level (LILW) or high-level waste, based on
how it was created, its original purpose and radioactivity level [2].

Sweden

Final disposal site
Olkiluoto 1-3
NPP

Russia

Loviisa 1-2
NPP

Figure 1. Locations of the final disposal sites for LILW waste in Finland and the existing nuclear
sites.



LILW disposal facilities will have sufficient capacity for a long time to come. The need for the
extension of LILW disposal facilities will become topical before the power plant units are
decommissioned and dismantled.

1.3 Concrete structures in the LILW radioactive waste disposal

Finland currently has two nuclear waste repositories for LILW, one located at each nuclear
power plant site. They are owned and operated by nuclear utilities for their own waste, with
a small amount of space reserved for state-owned non-nuclear waste. Both repositories are
excavated in the crystalline bedrock at the nuclear power plant site and are accessed via ramps
(approximately 1 km long) for waste transport. A shaft with elevator access is provided for
personnel only.

1.3.1 Reinforced concrete silo concept

The concept of silo type repositories has been implemented by TVO in the operational waste
repository (VL) repository) at Olkiluoto [3]. The scheme is illustrated in Figure 2. The silo
concept consists of a case in which disposal containers and waste packages are placed on top
of each other in several layers and the remaining space is planned to be filled with a backfill
at the time of the closure. The experimental works [4]has been aimed at development of
suitable concrete mixture composition, investigation of its properties in both fresh and
hardened state, durability and resistance to groundwater, corrosion of reinforcement and
degradation processes of concrete.
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Figure 2. Schematic of the Olkiluoto VL] Repository for LILW [5].

The construction of the LILW repository at the Olkiluoto site began in 1988 and operation
began in 1992. The repository consists of two large silos (approximately 24 m ID x 34 m H) at
a depth of 60 to 95 min tonalite bedrock, one for solid LLW and the other for bituminized ILW.
The silo for solid LLW is a shotcreted rock silo, while the silo for bituminized waste consists of
a thick-walled concrete silo inside a rock silo where concrete boxes containing drums of
bituminized waste are stacked. The repository is shown schematically in Figure 2.

At closure, the void space above the silos will be backfilled with local origin crushed rock. The
reported waste inventory at VLJ was 5,681 m? of LILW at the end of 2016 [6].The LILW from
the new Olkiluoto 3 reactor will be disposed of in the same repository. The repository will be
extended in the future with additional silos of similar design, to be able to receive all the waste
from Olkiluoto 1, 2 and 3 reactors during the planned 60 years of operation of the units as well
as for decommissioning waste.

1.3.2 Reinforced concrete rock vault concept

Concrete vaults are one of the most common methods used in the world today for disposal of
LLW [7]. They are modular in nature, so can be scaled to a range of small to very large
capacities and offer the flexibility to accept a wide variety of waste package sizes, including
very large and heavy objects such as steam generators and reactor pressure vessels. They can
also be constructed in a variety of geological settings at surface or near-surface at various
depths up to several tens of meters. The basic vault consists of a thick-walled concrete
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structure of various dimensions, often with a built-in drainage and/or water monitoring
system. The concept of vault type repository has been implemented by Fortum at Loviisa.

Vaults are typically filled with waste packages from either the top (using a fixed or mobile
crane) or side (using a forklift or similar vehicle), then covered with a concrete cap and
engineered multi-layered cover system when full. Temporary weather covers can be used
during the loading phase to protect the wastes and the structure and to minimize water
ingress. Spaces between waste packages are typically backfilled with sand, gravel or concrete
to form a monolithic structure prior to capping [5].

Ventilation shaft
]
Access tunnel |
r Mai
|

aintenance waste

Dismantling waste /
(planned extension) ~

Figure 3. Schematic of Loviisa Repository for LILW [5].

At Loviisa, the construction of the repository was started in 1993 and the operation of the first
phase of the disposal facility was started in 1998. As shown in Figure 3, the Loviisa repository
is located at a depth of approximately 110 m in granite bedrock. The repository consists of
waste halls for solid LLW (“maintenance waste”) and a hall for solidified ILW.

The maintenance waste halls MWH1-2 have dimensions of 6 m W x5 m H x 110 m long and
have a waste capacity of 1200 m3 (or 6,000 drums). The halls have concrete floors and
shotcrete walls with provisions for wall drainage. The waste drums are stacked five layers high
within the tunnel. The LLW tunnels are not backfilled.

The reported inventory at Loviisa to end of 2016 was 1,886 m3 of LLW [6]. Inside the ILW
cavern, the waste packages are emplaced in a basin made of reinforced concrete
(approximately 70 m L x 14 m W x 11 m H). The vault will accommodate about 5,000 cylindrical
concrete ILW containers (1 m3 each internal volume, 1.7 m3 external volume), stacked in 8
layers. The space between containers will be backfilled with concrete as each layer isfilled and
will be capped with concrete once filled. The space above the concrete basin will be filled with
crushed rock.
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1.4 Timeline of reinforced concrete deterioration

Concrete deterioration in repository conditions occurs over a very long time span, which can
be in the order of thousands of years. During that time, the barriers must limit and retard the
release of radionuclides effectively. The timeline for the deterioration of concrete in those
conditions is divided according to the environmental conditions of the repository, which can
affect the deterioration patterns that can occur during the lifespan of the barriers.

There are two main phases that the structure goes through in LILW repositories: the operation
phase and the post-closure phase. LILW waste barriers must be able to safely store the
deposited waste for a long service life, which can be in the order of thousands of years. The
operation period lasts around 100 years. In this period, the concrete structure in the
repository caverns is surrounded by air, and the waste is deposited into the containers inside
the repository. Ensuring that the concrete barriers are in optimum condition by the end of this
period is essential. It is recommended that the concrete mixture is chosen in a way that
minimizes shrinkage cracks to make sure that the durability of the concrete is high. In cases
where cracks develop, they must be repaired before the repository closure and the beginning
of the post-closure phase.

The plants in both the Olkiluoto and Loviisa are in the operational phase. The plan for the
repository in Loviisa is to be operational until the 2070s with the operating period extension
of the Loviisa nuclear power plant. For Olkiluoto, the operation of the repository is planned to
end in 2110s, and closure works ending by 2120s.

1.4.1 Repository operation phase

Typically, in LILW waste repositories, the operation period is estimated to be around 100
years. During this period, the facilities will be used, and the low and intermediate nuclear
waste will be disposed of in the repository. Throughout this period, the underground caverns
will be in contact with moist air. The average temperature in the underground repositories is
estimated to be around 10 degrees Celsius, and the relative humidity is around 70%. The air
in that environment also contains high carbon dioxide concentrations, which can be around
500 to 600 ppm. This high carbon content can lead to some changes to the concrete, such as
carbonation, which changes the cement phases, and leads to reinforcement corrosion. The
high humidity in the atmosphere can also act as a transport medium for other reactive agents
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(sulfates and chloride for instance), but the effect of those chemicals from external sources is
more of a concern in the post-closure phase.

During the operation phase, concrete deterioration can occur due to various drivers. The mix
composition and mix materials of the concrete can be the reason for the deterioration of
concrete (which continues into the post-closure phase). For example, the used aggregates in
concrete can contain high sulfate and alkali content, which can be detrimental to the concrete.
The existence of high sulfate content (which can be due to the addition of excessive gypsum
or the use of contaminated aggregates) can result in ettringite formation, which can lead to
expansion and cracking of the concrete. Alkali Silica Reaction (ASR) can also occur when the
concrete has high alkali content, which reacts with aggressive silicain the aggregates to form
an expansive material that leads to concrete damage.

The concrete can also be affected by carbonation in the operation phase. Carbonation
normally occurs when concrete is exposed to the atmosphere. Carbon dioxide can penetrate
through the concrete and alter some of its properties. Carbonation in the operation phase is
important when considering a design for LILW repositories, due to the high CO2 concentrations
in the repositories and the higher humidity which can act as a driver for the carbonation
process.

1.4.2 Repository Post-closure phase

In the post-closure phase, the caverns are closed, and they are gradually filled with
groundwater. The concrete should be able to safely contain the waste for thousands of years.
Throughout this phase, the water constantly flows into the concrete. The flowrate of the
groundwater changes over time. The groundwater flow, as well as its composition, can alter
the chemistry and morphology of the concrete. This alteration is very slow, but it can cause
serious deterioration to the structure due to the long-life requirement of LILW repositories.
The changes that occur to the concrete can - depending on the concrete and groundwater
parameters — take hundreds or thousands of years to take effect.

The chemical composition of the groundwater greatly affects the deterioration mechanisms
that occur to the concrete structure. Some of the ions that are present in groundwater can
react with concrete and embedded reinforcement (if present), causing degradation and
damage to the structure. Generally, the main chemicals that result in significant deterioration
to the element are magnesium, sulfate, and chloride ions, which can interact with the concrete
phases, causing damage to the concrete, or resulting in reinforcement corrosion. The cement
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paste can also be leached out from the concrete over time, which weakens the concrete, and
makes it more vulnerable to further degradation.

The groundwater that surrounds the concrete plays a large role in the degradation
mechanisms affecting the structure. The chemical composition of the groundwater is
dependent on the location of the barriers. Generally, the deeper the tunnel is, the lesser the
purity of the groundwater in that location. The classification of the groundwater is done based
on the Total Dissolved Solids (TDS), with higher solid content (and therefore, salts) in the water
in deeper areas. In the Finnish repositories, the groundwater in the Olkiluoto has varying
salinity.

Figure 4 [8] shows a chart of the timeline of both the operation and post-closure phases in
LILW repositories. The deterioration mechanisms that affect the reinforced concrete in both
of these phases according to the timeline are shown as well.

Concrete in Moist air Concrete in Groundwater
RH =50 - 80% Water flow
T=10-13<C Chemicals: Cl, S, Mg
CO2 =500-600 ppm T~12C
(0,05 - 0.06%) pH=7-9
— s Water flow rate = 40 dm®min—
* Loviisa 2070 concrete silo » 6 dm¥min

* Olkiluoto 2110 M

1) Lime leaching

1) Carbo;iétion 2) Corrosion of steel .(An.oxic) o _
2) Corrosion in oxic 3) Sulfate attack (EFtrmglte, Delayed ettringite formation
environments (DEF), ThoaumaSIte sulfate attack)
3) ASR (70% RH) 4) ASR (100% RH)
Operational period Post-closure period ..............
- ~500 yrs .
0 100 yrs ¢y Time, yrs

Expected durability life of concrete
By that time most of the
radioactivity will have disappeared

Figure 4. Timeline of the waste repository periods [8].
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2.

lons and fluid transport mechanisms in concrete

Transport properties of concrete are a key factor for predicting their durability, since
deterioration mechanisms such as corrosion, leaching or carbonation are all related to the
ease with which a fluid or ion can move through the concrete microstructure. The passage of
potentially aggressive species is primarily influenced by the penetrability of the concrete.
Penetrability is broadly defined as the degree to which a material permits the transport
through it of gases (e. g. nitrogen, oxygen and CO2 present in the atmosphere), liquids (e. g.
water, in which various ions are dissolved), or ionic species. It embraces the concepts of
permeability, sorption, diffusion, and migration/conduction and is quantifiable in terms of the
transport [9], [10].

The processes involved in fluid and ion movement include the distinct mechanisms of:

1
2
3
4

capillary action,

fluid flow under pressure,

flow under a concentration gradient, and
movement due to an applied electric field.

— N

Structure Connectivity
i

N Concrete
cover Thickness
N Bindir_ug . Transpgrted
mechanisms species
Transport of:
- gases, —
- water, N Availability of water
- dissolved and aggressive agents
ions, q
- electrical N Temperature
current, Environmental and pressure
depends on: |_,| conditions —
(microclimate)| || Pores filled by water
> Electrical field |
Diffusion |
Capillary absorption |
Transport
| mechanisms Penetration due to

hydraulic pressure

Electrical transport I

Figure 5. Principal factors involved in the transport processes in concrete [11].
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The kinetics of transport depend on the mechanism, on the properties of the concrete (e. g.,
its porosity and the presence of cracks), on the binding by the hydrated cement paste of
substances being transported, as well as on the environmental conditions existing at the
surface of the concrete (microclimate) and their variations in time (Figure 5) [11].

2.1 Water vapour diffusion — due to concentration gradients

Diffusion is the movement of gases, ions and/or molecules under the influence of a
concentration gradient, from an area of high concentration to one with a low concentration.
Gaseous diffusion is experienced in unsaturated concrete while ionic diffusion occurs in
saturated and partially saturated conditions. Molecular diffusion takes place if the pores of
the medium are relatively large.

Stationary diffusion

The modelling of gaseous and ionic diffusion in concrete is commonly done using Fick’s first
law of diffusion (for stationary (steady) state diffusion — unidirectional and constant). This law
may be used to describe the rate of diffusion of a gas/ion through a uniformly diffusable
material.

dc
J'==Derr - (1)

where J is the mass transport rate (3/m?), D, is the effective diffusion coefficient (m?/s),
dC/dx is the concentration gradient (g/m3/m), C is the concentration of fluid (ion or gas,
g/m?3) and x is the distance over which the diffusion occurs (m). The negative prefix denotes
that the flux occurs along a negative concentration gradient.
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Non-stationary diffusion

As diffusion rarely reaches stationary conditions in concrete structures, the flux depends on
time t and is governed by Fick’s second law:

ac __a%C

— = 2
ot Dax2 @)

This equation is usually integrated under the assumptions that the concentration of the
diffusing ion, measured on the surface of the concrete, is constant in time and is equal to C,
(C = C,forx=0and for any t), that the coefficient of diffusion D does not vary in time, that
the concrete is homogeneous, so that D does not vary through the thickness of the concrete,
and that it does not initially contain chlorides (C = 0 for x > 0 and t = 0). The solution thus
obtained is:

C(x,t) X
1—erf (—) 3
G, 2t )
Where the (erf) is the error function:
2 (7 .,
erf(z) = —f e tdt (4)
T Jo

The values of the error function can be calculated by normal standard distribution, considering
that:

erf(z) = 2N(Z\/§) -1

N(Z\/é) :Ef_ ez2dt

Diffusion acts as a predominant degradation mechanism for concrete structures fully
submerged in sea water or salt-contaminated soil. In combination with other mechanisms,
diffusion contributes to chloride transport in concrete under most exposure conditions. The
transport of oxygen in concrete to the steel surface is also governed mainly by diffusion
process. The rate of diffusion of oxygen is determined by the pore structure, pore size
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distribution of concrete and its moisture content. It decreases sharply with the increase in
moisture content [9].

2.2 Permeation mechanism — due to pressure gradient

Permeability of concrete is defined as a measure of the capacity of concrete to transfer fluids
through its pore structure under an externally applied pressure whilst the pores are saturated
with that fluid. The driving force for liquids and gases through the pore spaces or crack
networks is a pressure gradient. For permeation, Darcy’s law is used to calculate average
velocity of flow of the fluid (v ):

=(5) (&) ©
v = a a
where k is the permeability coefficient, ¢ is the porosity of concrete, h is the hydraulic

pressure head and x is the distance.

Permeation plays an important role in water retaining structures where water transport
through the structure is detrimental.

2.3 Sorption by capillary suction

Sorption refers to uptake of liquids into an unsaturated or partially saturated solid by capillary
suction. It is measured using parameters such as bulk absorption, or sorptivity (S). Sorptivity
is essentially the movement of a wetting front in a dry or partially saturated porous medium:

AM, [ d ]
S =
t1/2 Msat - MO

(7)

where (AM/t'/2) is the slope of the straight line produced when the mass of water absorbed
is plotted against the square root of time, d is the sample thickness, (M,,: and M,)) are the
saturated mass and dry mass of concrete specimen respectively.
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Sorptivity is influenced by the larger capillaries and their degree of continuity and is very
sensitive to hydration of the outer concrete surface, and, hence curing. Itis also influenced by
compaction and aggregate orientation and distribution and by the mix composition.

2.4 Convection as a result of the bulk moving water

Convection (or advection) is the process that describes the transport of a solute (e.g., chloride
or sulphate ions) as a result of the bulk moving water [9]. The process is described by:

ac _9%C
Friniadrre ®

where C is the concentration of solute at depth x after time t and v is the average velocity
vector of fluid flow.

Convection (together with diffusion) is the main transport mechanism for chloride ingress in
cracked concrete [9]. It also has an important role in the movement of chloride ions when
concrete is exposed to drying-wetting conditions.

2.5 Water transport due to wick action through concrete

Wick action is the transport of water and the ions it may contain through a concrete structure
from a face in contact with water/salt solution to a drying face (Figure 6). It may also occur in
concrete exposed to wetting and drying cycles. Wick action is often dominated by convection.
Chlorides can penetrate concrete by wick action. It results in a build-up of chlorides inside the
concrete particularly near the drying face.
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Figure 6. A schematic illustration of wick action in concrete [11].
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3. Modelling of the concrete deterioration in waste repositories

The process of concrete deterioration in repository barriers occurs over a long period of time,
during which, the barriers must be able to resist the environmental and internal degradation
for over period of thousands of years The processes of the deterioration, which include
leaching, sulfate attacks, and changes to the microstructure of the material takes along time
and depend on different variables such as the concrete mix, the design of the barriers, the
flowrate and composition of the groundwater, and so on. Experiences of concrete structures
are limited compared to that time, which amplifies the need for simulation endeavors for
establishing information on the potential deterioration and concerns in such structures.

One of the key aspects in concrete modelling is to understand how the concrete phases
change and interact with its environment. The mineralogy of concrete, along with its physical
properties play a large role in its response to outside agents, which was discussed in the
previous chapter. Conventional models have the aim of predicting the performance of a
concrete mixture under different conditions. In repository conditions, the models aim to
investigate the concrete’s long-term performance in different conditions that relate to its
composition (which can include the addition of mineral admixtures), the composition of
groundwater, the hydration of concrete, the interaction between the mixture and the
surrounding environment (sulfate, magnesium, and chloride ions, as well as the leaching of
the cement paste).

In this chapter, a review of different reports regarding the modelling of concrete in repository
conditions is done. This chapter also discusses some of the shortcomings present in the use of
numerical models for assessing the performance of structures in repository conditions, as well
as the possible future trends and opportunities that can improve the reliability of conceptual
models.

For developing conceptual models, the processes and interactions between concrete and
groundwater are important to foresee the possible changes in the barrier. The chemicals in
the groundwater can react with the cement phases, producing different chemicals that can
have different properties. The changes in the concrete’s mineralogy can also influence its
interaction with the flowing groundwater. The aim of conceptual models that simulate
concrete deterioration is to assess and quantify the chemical processes, dissolution of cement
phases, and ion exchange in the matrix to examine the changes occurring to the concrete in a
certain environment.
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3.1 Deterioration mechanisms of concrete

Durability modelling of reionforced concrete requires an understanding of the mechanisms
involved in the time-dependent progress of concrete deterioration and reinforcement corrosion.
Deterioration mechanisms of reinforced concrete are divided into (i) chemical and (ii) physical
deterioration mechanisms [12]. The chemical and physical deterioration mechanisms may be
divided into those concerning the corrosion of the reinforcement and those affecting the
concrete. The reinforcement degradation may be caused by: (i) carbonation of concrete and (ii)
ingress of chlorides into concrete. The progress of corrosion of the reinforcement eventually
leads to possible failure modes such as bond loss, loss of steel cross-section and loss of concrete
cover due to cracking and spalling of concrete. The physical and chemical mechanisms of
deterioration for reinforced concrete can be categorized as shown in Figure 7.

Various mechanisms affecting the durability of concrete

Chloride attack
Carbonation
Corrosion
Freeze-thaw
Sulphate attack
Alkali Agregate Reaction (AAR)
Cracking

Salt attack
Chemical attack
Abrason

Alkali attack
Acid Attack
Leaching mm

0% 2% 4% 6% 8% 10% 12% 14% 16% 18%

Figure 7. Reference to percentages assigned to the contribution of various mechanisms
affecting the durability of concrete structures (Review of more than 400 published documents
on deterioration of concrete, during 1980 — 2000) [13].

Since the deterioration of concrete is subject to more numerous effects, an examination of the
macro- and micro-environment of the system in conjunction with the structural requirements is
needed to describe the causes of such deterioration. The mechanisms of deterioration and their
rate are controlled by the environment, the paste microstructure and the fracture strength of
concrete. The relevent environmental factors that affect the reinforced concrete in LILW
reporistories include concentration of deleterious chemicals in the ground and the groundwater.



The deterioration mechanisms of reinforced concrete structures can be explained as presented
in Figure 8 [13]:

1) The microstructure of concrete is controlled by:

a) Constituent materials and their mix proportions in the concrete mix: properties of
cement, aggregate and sand; admixtures and cement replacements; quality of water;
etc.,

b) Method of manufacturing concrete: mixing, transporting, placing, compacting and
finishing the concrete,

c) Subsequent treatment of the concrete: curing, surface treatments, age of exposure
to load and service conditions, etc.

2) The ingress of aggressive agents depends on the various moisture transport processes,
i.e. diffusion, absorption and permeability, and one or more of the deterioration
mechanisms are influenced by the transport of these deleterious agents through
concrete.

3) The various mechanisms of deterioration which are either influenced by the transport or
the different aggressive substances are corrosion of reinforcement, freeze-thaw damage,
salt attack, or Alkali-Silica Reaction (ASR), sulphate attack and acid attack. Both acid attack
and ASR are not influenced by the transport mechanisms within the concrete; however,
their damage in concrete depends on the permeation properties of concrete.

4) As deterioration progresses, concrete cracks. The ultimate result of the permeation of
deleterious materials into concrete is therefore cracking and spalling of the cover
concrete in reinforced concrete structures. Cracks (both micro and macro) facilitate the
ready penetration of various chemicals into the concrete resulting in the acceleration and
progression of deterioration. Thus, cracking influences the permeation properties which
in turn aggravate deterioration.
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Figure 8. Causes of deterioration - permeability interaction model [13].
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Concrete deterioration can occur in waste repositories by various mechanisms. The affecting
mechanisms result in changes to the concrete phases, which can deteriorate the concrete,
cause an imbalance to its equilibrium, or result in the corrosion of the embedded
reinforcement bars.

3.2 Carbonation of concrete

In LILW repositories, carbonation of concrete is a concern during the operation phase of the
NPP, during which the atmospheric environment in the repositories typically contain high CO-
levels, as well as high humidity which can speed the rate of ion transport through the concrete.

3.2.1 Mechanism of carbonation induced corrosion

Carbonation is the combination of physical and chemical concrete transformations under the
influence of prolonged exposure to carbon dioxide. Carbon dioxide is always present in
ambient air and the internal atmosphere of buildings. In the atmosphere, the concentration
of COz by volume is about 0.04%, but in industrial areas or along the roads may be 0.3% and
locally even more, so in the concrete with surface uncovered with other the material
carbonation process runs continuously. The main causative mechanism of carbonation is the
reaction of atmospheric CO, with calcium hydroxide, one of the cement hydration products
(Figure 9). The products of this reaction are calcium carbonate and water [14].

Q- $
'y Pregipitation of CaCc0,
3 low concentration
CO;*and Ca?*

ofca” B

 Ca(OH),,

Figure 9. Mechanism of carbonation [14].
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The carbonation process is time dependent, and it slows down considerably with higher depth.
Carbonation has an inverse relationship with time, and it slows down exponentially, which is
shown in Figure 10. The carbonation rate is also heavily dependent on the humidity level of
the concrete’s environment, with insignificant carbonation below 25% relative humidity, and
no carbonation activity in submerged concrete (which makes carbonation only a concern in
the operation period in repository conditions). In the operation phase in LILW repositories,
the relative humidity is around 65%, and that is in the optimum range for carbonation activity
[15].

Carbonation in the concrete starts when CO2 ions enter the concrete structure, which is largely
dependent on the concrete’s microstructure and porosity. The CO. enters through the
concrete’s matrix, and then it reacts with Ca(OH)z in the cement phases. The result of this
reaction is calcium carbonates, or calcite (CaCOz). The reaction is shown in equation (9). Due
to this reaction, the concrete’s alkalinity is reduced, from 13 pH to around 8.5 pH. The changes
to the concrete are gradual, starting from the surface of the concrete, and increasing in depth.

The mechanism of carbonation is the reaction of diffused CO, with calcium hydroxide. The
final products of this reaction are CaCO3 and water. The physicochemical processes involved
in carbonation are [16], [17]:

[

The diffusion of CO; in the gaseous phase of the concrete pores.
The dissolution of CO- in the pore water as carbonic acid.
Dissaociation of CO2 as H,COs and COs? ions.

The dissolution of solid Ca(OH)..

Releasing calcium Ca?* and hydroxyl OH- ions.

The precipitation of Ca?* with CO3?, forming CaCOs

o U1 b WN
N— N N N N

Solvation: CO,gy = COy(y)

Reaction: COyy + Ho 0y = Haco,qy = HY + HCO3 > 2HT + €03~
Hydration: CaO) + H,0(y = Ca(0H) (s 9)
lonization: Ca(OH) ) = Ca** + 20H~

Precipitation: Ca®* + 20H™ + 2H* + C03~ — CaCO0s(5) + 2H,0(;y
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Figure 10. Typical carbonation depth pattern for different concrete strength classes, slowing
down with time based on [18].

In reinforced concrete structures, reinforcement bars are protected from corrosion by a
protective layer of the concrete. This protective layer works due to the high alkalinity of
concrete. When the alkalinity of the concrete structure around the depth of the embedded
reinforcement is reduced beyond a certain point (around 9.5 pH), the passive protective layer
is depleted, and corrosion of the reinforcement due to carbonation can commence.

Carbonation is divided into two stages: i) the initiation stage and ii) the propagation stage.
The initiation of carbonation begins when CO. enters the microstructure of concrete and
reacts with the Ca(OH).. The propagation stage starts when the carbonation depth reaches
the depth of reinforcement, marking the depletion of the passive layer leading to the start of
carbonation-induced corrosion.

Carbonation leads to changes in the cement phases, reducing the alkalinity of concrete, and
corroding the embedded rebars. Due to reinforcement corrosion, the volume of the rebars is
increased. This volumetric expansion causes internal stresses inside the concrete, which can
lead to loss of bond between the rebars and concrete, cracking and spalling of material. The
corrosion pattern that occurs due to carbonation is uniform. Carbonation, as a phenomenon,
occurs at a somewhat uniform rate, leading to a uniform corrosion pattern. Figure 11 shows a
rebar section that exhibits uniform carbonation-induced corrosion.
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Figure 11. Uniform corrosion due to carbonation.

By the end of the operation period in LILW repositories, the caverns are closed off, and
groundwater gradually surrounds the concrete. This creates an anoxic environment, which
slows down corrosion rates of rebars. Additionally, carbonation does not occur in submerged
concrete, which makes carbonation of concrete insignificant in the post-closure phase in LILW
repositories.

3.2.2 Modelling of the carbonation of concrete in the operation phase

Carbonation of reinforced concrete changes the cement phases (forming calcite), reducing the
alkalinity of concrete, and it can lead to the corrosion of the embedded reinforcement bars.
The carbonation phenomenon is known to slow down with time. In waste repositories,
carbonation is only a matter of concern during the operation period. During the post-closure
period, where the concrete is in a saturated anoxic state, carbonation becomes negligible.
Therefore, the carbonation progression is typically not considered after the end of the
operation period.

Atraditional expression based on Fick’s law that is used to predict the carbonation of concrete,
where carbonation is determined as the squared root of time, is shown in equation (10):

w= ki ’ZDZext “\T (10)
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Where x is the carbonation depth, t is the time, and k is a parameter that reflects the
carbonation rate, D is the diffusion coefficient m?/s and ¢, is the CO2 concentration in the
air. a is the coefficient determining the amount of CO. bound in the way of carbonation by
unit volume of concrete in kg/m?, calculated according to the Bulletin CEB [19] as:

a=0.75-C-[Ca0]- (12)

(XH *
MCaO

wherein the C is the content of cement, kg/m3; [Ca0] is the CaO content in the cement
composition; ay — the degree of hydration of cement; Mo, and M, are the molar masses
of COz and CaO.

Also a formula in the following form is often used for estimating the carbonation depth:

_ |2D-¢t-[Cc0,]
“= | Teaoma 0

where [CO;] and [Ca(OH).] are the molar concentration of carbon dioxide and calcium
hydroxide concentration, D is the diffusion coefficient and t is the time of exposition.

Equation (10) and Equation (12) are a significant simplification of the description of the
process of carbonation, which does not take into account a number of additional factors, such
as changes in diffusivity as a function of humidity, changes in atmospheric concentrations of
CO: in climatic year, participation in the carbonation of CSH phase and residuals of non-
hydrated cement, qualitative and quantitative characteristics of the material composition of
concrete (w/c, type of cement, additives, admixtures), technological and environmental
factors (curing, temperature, state of stress) and first of all diffusivity changes resulting from
changes in time of the concrete microstructure [19].

Examples of the modification of the basic model (Equation (12)) when taking into account the
material variables, technological and environmental factors are presented below. Al-Neshawy
[20] suggested a model of the time-dependent carbonation depth of concrete. The
carbonation depth model takes into consideration the effect of the composition of the
concrete and the history of the relative humidity and temperature on the carbonation depth
of concrete.

Xca = kcon * kcur * kT * kRH * kCOZ * \/E (13)
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Where, k., IS the quality of concrete related coefficient, k., is the concrete curing factor,
kry is the relative humidity related coefficient, k is the temperature related coefficient, and
Kco2 is the square root of the carbon dioxide content in air.

Papadakis [21] summarised the main composition parameters of concrete that affect the
carbonation process as the water-to-cement ratio and aggregate-to-cement ratio. A simplified
expression of the effect of the composition of the concrete on the depth of the carbonation
with time is shown in Equation (14).

Y_-03
_ Pe | _c = Pc W P @
Keon =350 "\ 2, ® *\/1+pw*c+pa*c a4
C
w

Where, pcis the mass density of the cement [kg/m?], pw is the density of the water [kg/m?3], pa
is the mass density of the aggregates [kg/m3], w/c is the water-to-cement ratio [-], and a/c is
the aggregate-to-cement ratio [-].

According to Duracrete [22], [23], the values of the concrete curing coefficient (Kcur) for the
carbonation resistance are 1.0 for 7 days’ curing and 0.76 for 28 days’ curing of the concrete.
The influence of the ambient temperature history of the concrete surface on the carbonation
depth is shown in Equation (15) [24].

kp = ExP [ 2 ! 1 ) 15
TS E*(273+To 273+ T (15)

Where, Q is the activation energy of the carbonation process, Q = 2.7 [kJ/mol], R is the gas
constant, R=0.008314 [kJ/mol.K], To is a reference temperature, To = 25 [°C] and T is the actual
temperature in the concrete [°C].

Kari [24], quantified the effect of the history of the ambient relative humidity on the
carbonation depth of the concrete according to Equation (16).

n

K —(1 RH) RH > 65% (16)
ru = (1—7qg) for RH 265%

Where, RH is the relative humidity in the concrete cover [%], and n is an exponent of range (1

— 2.5). The value of the exponent (n) is considered to be 1.1 on the basis of comparing the
model results with the natural carbonation depth results.
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The carbonation process has an ongoing need for carbon dioxide from the atmosphere. The
carbon dioxide content of the atmosphere by volume is considered to be 0.035% (350 ppm)
and the value of kco2 is considered to be 0.0187.

Initiation of operational period

Gas phase calculations [ NO |
+ Diffusion of gaseous CO,
Phase-equilibrium End of operational period
T " reached
REACTIONS INSIDE 1 REACTIONS OUTSIDE Post-closure period
+ Equilibrium reactions : + Equilibrium reactions
+ Equilibrated pore solution |« Equilibrated gas and
and gas and solid phases 1 solid phases
Surface complexation Multicomponent diffusion
« Surface reactions, surface potential and concentration of + Diffusion flux through free solution and DDL
jons in DDL | * Recalculation of concrete porosity properties

X _ Time increased by a
time increment

» Concentration profiles in pore solution and DDL
+ Concentration of adsorbed ions

+ Solid phases and elements distribution

+ Porosity and pH value distribution

Total exposure time
reached

Figure 12. Flow chart of the thermodynamical model [25].

Kari [24]-[28] presented a thermodynamical model for simulation of concrete carbonation in
Finnish rock cavern conditions for final disposal of nuclear waste. The atmospheric carbon
dioxide diffuses into concrete in gaseous phase, where it dissolves into pore water. The
carbonation related phenomena change the properties of concrete. The thermodynamical
model consists of (i) phase-equilibrium, (ii) surface complexation and (iii) multicomponent
diffusion modules. The model was implemented in geochemical PHREEQC software [29]. Basic
structure of the calculation procedure is presented in Figure 12. The main governing equations
are also presented next [25].

1) Gas phase calculations

The diffusion of gaseous CO2 is given as:

Dyco, = Dgo- T 1-9) (17)
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where Dy, is the diffusivity of CO2 in free atmosphere [1.34 x 1075 m2/s], 7 is the tortuosity
factor [-], and ¢ is the water filled porosity [-].

The diffusivity is assumed to be the same in free atmosphere and in air-filled pores. The degree
of pore volume saturated by the pore solution is defined as a constant depending directly on
the prevailing relative humidity taking also into account the water produced by carbonation.

In general, the partial pressure of a gas component may be written in terms of aqueous phase
activities as follows:

B, =K;* n(yi - C)"ia (18)

where F; is the partial pressure of gas component g calculated using activities in the aqueous
phase [atm], K, is the Henry’s law constant for the gas component [atm], y; is the activity
coefficient of ion i [], C; is the concentration of ion i [mol] and n; ;4 is the stoichiometric
coefficient of master species in the dissolution equation [-].

2) Phase-equilibrium

The phase equilibrium calculations are used to define the amount of cement hydrate phases
that can react reversibly with an agqueous solution to achieve equilibrium. The phases will
dissolve or precipitate to achieve the equilibrium or will dissolve completely. The equilibrium
reactions are expressed by the mass-action equations. In general, the pure phase equilibrium
can be written as:

Ky = l_L(Vi )M (19)

Where K, is the thermodynamic equilibrium constant for the phase p [-], y; is the activity
coefficient of ion i [-], C; is the concentration of ion i [mol], and n;,, is the stoichiometric
coefficient of ion i in the phase p [-].
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3) Surface complexation reactions

The adsorption of ions on the charged surface of the pores, which mainly means the
adsorption of calcium, is modelled through surface complexation reactions. The generalised
two-layer surface complexation model, builtin PHREEQC, explicitly calculates the composition
of the diffuse layer. The surface charge density o (sites/nm?) is the amount of charge per area
of the surface, as follows:

o [(=X0HF)+(=XOM*) — (= X07) — (= X047)]

“A-S

(20)
oc=F- [FH — oy + Z(ZM “Ty) + Z(ZA : FA)]

In the equation F is the Faraday constant (C/mol), A is the specific surface area (m?/g), S is
the solid concentration (g/L), and Z is the valence of an adsorbing ion (+/-). The adsorption
densities (mol/m?) are presented by the symbol (I'). Symbols I'; and [,y represent the
adsorption densities of protons and hydroxide ions, respectively, whereas I';,; and I’y are used
for adsorbed cations and anions in the process.

The Boltzmann distribution, the net charge density (¢) at a distance x (m) from a charged
surface can be written:

n

cr(x)=Zzi-F-Ci-EXP(

i=1

-z F- l/J(x)> 21)

RT

Where 1 is the electrical potential (V) at a distance x from the adsorbed layer, z; is the charge
number [-] and C; is the molar electrolyte concentration (mol) of ion i. In the common case,
where the electrical field is generated by a charged flat surface (such an electrode), Equation
(21) can be rewritten as the Poisson-Boltzmann equation:

n

dp(x) _ o) _ F _Zzi.ci.EXP(M> (22)

dx? T gre g€ RT

i=1

Where ¢ is the dielectric constant of water (-) and &, is the permittivity of free space equal to
8.854 x 10712 (C/Vm). The model used for its derivation is called the Gouy-Chapman theory,
which is assumed for the ionic distribution in the diffuse layer.
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4) Multicomponent diffusion (MCD)

The multi-component diffusion in liquid phase is simulated through a charge-free pore
solution and the Diffuse Double Layer (DDL). The diffusive flux J; [mol/m2/s] of an ion i in a
solution as a result of chemical and electrical potential gradient is expressed as:

]i:_%._'_;._ (23)

where u; is the mobility of ion i in water [m2/s/V], z; is the charge number [-], y; is the
electrochemical potential [J/mol], and v is the electrical potential [V].

The diffusive flux can be used for both charge-free solution and DDL. Only the concentrations
of ions are different in charge-free solution and DDL. The gradient of electrical potential
8y /6x originates from different transport velocities of ions, which creates charge and an
associated potential.

3.3 Chloride ingress

Chloride ingress in concrete structures can have a great influence on their behavior
throughout its functional life, especially in reinforced concrete. Chloride ions can penetrate
the concrete matrix (mainly with water, but it can enter with moisture as well), resulting in
the breakdown of the oxide passive layer that protects the embedded reinforcement bars,
and subsequently leading to corrosion of rebars and subsequent cracking of the reinforced
concrete element.

3.3.1 Chloride interaction with hydrated cement systems

Typically, chlorides can attack concrete from external sources. Chlorides can be present in the
concrete’s environment (for example, in sea water, groundwater, de-icing salts, and
moisture), and through that medium, they can penetrate into the concrete matrix. Chloride
penetration can occur by different mechanisms, with diffusion being the most common
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method. Chlorides can also be transported into the concrete by other mechanisms, such as
convection and absorption. The diffusion of chloride into the concrete in complete saturation
is governed by Fick’s second law, which shows the chloride content, the diffusion coefficient,
as well as the time and distance. Chloride ingress can be affected by various factors, such as
the concrete mix, porosity, the chloride concentration in the exposure medium, the saturation
degree of the concrete, and so on.

As discussed previously in the carbonation-induced corrosion part, the concrete forms a
passive layer around the rebar, and that passivity can act as a shield that protects the
embedded reinforcement surrounded by it. Chlorides can, however, attack this passive layer
directly, which makes them ‘override’ the pH reduction requirement that was previously
needed for carbonation-induced corrosion. When enough chloride ions reach the
reinforcement depth, the propagation stage of chloride-induced reinforcement corrosion
begins. Because the penetration of chloride ions is not uniform (unlike carbonation, which is
somewhat uniform), the rebars show a different corrosion pattern known as pitting corrosion.
When enough chloride ions (which is known as the threshold limit) reach the rebar depth in
reinforced concrete, the reaction that causes chloride-induced corrosion starts leading to local
pitting in the rebar that subsequently causes cracking and delamination of the reinforced
concrete, as well as a breakdown to the rebar. Figure 13 shows chloride-induced corrosion in
a reinforcement bar.

Figure 13: Pitting corrosion in an embedded rebar.

Chloride ingress in the concrete matrix typically follows a pattern that is depicted in Figure 14.
The chloride ions at the edges of the concrete are high, and they decrease gradually with the
increase in depth into the concrete. The outer edge of the concrete may have slightly lower
chloride content, which is mainly because chlorides can get flushed out with water in the far
edges. Due to the ‘simple’ nature of the figure, incorrect assumptions can be made when the
kinetics of chloride attack are studied.

34



The chloride threshold is the chloride content level at which they start attacking the passive
layer of the concrete, and therefore initiating the chloride-induced corrosion. This threshold
limit varies based on different factors, such as the environment surrounding the concrete.
Humidity, moisture, and oxygen content play a large role in determining this threshold limit.
In submerged concrete in anoxic environments, corrosion activity becomes limited, which
results in an increase in the required threshold limit that initiates chloride-induced corrosion.
This threshold limit typically ranges between 0.4 — 3% per weight of the cement (0.4% is
typically a conservative limit in some codes), depending on the environment of the concrete
(with differences in humidity, cycles of wetting and drying, etc.), with submerged concrete
members having a chloride threshold limit of around 2.5% according to some studies [30].

Chlorides can react with the hydrated and anhydrous cement phases (mainly aluminates),
resulting in the formation of other solid phases, such as Friedel’s salt (C,ACl,H;,). Friedel’s
salt is a solid chloride phase, which is considered bound to the concrete. This phase is rather
ambiguous, as it can solidify in the concrete pores, which can be somewhat positive as it slows
down the ingress of chemicals into the concrete, but the effects of Friedel’s salt on the
durability of concrete are still an area of debate. Generally, chlorides in the form of Friedel’s
salt are bound in the concrete, which reduces the porosity of the concrete, and reduces the
“free” chlorides in the system, which can, to some extent, slow down expansive aluminate
consumption, bind some of the chlorides to the concrete matrix, and reduce the chloride
ingress around the rebars (either by being physically bound, or by reducing concrete porosity
[31], [32].

Pattern of chloride ingress in cocnrete

CHLORIDE CONTENT PER WEIGHT OF CEMENT

DEPTH OF CONCRETE

Figure 14: The typical pattern for chloride ingress in concrete, showing a peak just beyond the
concrete edge.

35



The interaction between chlorides and sulfates becomes even more complex when
considering chloride binding and Friedel’s salt. As mentioned before, sulfate ions interact with
the aluminate phases in the cement paste, which results in the creation of ettringite. Friedel’s
salt forms when chlorides interact with aluminates as well. The formation of either ettringite
or Friedel’s salt can block the pores in the concrete, slowing the ingress of chlorides and
sulfates into the concrete. Chlorides and sulfates are also competing for aluminates in the
concrete phases, which can affect the interactions inside the concrete.

Groundwater in LILW repositories contain chloride ions. The concentration of chlorides varies
depending mainly on the depth of the repository. The presence of chloride ions can pose the
risk of reinforcement corrosion during the lifespan of the structures. In some cases,
engineered barriers are designed with no embedded reinforcement to avoid the risk of
chloride induced corrosion. This becomes more of a consideration in locations that have
groundwater with high salinity, which further increases corrosion risks. In Finland, however,
the LILW repositories are made with reinforced concrete.

3.3.2 Modeling chloride ions ingress

Traditionally, Fick’s 1%t law has been used to describe the chloride flux as a result of pure
diffusion in liquid water, with the concentration c of dissolved chloride as the transport
potential [33].

dc
= — — 24
qci Dgq dx (24)

1) Basic model of chloride ion transport

The classical Fick's second law is used to calculate the relationship between the concentration
of the diffusion medium at a certain depth and time. The mathematical expression is:
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ac 0%C
~—_p.—— 25
ot b 0x? (29)
where C is the volume mass of diffusion material (kg/mq), D is the diffusion coefficient (m?/s),
t is the diffusion time (s) and x is the diffusion distance (m).

First, a reasonable assumption for concrete is made, and then combined with Fick's second
law to obtain a relatively accurate chloride ion transport model, which can be used to calculate
the life cycle of concrete. The basic assumptions are as follows [34]:

1) The concrete is semi-infinite, and the medium is uniform.

2) The diffusion of chloride ions in concrete is one-dimensional.

3) The chloride ion does not adsorb and combine with the substances in the concrete,
that is, the chloride ion binding capacity of the concrete is 0.

4) The chloride diffusion coefficient is constant.

5) The chloride concentration exposed to the concrete surface is constant.

Based on the above assumptions, the diffusion equation of chloride ions in concrete is
obtained:

Clxt) = C; + (Co— C) (1 — erfy [Z\/%D (26)

Where C(x, t) is the content of ion measured at average depth x [m] after exposure time t [s]
[% by mass of concrete], C; is the calculated content of ion at the exposed surface [% by mass
of concrete], C; is the initial content of ion [% by mass of concrete], D, i the non-steady
state diffusion coefficient of ion [m?/s], and erf(,)(z) is the Gaussian error function [-].

2) Actual chloride transport concept

The error-function erf,(Dyss, Cs, x, t) is @ mathematical solution to “Fick’s 2nd law for :
e C(x=0,t)=Cs

e C(x,t=0)=0
D, ;s = const.
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Fick’s 2" Jaw is a mass-balance equation, by rearranging Equation (25):

aC 9] ac
T —_Z(_p.-= 27
at 0x ( b 6x> (27)
Where the (=D - dC/0x) is the chloride flux (q¢;). Additionally, a mass-balance must describe
the total amount of substance, i.e. the chloride content C in Equation (27) must be the total
amount of chloride (C;,:)-

0Coor 0
ot ox le

(28)

Consequently, by comparing equations (27) and (28) it is obvious that the flux of chloride is
described by:

aCtOt
= — . 29
dct D o (29)

The Fick’s 2" law used for chloride ingress into concrete utilizes the total amount of chloride
Cto¢ s the flow potential.

3.4 Leaching of Concrete Constituents

3.4.1 Description of the decalcification (leaching) process

The decalcification process is usually described by the dissolution of portlandite and C-S-H in
hydrated cement systems exposed to pure water, even though dissolution can be observed in
other environments such as seawater. The leaching of ions (mainly calcium and hydroxide)
from the pore solution to the external environment is responsible for the dissolution of these
hydrates. This phenomenon typically affects structures which have been in contact with pure
and acidic waters for long periods: dams, water pipes, radioactive waste disposal facilities, etc.
Over the past two decades, it has been identified as a very relevant issue for nuclear waste
storage [35]. The consequences of ionic leaching are an increase of the porosity and
permeability, and a loss of mechanical strength.
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In cement materials, leaching processes involves mainly the transportation of ions from the
interior of the material, through its pore system, outwards into the surroundings. In the
leaching process, solid compounds in the concrete are dissolved by water that penetrates it
and are transported away, either by (i) diffusion based on the concentration gradients, or by
(ii) convection through the flow of water. The narrower the flow paths in the concrete, the
less the convection flux (Table 1) and the greater the number of ions that flows by diffusion.

Table 1. Relation of pore radius to permeability coefficients [36].

Pore radius (m) Permeability coefficient (m/s) Transfer
<1077 < 10710 Molecular diffusion
1077 -10-° 10710 -107° Molecular flow
>107° > 1077 Viscous flow

Asshown in Figure 15, when cementitious materials are exposed to aggressive solutions, there
are three main physicochemical processes for calcium: (i) dissolution of solid-phase calcium in
cementitious materials, (ii) diffusion of calcium ions in pore solution, and (iii) reaction with
other ions.

Among them, the dissolution of calcium from cement hydrates to the pore solutionis regarded
as the calcium leaching process. The dissolution of calcium in cement hydrates is controlled
by the solubility equilibrium in the C-S—H system.

@ — Sulfate ions ﬁ?— Calcium ions <@>— Ca(OH), X"_ C-S-H

Q

Figure 15. The process of calcium leaching — The diagram of dissolution-diffusion—reaction of
calcium [37].
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In the post-closure phase, the cement paste can leach out of the concrete. Cement hydrates
can be soluble in water. The leached material has very high pH value and provides structural
integrity to the concrete. Therefore, with excessive leaching of the cement paste, the pH value
of the concrete falls greatly (from around 13 pH to 9-10), and the porosity of the concrete
increases, which leads to accelerated damage. Due to the increased porosity, the remaining
concrete material is more exposed to other forms of attack (sulfates and chlorides).

The leaching process is dependent on the stability of the pore solution. This stability can be
affected when the concrete is submerged underwater, where the concentration gradient
between the pore solution and the water solution causes instabilities to the equilibrium. The
pore solution originally has a high pH level, and the water solution surrounding the concrete
has a much lower pH level. Due to this instability, the dissolution of material from the cement
phases can occur to equilibrate the solutions, starting with Ca(OH). and aluminates in the
concrete matrix, which are more soluble than C-S-H. At a certain point, after the leaching of
Ca(OH), and the depletion of calcium ions in the concrete matrix, the decalcification and
dissolution of calcium in C-S-H occurs, resulting in further pH reductions and loss of calcium.

The leaching of Ca(OH)2 in the cement paste causes many problems to the concrete. Ca(OH),
typically occupies a sizable volume of concrete, and when it is leached, the porosity and the
voids in the concrete matrix increase, resulting in easier deterioration to the structure. The
leaching of Ca(OH)2 also reduces the strength properties of concrete. The C-S-H in the concrete
matrix can also be leached out when the Ca(OH). levels are reduced in the concrete.
Groundwater comes into contact with C-S-H from the Ca(OH). voids, and that leads to
decalcification and leaching in the C-S-H gel in the concrete. The remaining silica gel is much
weaker, which in turn means that the strength in the remaining concrete is decreased. The
concentration of Ca ions in the water is important in understanding the dissolution behavior
of calcium ions. According to [38], the dissolution of Ca(OH). from the pore solution in the
cement paste starts when the concentration of Ca in the water drops below 22 mmol/L.
Dissolution of calcium ions from the C-S-H gel in the pore solution begins when the Ca
concentration in the pore solution drops beyond that, with a study stating 1.8 mmol/L as the
start of the C-S-H dissolution [39].

The leaching process is time dependent, and it may take hundreds or thousands of years for
the C-S-H in the concrete to be depleted. LILW repositories are expected to act as a barrier for
very long periods of time, which makes the depletion of Ca(OH), and subsequently the
leaching of C-S-H a concern.
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3.4.2 Modeling the leaching process

The calcium leaching in cement-based materials is a coupled chemical equilibrium/diffusion
phenomenon [37].

aC(x, t)
at

0%2C(x,t) 9C,(x,t)
dx? ot

(30)

¢(x,t) D(x,t)

where C(x, t) is the Ca2+ concentration in the liquid phase, Cs(x, t) is the content of Ca in
solid phase, ¢ (x, t) is the porosity and D (x, t) is the effective diffusion coefficient of Ca2+
ions.

In Equation (30), the influence of phenomena such as chemical activity, convection and
electrical coupling is neglected. The calcium content in solid Cs(x, t) is calculated from its
relationship with calcium concentration in solution (Figure 16).

A(Co, Csy)

A 5(c,, Csy) A
C(C,, Csy)
D(C3, Csj) 8

' >
1.5 20
Ca concentration in aqueous phase(C)
( % 10>moln)

Figure 16. Relationship between Ca concentrations in the solution and the solid [37].

Another approach enables the strong interaction between calcium leaching and the micro-
macro solid features of concrete to be consistently taken into account is presented in Figure
17.
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Figure 17. Calcium leaching model coupled with time-dependent material properties [40].

Law of conservation of mass for calcium

Momentum, energy, and material flows must satisfy the conservation laws. As the governing
equation for calcium mass conservation, Equation (31) relates the total mass of calcium in the
pore solution and the solid phase calcium in the system.

9 0Cooia ..
at (¢S Cion) + ;;l —div(Jipn) =0 (31)
Liquid —phase Solid—phae Transport

where, ¢ is porosity [m3/m?], S is degree of saturation [-], C;,,, is the molar concentration of
calcium ions in the liquid phase [mmol/m?], Cs,i4 is the amount of calcium in the solid phase
[mmol/m?3], and J;,,, is the flux of calcium ions [mmol/m?s].

The first and second terms of Equation (31) represent the increments in the amount of calcium
in the liquid and solid phases per unit time and volume, respectively. The relation between
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calciumion concentrations in the liquid and solid phases is given by the solid-liquid equilibrium
model, as described later. Phase transformation (i.e., dissolution from solid to liquid phases
or precipitation from liquid to solid phases) is implicitly expressed by assuming a quasi-
equilibrated process. The third term of the equation represents the diverging mass flux. The
calcium ion flux at a specific boundary surface is expressed by [40]:

qbga = _hca(Cion - Cs,ion) (32)

where, gs®represents the flux of calcium ions into the porous medium at the surface
[mmol/m?-s], h¢, is the surface calcium ion emissivity coefficient [m/s], and Cs;,,, is the
environmental concentration of calcium ions [mmol/1]. The value of the coefficient is assumed
tobe 1.0- 1073 [m/s].

Solid-liquid equilibrium for calcium

Another mathematical formulation considering the thermodynamic equilibrium of calcium in
the solid and liquid phases is presented in Equation (33).

1/3
Csolid = f(Cion) =A- {CC—S—H ' ( lOTl) } +B

2 3
A= {_x_lg,(cion)3 + x_lz(cion)2 (O < Cion = xl)

1 (xl < Cion) (33)
0 (O < Cion < xl)
B = Cen 3
C _ ' (Cion - xz) (xl < Cion)
satu 2

where, C._s_p is the amount of calcium in the solid phase of the C-S-H gel [mmol/m?], Cy, is
the amount of calcium in the solid phase of the calcium hydroxide [mmol/m?), C,, is the
saturated liquid phase calcium ion concentration [mmol/I], x, is the liquid phase calcium ion
concentration when the rapid transition of C-S-H gel into silica gel begins [mmol/I], and x is
the liquid phase calcium ion concentration when the calcium hydroxide has completely
dissolved and the dissolution of C-S-H gel begins [mmaol/I].
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Figure 18. Solid-liquid equilibrium model for calcium.

Transport of calcium ions

By considering both diffusion and advection, the flux of calcium ions transported in a porous
media is written as (see Figure 17),

¢S
Jion= — (T 6 Dion) ' VCion + d) S-u- Cion (34)

Component of molecular dif fusion

Advection

where, t is tortuosity, & is constrictivity, D;,,, is the diffusion coefficient of a calcium ion
[m2/s], VT = [d/0x,0/0y,0/9z] is the nabla operator, and u” = [u*,uY ,u?] is the
velocity vector of a calcium ion transported by solution flow [m/s]. By treating the capillary
and gel pores in the cement paste as ion transport pathways, the porosity, ¢, is expressed by
the following equation:

d) = d)cp + d)gl (35)

where, ¢, and ¢4, are the porosities of capillary and gel pores, respectively. Here, it is
assumed that no ion is transported into the interlayer pores of the cement paste since the
molecular-related size of the interlayer space is too small to allow substantial room of any ion.

The first term of Equation (34) represents the component of molecular diffusion, while the
second is a component representing advection driven by the flow of liquid water in the pore.
The velocity of calcium ions related to advection is assumed to reflect the bulk motion of the
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condensed water, it is determined from the transport model for the liquid phase [40]. The
diffusion coefficient of calcium ions is expressed according to Einstein's theorem by,

. Aion
72 . F2

on

Dion =R-T (36)

where, R is the ideal gas constant [J/mol-K], A, is the molar conductivity of an ion [Sm?/mol],
Z,,n 1s the ion valence (=2), and F is the Faraday constant = 96485.3399 [C/mol].

Regarding the molar conductivity of an ion, 4;,,, temperature dependency is taken into
account by the Arrhenius law as,

1 1
Dion = Aign 25 - ©¥p{~1700 (7 — > )] @)

where, 1,5, »5 is the molar conductivity of anion at 25°C, T is the temperature [°C].

lon transport in a porous media like concrete is affected by the micro pore structure. The
effect of pore structure is expressed in terms of porosity, degree of saturation, tortuosity, and
constrictivity. Tortuosity is defined as a function of porosity, while constrictivity is a function
of pore radius.

Tortuosity expresses the increased length of actual ion transport pathways in accordance with
the geometrical connectivity of pore spaces. Tortuosity is thought to be higher for cement
paste with finer pores at lower W/C ratios and lower at larger W/C ratios or where coarse
pores have been caused by leaching.

Pore Structure

Effect of Pore Tortuosity:

iy
[

High flow through large,
straight and well-connected
pores

High tortuosity — low flow

Figure 19. Higher tortuosity due to the presence of aggregates increases the length of the
‘path’ inside the concrete, reducing the flow of ions [41].
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The tortuosity of pores in the cement paste, 7,4s:., is assumed to be expressed in terms of
effective porosity, ¢,qsc as presented in Figure 20 [40].

Tpaste = —1,5tanh{8.0(¢,qsre —0.25)} + 2.5

_ d)cp + d)gl (38)

d)paste - V.

paste

where, @, IS the effective porosity representing the sum of gel and capillary pores
effective as ion transport pathways per unit volume of cement paste [m*/m?®] and V,, . is the
unit volume ratio of cement paste [m3/m3].

40—

paste
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paste
Figure 20. Modeling of tortuosity for cement paste.

Constrictivity is formulated as an expression of the effect of pore size, which is the main
determinant of constrictivity. Porosity and pore size distribution were taken into account in
one past study of constrictivity. The constrictivity of pores in a cement paste is defined with
respect to the peak pore radius by Equation (39) and Figure 21.

& = 0.395tanh {4(log(r2°*") + 6.2} + 0.405

P
k Aca (39)
ea
6 =0 for rg;, < >
where, rg;“" is the peak capillary pore radius [m] and a., is an ion diameter parameter for

calciumions=0.6 - 10~° m.
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Figure 21. (a) Effect of electrostatic repulsion and (b) Modeling of constrictivity [40].

3.5 Sulfate and thaumasite attacks

Cement-based materials exposed to sulfate-bearing solutions such as some natural or polluted
ground waters (external sulfate attack), or by the action of sulfates present in the original mix
(internal sulfate attack) can show signs of deterioration. Sulfate ions react with ionic species
of the pore solution to precipitate gypsum  (CaSO4.2H,0), ettringite
([CasAl(OH)6:12H20]2:(SO4)3:2H20) or thaumasite (Cas[Si(OH)s-12H20]-(CO3)-SO4) or mixtures
of these phases. The precipitation of these solid phases can lead to strain within the material,
inducing expansion, strength loss, spalling and severe degradation [42].

3.5.1 Description of the sulfate attack process

The existence of excessive sulfate ions inside the concrete can cause damage to the structure.
Sulfate ions can react with the mineral phases of the concrete, causing some alteration to the
mineral phases. The product of the reaction is ettringite, which can lead to chain reactions
that create gypsum and more ettringite. Both the ettringite and gypsum are expansive
substances (their volume is larger than the original materials), and that expansion can lead to
cracking of the concrete structure.
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Figure 22. Mechanism of sulfate attack, leading to ettringite formation and concrete damage
[43], [44].

Sulfate ions can come from internal and external sources. Sulfates can be present in the
concrete through the addition of gypsum in the cement (which is used moderately as a
retarder to avoid flash setting of the concrete), or with aggregates. Sulfates can also be
present in the concrete’s environment (such as soil, seawater, and groundwater), from which
it can penetrate through the concrete’s microstructure. The presence of a small amount of
sulfate ions in the concrete is normal, as it is used as a retarder, and it does not pose any
concern. However, when the sulfate content exceeds a certain limit, chemical reactions can
occur with some of the mineral phases in the concrete matrix, leading to gypsum and ettringite
formation.

The degradation that occurs with sulfate attacks starts when the sulfate ions (from either
external or internal sources) react with the portlandite ions in the cement paste in the
presence of sufficient moisture, creating gypsum. Gypsum can then react further with the
cement phases to produce ettringite needles in the concrete. Both gypsum and ettringite are
larger than the original material, leading to internalized stresses in the concrete, which in turn
cause internal cracking of the concrete. Ettringite can further react with aluminates in the
cement phases to produce monosulfate aluminates (Afm). Figure 23 shows a Scanning
Electron Microscopy (SEM) image of a concrete sample that exhibits sulfate attack. Ettringite
needles can be seen in the image, as well as some cracks in the concrete that occurred due to
the formation of ettringite.
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Figure 23: SEM image of ettringite formation in a concrete sample [45].

The formation of ettringite can be shown in the reaction expression in (40) [46], [47]:

3CSH, + C3A + 26H — CzAS3Hs,
3CSH, + C3AH,3 + 14H — C4AS3Hs, + CH (40)

2CSH, + C,ASH,, + 16H - C,AS;H;,
These reactions can be lumped into expression (41):
q.CSH, + CA - C,AS;H;, (41)

Where q is the weight coefficient of gypsum in the reactions, expressed as g = 3u; + 3u, +
2u3, and p represents the aluminate (gypsum) content in the reaction.

Sulfates can migrate to the concrete’s microstructure with other ions, such as calcium sulfates
and magnesium sulfate. The specific form of sulfate ions present in the concrete’s
environment can affect the form and extent of damage that the concrete exhibits. The main
parameter is the solubility of the ion. For example, magnesium sulfates are more soluble in
water, and this solubility can increase the rate of damage. Magnesium can also interact with
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other cement phases, leading to more thorough deterioration. Magnesium reactions in the
cement phases lead to the formation of Brucite, Mg(OH)2, or react with the C-S-H phases in
cement to produce magnesium silicate hydrates, M-S-H [48]. The formation of both Brucite
and M-S-H is not favorable, as they result in the depletion of calcium in the concrete and
produce weaker and incohesive phases.

Thaumasite Sulfate Attack (TSA) is a special form of sulfate related damage. TSA is not very
common in conventional structures, and it requires certain conditions to commence. A study
found that specific temperatures (around 5 degrees Celsius is preferable, but it can occur at
10-15 degree as well) and the presence of moisture are needed. A Swiss study also found that
thaumasite can form in concrete structures even in temperatures over 20 degrees Celsius [49].
The damage that occurs to the concrete’s microstructure due to TSA is much more severe than
the typical sulfate attacks, as it attacks C-S-H of the cement paste, instead of attacking
Ca(OH).. This change in the cement phase leads to loss of strength of the material. The TSA
seems to form mush-like material from the concrete phases, which surround the aggregate.
This thaumasite mush is soft compared to the original material, indicating severe alteration to
the concrete. Figure 24 shows a concrete specimen that is deteriorated with TSA.

Figure 24: Concrete samples showing thaumasite formation [50].

Thaumasite in concrete comes in the form of CaSiO;CaS0,CaC0315H,0, or the shortened
form C3SSCH;s. The thaumasite reaction requires the presence of sulfate and carbonates in
the concrete, or in the concrete environment. Carbonates are also necessary for thaumasite
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formation, which can come from the mix constituents, or from atmospheric CO>, which can
carbonate the cement phases [51], [52].

TSA in the concrete matrix can initiate when the sulfate attacks the concrete, creating gypsum
and ettringite, as well as changing the cement phases in the concrete. TSA also requires the
presence of carbonates in the concrete matrix, which can be present in the cement phases,
and can also be present due to carbonation of the concrete. When the TSA is initiated (in the
presence of moisture), the C-S-H in the cement paste is attacked directly, with the reaction
product being soft and mushy, which makes TSA much more severe than conventional sulfate
attacks. The rate of TSA can be slow at the start, but the reaction becomes rapid when more
thaumasite is formed in the material.

Sulfates ions required for the TSA can come from external sources, such as soil and
groundwater. In repository conditions during the post-closure phase, the surrounding
groundwater becomes the source of sulfates for the TSA reaction, and it will also provide the
moisture requirements for the TSA reaction to occur. The conditions in waste repositories
during the post-closure period can be somewhat favorable for TSA, especially when
considering the given timescale, which allows lime leaching and traditional sulfate attacks to
occur as well increasing the risk of thaumasite formation. This requires additional care and
precautions to avoid possible severe concrete degradation due to thaumasite damage. A
common approach to prevent potential sulfate attack is to improve the chemical resistance of
the concrete.

3.5.2 External sulfate attack modeling

Empirical, mechanistic, and numerical models are proposed in literature for predicting the
behavior of cement systems exposed to sulfate-laden environments.

e Empirical models estimate the sulfate resistance factor, the expansion under sulfate
attack or the location of the visible degradation zone.

e Mechanistic models typically attempt to take into account the mechanisms leading to
the deterioration of the material.

These models usually predict the rate of sulfate attack and the fractional or volumetric
expansion. lonic transport models simulate the chemical reactions occurring during sulfate
attack and, in some cases, also estimate the damage caused by expansion.
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Sulfate reacts more strongly with cement substances and models need therefore to include
mineralogical transformations. The complexity of the problem is increased by the fact that
concrete structures in contact with a sulfate-bearing solution can not only be subjected to
sulfate attack but are also usually affected by decalcification. The chemical reactions occurring
under sulfate attack can be summarized by the solubility constants of ettringite, monosulfate
and gypsum given in Table 2 [53].

The solubility product constant (is the equilibrium constant for a solid substance dissolvingin
an aqueous solution. It represents the level at which a solute dissolve in a solution. The more
soluble a substance is, the higher the K, value it has. Consider the general dissolution
reaction below (in agueous solutions):

aA(s) = cC(aq) + dD(aq) (42)

To solve for the K, it is necessary to take the molarities or concentrations of the products
(cC and dD) and multiply them. If there are coefficients in front of any of the products, it is
necessary to raise the product to that coefficient power (and also multiply the concentration
by that coefficient). This is shown below:

K, = [C]¢[D]¢ (43)

Note that the reactant, a4, is not included in the K, equation. Solids are not included when
calculating equilibrium constant expressions, because their concentrations only has an
insignificant effect on the outcome, and therefore they are omitted. Hence, Ky, represents
the maximum extent that a solid that can dissolve in solution.

Table 2. Solubility constants of solid phases involved during sulfate ingress in hydrated cement
systems [53].

Name Chemical Formula Expression for Equilibrium (Ks,) | —log K

Ettringite | 3Ca0.Al203.3CaS04.32H;0 | [Ca?*]° [0H~1* [S0Z7 1 [AL(OH);]? 44.0

Monosulfate | 3Ca0.Al;03.CaS04.12H,0 | [Ca?*]* [0H~1* [S0#7]1* [Al(OH); ]? 29.4

Gypsum CaS0..2H,0 [Ca?*']* [SOZ T 4.6
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3.6 Alkali Aggregate Reaction (AAR)

Alkali Aggregate Reactions (AAR) is a degradation mechanism that can occur to the concrete
in the presence of degrading agents in the aggregate. Alkali Silica Reaction (ASR) is the most
common form of AAR in concrete structures. ASR occurs when reactive silicain the aggregates
reacts with alkalis in the concrete, resulting in the production of an expansive gel (ASR gel)
that causes cracks in the concrete matrix due to the expansion, which weakens the concrete
and makes it more susceptible to further damage by other degrading mechanisms [54].

ASR can occur in the concrete when free alkalis, which are present from cementitious
materials, react with amorphous silica that comes with some types of aggregates. The used
aggregates in the concrete are the main driving factor in ASR. The choice of the used
aggregates and their origin is therefore important because some natural aggregates are
known to contain high amounts of reactive silica that can lead to ASR in the concrete and
subsequent damage Due to the reaction. In the Nordic region, and especially in Finland, ASR
was usually identified incorrectly as a different form of concrete damage (such as freezing and
thawing, because the pattern of ASR and frost damage appears to be similar, and that it was
believed that the aggregates used in the region do not cause ASR) before further investigation
proved that ASR is indeed the reason for these reactions [55], [56].

There are three required conditions for ASR to occur in the concrete. The concrete must have
I) reactive silica, which comes mainly with aggregates, ii) high alkali content, which is
associated with the cement and iii) sufficient moisture. Without any of those three conditions,
the reaction does not occur, and the concrete is safe from ASR.

When the three conditions are met, ASR can happen in the concrete matrix. The free alkalis
can react with amorphous silica that comes from the aggregates. The result from the reactions
is alkalisilica gel, which is hydrophilic. The gel is located around and through aggregates cracks,
which can be shown in the schematic diagram in Figure 25. The hydrophilic nature of the gel
causes it to expand with the attracted moisture, leading to map cracks in the structure, as well
as discoloration from the excess gel. An example of concrete damaged due to ASR is shown in
Figure 26. ASR can be somewhat difficult to study in natural conditons, as it may take over 10
years for the reaction to occur [57]. Laboratory investigation of ASR is possible using
accelerated methods, such as the Concrete Prism Test.
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Figure 25: Schematic diagram of ASR attack [58].

Another form of AAR is Alkali Carbonate Reaction (ACR). The damage exhibited by the concrete
due to this form of attack is very similar to ASR damage. The reaction is not as common as ASR
though, because the aggregates that are responsible for the ACR reaction are not used widely as
the aggregates associated with ASR.

Figure 26: ASR in a concrete structure, with visible map cracking and leaking gel on the surface.

The occurrence of AAR in LILW repositories is possible, especially in the post-closure phase,
where the concrete is submerged and sufficient moisture for the reaction is always present.
The choice of both the cement and most importantly the aggregates used in the mixture is
important to avoid the occurrence of ASR and damage to the concrete structure. Because the
use of suitable materials and aggregates to avoid AAR is possible, it is not explained in detail
in this report.
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3.7 Combined interaction of degradation phenomena

The interaction between different concrete degradation phenomena is important, as it
influences the degradation rate of the structure. An example of that is the interaction between
chlorides and sulfates, which becomes even more complex when considering chloride binding
and Friedel’s salt. The sulfate ions interact with the aluminate phases in the cement paste,
which results in the creation of ettringite. Friedel’s salt forms when chlorides interact with
aluminates as well. The formation of either ettringite or Friedel’s salt can lead to the blockage
of pores in the concrete, slowing the ingress of chemicals into the concrete. Chlorides and
sulfates are also competing for aluminates in the concrete phases, which can affect the rate
of degradation in the concrete.

As discussed in the previous chapters, the porosity of the concrete changes with degradation,
which could slow down the degradation rate at first due to pore blockage. After a certain
threshold, however, the porosity increases due to cracks of the concrete, which can accelerate
the rate of further degradation phenomena. These inter-related changes are not always
studied, as they can sometimes be overlooked in research focusing on one specific reaction in
the concrete.

Considering complex and interconnected effects that lead to changes in the concrete in
simulations can improve the conceptual models. An example of using different parameters in
degradation modelling was shown in a recent study [46], where the combined effect of
chloride ingress, sulfate attack, and leaching were modelled. The porosity changes that occur
with time due to the different phenomena were considered in a system of equations (pore
blockage by Friedel’s salt, or porosity increase due to leaching, for example), which is shown
in equation (44):

AV_ (AV) (AV)
|4 B 4 R 4 Leach (44)

N —’
Changes,chemical reaction  Changes,leaching

The terms on equation (44) reflect the changes in volume (due to consumption of aluminates
or formation of Friedel’s salt, for example), which are used in the model to update the
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porosity, considering the intricate kinetics between the interacting agents. Another study on
a numerical model [59] for concrete that is subjected to both leaching and sulfate attack found
that establishing the relationship between the calcium leaching and sulfate-based expansion
of the concrete is necessary, as ignoring the effects of calcium leaching as a whole would
present a decrease in the estimated expansion due to external sulfates, and it would
overestimate the expansion changes if the model did not consider the porosity changes due
to calcium leaching. The porosity changes lead to an increase in the porosity of the concrete,
giving the expansive product of sulfate reaction more room before causing internalized
stresses in the concrete.

3.8 Shortcomings

A few problems typically arise from using computational numerical models to predict the long-
term degradation behavior of concrete structures. The main problem can be summarized in
the simplification nature of computational models, which can result in an incorrect
representation of the results. This can be seen in the simple form of Fick’s law for the
determination of chloride diffusion coefficient, due to the simplifications made to obtain the
equation, the analytical solution is not representative of most scenarios. The equation is also
widely used, incorrectly, to calculate the so-called apparent diffusion coefficient, for cases that
do not fit the simplified model. The lack of understanding of the procedure of obtaining the
numerical equation can lead to these sorts of problems.

The obtained models in concrete studies are typically not suitable for all cases, as they are
most of the time dedicated to a specific scenario, which can result in errors when those models
are applied to a general case that is outside the framework of the model. As mentioned in the
previous examples, some developed models are made for specific exposure conditions
(complete saturation, for example), or for the addition of specific SCMs in the concrete mix,
and so on. This reinforces the need to understand these numerical approaches.

3.9 Opportunities and possible improvements for concrete degradation models

An opportunity for concrete degradation models arises with the development of Machine
Learning (ML) algorithms and Artificial Intelligence (Al), which can be used in the analysis of
degradation patterns in reinforced concrete to understand and determine the characteristics

56



of degradation, and the life expectancy of the structure based on the specific input parameters
of the structure. Al tools can offer a different outlook on the studies, as their numerical
capabilities are not limited by comprehension and judgement.

Al methods can be used in the analysis of concrete degradation, to assess and predict future
degradation based on the known data. These methods can be used to observe complex
patterns, which can be useful in determining future material behavior. The complex nature of
ionic interactions in the cement mixture makes the use of ML tools beneficial, and those
algorithms can utilize additional results to reinforce the model and improve its accuracy.

In 2021, a study by Prakash et al. [60] was made to investigate and review degradation models
in concrete. The study is made to for the assessment of infrastructure life expectancy. The
reviewed models were classified into different categories based on their principles, whether
they are based on physics, statistics, and so on. This sort of framework can be applied for
specific degradation phenomena, opposed to a wide life expectancy approach, to analyze
concrete degradation in various exposure environments.

Another study [61] was conducted using an Artificial Neural Network (ANN) to predict the
chloride diffusivity in reinforced concrete. The developed ANN model utilized 13 different
parameters (concrete mix, SCMs, exposure time, exposure environment, etc.). The results
showed a strong correlation between the values obtained by the model and the experimental
results.
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4. Summary and conclusions

In Finland, the use of clean energy and nuclear power is prominent. This use can pose some
challenges when it comes to the long-term disposal of radioactive waste, which does not come
without hazards. The use of engineered barrier systems is therefore necessary, especially in
the final disposal of nuclear waste. Reinforced concrete materials are important in the
engineered barrier systems, due to their contribution to waste containment. The current
waste disposal facilities in Finland in both Olkiluoto and Loviisa are in use, and with planned
expansions. The intermediate level wastes are enclosed by concrete, and the these waste
caverns will be backfilled when the operation period of the repositories ends. Studies on the
degradation of concrete in repository settings are therefore important to understand the
potential deterioration that could occur to reinforced concrete during its functional life.

Concrete degradation is quite complex. lonic interactions and changes occurring to the
concrete structure are influenced by the degrading agents present in the concrete and its
environment, as well as the changes themselves. The different phenomena that cause
concrete degradation have an influence on one another, which makes studying the
degradation cases challenging. This becomes even more difficult in long-term studies, where
the age of the structure exceeds the human experience with modern cement concrete, such
as the radioactive waste repositories. Therefore, an assessment and analysis of the
degradation of concrete is needed to develop the experience and knowledge of the
deterioration of reinforced concrete structures.

In waste repository settings, concrete is subjected to various deterioration mechanisms that
affect its performance during its lifespan. Deterioration is mainly driven by groundwater flow.
The duration of different mechanisms, as well as their starting time and rate of effect differs
based on the groundwater flow, the concrete mix, the composition of groundwater, and so
on. Concrete structures in LILW repositories must stay intact for very long lifespans, which can
be upwards of thousands of years. This large timescale is beyond the capacity of traditional
physical studies, which encourages the development and use of adequate computational tools
in studies and analysis of reinforced concrete. Modelling tools and methods are constantly
developed, to further enhance the conceptual model framework and improve the reliability
of long-term concrete research. These new tools and methods are reviewed during the
PERCO2 research project.

In reinforced concrete degradation model, the detail of the model can vary (structure,
element, or even microstructure scale). The parameters of the model, as well as the
interaction kinetics are also different. In a lot of studies, the used model is limited due to
computation restraints. The models might also be suitable for a specific scenario. Models can

58



also be used inadequately in some instances. Therefore, it is important to understand the
features and uses of the applied or developed model, to ensure that it supports the studied
case.

Concrete studies have evolved recently. Modelling has become a powerful tool for analysis
and degradation prediction. More complex and dynamic interactions of different agents are
being considered in the development of some models, which are suitable for long-term studies
for concrete subjected to several different degradation mechanisms. Further development of
the model framework is encouraged to have an accurate depiction of the degradation
phenomena. The use of Al tools can also be beneficial in long-term degradation studies, as
they can give a different perspective of the transport interaction and degradation behavior of
reinforced concrete in repository setting.
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Appendices

Appendix 1. List of mathematical symbols

1) Gradient

For a function f ( x,y,z ) in three-dimensional Cartesian coordinate variables, the gradient
is the vector field:
. (0 0 0 of . f
grad(f) =vt= (5. 5.5) = 5l &) ek
where i, j, k are the standard unit vectors for the x, y, z-axes. More generally, for a function
of nvariablesy (x;,... ,x, ), also called a scalar field, the gradient is the vector field:

o oY

— + ..-+_
)lp ox, C Dx, m

d d
0xy ' axn

v = (5
where e; are orthogonal unit vectors in arbitrary directions.

As the name implies, the gradient is proportional to and points in the direction of the
function's most rapid (positive) change. For a vector field A = (4, ,... ,A,,), also called a
tensor field of order 1, the gradient or total derivative is the n % n Jacobian matrix:

04;
_ _ T — i
Ja=dA = (VA) _<6x )U

e For a tensor field T of any order k, the gradient grad grad(T) = dT = (VT)T is a
tensor field of order k + 1.

e For atensor field T of order k > 0, the tensor field V'T of order k + 1 is defined by the
recursive relation:

(VT)-C = V(T - C)

where C is an arbitrary constant vector.
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2) Divergence

In Cartesian coordinates, the divergence of a continuously differentiable vector field
F = FEi+ Ej+ Fkisthe scalar-valued function:

d d 0

99 aFX+%+aFZ
ox dy o0z

ox dy 0z

divF:V-F=( )'(anFyan):

As the name implies the divergence is a measure of how much vectors are diverging.

The divergence of a tensor field T of non-zero order k is written as div(T)=V-T, a
contraction to a tensor field of order k — 1. Specifically, the divergence of a vector is a scalar.
The divergence of a higher order tensor field may be found by decomposing the tensor field
into a sum of outer products and using the identity,

V- (AQT)=T(V-A)+(A-V)T

where A - V is the directional derivative in the direction of A multiplied by its magnitude.
Specifically, for the outer product of two vectors,

V-(ABT)=B(V-A) + (A-V)B.

For a tensor field T of order k > 1, the tensor field V - T of order k — 1is defined by the
recursive relation

(V-T)-C=V-(T-C)

where C is an arbitrary constant vector.

3) Piproduct notation

A short way to write the product of many numbers is to use the capital Greek letter pi: []. This
notation (or way of writing) is in some ways similar to the Sigma notation of summation.

n

i=1
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n

I_Ix:=x"(Le”theusualn”‘poweroperaﬁon)
i=1

Relation of Pi product to Summation

The product of powers with the same base can be written as an exponential of the sum of the
powers' exponents:

n

| | afi = q€itGtton = a(2?=1ci)

i=1

4) Nabla symbol (V)

The nabla (V, aka del) — is a triangular symbol resembling an inverted Greek delta. The name
comes, by reason of the symbol's shape, from the Hellenistic Greek word vapAa for a
Phoenician harp and was suggested by the encyclopedist William Robertson Smith to Peter
Guthrie Tait in correspondence. The nabla operator V has many important applications in
physical problems. In Cartesian coordinates is defined as

V=iV, +jV, + kVy= ii+ji+ki
dx ady 0z
There are possible operations with V which are:
1. Gradient
If (f) is a scalar field
grad() =vs = (3£ 52 9)

2. Divergence
If (f): is a vector field and f(x,y,z) = (fx, fy, fz),

of 0fy g)

div(f)=V-f = (a,@, 37
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